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Abstract
LPS challenge causes potent activation of innate immunity. Because LPS is ubiquitously present
in ambient air, repeated inhalation may lead to activation of the pulmonary immune response. If
this activation is unregulated, chronic LPS inhalation would lead to persistent inflammation and
organ damage. We hypothesized that the lung uses the mechanism of LPS tolerance to maintain
the balance between hypoinflammatory and hyperinflammatory states. We developed a model of
chronic pulmonary LPS tolerance induced by pulmonary exposure to 1 μg LPS for 4 consecutive
days. Mice were challenged with 10 μg of LPS 24 h later. TNF-α protein was significantly
decreased in the bronchoalveolar lavage fluid of tolerant versus nontolerant mice, whereas IL-6
levels were significantly increased in the tolerant group. Tolerant mice were also protected from
airway hyperresponsiveness. M2 and M3 muscarinic receptor mRNA was significantly decreased
in the lungs of tolerant mice, suggesting a mechanism for the decreased airway
hyperresponsiveness. CXCL2 was significantly reduced in tolerant mice, but CXCL1 was
equivalent between groups. No difference was seen in neutrophil recruitment to the alveolar space.
Interestingly, LPS tolerance does not confer cross-tolerance to the Toll-like receptor (TLR) 2
stimulus Pam3Cys. TNF-α and IL-6 concentrations were significantly increased in LPS-tolerant
mice challenged with Pam3Cys; however, chemokine concentrations were unaffected. Our data
show that repeated LPS inhalation results in differential regulation of cytokines but does not
inhibit neutrophil recruitment. This unrestricted neutrophil recruitment may represent a
mechanism by which individuals may be protected from pulmonary bacterial infection and
pneumonia.

Keywords
LPS; tolerance; lung; pneumonia; cytokines; airway hyperresponsiveness

INTRODUCTION
LPS, a cell wall component of Gram-negative bacteria, is a potent inducer of the innate
inflammatory response. Recognition of LPS by Toll-like receptor 4 (TLR-4) results in the
production of proinflammatory cytokines such as TNF-α and IL-6, as well as the neutrophil
chemotactic cytokines KC (CXCL1) and macrophage inflammatory protein (MIP) 2
(CXCL2) (1). Pneumonia caused by both Gram-positive and Gram-negative bacteria is a
significant cause of hospitalizations, multiorgan dysfunction, and sepsis (2). Systemic
infection results in approximately 50% of those hospitalized after infection, making the
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underlying mechanism of susceptibility an important area of study (3). LPS is ubiquitously
present in the environment and in ambient air; however, little is known regarding the effect
of repeated LPS inhalation in the absence of underlying disease (4). We hypothesized that
the lung must use compensatory mechanisms to avoid excessive inflammation and potential
organ damage while retaining the ability to fight infection. LPS tolerance may represent one
such adaptive mechanism (5).

LPS tolerance is described as refractoriness to further LPS stimulation that results from an
initial LPS exposure (6). This phenomenon has been largely studied in ex vivo macrophage
cultures that show decreased production of TNF-α mRNA and protein in response to
repeated LPS stimulation (7). Tolerance to LPS can also confer a survival advantage in
animal models of septic shock (8). Furthermore, LPS-stimulated whole blood of septic
patients produce significantly less TNF-α than healthy controls (9). Despite these significant
findings, little is known regarding the effect of repeated LPS exposure in the lung
microenvironment.

Here, we present a clinically relevant model of chronic LPS exposure that more accurately
recapitulates repeated inhalation in the environmental setting. In this model, we observed
differential regulation of acute phase cytokines and CXC chemokines. Importantly, we
demonstrate that neutrophil recruitment to the lung is not impaired in mice rendered tolerant
to LPS, and that this tolerance does not confer cross-tolerance to the TLR-2 stimulus
Pam3Cys (PAM). Therefore, LPS tolerance may serve to attenuate pneumonia severity,
thereby protecting against systemic bacterial infection and sepsis.

