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Background: Exposure to endotoxins, allergens, or both in
early life might regulate the development of tolerance to aller-
gens later in life.

Objective: We investigated whether continuous exposure of
infant mice to aerosolized endotoxin, allergen, or both inhibits
subsequent allergen-induced immune and inflammatory
responses.

Methods: Infant BALB/c mice were pre-exposed to aerosolized
endotoxin, ovalbumin (OVA), or both (3 times a week for the
first 4 weeks of life) before systemic sensitization (days 1-14)
and repeated airway challenge (days 28-30) with OVA.
Results: Compared with that seen in negative control animals,
systemic sensitization and airway allergen challenges induced
high serum levels of allergen-specific IgE (0.7 + 0.09 vs 0.02 +
0.01 OD units), predominant Ty2-type cytokine production
(IL-5 by splenic mononuclear cells in vitro, 1.2 + 0.2 vs 0.04 +
0.06 ng/mL), airway inflammation (bronchoalveolar lavage
fluid leukocytes, 125 + 15 vs 64 + 7/uL; eosinophils, 28 + 5 vs 1
+ 0/uL) and development of in vivo airway hyperreactivity
(maximal enhanced pause, 11 + 1.9 vs 4 + 0.2). Pre-exposure
with LPS before sensitization increased production of specific
IgG2a (67 + 10 vs 32 + 5 U/mL) but failed to prevent Ty2-
mediated immune responses. Pre-exposure with OVA or with
OVA plus LPS completely suppressed allergen sensitization,
airway inflammation, and development of in vivo airway
hyperreactivity; values were similar to those of negative con-
trol animals. Inhibition was due to allergen-specific T-cell
anergy indicated by omitted allergen-specific T2 and Ty1
immune responses. In addition, combined exposure to endo-
toxin and allergen induced a general shift toward an unspecific
Tyl immune response.

Conclusion: Exposure with endotoxins before allergen sensiti-
zation is not able to induce unresponsiveness but might
decrease the susceptibility for sensitization to a variety of com-
mon allergens. (J Allergy Clin Immunol 2003;112:389-96.)
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Abbreviations used
AR: Airway reactivity
BAL: Bronchoalveolar lavage
ConA: Concanavalin A
DC: Dendritic cell
MCh: Methacholine
MNC: Mononuclear cell
OVA: Ovalbumin
PBLN: Peribronchial lymph node

Atopic diseases, such as bronchial asthma or atopic
dermatitis, are steadily becoming more prevalent.!.2
There is growing support for the hygiene hypothesis,
with several studies demonstrating that children who
grow up on farms are less likely to have allergic dis-
eases.3 These children are exposed to immunomodulato-
ry components, such as LPS, fungi, organic dusts, and
animal proteins,*5 at higher concentrations than in non-
farming environments.® One or the other of these envi-
ronmental factors, such as LPS, might enhance Tyl
immune reactions, thus inhibiting development of proal-
lergic T2 immune responses.” In a murine model of
bronchial asthma, systemic treatment with LPS immedi-
ately before allergen sensitization was shown to inhibit
Ty2 immune responses and allergen-mediated airway
inflammation through increased production of IL-12, a
central T;1 cytokine. !0

Interestingly, children living in frequent contact with
farm animals are not only exposed to increased concen-
trations of bacterial components, such as LPS, but also to
high concentrations of various aeroallergens, yet they
have atopic disorders to a lesser degree than peers living
in urban conditions. This argues against the assumption
that allergen avoidance is a perfect means for primary
allergy prevention and highlights the paradox that early
exposure to allergens has been shown to be associated on
the one hand with increased sensitization rates!! and on
the other hand with decreased prevalence rates for aller-
gic rhinitis and asthma.12

To further delineate the effects of exposure to bacteri-
al components, allergens, or both in early life on the
development of allergen-induced immune responses, we
used a murine model of allergen sensitization to investi-
gate the effects of continuous exposure to aerosolized
LPS, allergen, or both early in life on T2 immune
responses and development of airway inflammation and
in vivo airway reactivity (AR) after subsequent allergen
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TABLE I. Effects of LPS pre-exposure on LPS-mediated immune responses

Pre-exposure n IgE (ng/mL) 1gG1 (ug/mL) IgG2a (ug/mL) Proliferative responses (cpm) IFN-y (pg/mL)
PBS 11 268 =72 225 + 31 32+5 753 £ 185 1064 + 454
LPS 8 72 + 3% 131 + 24* 31+2 222 + 8* 529 + 226*

Serum levels of total Ig and proliferative responses and IFN-y production by splenic MNCs cultured with LPS in vitro were measured in sham-sensitized mice
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pre-exposed to PBS or LPS.
*#P < .05 versus negative control animals.

sensitization and airway challenges. The results of this
study might improve understanding of the relationship
between the environment and allergic disease.

