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There is some evidence that the potent cytokine tumor
necrosis factor (TNF) is able to induce tolerance after
repeated stimulation of cells. To investigate the molec-
ular mechanisms mediating this phenomenon, the ex-
pression of interleukin-8 (IL-8), which is regulated by
transcription factors NF-«B and C/EBPf, was monitored
under TNF tolerance conditions. Pretreatment of mono-
cytic cells for 72 h with low TNF doses inhibited TNF-
induced (restimulation with a high dose) IL-8 promoter-
dependent transcription as well as IL-8 production.
Under these conditions neither activation of NF-«kB nor
I«B proteolysis was affected after TNF re-stimulation, al-
beit a slightly reduced I«kB-«a level was found in the TNF
pretreated but not re-stimulated sample. Remarkably, in
tolerant cells an increased binding of C/EBPp to its IL-8
promoter-specific DNA motif as well as an elevated asso-
ciation of C/EBPB protein with p65-containing NF-«B
complexes was observed. Finally, overexpression of
C/EBPp, but not p65 or Oct-1, markedly prevented TNF-
induced IL-8 promoter-dependent transcription. Taken
together, these data indicate that the expression of IL-8 is
inhibited at the transcriptional level in TNF-tolerant cells
and C/EBP is involved under these conditions in medi-
ating the negative-regulatory effects, a mechanism that
may play a role in inflammatory processes such as sepsis.

The phenomenon that pre-exposure to a certain substance
induces reduced sensitivity to subsequent challenge with the
same stimulus is termed tolerance (1). This concept may be
considered protective under acute inflammatory conditions like
sepsis in prevention of the deleterious effects that would likely
result from persistent cytokine signaling (1). There is some
evidence from in vivo studies that the potent cytokine TNF? (2)
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is able to induce tolerance-like conditions. For example, pre-
treatment with TNF in several animal species selectively af-
fects certain TNF effects such as fever, anorexia, and lethality
(3-5) and partially affects gastrointestinal toxicity (6). Cy-
clooxygenase inhibitors prevent the induction of tolerance to
the toxic effect of TNF (7). In addition, some form of cross-
tolerance has been described, e.g. pre-exposure to TNF also
modulates certain effects of lipopolysaccharide including fever,
hypophagia, and lethality (3, 5, 8). The molecular mechanisms
underlying TNF tolerance are only poorly understood (4, 9, 10).
Interestingly, it has been described that long term (11) as well
as short term (12, 13) pretreatment with TNF reduced subse-
quent TNF-induced activation of transcription factor NF-«B
and/or proteolysis of its inhibitor IxB-a.

TNF is a potent activator of NF-«B, which is a dimeric
complex most frequently assembled from the subunits RelA
(p65) and p50 (14-16). Activation of this transcription factor by
TNF is initiated mainly by binding to cell surface TNF receptor
1 (17). Subsequent signaling occurs through the recruitment of
cytosolic signaling proteins including TNF receptor-associated
death domain protein, receptor-interacting protein, and TNF
receptor-associated factor 2, eventually leading to the activa-
tion of the IkB kinase complex (17, 18, 19). This high molecular
weight assembly kinase phosphorylates the I«kB inhibitor pro-
teins (18, 20), which trap the NF-«B dimer in the cytosol in a
non-activated state (14, 16). IkB is subsequently degraded in
an ubiquitin-dependent step by the proteasome, thereby allow-
ing the liberated NF-«kB dimer to translocate to the nuclear
compartment (14-16). Within the nucleus, NF-«B is involved
in the coordinated expression of numerous target genes, includ-
ing the potent cytokine and chemokine interleukin-8 (IL-8)
(14-186, 21, 22).

IL-8, a member of the CXC family of chemokines, has been
implicated in a variety of inflammatory diseases (21, 22). Gene
transcription is one major point of control at which expression
of IL-8 is regulated (22, 23). Functional studies indicate that
IL-8 transcriptional responses to mediators such as TNF are
rapid and require only 100 nucleotides of 5'-flanking DNA
upstream of the TATA box (22, 23). Within this region DNA
binding sites for the inducible transcription factors NF-«B and
C/EBPp (24, 25) were found located next to each other (see Fig.
1; Ref. 23). Transcription factors from these families bind the
IL-8 promoter as dimers, and several distinct subunit combi-
nations have been identified (23, 26). C/EBPS physically inter-
acts with NF-kB, and functional cooperativity among the fac-
tors appears to be critical for optimal IL-8 promoter activity in
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Fic. 1. Organization of the IL-8 pro-

moter and oligonucleotides used for
EMSA. The depicted IL-8 promoter re-
gion contains C/EBPB (overlapping an
Oct-1 motif) and NF-«B binding sites next
to each other (marked as striped and dark
boxes). The nucleotide sequence of this
region (bp —99 to —67) is shown, and the
major elements are identified by boxes
(C/EBPB, NF-kB) or underlined (Oct-1).

