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Abstract
Pulmonary LPS exposure plays a key role in exacerbation of lung diseases such as chronic
obstructive pulmonary disease and asthma. However, little is known about the effects of repeated
LPS exposure in the lung microenvironment. We have developed a novel murine model of
pulmonary LPS tolerance induced by intratracheal (i.t.) administration of LPS. First, we show that
pulmonary LPS exposure does not induce whole-body refractoriness to systemic LPS, because i.t.
administration followed by i.p. administration did not decrease plasma TNF-α. However, a local
refractory state can be induced with two i.t. LPS exposures. Pulmonary LPS tolerance was induced
by i.t. administration of 100 ng LPS at time 0 and 48 h. Nontolerant mice received PBS at time 0
and LPS at 48 h. Bronchoalveolar lavage levels of TNF-α were significantly attenuated in tolerant
mice vs nontolerant mice (1597 pg/ml vs 7261 pg/ml). TNF-α mRNA was significantly reduced in
bronchoalveolar lavage cells (5-fold) and lung tissue (10-fold). No reduction was seen in
neutrophil numbers in the bronchoalveolar lavage fluid, myeloperoxidase activity, or expression of
neutrophil chemoattractants CXCL1 and CXCL2, reflecting the specificity of the response. The
reduction in TNF-α was accompanied by a significant increase in soluble receptors, TNF-SRI
(159 pg/ml vs 206 pg/ml) and TNF-SRII (1366 pg/m vs 2695 pg/ml). In conclusion, pulmonary
LPS tolerance results in a specific reduction in TNF-α expression, while the neutrophilic response
is unaffected. This response may be a mechanism to limit tissue damage by reducing TNF-α
levels, while still maintaining the antimicrobial capacity of the lung.

LPS is the glycolipid component of the cell membrane of Gram-negative bacteria. It is a
potent inducer of the innate immune response and signals through the pattern recognition
receptor TLR-4 (1). Recognition of LPS by various cell types results in the production of
proinflammatory cytokines such as TNF-α and IL-6, as well as the neutrophil
chemoattractants KC (CXCL1) and MIP-2 (CXCL2) (2). Although quick recognition of
pathogens is indispensable to the host, excessive inflammation in response to prolonged
exposure can prove detrimental (3, 4). As such, compensatory mechanisms to avoid
excessive inflammation and organ damage have developed. LPS tolerance represents one
such method (5).

LPS tolerance is characterized by a refractoriness to LPS induced by prior LPS exposure.
Previous sublethal LPS exposure can confer protection against lethal doses of LPS, as well
as protection from septic shock and systemic bacterial infections (6–8). This phenomenon
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has been shown to be largely mediated by monocytes and macrophages, however the
involvement of other cell types has not been excluded (9–11). Restimulation of peritoneal
exudate macrophages pre-exposed to LPS shows significant reductions in production of
TNF-α protein and mRNA (12, 13). Impairment of cytokine production has also been
demonstrated in ex vivo-stimulated blood of septic patients (14).

Although its relevance to systemic infection and the involvement of monocytes is clear, little
is known about the role LPS tolerance plays in local microenvironment contact with low
dose LPS, such as in the lung. This is especially important given the lung’s constant
exposure to various potentially pathogenic materials, which results in tight regulation of
pulmonary immune responses (15, 16). Pulmonary LPS exposure has been linked to various
adverse conditions, including persistent inflammation, wheezing, and shortness of breath,
and has also been linked to asthma severity. Interestingly, LPS inhalation has been shown to
both protect and exacerbate allergic asthma (17–19). To date, LPS tolerance has been
characterized mainly as it pertains to septic shock, focusing on individual cell populations,
mainly monocytes and macrophages. Characterization of the manner in which LPS tolerance
modulates to local immune environment is crucial to determine how the host limits organ
injury to LPS exposure without inducing immunosuppression.

