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CD40, a tumor necrosis factor receptor superfamily member, is up-regulated on intraheptatic endothelial
cells (IHEC) and epithelial cells during inflammatory liver disease, and there is evidence that the functional
outcome of CD40 ligation differs between cell types. Ligation of CD40 on cholangiocytes or hepatocytes
results in induction of Fas-mediated apoptosis, whereas ligation of IHEC CD40 leads to enhanced chemo-
kine secretion and adhesion molecule expression. We now report that differential activation of two
transcription factors, nuclear factor-�B (NF-�B) and activator protein-1 (AP-1), in primary human hepato-
cytes or IHEC, is associated with and may explain, in part, the different responses of these cell types to
CD40 ligation. CD40 ligation induced a rise in NF-�B activity in hepatocytes ,which peaked at 2 h and
returned to baseline by 24 h; however, IHEC CD40 ligation resulted in a sustained up-regulation of NF-�B
(�24 h). In hepatocytes, CD40 ligation led to sustained up-regulation of AP-1 activity �24 h associated with
increased protein levels of RelA (p65), c-Jun, and c-Fos, whereas no induction of AP-1 activity was observed
in IHECs. Analysis of mitogen-activated protein kinase phosphorylation (phospho-extracellular signal-
regulated kinase 1/2 and phospho-c-Jun NH2-terminal kinase 1/2) and expression of inhibitor �B� were
entirely consistent, and thus confirmed the profiles of NF-�B and AP-1 signaling and the effects of the
selective inhibitors assessed using electrophoretic mobility shift assay or Western immunoblotting. CD40
ligation resulted in induction of apoptosis in hepatocytes after 24 h, but on IHECs, CD40 ligation resulted
in proliferation. Inhibition of (CD40-mediated) NF-�B activation prevented IHEC proliferation and led to
induction of apoptosis. Selective extracellular signal-regulated kinase and c-Jun NH2-terminal kinase
inhibitors reduced levels of apoptosis in (CD40-stimulated) hepatocytes by �50%. We conclude that
differential activation of these two transcription factors in response to CD40 ligation is associated with
differences in cell fate. Transient activation of NF-�B and sustained AP-1 activation is associated with
apoptosis in hepatocytes, whereas prolonged NF-�B activation and a lack of AP-1 activation in IHECs
result in proliferation.
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INTRODUCTION

CD40, a transmembrane receptor of the tumor necrosis fac-
tor receptor (TNFR) superfamily, was first identified in B
lymphocytes but has since been found on many other cell
types, including those of the macrophage lineage, stromal
cells, endothelium, and epithelium (Eliopoulos et al., 1996;
Van Kooten and Bancherau, 1997). There is now compelling
evidence that CD40 is pivotal in regulating inflammatory
responses and recent studies have shown widespread ex-
pression of CD40 during inflammatory liver diseases, in-
cluding allograft rejection, autoimmune disease, and viral
hepatitis (Kondo et al., 1997; Afford et al., 1999). All these
diseases are characterized by an inflammatory cell infiltrate
associated with loss of either hepatocytes or cholangiocytes
by apoptotic mechanisms (Galle et al., 1995; Harada et al.,
1997; Afford et al., 1999, 2001). Apoptosis of liver cells can be
induced by effector leukocytes via distinct pathways, includ-
ing activation of death receptors such as Fas (CD95, Apo-1),
or through the granzyme/perforin pathway (Berke, 1995;
Harada et al., 1997; Afford et al., 1999, 2001). Hepatocytes
undergo apoptosis directly when cell surface Fas is either
cross-linked with antibody or Fas ligand (FasL)-bearing ef-
fector cells (Galle et al., 1995). We have previously shown
that CD40 activation with either soluble recombinant CD40
ligand or cross-linking monoclonal antibody (mAb) can also
trigger apoptosis of hepatocytes and cholangiocytes (Afford
et al., 1999, 2001) in the absence of any cofactors, via Fas-
dependent mechanisms.

Although it has been reported that activation of CD40 on
endothelial cells results in increased chemokine secretion
and adhesion molecule expression (Hollenbaugh et al., 1995),
the effects of CD40 ligation on primary endothelial cell fate
remain unknown. Differences in cellular responses to CD40
ligation have also been widely reported in other cell types.
For example, CD40 ligation provides an antiapoptotic and
proliferative signal for normal resting B cells (Gordon, 1995)
and results in enhanced secretion of interleukin 6, tumor
necrosis factor-� (TNF-�), and adhesion molecule expres-
sion in keratinocytes (Denfeld et al., 1996; Peguet-Navarro et
al., 1997), whereas in malignant epithelial cell lines CD40
ligation results in growth inhibition and sensitization to
apoptosis (Eliopoulos et al., 1996; von Leoprechting et al.,
1999).

The nature and profile of the intracellular signaling path-
ways and transcription factors activated by CD40 have not
yet been comparatively studied in primary human liver cells
but will be critical in determining the diverse effects of CD40
ligation. Although the cytoplasmic C terminus of the CD40
receptor lacks intrinsic kinase activity, adapter proteins of
the TNFR-associated factor (TRAF) family, particularly
TRAF2 and TRAF6, mediate the activation of signaling cas-
cades such as c-Jun NH2-terminal kinase (JNK), which lead
to activation of the transcription factors AP-1 and NF-�B.
Both NF-�B and AP-1 have recently been implicated in the
control of epithelial proliferation or apoptosis (Eliopoulos et
al., 2000) with cell fate being determined by the level of
activation of pro- or antiapoptotic genes with NF-�B– and
AP-1–sensitive promoters.

