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Abstract

Immunological characteristics were assessed for prospective risk of clinical malaria in a longitudinally followed population in a

holoendemic area of Tanzania. Baseline characteristics including crude Plasmodium falciparum extract-specific IgE and IgG; total IgE; and

parasitological indices, e.g. number of P. falciparum clones, were investigated among 700 asymptomatic individuals. Cox regression

analysis estimated the risk of succumbing to a new clinical episode during a 40 weeks follow up. High anti-P. falciparum IgE levels were

associated with reduced risk of acute malaria in all age groups independently of total IgE levels. Statistically significant reduced odds ratio of

0.26 (95% CI, 0.09–0.72, P ¼ 0:010) and 0.44 (95% CI, 0.19–0.99, P ¼ 0:047) for the two highest fifths, respectively was observed after

adjustment for age, sex, total IgE, numbers of parasite clones per infection and HIV-1 seropositivity. In contrast, high levels of malaria

specific IgG or total IgE were not associated with reduced risk to succumb to a new clinical episode. A protective effect of asymptomatic

multiclonal P. falciparum infections was also confirmed. For the first time, anti-malarial IgE levels in asymptomatic individuals in endemic

area are found to be associated with reduced risk for subsequent malaria disease. Specific IgE antibodies may play role in maintaining

anti-malarial immunity, or indicate other aspects of immune function relevant for protection against malaria.

q 2004 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Malaria remains a major threat to global health and yet

the mechanisms for protective immunity are still incomple-

tely understood. In areas of high malaria transmission,

young children are the most vulnerable to disease and death

due to their lack of protective immunity. Prolonged

exposure to new inoculations and repeated infections,

results in successive acquisition of protective immunity

and part of this effect may be associated with controlled

persistence of parasites without clinical symptoms.

Mechanisms for malaria immunity are highly complex

with involvement of several components of immune

function. Antibody-dependent mechanisms are presumed

to play an important role in protection, with a wide range of

antigen-specific antibodies as well as polyclonal-antibody

production. Studies on passively transferred immunoglobu-

lins from immune adults have suggested that IgG antibodies

are important in reducing parasite density during clinical

malaria disease (Cohen et al., 1961; Sabchareon et al.,

1991). There is also accumulating evidence of a protective

role for certain IgG subclasses (Aribot et al., 1996; Taylor

et al., 1998; Aucan et al., 2000; Ndungu et al., 2002).

Although both total and malaria-specific IgE levels are

elevated in individuals living in areas of high endemicity

(Desowitz, 1989; Perlmann et al., 1994), the role of IgE in

malaria is not as clearly established as for other parasites

(Hussain and Ottesen, 1986; Hagan et al., 1991; Rihet et al.,

1991). The elevated IgE levels seen in severe acute malaria
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patients indicate a pathogenic role of these antibodies

(Perlmann et al., 1994, 1997, 1999, 2000). A protective role

for P. falciparum-specific IgE has also been proposed

(Perlmann et al., 1997, 1999) but this has not been

previously demonstrated.

Here, we investigated if plasma levels of the antibody

isotypes IgG and IgE are predictive of risk for subsequent

acute malaria episodes. In a longitudinal study of a

population in Nyamisati village, a highly endemic area the

Rufiji Region, coastal Tanzania (Rooth and Bjorkman,

1992), a prospective malariometric survey measured several

baseline characteristics, and subsequently recorded

episodes of acute malaria over 40 weeks of follow-up. To

avoid potential confounding through acute disease activity

or treatment, only the individuals with no clinical

malaria episodes during the baseline survey, 4 weeks

before or 1 week after the survey were included in the

analysis. Baseline characteristics included plasma levels of

anti-P. falciparum (crude) IgE and IgG, total IgE as well as

genetic diversity of P. falciparum defined as number of

clones per infection.

2. Materials and methods

2.1. Study area and population

The study was conducted in Nyamisati village, situated

by the Rufiji River Delta, coastal Tanzania. The area is

holoendemic for malaria, with perennial transmission and

some seasonal fluctuation. A research team, which also

provides health care including antimalarial drugs, has lived

in the village since 1985, and studied the malaria

epidemiology with longitudinal follow up of the population

of about 1000 individuals (Rooth and Bjorkman, 1992). In

March–April 1999, preceding the heavy rain period, 890

villagers, 1–84 years of age, participated in a malariometric

survey including analysis of parasite densities and clinical

status.

2.2. Clinical data

Clinical episodes of malaria were detected by a passive

case detection system, which is well established in this

population with presentation of all fever episodes to the

research unit. After diagnosis of malaria by microscopy,

free treatment is administered and the episode registered. A

clinical malaria episode was defined as .400 parasites/ml,

together with reported or confirmed fever within the last day

and without signs of other cause of fever (Rooth and

Bjorkman, 1992). More than one episode within a period of

2 weeks was considered as a single episode.

At the time of survey 700 individuals were asympto-

matic, i.e. there was no record of a clinical malaria episode 4

weeks before and 1 week after the survey. The time

period was chosen due to possible confounding effect of

sulfadoxine/pyrimethamine (Fansidarw) treatment within 4

weeks prior to survey or potential ongoing disease activity

of a clinical episode within the following week.

2.3. Sample collection

Venous blood was collected in EDTA sterile tubes; after

centrifugation and separation, plasma and packed cells were

stored frozen. All samples were obtained after informed

consent of the participants and/or their guardians. The study

was approved by the National Institute for Medical

Research in Tanzania and by the Ethical Committee at

Karolinska Institute (Dnr 00-084).

2.4. Detection of P. falciparum infections

Giemsa stained thick films were analysed by light

microscopy at 1000 £ magnification. Number of parasites

per ml of blood was enumerated in 200 microscopic fields

corresponding to 0.2 ml blood.

Plasmodium falciparum infections were also detected by

nested PCR amplification of the highly polymorphic block 3

region of merozoite surface protein 2 (msp2) marker which

provides an estimate of the number of concurrent clones

(Snounou et al., 1999). DNA was purified from frozen

packed red blood cells by phenol–chloroform extraction.

Detection of P. falciparum infection by this PCR method,

i.e. detection of one msp2 allele or more, yields a higher

sensitivity than microscopy with detection of 1–10 parasites

per ml whole blood.

2.5. Antibody analysis

Lysates of infected erythrocytes, (P. falciparum

laboratory line F32), were prepared for determination

of anti-malarial IgE and IgG (Perlmann et al., 1994).

Briefly, microtiter plates were coated with 50 ml of crude

parasite antigen solution (20 mg/ml) overnight at 4 8C,

and then blocked with 100 ml of 0.5% BSA in coating

buffer for 3 h at 37 8C. For determination of malaria-

specific IgE the test plasma were diluted 1:100 and

incubated at room temperature overnight for optimal

binding. The test plasma, diluted 1:1000 for total IgE and

anti-malarial IgG were added to the wells and incubated

at 37 8C for 1 h. The secondary antibodies were

biotinylated goat anti-human IgE (Vector Laboratories,

USA) (1:8000) or goat anti-human IgG (Mabtech, Nacka,

Sweden) conjugated to alkaline phosphatase (1:2000),

with 1 h incubation at 37 8C. ALP-conjugated Streptavi-

din (Mabtech, Nacka, Sweden) diluted 1:2000 were

added to the biotinylated antibody and incubated under

the same conditions. Sera from African donors with high

antibody levels and sera from Swedish donors not

exposed to malaria were used as positive and negative

controls, respectively. The plates were washed four times

between each incubation step. The bound secondary
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antibody was quantified with p-nitrophenylphosphate

(Sigma Diagnostics, USA). The optical density (OD) at

405 nm was determined in a Vmax microplate reader

(Molecular Devices, Menlo Park, USA).

2.6. Statistical analysis

Our data was analysed using SPSS software (version

11.5). The analyses excluded individuals with a clinical

episode of malaria 4 weeks prior and 1 week after the

baseline survey. As we made no assumptions about

linearity, the antibody levels were grouped into quintiles

of their distributions and the middle fifth was used as the

comparison group. Clinical episode of malaria was the

dependent variable in Cox-regression analyses. Simul-

taneous mutual adjustment was made for age, sex, number

of msp2 genotypes, HIV status, antibody levels for specific

IgG and IgE, total IgE, as well as parasite density (coded in

fifths of the density distribution and a separate, sixth

category for no parasites), modelled as fixed covariates.

These measures were all coded as series of binary dummy

variables. As most symptomatic infections occur in

individuals aged 0–16 years, a specific analysis was

conducted to confirm the finding among only younger

individuals. This included recalculation of the fifths

estimating immunoglobulin distributions in this age group.

3. Results

Baseline characteristics were analysed in the 700

individuals (1–84 years, median 23 years) who were

asymptomatic at the time of survey. The P. falciparum

prevalence, including results from microscopy and PCR,

was highest in children 0–16 years (59%) and decreased in

adults with 32% of individuals over 16 years infected with

P. falciparum. Including the results from PCR analysis

increased P. falciparum prevalence by 25% in all age

groups. The mean number of clones detected by the PCR

genotyping was 2.4, with a range of one to seven clones

per isolate (SE ¼ 0.09 clones per infection). More detailed

description of the genotyping data will be presented

elsewhere.

Prospective risk for malarial disease was based on the

first clinical episode after the baseline survey and was

assessed using Cox regression analysis. Some 60

individuals experienced at least one clinical episode

during the follow up. The clinical malaria episodes were

scattered during the 40 weeks period. Table 2 shows the

odds ratios from Cox regression for individual baseline

characteristics: age, sex, total and anti-P. falciparum IgE,

number of infecting msp 2 clones and HIV-1 seroposi-

tivity. The odds ratios for risk for clinical malaria

episode were highest at younger ages, independent of the

other measures. The risk for malarial disease was not

statistically significantly associated with sex.

Antibody levels in plasma increased with age but with

differing patterns. The overall median value was 1.6 ng/ml

for malaria specific IgE, 15.6 mg/ml for specific IgG and

1700 ng/ml for total IgE. Antibody level (median) in

negative controls was: 0.8 ng/ml for malaria specific IgE,

1.5 mg/ml for specific IgG and 41 ng/ml for total IgE. Total

IgE and anti-P. falciparum IgG and IgE levels were grouped

into fifths of their distributions (Table 1) and comparisons

were made with the middle fifth. Malaria-specific IgE above

the middle fifth was associated with a reduced risk for a

clinical episode of malaria (Table 2). Statistical significance

of these estimates increased after adjustment for the total

IgE with odds ratios of 0.26 (95% CI, 0.09– 0.72,

P ¼ 0:010) and 0.44 (95% CI, 0.19–0.99, P ¼ 0:047) for

the fourth and fifth levels, respectively (Table 2—adjusted

values).

When measures of anti-P. falciparum IgG and anti-P.

falciparum IgE were included in the same model with

adjustment for all of the potential confounding factors, IgE,

but not IgG, was significantly associated with risk of

subsequent malarial disease. As anti-malarial IgG was not

independently associated with risk of malarial disease it was

excluded from the final model to avoid confounding due to

co-linearity between IgE and IgG isotypes.

Table 1

Antibody levels grouped into fifths of their distribution

Fiftha Anti-P. falciparum IgE Total IgE Anti-P. falciparum IgG

ng/mlb Agec ng/mlb Agec mg/mlb Agec

1 0.50 (,0.71) 19 196 (,454) 25 3.1 (,6.0) 12

2 0.93 (0.71–1.25) 23 806 (454–1232) 23 9.0 (6.0–11.9) 17

3 1.54 (1.26–1.93) 26 1701 (1233–2316) 22.5 15.7 (12.0–21.2) 23.5

4 2.47 (1.94–3.42) 22 3150 (2317–4423) 19 28.0 (21.3–40.5) 27

5 5.22 (3.43–20.57) 21 6676 (4424–19275) 21 62.9 (40.6–212.5) 34

Antibody levels (median) in negative controls (Swedish not exposed to malaria) were: anti-P. falciparum IgE, 0.8 ng/ml; total IgE, 41 ng/ml; anti-P.

falciparum IgG, 1.5 mg/ml.
a Fifths (140 subjects in each), where 1 is the lowest and 5 is the highest.
b Antibody levels, median and range.
c Median age (years), within each fifth of the antibody distributions.
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In a separate analysis limited to children (0–16years),

the two highest fifths of anti-P. falciparum IgE levels

produced similar adjusted odds ratios of 0.26 (95% CI,

0.08–0.83, P ¼ 0:024) and 0.34 (95% CI, 0.12–0.98,

P ¼ 0:046), respectively. The association between

malaria-specific IgE levels and risk for disease was non-

linear with a greater protective association for the top two

fifths of the distribution. If modelled as an ordinal term in

the adjusted model, the trend across the fifths produces

an odds ratio of 0.79 (0.64–0.98, P ¼ 0:030), despite

the non-linearity of the association. Total IgE was not

statistically significantly associated with risk for malarial

disease when the levels were compared (Table 2) or when

trend across levels was estimated, with an odds ratio of 1.20

(0.96–1.52, P ¼ 0:105).

The lowest fifth of malaria-specific IgG was associated

with an increased risk for a clinical episode of malaria

(Table 2-unadjusted values), with odds ratio of 2.97 (95%

CI, 1.39–6.33, P ¼ 0:005). However, this result no longer

remained significant following adjustment for age, with an

Table 2

Baseline characteristics in 700 asymptomatic individuals and prospective risk for clinical malaria episode

Age (years) Episode after surveya Unadjustedb Adjustedc

No, n (%) Yes, n (%) Odds ratio 95% CI Odds ratio 95% CI

#1 1 (100) 0 (0) * * * *

2–4 15 (62) 9 (38) 9.95 4.53–21.87 9.37 4.08–21.55

5–7 44 (79) 12 (21) 4.85 2.37–9.92 5.30 2.52–11.14

8–10 55 (87) 8 (13) 2.75 1.21–6.25 3.66 1.52–8.85

11–13 57 (84) 11 (16) 3.52 1.68–7.38 4.43 2.01–9.75

14–16 52 (100) 0 (0) * * * *

$17 416 (95) 20 (5) 1.00 1.00

Sex

Male 295 (90) 31 (10) 1.00 1.00

Female 345 (92) 29 (8) 0.83 0.50–1.37 0.96 0.57–1.64

Anti-Pf. IgEd

1 123 (88) 17 (12) 1.01 0.52–1.98 1.05 0.51–2.20

2 129 (93) 10 (7) 0.59 0.27–1.28 0.65 0.29–1.47

3 124 (88) 17 (12) 1.00 1.00

4 135 (96) 5 (4) 0.29 0.11–0.77 0.26 0.09–0.72

5 129 (92) 11 (8) 0.65 0.31–1.39 0.44 0.19–0.99

Total IgEd

1 127 (91) 13 (9) 0.92 0.43–1.96 1.03 0.46–2.31

2 133 (95) 7 (5) 0.49 0.20–1.21 0.53 0.21–1.34

3 126 (90) 14 (10) 1.00 1.00

4 128 (91) 12 (9) 0.85 0.39–1.83 1.27 0.56–2.91

5 126 (90) 14 (10) 1.01 0.48–2.11 1.91 0.83–4.38

Anti-Pf. IgGd

1 114 (81) 26 (19) 2.97 1.39–6.33

2 131 (94) 9 (6) 0.98 0.39–2.47

3 131 (94) 9 (6) 1.00

4 129 (92) 11 (8) 1.23 0.51–2.96

5 135 (96) 5 (4) 0.55 0.18–1.63

Nr. clonese

0 396 (91) 39 (9) 0.77 0.39–1.55 0.82 0.40–1.68

1 78 (89) 10 (11) 1.00 1.00

2–3 107 (96) 5 (4) 0.37 0.13–1.08 0.31 0.10–0.94

$4 59 (91) 6 (9) 0.79 0.29–2.17 0.46 0.16–1.34

HIV-1

Seronegative 626 (92) 58 (8) 1.00 1.00

Seropositive 14 (87) 2 (13) 1.52 0.37–6.21 2.28 0.52–9.96

Total 640 60

*Not estimated because of empty cells.
a Number of individuals with clinical malaria episodes registered within 40 weeks after the survey.
b Unadjusted odds ratios from Cox regression analysis.
c Odds ratios adjusted for age, sex, anti-P. falciparum and total IgE, nr. clones and HIV-1 seropositivity.
d Anti-Plasmodium falciparum(anti-Pf.) and total antibody levels grouped into fifth on their distribution, where 1 is the lowest and 5 is the highest.
e Number of parasite clones identified as msp2 alleles.
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odds ratio of 1.91 (95% CI, 0.87–4.20, P ¼ 0:108) for the

first compared with the middle fifth indicating confounding

by age rather than an independent effect. Mutual simul-

taneous adjustment for the potential confounding factors did

not result in any statistically significant associations with

clinical malaria. Using Cox regression we found no

evidence for statistically significant trend across the groups,

either in unjusted or adjusted models. The unadjusted model

produced an odds ratio for trend across the groups of 0.88

(0.71–1.10, P ¼ 0:253).

When number of P. falciparum clones was assessed, the

risk of subsequent episode was found to be lower in

individuals with multiclonal infections. The odds ratios

were of 0.31 (95% CI, 0.10–0.94, P ¼ 0:038) for two to

three clones and 0.46 (95% CI, 0.16–1.34, P ¼ 0:154) for

four or more clones, compared with having one single clone.

The risk was, however, also reduced in subject with no

clones, i.e. absence of detectable parasites, with an odds

ratio of 0.82 (95% CI, 0.40–1.68, P ¼ 0:588) compared

with having one clone (Table 2). In the children (age under

17 years) the odds ratios are 0.26 (95% CI, 0.08–0.90,

P ¼ 0:033) for two to three clones, 0.32 (95% CI, 0.10–

1.06, P ¼ 0:062) for four or more clones and 0.66 (95% CI,

0.28–1.58, P ¼ 0:354) in subjects with no clones.

The risk for malarial disease was not statistically

significantly associated with HIV-1 seropositivity (Table

2). However, a separate analysis limited to children (0–16

years) revealed an increased risk for HIV-1 seropositives,

producing odds ratio of 11.65 (95% CI, 1.12–121.01,

P ¼ 0:040).

Parasite density among these asymptomatic individuals,

in neither the univariate nor the multivariate analysis, was

statistically significantly associated with risk of subsequent

clinical malaria and adjustment for parasite density did not

statistically significantly alter any of the other associations

with risk for malarial disease.

4. Discussion

In this study we investigated factors among subjects free of

acute malaria, associated with the risk of subsequent acute

malaria episodes. After adjustment for multiple potential

confounding factors, we observed independent associations of

older age and higher levels of anti-P. falciparum IgE with a

reduced risk of clinical malarial disease. The non-linear

association of malaria-specific IgE with disease risk may

reflect antagonistic influences.

The importance of anti-malarial IgE in protective malaria

immunity has long been proposed (Perlmann et al., 1997,

1999) but not previously demonstrated. IgE antibody levels

have mainly been investigated during the acute phase

of disease, comparing patterns in mild and severe, e.g.

cerebral malaria (Perlmann et al., 1994, 1997, 2000), or

correlating P. falciparum-IgE levels and placental

parasitemias (Desowitz et al., 1993; Maeno et al., 1993).

To our knowledge, the present study is the first to

prospectively assess IgE antibody levels in asymptomatic

subjects and describe its association with the risk for

subsequent malarial disease.

Several methodological considerations, in addition to the

large sample size, represent advantages in this assessment of

predictive markers for anti-malarial immunity. Firstly,

baseline measurements of antibody levels and other factors

were collected in asymptomatic individuals: thus, these

measures were unaffected by ongoing or recent malarial

disease or treatment, which may result in temporally

affected serum levels. While this was necessary to avoid

confounding by disease activity, some of the most

susceptible individuals may be excluded from the analysis,

such that our results could underestimate some associations.

Secondly, the baseline measurements were collected pro-

spectively and risk of subsequent disease was studied with

recording of each clinical episode of malarial disease in the

entire study population, so retrospective recording did not

introduce error. Thirdly, we used Cox regression analysis,

providing a sensitive measure of risk taking duration of

follow-up into account. Multiple simultaneous adjustment

were made for factors, such as age, sex, HIV status and

parasite densities, thus eliminating many of the problems

associated with residual confounding that may influence

results.

Our data revealed that high levels of malaria specific IgE

were associated with reduced risk for subsequent clinical

episodes of malaria. The effect was most prominent in the

two highest fifths of the distribution, when compared with

the middle levels. Even though a statistically significant

trend across the categories was established, this relationship

was non-linear, which may reflect that the two lowest levels

lie around the threshold of detection of the assay. The non-

linearity even seen within the highest anti-P. falciparum

levels may reflect opposing elements of protection against

malaria (discussed below). Among children, who are most

vulnerable to infection, higher levels of malaria-specific IgE

were associated with a statistically significantly reduced risk

of acute malaria. This indicates that the association of IgE

with protection from malaria may occur in all age groups,

but this is also evidence of its potential importance during

the years of greatest vulnerability to acute malarial disease.

Total IgE was not associated with reduced risk for disease,

and the association found for anti-P. falciparum IgE was not

solely a function of high total IgE levels. When modelled

together with the malaria-specific IgG and the other

potential confounding factors, specific IgE was statistically

significantly associated with risk of malarial disease, while

specific IgG was not.

In univariate analysis, the risk for subsequent malarial

disease was highest in subjects with the very low levels of

malaria-specific IgG. However, this association is due to

confounding by age as demonstrated by the elimination of

this association by adjustment for age alone. This is because

there is an almost linear increase of malaria-specific IgG
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levels with age and the risk of malarial disease decreases

with age. Levels of IgG specific to crude P. falciparum

lysates were not found to be predictive of subsequent

malaria episodes, even where trend across the categories

was estimated to increase statistical power. The reasons for

not finding an association between anti-malarial IgG and

protection may be because these antibodies contain many

more antigenic specificities which can not be distinguished

in our ELISA using a crude P. falciparum antigen extract.

Another factor could be the distribution of different IgG

subclasses. Several studies have reported associations

between different IgG subclass responses to specific

antigens and clinical protection, e.g. IgG1 (Ndungu et al.,

2002), IgG2 (Aucan et al., 2000) and IgG3 (Taylor et al.,

1998; Aucan et al., 2000; Oeuvray et al., 2000). The overall

malaria specific IgG levels were however not found to be

protective (Aribot et al., 1996; Ndungu et al., 2002), which

is consistent with our findings in the present study. Analysis

of total IgG levels was not included in the assessment since

these measurements may produce poor estimates due to

aggregation of antibodies at very high concentrations. A

potential effect of different IgG subclasses and antigenic

specificities needs further investigation in this population.

Persistence of P. falciparum infections even at low levels

may be an important feature in acquisition of protective

immunity in individuals in malaria endemic areas (Smith

et al., 1999). Presence of P. falciparum parasites per se or

total number, i.e. parasite density was not a confounder for

the associations of antibody levels with risk for subsequent

malaria disease. Fluctuations in number of parasites in the

peripheral blood at different time points may however

restrict the value of single measurements of parasite

densities in asymptomatic individuals (Farnert et al., 1997;

Delley et al., 2000). In contrast, the genetic diversity of P.

falciparum, i.e. multi-clonal infections, was associated with

reduced risk for subsequent malaria disease, consistent with

previous reports (Al-Yaman et al., 1997; Farnert et al.,

1999; Smith et al., 1999), suggesting the importance of

polyclonal antigen stimulation. The association between

number of P. falciparum clones and risk of subsequent acute

malaria was however not straightforward, with both no

detectable clones and multiple clones associated with

protection, when compared with a single clone infection.

This may be because anti-malarial immunity is based on an

equilibrium, where controlled maintenance of parasites is

associated with protection. This may help to explain the

non-linear association with other factors such as specific IgE

level: if IgE is protective against infection this is a benefit,

but too high a level may prevent an adequate level of

controlled parasite persistence to fully maintain functional

immunity. The different elements of anti-malarial immunity

do not operate in unison and this highlights the complexity

of malaria immunity.

Longitudinal data of malaria-specific IgE levels over

time within asymptomatic individuals has to our knowledge

not been reported. In other parasitic infections, e.g.

Dracunculus medinensis (Bloch and Simonsen, 1998) and

Wuchereria bancrofti (Jaoko et al., 2001), levels have been

shown to be stable within the individual, with no seasonal or

patency-dependent variation in the levels of parasite-

specific IgE. The IgE antibodies detected in our assay

correspond to the free fraction of IgE with short half-life

(about 2.5 days) which may fluctuate over time, thus the

one-time measurement may rather underestimate an associ-

ation between malaria-specific IgE and protection against

acute malarial disease.

The potentially protective mechanisms of anti-malarial

IgE need to be clarified. They might act in concert with cell

types equipped with receptors for IgE and thereby mediate

effector mechanisms as shown for helminthic infections

(Pirron et al., 1990; van der Heijden, 1993). However, cell

bound IgE can also be involved in presenting antigen to T

cells (Heyman, 2002). In addition IgE, in the form of

immune complexes, is a potent inducer of tumor-necrosis

factor (TNF) in human monocytes (Dugas et al., 1995;

Perlmann et al., 1997), a factor involved in both immune

protection and pathogenesis of malaria (Kwiatkowski et al.,

1990; Perlmann et al., 1996). The lack of association

between total IgE and reduced risk for subsequent infection,

favours an antigen-specific protective mechanism. How can

anti-malarial IgE be involved in both protection and

pathogenesis of malaria? The result of IgE responses is

probably a combination of induction and host genetic

factors (Rosenwasser et al., 1995; Hill, 1999; Perlmann

et al., 1999; Troye-Blomberg, 2002). If one of the role of

IgE is induction of TNF, over-producers of TNF may have

an increased risk of succumbing to severe disease while in

individuals with low TNF production IgE antibodies might

help to protect against disease (Kwiatkowski et al., 1990;

Knight et al., 1999; McGuire et al., 1999). Moreover, the

role of IgE is probably different in the maintenance of

protective immunity in asymptomatic individuals, com-

pared to the immune activation in acute clinical malaria.

Further studies are thus needed to clarify the role of anti-

malarial IgE in immune reactions against malaria.

Asymptomatic individuals with higher levels of anti-

malarial IgE were less likely to exhibit a clinical episode of

malaria, independent of age and other potential confounding

factors. Neither high levels of total IgE, nor malaria-specific

IgG were found to be predictive of protection. Malaria-

specific IgE antibody levels may represent a useful and

readily available indicator of susceptibility to subsequent

malarial disease in asymptomatic individuals.
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Summary

Introduction Lower prevalence rates of allergic diseases in rural as compared with urban
populations have been interpreted as indicating an effect of air pollution. However, little is
known about other factors of the rural environment which may determine the development
of atopic sensitization and related diseases.
Objective The authors tested the hypothesis that children growing up on a farm were less
likely to be sensitized to common aerollergens and to suffer from allergic diseases than
children living in the same villages but in nonfarming families.
Materials and methods Three age groups of schoolchildren (6–7 years, 9–11 years, 13–
15 years) living in three rural communities were included in the analyses. An exhaustive
questionnaire was filled in by 1620 (86.0%) parents. A blood sample was provided by 404
(69.3%) of the 13–15 year olds to determine specific IgE antibodies against six common
aeroallergens.
Results Farming as parental occupation was reported for 307 children (19.0%). After
adjustment for potential covariates such as family history of asthma and allergies, parental
education, number of siblings, maternal smoking, pet ownership, indoor humidity and
heating fuels, farming as parental occupation was significantly associated with lower rates
of sneezing attacks during pollen season (adjusted OR 0.34, 95% CI 0.12–0.89) and atopic
sensitization (adjusted OR 0.31, 95% CI 0.13–0.73) whereas the association with wheeze
(adjusted OR 0.77 95% CI 0.38–1.58) and itchy skin rash (adjusted OR 0.86, 95% CI 0.49–
1.50) was not statistically significant. The risk of atopic sensitization was lower in children
from full-time farmers (adjusted OR 0.24, 95% CI 0.09–0.66) than from part-time farmers
(adjusted OR 0.54, 95% CI 0.15–1.96).
Conclusion Factors directly or indirectly related to farming as parental occupation
decrease the risk of children becoming atopic and developing symptoms of allergic rhintis.

Keywords: hay fever, allergic sensitization, farming, children

Clinical and Experimental Allergy, Vol. 29, pp. 28–34. Submitted 29 June 1998; revised 4
August 1998; accepted 14 August 1998.

Introduction

Several recent population studies demonstrated lower

prevalence rates of allergic diseases in rural as compared
with urban populations [1–3], which has been interpreted as
indicating an effect of air pollution. However, the role of air
pollution in the development of allergic diseases and sensi-
tization to inhalant allergens is still controversial. The
principal literature arguing for a significant role of air
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pollution comprises toxicological studies showing increased
primary IgE responses in animals exposed acutely to rela-
tively high levels of pollutants, concomitantly with allergen
aerosols [4,5]. Several comparative epidemiological studies
in Eastern and Western Europe [6,7], and the authors’ own
recently conducted Swiss Study on Childhood Allergy and
Respiratory symptoms with respect to air Pollution (SCAR-
POL) could not demonstrate an association between long-
term air pollution and the prevalence of allergic diseases
[8,9].

The clinical observation of one of the SCARPOL inves-
tigators that allergic diseases such as hay fever were
extremely rare among farmers’ children [10] and a report
from rural South Bavaria relating lower rates of allergic
diseases to the use of coal and wood stoves for heating [11]
led us to investigate whether factors of the rural environ-
ment other than air pollution were associated with lower
rates of allergic disease and sensitization rates, and thus
might explain the lower prevalence rates of allergies in rural
communities.

The present study was part of the ongoing Swiss multi-
centre study SCARPOL. The analyses focused on school-
children living in three rural communities. Little is known
about factors of the rural environment determining the
development of atopic sensitization and related diseases.
Therefore, the hypothesis that children growing up on a
farm were less likely to be sensitized to common aero-
llergens and to suffer from allergic diseases than children
living in the same villages but in nonfarming families was
tested.

Methods

Study organization and participation rate

The Swiss Study on Childhood Allergy and Respiratory
Symptoms with Respect to Air Pollution (SCARPOL) is a
multicentre study designed to investigate associations
between air pollution and respiratory and allergic symptoms
in school children living in 10 communities [8]. It was first
conducted during the school year 1992/1993 and repeated
with identical methods as part of a environmental health
monitoring program in 1995/96.

The study was organized within the framework of the
School Health Services thereby taking advantage of an
existing structure of the Health System. The children visit
the School Health Services routinely at the age of 6–7 years
(1st grade), 9–11 years (4th grade) and 13–15 years (8th
grade).

The present analyses are restricted to the children living
in the three rural SCARPOL communities (Grabs, Langnau,
Payerne and surrounding villages). To avoid problems
relating to language proficiency and literacy, the sample is

restricted to Swiss nationals. Since there were no systematic
differences in prevalence rates of respiratory and allergic
symptoms or in atopic sensitization rates between the two
surveys, data of both surveys were pooled. The second
survey included only children who did not take part in the
first survey.

All children visiting the School Health Services in their
respective communities were invited to participate in the
study. A total of 1620 (86.0%) parents filled in the ques-
tionnaire and allowed their children to participate in the
study.

In addition, the 13–15 year olds were asked to provide a
blood sample for specific IgE-testing, and 404 (69.3%) of
the invited adolescents accepted. The prevalence rates of
respiratory and allergic symptoms did not differ between
those who provided blood samples and those who refused.

The study protocol was approved by the Ethics Commit-
tee of the University of Bern.

Questionnaire

The detailed questionnaire completed by the parents
included questions on respiratory and allergic symptoms,
family history of respiratory and allergic diseases, number
of siblings, parental education, indoor fuels, passive smok-
ing, indoor humidity, pet ownership, and study area. The
core questions on asthma and allergy of the International
Study on Childhood Asthma and Allergy (ISAAC) [12]
were incorporated into the questionnaire.

Parents had to indicate whether the family was running a
farm and if so, whether this was a full-time or part-time
activity.

Eight respiratory and allergic illness and symptom
responses obtained from the questionnaire were consid-
ered: repeated episodes of cough, and bronchitis occurring
during the past year, current wheeze, asthma, sneezing
attacks during pollen season, hay fever, itchy skin rash,
and eczema.

Wheeze was defined as a positive response to the ques-
tion: ‘Has your child had wheezing or whistling in the chest
in the last 12 months?’Sneezing during pollen season was
an affirmative answer to the question: ‘In the past
12 months, has your child had a problem with sneezing or
a runny or blocked nose when he/she did not have a cold or
the flu?’ combined with the indication of the symptoms
occurring during the months of April through September
(pollen season), a symptom that showed high validity in the
authors’ recent validation study [13]. Itchy skin rash was
defined as a positive response to the question: ‘Has your
child ever had an itchy rash which was coming and going for
at least 6 months?’ In addition, affirmative answers to the
questions: ‘Has your child ever had asthma, hay fever or
eczema?’ were considered.
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Serological tests

Blood samples (10 cm3) were taken and the serum separated
by spinning 10 min at 1000g. The samples were kept frozen
and sent to the allergy laboratory of the Department of
Dermatology in Zu¨rich.

The multiscreen test, SX1 (screening test for eight
common inhalative allergens, Pharmacia,) was performed

with all serum samples by CAP-FEIA technology. If the
SX1 test was positive, the specific IgE levels to six allergens
(timothy grass, birch, mugwort, house dust mite, cat and dog
dander) were determined by CAP-FEIA. The cutoff for a
positive result was defined as a specific IgE concentration
$ 0.69 KU/L (CAP class$ 2). In addition to the SX1 test,
positive reactions to any of the outdoor allergens (timothy
grass, birch, mugwort) and to any of the indoor allergens
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Table 1. Characteristics of the study population according to farming as parental occupation

Parental occupation
Total study
population Farming Non-Farming
N¼ 1620 N¼ 307 N¼ 1313 P value

(n,%) (n,%) (n,%) (x2 test)

Sex
Boys 844/52.1 161/52.4 683/52.0 n.s.
Girls 776/47.9 146/47.6 630/48.0
Age group
6–7 555/34.3 108/35.3 447/34.0
9–12 481/29.7 83/27.1 398/30.3 n.s.
13–15 583/36.0 115/37.6 468/35.6
(Missing: 1)
Parental education
Low 135/8.3 66/21.5 69/5.3
Medium 952/58.8 201/65.5 751/57.2 <0.001
High 469/29.0 33/10.7 436/33.2
(Missing: 64)
Number of siblings
None 97/6.0 9/2.9 88/6.7
1 677/41.8 55/17.9 622/47.4
2 508/31.4 94/30.6 414/31.5 <0.001
3þ 257/15.9 108/35.2 149/11.3
(Missing: 81)
Mother smoking 375/23.2 55/18.0 320/24.4 0.015
(Missing: 12)
Father smoking 473/29.2 88/28.7 385/29.3 n.s.
(Missing: 12)
Furred pets 1041/64.3 268/87.3 773/58.9 0.001
Pets in bedroom 430/26.5 56/18.2 374/28.5 0.001
Indoor humidity 353/21.8 87/28.3 266/20.3 0.02
Heating
Central 1284/79.3 206/67.1 1078/82.1
Single space gas/oil 30/1.9 6/2.0 24/1.8
Electric 38/2.4 7/2.3 31/2.4 <0.001
Wood/coal 187/11.5 72/23.5 115/8.8
(Missing: 81)
Family history of asthma 265/16.4 38/12.4 227/17.3 0.05
(Missing: 27)
Family history of hay fever 425/26.2 39/12.7 386/29.4 0.001
Family history of eczema 415/25.6 65/21.2 350/26.7 0.05



(house dust mite, cat and dog dander) were considered.
Because of the small numbers, it was not possible to further
analyse individual allergens.

Ambient monitoring

Air pollutants and meteorological parameters were moni-
tored by local authorities and the Swiss Institute of Meteor-
ology, Zürich, respectively. Annual mean concentrations of
air pollutants such as NO2, PM10 or ozone were similar in
the three communities, ranging from 13.2 to 19.2mg/m3 for
PM10, 19.7–21.9mg/m3 for NO2, and 43–50mg/m3 for
ozone. Mean annual temperature ranged from 8 to 108C,
and mean relative humidity from 73.3% to 81.1%. The study
communities were situated between 451 and 557 m above
sea-level.

Statistical analyses

Symptom prevalence and atopic sensitization rates were
analysed for the total study population and stratified by
farming as parental occupation. Since farming families
may differ in many respects from nonfarming families,

socioeconomic, personal, and indoor characteristics were
analysed according to farming as parental occupation.
Differences between categorical variables were assessed
by the x2 test. Logistic regression analysis was used to
evaluate whether the association between farming as a
parental occupation and allergic symptoms, and sensitiza-
tion rates persisted after adjustment for potential confoun-
ders. The models included age, sex, parental education, a
family history of asthma, a family history of hay fever or
eczema, number of siblings, maternal smoking, pet owner-
ship, indoor humidity, and heating fuels. Crude and adjusted
odds ratios (OR) and the corresponding 95% confidence
intervals (CI) were computed.

