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Monocytes respond to lipopolysaccharide (LPS) stimulation with a rapid expression of the tumor necrosis
factor (TNF) gene. Upon repeated LPS stimulation there is, however, little production of TNF mRNA and
protein; i.e., the cells are tolerant to LPS. Analysis of NF-kB proteins in gel shift assays demonstrated that the
DNA binding activity that is induced by LPS stimulation in tolerant cells consists mainly of p50-p50 ho-
modimers. Since p50 can bind to DNA but lacks a transactivation domain, this may explain the blockade of
TNF gene expression. We now show that in the monocytic cell line Mono Mac 6, this inability to respond can
be largely ascribed to NF-kB, since a reporter construct directed by a trimeric NF-kB motif is strongly
transactivated by LPS stimulation of naive cells whereas LPS-tolerant cells exhibit only low activity. Also,
Western blot analyses of proteins extracted from purified nuclei showed mobilization of threefold-higher levels
of p50 protein in tolerant compared to naive cells, while mobilization of p65 was unaltered. Overexpression of
p50 in HEK 293 cells resulted in a strong reduction of p65-driven TNF promoter activity at the levels of both
luciferase mRNA and protein. These data support the concept that an upregulation of p50 is instrumental in

LPS tolerance in human monocytes.

Lipopolysaccharide (LPS) produced by gram-negative bac-
teria will induce a pronounced activation of monocytes and
macrophages, a process mediated by the CD14 cell surface
receptor (35, 44). LPS-induced activation of monocytes leads
to the expression of a whole body of inflammatory mediators,
including tumor necrosis factor (TNF). TNF is a master cyto-
kine that regulates a plethora of inflammatory processes; in
gram-negative sepsis, TNF forms a central element in the
pathophysiology of the disease.

Exposure to LPS for a short period of time (1 h) may lead to
enhanced responses after secondary stimulation, a phenome-
non frequently seen in neutrophils and termed priming. LPS-
primed neutrophils show enhanced responses with respect to
leukotrienes, reactive oxygen, and enzyme release typically af-
ter stimulation with formylmethionyl-leucyl-phenylalanine (29,
34). Priming may also be observed for macrophages with re-
spect to cytokine gene expression (13). Here specific dose and
time requirements have to be met. On the other hand, longer
periods (days) of exposure to LPS will lead after a second LPS
stimulation to reduced cytokine production by monocytes/mac-
rophages, a phenomenon termed LPS tolerance.

Decreased responses of tolerant monocytes have been doc-
umented not only for TNF but also for interleukin-1 (IL-1),
IL-6, and other cytokines, for arachidonic acid metabolites, for
responses like fever, and for LPS-induced death rate (reviewed
in reference 37).

In classical models of tolerance (for instance, to B-adrener-
gic drugs), the respective cell surface receptor is downregu-
lated or uncoupled from downstream signalling (12). This does
not appear to be the case in LPS tolerance since here the CD14
receptor is unchanged or even enhanced in cell surface expres-
sion (17, 22, 45). Furthermore, signal transduction can still
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occur to some extent since NF-kB was shown in some studies
to be still mobilized upon secondary stimulation (11).

Characterization of the mobilized NF-«kB proteins revealed
a predominance of p50-p50 homodimers (8, 45). Since these
p50 molecules lack a transactivation domain, we have hypoth-
esized that upon binding to the promoter of, for instance, the
TNF gene, the pS0 homodimers block transactivation by other
NF-kB/Rel family members.

This hypothesis was based on studies of DNA binding in gel
shift assays that do not allow for direct quantitation of the
proteins involved. We now show in Western blot analysis that
upon LPS stimulation, the p65 protein is mobilized into the
nucleus of tolerant cells as efficiently as in naive cells. This
demonstrates that the signal transduction pathways leading to
IkB degradation and subsequent nuclear location of p65/Rel-A
are still intact in LPS tolerance. On the other hand, Western
blotting for p50 protein after LPS stimulation showed three-
fold-higher levels in tolerant compared to naive cells. With this
predominance of p50, the transactivation of an exclusively NF-
kB-directed reporter gene is strongly reduced, and we show for
the first time that overexpression of p50 can, in fact, block
p65-driven transactivation of the human TNF promoter. These
data provide direct evidence for the central role of p50 of
NF-«kB in preventing gene expression in LPS tolerance.