Materials and Methods
Animals

Female BALB/c mice, 9–12 wk old were purchased from The Jackson Laboratory and
maintained under standard laboratory conditions. The mice were housed in a temperature
and humidity controlled room with 12 h light/dark cycles and allowed food and water ad
libitum. All experiments were performed according to the National Institutes of Health
guidelines and were approved by the Boston University Institutional Animal Care and Use
Committee.

Induction of acute LPS tolerance
Mice were given PBS or 100 ng Escherichia coli LPS O5:B111 (Sigma-Aldrich, cat. no.
62325) in a total volume of 50 μl by direct intratracheal challenge under isofluorane
anesthesia (20). In brief, mice were lightly anesthetized and suspended by their front incisors
on a vertical board. Their tails were taped down to support the body weight. The tongue was
gently extended and the liquid was placed at the base of the oropharynx so that it was
inhaled. Mice received the second challenge of either PBS or 100 ng LPS 48 h later.
Animals were sacrificed at various timepoints thereafter as indicated in the figure legends.
To determine whether systemic tolerance was induced, mice received an intratracheal
challenge of PBS or 100 ng LPS at time 0. They were then injected i.p. with 100 ng LPS in
100 μL PBS at 48 h. Blood was collected from the facial vein at the times indicated in the
figure legend. EDTA plasma was collected and assayed by ELISA for TNF-α and IL-6.

Bronchoalveolar lavage and lung homogenate preparation
Mice were euthanized by cervical dislocation. For bronchoalveolar lavage (BAL),3 the
trachea was cannulated and the lung was lavaged with 2, 1 ml aliquots of warm HBSS
(Invitrogen). Both aliquots were centrifuged. The supernatant of the first wash was removed
and frozen at −20°C for later cytokine analysis. The supernatant from the second wash was
discarded and the cell pellets from both aliquots were resuspended and combined. Total cell
counts were obtained using a Beckman-Coulter particle counter model ZF (Coulter

3Abbreviations used in this paper: BAL, bronchoalveolar lavage; LAL, Limulus amoebocyte lysate; MPO, myeloperoxidase; IRAK,
IL receptor-associated kinase.
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Electronics). Cytospin preparations were stained with Diff-Quick and 300 cell differential
counts were performed to determine the absolute numbers of neutrophils. The right lung was
removed, placed in ice cold protease inhibitor mixture (Roche) containing Triton X in PBS,
and homogenized with three, 10 s passes in a Brinkmann Polytron PT3000 homogenizer. An
aliquot was removed and sonicated in hexadecyltrimethylammonium bromide buffer for
myeloperoxidase assay. The homogenized and sonicated mixtures were centrifuged at
15,000g for 15 min. The homogenate supernatant was removed and stored at −20°C for
cytokine analysis and the supernatant from the sonicated fraction was used immediately for
myeloperoxidase assay.

ELISA
Cytokines, chemokines, and TNF soluble receptors were measured by sandwich ELISA as
previously described (21). All matched Ab pairs were purchased from R&D Systems. Lung
homogenate samples were assayed with the addition of 20% normal lung homogenate to the
standards to adjust for the increased background caused by nonspecific matrix effects.

mRNA isolation and RT-PCR
mRNA was extracted using TRIzol Reagent (Invitrogen). PCR were conducted using iScript
One-Step PCR kit with Sybr Green (Bio-Rad) using the following primer pairs: TNF-α:
Sense 5′-ACTCCCAGACCCGGTATCTT –3′; Antisense 5′-
CTGCAATTGACCGTCTTCT–3′, IL-6: Sense 5′- ACGGCCTTCCCTACTTCACA–3′;
Antisense 5′- TCCAGAAGACCAGAGGAAATTTT–3′, KC: Sense 5′-
TCAAGAACATCCAGAGCTTGAAG–3′; Antisense 5′-
GGACACCTTTTAGCATCTTTTGG–3′, MIP-2: Sense 5′-
CACCAACCACCAGGCTACAG–3′; Antisense 5′-
CAGTTAGCCTTGCCTTTGTTCA-3′, GAPDH: Sense 5′- AACGACCCCTTCATTGAC–
3′; Antisense 5′- TCCACGACATACTCAGCAC–3′. Real-time PCR were performed on a
Bio-Rad iQ5 light cycler. Data was normalized to the housekeeping gene and expressed as
fold increase above PBS/PBS group using the 2 −ΔΔCt) method (22).

