The EMBO Journal Vol. 22 No. 15 pp. 3855-3864, 2003

Tpl2 transduces CD40 and TNF signals that activate
ERK and regulates IgE induction by CD40

Aristides G.Eliopoulos’?3,

Chun-Chi Wang?, Calin D.Dumitru? and
Philip N.Tsichlis??

'Cancer Research UK Institute for Cancer Studies and MRC Center
for Immune Regulation, The University of Birmingham Medical
School, Birmingham B15 2TA, UK and *Molecular Oncology
Research Institute, Tufts-New England Medical Center, Boston,
MA 02111, USA

3Corresponding authors
e-mail: A.G.Eliopoulos@bham.ac.uk or ptsichlis@tufts-nemc.org

Macrophages from Tpl2 knockout (Tpl2~-) mice exhi-
bit a defect in ERK activation by lipopolysaccharide
(LPS). This impairs the nucleocytoplasmic transport
of the tumor necrosis factor oo (TNF-o) mRNA and
prevents the induction of TNF-a by LPS. As a result,
Tpl27~ mice are resistant to LPS/D-galactosamine-
induced shock. We demonstrate that Tpl2 is essential
for ERK signals transduced by members of the TNF
receptor superfamily, such as CD40 and the TNF
receptor 1. Thus, ERK activation was impaired in
Tpl27- B cells and macrophages stimulated with ago-
nistic CD40 antibody or TNF-q, whereas the induction
of other mitogen-activated protein kinases, such as
JNK and p38, and the activation of NF-xB were unaf-
fected. Tpl2 was recruited to a CD40/TRAF6 complex
in response to CD40 stimulation. Moreover, TRAFG6,
which when overexpressed activates ERK, failed to
do so in Tpl2~- cells. The selective signaling defect
resulting from the inactivation of Tpl2 allowed us to
demonstrate that CD40-mediated ERK activation con-
tributes to immunoglobulin production but is not
essential for B-cell proliferation.
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Introduction

The Tpl2/Cot proto-oncogene encodes a serine/threonine
protein kinase that is activated by provirus insertion in
MoMuLV-induced T-cell lymphomas and MMTV-
induced mammary carcinomas (Patriotis et al., 1993;
Erny et al., 1996). Earlier studies had shown that
overexpressed Tpl2 activates the ERK, JNK and p38
mitogen-activated protein kinase (MAPK) pathways,
NFAT and NF-xB, induces IL-2 expression in EL4 and
Jurkat T cells, promotes cell cycle progression and is
highly oncogenic in mice (Patriotis et al., 1994; Salmeron
etal., 1996; Ceci et al., 1997, Tsatsanis et al., 1998a,b; Lin
et al., 1999). Despite the profound biological effects of
overexpressed Tpl2, Tpl2 knockout (Tpl27-) mice are
viable and have no obvious phenotypic defects (Dumitru
et al., 2000). However, a detailed analysis of these mice
revealed a critical physiological role for Tpl2 in endotoxin
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shock. Thus, Tpl2~~ mice exhibit a defect in tumor
necrosis factor oo (TNF-0.) production following lipopoly-
saccharide (LPS) inoculation, and they are resistant to
LPS/D-galactosamine-induced shock. This defect was
found to be the result of impaired ERK activation by
LPS, which in turn is responsible for inhibiting the
nucleocytoplasmic transport of the TNF-oo mRNA
(Dumitru et al., 2000). These observations provided an
explanation to the recently described protection of Tpl2~~
mice from TNF-o-induced inflammatory bowel disease
(Kontoyiannis et al., 2002). In other studies, we found that
Tpl2-transduced ERK activation signals initiated by LPS
in macrophages regulate the transcription of the cycloox-
ygenase-2 (COX-2) gene and the stability of its message.
As a result, LPS-stimulated Tpl2~~ macrophages exhibit a
defect in prostaglandin synthesis (Eliopoulos et al.,
2002a). Recent work using NF-kB1~~ macrophages has
shown that pl05 NF-xB1 controls the stability and
function of Tpl2, an observation that may explain the
inability of these cells to activate ERK and its downstream
target COX-2 in response to LPS stimulation (Waterfield
et al., 2003). Taken together, these data demonstrate that
Tpl2 plays a critical role in the regulation of LPS signaling
and function. In this report, we present evidence that
B cells and macrophages from Tpl2”~ mice are also
defective in their ability to respond to members of the
TNF-a cytokine family, such as CD40 ligand (CD40L)
and TNF-a itself.

CDA40, the receptor for CD40L, is a member of the TNF
receptor (TNFR) superfamily. It is expressed in a plethora
of cell types, including B cells, macrophages and
dendritic, endothelial and epithelial cells (van Kooten
and Banchereau, 2000). Increasing in vitro and in vivo
evidence suggests that CD40 regulates growth and
survival in a cell type-dependent manner. Thus, whereas
CD40 transduces potent proliferative and anti-apoptotic
signals in normal B cells, the treatment of lymphoma and
carcinoma cell lines with CD40L may result in growth
inhibition and apoptosis, an effect mediated in part
through the upregulation of cytotoxic ligands of the TNF
family (Funakoshi et al., 1994; Eliopoulos et al., 1996;
Afford et al., 1999; Grell et al., 1999; Eliopoulos et al.,
2000; Challa er al., 2002). Following stimulation with
CD40L, the cytoplasmic C-terminus of CD40 recruits
several members of the family of TNFR-associated factors
(TRAFs). One of these proteins, TRAF6, has been
reported to play an important role in ERK activation by
CD40L (Kashiwada et al., 1998). Data shown in the
present study demonstrate that the activation of ERK by
TRAF6-transduced signals requires Tpl2.