MATERIALS AND METHODS
Animals

Female BALB/c mice 9 to 12 weeks old were purchased from Jackson Laboratories (Bar
Harbor, Maine) 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 or the University of Michigan Committee on Use and Care
of Animals.

Induction of chronic pulmonary LPS tolerance
Mice were exposed to either phosphate-buffered saline (PBS) or 1 μg Escherichia coli LPS
O111:B5 (Sigma-Aldrich, cat. no. 62325) in a total volume of 50 μL PBS for 4 consecutive
days by direct pulmonary installation while under isofluorane anesthesia (10). This strain of
LPS has been used extensively in the investigation of the inflammatory response to LPS and
has been shown to be an effective immune activator in vivo (11). Briefly, mice were lightly
anesthetized and suspended on a vertical board by their front incisors. The tails were taped
to the board to support the body weight. The tongue was gently extended and the liquid
placed at the base of the oropharynx so that it was inhaled. Tolerant mice were challenged
with LPS for 4 consecutive days, whereas nontolerant mice were challenged with PBS. Both
groups were challenged with 10 μg LPS 24 h later. Animals were killed and samples
collected at various time points indicated in the figure legends.

Measurement of physiological parameters
For determination of total peripheral white blood cell, lymphocyte numbers, and hemoglobin
concentrations, 20 μL of blood was collected from the tail vein, and an automated
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differential was performed using a Hemavet Mascot (Drew Scientific, Ramsey, Minn). Body
weight was determined daily.

Bronchoalveolar lavage
Mice were euthanized by cervical dislocation. For bronchoalveolar lavage (BAL), the
trachea was cannulated, and the lung was lavaged with two 1-mL aliquots of warm Hank’s
balanced salt solution (Gibco, Grand Island, NY). 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 Electronics Inc., Hialeah, Fla). 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 cocktail (Roche, Indianapolis, Ind) containing Triton X in PBS and
homogenized with three 10-s passes in a Brinkmann Polytron PT3000 homogenizer. The
mixture was then sonicated in hexadecyltrimethylammonium bromide buffer and
centrifuged at 15,000 × g for 15 min. The supernatant was used immediately for
myeloperoxidase (MPO) assay.

Enzyme-linked immunosorbent assay
Cytokines, chemokines, and TNF-soluble receptors were measured by sandwich enzyme-
linked immunosorbent assay (ELISA) as previously described (12). All matched antibody
pairs were purchased from R&D Systems (Minneapolis, Minn). 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. Mouse tryptase was
measured by direct ELISA. Briefly, plates were coated with serially diluted recombinant
mouse tryptase-β1 and samples and incubated overnight at 4°C. Plates were washed using
the same buffer as the sandwich ELISA. Nonspecific binding sites were blocked with
Blocker Casein in PBS (Pierce, Rockford, Ill) for 1 h. Plates were washed and incubated
with anti-tryptase-β1capture antibody for 2 h, washed again and incubated with horseradish
peroxidase–conjugated mouse anti-rat immunoglobulin G for 30 min. Plates were developed
with 3,3′,5,5′ tetramethylbenzidine as described in the sandwich ELISA protocol.

MPO assay
The MPO assay was performed as previously described (13). Briefly, 20 μL of the sonicated
mixture was pipetted in duplicate into wells of a 96-well plate. Assay buffer (200 μL)
containing o-dianisidine HCl (Sigma 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 every 10 s. Six total readings were
taken, and MPO activity is expressed as the slope of the linear plot of these data.

