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Abstract

The isotype switch defect in CD40~'~ mice is corrected by wild-type (WT) CD40 transgene, but not by
a mutant CD40 transgene that does not bind tumor necrosis factor receptor-associated factors (TRAF)
2 and 3. To define the individual roles of TRAF2 and TRAF3 in CD40 activation of B cells, we
introduced mutant CD40 transgenes that selectively lack the ability to bind TRAF2 (ATR2), TRAF3
(ATR3) or both (ATR2,3) into B cells of CD40~'~ mice. Serum IgG1 and IgE levels, IgG1 antibody
response to sub-optimal doses of the T cell-dependent antigen keyhole limpet hemocyanin, germinal
center formation, CD40-mediated proliferation, isotype switching and activation of the non-canonical
NF-kB pathway were partially diminished in ATR2 and ATR3 mice and virtually absent in ATR2,3 mice.
These results suggest that TRAF2 and TRAF3 can each independently mediate class switch
recombination (CSR) driven by CD40, but both are required for optimal CD40-driven isotype

switching.

Introduction

The tumor necrosis factor (TNF) receptor family member
CD40 expressed on all mature B cells mediates T cell-
dependent (TD) Ig class switching and synergizes with cyto-
kines to induce class switch recombination (CSR) in vitro (1).
Thus, deficiency of CD40 or of its ligand, CD40L, expressed
on activated T cells results in inability of the B cells to
undergo class switching from IgM to IgG, IgA and IgE in
response to TD antigens (2).

The intracellular (IC) domain of CD40 binds to TNF receptor-
associated factor (TRAF) molecules, which play an important
role in CD40 signaling. Structural studies have shown that
the IC domain of CD40 assumes a hairpin configuration and
that ligand binding results in the assembly of CD40 trimers,
which recruit TRAF proteins (3, 4). The IC domain of CD40
contains a TRAF6-binding site with a core KxxPxE maotif,
which is conserved in human and mouse CD40 (5). Down-
stream of the TRAF6 site, there is a conserved PXQXT
sequence [amino acids (a.a.) 250-254 in huCD40 and 251-
255 in muCD40], which is essential for binding to TRAF2
and TRAF3 (5-7). The threonine residue in this sequence
makes contact with residues in the C-terminal end of CD40,
which is important for the hairpin configuration (3, 4). Muta-
tion of this threonine residue to alanine drastically reduces
the binding of both TRAF2 and TRAF3 to CD40, probably
by disrupting its hairpin structure (8, 9). In addition, TRAF2

and TRAFS individually bind to distinct residues in the IC do-
main of CD40. It has been shown that mutation of the P250
residue in the PXQXT motif of huCD40 to glycine strongly
reduces TRAF2 binding without a significant effect on TRAF3
binding (10). Conversely, mutation of the Q263 residue in
huCD40 to alanine, as well as deletion of Q263 and E264,
strongly reduce TRAF3 binding without a significant effect
on TRAF2 binding (11).

A number of studies have examined the role of TRAF mol-
ecules in CD40-mediated B cell activation by reconstituting
B cells of mice deficient in CD40 with mutated CD40 trans-
genes. Using this approach, we and others have shown that
CD40-mediated CSR was fully restored in mice reconstituted
with a wild-type (WT) CD40 transgene (12-14). Mice recon-
stituted with a CD40 transgene that selectively lost the ca-
pacity to bind TRAF6 had normal CSR. In contrast, CSR
was severely impaired in mice bearing a mutant T255A
CD40 transgene, which has lost the ability to bind TRAF2
and TRAF3, and was abolished in mice bearing a mutant
transgene that fails to bind all three TRAF molecules. These
results indicate that binding to TRAF2 and/or TRAF3 is es-
sential for CD40-driven CSR. Based on studies in which
TRAF3 was over-expressed in B cell lines, it has been sug-
gested that TRAF3 inhibits CD40-mediated signaling in
B cells (15-17). Nevertheless, in two studies that examined
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up-regulation of IL-4-driven Cy1 and Ce germ line transcript
(GLT) expression, TRAF3 was found to be important for
CD40 up-regulation of these transcripts (18, 19). However,
the individual roles of TRAF2 and TRAF3 in CD40-driven
CSR remain unknown. To address this question, we have
generated mice whose B cells express CD40 transgenes
that selectively lack the ability to bind TRAF2, TRAF3 or
both. We show that TRAF2 and TRAF2 can each indepen-
dently mediate CSR driven by CDA40.

