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Abstract

Background: Compounds which activate the innate im-
mune system, such as lipopolysaccharide, are significant
components of ambient air, and extremely difficult to re-
move from the environment. It is currently unclear how prior
inhalation of endotoxin affects allergen sensitization. We ex-
amined whether lung-specific endotoxin tolerance induc-
tion prior to sensitization can modulate the response to al-
lergen. Methods: Endotoxin tolerance was induced by re-
peated intratracheal exposure to endotoxin. All mice were
then sensitized and challenged by direct intratracheal instil-
lation of cockroach allergen. Results: After allergen sensiti-
zation and challenge, endotoxin tolerant mice had signifi-
cantly decreased airways hyperresponsiveness to metha-
choline challenge, which was confirmed by invasive lung
function tests. Decreased goblet cell hyperplasia and mucus
production were also found by histological assessment. Tol-
erant mice were protected from airway eosinophilia through
the mechanism of reduced CCL11 and CCL24. Interestingly,
endotoxin tolerant mice had only a modest reduction in

cockroach-specific IgE; however, total IgE was significantly
reduced. Conclusions: These data show that induction of
endotoxin tolerance prior to sensitization protects against
the hallmark features of asthma-like inflammation, and that
transient modulation of innate immunity can have long-last-
ing effects on adaptive responses.

Copyright © 2012 S. Karger AG, Basel

Introduction

Asthma is a chronic inflammatory disease character-
ized by three hallmark features: bronchial hyperrespon-
siveness, airway eosinophilia and IgE production [1]. It is
also widely understood that innate immune activating
factors, particularly signaling through the Toll-like re-
ceptor (TLR) ligands, influence asthma severity [2]. In-
halation of high-dose lipopolysaccharide (LPS), con-
comitant with allergen sensitization has been shown to
protect against the development of allergy [3]. While the
exact mechanisms dictating this immune modulation
are not known, it is generally accepted that the role LPS
plays in asthma severity depends on the dose and timing
of exposure [4]. This is further highlighted by the hy-
giene hypothesis, which asserts that early exposure to
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high levels of innate immune activating compounds can
protect against the onset of atopy, while lack of exposure
can increase the risk of developing allergic diseases [5, 6].
This has been postulated as an underlying cause for in-
creased asthma incidence and severity in developed
countries. Additionally, the incidence and severity of
asthma in inner city children is far greater than that seen
in children raised in farming environments, and the lev-
els of LPS present in farm environments are significant-
ly higher than those measured in inner city homes [7, 8].
We sought to investigate pulmonary LPS tolerance as a
mechanism responsible for attenuated asthma severity
in response to cockroach allergen (CRA) sensitization
and challenge.

Repeated exposure to LPS can induce a transitory state
of LPS hyporesponsiveness [9]. This phenomenon has re-
cently been identified as a unique mechanism by which
the lung protects itself from excessive inflammation, by
attenuating TNFa, and CXC chemokine production,
while maintaining the capacity to recruit neutrophils and
thus fight bacterial challenge [10, 11]. In this study, we
employed a novel model combining LPS tolerance and
asthma induction to determine how repeated LPS inhala-
tion affects the adaptive response. We used a clinically
relevant model of intratracheal allergen sensitization
without the use of adjuvants. Given the ubiquitous pres-
ence of LPS in the environment, understanding its role in
the onset and progression of allergic diseases is essential
in determining effective treatment methods.

Materials and Methods

Animals

Female BALB/c mice, 9-12 weeks old, were purchased from
Jackson Laboratories (Bar Harbor, Me., USA), and maintained
under standard laboratory conditions. The mice were housed in a
temperature- and humidity-controlled room with 12-hour light/
dark cycles and were allowed food and water ad libitum. All ex-
periments 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 LPS Tolerance and Asthma-Like Pulmonary