METHODS
Experimental protocol

All experimental procedures were approved by the animal ethics
committee. Pregnant BALB/c mice were purchased from Harlan
Winkelmann. Offspring were placed in a Plexiglas chamber (20 x 20
% 15 ¢cm3) and exposed for 10 minutes, 3 times per week, from birth
(day 28) to day -3 to one of the following aerosolized solutions (neb-
ulizer by Medical Assistance System): (1) LPS (1 pg/10 mL,
Escherichia coli O111:B4, Sigma); (2) ovalbumin (OVA; Grade V,
100 mg/10 mL, Sigma); or (3) a combination of LPS and OVA at the
same concentrations. OVA did not contain significant levels of LPS,
as indicated by low IL-1 production by OVA-stimulated blood
mononuclear cells (MNCs) from healthy subjects compared with IL-
1 levels after stimulation with definite LPS concentrations (Ingo
Spreitzer, Paul-Ehrlich-Institut). Controls for effects of pre-exposure
were sham exposed to aerosolized PBS. Between day 0 and day 14,
mice were systemically sensitized by means of 6 intraperitoneal
injections of OVA (10 pg/100 puL per mouse, Grade VI, Sigma).
Control animals for effects of sensitization were sham sensitized
with PBS (100 puL per mouse administered intraperitoneally). Nega-
tive control animals were sham exposed and sham sensitized with
PBS. On days 28, 29, and 30, mice of all groups were exposed to
aerosolized OVA (100 mg/10 mL, Grade V) for 20 minutes daily.

Serum levels of total and OVA-specific Ig

On day 32, serum levels of total and OVA-specific Ig were mea-
sured by means of ELISA, as previously described.!3 Levels of
OVA-specific IgE were expressed as OD units, and levels of OVA-
specific IgG1 and IgG2a were related to pooled standards generat-
ed in our laboratory and expressed as arbitrary units per milliliter.

In vitro cytokine production

On day 32, splenic MNCs and peribronchial lymph node
(PBLN) cells were isolated and cultured with concanavalin A
(ConAj; 2.5 ug/mL, Sigma) or OVA (50 pg/mL).% Levels of
cytokines were assessed in cell culture supernatants by means of
ELISA, as previously described.!%:13 Detection limits were 63
pg/mL for IL-2, 16 pg/mL for IL-4, 32 pg/mL for IL-5, and 78
pg/mL for IFN-y. Levels of IL-10 and TGF-3 were assessed by
using Pharmingen optEia kits (PharMingen), according to the man-
ufacturer’s instructions.

Proliferation assay with tritiated thymidine

On day 32, proliferative responses of splenic MNCs cultured
with medium, ConA, OVA, or LPS (5 pug/mL) were determined by
means of tritiated thymidine incorporation (0.5 nCi/200 puL, Amer-
sham Buchler), as previously reported.!0

Bronchoalveolar lavage

On day 32, lungs were lavaged twice with 0.8 mL of PBS. In the
supernatants of the first aliquots, levels of IL-5 and IL-12 were mea-
sured by ELISA. Cells of both aliquots were pooled, and cytospin
slides were stained with Diff Quik (Dade Behring AG, CH). Cells
were differentiated because of morphologic criteria by counting 200
cells using light microscopy.

Immunohistochemistry of lungs

Localization of eosinophils in acetone-fixed lung sections were
visualized by means of mixed immunohistochemistry with a mAb
against mouse major basic protein (kind gift of J. Lee, Scottsdale,
Ariz), as previously described.!3.14 Slides were studied by means of
fluorescence microscopy.

In vivo AR

On day 31, in vivo lung function (Sigma) was performed with
whole-body plethysmography (EMKA Technologies, F, similar to
Buxco system), as previously reported.!5> Animals were exposed to
aerosolized PBS as a baseline and then to methacholine (MCh) in
increasing concentrations (6-50 mg/mL). AR was expressed as
increase of enhanced pause (Penh) values for each concentration of
MCh relative to baseline Penh values. Concentrations of MCh
inducing a 200% increase of corresponding baseline Penh values
(MCh-PC,,Penh) were calculated in each case.

Statistical analysis

Data of animals treated in the same way in up to 4 independent
experiments were pooled. Values for all measurements are
expressed as means = SEM. Pairs of groups were compared by
using the Mann-Whitney U test. Statistical significance was set at a
P value of less than .05. P values of less than .01 are statistically
highly significant.

