Healthy subjects express differences in
clinical responses to inhaled
lipopolysaccharide that are related with
inflammation and with atopy
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Background: Endotoxin and its purified derivative LPS are
important contaminants of both domestic and occupational
environmentsthat have been related to airway diseases. A
body of data suggeststhat thereis considerableinterindividual
variability in LPS sensitivity.

Objective: The aim of the study was to relate the individual
clinical responsesto inhaled L PS with the inflammatory
process and the atopic status.

Methods: Fifteen healthy subjects were challenged each week
by inhalation with saline solution or LPS (0.5, 5, or 50 pg). The
systemic response was defined by the increase in body temper -
ature, blood neutrophilia, acute-phase proteins (C-reactive
protein and LPS-binding protein [LBP]), and E-selectin. The
LPS-induced airway response was defined asthe increase in
airway responsiveness and related to the cell count and con-
centration of TNF-a, myeloperoxidase, and eosinophil cationic
protein in induced sputum. The atopic status was defined as an
increasein IgE or a positive skin prick test result.

Results: Subjects (n = 7) with a significant increase in body
temperature had a larger increase in the systemic inflammato-
ry response (blood neutrophilia; P <.01) and in blood concen-
trations of C-reactive protein (P <.02) and LBP (P < .01). Sub-
jectswith a significant increase in airway responsiveness (n =
8) had an increase in the sputum concentration of eosinophil
cationic protein (P <.01). The amplitude of the systemic
response (increase in body temperature [P < .001], blood neu-
trophilia[P <.02], and risein LBP [P < .05] and decrease in
FEV, [P < .01]) wereinver sely associated with the atopic sta-
tus, suggesting a link between atopy and L PS responsiveness.
Conclusions: The clinical response to L PS occurs systemically
or locally and is associated with inflammation. The atopic sta-
tuswas inver sely related to the systemic inflammation.
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Endotoxin and its purified derivative LPS are gram-
negative bacterial constituents continuously shed into the
environment.1 A number of different gram-negative bac-
teriainhabit the normal body surfaces including the skin,
oral cavity, respiratory tract, gastrointestinal tract, vagi-
na, and urinary tract. In addition to the septic shock fre-
quently caused by translocation of gram-negative micro-
organisms normally present in the gut of the host to the
circulation, there is continuous exposure to airborne
endotoxin. The release of endotoxin from gram-negative
bacteria, which colonize the respiratory tract in most
patients with chronic bronchitis, can contribute to the
lung function decrease by initiating release of inflamma-
tory mediators from bronchial epithelial cells.2 High lev-
€ls of airborne (1 pg/m3) endotoxin have been reported
from a variety of occupational environments (eg, swine
pens, poultry farms, cotton mills, breweries, waste pro-
cessing plants). A number of cross-sectional studies
report an association between endotoxin exposure in
occupational settings and the risk of developing
nonatopic, chronic obstructive pulmonary diseases,3-6
toxic pneumonitis, and systemic effects.”:8 In the domes-
tic environment, there is a'so endotoxin contaminating
house dust®-12 that could be an important determinant of
asthma severity.910

Sensitivity to endotoxin varies considerably among
animal species, with human subjects being very sensi-
tive. In healthy human subjects, inhalation of endotoxin
induces dose-related clinical symptoms, decreasein lung
function, and bronchial as well as systemic inflammato-
ry responses.1! There is considerable interindividual
variability in the amplitude of both the clinical and
inflammatory responses to purified LPS by inhala-
tion3.13-15 or by intravenous administration.16 In mice,
endotoxin sensitivity is genetically determined,” involv-
ing mutation in the Toll-like receptor-4 gene,18 a core-
ceptor essential for LPS signaling. In human beings
recent data suggest that polymorphisms in the genes
encoding the proinflammatory LPS-induced cytokine
TNF-al® or the LPS receptor CD-1420 may be related to
symptoms and diseases. Activation of antigen-presenting
cells through LPS receptor CD14 causes the release of
several cytokines that modulate the specific immune
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Abbreviations used
AR: Airway responsiveness
BPI: Bactericidal/permeability increasing protein
CRP: C-reactive protein
DL: Detection limit
ECP: Eosinophil cationic protein
LBP: LPS-binding protein
MPO: Myeloperoxidase
PME: Polymorphonuclear eosinophil
sE-selectin:  Soluble E-selectin
sICAM: Soluble intercellular adhesion molecule
STNF-R: TNF soluble receptor

response, inhibiting the production of IgE.2! Therefore
the responsiveness to L PS could interfere with the devel-
opment of allergic diseases.

The aim of this study was to determine the effects of
inhaled LPS in healthy subjects in terms of the systemic
and the local responses. The relationship between the
response to L PS and the atopic status was al so eval uated.

