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Abstract: Tumor necrosis factor-alpha (TNF-0.) is a central mediator of inflammatory responses
elicited by Toll-like receptor agonists, such as the Gram-negative bacterial outer membrane
antigen lipopolysaccharide (LPS). TNF-a is responsible for altering vascular permeability and
activating infiltrating inflammatory cells, such as monocytes and neutrophils. Interestingly,
TNF-a has also demonstrated the ability to induce tolerance to subsequent challenges with
TNF-o or LPS in monocyte and macrophage cell populations. Tolerance is characterized
by the inability to mount a typical inflammatory response during subsequent challenges fol-
lowing the initial exposure to an inflammatory mediator such as LPS. The ability of TNF-o.
to induce a tolerant-like state with regard to LPS is most likely a regulatory mechanism to
prevent excessive inflammation. We hypothesized that the induction of tolerance or the degree
of tolerance is dependent upon the production of TNF-o. during the primary response to LPS.
To investigate TNF-a-dependent tolerance, human monocytic THP-1 cells were treated with
TNF-a-neutralizing antibodies or antagonistic TNF-o receptor antibodies before primary LPS
stimulation and then monitored for the production of TNF-o during the primary and challenge
stimulation. During the primary stimulation, anti-TNF-o treatment effectively attenuated the
production of TNF-o and interleukin-1[; however, this reduced production did not impact the
induction of endotoxin tolerance. These results demonstrate that interfering with TNF-o: signaling
attenuates production of inflammatory cytokines without affecting the induction of tolerance.
Keywords: endotoxin tolerance, lipopolysaccharide, tumor necrosis factor-alpha, anti-tumor
necrosis factor-alpha, THP-1 cells

Introduction
The endotoxin tolerance phenomenon is defined by an attenuated production of inflam-
matory mediators during subsequent challenges following the initial exposure to the
lipopolysaccharide (LPS) of Gram-negative bacteria. Endotoxin tolerance is a suppres-
sive immunological state that effectively regulates excessive production of inflammatory
cytokines and mediators during a Gram-negative bacterial infection. The induction of
tolerance has predominantly been observed and studied in monocytes and macrophages,
which are the primary cells involved in microbial inflammatory responses.!? In vivo
endotoxin tolerance can be induced by sublethal LPS administration that reduces morbid-
ity and mortality during subsequent lethal challenges with endotoxin or Gram-negative
bacteria.*# In addition, tolerant macrophages demonstrate increased phagocytic activity,
which enhances the clearance of the microbial pathogen.’

Monocytes and macrophages are activated by LPS following recognition of the anti-
gen by the germ-line encoded Toll-like receptor 4 (TLR4) which initiates an intracellular
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signaling cascade that activates the transcription factor nuclear
factor-kappa B (NF-xB).® NF-kB is responsible for the tran-
scription of many of the inflammatory mediators involved in
host resistance to Gram-negative bacterial infection.”® The
potent cytokine tumor necrosis factor-alpha (TNF-av) is a well
established mediator of inflammation capable of activating
endothelial vascular permeability changes and promoting
infiltration of inflammatory cells at the sites of infection.*!
Similar to LPS, TNF-o: signaling activates NF-kB!! to induce
production of inflammatory cytokines.'>"* TNF-o. signals
through two receptors, TNFRI and TNFRII, and it has been
demonstrated that this interaction is involved in cell survival,
apoptosis, vascular permeability, and promoting the inflam-
matory response.'** Monitoring the production of TNF-o has
been used extensively as an indicator of endotoxin tolerance,
because the TNF-a response during subsequent challenges
is attenuated.

During a Gram-negative bacterial infection, LPS recog-
nized by TLR4 activates NF-xB;" the activated transcrip-
tion factor then translocates into the nucleus to promote the
transcription of genes coding for a variety of inflammatory
mediators, including TNF-o.. TNF-oo mRNA is translated
and the secreted TNF-o protein signals back on the respond-
ing cell to stabilize and amplify NF-xB gene expression.'®
If expression of the TNF-o. receptors is knocked down by
RNA interference during stimulation of LPS, production of
TNF-a protein is suppressed.'” These reports indicate that
TNF-o can amplify its own expression through an autocrine
amplification loop.!® However, this TNF-a amplification
system may be involved in excessive production of the
inflammatory cytokine if unregulated. Interestingly, many
of the LPS-induced pathophysiological consequences are
associated with the damage caused by TNF-a..!%% In severe
sepsis or septic shock induced by Gram-negative bacteria,
the most debilitating pathologies are directly related to the
functions of TNF-a, such as hypotension, cell death, tissue
damage, and multiple organ dysfunction syndrome.*'~>> Due
to the adverse effects of excessive TNF-o production during
a systemic inflammatory response to bacterial infection, there
have been numerous attempts to impede severe sepsis and
septic shock with anti-TNF-o treatments.?*** Unfortunately,
this approach has not demonstrated efficacy in clinical trials,
and the use of anti-TNF-o. therapy in severe sepsis or septic
shock has almost been abandoned.*'~*3 A major side effect of
using anti-TNF-o treatments is the immunosuppressive state
that leaves the host vulnerable to subsequent infections.*

