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A
�

bstract. C
�

D40, a member of the growing tumor necrosis factor receptor (TNF-R) family of molecules, fun� ctions
a	 s a transmembrane signal receptor in both hematopoietic and non-hematopoietic cell types, although its physi-
o
 logical roles are less well understood in the latter. Much has been learned over the past decad

�
e about the role

o
 f CD40 signaling in various cellular functions. In addition, some of the molecular events which occur subsequent
t

�
o CD40 engagement have been characterized, although much remains to be understood. This review will sum-

marize the known important biological roles of CD40, and discuss what is currently known abou
 t how CD40
signals.

K
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Biological Effects of CD40 Signaling

C
�

D40, a 50 kDa transmembrane molecule, is ex-
p� ressed constitutively on B lymphocytes, dendritic
c� ells, and monocytes/macrophages. CD40 signals to
B lymphocytes are crucial to normal T cell-dependent
B cell activation, isotype switching, and the develop-
m� ent of a humoral memory response (reviewed in4

�
4, 83)

�
.

The physiological importance of CD40-mediated sig-
n� als was first appreciated with the discovery that lack
o
 f such signals (due to defective expression or binding
o
 f the ligand for CD40, CD154) is the underlying defect
in the rare human immunodeficiency disease, X-linked
h

�
yper-IgM syndrome (reviewed in9

�
)

�
. Subsequently,

p� roduction and characterization of CD40 and CD154-
-deficient mice strengthened this causal link, as the
p� henotype of these mice closely mirrors the symptoms
d

�
isplayed by HIGM patients4

�
3, 87. In addition to a major

d
�
irect role in B cell activation, CD40-mediated signals

l
�
eading to the upregulation of adhesion and costimula-

t
�
ory molecules, as well as lymphokine production, are im-
p� ortant for the activation of antigen presentation by den-
d

�
ritic cells11, 47, macrophages7

�
5, and B cells10, 45, 90. These

C
�

D40 signals to antigen-presenting cells (APC) have been
shown to be critical for the activation of cytolytic T cells
b

�
y cross priming6

�
, 71, as well as stimulation of anti-tumor

immunity in several experimental systems28, 58.
I

�
n addition to providing necessary signals for nor-

mal immune responses, CD40 can participate in auto-
i

�
mmune reactions3

�
, 17, 23, 60, and contribute to transplant

r� ejection16, 72. CD40 signals have been shown capable
o
 f both promoting8, 26, 48, 81 and inhibiting2

�
0, 61 the

g� rowth of malignant cells, so the potential utility of
C

�
D40 as a target for anti-tumor therapies is complex,

a	 nd must be specifically determined for individual
t

�
ypes of tumors. Interestingly, while constitutive CD40

e xpression is generally restricted to cells of the hema-
t

�
opoietic lineage, the molecule is also expressed on vas-

c� ular endothelium29, 42, and its ligand CD154 is ex-
p� ressed on eosinophils2

�
2. Additionally, CD40 was
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o
 riginally defined as a tumor antigen of bladder carci-
noma6

�
3, and CD40 expression has been reported on

p� rostate, renal and cervical carcinomas, as well as me-
l

�
anoma1, 46, 68, 82. Its endogenous or introduced expres-

sion on human prostate cancer cells correlates with in-
c� reased resistance to growth inhibition via Fas or the
T

"
NF-R6

�
8. It was also recently shown that treatment of

c� ultured microglial cells with amyloid-β protein in-
d

�
uces their expression of CD40. CD154 stimulation of

t
�
hese cells induced signs of activation and neuronal

injury, and CD154 deficiency reduced the abnormal
Tau phosphorylation seen in a transgenic mouse model
o
 f Alzheimer’s disease80. Thus, it is clear that under-
standing how CD40 delivers its signals to cells is criti-
c� al not only to understanding the pleiotropic effects of
t

�
his signal receptor, but to rational design of therapies

w# hich seek to intervene in the CD40 signaling pathway.