Materials and methods

Generation of CD40~"~ mice with CD40 transgenes

PCR-generated CD40 WTand mutated gene products (Fig. 1A)
were cloned in the pBSVEGBK vector containing an Igu en-
hancer and Ig heavy chain (IgVy) promoter and used to gen-
erate founder mice as previously described (12). Mice were
used at 8-12 weeks of age according to the guidelines of the
Animal Care Committee of Children’s Hospital.
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Fig. 1. Characterization of the CD40 mutants. (A) Schematic representation of murine WT CD40 and mutant transgenes: WT (WT Tg), P251G
(ATR2), QE264/265AA (ATR3) and P251G,QE264/265AA (ATR2,3). (B) Association of TRAF proteins with GST-CD40 mutants in M12 B cell
lysates. M12 cell lysates were used as controls. (C) Representative FACS analysis of CD40 surface expression in PBMC, spleen and BM of CD40
transgenic mice. (D) Representative FACS analysis of CD40 IC staining (IC CD40, solid line) or isotype control (dotted line) in surface (s) CD40*
or CD40™ B cells isolated from WT Tg #2 and ATR2,3 mice by two step sorting: purified B cells obtained by using MACS CD43 beads were
stained W|th anti-mouse CD40-PE and were sorted into CD40* and CD40~ B cells using MACS anti-PE MicroBeads. Purified B cells from CD40**
and CD40~/~ mice were used as controls. EC, extracellular domain; TM, transmembrane domain.



Flow cytometry analysis

Single-cell suspensions were stained and analyzed on
a FACSCalibur cytometer (Becton Dickinson, Mountain View,
CA, USA) using FITC or PE-conjugated mAbs to CD3, CD4
CD8a, B220, CD40, IgM, rat IgG2a and hamster IgG
(PharMingen, San Diego, CA, USA) as previously described
(12). Annexin V-FITC (Biovision Inc., Mountain view, CA,
USA) staining was performed as per the manufacturer’s
instructions. IC staining of CD40 was performed on purified
B cells post-permeabilization using the FIX& PERM cell Per-
meabilization Kit (Invitrogen, Camarillo, CA, USA) according
to the manufacturer’s instructions. The antibody used was
goat anti-mouse CD40 (T-20, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) followed by donkey anti-goat IgG
FITC (Abcam, Cambridge, MA, USA). For isotype control,
purified goat IgG (Abcam) was used.

Co-precipitation of TRAF proteins with CD40-GST fusion
proteins

IC regions corresponding to WT and mutant CD40 were
amplified from transgenic constructs by PCR as previously
described (12). Preparation of glutathione-S-transferase
(GST)-fusion proteins, M12 B cell lysates, pull-down assays
and western blotting using rabbit anti-mouse TRAF2 (MBL
International, Woburn, MA, USA), mouse mAb to TRAF3 and
rabbit anti-mouse TRAF6 (Santa Cruz Biotechnology) were
previously described (12). Binding of TRAF proteins to GST-
CD40 fusion proteins was evaluated by densitometry scan-
ning of the TRAF and GST bands. The ratio of TRAF band
to the corresponding GST band in mutants versus WT Tg
CD40 was then calculated.

Serum Ig levels and antibody responses to TD antigen

Igs were assayed by ELISA (12). Keyhole limpet hemocya-
nin (KLH) immunization on days 0 and 14 and analysis of
anti-KLH antibody responses were described previously
(12). KLH antibody levels were measured by ELISA, using
anti-KLH-specific standards (PharMingen) to determine IgM,
IgG1 and 1gG3 concentrations (12). Optical density at 405
nm of serum dilutions (1:450), which is in the linear part of
the titration curve, were used for IgE.

Germinal center formation

Frozen spleen tissue sections were stained with biotin-
labeled peanut agglutinin (Vector Laboratories, Burlingame,
CA, USA) as previously described (12). Germinal centers
(GCs) were counted in a blinded fashion.

RT-PCR

RNA was extracted from cultured splenic B cells on day 4
and RT-PCR for Ce GLT, activation-induced cytidine deaminase
(AID), Ip-Ce mature transcripts and B2 microglobulin (B2 m)
was performed as described previously (12). Various dilu-
tions were used in both reactions to ensure that the products
measured were in the linear range. The densitometric analy-
sis of the scanned bands was evaluated using the National
Institutes of Health Image program 1.63f. Relative expres-
sion levels normalized to B2 m levels were calculated as a ra-
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tio of the value of each transcript to the corresponding f2 m
value.

Proliferation and IgE synthesis of B cells

CD40* B cells were purified from spleen cell suspensions by
magnetic sorting using MACS CD43 or MACS anti-PE
MicroBeads Kits (Miltenyi Biotec, Auburn, CA, USA) accord-
ing to the manufacturer’s instructions. Purified cells were
>95% B220" CD40" by FACS analysis. Proliferation of
CD40* B cells (0.5 X 10° mI™") in response to hamster IgM
anti-mouse CD40 (0.1-1 ug mI~', HM40-3, PharMingen) and
LPS (10 pg mi~"; Sigma, Saint Louis, MO, USA) was mea-
sured after 3 days using [°H]-thymidine as in ref. (12). For
Ig synthesis, B cells were stimulated with IL-4 (50 ng mlI~",
R&D Systems, Minneapolis, MN, USA) plus anti-CD40 (0.1-
1 ug mi~") or LPS (10 pg mi~") for 6 days and supernatants
were assayed for IgE and IgG1 by ELISA (12).