It is against this background that we have studied the
NF-�B and AP-1/JNK signaling pathways in primary hu-
man hepatocytes and intrahepatic endothelial cells (IHECs)
before and after CD40 ligation to ascertain the influence and

level of involvement of the transcription factors NF-�B and
AP-1 on cell survival.

MATERIALS AND METHODS

Sources of Liver Tissue and Isolation of Hepatocytes
and IHECs
Liver tissue was obtained from fully informed consenting patients
undergoing transplantation for a variety of end stage liver diseases
or from normal donor tissue surplus to surgical requirements of the
transplant program.

Hepatocytes and IHECs were isolated from freshly collected liver
tissue and maintained in culture as described previously (Strain et
al., 1991; Afford et al., 1999; Lalor et al., 2002). Briefly, hepatocytes
were isolated from human liver tissue by using collagenase perfu-
sion and Percoll density gradient centrifugation. Immediately after
isolation, cells were resuspended in Williams E medium containing
hydrocortisone (2 �g/ml) (Sigma-Aldrich, St. Louis, MO), insulin
(0.124 �/ml) (Novo Nordisk Pharmaceuticals, Brighton, United
Kingdom), and glutamine (2 mM) (Sigma-Aldrich) and plated onto
collagen-coated 75-ml tissue culture flasks (2 � 105 cells/ml) and
allowed to adhere for 2 h. Medium was then replaced, and cells
rested for 24 h before treatment.

IHECs were isolated by finely chopping human liver tissue (30 g),
followed by incubation with collagenase type 1A (Sigma-Aldrich)
and metrizamide (Sigma-Aldrich) density gradient centrifugation.
This was followed by negative immunomagnetic selection with
mAb to HEA-125 (TCS Biologicals, Buckingham, United Kingdom)
to remove any contaminating cholangiocytes and then positive im-
munomagnetic selection with mAb to CD31 (DAKO, Ely, United
Kingdom) for IHECs. After isolation, IHECs were cultured in hu-
man basal endothelial medium containing 10% human serum, 10
ng/ml hepatocyte growth factor (R & D Systems, Abingdon, Ox-
ford, United Kingdom), and 10 ng/ml vascular endothelial growth
factor (R & D Systems) and then plated in collagen-coated 25-ml
tissue culture flasks. Cells were expanded in these flasks with reg-
ular medium exchanges until they became a confluent monolayer.

Assessment of NF-�B and AP-1 Functional Activity
by Electrophoretic Mobility Gel Shift Assay (EMSA)
and Western Immunoblotting
Hepatocytes and IHECs were cultured in the presence or absence of
either a cross-linking mAb to CD40 (1:100; IgG2a isotype clone
G28.5; obtained as a gift from Dr. J. Pound, Immunology, University
of Birmingham, Birmingham, United Kingdom), previously shown
to induce apoptosis in hepatocytes (Afford et al., 1999) or TNF-� (10
ng/ml; R & D Systems) for up to 24 h, after which cytoplasmic and
nuclear extracts were prepared according to standard protocol (Ab-
mayr and Worman, 1991). The protein content of both cytoplasmic
and nuclear extracts was determined by the bicinchoninic acid
protein assay (Pierce Chemical, Rockford, IL; according to manu-
facturer’s instructions), and EMSAs were performed as described
previously (Afford et al., 2001) by using 32P end-labeled NF-�B– or
AP-1–binding consensus oligoduplex probes (NF-�B probe from
Promega, Madison, WI; sequence 5�-AGT TGA GGG GAC TTT CCC
AGG C-3�; AP-1 probe from Santa Cruz Biotechnology, Santa Cruz,
CA; sequence 5�-CGC TTG ATG ACT CAG CCG GAA-3�). The
specificity of the bands was confirmed by supershift assays, where
hybridized nuclear extracts were incubated with specific mouse
monoclonal antisera to NF-�B RelA (p65) (catalog no. SC-8008X;
Santa Cruz Biotechnology), AP-1 c-jun (catalog no. SC-7481X; Santa
Cruz Biotechnology), or AP-1 c-fos (catalog no. SC-8047X; Santa
Cruz Biotechnology). All EMSAs were performed at least four times
by using nuclear extracts from different liver preparations for each
liver cell type.
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For Western immunoblotting studies, 40 �g of nuclear protein (to
detect RelA, c-Jun, and c-Fos) or cytoplasmic protein (to detect
phospho-extracellular signal-regulated kinase [pERK1/2], phospho-
c-Jun NH2-terminal kinase [pJNK1/2], and inhibitor �B� [I�B�])
was resolved on an SDS-PAGE gel and transferred to a nitrocellu-
lose membrane (Hybond C-extra; Amersham Biosciences UK, Little
Chalfont, Buckinghamshire, United Kingdom). The blotted mem-
brane was blocked for 1 h at room temperature in Tris-buffered
saline (TBS) containing 5% (wt/vol) membrane blocking reagent
(nonfat dried milk). All antibody incubations were carried out at
room temperature in TBS containing 1% membrane blocking re-
agent. The incubation steps were followed by three washing steps of
5 min with TBS containing 0.1% Tween 20. The following primary
antibodies were used: 1) NF-�B RelA (p65) mouse monoclonal
primary antibody used at a dilution of 1:3000 for 1 h (catalog no.
SC-8008; Santa Cruz Biotechnology); 2) c-jun mouse monoclonal
primary antibody used at a dilution of 1:2000 for 1 h (catalog no.
SC-7481; Santa Cruz Biotechnology); 3) c-fos mouse monoclonal
primary antibody used at a dilution of 1:3000 for 1 h (catalog no.
SC-8047; Santa Cruz Biotechnology); 4) phospho-specific p44/p42
mitogen-activated protein kinase (pERK1/2) mouse monoclonal (1:
2000 dilution; catalog no. SC-7383; Santa Cruz Biotechnology). 5)
phospho-specific p46/p54 JNK (pJNK1/2) mouse monoclonal (1:
2000 dilution; catalog no. SC-6254; Santa Cruz Biotechnology); and
6) I�B� mouse monoclonal (catalog no. SC-16431, 1:2000 dilution;
Santa Cruz Biotechnology).