RESULTS

Effects of aerosolized LPS exposure on
LPS-mediated immune responses

In sham-sensitized mice pre-exposed to LPS, serum
levels of total IgE and IgGl, but not levels of total
IgG2a, were significantly decreased compared with
those of negative control animals. The decrease is asso-
ciated with diminished proliferative responses and
IFN-y production by splenic MNCs after culture with
LPS (Table I) but not with ConA (data not shown). In
addition, these animals did not have significant serum
levels of TNF-a (below detection limits) or acute neu-
trophilic airway inflammation or airway hyperreactivi-
ty (data not shown) compared with those of negative
control animals.
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FIG 1. Effects of pre-exposure with LPS, OVA, or both on the development of allergen-induced eosinophilic
airway inflammation. Cells of BAL fluid recovered from mice pre-exposed to PBS, LPS, OVA, or LPS plus OVA
followed by sensitization with OVA were differentiated for investigation of allergen-induced airway inflam-
mation. *P < .05, **P < .01 versus negative control animals; TP < .05, $P < .01 versus OVA-sensitized mice.
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TABLE Il. Effects of pre-exposure with LPS, OVA, or both on Ig production

OVA specific Total
Pre-exposure  OVA (ip) n  IgE (OD units)  IgG1 (U/mL) IgG2a (U/mL) IgE (ng/mL)  1gG1 (ug/mL) lgG2a (ug/mL)
PBS - 11 0.02 £ 0.01 7+4 14+0 127 + 30 225 + 31 32+5
PBS + 16 0.7 + 0.097 4176 = 85F 41 = 10* 2677 £ 6251 1259 + 279+ 67 + 107
LPS + 12 0.94 +0.17F 7719 + 2998+ 39 + 77 3364 + 6771 2281 = 382+% 120 + 347
OVA + 10 0.01 £0.01§ 15+ 5§ 14 + 0% 98 + 9§ 1057 + 269* 93 + 147
LPS + OVA + 10 0.01 + 0.008 18 £ 58§ 14 + 0% 128 + 35§ 552 £ 112%% 153 + 21§

Serum levels of OVA-specific and total Ig were quantified in mice pre-exposed to aerosolized PBS, LPS, OVA, or LPS plus OVA before sham sensitization

with PBS or sensitization with OVA.

ip, Intraperitoneal.

*#P <.05, P < .01 versus negative control animals.
P < .05, §P < .01 versus OVA-sensitized mice.

Effects of aerosolized LPS exposure, OVA
exposure, or both on allergen-induced
sensitization and inflammatory responses

Effects on 1g production. In OVA-sensitized mice,
OVA-specific IgE, IgG1, and [gG2a levels were signifi-
cantly increased compared with those of negative control
animals accompanied by highly increased serum levels
of total IgE and IgG1 (Table II). LPS pre-exposure did
not inhibit production of OVA-specific and total Ig and
did enhance serum levels of total IgG1 compared with
that of OVA-sensitized mice (Table II). Pre-exposure
with OVA abolished production of OVA-specific Ig, as
well as total IgE (Table II), but did not alter levels of total
IgG1 or IgG2a (Table II) compared with those of OVA-
sensitized mice. In contrast, pre-exposure with LPS plus
OVA suppressed production of OVA-specific and total

IgE nearly completely and reduced levels of total IgGl
significantly, whereas production of OVA-specific and
total IgG2a was strongly enhanced compared with that
seen in OVA-sensitized mice (Table II).

Effects on airway inflammation. Bronchoalveolar
lavage (BAL) fluids of negative control animals con-
tained few cells (Fig 1) differentiated mainly as mono-
cytes (not shown), and no eosinophils were detectable in
lung tissues (data not shown). Cellular composition of
BAL fluids of mice pre-exposed to OVA (n = 6) or LPS
plus OVA (n = 6) before sham sensitization with PBS
was similar to that of negative control animals (data not
shown). OVA-sensitized mice had allergen-induced air-
way inflammation, as characterized by influx of cells
into the airways, mostly lymphocytes and eosinophils
(Fig 1). Eosinophils accumulated predominantly in peri-
bronchial and perivascular regions of lung tissues (Fig 2).
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FIG 2. Effects of pre-exposure with LPS, OVA, or both on accumulation of eosinophils in lung tissues. In
lung sections of mice pre-exposed to aerosolized PBS (A), LPS (B), OVA (C), or LPS plus OVA (D) followed
by sensitization with OVA, distributions of eosinophils were investigated by means of immunohistochem-
istry with a mAb against major basic protein (original magnification 20x).

LPS pre-exposure failed to prevent development of air-
way inflammation (Figs 1 and 2) but rather enhanced
recruitment of eosinophils into the airways compared
with that seen in OVA-sensitized mice (Fig 1). On the
contrary, pre-exposure with OVA or with LPS plus OVA
almost completely prevented allergen-induced develop-
ment of eosinophilic airway inflammation. Cellular pat-
terns of BAL fluids were similar to those of negative con-
trol animals (Fig 1), and only very few eosinophils were
scattered over the peripheral and peribronchial regions of
lung tissues (Fig 2).

