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ABSTRACT

Background In early life, the innate imrmune sys-
tem can recognize both viable and nonviable parts of
microorganisms. Immune activation may direct the
immune response, thus conferring tolerance 1o aller-
gens such as animal dander or tree and grass pollen.

Methods Parents of children who were 6 to 13 years
of age and were living in rural areas of Germany; Aus-

~ tria, or Switzerland where there were both farming

and nonfarming households completed a standard-
ized questionnaire on asthma and hay fever. Blood
samples were obtained from the children and tested
for atopic sensitization; peripheral-blood leukocytes
were also harvested from the samples for testing. The
tevels of endotoxin in the bedding used by these chil-
dren were examnined in relation to clinical findings and
to the cytokine-production profiles of peripheral-blood
leukocytes that had been stimulated with lipopolysac-

charide and staphylococeal enterctoxin B. Complets .

data were available for 812 children.

Results  Endotoxin levels in samples of dust from
the child’s matiress were inversely related to the oc-
currence of hay fever, atopic asthma, and atopic sen-
sitization, Nonatopic whegze was not significantly
associated with the endotoxin level. Cytokine produc-
tion by leukocytes {production of tumor necrosis fac-
tor a, interferon-v, inferleukin-10, and interleukin-12)
was inversely related to the endotoxin level in the
bedding, indicating a marked down-regulation of im-
mune responses in exposed children.

Conclusions A subject's environmental exposure
to endotoxin may have a crucial role in the develop-
ment of tolerance to uhiguitous atlergens found in nat-
ural environments. (N Engl J Med 2002;347:869-77.)
Copyright @ 2002 Massachusetts Medical Society.
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STHMA is the most common chronic dis-

ease in childhood and aceounts for sub- -

stantial morbidity and health care costs.

Although various environmental factors
have been thought to play key parts in the develop-
ment of asthma and allergies}- thc causes of these
diseases remain unclear,

One intriguing hypothesis is that changcs in thc
type and degree of stimulation from the microbial
environment associated with improvements in public
health and hygiene may increase the predisposition to
chronic allergic conditions during childhood.* Expo-
sure to microbes can occur in the absence of infection.
For example, viable and nonviable parts of microor-
ganisms are found in varying concentrations in many
indoor and outdoor environments. These microbial
substances are recognized by the innate immune sys-
tem in the absence of overt infection, and they induce
a potent inflammatory response.’ Therefore, environ-
mental exposure to microbial products may have a cru-
cial role during the maruration of a child’s immune re-
sponse, causing the development of tolerance to other
components of his or her natural environment, such
as pollen and animal dander.

We investigated the reladon between exposure to
microbial products and the occurrence of childhood
asthma and allergies in an environment rich in op-
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portunities for such exposure — that is, a rural en-
vironment where some families engage in farming. We
 measured endotoxin — 2 cefl-wall component of
gram-negative bacteria — in samples of dust from the
mattresses of children and then related the levels of
endotoxin to the prevalence of asthma and allergies
and to serum levels of specific JgE. We also assessed
the cytokine-production profile of peripheral-blood
leukocytes after activation of the innate immune sys-
tem by stimulation with lipopolysaccharide and staph-
ylococcal enterotoxin B,

METHODS

Study Population
This cross-sectional su:vcywas conducted in rural arcas of Aus- -

ia, Genmany, and Switzer as prcwously described.$ Partiapat-
ing parents 04 potential participants {74.7 pcrccnt]) .

were asked to consent to the measurement of specific IgE in their
children’s serum, the assewsment of the cytokine-production profile
" of the children’s peﬁphcral—blood lenkocytes after stimulation with'
. [ipopolysaccharide and smphylococcal enterotoxin B, and the col-
lection of dust samples from the children’s bedding, The final analy-
sis was restricted to 812 children with complets data and similar
ethnic origin (categorized a3 German, Austrian, or Swiss nationali-
ty), in order to avoid potential confounding by ethnic background.?
Approval to conduct the survey was obmined from the three Jo-
cal ethics committees for human studics and from the principals
of the schools attended by the children. Written informed consent
was obtained from the parents of all children.

Dust Sampling

‘We collected dust by vacuuming cach mattress for two minutes

per square meter of surface area. The material obtained was divided

* in two for measurament of endotoxin and allergen content. Dust

was collected on special filters provided by the Alleregologisk Lab-

oratorium Koperihagen.® All field workers were centrally trained
and ¢ertified to ensure similarity of sampling.