Results

Study population

The study population consisted of three age groups of school
children: 555 (34.3%) from 1st grade, 481 (29.7%) from 4th
grade and 583 (36.0%) from 8th grade. Their respective
mean ages were 6.5 years (SD6 0.5), 10.0 years (SD6 0.7)
and 14.1 years (SD6 0.7). Eight hundred and forty-four
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Table 2. Association of respiratory and allergic symptoms1 and allergic sensitization with farming as parental occupation

Symptom prevalence according Association with farming as
to parental occupation parental occupation

Total study

population Farming Non-Farming Crude OR Adjusted3 OR
(n,%) (n,%) (n,%) (95% CI) (95% CI)

Questionnaire (N ¼ 1620)
Repeated cough 594/36.7 103/33.6 491/37.4 0.85 (0.65–1.10) 0.90 (0.63–1.29)
Bronchitis 156/9.6 31/10.1 125/9.5 1.07 (0.71–1.62) 1.37 (0.77–2.40)
Wheeze 135/8.3 16/5.2 119/9.1 0.55 (0.33–0.94) 0.77 (0.38–1.58)
Asthma (ever) 150/9.3 24/7.8 126/9.6 0.80 (0.51–1.26) 1.17 (0.64–2.13)
Sneezing during pollen season 125/7.7 8/2.6 117/8.9 0.27 (0.14–0.54) 0.34 (0.12–0.89)
Hay fever (ever) 197/12.2 22/7.2 175/13.3 0.50 (0.32–0.79) 0.89 (0.49–1.59)
Itchy skin rash (ever) 193/12.0 27/8.9 166/12.7 0.67 (0.41–1.02) 0.86 (0.49–1.50)
Eczema (ever) 305/18.8 48/15.6 257/19.6 0.76 (0.54–1.07) 1.15 (0.74–1.81)

Serological tests2 (N ¼ 404)
Positive SX1 test 139/34.4 16/18.6 123/38.7 0.33 (0.18–0.59) 0.31 (0.13–0.73)
(CAP-class$ 2)
Specific IgE’s to outdoor allergens 119/29.5 15/17.4 104/32.7 0.43 (0.24–0.78) 0.38 (0.16–0.87)
(CAP class$ 2)
Specific IgE’s to indoor allergens 81/20.1 4/4.7 77/24.2 0.15 (0.06–0.38) 0.15 (0.04–0.57)
(CAP class$ 2)

1during the past 12 months if not otherwise specified.2318 serological tests were done in children from nonfarming families, 86 in farmers’
children.3The logistic regression model included the following variables: age, sex, parental education, a family history of asthma, hay
fever, eczema, number of siblings, maternal smoking, pet ownership, indoor humidity, study area and heating fuels.



(52.1%) were boys and 776 (47.9%) were girls. Farming as
parental occupation was reported for 307 (19.0%) children,
220 (13.6%) as a full-time activity, and 87 (5.4%) as a part-
time activity.

The characteristics of the total study population accord-
ing to farming as a parental occupation are given in Table 1.
The socioeconomic and home characteristics of farming
families differed in many respects from nonfarming families
living in the same rural communities. Farming families were
of lower socioeconomic status, had more children, often
reported more humidity spots or visible molds in their home,
heated their homes more often with traditional heating
systems using mainly coal and wood and were more likely
to keep furred pets, but these pets were less often allowed in
the child’s bedroom. Mothers in farming families were less
likely to smoke and a family history of asthma, hay fever or
eczema was reported less often in these families.

The bivariate analyses of respiratory and allergic symp-
toms and sensitization rates showed that significantly lower
rates of current wheeze (5.2% vs 9.5%), sneezing attacks
during the pollen season (2.6% vs 8.6%), and hay fever
(7.2% vs 13.3%) were reported for farmers’ children as
compared with children from a nonagricultural environ-
ment, whereas the association with a reported diagnosis of
asthma, itchy skin rash and eczema did not reach statistical
significance (Table 2). The prevalence of bronchitis and
repeated cough during the past year was similar in children
from farming and nonfarming families. Children from
farming families were significantly less likely to have a
positive SX1 test (18.6% vs 38.7%), and specific IgEs to
outdoor allergens (17.4% vs 32.7%) and to indoor allergens
(4.7% vs 24.2%) than children from nonfarming families.

Since many of the characteristics in which farming and
nonfarming families differed have been associated with an
increased risk for allergic disease (e.g. family history of
asthma, hay fever or eczema), or a lower risk of allergies,
such as the number of siblings and the use of wood for
heating, the authors evaluated whether these potential con-
founders would affect the observed association of atopic
sensitization and related diseases and farming as parental
occupation. The covariates listed in Table 1 were incorpo-
rated into a logistic regression model (Table 2). Adjustment
for covariates reduced the association of farming as parental
occupation with current wheeze, hay fever and itchy skin
rash, but was essentially unchanged and remained statisti-
cally significant for reported sneezing attacks during the
pollen season (adjusted OR 0.34, 95% CI 0.12–0.89) and for
a positive SX1-test (adjusted OR 0.31, 95% CI 0.13–0.73).
The low risk of a sensitization to outdoor and indoor
allergens associated with farming as parental occupation
was also unaffected by the adjustment of covariates.

The association between reported sneezing attacks and a
positive SX1 test with farming as parental occupation for

children from full-time and part-time farmers as compared
with nonfarming families was separately assessed. The
adjusted ORs for sneezing attacks during the pollen
season associated with part-time and full-time farming
were 0.31 (95% CI 0.06–1.35) and 0.36 [0.10–1.22],
respectively. For a positive SX1 test the adjusted ORs
were 0.54 [0.15–1.96] and 0.24 [0.09–0.66], respectively,
indicating a gradient in atopic sensitization from nonfarm-
ing to full-time farming as parental occupation.

Discussion

The results of this analysis suggest that factors directly or
indirectly related to farming as parental occupation reduce
the risk of producing specific IgE antibodies to aeroaller-
gens and of developing the clinical symptoms of allergic
rhinitis. The amount of risk reduction for the development
of atopic sensitization determined in this study is similar to
the one observed in children from East Germany as com-
pared with West Germany [6]. However, the children of the
present study are living in the same villages.

Lower rates of sensitization to pollen and animal dander
and self-reported hay fever have been observed in occupa-
tional studies of adult farmers [14–17]. The results of the
present study are also supported by a study in Swedish
conscripts [18] and a more recent study among Finnish
university students demonstrating lower prevalence rates of
self-reported allergic rhinitis in students who had been
raised on a farm as compared with students from a non-
agricultural environment [18,19].

Children from rural South Bavaria in Germany had lower
rates of hay fever, atopic sensitization and bronchial hyper-
responsiveness when living in a home where coal or wood
was used for heating compared with children from homes
with other heating systems [11]. In the present study, coal or
wood as heating fuel was also associated with a lower risk of
atopic sensitization (adjusted OR 0.77, 95% CI 0.35–1.64),
but the effect of farming as a parental occupation was
stronger. Although no information on parental occupation
was available in the German study, it seems quite likely that
most of the families with traditional heating systems were
farmers.

A serious concern when interpreting the results of the
present study is selection bias. If farmers suffering from
allergic diseases such as hay fever move into other jobs a
‘healthy or nonallergic’ farmer effect would occur resulting
in lower rates of atopic disease in the farming parents of this
study population. This has indeed been observed in the
authors’ data. However, the association between atopic
sensitization and farming as parental occupation remained
significant after adjustment for family history of allergic
diseases. In addition, the observation of a gradient in the
prevalence of atopic sensitization from full-time to part-

32 Ch. Braun-Fahrländeret al.

q 1999 Blackwell Science Ltd,Clinical and Experimental Allergy, 29, 28–34



time and nonfarming subjects argues against selection bias.
Many farmers had to give up farming as a full-time activity
and move to other jobs because of economic constraints
during recent years, and not because one of the children
developed hay fever. Usually, the family remains in the
farm house and does some farming as part-time activity.
Thus, full-time and part-time farming may indicate different
degrees of exposure to a factor which interferes with the
production of specific IgE antibodies to allergens.

Farms are rather small in these communities, usually
managed by one family and farming activities include
dairy farming and agriculture. Thus, one might speculate
that children living in this environment may be more
exposed to pollen when playing outdoors or in barns
where hay for feeding cattle is kept. High exposure to
allergens may thus contribute to the development of toler-
ance in these children, as has been shown in animal experi-
ments [20]. Repeated exposure of the upper respiratory or
gastrointestinal mucosae to microgram levels of protein
antigen leads to the preferential suppression of TH2-depen-
dent IgE production via immune deviation. Consequently, it
has been suggested to expose children to a mixture compris-
ing the 3–4 dominant inhalant allergens from a particular
environment as a measure of primary prevention of allergic
respiratory disease [21]. Thus, the possibility exists that
living in a agricultural environment provides a model of
such primary prevention.

Previous studies have pointed towards a protective role of
early childhood exposure to infectious diseases for the
development of atopic sensitization and hay fever [22].
Although the number of siblings was adjusted for, a factor
which has been postulated to indicate increased childhood
exposure to microbial infections [23,24], it is conceivable
that the farming environment in itself (e.g. contact to cattle
in barns) provides additional exposure to microbial antigens
from both commensal organisms and pathogens, thus,
stimulating the immune response of farmers’ children to a
TH1 immunity.

Alternatively, farming as a parental occupation may be an
indicator of a more traditional lifestyle which has been
proposed to explain the differences in atopic sensitization
between Eastern and Western European populations [2,25].
Although the study assessed some of the most important
socioeconomic and environmental factors by questionnaire
and controlled for these in the analyses, it cannot be ruled
out that uncontrolled confounding may still influence the
results of this study. For example, dietary factors are
potentially important and have not been assessed in the
present study. It has recently been postulated that changes in
the consumption of omega-3 fatty acids and fresh foods
containing antioxidants and magnesium may be responsible
for the higher prevalence of asthma observed in affluent
countries [26–28]. All these factors may have a potential

influence on inflammatory reactions. However, whether
dietary factors interfere with the production of specific
IgE antibodies against allergens has still to be shown. In
addition, dietary factors during pregnancy may be important
as the overall health of the mother through pregnancy and,
therefore, the growth trajectory of the fetus may have
particular relevance [29,30].

In summary, this study indicates that children from a
farming population represent an informative population to
study the role of environmental factors in the development
of atopic sensitization. Whether the observed protective
effect of the farming environment on atopic sensitization
is explained by high exposure to microbial stimulation in
childhood, by different exposures to dietary factors or other
indicators of a ‘traditional lifestyle’, or whether it is the
result of preferential suppression of TH2-dependent IgE
production due to high allergen exposure remains to be
elucidated.
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BSTRACT

 

Background

 

In early life, the innate immune sys-
tem can recognize both viable and nonviable parts of
microorganisms. Immune activation may direct the
immune response, thus conferring tolerance to 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
levels of endotoxin in the bedding used by these chil-
dren were examined in relation to clinical findings and
to the cytokine-production profiles of peripheral-blood
leukocytes that had been stimulated with lipopolysac-
charide and staphylococcal enterotoxin B. Complete
data were available for 812 children.

 

Results

 

Endotoxin levels in samples of dust from
the child’s mattress were inversely related to the oc-
currence of hay fever, atopic asthma, and atopic sen-
sitization. Nonatopic wheeze was not significantly
associated with the endotoxin level. Cytokine produc-
tion by leukocytes (production of tumor necrosis fac-
tor 

 

a

 

, interferon-

 

g

 

, interleukin-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 ubiquitous allergens found in nat-
ural environments. (N Engl J Med 2002;347:869-77.)
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STHMA is the most common chronic dis-
ease in childhood and accounts 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,

 

1-3

 

 the causes of these
diseases remain unclear.

One intriguing hypothesis is that changes in the
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.

 

4

 

 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.

 

5

 

 Therefore, environ-
mental exposure to microbial products may have a cru-
cial role during the maturation 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 relation between exposure to
microbial products and the occurrence of childhood
asthma and allergies in an environment rich in op-

A
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portunities for such exposure — that is, a rural en-
vironment where some families engage in farming. We
measured endotoxin — a cell-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 IgE. 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 survey was conducted in rural areas of Aus-
tria, Germany, and Switzerland, as previously described.

 

6

 

 Participat-
ing parents (2618 of 3504 potential participants [74.7 percent])
were asked to consent to the measurement of specific IgE in their
children’s serum, the assessment of the cytokine-production profile
of the children’s peripheral-blood leukocytes after stimulation with
lipopolysaccharide and staphylococcal enterotoxin B, and the col-
lection of dust samples from the children’s bedding. The final analy-
sis was restricted to 812 children with complete data and similar
ethnic origin (categorized as German, Austrian, or Swiss nationali-
ty), in order to avoid potential confounding by ethnic background.

 

7

 

Approval to conduct the survey was obtained from the three lo-
cal ethics committees for human studies 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 each mattress for two minutes
per square meter of surface area. The material obtained was divided
in two for measurement of endotoxin and allergen content. Dust
was collected on special filters provided by the Alleregologisk Lab-
oratorium Kopenhagen.

 

8

 

 All field workers were centrally trained
and certified to ensure similarity of sampling.

 

Measurements of Endotoxin Levels

 

One dust sample was stored at room temperature and shipped
within one week after collection to the central laboratory (in Mu-
nich, Germany). Endotoxin content was measured by a kinetic lim-
ulus assay, as described by Hollander et al.

 

9

 

 Endotoxin results were
expressed as endotoxin units per milligram of dust and as endotox-
in units per square meter of surface area of the sampled mattress.
All endotoxin levels were within the limits of detection of the assay.

 

Measurements of Allergen 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 un-
til it was analyzed for 

 

Dermatophagoides pteronyssinus 

 

(Der p1),

 

D. farinae 

 

(Der f1), and 

 

Felis domesticus 

 

(Fel d1), as previously de-
scribed.

 

3

 

 The lower limit of detection was 10 ng per gram of dust
for Der p1 and Der f1 and 16 ng per gram of dust for Fel d1; re-
sults are expressed in nanograms of major allergen per gram of
mattress dust. For allergen levels below the limit of detection (9.7
percent for Der p1, 5.5 percent for Der f1, and 0.2 percent for
Fel d1), the mean value between zero and the limit of detection
was used.

 

Questionnaire and Interview

 

The prevalence of diseases and symptoms and potential explan-
atory and confounding factors were assessed by a questionnaire giv-

en to the parents that included the questions of the International
Study of Asthma and Allergies in Childhood,

 

10

 

 as described pre-
viously.

 

6

 

 Farmers’ children were defined as children whose parents
answered “yes” to the question “Does your child live on a farm?”
In an interview with the parents as part of the home visit, we ob-
tained details of the timing of the child’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 directly 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, Berlin).
Atopy was defined by at least one positive test for specific IgE in-
dicating a titer of at least 3.5 kU per liter for one or more of the
six airborne allergens (house dust mites, storage mites, 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 RPMI culture medi-
um supplemented with 10 percent heat-inactivated fetal-calf serum
to a final volume of 1 ml. Cells were stimulated either with 10 µg
of lipopolysaccharide per milliliter 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-

 

g

 

 (limit of detection, 16 pg per milli-
liter), tumor necrosis factor 

 

a

 

 (limit of detection, 16 pg per millili-
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-
lution of a standard supplied by the company with a known cytokine
level. Differential blood counts were also performed, and cytokine
production was expressed in picograms per 1 million peripheral-
blood leukocytes. To ensure consistent performance in sampling
and culture procedures, laboratory personnel in the study centers
participated in a one-week training and certification program.

 

Statistical Analysis

 

Endotoxin levels were log

 

10

 

-transformed. Multivariate logistic-
regression analyses, in which the endotoxin level was treated as a
continuous variable, were performed with SAS software,

 

11

 

 with ad-
justment for age, sex, study area, family history of asthma and hay
fever, educational level of the parents, and number of older siblings
(the basic model). In addition, potential confounding by farming
status, exposure to farming during the first year of life, exposure to
cats or dogs during the first year of life, and allergen levels (log-
transformed values for Der f1, Der p1, and Fel d1) was evaluated.
We included an interaction term to assess whether the effect of
endotoxin on asthma and wheeze in children with atopic sensiti-
zation (a specific IgE level of at least 0.35 kU per liter) would be
different from the effect in children without atopic sensitization.

To evaluate potential threshold values or other nonlinearity in the
relation between exposure and response, S-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
model was determined on the basis of Akaike’s information crite-
rion.

 

12

 

 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 households 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 exposure 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).

 

6

 

 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 endotoxin 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 disease with an increase
from the lowest quartile to the highest quartile of en-
dotoxin exposure. Current endotoxin 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-
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 associations between endo-
toxin exposure (in endotoxin units per square meter)
and the production of tumor necrosis factor 

 

a

 

, inter-
feron-

 

g

 

, interleukin-10, and interleukin-12, expressed

 

*Children were considered to have hay fever if their parents reported a physician’s diagnosis of hay fever; to have had
sneezing and itchy eyes (symptoms of hay fever) during the previous year if their parents gave a positive response to a
question about these symptoms; to have atopic sensitization if they had a specific IgE titer of at least 3.5 kU per liter; to have
atopic asthma if their parents reported a physician’s diagnosis of asthma or if they had recurrent asthmatic obstruction of
the airway or spastic bronchitis and a specific IgE titer of at least 0.35 kU per liter; to have nonatopic asthma if their parents
reported a physician’s diagnosis of asthma or if they had recurrent asthmatic obstruction of the airway or spastic bronchitis
and a specific IgE titer of less than 0.35 kU per liter; to have atopic wheeze if their parents reported that they had had
wheezing or whistling in the chest during the previous 12 months and they had a specific IgE titer of at least 0.35 kU
per liter; and to have nonatopic wheeze if their parents reported that they had had wheezing or whistling in the chest
during the previous 12 months and they had a specific IgE titer of less than 0.35 kU per liter. CI denotes confidence
interval, Der f1 

 

Dermatophagoides farinae, 

 

Der p1 

 

D. pteronyssinus, 

 

and Fel d1 

 

Felis domesticus.
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geometric mean exposure (5th–95th percentile)

 

Environmental exposure
Endotoxin level (units/mg of dust)
Endotoxin load (units/m2 of mattress surface 

area)
Der f1 (ng/g of dust)
Der p1 (ng/g of dust)
Fel d1 (ng/g of dust)

37.8 (14.4–88.9)
29,897  (5452–157,208)

528.7 (5–51,990)
7,092.4 (133–104,110)
5,405.6 (356–144,600)

22.8 (8.2–62.9)
14,456  (2915–75,730)

610.3 (5–54,160)
1,417.1 (5–104,060)
5,744.1 (204–434,460)

<0.001
<0.001

0.54
<0.001

0.69

no. (% [95% CI])
Health outcomes

Hay fever
Sneezing and itchy eyes during previous yr
Atopic sensitization
Atopic asthma
Nonatopic asthma
Atopic wheeze
Nonatopic wheeze

13 (4.1 [1.9–6.2])
19 (6.0 [3.3–8.7])
55 (17.2 [13.1–21.4])
10 (3.1 [1.2–5.0])
5 (1.6 [0.2–2.9])

15 (4.7 [2.4–7.0])
5 (1.6 [0.2–2.9])

52 (10.5 [7.8–13.5])
62 (12.6 [9.7–16.0])

116 (23.5 [19.8–27.3])
29 (5.9 [3.8–8.0])
13 (2.6 [1.2–5.0])
29 (5.9 [3.8–8.0])
30 (6.1 [4.0–8.2])

<0.001
0.002
0.03
0.07
0.31
0.47
0.002
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*Odds ratios are for the occurrence of the given symptom or disease with an increase in the endotoxin measure from the lowest quartile to
the highest quartile; analyses were adjusted for age, sex, study area, family history of asthma or hay fever, educational level of the parents, and
number of older siblings. The analysis of the subgroup of children from nonfarming households was also adjusted for allergen-avoidance meas-
ures, exposure to pets during the first year of life, exposure to stables during the first year of life, and consumption of milk directly from a farm
during the first year of life.

†P«0.05 for the comparison between children in the lowest quartile of endotoxin exposure and children in the highest quartile.

‡Atopic sensitization was defined by a specific IgE titer of at least 3.5 kU per liter.

TABLE 2. ASSOCIATIONS BETWEEN CURRENT ENDOTOXIN EXPOSURE (LEVEL AND LOAD) 
AND ASTHMA, WHEEZE, HAY FEVER, AND ATOPIC SENSITIZATION IN THE TOTAL SAMPLE 

AND IN THE SUBGROUP OF CHILDREN FROM NONFARMING HOUSEHOLDS.

HEALTH OUTCOME TOTAL SAMPLE (N=812)
CHILDREN FROM NONFARMING HOUSEHOLDS

(N=493)

ENDOTOXIN LEVEL ENDOTOXIN LOAD ENDOTOXIN LEVEL ENDOTOXIN LOAD

adjusted odds ratio (95% CI)*

Hay fever 0.58 (0.39–0.85)† 0.53 (0.35–0.81)† 0.79 (0.52–1.19) 0.56 (0.33–0.95)†

Sneezing and itchy eyes during previous yr 0.61 (0.43–0.86)† 0.50 (0.34–0.72)† 0.70 (0.47–1.05) 0.46 (0.28–0.76)†

Atopic sensitization‡ 0.78 (0.60–1.01) 0.76 (0.58–0.98)† 0.80 (0.59–1.08) 0.73 (0.51–1.04)

Atopic asthma 0.73 (0.44–1.19) 0.48 (0.28–0.81)† 0.68 (0.39–1.19) 0.52 (0.25–1.07)

Nonatopic asthma 1.25 (0.62–2.51) 1.13 (0.57–2.26) 1.29 (0.62–2.68) 1.00 (0.46–2.21)

Atopic wheeze 0.89 (0.57–1.39) 0.62 (0.39–0.99)† 0.79 (0.46–1.33) 0.64 (0.33–1.25)

Nonatopic wheeze 0.97 (0.58–1.61) 1.14 (0.68–1.90) 1.36 (0.86–2.14) 1.82 (1.04–3.18)†

Figure 1. Smoothed Plots of the Prevalence of Hay Fever (Panel A), Hay-Fever Symptoms (Panel B), and Atopic 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 outcome, there was a monotonic decrease with increasing endotoxin load. A smoothing span of 0.9 was
used for all three graphs.
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Figure 2. Smoothed Plots of the Log-Transformed Capacity of Peripheral-Blood Leukocytes (PBL) to Produce Tumor Necrosis Fac-
tor a (TNF-a) (Panel A), Interferon-g (IFN-g) (Panel B), Interleukin-12 (Panel C), and Interleukin-10 (Panel D) after Stimulation with
Lipopolysaccharide (LPS) or Staphylococcal 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 level of the parents, and 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-g 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 0.81 (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, 0.77
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 interval, 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-

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 p1, 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 year of life, did not change the results. To
evaluate whether the results might be generalized to
a nonfarming population and to adjust for potential
uncontrolled confounding associated with a farming
lifestyle, we restricted the sample to children from
nonfarming households 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-
icant (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-

Figure 3. Smoothed Plots of the Prevalence of Atopic Wheeze (Panel A) and Nonatopic Wheeze
(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 level of the parents, and number of siblings. There was a negative association for
atopic wheeze, whereas for nonatopic wheeze, there was a nonsignificant positive trend with in-
creasing levels of current endotoxin exposure. For Panel A, a smoothing span of 0.9 was used;
for Panel B, a span of 0.5 was used.
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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 exposure may
protect against the development of atopic immune re-
sponses and diseases are not fully understood. Our
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
capacity for cytokine 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
production. Reduced responsiveness to stimulation
with lipopolysaccharide after previous stimulation with
lipopolysaccharide is a phenomenon referred to in the
literature as lipopolysaccharide tolerance.13,14 Our 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.15 Differential ex-
pression of lipopolysaccharide receptors in children
from farming and nonfarming households has recently
been reported,16 suggesting that the innate immune
system responds to the high microbial burden of the
farming environment.

Although only current endotoxin exposure was
measured, the levels are likely to reflect long-term ex-
posure. Therefore, long-term, high-level environmen-
tal exposure may favor a state of tolerance,14 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-
lands17 and urban areas in the United States,18,19 sug-
gesting that exposure to ubiquitous microbial prod-
ucts strongly affects the development 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.

*Odds ratios are for the occurrence of the given symptom or disease with an increase in exposure to
farming or the endotoxin load from the lowest quartile to the highest quartile. Analyses were adjusted
for age, sex, study area, family history of asthma or hay fever, educational level of the parents, and num-
ber of older siblings.

†Odds ratios were also adjusted for current endotoxin exposure.

‡Odds ratios were also adjusted for exposure to farming during the first year of life.

§P«0.05 for the comparison between children in the lowest quartile of the exposure variable and
those in the highest quartile.

¶Atopic sensitization was defined by a specific IgE titer of at least 3.5 kU per liter.

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.*

HEALTH OUTCOME

EXPOSURE TO FARMING

DURING THE FIRST YEAR†
CURRENT ENDOTOXIN

EXPOSURE‡

odds ratio (95% CI)

Hay fever 0.26 (0.13–0.52)§ 0.61 (0.40–0.95)§

Sneezing and itchy eyes after 1 yr of age 0.55 (0.31–0.97)§ 0.53 (0.36–0.77)§

Atopic sensitization¶ 0.45 (0.30–0.68)§ 0.83 (0.63–1.09)

Atopic asthma 0.42 (0.18–0.96)§ 0.52 (0.30–0.90)§

Nonatopic asthma 0.48 (0.16–1.41) 1.22 (0.60–2.46)

Atopic wheeze 0.59 (0.28–1.23) 0.66 (0.41–1.07)

Nonatopic wheeze 0.43 (0.19–0.97)§ 1.23 (0.73–2.06)

Copyright © 2002 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org by TRINA PADOLL on October 24, 2007 . 
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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.20-22 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-
tions in genetic background, environmental factors,
and the interplay among them are likely to account for
the varying clinical presentations of wheeze. In stud-
ies of human exposure23 and in studies of animals,24

endotoxin has been shown to induce airway hyper-
responsiveness in healthy, nonatopic subjects but to
decrease airway responsiveness in sensitized animals,
supporting the notion that the effect is modified by
atopy, as we observed. In our study, exposure 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 exposed subject’s atopic status but also
the timing of the exposure determines its beneficial
or detrimental effects.

Endotoxin was measured in mattress dust, since
children come into close contact with the microbial
environment 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.25 Endotoxin measurements in dust from the
bed have been reported to show little variation over
time, with nonsignificant differences over a six-month
period.19 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-
tifs) or cell-wall components from atypical mycobac-
teria or gram-positive bacteria such as lipoteichoic
acid, which are known to affect immune responses in
ways similar to that of endotoxin.26,27 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
measurement of endotoxin levels in mattress dust is
associated with the development of tolerance toward

ubiquitous allergens found in natural environments.
Mechanisms relating to the recognition of these mi-
crobial compounds by the innate immune system and
the regulation of the resulting inflammatory respons-
es through adaptive immunity 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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Bacillus clausii effects in
children with allergic rhinitis

G. Ciprandi*, A. Vizzaccaro, I. Cirillo, M. A. Tosca

Key words: allergic rhinitis; antihistamines; Bacillus
calusii; children; eosinophils; probiotics.

Allergic rhinitis is characterized by

T-helper (Th)2 polarization as elevated

levels of Th2-de-

rived cytokines,

including inter-

leukin (IL)-4,

IL-5 and IL-13,

have been

evidenced at

nasal level in

allergic rhinitics

(1). Th2 cytokines play a pathogenic role

as they induce IgE synthesis and eosino-

phil infiltration. Th2 polarization in

allergic subjects may occur as conse-

quence of reduced pressure of microbial

agents in the gut: the so-called Hygiene

Hypothesis (2). Probiotics may stimulate

immune system at all mucosal surfaces

and exert a primary prevention of atopic

diseases and reduce allergic symptoms

and inflammatory parameters (3). We

previously found out that Bacillus clausii

was capable of modulating cytokine pat-

tern at nasal level in allergic children with

recurrent respiratory infections (4). Par-

ticularly, B. clausii restored physiological

Th1 polarization and induced T-regula-

tory cell response, as documented by

increased levels of IL-10 and tumor

growth factor (TGF)b after treatment (4).

Therefore, we conducted a pilot study

to investigate the potential effects exerted

by B. clausii on nasal symptoms,

eosinophils, and symptomatic use of

antihistamines in children with allergic

rhinitis.

Twenty allergic children, 13 males and

seven females, with an average age of

13.4 years (range 12–15) were consecu-

tively evaluated. A detailed clinical his-

tory and a complete physical

examination, including allergy evalua-

tion, were carried out for each patient.

The diagnosis of allergic rhinitis due to

pollen sensitization was made according

to validated criteria (5). The study was

blinded both to the investigator who

performed the nasal eosinophil assess-

ment and the investigator who carried

out statistical analysis.

Symptomatic use of levocetirizine

(5 mg tablets) was prescribed for all

children. Ten of them were randomly

treated with oral B. clausii (Enteroger-
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Bacillus clausii
modulates nasal
allergic inflammation
cooperating with
antiallergic drugs.
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Figure 1. TSS in children before and after treatment with or without Bacillus clausii (left upper panel). Eosinophil number in children before and after treatment

with or without B. clausii (right upper panel). Number of days with antihistamine assumption (lower panel).
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mina, Sanofi-Synthelabo OTC, Milan,

Italy) spores (2 billion spores/vial) at the

dosage schedule of three vials a day for

3 weeks.

The study was performed during the

pollen season, when patients were

symptomatic, and was approved by the

Institutional Review Board. Informed

consent was obtained from the parents

of the children. Nasal total symptoms

score (TSS), nasal eosinophils, and

number of days associated with antihis-

tamine assumption were evaluated.

Symptoms and eosinophils were assessed

in all subjects at baseline and after

3 weeks according to validated criteria

(6).

The data collected were subjected to

statistical analysis by MANOVA and

post hoc comparison by Duncan’s test.

All results with P-values < 0.05

obtained were considered statistically

significant.

Children treated with B. clausii spores,

showed significant reduction (P ¼ 0.049)

of TSS without any side-effect: 7 ± 0.8

at baseline, and 3.7 ± 0.7 after treat-

ment. Nasal eosinophils significantly

(P ¼ 0.048) diminished: 10.4 ± 2.9 at

baseline, and 6.3 ± 1.9 after treatment.

Children treated only with levocetiri-

zine on demand did not show significant

(P ¼ 0.051) reduction of TSS: 6.9 ± 0.9

at baseline, and 4 ± 0.8 after 3 weeks.

Moreover, nasal eosinophils were not

significantly (P ¼ 0.69) diminished:

10.2 ± 2.8 at baseline, and 7.7 ± 2.3

after 3 weeks.

The intergroup analysis showed that

symptom relief was not significantly dif-

ferent in two groups (P ¼ 0.061),

whereas eosinophils were significantly

less in children treated with probiotic

(P ¼ 0.042). Finally, children treated

with B. clausii spores significantly (P ¼
0.034) assumed less levocetirizine tablets

than other subjects: 8.1 ± 1.7 vs

11.1 ± 2.2 days (Fig. 1).

In conclusion, this pilot study pro-

vides evidence that B. clausii may exert a

modulatory effect on allergic response as

documented by reduced eosinophil infil-

tration. Moreover, this probiotic may

synergize with antihistamine in relieving

nasal symptoms. In addition, the

symptomatic use of antihistamine does

not allow adequate control of both

symptoms and inflammation. The poss-

ible mechanism of action of B. clausii

may be attributed to the previous docu-

mented activity on immune response at

the nasal level (4).
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Flow-assisted diagnosis of
anaphylaxis to patent blue
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W. J. Stevens*
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A 20-year-old man was referred because

of an anaphylactic reaction with angio-

edema, broncho-

spasm with

cyanosis and

profound hypo-

tension (systolic

pressure

120 mmHg to

immeasurable)

during anaesthe-

sia for combined

excision of a dermal cyst in the neck and

a multifistulated sacral cyst. History

revealed no previous allergies. Revision

of his anaesthetic report disclosed that

the reaction had started 30 min after

induction with propofol, sufentanyl and

cisatracurium, but within minutes after

fistulography with patent blue (Blue

patente V�, Guerbet, Aulnay, France).

Laboratory analysis showed a normal

blood count, complement profile and

protease inhibitor concentrations. Total

immunoglobulin E (IgE) was 11 kU/l and

IgE for latex, suxamethonium and ethy-

lene oxide were negative (<0.35 kUa/l;

Immuno-CAP FEIA method; Pharmacia

Diagnostics, Brussels, Belgium). Skin

tests included latex (Stallergenes, Genval,

Belgium), chlorhexidine-digluconate,

serial dilutions of five muscle relaxants:

suxamethonium (Myoplegine�), pan-

curonium (Pavulon�), rocuronium

(Esmeron�), atracurium (Tracrium�) and

cisatracurium (Nimbex�), the analgesic

sufentanyl (Sufenta�), the anaesthetic

propofol (Diprivan�), and the dyes

patent and methylene blue. Except for

patent blue (Table 1) skin tests were

negative.

We report a case of
patent blue-induced
anaphylaxis during
fistulography in which
flow cytometry
confirmed diagnosis.
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Brief Report

IgE Sensitization to Bacterial and Fungal
Biopesticides in a Cohort of Danish Greenhouse

Workers: The BIOGART Study

Gert Doekes, PhD,1� Preben Larsen, MD,2 Torben Sigsgaard, MD,3 and Jesper Baelum, MD
2

Background The use of biopesticides in agriculture may implicate new risks of work-
related allergic reactions.
Methods Sera were tested from the BIOGART project, a longitudinal respiratory health
study among >300 Danish greenhouse workers. IgE was measured by enzyme immu-
noassay (EIA) with extracts of biopesticide products containing Bacillus thuringiensis
(BT) or Verticillium lecanii (Vert).
Results Many sera had detectable IgE to BT (23–29%) or Vert (9–21%). IgE titers from
the 2- and 3-year follow-up (n¼ 230) were highly correlated, with discordant results in
<15%. IgE titers to different BT, or to different Verticillium products were also
significantly correlated (both r> 0.70), whereas IgE anti-BTand anti-Verticillium showed
no correlation at all.
Conclusions Exposure to these microbial biopesticides may confer a risk of IgE-mediated
sensitization. In future research there is a need to identify allergenic components in the
preparations, perform studies on non-exposed controls and analyze the relation between
sensitization and health parameters. Am. J. Ind. Med. 46:404–407, 2004.
� 2004 Wiley-Liss, Inc.

KEY WORDS: IgE; biopesticides; greenhouse workers; allergy

INTRODUCTION

The use of biologic pest control in agriculture has shown

a rapid increase in the last few decades. Its beneficial effects,

as an alternative for chemical pesticides, are obvious: not

only would it markedly reduce the adverse ecological effects

of environmental pollution with chemical pesticides and the

risks of pesticide residue exposure in the general public, it

also would strongly diminish the hazards of occupational

exposure to toxic pesticides and fungicides among agricul-

tural workers. The most intensive use of biologic pest control

takes place in greenhouses and horticulture, where there is a

high susceptibility to plant diseases and insect pests due to

the high crop density and specific climate conditions.

One of the (many) strategies in biologic pest control

involves the use of insect pathogens: bacterial or fungal

micro-organisms that more or less specifically infect and kill

certain taxonomic groups of harmful insects like white flies

or lice, while being harmless to most other invertebrates.

A typical example is Bacillus thuringiensis (BT): a bacterium

producing a potent enterotoxin that is mainly released in the

gut of insects that have swallowed the BT bacteria [Schnepf

et al., 1998]. An analogous fungal insect pathogen is Verti-

cillium lecanii (Vert), which is mainly used to prevent and

combat crop damage caused by aphids [Askary et al., 1999].

� 2004Wiley-Liss, Inc.
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The working mechanism of these agents, however,

requires active dispersion of relatively large amounts of

living or viable bacterial or fungal spores. The commercially

available bacterial or fungal biopesticides are usually

supplied as dried powders with a high microbial cell con-

tent, or as concentrated suspensions. Before application,

suspensions are prepared or diluted in water in simple

open buckets or other vessels from which the diluted

suspensions are dispersed via a tubing system and aero-

solized in the greenhouse. While the actual dispersal can be

done in the absence of any workers in the greenhouse,

exposure may occur after re-entry as dermal exposure when

touching plants or other surfaces, and inhalation either of

microbial cells that may remain airborne for prolonged

periods, or of cells made airborne by the workers’ activities.

So far, neither exposure levels nor the potentially

associated health effects of biopesticide use have been

systematically investigated. Possible adverse health effects

could be either ‘non-specific’ airway inflammation, or speci-

fic type I, III, or IVallergic inflammation caused by allergen-

specific sensitization. One study in the US has reported type I

sensitization in a relatively small group of BT-exposed

agricultural workers, as measured by skin prick tests and IgE

serology [Bernstein et al., 1999], while no effects have as yet

been reported for Verticillium use. In this study, the

prevalence of specific IgE sensitization to extracts of

commercially available preparations of BT and Verticillium

was assessed among Danish greenhouse workers.

MATERIALS AND METHODS

Population

The serologic study was performed as part of the

BIOGART study [Larsen et al., 2002]: a longitudinal epi-

demiologic study in a cohort of >300 Danish greenhouse

workers, with a specific focus on respiratory health, includ-

ing the prevalence and incidence of common and work-

related respiratory symptoms, lung function status and

changes, and development of bronchial hyper-responsive-

ness. As part of the study, venous blood samples have been

taken at baseline and after 1, 2, and 3 years of follow-up, to

measure total IgE and IgE to specific allergens, and to assess

IgE sensitization to potential work-related allergens, parti-

cularly bio-pesticide components. This report contains the

results for the 2nd year of follow-up, for which data was

available, from 216 women (mean age 36.6� 10.2 yr) and

113 men (aged 36.3� 11.3 yr).

IgE Serology

Sera were tested for the presence of IgE to extracts of 8–

10 different bio-pesticide preparations, including two pro-

ducts containing spores of Verticillium (Mycotal1 and

Vertalec1) and two BT-based products (Bactimos1 and

Vectobac1). These biopesticides will be further designated

as Vert-M, Vert-V, BT-B, and BT-V, respectively. Other

biopesticides included in the study were products containing

spores of Trichoderma harzianum (Supresivit1) or Paecilo-

myces spp. (Preferal1) and other BT preparations. According

to the responses to yearly questionnaires on exposure, these

products were much less used in the participating greenhouse

companies, and accordingly, sensitization was rare. We,

therefore, here only report the IgE anti-Vert and anti-BT

reactions.