5'GGCATICAGTTGCAAATCGTGGAATTTCCITCTGA 3’
r 1
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C/EBPB NF«B
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Sequence structure

of the IL-8 promoter

1
: X | Oct-1 X \
The sequences of EMSA oligonucleotides , . .
are listed below. An additional consensus ' 1 1
oligonucleotide was used (Oct-1 cons.). EMSA Oligonucleotides: : : :
Several base extensions, added for Kle- ' 1 1
now labeling, are shown in lowercase ! ! !
letters. agcttCATCAGTTGCAAATCET ' C/EBPB (IL-8)
gatcCGTGGAATTTCCTCTG NF-«B (IL-8)
TGTCGAATGCAAATCACTAGAA Oct-1 cons.

different cell types (27, 28). IL-8 transcription appears to be
activated by a promoter recruitment mechanism where induc-
ible transcription factors are required for binding of TATA box
proteins and formation of a stable preinitiation complex (22). In
addition, the POU-homeodomain transcription factor Oct-1,
which binds to an overlapping sequence within the C/EBPS
site, appears to be involved in regulation of basal transcrip-
tional activity of the IL-8 promoter (29).

The aim of this study was to investigate the molecular mech-
anisms underlying TNF tolerance. To initiate tolerance-like
conditions, monocytic cells were pretreated with low TNF con-
centrations for 72 h and then re-stimulated with a high TNF
dose. Under these conditions the expression of the IL-8 gene
was monitored as a read-out, and the roles of NF-«B, C/EBPS,
and Oct-1 were examined.

EXPERIMENTAL PROCEDURES

Cell Culture Conditions and Reagents—THP-1 human monocytic
cells (DSMZ, Braunschweig, Germany) were maintained in suspension
in RPMI 1640 (Glutamax-1, low endotoxin) containing 7% fetal calf
serum (low endotoxin), 100 units/ml penicillin, and 100 pg/ml strepto-
mycin (Biochrom, Berlin, Germany) (30). For the experiments, the cells
were plated at a density of 2 X 10° per well in 6-well culture dishes.
Human recombinant TNF was obtained from Sigma (Deisenhofen, Ger-
many). HeLa cells (DSMZ) were cultured in Dulbecco’s minimum Ea-
gle’s medium (Biochrom) (10% fetal calf serum, 100 units/ml penicillin,
100 pg/ml streptomycin). Endotoxin contamination was screened by the
limulus amoebocyte lysate assay (BioWhittaker, Walkersville, MD). A
potential toxicity of the cell culture conditions applied was monitored by
cell morphology/count, trypan blue dye exclusion, and the WST-1 test
(Roche Diagnostics).

Transfection of THP-1 Cells—In transfection studies pGL2-IL-8 (420
bp of the IL-8 promoter region), a firefly luciferase reporter plasmid,
was utilized (30, 31). This plasmid (1 ug) was transiently co-transfected
with 0.2 ug of a constitutively active Renilla luciferase control plasmid,
pRLtk (Promega, Mannheim, Germany), into THP-1 cells using a
DEAE-dextran-based protocol (30, 31). After transfection, cells were
plated at a density of 2 X 10%/3 ml of RPMI with 7% fetal calf serum in
a 6-well plate and incubated for 72 h (without or with TNF pretreat-
ment). After this time, the cells were left untreated or stimulated for 5 h
with TNF at 0.1-100 ng/ml. Subsequent to stimulation the cells were
lysed, and luciferase activity was determined using the Dual Luciferase
Reporter assay system (Promega). Results are expressed as relative
luciferase activity, which means that firefly relative light units were
divided by Renilla relative light units.

Determination of IL-8—The supernatant concentration of IL-8 pro-
tein was measured by sandwich type immunoassay (R&D Systems,
Wiesbaden-Nordenstadt, Germany).

Electrophoretic Mobility Shift Assay (EMSA)—Nuclear extracts were
prepared and analyzed as described (31, 32). The sense strand se-
quences of the IL-8 oligonucleotides C/EBP-B (IL-8) as well as NF-«xB
(IL-8) are listed in Fig. 1 (28, 29). These oligonucleotides were applied
as a probe and labeled with the Klenow fragment of DNA polymerase I
(Roche Diagnostics) using [a-*?P]dCTP (PerkinElmer Life Sciences,

Brussels, Belgium). In some experiments the 35-mer (IL-8) oligonucleo-
tide was used, which contains the sequence of both C/EBPS (IL-8) and
NF-«kB (IL-8). Oct-1 and Sp-1 binding was analyzed using consensus
oligonucleotides (Promega) labeled with [y-*?P]ATP (PerkinElmer Life
Sciences) and T4 polynucleotide kinase (Promega). Nuclear proteins
were incubated with the radiolabeled probes for 30 min at room tem-
perature in 20 ul of binding buffer (12 mm HEPES, pH 7.9, 4 mm Tris,
pH 7.9, 60 mm KCl, 5 mm MgCl,, 0.6 mMm EDTA, 12% glycerol, 5 mm
dithiothreitol, 50 ng/ul poly(dI-dC)) as described (28). Samples were run
in 0.25X TBE (10X TBE: 890 mM Tris, 890 mMm boric acid, 20 mm EDTA,
pH 8.0) on non-denaturing 6% polyacrylamide gels. Gels were dried and
analyzed by autoradiography.

Supershift and Competition Studies—The nuclear extracts were in-
cubated with 2 ul of appropriate TransCruz gel supershift antibodies
(Santa Cruz Biotechnology, Heidelberg, Germany) per 20 ul of reaction
volume in binding buffer at 4 °C for 1 h before EMSA. The following
antibodies were used: anti-p65, anti-C/EBP, and anti-Oct-1. In com-
petition studies, samples were incubated with a 100X excess of unla-
beled oligonucleotide: NF-«B (IL-8), C/EBPS (IL-8), and Oct-1 (Fig. 1) as
well as Sp-1 (Promega).