In addition to amplifying the inflammatory response, anti-
inflammatory effects have been associated with TNF-o1.353

Probably the most important anti-inflammatory effect of
TNF-a is the ability to induce a tolerant-like state in which
the host is hyporesponsive to subsequent challenges with
TNF-o or LPS.3" In 1998, Fraker et al demonstrated that
sublethal TNF-o treatment could protect rats from lethal
TNF-o administration, similar to the effects of sublethal LPS
treatment and endotoxin tolerance.’” Fahmi and Chaby deter-
mined that LPS was not necessary to induce tolerance, but
that culture supernatant from LPS-stimulated macrophages
could induce a hyporesponsive state in naive macrophages
after the LPS was removed from the culture.’® In addition,
demonstrating that TNF-o. could induce tolerance to subse-
quent TNF-o stimulations, Ferlito et al designed an experi-
mental system to investigate cross-tolerance between TNF-o
and LPS.* They demonstrated that human monocytic THP-1
cells treated with TNF-o were refractory to subsequent chal-
lenges with TNF-o or LPS, and that LPS induced tolerance
to TNF-o or LPS challenges. In 2011, Park et al suggested a
molecular mechanism for TNF-o-induced tolerance to sub-
sequent LPS challenges.*’ The fact that TNF-o production
is critical to activating the inflammatory response to LPS,
but can also induce a tolerant state, provided an opportunity
to investigate the hypothesis that TNF-o production and
autocrine signaling alone was responsible for induction of
tolerance to LPS.

We treated human monocytic THP-1 cells with soluble
TNF-o-neutralizing antibodies and/or antagonistic TNF-o
receptor antibodies prior to stimulation with LPS and
monitored the production of TNF-o and interleukin (IL)-1j3.
Treatment with the antibodies significantly attenuated
production of the proinflammatory cytokines during the
primary LPS response. However, when these same cells
were challenged with another LPS stimulation, tolerance
was induced even when TNF-o signaling was impaired.
These results suggest that TNF-o. production and autocrine
signaling are not responsible for induction of LPS tolerance,
and that LPS signaling activates the regulatory mechanisms
involved in attenuating the inflammatory response to sub-
sequent challenges.

Materials and methods

Cell culture

Human monocytic THP-1 cells were acquired from the
American Tissue Culture Collection (Manassas, VA, USA)
and grown in Roswell Park Memorial Institute medium
with L-glutamine (HyClone, Thermo Fisher Scientific,
Waltham, MA, USA; Cat#10-040-CM) containing 10% heat-
inactivated fetal bovine serum (HyClone; Cat#SH30071.03),
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100 U/mL penicillin, 100 pg/mL streptomycin (HyClone;
Cat# SV30010), 25 mM HEPES (Thermo Fisher Scientific;
Cat# BP299-500), and B-mercaptoethanol (1 mL per
L medium, Gibco, Life Technologies, Carlsbad, CA, USA;
Cat#21985-023).

TNF-o treatment

THP-1 cells (2.5x10°) were stimulated with human
recombinant TNF-o (BioLegend, San Diego, CA, USA;
Cat#570109) for 8 hours at 37°C with 5.0% CO,. Following
initial stimulation, the cells were washed twice with
prewarmed sterile phosphate-buffered saline and resus-
pended with 100 ng/mL of purified LPS from Escherichia
coli ([0111:B4], Sigma-Aldrich, St Louis, MO, USA;
Cat#L.4391) for 2 hours at 37°C. The supernatants were
collected for cytokine analysis. Each experiment was
repeated at least two times.