(This work is part of S. Kastenbauer’s thesis, completed at
the Ludwig-Maximilian-Universititaet Muenchen.)

MATERIALS AND METHODS

Cell culture. HEK 293 cells (kindly provided by D. Kuprash, Moscow, Russia)
were seeded at 5 X 10° cells per well in six-well plates (product no. 3506; Costar,
Bodenheim, Germany) in RPMI 1640 (Biochrom, Berlin, Germany) supple-
mented with L-glutamine (2 mm), penicillin (200 U/ml) plus streptomycin (200
pg/ml) (product no. 043-05140 H; Gibco), and 10% fetal calf serum. The cell line
Mono Mac 6 was established from a patient with monoblastic leukemia (43). The
cell line shows many characteristics of a human blood monocyte, including
phagocytosis and expression of the CD14 LPS receptor. These cells were cul-
tured in 24-well plates in RPMI 1640 with L-glutamine, penicillin, streptomycin,
nonessential amino acids (product no. 043-01140 H; Gibco) oxalacetic acid-
sodium pyruvate-insulin supplement (product no. O-5003; Sigma, Deisenhofen,
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Germany), and 10% fetal calf serum. The cells were controlled for absence of
mycoplasma (38) on a weekly basis. Stimulation with LPS (Salmonella minnesota
L-6261; Sigma) was done in complete culture medium with a standard dose of 1
pg/ml. For tolerance induction, Mono Mac 6 cells were cultured for 2 to 3 days
with or without LPS at 20 ng/ml followed by stimulation for 1 to 6 h with LPS at
1 pg/ml.

TNF bioassay. TNF bioactivity was measured in the WEHI 164/actinomycin D
assay as described elsewhere (40). In brief, WEHI 164 cells were exposed to
actinomycin D for 2 h, and the washed cells were added to threefold serial
dilutions of supernatants. After overnight culture, viability was determined by
using  2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
(XTT, product no. 4251; Sigma), and concentrations (units per milliliter) were
calculated with reference to a standard supernatant.

TNF reverse transcriptase PCR (RT-PCR). TNF mRNA expression was de-
termined essentially as described elsewhere (6). In brief, cell lysates were taken
after 1 h of stimulation, and total RNA was isolated and reverse transcribed with
oligo(dT) primers. The cDNA was then amplified with specific primers, and after
32 cycles the product was separated on a 1.4% agarose gel in the presence of
ethidium bromide. As an external control, the housekeeping enzyme a-enolase
was amplified (24).

Gel shift analysis. Nuclear extracts from cells stimulated as described above
were prepared as described previously (3). The protein concentration was de-
termined by the method of Bradford, using a commercial kit (product no.
500-0006; Bio-Rad, Munich, Germany), and 6 to 10 ug of protein was incubated
with different double-stranded kB human TNF-605 oligonucleotides:

5" AGCTTCCCCGGGGCTGTCCCAGG3’
AGGGGCCCCGACAGGGTCCAGCT

coding strand
noncoding strand 3’

These oligonucleotides were labeled by fill-in reaction with [*>P]JdATP (Amer-
sham, Braunscheig, Germany), and 50,000 cpm of the relevant double-stranded
oligonucleotide was used per assay. The binding reaction was performed for 15
min at room temperature as previously described (7). The complexes were
separated by gel electrophoresis on a 4% polyacrylamide gel and run with 0.25X%
Tris buffer containing borate and EDTA.