The CD40/CD40L interactions play a central role in
orchestrating the immune response. CD40L is produced by
both Thl and Th2 helper T cells, as well as by mast cells,
basophils and eosinophils (van Kooten and Banchereau,
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Fig. 1. ERK activation by CD40 in B cells and macrophages depends on signals transduced via Tpl2. (A) Splenic B cells from Tpl2** and Tpl2~-
mice were stimulated with anti-CD40. A western blot of cell lysates harvested at the indicated time points before and after anti-CD40 stimulation was
probed with an antibody that recognizes phosphorylated ERK (upper) or total ERK (lower). (B and C) Western blots of the same cell lysates were
probed with antibodies against phosphorylated or total JNK (B) and phosphorylated or total p38 MAPKSs (C). (D-F) Western blots of cell lysates
derived from unstimulated and anti-CD40-stimulated bone marrow-derived macrophages were probed with antibodies against phosphorylated or total
ERK (D), phosphorylated or total JNK (E) and phosphorylated or total p38 MAPKs (F). At least four independent experiments were performed and

gave similar results.

2000). Signals induced by CD40L expressed in Thl and
Th2 cells are required for macrophage and B-cell
activation, respectively. Of particular interest is the ability
of CD40L to cooperate with IL-4, which is also produced
by Th2 cells, to regulate immunoglobulin G1 (IgG1) and E
(IgE) isotype switching. CD40L and IL-4 are also
produced by IgE-stimulated mast cells, basophils and
eosinophils and further stimulate B cells to secrete IgE
(Gauchat et al., 1993). We show that CD40-induced ERK
activation signals, transduced via Tpl2, contribute to IgE
production by B cells.

Results

B cells and macrophages from Tpl2~/- mice exhibit
a defect in ERK activation following CD40
stimulation

Primary B-cell and macrophage cultures were generated
from spleen and bone marrow of Tpl2*+* and Tpl2~~ mice,
as described in Materials and methods. Cell cultures were
stimulated with agonistic anti-CD40 monoclonal antibody
for various time intervals, and lysates were analyzed for
MAPK activation by immunoblotting. Blots were probed
with antibodies against the phosphorylated, active forms
of ERKI1, ERK2, JNKI1, JNK2 and p38 MAPKs.
Expression of total (phosphorylated and non-phosphoryl-
ated) ERK, JNK and p38 MAPKs was determined by
probing the same western blots with antibodies against
these proteins. The results show that ERK is activated by
anti-CD40 in both B cells and macrophages derived from
the Tpl2** mice. However, the activation of ERK was
severely impaired in B cells and moderately impaired in
macrophages from Tpl27~ mice. INK and p38 MAPKs
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were equally phosphorylated in B cells and macrophages
derived from Tpl2** and Tpl2~~ mice (Figure 1).

To determine whether Tpl2 is required for the
transduction of CD40 signals that activate NF-xB, we
performed electrophoretic mobility shift assays using
nuclear proteins isolated from Tpl2** and Tpl27~ B cells
before and 15 and 30 min after stimulation with anti-CD40
monoclonal antibody (mAb). The engagement of CD40
induced a significant increase in nuclear protein binding to
a 32P-labeled oligonucleotide probe containing the HIV
long terminal repeat (LTR) NF-kB binding site, but there
was no difference between the Tpl2** and Tpl2~~ cells
with regard to the levels of activation (Figure 2, lanes 1-6).
The nature and specificity of the NF-xB probe-bound
proteins were assessed by incubating nuclear extracts
isolated from anti-CD40-stimulated B cells with 50X
excess unlabeled probe containing either the HIV LTR
NF-xB consensus or the CREB binding site from the
COX-2 promoter. Whereas the cold NF-xB probe abol-
ished the interaction of B-cell nuclear proteins with the
P-labeled HIV LTR probe, excess CREB-binding
oligonucleotides had no effect (Figure 2, lanes 7 and 8).
Furthermore, the incubation of CD40-stimulated B-cell
nuclear extracts with antibodies against the p65 or p50
NF-xB subunits specifically induced a supershift in the
DNA/protein complexes (Figure 2, lanes 9-11). Thus,
Tpl2 does not appear to be essential for CD40-induced
NF-xB activation in B cells.

The activation of ERK in anti-CD40-stimulated

B cells is MEK dependent

In an effort to determine the pathway through which Tpl2
regulates CD40-transduced ERK activation signals, we
first examined the phosphorylation of MEK, the ERK
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Fig. 2. CD40 stimulation promotes comparable levels of NF-xB acti-
vation in B cells derived from Tpl2+* and Tpl2~~ mice, as determined
by electrophoretic mobility shift assay (lanes 1-6). The specificity of
the NF-xB binding was confirmed by the effects of an excess of cold
NF-xB versus CREB-oligo probe (lanes 7 and 8), and the composition
of the DNA probe/protein complexes was assessed by supershift analy-
sis using antibodies against the p65 or pS0 subunits of NF-kB or the
unrelated transcription factor ATF2 (asterisks; lanes 9-11).
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Fig. 3. ERK activation by Tpl2-transduced CD40 signals is MEK
dependent. (A) A representative western blot of Tpl2** and Tpl2~/~
B-cell lysates harvested before and after anti-CD40 stimulation was
probed with an antibody against the phosphorylated form of MEK
(upper) or with an antibody that recognizes total MEK (lower).
(B) In vitro kinase assays were carried out on anti-ERK immunopreci-
pitates derived from unstimulated and anti-CD40-stimulated Tpl2*++*
and Tpl27~ B cells using GST-EIkl as a substrate. Tpl2*+ B-cell
cultures were also pretreated for 45 min with 20 uM MEK inhibitor
PD98059 before being stimulated with the anti-CD40 antibody for
15 min.