Measurements of Endotoxin Levels

One dust sampie was stored at room temperature and shipped
within one weck after eollection to the central laboratory (in Mu-
nich, Germany). Endotoxin content was measured by 2 kinetic lim-
ulus assay, 25 described by Hollander et 2l # Endotoxin results were
cxpressed as endotoxin units per milligram of dust and as endotox-
in units per square meter of surface area of the sampled martress.
All endotoxin levels were within the limits of derection of the assay.

Measurements of AHergen Levels in Dust Samples

The second dust sample was frozen at —20°C for at least two
days and then shipped to one central laboratory {University Chil-
dren’s Hospital Charité, Berlin, Germany) and stored at 4°C uan-
til it was analyzed for Dermatophbagoides preronyssinus {Der pl),
D. farinae {Derx £1), and Felis domesticus (Fel d1), as previously de-
scribed.? The lower limit of detection was 10 ng per gram of dust
for Der pl and Der 1 and 16 ng per gram of dust for Fel dl; re-
sults are expressed in nanograms of major allergen per gram of
mattress dust. For allergen levels below the limit of detection (9.7
peicent for Der pl, 5.5 percent for Der f1, and 0.2 percent for
Fel d1), the mean value between zero and the lirnit of detection
was used.

Questionnaire and Interview

The prevalence of discases and symptoms and potential explan-
atory and confounding factors were assessed by a questionnaire giv-
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e to the parents that included the questions of the International
Study of Asthma and Allergies in Childhood,!? as described pre-
vipusly.¢ Farmers® children were defined as children whose parents
answered “yes” to the question “Does your child kive on a farm?™
In an interview with the parents as part of the home visit, we ob-
tained details of the timing of theichild’s exposure to stables and
to farm milk, Exposure to farming during the first year of life was
defined as exposure to stables during the first year of life, con-
sumption of milk d.u-ectly from the farm during the first year of
life, or both.

Testing for Specific IgE in Serum

The level of specific IgE against airborne allergens in all serum
samples was measured by fluorescence enzyme immunoassay in a
central laboratory (University Children’s Hospital Charité, Bedin).
Atopy was defined by at least one positive test for specific IgE in-
d1cmngante.rofatlcast3 5 kUpcrhtcrfor one or more of the
six airborne allergens (housé dust mites, storage mitcs, grass pollen,
birch pollen, cat dander, and cow epithelium).

Assessment of Cytokine Production
by Peripheral-Blood Leukocytes

Venous blood was.drawn at school from all 812 children. Hep- -
arinized blood was diluted in a ratio of 1:8 in REMI culture medi-
um supplemented with 10 percent heat-inactivated fetal-calf serum
to a final volume of 1 ml. Cells were stimulated cither with 10 ug
of ipopolysaccharide per millifiter for 24 hours or with staphylo-
coccal enterotoxin B for 72 hours at 37°C, in an environment of
5 percent carbon dioxide in humidified air, Cell-free supernatants -
were stored at —80°C and shipped to the central laboratory for
measurement of interferon-y (limit of detection, 16 pg per milli-
liter), tumor necrosis factor @ (limir of detection, 16 pg; per milliki-
ter), interleukin-10 {limit of detection, 8 pg per. milliliter), and
interleukin-12 (limit of detection, 8 pg per milliliter) by commer-
cially available enzyme-linked immunosorbent assays {OptEIA,
Pharmingen). Each sample was tested in duplicate by the serial di-
tution of a standard supplied by the company with a known cytokine
level. Differential blood counts were also performed, and cyrokine
production was expressed in picograms per 1 million peripheral-
blood lenkocytes. To ensure consistent performance in samipling
and culture procedures, laboratory personnel in the study centers
participated in a one-week training and certification program.