METHODS
Subjects

A group of 15 healthy, asymptomatic, nonsmoking subjects, pre-
selected for their ability to produce an adeguate sample of induced
sputum, were included. The mean age was 31.1 (+3.0) years; 8 were
female and 7 male. Total and specific blood IgE levels (CAP sys-
tem; Pharmacia, Uppsala, Sweden) for airborne allergens were
determined. On the basis of positive (=4-mm wheal) skin prick test
results for the most frequent allergens (Bencard, Worthing, UK)
and/or positive specific IgE for at least 1 allergen,22 9 subjects were
considered atopic, and 6 were nonatopic (Table ).

The protocol was approved by the ethical committee of the hos-
pital, and written, informed consent was obtained.

General study design

All of the nebulized solutions were administered by a Mefar
dosimeter MB3 (Mefar, Brescia, Italy) as previously reported.23 By
use of a single-blind procedure, all the subjects were challenged
each week by inhalation of either sterile apyrogene saline solution
or adose (0.5, 5, and 50 pg) of a suspension of LPS (Escherichia
coli 026:B6, reference No. L-2654, lot 43H40491; Sigma Chemical,
St Louis, Mo) in the same order. The 0.5-ug dose corresponds to the
no-response threshold, whereas 50 pg is associated with symptoms
in some subjects.1323.24

Fever and lung function were recorded before and at 1, 6, 8, and
24 hours after specific airway responsiveness (AR) was measured,
8 hours after the challenge. Induced sputum was obtained at 6
hours. Blood samples were collected at O, 6, and 24 hours.

Lung function

Lung function was measured by plethysmography (Bodyscreen
I1; Jaeger, Wurzburg, Germany). Usually AR is evaluated by the
cumulative dose of histamine inducing a 20% fall in FEV .23 How-
ever, because our healthy subjects did not achieve a decrease of
20% in FEV 4, the results were expressed by their maximal decrease
in FEV (as a percentage of the baseline value) measured after the
highest dose of histamine (900-pg cumulative dose).
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Induced sputum

Induced sputum was collected with the method described by Pin
et a5 adapted for healthy subjects.13 The hypertonic sterile saline
solution (5%) was nebulized for 30 minutes with an ultrasonic neb-
ulizer (Fisoneb; Karapharm, Marseille, France); subjects were asked
to rinse their mouths with water every 5 minutes and to try to cough
sputum directly into a sterile plastic box. The sputum was weighed,
mixed with an equal volume of dithiothreitol 10% (Sputolysin;
Behring Diagnostics, Somerville, NJ) and incubated for 15 minutes
at 37°C. After centrifugation (15 minutes at 800g) the supernatant
was frozen at —20°C while the pelleted cells were washed 2 times
and resuspended in PBS. The number of cells was measured with a
Thoma's hemocytometer. A slide was prepared by centrifugation
(Cytospin, Shandon Inc, Pittsburgh, Pa) and stained with May-Griin-
wald-Giemsa before the differential cells were counted by 2 inde-
pendent experienced readers. The differential cell count was consis-
tent with data from another study using a similar method.24

The TNF-a was measured in the supernatants with a specific
immunoenzymatic assay (Medgenix Diagnostics, Fleurus, Bel-
gium), whereas eosinophil cationic protein (ECP) and myeloper-
oxidase (MPO) were measured with RIA commercial kits (Phar-
macia, Upsalla, Sweden).13

Blood markers of the response to LPS

An automated method (H1 counter; Technicon Instruments, Tar-
rytown, NY) was used to count the total and differential white
blood cells.

Several blood markers of endotoxin activation were eval uated:
the soluble E-selectin (SE-selectin),?6 the soluble intercellular adhe-
sion molecule (sICAM-1),26 the 2 soluble forms of TNF receptors
(STNF-R55 and STNF-R75),27 the bactericidal/permeability-
increasing protein (BPI),28 and the acute-phase C-reactive protein
(CRP) and LPS-binding protein.29

The blood CRP was measured with a 2-site monoclonal antibody
enzyme-linked immunoassay (antibodies and calibrator from Dako
Ltd, High Wycombie, UK; detection limit (DL), 0.5 mg/L).13 Plasma
STNF-R55, sSTNF-R75, LBP, BPI, SsCAM-1, and sE-selectin, were
measured with sandwich ELISA asreported previously.30-34 For mea-
surement of STNF-R55 and TNF-R75 monoclonal antibodies, MR1-
1 and MR2-2 were used for coating. Specific biotin-labeled poly-
clond rabbit-antihuman STNF-R |gG was used as a detector reagents,
and the standards were recombinant human sTNF-R55 and STNF-
R75 (DL, 100 pg/mL). Polyclonal rabbit anti-rh LBP 1gG was used
as coating for the LBP ELISA, and biotin-labeled polyclonal rabbit
anti-human recombinant LBP was used for detection; the standard
was human recombinant LBP (DL, 200 pg/mL). For measurement of
BPI, plates were coated with monoclona antibody 4E3, and BPI was
detected by polyclonal rabbit anti-human BPI antiserum (DL, 200
pg/mL). For sSICAM-1 ELISA, mAb HM.2 was used for coating,
recombinant human ICAM-1 was used as a standard, and biotinylat-
ed mAb HM.1 was used for detection (DL, 400 pg/mL). For sE-
selectin ELISA, plates were coated with mAb ENA1, and biotin-
labeled mAb ENA2 was used as the detector reagent; the standard
was recombinant human sE-selectin (DL, 1 ng/mL).