kinase, in anti-CD40-stimulated B cells from Tpl2++ and
Tpl2~ mice. The results show that MEK phosphorylation
is impaired in anti-CD40-stimulated Tpl2/ cells
(Figure 3A), suggesting that Tpl2 functions upstream of
MEK. To determine whether CD40 signals that activate
ERK are transduced via MEK, we examined the effects of
the MEK inhibitor PD98059 on ERK activity in CD40-
stimulated B cells. To this end, endogenous ERK1 and
ERK?2 were immunoprecipitated from Tpl2++ and Tpl2~-
B cells both before and 15 and 30 min after stimulation
with anti-CD40. In parallel, ERK1 and ERK2 were
immunoprecipitated from anti-CD40-stimulated wild-
type B cells that were pretreated with 20 uM PD98059.
In vitro kinase assays were carried out on the immuno-

Tpl2 controls CD40 and TNF receptor signaling

precipitates using GST-EIk1 as the substrate. The results
showed that PD98059 blocks ERK activation by anti-
CD40 (Figure 3B) and confirmed that ERK kinase activity
is impaired in the absence of Tpl2 in CD40-stimulated
B cells. We conclude that MEK phosphorylation is
required for ERK activation following anti-CD40 stimu-
lation and that Tpl2 functions upstream of MEK in this
cascade of events.

Tpl2 transduces TNF-a signals that activate ERK in
macrophages

CD40 is a member of the TNFR family. Molecules that
belong to this large family elicit diverse biological effects
upon stimulation, including mitogenesis, cell cycle arrest,
apoptosis or differentiation. In intact animals, several of
these molecules function as immunomodulators and as
mediators of cytotoxicity and inflammation. Therefore, we
asked whether the CD40 signaling defect we observed in
the Tpl2~~ mice is limited to CD40 or whether it also
applies to other members of this family of receptors, such
as the TNFRs. The important role of Tpl2 in the
phenotypic effects of TNF-a is highlighted by the recently
reported protection of Tpl2~ mice from TNF-o-induced
inflammatory bowel disease (Kontoyiannis et al., 2002).
To address the contribution of Tpl2 to TNFR signaling,
Tpl2*+ and Tpl2~~ macrophages were stimulated with
mouse TNF-oo (mTNF-a). Western blots of cell lysates
harvested at sequential time points were probed for ERK
phosphorylation using antibodies that recognize phos-
phorylated and total ERK. The results demonstrate that
Tpl2 is also required for ERK activation by TNF-o
(Figure 4A). In agreement with our earlier data (Dumitru
et al., 2000), PMA induced ERK activation with similar
potency and kinetics in both Tpl27~ and wild-type
macrophage cultures (Figure 4A). To determine which of
the two known TNFRs transduces Tpl2 signals that
regulate ERK, RT-PCR was performed in RNA isolated
from Tpl2*+ and Tpl27~ macrophages using primers
specific for TNFR1 or TNFR2. In addition, Tpl2++*
macrophages were pretreated with the blocking anti-
TNFR1 mAb 55R170 or the anti-TNFR2 mAb TR75-54
and then stimulated with mTNF-o for 15 min before
immunoblot analysis for phosphorylated and total ERK
was performed. We found that, although both receptors are
expressed in mouse macrophages, the TNFRI1, but not
TNFR2, transduces ERK signals (Figure 4B and C). This
finding is consistent with a previous report demonstrating
that the engagement of TNFR2 does not induce the
activation of ERK in other cell types (Jupp et al., 2001). To
confirm our observation, we stimulated Tpl2*+ and Tpl2~-
macrophages with human TNF-o, which activates the
TNFRI1 but not TNFR2. Lysates were examined for ERK
phosphorylation by immunoblot. It was found that ERK
activation following TNFRI1 stimulation is severely
impaired in Tpl2~~ macrophages (Figure 4D). Therefore,
Tpl2 transduces TNFRI1 signals that activate ERK in
macrophages.

Tpl2 is required for TRAF6-mediated ERK
activation

Following CD40 stimulation, TRAF2, TRAF3 and TRAF6
are directly recruited to the cytoplasmic C-terminus of
CD40 and transduce signals that regulate the MAPK
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Fig. 4. ERK activation by TNF-o in macrophages depends on signals
transduced via Tpl2. (A) Representative western blots of Tpl2*+ and
Tpl2 bone marrow-derived macrophage (BMDM) cell lysates, har-
vested at the indicated time points before and after PMA or murine
TNF-o. (mTNFo) stimulation, was probed with antibodies to phos-
phorylated ERK (upper) or total ERK (lower). (B) Tpl2**+ and Tpl2~-
BMDMs express both TNFR1 and TNFR2, as determined by RT-PCR.
Amplification of the housekeeping gene HPRT serves as a cDNA syn-
thesis and amplification control, and the lack of DNA contamination is
confirmed by the absence of amplification in the RT- sample.
(C) TNFRI1 transduces ERK signaling in mTNF-o-treated mouse
BMDMs. BMDMs from Tpl2+* mice were pretreated for 30 min with
2 png/ml blocking TNFR1, TNFR2 mAbs or a combination of these re-
agents and then stimulated for 15 min with 50 ng/ml mTNF-o.. Lysates
were examined for phosphorylated or total ERK. (D) The effects of
human TNF-o (WTNFo), which exclusively stimulates the mTNFRI1, on
ERK activation in Tpl2+* and Tpl2-~- BMDMs.