TRAF Molecules in CD40 Signaling

A
$

lthough it has been known for some time that en-
g� agement of CD40 has profound effects, a clear under-
standing of the steps leading from CD40 ligation to cell
e ffector functions has not yet emerged. It is now ap-
p� reciated that although CD40 may ultimately exploit
some of the same intermediate signaling pathways as
d

�
o receptors belonging to the Ig gene superfamily, the

initial steps of the CD40 signal cascade do not mirror
t

�
hose used by more well-studied molecules such as the

B
%

 cell antigen receptor or Fc receptors. First, CD40
itself has no intrinsic enzymatic activity, and neither the
t

�
ransmembrane (TM) nor cytoplasmic (CY) domains of

C
�

D40 contain any tyrosine-based motifs, which medi-
a	 te direct binding to protein tyrosine kinases. However,
a	 nalysis of protein-protein interactions using two-hy-
b

�
rid yeast and bacterial fusion protein techniques re-

v& ealed that the CY domain of CD40 can directly asso-
c� iate with members of the family of CY proteins known
a	 s tumor necrosis factor receptor-associated factors
(TRAFs). TRAFs are cytoplasmic proteins containing
a	  TRAF domain, which associates with the receptor,
a	  coiled-coil domain by which TRAFs are hypothesized
t

�
o homo- and heterodimerize, a zinc RING (with the
e xception of TRAF1) and Zn finger domains. CD40,
itself a member of the rapidly-growing TNF-R family,
has to date been reported to bind to TRAFs 2, 3, 5 and
6

' 13, 39, 40, 69. However, understanding the specific roles
o
 f TRAFs in signaling by CD40 and other members of
t

�
he TNF-R family is still incomplete.

O
(

ne of the earliest approaches used to understand
TRAF signaling was to overexpress wild-type (wt) and

m� utant TRAF constructs in an adenovirus-transformed
human embryonic kidney cell line called 293, widely
u
 sed for its ease of transient transfection and high ex-
p� ression of transfected molecules. Because 293 does
not express CD40, interactions of CD40 and TRAFs
w# ere examined by also overexpressing transfected
C

�
D40 in these cells. As leukocytes themselves en-

d
�
ogenously express rather modest amounts of TRAF

p� roteins, use of this system greatly facilitated obtaining
i

�
nformation on which TRAFs can bind CD40 in cells.

However, the inherent and considerable artificiality of
t

�
he system (irrelevant cell type, highly overexpressed

p� roteins) has led to complications in interpretation,
w# hen used as a model for understanding CD40 signal-
i

�
ng. A highly reproducible finding in both normal
B

%
 cells and B cell lines is that CD40 ligation stimulates

nuclear translocation and activation of nuclear factor
κB (NF-κB)7

�
, 18, 35, 54. To determine if TRAFs play

a	  role in this process, a number of studies overex-
p� ressed CD40, TRAFs, and an NF-κB reporter gene
t

�
ransiently in 293 cells. Using this approach, it was

c� oncluded that TRAFs 2, 5, and 6 are required for
C

�
D40-mediated NF-κB activation3

�
9, 40, 69. However,

c� ells from mice made transgenic for truncated, “domi-
n� ant-negative” (DN) TRAF2 (retaining the receptor-bin-
d

�
ing domain but lacking the Zn RING) are able to ac-

t
�
ivate NF-κB

%
 in response to signals from TNF-R family

members, including CD405
)
2. In a second study, em-

b
�
ryonic cells from TRAF2-deficient mice (which die in

u* tero or soon after birth), show the ability to activate
N

+
F-κB

%
 in response to TNF signals89, in contrast to ear-

lier conclusions based upon the 293 model6
�
9. In the

same month, it was shown in a study of CD40-medi-
a	 ted NF-κB activation in B cell lines that CD40 mu-
t