Definition of clinical response to inhaled LPS

The clinical responses to inhaled LPS was defined by objective
parameters: a change in temperature, a change in AR, or a change
in FEV,. A significant change in temperature was defined as an
increase of more than 0.5°C after LPS compared with after saline
solution. A significant change in AR was defined as an increase in
AR (>10% histamine-induced fall in FEV; compared with after
saline solution), and a significant change in lung function was
defined as a significant decrease in FEV; (see below).
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FIG 1. The time-related response induced by inhalation of 50 pg LPS (®) compared with saline solution (O).
Results are means (+SE) of the changes in temperature (F test = 4.9, P < .01), FEV, (F test = 3.1, P < .05),
blood PMN count (F test = 55.3, P < .001), blood concentration in E-selectin (F test = 9.9, P <.001), CRP (F
test = 11.9, P<.001), and LBP (F test = 24.5, P < .001). Wilcoxon paired test: *P < .05, **P < .02, ***P < .01.

Statistical analysis

All the results were expressed as mean + SE. The response in
FEV, was calculated as the change in the percentage of the basal
value. The significance of the FEV; response within subjects was
tested by 2-way ANOVA (factors. time and challenge). A patient
was defined as having a significant FEV 4 response according to
whether the result of the F test was significant. Blood and sputum
parameters were expressed in absolute values, and their changes
after LPS were compared with those after saline solution. A 2-way
ANOVA was performed on each parameter (factors: subject and
either time or challenge).35 When the F test results were significant,
paired or nonpaired values were tested by the Wilcoxon or Mann-
Whitney nonparametric tests, respectively. A P value < .05 was con-
sidered as significant.

RESULTS

The time-related response to 50 pug LPS was analyzed
to define the time at which body temperature, lung func-
tion, and blood inflammatory indicators were at maxi-
mum (Fig 1). A significant decrease in FEV; was found
1 hour after 50 pg LPS and lasted more than 8 hours. The
LPS-induced increase in neutrophilia and temperature
peaked at 6 and 8 hours, respectively, whereas the peaks
of CRP, LBP, and sE-selectin occurred at 24 hours. No
significant changes were present for the blood sTNF-
R55, sSTNF-R75, sICAM, or BPI. Flu-like symptoms
developed in 4 subjects.
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TABLE |. Subjects characteristics and atopic status

J ALLERGY CLIN IMMUNOL
MAY 2001

Subject No. Age (y) Sex C H SPT (=4 mm) Specific IgE (>1 U/mL) IgE (U/mL) Atopic status
1 24 M 0 3 + (Dpt) - 14 Atopic
2 25 M 0 5 - + (Dpt) 36 Atopic
3 45 F 0 4 - - 15 Nonatopic
4 45 F 0 3 - - 24 Nonatopic
5 43 F 0 3 - - 29 Nonatopic
6 24 M 0 4 + (Dpt, cat, grass) + (Dpt, grass) 305 Atopic
7 28 M 0 3 + (grass) + (grass) 239 Atopic
8 31 M 0 3 - - 30 Nonatopic
9 50 F 0 3 + (Dpt, cat, tree) + (Dpt) 92 Atopic
10 22 M 0 5 + (Dpt, cat, grass) + (Dpt, cat, grass) 1790 Atopic
11 18 F 0 5 - - 5 Nonatopic
12 20 M 0 5 + (cat, grass, Asp, Herb) + (grass) 65 Atopic
13 49 F 0 6 + (grass, Alt) - 24 Atopic
14 23 F 0 4 + (grass) - 6 Atopic
15 19 F 0 3 - - 96 Nonatopic
C, Control SPT; H, histamine SPT; Dpt, house dust mite; Alt, Alternaria, Asp, Aspergillus, Herb, Herbacea.
Atopic status is defined by positivity for SPT and/or for specific IgE.
TABLE Il. The basal values of responders and nonresponders to LPS
Change in temperature Change in AR
R Non-R P R Non-R P
Sex (F/M) 6/1 2/6 <.06* 4/4 4/3 NS*
Atopy (yes/no) 16 5/3 NS* 3/5 3/4 NS*
Age, y (xSE) 354 (5.1) 27.2 (3.3) NS 24.8 (2.9) 38.3(4.4) <.02
Weight, kg (+SE) 66.4 (3.8) 73.2(3.9) NS 68.0 (4.3) 72.4(3.5) NS
AR (% FEV, change) 9.9 (7.2 -12.6 (9.0) NS -12.0 (5.5) -10.6 (10.7) NS
Sputum total cells x 1000/mL (+SE) 1091 (428) 2082 (303) <.05 1700 (360) 1528 (248) NS
E-selectin, ng/mL (+SE) 14.7 (1.6) 22.8(3.8) NS 16.3 (2.3) 222 (4.2 NS
CRP, mg/L (£SE) 1.3(0.4) 1.2 (0.5) NS 0.4 (0.2 2.2 (0.4) <.001
LBP, pg/mL (+SE) 31.8 (4.4) 296 (4.1) NS 25.3(3.4) 36.7 (3.9) <.05
BPI, ng/mL (+SE) 18.1(5.2) 11.1(2.5) NS 13.2(4.2) 15.8 (3.9) NS
ICAM, ng/mL (+SE) 90.0 (9.2) 103.6 (17.6) NS 96.4 (18.0) 98.3(9.1) NS
TNF-R55, ng/mL (xSE) 0.9(0.1) 0.8 (0.1) NS 0.9(0.1) 0.9 (0.1) NS
TNF-R75, ng/mL (£SE) 2.1(0.3) 1.8(0.1) NS 19(0.1) 2.0(0.3) NS