pathways and NF-xB (Inoue et al., 2000; Chung et al.,
2002). The CD40 domain that binds TRAF6 has been
shown to contribute to the induction of Ig germline
transcription in vitro (Leo et al., 1999) and the generation
of long-lived plasma cells in vivo (Ahonen et al., 2002).
TRAF6 has also been proposed to be unique among the
TRAF molecules in that it activates the ERK pathway in
human embryonic kidney (HEK) 293 and COS-1 cells
(Reinhard et al., 1997, Kashiwada et al., 1998).

To assess the role of Tpl2 in TRAF6-induced ERK
activation, we used SV40-transformed mouse embryo
fibroblasts (MEFs) derived from Tpl2++ and Tpl2~/~ mice.
Transfection of MEFs with a CD40 expression construct,
and subsequent stimulation with trimeric soluble CD40L,
resulted in the phosphorylation of ERK, an effect that was
significantly reduced in the knockout cells (Figure 5A).
Therefore, like B cells and macrophages, CD40-stimulated
fibroblasts also require Tpl2 for the efficient activation of
ERK. We then examined the ability of exogenously
expressed FLAG-tagged TRAF6 or TRAF2 to induce
phosphorylation of cotransfected HA-ERK1 in Tpl2*++ and
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Tpl2~ MEFs. The results show that the absence of Tpl2
impairs the ability of TRAF6 to transduce ERK activation
signals (Figure 5B). Consistent with previous reports in
other cell types (Reinhard et al., 1997; Kashiwada et al.,
1998), TRAF?2 failed to activate this signaling pathway in
either Tpl2** or Tpl2~ cells. The critical role of Tpl2 in
TRAF6-transduced ERK activation was confirmed in
SV40-transformed keratinocytes derived from Tpl2*++*
and Tpl27~ mice. Following cotransfection with HA-
ERK1 and increasing amounts of TRAF6, cells were
lysed, and immunoprecipitated HA-ERK1 was subjected
to in vitro kinase assays using GST-EIlk1 as the substrate.
These experiments consistently showed that TRAF6
promotes ERK activation in Tpl2*+, but not Tpl2,
keratinocytes (Figure 5C). Using luciferase reporter
assays, we also showed that, unlike ERK, NF-xB
activation was induced by TRAF6 in both Tpl2*+ and
Tpl2~~ MEFs (Figure 5D).

The preceding data demonstrate that Tpl2 functions
downstream of TRAF6 to transduce CD40 signals that
activate ERK. TRAF6 is known to be recruited to the
CD40 signaling complex following CD40 stimulation
(Ishida et al., 1996). To determine whether Tpl2 is also
recruited to the complex, CD40 was immunoprecipitated
from lysates of CD40L-stimulated BJAB human lympho-
ma cells or untreated cultures, and the immunoprecipitates
were probed for Tpl2, TRAF6 and CD40. The results show
that TRAF6 and Tpl2 coimmunoprecipitate with CD40
following stimulation (Figure SE). Attempts to coimmu-
noprecipitate endogenous TRAF6 and Tpl2 from these
lysates using a TRAF6 antibody were unsuccessful. This
may be the result of weak and transient interactions.
Alternatively, the TRAF6 antibody may recognize an
epitope critical for the recruitment of Tpl2 or of a protein
that binds Tpl2. Therefore, we performed coimmunopre-
cipitation assays in HEK 293 cells transiently transfected
with myc-tagged Tpl2 and FLAG-tagged TRAF6 expres-
sion constructs. Lysates from these transfectants were
immunoprecipitated with anti-FLAG and analyzed by
western blotting for the presence of myc-Tpl2. The results
show that Tpl2 coimmunoprecipitates with TRAF6
(Figure 5F). Moreover, this interaction was augmented
in the presence of coexpressed CD40 (Figure 5F). We
conclude that, following stimulation, CD40 recruits both
Tpl2 and TRAF6 and that the assembled CD40/ TRAF6/
Tpl12 complex is required for ERK activation.

Cellular proliferation and expression of activation
markers in Tpl2+/+ and Tpl2-/- B cells following
CD40 stimulation
CD40L expressed by Th2 and Thl cells contributes to
B-cell and macrophage activation, respectively (van
Kooten and Banchereau, 2000). The effects of CD40
stimulation in both B cells and macrophages are complex.
Dissecting these effects will be facilitated by mutations
that selectively block some, but not all, of the signaling
pathways that are activated by CD40. The mutation of
Tpl2 selectively blocks the activation of ERK in B cells
and therefore provides us with a unique opportunity to
examine the biological output of this pathway following
CD40 stimulation.