�
ants unable to bind TRAF2 are still able to activate

N
+

F-κB3
�
5. More recently, it was shown that CD40 mu-

t
�
ants unable to bind TRAF6, but which retain the

TRAF2 binding site, also activate NF-κB normally41, in
c� ontrast to earlier experiments performed using the 293
model system3

�
9. These findings suggest there may be

c� ell type specificity in TRAF function, as well as poten-
t

�
ial redundancy between TRAFs in contributing to

C
�

D40-mediated NF-κB
%

 activation. These results also
u
 nderscore the importance of studying TRAF functions
i

�
n cells which normally express CD40, in order to ob-

t
�
ain a compete understanding of how TRAFs partici-
p� ate in CD40 signaling in vivo.

Another approach which has been informative in
studying signaling proteins is overexpression of mutant
forms of the protein which block the normal signal
c� ascade and act as DN. A small number of studies have
u
 sed this approach to examine TRAF roles in CD40
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f
,
unction in B lymphocytes13, 25, 31, 41. A complication to

t
�
he use of this approach for studying TRAF function,

however, is that it has proven difficult to achieve high
l

�
evels of expression of DNTRAF molecules in B lym-
p� hocytes, as shown in 3 of the aforementioned
studies25, 31, 41; in the remaining study, levels of protein
e xpression of the DNTRAF studied were not reported13.
It was possible to circumvent this problem to some
d

�
egree, as well as preserve normal cell functions, by

e xpressing DNTRAFs in an inducible manner3
�
1, 41.

However, low expression of transfected TRAFs re-
mains a technical challenge, and it is thus not advisable
t

�
o draw conclusions regarding TRAF roles in particular

C
�

D40-mediated signaling events solely on the basis of
r� esults using DNTRAFs. A complementary approach
h

�
as been B lymphocyte functional studies of mutant

C
�

D40 molecules whose binding of particular TRAF
molecules has been characterized. An early study using
a	 gonistic anti-CD40 mAb as a stimulus found that the
t

�
hreonine in the TRAF2/3 binding motif was required

f
,
or CD40-mediated growth inhibition of a mouse B cell

l
�
ine, M123

�
8, while a later study with the same cell line

a	 nd soluble CD154 as a stimulus came to the opposite
c� onclusion24, although in the latter study the mutant
C

�
D40T234A molecule did not inhibit growth as effec-

t
�
ively as wt CD40. It was subsequently shown that the

T
"

234A mutant is capable of binding a reduced amount
o
 f TRAF23

�
1, so the use of CD154 versus anti-CD40 as

a	  stimulus may account for the discrepancy in results.
Several studies showed that binding of TRAF2 is re-
q- uired for CD40-mediated B7 upregulation, as well as
p� rotection from antigen receptor-mediated growth ar-
r� est24, 30, 33, 78. It has also been shown that the binding
site for TRAF2 is sufficient for CD40-mediated activa-
t

�
ion of c-Jun kinase (JNK), MAPKAP kinase 2, and the
p� hosphorylation of IκBα7

�
8, although additional studies

showed that neither TRAF2 nor TRAF6 are absolutely
required for the activation of NF-κB, and the two mole-
c� ules may play redundant roles in this function3

�
5, 41.

Structure-function studies have also revealed that the
TRAF2/3 binding site is not required for CD40-medi-
a	 ted antibody production, but may play a role in co-
o
 peration between CD40 and the B cell antigen recep-
t

�
or3

�
3, and that binding of TRAFs 2 and 3 is dispensable

f
,
or CD40-mediated IL-6 production2. To date, only

a	  single structure-function analysis of the role of
TRAF6 in CD40-mediated B cell functions has been
reported; in this study it was shown that TRAF6 bind-
i

�
ng plays roles in antibody production, B7 upregulation,

a	 nd IL-6 secretion, but is not required for the activation
o
 f JNK or NF-κB

%
 if the TRAF2 binding site of CD40

remains intact4
�

1.