Statistical Analysns

Endotoxin levels were log,,-transformed. Multivariare logistic-
n:grmon analyses, in which the endotoxin level was treated as a
coptinmuous variable, were performed with SAS software, 1t with ad-
justment for age, sex, stady area, family history of asthma and hay
fever, educational Jevel of the parents, and number of older siblings
(the basic model). In addition, potential confounding by farming
status, exposire to farming during the first year of life, cxposure to
cars or dogs during the first year of life, and allergen levels (log-
transformed values for Der £1, Der p1, and Pel d1) was cvaluared.
‘We included an interacton term to assess whether the effect of
endotoxin on asthma and wheeze in children with atopic sensin-

. zation (a specific IgE level of at Jeast 9.35 KU per liter) would be -

different from the effect in children without atopic sensitization,
To evaluate potental threshald values or other nonlinearity in the
relation between exposure and response, 5-Plus software was used
to perform local nonparametric smoothing 12 The logit of the rates
of symptoms was expressed as a continuous function of endotoxin
level, obtained by local nonparametric smoothing with control for
the covariates mentioned above. The smoothing parameter for each
modet was determined on the basis of Akaike’s information crite-
rion.1? In the same way, the association between endotoxin levels
and cytokine response was assessed. Cytokine levels were log-trans-
formed, and the association of these levels with the level of endo-
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toxin exposure was expressed as the ratio of the covariate-adjusted
geometric mean cytokine level in children in the highest quartile
of endotoxin exposure to the mean level in children in the lowest
quartile, The regression analyses were repeated with a restricted
sample of children from nonfarming houscholds with adjustment
for known allergy-avoidance measures (removal of pets or carpets
because of allergies in the family), exposure to cats or dogs during

the first year of life, and cxposure to farming during the first year |

of life.
RESULTS

Complete data were available for 812 children, 319
from farming families and 493 from nonfarming fam-
ilies. The mean (£SD) age was 9.5%1.2 years. The
adjusted odds ratios for asthma and hay-fever symp-
toms in relation to the farming status did not differ
significantly between the group with complete data
and the group with only the self-administered ques-
tionnaire (0.59 vs. 0.48 for asthma and 0.44 vs. 0.32
for hay-fever symptoms).8 The relations between farm-

ing status and environmental-exposure variables and
health outcomes are shown in Table 1.

The results of multivariate logistic-regression analy- ',

ses estimating the effect of the mattress endetoxin lev-

el and the endotoxin load on the rates of symptoms
and disease, with adjustment for known covariates, are
shown in Table 2. The data are presented as adjusted
odds ratios for symptoms or diseasc with an increase
from the lowest quartile to the highest quartile of en-
dotoxin exposure. Current enttotoxin exposure showed
a strong inverse association with hay fever, hay-fever
symptoms, and atopic sensitization. Smoothed plots
of the prevalence of hay fever, hay-fever symptoms,

and ‘atopic sensitization in relation to the level of en-

dotoxin exposure, with control for covariates, showed
a largely monotonic decrease in prevalence with an
increasing endotoxin load (Fig. 1). Similar results were
obtained in analyses in which the endotoxin level was
used as the exposure variable (data not shown).

An inverse relation was also found between the lev- l

el of endotoxin exposure and the capacity of periph-

eral-blood leukocytes to produce inflammatory and -

regulatory ‘cytokines after stimulation with lipopoly-
saccharide (Fig. 2). The associadons between endo-
toxin exposure (in endotoxin units per square meter)
and the production of tumor necrosis factor a, inter-
feron-v, interleukin-10, and interleukin-12, expressed

. TASLE 1. ENVIRONMENTAL EXPOSURE AND PREVALENCE OF HEALTH QUTCOMES,
’ ACCORDING TO FARMING STATUS.*

VARIABLE

Esvironmental exposur
Endotoxin jevel (wnits/mg of dust)
Endotoxin Joad (anits/m3? of martress surface
arca)
Der fl (ng/g of dust)
Der pl (ng/g of dust)
Fel d1 (ng /g of dust)

Health outcomes

37.8 (144-889) - .
29,897 (5452-157.208) 14,456 (2915-75,730) - <0.001

528.7 (5-51,990)
70924 (133-104,110)  1,417.1 (5-104,060) - <0.001
5.405.6 (356-144.600) 57441 (204-434,460)  0.69

CHILDREN FROM

CHILDREN FROM
Farnung NONFARMING
HousEHoLDS HousexoLDS
(N=219) {N=483) P VALUE

geometrit mean exposure (5th—-85th percentile)