R, Responders; Non-R, nonresponders; NS, nonsignificant.
Statistics: Mann-Whitney U test or *x2 test with Yates correction.

The responses in body temperature and in blood neu-
trophilia, sE-selectin, CRP, and LBP were dose related.
In the airways the number of PMN, lymphocyte, and
inflammatory mediators (MPO, TNF-a, ECP) rose sig-
nificantly, the amplitude of the response being dose relat-
ed. There was no significant change in the sputum poly-
morphonuclear eosinophil (PME) count.

Subjects with an increase in AR also had a significant
increase in sputum ECP (not in the PME count) (Fig 2).
The changes in sputum cells, TNF-a, MPO, and blood
inflammatory markers were not significantly different.
Subjects who did not have increases in AR had higher
pre-exposure blood levels of CRP and LBP, although
they were not different regarding atopic status, sputum
cytology, and blood inflammatory markers (Table I1).

FEV, decrease was not significantly associated with the
change in blood markers of inflammation or with the change
in AR. There was atrend, athough not significant, between

the FEV ; response and the sputum ECP and MPO (Fig 2).

An LPS-induced body temperature increase was more
frequent in women than in men, whereas age, weight,
and basal blood inflammatory marker sputum cells were
not significantly different compared with those of the
nonresponders (Table 11). Subjects with increased body
temperature had a significantly larger rise in blood CRP,
LBP, and neutrophilia (Fig 2), although the L PS-induced
changes in sputum were not associated with the body
temperature increase.

The amplitudes of the systemic responses (tempera-
ture, neutrophilia, and risein LBP but not CRP) aswell as
the FEV, response were significantly larger in the
nonatopic (n = 6) than in the atopic (n = 9) subjects,
whether atopy was defined as increased specific IgE or
positive SPT (Fig 3). In contrast, the airway inflammato-
ry response (sputum TNF, ECP, MPO, and cell count) was
not associated with the atopic status (Fig 3 and Table I11).
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CLINICAL RESPONSES TO INHALED LPS
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FIG 2. The association between the clinical responses to inhaled LPS with inflammation. Left, Compared
with nonresponders (@), subjects who had a significant increase in body temperature (O; F test = 16.3, P <
.01) also had larger responses in blood inflammatory markers: PMN (bPMN; F test =7.6, P<.01), CRP (bCRP;
F test = 6.9, P<.02), and LBP (bLBP; F test = 11.0, P < .01). Center, Compared with nonresponders (®), sub-
jects with a significant increase in AR (O; F test = 4.5 P< .05) also had a significant rise in sputum ECP (sECP;
F test = 8.4, P < .01), but not in sputum TNF (sTNF) or sputum MPO (sMPO). Right, Compared with nonre-
sponders (@), subjects with a significant decrease in FEV, (O; F test = 31.2, P <.001) were not significantly
associated with the response in sputum ECP (F test = 1.1, P> .1 ), TNF (F test = 2.9, P =.09), or MPO (F test
= 3.0, P=.09). Mann-Whitney tests: *P < .05, **P < .02, ***P < .01. PMNs are expressed in cells per micro-
liter, CRP in milligrams per liter, LBP in milligrams per liter, FEV, as a percentage, ECP in nanograms per mil-
liliter, TNF in picograms per milliliter, and MPO in nanograms per milliliter. All data are means + SE.

DISCUSSION

We have shown that healthy subjects exposed to LPS
express differences in changes in body temperature, AR,
and FEV ;. Subjects who had an increase in temperature
showed an increase in indicators of inflammation in the
blood (systemic response). Those who had anincreasein
AR showed an increase in indicators of airway inflam-
mation (local response) but not in the blood. Those who
had a decrease in FEV, did not show an increase in
inflammatory markers. The atopic status was inversely
related to the systemic L PS response.