Extracts from dry powders (Vert-M and Vert-V) were

made essentially as described earlier for the preparation of,

e.g. wheat or potato antigen/allergen preparations [Houba

et al., 1996; Zock et al., 1996]: 5% (w/v) suspensions were

incubated overnight at room temperature in phosphate-

buffered saline (PBS) containing 0.02% sodium azide, and

the next day ultrasonicated for 15 min, followed by vigorous

shaking for 30 min. Biopesticides supplied as suspension

(BT-B and BT-V) were first centrifuged (30 min at 2,750g),

and the supernatants were harvested and left overnight at

room temperature. From the pellets, 3 g (wet weight) was

mixed with 30 ml PBS-azide, and extracted overnight as

described above for the 5% (w/w) powder suspensions,

including ultrasonication and vigorous shaking for 30 min.

Insoluble material was removed by centrifugation

(15 min; 2,100g) and filtration through paper filter and

Millipore 0.45 mm filters. The final extracts were extensively

dialyzed against PBS-azide and stored in aliquots at �208C.

Protein concentrations in the extracts were determined with

the BCA method (Pierce, Rockford, IL).

Serum IgE antibodies to biopesticides were assessed by a

previously described enzyme immunoassay (EIA) method

[Doekes et al., 1996]. Microtiter plates were coated overnight by

incubation with the extracts in PBS-azide at 20 mg protein per

milliliter. After blocking with PBS containing 0.05% Tween-20

and 0.2% gelatin (PBTG), sera diluted 1/10 in PBTG were

added and incubated for 2 hr at 378C. After thorough washing

of the plates with PBS-Tween, bound IgE was detected with a

four-step procedure including mouse monoclonal anti-human

IgE, biotinylated affinity-purified rabbit anti-mouse Ig, avidin-

peroxidase, and finally o-phenylenediamine (OPD) plus H2O2.

The peroxidase reaction was stopped with 1 N HCl and the

optical density read at 492 nm.

All sera were tested at a 1/10 dilution in duplicate wells

for each test allergen/biopesticide extract, and in two non-

coated wells to account for non-specific IgE binding to the

plates, while in each plate also for each extract two wells were

included with PBTG instead of serum (‘no serum control’).

The average OD492 values in allergen-coated wells were

corrected both for the OD492 values in the non-coated wells,

and for the OD492 of the no-serum controls. Sera were consi-

dered positive if the corrected OD492 was >0.05 [Doekes

et al., 1996].
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RESULTS

Table I gives a summary of the IgE EIA reactions for

the four biopesticide preparations. High prevalences of sensi-

tization were found for both Verticillium- and BT-based pro-

ducts: from 8.5% for Verticillium-M to 23.5% for BT-B.

Positive reactions for the twoVerticillium productswereclose-

ly associated, with only 5 of the 23 IgE anti-Vert-M positive

sera being negative on Vert-V, and 13 of the 35 IgE anti-Vert-V

positive sera being negative on Vert-M (OR 35.0 and 95% CI

12.5–97.9). IgE anti-BT reactions showed an even more pro-

nounced association, with more than 80% of sera reacting to

either BT-B or BT-Valso being positive on the other prepara-

tion (OR¼ 68.4 and 95% CI 30.3–145.3). In contrast, sensi-

tization to Verticillium products on the one hand, and to BTon

the other hand, showed no or only weak, non-significant asso-

ciations, with ORs ranging from 1.4 to 1.8 (data not shown).

IgE reactions to extracts from products containing the

same micro-organism were also quantitatively associated, as

shown by the strong correlations between OD492 values of

‘double-positive’ sera (Fig. 1a,b). These graphs further illus-

trate that the large majority of all positive reactions were

relatively weak: only a few sera showed IgE anti-Vert-Vand/

or Vert-M reactions with OD492 values around 1.0 or higher,

and IgE anti-BT positive sera showed, with one exception,

only OD492 values <0.2.

From approximately two-thirds of the population a serum

sample from the 3rd follow-up year was also available, and

comparison of 2nd and 3rd year IgE serologic results could be

made for 229–236 subjects for whom valid test results were

available for both years. As shown by Table II, prevalences of

positive IgE reactions in year 3 were very similar to those in

year 2 (Table I), and a very close association was found

between 2nd and 3rd year EIA results, with concordance levels

of >90% and high positive and negative predictive values.

Also highly significant quantitative correlations were found

when the OD492** of 2nd and 3rd year IgE EIA tests for

individuals positive in both years, were plotted and compared

(with Pearson’s r >0.8 for log-transformed OD492 values).

DISCUSSION

The results suggest that regular use of microbial

biopesticides may be associated with a risk of biopesticide-

specific IgE sensitization. There has previously been concern

regarding the potentially negative health effects of exposure

to BT, but most studies in this area have focused on the risk of

infectious disease. In one study the prevalence of positive

skin prick tests and of IgE reactions to BT extracts was

investigated in a population of approximately 100 agricul-

tural workers with estimated high or low levels of BT

exposure [Bernstein et al., 1999]. While no evidence was

found for work-related respiratory, possibly allergic symp-

toms, a significantly higher prevalence of positive SPTs and

IgE tests was found among highly exposed farm workers.

Present data are in line with these findings. In addition,

TABLE I. Positive Serum IgE Reactions to Extracts of Bio-Pesticides in the
2nd Year Follow-Up of the BIOGARTStudy (n¼ 329)

Biopesticide Preparation
No. positive

sera Percent

Verticillium lecanii Vert-M (Mycotal1) 28 8.5
Vert-V (Vertalec1) 58 17.6
Vert-MandVert-V 23 7.0
Vert-Mand/orVert-V 63 19.1

Bacillus thuringiensis BT-B (Bactimos1) 78 23.7
BT-V (Vectobac1) 72 21.9
BT-B and BT-V 60 18.2
BT-B and/or BT-V 90 27.4

FIGURE 1. CorrelationbetweenOD492values(**)ofpositiveIgEreactionstoextractsof

(a) twoVerticillium lecanii (Vert) preparations: Vert-M (Mycotal1) and Vert-V (Vertalec1)

(b) twoBacillus thuringiensis (BT) preparations:BT-B (Bactimos1) andBT-V (Vectobac1)

(**) OD492 values for1/10 diluted sera, after correction for non-specific IgE binding to EIA

plates, andforbackgroundreactions in‘noserum’controlwells.
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another biopesticide, derived from Verticillium was identi-

fied as a possibly equally potent sensitizer.

Since the whole crude high molecular weight fractions

extracted from the biopesticide products were used, the IgE

reactions in the EIAs may be primarily directed against non-

active carrier proteins, contaminants, etc. On the other hand,

the strong correlations between IgE reactions against the two

different BT products, and between the IgE reactions against

two different Verticillium products, strongly suggest that in

both cases the IgE antibodies are mainly directed against a

genuine BT and genuine Verticillium allergenic HMW com-

ponent. Nevertheless, the actual specificities of the IgE

immune responses have to be studied in more detail, as well

as their relation with exposure levels. At least, more extensive

data series should be collected on IgE sensitization in non-

exposed controls. Even while the IgE binding components

may be genuine BT and Verticillium components, they could

also be shared with some or many commonly found bacterial

or fungal species, and in that case sensitization in the general

population may be expected as well.

Another important issue may be the development of

sensitization during repeated and/or continuous exposure at

the workplace. We previously tested large numbers of sera

from the first two years (years 0 and 1) of the cohort study, and

found lower prevalences of IgE sensitization, while in the

present series IgE EIA results for sera taken at year 2 and 3 of

the follow-up showed a very close correlation (Table II). For

three of the four products the prevalence of sensitization was

slightly higher in year 3, which might mean that (a) while

most sensitization takes place after 1–2 years of work-related

exposure, some workers may be sensitized only after pro-

longed exposure; and (b) that an established specific IgE

response may develop in subsequent years, especially when

exposure continues.

It should be emphasized, however, that these reported

results are of preliminary nature and that further analyses are

required before definitive conclusions regarding the risks of

occupational allergy can be drawn. While there was a relati-

vely high prevalence of various airway and other symptoms

in the studied cohort [Larsen et al., 2002], a first crude

analyses did—just as in the earlier US study on BT sensiti-

zation [Bernstein et al., 1999]—not show a clear-cut direct

association with a type I sensitization. A further analysis of

the biopesticide extracts, and particularly identification and

characterization of the actual IgE binding components is an

important and necessary next step to confirm the allergenicity

of these agents.

In summary, these IgE serologic data may be a reason for

concern that frequent use of microbial pesticides is a risk

factor for occupational IgE-mediated allergic sensitization.

Further studies focusing on both the specificity of these IgE

reactions, and the association with work-related symptoms,

are required to come to more definite conclusions.
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Biopesticide
Positive sera in 3rd year
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and 3rd year results (%) PPVa (%) NPVa (%)

Vert-M 22/230 (9.5) 96 80 97
Vert-V 49/232 (21.1) 90 77 93
BT-B 62/236 (26.3) 86 80 88
BT-V 47/229 (20.5) 88 73 91

aPPV and NPV: Positive and negative predictive value of the 2nd year IgE test results.
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Abstract
Background: There is an increase of serum levels of IgE during Plasmodium falciparum infections in
individuals living in endemic areas. These IgEs either protect against malaria or increase malaria
pathogenesis. To get an insight into the exact role played by IgE in the outcome of P. falciparum infection,
total IgE levels and functional anti-parasite IgE response were studied in children and adults, from two
different endemic areas Gabon and India, exhibiting either uncomplicated malaria, severe non cerebral
malaria or cerebral malaria, in comparison with control individuals.

Methodology and results: Blood samples were collected from controls and P. falciparum-infected
patients before treatment on the day of hospitalization (day 0) in India and, in addition, on days 7 and 30
after treatment in Gabon. Total IgE levels were determined by ELISA and functional P. falciparum-specific
IgE were estimated using a mast cell line RBL-2H3 transfected with a human Fcε RI α-chain that triggers
degranulation upon human IgE cross-linking. Mann Whitney and Kruskall Wallis tests were used to
compare groups and the Spearman test was used for correlations.

Total IgE levels were confirmed to increase upon infection and differ with level of transmission and age
but were not directly related to the disease phenotype. All studied groups exhibited functional parasite-
specific IgEs able to induce mast cell degranulation in vitro in the presence of P. falciparum antigens. Plasma
IgE levels correlated with those of IL-10 in uncomplicated malaria patients from Gabon. In Indian patients,
plasma IFN-γ , TNF and IL-10 levels were significantly correlated with IgE concentrations in all groups.

Conclusion: Circulating levels of total IgE do not appear to correlate with protection or pathology, or
with anti-inflammatory cytokine pattern bias during malaria. On the contrary, the P. falciparum-specific IgE
response seems to contribute to the control of parasites, since functional activity was higher in
asymptomatic and uncomplicated malaria patients than in severe or cerebral malaria groups.
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Background
Malaria is a complex disease that kills between one and
two million people every year. Most of those affected are
children under five years of age, non-immune individuals
and pregnant women [1]. The principal cause of death is
infection by Plasmodium falciparum due to its ability to
induce severe complications such as severe anaemia and/
or cerebral malaria (CM) often associated with hypogly-
caemia [2-4]. The physiopathology of malaria cannot be
represented by a single scheme. For example, patients who
develop CM present a range of acute neurological mani-
festations and the disease is characterized by a diffuse
encephalopathy, altered levels of consciousness, deep
coma and seizure leading to death. Even though during
the last few years a lot of information has become availa-
ble from clinical and experimental studies, the causes of
CM remain to be determined. The clinical outcome of a P.
falciparum infection depends on the genetic factors of the
host and parasite, and also on host immune responses.
Antibodies and T cells are among the immune factors
thought to play a role in mediating protection and also
pathology [2-5].

P. falciparum infection increases the serum levels of IgM
and IgG antibodies but also IgE in individuals living in
endemic areas [6-12]. IgEs may protect against or partici-
pate in malaria pathogenesis. The association of high anti-
P. falciparum IgE levels with a reduced risk of developing
clinical malaria suggests the involvement of IgE in protec-
tion [13,14]. The observation that circulating levels of IgE
most often correlate with severe rather than uncompli-
cated disease suggests a pathogenic role of IgE [8,10-12],
and the positive correlation between the levels of IgE/IgE
immune complexes and the levels of TNF in CM patients
provides supporting evidence [8,10-12]. The exact role
played by IgE in malaria is still unclear.

IgE is an immunoglobulin isotype that only exists in
mammals. It is present at very low concentrations in the
serum of normal individuals, at levels ranging from 10 to
300 ng/ml [9]. Its functional effect has been shown to
depends on Fc receptors expressed on mast cells and
basophils both in mice and humans, as well as on eosi-
nophils, monocytes/macrophages and platelets in
humans [9]. IgEs positively regulate both of their recep-
tors: the high affinity receptor (Fcε RI) and the low affinity
receptor (Fcε RII or CD23) [15]. The Fcε RI is expressed
only on mast cells and/or basophils in both mice and
humans [9,16]. The binding of IgE to the high affinity
receptor on the mast cell membrane and its subsequent
aggregation with antigens results in degranulation and the
release of mediators that further aggravate an ongoing
allergic process [17]. On basophils, the cross-linking of
Fcε RI-bound IgE rapidly induces the release of IL-4 and
IL-13 [16], among other inflammatory mediators. The

low affinity receptor (Fcε RII) is the second major and
widely distributed IgE receptor. It is also known as CD23
and is constitutively expressed on B cells and is induced by
IL-4 on macrophages, some T cells, human eosinophils
and platelets [9,16]. The cross-linking of CD23 on macro-
phages or on other CD23-bearing effector cells by IgE-
containing immune complexes is thought to play a path-
ogenic role in malaria via TNF-mediated pathways [16].

This study aimed to evaluate the total and functional P.
falciparum-specific IgE responses, the association of these
responses with plasma cytokine patterns and the pheno-
type of the disease in endemic controls and infected
patients with different clinical forms of malaria. The
infected patients originated from a low endemic area in
India and a high endemic area in Gabon.

Materials and methods
Study population
Patients from Gabon
All the patients included in this study were children aged
between 0.1 and 6 years (mean age = 2.6 years) recruited
between 1996 and 2000 at the Owendo Pediatric Hospital
(OPH) and the Libreville Hospital Center (LHC) in
Gabon (see Table 1). Informed parental consent had been
obtained. Gabon has an equatorial climate that is hot and
humid, with an endemic malaria transmission. The study
design was approved by the local health office ethics com-
mittee. The patients were distributed into different groups
according to World Health Organization (WHO) guide-
lines for the definition of uncomplicated and severe
malaria [18]. A cohort of 135 P. falciparum-infected chil-
dren was constituted and divided into three groups
according to disease severity [[6], 67] 50patients with
uncomplicated malaria (UM), 29 with severe non-cere-
bral malaria (SM) developing severe anaemia (haemo-
globin level < 5 g/dl), or hypoglycaemia (glycaemia < 2.2
mmol/ml), and 17 with severe cerebral malaria (CM)
with a Blantyre Coma Score < 2, or three convulsive epi-
sodes during 24 hours before admission with post-critical
comatose > 15 minutes]. Two control groups were
recruited: an uninfected group, also called endemic con-
trol (EC) group, comprising 17 children with P. falci-
parum-negative thin blood smear, and asymptomatic
infected group (AI) comprising 22 children with no clini-
cal manifestation of malaria but a P. falciparum-positive
thin blood smear.

Patients from India
Malaria patients were recruited in the village of Gondia,
an endemic region in the north-east of the Maharashtra
State of India. The village is surrounded by forest. Gondia
has been known as an endemic area for at least the last 20
years. P. falciparum appeared in Gondia over the last 10
years. It is transmitted during the rainy season in June,
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peaks in the winter season (November, December and
January) and becomes rare as summer approaches
(March, April and May). The studied groups consisted of
98 patients from four to 72 years of age, being predomi-
nantly adults (see Table 1). Six cohorts were constituted
according to WHO criteria for uncomplicated and severe
malaria: two control groups of uninfected individuals
from non-endemic (NEC) and endemic regions (EC)
comprising nine and 14 patients respectively; three groups
of infected patients, with 31 developing uncomplicated
malaria (UM), 13 developing severe non-cerebral malaria
(SM) and 26 developing cerebral malaria (CM); and one
group of five patients that had recovered from CM (ex-cer-
ebral malaria patients, Ex-CM). Between eight and 10% of
the CM malaria cases died. UM cases were treated as out-
patients. SM patients were admitted to hospital fully con-
scious and could respond well verbally to doctors'
questions. CM cases were in coma. Drug treatment was
paracetamol, quinine and arteether (E-mal®). Samples
were collected after obtaining the consent of the patients,
or of their families. Blood samples from endemic controls
were collected from the relatives of malaria patients
(brothers/sisters/parents) with their consent. These con-
trols had not suffered from malaria during the previous
two years. Non-endemic blood samples were collected
from individuals who had not suffered from malaria dur-
ing the previous five years.

Blood sample collection and parasite assessment
Venous blood was collected on EDTA in sterile vacutain-
ers from each patient on the day of hospitalization (day 0,
before any treatment), and seven (day 7) and thirty days
later (day 30). Plasma was obtained by centrifuging the

blood samples at 5000 rpm for 15 min. Plasma samples
were stored at -80°C until use.

Parasitaemia was assessed by counting asexual forms of P.
falciparum on thin blood smears under a light microscope
after Giemsa staining. Parasitaemia was expressed as the
mean percentage of infected red blood cells.

Culture of malaria parasites
Erythrocytic stages of the P. falciparum malaria parasite
line FAN 5HS (source: NCCS, Pune, India) and 3D7 were
cultured using candle jar dessicators as previously
described [19]. The culture medium was RPMI 1640
(Gibco-BRL), supplemented with 0.5% AlbuMix (Gibco
BRL). The cultures were maintained in six-well or 24-well
tissue culture plates (NUNC). Parasitaemia was 5% at the
start of culture and reached 25% after six days. Culture
medium and fresh RBCs were added every other day.

Preparation of parasite extracts
Parasite soluble antigen was prepared from synchronous
cultures containing more than 20% mature trophozoites;
more than 6% rings and more than 5% schizonts were
used. The cultures were pooled and centrifuged at 3,000
rpm at 4°C, and the pRBC pellet was kept and the super-
natant discarded. The pRBC pellet was suspended in 10
ml sterile PBS 1 × (0.15 M, pH7.2) and then centrifuged.
The parasitized red blood cell (pRBC) pellet was washed
five times and then lysed by adding 15 ml of 0.1%
saponin. The saponin treatment frees the parasites from
the infected RBCs. This was centrifuged at 6,000 rpm for
30 min at 4°C. The supernatant was discarded and the
parasite pellet was washed five or six times with sterile

Table 1: Characteristics of both studied cohorts: Gabon and India. Clinical group description, according to the number of patients, age, 
sex and parasitaemia.

Clinical Groups Staff Age-mean (min-max) Sex (male-female) Parasitemia (%)

Gabon EC 17 2,7 (0,5–5) 10-7 -
AI 22 2,9 (0,1–5) 12-10 0.22 (0.01–1.2)

UM 50 3 (0,5–5) 22–28 6.88 (0.05–48.6)
SM 29 1,8 (0,2–4,5) 18-11 5.91 (0.08–31)
CM 17 2,4 (0,5–5) 12-5 10.42 (0.15–64)

Total 145 2,6 (0,1–5) 74-61

Índia NEC 9 32,7 (25–63) 8-1 -
EC 14 27,3 (23–37) 13-1 -
UM 31 30,8 (4–70) 18-13 1,24 (0,71–2,18)
SM 13 30,4 (8–65) 10-3 1,11 (0,38–3,21)
CM 26 40,4 (9–72) 16-10 2,04 (1,07–3,87)

ExCM 5 19,36 (7–51) 0–5 -
Total 93 32,3 (4–72) 65-28 1,50 (1,02–2,20)

NEC- non endemic control, EC- endemic control, AI- asymptomatic infected, UM – uncomplicated malaria, SM – severe malaria (non-cerebral), CM 
– cerebral malaria, ExCM – Ex-cerebral malaria. Note: sex couldn't be determined for 1/18, 11/61 and 4/33 patients from EC, UM and SM, 
respectively.
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cold PBS. The parasite pellet was resuspended in 1 ml pro-
tein isolation buffer containing a cocktail of protease
inhibitors. This was briefly sonicated and the tube was
kept at 4°C for between four and five hours. The contents
of the tube were agitated by cyclo-mixing and then centri-
fuged at 6,000 rpm for 30 min at 4°C. The clean superna-
tant was collected in a separate tube and the pellet was
discarded. The contents were sterilized by passing through
0.22 μm-pore filters. Aliquots of the antigen were frozen
at -70°C until use. Parasite proteins were quantified by
the Bradford method. The concentration of the parasite
line FAN 5HS and 3D7 were 1.2 and 2.6 mg/ml, respec-
tively.

Normal RBC extracts
Normal red blood cell (RBC) extract was prepared from
the same batch of RBCs used for culturing the parasites,
and followed the same procedure as previously described
for pRBCs. Briefly, the RBCs were washed with PBS and
the buffy coat was removed. After centrifugation, the RBC
pellet was suspended in 1 ml protein isolation buffer con-
taining a cocktail of protease inhibitors. This was briefly
sonicated and the tube was kept at 4°C for between four
and five hours. The contents of the tube were agitated by
cyclo-mixing and then centrifuged at 6000 rpm for 30 min
at 4°C. The clean supernatant was collected in a separate
tube and the pellet discarded. The protein contents were
estimated using a protein determination kit (BCATM pro-
tein assay Kit, Pierce, France).

Total IgE levels
An ELISA method was used to detect total IgE plasma lev-
els in samples corresponding to day 0, day 7 and day 30.
ELISA plates (96 microwell plates, reacti-bind 96 EIA Plate
100/PKG, Pierce) were coated with 50 μl/well of purified
sheep polyclonal anti-human IgE solution at 5 μg/ml (The
Binding Site, Birmingham UK) by incubation overnight at
4°C. The plasma samples were diluted 1:5 and incubated
for two hours at 37°C. Bound IgE was detected using a
peroxydase-conjugated polyclonal anti-human-IgE (The
Binding Site, Birmingham UK). Binding was revealed
using the OPD substrate (Sigma) and the product was
quantified from the optical density (OD) at 450 nm.
Serial dilutions ranging from 2 μg/ml to 0.0019 μg/ml of
IgE solution (human monoclonal IgE provided by Dr Thi-
erry Batard – Stallergenes, Anthony, France) gave the
standard curve. The median of each optical density value
was fitted into the sigmoidal standard curve using a spe-
cific ELISA programme running in Igor version 3.16 (Wav-
emetrics, Lake Oswego, OR).

IgE functional assay
A new rat mast cell line RBL-2H3 transfected with a
human Fcε RI α-chain that triggers degranulation upon
human IgE cross-linking was used [20]. Cells were main-

tained in Dulbecco medium (Gibco BRL, Eragny, France)
containing 10% foetal bovine serum (FCS), 100 U/ml
penicillin and 100 U/ml streptomycin (GIBCO BRL,
France). Cells were expanded by incubation at 37°C for
three to four days in complete Dulbecco medium supple-
mented with G418 (GIBCO BRL, France).

β-Hexosaminidase is known as a component of the
basophil and the mast cell specific granule, and is released
during degranulation of these cells [21]. Degranulation
was monitored after antigen stimulation by measuring the
level of released β-hexosaminidase. Fcε RI α-chain RBL-
2H3 transfected rat mast cell line cultures (5 × 105 cells per
well) were incubated with the different serum samples at
a non-cytotoxic dilution (previously determined) for 48
hours at 37°C in the absence of the G418 antibiotic. The
upregulated receptors were saturated by incubation at 4°C
for 30 minutes with the same samples diluted 1:10. The
cells were then washed with PBS 1X, centrifuged and
resuspended in 1 ml Tyrode buffer before being centri-
fuged again. Finally, the cell pellet was resuspended in
450 μl of D2O (50%) and Tyrode buffer (50%) solution
and each culture sample was distributed to 10 ELISA plate
wells. Different controls were carried out for each sample.
Control cells on lane 1 and 2 were subjected to Triton dis-
ruption (Triton 5%) and represented 100% enzyme
release. Cells on lanes 3 and 4 were incubated with 50 μl
of complemented Dulbecco medium without serum and
represented the background enzyme release. Lanes 5 and
6, 7 and 8, 9 and 10 were incubated with 50 μl of different
duplicated concentrations of parasite extract (1,000, 100
and 10 ng/ml) for 30 minutes at 37°C. After centrifuga-
tion of each well sample, 50 μl of each supernatant was
collected and incubated with 50 μl of PNAG substrate
solution for 90 minutes at 37°C. The level of released β-
hexosaminidase was estimated from the OD at 405 nm
using a spectrophotometer. All results are expressed as the
percentage of total β-hexosaminidase in the cells after cor-
recting for spontaneous release in unstimulated cultures,
calculated as following: (experimental β-hexosaminidase
– background β-hexosaminidase)/(total β-hexosamini-
dase – background β-hexosaminidase) × 100.

Flow cytofluorometry analysis
FACS analysis was performed after incubating RBL-2H3-
D12.8 cells with several dilutions of serum samples to fol-
low the induction of the high affinity receptor (Fcε RI)
expression after stimulation by IgEs in the patient's sera.
Cells were incubated for 48 hours at 37°C with the differ-
ent serum samples optimally diluted to avoid cytotoxicity.
A saturation step with the same sera diluted 1:10 was done
by incubation at 4°C for 30 minutes. Cells were washed
with PBS 1X and incubated with FITC-labelled anti-IgE
(Tebu, Le Perray en Yvelines, France) (1/100) for 30 min-
utes. Cells were washed again, centrifuged, resuspended in
Page 4 of 13
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PBS 1X and analysed by cytofluorometry using Cellquest
software (Beckton Dickinson, USA). 10,000 cells were
acquired per tube.

Cytokine levels
The levels of cytokines in the plasma (IL-4, TNF, INF-γ,
and IL-10) were estimated by Opti-ELISA kits (Pharmin-
gen, San Diego, CA.USA) used following the manufac-
turer's instructions.

Statistics
Due to a non-normal distribution of the scores in each
group, non-parametric tests were performed, using the
median to compare the different clinical groups. The
Mann Whitney test was used for comparisons between
two groups and the Kruskall Wallis test to compare three
or more groups. Spearman's correlation was used to check
for correlations between parameters. P values less than
0.05 were considered as significant. Chi-squared test was
used to compare qualitative variables.

Results
Serum total IgE levels in groups of P. falciparum infected 
patients with different clinical phenotypes
Total IgE levels were analysed in endemic controls and in
cohorts of P. falciparum-infected patients with different
clinical forms of malaria, ranging from asymptomatic to
cerebral disease, from Gabonese and Indian endemic
areas to study the association between the IgE response
and disease severity. Total IgE levels were measured by
ELISA in individual sera before drug administration (cor-
responding to day 0) and determined the general distribu-
tion in the studied populations from Gabon (Figure 1A)
and India (Figure 1B). Total IgE concentrations were
found to be much higher in patients from India (mainly
adults) than in patients from Gabon (children). In both
populations independent of the different levels of IgE in
each population, the median IgE levels within each clini-
cal group tended to increase upon infection (mainly in
UM and SM groups), although the difference between the
groups was only significant in the Indian population
(Kruskall Wallis, p = 0.0005). As only Indian patients
showed a significant difference, the Mann Whitney test
was used to compare the different groups in this popula-
tion only. There was a significant increase in IgE levels in
the EC group compared to the NEC group (p = 0.042). The
most significant increase in IgE levels (versus the EC
group) occurred in the UM patients (p = 0.015) and in the
SM patients (p = 0.013). No significant difference
between the EC group and the CM and Ex-CM groups was
observed.

A range of values of IgE levels was defined enabling the
analysis of the frequency of normal, moderate and high
IgE levels in each clinical group of patients. The so-called

normal values were adjusted to the studied population
because the Gabonese and Indian groups had different
plasma total IgE ranges. Therefore, the normal value (N)
was defined by the median IgE levels in the endemic con-
trols of each study population. Consequently, all values
between N and 2N were considered as low/moderate IgE
levels and those between 2N and 3N as moderate/high IgE
levels, with the highest levels being above 3N (Figures 1C
and 1D). Even in Gabonese patients, for whom the
increase of IgE in the disease groups was not significant, a
higher percentage of patients with clinical disease had
higher IgE levels than controls and asymptomatic
patients. These differences were more marked in the UM,
SM and CM Indian patients (Figure 1D). In the Indian
population, the NEC group did not have moderate/high
IgE levels, although a high percentage of patients exhib-
ited normal IgE levels (Figure 1D). Also, no significant
change was detected in IgE levels over time in the UM, SM
and CM groups of the Gabonese cohorts when tested
seven days and 30 days after treatment (Table 2). No sig-
nificant association of malaria and IgE levels with sex in
the two studied populations. However, a significant
increase in IgE levels with age (p = 0.00034) was observed
in the Gabonese subjects (Figure 2A) but not in the Indian
subjects.

The correlation between IgE levels and the parasite load
was tested. Although the general trend was different in the
Indian and Gabonese population, there was no significant
correlation between IgE concentration and parasite load
for all groups together. In Gabonese cohorts, a negative
correlation for all groups was observed, except for the UM
patients where the correlation showed a positive ten-
dency. In the Indian cohorts, a positive correlation was
observed between IgE levels and parasite load, mainly in
the UM and SM groups (Figure 2B).

Functional parasite specific IgE response in P. falciparum 
infected patients
Previous studies have used ELISA to quantify specific IgE
present in the serum [7,8,10,11]. The functionality of spe-
cific IgEs present in the serum was studied by evaluating
the ability of these IgEs to induce mast cell degranulation
in the presence of the parasite antigen. A rat mast cell line
transfected with the human α-chain of Fcε RI was used
[20]. Human Fcε RI expression was induced after incuba-
tion with all serum samples at non-cytotoxic dilutions.
FACS was used to detect the presence of FcåRI receptors on
the mast cells surface induced by IgE present in serum
samples. Although the fluorescence intensity revealing
human Fcε RI expression by the mast cells varied between
patient samples, IgE receptors were upregulated in all the
samples tested. No correlation between total IgE levels in
the serum and the up-regulation of mast cell receptors was
found. There was no significant correlation between IgE
Page 5 of 13
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levels and receptor upregulation and the level of mast cell
degranulation. Sensitized cells were then incubated with
different concentrations of a P. falciparum blood-stage
antigen extract. Mast cell degranulation was measured by
quantifying the release of β-hexosaminidase. Control cells
not exposed to any serum gave a maximum mast cell
degranulation of 3%. Therefore, serum samples giving an
enzyme release greater than 5% in the presence of at least
one of the antigen concentrations were considered posi-
tive for functional IgE. In the Gabonese cohorts (Figure
3A), there were functional P. falciparum IgE in all clinical

groups. However, the percentage of patients with func-
tional specific anti-parasite IgE was higher in asympto-
matic and uncomplicated malaria patients than in other
groups. Also, the percentage of patients displaying para-
site-specific IgE was lower in the group exhibiting severe
disease. The distribution of patients per group releasing
between 5 and 10%, 10 and 30% and above 30% β-hex-
osaminidase induced by specific anti-parasite IgE revealed
that one patient in CM group had a degranulation level
above 30%, being the highest induced response among all
the tested individuals. The same assay was carried out on

Distribution of total IgE levels per clinical group in both studied populations: Gabon and IndiaFigure 1
Distribution of total IgE levels per clinical group in both studied populations: Gabon and India. A. Total IgE levels (μg/ml) per 
clinical group in Gabonese patients (non-significant Kruskall Wallis test). B. Total IgE levels (μg/ml) in Indian patients (significant 
Kruskall Wallis test, p = 0.0005). C. Percentage of patients with defined IgE levels per group in the Gabonese population (nor-
mal levels (N) lower than or equal to 0.500 μg/ml, moderate levels (N to 2N), from 0.501 to 1.000 μg/ml, high levels (2N to 
3N), from 1,000 to 1,500 μg/ml, very high (>3N) greater than 1,500 μg/ml). D. Percentage of patients with defined levels of IgE 
per group in the Indian population (normal levels (N) lower than or equal to 4,000 μg/ml, moderate levels (N to 2N), from 
4,000 to 8,000 μg/ml, high levels (2N to 3N), from 8,000 to 12,000 μg/ml, very high (>3N), greater than 12,000 μg/ml). Legend: 
EC – endemic control, AI – Asymptomatic infected, UM – uncomplicated malaria, SM – severe malaria, CM – cerebral malaria, 
NEC – non-endemic control, ExCM – ex-cerebral malaria.
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the Indian population. Although there was no significant
difference between groups, the percentage of patients hav-
ing functional IgE recognizing the parasite extract was
slightly higher in EC and UM groups than in SM and CM
groups (Figure 3B). All positive patients had an enzyme
release of between 10 and 30%. No significant correlation
was found between P. falciparum-specific IgE-induced
mast cell degranulation levels and sex, age and parasitae-
mia.

Relationship between total and specific serum IgE and 
cytokine profiles
IgE production is influenced by cytokines produced by
activated T cells. These cytokines are also involved in
pathophysiological mechanisms associated with severe
malaria [4,22,23]. Therefore, the relationship between the
cytokine profile, the IgE levels and the clinical manifesta-
tion was investigated. IFN-γ, TNF and IL-10 levels were
measured in the sera of the Indian and Gabonese patients.
IL-4 levels were measured only in Indian patients as it was
not different between the Gabonese groups. IFNγ concen-

trations were highest in the Gabonese AI and CM groups
(Table 3). This cytokine is significantly higher in the AI
and CM groups than in EC (p = 0.02 and p = 0.009 respec-
tively). The plasma TNF concentration was similar in the
severe SM and CM groups and in disease-free EC and AI
groups. TNF levels were clearly higher in SM and CM
groups than in the UM group (p < 0.001). Surprisingly, EC
and AI also exhibited higher TNF levels when compared to
UM group. No association between IFN-γ or TNF and IgE
levels were found. However, a significant positive correla-
tion was found between the concentration of total IgE and
IL-10 in the UM group (p = 0.02) and a significant nega-
tive correlation in the AI group (p = 0.02) (Figure 4). The
median levels of the different cytokines in the plasma of
Indian patients are given in Table 4. IL-10 and TNF levels
were higher in CM patients than in controls and other P.
falciparum-infected patients. The plasma concentrations of
these cytokines were moderate in cured CM patients
(ExCM). Their levels of IL-10 and TNF were slightly higher
in endemic controls than in non-endemic controls. Levels
of IFN- were lower in the CM group than in AI group. No

Table 2: Day 0, day 7 and day 30 median IgE levels per clinical group in the Gabonese population.

Total IgE (μg/ml) EC (min-max) AI (min-max) UM (min-max) SM (min-max) CM (min-max)

Day 0 0,525 (0,009–25,47) 0,677 (0–41,96) 0,690 (0,015–13,173) 1,132 (0,016–9,915) 0,922 (0,093–16,34)
Day 7 0,582 (0,0144–5,644) 0,448 (0,0192–3,188) 0,516 (0,011–5,228) 0,836 (0,016–5,689) 8,033 (8,033–8,033)
Day 30 1,026 (0,044–2,628) 0,977 (0,056–7,446) 0,151 (0,052–3,925) 0,662 (0,011–6,315) ------

EC – endemic control, AI – asymptomatic infected, UM – uncomplicated malaria, SM – severe malaria (non-cerebral), CM – cerebral malaria.

A. Total IgE correlation with age in the Gabonese population (significant spearman correlation, p = 1.0 × 10-9)Figure 2
A. Total IgE correlation with age in the Gabonese population (significant spearman correlation, p = 1.0 × 10-9). B. Total IgE 
correlation with parasitaemia in the Indian population. Significant Spearman correlation (p = 0,0001).
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difference was found for the levels of IFN-γ between the
uncomplicated and severe disease. Although, there was a
significant correlation between IgE levels and IFN-γ (Fig-
ure 5A), TNF (Figure 5B) and IL-10 (Figure 5C) levels
when looking at all the groups combined. Most diseased
groups had high cytokine levels, whereas control groups
had lower levels (Figure 5A, B and 5C).

Discussion
The main feature of this study is the comparison of total
and functional P. falciparum-specific IgE responses in two
populations of low and high malaria transmission levels,
India and Gabon respectively and their relationship with
disease severity. Several clinical groups were compared:
endemic non-infected controls, asymptomatics and dif-
ferent clinical manifestations including uncomplicated,
severe non-cerebral and cerebral malaria.

Indian and Gabonese individuals exhibited a different
range of plasma levels of circulating IgE These cohorts had
a different age range, with the Gabonese groups being
children from 0 to 6 years of age, whereas Indian patients
had a mean age of 30 years. In the two populations, irre-
spective of its concentration and also consistent with pre-
viously published data, the IgE distribution tended to
increase upon parasite stimulation [8,10,11]. In the
Indian population, circulating IgE levels were seven times
higher in endemic controls than in non-endemic controls.
This suggests that exposure to the parasite strongly influ-
ences the production of IgE, although this difference may
also be due to other endemic factors [7]. Nevertheless, it
was reported that IgE levels were greatest in patients devel-
oping severe disease than in CM group (Figure 1A and
1B). When considering the percentage of patients that
produce high levels of IgE per group, it was shown that IgE

Table 3: Cytokine distribution in the Gabonese population: median TNF, IFN-γ and IL-10 levels per clinical group.