228 (B2-62.9) <0.001

6103 (5-54,160) 0.54

~ na. [% [g5% CII}

13 (4.1 [1.9-62}) 52 {'10.5'{7.3—13.5}) <0.001
19 (6.0 [3.3-8.7)) 52(12.619.7-160])  0.002
56 (L7.2[18.1-214]) 116 (235 (19.8-27.3])  0.03

Hay fever
Soeezing and irchy eyes during previous yr
Aropic sensitization

SRR I e T b SRR Ch e e

TR e T

TR AN

FEpreme

Atopic asthma 10 (3.1 [1.2-5.0]) 29 (5.9 [2.8-8.0]) 0.07
Tonatopic asthma 5 (1.6 [6.2-2.9]) 13 (2.6[1.2-5.0]) 0.31
Aropic wheeze 15 (4.7 [2.4-7.0]} 29 (5.9 {3.8-8.0)) 0.47
Nonatopic wheeze 5 (1.6 [0.2-2.9]) 30 (6.1 {4.0-8.2]) 0.002

*Children were considered 1© have hay Fever if their parents reported a physician’s diagnosis of hay fever; to have bad
sneczing and jrchy eyes (symptoms of hay fever) during the previous year if their parents gave a positive response to 2
question about these Symptoms; to have amopic sensitization if they had 2 specific IgE tver of at lease 3.5 kU per boer; w0 have
atopic asthma if their parencs reported a physician’s diagnosis of asthma or if they had recurrent asthmatic obstruction of

the airway or spastic bronchits and a specific TgE titer of ut least 0.35 KU per fiwex; to have nonatdpic asthma if their parcats .

reported a physician's diagnosis of asthma or if they had recarrent asthmatic obstrection of the zirway or spastic bronchinis
and a specific IgE titer of Jess than 0.35 KU per liter; to haye atogic wheeze if their parents reporsed that they had had
wheezing or whistling in the chest during the previous 12 months and they bad a specific TgE diter of at least 0.35 kKU
per liter; and 1o have nonatopic wheeze if their parents reported dhat they had had wheezing or whisting in the chest
during the previous 12 months and they had a specific IgE siter of less than 0.35 KU per lieer. CI denotes confidence
interval, Der f1 Dermatophagoides farinae, Der pl D. preronysinus, and ¥el d1 Felis domesticar,
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TABLE 2. ASSOCIATIONS RETWEEN CURRENT ENPOTOXIN EXPOSURE {LEVEL AND LoAD)
AND ASTHMA, WHEEZE, Hay FEVER, AND ATOPIC SENSITIZATION IN THE TGTAL SAMPLE
AND IN THE SUBGROUP OF CHILDREN FROM NONFARMING FIOUSEHOLDS,

Sneczing and m:hy eyes during pn:wnns yr

0.61 (0.43-0.86)t

- 0.50 (0.34-0.721

3 .
CatopeN moM Nomnrarmine HouseHotDs

Heati Outcome Tora Sampie (N=812} [N=493}
ENDOTOXIN LEVEL ENDOTOXIN LOAD ENDOTOXIN LEVEL. ENDOTOXIN LOAD
adjusted odds ratio {95% CH*
Hay fover 0.58 (0.39-0.85}f-  0.53 (0.35-0.81)t 0.79 (0.52-1.19) 0.56 (0.33-0.95)t

0.70 (0.47-1.05), D46 (0.28-0.76)t

Aopic sensitizationt 078 (0.60-101)  0.76 (0.58-0.98)t | 0.80 (0.59-1.08) £.73 (0.51-1.04) -
Atopic asthma 0.73 (0.44-1.19)  0.48 (0.28-0.81)F 0.68 (0.39-1.19) 0.52 (0.25-1.07)
Nonatapic asthroa 125 (0.62-251) 113 (0.57-2.26) 1.29 (0:62-2.58) 1.00 (0.46-2.21)
Atopic wheeze 09 (0.57-1.39)  0.62 (0.39-0.99)F " 0.79 (0.46-1.33) .0.64 (0.33-1.35)
Monatopic wheezé 097 {0.58-1.61). 114 {0.68-1.50) 136 (0.86-214) 182 (L04-318)t -

“QOdds rmusmﬁxthcocqmuofthcgmsympmmordssusemthanmcrﬂscmth:mdamnnmmsmﬁnmthcmstquarulcm
the highest quartile; an.a.lys:swcrcad;ustcdﬁ)ragc,scx,mldyma,ﬁmdyhsmryohs:hmaorhay&mcducauonﬂlwdofthcpmm,and
aumber of older siblings, The analysis of the subgroup of children from nonfarming househalds was also adjusted for allergen-avoidance meas-
u:u,qpmummpmdumgd:nﬁrstycuofh&,:xposummmbiudumgm:ﬁrﬂywofh&,andconmmpuonofmﬂndnacﬂy&umaﬂm
during the first year of life. .