Surface expression of CD23, CD54 and CD86

B cells (>90% B220%) were stimulated with sCD40L (1:20 di-
lution of supernatants from muCD40L:muCD8-transfected
J558L cells), control supernatants (1:20 dilution of J558L
cells transfected with empty plasmid) or LPS (10 ug mi~")
and double stained for CD40 and CD23, CD54 or CD86
(PharMingen) as previously described (12).

Activation of NF-xB and MAP kinase phosphorylation

CD40" splenic B cells were rested for 1 h and then stimulated
with anti-CD40 (1 pg ml™"). Cell lysates were probed with
anti-phospho-IkBa, anti-lkBa (Cell Signaling, Danvers, MA,
USA) and actin (Chemicon International, Temecula, CA,
USA). Nuclear extracts were prepared from cells stimulated
for 16 h using a Nuclear Extract Kit (Active Motif, Carlsbad,
CA, USA) and probed with anti-p52 and poly ADP-ribose
polymerase 1 (Santa Cruz Biotechnology). Activated MAP
kinases were detected in lysates of cells stimulated for 5 and
10 min by immunoblotting with phospho-p38 (Cell Signaling)
and phospho-SAPK/c-dJun-N-terminal kinase (JNK) (Bio-
source, Camarillo, CA, USA) and membranes were reprobed
with kinase-specific antibody to p38 (Cell Signaling).

Results

Reconstitution of CD40~'~ mice with CD40 transgenes

WT and mutant murine CD40 constructs were generated as
illustrated in Fig. 1(A). CD40 P251G, designated ATR2, car-
ries a P251G point mutation, which corresponds to the
P250G mutation in human CD40 that has been reported to
destroy TRAF2, but not TRAF3, binding (10). CD40 QE264/
265AA, designated ATRS3, carries the point mutation Q264A,
which corresponds to the Q263A mutation in human CD40
that destroys TRAF3, but not TRAF2, binding (11). In addi-
tion, the deletion of Q263 and E264 in huCD40, that corre-
spond to Q264 and E265 in muCD40, severely impairs
TRAF3, but not TRAF2, binding (11). CD40 P251G,QE264/
265AA, designated ATR2,3, carries both mutations present
in ATR2 and ATR3.

To confirm that the muCD40 mutants lack the expected
associations with TRAF2 and TRAF3, GST-WT CD40 and
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mutant fusion proteins were examined for their capacity to
bind TRAF proteins in lysates of the murine B cell line M12,
which expresses TRAF2, TRAF3 and TRAF6. As expected,
GST-CD40 WT, but not GST, associated with TRAF2, TRAF3
and TRAF6 (Fig. 1B). In contrast, GST-ATR2 showed se-
verely impaired association with TRAF2 but retained normal
ability to associate with TRAF3. Conversely, GST-ATR3
showed severely impaired association with TRAF3 but
retained normal ability to associate with TRAF2. In three
experiments, densitometry scanning revealed that the
amount of TRAF2 that associated with GST-ATR2 was
3.3 =0.6% (mean = standard error) of that associated with
GST-WT CD40 and that the amount of TRAF3 that associated
with GST-ATR3 was 3.0 = 0.9% of that associated with GST-
WT CD40. GST-ATR2,3 showed barely detectable associa-
tion with TRAF2 and TRAF3 that amounted to, respectively,
1.71 = 0.04 and 0.54 = 0.40% of their association with
GST-WT CD40. All three mutant GST-CD40 fusion proteins
bound TRAF6.

Constructs containing WT CD40 and all three CD40 mu-
tant cDNAs were used to create transgenic mice, which
were bred on the CD40~/~ background. Lines that
expressed CD40 only on B220* cells were selected for
study. For each of the constructs, at least two transgenic
lines derived from separate founders were studied and simi-
lar results were obtained. FACS analysis revealed that CD40
was expressed with comparable intensity on all peripheral B
cells in spleen and blood from mice reconstituted with WT
(WT Tg mice), ATR2 (ATR2 mice) and ATR3 (ATR3 mice)
transgenes (Fig. 1C). All three lines of ATR2,3 mice exam-
ined expressed CD40 on only a fraction of the B cells. The
two ATR2,3 lines chosen for study expressed CD40 on 50—
60% of peripheral B cells in spleen and blood. As a control
for ATR2,3 mice, we used a previously generated line of
CD40~'~ mice reconstituted with WT CD40 transgene (WT
Tg #2) that expressed CD40 on a comparable percentage
of B cells and in comparable intensity to ATR2,3 mice (12,
Fig. 1C). B cells from ATR2,3 mice and WT Tg #2 mice that
did not express surface CD40 showed no detectable pres-
ence of CD40 protein intracellularly, ruling out a defect in
CDA40 trafficking in these cells (Fig. 1D). WT Tg #2 mice be-
haved similarly to WT Tg mice that expressed CD40 on all B
cells with regard to serum Ig levels, antibody responses
and in vitro CD40-driven isotype switching and signaling by
CD40 sorted cells (data not shown). Therefore, for simplicity,
we present data only on the WT Tg mice that express CD40
on all B cells.