EC (min-max) AI (min-max) UM (min-max) SM (min-max) CM (min-max)

TNF (pg/ml) 41 (8–94) 36 (0–395) 8 (0–440) 175 (1–442) 209 (0–1520)
IFN-γ (pg/ml) 3,2 (0–8) 9,5 (0–31) 5 (0–395) 4 (0–201) 6,2 (2,5–9)
IL-10 (pg/ml) 14 (0–83) 102 (0–317) 134 (0–1380) 339 (0–5200) 95 (0–2300)

EC – endemic control, AI – asymptomatic infected, UM – uncomplicated malaria, SM – severe malaria (non-cerebral), CM – cerebral malaria.
Comparing group by group with the Endemic control: TNF was significantly lower in UM (p = 0,0006); IFN-γ was significantly higher in AI and CM 
(p = 0,02 and p = 0,007, respectively); IL-10 was significantly higher in UM (p = 0,0009), SM (p = 0,0001) and CM (p = 0,0001)

Percentage of patients with positive functional IgE against parasite antigen in the Gabonese and Indian populationsFigure 3
Percentage of patients with positive functional IgE against parasite antigen in the Gabonese and Indian populations. A. Distribu-
tion of patients with positive anti-parasite functional IgE, exhibiting different intensities of enzyme release per clinical group in 
the Gabonese population (low enzyme release, from 5 to 10%; moderate enzyme release, from 10 to 30%; and high enzyme 
release, greater than than 30%). B. Distribution of patients with positive anti-parasite functional IgE in the Indian population.
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levels are higher in UM and SM (Figure 1C and 1D) than
in CM patients who had values similar to that of the con-
trols [8,24]. In addition, the median levels of circulating
IgE in the ExCM group were close to that of the CM group.
Also, no significant correlation was found between both
IgE and TNF levels in the CM group. These observations
are contrary to published data describing increased IgE
levels that correlate with high concentrations of circulat-
ing TNF, a cytokine associated with malaria severity and
also with pRBC adherence on brain capillary endothelial
cells [9,10,25,26]. The results suggest that either IgE does
not play an important role in CM pathogenesis, or that
these antibodies may participate in the parasite sequestra-
tion into the brain or other organ capillaries [24].

There was a significant increase in IgE levels with age in
Gabonese children independent of the disease group (Fig-
ure 2). This increase in IgE production between 0 and six
years of age may also reflect an increase in the capacity of
the immune system to respond to parasite infections
[7,27]. Such a correlation was not found in Indian groups.
This would be expected because the Indian groups com-
prised mainly adults, with the few children being older
than five years. Although most of individuals in the
Gabonese endemic control group had already been in
contact with the parasite, as demonstrated by the high
titres of specific antibody to P. falciparum-infected red
blood cells observed in these children, the median plasma
IgE concentrations were compared with those of the
Indian NEC group. Although the median total IgE levels
in the Indian NEC groups was higher than that of the
Gabonese EC group, suggesting that age could be an
important factor in IgE production, the higher IgE levels
in the Indian population may also be interpreted as the
result of either environmental factors, such as predomi-
nance of food allergies, of the genetic background, which
may predispose to developing IgE responses [13,27,29-
32] or of a co-infection with other parasites, such as
helminths affecting the IgE responses in these patients
[33,34]. In the Gabonese cohorts, IgE levels tended to cor-

relate negatively to parasitaemia except in UM whereas all
patient groups from India showed a positive correlation.

The pool of circulating IgE comprises both monomeric
and complexed immunoglobulins [35,36]. A functional
test was performed, based on the ability of the circulating
IgE from the sera of different patient groups to induce
degranulation of mast cells in the presence of pRBC anti-
gens to better estimate the P. falciparum specific IgE
response. This test does not provide specific IgE concen-
tration within total IgE. It is based on the specific IgE
induced percentage of mast cells degranulation. Degranu-
lation was measured by quantifying β-hexosaminidase
release. Functional P. falciparum-specific IgEs were
detected in randomly chosen patients from all groups in
both the Gabonese and Indian populations, except for
ExCM Indian patients. The highest percentage of patients
with functional anti-parasite IgEs was found in the
Gabonese AI and UM and Indian EC and UM groups,
which decreased in the SM and CM groups (Figure 3A and
3B). This suggests a protective role for P. falciparum-spe-
cific IgE, and is consistent with previous published data
[13,14].

Although the CM group had a low percentage of patients
able to induce degranulation, it was the only group where
there was one patient serum inducing a mast cell degran-
ulation above 30%. This intense response may be associ-
ated with the presence of IgE with higher affinity for P.
falciparum antigens, as previously reported by Gonzalez-
Espinosa et al. [37]. However, the level of degranulation
can also be enhanced by the number of receptors involved
in recognizing the antigen-IgE complex, which can
strongly affect the size of the secretory response [37,38].
There was no evident correlation between the level of
functional P. falciparum-specific IgE (percentage of
enzyme release) and the level of total IgE per group within
each population. This is unsurprising, given that both the
monomeric and complexed forms of circulating parasite-
specific IgE can affect the level of degranulation [39-41]. It

Table 4: Cytokine distribution in the Indian population: median TNF, IFN-γ and IL-10 per clinical group.

NEC (min-max) EC (min-max) UM (min-max) SM (min-max) CM (min-max) ExCM (min-
max)

TNF (pg/ml) 57 (39–73) 78 (63–120) 180 (119–207) 200 (173–381) 530 (258–1227) 81 (69–124)
IFN-γ (pg/ml) 23 (10–31) 22 (17–201) 119 (70–153) 127 (111–200) 65 (45–101) 32 (11–53)
IL-10 (pg/ml) 13 (5–26) 22 (11–31) 120 (97–147) 176 (121–253) 301 (175–506) 85 (40–108)
IL-4 (pg/ml) 18 (8–40) 58 (23–84) 65 (31–204) 69 (50–89) 62 (40–85) 48 (29–80)

NEC – non endemic control, EC – endemic control, UM – uncomplicated malaria, SM – severe malaria (non-cerebral), CM – cerebral malaria, 
ExCM – Ex-cerebral malaria.
Comparing group by group with the Endemic control: TNF was significantly lower in NEC (p = 0,0006) and higher in UM (p = 1,19 × 10-7), SM (p 
= 1,01 × 10-5) and CM (p = 2,26 × 10-7); IFN-γ was significantly higher in all diseased groups (UM – p = 5,11 × 10-6, SM – p = 1,01 × 10-6, CM – p 
= 9,71 × 10-6); IL-10 was significantly higher in all diseased groups (UM – p = 1,04 × 10-7, SM – p = 1,01 × 10-5 and CM – p = 2,46 × 10-7).
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is also acceptable that total IgE levels were not directly cor-
related to FcåRI upregulation levels [40,42]. The mini-
mum level of receptors occupied by the parasite antigen-
specific IgE complex required to induce a degranulation
response is 10%. Consequently, this response will be
independent of the total IgE levels [20]. An increase in
specific IgE levels has been also seen in other parasitic
infections, such as helminthiasis, in which the specific
IgEs usually help to eliminate the pathogens either
through hypersensitivity reactions resulting from mast
cell degranulation or by inducing antibody-dependent
cell-mediated responses [27].

High levels of IgE in P. falciparum-infected individuals
have been shown to be due to an underlying imbalance in
favour of IL-4 in the ratio of CD4+ T cell producers, which
are responsible for the IgG/IgM isotype switching to IgE
[10]. High levels of circulating IL-4 have also been associ-
ated with a greater parasite antigen-specific production of
IgE in individuals less susceptible to malaria [13]. Also,
Th1-type pro-inflammatory cytokines, such as IFN-γ and
TNF are thought to play an important role in the both pro-
tecting against and increasing the pathogenesis of cerebral
malaria [3,4,22]. Plasma TNF, IFN-γ and IL-10 levels were
measured in both the Indian and Gabonese groups. In the

IL-10 correlation with total IgE levels in the Gabonese populationFigure 4
IL-10 correlation with total IgE levels in the Gabonese population. Dashed line - Asymptomatic patients (significant negative 
spearman correlation, p = 0.025). Bold line -  Uncomplicated malaria patients (significant positive correlation, p = 0.017).
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Gabonese groups, no direct correlation was found
between IgE and IFN-γ or TNF levels in the UM, SM and
CM patients. However, the level of IgE production was
correlated to IL-10 levels in UM and AI patients (Figure 4).
In this group, there was a positive association between IL-
10 levels and parasite load, but not between IgE levels and
parasitaemia. In the Indian groups, IFN-γ, TNF and IL-10
levels were all significantly correlated with IgE levels inde-
pendent of the group (Figures 5A, B and 5C). When look-
ing for a correlation per group, no significant statistic
value was found. IL-4 is the main cytokine responsible for
IgE production, inducing antibody isotype switching from
IgG and IgM to IgE [10]. Previous studies have shown an
association between the IL-4/IFN-γ levels and IgE levels,

suggesting an induced Th2-type switched response [43].
As IL-4 levels were different between groups only in Indi-
ans, a correlation was expected between this ratio and IgE
levels, and surprisingly, the results showed an opposite
correlation (p = 0,012). The levels of IL-4 remained
almost constant across all groups as IgE levels increased.
Therefore, this opposite correlation arises due to a parallel
increase in both IFN-γ and IgE levels. This suggests that, in
the Indian population, IL-4 does not seem to directly
influence IgE levels. It has been shown experimentally
that there are conditions under which alternative mecha-
nisms may induce IgE production independent of IL-4
[44]. Regarding other cytokine ratios, like TNF/IL-10, no
significant correlation was found with total IgE levels.

Cytokine correlation with IgE levels in the Indian populationFigure 5
Cytokine correlation with IgE levels in the Indian population. A. TNF correlation with total IgE levels (significant positive spear-
man correlation, p = 0.0037); B. IFN-γ correlation with total IgE levels (Significant positive spearman correlation, p = 0.0028); 
C. IL-10 correlation with total IgE levels (significant positive spearman correlation, p = 0.0051).
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In conclusion, these results showed that total IgE levels
increased in infected patients, mainly in UM and SM
patients but not in CM patients. The decrease in total IgE
levels in the CM group was associated with a higher inten-
sity of mast cell degranulation induced in vitro by P. falci-
parum-specific IgE. In addition, no correlation was found
between total and functional P. falciparum-specific IgE lev-
els.

The results reported here show the high activity of func-
tional circulating P. falciparum-specific IgE in asympto-
matic malaria patients. However, no correlation was
observed between plasma levels of total IgE, the disease
phenotype and the cytokines pattern in the different
groups of patients studied. The opposite association
between pro- and anti-inflammatory cytokine ratios and
IgE levels reveals the complexity of immune response dis-
ruption occurring during malaria in patients from low
and high malaria endemic region.
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George, Caroline L. S., Misty L. White, Katarina Kulhankova,
Aditya Mahajan, Peter S. Thorne, Jeanne M. Snyder, and Joel N.
Kline. Early exposure to a nonhygienic environment alters pulmonary
immunity and allergic responses. Am J Physiol Lung Cell Mol Physiol
291: L512–L522, 2006. First published March 23, 2006;
doi:10.1152/ajplung.00278.2005.—The hygiene hypothesis suggests
that early life exposure to a nonhygienic environment that contains
endotoxin reduces the risk of developing allergic diseases. The mech-
anisms underlying the hygiene hypothesis are unclear and may in-
volve subtle immune system interactions that occur during maturation.
Experimental objectives of this study were to use a novel animal
model to test the hygiene hypothesis and to characterize early life
immune system responses to a nonhygienic environment. Mice were
reared in corn dust, a grain-processing byproduct with a high-endo-
toxin content and microbial products or in a low-endotoxin environ-
ment. The influence of early or later life exposure to corn dust on a
subsequent allergen stimulus (ovalbumin) was assessed by bronchoal-
veolar lavage (BAL) cell analysis, lung histology, serum IgE, and
BAL cytokine measurements. The influence of the corn dust environ-
ment on the developing pulmonary immune system was assessed by
BAL cell analysis and immunostaining of lung tissue. The corn dust
environment contained significantly more endotoxin (P � 0.001), and
the dust exposures attenuated the cellular inflammatory response to
ovalbumin in the adult mouse (P � 0.01) but did not reduce serum IgE
levels or alter baseline BAL fluid proinflammatory cytokine levels.
The corn dust environment did not induce significant neutrophilia in
lavage fluid but significantly increased the number of antigen-present-
ing cells in alveolar walls early in life by �37%. In conclusion,
exposure to a nonhygienic environment did not induce significant
airway neutrophilia, yet altered the population of immunologically
active cells in the lung and reduced subsequent allergic inflammation.

hygiene hypothesis; immune system; development; rodent

IN RECENT DECADES, THE PREVALENCE of asthma has risen dramat-
ically in industrialized nations, whereas inhabitants of under-
developed countries appear to be protected from this phenom-
enon. The “hygiene hypothesis” (36) describes an association
between the environment and reduced incidence of atopic and
asthma disease. It is strengthened by epidemiological data that
demonstrate an influence of early life environment on the
development of immune tolerance (28). Environmental condi-
tions associated with a reduced risk of developing allergic
disease include large family size, rural homes, low antibiotic
use, and poor sanitation (4, 5, 36, 47). Each of these conditions
can be characterized by an increased exposure to microbes and
microbial products early in life.

The innate immune system comprises the first line of de-
fense in the lung and initiates an immune response after
exposure to microorganisms or foreign antigens. Portions of
the innate immune system are present in the developing fetus
or newborn, whereas other components are not yet fully func-
tional at birth. The appearance of dendritic cells in the lung
occurs during the first year of life (42). Dendritic cells exist in
the lung in an immature state. They respond to antigens in the
environment by changing their phenotype (35) and can play a
pivotal role in influencing the developing immune system (12,
25), specifically lymphocytes. Lymphocytes, in turn, influence
the response to microbial or allergic stresses in the environ-
ment (17).

Animal models have been devised to explore the influence of
endotoxin, a key component of a nonhygienic environment, on
the innate immune system and the development of an atopic
response. As a model for endotoxin exposure, purified endo-
toxin is often delivered directly to the airway via intratracheal
instillation or as an aerosolized solution. We and others have
used murine models in which endotoxin solutions are inhaled
to mimic agricultural or domestic exposures (8, 9, 30, 44).
Analyses of environmental endotoxin exposure in most epide-
miological studies are performed by quantifying endotoxin
from airborne dust and dust collected from mattresses and
floors (40, 41, 47). When endotoxin levels observed in these
domestic and occupational environments are compared with
the levels of exposure in animal models, experimental animals
are often exposed to considerably higher levels of endotoxin.
Importantly, both domestic and agricultural dusts contain en-
dotoxin in addition to other immunologically active compo-
nents (32). Therefore, studies concerning the influence of
complex, naturally occurring organic dusts on the developing
lung and immune system are needed to address questions about
environmental exposures that cannot be answered by using
purified endotoxin.

One aim of the present study was to explore the influence of
an endotoxin-containing nonhygienic environment on the sus-
ceptibility to atopic airway inflammation. A second goal was to
define the pulmonary inflammatory response to this nonhy-
gienic environment during development. We used grain dust,
an environmental model of agricultural exposure that is rich in
endotoxin and other microbial components, in this study (32).
We hypothesized that early life exposure to organic dust with
a high concentration of endotoxin would modulate allergic
immune responses later in life and also that this exposure
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would be associated with a neutrophilic response in the bron-
choalveolar lavage (BAL) fluid. Our experiments demonstrate
that subchronic exposures to corn dust either very early in life
or later in life attenuate the allergic inflammatory response of
the lung in mature animals without modulating systemic levels
of ovalbumin-specific IgE or levels of proinflammatory cyto-
kines in BAL fluid. In addition, early life exposure to a corn
dust environment did not result in pulmonary neutrophilia but
rather increased the numbers of antigen-presenting cells in the
lung.

MATERIALS AND METHODS

Materials. All materials were purchased from Sigma (St. Louis,
MO) unless otherwise specified.

Environmental exposure. Two types of environmental exposures
were created. The hygienic environment (control) consisted of a
standard mouse cage lined with Cellu-Dri, a cellulose fiber animal
bedding (Shepherd Specialty Papers, Kalamazoo, MI) used by our
animal care facility. Dust collected from the grain-drying system
located outside at a local grain elevator that processed corn was used
as bedding material to create the nonhygienic environment (experi-
mental). Breeding pairs were housed in control bedding or corn dust
bedding, and their litters either remained in these environments or
were placed into the corn dust bedding as indicated. In preparation for
the allergen studies, some mice were born into the control bedding and
then were placed into corn dust bedding at 4 wk of age until the end
of the study to create a “subchronic” exposure to a nonhygienic
environment. Other mice were born and reared into the corn dust
bedding and then moved into control bedding at 3 wk of age to create
an “early life” exposure to corn dust. Three weeks of age was selected
as the end point of the early life exposure to coincide with weaning
from the mother.

The control and experimental bedding materials were assessed for
endotoxin content by use of the kinetic chromogenic Limulus ame-
bocyte lysate (LAL) assay (Whittaker Bioproducts, Walkersville,
MD) (38). Our LAL kit conversion from endotoxin units (EU) to
nanograms was 9 EU/ng. Ambient dust particles from both environ-
ments were collected with a Button aerosol sampler (Eighty Four,
SKC), an aerosol-sampling device specifically designed to obtain a
representative sample of airborne dust in an environment. The endo-
toxin content of the airborne particulate matter was assessed by the
LAL assay. This allowed us to calculate the concentration of airborne
endotoxin (EU/m3) in cages of individual animals. The size of
ambient particles from the control and experimental environments
was determined by a Grimm portable dust monitor (series 1.100;
Grimm Technologies, Douglasville, GA).

ELISA for (1–6)-branched, (1–3)�-D-glucan. Fungal cell wall
components were detected by ELISA, as recently described (22).
Briefly, the dust samples were suspended in pyrogen-free PBS with
0.05% Tween 20. Samples were agitated for 1 h at room temperature,
autoclaved at 120°C for 1 h, and then centrifuged at 600 g for 20 min.
The ELISA plates were prepared by coating with a mouse monoclonal
anti-(1–6)-branched, (1–3)�-D-glucan antibody (Murex Biotech Lim-
ited). A 100-�l sample was applied to the coated plates in serial
twofold dilutions. The plates were washed, and then a custom rabbit
anti-Scleroglucan polyclonal antibody (1:2,500) was added and incu-
bated for 1 h. The washed plates were incubated with goat anti-rabbit
IgG horseradish peroxidase (Bioscience, Camarillo, CA). The washed
plates were developed with tetramethylbenzidine substrate, and then
the reaction was stopped with 0.18 M H2SO4 and read at 405 nm
optical density (OD). A standard curve was created with purified
Scleroglucan extract (kindly provided by Dr. David William, East
Tennessee State University).

Microorganism determination. Microorganisms contained within
the corn dust bedding were detected by culture assay by previously

described methods (39). Specifically, three types of culture media
were employed in duplicate to determine the total bacteria, gram-
negative enteric bacteria, and total fungi load within the corn dust
bedding.

Animals. Mice (6- to 8-wk-old C3HeB/FeJ) were purchased from
Jackson Laboratories (Bar Harbor, ME). All mice were housed to-
gether in an isolation cubicle with microisolation lids on each cage.
Breeder mice were acclimated to either the control or corn dust
environment for 2 wk before they were paired. Litters were main-
tained in either the corn dust or control bedding environments. Some
animals were euthanized on day of life (DOL) 10, DOL 16, or DOL
21 to characterize the effects of the control and corn dust bedding
environments on the developing immune system. At 21 days of age,
all mice were weaned and placed into a control bedding environment.
Weaned mice received water-softened mouse chow (Formulab Chow
5008; Purina Mills, Richmond, IN) until it was determined that they
could obtain adequate nutritional support from the dry mouse chow.
Mice were provided water and food ad libitum. Animal care and
housing requirements set forth by the National Institutes of Health
Committee on Care and Use of Laboratory Animal Resources were
followed. The University of Iowa Institutional Animal Care and Use
Committee approved the protocols used in this study.

Allergen exposure. At 8 wk of age, mice raised in a control bedding
environment and mice exposed to corn dust either early in life or as a
subchronic exposure starting at 4 wk of age were sensitized and
challenged to the allergen ovalbumin as previously described (14, 16).
Briefly, the mice were sensitized to ovalbumin via an intraperitoneal
injection (100 �l) of 20 �g ovalbumin emulsified in 2 mg alum on
allergen exposure days 0 and 7. Mice were then challenged by
inhalation of ovalbumin (1% solution in normal saline, generated by
an Aero-Tech nebulizer, CIS-US) for 30 min on days 14 and 16.
Animals were then killed on day 18 of the allergen exposure, at 74
days of age.

BAL cell collection. Mice were euthanized with an overdose of
Nembutal (150 mg/kg) and their tracheas were cannulated with PE
tubing sized according to their age. We adapted our previously
published protocol to accommodate smaller mice (9). The lungs of
mice 10–21 days of age were lavaged with 2 ml of pyrogen-free
normal saline (Baxter), and adult animals were lavaged with 4 ml of
normal saline. Normal saline was allowed to passively flow into and
out of the lungs in aliquots ranging from 100 �l to 1 ml according to
the size of the animal. The collected lavage fluid was centrifuged at
830 g for 5 min at 4°C. The pelleted cells were then resuspended in
200 �l of HBSS. With the use of a hemacytometer and trypan blue
staining, a count of living cells was obtained. In our laboratory, 98%
of the cells collected from lavage fluid using this technique were live
cells. A cytospin preparation of 75–100 �l of the resuspended cells
was stained with Hema 3 stain set (Fisher Scientific, Middletown,
VA) to obtain a cell type differential count. Cell types counted were
macrophages, lymphocytes, neutrophils, and eosinophils. All total and
differential cell counts were performed on masked slides by two
independent observers and then averaged for each animal.

Cytokine determination. Cytokine identification and quantification
from BAL fluid collected from 10-wk-old mice were performed using
a multiplex protein kit that utilizes fluorescence antibody capture
techniques (Novagen, Madison, WI). The cytokines detected in this
assay were IL-1�, IL-1�, IL-2, IL-4, IL-6, IL-10, IL-12 p70, granu-
locyte macrophage-colony stimulating factor (GMCSF), IFN-�, and
TNF-�. BAL fluid was collected, and the cellular components were
removed by centrifugation as described above. The supernatant was
stored at �80°C until analyzed. Once thawed, the samples were
diluted 1:1 with assay diluent and assayed per the manufacturer’s
instructions. The range of cytokine concentration detection was
5–2,500 pg/ml.

Immunoglobulin assay. Our protocol was adapted from a previ-
ously described method (29). Briefly, serum levels of ovalbumin-
specific IgE were measured by capture ELISA. Ninety-six-well plates
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were incubated with 10 mg/ml ovalbumin in RPMI 1640 medium.
After an overnight incubation, wash, and blocking step with 10% FCS
in PBS, duplicate samples of serum (1:50 dilution) were incubated
overnight in the plate at 4°C. After a washing step, ovalbumin-
captured IgE was detected with biotinylated rat anti-mouse-IgE (clone
R35–118, BD PharMingen, San Diego, CA). After another washing
step, avidin peroxidase (BD PharMingen) was added to each well. The
reaction was developed by adding tetramethylbenzidine substrate (BD
PharMingen) after a final washing step. Units were reported as OD
readings at 450 nm. The control, unexposed animal values were made
equal to 1, and the values for the exposed animal were adjusted
accordingly.

Immunohistochemistry. Mice (21 days old) were euthanized, their
trachea cannulated with PE-50 tubing, and their lungs inflated with 0.5
ml 70% OCT compound (Sakura Finetek USA, Torrance, CA) in PBS
and then frozen in an acetone-dry ice bath. Frozen sections of lung
tissue (5 �m) were first fixed in cold acetone-ethanol (3:1), pretreated
with 0.3% hydrogen peroxide in PBS containing 0.3% horse serum,
and then blocked with an avidin and biotin blocking kit (Vector
Laboratories, Burlingame, CA). The tissue sections were then incu-
bated with an MHC class II anti-mouse I-Ek antibody (clone 17-3-3,
BD PharMingen). The “Mouse on Mouse” light microscopy or fluo-
rescein kits from Vector were used to process the tissue sections per
instructions from the manufacturer. Slides for light microscopy were
developed with 4% diaminobenzedine and counterstained with Mey-
er’s hematoxylin. Light microscopy images of lung tissue were
captured with a Spot Jr. digital camera. Dendritic cells were similarly
identified with an antibody specific for the surface marker CD11c
(clone N418, Serotec, Raleigh, NC) and processed with streptavidin
Alexa Fluor 568 for immunofluorescent staining. The antibody di-
luent, PBS, was used without the primary antibody as a control.
Confocal microscopy images of immunofluorescence were captured
with a Zeiss 510 microscope. For quantitative analysis of the antigen-
presenting cells within lung tissue, two individuals blinded to the
condition counted the number of I-Ek-positive cells per �20 alveolar
field or the number of positive cells within the intraepithelial area of
a conducting airway using light microscopy. Consecutive alveolar
images from the inferior portion of the left lung were obtained
avoiding large blood vessels and conducting airways. As previously
described, images of conducting airways were collected, and ob-
liquely cut conducting airways were not analyzed (8). To obtain the
ratio of CD11c	 I-Ek	 cells to CD11c� I-Ek	 cells, two observers
counted 100 consecutive fluorescent cells. The data were collected
from four or five images/animal and averaged between the two
individuals.

Assessment of perivascular inflammation. Adult mice were eutha-
nized, their right heart flushed with PBS, and their trachea cannulated
with PE-90 tubing. The lungs were inflated with zinc-formalin solu-
tion (LABSCO, Louisville, KY) at a pressure head of 25 cmH2O.
Whole lungs were processed into paraffin blocks and sectioned
posterior to anterior in a caudal-cranial plane. Lung tissue sections 5
�m thick, obtained 75 �m from the posterior aspect, were mounted
onto glass slides. These lung sections were stained with hematoxylin
and eosin. A perivascular inflammatory grading scale was adapted
from a previously published study that focused on the number and
density of mononuclear cells within the perivascular areas of intersti-
tial blood vessels (18). Our scale ranged from 1 to 4, with grade 1
defined as none to few mononuclear cells (as typically seen in the
majority of control animals), grade 2 defined as mononuclear cells 1
or 2 cells thick around the vessel, grade 3 defined as perivascular areas
two to three cells thick surrounding the vessel, and grade 4 defined as
densely packed (
5 cells thick) inflammatory cells of at least �50%
of the vessel. Two individuals blinded to the condition assessed 100
blood vessels per animal and graded them according to the degree of
mononuclear inflammatory cells in the perivascular area. The percent
of blood vessels in each grade for each animal (n � 7–10 animals/
group) was averaged between the two observers.

Statistics. Student’s two-sample t-test was used to compare means
between two groups for normally distributed data. For comparing
multiple groups to test for the effect of two factors (i.e., exposure
condition and age) and their interaction, 2-way ANOVA was used.
Bonferroni adjustment of the P value was applied when multiple
comparisons were performed. For variables that were not normally
distributed, such as cell count, a geometric mean was calculated. A P
value of �0.05, or less than the critical P value using the Bonferroni
adjustment, was considered statistically significant. All data are ex-
pressed as means � SD. The degree of interobserver agreement of the
inflammatory score was measured by the interobserver coefficient of
variation and the intraclass correlation, with an intraclass correla-
tion 
0.75 considered to be very good agreement. The interclass
correlation between the two observers was 82% with 95% confidence
intervals. All the statistical analysis for this study was performed with
SigmaStat 3.0 software.

RESULTS

Characterization of the environmental exposures. The corn
dust that was used as bedding material contained a 57 times
greater concentration of endotoxin compared with the control
bedding [1,246 � 341 EU/mg in the corn dust (0.14 �g/mg) vs.
22 � 13 EU/mg (0.002 �g/mg) in the control bedding; P �
0.001]. Endotoxin measurements were also obtained from
control bedding animal cages with three mice per cage, at four
time points (time 0, 24 h, 72 h, and 7 days). The mean
endotoxin concentration in the control bedding over time was
5.55 � 6.42 EU/mg bedding, with a range of 1.78–15.12
EU/mg. Therefore, the contribution of mice living in a cage
over time toward the total endotoxin exposure was negligible
compared with the high concentration of endotoxin in the corn
dust. The corn dust bedding contained 0.27 �g/mg (1–3)�-D-
glucan, 760 colony forming units (CFU)/mg culturable fungi,
540 CFU/mg culturable mesophilic bacteria, and 30 CFU/mg
culturable thermophilic bacteria. In comparison, the control
bedding contained �10 CFU/1,000 mg fungi and �3 CFU/
1,000 mg mesophilic bacteria. Size distribution analysis of
ambient particles obtained from representative animal cages
that contained either corn dust or control bedding demonstrated
that over 90% of airborne particles were smaller than 1 �m
aerodynamic diameter in both environments (Fig. 1). The
average concentration of airborne particulate matter in the corn
dust bedding environments was similar to the control bedding
environments (0.61 � 0.59 mg/m3 vs. 0.49 � 0.41 mg/m3,
respectively). The inhalable airborne endotoxin concentration
averaged 620 � 198 EU/m3 (0.07 �g/m3) in the corn dust
bedding environments and was significantly higher (P �
0.001) than in the control environments [43 � 1.78 EU/m3

(0.005 �g/m3)].
Both early life and later life subchronic exposure to corn

dust reduce atopic airway inflammation. The airway response
to sensitization and challenge with ovalbumin in mice raised in
control bedding was compared with that of mice who experi-
enced a subchronic corn dust bedding exposure (4 wk of life
through the end of the experiment) or an early life exposure to
corn dust (from conception through 3 wk of age). Ovalbumin-
treated mice raised in control bedding developed significant
BAL pleocytosis and eosinophilia compared with untreated
mice (Fig. 2A; P � 0.001). Mice with a subchronic exposure to
the corn dust bedding developed significantly less cellular
airway inflammation (Fig. 2A; P � 0.01) and BAL eosinophilia
(Fig. 2B; P � 0.05) than did those mice raised in control
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bedding. Interestingly, mice with only an early life exposure to
corn dust bedding also demonstrated significantly fewer total
BAL cells (Fig. 2A; P � 0.01) as well as BAL eosinophilia
(Fig. 2B; P � 0.05) compared with mice reared in control
bedding, in response to ovalbumin treatment.

Early life exposure to corn dust bedding alters the perivas-
cular but not peribronchial inflammatory response. Histolog-
ical examination of lung tissue demonstrated peribronchial
inflammatory changes after ovalbumin treatment compared
with mice not treated with ovalbumin (Fig. 3). Similar inflam-
matory changes around the conducting airways were observed
in ovalbumin-treated mice reared in either control bedding or
corn dust bedding. However, a key difference between the
groups was seen in ovalbumin-induced development of a
perivascular monocytic infiltrates (Fig. 4A). Using an inflam-
mation scoring method for perivascular responses (18) (Fig.
4B), we found that mice with early life exposure to corn dust
demonstrated a significant reduction in intensity of perivascu-
lar inflammation compared with control mice, after ovalbumin-
treatment (Fig. 4C) (18). There was a significant decrease (P �
0.05) in ovalbumin-induced grade 3/4 perivascular inflammation
in mice exposed to corn dust early in life and a corresponding
increase in grade 1/2 perivascular inflammation (Fig. 4C).

Corn dust exposure does not alter the induction of ovalbu-
min-induced antibodies. Despite a modulation of ovalbumin-
induced airway inflammation by early life exposure to corn
dust, the systemic response to ovalbumin was not affected.
This was demonstrated by an ELISA determination of ovalbu-
min-IgE levels in serum that showed there was no difference
between ovalbumin-treated mice with and without an early life
exposure to corn dust (OD � 15.08 � 2.74 and 18.40 � 2.20,
respectively; P 
 0.1, determined by Student’s t-test, from 3
separate experiments).

Corn dust bedding exposure does not induce pulmonary
inflammation. To evaluate whether exposure to the corn dust
alone may induce significant airway inflammation, we evalu-
ated the pulmonary cellular response of adult mice from the
four environmental exposure groups. We found no significant
difference in total BAL fluid cell number (Fig. 5A) or airway
neutrophilia (Fig. 5B) between the control mice or mice ex-
posed to corn dust early in life, later in life, or continuously.
The majority of BAL cells in all animals were alveolar mac-
rophages (
85%), whereas neutrophils averaged only 7% of

Fig. 1. Graphic representation of particle size data collected from 2 mouse
cages containing control (A) or corn dust (B) bedding. Data represent percent-
age of ambient particles counted in each size channel by a Grimm portable dust
monitor. Ambient particle endotoxin concentrations were assayed during five
24-h sample collection periods throughout the experimental period using a
Button sampler, gravimetric analysis, and the Limulus amebocyte lysate assay.
The dust exposure and endotoxin data are presented as means � SD. EU,
endotoxin unit.

Fig. 2. A: number of total cells in bronchoalveolar lavage (BAL) fluid in
74-day-old mice, with (	) and without (�) ovalbumin (OVA) treatment.
Animals treated with OVA had significantly more cells compared with non-
OVA-treated animals (*P � 0.001 by 2-way ANOVA). OVA-treated mice
with a subchronic exposure to corn dust (CD) bedding (from 4 wk of life until
the end of the OVA treatment) had significantly fewer cells in BAL fluid than
untreated control mice (control 	 OVA vs. subchronic CD 	 OVA; †P �
0.01, 2-way ANOVA). Ova-treated mice with an early life exposure to corn
dust bedding (from conception until 3 wk of life) also had a significant
decrease in total cells in BAL fluid compared with OVA-treated control
bedding mice (control 	 OVA vs. early CD 	 OVA; †P � 0.01). B:
eosinophils in BAL fluid were significantly reduced in number after OVA
treatment in mice with either a subchronic or early life exposure to corn dust
(*P � 0.05, Student’s t-test) compared with mice reared in control bedding.
Mice that did not receive OVA treatment do not have eosinophils in their BAL
fluid (data not shown). Data are means � SD; n � 10–17 animals/condition.
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the BAL cells. Cytokine analysis of BAL fluid similarly
demonstrated that exposure to corn dust-bedding did not sig-
nificantly alter the concentration of IL-6, IL-10, IL-12,
GMCSF, IFN-�, or TNF-�, compared with control bedding
exposed animals (Fig. 6). Interestingly, the number of neutro-
phils and the concentration of TNF-� in BAL fluid were lowest
in the subchronic group; however, these changes were not
statistically significant. Other cytokine proteins detected in this
assay were below the level of detection in the BAL fluid.

Maturation of pulmonary immune cells. To better under-
stand the immune effects of early life environment, control and
corn dust-exposed mice were compared at several time points.
Between DOL 10 and DOL 21, there was a rapid and signif-
icant increase in the number of immune cells present in BAL
fluid (Fig. 7A). At DOL 10, eosinophils comprised a sizable
proportion of the BAL cells isolated from mice raised in
control bedding as well as those raised in corn dust bedding
(Fig. 7B), consistent with the understanding of the normal early
life immune environment being Th2 skewed. During this
period of development, mice reared in corn dust bedding
demonstrated significantly more eosinophils compared with
control mice (P � 0.05). As the animals mature, the eosinophil
numbers decreased toward adult levels (�0.5% of total BAL
cells), whereas alveolar macrophages increased proportion-
ately throughout maturation (data not shown). Mice reared in
the corn dust bedding tended to have increased numbers of
neutrophils in their BAL fluid; however, this difference did not
reach statistical significance (P � 0.054, DOL 10–21) (Fig.
7C). By DOL 21, mice reared in either environmental condi-
tion had a BAL fluid cell profile similar to that observed in
adult mice (9).

Pulmonary antigen-presenting cells in the lung parenchyma
were evaluated by immunostaining. MHC class II (I-Ek)-
positive cells were detected within the epithelium of the con-
ducting airways and surrounding areas as well as within alve-

olar walls (Fig. 8A). At DOL 21, there was a significant (P �
0.01) increase in the number of MHC class II-positive cells
within the alveolar spaces of mice reared in corn dust com-
pared with the number of cells in mice reared in control
bedding (Fig. 8B). There was, however, no significant differ-
ence in the number of MHC class II-positive cells within the
epithelium of conducting airways in mice reared in control
bedding vs. those reared in corn dust (Fig. 8B).

We hypothesized that the increased antigen-presenting cell
populations in the lung were likely to be dendritic cells. This
was suggested by the localization of the MHC class II-positive
cells within the lung tissue walls and colocalization of I-Ek

(MHC class II protein) and CD11c (common dendritic cell
surface marker) in all of the cells within the conducting airway
epithelium and the majority of cells within the alveolar wall
(Fig. 9A). The proportion of CD11c	 I-Ek	 cells (dendritic
cells) to CD11c� I-Ek	 cells (macrophages) was similar
between mice raised in control and corn dust conditions (Fig. 9B).

DISCUSSION

Many have theorized that environmental exposures can tip
the developing immune system toward either the expression of
genes associated with allergic disorders or toward nonallergic
genes (48). Our murine model of environmental exposure to a
“nonhygienic” dry organic dust environment has allowed us to
investigate the influence of early life environment on the
developing pulmonary immune system. In this study, we first
demonstrated that the corn dust environment contains respira-
ble particulate matter. In mice, and other small rodents, parti-
cles �1 �m aerodynamic diameter are likely to reach the
alveolar region (13). The composition of our corn dust bedding
was complex. We confirmed that the level of ambient endo-
toxin in the corn dust environment was significantly higher
than in the control bedding environment. Additionally, the corn

Fig. 3. Representative photomicrographs of
hematoxylin and eosin-stained lung tissues
from mice with and without OVA treatment,
with and without early life exposure to corn
dust bedding. OVA-treated mice have mono-
nuclear-infiltrating cells present near the con-
ducting airways (AW) in both early life envi-
ronmental conditions (arrows), whereas mice
not treated with OVA lack these infiltrating
cells. No difference in the OVA-induced in-
flammatory response surrounding the con-
ducting airways was observed when compar-
ing the 2 early life exposure groups.
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dust bedding also contained microorganisms and immunolog-
ically active branched �-glucans of fungal origin. Like endo-
toxin, �-glucans can favor production of a Th1 cytokine profile
(37). When administered orally in a swine model of influenza
infection, �-glucans both increase IFN-� in the lung and
decrease the viral load (15). In summary, our murine model

contains several components in addition to endotoxin that are
immunologically active.