Western blotting. Cells were disrupted by Dounce homogenization in the
presence of a proteinase inhibitor cocktail, and nuclei were purified over a
sucrose gradient. Nuclear proteins were extracted, and 20 to 30 pg of protein/
lane was separated on 4 to 12% Tris-glycine gels (product no. EC60385; Novex
[obtained via Anamed, Offenbach, Germany]) and transferred to Hybond ECL
(enhanced chemiluminescence) nitrocellulose membranes (product no. RPN
2020D; Amersham) by electroblotting. Membranes were reacted with 1:5,000
dilutions of antibodies against p50 (1141) and p65 (1226) that were kindly
provided by Nancy Rice (Frederick, Md.). After reaction with F(ab), goat anti-
rabbit immunoglobulin-peroxidase conjugate (1:10,000; product no. A6667; Sig-
ma), blots were incubated with ECL reagent (product no. RPN 2106; Amer-
sham) and exposed to Hyperfilm ECL (product no. RPN 3103; Amersham).

Plasmids and transfection. The pTNF-1064 luci-B reporter plasmid containing
the human TNF 5’ region was obtained by exchanging the mouse B-globin
promoter of the pBTATA.luci-B reporter plasmid for the HindIII/Bg/II fragment
from the TNF 5’ region pxP2 luciferase construct (45). The pBTATA.luci re-
porter plasmid contains 3’ to the luciferase gene the rabbit B-globin intron (15).
The 3XkB.luc construct contains three copies of the prototypic NF-kB sequence
from the mouse kappa light-chain enhancer cloned upstream of the TATA box
of the pBTATA luci reporter plasmid (15).

For DEAE-dextran transfection, the Mono Mac 6 cells were harvested on day
—1, split 1:2, and reseeded to ensure log-phase growth. On day 0, they were
adjusted to 107/ml in RPMI 1640 without serum. One milliliter of cells was then
admixed with DEAE-dextran (product no. D-1162; Sigma) at 62.5 pg/ml (final
concentration) and a total of 5 g of reporter plasmid. After incubation for 90
min at 37°C, dimethyl sulfoxide (product no. 1.02931; Merck, Darmstadt, Ger-
many) was added at 10% (final concentration) for 3 min at room temperature.
Cells were then washed three times and seeded at 5 X 10°/ml in 2-ml volumes per
well in 24-well plates. After overnight culture, 10° cells were then stimulated with
different LPS doses for various length of times as given below. The standard dose
of LPS was 1 pg/ml, and the standard time for stimulation was 4 h for luciferase
mRNA analysis and 6 h for luciferase protein analysis.

For cotransfection analysis, HEK 293 cells were seeded at 5 X 10° cells per
well in six-well plates (product no. 3506; Costar) and cultured overnight. Dupli-
cates of two wells each were then transfected by the calcium phosphate method
with luciferase reporter plasmid alone (0.5 pg), with luciferase reporter plasmid
plus 0.25 pg of RcCMVp65 (25) (kindly provided by P. A. Baeuerle, Freiburg,
Germany), or with luciferase reporter plasmid plus 0.25 pug of RcCMVp65 plus
either 2.5 ng of RcCMVp50 expression plasmid or 2.5 pg of RecCMV empty
expression plasmid. Cells were washed after 6 h, and reporter gene activity was
measured after 24 h.

Analysis of luciferase DNA and mRNA. The PCR procedure was performed
essentially as described elsewhere (33). In brief, pellets of 10° cells each were
lysed in 200 pl of RNAzol (WAK-Chemie, Bad Homburg, Germany). After
addition of chloroform-isoamyl alcohol (24:1, vol/vol) and centrifugation at
10,000 X g, the aqueous phase was harvested and plasmid DNA and mRNA were
isolated. This material was used directly for with 22 to 30 cycles of PCR with 5’
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FIG. 1. Induction of LPS tolerance in human Mono Mac 6 cells. Mono Mac
6 cells were precultured for 48 h with or without LPS (20 ng/ml), washed, and
stimulated with or without LPS at 1 pg/ml for 1 h (for mRNA determination) or
for 6 h (for protein analysis). Isolated RNA was reverse transcribed and ampli-
fied for a-enolase (32 cycles) and for TNF (34 cycles). Densitometry values for
TNF, corrected for enolase prevalence, were 17.8, 48.7, 9.1, and 17.4% for lanes
1 to 4. In an average of four experiments, —/+ cells (A, lane 2) gave a value of
58.4 * 16.9%, while for +/+ cells (lane 4) the value was 26.2 = 15.0% (P <
0.01). Assay of supernatants from the same experiment for TNF protein in the
WEHI 164/actinomycin D bioassay (B) gave values of <5 U/ml for all cultures
except the LPS-stimulated naive cells in lane 2, which produced 52.2 U/ml. In an
average of four experiments, —/+ cells (lane 2) gave 132.7 + 58.3 U/ml and +/+
cells (lane 4) gave 9.8 = 6.1 U/ml (P < 0.01).