Bone marrow (BM) from all transgenic mice lines had nor-
mal cellularity and normal percentage and expression profile
of IgM* and B220* cells (data not shown). In normal BM,
CD40 is highly expressed on B220™9" cells but is absent or
poorly expressed on B220°" cells. In contrast, in all trans-
genic lines, both B220°Y and B220MS" BM cells expressed
high levels of CD40 (Fig. 1C). This likely reflects the fact that
the EpVy promoter, used to drive transgene expression, is
active at earlier stages of B cell development than the en-
dogenous CD40 gene promoter, which is poorly active in
pre-B cells and immature B cells (20).

Spleens were normal in size and cellularity in all trans-
genic mice. The numbers of CD3" and B220* cells and the

expression of IgM on B220" cells in the spleens of all trans-
genic mice were similar to those of CD40"* mice (data not
shown). Furthermore, the distribution of transitional T1 cells,
marginal zone B cells and follicular B cells in the spleen
was comparable between CD40**, CD40~/~ and all four
strains of CD40 transgenic mice (data not shown). This sug-
gests that introduction of the transgenes did not interfere
with B cell development. The thymus was normal in size, ar-
chitecture and numbers of CD4*, CD8* and CD3* cells in all
the transgenic lines (data not shown).

Serum Ig levels

CD40~'~ mice have severely decreased serum IgG1 and
IgE levels and normal IgM and IgG3 levels (21, 22). As pre-
viously reported, introduction of the CD40 WT transgene in
the CD40~/~ background resulted in normalization of serum
IgG1 and IgE levels (Fig. 2). Reconstitution with ATR2 and
ATRS3 restored serum IgG1 and IgE levels to a substantial
degree, but in both strains, serum IgG1 and IgE levels
remained significantly lower than those in WT Tg mice. IgE
levels in ATR3 mice were significantly lower than in ATR2
mice. Reconstitution with ATR2,3 partially restored serum
IgG1 and IgE levels, consistent with previous findings in
mice reconstituted with a T255A mutant transgene that is se-
verely impaired in TRAF2 and TRAF3 binding (12). None of
the transgenes had a significant effect on serum IgM or
IgG3 levels.

Antibody response and GC formation to the TD antigen KLH

As previously reported, CD40~/~ mice make normal IgM and
IgG8, but no detectable IgG1 or IgE, antibody responses to
KLH (12, 22). Mice reconstituted with WT Tg mounted IgG1
and IgE antibody responses in response to immunization
with 400 pg KLH that were comparable to those of CD40**
mice. The IgG1 and IgE anti-KLH responses of ATR2 and
ATR3 mice were comparable to those of mice reconstituted
with WT Tg (Fig. 3A). In contrast, ATR2,3 mice had signifi-
cantly diminished IgG1 and IgE antibody responses. How-
ever, unlike the case of CD40~/~ mice, these responses
were clearly measurable as previously observed in mice
reconstituted with the T255A mutant (12). None of the trans-
genes had a significant effect on IgM or IgG3 anti-KLH
responses.

Spleens from KLH-immunized CD40** mice revealed the
presence of multiple GCs (Fig. 3B). As previously reported
(21, 22), GCs were absent from spleens of non-immunized
mice (data not shown) and from spleens of immunized
CD40~"~ mice (Fig. 3B). Mice reconstituted with WT Tg had
prominent GCs in their spleens with numbers similar to those
found in CD40** mice. ATR2 and ATR3 mice had fewer
GCs, which were less developed than GCs of control WT Tg
mice. GCs were virtually absent from spleens of ATR2,3
mice (Fig. 3B).

Because of the decreased size of GCs in ATR2 and ATR3
mice, we examined the response of CD40 transgenic mice
to immunization with a 4-fold lower dose of KLH (100 micro-
grams per mouse). Figure 3C shows that ATR2 and ATR3
mice made normal IgM anti-KLH responses but significantly
lower 1gG1 anti-KLH responses compared with WT Tg controls
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Fig. 2. Serum Igs in CD40 transgenic mice. Serum Ig levels from non-immunized 12-week-old CD40~'~ mice reconstituted with CD40
transgenes, CD40*"* littermates and CD40~/~ mice. Student's t test was used for statistical analysis: *P < 0.05, **P < 0.01, ***P < 0.001.

in response to the lower dose of KLH. The antibody re-
sponse of ATR2,3 mice was virtually undetectable.