Determination of TNF-α and TNF-soluble receptor interactions
In brief, 3000 pg/ml or 300 pg/ml recombinant TNF-α were mixed with increasing
concentrations of either TNF-SRI or TNF-SRII, as indicated in the figure legend, in PBS +
2% FCS and incubated at room temperature for 1 h. TNF-α was then assayed by standard
ELSIA.

LPS assay
LPS was assayed in BAL fluid at a 1:2 dilution in pyrogen-free water using the Limulus
amoebocyte lysate (LAL) assay (Lonza). Ninety-six-well microplates and substrate solutions
were warmed to 37°C. Fifty microliters of sample and standard were added to the plate in
duplicate followed by 50 μl LAL regent. The plate was incubated at 37°C for 10 min. One
hundred microliters of substrate solution was then added to each well and the plate was
incubated at 37°C for 6 min. The reaction was stopped with 50 μl 25% glacial acetic acid.
The absorbance was read at 405 nm.

Myeloperoxidase assay
The myeloperoxidase assay was performed as previously described (23). In brief, 20 μl of
the sonicated mixture was pipetted in duplicate into wells of a 96-well plate. Two hundred
microliters of assay buffer containing o-dianisidine HCl (Sigma-Aldrich, D-3252), 87.8 mM
monobasic potassium phosphate, 12.3 mM dibasic potassium phosphate, and 0.005%
hydrogen peroxide was added to each well and kinetic measurements were taken at 465 nm
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every 10 s. Six total readings were taken and myeloperoxidase activity is expressed as the
slope of the linear plot of these data.

Statistical analysis
All data are presented as mean ± SEM. Statistical analysis was performed using one-way
ANOVA. Turkey’s post test for pairwise comparison was performed when the F value was
significant. Statistical significance was achieved when p < 0.05 at 95% confidence interval.

Results
Compartmentalization of pulmonary LPS tolerance

To determine whether i.t. administration of LPS induced systemic LPS tolerance, mice
received an i.t. challenge of PBS or 100 ng LPS at time 0, and received an i.p. injection of
LPS at 48 h. Blood was collected by facial vein bleed at the indicated timepoints, plasma
was recovered and assayed for TNF-α and IL-6. Blood was sampled from each mouse
repeatedly rather than sacrificing the mice at each time point, to reduce the number of
animals used in the experiment. Plasma TNF-α levels peaked in both groups at 1 h post final
challenge and begin to drop thereafter, while IL-6 levels peak 2 h post final challenge (Fig.
1). Animals receiving i.t. LPS challenge and those receiving PBS produced equivalent
concentrations of both TNF-α and IL-6, indicating that i.t. LPS administration does not
result in systemic tolerance to LPS. In fact, the total cytokine production over the 6 h time
course as calculated by the area under the curve, was similar for TNF-α (tolerant vs
nontolerant; (mean ± SEM) 2037 ± 298 vs 1974 ± 302) and IL-6 (23982 ± 7122 vs 20687 ±
4397). Due to limited sample volumes, additional cytokines and chemokines could not be
assayed.

Acute phase cytokine expression in the lung after LPS tolerance induction
Attenuation of acute phase cytokines, especially TNF-α protein and mRNA production are
hallmark features of LPS tolerance (12, 13). As such, we sought to first verify that LPS
tolerance can be induced by isolated i.t. LPS exposure. For these experiments, tolerant mice
received two i.t. exposures of LPS, one at time 0 and again at 48 h. Nontolerant mice
received PBS for the time 0 challenge and LPS at 48 h. Two additional control groups, one
receiving PBS for both challenges (PBS/PBS) as well as one receiving LPS for the first and
PBS for the second challenge (LPS/PBS) were also included. The LPS/PBS group was
included to determine whether the first LPS exposure had any residual effects lasting until
the 48h challenge.