PAGE and Western Blot Analysis—Cytosolic and nuclear extracts
were isolated as described (30), and electrophoresis was performed with
12.5% polyacrylamide gels. The proteins were transferred to nitrocel-
lulose membranes using the wet blot technique. After transfer, the
membranes were incubated with antibodies against TNF receptor-as-
sociated factors 1 and 2, receptor-interacting protein, IkB kinase-«,
IkB-a, p65, p50, cyclin B1, Sp-1 (Santa Cruz Biotechnology), or actin
(Sigma). This was followed by the appropriate horseradish peroxidase-
conjugated secondary antibody (Dianova, Hamburg, Germany). The
proteins were visualized on x-ray film using the Chemiluminescent
Reagent Plus (PerkinElmer Life Sciences).

Immaunoprecipitation (IP)—Nuclear extracts were subjected to IP
(30) in TN buffer (200 mm NaCl, 20 mm Tris-HCl, pH 7.5, 1 mMm
dithiothreitol, 0.5 uM 4-(2-aminoethyl)-benzenesulfonyl fluoride, leu-
peptin, antipain, aprotinin, pepstatin A, chymostatin 0.75 pg/ml each;
Sigma). IP was carried out at 4 °C overnight with 2 pg of anti-C/EBPS,
anti-p65, anti-cyclin B1 or anti-Sp-1 (Santa Cruz Biotechnology), and
70 wl of 6% protein A agarose (Roche Diagnostics). After washing five
times with TN buffer the precipitated proteins were analyzed by PAGE
and Western blot analysis.

Overexpression Experiments—The plasmids used included C/EBPg,
Oct-1 (wild type, mutated), and p65 (14, 33, 34). RecCMV (Invitrogen,
Groningen, Netherlands) containing no insert was used as a negative
control. These plasmids (10 ug) were transiently co-transfected with 0.2
ng of pRLtk and 1 pg of pGL2-IL-8 into HeLa cells using Superfect
(Qiagen, Hilden, Germany). After overnight culture, cells were left
untreated or stimulated for 5 h with TNF at 20 ng/ml followed by lysis,
and relative luciferase activity was determined.

RESULTS

Long Term Pretreatment with Low TINF Doses Inhibits TNF-
induced IL-8 Promoter-dependent Transcription as Well as IL-8
Production—For the present study we decided to pretreat with
a low dose of TNF for 72 h to induce a tolerance-like condition
as described (11) and then re-stimulate with a significantly
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Fic. 2. IL-8 promoter-dependent transcription as well as IL-8
production is inhibited in TNF-tolerant cells. A, THP-1 monocytic
cells were co-transfected with pGL2-1L-8 and the pRLtk Renilla plas-
mid, incubated for 72 h, and then stimulated with increasing TNF doses
for 5 h. Cells were lysed, and firefly as well as Renilla relative light
units were measured. Results are depicted as fold induction (ind.) above
the value obtained for unstimulated cells. Representative data of three
independent experiments are shown. B, transfections of cells were
performed as described in A and followed by culture in medium alone
(white bars) or medium containing 1 ng/ml TNF (black bars) for 72 h.
After this incubation period, the cells were left untreated or stimulated
with 20 ng/ml TNF for 5 h. Fold induction was calculated as described
above. The bars show the mean *= S.D. from three independent exper-
iments. C, THP-1 cells were preincubated with medium alone (white
bars) or medium supplemented with 1 ng/ml TNF (black bars) for 72 h
and subsequently stimulated for 5 h with TNF (5 or 20 ng/ml). The
supernatants were analyzed for IL-8 by immunoassay. Data of three
independent experiments are shown (mean = S.D.).

higher dose and monitor for IL-8 promoter-dependent tran-
scription as well as IL-8 expression. Please note that in the
following the low dose TNF-pretreated cells are designated as
“tolerant cells.” Initially, dose response experiments were per-
formed with THP-1 monocytic cells to establish a window in
which TNF exerts its effect on IL-8 promoter-dependent tran-
scription measured by luciferase reporter assays (Fig. 24). In
these studies we observed a dose-dependent increase in tran-
scriptional activity in a range from 0.1 to 100 ng/ml TNF. The
following protocol was selected for most of the experiments:
preincubation with 1 ng/ml TNF or medium for 72 h (indicated
as TNF pre in the Figs. 2, 3, 4, and 6) followed by re-stimulation
with a 20-fold higher concentration (20 ng/ml) for 5 h (depicted
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as TNF re in Figs. 2, 3, 4, and 6). Pretreatment with TNF led to
a significant reduction in IL-8 promoter-dependent transcrip-
tional activity when cells were re-stimulated with the higher
TNF dose compared with cells that were preincubated with
medium alone (Fig. 2B). Consistent with the results above we
found a 70% inhibition of the production of the IL-8 protein
measured by immunoassay in tolerant cells (Fig. 2C). Similar
effects were observed when HeLa cells were treated under the
same conditions (data not shown).