Effects on in vivo AR. Sham-sensitized mice pre-
exposed to OVA (n = 6) or LPS plus OVA (n = 3) did not
have increased in vivo AR to increasing doses of MCh
compared with that seen in negative control animals
(data not shown). In contrast, OVA-sensitized mice had
increased in vivo AR compared with that of negative con-
trol animals (Fig 3): maximum Penh values were signif-
icantly enhanced (Penh,,, =11 £1.9vs4x0.2, P<.01),
and concentrations of MCh inducing a 200-fold increase
of baseline Penh values were strongly decreased (MCh-
PCyypPenh =6 + 1.5 vs 15 = 3.7 mg/mL, P < .05). LPS
pre-exposure did not inhibit development of increased in
vivo AR. In contrast, both pre-exposure with OVA and
with LPS plus OVA in early life resulted in significantly
decreased in vivo AR (OVA: Penh,, =49 + 1.2, P <
.01, MCh-PC,yyPenh = 20 = 5.8 mg/mL, P < .05; LPS

plus OVA: Penh,,, = 4.5 £ 0.5 and MCh-PC,,Penh = 15
+ 2.3 mg/mL, P < .01) compared with that of OVA-sen-
sitized mice (Fig 3).

Effects of aerosolized LPS exposure, OVA
exposure, or both on allergen-specific
immune responses

Effects on allergen-specific proliferative responsive-
ness. For OVA-sensitized mice, proliferative responses of
splenic MNCs to OVA in vitro were significantly
increased compared with those seen in negative control
animals (Table III). LPS pre-exposure did not alter aller-
gen-specific immune responses compared with that of
OVA-sensitized mice (Table II). In contrast, pre-expo-
sure with OVA or LPS plus OVA completely suppressed
allergen-specific immune responses of splenic MNCs
compared with that of OVA-sensitized mice (Table III).

Effects on in vitro cytokine production. In OVA-sensi-
tized mice production of IL-2 and T2 cytokines by splenic
MNCs cultured with OVA in vitro were significantly
enhanced compared with those of negative control animals
(Table III). In all groups of OVA-sensitized animals, in
vitro production of IFN-y by splenic MNCs in response to
OVA was less than the limit of detection (data not shown).
LPS pre-exposure did not significantly modify in vitro
cytokine production compared with that of OVA-sensitized



J ALLERGY CLIN IMMUNOL
VOLUME 112, NUMBER 2

18

Aerosol OVAi.p.

Gerhold et al 393

Penh [fold increase]

100

MCh [mg/ml]

FIG 3. Effects of pre-exposure with LPS, OVA, or both on the development of increased in vivo AR. In mice
pre-exposed to aerosolized PBS, LPS, OVA, or LPS plus OVA followed by sensitization with OVA, in vivo AR
in response to increasing doses of aerosolized Mch was calculated by means of whole-body plethysmog-
raphy. Data are expressed as increases of Penh values for each concentration of MCh relative to baseline
Penh values. *P < .05 versus negative control animals, TP < .05 versus OVA-sensitized mice.

TABLE lll. Effects of pre-exposure with LPS, OVA, or both on allergen-specific immune responses in vitro

Pre-exposure OVA (ip) n Proliferative responses (cpm) IL-2 (pg/mL) IL-4 (pg/mL) IL-5 (ng/mL) IL-10 (pg/mL)
PBS - 7 38+9 63+0 31+0 0.04 = 0.06 25+6
PBS + 8 323 + 81* 183 + 457 133 + 187 2.9 +0.67 1202 + 194
LPS + 14 319 + 139 160 + 467 91 = 157 4.1 £0.7F 1488 + 2367
OVA + 10 28 + 6% 63 + 0% 32+ 1% 0.03 + 0% 16 + 0%
LPS + OVA + 11 54 + 8% 63 + 0% 31+ 0% 0.03 + 0% 26 + 0%

Proliferative responses and cytokine production by splenic MNCs cultured with OVA in vitro were measured in mice pre-exposed to PBS, LPS, OVA, or LPS

plus OVA followed by sensitization with OVA.

ip, Intraperitoneal.

*#P <.05, P < .01 versus negative control animals.
$P < .01 versus OVA-sensitized mice.

mice (Table III). In contrast, both pre-exposure with OVA
and with LPS plus OVA almost completely suppressed in
vitro production of Ty1 and T2 cytokines compared with
that of OVA-sensitized mice (Table III). In addition, both
pre-exposure with OVA and LPS plus OVA did not induce
significant in vitro production of TGF-3 by splenic MNCs
cultured with OVA (data not shown).