TNF-α protein was reduced ~78% in the BAL fluid of LPS-tolerant mice compared with
nontolerant animals at 4 h post final challenge (Fig. 2A). In addition, TNF-α mRNA was
significantly reduced in cells isolated from the BAL fluid at 30 min post final challenge
(Fig. 2B). At this early time point (30 min), the cells recovered in the BAL fluid of
nontolerant mice contained roughly 2.2 × 104 neutrophils, while BAL fluid from the tolerant
group showed a significant contribution of neutrophils (~9.8 × 104). This also represents the
time point of maximal TNF-α mRNA production (24). TNF-α protein in the lung tissue of
tolerant mice at 4 h was reduced, but not significantly (Fig. 2C), while mRNA was
significantly reduced at 1 h (Fig. 2D).

Production of IL-6 protein at 4 h in the alveolar compartment was significantly reduced in
the LPS tolerant animals (~25%), although the reduction was not nearly as dramatic as TNF-
α. IL-6 mRNA measured in the tissue, however was reduced by 400-fold compared with
nontolerant mice (Fig. 3). We suspect that although this reduction is significant, the 100-fold
increase in IL-6 mRNA seen in the tolerant mice approaches the maximal capacity of the
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cells to translate the protein. Further mRNA induction would not induce much more protein
expression, accounting for the fact that a similar dramatic reduction in IL-6 protein was not
observed (25). Additionally, the antiinflammatory mediator IL-10 has been shown to play a
role in various models of LPS tolerance (26, 27). However, we found no detectable IL-10 in
the BAL fluid of nontolerant or tolerant mice, further highlighting the specificity of
pulmonary LPS tolerance (data not shown).

TNF soluble receptor production
We also assessed production of the TNF soluble receptors TNF-SRI and TNF-SRII for their
contribution to the altered immune environment that develops in response to LPS tolerance.
Both TNF-SRI and TNF-SRII were significantly increased in LPS-tolerant mice in the BAL
fluid 4 h post final challenge (Fig. 4), indicating that a compensatory anti-inflammatory
response is induced upon repeated LPS stimulation that is independent of the reduction in
TNF-α levels. Additionally, TNF-SRII likely plays a greater physiological role as it is
expressed at 10-fold higher concentrations than TNF-SRI.

TNF-α ELISA validation
Reduced TNF-α protein, combined with increased soluble receptor expression, called into
question the ability of our ELISA to measure TNF-α complexed with soluble receptors. To
address this issue, high (3000pg/ml) and low (300 pg/ml) concentrations of TNF-α were
mixed with various concentrations of either TNF-SRI or TNF-SRII, allowed to incubate at
room temperature and then assayed by sandwich ELISA for TNF-α. These concentrations of
soluble receptors spanned the range observed in our experimental results. As shown in Fig.
5, our assay is able to measure both free and complexed TNF-α. Comparison by one-way
ANOVA showed no significant difference in TNF-α for all soluble receptor concentrations,
showing that soluble receptors do not inhibit measurement of TNF-α. This indicates that the
observed reduction in TNF-α is a relevant physiologic observation and not a false
observation due to assay limitations.

LPS clearance from the lung microenvironment
We determined LPS levels in the lung to assess whether or not LPS was still present and
able to signal several hours post final challenge, and to determine whether or not LPS
tolerance modulates the ability of mice to clear LPS. LPS tolerant animals have a slight, but
not significant reduction in LPS concentrations in the lung as determined by limulus assay
(Fig. 6), indicating that the reduction in TNF-α levels was not the result of increased LPS
clearance.