Activation of NF-kB as Well as IkB Proteolysis Are Not Af-
fected—Because the IL-8 gene is transcriptionally regulated by
NF-«kB (22, 23), it was next tested to determine whether low
dose TNF pretreatment can affect the activation of NF-«B.
After preincubation, monocytic cells were re-stimulated with
TNF for 15 min, and EMSAs were performed using an oligo-
nucleotide comprising the kB motif of the human IL-8 promoter
(NF-kB (IL-8), see Fig. 1). Re-stimulation with TNF induced a
significant NF-«B binding activity in non-pretreated cells or a
slightly further increased NF-«B binding activity in low dose
TNF pretreated cells (Fig. 3A). NF-«B binding was confirmed
using supershift analysis as well as oligonucleotide competition
(Fig. 3A). Under the same conditions, TNF-induced I«xB-« pro-
teolysis was not affected after re-stimulation, determined by
Western blot analysis, albeit a slightly reduced I1«B-a level was
found in the TNF-pretreated but not re-stimulated sample (Fig.
3B). As expected, stimulation with TNF was accompanied by
an increase in the nuclear levels of p65 and p50 (Fig. 3C). The
amount of several upstream signaling molecules involved in
TNF-induced NF-«B activation such as TNF receptor-associ-
ated factor 1 and 2, receptor-interacting protein, and I«B ki-
nase-a as well as actin were not changed (Fig. 3B). The expres-
sion of TNF receptor 1 (p55) as well as TNF receptor-associated
factor 2 (p75) were not affected under these conditions as
shown by flow cytometry (data not shown).

C/EBPB DNA Binding Activity as Well as Association of
C/EBPp Protein with p65 Are Increased under TNF Tolerance
Conditions—Several other transcription factors besides NF-«B
are involved in the regulation of the IL-8 gene, including
C/EBPg (28). To evaluate if this transcription factor is involved
in TNF tolerance, EMSAs were performed using an oligonu-
cleotide solely encompassing the C/EBPSB binding site of the
IL-8 promoter (C/EBPS (IL-8), see Fig. 1) in cells that were
pretreated with TNF (1 ng/ml) (TNF preincubation) or medium
for 72 h and then re-stimulated with a 20-fold higher dose (TNF
re-stimulation) for 15 min. Under these conditions an elevated
binding of nuclear proteins to the C/EBPS site was observed in
TNF-tolerant cells (Fig. 4A). Supershift analysis as well as
oligonucleotide competition demonstrated the presence of
C/EBP but also a small amount of Oct-1 in these complexes. In
the same nuclear extracts we also examined the binding of
nuclear proteins to oligonucleotides comprising the Sp-1 con-
sensus sequence (Sp-1) to monitor quality and equal loading,
which was not changed under these conditions (Fig. 4A). Pre-
vious studies demonstrate a functional and physical associa-
tion between NF-«kB and C/EBP family proteins (27, 28, 35).
Therefore, in the following we attempted to determine by co-
immunoprecipitation studies whether C/EBPS associates with
NF-«B complexes in cells that were first pretreated with TNF
and then re-stimulated with this cytokine as described above.
C/EBPB was immunoprecipitated in nuclear extracts, and p65
was detected in the precipitate by Western blot analysis or vice
versa. Remarkably, these experiments demonstrated an in-
creased association of C/EBPB protein with p65-containing
NF-kB complexes in TNF-tolerant cells (T'NF pre), which was
most intensive after TNF re-stimulation (TNF re) (Fig. 4B). To
show the specificity of the bands the IP was carried out without
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Fic. 3. NF-kB activation as well as
IkB proteolysis are not affected.
Monocytic cells were incubated with me-
dium alone or medium containing 1 ng/ml
TNF (TNF pre) for 72 h followed by stim-
ulation with TNF (20 ng/ml, TNF re) for
15 min. A, nuclear extracts were sub-
jected to EMSA using an oligonucleotide
containing the NF-«B site of the IL-8 pro-
moter. Brackets indicate NF-«B binding.
The asterisk marks a control reaction in
which a 100-fold concentration of unla-
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beled oligonucleotide was added to the
EMSA. Supershift experiments were per-
formed with the extract of the pretreated,
re-stimulated cells (TNF pre, TNF re) us-
ing antibodies (Ab) against p65 and Oct-1
as well as C/EBPS, and the arrow marks
the complexes remaining in the loading B
slot by preincubation with an antibody
against p65. N.S., nonspecific band. Cyto-
solic (B) as well as nuclear (C) extracts
were examined by Western blot for the
presence of the indicated proteins (ar-
rows). Representative experiments are
shown for each condition, which were re-
peated at least five times. RIP, receptor-
interacting protein; IKK, IxB kinase.

any extract (marked by an asterisk). In addition, control IP
reactions were performed using antibodies against cyclin Bl
(Fig. 4B) or Sp-1 (data not shown), demonstrating comparable
levels of these precipitated proteins in the nuclear extracts
regardless of TNF treatment. Furthermore, no specific signal
was detected when IP was performed with an unspecific IgG
antibody (data not shown).