Inflammation

LPS tolerance was induced by exposing mice to 1 g LPS (E.
coli LPS O111:B4, Sigma-Aldrich-62325) in a total volume of 50 .1
sterile PBS once daily during days -4 to -1, by direct intratrache-
alinstillation, as previously described. Nontolerant mice received
50 wl sterile PBS [12]. On day 0, all mice were sensitized to cock-
roach allergen (CRA) by intratracheal administration of 2 pg
CRA (Greer Laboratories, LeNoir, NC, Item # B46) in 50 .l PBS.
No adjuvants were used for asthma induction. On day 14, mice
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were challenged intratracheally with 1 g CRA, and received the
same challenge on day 21. This CRA preparation contained 200
ng LPS contamination for sensitization and 100 ng LPS at chal-
lenge as determined by Limulus amoebocyte lysate assay [10]. Air-
ways hyperresponsiveness and airway resistance were measured
and animals were sacrificed at various timepoints as indicated in
the figure legends. The 0 h timepoint represents sacrifice imme-
diately prior to receiving the day 21 CRA challenge.

Airways Hyperresponsiveness

Airways hyperresponsiveness was measured using unre-
strained whole-body plethysmography (Buxco Systems, Troy,
N.Y.,, USA). Mice were placed in the instrument chamber and al-
lowed to acclimate for 5 min and baseline measurements were
then recorded for 5 min. Next, mice were challenged for 2 min
with aerosolized PBS, followed by increasing doses of methacho-
line (Sigma, St. Louis, Mo., USA). Each aerosol was followed im-
mediately by 5 min of data collection. The partial pressure differ-
ence between the experimental and a reference chamber is repre-
sented as the PenH parameter. This has been shown to correlate
closely with invasive measurements, and has been used in several
high-impact publications [13-15]. The data is represented as the
percent increase in PenH above baseline.

Airway Resistance

Whole-body plethysmography data were further verified us-
ing invasive pulmonary function tests. For measurement of
mouse airway resistance, mice were anesthetized with an i.p. in-
jection of 1:5 diluted pentobarbital (Nembutal®, 0.016 ml/g body
weight, Ovation Pharmaceutical, Deerfield, Ill., USA). The para-
lytic was pancuronium (Sigma-Aldrich, St. Louis, Mo., USA) at
0.5 pg/g body weight. Adequate surgical sedation was determined
by a firm squeeze of the foot pad. A tracheotomy was then per-
formed by insertion of an 18-gauge polyethylene cannula into the
distal trachea. The mouse was placed on the FlexiVent mechanical
ventilator (Scireq Scientific Respiratory Equipment, Montreal,
Canada) and ventilated at 190 breaths per minute with positive
end-expiratory pressure set at 3 cm H,O. Airway resistance mea-
surements in response to increasing concentrations of aerosolized
methacholine were obtained through periodic computer-generat-
ed ‘snapshot 150" forced-maneuver interruptions in ventilation.
Data are presented as resistance change from baseline (cm H,O
per milliliter per second).

Bronchoalveolar Lavage and Lung Homogenate Preparation

Mice were exsanguinated and bronchoalveolar lavage (BAL)
was performed by cannulating the trachea. The lung was lavaged
with two 1-ml aliquots of warm Hanks’ balanced salt solution
(HBSS, Gibco, Grand Island, N.Y., USA). Both aliquots were cen-
trifuged and the supernatant of the first wash was removed and
frozen at -20°C for cytokine analysis. The supernatant from the
second wash was discarded and the cell pellets from both aliquots
were combined. Total cell counts were obtained using a Beckman-
Coulter particle counter model ZF (Coulter Electronics Inc., Hia-
leah, Fla., USA). Cytospin preparations were stained with Diff-
Quick and 300 cell differential counts were performed to deter-
mine the absolute numbers of inflammatory cells. The right lung
was removed, placed in ice-cold protease inhibitor cocktail
(Roche, Indianapolis, Ind., USA) containing 0.00005% Triton
X-100 in PBS, and homogenized with three 10-second passes in a
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Brinkmann Polytron PT3000 homogenizer. An aliquot was re-
moved and sonicated in 0.5% cetyltrimethylammoniumchloride
(CTAC) (Sigma) for eosinophil-specific peroxidase assay [16]. The
homogenized and sonicated mixtures were centrifuged at 15,000
g for 15 min. The homogenate supernatant was removed and
stored at —20°C for cytokine analysis and the supernatant from
the sonicated fractions was used immediately for peroxidase as-

say.