The kinetics of the response to inhaled LPS or LPS-
contaminated dust have been reported in several studies.
The onset of the decrease in FEV; occurs at 1 hour,3
5111523 the rise in blood neutrophils at 4 to 6 hours,1315
the onset of fever and symptoms at 8 to 12 hours,13-15 and
apeak in CRP at 24 to 48 hours.13 I n this study, new find-
ings included increases in blood sE-selectin and LBP at
24 hours, whereas the sSICAM-1 adhesion molecule did
not change significantly. E-selectin is expressed by
bronchial endothelial cells after only a few hours,26:30
suggesting that it could contribute to the following
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FIG 3. The association between the clinical and inflammatory
responses to inhaled LPS with atopy (ie, SPT =4 mm). Left, Com-
pared with atopic subjects (O), the amplitude of the systemic
response is larger in nonatopic subjects (®): increase in body
temperature (°C; F test = 14.8, P < .001), blood PMN (bPMNs; F
test = 6.9, P<.01), and blood LBP (bLBP; F test = 5.2, P < .03), but
not blood CRP (bCRP). Right, Nonatopic subjects (®) had a larger
decrease in FEV, (F test = 8.9, P < .01; upper panel) but not in AR,
sputum ECP (sECP), or sputum MPO (sMPO) (lower 3 panels).
Mann-Whitney tests: *P < .05, **P < .02. PMNs are expressed in
cells per microliter, CRP in milligrams per liter, LBP in milligrams
per liter, FEV, as a percentage, ECP in nanograms per milliliter,
TNF in picograms per milliliter, and MPO in nanograms per milli-
liter. All data are means + SE.

recruitment of neutrophils reported 24 hours after inhala-
tion of 40 or 60 pug LPS.13.24 |n this study the rise in
blood and airway neutrophils preceded the increase in
blood concentration of sE-selectin, suggesting the partic-
ipation of other chemotactic factors. The rise in the
acute-phase proteins LBP and CRP suggests that hepato-
cytes are activated. This is probably because of the
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release of IL-1, IL-6, and TNF-a from the LPS-activated
airway macrophages.36 As LBP participates in the LPS
responsiveness, the rise of LBP concentration could
modul ate the response to L PS.29.37

As reported, in healthy subjects the response to
inhaled LPS is dose related.13 Airway neutrophils, lym-
phocytes, macrophages, and eosinophils participate in
the LPS response. The rise in blood E-selectin suggests
that the endothelial cells also participate in the LPS
response. The LBP and E-selectin blood levels were sen-
sitive markers of LPS exposure because they were sig-
nificantly elevated after 5 pug inhaled LPS; this exposure
level corresponds to that of a subject exposed for 10
hours per day and ventilating 1 m3/h air containing 500 ng
LPS, alevel often found in occupational settings.1.3.568
The blood LBP and/or E-selectin could thus be used as
markers of LPS exposure in field studies.

The LPS-induced increase in AR was associated with
asignificant rise of sputum ECP in the absence of asig-
nificant change in the number of eosinophils, suggesting
arelease of ECP from activated PME in sputum or from
PME infiltrating airway tissue but not the airways.

Consistent with data from anima models, the LPS-
induced increase in AR was dissociated from lung TNF-
o release and neutrophil sequestration.38 Because the
lung neutrophil migration is not necessarily associated
with an increase in metabolic activity,3° LPS inhalation
could induce airway infiltration of nonactivated neu-
trophils without clinical conseguences, whereas ECP
release from resident airway eosinophils could be
involved in the change of AR.

The basal blood levelsin CRP and LBP were higher in
subjects who did not have an increase in AR after LPS.
Some data suggest that CRP has anti-inflammatory prop-
erties that could diminish lung injury by a reduction in
neutrophil influx4%; however, there was no relation
between the blood level of CRP measured before LPS
challenge and the airway neutrophilic response.

Subjects who had an increase in temperature had a
larger response to inflammatory markers in blood with-
out a relation to the airway inflammatory response,
whereas their basal characteristics were not significantly
different.

The LPS-induced increase in temperature and change
in AR were not associated in a given subject, suggesting
that the underlying mechanisms are dissociated. There-
fore LPS sensitivity in healthy subjects can be defined in
2 ways: the systemic response to temperature increase
and the local response to change in AR. Both types of
effects are associated with inflammation in their respec-
tive compartments.

The LPS-induced lung function response may be mod-
ulated by environmental factors. In patients with asthma,
the LPS-induced bronchoconstriction is not related to the
atopic status, but it is significantly associated with basal
nonspecific AR.1541 The latter may be modulated by sev-
eral environmental factors such as virus, ozone, and
smoking.4243 Moreover, in atopic subjects, pre-exposure
to allergens enhances the L PS-induced airway inflamma-



J ALLERGY CLIN IMMUNOL
VOLUME 107, NUMBER 5

Michel et al 803

TABLE lll. Response to 50-ug LPS compared with saline solution, in regard to atopic status