CDA40 ligation promotes the expression of several B-cell
activation markers and induces B-cell proliferation. In an
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Fig. 5. Tpl2 functions downstream of TRAF6 in the transduction of ERK activation signals. (A) CD40-mediated ERK activation is significantly im-
paired in mouse embryo fibroblasts (MEFs) isolated from Tpl2~~ mice. Tpl2** and Tpl2~~ cells were transiently transfected with CD40 or control vec-
tor in combination with HA-ERK1. The transfected cultures were serum starved and stimulated with recombinant soluble CD40L as indicated. Lysates
were examined for expression of HA-ERK1 and phosphorylated ERK1 by immunoblotting. (B) Tpl2 is required for TRAF6-induced ERK activation.
MEFs from Tpl2**+ and Tpl27~ mice were transiently transfected with HA-ERKI together with FLAG-tagged expression vectors for TRAF2 or
TRAF6. Lysates were examined for expression of FLAG-TRAF, HA-ERK1 and phosphorylated ERK1 by immunoblot. (C) Tpl2 is essential for
TRAF6-induced ERK activation in mouse keratinocytes. SV40-transformed keratinocytes from Tpl2** and Tpl27~ mice were transfected with
HA-ERK1 and increasing amounts of TRAF6. ERK activation was determined by anti-HA immune-complex in vitro kinase assay (IVK) using GST—
Elk1 as a substrate. Data are representative of four independent experiments. (D) TRAF6-induced NF-kB transactivation, assessed by luciferasse repor-
ter assays, is not impaired in Tpl2~~ MEFs. Relative luciferase value (RLV) is the ratio of luciferase versus B-galactosidase measurements from dupli-
cate determinations. Data are means * SD from three independent experiments. (E) Endogenous Tpl2 and TRAF6 coimmunoprecipitate with
aggregated CD40. Lysates from BJAB lymphoma cells stimulated with CD40L for 10 min or from untreated cultures were immunoprecipitated with
the anti-CD40 mAb S2C6 (lanes 1 and 2) and probed with antibodies against TRAF6, Tpl2 or CD40. Lane 3 represents 40 ug of whole BJAB cell ly-
sates (WCL) for Tpl2 and CD40 and 50 pg for TRAF6 detection. (F) CD40 augments the association of coexpressed Tpl2 and TRAF6. 293T cells
were cotransfected with FLAG-tagged TRAF6, myc-tagged Tpl2 and/or CD40 as indicated. Cell lysates were immunoprecipitated with a FLAG anti-
body immobilized on G Sepharose beads. Immunoprecipitates were resolved in 9% SDS/PAGE and probed with either anti-myc (upper) or anti-TRAF6
antibody (lower).

effort to determine whether the failure of CD40-generated undergo rearrangements that are responsible for switching
signals to activate ERK in Tpl2~~ B cells affects these the Ig isotypes produced by these cells. Isotype switching
processes, we stimulated Tpl2*+ and Tpl2~- B cells with depends on dual signals triggered by CD40L and other
anti-CD40 mAb, and 48 h later we examined the cytokines produced by the helper T cells (Purkerson and

expression of the activation markers CD54 (ICAM1), Isakson, 1992). IL-4, for example, which is the primary
CD69, CD44 and CD95 (Fas) by flow cytometry. Cellular cytokine produced by Th2 cells, promotes switching to IgE
proliferation was also measured at the 48 h time point by and IgGl (Jabara et al., 1990; Armitage et al., 1993;
[*H]thymidine incorporation. The results reveal no sig- Bacharier and Geha, 2000).

nificant differences between the Tpl2** and Tpl2”~ B cells To determine whether CD40 signals that activate ERK

(Figure 6), suggesting that none of these CD40-mediated via Tpl2 have a role in IgE and IgG1 production, we
effects is ERK dependent. CD40-induced proliferation analyzed the Ig isotypes produced by Tp12+/+ and Tplz——

measured at a later time point (72 h) was also unaffected B cells following stimulation with anti-CD40, IL-4 or the
(data not shown). combination of anti-CD40 and IL-4. The results showed

that the combination of anti-CD40 and IL-4 induced the
Tpl2 regulates IgE production in B cells stimulated secretion of Igs and that the Tpl27~ B cells were
with anti-CD40 and IL-4 consistently partially defective in their ability to switch
CD40L, in combination with cytokines produced by helper to the production of IgE in response to these stimuli in vitro
T cells, promotes B-cell activation (van Kooten and (Figure 7A). The defect in IgE production was observed
Banchereau, 2000). Ig genes expressed in activated B cells not only in purified splenic B cells from naive mice but
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Fig. 6. Cellular proliferation and expression of activation markers in
Tpl2**+ and Tpl27~ B cells following CD40 stimulation.
(A) Proliferation in unstimulated (NT) and anti-CD40-stimulated sple-
nic B cells from three wild-type (WT) and three Tpl2~- (KO) mice was
assessed by [*H]thymidine incorporation. Mean values (=SD) of tripli-
cate determinations from a representative experiment are shown. Four
independent experiments were performed and yielded similar results.
(B) Induction of CD54, CD69, CD44 and CD95 in anti-CD40-stimu-
lated TpI2+* and Tpl27~ B cells was examined by flow cytometry.
Mean fluorescence intensity (mfi, mean values = SD from three inde-
pendent experiments) is shown.

also in B cells from ovalbumin-immunized Tpl2~~ mice
(see Supplementary figure 1A available at The EMBO
Journal Online). However, IgG1 production was unaf-
fected (see Supplementary figure 1B). Tpl2** B cells
treated with the MEK inhibitors PD98059 or UO126 were
also defective in IgE secretion in response to CD40 and
IL-4 stimulation (Figure 7B; data not shown), suggesting
that switching to the production of IgE is partly regulated
by the ERK pathway.