mRNA isolation and reverse-transcriptase–polymerase chain reaction
mRNA was extracted using Trizol reagent (Invitrogen, Grand Island, NY). Polymerase
chain reaction (PCR) reactions were performed using an iScript OneStep PCR kit with Sybr
Green (BioRad, Hercules, Calif) 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′;
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M2 receptor: sense, 5′-TAAAGTCAACCGCCACCTTC-3′; antisense, 5′-
ATAACGGAGGCATTGCTGAC-3′; M3 receptor: sense, 5′-
GCTCAGAGACCAGAGCCTATC-3′; antisense, 5′-ACAGTTGTCACGGTCATCCA-3′;
glyceraldehyde 3-phosphate dehydrogenase: sense, 5′-AACGACCCCTTCATTGAC-3′;
anti-sense, 5′-TCCACGACATACTCAGCAC-3′. Real-time PCR reactions were performed
on a BioRad iQ5 light cycler. Data were normalized to housekeeping gene and expressed as
fold increase above the 0-hour nontolerant group using the 2−(ΔΔCt) method (14).

Airway hyperresponsiveness
Airway hyperresponsiveness was measured using unrestrained whole body plethysmography
(Buxco Systems, Troy, NY). Mice were placed in the instrument chamber and allowed to
acclimate for 5 min. Baseline measurements were recorded for 5 min. Mice were challenged
for 2 min with aerosolized PBS and increasing doses of methacholine (Sigma, St. Louis,
Mo). Each aerosol was followed by 5 min of monitoring and data collection. The partial
pressure difference between the experimental and reference chambers represented the PenH
parameter, which corresponds closely with invasive measurements (15, 16). The data are
represented as the percent increase in PenH above PBS aerosol.

Cysteinyl-leukotriene immunoassay
Cysteinyl leukotrienes levels in the BAL fluid were measured by an ELISA kit (Cayman
Chemicals, Ann Arbor, Mich) according to the manufacturer instructions. All samples were
run at two dilutions. Only %B/B0 values in the linear range of the standard curve were
accepted. Sample values falling out of this range were further diluted and rerun.

Determination of cross-tolerance to Pam3CSK4
A dose-response study was performed to verify that PAM (Alexis Biochemicals, cat. no.
ALX-165-066-M002) induced a robust inflammatory response in the lung and to determine
an appropriate dose for tolerance experiments. Differing doses of PAM (2.5, 25, or 250 μg)
were delivered via direct pulmonary installation, and BAL was performed 2 h later. For
tolerance experiments, mice were challenged with 1 μg LPS for 4 consecutive days and
received 25 μg PAM 24 h later for the final challenge. Control groups received PBS for the
first four challenges and 25 μg PAM 24 h later. Mice were euthanized, and BAL was
performed at 2 h post–final challenge.

Statistical analysis
All data are represented as mean ± SEM. Statistical significance was determined by Student
t test using GraphPad Prism version 4.0.3. (GraphPad Software, San Diego, Calif).
Statistical significance was achieved when P ≤ 0.05 at the 95% confidence interval.

RESULTS
Body weight and hematology after induction of chronic LPS tolerance

To induce chronic LPS tolerance, mice received direct pulmonary installation of 1 μg LPS
for 4 consecutive days and then received 10 μg LPS 24 h later. Nontolerant mice received
PBS for the first four challenges and 10 μg LPS 24 h later. This model uses relatively high
doses of LPS for the induction of tolerance. As such, we determined whether repeated
inhalation of high-dose LPS causes systemic physiological changes. Although the body
weight did decrease slightly over time, there were no differences between nontolerant and
tolerant animals (Fig. 1A). Day 0 represents the day before the first pulmonary challenge.
Because either stress or LPS may induce lymphocyte apoptosis, we measured total
circulating white blood cells and lymphocyte numbers and found no significant alteration in
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these parameters as a result of repeated LPS inhalation (Fig. 1, B and C). Finally,
hemoglobin concentrations were also found to be unchanged after induction of LPS
tolerance (Fig. 1D). These data indicate that the model used in these studies does not cause
systemic illness, and that the subsequent phenotypes examined are a result of local
pulmonary immune modulation.