Eosinophil Peroxidase Assay

Eosinophil peroxidase (EPO) assay was performed as de-
scribed previously, with some modifications [16]. Supernatants of
the mixture sonicated in CTAC were diluted 1:3 in 10 mM HEPES,
pH 8, in quadruplicate in a 96-well plate. 150 .l ice-cold stop so-
lution (4 N H,SO4 + 2 mM resorcinol) was added to two of the
sample wells. 75 .l substrate solution containing 6 mm KBr, 1.5
mM o-phenylenediamine (Sigma, St. Louis, Mo., USA, P9029),
and 0.3% H,0, in 50 mM HEPES, pH 8, was added to the two re-
maining sample wells. The reaction was incubated in the dark for
30s. 150 plice-cold stop solution was added and the absorbance
was read at 490 nm.

ELISA

Cytokines, chemokines and antibodies were measured by
sandwich ELISA as previously described [17]. Antibody pairs and
recombinant standards were purchased from R&D Systems (Min-
neapolis, Minn., USA). 20% normal lung homogenate was added
to the standards when assaying lung homogenate samples to ad-
just for increased background caused by nonspecific matrix ef-
fects. ELISAs for measuring antibodies were performed by the
same standard protocols with reagents purchased from Bethyl
Laboratories (Montgomery, Tex., USA). Cockroach allergen ELI-
SAs were performed as previously described with antibody pairs
and recombinant standards from Indoor Biotechnologies (Char-
lottesville, Va., USA) [18].

Cysteinyl-Leukotriene Immunoassay

Cysteinyl leukotriene levels in the BAL fluid were measured by
a commercially available Enzyme-linked Immunoassay Kit (Cay-
man Chemicals, Ann Arbor, Mich., USA) according to the manu-
facturer’s instructions. All samples were run at two dilutions, and
only %B/B, values in the linear range of the standard were ac-
cepted. %B/B, values falling out of this range were rerun at an
appropriate dilution.

Histopathology

Immediately after collection of the left lung, the right lung was
harvested, fixed in 70% ethanol, paraffin embedded and pro-
cessed for routine histology. Separate sections were also stained
with periodic acid-Schiff reagent and were examined under alight
microscope [19]. Digital images of the entire section were taken
and analyzed using NIH ImageJ Software. The outline of each
figure was traced and the total area in pixels was calculated using
the measure function. Positive PAS staining was selected using
the Color Deconvolution plug-in. The area of positive staining
was measured using the measure feature. Positive staining is rep-
resented as area of PAS staining per 10° pixels.

Congo Red Stain for Tissue Eosinophils
Paraffin sections were stained with Congo red as previously
described [20]. Eosinophils were counted in a blinded manner in
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four randomly selected high-powered fields for each section and
8 sections per group were analyzed. Eosinophil numbers are rep-
resented as number of eosinophils per high-power field.

Statistical Analysis

All data are represented as mean * SEM. Statistical signifi-
cance was determined by unpaired Student’s t test using Graph-
Pad Prism version 4.0.3 (GraphPad Software, San Diego, Calif.,
USA). Statistical significance was achieved when p < 0.05.

Results

Activation of Innate Immunity after Allergen

Sensitization and Challenge

LPS tolerance was induced by direct intratracheal in-
stillation of LPS for four consecutive days. Both allergen
sensitization and challenge were also carried out by intra-
tracheal exposure without the use of adjuvants. Because
adjuvants are thought to artificially skew the immune
system toward a Th2 response, their use is controversial
[21]. By using a clinically relevant allergen and the natural
route of exposure, the model used in the current study
more accurately recapitulates the clinical setting.