In OVA-sensitized mice local draining PBLNs were
enlarged, and PBLN cell numbers significantly increased
compared with those of negative control animals (7.05 +
0.48 x 109mL [n = 6] vs 0.84 + 0.48 x 109mL [n = 5],

P < .01). LPS pre-exposure did not diminish allergen-
induced infiltration of cells into PBLNs (8.54 + 1.92 x
10%/mL [n = 6], P < .01 vs negative control animals). In
contrast, pre-exposure with both OVA and LPS plus OVA
inhibited increase of PBLN cell counts (OVA pre-expo-
sure: 1.27 + 0.18 x 106/mL [n = 3], P < .05; LPS plus
OVA pre-exposure: 2.06 +0.79 x 106/mL [n = 5], P < .01
vs OVA-sensitized mice). The cytokine pattern produced
by PBLN cells in response to OVA in vitro was very sim-
ilar to that of splenic MNCs in each treatment group
(data not shown).
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TABLE IV. Effects of pre-exposure with LPS, OVA, or
both on unspecific immune responses in vitro

Pre-exposure  OVA (ip) n IL5 (pg/mL)  IFN-y (pg/mL)

PBS - 11 190 27 1234 + 235
PBS + 16 386 + 58%* 646 + 119*
LPS + 12 446 + 52F 773 +213*
OVA + 10 307 + 48%* 1361 + 257
LPS + OVA + 10 216 + 22% 1174 + 383%

Cytokine production by splenic MNCs cultured with ConA in vitro were
measured in mice pre-exposed to PBS, LPS, OVA, or LPS plus OVA before
sham sensitization with PBS or sensitization with OVA.

ip, Intraperitoneal.

*P <.05, P < .01 versus negative control animals.

P < .05 versus OVA-sensitized mice.

Effects on cytokine levels in BAL fluids. Similar to
decreased Ty2 cytokine production by splenic MNCs
and PBLN cells in response to OVA in vitro, pre-expo-
sure with OVA or LPS plus OVA almost completely sup-
pressed levels of IL-5 in BAL fluids compared with those
seen in OVA-sensitized mice. Pre-exposure with LPS or
OVA did not alter levels of IL-12 in BAL fluids com-
pared with those of OVA-sensitized mice. In contrast,
pre-exposure with LPS plus OVA strongly enhanced lev-
els of IL-12 compared with those of OVA-sensitized
mice (1262 + 412 vs 407 + 102 pg/mL, P < .05).

Effects of aerosolized LPS exposure, OVA
exposure, or both on unspecific immune
responses

As shown in Table IV, OVA sensitization induced a
general shift in Ty;1/Ty2 immune responses indicated by
significantly enhanced in vitro T2 (IL-5) and decreased
in vitro Tyl (IFN-y cytokine production by splenic
MNCs unspecifically cultured with ConA compared with
that in negative control animals. This predominant in
vitro T2 production in response to mitogen was not
altered by LPS or OVA pre-exposure compared with that
seen in OVA-sensitized mice. In contrast, pre-exposure
with LPS plus OVA induced a shift from a predominant
Ty2 toward a predominant Tyl immune response on
mitogenic stimulation indicated by significantly
decreased IL-5 and enhanced IFN-y production by
splenic MNCs cultured with ConA compared with that
seen in OVA-sensitized mice.

DISCUSSION

Compelling data from several epidemiologic studies
show that growing up in farming or rural environments
with continuous exposure to high concentrations of endo-
toxins, allergens, or both is protective against allergen sen-
sitization and asthma without defining a precise mecha-
nism.%9 To further delineate the effects of environmental
factors, such as exposure to LPS, allergen, or both in early
life, on subsequent allergen-induced immunopathology, we
used a mouse model of allergen sensitization and airway
allergen challenges. This model features some of the patho-
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physiologic changes also observed in human bronchial
asthma: production of increased specific and total IgE
serum levels, vast and predominantly eosinophilic airway
inflammation, and development of in vivo airway hyperre-
activity dependent on increased production of Ty2
cytokines, such as IL-4 and IL-5, by allergen-specific
CD4+ T cells.!6:17 In the current study infant mice were
continuously exposed to aerosolized LPS, allergen, or both,
mimicking natural contact with these environmental fac-
tors. The results demonstrated that (1) allergen-mediated
Ty2 immune responses were inhibited by repeated expo-
sures of infant mice to aerosolized allergen early in life, and
(2) continuous exposure with endotoxin-LPS did not pre-
vent, but even enhanced, Ty2-directed immune reactions
on subsequent allergen sensitization unless the specific
allergen was provided simultaneously with LPS.