TNF-o or LPS-induced tolerance

THP-1 cells (2.5x10°) were stimulated with 1 ng/mL of
human recombinant TNF-o. or 100 ng/mL of purified LPS
from E. coli for 2 hours at 37°C with 5.0% CO,. Following
initial stimulation, the cells were washed twice with pre-
warmed sterile phosphate-buffered saline and resuspended
with fresh prewarmed complete medium. Cell culture
supernatants were collected and the cells were resuspended
in fresh prewarmed medium every 2 hours for 14 hours. At
16 hours, the THP-1 cells were challenged with 1 ng/mL
human recombinant TNF-o or 100 ng/mL LPS for 2 hours.
The supernatants were collected for cytokine analysis. Each
experiment was repeated at least two times.

Anti-TNF-o or anti-TNF-o

receptor treatment

THP-1 cells (2.5x10%) were treated with 25 pg/mL soluble
TNF-o-neutralizing antibody (BioLegend, Cat#502922) or 10
pug/mL of each anti-TNF-o receptor I (R&D Systems, Min-
neapolis, MN, USA; Cat#MAB625) and II (R&D Systems,
Cat# MAB726) antibodies for one hour; the cells were then
stimulated with 1 ng/mL human recombinant TNF-o or 100
ng/mL of purified LPS. The concentration of antibodies used
to neutralize the soluble TNF-a or inhibit the receptors was
determined by stimulating THP-1 cells with 1 ng/mL of
recombinant TNF-ot in the presence of varying concentrations
of each antibody. In addition, a mouse IgG1 isotype control
antibody (BioLegend, Cat#400124) was used as a negative
control and resulted in identical results as the no antibody
control. Following initial stimulation, the cells were washed

twice with prewarmed sterile phosphate-buffered saline and
resuspended with fresh prewarmed complete medium for
2 hours. The cell culture supernatant was removed and fresh
pre-warmed complete media was added every 2 hours for the
next 14 hours. At 16 hours, the THP-1 cells were challenged
with a 100 ng/mL LPS dose for 2 hours. The supernatants
were collected for cytokine analysis. Each experiment was
repeated at least two times.

TNF-o and IL-13 ELISA

The THP-1 cell culture supernatants were harvested and
stored at —30°C until analysis by enzyme-linked immuno-
sorbent assay (ELISA). The supernatants were analyzed
for TNF-o or IL-1P protein secretion using BioLegend
ELISAMax kits (human TNF-o,, Cat#78402; human IL-1j3,
Cat#437005). The analysis was carried out following the
manufacturer’s instructions. Samples were analyzed in
duplicate.

Statistical analysis

Data represented as the mean * standard deviation of at least
two assessments. The Student’s #-test (P<<0.05) was used to
test for statistical significance.

Results
TNF-o treatment attenuates
response to LPS in THP-1 cells

The inflammatory cytokine TNF-o has been demonstrated
to induce a tolerant-like state in monocytes and mac-
rophages on subsequent challenges with TNF-¢, or LPS 3740
In our model, human monocytic THP-1 cells were treated
with recombinant human TNF-a for 8 hours before being
stimulated with 100 ng/mL LPS from E. coli for an addi-
tional 2 hours. Exogenous TNF-o stimulation caused a
dose-dependent endogenous TNF-a response, and for most
concentrations produced more than double the amount of
TNF-o used for stimulation (Figure 1A). These results are
in line with previous investigations demonstrating an auto-
crine TNF-o amplification loop.'® Following treatment with
TNF-a., the THP-1 cells were washed and stimulated with
LPS. An attenuation of TNF-o production was observed
that correlated with the concentration of TNF-o. used dur-
ing treatment (Figure 1B). The reduced TNF-a response to
LPS was significant for treatment with 250 pg/mL TNF-c,
and at concentrations =500 pg/mL, the THP-1 cells were
nonresponsive to LPS stimulation. These data demonstrate
that a tolerant-like state is induced in THP-1 cells when they
are treated with exogenous TNF-c.
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Figure | Pretreatment with exogenous TNF-o. attenuates the endogenous TNF-o. response to lipopolysaccharide.

Notes: Exogenous TNF-o. induces production of endogenous TNF-o in a dose-dependent manner (A). In cells pretreated with various concentrations of TNF-0, the
subsequent production of TNF-o. protein in response to lipopolysaccharide is attenuated in a dose-dependent manner (B). Data are representative of the mean * standard
deviation of two independent experiments analyzed in triplicate. Statistically significant compared with no TNF-o pretreatment control (P<<0.05, Student’s t-test).

Abbreviation: TNF-0, tumor necrosis factor-alpha.