TNF bioactivity (units/ml)

and 3’ primers that anneal to the plasmid DNA. For RT-PCR, the isolated
mRNA was reverse transcribed with oligo(dT) primers and murine leukemia
virus RT. The cDNA was then amplified for 34 to 40 cycles with the 3" primer
spanning the intron of the luciferase reporter gene (15). Products were separated
on 1.4% agarose gels containing ethidium bromide. Laser densitometry was used
to quantify Polaroid negative films, and the amount of luciferase mRNA was
expressed as the percentage of plasmid DNA signal.

Analysis of luciferase protein. Luciferase activity in cell lysates was determined
by using a model LB9501 luminometer (Berthold, Wildbad, Germany) and the
luciferase assay system (E1500) from Promega (Madison, Wis.).

Statistics. For statistical analysis, Student’s ¢ test (paired, log transformation)
was used.

RESULTS

TNF gene expression in LPS tolerance. Human monocytic
Mono Mac 6 cells in the absence of LPS produced little or no
TNF mRNA and protein (Fig. 1A, lane 1). Stimulation with
LPS at 1 pg/ml rapidly induced TNF mRNA within 1 h, and
TNF protein in the supernatant showed a strong increase at 6 h
(lane 2). When precultured with LPS at a low dose (20 ng/ml)
for 2 days, the cells produced little TNF mRNA and protein
without additional stimulation (lane 3); after stimulation with
LPS at 1 pg/ml, there was no substantial expression of the TNF
gene (lane 4). These data confirm earlier observations that the
Mono Mac 6 cells which are stimulated during preculture with
a low dose of LPS become tolerant to a second stimulation
with a high dose of LPS (11, 45).

Reporter gene mRNA analysis: LPS dose response. Previous
studies have shown that LPS tolerance is regulated at the level
of TNF transcription (45). In earlier studies we analyzed the
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FIG. 2. LPS dose dependence of human TNF promoter-directed mRNA
expression in Mono Mac 6 cells. Mono Mac 6 cells were transfected by DEAE-
dextran and after overnight culture were stimulated with different doses of LPS
for 4 h. RNA and plasmid DNA were isolated, and plasmid was amplified directly
from cell lysates with 22 PCR cycles; mRNA was reverse transcribed, and cDNA
was amplified by using one 5’ primer combined with one 3 transintron primer
(40 cycles). Products were separated on a 1.4% agarose gel (A). (B) Densitom-
etry values for mRNA, expressed as percentage of the plasmid DNA. Data are
representative of one experiment of five performed.
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human TNF promoter by using standard luciferase reporter
constructs (45). In the present study, we used reporter gene
constructs that contain a large 3’ intron which is spliced out
with maturation of the mRNA. By using a transintron primer,
the RNA for luciferase after reverse transcription can there-
fore be specifically amplified by PCR (15). Determination of
plasmid DNA with a 3" primer that anneals downstream of the
intron can then be used as an internal control to correct for
different levels of plasmid in different samples of an experi-
ment. When Mono Mac 6 cells were transfected with such TNF
promoter-directed luciferase reporter constructs, LPS stimula-
tion rapidly induced luciferase mRNA over a wide range of
LPS doses (Fig. 2). Doses as low as 1 ng/ml induced a signif-
icant response; in some experiments not shown, doses of 100
and even 10 pg of LPS/ml were sufficient to transactivate the
construct.