CXC chemokine expression and neutrophil influx
We next assayed whether LPS tolerance affected the expression of CXC chemokines and the
ability of LPS tolerant animals to recruit neutrophils to the lung. Fig. 7, A and B show no
attenuation in the production of CXCL1 or CXCL2 in LPS tolerant animals in the alveolar
compartment. However, slight reductions in both CXCL1 and CXCL2 were observed in the
organ homogenates (Fig. 7, C and D). CXCL1 mRNA peaked at 2 h post final challenge,
while CXCL 2 mRNA peaked at 1 h, and LPS tolerance induction had no effect on the
mRNA production of either of these chemokines (Fig. 7, E and F).

Cytospin preparations and 300 cell differential counts were performed to assess the ability of
LPS-tolerant animals to recruit neutrophils to the lung in response to LPS challenge. LPS-
tolerant animals are able to recruit comparable numbers of neutrophils at 4 h compared with
nontolerant animals (Fig. 8A). No statistically significant difference was observed for tissue
myeloperoxidase activity in LPS tolerant mice, indicating that similar numbers of

Natarajan et al. Page 5

J Immunol. Author manuscript; available in PMC 2013 June 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



neutrophils were present in the lung tissue (Fig. 8B). Cytospin preparations demonstrate the
neutrophils recovered from the lavage fluid in both tolerant and nontolerant mice (Fig. 8, C
and D). Taken together, these data suggest that the prolonged presence of significant
amounts of LPS in both nontolerant and tolerant mice (Fig. 6) may provide the signaling
required for the continued production of CXC chemokines and subsequent neutrophil
infiltration.

Discussion
LPS tolerance has long been defined as refractoriness to LPS following an initial LPS
challenge. Previous exposure to LPS offers protection against subsequent lethal LPS
challenge in mice and this tolerance has been shown to be principally mediated by
macrophages (28, 29). LPS tolerance induction has been well studied in models of systemic
bacterial infection and has been shown to enhance bacterial clearance in mice (8).
Additionally, previous efforts have characterized LPS tolerance in various organs, including
findings that TLR4 expression is decreased in the livers of LPS-tolerant mice (30). Most of
these studies involve i.p. or i.v. administration of LPS, or ex vivo stimulation of isolated
primary cells. Little data documents in vivo LPS tolerance and even less evaluates LPS
tolerance specific to the lung microenvironment. Inhalational LPS exposure has been shown
to cause various respiratory conditions, including wheezing and inflammation, and has been
shown to modulate asthma severity. Given that the lung is a unique route of pathogen
exposure, we have developed a novel model of in vivo pulmonary LPS tolerance (31, 32).

Previous in vivo studies induce LPS tolerance by pre-exposure to sublethal doses of LPS,
followed by rechallenge with a lethal dose. We chose to develop a dosing regimen that more
closely resembled inhalational exposure in the context of lung disease. In particular, 100 ng
was chosen to recapitulate low-dose LPS exposure in several models of murine asthma (33,
34). We also chose the 48-h interval between pre-exposure and rechallenge based on studies
demonstrating that the potential to induce LPS tolerance is exhausted by 72-h post pre-
exposure (35). Therefore, the 48-h interval was one that was likely to induce tolerance.

Intratracheal LPS exposure followed by i.p. exposure 48 h later does not result in systemic
tolerance induction, highlighting the fact that this model is specific for pulmonary LPS
tolerance (Fig. 1). Other studies have indirectly studied pulmonary LPS tolerance by
systemic LPS administration followed by ex vivo stimulation of alveolar cells (35, 36). This
experimental approach requires relatively high LPS doses (up to 100 μg/mouse) to cause
vascular permeability and LPS leakage into the airways, where it can be taken up by
alveolar macrophages. These models are clinically relevant in the cases of systemic bacterial
infection and sepsis, but do not model day-to-day pulmonary LPS inhalation, and are
therefore appropriate for the study of LPS-mediated lung diseases. Our model of direct
pulmonary exposure closely mimics environmental LPS exposure by inhalation (37, 38).