Binding of specific mAb was detected with a horseradish perox-
idase-conjugated rabbit anti-mouse at a dilution of 1:5000 for 1 h.
Protein bands were visualized using the enhanced chemilumines-
cence detection system (Amersham Biosciences UK) followed by
exposure of the membranes to Hyperfilm-ECL (Amersham Bio-
sciences UK). Quantification of the protein bands was carried out
using laser densitometry. Equality of protein loading on membranes
and complete transfer were checked by staining gels and mem-
branes with Coomassie Blue. All Western immunoblots were per-
formed at least three times by using nuclear or cytoplasmic extracts
from different liver preparations for each liver cell type.

Assessment of Apoptosis and Proliferation
Apoptosis was quantitated on cytospun preparations of hepatocytes
or IHECs that had been cultured in the presence or absence of either
anti-CD40 mAb, TNF-�, and/or specific NF-�B/JNK/ERK inhibi-
tors, caffeic acid phenethyl ester (CAPE), 6-dimethyl amino purine
(DMAP), and PD98059 (2�amino-3�methoxyflavone), respectively,
by using the in situ DNA end-labeling (ISEL) method described
previously (Ansari et al., 1993; Afford et al., 1995).

Proliferation was quantified on similar cytospun preparations of
cells before or after CD40 ligation by using an mAb-specific for Ki67
nuclear antigen (DAKO) according to the manufacturer’s standard
protocol.

For each cytospin the percentage of positive cells was calculated
from five randomly selected fields or �200 cells. The mean percent-
age of positive cells � SD was then calculated from a minimum of
three separate experiments.

RESULTS

NF-�B Activation
Hepatocytes and IHECs in culture expressed low levels of
functional NF-�B (Figure 1A, lane 3, and B, lane 2, respec-
tively), which was increased fourfold after 2-h incubation
with TNF-� (Figure 1A, lane 2, and B, lane 3). CD40
activation resulted in a similar increase in NF-�B activity
in both cell lineages at 2 h (Figure 1, A and B, lanes 4).
Multiple bands were visualized after hybridization of the
NF-�B–radiolabeled oligonucleotide, and the functional

RelA (p65) moiety was detected using a specific mouse
mAb, which resulted in a supershift of the specific RelA
(p65) band (Figure 1A, lane 5). Binding of the nuclear
extracts to the NF-�B consensus sequence was eliminated
in the presence of a 100-fold molar excess of unlabeled
oligonucleotide probe (Figure 1, A and B, lanes 6). After
24-h stimulation with the CD40 mAb, NF-�B activity had
returned to baseline in hepatocytes (Figure 1A, lane 7) (in
fact, NF-�B activity fell to control levels after 4 h of CD40
stimulation; our unpublished data). In contrast, increased
NF-�B activity in IHECs was sustained (Figure 1B, lane 5)
over the 24-h period.

NF-�B consists of Rel A (p65), NF-�B1 (p50), NF-�B2
(p52), c-Rel, and Rel B, which form a variety of homo- and
heterodimers (Baeuerle, 1991). The principle and most
potent NF-�B activator of transcription is a NF-�B1/RelA
heterodimer. To ascertain the level of involvement of this
heterodimer after CD40 stimulation, levels of the RelA
(p65) subunit were determined in hepatocytes and IHECs
by Western blotting. Little RelA (p65) was detected in
untreated nuclear extracts of hepatocytes or IHECs (Fig-
ure 2, A and B), but a four- to sixfold increase of protein
complexes containing RelA (p65) was detected after 2-h
TNF-� (Figure 2, A and B) or CD40 stimulation in both cell

Figure 1. EMSA analysis showing changes in DNA binding activ-
ity of NF-�B in the nuclear extracts of hepatocytes (A) and IHECs (B)
stimulated via CD40 or TNF-� (positive control). Aliquots of nuclear
extracts (20 �g of protein) from cultured and stimulated primary
human hepatocytes and IHECs were subjected to EMSA analysis
with 32P-labeled oligonucleotide probe consensus sequence to NF-
�B. In hepatocytes, NF-�B activation was detected at 2 h but was
largely undetectable at 24 h (A), whereas NF-�B activation was
sustained �24 h in the IHECs (B). (A) Hepatocyte NF-�B: lane 1,
negative control (labeled probe alone); lane 2, 2-h TNF-� stimula-
tion; lane 3, unstimulated control; lane 4, 2-h CD40 stimulation; lane
5, supershift by using anti-RelA mAb; lane 6, cold competition with
100� excess of unlabeled probe; lane 7, 24-h CD40 stimulation. (B)
IHEC NF-�B: lane 1, negative control (labeled probe alone); lane 2,
2-h unstimulated control; lane 3, 2 h after TNF-� stimulation; lane 4,
2-h CD40 stimulation; lane 5, 24-h CD40 stimulation; lane 6, cold
competition with 100� excess of unlabeled probe.
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types (Figure 2, A and B). In parallel with the EMSA
results, RelA (p65) expression fell to untreated control
levels after 24-h stimulation with anti-CD40 mAb in hepa-
tocytes (Figure 2A) but remained elevated throughout the
24-h period in IHECs (Figure 2B).