Analysis of the time course revealed an induction of lucif-
erase mRNA at 1 h, and an optimum response was seen at 4 h
(data not shown). The LPS dose of 1 pg/ml and the time point
of 4 h were therefore used for all further stimulation experi-
ments.

TNF promoter activity in LPS tolerance. For analysis of
TNF promoter activity, naive and tolerant Mono Mac 6 cells
were transfected with the pTNF-1064 luci-B promoter reporter
construct by using DEAE-dextran, precultured with or without
LPS at 20 ng/ml for 2 days, washed, and stimulated with LPS at
1 pg/ml for 4 h. LPS stimulation of the naive cells gave the
expected strong response for luciferase mRNA (26-fold acti-
vation compared to the unstimulated control [Fig. 3A, lane 2).
Cells precultured with LPS gave, however, only a minimal
(threefold) transactivation (lane 4). Determination of lucif-
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FIG. 3. TNF promoter activity in naive and LPS-tolerant Mono Mac 6 cells.
Mono Mac 6 cells were transfected, cultured for 2 days with or without LPS (20
ng/ml), washed, and stimulated with LPS at 1 ug/ml. RNA and plasmid DNA
were isolated; the plasmid DNA was amplified directly (30 cycles), while mRNA
was reverse transcribed and amplified by using the 3’ transintron primer together
with the 5" primer (40 cycles). Products were separated on a 1.4% agarose gel
(A). Densitometry values for mRNA are expressed as proportions of the plasmid
DNA are 2.5, 65.9, 7.6, and 24.0% for lanes 1 to 4. Cell samples from the same
experiment were taken for three freeze-thaw cycles, and luciferase enzyme ac-
tivity was determined in the lysates (B). Values for luciferase were 5,218, 98,742,
9,623, and 21,931 relative light units for lanes 1 to 4. Data are representative of
one experiment of three performed. The average fold induction for both mRNA
and protein was significantly lower in LPS-stimulated tolerant cells than in
LPS-stimulated naive cells. For mRNA, levels of induction were 39.8- and 4.4-
fold in naive and tolerant cells, respectively; for luciferase protein, they were
13.9- and 2.1-fold for naive and tolerant cells, respectively (P < 0.05 for both
mRNA and protein).

erase enzyme activity gave a similar pattern, with a high activity
in LPS-stimulated naive cells (19-fold induction compared to
the control [lane 2]), while tolerant cells showed only a mini-
mal (twofold) response (lane 4). These data indicate that trans-
activation of the human TNF promoter reflects the pattern of
response seen for expression of the endogenous TNF gene in
LPS-tolerant human Mono Mac 6 monocytes.

NF-kB activity in LPS tolerance. One crucial transcription
factor controlling expression of the TNF gene is NF-«kB (27, 30,
36, 42). Previous studies using a human immunodeficiency
virus long terminal repeat reporter construct had indicated
that function was reduced in LPS tolerance (45). We now have
analyzed the activity of a luciferase reporter construct that
contains a trimeric NF-kB binding motif (15). With this con-
struct, we obtained essentially the same pattern of results as
seen with the TNF promoter-directed reporter plasmid. Again
naive Mono Mac 6 cells gave a strong induction of luciferase
mRNA and protein after LPS stimulation (142- and 158-fold,
respectively [Fig. 4, lane 2). Tolerant cells showed only a min-
imal induction of mRNA after LPS stimulation (1.3-fold). Lu-
ciferase enzyme activity was still high in unstimulated tolerant
cells (lane 3), and fold induction compared to the unstimulated
precultured cells (lane 4) was reduced to 3.9-fold. These data
indicate that the reduced response of the human TNF pro-
moter seen in LPS-tolerant monocytic Mono Mac 6 cells may
be largely due to a reduced activity of the NF-kB transcription
factor complex.
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FIG. 4. Promoter activity of the 3X«B construct in naive and LPS-tolerant
Mono Mac 6 cells. Mono Mac 6 cells were transfected, cultured for 2 days with
or without LPS (20 ng/ml), washed, and stimulated with LPS at 1 pg/ml. RNA
and plasmid DNA were isolated; the plasmid DNA was amplified directly (27
cycles), while mRNA was reverse transcribed and amplified by using the 3’
transintron primer together with the 5’ primer (40 cycles). Products were sepa-
rated on a 1.4% agarose gel (A). Densitometry values for mRNA are expressed
as proportions of the plasmid DNA are 0.4, 56.7, 8.4, and 11.1% for lanes 1 to 4.
Cell samples from the same experiment were taken for three freeze-thaw cycles,
and luciferase enzyme activity was determined in the lysates (B). Values for
luciferase were 354, 55,743, 6,022, and 23,208 relative light units for lanes 1 to 4.
Data are representative of one experiment of three performed. The average fold
induction for mRNA was significantly lower in LPS-stimulated tolerant cells
(1.0-fold) compared to LPS-stimulated naive cells (81.8-fold; P < 0.01). The
reduction of fold induction at the protein level in tolerant cells was not significant
(P > 0.05).