The effects of LPS on in vivo immune responses are
somewhat controversial. In animal models using single
high-dose LPS exposure, pro-inflammatory immune
responses are indicated by increased production of TNF-
0,18.19 resulting in acute neutrophilic airway inflamma-
tion and development of AHR.20-22 In a rat model of
allergen sensitization, Tulic et al?3 showed that a single
dose of aerosolized LPS after allergen challenges exacer-
bated previously established eosinophilic airway inflam-
mation by predominant accumulation of neutrophils. In
contrast, aerosolized LPS given 1 day before sensitiza-
tion was shown to inhibit OVA-specific IgE production
and inflammatory responses, but it enhanced OVA-spe-
cific IgG production. Systemic administration of LPS
immediately before allergen sensitization of mice pre-
vented T2 immune and airway inflammatory responses
in an IL-12-dependent mode. !0 The results of the present
study, in contrast, show that repeated low-dose LPS
exposure of naive infant mice led to decreased in vitro
proliferative responses and diminished IFN-y production
by MNCs after stimulation with LPS, without increasing
Ig serum levels. This might be explained by induction of
LPS tolerance after repeated application of LPS. In
accordance, recently published data showed that contin-
uous environmental exposure of children to high concen-
trations of LPS in both farming and nonfarming house-
holds resulted in decreased LPS-induced in vitro
cytokine production.?

Unexpectedly, in the present study repeated exposure
of infant mice with LPS before sensitization actually
enhanced Ty2-mediated total IgG1 serum levels and
allergen-induced eosinophilic airway inflammatory
responses. Several in vitro and in vivo studies have
shown that LPS promotes human and mouse dendritic
cells (DCs) to produce IL-12 through activation of Toll-
like receptor 4.2124.25 TL-12 is the main regulatory Tyl
cytokine that promotes naive T cells to differentiate into
IFN-y-producing Tyl cells.10.26.27 However, Lan-
genkamp et al?8 have recently shown that LPS-induced
IL-12 production by DCs is only transient and that
exhausted DCs then preferentially induce T2 or nonpo-
larized T-cell responses. Therefore enhanced T2
immune responses after aerosolized LPS exposure in our
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model might be the consequence of activation of lung
DCs, which then augment T2 polarization in response
to subsequent allergen sensitization and airway challenge
as a secondary stimulus. This demonstrates how complex
the relationship between endotoxin and allergen-mediat-
ed immune responses and diseases might be and suggests
that other factors in addition to endotoxin are likely to be
relevant for reduced risk to farming families of develop-
ment of allergic diseases.

In contrast to exposure of infant mice to LPS, repeat-
ed exposure to allergen before systemic sensitization,
alone or in combination with aerosolized LPS, sup-
pressed allergen-specific T- and B-cell immune respons-
es. In vitro T2 cytokine production by splenic MNCs
and PBLN cells cultured with OVA was decreased, and
there was no in vivo production of allergen-specific Ig.
This state of unresponsiveness of lymphocytes to a par-
ticular antigen is defined as immunologic tolerance and
is preferentially induced by means of antigen presenta-
tion through the respiratory mucosa route.2? Respiratory
tolerance after exposure of mice to aerosolized allergen
was first described by Holt et al30 as a function of aller-
gen-specific immune deviation, with suppression of Ty2-
induced IgE and IgG1 but enhanced Ty 1-induced IgG2a
production. As a possible mechanism for this kind of tol-
erance, induction of IFN-y-secreting regulatory yd T
cells was suggested.3! Later, antigen-specific T-cell aner-
gy induced by means of intranasal administration of the
immunodominant peptide of the main house dust mite
allergen Der p 1 was described by Hoyne et al32 as anoth-
er mechanism of respiratory tolerance in adult mice. In
accordance with (1) the lack of allergen-specific prolifer-
ative responses, (2) the suppression of both T2 (IL-4
and IL-5) and Ty;1 (IL-2) cytokine production by splenic
MNCs on stimulation with allergen, and (3) the lack of
increased production of immunoregulatory cytokines
(IL-10 and TGF-B) T-cell anergy seems the most likely
mechanism for the induction of peripheral tolerance in
our model. As previously shown by Hoyne et al,32 spe-
cific T-cell anergy results in suppression of the produc-
tion of all allergen-specific Ig subclasses in vivo. There-
fore in our model restraint of B-cell activity confirmed
by suppressed Ig production in vivo might be a conse-
quence of T-cell anergy induced by OVA exposure before
OVA sensitization.