I�B proteins regulate NF-�B through cytoplasmic reten-
tion. Although five mammalian I�B proteins have been
characterized, I�B� is thought to play a major role in the
repression of NF-�B. In the current studies, cytoplasmic
I�B� levels in hepatocytes increased after 2 h of CD40

stimulation and returned to basal levels by 24 h (Figure
3A), whereas in IHECs increased levels of I�B� were
maintained throughout the 24-h stimulation period (Fig-
ure 3B). These results were entirely consistent with the
EMSA results (Figure 1) and the RelA (p65) Western blot
data (Figure 2).

Figure 2. Western immunoblots showing changes in RelA (p65)
levels in CD40 stimulated or 2-h TNF-� (positive control) stimulated
hepatocyte (A) and IHEC (B) nuclear extracts. Aliquots of nuclear
extracts (40 �g of protein) from cultured and stimulated primary
human hepatocytes and IHECs were subjected to Western blot
analysis. Relative changes in p65 levels among the two cell types, as
determined by densitometric analysis, and various experimental
conditions are shown in the histograms (n � 4). Consistent with the
EMSA data in Figure 1, increased levels of hepatocyte Rel A (p65)
detected at 2 h were back to baseline at 24 h (A), whereas increased
levels of RelA (p65) were sustained �24 h in the IHECs (B).

Figure 3. Western Immunoblots showing changes in levels of cy-
toplasmic I�B� in CD40-stimulated or 2-h TNF-� (positive control)–
stimulated hepatocytes (A) and IHECs (B). Aliquots of cytoplasmic
extracts (40 �g of protein) from cultured and stimulated primary
human hepatocytes and IHECs were subjected to Western blot
analysis. Relative changes in I�B� levels among the two cell types,
as determined by densitometric analysis, and various experimental
conditions are shown in the histograms (n � 3). Consistent with the
EMSA data in Figure 1 and the Western blot data in Figure 2,
increased levels of hepatocyte I�B� detected after 2 h of CD40
stimulation were back to baseline at 24 h (A), whereas increased
levels of I�B� were sustained �24 h in the IHECs (B). (A) Hepato-
cyte I�B�: lane 1, unstimulated control; lane 2, 2-h TNF-� stimula-
tion; lane 3, 2-h CD40 stimulation; lane 4, 24-h CD40 stimulation. (B)
IHEC I�B�: lane 1, unstimulated control; lane 2, 2-h TNF-� stimu-
lation; lane 3, 2-h CD40 stimulation; and lane 4, 24-h CD40 stimu-
lation.
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AP-1 Activation
AP-1 DNA binding activity in hepatocytes stimulated with
TNF-� for 2 h was increased fivefold, compared with un-
stimulated controls (Figure 4A, lane 3). A similar trend was
seen after 2 h of CD40 stimulation with a sixfold increase in
AP-1 DNA binding capacity (Figure 4A, lane 4). The in-
creased levels of AP-1 binding were maintained for 24 h
after CD40 stimulation (Figure 4A, lane 5). In IHECs, how-
ever, although there was an increase in AP-1 activity after
2 h of TNF-� stimulation (Figure 4B, lane 2), no such increase
was observed after 2- or 24-h CD40 activation (Figure 4B,
lanes 4 and 5). In all experiments, cold competition studies
were performed using 100-fold molar excess of the unla-
beled AP-1 oligonucleotide probe to confirm specificity of
binding (Figure 4, A and B, lanes 6). Because AP-1 is com-
posed of members of the Jun and Fos families (Karin, 1995),
supershift EMSAs were performed with specific polyclonal
antibodies against Jun and Fos to detect their presence in the
DNA–protein complexes in hepatocytes after CD40 activa-
tion (Figure 4C).

To ascertain whether the increase in AP-1 DNA binding
activity was due to an increase in levels of Fos and/or Jun,
the relative concentrations of these proteins was determined
using Western immunoblotting. Little Jun or Fos was de-
tected in untreated control nuclear extracts of hepatocytes
and IHECs (Figures 5, A and B, and 6, A and B, respectively).
TNF-� treatment for 2 h resulted in a four- to sevenfold
increase in levels of Jun and Fos proteins in both cell types
(Figure 5, A and B, respectively). Stimulation of hepatocytes
via CD40 for 2 h produced a threefold increase in Jun protein
levels (Figure 5A) and a fivefold increase in Fos protein
levels (Figure 6A). These levels of protein expression were
maintained after 24 h following CD40 stimulation (Figures
5A and 6A). Levels of Jun and Fos were not increased after
2- or 24-h CD40 ligation in IHECs (Figures 5B and 6B),
consistent with lack of AP-1 induction.