Nuclear NF-kB proteins in LPS tolerance. Next we analyzed
the DNA binding activity for NF-kB in nuclear extracts of
naive and tolerant Mono Mac 6 cells. Similar to what had been
reported earlier (45), naive unstimulated cells showed a con-
stitutive high-mobility band (Fig. 5, lane 1); with LPS stimula-
tion, an additional low-mobility band was detected (lane 2). As
shown previously, the low-mobility upper band consisted of
p50-p65 heterodimers whereas the high-mobility lower band
consisted of p50-p50 homodimers. In LPS-stimulated cells
(lane 2), the p50-p65 band was clearly stronger (>2-fold) than
the p50-p50 band. In LPS-tolerant cells, there was a higher
intensity for the p50-p50 band even without secondary stimu-
lation (lane 3). With secondary stimulation there again was
mobilization of p50-p65, but p50-p50 predominated, the level
being twofold higher than that of p5S0-p65 (lane 4). These data
on DNA binding activity suggest that there is more p50 protein
in the nuclei of LPS-tolerant cells. To address this point di-
rectly, we analyzed by Western blotting the abundance of p65
and p50 in highly purified nuclei. Figure 6 (upper panel) dem-
onstrates an LPS-induced mobilization of p65 in tolerant cells
similar to what is seen in naive cells, which indicates that
tolerant cells still respond to LPS stimulation by mobilization
of NF-kB. Analysis of p5S0 revealed some constitutive p50 in
naive cells and a twofold increase after LPS stimulation (lower
panel, lanes 1 and 2). Cells precultured with LPS contain
higher amounts of p50 in the nuclei, and there was a further
twofold increase after stimulation with LPS (lower panel, lanes
3 and 4). In an average of three experiments, the intensity of
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FIG. 5. Increase of p5S0 homodimers in tolerant Mono Mac 6 cells. Mono
Mac 6 cells were cultured for 2 days with or without LPS (20 ng/ml), washed, and
stimulated with LPS at 1 wg/ml. Nuclear extracts were admixed with a double-
stranded radiolabeled probe representing the —605 motif of the human TNF
promoter; after separation under nondenaturing conditions, the dried polyacryl-
amide gel was exposed to an X-ray film. The lower band represents p50-p50; the
upper band represents p50-p65. Laser densitometry shows that the ratios of
p50-p65 to p50-pS0 are 2.44 in lane 2 and 0.44 in lane 4. Data are of one
experiment of three performed.