Because TNF-o induces production of TNF-a., we wanted
to determine if treatment with exogenous TNF-ov displays
a kinetic profile similar to that of LPS in THP-1 cells.
THP-1 cells were stimulated with 1 ng/mL human TNF-o
or 100 ng/mL LPS for 2 hours. After the initial 2 hours of
stimulation, the supernatants were collected, and the cells were
washed and resuspended in fresh medium. Supernatants were

collected and fresh medium was added every 2 hours up to
16 hours. Following collection at 16 hours, the stimulated
THP-1 cells were challenged with either | ng/mL TNF-o. or
100 ng/mL LPS for an additional 2 hours. Stimulation with
LPS or TNF-o induced a transient production of TNF-o. dur-
ing the first 6 hours, and by 8 hours the THP-1 cells were no
longer secreting TNF-o. (Figure 2A and B). During subsequent
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Figure 2 Exogenous TNF-o induces tolerance to subsequent TNF-o and LPS
challenges.

Notes: THP-1 cells were stimulated with TNF-o. (A, black bars) or LPS
(B, striped bars) for 2 hours at which point they were washed and incubated with
fresh medium for 14 hours before being challenged with TNF-o. or LPS for 2 hours
(C, black bars: primary stimulation TNF-0;; striped bars: primary stimulation LPS).
The nominal concentration of exogenous TNF-o. was subtracted when preparing
this graph. TNF-a. or LPS induced tolerance to challenges from either stimulus.
Data are representative of the mean + standard deviation of two independent
experiments analyzed in duplicate. Statistically significant compared with primary
stimulations (*P<<0.05, Student’s t-test).

Abbreviations: TNF-o, tumor necrosis factor-alpha; LPS, lipopolysaccharide.

challenge with either TNF-co. or LPS following collection at
16 hours, both the LPS-treated and TNF-o-treated THP-1
cells displayed an attenuated response to either challenge,
indicating that treatment with TNF-o induced tolerance to
itself and cross-tolerance with LPS (Figure 2C).

Anti-TNF-a or anti-TNF-o receptor
antibodies impair the primary LPS-
induced inflammatory response
We have demonstrated that exogenous TNF-o stimulation can
induce the production of endogenous TNF-o. and generate
a tolerant-like state upon subsequent challenges. To investi-
gate the involvement of TNF-o signaling and an autocrine
amplification loop in endotoxin tolerance, we treated THP-1
cells with antibodies that neutralized the soluble TNF-a.
cytokine and/or antagonize TNF-a receptors at the time when
they were stimulated with 100 ng/mL LPS for 2 hours. The
concentration of neutralizing TNF-o. and TNF-o receptor
antagonist antibodies needed to inhibit production of TNF-c.
was determined by titration of each antibody and stimulating
with LPS (data not shown). In the presence of the soluble
TNF-o neutralizing antibody, the levels of TNF-o detectable
by ELISA were less than 95% of the TNF-c. observed by the
no antibody control following LPS stimulation. The neutral-
izing antibody was effective at reducing detectable levels of
the LPS-induced TNF-o response; however, this experimental
condition does not demonstrate how much of the overall
TNF-a production is due to TNF-o autocrine signaling. To
determine the production of TNF-o dependent on TNF-o
autocrine signaling, THP-1 cells were treated with anti-
TNF-a receptor antibodies prior to LPS stimulation, which
would induce TNF-a production in response to LPS but
would not allow TNF-o: to signal through the receptors. In the
presence of antagonist antibodies to TNF-o receptor 1 (p55)
and TNF-o receptor 2 (p75), THP-1 cells generated approxi-
mately 30% of the TNF-a. produced in the cells that were not
treated with antibodies (Figure 3A, 3,014.43+157.90 pg/mL
TNF-a [no antibody] versus 1,056.18%+200.32 pg/mL TNF-o
[anti-TNF receptor antibodies]). These results suggest that
the TNF-ou autocrine amplification loop accounts for more
than 60% of the TNF-o. produced in response to LPS. Both
approaches used to impair TNF-o signaling were effective
at attenuating overall production of TNF-o.