We chose to focus on the inflammatory response to an
allergen as an endpoint because both animal models and
epidemiologic studies of large populations have found a close
association between environmental exposure to endotoxin and

Fig. 4. A: representative photomicrographs of blood vessels (BV) within lung tissue with and without OVA treatment. Mice that were not treated with OVA did
not demonstrate perivascular inflammation. Typical inflammatory changes after OVA treatment in the perivascular regions are indicated (arrows). Less
perivascular inflammation was observed in the lungs of mice exposed to corn dust bedding early in life compared with those mice that were reared in control
bedding. Although both early life exposure groups had OVA-induced mononuclear inflammatory cell infiltrates around blood vessels, mice reared in corn dust
bedding had less interstitial inflammation than mice reared in control bedding. B: grading scale used to assess perivascular inflammation. Grades 1–4 represent
a progressively increasing density of mononuclear inflammatory cells in a circumferential pattern around blood vessels. C: percentage of blood vessels within
each grade of inflammation; 100 blood vessels were graded from each animal. Early life exposure to corn dust (black bars) significantly decreased (*P � 0.05)
the number of lung blood vessels with grade 3/4 inflammation and increased the number of blood vessels with grade 1/2 inflammation after OVA treatment
compared with mice reared in control bedding (white bars). Data are means � SD; n � 7–10 animals/condition.
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markers of atopy (5, 10, 11, 21). Mice who experienced a
subchronic exposure to corn dust bedding (from 4 to 10.5 wk
of life) were characterized by an attenuated lung cellular
inflammatory response as reflected by the number of total BAL
fluid cells and eosinophils. A similar reduction in eosinophilia

has been demonstrated by Tulic et al. (43) in a rat model of
ovalbumin-induced lung injury when the animals were treated
with intraperitoneal LPS before or just after the intraperitoneal
sensitization dose of ovalbumin (43). In our studies, we also
bred mice into the corn dust environment and then removed
them at 3 wk of age to limit their environmental exposure.
With this experimental design, our results show that exposure
to the corn dust environment early in life also can attenuate the
inflammatory response that the adult mouse develops in re-
sponse to an allergen. A similar reduction in ovalbumin-
induced BAL pleocytosis and eosinophilia has been described
recently in a model of in utero and perinatal exposure to LPS (3).

In addition to a reduction in BAL pleocytosis and in eosin-
ophil numbers, the mice exposed to the corn dust bedding
environment early in life also had reduced pulmonary intersti-
tial inflammation. Typically, murine models of ovalbumin-
induced allergic lung injury are characterized by peribronchial
and perivascular inflammation. Whereas all animals treated

Fig. 5. A: numbers of cells in BAL fluid. Cell counts were determined in
74-day-old mice that experienced 1 of 4 environmental conditions (control
bedding, and subchronic, early life, or continuous exposure to corn dust
bedding). There were no significant differences in cell numbers between any of
the corn dust bedding exposures and the control mice. B: number of neutrophils
in BAL fluid. There were no significant differences in the total number of
neutrophils in any of the corn dust exposures compared with control mice. Data
are means � SD; n � 4 animals/condition.

Fig. 6. Cytokine levels in BAL fluid. Cytokines were measured in BAL fluid
obtained from 74-day-old mice that had been exposed to either control bedding
or subchronic corn dust bedding (from 4 wk to 74 days of life) or to early life
corn dust bedding (from conception until 3 wk of life). There were no
significant differences between the control mice and the 2 corn dust bedding
exposure groups in the levels of IL-6, IL-10, IL-12, granulocyte macrophage-
colony stimulating factor (GMCSF), IFN-�, or TNF-�. Data are means � SD;
n � 3 or 4 animals/condition.

Fig. 7. BAL white blood cell (WBC) populations during development. A: total
WBC counts in mice reared in control bedding (white bars) vs. in corn dust
bedding (black bars) were determined at day of life (DOL) 10, DOL 16, and
DOL 21. The total number of BAL cells increased with increasing age (*P �
0.05, DOL 10 vs. DOL 21; †P � 0.01, DOL 10 vs. DOL 16; 2-way ANOVA).
There was no difference between the number of BAL cells in mice reared in
the control and corn dust environments at any stage of development. B:
eosinophil numbers in BAL fluid. The total number of eosinophils obtained
from BAL fluid was significantly greater in the corn dust-reared mice com-
pared with the control mice (*P � 0.05, 2-way ANOVA). Over time, the
eosinophil number decreased with age in all mice. C: neutrophil numbers in
BAL fluid. Mice reared in corn dust bedding tended to have increased numbers
of BAL neutrophils compared with the control-bedding mice; however, the
difference was not statistically significant (P � 0.054, 2-way ANOVA). The
number of neutrophils in both environments decreased with age. Data are
means � SD; n � 7–13 animals/condition at each age.
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with ovalbumin in the present study were observed to have
mononuclear inflammation in the peribronchial region, one
obvious difference in the lung histology of mice exposed to
corn dust early in life was the reduced degree of mononuclear
infiltrating cells surrounding blood vessels. Most studies that
used murine models of allergen-induced lung inflammation do
not distinguish between various compartments of lung when
evaluating interstitial inflammation or limit the focus to the
peribronchial compartment. The assumption that the respira-
tory tract beyond the level of the mainstem bronchi is uniform
in immune system function may not be correct. Legge and
Braciale (19) demonstrated that the dendritic cell population
associated with pulmonary conducting airways have a rate of
turnover different from those in the alveolar compartment.
Moreover, dendritic cell activity in the conducting airways and
peripheral lung tissue may be under the control of local
mediators that create unique microenvironments in these sites
(46). Finally, in a murine model of inhalation exposure, it was
shown that diesel exhaust particles induce perivascular inflam-
mation that develops in the absence of peribronchial inflam-
mation. This is in contrast to ovalbumin-induced inflammatory
changes where both lung compartments (perivascular and peri-
bronchial) developed mononuclear infiltrates (34). Therefore, it

is possible that the perivascular and peribronchial immune
system compartments in the lung are differentially affected by
stimuli and this accounts for the altered perivascular histology
that we observed after ovalbumin treatment.

In contrast to the pulmonary response to ovalbumin, serum
ovalbumin-IgE levels were unaffected by the corn dust envi-
ronment. Others have demonstrated that when the endotoxin is
delivered systemically, even in the prenatal period, serum
ovalbumin-IgE levels are decreased (3). One significant differ-
ence between our experimental design and other models is that
our endotoxin exposure utilizes spontaneous inhalation of
respirable microbial products, whereas others use intraperito-
neal injections of LPS (3) or aerosolization of purified endo-
toxin (44). Our results, in contrast to these other models of
endotoxin exposure, do not support the epidemiological studies
that found an association with endotoxin-laden dust in agricul-
tural domestic settings and a reduced incidence of atopy (21,
47). One reason that our exposure model did not attenuate the
systemic allergic response may be that the corn dust bedding
environment is a less potent stimulus compared with the
delivery of purified endotoxin, as suggested by the different
immune responses associated with high- vs. low-dose endo-
toxin exposures (6).

Fig. 8. Major histocompatibility complex (MHC) class II cells in
the lung. Representative photomicrographs from 21-day-old mice
reared in control and corn dust bedding. A: cells that stain positive
for the I-Ek protein (MHC class II positive cells) are brown and are
indicated with arrows. B: quantitation of MHC class II cells in the
lung. Corn dust bedding (black bars) did significantly increase the
number of MHC class II 	 antigen-presenting cells in alveolar wall
tissue but did not affect the number of antigen-presenting cells in
conducting airways of 21-day-old mice, compared with cell num-
bers in mice reared in control bedding (white bars). Data are
means � SD; n � 4 or 5 animals/condition. *P � 0.01.
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The corn dust bedding environment was not associated with
an inflammatory response in pulmonary alveoli at any time
point examined in this study. We specifically chose the
C3HeB/FeJ strain of mouse for our studies because it is
particularly sensitive to endotoxin with respect to the recruit-
ment of neutrophils into the lower airways (20). We anticipated
that an environment with endotoxin levels comparable to
previously described agricultural and domestic settings (10,
47) would be associated with neutrophilia. The lack of a
significant increase in the number of neutrophils in BAL fluid
both in the very young or mature mouse makes our corn dust
endotoxin exposure very different from previously published
aerosolized endotoxin models where a significant influx of
neutrophils into the lung is observed (8, 44). An increase in the
number of neutrophils tends to reflect the endotoxin level
delivered to the lung. The endotoxin concentrations in the
respirable portion of the airborne corn dust environment was
equal to or higher than what has been observed in domestic
settings (47). However, it is difficult to compare our dust

exposure to animal models presented in the literature, as many
deliver a set amount of purified endotoxin directly to the
airway (6), whereas others do not report the airborne concen-
tration when a nebulizer apparatus is utilized (44). Further-
more, it is possible that animal models that use high-dose
purified endotoxin exposures to study endotoxin-induced im-
munomodulation may produce a very different immune system
response that might be occurring in the rural household expo-
sures described in the hygiene hypothesis. Finally, because our
mice did not demonstrate the expected neutrophil response to
endotoxin, yet demonstrated an attenuated response to the
ovalbumin, other immunologically active components within a
nonhygienic environment may be important in altering allergic
immune responses.

We failed to identify alterations in the BAL fluid of either
proinflammatory cytokines (TNF-� and IL-6) or in moderating
cytokines (IL-10, IL-12, IFN-�, and GMCSF) compared with
levels in control mice. These results were unexpected because
we and others have demonstrated that repeated exposure to

Fig. 9. Antigen-presenting cells in the lung. A: representative im-
ages of immunofluorescence staining from 21-day-old mice dem-
onstrate that MHC class II-positive cells (I-Ek antibody, green
color) also stain for CD11c (a dendritic cell marker, red color).
Colocalization of both antigens is indicated by yellow fluorescence
(solid arrows) and was detected in both the conducting airways and
in the alveolar walls. A minority of cells in the alveoli stained for
the MHC class II protein I-Ek only (dashed arrows), and these may
represent macrophages. B: ratio of CD11c-positive MHC class
II-positive cells to CD11c-negative MHC class II-positive cells.
There was no significant difference in the ratio of the CD11C	
I-Ek	 to CD11c� I-Ek	 cells present in the control or corn
dust-exposed mice. CD11c	 I-Ek� cells made up �1% of the total
cell population in both groups of mice. Data are means � SD; n �
3 animals/condition.
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aerosolized or intratracheal delivery of endotoxin-containing
solutions is associated with the increased production of several
proinflammatory cytokines (8, 45). Because the corn dust
bedding environment did not alter BAL fluid cytokine levels or
neutrophil numbers, we speculated that we might find alter-
ations within the immune cells earlier in life and that with time
the animal had developed a tolerance to this environment.

We next focused on the immune-modulating effects of corn
dust on immature mice. We report here for the first time that
normal inbred mice demonstrate significant airway eosino-
philia early in life. This predominance of eosinophils decreases
rapidly during postnatal lung development. The high concen-
tration of lung eosinophils early in life may be associated with
the Th2 bias (or reduced Th1 presence) previously described in
neonatal mice (1, 2, 33) and human infants (49). The presence
of relatively large numbers of eosinophils in the alveolar space
early in development has not previously been reported in
human or murine studies and may be specific to this strain of
mouse. This finding may be important because the change in
eosinophil numbers occurs during a critical time during im-
mune system development (7) and may influence how this
strain of mouse responds to allergen stimulation. Both the
control and corn dust environmental exposures were associated
with increased eosinophil numbers during the first 3 wk of life
compared with numbers in adult mice. In newborns and infants
during the first year of life, failing to shift a Th2 cytokine
profile to a Th1 profile has been associated with blood eosin-
ophilia and serum markers of atopy (24). Others have demon-
strated that there is no relationship between the number of
eosinophils and an attenuated late asthmatic response with
repeated low-dose allergen exposure (26). Therefore, investi-
gation into the Th1/Th2 balance in very young mice outside of
the BAL fluid compartment may help clarify the association
between early life eosinophilia and a reduced later life allergic
inflammatory response.

On completion of the early life exposure to corn dust at DOL
21, we detected increased numbers of antigen-presenting (den-
dritic) cells in lung tissue compared with the numbers in mice
of the same age reared in control bedding. This increase was
observed in alveolar walls but not in the conducting airways.
This may reflect a more rapid turnover of dendritic cells in the
upper airways compared with lower respiratory tract dendritic
cells (19). It is unclear where the corn dust particles impact the
lung and come into contact with the immune system in our
murine model. However, given the delicate nature of the
alveolar spaces required for gas exchange, it was anticipated
that components of both the innate and phagocytic immune
systems may be increased in animals exposed to the experi-
mental nonhygienic environment.

The exposure to corn dust in our experimental model was
complex and unique, involving not only the respiratory system
but also the gastrointestinal system because it is likely that dust
particles were ingested during grooming. A state of immune
system tolerance can be induced after either ingestion or
inhalation of immunoreactive substances. Specifically, in a
murine model, oral administration of ovalbumin before intra-
peritoneal sensitization prevents the development of allergen-
induced lung inflammation (31). Similarly, exposure of the
nasal mucosa to ovalbumin before intraperitoneal sensitization
also attenuates the lung’s atopic inflammatory response (23).
Therefore, it is possible the gastrointestinal tract, in addition to

the upper and lower respiratory tracts, contributed to the
immune system changes that we observed in this study.

The original description of the hygiene hypothesis proposed
that smaller family size, reduced infections early in life, and
exposure to a more hygienic environment were associated with
an increased prevalence of atopic disease (36). More recent
studies support the idea of a critical period early in develop-
ment in which environmental or infectious exposures can
render the individual prone to either atopy or tolerance (27).
Our results support this idea by demonstrating that early life
exposure to a nonhygienic environment can influence how the
mature individual responds to an allergic stimulus. We have
also demonstrated that the corn dust exposure does not cause
significant alterations in the cellular and cytokine protein
composition of BAL fluid but results in more subtle alterations,
specifically in the population of interstitial antigen-presenting
cells. This novel animal model will allow investigation into the
impact of diverse and complex environmental exposures on the
developing immune system in the respiratory tract.
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> 

 

275 cells/

 

m

 

l) to symptomatic (either chronic cough, chronic phlegm, bronchitis
episodes, dyspnea, wheeze, or asthma) and asymptomatic bronchial hyperresponsiveness (BHR)
were studied cross-sectionally in 620 adult subjects who participated in the Vlagtwedde–Vlaardingen
Study of 1989 and 1990. Eosinophilia (OR 

 

5

 

 2.06, 95% CI 

 

5

 

 1.28 to 3.31) and skin test positivity
(OR 

 

5

 

 1.66, 95% CI 

 

5

 

 1.02 to 2.71) were both significantly associated with BHR independent of age,
sex, smoking, and urban area of residence. High serum total IgE levels were not associated with BHR
(OR 

 

5

 

 1.29, 95% CI 

 

5

 

 0.81 to 2.03). Separate analyses for symptomatic and asymptomatic subjects
showed that the higher risk of BHR with skin test positivity applied only to symptomatic subjects
(OR 

 

5

 

 5.78, 95% CI 

 

5

 

 1.63 to 20.51), independent of eosinophilia and high serum total IgE levels.
The higher risk of BHR with eosinophilia was not different between symptomatic and asymptomatic
subjects, and independent of skin test positivity and high serum total IgE levels. The results of this
study show that, in the general adult population, eosinophilia is associated with BHR both in symp-
tomatic and asymptomatic persons, whereas skin test positivity is associated with BHR only in symp-
tomatic subjects. 
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Bronchial hyperresponsiveness (BHR), the exaggerated air-
way narrowing in response to nonspecific stimuli, is a common
characteristic of asthma. However, BHR is also present in 19
to 62% of subjects without respiratory symptoms in the gen-
eral population (1). The mechanisms underlying asymptom-
atic BHR are still unclear, yet it is known that in asymptom-
atic subjects BHR is a risk factor for asthma and chronic
obstructive pulmonary disease (COPD) (2–5). Furthermore,
most subjects with BHR who develop respiratory symptoms
appear to be atopic or have a positive family history of atopy
(3, 4). Thus, a central question is whether atopy helps to dis-
tinguish asymptomatic from symptomatic BHR.

Atopy is a process mediated by immunoglobulin E (IgE)
(6). Mast cells in the bronchial wall are activated by IgE and as
a consequence release mediators that may cause BHR directly

(histamine, prostaglandins, and leukotrienes) or indirectly (in-
terleukin-4 [IL-4] and tumor necrosis factor 

 

a

 

 [TNF-

 

a

 

]). IL-4
stimulates B cells to produce IgE, which maintains mast cell
activation. Further, IL-4 and TNF-

 

a

 

 enable eosinophils to mi-
grate from the vessels into the bronchial mucosa by upregula-
tion of vascular adhesion molecules (6, 7). Eosinophils, once
activated, release mediators, which damage the epithelium
and cause BHR due to increased permeability (6, 8, 9). How-
ever, increased serum total IgE levels and peripheral blood
eosinophil counts are neither closely related nor exclusively
present in atopic individuals. Serum total IgE levels are also
increased in nonatopic smokers, and peripheral blood eosino-
phils are also elevated in parasitic infections and in certain
neoplasms (10). Thus, skin test responses, serum total IgE
level, and number of peripheral blood eosinophils are inde-
pendent features of a common underlying mechanism.

The use of different measures of atopy in different studies
has complicated comparisons of the results. However, BHR is
clearly more prevalent among subjects with positive skin prick
tests (11, 12), increased serum total or specific IgE levels (13,
14), and peripheral blood eosinophilia (15–17). It is unknown
which of these atopy measures most strongly correlates with
BHR. To determine which atopy-related factor best predicts
BHR, we performed cross-sectional analyses on the relation-
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ship between BHR and positive skin prick tests, increased se-
rum total IgE levels, and peripheral blood eosinophilia. As we
are interested in differences in mechanisms underlying asymp-
tomatic BHR and symptomatic BHR in particular, we also de-
termined these relationships in subjects with and without respi-
ratory symptoms.

 

METHODS

 

The current analyses made use of data from the 1989 and 1990 survey
of the Vlagtwedde–Vlaardingen Study, a longitudinal population
study that was started in 1965 to determine risk factors for COPD.
The selection of the study population has been described previously
(18, 19). After baseline measurements in 1965 and 1967 in Vlagt-
wedde and in 1965 and 1969 in Vlaardingen, a follow-up survey was
organized every 3 yr. In the first two baseline surveys a histamine
provocation test was performed in a 25% random sample from the
study population. From the third survey on, the strategy has been to
select those subjects for histamine testing who had performed the test
in prior surveys. As a result from this strategy 808 of the 2,553 partici-
pants (age 35 to 80 yr) in the surveys of 1989 and 1990 underwent a
histamine provocation test. These subjects make up the group in-
cluded in this cross-sectional study. Both surveys were carried out
during the month of October.

Information on respiratory symptoms, smoking status, age, and sex
was collected by the Dutch version of the British Medical Research
Council standardized questionnaire (20). Subjects were considered
symptomatic if they reported one or more of the following chronic
respiratory symptoms: cough or phlegm production on most days or
nights for as much as 3 consecutive months each year during winter
(referred to as chronic cough/chronic phlegm), a period of at least
3 wk in the previous 3 yr with (increased) cough and phlegm (bronchi-
tis episodes), shortness of breath when walking with other persons of
the same age on level ground (dyspnea 

 

>

 

 grade 3), a wheezing or
whistling sound in the chest on most days or nights (persistent
wheeze), or attacks of shortness of breath at any time (asthma at-
tacks). Subjects were considered asymptomatic if they reported none
of these chronic respiratory symptoms. Subjects were categorized as
current smokers, ex-smokers (defined as those who had quit smoking
at least 1 mo before the examination), and never-smokers.

Pulmonary function measurements were performed with a water-
sealed spirometer (Lode Spirograph D53; Lode Instruments, Gronin-
gen, The Netherlands). Measurement of inspiratory vital capacity
(IVC) after a deep expiration was followed by measurement of forced
expiratory volume in one second (FEV

 

1

 

). The higher of the values ob-
tained in two technically satisfactory tracings was taken as the base-
line measurement as long as the difference between the two IVC val-
ues was less than 150 ml and that between the two FEV

 

1

 

 values was
less than 100 ml.

Bronchial responsiveness to histamine was assessed by the method
of Tiffeneau as modified by De Vries and coworkers (21), which
meets standardization guidelines (22). After baseline measurements
of pulmonary function, subjects inhaled nebulized distilled water from
a Wiesbaden Doppel inhalator (Lode Instruments, Groningen, The
Netherlands). If the IVC and/or the FEV

 

1

 

 decreased by 10% or more,
the test was terminated (n 

 

5

 

 2). If the IVC or the FEV

 

1

 

 did not de-
crease by 10% or more, the test proceeded with the application of se-
quential aerosols of histamine biphosphate in concentrations of 1, 4, 8,
16, and 32 mg/ml. Each concentration was inhaled for 30 s. After each
challenge, two IVC and FEV

 

1

 

 maneuvers were performed. If, at a
given concentration, the IVC or the FEV

 

1

 

 persistently declined by
10% or more, this particular concentration was considered the thresh-
old value (PC

 

10

 

). The test was terminated with a persistent decrease of
10% or more or after administration of the highest concentration.
BHR was defined as a PC

 

10

 

 of 

 

< 

 

8 mg/ml histamine (including a

 

> 

 

10% decrease after distilled water inhalation). Subjects with exces-
sively low levels of pulmonary function (FEV

 

1 

 

, 

 

1.5 L) and those who
could not perform a forced expiration were not tested. Subjects suffer-
ing from heart disease, hypertension, or acute respiratory infections
were also excluded from challenge.

Skin prick tests (ALK Benelux, Woerden, The Netherlands) in-
cluded six inhalant allergens: house dust mite (

 

Dermatophagoides

pteronyssinus

 

), mixed grass pollen (meadow foxtail, cocksfoot,
meadow fescue, rye grass [perennial], and timothy), mixed tree pollen
(alder, birch, and hazel), dog epithelium, cat epithelium, and mold
(

 

Aspergillus fumigatus

 

). The solvent for the allergens (50% glycerol
and 50% aqueous isotone) served as a negative control, and a hista-
mine dihydrochloride solution (3 mg/ml) served as a positive control.
Skin prick tests were quantified 15 min after application as the mean
value of the longest diameter of the wheal and its perpendicular and
were considered positive at 

 

> 

 

3 mm. Skin test positivity was defined
as one or more positive skin prick tests.

Before spirometry and skin prick tests were performed, blood sam-
ples were taken. Peripheral blood eosinophil counts were estimated
with a Technicon-H1 blood cell counter (Bayer AG, Leverkusen,
Germany) and were expressed as number of cells per microliter. Pe-
ripheral blood eosinophilia was defined as 

 

> 

 

275 cells/

 

m

 

l (23). Total
serum IgE concentrations were determined with the CAP system
(Pharmacia, Woerden, The Netherlands) and expressed in kU/L. Con-
centrations below 2 kU/L and above 2,000 kU/L cannot be detected
by this system and were represented by 1.99 kU/L and 2,001 kU/L, re-
spectively. High serum total IgE levels were defined as 

 

. 

 

100 kU/L.

 

Data Analyses

 

Chi-square tests and 

 

t

 

 tests were used to compare the characteristics
of subjects with and without respiratory symptoms (24). Logistic re-
gression analyses were performed to determine the relationship be-
tween BHR and skin test responses, serum total IgE levels, and pe-
ripheral blood eosinophilia (independent of smoking habits, age,
gender, and area of residence) (24). Each measure of atopy was di-
chotomized i.e., the presence or absence of skin test positivity, of a
high serum total IgE level, and of peripheral blood eosinophilia. To
determine how the various measures of atopy influence each other in
relation to BHR, we initially included only one of the three measures
of atopy in the regression analyses. We then repeated the analyses, in-
cluding two measures of atopy and finally all three measures of atopy.
We stratified the analyses by respiratory symptoms to determine
whether the relationship was the same in symptomatic as in asymp-
tomatic subjects. To test the difference between symptomatic and
asymptomatic subjects, we added three interaction terms for each
measure of atopy by respiratory symptoms to the pooled analyses
(24). Because the presence of respiratory symptoms in the general
population is intermittent, we also stratified by “respiratory symptoms
in the past” i.e., subjects who never reported respiratory symptoms
during the follow-up period from 1965 to 1990 (always asymptomatic),
those who reported respiratory symptoms at least once but not at all
surveys (intermittently symptomatic), and those who always reported
respiratory symptoms (always symptomatic).

All analyses were repeated with bronchial responsiveness, or pe-
ripheral blood eosinophil counts, skin test positivity, and serum total
IgE levels as continuous variables. Bronchial responsiveness was ex-
pressed as the values 1 to 6 for the threshold values 1, 4, 8, 16, 32, and

 

. 

 

32 mg/ml and log-transformed. Only subjects with complete infor-
mation on all variables were included in the analyses.

 

RESULTS

 

Of the 808 subjects available for this study, 691 (85.5%) per-
formed technically satisfactory FEV

 

1

 

 and IVC measurements.
Values on peripheral blood eosinophilia, skin test positivity,
or serum total IgE levels were missing for 71 subjects, leaving
complete information of 620 subjects for analyses. Respiratory
symptoms in the previous 3 yr were reported by 136 (22%)
subjects. Subjects with respiratory symptoms were more likely
than subjects without respiratory symptoms to be current
smokers, to have lower levels of pulmonary function, and to
be hyperresponsive to histamine (Table 1). The proportion of
subjects who were male and the subjects’ mean age were not
significantly different in the two groups.

Peripheral blood eosinophilia was detected in 15.3% of all
subjects, skin test positivity in 14.7%, and a high serum total
IgE level in 16.9%. The prevalences of each atopy measure
were similar in symptomatic and asymptomatic subjects. The
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overlap among the three measures was small, though the prev-
alence of atopy defined by any one of the three measures
alone was almost the same (Figure 1). Nevertheless, different
subjects will be considered atopic when different measures of
atopy are applied. At least one positive measure of atopy was

observed in 35.6% of the subjects; all three measures were ob-
served in only 1.5%.

Figure 2 shows that the percentage of subjects with BHR
increases with higher numbers of peripheral blood eosinophils
both among subjects with and without symptoms. The preva-
lences of BHR without respiratory symptoms were similar
among skin test–positive and skin test–negative subjects,
whereas the prevalence of BHR with respiratory symptoms
was higher among skin test–positive subjects (Figure 3). The
prevalences of BHR were similar across quartiles of serum to-
tal IgE levels among both asymptomatic and symptomatic
subjects, although symptomatic subjects had higher serum to-
tal IgE levels (Figure 4).

 

Logistic Regression for Each Measure of Atopy 

 

Logistic regression analyses for each of the three measures of
atopy considered separately with age, sex, smoking status, and
area of residence taken into account showed that subjects with
peripheral blood eosinophilia or with skin test positivity were
more likely to have BHR than subjects in the corresponding
negative groups (Table 2). High serum total IgE levels were
not associated with BHR. Stratified analyses showed a higher
risk of BHR with skin test positivity in symptomatic subjects
than in asymptomatic subjects; the difference was of border-
line significance (p 

 

5

 

 0.08). The associations of BHR with pe-

 

TABLE 1

CHARACTERISTICS OF PARTICIPANTS IN THE VLAGTWEDDE–
VLAARDINGEN SURVEYS OF 1989 AND 1990 BY

RESPIRATORY SYMPTOM STATUS

 

Asymptomatic Symptomatic

n (% men) 484 (58) 136 (60)
Age, yr, mean 

 

6

 

 SD 53 

 

6

 

 10  53 

 

6

 

 10
Current smokers, n (%) 149 (31)  60 (44)*
Ex-smokers, n (%) 200 (41)  40 (29)

 

†

 

Nonsmokers, n (%) 135 (28) 36 (27)
FEV

 

1

 

, % pred, mean 

 

6

 

 SD 110 

 

6

 

 15 103 

 

6

 

 18

 

‡

 

FEV

 

1

 

/VC, %, mean 

 

6

 

 SD 75 

 

6

 

 7 73 

 

6

 

 9

 

‡

 

PC

 

10

 

 

 

<

 

 8 mg/ml, n (%) 173 (36)  71 (52)

 

‡

 

Peripheral blood eosinophilia, n (%) 75 (16) 20 (15)
Skin test positivity, n (%) 71 (15) 20 (15)
Serum total IgE level 

 

.

 

 100 kU/L, n (%) 83 (17) 22 (16)

* p 

 

,

 

 0.01.

 

†

 

 p 

 

,

 

 0.05.

 

‡

 

 p 

 

,

 

 0.001.

Figure 1. Prevalence of atopy defined by eosinophilia, skin test positivity, and high serum total IgE levels. EO1 5 eosinophilia; IgE1 5
serum total IgE level . 100 kU/L; ST1 5 skin test positivity.
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ripheral blood eosinophilia and high serum total IgE levels
were not significantly different for symptomatic versus asymp-
tomatic subjects. Exclusion of the 35 subjects with asthma-like
symptoms (e.g., wheeze most days and/or nights or attacks of
shortness of breath with wheeze) did not change the observed
relationships between measures of atopy and BHR in symp-
tomatic subjects.

 

Logistic Regression Including Different Combinations of
Two Measures of Atopy

 

To determine whether the various measures of atopy are inde-
pendently associated with BHR, the analyses were repeated
with the inclusion of combinations of two measures. In the to-
tal group, the overall risks of BHR assessed in terms of the
presence of peripheral blood eosinophilia, skin test positivity,

or high serum total IgE level did not change when adjusted for
one of the other measures of atopy.

The risks of BHR in symptomatic subjects with skin test
positivity or high serum total IgE levels changed when these
two measures of atopy were adjusted for each other: the risk
with skin test positivity increased from 4.19 (Table 2) to 5.82
(95% confidence interval [CI] 

 

5

 

 1.66 to 20.46), whereas the
risk with high serum total IgE levels decreased from 0.91 (Ta-
ble 2) to 0.48 (95% CI 

 

5

 

 0.16 to 1.44). In asymptomatic subjects,
the risk estimates remained similar after these adjustments.

 

Logistic Regression Including All Three
Measures of Atopy 

 

The changes previously described persisted when all three
measures of atopy were combined in the same regression

Figure 2. Prevalence of BHR by quartiles of eosinophil counts and respiratory symptoms. *p , 0.05, (*) p 5
0.07 compared with asymptomatic.

Figure 3. Prevalence of BHR by skin test positivity and respiratory symptoms. **p , 0.01 compared with
asymptomatic.
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model (Table 3). In symptomatic subjects, skin test positivity
was a stronger predictor of BHR than peripheral blood eosin-
ophilia. Serum total IgE levels were not associated with BHR,
though levels were almost significantly different between
symptomatic and asymptomatic subjects (p 

 

5

 

 0.09).
A further difference with respect to respiratory symptoms

is that among asymptomatic subjects females are more likely
to have BHR than males, whereas among symptomatic sub-
jects no difference was observed between the sexes. This dif-
ference between the symptomatic and asymptomatic groups
was no longer significant after adjustment for FEV

 

1

 

. Further-
more, smoking at an older age had a synergistic effect on the
risk of BHR, as indicated by a significant positive interaction
between smoking and age (Table 3).

Finally, we stratified the analyses not only by the presence
or absence of respiratory symptoms in the surveys of 1989 and
1990 but also with reference to “respiratory symptoms in the
past.” As the relations among the three measures of atopy and
BHR were not significantly different for subjects who had
been intermittently symptomatic in the past but were asymp-
tomatic in the last survey (1989/1990) versus subjects who had
been intermittently symptomatic in the past and were symp-
tomatic in the last survey, these groups were pooled and desig-
nated as “intermittently symptomatic.” Analyses showed that

peripheral blood eosinophilia is a risk factor for BHR in sub-
jects who have been intermittently symptomatic but not in
subjects who have always been either asymptomatic or symp-
tomatic (Table 4). No changes were observed in the relation-
ships between skin test positivity and BHR and between high
serum total IgE levels and BHR when “respiratory symptoms
in the past” were taken into account.

Similar relationships were found between the three atopy
measures when bronchial responsiveness was analyzed as a
continuous variable. Analyses with the continuous measures
of the number of peripheral blood eosinophils, the sum of the
wheal sizes of the positive skin tests, and the level of serum to-
tal IgE yielded results comparable to those from the analyses
with the dichotomized measures. Similarly, additional adjust-
ment for pulmonary function (FEV

 

1

 

) did not change the re-
sults. To be sure that the exclusion of subjects who performed
technically unsatisfactory lung function measurements (FEV

 

1

 

and IVC) caused no selection, we reanalyzed the relationships
including the information of this group. The results were similar.

 

DISCUSSION

 

The results of this study conducted in a general adult popula-
tion with a mean age of 53 yr show that peripheral blood eo-

Figure 4. Prevalence of BHR by quartiles of serum total IgE levels and respiratory symptoms. *p , 0.05
compared with asymptomatic.

 

TABLE 2

ODDS RATIOS (95% CI) FOR BHR CALCULATED IN THREE LOGISTIC REGRESSION MODELS
FOR EACH ATOPY PARAMETER SEPARATELY*

 

OR (95% CI)

Parameter
Total Group
(

 

n 

 

5

 

 620

 

)
Asymptomatic

(

 

n 

 

5

 

 484

 

)
Symptomatic

(

 

n 

 

5

 

 136

 

)

Eosinophilia 2.06

 

†

 

(1.28–3.31) 2.16

 

†

 

(1.25–3.70) 1.76 (0.64–4.89)
Positive skin tests 1.66

 

‡

 

(1.02–2.71) 1.31 (0.74–2.30) 4.19

 

‡

 

(1.36–12.89)
Serum total IgE 

 

.

 

 100 kU/L 1.29 (0.81–2.03) 1.47 (0.88–2.47) 0.91 (0.35–2.37)

* All odds ratios are adjusted for age, sex, smoking status, and area of residence. The risks of BHR for the three measures of atopy were
not significantly different for symptomatic versus asymptomatic subjects.

 

†

 

 p 

 

,

 

 0.01.

 

‡

 

 p 

 

,

 

 0.05.
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sinophilia and skin test positivity significantly predict BHR,
independent of each other and of a high serum total IgE level.
The relationship between peripheral blood eosinophilia and
BHR was the same in asymptomatic subjects and symptomatic
subjects, whereas skin test positivity was predictive of BHR in
symptomatic subjects only. In contrast, high serum total IgE
levels were not associated with BHR in this middle-aged pop-
ulation.

Positive skin test responses, an increased level of serum to-
tal IgE, and increased numbers of peripheral blood eosino-
phils are generally considered to reflect atopy. Earlier results
in the Vlagtwedde–Vlaardingen Study showed positive associ-
ations among these three measures of atopy (25). Therefore,
their relationships with BHR were expected to become weaker
when the measures of atopy were adjusted for one another.
However, peripheral blood eosinophilia, skin test positivity,
and a high serum total IgE level did not influence one an-
other’s relationships with BHR, apart from a higher risk of
BHR with skin test positivity in symptomatic subjects when
adjusted for serum total IgE levels. This result is explained to

a large extent by the small overlap between the three mea-
sures of atopy (Figure 2). The implication is that skin test pos-
itivity, a high serum total IgE level, and peripheral blood eo-
sinophilia are different expressions of the atopic phenotype.
This conclusion is in accord with other studies in children (26)
and young adults (27), in which many young adults without a
positive skin test have had high serum total IgE levels.

One of the important messages of this study is that pe-
ripheral blood eosinophilia is associated with an independent
increased risk of BHR in asymptomatic and symptomatic in-
dividuals. Only two previous studies have determined the rela-
tionships between different atopy measures and BHR inde-
pendent of each other (28, 29). In an adult population
including only males, all three measures were significantly,
though weakly, associated with increased bronchial respon-
siveness (28). In another study conducted in a general popula-
tion, both skin test positivity to cat dander (odds ratio [OR] 

 

5

 

5.5, p 

 

,

 

 0.05) and high serum total IgE levels (OR 

 

5

 

 2.2 per
log unit, p 

 

,

 

 0.05) were strong predictors of BHR, whereas
peripheral blood eosinophilia was not related to BHR (29). A

 

TABLE 3

ODDS RATIOS (95% CI) FOR BHR OF THREE DIFFERENT ATOPY PARAMETERS COMBINED
IN ONE LOGISTIC REGRESSION MODEL*

 

OR (95% CI)

Total Group
(

 

n 

 

5

 

 620

 

)
Asymptomatic

(

 

n 

 

5

 

 484

 

)
Symptomatic

(

 

n 

 

5

 

 136

 

)

Atopy measures
Eosinophilia  2.07

 

†

 

(1.28–3.37) 2.10

 

†

 

(1.22–3.63) 2.00 (0.69–5.75)
Skin test positivity 1.13 (0.63–2.03) 1.12 (0.62–2.01) 5.78

 

†

 

(1.63–20.51)

 

§

 

Serum total IgE 

 

.