the p50 band in stimulated tolerant cells (lane 4) was threefold
higher than in stimulated naive cells (lane 2).
Overexpression of pS0 blocks the human TNF promoter.
The upregulated p50 protein in nuclear extracts of LPS-toler-
ant Mono Mac 6 cells suggests that p50 homodimers may bind
to DNA and block expression of the TNF gene. We therefore
examined whether overexpression of p50 can in fact block
transactivation of the TNF promoter-driven luciferase reporter
gene. For this, HEK 293 cells were transfected by calcium
phosphate coprecipitation with the TNF promoter reporter
plasmid plus a cytomegalovirus promoter-driven p65 expres-
sion plasmid. Figure 7 demonstrates that p65 can efficiently
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p65 - il
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FIG. 6. Increase of p50 protein in nuclei of tolerant Mono Mac 6 cells. Nuclei
were generated by Dounce homogenization in the presence of a protease inhib-
itor cocktail followed by purification over a sucrose gradient. Extracts were
separated by gel electrophoresis and blotted on nitrocellulose. Blots were stained
with an anti-p65 or anti-p50 antibody and developed by using ECL. In the upper
panel densitometry for p65 gave values of 3.0, 41.8, 6.2, and 44.9 for lanes 1 to
4, respectively (one of three experiments). The difference between lanes 3 and 4
was significant (P < 0.05). In the lower panel, densitometry for p50 gave values
of 2.6, 6.9, 10.6, and 24.3 arbitrary units for lanes 1 to 4, respectively (one of three
experiments). The difference between lanes 2 and 4 was significant (P < 0.05).
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FIG. 7. Effect of p5S0 overexpression on transactivation of the human TNF
promoter. HEK 293 cells were calcium phosphate transfected with 0.5 pg of
PTNF-1064 luci-B reporter plasmid and, as indicated with 0.25 pg of RecCMVp65
without or together with 2.5 ug of RecCMVp50 or RcCMV empty vector. Lucif-
erase mRNA and enzyme activity were measured after 24 h. Plasmid-corrected
mRNA values (A) were 3.0, 46.2, 21.9, and 103.3% for lanes 1 to 4; luciferase
enzyme activities (B) were 66,193, 2,708,986, 538,750, and 6,960,601 relative light
units for lanes 1 to 4. Data are representative of three and four experiments for
mRNA and protein, respectively. The average fold reduction by p5S0 compared to
empty plasmid was 6.1-fold for mRNA and 10.9-fold for enzyme activity (P <
0.01).

induce transcription from this construct, leading to high levels
of luciferase mRNA and protein (lane 2). Cotransfection of
p65 with an empty cytomegalovirus expression plasmid led to
some nonspecific enhancement of expression (lane 4); when
p65 was cotransfected with a p5S0 expression plasmid, however,
there was a strong suppression of transactivation (lane 3)
which on average was 6-fold for mRNA and 11-fold for enzyme
activity. These data demonstrate that high levels of p50 can
block transactivation of the human TNF promoter.

DISCUSSION

When monocytes are stimulated with LPS repeatedly, the
initially strong response is minimal such that only low amounts
of the proinflammatory cytokine TNF are produced. This LPS
tolerance can be considered a protective mechanism that pre-
vents damage to the body by avoiding excessive inflammation,
for instance, in sepsis patients (5, 23, 32).

LPS tolerance may be regulated at the translational (20) and
posttranslational (46) levels, but most studies have demon-
strated a decrease in transcripts for TNF in tolerant cells (11,
21, 31). In the present study, we have confirmed that LPS
tolerance in Mono Mac 6 cells accompanies a decreased level
of TNF protein and mRNA. We now have analyzed in this
system the regulation of the human TNF promoter by using a
luciferase reporter gene construct that allows for determina-
tion of luciferase mRNA (15).

The approach of looking at mRNA rather then at the en-
zyme activity of a reporter protein is advantagous since it
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directly analyzes the transcription product independent of reg-
ulatory effects that may influence luciferase protein activity
during or after translation. In fact, in some instances (e.g., Fig.
4) the analysis of mRNA gave a clearer pattern of results.

In Mono Mac 6 cells transfected with such constructs, trans-
activation can occur at low levels of LPS. For the pTNF-1064
luci-B reporter plasmid, for instance, 1 ng of LPS/ml will give
a good response, but in some experiments responses were
noted at even the lower level of 10 pg/ml. Also, when the
3XkB.luc construct was used, LPS levels of 10 to 100 pg/ml
induced significant reporter gene activity (data not shown).