TNF-o signaling through NF-«B can induce production
of other inflammatory cytokines, such as IL-1J and IL-6."
Therefore, we wanted to determine if the impaired TNF-o
response would affect the production of other proinflamma-
tory mediators. We investigated IL-1p, as it is known to be
induced by LPS stimulation,*** and has been implicated in
chronic inflammatory disorders and as a therapeutic target for
many noninfectious inflammatory conditions.* Inhibition of
TNF-a signaling by neutralizing and antagonist antibodies
significantly attenuated production of IL-1f3 in THP-1 cells
following stimulation with LPS (Figure 3B). These results
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Figure 3 Neutralizing soluble TNF-0 and antagonistic TNF-o. receptor antibodies
impair the production of proinflammatory mediators in LPS-stimulated THP-1 cells.
Notes: The concentration of TNF-o. detected from LPS-stimulated THP-I treated
with anti-TNF-a or TNF-o. receptor antibodies was significantly attenuated (A).
In addition, impairing TNF-o. signaling attenuated the production of the
proinflammatory cytokine, IL-IB (B). These data suggest that TNF-o signaling plays
a prominent role in the induction of other proinflammatory mediators during LPS
stimulation. Data representative of mean + standard deviation of two independent
experiments analyzed in duplicate. Statistically significant compared with no antibody
controls (*P<<0.05, Student’s t-test).

Abbreviations: TNF-¢, tumor necrosis factor-alpha; TNFR 1/Il, tumor necrosis
factor receptor | and II; LPS, lipopolysaccharide; IL- 1B, interleukin-1f3.

suggest that impairing TNF-o. production and autocrine
signaling attenuates the production of other proinflamma-
tory mediators. The impact of impairing TNF-o. signaling on
other proinflammatory mediators should be considered when
administering anti-TNF-o treatment for acute and chronic
inflammatory responses.*

Induction of tolerance during

TNF-a signaling inhibition

We have demonstrated that TNF-o can induce a tolerant-like
state in THP-1 cells (Figures 1 and 2). We hypothesized that
limiting the production of TNF-a and inhibiting TNF-o.
autocrine signaling during the primary stimulation would
reduce the degree of endotoxin tolerance induced by LPS.
THP-1 cells were treated with anti-TNF-o or anti-TNF-o.
receptor antibodies and then stimulated with 100 ng/mL

LPS or 1 ng/mL recombinant human TNF-o for 2 hours.
The THP-1 cells were washed and fresh medium was added
every 2 hours for 14 hours before the cells were challenged
with the same stimulating dose of LPS. Production of TNF-o
was measured after the subsequent challenge to determine
if the THP-1 cells were still refractory even when the initial
TNF-a response was inhibited by the soluble TNF-a-
neutralizing antibody or anti-TNF-o receptor antibodies.
Even in the presence of anti-TNF-o or anti-TNF-o receptor
antibodies during the primary LPS stimulation, induction
of tolerance to LPS challenge was observed (Figure 4A). To
ensure that the anti-TNF-o. or anti-TNF-o. receptor antibodies
that were added before the primary stimulation were still not
inhibiting production of TNF-a, a set of THP-1 cells were
treated with the antibodies but were not stimulated during the
primary 0-2 hours of stimulation. Following the subsequent
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Figure 4 Neutralizing soluble TNF-ot and antagonist TNF-o. receptor antibodies do
not attenuate the induction of LPS tolerance in THP-1 cells.

Notes: The concentration of TNF-o: detected from LPS-stimulated THP-| treated
with anti-TNF-0. or anti-TNF-o receptor antibodies was significantly attenuated
during the primary LPS stimulation (A, striped bars). Impairing TNF-ou signaling
during the primary stimulation did not result in a reduced degree of tolerance
(A, black bars). There were no lingering effects of the antibodies added during the
primary stimulation as both control cells (B, white bars) and TNF-o-stimulated
cells (B, black bars) did not display tolerance when challenged with LPS. Data are
representative of the mean + standard deviation of two independent experiments
analyzed in duplicate. Statistically significant when compared with no antibody
controls (*P<<0.05, Student’s t-test).

Abbreviations: TNF-o, tumor necrosis factor-alpha; TNFR I/1l, tumor necrosis
factor receptor | and II; LPS, lipopolysaccharide.
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LPS challenge (Figure 4B, white bars), the antibody-treated
control cells responded as expected to the LPS challenge,
indicating that there were no lingering effects of anti-TNF-o
or anti-TNF-o receptor antibodies from the primary stimula-
tion. In addition, we stimulated THP-1 cells with recombi-
nant TNF-a in the presence of anti-TNF-o and anti-TNF-o
receptors and challenged with LPS to demonstrate that the
neutralizing and antagonist antibodies were blocking TNF-o
signaling. Under these experimental conditions, recombinant
TNF-o did not induce tolerance to LPS in the presence of
anti-TNF-o and anti-TNF-o receptor antibodies during the
primary TNF-o stimulation (Figure 4B, black bars). These
data suggest that LPS signaling alone activates the downregu-
latory mechanisms involved in controlling the inflammatory
response, independent of TNF-ot autocrine signaling. Induc-
tion of tolerance is desired during a systemic inflammatory
response; however, these results provide insight into why
anti-TNF-a treatment increases the risk of serious infection
in chronic inflammatory conditions.*