1P<0.05 for the comparison bc:wccn children in the luwr:c quarul: of :uclntmun :xposurc and’ children in the hnghcst quarulc

iAtupms:nmuzmonwasdcﬁn:dbyaspcmﬁ:IgEumofatleast35kUp:rhtcr ’
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Figure 1. Smoothad Plots of the Prevalence of Hay Fever (Panel A), Hay-Faver Symptoms {Panel B}, and Atopfc Sensitization {Panel C}
in Relation to the Log-Transformed Endotoxin-Load Values.

The analyses controlled for age, sex, study area, family history ‘of asthma and hay fever, educational level of the parents, and num-
ber of siblings. For each ouicome, there was 8 monotonic decrease with i mcnaasmg endotoxin load. A smouth:ng span of 0.9 was
used for all three graphs. . . .
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Figure 2. Smoothed Plots of the Lo-Transformed Capacity of Peripheral-Blood Leukocytes (PBL) to Produce Tum.or Necrosis Fac-
tor & {TNF-a} {(Panel A}, Interferon-y {IFN-y} (Fanel B), Interleukin-12 {Panel C} and Interleukin-10 {Pane! D} after Stimulation with

- Llipopolysaccharide (LPS) or Staphylococeal Enterotoxin B (SEB) in Relation to the Log-Transformed Endotoxin-load Values.

Analyses were controlled for age, sex, study area, family history of asthma and hay fever, educational leve! of the parents, a_ﬁd number
of siblings; the analysis shows an inverse relation between.the level of endotoxin exposure and cytokine response, except in the case
of the production of IFN-y after SEB stimulation. A smoothing span of 0.9'was used for all four graphs.
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as ratios of the mean level of cytokine production for
children in the highest quartile of endotoxin expo-
sure to the mean level for children in the lowest quar-
tile, were .81 (95 percent confidence interval, 0.74
to 0.89), 0.80 (95 percent confidence interval, 0.70 to
0.92),"0.93 (95 percent confidence interval, 0.81 to
1.07), and 0.87 (95 percent confidence interval, (.77
to 0.98), respectively. The corresponding results after
stimulation with staphylococcal enterotoxin B were
0.83 (95 percent confidence interval, 0.74 to 0.93),
1.05 (95 percent confidence interval, 0.95 to 1.17),
0.97 (95 percent confidence interval, 0.84 to 1.11),
and 0.96 (95 percent confidence mtcrval 0 86 to
'1.06), respectively.

The association between endotoxin exposure and

wheeze during the past year showed a different expo-
sure—response pattern. There was a strong negative
association for atopic wheeze and asthma, whereas for
nonatopic wheeze and asthma, there was a nonsignif-
icant trend toward increasing prevalence with increas-
es in the current level of endotoxin exposure (Table 2
and Fig. 3). However, the-term for the interaction be-
tween the level of endotoxin exposure and atopic sta-
tus did not reach statistical significance. Exposure to
farming in the first year of life showed a strong inverse

association with all health outcomes, including non-

141
12 1

104

Adjusted Prevalance of Atopic -
Wheeze (%)

atopic wheeze and asthma, independently of the cur-
rent level of endotoxin exposure (Table 3). Additional
adjustment for other potential confounders, includ-
ing the levels of allergens (Der f1, Der pl, and Fel d1)
in mattress dust, farming status, exposure to pets dur-
ing the first year of life, and exposure to farming dur-
ing the first vear of life, did not change the results. To
evaluate whether the resuits might be generalized to
a nonfarming population and to adjust for potental
uncontrolled confounding associdted with a farmning
lifestyle, we restricted the sample to children from
nenfarming houscholds and also adjusted for expo-