These data on behavior of the TNF promoter in LPS toler-
ance are consistent with earlier work (45). Much of the activity
of the TNF promoter is controlled by the transcription factor
NF-«kB (27, 30, 42). For the human promoter, sites at —605 and
—97 have been implicated (30, 36, 42). To further analyze a
possible contribution of NF-kB to LPS tolerance, we have
analyzed the activity of an artificial construct that contains a
trimeric NF-kB motif (15). In tolerant cells this construct
showed strongly reduced LPS-induced transactivation (Fig. 4),
further indicating that LPS tolerance goes along with a re-
duced transactivating activity of the NF-kB complex.

The human TNF promoter is controlled by additional tran-
scription factors such as C/EBP (25, 32), but we found no
change in DNA binding activity for C/EBP in LPS-tolerant
Mono Mac 6 cells (unpublished data). In earlier work, we
noted that LPS-tolerant Mono Mac 6 cells upregulate p50 of
NF-kB such that there is a predominance of p50 homodimers
(45). The same phenomenon has been demonstrated for pri-
mary human monocytes (39) and in the mouse macrophage
cell line P388 (41). In gel shift analyses, these p5S0 homodimers
are detectable only when a DNA binding motif with three
cytosines at the 3’ end, leading to a DNA sequence that is
partially palindromic, is used (8). In the present study, we
extend the finding of upregulated p50 by demonstrating with
Western blotting a threefold increase of p50 protein in nuclei
of tolerant cells compared to naive cells.

The p50 NF-kB protein lacks a transactivation domain, and
pS0-pS0 homodimers when bound to DNA cannot transacti-
vate but instead block access of transactivating complexes like
p50-p65. This will then result in a blockade of gene expression.
Consistent with this scenario overexpression of p50 has been
shown to downregulate the human immunodeficiency virus
long terminal repeat and the IL-2 promoter (9, 14). As shown
in the present report, overexpression of p5S0 in HEK 293 cells
results in a strong reduction of transactivation of the pTNF-
1064 luci-B reporter plasmid (Fig. 7). These data demonstrate
for the first time that overexpression of pS0 can, in fact, block
activity of the human TNF promoter. The results support our
concept that the upregulated p50 may be instrumental in LPS
tolerance.

This conclusion is consistent with findings of Goldring et al.,
who analyzed the murine inducible nitric oxide synthase pro-
moter by in vivo footprinting (10). In these analyses, the
NF-«B sites were found occupied in LPS-tolerized murine
macrophages. The LPS-tolerized cells also show a strong in-
crease of a p50-p50 complex without secondary stimulation,
suggesting that these homodimers occupy the NF-kB sites of
the inducible nitric oxide synthase gene. The data suggest that
upon secondary stimulation, the homodimers prevent access of
p65-containing heterodimers and thereby block transactiva-
tion.

With respect to stimulation by superantigen and by TNF, an
upregulation of p50 of NF-kB has been noted in other cellular
systems of tolerance (18, 28), suggesting that the mechanism of
pS0-mediated blockade of gene expression may have a more
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general importance. On the other hand, LPS tolerance in other
systems involving brief periods of primary LPS exposure may
be due to a blockade that is located further upstream in the
signalling cascade such that elements like IkB kinases are not
activated at all (16). Also, it has been reported that in LPS-
tolerant rat cells, all of the NF-kB mobilization is blocked
because of a depletion of p5S0 and p65 in the cytosol (1). Still,
data on LPS tolerance in rat macrophages may not necessarily
translate directly into the human system. In the rat, G proteins
are altered in LPS tolerance (2), while no such alterations are
detected in human cells (4).

Consistent with our concept, LaRue and McCall (19) noted
that in LPS-tolerant human monocytic cells IkB degradation
still occurred, suggesting that NF-kB can still be mobilized.
While there are several mechanisms that may control TNF
gene expression in LPS tolerance, previous studies and the
present report demonstrate a role for upregulated p50 in
blocking TNF transcription.
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