To characterize the downstream signaling systems that
lead to the activation of AP-1 after CD40 stimulation, phos-
pho-Western immunoblotting was used to determine acti-
vation of two mitogen-activated protein kinase (MAPK)
pathways. MAPKs are recruited as part of three-tiered
MAPK kinase kinase (MAP3K) f MAPK kinase (MKK) f
MAPK core pathways. MAPKs require concomitant tyrosine
and threonine phosphorylation for activity (Kyriakis and
Avruch, 2001). By using antibodies specific for the phos-
phorylated, active forms of ERK1/2 and JNK1/2, we find
that in hepatocytes both these pathways are activated after
2 h of CD40 stimulation (Figure 7A, top and bottom, lane 3)
and remain elevated after 24 h (Figure 7A, top and bottom,
lane 4). pERK and pJNK activation are comparable with that
incurred by TNF-�, used as a positive control (Figure 7A,
top and bottom, lane 2). However, in IHECs there are no
increases in the levels of pERK or pJNK after CD40 ligation
(Figure 7B, top and bottom, lanes 3 and 4).

Assessment of Apoptosis
The viability of untreated hepatocytes and IHECs at 2 h was
�99% and remained high beyond the duration of the exper-
iment (viability at 4 d was 98.5 � 0.3% for hepatocytes and
96.7 � 0.6% for IHECs). Activation of CD40 for 24 h induced
apoptosis in hepatocytes as did direct stimulation with

Figure 4. EMSA analysis showing changes in DNA binding activ-
ity of AP-1 in the nuclear extracts of hepatocytes (A) and IHECs (B)
stimulated via CD40 or TNF-� (positive control). Aliquots of nuclear
extracts (20 �g of protein) from cultured and stimulated primary
human hepatocytes and IHECs were subjected to EMSA analysis
with 32P-labeled oligonucleotide probe consensus sequence to AP-1.
In hepatocytes, increased AP-1 binding was detected in response to
CD40 at 2 and 24 h (A), whereas in IHECs little AP-1 activation was
detected in response to CD40 at either 2 or 24 h (B). (A) Hepatocyte
AP-1: lane 1, negative control (labeled probe alone); lane 2, unstimu-
lated control; lane 3, 2-h TNF-� stimulation; lane 4, 2-h CD40
stimulation; lane 5, 24-h CD40 stimulation; lane 6, cold competition
with 100� excess of unlabeled probe. (B) IHEC AP-1: lane 1, nega-
tive control (labeled probe alone); lane 2, 2-h TNF-� stimulation;
lane 3, unstimulated control; lane 4, 2-h CD40 stimulation; lane 5,
24-h CD40 stimulation; and lane 6, cold competition with 100�
excess of unlabeled probe. (C) Supershift EMSA analysis showing
the presence of AP-1 components c-Jun and c-Fos in nuclear extracts
of hepatocytes stimulated for 24 h with CD40. Aliquots of nuclear
extracts (20 �g of protein) from cultured and stimulated primary
human hepatocytes were subjected to supershift EMSA analysis
containing 2 �g of antibodies against c-Jun or c-Fos components of
AP-1 and 32P-labeled oligonucleotide probe consensus sequence of
AP-1.
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TNF-� (10 ng/ml) (Figure 8). CD40 engagement led to a
threefold increase in the number of ISEL-positive apoptotic
hepatocytes at 24 h, although no increase was detected at
2 h. Stimulation of IHECs via CD40 for 2 or 24 h resulted in
no significant induction of apoptosis.

Assessment of Proliferation
CD40 ligation did not result in proliferation of hepato-
cytes (our unpublished data). However, after 24 h there

was a marked increase in IHEC proliferation (control
9.9%; Ki67-positive cells � SD, 8.2–37% Ki67-positive
cells � SD 8.7), which was maintained throughout the
culture period (Figure 9A). Pretreatment of IHECs with
CAPE, a selective inhibitor of NF-�B (see below), resulted
in the reduction of CD40-induced proliferation to basal
levels (Figure 9B).

Figure 5. Western immunoblots showing changes in c-Jun levels
in CD40-stimulated or 2-h TNF-� (positive control)–stimulated he-
patocyte (A) and IHEC (B) nuclear extracts. Aliquots of nuclear
extracts (40 �g of protein) from cultured and stimulated primary
human hepatocytes, and IHECs were subjected to Western blot
analysis. Relative changes in c-Jun levels among both cell types, as
determined by densitometric analysis and various experimental
conditions, are shown in the histograms (n � 3). In hepatocytes,
increased c-Jun was detected at 2 and 24 h after CD40 activation (A),
whereas in IHEC no activation in response to CD40 was detected at
either time point (B).

Figure 6. Western immunoblots showing changes in c-Fos levels
in CD40-stimulated or 2 h TNF-� (positive control)–stimulated he-
patocyte (A) and IHEC (B) nuclear extracts. Aliquots of nuclear
extracts (40 �g of protein) from cultured and stimulated primary
human hepatocytes and IHECs were subjected to Western blot
analysis. Relative changes in c-Fos levels among both cell types, as
determined by densitometric analysis, are shown in the histograms
(n � 3). In hepatocytes, increased c-Fos was detected at 2 and 24 h
after CD40 activation (A), whereas in IHEC no activation in re-
sponse to CD40 was detected at either time point (B) consistent with
the observations for c-Jun (Figure 5).
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Effect of Specific Inhibitors on Apoptosis
Specific inhibitors of NF-�B, JNK, and ERK were used to
investigate whether NF-�B and AP-1 signaling pathways
determined cell fate of hepatocytes and IHECs after CD40
ligation. CAPE is a specific and potent inhibitor of NF-�B
(Natarajan et al., 1996), which prevents the translocation of
the RelA (p65) subunit to the nucleus. Incubation of cells
with 25 �g/ml CAPE for the duration of the experiments
resulted in a fourfold increase in the numbers of IHECs
undergoing apoptosis after 24-h CD40 stimulation, suggest-
ing that NF-�B activation was protecting the IHECs from
apoptosis (Figure 10A). The addition of CAPE to hepato-
cytes did not enhance the levels of CD40-induced apoptosis.
The specificity of CAPE to inhibit NF-�B was assessed by
examining levels of nuclear RelA (p65) in IHECs by using
Western blotting (Figure 10B). Little RelA (p65) was detected
in IHECs with CAPE treatment alone, and this was compa-
rable with cells stimulated with 2-h/24-h CD40 and CAPE.
IHECs stimulated with CD40 treatment alone (24 h) was
used as a positive control.