- sure to stables and consumption of milk directly from
the farm during the first year of life. Again, strong neg- -

ative associations — albeit not all statistically signif-

" jcant (probably because of the sample size) — between

the level of endotoxin exposure and atopic outcomes
~were observed, whereas positive associations were
found for nonatopic wheeze (Table 2).-

DISCUSSION

These findings suggest that environmental expo-
sure to microbial products, as measured by the en-
dotoxin levels in mattress dust, is associated with a
significant decrease in the risk of hay fever, atopic sen-
sitization, atopic asthma, and atopic wheeze in child-
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Figure 3. Smoothed Plots of the Prevalence of Atopic Wheeze {Pane! A) and Nonatopic Wheezs

{Panel B} in Relation to the Log-Transformed Endotoxin-Load Values.

The analyses were controlled for age, sex, study area, family history of asthma and hay fever,

educational jevel of the parents, and number of siblings. There was a negative association for

atopic wheeze, whereas for nonatopic wheeze, therg was a nonsignificant positive trend with in-
" creasing levels of current endotoxin exposure. For Panel A, a smoothing span of 0.8 was used;

for Panel B, a span of 0.5 was used.
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TABLE 3."ASSOCIATION OF THE PREVALENCE OF SYMPTOMS AND DiSEASE
WITH THE CURRENT ENDOTOXIN LoAD AND EXPOSURE TO FARMING

DURING THE FIRsT YEAR OF LIFE.*

Hearm Ourcome

ExPOsure T0 FaRMiNg  CURRENT ENDOTOXIN
DURNG THE FirsT YEART Exposupst

odds ratin {95% CI)

Hay fever

Sacezing and jichy eyes after ¥ yr of agc

Atopic sensitizagon]
Aropic asthma
Nonatopi¢ asthma
Atopic wheeze
Nonatopx wheeze

0.26 (0.13-0.52)§
0.55 (0.31-0.97)§
0.45 (0.30-0.68)§
0.42 (0.18-0.96)§
0.48 (0.16-1.41)
0.59 (0.28-1.23)

0.43 (0.19-0.97)§

0.61 {0.40-0.95)§

0.53 (D.36-0.77)§

0.83 (0.63-1.09)
0.52 {0.30-0.9M§
1.22 (0.60—2.46)
0.66 {0.41-1.07)
1.23 (0.73-2.06)

*Oddsratiosarefortheocmrrenneufﬂzegiv:nsympmmordisménﬁthaninminexposmm
farming or the endotoxin load from the lowest quartile 1o the highest quartile. Analyses were adjusted
for age, sex, study area, famnily history of asthma or hay fever, edueational evel cfthepar:ms,mdnum

ber of older siblings.

+0Odds ratins were alsa adjusted for ewrrear endotaxin expasuse.
$0dds ratios were also adjusted for exposure to farming during the first year of life.
§P=0.05 for the cormparison between children in the lowest quartile of the exposust variable and -

those in the highest quartile.

fAtopic sensidzarion was defined by a spcn.ﬁc IgE tiver of ar least 3.5 KU per liter.

hood. This protective effect was observed in children
from farming and nonfarming households, indicating
that even the lower levels of exposure that occur in
nonfarming environments may favorably influence the
risk of atopic diseases in childhood. .

The mechanisms by which endotoxin cxposrure may
protect against the development of atopic immune re-
sponses and diseases are not fully understood. Qur
findings suggest that by the time a child reaches school
age, high levels of environmental exposure to endo-
toxin have resulted in a marked suppression of the

_ capamty for cytokmc production in response to activa-

tion of the innate immune system. Whereas lipopoly-
saccharide stimulation triggers an innate immune re-
sponse by activating mainly antigen-presenting: cells,
staphylococcal enterotoxin B also activates T cells, re-
sulting in a somewhat different pattern of cytokine
producton. Reduced responsiveness to stimulation
with lipopolysaccharide after previous stimulation with
lipopolysaccharide-is 2 phenomenon referred to in the
literature as lipopolysaccharide tolerance.l3: Qur re-
sults suggest that such a down-regulation occurs in
vivo as a consequence of long-term exposure to envi-

ronmental endotoxin. Whether this down-regulation

is merely a biologic marker of the exposure or is caus-
ally related to the decreased rate of atopy cannot be
determined on the basis of our data; it is an area in
which further exploration is needed. It has been sug-
gested that the innate immune response has an in-

structive role in adaptive immunity.®s Differential ex-
pression of lipopolysaccharide receptors in children
from farming and nonfarming houscholds has recently
been reported,!é suggesting that the innate immune
system responds to the high microbial burden of the
farming environment.