Overexpression of C/IEBPB Prevents TNF-induced IL-8 Pro-
moter-dependent Transcription—To further determine if
C/EBPB is involved in the negative regulation of TNF-induced
IL-8 promoter-dependent transcription we performed transfec-
tion studies. HeLa cells were transiently transfected with the
CMV control vector or expression plasmids coding for C/EBPS
wild type or a mutated form, respectively. Most importantly,
these experiments showed that the presence of C/EBPg signif-
icantly inhibited TNF-induced IL-8 promoter-dependent tran-
scription, whereas no effect was found when the mutated pro-
tein was expressed (Fig. 5A). When we performed control
experiments with cells expressing C/EBPB, we observed an
elevated DNA binding of this transcription factor (Fig. 5B)
using the C/EBP (IL-8) as well as the 35-mer (IL-8) oligonu-
cleotide (see “Experimental Procedures”). After TNF stimula-
tion of these transfected cells, we detected a broadened band
using the 35-mer (IL-8) oligonucleotide, which enables binding
of both C/EBPB and NF-«B (Fig. 5B, right; data not shown).
Furthermore, p65 overexpression experiments demonstrated a

T

(e

+ TNF pre . +
TNF re [ ey | e

< TRAF-
< TRAF-2
< RIP

IKK-a

direct effect of p65 on IL-8 promoter-dependent transcription,
but in contrast to the studies with C/EBP, no inhibitory effect
on TNF-induced transcriptional activity was found (Fig. 5C).
The presence of the expressed proteins was also monitored by
Western blot analysis (data not shown).

Effect of Oct-1 on TNF-induced IL-8 Promoter-dependent
Transcription—The transcription factor Oct-1 has been sug-
gested to be negatively involved in the regulation of the IL-8
gene (29). Therefore, DNA binding activity was examined using
an oligonucleotide solely encompassing an Oct-1 consensus se-
quence. In these experiments we also observed an increased
binding of nuclear proteins to the Oct-1 oligonucleotide in TNF-
tolerant cells (Fig. 6A). Specificity of the bands was confirmed
by oligonucleotide competition experiments and supershift
analysis (Fig. 6A, data not shown). However, when Oct-1 was
expressed in transfection experiments no inhibitory effect on
TNF-induced activation of IL-8 promoter-dependent transcrip-
tion was observed (Fig. 6B).

DISCUSSION

Several studies describe the existence of TNF tolerance in
vivo and suggest that this phenomenon may play an important
role in disease states such as inflammation and sepsis (4, 5, 8,
9). However, the underlying molecular and cellular mecha-
nisms have not been very well established.
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Fic. 4. DNA binding activity of C/EBPf as well as association of C/EBPf protein with p65 are increased in TNF-tolerant cells.
THP-1 monocytic cells were preincubated with medium alone or medium with 1 ng/ml TNF for 72 h (TNF pre) and then left untreated or stimulated
with TNF (20 ng/ml, TNF re) for 15 min. A, nuclear extracts were examined by EMSA using a radiolabeled C/EBPB (IL-8) or Sp-1 consensus
oligonucleotide. Specific binding to these oligonucleotides is indicated by brackets for C/EBPB (IL-8) or an arrow (Sp-1). Supershift experiments
were performed on nuclear extracts of the pretreated, re-stimulated cells (TNF pre, TNF re) using antibodies (Ab) against C/EBPp, Oct-1, and p65.
The arrow shows the position of the bands shifted by preincubation with antibodies against C/EBPS (intense signal) or Oct-1 (very faint band),
respectively. N.S., nonspecific band. The same sample was examined in competition studies (Comp.) with a 100-fold excess of oligonucleotide

(Unlabeled oligo: C/EBP (IL-8), C/EBP cons., Sp-1, or Oct-1 cons.). B, nu

clear extracts were isolated and subjected to IP with anti-C/EBP (upper

panel) or anti-p65 (middle panel). The precipitated proteins were then analyzed by Western blot for the presence of p65 (upper panel) or C/EBPB
(middle panel). The asterisk marks an IP reaction without extract. Furthermore, a control IP was performed under the same conditions, and the
protein (cyclin B1) was detected by Western blot. At least five independent experiments were performed for each condition.

The present study demonstrates that long term preincuba-
tion with low TNF doses induced a tolerant state in monocytic
cells. Under these conditions, when cells were re-stimulated
with a subsequent high dose of TNF, we observed a significant
inhibition of IL-8 promoter-dependent transcription as well as
protein production of IL-8, which is regulated by NF-«B tran-

scription factors (Refs. 22 and 23; Fig. 1). The observation that
in TNF-tolerant cells neither the activation of NF-«B nor 1B
proteolysis was affected after TNF restimulation suggests tran-
scriptional regulatory mechanisms. It should also be men-
tioned that in TNF-pretreated, but not restimulated samples, a
slightly reduced I«B-« level was found that may be due to a low
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Fic. 5. TNF-induced IL-8 promoter-
dependent transcription is inhibited
by overexpression of C/EBPB. A, HeLa
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cells were co-transfected with pGL2-IL-8,
pRLtk, and C/EBPB overexpression plas-
mids (wt, wild-type; mut, mutated) or the
CMV control. After overnight incubation
cells were left untreated (white bars) or B
stimulated with TNF (20 ng/ml) for 5 h
(black bars) followed by lysis, and firefly
as well as Renilla relative light units were
measured. Results are expressed as rela-
tive luciferase activity (RLA) of three in-
dependent experiments (mean = S.D.). B,
nuclear extracts from HeLa cells (trans-
fected with C/EBPB wt or the CMV con-
trol) as well as untransfected cells were
subjected to EMSA using the C/EBPS
(IL-8) (left) or 35-mer (IL-8) (right) oligo-
nucleotide. Brackets indicate the position
of DNA binding complexes containing
C/EBPB and/or NF-«B. Overexpr., overex-
pression. C, HeLa cells were co-trans-
fected with pGL2-IL-8, pRLtk, and the
p65 overexpression plasmid or the CMV
control. Transfected cells were treated
with TNF, and luciferase assays were per-
formed as described in A (mean *= S.D., c
three independent experiments).