O
(

ver the past decade, advances in techniques for
p� roducing genetically modified mice have resulted in
a	 n explosion of the use of “knockout”  mice, in which
t

�
he expression of specific gene products has been dis-

rupted, to study the role of a particular protein in the
intact animal. While this powerful technology has led
t

�
o many valuable new insights into the function of vari-

o
 us signaling proteins, it becomes problematic when
t

�
he protein in question plays multiple roles during de-

v& elopment of the mouse. This appears to be the case
for the TRAF molecules; mice made genetically defi-
c� ient in TRAFs 2, 3, and 6 show very early lethality
w# ith multiple organ system abnormalities5

)
7, 86, 89. Thus,

a	 lthough some attempts have been made to examine
C

�
D40 signaling in splenocytes from these mice, it is

d
�
ifficult to interpret such data, as there is no clear in-

d
�
ication that numbers or phenotype of B cells develo-

p� ing in this environment are normal. Because macro-
p� hages from TRAF2–/– mice were found to produce
e levated amounts of TNF, the TRAF2–/– mice were re-
c� ently bred onto TNF knockout mice, which enhanced
t

�
heir survival. CD40-mediated proliferation and NF-κB

%

a	 ctivation were studied in the double knockouts, and
found to be defective6

�
2. However, it has been pre-

v& iously shown that CD40 ligation induces B cells to
p� roduce TNF-α5

)
3, 64, and TNF can induce B cells to

p� roduce antibody and upregulate costimulatory mole-
c� ules6

�
4, 67. Additionally, it was shown that DNTRAF2

c� an inhibit CD40-induced B cell differentiation even
w# hen the CD40 molecule expressed is a mutant which
d

�
oes not bind TRAF23

�
1. Thus, CD40-mediated TNF

p� roduction and subsequent signaling through the TNF-R
m� ay contribute to CD40 effector functions, which
makes the results of the aforementioned study difficult
t

�
o interpret clearly. In the case of TRAF6–/– mice, ~10%

o
 f the mice survive until birth-2 weeks, although none
survive to adulthood. Splenocytes from these mice were
p� ooled for experiments, in which decreased CD40-med

�
i-

a	 ted proliferation and NF-κB
%

 activation was seen5
)

7.
However, the fact that so few of the mice even survive
u
 ntil birth suggests that any B cells present (defined in
t

�
hese experiments as what was left after depletion of

C
�

D4+.  and Mac-1+.  cells) developed in a very abnormal
e nvironment, and the phenotype of such B cells is un-
k

/
nown – they also show defective LPS responses5

)
7. All

TRAF3–/– mice die within 10 days of birth with severe
p� rogressive runting and massive loss of splenic cellu-
larity86. To study the function of their hematopoietic
c� ells, fetal liver cells from these mice were transferred
into irradiated recipients. Several months after recon-
stitution, analyses of immune function were performed.
It was found that the B cells from mice that received

G
0
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T
"

RAF3–/– fetal liver proliferated normally in response
t

�
o CD154, and also upregulated CD23 and B7-1. How-

e ver, these mice showed defective T cell or antibody
r� esponse to challenge with a T-dependent antigen86. It
w# as concluded that TRAF3 plays no important role in
C

�
D40 function in B cells, in contradiction to results

f
,
rom the same lab which showed that expression of

DNTRAF3 inhibits CD40-mediated B7 upregulation in
B cells13. Thus, interpretation of data obtained using
T

"
RAF–/– mice is complex, and does not provide defini-

t
�
ive answers to the roles played by TRAFs in CD40

signaling to normal mature cells.