CD40-mediated proliferation and isotype switching in vitro

CD40 ligation in the presence of IL-4 causes isotype switch-
ing to IgG1 and IgE (23). We compared the capacity of B
cells from CD40~/~ mice reconstituted with WT and mutant
transgenes to undergo isotype switching to IgG1 and IgE in
response to anti-CD40+IL-4, using three concentrations of
anti-CD40 (0.1, 0.5 and 1.0 pg mI~"). Purified B cells were
used from ATR2 mice, ATR3 mice and WT Tg controls. Be-
cause ATR2,3 mice express CD40 on only a fraction of their
B cells, CD40* B cells were sorted from the splenic B cells
of these mice and WT Tg controls. The purification proce-
dure by itself did not activate the B cells because unstimu-
lated sorted CD40* B cells do neither proliferate nor secrete
IgE or IgG1 (data not shown). Furthermore, comparable
data were obtained using WT Tg B cells prepared by either
negative sorting (CD43™ cells) or positive sorting with anti-
CD40 mAb (CD40" cells). B cells from ATR2 and ATR3 mice
proliferated significantly less in response to anti-CD40
(Fig. 4A) and secreted significantly less IgG1 and IgE in re-
sponse to anti-CD40+IL-4 compared with B cells from WT
Tg mice (Fig. 4B and C), as determined by analysis of vari-
ance analysis of the dose response curve. The proliferative
defect was more pronounced at the lower concentration of
anti-CD40 used (0.1 ug mi~"). This was confirmed by CFSE
dilution studies (data not shown). B cells from ATR2,3 mice
failed to proliferate and secreted no detectable amounts of
IgG1 or IgE in response to anti-CD40+IL-4 (Fig. 4A-C).
B cells from ATR2 and ATR3 mice did not exhibit signifi-
cantly increased apoptosis and cell death, as assessed by
Annexin V staining at day 3, in response to stimulation with

anti-CD40 compared with B cells from CD40** or WT Tg
mice (Fig. 4D). However, B cells from ATR2,3 mice exhibited
increased apoptosis and cell death in response to stimula-
tion with anti-CD40, but not LPS, which was comparable to
that observed in B cells from CD40~/~ mice. The defect in
proliferation and IgG1 and IgE production in B cells from
mice reconstituted with mutant CD40 transgenes was not
due to a general impairment in the ability of these B cells to
undergo isotype switching or to respond to IL-4 because
they proliferated normally and secreted normal amounts of
IgE and IgG1 in response to LPS+IL-4 (Fig. 4A-C).

Molecular events in CD40-mediated isotype switching

CD40 ligation synergizes with IL-4 to drive molecular events
that result in CSR. We compared the ability of CD40 to acti-
vate molecular events involved in CSR to IgE in B cells stim-
ulated with low (0.1 pg mi™") and high (1.0 pg mi~")
concentrations of anti-CD40 plus IL-4. These events include
expression of Ce GLTs, AID and mature Iu-Ce transcripts
(24). Expression of these transcripts was estimated semi-
quantitatively by calculating the ratio of expression of each
transcript to that of the transcript of the house keeping
gene B2 m expression (n = 3). Expression of transcripts
was compared in B cells with mutated CD40 transgenes
and B cells with CD40 WT transgene. In the absence of
stimulation, or upon stimulation with anti-CD40 alone or
IL-4 alone, none of the B cells expressed Ce GLT, AID or
Iu-Ce transcripts (data not shown). Figure 5(A) shows that,
as previously reported (12), CD40 ligation synergized with
IL-4 in inducing Ce GLT, AID and Iu-Ce transcripts in B cells
from WT Tg mice. At the lower concentration of anti-CD40,
Ce GLT expression was diminished in ATR2 B cells and se-
verely diminished in ATR3 B cells. At the higher
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Fig. 3. Antibody response and GC formation in response to TD antigen. (A) IgM, IgG1, IgG3 and IgE KLH-specific antibody responses to
immunization with 400 ng KLH (ND = not detectable). (B) GCs in representative spleen sections (X40) from mice immunized with KLH examined
for peanut agglutinin binding. (C) IgM and IgG1 KLH-specific antibody responses to immunization with 100 pg KLH. Statistical analysis was

performed as in Fig. 2.