SPT
Response to LPS >4 mm <4 mm P Atopic* Nonatopic* P
Systemic
Temperature (°C) 0.06 (0.17) 0.66 (0.12) <.02 0.10 (0.18) 0.61 (0.14) <.05
PMN (cells/pL) 4825 (600) 6600 (540) <.05 4670 (560) 6780 (500) <.02
LBP (ug/mL) 34.2 (3.4) 53.5(8.7) <.05 34.1(3.4) 53.6 (8.7) <.05
CRP (ug/mL) 28.8 (13.9) 20.6 (4.6) NS 27.1(14.2) 225 (3.9) NS
E-selectin (ng/mL) 28 (4.5) 27 (6.8) NS 34.0 (6.11) 20.1(2.7) NS
Airway
AR (%) 18.8 (3.2 15.0(5.1) NS 20.5(2.8) 13.0(5.2) NS
FEV, (%) 99.0 (0.7) 95.8 (1.6) NS 98.9 (0.7) 96.0 (1.7) NS
Sputum lymphocytes (%) 54 (1.2 6.9 (1.6) NS 50(1.2) 7.3 (1.5) NS
Sputum PMN (%) 46.8 (5.8) 54.0 (6.9) NS 45.4 (55.6) 55.6 (6.8) NS
Sputum PME (%) 0.4 (0.3) 3.0(1.8) NS 1.8(1.9) 14 (13 NS
ECP (ng/mL) 16.7 (12.9) 27.4 (5.9) NS 17.5(13.0) 26.6 (5.8) NS
TNF (pg/mL) 125.0 (81) 37.8 (12.6) NS 46.0 (15) 128.0 (93) NS
MPO (ng/mL) 221 (119) 387 (71) NS 188 (111) 425 (68) NS

AR, Airway responsiveness, NS, nonsignificant.

* Atopic subjects are defined as testing positive for SPT and/or specific allergen.

tion.2% This suggests that the L PS-induced changesin AR
and lung function vary with exogenous environmental
conditions, whereas the systemic response (fever and
change in blood inflammatory markers) is more related
to the endogenous L PS sensitivity.

An important mechanism for LPS effect is binding to
the macrophage surface through the CD14 receptor37;
LPS can also activate the antigen-presenting dendritic
cells through a soluble CD14 (sCD14)—dependent path-
way.# The dendritic cells are key célls in the control of
the primary immune response in early childhood. The
LPS stimulation of dendritic cellsresultsin production of
IL-12, amajor cytokine for differentiation of naive CD4*
T cells into the Tyl type5 A defect in this mechanism
could result in the persistence of T2 cells, secreting IL-
4 and switching the B cell into IgE production and atopic
status. Recently, a polymorphism in the CD14 gene has
been reported, in terms of C:T substitution in the flank-
ing region of the gene.?0 The homozygotes for the C
alele (C:C) and heterozygote (C:T) were associated with
low sCD14 and high IgE levels. The sCD14 level was
negatively correlated with IL-4 and positively correlated
with IFN-y responses to mitogens by blood monocytes,20
suggesting that genetic influences may control circulat-
ing levels of CD14 and, by this mechanism, may modu-
late the T4 L/T2 balance and IgE synthesis.46

This study has shown that atopic subjects are less
prone to mount a systemic response (ie, fever, neu-
trophilia, and acute-phase protein) to inhaled LPS than
nonatopic subjects. This observation reinforces the
hypothesis for a mechanism linking the macrophage sus-
ceptibility to LPS stimulation with the increase in
macrophage production of cytokinesthat inhibitsthe T,,2
response and consequently the risk to become atopic.
This hypothesis has previously been proposed by Holt et
al47: environmental exposure to LPS and other bacterial
wall products present in house dust®10 and/or the intesti-

nal tract48 could be a necessary step for maturation of the
immune system and the development of a Ty1-like
response through the presentation of antigen in conjunc-
tionwith IL-12. To our knowledge, the present results are
thefirst in vivo datafrom human beings that associate the
atopic status with the LPS response. If this is mediated
through CD14, genetic variation in the CD14 gene could
contribute to both the L PS response and the risk of atopy.

In conclusion, we found that human subjects express
local aswell as systemic responses when exposed to LPS
by inhalation. Both responses are associated with inflam-
mation but only at their respective sites. The LPS-
induced temperature increase is related to the blood
inflammation and inversely to the atopic status. Reaction
patterns to inhaled LPS may provide information about
the link between innate and adaptative immunity.

REFERENCES

1. Rylander R, editor. Endotoxins in the environment: a criteria document.
Int J Occup Environ Health 1997;3(Suppl 1):S1-48.

2. Kheir OA, Davis RJ, Devalia JL. Bacterial-induced release of inflanma-
tory mediators by bronchial epithelial cells. Eur Respir J1996;9:1913-22.

3. Castellan RM, Olenchock SA, Kinsley KB, Hankinson JL. Inhaled endo-
toxin and decreased spirometric values. N Engl J Med 1987;317:605-10.

4. Thelin A, Tegler O, Rylander R. Lung reaction during poultry handling
related to dust and bacterial endotoxin levels. Eur J Respir Dis
1984;65:266-71.

5. Rylander R, Haglind P, Lundholm M. Endotoxin in cotton dust and res-
piratory function decrement among cotton workers in an experimental
cardroom. Am Rev Respir Dis 1985;131:209-13.

6. Vogelzang PFJ, van der Gulden JWJ, Folgering H, Kolk JJ, Heederik D,
Preller L, et al. Endotoxin exposure as amagjor determinant of lung func-
tion decline in pig farmers. Am J Respir Crit Care Med 1998;157:15-8.