These data raised the question of the relative contribu-
tion of IL-4 to CD40 signals. As IL-4-transduced signals
leading to STAT6 activation have been shown to be
critical for Ig class switching (Shimoda et al., 1996;
Takeda et al., 1996), we examined the possibility that
TpI27- B cells may be defective in STAT6 phosphoryl-
ation. For this purpose, Tpl2+* and Tpl2~ B cells were
treated for 15 min with IL-4, anti-CD40 or both. Lysates of
unstimulated and stimulated B cells were analyzed for
STAT6 activation, using an antibody that detects the
activated form of STAT6, which is phosphorylated on
Tyr%!. The results show that STAT6 phosphorylation is
not impaired in IL-4-treated Tpl27~ B cells. Therefore,
CD40 stimulation does not affect the ability of IL-4 to
transduce STAT6 activation signals (Figure 7C). To
evaluate the possibility that IL-4 modulates CD40-induced
signals, we examined whether Tpl2*+ and Tpl2~- B cells
differ in their response to IL-4, anti-CD40 or IL-4 plus
anti-CD40. To this end, the cell lysates used for the
experiments shown in Figure 7B were analyzed for ERK,
p38 and JNK phosphorylation. The results show that IL-4
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does not modulate the ability of CD40 to engage the
MAPK pathways (Figure 7D). Furthermore, IL-4 does not
influence the ability of CD40 to transduce NF-kB signals,
as determined by the effects of CD40 stimulation on the
degradation of IxkBa, a prerequisite for NF-kB activation
(Figure 7D).

Discussion

Results presented in this report demonstrate that Tpl2 is
required for ERK activation by CD40 and TNFR engage-
ment in B cells and macrophages. Moreover, they
demonstrate that Tpl2 is recruited to a CD40/TRAF6
signaling complex in response to CD40 ligation and that it
plays an obligatory role in TRAF6-induced ERK acti-
vation. The failure of CD40 to activate ERK in B cells
from Tpl2~~ mice allowed us to demonstrate that the Tpl2/
ERK pathway influences IgE secretion by B cells stimu-
lated with anti-CD40 and IL-4.

CD40 ligation activates all the MAPK pathways in
macrophages and B cells. The data presented here
demonstrate that Tpl2 is selectively required for the
transduction of CD40 and TNF signals that activate the
ERK MAPK pathway. Thus, the activation of ERK was
abolished in CD40-stimulated Tpl2~- B cells. Intriguingly,
macrophages and CD40-transfected MEFs isolated from
Tpl27~ mice retain some ability to activate ERK in
response to CD40 ligation, pointing to the complementary
role of Tpl2 and a kinase other than Tpl2 in the regulation
of CD40-mediated ERK signaling in these cell types.
Earlier studies had shown that Tpl2 is also essential for
LPS-induced ERK activation in macrophages (Dumitru
et al., 2000). Taken together, the above findings suggest
that the pathways of ERK activation by members of the
TNF-o cytokine family and LPS converge and that Tpl2
functions downstream from the point of convergence of
these pathways.

A critical role for Tpl2 in the activation of NF-«kB in
CD40-stimulated B cells has been excluded on the basis of
several observations. Thus, neither NF-kB binding activity
nor the induction of NF-xB-dependent cell surface mark-
ers such as CD54 or CD95 were affected in Tpl2~- cells.
Moreover, the suppression of CD40-mediated NF-xB
activation has been reported to result in marked defects in
B-cell proliferation and in the humoral response to both T
cell-dependent and -independent antigens (Horwitz et al.,
1999; Ren et al., 2002) but B-cell proliferation is not
affected by the absence of Tpl2 (Figure 6). Extensive
genetic and biochemical evidence suggests a key role for
NF-xB in lymphocyte growth and development, as
demonstrated by the severe phenotype and short lifespan
of mice deficient in key components of the NF-xB
pathway, such as p65, IKKy, IKKo/B and T2K/TBK1/
NAK. Unlike these animals, Tpl2~~ mice are viable and
have none of the phenotypic defects that denote impair-
ment in NF-kB transcriptional activity (Dumitru ef al.,
2000).

Activation signals induced by CD40L, TNF-a and LPS
promote the recruitment of TRAF proteins to the
cytoplasmic tails of their cognate receptors and the
formation of a TRAF-dependent multiprotein signaling
complex. A number of MAPK kinase kinases, such as
NIK, MEKK1, MEKK3 and Askl, are recruited to this
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Fig. 7. B cells from Tpl2~~ mice are partially impaired in IgE production following CD40 and IL-4 stimulation. (A) Secreted IgE levels (means *= SD
from seven independent experimental B-cell cultures) are reduced in Tpl2~~ B cells stimulated with anti-CD40 plus IL-4. This difference is statistically
significant (p = 0.016). (B) Secreted IgE levels (means = SD from four independent experimental B-cell cultures) are reduced in Tpl2+*+ B cells
treated with IL-4 and anti-CD40 in the presence of the MEK inhibitor UO126. The levels of IgE from vehicle control (DMSO)-treated cultures are
also shown. (C) CD40 does not affect the levels of STAT6 phosphorylation induced by IL-4. B cells from Tpl2+* and Tpl27~ mice were stimulated
with anti-CD40, IL-4 or anti-CD40 plus IL-4 for 15 min, and cell lysates were analyzed for the phosphorylation status of STAT6 by immunoblot
analysis (upper). Equal loading was confirmed by probing the same blot for B-tubulin (lower). (D) IL-4 does not modify the MAPKs and NF-xB
activation by CD40. B cells from Tpl2** and Tpl2~ mice were stimulated with anti-CD40, IL-4 or anti-CD40 plus IL-4 for 15 min, and cell lysates
were analyzed for MAPK activation using antibodies that recognize either the phosphorylated or total forms of ERK, JNK and p38. IkBo. degradation
was assessed by immunoblot using an anti-IkBo polyclonal antibody. The experiments in (C) and (B) were carried out on the same cell lysates. This
confirmed that both the anti-CD40 antibody and the IL-4 were functionally active when used alone.