RLA

level of ongoing signaling associated with IkB-a degradation
under the conditions of TNF pretreatment, as similarly de-
scribed (13). In an earlier study, contrasting results were re-
ported in which long term TNF pretreatment inhibited TNF-
induced NF-«B activation determined by EMSAs in a human
adenocarcinoma cell line (11), indicating cell type-specific dif-
ferences. Interestingly, in a recent study it was suggested that
TNF and ceramide preconditioning differentially modulates
NF-«kB-mediated transactivation in astrocyte cultures by a p300-
dependent mechanism (36).

It is of note that short term pretreatment of THP-1 cells
appears to lead to a different form of TNF tolerance since under
these conditions an inhibition of NF-«B activation as well as
IkB degradation was found (12) that in our hands goes along
with reduced expression of TNF receptors (data not shown).
Interestingly, several mechanisms have also been found in
lipopolysaccharide-tolerant cells in which transcriptional
mechanisms (e.g. increase of inhibiting p50/p50 homodimers)
(87-39) as well as impaired translocation of NF-«B (11, 40) are
responsible for this condition.

Remarkably, under TNF tolerance conditions (long term, low
dose preincubation) we observed an increased DNA binding of
C/EBPB to its IL-8 promoter-specific motif using EMSAs.

C/EBP (IL-8) 35mer (IL-8)

" |

+ CIEBPB wt
+ CMV

C/EBPB wt

Overexpr.
Overexpr.

IL-8

1.6 A
1.2 +

0.8 -

0.4 IEI rl

C/EBPp is a transcriptional protein that is involved in negative
and positive regulation of a variety of genes including IL-8
(23-25,28). It was also suggested earlier (35) that simultaneous
binding of C/EBP proteins and NF-«B to DNA may strengthen
the inhibitory effect of C/EBP possibly by forming a more stable
protein-protein-DNA complex. In addition, in coimmunopre-
cipitation studies we observed an increased association of
C/EBPg protein with p65-containing NF-«B complexes in the
nucleus of tolerant cells, which was most intensive after TNF
re-stimulation. In this context, it should be noted that func-
tional and physical associations between NF-«B subunits (p65,
p50) and C/EBP family members as well as other ATF bZIP
proteins have been reported (27, 28, 41, 42) that are mediated
by a Rel domain-bZIP interaction. Most importantly, the pres-
ent study was able to show functional consequences using
transfection experiments, demonstrating that overexpression
of C/EBPS, but not p65, inhibited TNF-induced IL-8 promoter-
dependent transcription. Similar results were obtained in a
previous report, which shows that C/EBPB overexpression in-
hibits p65-directed transcriptional activity dependent on an
IL-8 promoter fragment (28). Taken together our findings im-
ply C/EBPB as a key molecule in mediating the inhibitory
effects on IL-8 expression in TNF-tolerant cells.
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Fic. 6. Effect of Oct-1 on TNF-in-

Oct-1 cons.
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duced IL-8 promoter-dependent tran-
scription. A, THP-1 monocytic cells were
preincubated with medium alone or me-

Comp. Unlabeled oligo
+ Sp-1 cons.
+ NF-xB (IL-8)
+ + Oct-1 cons.
+ + C/EBPB (IL-8)

dium with 1 ng/ml TNF for 72 h (TNF pre)
and then left untreated or stimulated
with TNF (20 ng/ml, TNF re) for 15 min.
Nuclear extracts were analyzed by EMSA
as well as competition analysis (Comp.)
using a radiolabeled Oct-1 cons. sequence
as probe. Brackets indicate Oct-1 binding.

T

A 100-fold excess of oligonucleotide (Un-
labeled oligo) was used for competition
studies using nuclear extracts of the pre-
treated, re-stimulated cells (TNF pre,
TNF re). B, HeLa cells were co-trans-
fected with pGL2-IL-8, pRLtk, and an
overexpression plasmid for Oct-1 (wt, wild B
type; mut, mutated) or CMV. After over-
night culture the cells were left untreated
(white bars) or stimulated with TNF (20

-+ - + TNF

ng/ml) for 5 h (black bars). After lysis, 0.8
firefly as well as Renilla relative light
units were measured. Data are expressed 0.6 1
as relative luciferase activity (RLA;
mean * S.D.) of three independent é 0.4
experiments.
0.2
0
CMV

We also found an increased binding activity of the transcrip-
tion factor Oct-1 in TNF-pretreated cells. It has been shown
that Oct-1 represses basal transcriptional activity of the IL-8
promoter by binding independently to an element overlapping
that of C/EBPS (29) and acts as a transcriptional repressor for
a number of other regulatory regions (43—-45). However, over-
expression of Oct-1 had no effect on TNF-induced IL-8 promoter-
dependent transcription, suggesting that Oct-1 is not involved
in negative regulation under TNF tolerance conditions.