 

 100 kU/L 1.40 (0.81–2.41) 1.39 (0.80–2.40) 0.48 (0.16–1.49)
Variables adjusted for

Respiratory symptoms 1.25 (0.63–2.48)
Age, yr 1.04

 

†

 

(1.01–1.06) 1.04

 

†

 

(1.01–1.06) 1.04 (0.99–1.09)
Male sex 0.48

 

†

 

(0.31–0.75) 0.47

 

†

 

(0.30–0.74) 1.34 (0.57–3.18)
Current smoker 0.12 (0.01–1.10) 0.15 (0.01–1.97) 0.08 (0.00–7.24)
Ex-smoker 1.56 (0.96–2.53) 1.63 (0.94–2.83) 1.31 (0.46–3.68)
Urban area of residence 0.59

 

†

 

(0.41–0.85) 0.62

 

‡

 

(0.40–0.94) 0.52 (0.24–1.11)
Interaction terms

Current smoker 

 

3

 

 age 1.07

 

†

 

(1.02–1.11) 1.06

 

‡

 

(1.01–1.12) 1.07 (0.98–1.17)
Symptoms 3 skin test

positivity
4.90‡ (1.30–18.51)

Symptoms 3 serum total
IgE . 100 kU/L

0.34 (0.10–1.17)

Symptoms 3 male sex 2.45‡ (1.04–5.78)

* All odds ratios are adjusted for age, sex, smoking status, and area of residence.
† p , 0.01.
‡ p , 0.05.
§ The risk of BHR with skin test positivity is significantly higher among symptomatic than asymptomatic subjects.

TABLE 4

ODDS RATIOS (95% CI) FOR BHR ACCORDING TO SYMPTOM HISTORY,
BASED ON SYMPTOM STATUS IN ALL SURVEYS*

OR (95% CI)

Always Asymptomatic
(n 5 287)

Intermittently Symptomatic
(n 5 295)

Always Symptomatic
(n 5 38)

Eosinophilia 1.04 (0.47–2.30) 3.45† (1.74–6.86)‡ 0.58 (0.06–5.69)
Skin test positivity 0.98 (0.41–2.35) 1.61 (0.80–3.23) 22.09 (0.84–580)
Serum total IgE . 100 kU/L 1.55 (0.70–3.45) 0.87 (0.45–1.69) 1.12 (0.11–11.48)

* The allergy parameters are simultaneously included in the model and adjusted for age, sex, smoking status, and area of residence.
† p , 0.001.
‡ The risk of BHR for subjects with peripheral blood eosinophilia is significantly higher in the presence of intermittent respiratory symp-

toms than in the presence of continuous symptoms.
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lower number of peripheral blood eosinophils (median, 110
cells/ml versus 154 cells/ml in our population) might explain
this lack of relation between BHR and peripheral blood eo-
sinophilia (personal communication). Our study showed a higher
risk of BHR in symptomatic and asymptomatic subjects with
peripheral blood eosinophilia, confirming the observations by
Annema and coworkers (16) and Ulrik (17) of higher counts
in both symptomatic and asymptomatic hyperresponsive men
and young adults.

This study does not elucidate why peripheral blood eosino-
phils are related to BHR. Eosinophils play an important role
in the inflammatory process of the airways of asthmatics (6).
Activated eosinophils in the bronchial wall of asthmatics re-
lease arginine-rich products such as major basic protein (MBP),
eosinophil cationic protein (ECP), and eosinophil peroxidase
(EPO), causing BHR due to epithelial damage and increased
permeability (8, 9). Whether increased numbers of peripheral
blood eosinophils reflect an inflammatory process in the air-
ways of asymptomatic subjects that is responsible for BHR is
unknown. So far, there are only two studies available showing
no difference in the number of eosinophils in sputum (30) or
airway wall (31) from asymptomatic children and adults with
and without BHR. Therefore, it may well be that another
common underlying mechanism is responsible for both pe-
ripheral blood eosinophilia and BHR. Increased numbers of
eosinophils in peripheral blood may suggest a signal to the
bone marrow (e.g., interleukin-5 released by T lymphocytes in
the blood) that recruits eosinophils to the circulation and al-
lows recruitment of eosinophils into the airways wall via en-
dothelial adhesion and chemotactic factors, yet only after cer-
tain stimuli. Another possibility is that eosinophils are residing
in peripheral airways, as has been observed in asthma (32).
Eosinophils in either the peripheral or the central airways
might create a local basic environment that easily permits the
eventual development and persistence of symptoms. This pos-
sibility is supported by our finding that peripheral blood eo-
sinophilia in asymptomatic subjects is predictive of BHR, par-
ticularly in those subjects who have been intermittently
symptomatic in the past. Moreover, recent longitudinal analy-
ses of the Vlagtwedde–Vlaardingen Study by our group have
shown that BHR in asymptomatic subjects is a risk factor for
subsequent development of respiratory symptoms (2).

Previous studies have shown that subjects with BHR are
more likely than those without BHR to have positive skin
tests (11, 12). In our study, skin test positivity was associated
with BHR, yet only in symptomatic subjects: symptomatic
skin test–positive subjects had an almost sixfold higher risk of
BHR than symptomatic skin test–negative subjects. Earlier
studies demonstrated that allergen exposure results in BHR
and respiratory symptoms in atopic asthmatics (21, 33). Thus
allergen exposure might account for respiratory symptoms in
skin test–positive individuals.

In contrast to the findings of most other studies (27–29), we
observed no relationship between high serum total IgE levels
and BHR in our middle-aged population. Higher serum total
IgE levels are known to be associated with smoking, male gen-
der, and younger age. Smoking is associated with both in-
creased serum total IgE levels and BHR. Without adjustment
for smoking, a high serum total IgE level was also not associ-
ated with BHR in our study. Thus, smoking is unlikely to ex-
plain differences between our study and others. Serum total
IgE levels in females are reported to be 26% lower than those
in males (34). Use of separate definitions for high IgE levels in
males and females (as the highest quartiles, e.g., > 57 kU/L
for females and > 80 kU/L for males) did not change our re-
sults (OR 5 1.30, 95% CI 5 0.88 to 1.93). Compared with the

two previously reported studies on the independent relation-
ships of the three measures of atopy to BHR (28, 29), our
study concerned not only males but both males and females,
and our population was older than that studied by Boezen and
coworkers (29). Because serum total IgE levels in females are
lower than those in males and because IgE levels decline with
age (34), the range of levels in our population is probably
smaller than that in previous studies and perhaps too small to
detect an association with BHR.

The definition of BHR used in our study was more strin-
gent than the commonly used definition i.e., a PC20 of < 8 mg/
ml (2 min of inhalation), which is comparable to a PC10 of
< 16 mg/ml (30 s of inhalation) (35). The threshold value was
based on a 10% decrease in FEV1 or IVC. Of all subjects con-
sidered to have BHR, more than 30% were so categorized
solely on the basis of a decrease in IVC. To reduce the likeli-
hood of misclassification, we lowered the threshold value. If
some subjects were nevertheless misclassified as having BHR,
the observed relationships would have been weakened. How-
ever, repetition of the analyses with a definition of BHR as
only a 10% decrease in FEV1 (excluding subjects with a
PC10[IVC] of < 8 mg/ml histamine) did not change the results.

Finally, we found a higher risk of BHR in females than
males only among asymptomatic individuals. The difference in
the relationship between gender and BHR for symptomatic
and asymptomatic subjects disappeared after the level of
FEV1 was taken into account. This confirms other study re-
sults (36, 37). Leynaert and colleagues (36) suggested adjust-
ing for FEV1 as the percentage predicted in order to control
for potential bias when comparing BHR in males and females
with similar FEV1 values. These investigators observed a
higher risk of BHR in females when FEV1 percentage pre-
dicted was taken into account. Our results confirmed these
findings, indicating that females are more likely to have BHR
than males. However, it is difficult to separate the effects of
smoking and gender in these data because more males than fe-
males smoke. Although we adjusted in our analyses for smok-
ing habits and gender, we cannot determine whether the dif-
ferent relation to BHR by symptom status is driven by
smoking or gender.

In conclusion, the results of our study in a general adult
population show that peripheral blood eosinophilia is associ-
ated with BHR in symptomatic as well as in asymptomatic
subjects, whereas skin test positivity is strongly associated with
BHR in symptomatic subjects only. Peripheral blood eosino-
philia in subjects with BHR may facilitate recruitment and ac-
tivation of eosinophils in the airway wall, giving rise to inflam-
matory changes resulting in intermittent respiratory symptoms
upon inhalation of appropriate stimuli. This requires further
study.
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Several studies have shown that exposure to bacterial
lipopolysaccharide (LPS) can either prevent or inhibit
asthma in humans and laboratory rodents. Much em-
phasis has been placed on the role of cytokines and
chemokines in the establishment and maintenance of
allergic airway disease. Therefore, it is of interest to
study the role of LPS in affecting airway pathology
and lung cytokine and chemokine responses in the
maintenance phase of asthma. Increasing doses of
LPS were administered into the airways of mice pre-
sensitized with cockroach allergen (CRAg), then aller-
gic airway disease parameters were assessed after
CRAg challenge. Airway hyperresponsiveness after
antigen challenge decreased at the highest dose of LPS
tested, which was accompanied by a decrease in air-
way and lung eosinophils. However, a dramatic in-
crease in lung inflammation because of neutrophil
influx was observed. Measurement of cytokines in
lungs of LPS-treated, CRAg-sensitized mice indicated
that interleukin (IL)-12 levels were increased by LPS
treatment in a dose-dependent manner, as were levels
of several inflammatory chemokines. In contrast, lev-
els of IL-4, IL-13, IL-5, and IL-10 were reduced in
whole lung homogenates only of high-dose LPS-
treated mice. Intranasal administration of neutraliz-
ing anti-IL-12 at the time of high-dose LPS challenge
reduced lung IL-12, interferon-� , CXCL9, and CXCL10
but did not affect levels of the other chemokines or
Th2-type cytokines, and did not restore AHR. These
findings suggest that the amelioration of airway hy-
perresponsiveness observed in LPS-treated, CRAg-
sensitized mice is coincident with an immune devia-
tion of the lung inflammatory response, independent
of IL-12. (Am J Pathol 2003, 163:1961–1968)

The incidence and severity of asthma has risen dramat-
ically throughout the past few decades, with the greatest
increases being evident in the well-developed nations of
North America and Europe.1 The disease has been pri-
marily associated with allergens derived from plant pol-

lens or household pests such as dust mites and cock-
roaches, which are fairly evenly distributed throughout
the world. Inhalation of aerosolized allergen leads to in-
flammation of the major airways of the lung, which is
mediated by cytokines and chemokines of the innate and
Th2-type adaptive immune response.2,3 Asthma is char-
acterized by production of allergen-specific IgE, mast
cell activation, influx of eosinophils into the lung and
airway hyperproduction of mucus, and increased sensi-
tivity of airway smooth muscle to neurotransmitters lead-
ing to bronchoconstriction and decreased air capacity.

Increased sanitation and antibiotic usage and de-
creased environmental exposure to immunogenic organ-
isms including bacteria have been linked to increasing
incidence and severity of asthma in developed countries
leading to the hygiene hypothesis.4–7 A recent epidemi-
ological report clearly demonstrated an inverse correla-
tion between several markers of allergy and atopy of a
large cohort of children and the amount of endotoxin
[lipopolysaccharide (LPS)] found in their bedding mate-
rial.8 This study is in agreement with several other studies
showing decreased incidence of asthma in children
raised in a farming environment and associations based
on household size and birth order.9–11 However, a sig-
nificant amount of data has shown that exposure to en-
dotoxin in the workplace or as a component of cigarette
smoke leads to exacerbation of pre-existing asthma.12–15

Thus, it remains unclear what role exposure to endotoxin
plays in modulation of human allergic airway disease.

Studies in animal models of asthma using ovalbumin
(OVA) as the allergen have also been contradictory, with
nearly as many investigators reporting that endotoxin
inhibits asthma-associated airway inflammation as those
reporting enhancement.16–21 Eisenbarth and col-
leagues22 have shown that the allergic response to in-
haled OVA is dependent on activation through toll-like
receptor 4 by low-dose contamination with LPS, but that
a higher dose of LPS inhibited development of asthma.
The difference in response was associated with drastic
changes in leukocyte migration, immunoglobulin isotype
switching, and cytokine expression, such that the highly
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Th2-type response elicited by low-dose LPS was re-
versed to a predominant Th1-type pattern at the higher
dose. These data suggested that there could be a ther-
apeutic dose of endotoxin that would be effective at
treating asthma.

In the current study, we hypothesized that intranasal
endotoxin exposure would cause immune deviation and
reverse asthmatic disease in mice presensitized to cock-
roach antigens (CRAg). Increasing doses of intranasal
LPS were administered to CRAg-sensitized mice before a
final intratracheal challenge with CRAg and measure-
ment of asthma parameters. The lowest dose of LPS
tested appeared to decrease airway hyperreactivity
(AHR). As the dose of LPS increased, AHR was progres-
sively reduced and the pattern of cytokine expression
changed from a high-Th2/low Th1-type to a high-Th2/
high-Th1-type, then to a low-Th2-type/high-Th1-type re-
sponse. Alterations in lung chemokine expression, a dra-
matic influx of neutrophils and CD4� T lymphocytes, and
a decrease in lung eosinophilia were also observed in
LPS-treated mice. Neutralization of interleukin (IL)-12 by
intranasal anti-murine IL-12 treatment caused a reduction
in Th1-cytokine expression but did not lead to increased
Th2 cytokine expression or reconstitution of AHR.

Materials and Methods

Animals and Reagents

Female CBA/J mice (8 to 10 weeks old) were purchased
from Jackson Laboratories (Bar Harbor, ME) and housed in
covered boxes (five mice/box) in the Unit for Laboratory
Animal Medicine (ULAM) facility of the University of Michi-
gan. Clinical skin-test grade cockroach antigen extract was
purchased from Hollister-Stier (Spokane, WA), small molec-
ular weight components were removed by centrifugation
through an Amicon 3000 column, and batches were tested
for the absence of endotoxin by limulus amoebocyte assay
(detection limit 6 pg/ml; BioWhittaker, Walkersville, MD) be-
fore use. Incomplete Freund’s adjuvant and bacterial LPS
(Escherichia coli serotype 0111:B4, lot no. 70K4108) were
purchased from Sigma (St. Louis, MO). LPS was diluted to
1 mg/ml in sterile saline and sonicated for 1 hour before
aliquoting and freezing. A fresh aliquot was thawed and
vigorously shaken before the start of each experiment. Neu-
tralizing anti-murine IL-12 antibodies were collected from
polyclonal anti-serum of rabbits immunized and rechal-
lenged with recombinant murine IL-12. Normal rabbit serum
was collected and used to control for the presence of rabbit
immunoglobulins. The rabbit antibodies were purified over a
protein A column and diluted to a total protein concentration
of 10 mg/ml in sterile saline before use.

Antigen Sensitization and Challenge

See Figure 1 for a schematic timeline of the sensitization
protocol. Cockroach antigen (20,000 PNU/ml) was mixed
at a ratio of 1:1 with incomplete Freund’s adjuvant and 0.1
ml of emulsion was injected both intraperitoneally and
subcutaneously at the nape of the neck. Fourteen days

later, mice were anesthetized with ketamine and xylazine,
then 15 �l of undiluted CRAg was injected intranasally. A
15-�l dose of the indicated amount of LPS or sterile saline
diluent was given intranasally to anesthetized mice on
days 15, 17, 19, and 21 after CRAg sensitization. Anti-
body-treated mice received an intranasal dose of anti-
murine IL-12 or normal rabbit serum (10 �l) at the same
time as LPS administration. Immediately after the final
dose of LPS, the trachea was exposed by incision, 40 �l
of undiluted CRAg was injected down the airway, and the
wound was closed with wound clips.

Measurement of AHR and Harvest of Tissues

Mice were anesthetized with sodium pentobarbital (3.3
mg/mouse) 18 to 20 hours after intracheal CRAg chal-
lenge, trachea were exposed, an airway tube was in-
serted, and mice were connected directly to a plethys-
mograph (Buxco, Troy, NY). A baseline of airway
resistance was established for each mouse, then metha-
choline (6.25 �g in 0.1 ml) was administered intrave-
nously and airway resistance was measured again. Peak
airway resistance after methacholine challenge was di-
vided by baseline to determine the fold increase in AHR.
Bronchoalveolar cells and fluid were collected by lavage
with 1.0 ml of sterile saline. Blood was obtained by orbital
bleed, followed by sacrifice and removal of the lungs.

Flow Cytometry

Total right lobe CD4� T cells were determined by colla-
genase dispersion of cells from the whole right lobe of
each mouse, followed by a total cell count with trypan
blue. Dispersed cells were stained with FcBlock (BD
Biosciences, San Diego, CA), followed by staining with
phycoerythrin-conjugated anti-murine CD4 (BD Bio-
sciences), and analyzed on a Beckman Coulter Epics XL
flow cytometer (Brea, CA). The total number of cells in the
right lobe was multiplied by the percentage of CD4� cells
to determine total CD4� T-cell content.

Histology

Lungs were removed after analysis of AHR and inflated
with 10% neutral buffered formalin before paraffin em-
bedding. Tissue morphology and lung eosinophil content

Figure 1. Female CBA/J mice were sensitized on day 0 by intraperitoneal
and subcutaneous immunization with CRAg emulsified in IFA. An intranasal
challenge with undiluted CRAg was given on day 14, followed by four
alternate-day intranasal exposures to LPS or saline starting on day 15. Some
mice received intranasal treatments with normal rabbit serum or neutralizing
anti-IL-12 antibodies at the time of LPS exposure. Mice received a final
intratracheal challenge with undiluted CRAg on day 21, followed by assess-
ment of AHR and collection of tissue samples 18 to 20 hours after intratra-
cheal challenge. The CRAg used in these studies tested negative (�6 pg/ml)
for LPS by limulus amoebocyte assay.
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were assessed on hematoxylin and eosin-stained sec-
tions from paraffin-embedded, right lobes. Lung neutro-
phil, eosinophil, monocyte/macrophage, and lymphocyte
content was determined from Diffquick (Dade Behring,
Newark, DE)-stained cytospins of the cells dispersed for
flow cytometry. Bronchoalveolar lavage (BAL) cells were
centrifuged and resuspended in 1.0 ml of ACK red blood
cell lysis buffer for 3 minutes before immobilizing 0.2 ml of
the cell suspension on a microscope slide by cytospin
and staining with Diffquick. Cell differentials were
counted using an Olympus BX40 microscope at �1000
magnification and photographs were taken with a Spot
RT color camera (Diagnostic Instruments, Sterling
Heights, MI).

Measurement of Cytokines

The left lobe of each lung was snap-frozen and homog-
enized in 1.0 ml of 0.1%Triton X-100:phosphate-buffered
saline containing protease inhibitors before analysis of
cytokine content by enzyme-linked immunosorbent assay
(R&D Systems, Minneapolis, MN) following manufactur-
er’s instructions. Total protein content was determined
using Bradford reagent (Bio-Rad, Hercules, CA). The
cytokine content of each lung was normalized to total

protein and then mean and SE were determined within
each treatment group.

Statistical Analysis

Multiple pairwise comparisons were performed using the
analysis of variance portion of the Prism software. Indi-
vidual pairwise comparisons were performed using Stu-
dent’s t-test.

Results

Bronchoconstriction is a well-established marker of
asthma and is tested for clinically by measurement of
airway capacity after administration of methacholine.
Mice sensitized with CRAg responded to methacholine
with a sevenfold to eightfold increase in airway hyperre-
sponsiveness (AHR) compared to baseline airway resis-
tance before methacholine challenge (Figure 2). Re-
peated intranasal exposure to increasing doses of LPS
during the course of CRAg sensitization led to an appar-
ent dose-dependent decrease in airway hyperrespon-
siveness.

Serum levels of IgE were higher in CRAg-sensitized
mice than in unsensitized animals but treatment with LPS
did not significantly affect systemic IgE levels (Table 1).
The lungs of LPS-treated mice were highly inflamed (Fig-
ure 3) with an increase in the presence of total leukocytes
and CD4� T cells within the lung tissue and a dramatic
increase in the presence of neutrophils in the BAL fluid
(Table 1). The number of eosinophils in the BAL and
surrounding the bronchi was sharply reduced with the
highest dose of LPS, but was not significantly affected at
the lower doses (Table 1).

Treatment with LPS led to a dose-dependent increase
in IL-12 production in the mouse lung 18 hours after
airway exposure (Figure 4), however, neither interferon
(IFN)-� nor tumor necrosis factor-� levels in the lung were
increased by intranasal treatment with LPS (data not
shown). Levels of the Th2-associated cytokines, IL-4,
IL-13, IL-5, and IL-10 were not decreased by the low-

Figure 2. Anesthetized mice were analyzed for airway hyperresponsiveness
before and after methacholine challenge at 18 to 20 hours after intratracheal
challenge. Data are the fold change in airway resistance after methacholine
administration � SE for three to five mice from two separate experiments.
The cumulative data from four experiments using the 15-�g/ml dose of
intranasal LPS (n � 11 mice) indicated a statistically significant decrease in
AHR (P � 0.05) compared to saline control mice (n � 16 mice).

Table 1. Increased Neutrophilia and Decreased Eosinophilia in LPS-Expressed CRAg-Sensitized Mice

Group n

Total
serum

IgE (�g/ml)*

Lung (Rt. lobe)

Peribronchial
eosinophils

(cells/20 HPF)

Bronchoalveolar lavage

Leukocytes
(�106)

CD4�

(�105)

Total
leukocytes
(cells/HPF)

PMN
(%)

Eosinophils
(%)

Lymphs
(%)

Exp. 1
No LPS 4 5.4 � 1.4† 6.7 � 0.7 4.9 � 0.6 N.D.‡ 15.5 � 2.5 48.8 � 4.8 4.3 � 1.5 2.4 � 0.4
LPS, 0.3 �g 5 6.6 � 1.9 9.0 � 0.8§ 6.2 � 0.7 N.D. 21.1 � 2.0§ 70.2 � 6.0§ 6.3 � 2.4 1.4 � 0.6
LPS, 15 �g 3 6.4 � 1.7 20.9 � 1.0§ 10.6 � 0.5§ N.D. 47.1 � 3.1§ 81.2 � 0.4§ 0.0 � 0.0§ 0.9 � 0.1§

Exp. 2
No LPS 4 4.8 � 1.2 N.D. N.D. 139 � 59 14.3 � 2.4 44.9 � 10.6 9.2 � 5.9 2.2 � 0.3
LPS, 0.6 �g 4 3.6 � 1.2 N.D. N.D. 77 � 20 27.1 � 2.8§ 82.3 � 2.4§ 1.2 � 0.4§ 0.9 � 0.3§

LPS, 3 �g 4 4.5 � 2.3 N.D. N.D. 62 � 24 25.8 � 2.3§ 82.1 � 3.6§ 3.1 � 1.4 1.8 � 0.5
LPS, 15 �g 3 4.2 � 1.5 N.D. N.D. 18 � 6§ 62.3 � 5.4§ 93.1 � 2.8§ 0.1 � 0.1§ 0.8 � 0.5§

*Serum IgE level in non-CRAg-sensitized mice was 1.0 � 0.4 �g/ml of serum.
†Data are mean � standard error.
‡N.D. � not determined.
§Statistically significant difference (P � 0.05) from no LPS control.
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dose LPS treatment that caused progressive elevation of
IL-12, but the levels of all of these Th2 cytokines were
diminished at the highest dose of LPS (Figure 4).

Leukocyte recruitment to the lung during inflammation
is partially dependent on the release of chemokines from
T cells, leukocytes, and structural cells. Treatment with
LPS caused a dose-dependent increase in the level of
CXCL8/MIP-2, CCL2/JE, and CCL20/MIP-3�, that have
been associated with the innate inflammatory response
(Figure 5). Similarly, increases in Th1-associated chemo-
kines, CCL3/MIP-1�, CCL5/RANTES, CXCL9/MIG, and
CXCL10/IP-10 were noted after airway exposure to in-
creasing doses of LPS. Although lung levels of the Th2-
associated chemokines, CCL11/Eotaxin, CCL17/TARC,
and CCL22/MDC were not significantly reduced by LPS
exposure (data not shown), CCL1/TCA-3 was reduced by
high-dose LPS treatment, similar to the findings for the
Th2-associated cytokines (Figure 5).

A similar increase of innate and Th1-associated cyto-
kines and chemokines was observed in the BAL fluid of
intranasal LPS-exposed mice (Figure 6). Unlike the sus-
tained levels of IL-10 observed in the whole lung after inter-
mediate doses of LPS, the levels of IL-10 in BAL fluid
dropped progressively in a LPS dose-dependent manner.

The dose-dependent increase in Th1-associated che-
mokines prompted interest in the role of IL-12 to the
modulation of AHR and inflammation after LPS exposure.

Neutralization of airway IL-12 by intranasal exposure at
the time of each high-dose LPS administration did not
affect the down-regulation of AHR (Figure 7) despite
decreasing BAL levels of IL-12, CXCL9, and CXCL10.
Although whole lung levels of IL-12, IFN-�, CXCL9, and
CXCL10 levels were significantly reduced after anti-IL-12
treatment (Figure 8), no reciprocal increase in the Th2-
associated cytokines IL-4, IL-5, IL-13 (Figure 8); or the
Th2-associated chemokines CCL1, CCL11, CCL17, or
CCL22 (data not shown) was detected in the lungs of
antibody-treated mice. Further, the chemokines CCL2,
CCL3, CCL5, and CXCL8, that were all induced by LPS
exposure, were not significantly affected by airway instal-
lation of anti-IL-12 antibody.

Intranasal IL-12 neutralization at the time of LPS expo-
sure did not lead to a significant change in total serum
IgE. (Table 2) However the number of leukocytes in the
BAL fluid was significantly reduced and an apparent
increase in peribronchial eosinophilia was also observed
after IL-12 neutralization, but did not reach statistical
significance (Table 2).

Discussion

In the current study, bacterial LPS was shown to deviate
the inflammatory response in a cockroach allergen

Figure 3. Lungs were removed 18 to 20 hours after intratracheal CRAg challenge and paraffin-embedded. Sections (5 �m) were stained with H&E and
photographed at the indicated magnification. Lungs of CRAg-sensitized mice exposed to intranasal saline had modest levels of inflammation with evidence of
peribronchial eosinophilia. Lungs of CRAg-sensitized mice given intranasal LPS (15 �g � 4 doses) had large areas of severe inflammation and airways surrounded
by cellular infiltrates consisting primarily of polymorphonuclear neutrophils and monocytes.
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(CRAg)-induced model of asthma. Repeated intranasal
exposure to LPS led to a dose-dependent decrease in
AHR after methacholine administration. This finding is in
agreement with several epidemiological studies that have
shown an inverse relationship between human asthma
and environmental exposure to LPS.8–10,23 Several stud-
ies in animal models have shown a similar decrease in
AHR when LPS exposure was combined with airway al-
lergen challenge. Cochran and colleagues16 demon-
strated that a single intranasal dose of 1 �g of LPS given
to young mice decreased AHR when the mice were sub-
sequently challenged with OVA. In a study more similar to
our current protocol, Tulic and colleagues19 demon-
strated that LPS exposure of rats that were presensitized
to OVA led to a LPS dose-dependent decrease in sensi-
tivity to methacholine.

A well-established mechanism of induction of AHR in
asthma is the release of leukotrienes from mast cell gran-
ules after crosslinkage of antigen-specific IgE on the
mast cell surface. The current study showed that serum
IgE levels were not significantly affected by intranasal
exposure to LPS. A recent study by Gerhold and col-
leagues17 showed that systemic exposure to LPS before
OVA sensitization led to prevention of OVA-specific IgE
production, however, that study also indicated that intra-
nasal LPS treatment did not affect total or antigen-spe-
cific IgE production, in agreement with the current find-
ings. However, in contrast to our current findings,
Gerhold and colleagues17 did not detect any change in

Figure 4. Lungs of CRAg-sensitized, untreated, and LPS exposed mice were
removed after analysis of AHR and snap-frozen. Whole lung homogenates
were analyzed by sandwich enzyme-linked immunosorbent assay for the
cytokines listed. Additional analysis was done for IFN-�, tumor necrosis
factor-�, and transforming growth factor-� but no significant differences
were detected in any experiment (not shown). Data are the mean cytokine
concentration � SE for three to five mice/group in this representative exper-
iment of four performed. The increase in IL-12 was significant (P � 0.05) at
the 3 �g dose compared to the untreated control. Decreased IL-4, IL-5, and
IL-10 showed significance at the 15-�g dose (P � 0.05, 0.02, and 0.05,
respectively). Although the decrease in IL-13 did not reach statistical signif-
icance in this experiment, it was consistently reduced in all experiments at
the 15-�g dose, and did reach significance in several experiments.

Figure 5. Whole lung homogenates were analyzed for chemokine expres-
sion by sandwich enzyme-linked immunosorbent assay. Data shown are
mean chemokine concentration � SE for three to five mice/group in this
representative experiment of four performed. Levels of CXCL8, CCL2,
CXCL10, CXCL9, CCL3, and CCL5 were significantly increased after exposure
to the lowest dose of LPS compared to untreated controls (P � 0.05, 0.02,
0.01, 0.02, 0.01, and 0.01, respectively). Increased CCL20 reached signifi-
cance at the 15-�g dose of LPS (P � 0.001). Decreased CCL1 (P � 0.01) was
detected at the 15-�g dose of LPS. Whole lung levels of CCL22/MDC were
unchanged by LPS exposure, but CCL11/eotaxin and CCL17/TARC were
nonsignificantly reduced at the 15-�g dose of LPS in all experiments (not
shown).

Figure 6. BAL was performed by injection of 1 ml of sterile saline into a
tracheal tube followed by aspiration. Cells were removed by centrifugation
and the supernatant was frozen until tested by enzyme-linked immunosor-
bent assay for the indicated cytokines and chemokines. Total protein content
in BAL was determined with the Bradford reagent and cytokine levels were
normalized to protein content for each sample. Data are mean concentra-
tion � SE for three to five mice/group in this representative experiment of
four performed. A significant increase in total BAL protein (P � 0.02) was
detected with high-dose LPS exposure. IL-10 levels were reduced (P � 0.05)
and IL-12, CCL5, CXCL8, and CXCL10 levels were increased by the lowest
dose of LPS (P � 0.01, 0.001, 0.001 and 0.02, respectively). The increase in
CXCL9 was significant (P � 0.02) after high-dose LPS exposure. IL-4, IL-5,
IL-13, and IFN-� were below detectable levels in the BAL fluid of these mice.

LPS Inhibits CRAg-Induced Asthma 1965
AJP November 2003, Vol. 163, No. 5



AHR after local exposure to LPS. Plausible explanations
of these conflicting results include the difference in aller-
gens and strains of mice used in these studies. Another
recent study showed that low-level contamination of OVA
by LPS (0.1 �g/dose) was necessary to elicit a Th2 cy-
tokine response, OVA-specific IgE and allergic disease,
whereas a high dose of LPS (100 �g/dose) was inhibitory
of allergen sensitization.22 The CRAg used in our study
contained less than 6 pg/ml of LPS and was sufficient to
elicit an asthmatic response in our model. The lowest
dose of LPS used in the current study (0.3 �g/dose) did
not exacerbate AHR induced by CRAg alone, but rather
caused a slight decrease in hyperreactivity. This result
suggests that CRAg does not require LPS contamination
to induce asthma and that even low levels of LPS expo-
sure are inhibitory in this model.

Airway exposure of CRAg-sensitized mice with LPS led
to a dramatic influx of neutrophils into the lung paren-

chyma and the airway itself. An influx of CD4� Th cells
was also detected in the lung but a reduced number of
total lymphocytes and CD4� Th cells was detected in the
BAL. At low doses of LPS, eosinophils were still present in
the lung and BAL, but mice that received the highest
dose of LPS displayed a marked reduction in airway and
lung eosinophilia. These data, which agree with previous
studies, indicate a drastic change in the inflammatory
cellular response dependent on LPS.22

The decreased hyperreactivity was more closely asso-
ciated to increased levels of IL-12 and several inflamma-
tory and Th1-associated chemokines in the lung and BAL
than to decreased levels of Th2-associated cytokines
and chemokines. In fact, significant reductions of the
Th2-associated cytokines were only detected at the high-
est dose of LPS. These findings supported the hypothesis
that a diversion of the immune response from a Th2- to a
Th1-type response caused the decrease in AHR. To test
this hypothesis, localized neutralization of IL-12 was per-
formed because IL-12 is a critical cytokine in the estab-
lishment of Th1-associated inflammation. Although levels
of IL-12 and other Th1-associated cytokines and chemo-
kines were reduced after anti-IL-12 instillation, the treat-
ment had no effect on the decreased AHR resulting from
LPS exposure. Surprisingly, the neutralization of lung
IL-12 was not effective at restoring expression of any of
the Th2-associated cytokines or chemokines tested in
this study, indicating that another mechanism of Th2
suppression was in effect. Yet, it seems unlikely that the
suppression of the local Th2 response alone can explain
decreased AHR because decreased AHR was apparent
at doses of LPS that did not suppress Th2 cytokine pro-
duction in the lung.

The findings of this study shed some light on some of
the currently held hypotheses of the effects of LPS on
AHR.5 Th1 immune deviation has been shown to de-
crease AHR, therefore, it has been suggested that LPS-
induced immune deviation toward a Th1 response inhib-
its the Th2 response that leads to asthma.24–30 The
current findings do not support that hypothesis because
neither IFN-� nor tumor necrosis factor-� were elevated in
the lungs of LPS-treated mice, and inhibition of the clas-
sical Th1 response by neutralization of IL-12 did not
reverse the blockade on AHR.

Over-production of IL-10 in response to LPS has been
put forward as a plausible mechanism of LPS-mediated
down-regulation of airway inflammation.5,19,31,32 Some
studies have shown that local increases in the levels of
IL-10 in the lung, have an anti-inflammatory effect on

Figure 7. AHR and BAL cytokine levels were tested as described in Figures
1 and 5 after intranasal exposure of CRAg-challenged mice (18 hours) with
sterile saline/normal rabbit serum (white bars), high-dose LPS/normal rab-
bit serum (gray bars), or high-dose LPS/anti-IL-12 (striped bars). Data are
mean � SE for five mice/group in this representative experiment of two
performed. AHR was unchanged by anti-IL-12 treatment compared with mice
receiving high-dose LPS alone. Reductions in BAL IL-12, CXCL10 (P � 0.01),
and CXCL9 (P � 0.05), were evident after anti-IL-12 treatment. No statistically
significant changes in other cytokines or chemokines were detected (CXCL8/
MIP-2 shown as an example).

Figure 8. Lung cytokine levels were measured in anti-IL-12-treated, LPS-
exposed, CRAg-sensitized mice (striped bars) and compared to controls
that were CRAg-sensitized and received sterile saline (white bars) or intra-
nasal LPS (gray bars) and normal rabbit serum control antibody. Significant
decreases in IL-12, IFN-�, CXCL9 (P � 0.05), and CXCL10 (P � 0.02) were
observed. No changes in the Th2-associated cytokines IL-4, IL-5, or IL-13
were detected after airway neutralization of IL-12 at the time of LPS exposure.
Data are mean � SE for five mice/group in this representative experiment of
two performed.

Table 2. Blockade of IL-12 Decreases LPS-Induced Leukocyte Infiltration

Group n

Total
serum IgE

(�g/ml)

Peribronchial
eosinophils

(cells/20 HPF)

Bronchoalveolar lavage

Total leukocytes
(cells/HPF)

PMN
(%)

Eosinophils
(%)

Lymphs
(%)

No LPS � NRS 7 4.1 � 0.7* 125 � 44 17 � 1 48.3 � 6.1 5.9 � 2.6 1.7 � 0.4
15 �g LPS � NRS 7 3.8 � 0.4 40 � 12 70 � 4† 86.8 � 5.6† 0.4 � 0.2 1.0 � 0.3
15 �g LPS � aIL-12 9 5.5 � 0.9 70 � 13 46 � 3†‡ 79.6 � 4.6† 1.0 � 0.2 1.2 � 0.4

*Data are combined mean � standard error from two separate experiments.
†Statistically significant difference (P � 0.05) compared to no LPS control.
‡Statistically significant difference compared to LPS � NRS group.
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airway inflammation.28,33 In the current study, there was
no evidence of IL-10 induction by LPS, and in fact, the
levels were markedly reduced in the BAL at low doses of
LPS and in the whole lung at higher doses. To ensure that
the discrepancy between our findings regarding IL-10
and those put forward by others was not because of
timing of detection, we used neutralizing antibodies to
IL-10 in a similar manner as for blocking IL-12. Airway
neutralization of IL-10 at the time of LPS exposure had no
effect on AHR, cellular infiltration, or cytokine/chemokine
production in our model (data not shown).

In addition to these more commonly held hypotheses,
we had entertained a role for LPS-activated, B-1a cells as
a source of regulatory cytokines or as inducers of CD4�

T-cell apoptosis.34 However, studies to test the latter
hypothesis in Xid, B-1 cell-deficient mice indicated no
role for B-1 cells in affecting the LPS-mediated events.

Thus, it remains unclear what is the direct effector
mechanism of LPS exposure on reducing AHR. There
were several chemokines elevated by LPS exposure in
this study that were not neutralized by our anti-IL-12
treatment. These chemokines may have been responsi-
ble for directing cellular influx and activation changes
that led to decreased AHR. Another possibility is that LPS
had an effect on other mediators of airway smooth mus-
cle cell contraction. It has been suggested that changes
in nitric oxide production induced by LPS are mediators
of decreased AHR.35–37 In addition, LPS may have had
direct effects on airway mast cells that led to early spon-
taneous degranulation before the time that AHR was
tested in this study.19 Prolonged exposure to LPS could
eventually lead to desensitization of mast cells, alveolar
macrophages, smooth muscle cells, or other cells in-
volved in the asthmatic response.

AHR is one of the most severe and life-threatening
symptoms of asthma, therefore, LPS or one of its deriva-
tives would seem to be a good candidate for therapy of
asthmatic patients. However, a note of caution is in order.
The mice exposed to high doses of LPS in this study
displayed severe inflammation in their lungs, high levels
of potentially dangerous Th1-associated cytokines, and
an increasing mortality rate (40% at the highest dose
tested). A better approach to developing therapies
based on the natural effects of LPS may be to target the
specific cytokines, chemokines, cellular interactions, or
other inflammatory mediators involved in the decreased
airway hyperreactive response. To that end, further study
of the complex nature of the airway response to LPS
exposure is warranted.