7. Von Essen S, Robbins RA, Thompson AB, Rennard Sl. Organic dust
toxic syndrome: an acute febrile reaction to organic dust exposure dis-
tinct from hypersensitivity pneumonitis. J Toxicol Clin Toxicol
1990;28:389-420.

8. Milton DK, Amsel J, Reed CE, Enright PL, Brown LR, Aughenbaugh
GL, et al. Cross-sectional follow-up of a flu-like respiratory illness
among fiberglass manufacturing employees: endotoxin exposure associ-
ated with two distinct sequelae. Am J Ind Med 1995;28:469-88.



804 Michel et al

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25,

26.

27.

28.

Michel O, Kips J, Duchateau J, Vertongen F, Robert L, Collet H, et a.
Severity of asthmaisrelated to endotoxin in house dust. Am JRespir Crit
Care Med 1996;154:1641-6.

Rizzo MC, Naspitz CK, Fernandez-Caldas E, Lockey RF, Mimical, Solé
D. Endotoxin exposure and symptoms in asthmatic children. Pediatr
Allergy Immunol 1997;8:121-6.

Gereda JE, Leung DY M, Thatayatikom A, Streib JE, Price MR, Klinnert
MD, et al. Relation between house-dust endotoxin exposure, type 1 T-cell
development, and allergen sensitisation in infants at high risk of asthma.
Lancet 2000;355:1680-3.

von Mutius E, Braun-Fahrlander, Schierl R, Riedler J, Ehlermann S,
Maisch S, et al. Exposure to endotoxin or other bacterial components
might protect against the development of atopy. Clin Exp Allergy
2000;30:1205-12.

Michel O, Nagy A-M, Schroeven M, Duchateau J, Néve J, Fondu P, et al.
Dose-response relationship to inhaled endotoxin in normal subjects. Am
J Respir Crit Care Med 1997,156:1157-64.

Nightingale JA, Rogers DF, Hart LA, Kharitonov SA, Chung KF, Barnes
PJ. Effect of inhaled endotoxin on induced sputum in normal, atopic, and
atopic asthmatic subjects. Thorax 1998;53:563-71.

van der Zwan JC, Orie NG, Kauffman HF, Wiers PWJ, de Vries K.
Bronchial obstructive reactions after inhalation with endotoxin and pre-
cipitinogens of Haemophilus influenzae in patients with chronic non spe-
cific lung disease. Clin Allergy 1982;12:547-59.

Michie HR, Manogue KR, Spriggs DR, Revhaug A, O’ Dwyer S, Dinarel-
lo CA, et al. Detection of circulating tumor necrosis factor after endo-
toxin administration. N Engl J Med 1988;318:1481-6.

Nakano M, Shinomiya H. The Lps mutational defect in C3H/HeJ mice.
In: Morrison DC, Ryen JL, editors. Bacterial endotoxic lipopolysaccha-
rides. Vol 1. Boca Raton (FL): CRC Press; 1992. p. 311-28.

Poltorak A, He X, Smirnoval, LiuM-Y, Van Huffel C, Du X, et al. Defec-
tive LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in
Tlr4 gene. Science 1998;282:2085-8.

Mira J-P, Criou A, Grall F, Delclaux C, Losser M-R, Heshmati F, et al.
Association of TNF-2, a TNF-a promoter polymorphism, with septic
shock susceptibility and mortality. JAMA 1999;282:561-8.

Baldini M, Lohman IC, Halonen M, Erickson RP, Holt PG, Martinez FD.
A polymorphism in the 5 flanking region of the CD14 gene is associat-
ed with circulating soluble CD14 levels and with total serum
immunoglobulin E. Am J Respir Cell Mol Biol 1999;20:976-83.

Jabara HH, Vercelli D. Engagement of CD14 on monocytes inhibits the
synthesis of human Igs, including IgE. J Immunol 1994;153:972-8.
Woolcock AJ, Peat J. What is the relationship between airway hyperre-
sponsiveness and atopy? Am J Respir Crit Care Med 2000;161:S215-7.
Michel O, Duchateau J, Sergysels R. Effects of inhaled endotoxin on
bronchial reactivity in asthmatic and normal subjects. J Appl Physiol
1989;66:1059-64.

Thorn J, Rylander R. Inflammatory response after inhalation of bacterial
endotoxin assessed by the induced sputum technique. Thorax
1998;53:1047-52.

Pin 1, Gilson PG, Kolendowicz R, Girgis-Gabardo A, Denburg JA, Harg-
reave FE, et a. Use of induced-sputum cell counts to investigate airway
inflammation in asthma. Thorax 1992;47:25-9.

Bloemen PGM, Henricks PAJ, Nijkamp FP. Cell adhesion molecules and
asthma. Clin Exp Allergy 1997,27:128-41.

Leeuwenberg JFM, Dentener MA, Buurman WA. Lipopolysaccharide
LPS-mediated soluble receptor release and TNF receptor expression by
monocytes. J Immunol 1998;152:5070-6.