complex promoting signal activation by mechanisms that
are not fully understood. CD40-induced ERK MAPK
activation has been shown to depend on TRAF6, inasmuch
as a dominant-negative TRAF6 mutant suppresses CD40-
mediated ERK signals. Furthermore, ectopic expression of
wild-type TRAF6, but not other TRAFs, promotes ERK
activation in the absence of CD40 engagement (Reinhard
et al., 1997, Kashiwada er al., 1998). However, an
alternative, TRAF6-independent pathway that is engaged
by CD40 ligation and results in ERK activation may also
exist, as a CD40 mutant lacking the TRAF6 but containing
the TRAF2 binding site retains some ability to activate
ERK (Kashiwada et al., 1998). This pathway may involve
the ligand-dependent membrane raft-restricted recruitment
of TRAF2 or TRAF3 to the cytoplasmic tail of CD40 and/
or of src family kinase members within this intracellular
compartment to initiate ERK signaling (Vidalain et al.,
2000; Basaki et al., 2002). Biochemical evidence also
suggests that TRAF2 directly interacts with TRAF6 (Cao
et al., 1996), and the possibility that TRAF6 contributes to
CD40 and TNFRI signaling downstream of TRAF2
cannot be excluded. TRAF6 is also a critical component
of LPS-induced signaling (Lomaga et al., 1999). In the

present report, we have provided evidence that Tpl2 is
recruited to a TRAF6-containing signaling complex and
that it plays a critical role in TRAF6-mediated ERK but
not NF-kB activation. Thus, endogenous Tpl2 and
TRAF6 are detected in anti-CD40 immunoprecipitates
from CD40L-stimulated BJAB lymphoma cells and the
two proteins coimmunoprecipitate when transiently coex-
pressed in HEK 293 cells. Moreover, whereas transiently
transfected TRAF6 activated ERK in TpI2** MEFs and
keratinocytes, it failed to do so in Tpl2 cells. Although
these results do not demonstrate conclusively that Tpl2
interacts directly with TRAF6, they do show that Tpl2 is
recruited to the TRAF6 signalosome and through this
interaction may control CD40-mediated ERK signaling.
However, the TRAF6/Tpl2 complex is either not involved
in NF-kB activation or is only one of many complexes that
activate NF-xB in response to CD40 stimulation.
Consistent with the latter possibility, we have shown
previously that overexpression of a catalytically inactive
Tpl2 inhibits CD40-induced NF-kB activation in HEK 293
cells (Eliopoulos et al., 2002b).

CD40 and its ligand play a critical role in the regulation
of both the innate and adaptive immunity. Humans and
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mice carrying mutations in the gene encoding CD40L
develop a characteristic immunodeficiency syndrome
(Allen et al., 1993; Aruffo et al., 1993; DiSanto et al.,
1993; Korthauer et al., 1993; Kawabe et al., 1994; Xu
et al., 1994). This syndrome, which in humans is called
X-linked hyper-IgM syndrome, is characterized by an
increased susceptibility to pathogens that is caused by
impaired macrophage activation by type 1 helper T cells
(Grewal et al., 1995). Humans and mice with mutations in
CD40L also exhibit a severe defect in humoral immunity.
Th2 cells from these individuals are defective in their
ability to provide help for the response of B cells to
thymus-dependent protein antigens. CD40-dependent
T-cell help controls both the level of the antibodies
synthesized by B cells and Ig isotype switching. As a
result, patients with hyper-IgM syndrome produce only
low levels of IgM and IgD antibodies in response to
foreign antigens. However, the overall IgM levels in these
individuals are high, perhaps because they respond to
thymus-independent antigens that are produced by patho-
gens that chronically infect them. CD40 stimulation of
B cells has also been linked to the induction of several
B-cell activation markers and to B-cell proliferation.
Proliferation of B cells following immunization with
thymus-dependent antigens gives rise to germinal centers
that arise in the B-cell areas of the draining lymph nodes.
As lack of functional CD40L compromises the prolifer-
ation and activation of B cells, lymphoid tissues of patients
with hyper-IgM syndrome and of CD40L knockout mice
are devoid of germinal centers (Allen et al., 1993). The
profound inability of individuals with a defect in CD40L
to produce IgE antibodies requires special mention,
because it appears to be controlled in part by a parallel
autostimulatory loop. IgE produced by activated B cells
binds FceRII receptors on the surface of mast cells,
basophils and eosinophils and induces the expression of
CD40L and IL-4. In turn, mast cells, basophils and
eosinophils expressing these molecules further stimulate
IgE secretion by B cells (Gauchat et al., 1993).
Understanding the biological importance of individual
signaling pathways activated by CD40 stimulation will
depend on the analysis of mutations that selectively inhibit
some but not all of these pathways. The inability of Tpl2~~
B cells to activate ERK in response to CD40 stimulation
provides the opportunity to assess the contribution of ERK
to key CD40 functions. We have found that the deficiency
in ERK signaling observed in CD40-stimulated B cells
from Tpl27 mice affects IgE production. IgE synthesis
requires synergistic signals induced by IL-4, a Th2
cytokine, and CD40 (Bacharier and Geha, 2000). IL-4-
induced STATG activation is essential but not sufficient for
germline C. Ig gene transcription, a prerequisite for
antibody switching to IgE (Shimoda et al., 1996; Takeda
et al., 1996). Additional signals are provided by CD40 and
may include NF-kB, which has been proposed to co-
operate with STAT6 in regulating IgE gene transcription
(Iciek et al., 1997; Linehan et al., 1998). However, NF-xB
activation by CD40 is intact in Tpl27~ B cells, and IL-4
does not influence this response (Figures 2 and 7). The
defects in ERK activation and IgE synthesis observed in
IL-4 and anti-CD40-stimulated Tpl27~ B cells, and the
effects of the MEK inhibitor UO126 on IgE synthesis in
wild-type cells, suggest that IgE production is also
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regulated by Tpl2-dependent ERK activation signals.
These data are consistent with the results of a recent study
addressing the role of CD40-activated TRAF6 in Ig
isotype switching and IgE production. It showed that,
whereas a transgene encoding a mutant CD40 that lacks
binding sites for TRAF2 and TRAF3 partially corrects the
isotype switch defect of CD407~ mice, a transgene
encoding a mutant CD40 that lacks binding sites for
TRAF2, TRAF3 and TRAF6 is totally inactive (Jabara
et al., 2002). The precise mechanism by which ERK
regulates Ig production will be a subject of future studies.