Incubation of hepatocytes with 100 �M DMAP, a selective
inhibitor of JNK (Marino et al., 1996; Cheng and Chen, 2001),
resulted in a 50% reduction in the number of cells going into
apoptosis at 24 h (Figure 10C). Similar findings were ob-

tom, hepatocyte phospho-JNK1/2: lane 1, unstimulated control;
lane 2, 2-h TNF-� stimulation; lane 3, 2-h CD40 stimulation; lane 4;
24-h CD40 stimulation; lane 5, unstimulated control � JNK inhibi-
tor; lane 6, 2-h TNF-� stimulation � JNK inhibitor; lane 7, 2-h CD40
stimulation � JNK inhibitor; and lane 8, 24-h CD40 stimulation �
JNK Inhibitor. (B) Top, IHEC phospho-ERK1/2: lane 1, unstimu-
lated control; lane 2, 2-h CD40 stimulation; lane 3, 24-h CD40
stimulation; and lane 4, 2-h TNF-� stimulation. Bottom, IHEC phos-
pho-JNK1/2: lane 1, unstimulated control; lane 2, 2-h CD40 stimu-
lation; lane 3, 24-h CD40 stimulation; and lane 4, 2-h TNF-� stimu-
lation.

Figure 7. Western immunoblots showing changes in levels of cy-
toplasmic phospho-ERK1/2 and phospho-JNK1/2 in CD40-stimu-
lated or 2-h TNF-� (positive control)–stimulated hepatocytes (A)
and IHECs (B) and/or treatment with specific inhibitors to ERK (50
�M PD98059) and JNK (100 �M DMAP). Aliquots of cytoplasmic
extracts (40 �g of protein) from cultured and stimulated primary
human hepatocytes, and IHECs were subjected to Western blot
analysis. In hepatocytes, increased levels of phospho-ERK1/2 and
phospho-JNK1/2 were detected at 2 and 24 h after CD40 activation
(A) (top and bottom, lanes 3 and 4), whereas in IHECs no activation
of these phospho-MAPKs in response to CD40 was detected at
either time point (B) (top and bottom). Use of the selective inhibitors
to ERK or JNK in CD40-stimulated hepatocytes prevented activa-
tion of phospho-ERK1/2 and phospho-JNK1/2, respectively (A)
(top and bottom, lanes 7 and 8). (A) Top, hepatocyte phospho-
ERK1/2: lane 1, unstimulated control; lane 2, 2-h TNF-� stimula-
tion; lane 3, 2-h CD40 stimulation; lane 4, 24-h CD40 stimulation;
lane 5, unstimulated control � ERK inhibitor; lane 6, 2-h TNF-�
stimulation � ERK inhibitor; lane 7, 2-h CD40 stimulation � ERK
inhibitor; and lane 8, 24-h CD40 stimulation � ERK inhibitor. Bot-

Figure 8. Levels of apoptosis in primary cultures of hepatocytes
and IHECs stimulated via CD40 or TNF-�. Histogram shows the
percentage of ISEL-positive apoptotic hepatocytes or IHECs after
CD40 or TNF-� stimulation. Black bars show results for hepatocytes
and the white bars show results for IHECs (n � 5 for each cell type).
Although TNF-� triggered similar levels of increased apoptosis in
both cell types, CD40 activation only caused an increase in apopto-
sis in hepatocytes.
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served with the specific ERK inhibitor PD98059 (50 �M)
(Alessi et al., 1995), which blocks activation of mitogen-
activated protein kinase kinase 1. Combining ERK- and the
JNK-specific inhibitors had no additive effect on apoptosis.
To examine the specificity of the selective inhibitors to ERK
and JNK, we used phospho-Western immunoblotting (Fig-
ure 7A, top and bottom, lanes 5–8). Both PD98059 and
DMAP were shown to inhibit levels of hepatocyte pERK1/2
and pJNK1/2, respectively, after 2-h/24-h CD40 stimulation
(Figure 7A, top and bottom, lanes 7 and 8).