Acute-phase cytokine expression after induction of chronic LPS tolerance
We have shown that induction of acute pulmonary LPS tolerance results in significant
reductions in both TNF-α protein and IL-6 (17). Induction of chronic LPS tolerance also
resulted in significant reduction in TNF-α protein (~56%) at both 2 and 24 h post–final
challenge along with a significant reduction in TNF-α mRNA expression in the lung tissue 1
h post–final challenge (Fig. 2, A and B). We have previously validated that the ELISA used
to measure TNF-α detects this cytokine both free and in complex with both soluble
receptors, verifying these results are physiologically relevant (17). In contrast to TNF,
chronic LPS tolerance did not result in reduced IL-6 expression. This is in marked contrast
to our previous observation in the acute LPS tolerance model showing that IL-6 was
significantly reduced in the BAL fluid (17). In the chronic tolerance model, we saw that
BAL fluid IL-6 protein at 2 h post–final challenge was significantly increased (~53%) in
LPS-tolerant mice compared with the nontolerant group (Fig. 2). This was accompanied by a
statistically insignificant increase in IL-6 mRNA expression in lung tissue. Interestingly,
pulmonary IL-6 production in response to LPS has been shown to regulate LPB binding
protein production in the liver and may regulate pneumonia mortality in patients with
preexisting liver injury (18).

Production of TNF-soluble receptors after induction of chronic LPS tolerance
We assessed whether chronic LPS inhalation can up-regulate compensatory anti-
inflammatory proteins such as TNF-soluble receptors. As seen in Figure 3, repeated LPS
inhalation induces significant expression of both TNF-SRI and TNF-SRII. Although no
TNF-α is present at time 0 (Fig. 2A), both TNF-soluble receptors are substantially up-
regulated. We suspect that TNF-SRII plays a more potent physiological role in LPS
tolerance given that it is produced at roughly 20 times higher concentrations. The
therapeutic TNF-α inhibitor Etancercept, a TNF-SRII-immunoglobulin G fusion protein, is
widely used to treat excessive inflammation in several chronic inflammatory conditions
(19). Our data demonstrate that inducing inflammation causes the physiological up-
regulation of a compound proven effective for treatment of chronic inflammation.

AHR and mediators of AHR
Pulmonary bacterial infections have been shown to increase airway resistance and decrease
lung function in various animal models (20). We measured AHR in response to increasing
doses of aerosolized methacholine at 4 h post–final challenge in both nontolerant and
tolerant mice and found that induction of LPS tolerance is protective against AHR severity
(Fig. 4A). We measured no differences in baseline PenH values between tolerant and
nontolerant mice (data not shown). We then assayed for the mediators of AHR, cysteinyl
leukotrienes, and tryptase as possible mechanisms governing the decrease in AHR seen in
LPS-tolerant mice. Surprisingly, both cysteinyl leukotrienes and tryptase measured in the
BAL fluid 2 h post–final challenge were significantly elevated in LPS-tolerant mice (Fig. 4,
B and C). This indicates that, although LPS exposure in the LPS-tolerant group may induce
production of the mediators of AHR, a divergent mechanism must be present that governs
the methacholine-induced AHR assayed in this experiment.
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Muscarinic receptor expression in response to chronic LPS tolerance
The finding that methacholine-induced AHR was attenuated in LPS-tolerant mice, even in
the presence of significant concentrations of potent mediators of AHR, led us to investigate
the expression of pulmonary methacholine receptors as a possible mechanism underlying the
protection from AHR. Methacholine is a nonspecific muscarinic receptor agonist that causes
bronchial smooth muscle contraction (21). We measured mRNA levels of the M2 and M3
muscarinic receptors. Our data show decreased expression of both M2 and M3 receptors in
the lung tissue at 1 h post–final challenge in LPS-tolerant mice compared with nontolerant
mice (Fig. 5). Furthermore, these data are expressed as fold change relative to the 0-h
nontolerant group. These mice have been exposed only to the mechanical stress of aspirating
50 μL of liquid. A fold increase of 1.0 would represent basal expression equivalent to that
observed after this mechanical stress (22). However, in the tolerant group, both M2 and M3
receptors were decreased below basal expression levels, suggesting that down-regulation of
these receptors occurs upon induction of LPS tolerance.