References

1. Redd SC: Asthma in the United States: burden and current theories.
Environ Health Perspect 2002, 110(Suppl 4):557–560

2. Lukacs NW: Role of chemokines in the pathogenesis of asthma. Nat
Rev Immunol 2001, 1:108–116

3. Renauld JC: New insights into the role of cytokines in asthma. J Clin
Pathol 2001, 54:577–589

4. Weiss ST: Eat dirt—the hygiene hypothesis and allergic diseases.
N Engl J Med 2002, 347:930–931

5. Liu AH: Endotoxin exposure in allergy and asthma: reconciling a
paradox. J Allergy Clin Immunol 2002, 109:379–392

6. Anderson WJ, Watson L: Asthma and the hygiene hypothesis. N Engl
J Med 2001, 344:1643–1644

7. Wills-Karp M, Santeliz J, Karp CL: The germless theory of allergic
disease: revisiting the hygiene hypothesis. Nat Rev Immunol 2001,
1:69–75

8. Braun-Fahrlander C, Riedler J, Herz U, Eder W, Waser M, Grize L,
Maisch S, Carr D, Gerlach F, Bufe A, Lauener RP, Schierl R, Renz H,
Nowak D, von Mutius E: Environmental exposure to endotoxin and its
relation to asthma in school-age children. N Engl J Med 2002, 347:
869–877

9. Braun-Fahrlander C, Gassner M, Grize L, Neu U, Sennhauser FH,
Varonier HS, Vuille JC, Wuthrich B: Prevalence of hay fever and
allergic sensitization in farmer’s children and their peers living in the
same rural community. SCARPOL team. Swiss Study on Childhood
Allergy and Respiratory Symptoms with Respect to Air Pollution. Clin
Exp Allergy 1999, 29:28–34

10. Strachan DP: Family size, infection and atopy: the first decade of the
“hygiene hypothesis.” Thorax 2000, 55(Suppl 1):S2–S10

11. Matricardi PM, Franzinelli F, Franco A, Caprio G, Murru F, Cioffi D,
Ferrigno L, Palermo A, Ciccarelli N, Rosmini F: Sibship size, birth
order, and atopy in 11,371 Italian young men. J Allergy Clin Immunol
1998, 101:439–444

12. Hasday JD, Bascom R, Costa JJ, Fitzgerald T, Dubin W: Bacterial
endotoxin is an active component of cigarette smoke. Chest 1999,
115:829–835

13. Reed CE, Milton DK: Endotoxin-stimulated innate immunity: a contrib-
uting factor for asthma. J Allergy Clin Immunol 2001, 108:157–166

14. Rylander R, Haglind P, Lundholm M: Endotoxin in cotton dust and
respiratory function decrement among cotton workers in an experi-
mental cardroom. Am Rev Respir Dis 1985, 131:209–213

15. Michel O, Duchateau J, Sergysels R: Effect of inhaled endotoxin on
bronchial reactivity in asthmatic and normal subjects. J Appl Physiol
1989, 66:1059–1064

16. Cochran JR, Khan AM, Elidemir O, Xue H, Cua B, Fullmer J, Larsen
GL, Colasurdo GN: Influence of lipopolysaccharide exposure on air-
way function and allergic responses in developing mice. Pediatr
Pulmonol 2002, 34:267–277

17. Gerhold K, Blumchen K, Bock A, Seib C, Stock P, Kallinich T, Lohning
M, Wahn U, Hamelmann E: Endotoxins prevent murine IgE produc-
tion, T(H)2 immune responses, and development of airway eosino-
philia but not airway hyperreactivity. J Allergy Clin Immunol 2002,
110:110–116

18. Tulic MK, Wale JL, Holt PG, Sly PD: Modification of the inflammatory
response to allergen challenge after exposure to bacterial lipopoly-
saccharide. Am J Respir Cell Mol Biol 2000, 22:604–612

19. Tulic MK, Holt PG, Sly PD: Modification of acute and late-phase
allergic responses to ovalbumin with lipopolysaccharide. Int Arch
Allergy Immunol 2002, 129:119–128

20. Vernooy JH, Dentener MA, van Suylen RJ, Buurman WA, Wouters EF:
Long-term intratracheal lipopolysaccharide exposure in mice results
in chronic lung inflammation and persistent pathology. Am J Respir
Cell Mol Biol 2002, 26:152–159

21. Wan GH, Li CS, Lin RH: Airborne endotoxin exposure and the devel-
opment of airway antigen-specific allergic responses. Clin Exp Al-
lergy 2000, 30:426–432

22. Eisenbarth SC, Piggott DA, Huleatt JW, Visintin I, Herrick CA, Bot-
tomly K: Lipopolysaccharide-enhanced, Toll-like receptor 4-depen-
dent T helper cell type 2 responses to inhaled antigen. J Exp Med
2002, 196:1645–1651

23. von Mutius E, Braun-Fahrlander C, Schierl R, Riedler J, Ehlermann S,
Maisch S, Waser M, Nowak D: Exposure to endotoxin or other bac-
terial components might protect against the development of atopy.
Clin Exp Allergy 2000, 30:1230–1234

24. Iwamoto I, Nakajima H, Endo H, Yoshida S: Interferon gamma regu-
lates antigen-induced eosinophil recruitment into the mouse airways
by inhibiting the infiltration of CD4� T cells. J Exp Med 1993, 177:
573–576

25. Gavett SH, O’Hearn DJ, Li X, Huang SK, Finkelman FD, Wills-Karp M:
Interleukin 12 inhibits antigen-induced airway hyperresponsiveness,
inflammation, and Th2 cytokine expression in mice. J Exp Med 1995,
182:1527–1536

26. Kips JC, Brusselle GJ, Joos GF, Peleman RA, Tavernier JH, Devos
RR, Pauwels RA: Interleukin-12 inhibits antigen-induced airway hy-

LPS Inhibits CRAg-Induced Asthma 1967
AJP November 2003, Vol. 163, No. 5



perresponsiveness in mice. Am J Respir Crit Care Med 1996, 153:
535–539

27. Sur S, Lam J, Bouchard P, Sigounas A, Holbert D, Metzger WJ:
Immunomodulatory effects of IL-12 on allergic lung inflammation de-
pend on timing of doses. J Immunol 1996, 157:4173–4180

28. Zuany-Amorim C, Sawicka E, Manlius C, Le Moine A, Brunet LR,
Kemeny DM, Bowen G, Rook G, Walker C: Suppression of airway
eosinophilia by killed Mycobacterium vaccae-induced allergen-spe-
cific regulatory T-cells. Nat Med 2002, 8:625–629

29. Herz U, Gerhold K, Gruber C, Braun A, Wahn U, Renz H, Paul K: BCG
infection suppresses allergic sensitization and development of in-
creased airway reactivity in an animal model. J Allergy Clin Immunol
1998, 102:867–874

30. Erb KJ, Holloway JW, Sobeck A, Moll H, Le Gros G: Infection of mice
with Mycobacterium bovis-Bacillus Calmette-Guerin (BCG) sup-
presses allergen-induced airway eosinophilia. J Exp Med 1998, 187:
561–569

31. Zuany-Amorim C, Haile S, Leduc D, Dumarey C, Huerre M, Vargaftig
BB, Pretolani M: Interleukin-10 inhibits antigen-induced cellular re-
cruitment into the airways of sensitized mice. J Clin Invest 1995,
95:2644–2651

32. van Scott MR, Justice JP, Bradfield JF, Enright E, Sigounas A, Sur S:
IL-10 reduces Th2 cytokine production and eosinophilia but aug-

ments airway reactivity in allergic mice. Am J Physiol 2000, 278:L667–
L674

33. Stampfli MR, Cwiartka M, Gajewska BU, Alvarez D, Ritz SA, Inman
MD, Xing Z, Jordana M: Interleukin-10 gene transfer to the airway
regulates allergic mucosal sensitization in mice. Am J Respir Cell Mol
Biol 1999, 21:586–596

34. Lundy SK, Boros DL: Fas ligand-expressing B-1a lymphocytes me-
diate CD4(�)-T-cell apoptosis during schistosomal infection: induc-
tion by interleukin 4 (IL-4) and IL-10. Infect Immun 2002, 70:812–819

35. Tulic MK, Knight DA, Holt PG, Sly PD: Lipopolysaccharide inhibits the
late-phase response to allergen by altering nitric oxide synthase
activity and interleukin-10. Am J Respir Cell Mol Biol 2001, 24:640–
646

36. Schuiling M, Zuidhof AB, Bonouvrie MA, Venema N, Zaagsma J,
Meurs H: Role of nitric oxide in the development and partial reversal
of allergen-induced airway hyperreactivity in conscious, unrestrained
guinea-pigs. Br J Pharmacol 1998, 123:1450–1456

37. Rodriguez D, Keller AC, Faquim-Mauro EL, De Macedo MS, Cunha
FQ, Lefort J, Vargaftig BB, Russo M: Bacterial lipopolysaccharide
signaling through Toll-like receptor 4 suppresses asthma-like re-
sponses via nitric oxide synthase 2 activity. J Immunol 2003, 171:
1001–1008

1968 Lundy et al
AJP November 2003, Vol. 163, No. 5

































































































































Studies on the relationship between the level 
of specific IgE antibodies and the clinical 
expression of allergy: I. Definition of levels 
distinguishing patients with symptomatic 
from patients with asymptomatic allergy to 
common aeroallergens 
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Background: The detection of specific IgE antibodies to environmental allergens does not 
always coincide with a diagnosis of clinical[y evident allergic disease, because some patients 
with positive skin and/or in vitro test results have no symptoms related to the allergen or 
allergens that induced the antibodies. 
Objective: In a multicenter study the optimal cutoff values for specific 1gE antibody levels and 
skin test results that could discriminate between patients with symptomatic and those with 
asymptomatic allergy were determined. 
Methods: 1gE antibodies specific for a panel of common aeroallergens were assayed with the 
Pharrnacia CAP System (Pharmacia, Uppsala, Sweden) in two groups of patients, a group of 267 
patients with symptomatic allergy and a group of 232 patients with asymptomatic allergy--both 
~vith positive skin prick test results and in a group of 243 healthy, nonallergic control subjects. 
The cuto]f values were established by receiver operating characteristic analysis. 
Results: A significantly higher mean specific IgE antibody value was found in patients with 
symptomatic allergy compared with patients with asymptomatic allergy (p < 0.001) and in patients 
with symptomatic allergy compared with healthy control subjects (p < 0.001). The optimal CAP 
System cutoff value between patients with symptomatic and those with asymptomatic allergy was 
11.7 kU/L, and when seasonal allergens were compared with perennial allergens, the cutoffs were 
10.7 kU/L and 8.4 kU/L, respectively. The optimal cutoff value for the skin prick test was a wheal 
area of 32 mm 2 for seasonal allergens and 31 mm 2 for perennial allergens. The skin test had a 
lower diagnostic value (sum of sensitivity and specificity) than the CAP System. 
Conclusions: Cutoff values for specific serum IgE antibody levels are likely to be useful in 
clinical practice to distinguish symptomatic from asymptomatic allergy in patients with 
positive skin test results. (J ALLERGY CLIN IMMUNOL 1995;96.'580-7.) 

Key words: Aeroallergens, specific 1gE, symptomatic allergy, asymptomatic allergy, cutoff 

The pathophysiology of  allergic diseases de- 
pends  on a series of  factors such as the releasability 
of  mast  cells and basophils and the responsiveness 
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of target organs to mediators released from these 
cells. Still, the pivotal factor is undoubtedly the 
presence of  specific IgE antibodies to environmental 
allergens} The detection of  these antibodies by 
in vivo or in vitro methods, nevertheless, merely 
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Abbrevia~ions used 
ROC: Receiver operating characteristic 

SPT: Skin prick test 

mdicates  the existence of sensit ization to given 
allergens; their  p resence  does not  alwavs coin- 
cide with clinically significant allergic disease. 
Thus the diagnosis of  allergic disease is usually 
based on a combina t ion  of informat ion  obta ined  
f rom the medical  history, which by itself cannot  
be considered as the "gold s tandard ,"  with that  
obta ined f rom in vivo and/or in vitro tests. The  
magni tude  of  the specific IgE  response  to a given 
allergen should theoretically be consistent  with 
the clinical re levance of that allergen, but the 
corre la t ion between the level of  specific IgE 
antibodies and the clinical expression of an 
allergy has so rar been  unsatisfactory.  In a series 
of studies that  addressed this issue, Z only a 
corre la t ion between specific IgE  level measu red  
by R A S T  and severity of  seasonal  symptoms in 
pat ients  allergic to ragweed has been  reported.3 
This is probably  because until recently,  suffi- 
ciently accurate  quant i ta t ive assays for IgE  anti- 
bodies  were  not available. The  need for quanti-  
tative assays to "facil i tate be t t e r  definition of the 
relat ionship be tween  quantity of  IgE  ant ibody 
and the symptoms  or risk of  disease"  was under-  
lined in a recent Position Statement by the American 
Academy of Allergy and Immunology? 

In the practice of  allergy, the physician must 
often identify the allergen or allergens to which a 
patient is or is not clinically sensitive. For  this. we 
usually depend on skin tests or serologic assays. 
Problems occur when the patient 's  history is not 
definitive, in which case in vivo and/or in vitro tests 
may be especially useful, and when the results of 
the tests do not correlate with the clinical picture. 
We therefore designed a study to determine 
whether,  in patients with evidence of allergic sen- 
sitization, the quantitative results of  the tests 
would altow us to distinguish those patients with 
clinically significant allergic disease f rom those 
who have no clinical symptoms. 

To that end, three groups of subjects were 
recruited. Patients in the first group had a positive 
skin test response to one of five common aeroal- 
lergens and a clear history of rhinoconjunctivitis or 
asthma, those in the second group likewise had a 
positive skin test response but clearly had no 
symptoms related to the corresponding allergen, 

and those in the third group were healthy nonal- 
lergic individuals. !gE antibody levels to the alier- 
gens being evaluated were quantitated with the 
Pharmacia CAP System assay (Pharmacia, Upp-  
sala. Sweden), which has recently been reported to 
have excellent analytic sensitivity and specificity. 5"7 
For a group of three c o m m o n  seasonal  allergens 
and for house dust reite allergen, opt imal  tgE 
ant ibody cutoff levels were  obta ined  f rom re- 
ceiver opera t ing characterist ic  (ROC)  curves. 
F rom these vatues, sensitivity, specificity, and 
diagnostic values for  the ant ibody assays were  
then de te rmined  and compared  with values ob- 
tained similarly for  skin prick test (SPT) results. 

METHODS 
Patients 

Subjects were recruited in 22 allergy consultation 
centers in Ita[y (listed in the Appendix). Each center 
was asked to select between 20 and 40 subjects who 
had positive skin test responses to one of five common 
aeroal[ergens (Phleum prawnse. Betula verrucosa, Pa- 
rietaria judaica. Dermatophagoides pwronyssinus, and 
Felis domesticus. ~ To determine the subject's clinical 
status, a detailed allergy history was obtained from 
each subject by a trained allergist. In addition, pa- 
tients had to respond to a standardized questionnaire 
with items covering the kind of symptoms, their 
occurrence, and the subject's age at onset of these 
symptoms. Only symptoms that were deßnitely 
presen~ or definitely absent were counted; suspected 
or possible symptoms were not considered as evi- 
dence. 

Group 1 consisted of 267 patients with symptomatic 
allergy (170 female and 97 male subjects; mean age, 
27.1 years; range 8 to 59 yearsL These subjects had to 
have a definite history of or current rhinoconjunctivi- 
tis, asthma, or both. with a ctear association between 
the occurrence of atlergic symptoms on exposure to 
the same allergen that induced a positive SPT reac- 
tion. Patients were excluded from the study if they had 
a history of asthma of more than 2 years' duration (to 
avoid cases in which established inflammation might 
influence the patient's clinical status), if they had been 
treated with any form of corticosteroid or other 
immunosoppressive therapy during the preceding 36 
months, if they had an elevated IgE antibody level 
caused by another disease, or if they had erer received 
allergen immunotherapy. 

Group 2 consisted of 232 patients with asymptomatic 
allergy (125 female and 107 male subjects: mean age, 
31.1 years; range, 9 to 54 years). These subjects had to 
have a negative history of rhinoconjunctivitis and asthma 
caused by the aeroallergens that elicited the positive 
SPT reacdon. In all cases, they had been referred to one 
of the participating allergy centers for evaluation of 
symptoms caused by noninhalant allergens (e,g.. milk) 
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or by aeroallergens clearly unrelated to those being 
evaluated (e.g., pollens of trees such as olive or 
cypress, which have short and precisely limited polli- 
nation periods). Special care was taken to exclude 
symptoms caused by any of the five allergens included 
in this study. To rule out allergy to house dust mites, 
respiratory symptoms could not be elicited on expo- 
sure to house dust; to rule out allergy to cats, patients 
taust not have had an allergic reaction, including 
urticaria, on contact with cats. In cases of allergy to 
mites or cats, patients must also not have ever had 
perennial symptoms; any respiratory symptom that the 
patient might report had to be of strictly seasonal 
nature. To be considered asymptomatically allergic to 
the pollens, patients must not have had any respira- 
tory symptom during the corresponding pollination 
period, that is, from February to April for birch trees, 
from April to June for the grasses, and from May to 
September for Parietaria species. Patients were also 
excluded from the study if they had been treated with 
any form of corticosteroid or other immunosuppres- 
sive therapy during the preceding 36 months or if they 
bad ever received specific immunotherapy for the 
allergen eliciting a positive SPT reaction. 

Control subjects 
Group 3 consisted of 243 nonallergic subjects (150 

female and 93 male subjects; mean age, 31.6 years; 
range, 9 to 59 years. These subjects were recruited in 
the same allergy consultation centers from the medi- 
cal staff members and their siblings. They had to have 
a definitely negative history of hay fever, asthma, 
urticaria, atopic dermatitis, and any other significant 
immunologic disease. In addition to the above exclu- 
sion criteria for groups 1 and 2, all candidates for this 
group were screened for IgE antibodies with the 
Pharmacia Phadiatop test. This in vitro test detects 
specific IgE to a mixture of common aeroallergens and 
has been reported to be a useful method for confirm- 
ing the absence of allergy in subjects with a negative 
allergy history. 8 Subjects with a positive result were 
excluded from the study. 

Diagnostic tests 

All study subjects had the following in vivo and/or in 
vitro tests. 

SPTs 

Patients in groups 1 and 2 had SPTs with the five 
allergens mentioned previously (P. pratense, B. verru- 
cosa, P. judaica, D. pteronyssinus, and F. dornesticus) 
with the Phazet lancet (Pharmacia). 9 This device was 
chosen for the study to reduce the influence of 
differences in the operator's SPT technique in differ- 
ent centers. The Phazet device, with preloaded aller- 
gen (no longer commercially available), was pressed at 
a 90-degree angle on the volar surface of the forearm 

and kept there for 1 second. Each allergen was tested 
in duplicate. A negative diluent control and a positive 
control (histamine 10 mg/ml) were included in each 
series of tests. The outline of the resulting wheal was 
marked with a pencil, transferred onto a piece of 
cellopbane and then onto the patient's record, from 
which the diameters were later measured and the 
areas calculated at the coordinating center. The SPT 
response was considered positive when a wheal of at 
least 3 mm in diameter and 7 mm 2 in area was elicited, 
according to recommendations of the European 
Academy of Allergology and Clinical Immunology. 1° 

In vitro tests 

For patients in groups 1 and 2, IgE antibody was 
assayed with the CAP System only for the causal 
allergen that had been identified by history and SPT 
(patients with symptoms) or by SPT alone (patients 
without symptoms). For subjects in group 3, all five 
allergen specificities were assayed with the CAP Sys- 
tem. Twenty milliliters of venous blood was drawn 
from each subject and centrifuged; and serum samples 
were collected and stored at - 2 0  ° C until assays were 
performed. Blood samples were obtained during the 
same periods from the two groups of patients to avoid 
possible differences in specific IgE levels caused by 
differences in exposure to the allergens (such as the 
seasonal rise of IgE antibody in pollen-sensitive pa- 
tients). In spite of this precaution, this factor cannot 
be entirely excluded because of the different geo- 
graphic locations of the participating centers. 

All of the CAP System assays were performed at the 
same time by the same laboratory (Institute of Clinical 
Biochemistry, University of Padua, Italy, Dr. Plebani) 
according to a technique previously reported in de- 
tail. 5 The immunoenzymatic method was used. Briefly, 
test sera were incubated with the solid phase, consist- 
ing of a flexible hydrophilic allergen carrier (polymer) 
encased in a capsule (the lmmunoCap [Pharmacia]). 
This carrier consists of a cyanogen bromide-activated 
cellulose derivative, which can bind at least 3 times 
more allergen than the corresponding paper disk used 
in RAST and up to 50 times more allergen than the 
amount adsorbed on a coated tube. » An anti-human 
IgE (polyclonal and monoclonal) antibody mixture 
labeled with [3-galactosidase (generating fluores- 
cence) was then added. This reagent has high immu- 
noreactivity and low background, allowing a wider 
range of measurement compared with RAST. » Finally, 
the intensity of the resulting color was measured in a 
spectrophotometer. The entire procedure is auto- 
mated. Results, expressed in kilounits per liter, were 
obtained by reference to a standard curve derived with 
serial dilutions of human IgE that was calibrated 
against the World Health Organization standard for 
IgE (standard WHO 75/502). One kilounit per liter 
corresponds to 2.4 ng of IgE per milliliter. A value 
greater than 0.35 kU/L is defined as a positive CAP 
System result. 
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TABLE I. Number of subjects with a positive CAP System assay result and total number of assays 
performed for each allergen (% positive *) 

Allergen Group 1 Group 2 Group 3 

P. pratense 53/55 (96.3%) 35/39 (89.7%) 13/227 (5.7%) 
B. verrucosa 41/42 (97.6%) 28/34 (80:8%) 5/206 (2A%) 
P. judaica 31/32 (96.8%) 22/22 (t00%) 9/202 (4i4%) 
D. pteronyssinus 125/134 (93.2%) 112/127 (88,i%) 21/243 (8.6%) 
F. dömesticus 4/4 (100%) 8/9 (88.8%) 5/230 (2A%) 

*A positive CAP System result is one greater than 0.35 kU/L 

Data analysis 
Differences in the tevels of specific IgE among the 

three groups of subjects were analyzed by Student's t 
test. The cutoff levels of specific IgE discriminating 
patients with symptomatic allergy from those with 
asymptomatic allergy were determined by analysis of 
ROC curves. 11, ~a The analysis was performed by using 
the computer program Labroc-1 (written by C. Metz 
et al.. University of Chicago), a modified version of 
the program "Rscore II. ''13 which establishes from the 
continuously distributed input data several operating 
points corresponding to a serles of discriminator 
positions. Calculation and output of expected operat- 
ing points are estimated on the fitted ROC curve 
together with asymmetric 95% confidence intervals 
for those points along the curve. The optimal cutoff 
was established by plotting the values of sensitivity 
(true positive results in patients with symptomatic 
allergy) and 1-specificity (1 - false-positive results in 
patients with asymptomatic allergy) obtained for each 
discriminator position and then determinlng the dis- 
tance of the discriminator position from the ideal 
point represented by a sensitivity of 1 and a specificity 
of 1. that is, where 1-specificity equals 0. The optimal 
cutoff was obtained at the point of the curve at the 
minimal distance from the ideal point. For patients 
with symptomatic and asymptomatic allergy, the areas 
of SPT wheals were also analyzed by ROC curves. The 
diagnostic value, being the sum of the sensitivity and 
the specificity 14 and ranging from a minimum of 0 to a 
maximum of 200. of each discriminator position for 
specific IgE and SPT area was also calculated. 

RESULTS 

Table  I shows the number  of  allergen-specific 
CAP System assays pe r fo rmed  and the rate of  
positivity in each group of subjects. SPTs were 
not included because the percen t  positive is 100 
in groups 1 and 2 (because the positivity of  SPT 
was the inclusion criterion),  and they were not 
pe r fo rmed  in group 3 (screened by Phadia top  
test). 

The mean concentration of specific IgE for all five 
allergens combined was 31.71 z 11.42 kU/I_ in 
patients with symptomatic allergy, 8.57 ~ 5.63 kU/L 

in patients with asymptomatic allergy and 0.37 + 0.06 
kU/L in normal subjects. Both the difference be- 
tween the specific IgE levels of patients with symp- 
tomatic and asymptomatic allergy and the difference 
between those of patients with symptomatic allergy 
and nonallergic subjects were highly significant (p < 
0.001). Also, the difference between patients with 
asymptomatic allergy and nonallergic subjects was 
significant (p < 0.01). 

The mean  specific IgE values for the seasonal  
allergens (P. pratense, B. verrucosa, P. judaica) 
and the perennial  allergens (D. pteronyssinus and 
F. domesticus) were then calculated for  the two 
groups of pat ients  with allergy. For  the seasonal  
allergens the mean  value for group I was 35.22 +_ 
10.81 kU/L, and for group 2 it was 8.83 ~ 5.16 
kUtL. For  the perennial  allergens the mean  
value for group 1 was 28.77 ~ 12.02 kU/L, and 
for group 2 it was 8.39 __ 6.02 kU/L. In both  
cases the differences be tween the specific IgE 
levels for the two groups were significant (p < 
0.001). 

Figs. 1, 2, and 3 show R O C  curves obtained by 
plotting sensitivity (true positive results in patients 
with symptomatic allergy) versus 1-specificity (1 - 
false-positive results in patients with asymptomatic 
allergy) from CAP System and SPT for the sea- 
sonal allergens plus D. pteronyssinus (F. domesticus 
was not included, because the number  of  patients 
was too small) (Fig. 1), for the seasonal allergens 
alone (Fig. 2), and for D. pwronyssinus (Fig. 3). 
The cutoff values were 11.7 kU/L for the IgE 
antibody and 32.2 m m  2 for the SPT for the four 
allergens, 10.7 and 32.4 for the seasonal allergens 
alone, and 8.4 kU/L and 31.2 m m  2 for D. pteron- 
yssinus. The corresponding diagnostic values for 
the CAP System assays were 141.8 at 11.7 kU~% for 
the four allergens, 152 at 10.7 kU/L for seasonal 
allergens, and 134.4 at 8.4 kU/L for D. preronyssi- 
nus. For SPT, the cutoff had a diagnostic value of 
121.4 for the four allergens, 122.6 for seasonal 
allergens, and 121.9 for D. pwronyssinus (Table Il). 
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FIG. 1. ROC curve obtained wi th CAP System (squares) 
and SPT (triangles) by plott ing sensit ivity in patients wi th 
symptomat ic  versus 1-specificity in patients wi th asymp- 
tomat ic  al lergy for all allergens. 

DISCUSSlON 

In this study specific IgE antibodies were mea- 
sured with a quantitative method in sera from two 
populations of patients with allergy, one with rhi- 
noconjunctivitis and/or asthma caused by a com- 
mon environmental allergen and another without 
symptoms of allergy to the same set of allergens, 
and from a large group of healthy, nonallergic 
control subjects. The mean antibody levels were 
significantly higher in the patients with symp- 
tomatic allergy compared with the patients with 
asymptomatic allergy, and a comparable difference 
was also observed between patients with symptom- 
atic allergy and healthy control subjects. The mean 
antibody level in patients with asymptomatic al- 
lergy was also greater than the level in healthy 
control subjects, but to a lesser degree than it was 
for the patients with symptomatic allergy. These 
findings appear to be reliable because the three 
populations were defined according to very strict 
criteria, and confounding factors, such as when 
blood samples were taken, were also control led.  

A way to distinguish patients with symptomatic 
allergy flora those with asymptomatic allergy is 
necessary in clinical practice because the simple 
presence of allergen-specific IgE antibodies t o  a 

1 - Speci f ic i ty 

-~ CAP -~ Spt 

FIG. 2. ROC curve obtained with CAP System (squares) 
and SPT (triangles) by plott ing sensit ivity in patients wi th 
symptomat ic  al lergy versus 1-specificity in patients wi th 
asymptomat ic  al lergy for sea,sonal allergens. 

particular environmental allergen does not mean 
that a patient has clinically significant symptoms 
when exposed to that allergen. It has long been 
recognized that a positive skin test response to an 
allergen in a patient who is free of symptoms 
cannot be regarded simply as a false-positive re- 
sponse because it is offen possible to transfer the 
reaction passively to a nonallergic individual with 
the patient's serum, z» The significance of allergen- 
specific IgE antibody in an individual without 
symptoms remains uncertain. It is, at leastl evi- 
dence of previous sensitization, 16 and perhaps it is 
a marker of future allergic disease. ~7-19 

The diagnosis of clinically relevant allergy de- 
pends, in the first instance, on a correlation be- 
tween the clinical history and the results of skin 
tests. When a patient whose history is not definitive 
has positive skin test responses to multiple aller- 
gens, it is very difficult to distinguish clinically 
relevant allergens from those that are not relevant. 
One method that has been used in such cases is to 
challenge the target organ with the possibly rele- 
vant allergens. 2° Such tests are, however, risky and 
time-consuming. Moreover, their significance is 
not always different from that of the skin test, 
because the allergen doses commonly used in 
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challenge tests, which are usually much greater 
than those encountered during natural exposure, 
may elicit symptoms in subjects without apparent 
clinical sensitivity. 

In regard to in vitro titration of allergen-specific 
IgE, the studies reported to date have considered 
the sensitivity, specificity, and efficiency of the 
available tests, comparing results obtained in aller- 
gic and nonallergic subjects. To our knowledge, 
there has not yet been a study aimed at discrimi- 
nating patients with asymptomatic allergy from 
those with symptomatic allergy on the basis of their 
IgE antibody levels. In this study we used a quan- 
titative assay, which has been reported to have very 
good diagnostic capabilities, to measure specific 
IgE. 5-7 In fact, this assay has greater sensitivity than 
the RAST, especially for allergens such as house 
dust mites and cat (which were included in our 
panel), with no decrease in specificity. 6,21 We 
determined the optimal cutoff levels of the CAP 
System and the SPT from ROC curves. This ap- 
proach is based on information theory 11 and has 
been used increasingly in medicine in recent years. 
It has also been used recently to determine cutoff 
values for SPTs. 22 for in vitro tests, 23 and for both 
of these. 24 

By ROC analysis, we found that the cutoff value 
between patients with symptomatic allergy and 
those with asymptomatic allergy was 10.7 kU/L for 
seasonat allergens and 8.4 kU/L for D. pteronyssi- 

nus. These cutoff values appear to be more useful 
than the cutoff values for SPT, because they have a 
greater diagnostic value (the sum of sensitivity and 
specificity): 152 for seasonal allergens and 134.4 
for the perennial allergen with the CAP System 
and 122,6 and 121.9. respective!y, for the SPT. This 
may seem surprising, because since the introduc- 
tion of the RAST, 2s in vitro tests have always been 
found less sensitive than skin tests. This lower 
sensitivity was also confirmed in a recent study that 
compared three in vitro IgE antibody assays, in- 
cluding the CAP System, with skin tests, z 4 0 u r  
results, however, cannot be compared with those of 
these other studies because we studied patients 
with positive skin test resutts with and without 
symptoms of allergy. Moreover, in out  study the 
sensitivity of SPT (at least, for the first discrimina- 
tor positions) was higher than that of the CAP 
System, but this was counterbalanced by the rauch 
lower specificity (i.e., greater number of false- 
positive results) of the SPT. The relative lack of 
specificity of the SPT accounts for the lower diag- 
nostic value at the optimal cutoff value for the SPT. 

The cutoff levels for the CAP System found in 

Sensitivity 
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0.4 
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1 - Specificity 

C A P  --~ S p t  

FIG. 3. ROC curve obta ined wi th CAP System (squares) 
and SPT (triangles) by plot t ing sensit ivi 'w in patients w i th  
symptomat ic  al lergy versus 1-specif icity in patients w i th  
asymptomat ic  a l lergy for D. pteronyssinus. 

this study are proposed to be used as decisional 
|evels in clinical practice when it is necessary to 
resolve the question of the relevance of a positive 
skin test response or, as is orten the case, of 
multiple positive skin test responses, when there is 
no clear-cut clinical history of symptoms on expo- 
sure to the allergen or allergens that elicit positive 
responses. This is as yet only clear for aeroaller- 
gens. Other allergens, such as foods or Hymenop- 
tera venoms, require further investigation. Fur- 
thermore, the decisional levels that we have 
proposed could be useful when a diagnosis of 
allergy is based only on in vitro test results, as in 
the so-calted "remote practice of allergy." Such a 
practice, although criticized by the American 
Academy of Atlergy and Immunology, 26 is being 
done increasingly and can lead to much unneces- 
sary allergen immunotherapy¢ 

In conclusion, we found a significant difference 
in the levels of allergen-specific IgE antibodies 
measured with the CAP System between two pop- 
ulations of subjects sensitized to common aeroal- 
lergens, and the levels were significantly lower in 
patients with asymptomatic allergy compared with 
those with symptomatic allergy. A cutoff level of 
10.7 kU L for seasonal allergens and 8.4 kU/L for 
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TABLE II. Cutoff values, sensitivity, specificity, and diagnostic values for CAP System and SPT 

Cutoff value Sensitivity Specificity Diagnostic values 

CAP SPT CAP SPT CAP SPT CAP SPT 
(kU/L) (mm 2) (kU/L) (mm a) (kU/L) (mm a) (kU/L) (mm 2) 

All allergen s 11.7 32.2 65.2% 61.1% 76.6% 60.3% 141.8 121.4 
Seasonal  al lergens 10.7 32.4 75.5% 61.6% 76.5% 61.0% 152.0 122.6 
D. pteronyssinus 8.4 31.2 61.6% 66.3% 72.8% 55.6% 134.4 121.9 

D. pteronyssinus was found to discriminate between 
these two groups of patients. The cutoff levels for 
SPT were, respectively, 32.4 mm 2 for seasonal 
allergens and 31.2 mm z for D. pteronyssinus, but 
their diagnostic value was lower than that of the in 
vitro assay. 

We thank Dr. Gian Galeazzo Riario-Sforza for his 
skillful assistance in the  analysis of data. 
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Abstract
Background: There is an increase of serum levels of IgE during Plasmodium falciparum infections in
individuals living in endemic areas. These IgEs either protect against malaria or increase malaria
pathogenesis. To get an insight into the exact role played by IgE in the outcome of P. falciparum infection,
total IgE levels and functional anti-parasite IgE response were studied in children and adults, from two
different endemic areas Gabon and India, exhibiting either uncomplicated malaria, severe non cerebral
malaria or cerebral malaria, in comparison with control individuals.

Methodology and results: Blood samples were collected from controls and P. falciparum-infected
patients before treatment on the day of hospitalization (day 0) in India and, in addition, on days 7 and 30
after treatment in Gabon. Total IgE levels were determined by ELISA and functional P. falciparum-specific
IgE were estimated using a mast cell line RBL-2H3 transfected with a human Fcε RI α-chain that triggers
degranulation upon human IgE cross-linking. Mann Whitney and Kruskall Wallis tests were used to
compare groups and the Spearman test was used for correlations.

Total IgE levels were confirmed to increase upon infection and differ with level of transmission and age
but were not directly related to the disease phenotype. All studied groups exhibited functional parasite-
specific IgEs able to induce mast cell degranulation in vitro in the presence of P. falciparum antigens. Plasma
IgE levels correlated with those of IL-10 in uncomplicated malaria patients from Gabon. In Indian patients,
plasma IFN-γ , TNF and IL-10 levels were significantly correlated with IgE concentrations in all groups.

Conclusion: Circulating levels of total IgE do not appear to correlate with protection or pathology, or
with anti-inflammatory cytokine pattern bias during malaria. On the contrary, the P. falciparum-specific IgE
response seems to contribute to the control of parasites, since functional activity was higher in
asymptomatic and uncomplicated malaria patients than in severe or cerebral malaria groups.
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Background
Malaria is a complex disease that kills between one and
two million people every year. Most of those affected are
children under five years of age, non-immune individuals
and pregnant women [1]. The principal cause of death is
infection by Plasmodium falciparum due to its ability to
induce severe complications such as severe anaemia and/
or cerebral malaria (CM) often associated with hypogly-
caemia [2-4]. The physiopathology of malaria cannot be
represented by a single scheme. For example, patients who
develop CM present a range of acute neurological mani-
festations and the disease is characterized by a diffuse
encephalopathy, altered levels of consciousness, deep
coma and seizure leading to death. Even though during
the last few years a lot of information has become availa-
ble from clinical and experimental studies, the causes of
CM remain to be determined. The clinical outcome of a P.
falciparum infection depends on the genetic factors of the
host and parasite, and also on host immune responses.
Antibodies and T cells are among the immune factors
thought to play a role in mediating protection and also
pathology [2-5].

P. falciparum infection increases the serum levels of IgM
and IgG antibodies but also IgE in individuals living in
endemic areas [6-12]. IgEs may protect against or partici-
pate in malaria pathogenesis. The association of high anti-
P. falciparum IgE levels with a reduced risk of developing
clinical malaria suggests the involvement of IgE in protec-
tion [13,14]. The observation that circulating levels of IgE
most often correlate with severe rather than uncompli-
cated disease suggests a pathogenic role of IgE [8,10-12],
and the positive correlation between the levels of IgE/IgE
immune complexes and the levels of TNF in CM patients
provides supporting evidence [8,10-12]. The exact role
played by IgE in malaria is still unclear.