The role of C/EBP in regulating promoters with NF-«xB and
C/EBP binding sites appears to be complex. In general, NF-«B
and C/EBP synergistically activate promoters with C/EBP
binding sites but inhibit promoters with «B binding sites (27).
As an example for the latter, C/EBP family proteins have been
shown to negatively influence NF-«kB-mediated activation of
the angiotensinogen gene acute-phase response element (46)
and p65-dependent cytomegalovirus IE1/2 enhancer/promoter
activity (35) as well as expression of the NF-«B target gene
c-myc (47). In the case of the IL-8 promoter, in which the C/EBP
binding site is adjacent to the NF-«B site (23), similar to the
IE1/2 enhancer/promoter (35), a subtle interaction between
NF-«kB and C/EBP appears to determine whether the IL-8
promoter is activated or inhibited (28). As discussed above, in
TNF-tolerant cells we find an increased binding of C/EBPg to
its IL-8 promoter motif as well as association of this protein
with p65. The physical interaction found between these tran-
scription proteins may be responsible for the observed inhibi-
tory effects of C/EBPS on NF-«B. Indeed, it has been suggested
earlier (27) that C/EBP blocks the ability of NF-«B to interact
with a critical co-activator of the basal transcriptional machin-
ery and/or that C/EBPB and NF-«B form a higher order tran-
scription factor complex with reduced transcriptional activity
at kB enhancers.

In summary, the present study describes a new molecular
mechanism modulating IL-8 gene expression in TNF-tolerant

Octwt Octmut

cells. Induction of tolerance to control deleterious effects of
TNF may play a role in preventing excessive influx of IL-8-
responsive granulocytes in infection and inflammation and
may potentially improve survival and outcome in processes
such as septic shock.

Acknowledgments—We thank Profs. Richard Pope (Northwestern
University, Chicago), Harinder Singh (University of Chicago), and
Patrick Baeuerle (Micromet AG, Munich, Germany) for the generous
gifts of the C/EBPS, Oct-1, or p65 plasmids. The IL-8 promoter con-
struct was from Prof. Nigel Mackman (Scripps Research Foundation,
La Jolla, CA), to whom we are very grateful. We also thank Dr. Kai-Uwe
Belge for help with the receptor studies as well as Prof. Klaus Pfeffer,
Dr. Claudia Fischer, Dr. Sharon Page, Christine Grubmiiller, Nikolaus
Jilg, and Dr. Christian Hafner for valuable contributions.

REFERENCES

. Ziegler-Heitbrock, H. W. L. (1995) . Inflamm. 45, 13-26

. Bazzoni, F., and Beutler, B. (1996) N. Engl. J. Med. 334, 1717-1725

. Goldbach, J.-M., Roth, J. Storr, B., and Zeisberger, E. (1996) Am. J. Physiol.

270, R749-R754

4. Socher, S. H., Friedman, A., and Martinez, D. (1988) JJ. Exp. Med. 167,
1957-1962

5. Fraker, D. L., Stovroff, M. C., Merino, M. J., and Norton, J. A. (1988) J. Exp.
Med. 168, 95-105

6. Patton, J. S., Peters, P. M., McCabe, J., Crase, D., Hansen, S., Chen, A. B., and
Liggitt, D. (1987) J. Clin. Invest. 80, 1587-1596

7. Takahashi, N., Brouckaert, P., and Fiers, W. (1993) J. Immunotherapy 14,

W N =

16-21

8. Porter, M. H., Arnold, M., and Langhans, W. (1998) Am. «J. Physiol. 274,
R741-R745

9. Takahashi, N., Brouckaert, P., and Fiers, W. (1995) Am. J. Physiol. 269,
R398-R405

10. Takahashi, N., Brouckaert, P., Bemelmans, M. H. A., Buurman, W. A., and
Fiers, W. (1994) Cytokine 6, 235-242

11. Laegreid, A., Thommesen, L., Gullstein Jahr, T., Sundan, A., and Espevik, T.
(1995) . Biol. Chem. 270, 2541825425

12. Ferlito, M., Romanenko, O. G., Ashton, S., Squadrito, F., Halushka, P. V., and
Cook, J. A. (2001) oJ. Leukocyte Biol. 70, 821—-829

13. Poppers, D. M., Schwenger, P., and Vilcek, J. (2000) J. Biol. Chem. 275,
29587-29593

14. Baeuerle, P. A., and Baltimore, D. (1996) Cell 87, 13-20

15. Siebenlist, U., Franzoso, G., and Brown, K. (1994) Annu. Rev. Cell Biol. 10,
405-455

9T0Z “TT |Hdy U0 %BUI01|qIG [BJIUSZ - UBLOLBN | LNILBZ Z}OYW PH e /B.10°0g [-Mammy/:diy Woly pepeoiumod


http://www.jbc.org/

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

28.
29.

30.

31

32.

TNF and Tolerance

Wulezyn, F. G., Krappmann, D., and Scheidereit, C. (1996) J. Mol. Med. 74,
749-769

Baud, V., and Karin, M. (2001) Trends Cell Biol. 11, 372-377

Karin, M., and Ben-Neriah, Y. (2000) Annu. Rev. Immunol. 18, 621-663

Wallach, D., Varfolomeev, E. E., Malinin, N. L., Goltsev, Y. V., Kovalenko,
A. V., and Boldin, M. P. (1999) Annu. Rev. Immunol. 17, 331-367

Israel, A. (2000) Trends Cell Biol. 10, 129-133

Matsushima, K., Morishita, K., Yoshimura, T., Lavu, S., Kobayashi, Y., Lew,
W., Appella, E., Kung, H. F., Leonard, E. J., and Oppenheim, J. J. (1988) /.
Exp. Med. 167, 1883-1893