Although LPS has been shown to potentiate smooth muscle responses to cholinergic stimuli,
we provide the first evidence that LPS challenge can affect the level of expression of either
of these muscarinic cholinergic receptors (23). Although we have shown mRNA down-
regulation, but not receptor expression, our data demonstrate a clear dissociation between
the mediators causing AHR (increased) and AHR itself (decreased). The likely bridge
between the methacholine challenge and the induction of AHR lies in the ability of
methacholine to activate the appropriate receptors.

Neutrophil recruitment and expression of CXC chemokines in response to LPS tolerance
Cytospin preparations and 300 cell differential counts were made from cells recovered in the
BAL fluid at 24 h post–final challenge. In contrast to the predominance of macrophages
present in naive, unchallenged mice, the cytospin preparations demonstrate comparable
numbers of neutrophils recruited into the alveolar space in nontolerant and tolerant mice
(Fig. 6).

We found that the number of neutrophils recruited to the alveolar space was not affected by
repeated LPS inhalation. At early time points (0 and 2 h) LPS-tolerant mice have
significantly more neutrophils in the BAL fluid, which were recruited in response to the first
four LPS exposures. By 24 h, however, both groups recruited comparable numbers of
neutrophils into the BAL fluid (Fig. 7A). Linear regression analysis of both groups between
2 and 24 h shows no significant difference between the slopes of the regression lines,
indicating that the capacity of LPS-tolerant animals to respond to a high-dose LPS challenge
was not compromised. Myeloperoxidase activity was measured in the lung tissue of mice
previously subjected to BAL. At 24 h post–final challenge, no significant difference in MPO
activity was measured between groups, suggesting that comparable numbers of neutrophils
are sequestered in the lung tissue of nontolerant and tolerant mice (Fig. 7B).

We further assayed CXC chemokine production as a potential mechanism responsible for
recruitment of neutrophils. No biologically significant difference in KC (CXCL1)
concentrations were measured in the BAL fluid between nontolerant and tolerant mice (Fig.
8A). However, a statistically significant reduction in CXCL1 mRNA in the tolerant mice
was measured in the lung tissue at 1 h post–final challenge (Fig. 8B). Interestingly, a
specific reduction in BAL MIP-2 (CXCL2) expression was measured at 2 h post–final
challenge in the LPS-tolerant mice. This was accompanied by a significant reduction on
CXCL2 mRNA in the lung tissue (Fig. 8, C and D). Although there was a reduction in these
CXC chemokines, based on the data in Figure 7, the levels must have been sufficient to still
recruit neutrophils to the lung.
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Determination of pulmonary cross-tolerance to TLR-2 stimulus
To determine whether repeated inhalation of LPS can lead to cross-tolerance to other TLR
stimuli, we used the synthetic lipopeptide TLR-2 agonist PAM. Initial dose-response
experiments were performed using a single pulmonary installation of 2.5, 25, or 250 μg
PAM, followed by BAL at 2 h. Measurement of TNF-α, IL-6, CXCL1, and CXCL2 all
showed clear dose-dependent increases in response to the varying doses of PAM (data not
shown). To test the induction of cross-tolerance, LPS tolerance was induced as described in
the “Materials and methods” section. For the final challenge, mice received 25 μg PAM, and
BAL was performed 2 h later. Interestingly, LPS-tolerant mice produced a more robust
cytokine response to the final PAM challenge compared with non–LPS-tolerant mice (Fig.
9, A and B). However, there was no significant difference in CXC chemokine production
between tolerant and nontolerant mice receiving a PAM challenge (Fig. 9, C and D). We
also observed PAM to be a significantly weaker inducer of inflammation as seen in the
significantly lower concentrations of both cytokines and chemokines measured in the cross-
tolerance studies.