CD40 Signaling and Membrane Microdomains

In 293 cells, transfected TRAF molecules associate
c� onstitutively with transfected CD403

�
1, but published

studies presented a confusing and contradictory picture
o
 f the association of TRAF molecules with CD40 in
B

%
 cells. CHAUDHURI et al.12 concluded, based upon

W
1

estern blotting of cell lysates, that TRAF2 associates
w# ith CD40 in resting B cells, and is released into the
c� ytoplasm following CD40 engagement. Using similar
t

�
echniques, KU

2
HNÉ et al.49 concluded exactly the oppo-

site. To resolve this issue, and avoid any potential post-
-lysis artifacts which might complicate biochemical ap-
p� roaches, a fluorescently-labeled forms of TRAF2 was
inducibly expressed in B cells3

�
2. Following induction of

e xpression of this molecule, confocal immunofluores-
c� ence microscopy revealed that TRAF2 is dispersed
a	 cross the cytoplasm in unstimulated B cells, but spe-
c� ifically excluded from the nucleus. When CD40 is
ligated with either anti-CD40 mAb or cells expressing
membrane CD154, TRAFs 2 and 3 rapidly traffic to the
c� ell membrane and associate with CD40. It was dis-
c� overed in the same study that CD40 and associated
T

"
RAF molecules traffic to membrane microdomains or

“ rafts”  following CD40 ligation. In addition to requir-
ing the CD40-binding TRAF domain, this recruitment
t

�
o membrane rafts involves the Zn-binding domains of

T
"

RAFs, if they are absent, or if stimulation is per-
formed in the presence of a membrane-permeable Zn
c� helator, TRAF recruitment to rafts is inhibited. Addi-
t

�
ionally, Zn chelation prevents the CD40-mediated ac-

t
�
ivation of JNK. Taken together, these findings show

t
�
hat CD40 signaling results in the trafficking of both

C
�

D40 and TRAFs 2 and 3 to membrane microdomains,
a	 nd that this recruitment is functionally important in
C

�
D40 signaling.

K
�

inase Activation by CD40

A number of signaling molecules have been pro-
p� osed to participate in the proximal events in CD40
signal transduction. As outlined above, TRAF proteins
a	 ppear to be key elements in signaling. Their amino
a	 cid sequences, together with available experimental
results, suggest that TRAFs function primarily as adapt-
e r molecules. The relatively conserved carboxy-termi-
n� al TRAF-C domains of TRAFs mediate binding to
C

�
D4015, 36, 39, while both the TRAF-N and -C domains

a	 ppear to mediate binding between TRAFs7
�

9. It is likely
t

�
hat aggregation of the TRAFs, initiated by the cluster-

ing of CD40 that occurs upon engagement by trimeric
C

�
D154, leads to their interaction with downstream sig-

n� aling molecules. This aggregation may also be accom-
p� lished in a CD40-independent manner by gross over-
e xpression of TRAFs in transiently transfected cell
l

�
ines such as 293. At least three distinct CD40 signaling

p� athways appear to be linked to TRAF proteins. One
l

�
eads to the activation of JNK, one to activation of
a	  related stress-activated protein kinase, p38, and
a	  third leads to NF-κB activation.

G
�

erminal center kinase (GCK)9
�

1 and related
e nzymes7

�
3 have been shown to interact with the TRAF

d
�
omain of TRAF2, and potentially mediate CD40-in-

d
�
uced JNK activation. GCK can also bind MEKK1,

a	  MAP3K which lies upstream of JNK14, 70, 88. Interes-
t

�
ingly, MEKK1 may also interact with the N-terminal

zinc-binding domain of TRAF24, suggesting that in an
a	 ctive signaling complex, MEKK1 contacts both GCK
a	 nd TRAF2. TRAF2 may also interact in vivo with
a	 nother MAP3K, ASK-1, which appears capable of me-
d

�
iating activation of both JNK and p383

�
7. Activation of

p� 38 may also occur via the interaction of TRAF2 with
receptor-interacting protein (RIP) a death domain-con-
t

�
aining serine/threonine kinase9

�
1.