concentration of anti-CD40, Ce GLT expression was normal
in ATR2 B cells but was still decreased in ATR3 B cells. At
the lower concentration of anti-CD40, AID expression was
normal in ATR2 B cells but significantly decreased in ATR3
B cells. At the higher concentration of anti-CD40, AID ex-
pression was normal in ATR2 and ATR3 B cells. Iu-Ce tran-

script expression was severely diminished in ATR2 and
ATR3 B cells at the lower concentration of anti-CD40 and
partially decreased at the higher concentration of anti-
CD40. Ce GLT, AID or Iu-Ce transcripts were virtually unde-
tectable in ATR2,3 B cells at both concentrations of
anti-CD40 (Fig. 5A and B). B cells from all mice expressed
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Fig. 4. B cell proliferation, Annexin V staining and |g synthesis in vitro.
Sorted CD40* B cells were used to examine (A) Proliferation in
response to anti-CD40 or IL-4+LPS and (B) IgG1 and (C) IgE
synthesis in response to IL-4 in the presence of anti-CD40 or LPS.
Results shown are the mean of three experiments. Analysis was done
by two-way analysis of variance: ***P < 0.001. (D) Annexin V-FITC
staining of CD40* B cells after 3d stimulation with anti-CD40 (1 pg ml~")
or LPS (10 pg mi~") and were analyzed by FACS. Results shown are
the mean of two experiments and are expressed as percentage of
Annexin V* B cells. Student’s t test was used for statistical analysis:
*P < 0.05.

comparable amounts of Ce GLT, AID and Iu-Ce transcripts
in response to LPS+IL-4 (data not shown).

CD40-mediated up-regulation of CD23, CD54 and CD86
expression on B cells

CD40 ligation up-regulates the expression of CD23, CD54
and CD86 on B cells (1). We compared the ability of B cells
from transgenic mice to up-regulate these surface antigens
following CD40 ligation with sCD40L. Figure 6 shows that B
cells from WT Tg mice up-regulated CD23, CD54 and CD86
expression following CD40 ligation. B cells from ATR2 and
ATR3 mice were comparable to B cells from WT Tg mice in

TRAF2 and TRAF3 participate in CD40 signaling 483

up-regulation of CD23, CD54 and CD86 in response to
CD40 ligation. B cells from ATR2,3 mice failed to up-regulate
the expression of these antigens in response to sCD40L.
B cells from all transgenic lines up-regulated CD23, CD54
and CD86 expression comparably in response to LPS (Fig. 6).

CD40 signaling in B cells

CD40 ligation in B cells causes activation of NF-xB (1). This
is mediated both via the canonical and non-canonical NF-xB
activation pathways (25, 26). The canonical pathway
involves the activation of the IkB kinase complex, which
causes the phosphorylation and degradation of 1kB, releas-
ing p50 and p65 to translocate into the nucleus (27). The
non-canonical pathway is activated by processing NF-kB2
precursor protein p100 to generate p52, which translocates
to the nucleus (28). Figure 7(A) shows that CD40-mediated
phosphorylation and degradation of IkBa in B cells from
ATR2 and ATR3 mice were comparable to that in B cells
from WT Tg mice and CD40"* WT controls. This was con-
firmed by scanning densitometry (n = 3, data not shown). In
contrast, phosphorylation and degradation of 1kBa were not
detectable in B cells from ATR2,3 mice. Figure 7(B) shows
that CDA40 ligation caused the appearance of p52 in nuclear
extracts from B cells of WT Tg mice. In contrast, appearance
of nuclear p52 was severely diminished in nuclear extracts
of B cells from ATR2 and ATR3 mice and was undetectable
in B cells from ATR2,3 mice.

CD40 ligation in B cells results in the phosphorylation and
activation of the MAP kinases p38 and JNK (29). Figure
7(C) shows that CD40 ligation caused comparable phos-
phorylation of JNK in B cells from WT Tg mice and CD40*"*
WT controls. CD40-mediated JNK phosphorylation was di-
minished in ATR2 B cells, almost normal in ATR3 B cells
and undetectable in ATR2,3 B cells. Scanning densitometry
(n = 3) revealed significantly decreased JNK phosphoryla-
tion in ATR2 B cells at 5 min (0.28 = 0.05-fold of WT Tg
B cells, P < 0.05), but not at 10 min (0.75 = 0.12-fold of WT
Tg B cells, P > 0.05), and normal JNK phosphorylation in
ATR3 B cells at 5 and 10 min (0.97- and 1.07-fold of WT Tg
B cells, respectively). CD40 ligation caused comparable
phosphorylation of p38 in B cells from CD40"*, WT Tg,
ATR2 and ATR3 mice (Fig. 7C). This was confirmed by
scanning densitometry (n = 3, data not shown). In contrast,
CD40 ligation caused no detectable phosphorylation of p38
in B cells from ATR2,3 mice (n = 3).