We have also shown that LPS-tolerant mice are not impaired in their ability to clear LPS, as
there is no significant difference in the concentration of LPS remaining in the lung 4 h post
final challenge (Fig. 6). The prolonged presence of LPS may be responsible for CXC
chemokine production, as well as the unimpaired neutrophil recruitment. As shown in Fig.
8A, the BAL compartment of LPS tolerant mice is composed of roughly 8.9 × 104

neutrophils at the time of the second LPS challenge. The increased number of neutrophils in
comparison to the nontolerant group (2.2 × 104) is a key immune modulation that results
from pre-exposure to LPS, and likely has a role in further chemokine production seen in the
tolerant group. Lung histopathology of H&E stained lungs, which were not subjected to
BAL, showed no significant presence of neutrophils in the tissue and alveolar space of both
tolerant and nontolerant mice 4 h after the second LPS challenge (data not shown).
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The production of compensatory anti-inflammatory mediators TNF-SRI and TNF-SRII were
significantly increased in tolerant mice (Fig. 4). We have validated that our ELISA for
measuring TNF-α detects free, as well as soluble receptor bound TNF-α, showing that the
observed decrease in TNF-α protein is not merely the result of an assay limitation (Fig. 5).
Still, this does not rule out the possibility that increased soluble receptor production may be
responsible for increased binding and clearance of secreted TNF-α (39).

Several studies have implicated the IL receptor-associated kinase (IRAK)-M as a principle
mediator of LPS tolerance in macrophages (40, 41). However, because IRAK signaling
takes place upstream of NF-κB activation, which is responsible for regulating TNF-α, IL-6,
and the CXC chemokines, it was not expected that IRAK-M plays a major role in the
differential regulation of cytokines and chemokines seen in this model. Further, whole lung
nuclear extracts in this model showed no difference in NF-κB activation between
nontolerant and tolerant mice (data not shown).

Inhibition of TNF-α is an emerging therapeutic target for inflammatory diseases such as
asthma and chronic obstructive pulmonary disease. Although controversial, serious side
effects such as increased incidence of infection and pneumonia have been reported to result
from use of these therapies (42, 43). The specific immune modulation induced by our model
of LPS tolerance suggests a mechanism by which anti-TNF-α treatments have resulted in
increased incidences of pneumonia and have been shown to inhibit treatment of pneumonia
(44, 45). Pharmacological TNF-α inhibition has been shown to induce a local state of
immunosuppression which includes reduced numbers of neutrophils (46, 47). This may
render the lung more susceptible to infection by inhibiting the influx of neutrophils in
response to bacterial challenge. Our data show that with LPS tolerance, TNF-α is
suppressed, but neutrophils are still present, which may offer protection against bacterial
infection. Further, we have shown that the mechanism of continued neutrophil recruitment is
the sustained production of CXC chemokines in LPS tolerant mice.

LPS tolerance may also offer protection in the case of allergic asthma. In an OVA model,
TLR4 deficient mice show significant attenuation of the hallmark features of asthma such as
IgE production and eosinophil recruitment. These were restored by intratracheal
administration of recombinant TNF-α 1 h after OVA sensitization (33). In the LPS tolerant
state, TNF-α levels are low, which may offer protection against allergic sensitization.
Indeed, much epidemiological data exist correlating repeated LPS exposure with reduced
incidence of asthma, such as that seen in children raised on farms (48, 49). Further studies
need to be conducted to determine whether or not those who do not develop asthma are
tolerized to LPS and more importantly, whether they respond poorly to LPS challenge in
terms of TNF-α production.