It has been shown that T-cell anergy resulted in
impaired allergen-induced airway inflammation and air-
way hyperreactivity.33 In our present study T-cell anergy
was accompanied by complete suppression of allergen-
induced airway inflammation and totally normalized in
vivo AR compared with that seen in OVA-sensitized
mice. Ty2 cytokines in BAL fluids after airway allergen
challenges were not detected in animals pre-exposed to
OVA or LPS plus OVA, supporting the importance of
Ty2 cytokine-producing, allergen-reactive CD4+ T cells
for initiating allergen-induced inflammatory responses.!’
Early and repeated exposure to specific allergen through
the inhalative route is effective for the prevention of sub-
sequent allergen-induced sensitization in this model.
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As a major difference to OVA exposure, the combined
exposure of infant mice to LPS plus OVA before OVA
sensitization did not just induce tolerance but moreover
shifted the Ty1/Ty2 balance toward unspecific Tyl
immune responses. Accordingly, in this group of mice,
allergen challenges of sensitized animals resulted in
enhanced IL-12 levels in BAL fluids. The absence of
strong allergen-induced Ty2 responses in animals toler-
ized by means of simultaneous exposure with
aerosolized OVA plus LPS might allow a general Tyl
dominance because of LPS-induced activation of pul-
monary DCs.20.24.25 Therefore compared with solitary
allergen exposure, immune-modulating properties of
combined OVA-LPS exposure might be more effective in
preventing the development of allergic sensitization and
diseases. Moreover, the combination might not only
inhibit allergen sensitization to a specific allergen but
might also decrease the susceptibility for sensitization to
a variety of allergens by initiating not only specific T-cell
anergy but also inducing a general shift from predomi-
nant Ty2 immune responses toward Tyl immune
responses. Furthermore, the present study raises the pos-
sibility that the effects of LPS on the immune system
might differ depending on the kinetics of simultaneous
allergen exposure. Clinical studies now have to investi-
gate whether the concept of mucosa exposure of infants
with low doses of allergen, with or without the addition
of endotoxin, might be effective in preventing or treating
allergic diseases.

We thank Kathrin Borgwald, Petra Ellensohn, Margret Oberreit-
Menesis, and Christine Seib for their excellent technical assistance.

REFERENCES

1. Sterk PJ, Buist SA, Woolcock AJ, Marks GB, Platts-Mills TA, von
Mutius E, et al. The message from the World Asthma Meeting. The
Working Groups of the World Asthma Meeting, held in Barcelona, Spain,
December 9-13, 1998. Eur Respir J 1999;14:1435-53.

2. von Mutius E. The burden of childhood asthma. Arch Dis Child
2000;82:112-5.

3. Riedler J, Braun-Fahrlander C, Eder W, Schreuer M, Waser M, Maisch S,
et al. Exposure to farming in early life and development of asthma and
allergy: a cross-sectional survey. Lancet 2001;358:1129-33.

4. Respiratory health hazards in agriculture. Am J Respir Crit Care Med
1998;158:1S-76S.

5. Ernst P, Cormier Y. Relative scarcity of asthma and atopy among rural ado-
lescents raised on a farm. Am J Respir Crit Care Med 2000;161:1563-6.

6. von Mutius E, Braun-Fahrlander C, 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;30:1230-4.

7. Gereda JE, Leung DY, Liu AH. Levels of environmental endotoxin and
prevalence of atopic disease. JAMA 2000;284:1652-3.

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

9. Braun-Fahrlander C, Riedler J, Herz U, Eder W, Waser M, Grize L, et al.
Environmental exposure to endotoxin and its relation to asthma in
school-age children. N Engl J Med 2002;347:869-77.

10. Gerhold K, Bliimchen K, Bock A, Seib C, Stock P, Kallinich T, et al.
Endotoxins prevent murine IgE production, Th2 immune responses and
development of airway eosinophilia but not airway hyperreactivity. J
Allergy Clin Immunol 2002;110:110-6.

3
K
s
("]
g
-
§
=




2
2
=
:
:
e
a
$

396 Gerhold et al

11.

12.

13.

14.

15.

16.

21.

Lau S, Illi S, Sommerfeld C, Niggemann B, Bergmann R, von Mutius E,
et al. Early exposure to house-dust mite and cat allergens and develop-
ment of childhood asthma: a cohort study. Multicentre Allergy Study
Group. Lancet 2000;356:1392-7.

Hesselmar B, Aberg N, Aberg B, Eriksson B, Bjorksten B. Does early
exposure to cat or dog protect against later allergy development? Clin
Exp Allergy 1999:29:611-7.

Hamelmann E, Oshiba A, Loader J, Larsen GL, Gleich G, Lee J, et al.
Antiinterleukin-5 antibody prevents airway hyperresponsiveness in a
murine model of airway sensitization. Am J Respir Crit Care Med
1997;155:819-25.

Larson KA, Horton MA, Madden BJ, Gleich GJ, Lee NA, Lee JJ. The
identification and cloning of a murine major basic protein gene expressed
in eosinophils. J Immunol 1995;155:3002-12.

Hamelmann E, Schwarze J, Takeda K, Oshiba A, Larsen GL, Irvin CG,
et al. Noninvasive measurement of airway responsiveness in allergic mice
using barometric plethysmography. Am J Respir Crit Care Med
1997;156:766-75.