The activation of NF-κB by TRAF2 and TRAF6 has
b

�
een credited to NIK5

)
9, 77, a MAP3K that in turn can

p� hosphorylate and activate the IκB kinase (IKK) com-
p� lex responsible for phosphorylating and hence initiat-
ing the degradation of the inhibitor of NF-κB (IκB)
p� roteins5

)
6. Although NIK can influence NF-κB

%
 activa-

t
�
ion in 293 epithelial cells, currently there is no defini-

t
�
ive evidence that it specifically participates in CD40-

-mediated NF-κB activation in B lymphocytes. Alym-
p� hoplasia (a3 ly)

�
 mice, which express a mutant form of

N
+

IK7
�

4, display defective B cell activation. However,
t

�
his defect is not specific to CD40 responses, as B cells
from a3 ly mice also fail to respond normally to LPS or
a	 nti-IgM signals21. Thus, the role played by NIK in
C

�
D40 responses may be complex, and dependent upon
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t
�
he activation state of the cell, as well as what addi-

t
�
ional signals it has received. Interestingly, MEKK1 has

a	 lso been shown capable of phosphorylating and acti-
v& ating the IKK complex5

)
1, and may serve redundant

functions with NIK in certain situations. It is also im-
p� ortant to note that the interactions of TRAFs with
M

4
EKK1, NIK, and other kinases have almost exclu-

sively been demonstrated under non-physiological con-
d

�
itions, in which both TRAFs and candidate kinases are

t
�
ransiently overexpressed in epithelial cell lines. It thus

remains to be determined which, if any, of the potential
TRAF-interacting kinases, when present at physiologi-
c� al levels, participate in the activation B lymphocytes
a	 nd other antigen-presenting cells by CD40. It seems
l

�
ikely that additional kinases will be found to be in-

v& olved in connecting CD40 ligation to the activation of
N

+
F-κB, as well as to additional signaling pathways.

In addition to the enzymes discussed above, several
o
 ther kinases have been posited to contribute to CD40
signal transduction. CD40 engagement has been shown
t

�
o activate the Src family kinase Lyn, and to induce the

p� hosphorylation of both phosphatidylinositol-3-kinase
a	 nd phospholipase Cγ5 2 in human B cells6

�
5. However,

is it not clear how these enzymes fit into the overall
m� echanism of CD40 signal transduction. Other compo-
nents of the CD40 signaling apparatus undoubtedly
a	 wait discovery. We previously demonstrated that a 22
a	 mino acid truncation of CD40 (CD40∆22), which ab-
rogates the ability of CD40 to bind TRAFs 2 and 3,
d

�
oes not interfere with CD40-activated NF-κB activa-

t
�
ion nor antibody secretion in mouse B cell lines3

�
1, 33, 35.

However, both these functions are nearly abolished by
t

�
he removal of an additional ten amino acids in the

mutant CD40∆323
�
3, 35. Interestingly, CD40∆32 retains

t
�
he binding site for TRAF6 and shows normal ability

t
�
o induce B cell IL-6 production2, a CD40 function
w# hich is TRAF6-dependent4

�
1. These findings suggest

t
�
hat a novel factor involved in the activation of both
N

+
F-κB

%
 and antibody production requires sequences be-

t
�
ween the TRAF6 and TRAF2/3/5 binding sites.

CD40-Mediated Transcriptional Regulation

C
�

D40 signaling to B cells causes increased produc-
t

�
ion of a number of proteins, including various surface
molecules, lymphokines, and immunoglobulins. In ad-
d

�
ition, CD40 signals have been shown to be critical for

n� ormal isotype switching. In all of these cases, CD40
c� an affect transcriptional regulation of the involved
g� enes. However, how this regulation is effected is not
c� ompletely clear. Most of the studies of CD40-induced

t
�
ranscriptional regulation have focused upon activation

o
 f members of the NF-κB family of transcription fac-
t

�
ors, although it has also been reported that CD40 liga-

t
�
ion can activate additional transcription factors, includ-

ing BSAP84, AP-1, NF-AT18, Stat65
)
5, Stat56

�
6, and

E2F5
)

0. However, the roles of each of these factors in
C

�
D40 signaling have not yet been explored. Most

known TNF-R family members are able to activate NF-κB,
a	 nd much work has been done in recent years on both
t

�
he role of NF-κB

%
 activation in CD40 signaling, as well

a	 s how CD40 stimulates activation of this family of
DNA binding proteins.