The selective immune modulation following induction of LPS tolerance suggests a novel
mechanism by which immune regulation is achieved in the lung. The selective suppression
of TNF-α may be a mechanism by which the lung prevents excess inflammation and injury
caused by TNF α-induced cytokines, while the sustained ability to recruit neutrophils may
offer protection against bacterial challenge. However, further studies are required to
understand LPS-induced lung injury in the context of LPS tolerance. Additionally, further
studies aimed at understanding the local immune modulation induced by pulmonary LPS
tolerance are crucial to understanding how this can affect the onset and progression of
various diseases such as asthma, pneumonia, and chronic obstructive pulmonary disease.
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FIGURE 1.
Compartmentalization of pulmonary LPS tolerance. Mice were given either PBS or 100 ng
LPS on day 0 by direct intratracheal installation. After 48 h, mice were injected i.p. with 100
ng LPS. Blood was collected by facial vein bleed at the indicated timepoints post final
challenge and plasma TNF-α (A) and IL-6 (B) levels were measured. Values are expressed
as mean ± SEM. n = 6 mice per group.
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FIGURE 2.
TNF-α expression after induction of LPS tolerance. A, BAL TNF-α protein levels 4 h post
final challenge and mRNA expression (B) from cells recovered from the BAL 30 min post
final challenge. C, Lung homogenate protein levels 4 h post final challenge and kinetics of
mRNA expression in lung tissue (D). mRNA results are expressed as fold increase above
PBS/PBS group and all data are expressed as mean ± SEM. n = 8–10 mice per group. *, p <
0.05 compared with PBS/PBS group. #, p < 0.05 compared with nontolerant group.
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FIGURE 3.
IL-6 expression upon induction of LPS tolerance. A, IL-6 protein levels in BAL and lung
homogenate 4 h post final challenge. B, Lung tissue IL-6 mRNA at various timepoints post
final challenge. mRNA was expressed as fold increase above PBS/PBS group. Data are
expressed as mean ± SEM. n = 8–10 mice per group. For protein, *, p < 0.05 compared with
PBS/PBS group. For mRNA, *, p < 0.05 compared with LPS/PBS group. #, p < 0.05
compared with nontolerant group for both protein and mRNA.
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FIGURE 4.
Expression of TNF-SRI (A) and TNF-SRII (B) in BAL fluid at 4 h post final challenge. Data
expressed as mean ± SEM. n = 8–10 mice per group. *, p < 0.05 compared with PBS/PBS
group. #, p < 0.05 compared with nontolerant group.
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FIGURE 5.
Validation of TNF-α ELISA: Measurement of TNF-α in complex with TNF-SRI (A) and
TNF-SRII (B). High (3000pg/ml) and low (300pg/ml) concentrations of recombinant TNF-α
were mixed with various concentrations of TNF-SRI and TNF-SRII and assayed by standard
ELISA. Data shown are a combination of two experiments. Soluble receptor concentrations
are represented on a log scale.
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FIGURE 6.
LPS clearance from the lung microenvironment. LPS levels were measured in the BAL fluid
4 h post final challenge by endpoint LAL assay. *, p < 0.05 compared with PBS/PBS group.
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FIGURE 7.
Neutrophil chemoattractant protein expression after induction of LPS tolerance. KC
(CXCL1) (A) and MIP-2 (CXCL2) (B) expression in BAL fluid at 4 h post final challenge.
KC (C) and D) MIP-2 (D) expression in lung homogenate (46) 4 h. KC (E) and MIP-2 (F)
lung tissue mRNA expression at various time-points post final challenge. mRNA was
expressed as fold increase above PBS/PBS group. Data are expressed as mean ± SEM. n =
8–10 mice per group. For protein, *, p < 0.05 compared with PBS/PBS group. For mRNA,
*, p < 0.05 compared with LPS/PBS group. #, p < 0.05 compared with nontolerant group for
both protein and mRNA.
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FIGURE 8.
Neutrophil recruitment and myeloperoxidase activity 4 h post final challenge. A, BAL fluid
was collected and cytospins prepared from collected cells. Data are expressed as absolute
cell number per mouse. B, After BAL, the right lung was collected and homogenized for
myeloperoxidase assay. Data are expressed as mean ± SEM. n = 8–10 mice per group. *, p <
0.05 compared with PBS/PBS group. Cytospin preparations of cells recovered for BAL fluid
at 4 h from nontolerant (C) and tolerant (D) mice and represented at ×1000.
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