Although only current endotoxin cxposurc was
measured, the levels are likely to reflect long-term ex-

_posure. 'Ihcrefore, long-term, high-fevel environmen-

tal exposure may favor a state of tolerance,l¥ which
may prevent the development of allergic immune re-
sponses. We demonstrated that exposure during the
first year of life to stables and other aspects of farm
life that are likely to reflect exposure to microbial prod-
ucts has a strong protective effect against the occur-

" rence of asthma and atopy at school age. However,
- independent of and in addition to this effect, endo-

toxin exposure at school age was associated with a

markedly decreased risk of atopic outcomes. This pro- .

tective effect was also seen in children with no expo-
sure to farming whose mattress endotoxin levels were

.similar to levels found in urban homes in the Nether-

lands'? and urban areas in the United States,!31? sug-
gesting that exposure to ubiguitous m1crob1a1 prod-
ucts strongly affects the dcvclopmcnt of atopy and
childhood asthma. The increase in the frequency of
asthma in inner-city areas of the United States, by con-
trast, may be related to other types of environmental
exposure. -
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The protective effect of endotoxin exposure at

school age was observed only for atopic wheeze and

asthma, not for nonatopic wheeze. Childhood asth-
ma is a complex syndrome with multiple illnesses in-
volving wheezing that develop during the infant, tod-
dler, school-age, and adolescent years, as has been
shown in several long-term, prospective surveys in
which children were followed from birth to adoles-
cence and adulthood. 2022 Although, in many cases,

asthma is associated with atopic sensitization to a.va- -
' riety of allergens, illnesses involving wheezing also-oc-. |
cur in the absence of increased IgE responses. Varia- .

tons in genetic background, environmental factors,

and the interplay among them are likely to account for

the varying clinical presentations of wheeze. In'smd-

ics of human exposure® and in studies of animals,?¢
endotoxin has been shown to induce airway hyper—'j
responsiveness in healthy, nonatopu: subjects but-to
*. decrease airway responsivencss in sensitized animals,

supporting the notion that, the effect is modified by .

aopy; as we observed. In our study, exposurc to farm-
ing in the first year of life had a protective effect against

- nonatopic wheeze, whereas exposure to endotoxin'at -
school age was related to an increased risk: Therefore,
not only an cxposed subject’s atopic status but also _
the timing of the exposure determines its bencﬁc.lal

or detrimental effects.

- Endotoxin - was measured in mattress dust, since
children come into _close contact with the microbial
environrpent of their beds while sleeping and since the

- reproducibility of repeated endotoxin measurements
is greater for dust from the bed than for dust from
the floor.” Endotoxin measurements in dust from the
bed have been reported to show little variation over -
time, with nonsignificant differences over a six-month -

period® Environmental endotoxin levels are therefore

likely to reflect longer-term exposure to microbial
compounds. However, the cross-sectional design of -

our study limited our ability to determine precisely the
duration of exposure represented by current endotox-
in measurements, and prospective studies are clearly

- needed. We did not assess other bacterial components,

_ such as nonmethylated cytidine phosphate guanosine
dinucleotides specific for prokaryotic DNA {CpG 'mo-
ifs) or cell-wall components from atypical iycobac-

teria or gram-positive bacteria such as lipoteichoic
acid, which are known to affect immune responses in

ways similar to that of endotoxin. 262 The observed

protective effect associated with endotoxin levels in
mattress dust is therefore likely to reflect the effect of

exposure to a much broader spectrum of microbial

compounds than gram-negative bacteria alone.

The results of our study indicate that environmen-

tal exposure to microbial products as assessed by the
meastwrement of endotoxin levels in 'mattress dust is
associated with the development of tolerance toward
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ubiquitous allergens fourid in natural environments.
Mechanisms relating to the recognition of these mi-
crobial compounds by the innate immune system and
the regulation of the resulting inflammarory respons-
es through adaptive immuniy are likely to be of key
importance for the development of atopic illnesses
such as hay fever and childhood asthma and wheeze,
These insights may foster the generation of novel
strategies aimed at the prevention of these diseases.
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