DISCUSSION
Severe bacterial pneumonia can lead to multiple organ dysfunction and sepsis in roughly
half of those infected. It is conceivable that the local lung immune environment at the time
of bacterial encounter plays a role in bacterial clearance and can influence the severity of
infection and the onset of sepsis. LPS is ubiquitously present in the environment; however,
the effect of repeated LPS exposure in the lung microenvironment has been a largely
neglected field of study. Because the lung is constantly exposed to environmental pathogens,
the local immune environment requires tight regulation, and the mechanism governing this
regulation may affect the lung’s ability to fight infection while avoiding excessive
inflammation (24).

Our findings demonstrate that after chronic exposure to high levels of LPS, down-regulation
of both TNF-α protein and mRNA still occurs. This, coupled with the finding that IL-6
levels are increased in the BAL fluid of LPS-tolerant mice, indicates that pulmonary
tolerance is not the result of global immunosuppression (Fig. 2). Several studies have
implicated the IL-1 receptor–associated kinase (IRAK) family in the regulation of LPS
tolerance. Models of endotoxemia have demonstrated up-regulation of IRAK-M (produced
by monocytes) and down-regulation of IRAK-1 in LPS preconditioned peripheral blood
mononuclear cells restimulated with LPS (25). It is possible that IRAK-M down-regulation
plays a role in suppression of macrophage TNF-α in this model. Furthermore, other cell
types such as epithelial cells and fibroblasts may have decreased susceptibility to become
tolerized, accounting for the significant production of IL-6 and CXCL1.

Adenosine receptors have been shown to play a role in the differential regulation of TNF-α
and IL-6 in rat cardiomyocytes (26). Activation of the A2a receptor can inhibit TNF-α
production by macrophages and inhibit tissue damage in models of acute lung injury in
response to LPS and models of lung I/R injury (27, 28). A2a receptor knockout mice are
also more susceptible to adult respiratory distress syndrome–induced lung injury (29). As
such, adenosine receptors may play an important role in the differential expression of TNF-
α and IL-6 observed in this model and may also modulate lung injury resulting from
repeated LPS inhalation.

These studies show that LPS tolerance protects against methacholine-induced AHR even in
the presence of significantly higher concentrations of both cysteinyl leukotrienes and
tryptase. Because both of these molecules were produced in response to LPS challenge and
are primary mediators of AHR, we sought to determine if the mechanism responsible for the
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protection from AHR we observed was due to an alteration in the response to methacholine
itself (30). Methacholine, a synthetic choline ester, is a nonspecific agonist for muscarinic
cholinergic receptors (31). Both M2 and M3 muscarinic receptors are expressed in the lung
and bronchi (22). Upon methacholine challenge, M3 muscarinic receptors cause smooth
muscle contraction, whereas M2 receptors inhibit smooth muscle relaxation (32). Decreased
expression of both receptors would manifest as an attenuated airway response to inhaled
methacholine. Our data demonstrated the first evidence that LPS challenge can alter
muscarinic receptor expression and suggest that the mechanism of reduced AHR seen in
LPS tolerant animals may be a reduction in expression of both M2 and M3 muscarinic
receptors.

Community-acquired pneumonia (CAP) results in hospitalization of roughly 500,000 people
in North America annually and has a mortality rate of up to 50% in individuals hospitalized
with severe CAP (33). Furthermore, multiorgan failure and sepsis occurs in approximately
50% of hospitalized CAP patients, making this condition a significant health care concern
due to its high morbidity and mortality rates (2). Neutrophil recruitment into the lung is a
key event required for bacterial clearance (34). In this study, we show that LPS-tolerant
mice recruit equivalent numbers of neutrophils into the alveolar space in response to the
final LPS challenge. More importantly, linear regression analysis of the time frame between
2 and 24 h post–final challenge showed no significant difference between groups in the
slope of the regression lines. This indicates that, although tolerant animals have a significant
number of neutrophils already present in the BAL fluid at 0 h, their capacity to recruit
neutrophils in response to the final LPS challenge was not impaired. Although we have used
Gram-negative LPS in these studies, we recognize that bacterial pneumonia generally arises
from Gram-positive infections (2). Nonetheless, the ubiquitous presence of Gram-negative
LPS in the environment makes it an important factor to study when considering the lung
immune environment at the time of infection. Clearly, further studies must be performed to
determine whether Gram-positive stimuli can induce pulmonary tolerance.