DISCUSSION

TNFR family members deliver signals that regulate diverse
cellular responses from proliferation and differentiation to
growth suppression and apoptosis (Smith et al., 1994; Cleve-
land and Ihle, 1995). Many of these receptors, including Fas,
TNFR1, and death receptor 3, share a death domain homol-
ogy in their cytoplasmic tails through which they transmit
apoptotic signals. However, certain receptors such as CD40,
TNFR2, and CD30, which lack the death domain, have also
been reported to suppress cell growth and survival (Elio-
poulos et al., 1996; Hess and Engelmann, 1996; Young et al.,
1998). We have shown previously that human hepatocytes
and cholangiocytes undergo apoptosis as a result of a coop-
erative interaction between CD40 and Fas receptors (Afford
et al., 1999, 2001). In this model CD40 activation triggers
FasL expression by the epithelial cells, leading to autocrine
or paracrine activation of Fas and consequent cell death.
Despite expressing CD40, Fas, and FasL (our unpublished
data), IHECs do not undergo apoptosis in response to CD40
activation but instead proliferate (Figure 9A). Although we
have yet to elucidate the mechanisms responsible for CD40-
mediated proliferation of IHEC, results from our present
study (Figure 9B) indicate that NF-�B does play a key role in
regulating this process. Indeed, the NF-�B family of tran-
scription factors has been shown to regulate proliferation in
several cell types (Hoshi et al., 2000; Brantley et al., 2001; Lim
et al., 2001). Endothelial cell proliferation in response to
CD40 could be important not only in chronic inflammation
but also in angiogenesis and tumor vascularization where
60% of hepatocellular carcinomas express high levels of
CD40 (Sugimoto et al., 1999). Our recent data (Russell, Ad-
ams, and Afford, unpublished data) suggest that CD40 liga-
tion on IHECs can modulate other endothelial cell functions,
including expression of adhesion molecules and chemokines
in a manner similar to that reported with endothelial cells
from other tissues (Van Kooten, 2000). This indicates that
CD40 expression by IHECs may have multiple roles beyond
regulation of cell fate.

Our present study shows for the first time that after CD40
ligation, differences in activation of the transcription factors
NF-�B and AP-1, key components of intracellular apoptotic
signaling cascades, occur in primary human hepatocytes
compared with endothelial cells, providing a possible mech-
anism for the apparent cell-specific effects of CD40 ligation.
The use of selective inhibitors also demonstrated the contri-
bution of these signaling pathways to cell fate. Confirmation
of the activation of NF-�B and AP-1 and the effects of inhib-
itors on their modulation was also sought and confirmed by
studying selected downstream signaling events to CD40.

NF-�B is activated by CD40 and other members of the
TNFR family and has a potentially important function in
regulating inflammation (Schwabe et al., 2001) and apoptosis
(Foo and Nolan, 1999). In addition, NF-�B is critical for
regulating liver regeneration and development (Iimuro et al.,
1998). In the current study, we report that CD40 activation
leads to a transient activation of NF-�B in hepatocytes, but to
a sustained up-regulation of NF-�B activity in IHECs that
lasts for �24 h. The fact that inhibiting NF-�B with CAPE
leads to marked increases in endothelial cell apoptosis at
24 h suggests that this prolonged NF-�B activation is pro-
tecting the IHECs from apoptosis.

Figure 9. Effect of CD40 ligation and NF-�B inhibition on IHEC
proliferation. (A) Histogram shows the proliferative index ex-
pressed as the percentage of Ki67-positive cells up to 72 h for either
unstimulated IHECs or after CD40 stimulation (n � 8). CD40 stim-
ulation led to a marked increase in cell proliferation in the endo-
thelial cells. (B) Histogram shows the proliferative index expressed
as the percentage of Ki67-positive cells for unstimulated IHECs or
cells stimulated via CD40 in the presence or absence of the specific
and potent NF-�B inhibitor, CAPE (25 �g/ml). The addition of
CAPE completely inhibited the endothelial cell proliferation in re-
sponse to CD40 activation. The results represent data from at least
three separate experiments.
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Many antiapoptotic genes contain NF-�B binding sites
(Baeuerle and Henkel, 1994), including inhibitor of apopto-
sis protein 2, A20, and TRAFs 1 and 2, and it is likely that
CD40 engagement on IHECs leads to the activation of anti-
apoptotic genes in a NF-�B–dependent manner. NF-�B also
binds to promoters of proinflammatory genes such as inter-
leukin-8, monocyte chemoattractant protein-1, intercellular
adhesion molecule, and vascular cell adhesion molecule,
and the sustained NF-�B up-regulation in IHECs could ex-
plain why chemokine and adhesion molecule expression are
up-regulated in endothelial cells during CD40 ligation (Van
Kooten, 2000). In agreement with our data, several studies
have also shown persistent NF-�B activation after stimula-
tion of the CD40 receptor on B cells (Berberich et al., 1994;
Lee et al., 1995). It is possible that the sustained NF-�B
activity in IHECs could be a consequence of the NF-�B1/
RelA dimer being less susceptible to inhibition by I�B pro-
teins. Alternatively, I�B� can be differentially regulated such
that I�B� produced in response to the initial wave of NF-�B
activity is hypophosphorylated and acts as a competitive
inhibitor of I�B� but not of NF-�B, leading to persistent
NF-�B activity in the nucleus (Phillips and Ghosh, 1997).

We observed a transient up-regulation of NF-�B in hepa-
tocytes after CD40 ligation, which peaked at 2 h and was
back at baseline by 4 h. Many proapoptotic genes also have
NF-�B binding sites on their promoters, for example, FasL
(Kasibhatla et al., 1999), Fas receptor (Gil et al., 1999; Kuhnel
et al., 2000), and p53 (Wu and Lozano, 1994), and it is
possible that the transient induction of NF-�B may be critical
in up-regulating FasL expression (Holtz-Heppelmann et al.,
1998).