Previous studies of LPS tolerance have defined it as
a transient phenomenon. It is generally accepted that if
more than 72-96 h elapses between initial LPS exposure
and rechallenge, the acute inflammatory response is not
attenuated [22-24]. Twenty-four hours after LPS toler-
ance induction, mice were sensitized with CRA and chal-
lenged with CRA on days 14 and 21. Figure 1 shows that
LPS tolerance has no lasting effect on the mediators of
innate immunity measured here. No difference in neu-
trophil numbers or concentrations of the CXC chemo-
kines KC (CXCL1) and MIP-2 (CXCL2) in the BAL fluid
was observed. More importantly, we saw no lasting defect
in the ability of LPS-tolerant mice to produce TNF«
(fig. 1d). Interestingly, LPS-tolerant mice produced more
TNFa in response to allergen challenge.

Pulmonary Function Tests and Mediators of AHR

We next examined whether LPS tolerance can modu-
late AHR in response to allergen sensitization and chal-
lenge. Mice were exposed to increasing doses of aerosol-
ized methacholine at 4 h after final allergen challenge.
Our laboratory routinely observes robust AHR at this
timepoint. LPS-tolerant mice had significantly attenuat-
ed AHR compared to nontolerant mice in response to 50
mg/ml methacholine (fig. 2a). Although the relevance of
whole-body plethysmography has been demonstrated re-
cently, the correlation of PenH to airway function is still

Natarajan/Kim/Bouchard/Cruikshank/
Remick



Neutrophils in BAL MIP-2 (CXCL2) BAL
450 1 7,000 —a— Nontolerant
’g 400 T 6,000 - -4- Tolerant
S 3507 5,000
X 300 + _ 7
@ 250 g 4,000
3 200 2 3,000
£ 1507 2,000
= 100 4
3 50 1,000 -
0 - 0 T
a Nontolerant Tolerant
. . . C Hours after final challenge
Fig. 1. Neutrophil numbers and mediators
of innate immunity after final allergen 30,000 — KC (CXCL1) BAL 20,000 - TNFa BAL
challenge. Cytospin preparations from 25 000 '
cells collected in the BAL fluid were made ' 15000
and 300 cell differential counts performed z 20,000 7 _
to determine the absolute numbers of neu- S 15,000 - § 10,000 -
trophils (a). Concentrations of chemo- * 10,000 - a
kines CXCLI1 (b), CXCL2 (c) and TNF« (d) 5000 - 5,000
in the BAL fluid were measured by stan- '
dard ELISA. Data are presented as mean 0 03 L T 0 o3 L o
+ SEM (n = 4 mice per group per experi- )
ment: combination of 3 separate experi- b Hours after final challenge d Hours after final challenge
;
ments).
Cysteinyl leukotrienes
AHR Airway resistance *
5007 77 —=— Nontolerant 4,500 T
g 400 _ 67 -4 Tolerant 4,000
£ E 5] 3,500 -|
S 300 7 1 — 3,000 -
< Q 47 £ 2,500 -
%J 200 - T 34 g 2,000
< * § 51 1,500 -
R 100+ o« B 1,000
L 500 -
0 - 0 T T T T O -
a Nontolerant Tolerant 0 5 15 25 (4 Nontolerant Tolerant
b Mch (mg/ml)

Fig. 2. Measurement of airways hyperresponsiveness, airway resis-
tance and cysteinyl leukotrienes after final allergen challenge.
a For unrestrained, whole-body plethysmography, mice were chal-
lenged with increasing concentrations of aerosolized methacho-
line at 4 h after the final challenge and PenH values are represent-
ed as percent above baseline. b For invasive measurements, mice

controversial [25]. Therefore, we also verified these find-
ings using invasive pulmonary function tests. Invasive
tests demonstrated a trend toward decreased lung func-
tion in LPS-tolerant mice after administration of 25 mg/
ml methacholine, confirming the AHR data (fig. 2b). We
were unable to administer higher doses of methacholine
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were challenged with methacholine, as described in ‘Materials and
Methods’, and pulmonary resistance is expressed as R cm H,O-s/
ml. ¢ Cysteinyl leukotrienes were measured in the BAL fluid 2 h
after final challenge. Data are presented as mean * SEM. Experi-
ments were done a minimum of 3 times with 3-4 mice per group,
per experiment. * p < 0.05 compared to nontolerant group.