Discussion

Our results suggest that each of TRAF2 and TRAF3 is in-
volved in CD40-driven CSR. Our strategy of constructing
muCD40 mutants that are selectively deficient in binding
TRAF2 or TRAF3 was based on data obtained with human
CD40. It is thought that P250 in the PXQXT sequence of
huCD40 interacts via van der Waals forces with residues
F447, P449, F456 and S467 of TRAF2 (3). Furthermore, this
residue points into the TRAF-binding pocket and orients
properly the succeeding residues involved in hairpin forma-
tion. The P251G muCD40 mutant (ATR2), like the corre-
sponding huCD40 P250G mutant (10), was drastically
impaired in its ability to bind TRAF2 but retained virtually
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intact its ability to bind TRAF3 and TRAF6. Q263 in huCD40
makes contact with Y395 and D399 in TRAF3 (4). The
QE264,265AA muCD40 mutant (ATR3), like the Q263A and
the AQE263,264 huCD40 mutants (11), was drastically im-
paired in its ability to bind TRAF3 but retained virtually intact
its ability to bind TRAF2 and TRAF6. The residual weak bind-
ing of TRAF2 and TRAF3 to the ATR2 and ATR3 mutants
(<5% of that WT CD40) could have been due to incomplete
loss of direct binding and/or to formation of TRAF2/3 hetero-
dimers. The muCD40 double-mutant P251G/QE264,265AA
(ATR2,3) had virtually no detectable binding to either TRAF2
or TRAF3 but retained virtually intact its ability to bind
TRAF6. The preserved binding of TRAF3 to ATR2 and of
TRAF2 to ATR3 and of TRAF6 to all mutants makes it unlikely
that the selective loss of binding of TRAF proteins by these

mutants is due to a global loss of structure. Nevertheless, lo-
calized loss of structure in the region where the mutation
was introduced is possible.

B cells from lines of CD40~/~ mice reconstituted with
ATR2 and ATR3 transgenes expressed CD40 on all their
B cells, whereas only 50-60% of B cells from ATR2,3 mice
expressed CD40 (Fig. 1C). A similar finding was previously
shown in the WT Tg #2 line of CD40~/~ mice reconstituted
with WT CD40 transgene (12). B cells that did not express
the transgene on the surface showed no detectable pres-
ence of CD40 protein intracellularly, ruling out a defect in
CDA40 trafficking in these cells (Fig. 1D). Recently, we have
also found that some lines of TACI™/~ mice reconstituted with
a TACI transgene under the control of the EuVy promoter
used in this study also express TACI on a fraction of their
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plasmid caused no up-regulation of CD23, CD54 or CD86 (data not shown). Because CD40 is expressed only on a fraction of B cells from ATR2,3
mice (Fig. 1C), analysis of B cells from these mice was performed by gating on CD40* cells. Data shown are representative of three independent

experiments.

B cells, while other lines express it on all B cells (our unpub-
lished observations). Epigenetic factors that exert influences
at the transgene insertion site may account for the variability
of Tg expression in lines derived from different founders.
Reconstitution of B cells from CD40~/~ mice with ATR2
and ATR3 transgenes partially restored serum levels of the
CD40-dependent isotypes 1gG1 and IgE (Fig. 2). Both trans-
genes reconstituted to normal the IgG1 and IgE antibody re-
sponse, but only partially the GC response, to immunization
with 400 pg of the TD antigen KLH (Fig. 3A and B). However,
the 1gG1 antibody of ATR2 and ATR3 mice to a 4-fold lower
immunizing dose of KLH was significantly impaired (Fig.
3C). The ATR2,3 transgene reconstituted all these functions
poorly. This could not simply be due to the fact that only

50-60% of B cells from ATR2,3 mice expressed CD40 be-
cause we have previously shown that expression of CD40
Tg on a comparable fraction of B cells from CD40~/~ mice
reconstituted with a WT CD40 transgene reconstituted total
serum |g levels and the TD response to KLH (12). These
results suggest that TRAF2 and TRAF3 play partially over-
lapping roles in the in vivo antibody response to TD antigens
and that both are needed for an optimal IgG1 antibody re-
sponse to immunization with a lower dose of TD antigen.
In vitro isotype switching to IgE and IgG1 in response to
CD40/IL-4 stimulation, as well as proliferation to anti-CDA40,
were partially impaired in B cells from ATR2 and ATR3 mice
(Fig. 4). The impairment in both isotype switching and pro-
liferation was more marked with low concentrations of
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anti-CD40. These data suggest that loss of TRAF2 or TRAF3
could impair T cell-driven isotype switching under conditions
of sub-optimal CD40L expression, e.g. sub-optimal TCR
stimulation by limiting doses of antigens. CD40-driven iso-
type switching and proliferation were virtually absent in
B cells from ATR2,3 mice, consistent with what we previously
found in mice reconstituted with the T255A transgene (12).