Several studies have demonstrated a relationship between
activation of AP-1 and apoptosis (Xia et al., 1995; Le-Ni-
culescu et al., 1999; Fan et al., 2001). The main components of
AP-1 are encoded by two families of genes related to the
protooncogenes c-jun and c-fos, the products of which form
homo- and heterodimers some of which bind promoters of
genes involved in apoptosis (i.e., FasL, caspase 3, p53). In-
duction of AP-1 activity can occur either as a consequence of
increased abundance of AP-1 (Angel and Karin, 1991) or
secondary to increased activity. Our results show that the
CD40-induced sustained rise in AP-1 activity in hepatocytes
is associated with a simultaneous rise in c-Jun and c-Fos
protein levels, suggesting that CD40 ligation regulates phos-
phorylation and expression of the AP-1 family members in

in the hepatocytes. The results summarize data from at least four
separate experiments. (B) Western immunoblot showing inhibition
of nuclear RelA levels by a specific NF-�B inhibitor in CD40-stim-
ulated IHECs. Aliquots of nuclear extracts (40 �g of protein) from
cultured and stimulated primary human IHECs were subjected to
Western blot analysis. Relative changes in RelA levels as deter-
mined by densitometric analysis, and various experimental condi-
tions are shown in the histograms (n � 3). Use of the selective
inhibitor to NF-�B, CAPE (25 �g/ml), in CD40-stimulated IHECs
prevented increase in nuclear RelA (p65) levels. (C) Histogram
shows the percentage of CD40-stimulated and unstimulated pri-
mary human hepatocytes positive by ISEL staining in the presence
or absence of the selective ERK and/or JNK inhibitors PD98059 (50
�M) and DMAP (100 �M), respectively. The inhibitors reduced
hepatocyte apoptosis in response to CD40 activation, however, lev-
els of apoptosis were still above baseline. The results summarize
data from at least four separate experiments.

Figure 10. Effects of specific NF-�B, ERK, and/or JNK inhibitors
on levels of apoptosis in hepatocytes or IHECs after CD40 stimula-
tion. (A) Histogram shows the percentage of ISEL-positive apoptotic
cells in either unstimulated or CD40-stimulated primary human
hepatocytes or IHECs in the presence or absence of the NF-�B
inhibitor, CAPE (25 �g/ml). The addition of CAPE to IHECs al-
lowed CD40 to trigger similar levels of apoptosis to those induced
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these cells. However, it remains to be determined whether
the increased protein expression of c-Jun and c-Fos is the
result of enhanced synthesis. The sustained rise in AP-1
activity in the absence of sustained NF-�B activity in hepa-
tocytes could allow AP-1 to act unopposed to promote ap-
optosis. Our previous study has shown increased FasL ex-
pression in cultured hepatocytes after CD40 ligation (Afford
et al., 1999), and the present study suggests that this is
associated with an increase in AP-1 activity. However, our
study also indicates that the AP-1/JNK pathway may not be
solely responsible for CD40-induced apoptosis in the epithe-
lial cells because selective ERK and JNK inhibitors failed to
completely abrogate CD40-induced apoptosis. It is possible
that stage of progression through the cell cycle, or other
transcription factors such as signal transducer and activator
of transcription 3 (STAT3), may be involved. STAT3 has
been implicated in apoptosis (Akira, 2000; Chapman et al.,
2000), and CD40 ligation in B cells results in tyrosine phos-
phorylation of Janus tyrosine kinase3, leading to the phos-
phorylation and subsequent activation of STAT3 (Hanissian
and Geha, 1997). We have previously reported NF-�B and
AP-1 activation in response to CD40 ligation in primary
human cholangiocytes (Afford et al., 2001), and further ex-
periments have confirmed that both hepatocytes and cholan-
giocytes show similar signaling responses to CD40 activa-
tion (our unpublished data for cholangiocytes). These data
suggest that in both liver epithelial cell types a common
mechanism exists for regulation of cell survival, which is
distinct from the response of hepatic endothelial cells.

Recent studies provide possible explanations for the dif-
ferent cellular fates of epithelial and endothelial cells in
response to CD40 ligation. We have reported that differences
in response to CD40 death signal transduction in carcinoma
cells may be due to the differential signals emanating from
two distinct CD40 cytoplasmic tail domains: the membrane
proximal domain and the TRAF-interacting PXQXT motif
(Eliopoulos et al., 2000). Tsukamoto et al. (1999) also demon-
strated differential NF-�B regulation by these two CD40
domains. Another recent study reports the existence of
CD40 isoforms generated through posttranscriptional and
posttranslational alternative splicing (Tone et al., 2001), pro-
viding another potential mechanism for differential signal-
ing and hence cell fate in response to CD40 activation.

We conclude that CD40 activation in primary human he-
patic epithelial and endothelial cells is associated with dif-
ferential activation of the NF-�B and AP-1 transcription
factors and disruption of these signaling pathways can alter
cell fate in primary human hepatocytes or IHECs in vitro.
These events could explain why hepatocytes are lost
through apoptosis in inflammatory liver disease, whereas
endothelial cells are not, even though they all show in-
creased expression of CD40 (Afford et al., 1999). Such differ-
ential responses of hepatocytes and endothelial cells make
teleological sense in the context of inflammation where the
endothelium needs to actively recruit effector cells by ex-
pressing adhesion molecules and chemokines, whereas in-
fected epithelial cells need to be destroyed to control either
viral or bacterial pathogens. Therapeutic strategies targeted
at modulation of CD40-mediated NF-�B/AP-1–dependent
mechanisms are of potential importance. This study illus-
trates that such approaches will need to take into account the

wide range of functional consequences that can occur in
primary cells after CD40 ligation.
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