directly to the trachea due to technical limitations of the
assay. We then measured cysteinyl leukotrienes in the
BAL fluid at 2 h after final challenge as a possible mecha-
nism responsible for the decreased airway resistance. In-
terestingly, cysteinyl leukotriene production was signifi-
cantly increased in LPS-tolerant mice, suggesting that
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Fig. 3. PAS staining and quantification. Representative images of
PAS stained nontolerant (a) and tolerant mice (b) 24 h after final
allergen challenge. ¢ The amount of positive PAS staining was
quantified using NIH Image] software and expressed as area of

leukotrienes are not primarily responsible for AHR in
this model (fig. 2c).

PAS staining was performed in lung sections harvest-
ed at 24 h after final challenge. We observed decreased
mucus staining in the airway epithelial cells of LPS-tol-
erant mice compared to the nontolerant group (fig. 3a, b).
Quantification of this staining using the NIH Image]J
software confirmed these observations, showing signifi-
cantly less PAS staining in the tolerant lungs (fig. 3c).

Eosinophil Influx and Eosinophil-Specific Chemokine

Production

Eosinophil infiltration is a cardinal feature of the late
phase of the asthmatic response [26]. Absolute numbers
of eosinophils in the BAL fluid of LPS-tolerant mice were
significantly reduced (fig. 4a). This was accompanied by
a concomitant decrease in eotaxin-1 (CCLI11) and eotax-
in-2 (CCL24) concentrations in the BAL fluid (fig. 4b, c).
In order to rule out the possibility that reduced BAL che-
mokine expression was causing eosinophils to sequester
in the lung parenchyma, we measured EPO activity as an
indicator of eosinophil presence in the lung tissue. EPO
activity 24 h after final challenge, as well as lung homog-
enate CCL11 and CCL24 concentrations were signifi-
cantly decreased in LPS-tolerant mice (fig. 4d—f). No dif-
ference in RANTES (CCL5) production was measured
(data not shown).

Eosinophil numbers in the parenchyma were further
confirmed by Congo red staining of paraffin-embedded
lung sections. Eosinophils were identified by cellular and
nuclear morphology, as well as pink cytoplasmic amyloid
staining. Representative digital images of nontolerant
and tolerant lungs show an apparent reduction in eosino-
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Nontolerant Tolerant

N PAS staining/area of section

PAS staining per area of the entire lung section. Data are present-
ed as mean = SEM (n = 4 mice per group, per experiment; com-
bination of 3 separate experiments). ** p < 0.01 compared to non-
tolerant group.

phil numbers in the tolerant lungs (fig. 5a, b). Quantifica-
tion of these sections clearly demonstrates decreased
numbers of eosinophils in the lungs of LPS-tolerant
mice (fig. 5¢).

Th1 and Th2 Cytokine Production in BAL Fluid

Asthma is largely characterized as a Th2-mediated
disease characterized by high concentrations of IL-4 and
IL-5, and low levels of IFNvy [27]. We investigated wheth-
er LPS tolerance alters the production of Thl and Th2
cytokines, possibly skewing the inflammatory response
to one mediated primarily by IFN+y. We found a slight in-
crease in BAL concentrations of IFNvy, IL-4, IL-5 and IL-
13 in LPS-tolerant mice at 2 and 24 h after final challenge,
although this did not reach statistical significance (fig. 6).
Also, no statistical difference was seen in BALIL-12 (data
not shown). While LPS tolerance protects against eosino-
philia, and AHR, LPS-tolerant mice are still capable of
robust cytokine production.