We further sought to elucidate the mechanism responsible for the recruitment of neutrophils.
We found no statistical difference in KC (CXCL1) production between nontolerant and
tolerant mice, whereas a significant decrease in mRNA was measured at 1 h post–final
challenge. We hypothesize that induction of LPS tolerance may affect mRNA stability,
possibly by increased deadenylation of the mRNA body, promoting subsequent degradation
(35). Additionally, we have previously shown that CXCL1 mRNA production peaks at 2 h
post–final challenge in the lung tissue. LPS tolerance may also affect the rate at which
CXCL1 mRNA is transcribed (17). We also measured a significant reduction in MIP-2
(CXCL2) expression in the BAL fluid, which was accompanied by a significant decrease in
mRNA. To our knowledge, differential regulation of CXCL1 and CXCL2 in the lung in
response to LPS challenge has not previously been reported.

Exposure to LPS has been shown to induce cross-tolerance to TLR-2 ligands such as LTA
(36). We used the TLR-2 agonist PAM to study cross-tolerance in the lung. Our studies
showed that cross-tolerance to PAM is not induced in the lung. Chronic LPS inhalation
potentiated the cytokine response, resulting in increased TNF-α and IL-6 production in
response to PAM challenge. However, the expression of both CXCL1 and CXCL2 was
equivalent in LPS-tolerant and nontolerant mice. LPS challenge has been shown to increase
the expression of TLR-2 on lung endothelial cells in a TLR-4/MyD88-dependent manner.
Furthermore, nicotinamide adenine dinucleotide phosphate (reduced form) oxidase produced
by neutrophils can regulate TLR-2 expression (37, 38). Therefore, the increased cytokine
production may be the result of higher TLR-2 expression induced by LPS and the persistent
presence of neutrophils in LPS-tolerant mice.
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Epidemiologic data have demonstrated both positive and negative correlations between LPS
inhalation and disease. High levels of environmental LPS such as those present on farms and
in agricultural and textile mills correlate with reduced incidence of atopy and asthma (39).
Furthermore, individuals residing or working in these environments can have reduced
incidences of certain lung cancers (40). Conversely, LPS inhalation has been correlated with
increased incidence and severity of asthma, as well as with causing persistent inflammation
and decreased lung function (41). These data may also suggest the mechanism underlying
the decreased incidence of asthma and atopy seen in farm communities and in the
developing world; however, further studies are required to determine whether individuals
exposed to high levels of inhalational LPS are protected from atopy and asthma.