Dentener MA, Von Asmuth EJU, Francot GIM, Marra MN, Buurman WA.
Antagonistic effects of lipopolysaccharide binding protein and bacterici-

29.

3L

32.

35.

36.

37.

39.

40.

41.

42.

45.

46.

47.

J ALLERGY CLIN IMMUNOL
MAY 2001

dal/permeability-increasing protein on lipopolysaccharide-induced cytokine
release by mononuclear phagocytes. J Immunol 1993;151:4258-65.

Dubin W, Martin TR, Swoveland P, Leturcq DJ, Moriarty AM, Tobias PS, et
a. Asthma and endotoxin: lipopolysaccharide-binding protein and soluble
CD14 in bronchoalveolar compartment. Am J Physiol 1996;270:L736-44.

. Leeuwenberg JFM, Smeets EF, Neefjes 3J, Schaffer MA, Cinek T, Jeun-

homme GMMA, et al. E-selectin and intercellular adhesion molecule-1
are released by activated human endothelia cells in vitro. Immunology
1992;77:543-9.

Bouma MG, Laan MP, Dentener MA, Buurman WA. Anaysis of soluble
adhesion molecules. In: Johnstone AP, Turner MW, editors. Immunochem-
istry 2: apractical approach. Oxford: Oxford University Press; 1997. p. 181.
Leeuwenberg JFM, Jeunhomme GMMA, Buurman WA. Slow release of
soluble TNF-receptors by monocytes in vitro. J Immunol 1994,
152:4036-43.

. Dentener MA, Francot GIM, Smit FT, Froon AHM, Pennings H-J,

Wouters EFM, et al. Presence of bactericidal/permeability-increasing
protein in disease: detection by ELISA. JInfect Dis 1995;171:739-43.

. Froon AHM, Dentener MA, Greve JWM, Ramsay G, Buurman WA. LPS

toxicity regulating proteins in bacteremia. J Infect Dis 1995;171:1250-7.
Wallenstein S, Zucker CL, Fleiss JL. Some statistical methods useful in
circulation research. Circ Res 1980;47:1-9.

Ramadori G, Meyer zum Buschenfelde K-H, Tobias PS, Mathison JC,
Ulevitch RD. Biosynthesis of lipopolysaccharide binding protein in rab-
bit hepatocytes. Pathobiology 1990;58:89-94.

Henderson B, Poole S, Wilson M. Lipopolysaccharide and cytokines: a
tangled web. In: Bacteria-cytokine interactions in health and disease.
London: Portland Press Ltd; 1998. p. 167-209.

. Lefort J, Singer M, Leduc D, Renesto P, Nahori MA, Huerre M, et a.

Systemic administration of endotoxin induces bronchopulmonary hyper-
reactivity dissociated from TNF-a and neutrophils sequestration into the
murine lungs. J Immunol 1998;161:474-80.

Jones HA, Sriskandan S, Peters AM, Pride NB, Krausz T, Roobis AR, et
al. Dissociation of neutrophil emigration and metabolic activity in lobar
pneumonia and bronchiectasis. Eur Respir J 1997;10:795-803.

Heuertz RM, Ahmed N, Webster RO. Peptides derived from C-reactive
protein inhibit neutrophils aveolitis. J Immunol 1996;156:3412-7.
Michel O, Ginanni R, Sergysels R. Relation between the bronchial
obstructive response to inhaled lipopolysaccharide and bronchial respon-
siveness to histamine. Thorax 1992;47:288-91.

Wardlaw AJ. The role of air pollution in asthma. Clin Exp Allergy
1993;23:81-96.

. Forastiere F, Agabiti N, Corbo GM, Pistelli R, Dell’ Orco V, Ciappi G, et

al. Passive smoking as a determinant of bronchial responsivenessin chil-
dren. Am J Respir Crit Care Med 1994;149:365-70.

. Verhasselt V, Buelens C, Willems F, De Groote D, Haeffner-Cavaillon N,

Goldman M. Bacterial lipopolysaccharide stimulates the production of
cytokines and the expression of costimulatory molecules by human
peripheral blood dendritic cells. J Immunol 1997;158:2919-25.
Macatonia SE, Hoskin NA, Litton M, Veira B, Hsieh C-S, Culpepper JA,
et a. Dendritic cells produce IL-12 and direct the development of Th-1
cells from naive to CD4* Tcells. J Immunol 1995;154:5071-9.

Martinez FD. Maturation of immune responses at the beginning of asth-
ma. JAllergy Clin Immunol 1999;103:355-61.

Holt PG, Sly PD, Bjorkstén B. Atopic versus infectious diseases in child-
hood: a question of balance? Pediatr Allergy Immunol 1997;8:53-8.

. Sudo N, Sawamura S, Tanaka K, Aiba, Kubo C, KogaY. The require-

ment of intestinal bacterial flora for the development of an IgE produc-
tion system fully susceptible to oral tolerance induction. J Immunol
1997;159:1739-45.