CD40/IL-4-driven expression of Ce GLT and mature Ce
transcripts was defective in B cells from ATR2 and ATR3
mice at low concentration of anti-CD40 (0.1 ug mi~") (Fig.
5). The defect was less pronounced in ATR2 mice and at
higher concentrations of anti-CD40. B cells from ATR2,3
mice were completely deficient in all CSR events. These
results further support the conclusion that TRAF2 and TRAF3
play overlapping roles in CD40-dependent CSR. CD40 up-
regulation of CD23, CD54 and CD86 expression in B cells
was preserved in ATR2 and ATR3 mice but severely im-
paired in ATR2,3 mice (Fig. 6). The redundancy of TRAF2
and TRAF3 in CD40 up-regulation of these activation
markers is not surprising given the fact that this up-
regulation is dependent on activation of NF-xB and that
CD40-mediated activation of the canonical NF-kB pathway
was intact in B cells from ATR2 and ATR3 mice (Fig. 7A).
The normal activation of the canonical NF-xB pathway in B
cells from ATR2 mice contrasts with the impaired CD40 acti-
vation of this pathway in TRAF2~~ B cells (30). This sug-
gests that lack of TRAF2 may have more widespread effects
on the activation of B cells.

In contrast to the normal activation of the canonical NF-kB
pathway, CD40 activation of the non-canonical NF-xB path-
way was impaired in B cells from both ATR2 and ATR3 mice
(Fig. 7B), suggesting that these two TRAF proteins play non-
redundant roles in CD40-mediated activation of the non-

canonical NF-xB pathway. Both TRAF2 and TRAF3 have
been reported to mediate activation of the non-canonical
NF-kB pathway in B cell lines (17, 31). However, TRAF2-
and TRAF3-deficient B cells have increased baseline activa-
tion of this pathway (30, 32, 33), suggesting that global loss
of TRAF2 or TRAF3 in B cells may have different outcomes
than specific disruption of their binding to CD40. While p50
and c-Rel of the canonical NF-kB pathway are known to be
important for CSR (34, 35), NF-kB-inducing kinase and the
p52 partner RelB of the non-canonical NF-kB pathway also
contribute to CSR and GC formation (36-38). Impaired acti-
vation of the non-canonical NF-kB pathway may contribute
to the impaired CD40-driven isotype switching in ATR2 and
ATR3 mice.

CD40 activation of the MAP kinase p38 was normal in
B cells from ATR2 and ATR3 mice but virtually absent in
B cells from ATR2,3 mice (Fig. 7C), indicating that TRAF2
and TRAF3 are redundant in CD40 activation of p38. CD40
activation of JNK was partially decreased in ATR2 B cells
but not in ATR3 B cells and was undetectable in ATR2,3
B cells, suggesting that TRAF3 partially overlaps with
TRAF2 in CD40 activation of JNK. Impaired JNK activation
may contribute to the defective CD40-driven isotype
switching in ATR2 mice, as JNK inhibition blocks CD40-
mediated switching (39).

The fact that loss of TRAF3 binding impaired CD40-driven
CSR in B cells, even slightly more than loss of TRAF2 bind-
ing, supports a role for TRAF3 in CD40-driven isotype
switching. Recently, mice with B cell-specific disruption of
TRAF3 were found to have increased numbers of marginal
zone B cells with a corresponding increase in serum IgG3,
IgG2a, 1gG2b and IgA levels and in the antibody response
to the type Il Tl antigen trinitrophenol (TNP)-Ficoll. In



contrast, although these mice had also increased numbers
of follicular B cells, their serum IgG1 and IgE levels and their
IgG1 antibody response to the TD antigen TNP-KLH were
not increased (32). This is consistent with a role for TRAF3
in the production of TD Ig isotypes. A role for TRAF3 in CSR
is also consistent with the observation that the B cell- acti-
vating factor receptor and the EBV protein LMP-1, which
bind exclusively or predominantly TRAF3 (31, 40), can medi-
ate isotype switching (41, 42).

It was recently reported that a muCD40 IC domain dele-
tion mutant that lacks a.a. 235-260 (A235-260) but retains
the C-terminal 29 a.a. (a.a. 261-289) binds TRAF2 weakly;
yet is able to reconstitute CD40-driven proliferation and iso-
type switching but not GC formation in CD40 null mice (43).
The truncation mutant retains residues QE264,265 that are
essential for TRAF3 binding. Possible TRAF3 binding to this
mutant may have contributed to its relatively preserved func-
tion. In addition, the massive deletion in the IC domain of
CD40 in the mutant may have resulted in conformational
changes that allowed recruitment of novel signaling mole-
cules that could have altered its function.

In summary, TRAF2 and TRAF3 can each independently
mediate CSR driven by CD40, but both are required for opti-
mal CD40-driven isotype switching.
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Abbreviations

a.a amino acids
AID activation-induced cytidine deaminase

B2 m B2 microglobulin

BM bone marrow

CD40L CD40 ligand

CSR class switch recombination
GLT germ line transcript

GC germinal center

GST glutathione-S-transferase

IC intracellular

JNK c-Jun-N-terminal kinase
KLH keyhole limpet hemocyanin
D T cell dependent

TNF tumor necrosis factor

TNP trinitrophenol

TRAF TNF receptor-associated factor
WT wild type
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