This study demonstrates a new model of chronic pulmonary LPS tolerance and demonstrates
a novel mechanism of immune regulation in the lung. LPS tolerance does not impair the
ability to mount a neutrophilic response to exogenous pathogens. However, one cannot rule
out the possibility that the persistence of neutrophils in the lung can lead to organ injury and
long-term loss of function. More studies must be performed to determine the role of chronic
LPS tolerance on lung injury and also to determine whether differential immune regulation
occurs in individuals who continually inhale high levels of LPS.
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Fig. 1. Physiologic parameters in response to LPS tolerance
A, Mouse weights were measured the day before, and each day, mice received intratracheal
challenges. Complete differential was performed on blood collected from the tail vein and
total white blood cell counts (B), lymphocyte counts (C), and hemoglobin concentrations
(D) are represented. Data are expressed as mean ± SEM (n = 6–12 mice per group). There
were no differences between the tolerant and nontolerant animals in any of the measured
parameters.
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Fig. 2. Acute-phase cytokine expression after induction LPS tolerance
A, Bronchoalveolar lavage TNF-α concentrations at the indicated time points post–final
challenge and lung tissue TNF-α mRNA expression 1 h post–final challenge (B). C,
Bronchoalveolar lavage IL-6 concentrations at the indicated time points post–final challenge
and lung tissue IL-6 mRNA expression 1 h post–final challenge (D). Zero-hour samples
were harvested immediately before the final LPS challenge. mRNA data were calculated as
fold increase over 0-h nontolerant group and are expressed as mean ± SEM (n = 6–10 mice
per group). **P < 0.01 compared with nontolerant group.
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Fig. 3. TNF-soluble receptor expression in response to induction of LPS tolerance
TNF-SRI (A) and TNF-SRII (B) concentrations in BAL fluid at the indicated time points
post–final challenge. Zero-hour samples were harvested immediately before the final LPS
challenge. Data are expressed as mean ± SEM (n = 6–10 mice per group). **P < 0.01 and
***P < 0.0001 compared with the nontolerant group.
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Fig. 4. Airway hyperresponsiveness and mediators of AHR in response to LPS tolerance
A, Airway hyperresponsiveness in response to increasing doses of aerosolized methacholine
at 4 h post–final challenge. B, Bronchoalveolar lavage cysteinyl leukotriene concentrations
at 2 h post–final challenge. C, Bronchoalveolar lavage tryptase concentrations at 2 h post–
final challenge. Data are expressed as mean ± SEM (n = 6–10 mice per group). *P < 0.05
and **P < 0.01 compared with the nontolerant group.
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Fig. 5. mRNA expression of M2 and M3 muscarinic acetylcholine receptors in nontolerant and
tolerant mice at 1 h post–final challenge
Data are calculated as fold increase over 0-h nontolerant group and are expressed as mean ±
SEM (n = 6 mice per group). *P < 0.05 and **P < 0.01 compared with the nontolerant
group.
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Fig. 6. Cytospin preparations of cells recovered from BAL fluid of naïve (unchallenged) (A),
nontolerant (B), and LPS-tolerant (C) mice at 24 h post–final LPS challenge
Each is represented at 1,000× magnification. The cells from naïve mice are virtually all
macrophages, whereas numerous neutrophils are observed in the other groups.
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Fig. 7. Neutrophil influx and MPO activity in response to LPS tolerance
A, Bronchoalveolar lavage neutrophil numbers at various time points post–final challenge.
Cytospins were prepared and quantified for collected cells, and data are represented as
absolute cell number per mouse. B, After BAL, the right lung was homogenized and
sonicated for MPO assay. Data are expressed as mean ± SEM (n = 6–10 mice per group).
**P < 0.01 compared with the nontolerant group.
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Fig. 8. Neutrophil chemotactic protein expression after induction LPS tolerance
A, Bronchoalveolar lavage KC (CXCL1) concentrations at the indicated time points post–
final challenge and (B) lung tissue KC (CXCL1) mRNA expression 1 h post–final
challenge. C, Bronchoalveolar lavage MIP-2 (CXCL2) concentrations at the indicated time
points post–final challenge and lung tissue MIP-2 (CXCL2) mRNA expression (D) 1 h post–
final challenge. Zero-hour samples were harvested immediately before the final LPS
challenge. mRNA data are expressed as fold increase above naïve mice and are represented
as mean ± SEM (n = 6–10 mice per group). *P < 0.05 and **P < 0.01 compared with the
nontolerant group.
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Fig. 9. Cross-tolerance to TLR-2 ligand PAM
LPS tolerance was induced by direct pulmonary exposure to LPS for 4 consecutive days
(tolerant PAM). Mice were challenged with 25 μg PAM 24 h later. Control mice received
PBS for 4 consecutive days and 25 μg PAM 24 h later (nontolerant PAM). TNF (A), IL-6
(B), KC (CXCL1) (C), MIP-2 (CXCL2) (D) expression in BAL fluid 2 h post-PAM
challenge. Data are expressed as mean ± SEM (n = 6 mice per group). ***P < 0.0001
compared with the nontolerant group.
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