Discussion
Elevated levels of proinflammatory cytokines such as TNF-q,
IL-1B, and IL-6 are typically observed in patients with
sepsis.!** Excessive production of these mediators has
been associated with the immunopathogenesis of sepsis
and other chronic inflammatory conditions. An extensive
amount of research has focused on developing treatments
to attenuate the production and functions of the inflamma-
tory cytokine TNF-c.. There have been several attempts to
lower TNF-o concentrations and alleviate the detrimental
effects of excessive production using anti-TNF-a treatment
in a variety of inflammatory disorders.***® Unfortunately,
anti-TNF-a therapy has not been successful when used for
severe sepsis and septic shock.’'* We believe these drugs
are administered too late, and that the damage has already
been done. Our data also demonstrate that the inflammatory
response to LPS stimulation is attenuated in the presence
of anti-TNF-o antibodies, but endotoxin tolerance is still
induced. These events allow the pathogen to proliferate and
increase the risk of septicemia because the immune cells are
hyporesponsive to subsequent challenges.

The phenomenon of endotoxin tolerance is defined by
a diminished production of inflammatory mediators during
subsequent challenges following the initial exposure to endo-
toxin. Endotoxin tolerance is also a very important function
during systemic infections, because this is the immune sys-
tem’s attempt to regulate an excessive inflammatory response.
Induction of tolerance can be extended to several TLR

agonists® as well as the inflammatory mediator TNF-o..*
TNF-o is the central inflammatory cytokine produced by
most infections, and the recognition that it can induce toler-
ance made us consider the possibility that TNF-a. is respon-
sible for induction of tolerance.

Using the human monocytic THP-1 endotoxin tolerance
model, we investigated the hypothesis that TNF-o. is the criti-
cal mediator inducing tolerance following LPS stimulation.
We treated THP-1 cells with anti-TNF-o or anti-TNF-o.
receptor antibodies prior to stimulating them with LPS. In
the presence of these antibodies, the initial production of
TNF-o was significantly attenuated. In addition, inhibition
of the TNF-a signaling cascade impaired the production of
IL-1p (Figure 4). After the initial LPS stimulation, the anti-
TNF-o-treated cells were allowed to recover for 14 hours
before being challenged with LPS to determine if blocking
TNF-o production reduced the degree of tolerance. However,
production of TNF-o was still attenuated during the challenge
response, indicating that the downregulatory mechanisms
involved in tolerance are expressed without the influence of
TNF-o autocrine signaling. These results may seem contra-
dictory to the conclusion reached by Park et al that the LPS
tolerance induced by TNF-a is TNF-o-dependent via activa-
tion of glycogen synthase kinase-3.** However, this study*
actually demonstrates that deubiquitinase A20 is critical
to the suppressed response following treatment with LPS.
Recently, Li et al demonstrated that LPS increases A20 levels
by generation of reactive oxygen species and that increased
expression is a component of the endotoxin tolerance.>! The
study by Li et al did not stimulate macrophages in the pres-
ence of reagents capable of impairing TNF-o production
and signaling, so it is possible that LPS-induced production
of TNF-o ultimately elevated the A20 levels and attenuated
the inflammatory response to subsequent challenges. Our
results demonstrate that tolerance can still be induced even
when TNF-o production and signaling is inhibited, indicating
that LPS is capable of activating the regulatory mediators.
It will be important to assess LPS or TNF-o. expression
patterns of the biochemical mediators involved in control-
ling the inflammatory response to subsequent challenges.
The results of these experiments would provide information
regarding which stimulus induces the expression of specific
regulatory mediators.

Conclusion

In this study we have demonstrated that although TNF-o. auto-
crine signaling enhances its own production, such signaling is not
required for LPS-induced tolerance. Survival in Gram-negative
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bacterial infections requires the production of inflammatory
mediators like TNF-o.. However, excessive production can lead
to septic shock and death, while insufficient production can lead
to overwhelming bacteremia and death. A better understanding
of the regulation of endotoxin tolerance will allow therapeutic
interventions that balance the production of inflammatory
mediators like TNF-o and their necessary control.
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