Antibody Production in Response to Allergen

Sensitization and Challenge

Cross-linking of allergen-specific IgE on the surface of
mast cells causes degranulation, and release of hista-
mines, cytokines, and leukotrienes, which can cause sub-
sequent AHR and epithelial damage [28, 29]. Plasma lev-
els of total IgE were significantly decreased in LPS-toler-
ant mice, and were comparable to those measured in
naive animals (fig. 7a). A slight decrease in CRA-specific
IgE was measured in LPS-tolerant mice receiving immu-
nization only (fig. 7b). We further sought to determine
whether LPS tolerance suppressed the production of
IgGl, associated with Th2 responses, and I1gG2a, associ-
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Fig. 5. Eosinophil staining and quantification of lung sections.
Representative images of paraffin sections from nontolerant (a)
and tolerant (b) mice at 24 h after final allergen challenge were
stained with Congo red. Eosinophils were identified by morphol-
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ogy and red cytoplasmic staining. ¢ Number of eosinophils per
high-power field was quantified. Data are presented as mean *
SEM (n = 4 mice per group, per experiment; combination of 3 sep-
arate experiments). *** p < 0.001 compared to nontolerant group.
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ated with a Thl phenotype [30]. Total IgG1 was signifi-
cantly increased in immunized-only mice, but no differ-
ence in IgG1 or [gG2a was measured after immunization
and challenge (fig. 7c, d). This indicates that LPS toler-
ance induces specific inhibition of IgE in this model.

Discussion

The effect of activators of the innate immune system
on the development of the adaptive response to allergen
has become an important focus of investigation. Epide-
miological studies have produced conflicting results with
regard to the effect of repeated LPS inhalation. Animal
models have correlated high-dose LPS exposure with de-
creased allergen sensitization, whereas low levels of LPS
seem to potentiate sensitization [31, 32]. Wang et al. [33]
showed that intranasal exposure to LPS in neonatal mice
protected from ovalbumin sensitization and resulted in
increased regulatory T cell numbers. Further, it has been
shown that TLR4 signaling is required for the develop-
ment of antigenic tolerance in previously sensitized mice,
but is not required for the development of sensitization
[34]. In a recent rodent study, administration of a mono-
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clonal TLR4 agonist prior to ovalbumin sensitization sig-
nificantly attenuated airway eosinophilia, mucus pro-
duction and AHR [35]. Our novel findings demonstrate
that protection from allergen sensitization can be direct-
ly attributed to pulmonary tolerance to LPS. However,
we employed a crude LPS preparation, and our allergen
mixture contains many innate immune-activating com-
pounds. Therefore, it is likely that this phenomenon is
mediated by TLR4 as well as other pattern recognition
receptors.

In this model, LPS tolerance was induced by four con-
secutive days of high-dose intratracheal LPS administra-
tion, followed by induction of asthma by intratracheal ex-
posure to CRA. Few investigators use intratracheal deliv-
ery of environmentally relevant allergens for the study of
asthma-like inflammation [36-38]. Most models utilize
ovalbumin, which is not an environmental allergen, and
employ an average of 6 exposures and a total of 2,000 pg
of allergen, while our model requires 3 exposures and a
total of only 4 ng of allergen [39-41]. This is potentially
explained by the inherent protease activity present in
cockroach frass and gastrointestinal proteins, which may
facilitate antigen uptake by dendritic cells in the lung [42,
43]. The ability to induce asthma-like pulmonary inflam-
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Fig. 7. Plasma antibody production in response to allergen sensitization and challenge. IgE (a), CRA-specific
IgE (b), IgGl (c) and IgG2a (d) were measured in plasma collected at day 22 after sensitization by standard

ELISA. The Imm. Only group received CRA

sensitization, but no challenge on days 14 or 21. Data are present-

ed as the mean = SEM (n = 4 mice per group, per experiment; combination of 3 separate experiments). * p <
0.05 compared to naive mice as measured by Student’s t test.

mation with relatively low concentrations of allergen may
lie not only in the use of an environmentally relevant al-
lergen, but also in the substantial LPS contamination nat-
urally present in the allergen preparation. Therefore, our
model recapitulates the environmental setting in which
LPS contamination is ubiquitous. Our model also dem-
onstrates the physiologically relevant adjuvant effects of
LPS, as other compounds, such as Freund’s adjuvant can
cause artificial skewing toward a Th2 immune response
[21].