Roebuck, K. A. (1999) J. Interferon Cytokine Res. 19, 429—438

Mukaida, N., Mahe, Y., and Matsushima, K. (1990) J. Biol. Chem. 265,
21128-21133

Landschulz, W. H., Johnson, P. F., Adashi, E. Y., Graves, B. J., and McKnight,
S. L. (1988) Genes Dev. 2, 786—800

Wedel, A., and Ziegler-Heitbrock, H. W. (1995) Immunobiol. 193, 171-185

Kunsch, C., and Rosen, C. A. (1993) Mol. Cell. Biol. 13, 6137-6146

Stein, B., Cogswell, P. C., and Baldwin, A. S. (1993) Mol. Cell. Biol. 13,
3964-3974

Stein, B., and Baldwin, A. S. (1993) Mol. Cell. Biol. 13, 7191-7198

Wu, G. D., Lai, E. J., Huang, N., and Wen, X. (1997) J. Biol. Chem. 272,
2396-2403

Fischer, C., Page, S., Weber, M., Eisele, T., Neumeier, D., and Brand, K. (1999)
J. Biol. Chem. 274, 24625-24632

Page, S., Fischer, C., Baumgartner, B., Haas, M., Kreusel, U., Loidl, G., Hayn,
M., Ziegler-Heitbrock, H. W. L., Neumeier, D., and Brand, K. (1999) «J. Biol.
Chem. 274, 11611-11618

Brand, K., Page, S., Rogler, G., Bartsch, A., Brandl, R., Knuechel, R., Page, M.,

42.
43.

44.
45.
46.

47.

23593

Kaltschmidt, C., Baeuerle, P. A., and Neumeier, D. (1996) J. Clin. Invest.
97, 1715-1722

. Pope, R., Mungre, S., Liu, H., and Thimmapaya, B. (2000) Cytokine 8,

1171-1181

. Shah, P. C., Bertolino, E., and Singh, H. (1997) EMBO J. 16, 7105-7117
. Prosch, S., Heine, A.-K., Volk, H.-D., and Kriiger, D. H. (2001) JJ. Biol. Chem.

276, 40712-40720

. Ginis, 1., Jaiswal, R., Klimanis, D., Liu, J., Greenspon, J., and Hallenbeck,

J. M. (2002) J. Cereb. Blood Flow Metab. 22, 142—-152

. Ziegler-Heitbrock, L. (2001) J. Endotoxin Res. 7, 219-222
. Ziegler-Heitbrock, H. W. L., Wedel, A., Schraut, W., Strébel, M., Wendelgass,

P., Sternsdorf, T., Baeuerle, P. A., Haas, J. G., and Riethmiiller, G. (1994)
J. Biol. Chem. 269, 17001-17004

. Bohuslav, J., Kravchenko, V. V., Parry, G. C., Erlich, J. H., Gerondakis, S.,

Mackman, N., and Ulevitch, R. J. (1998) J. Clin. Invest. 102, 1645-1652

. Adib-Conquy, M., and Cavaillon, J. M. (2002) J. Biol. Chem. 277, 27927-27934
. LeClair, K. P., Blanar, M. A, and Sharp, P. A. (1992) Proc. Natl. Acad. Sci.

U.S. A. 89, 8145-8149

Du, W., Thanos, D., and Maniatis, T. (1993) Cell 74, 887—-898

Mack, D. H., and Laimins, L. A. (1991) Proc. Natl. Acad. Sci. U. S. A. 88,
9102-9106

Sibbet, G. J., Cuthill, S., and Campo, M. S. (1995) «J. Virol. 69, 4006—4011

Tanaka, M., and Herr, W. (1990) Cell 60, 375-386

Brasier, A. R., Ron, D., Tate, J. E., and Habener, J. F. (1990) EMBO J. 9,
3933-3944

Johansen L. M., Iwama, A., Lodie, T. A., Sasaki, K., Felsher, D. W., Golub,
T. R., and Tenen, D. G. (2001) Mol. Cell. Biol. 21, 3789-3806

9102 “TT 1Md Y UO 5UI01IG1G EAIUSZ - UBUILBN | WNILBZ Z}OYW PH e /B.10°0G [:Mmmy/:diny woly pepeoiumod


http://www.jbc.org/

Transcriptional Inhibition of Interleukin-8 Expression in Tumor Necrosis
Factor-tolerant Cells: EVIDENCE FOR INVOLVEMENT OF C/EBP 3
Marion Weber, Carmen Sydlik, Martina Quirling, Caroline Nothdurfter, Andreas
Zwergal, Peter Heiss, Susanne Bell, Dieter Neumeier, H. W. Loms Ziegler-Heitbrock and
Korbinian Brand

J. Biol. Chem. 2003, 278:23586-23593.
doi: 10.1074/jbc.M211646200 originally published online April 21, 2003

Access the most updated version of this article at doi: 10.1074/jbc.M211646200

Alerts:
* When this article is cited
* When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 47 references, 22 of which can be accessed free at
http://www.jbc.org/content/278/26/23586.full.html#ref-list-1

9T0Z ‘TT 11dY U0 By101|qIqeausZ - UByoueN | WNWUSZ Zijoyw pH . /B10°0g I mmmy//:dny woly papeojumod


http://www.jbc.org/lookup/doi/10.1074/jbc.M211646200
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;278/26/23586&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/278/26/23586
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=278/26/23586&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/278/26/23586
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/278/26/23586.full.html#ref-list-1
http://www.jbc.org/