Hamelmann E, Takeda K, Haczku A, Cieslewicz G, Shultz L. Hamid Q,
et al. Interleukin (IL)-5 but not immunoglobulin E reconstitutes airway
inflammation and airway hyperresponsiveness in IL-4-deficient mice.
Am J Respir Cell Mol Biol 2000;23:327-34.

. Crosby JR, Shen HH, Borchers MT, Justice JP, Ansay T, Lee JJ, et al.

Ectopic expression of IL-5 identifies an additional CD4+ T cell mecha-
nism of airway eosinophil recruitment. Am J Physiol Lung Cell Mol
Physiol 2002;282:1.99-108.

. Dankesreiter S, Hoess A, Schneider-Mergener J, Wagner H, Miethke T.

Synthetic endotoxin-binding peptides block endotoxin-triggered TNF-ou
production by macrophages in vitro and in vivo and prevent endotoxin-
mediated toxic shock. J Immunol 2000;164:4804-11.

. Kotanidou A, Xagorari A, Bagli E, Kitsanta P, Fotsis T, Papapetropoulos

A, et al. Luteolin reduces lipopolysaccharide-induced lethal toxicity and
expression of proinflammatory molecules in mice. Am J Respir Crit Care
Med 2002;165:818-23.

. Kawai T, Adachi O, Ogawa T, Takeda K, Akira S. Unresponsiveness of

MyD88-deficient mice to endotoxin. Immunity 1999;11:115-22.

Held HD, Uhlig S. Mechanisms of endotoxin-induced airway and pul-
monary vascular hyperreactivity in mice. Am J Respir Crit Care Med
2000;162:1547-52.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

J ALLERGY CLIN IMMUNOL
AUGUST 2003

Zeldin DC, Wohlford-Lenane C, Chulada P, Alyce Bradbury J, Scarbor-
ough PE, Roggli V, et al. Airway inflammation and responsiveness in
prostaglandin H synthase-deficient mice exposed to bacterial
lipopolysaccharide. Am J Respir Cell Mol Biol 2001;25:457-65.

Tulic MC, Wale JL, Holt PG, Sly PD. Modification of the inflammatory
response to allergen after exposure to bacterial lipopolysaccharide. Am J
Respir Cell Mol Biol 2000;22:604-12.

Rescigno M, Martino M, Sutherland CL, Gold MR, Ricciardi-Castagno-
1i P. Dendritic cell survival and maturation are regulated by different sig-
naling pathways. J Exp Med 1998;188:2175-80.

Tsan MF, Clark RN, Goyert SM, White JE. Induction of TNF-alpha and
MnSOD by endotoxin: role of membrane CD14 and Toll-like receptor-4.
Am ] Physiol Cell Physiol 2001;280:C1422-30.

Szabo SJ, Dighe AS, Gubler U, Murphy KM. Regulation of the inter-
leukin (IL)-12R beta 2 subunit expression in developing T helper 1 (Th1)
and Th2 cells. J Exp Med 1997;185:817-24.

Tang C, Inman MD, van Rooijen N, Yang P, Shen H, Matsumoto K, et al.
Th type 1-stimulating activity of lung macrophages inhibits Th2-mediat-
ed allergic airway inflammation by an IFN-gamma-dependent mecha-
nism. J Immunol 2001;166:1471-81.

Langenkamp A, Messi M, Lanzavecchia A, Sallusto F. Kinetics of den-
dritic cell activation: impact on priming of Th1, Th2 and non-polarized T
cells. Nat Immunol 2000;1:311-6.

Lowrey JL, Savage ND, Palliser D, Corsin-Jimenez M, Forsyth LM, Hall
G, et al. Induction of tolerance via the respiratory mucosa. Int Arch Aller-
gy Immunol 1998;116:93-102.

Holt PG, Batty JE, Turner KJ. Inhibition of specific IgE responses in
mice by pre-exposure to inhaled antigen. Immunology 1981;42:409-17.
McMenamin C, Pimm C, McKersey M, Holt PG. Regulation of IgE
responses to inhaled antigen in mice by antigen-specific gamma delta T
cells. Science 1994;265:1869-71.

Hoyne GF, Jarnicki AG, Thomas WR, Lamb JR. Characterization of the
specificity and duration of T cell tolerance to intranasally administered
peptides in mice: a role for intramolecular epitope suppression. Int
Immunol 1997;9:1165-73.

Tsitoura DC, Blumenthal RL, Berry G, Dekruyff RH, Umetsu DT. Mech-
anisms preventing allergen-induced airways hyperreactivity: role of tol-
erance and immune deviation. J Allergy Clin Immunol 2000;106:239-46.