The current findings demonstrate that the modulation
of innate immunity induced by LPS tolerance is transient.
CXC chemokine production and neutrophil recruitment
are not affected 21 days after LPS tolerance was induced
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(fig. 1). Further, decreases in TNFa, a hallmark feature of
the LPS-tolerant phenotype, are no longer present. Im-
mune activation induced by LPS tolerance is protective
against allergen sensitization, while one exposure to low-
dose LPS, concomitant with sensitization (nontolerant
group) potentiates the development of asthma.

Our data demonstrate a significant decrease in CRA-
specific IgE in LPS-tolerant mice receiving only immuni-
zation, but no difference is measured in mice receiving
both allergen challenges, while an opposite trend was
measured in total IgG1. This can be partially explained
in that the effects of LPS tolerance are no longer present
at the time of the first allergen challenge (day 14). There-
fore, antibody production in response to the first chal-
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lenge is equivalent between groups. The differential regu-
lation of these two isotypes (increased IgG1 and decreased
IgE) may be mediated by the cytokine milieu present in
the microenvironment of naive B cells. Previous studies
have reported that TGFf3 and IL-10 can inhibit IL-4-me-
diated class switch recombination to IgE, a role for TGF(
in mediating endotoxin tolerance has been confirmed
[44-46]. TGF[3 was also shown to have no effect on IL-4-
mediated class switch to IgG1 [47]. Therefore, while me-
diators such as TGF( may inhibit IgE production, other
cytokines such as IFNy may drive IgGl1 production [47].
Our data also demonstrated a significant reduction in to-
tal IgE in immunized-only LPS-tolerant mice, as well as
those receiving both allergen challenges. This is likely
due to the production of polyclonal IgE in response to
LPS [48]. When LPS signaling is attenuated (LPS toler-
ance), total IgE production is inhibited.

We also determined that the mechanism underlying
decreased eosinophilia is the reduction in CCL11 and
CCL24 in both the BAL fluid and organ homogenate. We
hypothesized that if the lack of eosinophils in the alveolar
space and lung tissue was purely the result of a defective
chemotactic gradient, increased numbers of circulating
eosinophils would be present. Analysis of the peripheral
blood showed no differences in circulating eosinophils in
nontolerant mice compared to the LPS-tolerant group
(data not shown). Further, IL-5 is a key mediator in eo-
sinophil activation and egress from the bone marrow into
sites of inflammation [49]. Plasma IL-5 levels were below
the limit of detection (data not shown) of our ELISA (13.7
pg/ml); however, this does not rule out the possibility that
concentrations below this limit are sufficient to mobilize
eosinophils.

LPS-tolerant mice were protected from AHR, as well
as airway resistance. We observed a dissociation between
methacholine-induced airways hyperresponsiveness and
cysteinyl leukotrienes. Our earlier studies also showed
a similar protection from AHR and concomitant in-
creases in cysteinyl leukotrienes [50]. We found that pro-
tection from methacholine-induced AHR was mediated

through a reduction in M2 and M3 muscarinic receptor
expression [51]. It is of importance to determine whether
muscarinic receptor downregulation lasts up to 21 days
after LPS tolerance induction. The robust production of
cysteinyl leukotrienes suggests that mast cell function is
not impaired in the tolerant mice. Therefore, it is un-
likely that the protection from AHR is mediated by the
observed reduction in IgE. This dissociation between
IgE and AHR has been demonstrated in mast cell and B
cell-deficient mice [52, 53]. It is possible that the lack of
mucus production seen in LPS-tolerant lungs contrib-
utes to the reduced airway resistance [54, 55]. Further,
airway sensitization has been shown to induce a strong
Th17 response leading to robust AHR [56]. We measured
BAL levels of IL-17 and found no significant difference
between groups at 2 or 24 h after final challenge (data not
shown).

Taken together, our data show that prior inhalation of
high doses of LPS protects against airway eosinophilia,
AHR, mucus production and IgE. Further, these studies
show that optimal allergen sensitization requires innate
immune activation, and that this transient modulation of
the innate immune response can have lasting effects on
adaptive immunity. Further epidemiological studies are
needed to determine whether lungs of individuals ex-
posed to high levels of LPS are refractory to further LPS
stimulation, which may confer protection against aller-
gen sensitization.
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