A
$

s described in the previous section, earlier studies
o
 f the link between CD40 and NF-κB showed that
w# hen CD40 is transiently overexpressed in 293 epithe-
l

�
ial cells, NF-κB

%
 reporter genes become activated6

�
9;

C
�

D40 ligation is not required for this activation. How-
e ver, as described above, this and other aspects of the
C

�
D40-NF-κB

%
 relationship defined by 293 cell experi-

ments are not completely recapitulated in B cells. In
a	 ddition, epithelial cells do not perform B cell effector
f

,
unctions, so it is not possible to test the cause and

e ffect relationship between NF-κB activation and
C

�
D40-mediated physiologically relevant effector func-

t
�
ions in 293 cells. To better understand the roles played

b
�
y NF-κB in vivo, a number of mouse strains geneti-

c� ally deficient in single NF-κB
%

 subunits have been pro-
d

�
uced over the past 5 years. However, the participation

o
 f NF-κB dimers in the regulation of a large number of
g� enes in mammals results in a complex phenotype for
t

�
hese mutant mouse strains. Mice deficient in RelA

show embryonic lethality5
)
, those deficient in RelB

show marked abnormalities in hematopoietic develop-
ment as well as widespread inflammation of multiple
o
 rgans85. p52–/– mice have defects in the organization
o
 f their lymphoid tissues9

�
. It is thus difficult to obtain

a	 nd/or interpret specific data on mature B cell function
u
 sing these strains. Mice deficient in p50 or p65 sub-
u
 nits have less drastically altered phenotypes – both
have been shown to have defects in humoral immune
responses, but the status of CD40-mediated NF-κB ac-
t

�
ivation has not been specifically reported in these

m� ice7
�
6, 92. Because NF-κB

%
-mediated transcriptional

regulation participates in so many cellular functions,
B

%
 cells obtained from these knockout mice, having de-

v& eloped in an altered environment, may not be ideal as
models for unraveling the importance or mechanism of
C

�
D40-mediated NF-κB activation in mature cells. As

a	 n alternative approach, HSING and BI
6
SHOP3

�
4 inducibly

e xpressed a mutant form of the inhibitory protein IκBα
i

�
n two B cell lines. Induction of expression of this mu-

t
�
ant IκBα blocks CD40-mediated NF-κB activation.

G
0
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Study of CD40 functions in these lines revealed that
C

�
D40-mediated NF-κB activation is critical for the

some, but not all, CD40 effector functions3
�

4. Recent
a	 dditional studies have shown that CD40-mediated IL-6
p� roduction requires TRAF6 association, but is in-
d

�
ependent of CD40-mediated increases in nuclear

N
+

F-κB
% 2

�
, 41. It is thus clear that CD40-mediated tran-

scriptional regulation involves transcription factors
o
 ther than, additional to, and/or working cooperatively
w# ith NF-κB

%
, and this deserves further study.

Conclusions

I
�
nformation gained from studies of both humans and

a	 nimals has emphasized the importance of CD40 sig-
naling to the normal function of the immune response,
a	 nd it is becoming clear that CD40 signaling also has
a	 n impact on non-immune cell function as well. A wide
v& ariety of general and cell-type-specific functions are
i

�
nduced and/or influenced by CD40 signal transduction.

W
1

ork of many investigators has contributed to the cur-
rent emerging picture of how CD40 signals, but much
remains to be learned, particularly about the earliest
steps of CD40-mediated signaling pathways, as well as
how CD40 regulates transcriptional activation of a var-
i

�
ety of genes. Acquisition of additional details about the

C
�

D40 signaling pathway will provide not only better
u
 nderstanding of the mechanisms of action of this bi-
o
 logically important and multi-functional receptor, but
w# ill also contribute to understanding the molecular
mechanisms of signal transduction by other members
o
 f the TNF-R family.
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