Recent work from this laboratory revealed that
ovalbumin-immunized Tpl27~ mice express higher than
normal levels of IgE antibodies in vivo, an effect
reproduced in culture by exposure of total splenocytes
from immunized mice to ovalbumin (C.C.Wang,
A.G.Eliopoulos, C.D.Dumitru, C.Daskalakis  and
P.N.Tsichlis, submitted). The above findings do not
contradict the data of the present report that address the
response of CD40-stimulated purified Tpl2*+ and Tpl2~-
splenic B cells to the same concentration of recombinant
IL-4. We have found that the exaggerated production of
IgE antibodies in ovalbumin-immunized Tpl2”~ mice
reflects the elevated levels of IL-4 produced by the T cells
of these animals, which is caused by the Th2 polarization
of the immune response to ovalbumin. Given that the
amount of IgE secreted by anti-CD40 and IL-4-stimulated
B cells critically depends on the concentration of IL-4, the
Th2 polarization of the immune response caused by the
ablation of Tpl2 provides a strong enough signal to
compensate for the B-cell defect in Tpl2~- B cells. These
findings demonstrate how the crosstalk between different
cell lineages in the intact animal may alter the effects of a
genetic mutation in a single lineage. Although the genetic
ablation of Tpl2 in B cells downregulates IgE production
in vitro, the inactivation of Tpl2 throughout the immune
system leads to the overexpression of cytokines and
costimulatory molecules that promote the IgE switch. As a
result, even though IgE synthesis is downregulated in
Tpl27~ B cells, the overproduction by other cells of
molecules that favor the production of IgE compensates
for the B-cell defect. We should add here that ovalbumin
immunization did not induce a permanent B-cell change
that favors IgE synthesis, because purified B cells from
both naive and ovalbumin-immunized Tpl2~~ mice were
equally defective in their ability to synthesize IgE
following stimulation with anti-CD40 and IL-4.

In summary, the data presented here demonstrate a
critical role for Tpl2 in CD40 and TNFR-transduced
signals that result in ERK activation and Ig class
switching. CD40 recruits both Tpl2 and TRAF6 in a
complex that plays a critical role in the transduction of
signals that activate ERK. The ability of Tpl2 to control
ERK activation downstream of TRAF6 raises the possi-
bility that Tpl2 may have a broader role in MAPK
regulation by affecting signaling from a plethora of
receptors and viral proteins that signal through TRAFG6.

Materials and methods

Animals and animal cell isolation
Tpl2 mice and bone marrow-derived macrophage isolation and culture
have been described previously (Dumitru et al., 2000). B cells were



isolated from mouse spleens by negative magnetic separation. Total
splenocytes were resuspended in ACK hypotonic buffer to remove red
blood cells and washed in RPMI supplemented with 10% FBS. Cells were
then incubated with avidin-coated magnetic beads (Immunotech, Paris,
France) carrying biotin-labeled anti-CD4 and anti-CD8 antibodies
(Pharmingen, San Diego, CA). and T lymphocytes were magnetically
removed. Macrophages were then left to adhere to Petri dishes, and the
resulting non-adherent cells were collected and analyzed for expression
of the B-cell marker B220 by flow cytometry or cultured for subsequent
experiments. Cell suspensions routinely consisted of >85% B220* cells.
Keratinocytes were cultured from the tongues of sacrificed mice. Tongues
were cut sideways and placed in dispase (Roche) O/N. The following day,
the epithelial cells were scraped off, washed three times with PBS
supplemented with 1% penicillin/streptomycin and incubated in trypsin
for 1 h. Cells were then collected, resuspended in keratinocyte media
(Invitrogen) without EGF and plated out on plates with irradiated NIH
3T3 fibroblasts as feeders. Confluent keratinocyte cultures were infected
with a lentivirus expressing a temperature-sensitive SV40 T antigen to
obtain immortalized cells.

Supplementary data
Supplementary Materials and methods and other Supplementary data are
available at The EMBO Journal Online.
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