IgE is an immunoglobulin isotype that only exists in
mammals. It is present at very low concentrations in the
serum of normal individuals, at levels ranging from 10 to
300 ng/ml [9]. Its functional effect has been shown to
depends on Fc receptors expressed on mast cells and
basophils both in mice and humans, as well as on eosi-
nophils, monocytes/macrophages and platelets in
humans [9]. IgEs positively regulate both of their recep-
tors: the high affinity receptor (Fcε RI) and the low affinity
receptor (Fcε RII or CD23) [15]. The Fcε RI is expressed
only on mast cells and/or basophils in both mice and
humans [9,16]. The binding of IgE to the high affinity
receptor on the mast cell membrane and its subsequent
aggregation with antigens results in degranulation and the
release of mediators that further aggravate an ongoing
allergic process [17]. On basophils, the cross-linking of
Fcε RI-bound IgE rapidly induces the release of IL-4 and
IL-13 [16], among other inflammatory mediators. The

low affinity receptor (Fcε RII) is the second major and
widely distributed IgE receptor. It is also known as CD23
and is constitutively expressed on B cells and is induced by
IL-4 on macrophages, some T cells, human eosinophils
and platelets [9,16]. The cross-linking of CD23 on macro-
phages or on other CD23-bearing effector cells by IgE-
containing immune complexes is thought to play a path-
ogenic role in malaria via TNF-mediated pathways [16].

This study aimed to evaluate the total and functional P.
falciparum-specific IgE responses, the association of these
responses with plasma cytokine patterns and the pheno-
type of the disease in endemic controls and infected
patients with different clinical forms of malaria. The
infected patients originated from a low endemic area in
India and a high endemic area in Gabon.

Materials and methods
Study population
Patients from Gabon
All the patients included in this study were children aged
between 0.1 and 6 years (mean age = 2.6 years) recruited
between 1996 and 2000 at the Owendo Pediatric Hospital
(OPH) and the Libreville Hospital Center (LHC) in
Gabon (see Table 1). Informed parental consent had been
obtained. Gabon has an equatorial climate that is hot and
humid, with an endemic malaria transmission. The study
design was approved by the local health office ethics com-
mittee. The patients were distributed into different groups
according to World Health Organization (WHO) guide-
lines for the definition of uncomplicated and severe
malaria [18]. A cohort of 135 P. falciparum-infected chil-
dren was constituted and divided into three groups
according to disease severity [[6], 67] 50patients with
uncomplicated malaria (UM), 29 with severe non-cere-
bral malaria (SM) developing severe anaemia (haemo-
globin level < 5 g/dl), or hypoglycaemia (glycaemia < 2.2
mmol/ml), and 17 with severe cerebral malaria (CM)
with a Blantyre Coma Score < 2, or three convulsive epi-
sodes during 24 hours before admission with post-critical
comatose > 15 minutes]. Two control groups were
recruited: an uninfected group, also called endemic con-
trol (EC) group, comprising 17 children with P. falci-
parum-negative thin blood smear, and asymptomatic
infected group (AI) comprising 22 children with no clini-
cal manifestation of malaria but a P. falciparum-positive
thin blood smear.

Patients from India
Malaria patients were recruited in the village of Gondia,
an endemic region in the north-east of the Maharashtra
State of India. The village is surrounded by forest. Gondia
has been known as an endemic area for at least the last 20
years. P. falciparum appeared in Gondia over the last 10
years. It is transmitted during the rainy season in June,
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peaks in the winter season (November, December and
January) and becomes rare as summer approaches
(March, April and May). The studied groups consisted of
98 patients from four to 72 years of age, being predomi-
nantly adults (see Table 1). Six cohorts were constituted
according to WHO criteria for uncomplicated and severe
malaria: two control groups of uninfected individuals
from non-endemic (NEC) and endemic regions (EC)
comprising nine and 14 patients respectively; three groups
of infected patients, with 31 developing uncomplicated
malaria (UM), 13 developing severe non-cerebral malaria
(SM) and 26 developing cerebral malaria (CM); and one
group of five patients that had recovered from CM (ex-cer-
ebral malaria patients, Ex-CM). Between eight and 10% of
the CM malaria cases died. UM cases were treated as out-
patients. SM patients were admitted to hospital fully con-
scious and could respond well verbally to doctors'
questions. CM cases were in coma. Drug treatment was
paracetamol, quinine and arteether (E-mal®). Samples
were collected after obtaining the consent of the patients,
or of their families. Blood samples from endemic controls
were collected from the relatives of malaria patients
(brothers/sisters/parents) with their consent. These con-
trols had not suffered from malaria during the previous
two years. Non-endemic blood samples were collected
from individuals who had not suffered from malaria dur-
ing the previous five years.

Blood sample collection and parasite assessment
Venous blood was collected on EDTA in sterile vacutain-
ers from each patient on the day of hospitalization (day 0,
before any treatment), and seven (day 7) and thirty days
later (day 30). Plasma was obtained by centrifuging the

blood samples at 5000 rpm for 15 min. Plasma samples
were stored at -80°C until use.

Parasitaemia was assessed by counting asexual forms of P.
falciparum on thin blood smears under a light microscope
after Giemsa staining. Parasitaemia was expressed as the
mean percentage of infected red blood cells.

Culture of malaria parasites
Erythrocytic stages of the P. falciparum malaria parasite
line FAN 5HS (source: NCCS, Pune, India) and 3D7 were
cultured using candle jar dessicators as previously
described [19]. The culture medium was RPMI 1640
(Gibco-BRL), supplemented with 0.5% AlbuMix (Gibco
BRL). The cultures were maintained in six-well or 24-well
tissue culture plates (NUNC). Parasitaemia was 5% at the
start of culture and reached 25% after six days. Culture
medium and fresh RBCs were added every other day.

Preparation of parasite extracts
Parasite soluble antigen was prepared from synchronous
cultures containing more than 20% mature trophozoites;
more than 6% rings and more than 5% schizonts were
used. The cultures were pooled and centrifuged at 3,000
rpm at 4°C, and the pRBC pellet was kept and the super-
natant discarded. The pRBC pellet was suspended in 10
ml sterile PBS 1 × (0.15 M, pH7.2) and then centrifuged.
The parasitized red blood cell (pRBC) pellet was washed
five times and then lysed by adding 15 ml of 0.1%
saponin. The saponin treatment frees the parasites from
the infected RBCs. This was centrifuged at 6,000 rpm for
30 min at 4°C. The supernatant was discarded and the
parasite pellet was washed five or six times with sterile

Table 1: Characteristics of both studied cohorts: Gabon and India. Clinical group description, according to the number of patients, age, 
sex and parasitaemia.

Clinical Groups Staff Age-mean (min-max) Sex (male-female) Parasitemia (%)

Gabon EC 17 2,7 (0,5–5) 10-7 -
AI 22 2,9 (0,1–5) 12-10 0.22 (0.01–1.2)

UM 50 3 (0,5–5) 22–28 6.88 (0.05–48.6)
SM 29 1,8 (0,2–4,5) 18-11 5.91 (0.08–31)
CM 17 2,4 (0,5–5) 12-5 10.42 (0.15–64)

Total 145 2,6 (0,1–5) 74-61

Índia NEC 9 32,7 (25–63) 8-1 -
EC 14 27,3 (23–37) 13-1 -
UM 31 30,8 (4–70) 18-13 1,24 (0,71–2,18)
SM 13 30,4 (8–65) 10-3 1,11 (0,38–3,21)
CM 26 40,4 (9–72) 16-10 2,04 (1,07–3,87)

ExCM 5 19,36 (7–51) 0–5 -
Total 93 32,3 (4–72) 65-28 1,50 (1,02–2,20)

NEC- non endemic control, EC- endemic control, AI- asymptomatic infected, UM – uncomplicated malaria, SM – severe malaria (non-cerebral), CM 
– cerebral malaria, ExCM – Ex-cerebral malaria. Note: sex couldn't be determined for 1/18, 11/61 and 4/33 patients from EC, UM and SM, 
respectively.
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cold PBS. The parasite pellet was resuspended in 1 ml pro-
tein isolation buffer containing a cocktail of protease
inhibitors. This was briefly sonicated and the tube was
kept at 4°C for between four and five hours. The contents
of the tube were agitated by cyclo-mixing and then centri-
fuged at 6,000 rpm for 30 min at 4°C. The clean superna-
tant was collected in a separate tube and the pellet was
discarded. The contents were sterilized by passing through
0.22 μm-pore filters. Aliquots of the antigen were frozen
at -70°C until use. Parasite proteins were quantified by
the Bradford method. The concentration of the parasite
line FAN 5HS and 3D7 were 1.2 and 2.6 mg/ml, respec-
tively.

Normal RBC extracts
Normal red blood cell (RBC) extract was prepared from
the same batch of RBCs used for culturing the parasites,
and followed the same procedure as previously described
for pRBCs. Briefly, the RBCs were washed with PBS and
the buffy coat was removed. After centrifugation, the RBC
pellet was suspended in 1 ml protein isolation buffer con-
taining a cocktail of protease inhibitors. This was briefly
sonicated and the tube was kept at 4°C for between four
and five hours. The contents of the tube were agitated by
cyclo-mixing and then centrifuged at 6000 rpm for 30 min
at 4°C. The clean supernatant was collected in a separate
tube and the pellet discarded. The protein contents were
estimated using a protein determination kit (BCATM pro-
tein assay Kit, Pierce, France).

Total IgE levels
An ELISA method was used to detect total IgE plasma lev-
els in samples corresponding to day 0, day 7 and day 30.
ELISA plates (96 microwell plates, reacti-bind 96 EIA Plate
100/PKG, Pierce) were coated with 50 μl/well of purified
sheep polyclonal anti-human IgE solution at 5 μg/ml (The
Binding Site, Birmingham UK) by incubation overnight at
4°C. The plasma samples were diluted 1:5 and incubated
for two hours at 37°C. Bound IgE was detected using a
peroxydase-conjugated polyclonal anti-human-IgE (The
Binding Site, Birmingham UK). Binding was revealed
using the OPD substrate (Sigma) and the product was
quantified from the optical density (OD) at 450 nm.
Serial dilutions ranging from 2 μg/ml to 0.0019 μg/ml of
IgE solution (human monoclonal IgE provided by Dr Thi-
erry Batard – Stallergenes, Anthony, France) gave the
standard curve. The median of each optical density value
was fitted into the sigmoidal standard curve using a spe-
cific ELISA programme running in Igor version 3.16 (Wav-
emetrics, Lake Oswego, OR).

IgE functional assay
A new rat mast cell line RBL-2H3 transfected with a
human Fcε RI α-chain that triggers degranulation upon
human IgE cross-linking was used [20]. Cells were main-

tained in Dulbecco medium (Gibco BRL, Eragny, France)
containing 10% foetal bovine serum (FCS), 100 U/ml
penicillin and 100 U/ml streptomycin (GIBCO BRL,
France). Cells were expanded by incubation at 37°C for
three to four days in complete Dulbecco medium supple-
mented with G418 (GIBCO BRL, France).

β-Hexosaminidase is known as a component of the
basophil and the mast cell specific granule, and is released
during degranulation of these cells [21]. Degranulation
was monitored after antigen stimulation by measuring the
level of released β-hexosaminidase. Fcε RI α-chain RBL-
2H3 transfected rat mast cell line cultures (5 × 105 cells per
well) were incubated with the different serum samples at
a non-cytotoxic dilution (previously determined) for 48
hours at 37°C in the absence of the G418 antibiotic. The
upregulated receptors were saturated by incubation at 4°C
for 30 minutes with the same samples diluted 1:10. The
cells were then washed with PBS 1X, centrifuged and
resuspended in 1 ml Tyrode buffer before being centri-
fuged again. Finally, the cell pellet was resuspended in
450 μl of D2O (50%) and Tyrode buffer (50%) solution
and each culture sample was distributed to 10 ELISA plate
wells. Different controls were carried out for each sample.
Control cells on lane 1 and 2 were subjected to Triton dis-
ruption (Triton 5%) and represented 100% enzyme
release. Cells on lanes 3 and 4 were incubated with 50 μl
of complemented Dulbecco medium without serum and
represented the background enzyme release. Lanes 5 and
6, 7 and 8, 9 and 10 were incubated with 50 μl of different
duplicated concentrations of parasite extract (1,000, 100
and 10 ng/ml) for 30 minutes at 37°C. After centrifuga-
tion of each well sample, 50 μl of each supernatant was
collected and incubated with 50 μl of PNAG substrate
solution for 90 minutes at 37°C. The level of released β-
hexosaminidase was estimated from the OD at 405 nm
using a spectrophotometer. All results are expressed as the
percentage of total β-hexosaminidase in the cells after cor-
recting for spontaneous release in unstimulated cultures,
calculated as following: (experimental β-hexosaminidase
– background β-hexosaminidase)/(total β-hexosamini-
dase – background β-hexosaminidase) × 100.

Flow cytofluorometry analysis
FACS analysis was performed after incubating RBL-2H3-
D12.8 cells with several dilutions of serum samples to fol-
low the induction of the high affinity receptor (Fcε RI)
expression after stimulation by IgEs in the patient's sera.
Cells were incubated for 48 hours at 37°C with the differ-
ent serum samples optimally diluted to avoid cytotoxicity.
A saturation step with the same sera diluted 1:10 was done
by incubation at 4°C for 30 minutes. Cells were washed
with PBS 1X and incubated with FITC-labelled anti-IgE
(Tebu, Le Perray en Yvelines, France) (1/100) for 30 min-
utes. Cells were washed again, centrifuged, resuspended in
Page 4 of 13
(page number not for citation purposes)



Malaria Journal 2007, 6:1 http://www.malariajournal.com/content/6/1/1
PBS 1X and analysed by cytofluorometry using Cellquest
software (Beckton Dickinson, USA). 10,000 cells were
acquired per tube.

Cytokine levels
The levels of cytokines in the plasma (IL-4, TNF, INF-γ,
and IL-10) were estimated by Opti-ELISA kits (Pharmin-
gen, San Diego, CA.USA) used following the manufac-
turer's instructions.

Statistics
Due to a non-normal distribution of the scores in each
group, non-parametric tests were performed, using the
median to compare the different clinical groups. The
Mann Whitney test was used for comparisons between
two groups and the Kruskall Wallis test to compare three
or more groups. Spearman's correlation was used to check
for correlations between parameters. P values less than
0.05 were considered as significant. Chi-squared test was
used to compare qualitative variables.

Results
Serum total IgE levels in groups of P. falciparum infected 
patients with different clinical phenotypes
Total IgE levels were analysed in endemic controls and in
cohorts of P. falciparum-infected patients with different
clinical forms of malaria, ranging from asymptomatic to
cerebral disease, from Gabonese and Indian endemic
areas to study the association between the IgE response
and disease severity. Total IgE levels were measured by
ELISA in individual sera before drug administration (cor-
responding to day 0) and determined the general distribu-
tion in the studied populations from Gabon (Figure 1A)
and India (Figure 1B). Total IgE concentrations were
found to be much higher in patients from India (mainly
adults) than in patients from Gabon (children). In both
populations independent of the different levels of IgE in
each population, the median IgE levels within each clini-
cal group tended to increase upon infection (mainly in
UM and SM groups), although the difference between the
groups was only significant in the Indian population
(Kruskall Wallis, p = 0.0005). As only Indian patients
showed a significant difference, the Mann Whitney test
was used to compare the different groups in this popula-
tion only. There was a significant increase in IgE levels in
the EC group compared to the NEC group (p = 0.042). The
most significant increase in IgE levels (versus the EC
group) occurred in the UM patients (p = 0.015) and in the
SM patients (p = 0.013). No significant difference
between the EC group and the CM and Ex-CM groups was
observed.

A range of values of IgE levels was defined enabling the
analysis of the frequency of normal, moderate and high
IgE levels in each clinical group of patients. The so-called

normal values were adjusted to the studied population
because the Gabonese and Indian groups had different
plasma total IgE ranges. Therefore, the normal value (N)
was defined by the median IgE levels in the endemic con-
trols of each study population. Consequently, all values
between N and 2N were considered as low/moderate IgE
levels and those between 2N and 3N as moderate/high IgE
levels, with the highest levels being above 3N (Figures 1C
and 1D). Even in Gabonese patients, for whom the
increase of IgE in the disease groups was not significant, a
higher percentage of patients with clinical disease had
higher IgE levels than controls and asymptomatic
patients. These differences were more marked in the UM,
SM and CM Indian patients (Figure 1D). In the Indian
population, the NEC group did not have moderate/high
IgE levels, although a high percentage of patients exhib-
ited normal IgE levels (Figure 1D). Also, no significant
change was detected in IgE levels over time in the UM, SM
and CM groups of the Gabonese cohorts when tested
seven days and 30 days after treatment (Table 2). No sig-
nificant association of malaria and IgE levels with sex in
the two studied populations. However, a significant
increase in IgE levels with age (p = 0.00034) was observed
in the Gabonese subjects (Figure 2A) but not in the Indian
subjects.

The correlation between IgE levels and the parasite load
was tested. Although the general trend was different in the
Indian and Gabonese population, there was no significant
correlation between IgE concentration and parasite load
for all groups together. In Gabonese cohorts, a negative
correlation for all groups was observed, except for the UM
patients where the correlation showed a positive ten-
dency. In the Indian cohorts, a positive correlation was
observed between IgE levels and parasite load, mainly in
the UM and SM groups (Figure 2B).

Functional parasite specific IgE response in P. falciparum 
infected patients
Previous studies have used ELISA to quantify specific IgE
present in the serum [7,8,10,11]. The functionality of spe-
cific IgEs present in the serum was studied by evaluating
the ability of these IgEs to induce mast cell degranulation
in the presence of the parasite antigen. A rat mast cell line
transfected with the human α-chain of Fcε RI was used
[20]. Human Fcε RI expression was induced after incuba-
tion with all serum samples at non-cytotoxic dilutions.
FACS was used to detect the presence of FcåRI receptors on
the mast cells surface induced by IgE present in serum
samples. Although the fluorescence intensity revealing
human Fcε RI expression by the mast cells varied between
patient samples, IgE receptors were upregulated in all the
samples tested. No correlation between total IgE levels in
the serum and the up-regulation of mast cell receptors was
found. There was no significant correlation between IgE
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levels and receptor upregulation and the level of mast cell
degranulation. Sensitized cells were then incubated with
different concentrations of a P. falciparum blood-stage
antigen extract. Mast cell degranulation was measured by
quantifying the release of β-hexosaminidase. Control cells
not exposed to any serum gave a maximum mast cell
degranulation of 3%. Therefore, serum samples giving an
enzyme release greater than 5% in the presence of at least
one of the antigen concentrations were considered posi-
tive for functional IgE. In the Gabonese cohorts (Figure
3A), there were functional P. falciparum IgE in all clinical

groups. However, the percentage of patients with func-
tional specific anti-parasite IgE was higher in asympto-
matic and uncomplicated malaria patients than in other
groups. Also, the percentage of patients displaying para-
site-specific IgE was lower in the group exhibiting severe
disease. The distribution of patients per group releasing
between 5 and 10%, 10 and 30% and above 30% β-hex-
osaminidase induced by specific anti-parasite IgE revealed
that one patient in CM group had a degranulation level
above 30%, being the highest induced response among all
the tested individuals. The same assay was carried out on

Distribution of total IgE levels per clinical group in both studied populations: Gabon and IndiaFigure 1
Distribution of total IgE levels per clinical group in both studied populations: Gabon and India. A. Total IgE levels (μg/ml) per 
clinical group in Gabonese patients (non-significant Kruskall Wallis test). B. Total IgE levels (μg/ml) in Indian patients (significant 
Kruskall Wallis test, p = 0.0005). C. Percentage of patients with defined IgE levels per group in the Gabonese population (nor-
mal levels (N) lower than or equal to 0.500 μg/ml, moderate levels (N to 2N), from 0.501 to 1.000 μg/ml, high levels (2N to 
3N), from 1,000 to 1,500 μg/ml, very high (>3N) greater than 1,500 μg/ml). D. Percentage of patients with defined levels of IgE 
per group in the Indian population (normal levels (N) lower than or equal to 4,000 μg/ml, moderate levels (N to 2N), from 
4,000 to 8,000 μg/ml, high levels (2N to 3N), from 8,000 to 12,000 μg/ml, very high (>3N), greater than 12,000 μg/ml). Legend: 
EC – endemic control, AI – Asymptomatic infected, UM – uncomplicated malaria, SM – severe malaria, CM – cerebral malaria, 
NEC – non-endemic control, ExCM – ex-cerebral malaria.
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the Indian population. Although there was no significant
difference between groups, the percentage of patients hav-
ing functional IgE recognizing the parasite extract was
slightly higher in EC and UM groups than in SM and CM
groups (Figure 3B). All positive patients had an enzyme
release of between 10 and 30%. No significant correlation
was found between P. falciparum-specific IgE-induced
mast cell degranulation levels and sex, age and parasitae-
mia.

Relationship between total and specific serum IgE and 
cytokine profiles
IgE production is influenced by cytokines produced by
activated T cells. These cytokines are also involved in
pathophysiological mechanisms associated with severe
malaria [4,22,23]. Therefore, the relationship between the
cytokine profile, the IgE levels and the clinical manifesta-
tion was investigated. IFN-γ, TNF and IL-10 levels were
measured in the sera of the Indian and Gabonese patients.
IL-4 levels were measured only in Indian patients as it was
not different between the Gabonese groups. IFNγ concen-

trations were highest in the Gabonese AI and CM groups
(Table 3). This cytokine is significantly higher in the AI
and CM groups than in EC (p = 0.02 and p = 0.009 respec-
tively). The plasma TNF concentration was similar in the
severe SM and CM groups and in disease-free EC and AI
groups. TNF levels were clearly higher in SM and CM
groups than in the UM group (p < 0.001). Surprisingly, EC
and AI also exhibited higher TNF levels when compared to
UM group. No association between IFN-γ or TNF and IgE
levels were found. However, a significant positive correla-
tion was found between the concentration of total IgE and
IL-10 in the UM group (p = 0.02) and a significant nega-
tive correlation in the AI group (p = 0.02) (Figure 4). The
median levels of the different cytokines in the plasma of
Indian patients are given in Table 4. IL-10 and TNF levels
were higher in CM patients than in controls and other P.
falciparum-infected patients. The plasma concentrations of
these cytokines were moderate in cured CM patients
(ExCM). Their levels of IL-10 and TNF were slightly higher
in endemic controls than in non-endemic controls. Levels
of IFN- were lower in the CM group than in AI group. No

Table 2: Day 0, day 7 and day 30 median IgE levels per clinical group in the Gabonese population.

Total IgE (μg/ml) EC (min-max) AI (min-max) UM (min-max) SM (min-max) CM (min-max)

Day 0 0,525 (0,009–25,47) 0,677 (0–41,96) 0,690 (0,015–13,173) 1,132 (0,016–9,915) 0,922 (0,093–16,34)
Day 7 0,582 (0,0144–5,644) 0,448 (0,0192–3,188) 0,516 (0,011–5,228) 0,836 (0,016–5,689) 8,033 (8,033–8,033)
Day 30 1,026 (0,044–2,628) 0,977 (0,056–7,446) 0,151 (0,052–3,925) 0,662 (0,011–6,315) ------

EC – endemic control, AI – asymptomatic infected, UM – uncomplicated malaria, SM – severe malaria (non-cerebral), CM – cerebral malaria.

A. Total IgE correlation with age in the Gabonese population (significant spearman correlation, p = 1.0 × 10-9)Figure 2
A. Total IgE correlation with age in the Gabonese population (significant spearman correlation, p = 1.0 × 10-9). B. Total IgE 
correlation with parasitaemia in the Indian population. Significant Spearman correlation (p = 0,0001).
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difference was found for the levels of IFN-γ between the
uncomplicated and severe disease. Although, there was a
significant correlation between IgE levels and IFN-γ (Fig-
ure 5A), TNF (Figure 5B) and IL-10 (Figure 5C) levels
when looking at all the groups combined. Most diseased
groups had high cytokine levels, whereas control groups
had lower levels (Figure 5A, B and 5C).

Discussion
The main feature of this study is the comparison of total
and functional P. falciparum-specific IgE responses in two
populations of low and high malaria transmission levels,
India and Gabon respectively and their relationship with
disease severity. Several clinical groups were compared:
endemic non-infected controls, asymptomatics and dif-
ferent clinical manifestations including uncomplicated,
severe non-cerebral and cerebral malaria.

Indian and Gabonese individuals exhibited a different
range of plasma levels of circulating IgE These cohorts had
a different age range, with the Gabonese groups being
children from 0 to 6 years of age, whereas Indian patients
had a mean age of 30 years. In the two populations, irre-
spective of its concentration and also consistent with pre-
viously published data, the IgE distribution tended to
increase upon parasite stimulation [8,10,11]. In the
Indian population, circulating IgE levels were seven times
higher in endemic controls than in non-endemic controls.
This suggests that exposure to the parasite strongly influ-
ences the production of IgE, although this difference may
also be due to other endemic factors [7]. Nevertheless, it
was reported that IgE levels were greatest in patients devel-
oping severe disease than in CM group (Figure 1A and
1B). When considering the percentage of patients that
produce high levels of IgE per group, it was shown that IgE

Table 3: Cytokine distribution in the Gabonese population: median TNF, IFN-γ and IL-10 levels per clinical group.

EC (min-max) AI (min-max) UM (min-max) SM (min-max) CM (min-max)

TNF (pg/ml) 41 (8–94) 36 (0–395) 8 (0–440) 175 (1–442) 209 (0–1520)
IFN-γ (pg/ml) 3,2 (0–8) 9,5 (0–31) 5 (0–395) 4 (0–201) 6,2 (2,5–9)
IL-10 (pg/ml) 14 (0–83) 102 (0–317) 134 (0–1380) 339 (0–5200) 95 (0–2300)

EC – endemic control, AI – asymptomatic infected, UM – uncomplicated malaria, SM – severe malaria (non-cerebral), CM – cerebral malaria.
Comparing group by group with the Endemic control: TNF was significantly lower in UM (p = 0,0006); IFN-γ was significantly higher in AI and CM 
(p = 0,02 and p = 0,007, respectively); IL-10 was significantly higher in UM (p = 0,0009), SM (p = 0,0001) and CM (p = 0,0001)

Percentage of patients with positive functional IgE against parasite antigen in the Gabonese and Indian populationsFigure 3
Percentage of patients with positive functional IgE against parasite antigen in the Gabonese and Indian populations. A. Distribu-
tion of patients with positive anti-parasite functional IgE, exhibiting different intensities of enzyme release per clinical group in 
the Gabonese population (low enzyme release, from 5 to 10%; moderate enzyme release, from 10 to 30%; and high enzyme 
release, greater than than 30%). B. Distribution of patients with positive anti-parasite functional IgE in the Indian population.
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levels are higher in UM and SM (Figure 1C and 1D) than
in CM patients who had values similar to that of the con-
trols [8,24]. In addition, the median levels of circulating
IgE in the ExCM group were close to that of the CM group.
Also, no significant correlation was found between both
IgE and TNF levels in the CM group. These observations
are contrary to published data describing increased IgE
levels that correlate with high concentrations of circulat-
ing TNF, a cytokine associated with malaria severity and
also with pRBC adherence on brain capillary endothelial
cells [9,10,25,26]. The results suggest that either IgE does
not play an important role in CM pathogenesis, or that
these antibodies may participate in the parasite sequestra-
tion into the brain or other organ capillaries [24].

There was a significant increase in IgE levels with age in
Gabonese children independent of the disease group (Fig-
ure 2). This increase in IgE production between 0 and six
years of age may also reflect an increase in the capacity of
the immune system to respond to parasite infections
[7,27]. Such a correlation was not found in Indian groups.
This would be expected because the Indian groups com-
prised mainly adults, with the few children being older
than five years. Although most of individuals in the
Gabonese endemic control group had already been in
contact with the parasite, as demonstrated by the high
titres of specific antibody to P. falciparum-infected red
blood cells observed in these children, the median plasma
IgE concentrations were compared with those of the
Indian NEC group. Although the median total IgE levels
in the Indian NEC groups was higher than that of the
Gabonese EC group, suggesting that age could be an
important factor in IgE production, the higher IgE levels
in the Indian population may also be interpreted as the
result of either environmental factors, such as predomi-
nance of food allergies, of the genetic background, which
may predispose to developing IgE responses [13,27,29-
32] or of a co-infection with other parasites, such as
helminths affecting the IgE responses in these patients
[33,34]. In the Gabonese cohorts, IgE levels tended to cor-

relate negatively to parasitaemia except in UM whereas all
patient groups from India showed a positive correlation.

The pool of circulating IgE comprises both monomeric
and complexed immunoglobulins [35,36]. A functional
test was performed, based on the ability of the circulating
IgE from the sera of different patient groups to induce
degranulation of mast cells in the presence of pRBC anti-
gens to better estimate the P. falciparum specific IgE
response. This test does not provide specific IgE concen-
tration within total IgE. It is based on the specific IgE
induced percentage of mast cells degranulation. Degranu-
lation was measured by quantifying β-hexosaminidase
release. Functional P. falciparum-specific IgEs were
detected in randomly chosen patients from all groups in
both the Gabonese and Indian populations, except for
ExCM Indian patients. The highest percentage of patients
with functional anti-parasite IgEs was found in the
Gabonese AI and UM and Indian EC and UM groups,
which decreased in the SM and CM groups (Figure 3A and
3B). This suggests a protective role for P. falciparum-spe-
cific IgE, and is consistent with previous published data
[13,14].

Although the CM group had a low percentage of patients
able to induce degranulation, it was the only group where
there was one patient serum inducing a mast cell degran-
ulation above 30%. This intense response may be associ-
ated with the presence of IgE with higher affinity for P.
falciparum antigens, as previously reported by Gonzalez-
Espinosa et al. [37]. However, the level of degranulation
can also be enhanced by the number of receptors involved
in recognizing the antigen-IgE complex, which can
strongly affect the size of the secretory response [37,38].
There was no evident correlation between the level of
functional P. falciparum-specific IgE (percentage of
enzyme release) and the level of total IgE per group within
each population. This is unsurprising, given that both the
monomeric and complexed forms of circulating parasite-
specific IgE can affect the level of degranulation [39-41]. It

Table 4: Cytokine distribution in the Indian population: median TNF, IFN-γ and IL-10 per clinical group.

NEC (min-max) EC (min-max) UM (min-max) SM (min-max) CM (min-max) ExCM (min-
max)

TNF (pg/ml) 57 (39–73) 78 (63–120) 180 (119–207) 200 (173–381) 530 (258–1227) 81 (69–124)
IFN-γ (pg/ml) 23 (10–31) 22 (17–201) 119 (70–153) 127 (111–200) 65 (45–101) 32 (11–53)
IL-10 (pg/ml) 13 (5–26) 22 (11–31) 120 (97–147) 176 (121–253) 301 (175–506) 85 (40–108)
IL-4 (pg/ml) 18 (8–40) 58 (23–84) 65 (31–204) 69 (50–89) 62 (40–85) 48 (29–80)

NEC – non endemic control, EC – endemic control, UM – uncomplicated malaria, SM – severe malaria (non-cerebral), CM – cerebral malaria, 
ExCM – Ex-cerebral malaria.
Comparing group by group with the Endemic control: TNF was significantly lower in NEC (p = 0,0006) and higher in UM (p = 1,19 × 10-7), SM (p 
= 1,01 × 10-5) and CM (p = 2,26 × 10-7); IFN-γ was significantly higher in all diseased groups (UM – p = 5,11 × 10-6, SM – p = 1,01 × 10-6, CM – p 
= 9,71 × 10-6); IL-10 was significantly higher in all diseased groups (UM – p = 1,04 × 10-7, SM – p = 1,01 × 10-5 and CM – p = 2,46 × 10-7).
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is also acceptable that total IgE levels were not directly cor-
related to FcåRI upregulation levels [40,42]. The mini-
mum level of receptors occupied by the parasite antigen-
specific IgE complex required to induce a degranulation
response is 10%. Consequently, this response will be
independent of the total IgE levels [20]. An increase in
specific IgE levels has been also seen in other parasitic
infections, such as helminthiasis, in which the specific
IgEs usually help to eliminate the pathogens either
through hypersensitivity reactions resulting from mast
cell degranulation or by inducing antibody-dependent
cell-mediated responses [27].

High levels of IgE in P. falciparum-infected individuals
have been shown to be due to an underlying imbalance in
favour of IL-4 in the ratio of CD4+ T cell producers, which
are responsible for the IgG/IgM isotype switching to IgE
[10]. High levels of circulating IL-4 have also been associ-
ated with a greater parasite antigen-specific production of
IgE in individuals less susceptible to malaria [13]. Also,
Th1-type pro-inflammatory cytokines, such as IFN-γ and
TNF are thought to play an important role in the both pro-
tecting against and increasing the pathogenesis of cerebral
malaria [3,4,22]. Plasma TNF, IFN-γ and IL-10 levels were
measured in both the Indian and Gabonese groups. In the

IL-10 correlation with total IgE levels in the Gabonese populationFigure 4
IL-10 correlation with total IgE levels in the Gabonese population. Dashed line - Asymptomatic patients (significant negative 
spearman correlation, p = 0.025). Bold line -  Uncomplicated malaria patients (significant positive correlation, p = 0.017).
Page 10 of 13
(page number not for citation purposes)



Malaria Journal 2007, 6:1 http://www.malariajournal.com/content/6/1/1
Gabonese groups, no direct correlation was found
between IgE and IFN-γ or TNF levels in the UM, SM and
CM patients. However, the level of IgE production was
correlated to IL-10 levels in UM and AI patients (Figure 4).
In this group, there was a positive association between IL-
10 levels and parasite load, but not between IgE levels and
parasitaemia. In the Indian groups, IFN-γ, TNF and IL-10
levels were all significantly correlated with IgE levels inde-
pendent of the group (Figures 5A, B and 5C). When look-
ing for a correlation per group, no significant statistic
value was found. IL-4 is the main cytokine responsible for
IgE production, inducing antibody isotype switching from
IgG and IgM to IgE [10]. Previous studies have shown an
association between the IL-4/IFN-γ levels and IgE levels,

suggesting an induced Th2-type switched response [43].
As IL-4 levels were different between groups only in Indi-
ans, a correlation was expected between this ratio and IgE
levels, and surprisingly, the results showed an opposite
correlation (p = 0,012). The levels of IL-4 remained
almost constant across all groups as IgE levels increased.
Therefore, this opposite correlation arises due to a parallel
increase in both IFN-γ and IgE levels. This suggests that, in
the Indian population, IL-4 does not seem to directly
influence IgE levels. It has been shown experimentally
that there are conditions under which alternative mecha-
nisms may induce IgE production independent of IL-4
[44]. Regarding other cytokine ratios, like TNF/IL-10, no
significant correlation was found with total IgE levels.

Cytokine correlation with IgE levels in the Indian populationFigure 5
Cytokine correlation with IgE levels in the Indian population. A. TNF correlation with total IgE levels (significant positive spear-
man correlation, p = 0.0037); B. IFN-γ correlation with total IgE levels (Significant positive spearman correlation, p = 0.0028); 
C. IL-10 correlation with total IgE levels (significant positive spearman correlation, p = 0.0051).
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In conclusion, these results showed that total IgE levels
increased in infected patients, mainly in UM and SM
patients but not in CM patients. The decrease in total IgE
levels in the CM group was associated with a higher inten-
sity of mast cell degranulation induced in vitro by P. falci-
parum-specific IgE. In addition, no correlation was found
between total and functional P. falciparum-specific IgE lev-
els.

The results reported here show the high activity of func-
tional circulating P. falciparum-specific IgE in asympto-
matic malaria patients. However, no correlation was
observed between plasma levels of total IgE, the disease
phenotype and the cytokines pattern in the different
groups of patients studied. The opposite association
between pro- and anti-inflammatory cytokine ratios and
IgE levels reveals the complexity of immune response dis-
ruption occurring during malaria in patients from low
and high malaria endemic region.
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The potential role of respiratory infections in altering the de-
velopment of atopy and asthma is complex. Infections have
been suggested to be effective in preventing the induction of
T-helper 2–polarized allergen-specific immunity in early life,
but also to exacerbate asthma in older, sensitized individuals.
The mechanism(s) underlying these effects are poorly defined.
The aim of this work was to determine the influence of lipo-
polysaccharide (LPS) exposure on the development of sensiti-
zation to allergen and the response to allergen challenge 

 

in
vivo.

 

 Piebald–Virol–Glaxo rats were exposed to a single aero-
sol of LPS 1 d before or 1, 2, 4, 6, 8, or 10 d after sensitization
with ovalbumin (OVA). On Day 11 animals were exposed to
1% OVA and responses to allergen were measured 24 h later,
monitoring inflammatory cell influx and microvascular leakage
into bronchoalveolar lavage (BAL) fluid as well as pulmonary
responses to methacholine using the forced oscillation tech-
nique. Histologic analysis was included to complement the BAL
results. Single aerosol exposure to LPS 1 d before and up to 4 d
after intraperitoneal injection of OVA protected against the
development of OVA-specific immunoglobulin (Ig) E. LPS ex-
posure 6, 8, or 10 d after sensitization further exacerbated the
OVA-induced cellular influx, resulting in neutrophilia and in-
creased Evans Blue dye leakage with no effect on serum IgE
levels. In addition, LPS abolished the OVA-induced hyperre-
sponsiveness in sensitized animals when given 18 h after OVA
challenge. This study demonstrates that exposure to LPS can
modify the development of allergic inflammation 

 

in vivo

 

 by
two independent mechanisms. Exposure early in the sensitiza-
tion process, up to Day 6 after exposure to allergen, prevented
allergen sensitization. Exposure to LPS after allergen challenge
in sensitized animals abolished the hyperresponsiveness and
modified the inflammatory cell influx characteristic of late-

 

phase response to allergen

 

.

 

Asthma is recognized as a chronic inflammatory disorder
of the lungs that results in bronchial hyperresponsiveness,
deterioration of lung function, and impaired quality of life
if left untreated (1, 2). Allergic sensitization and respira-
tory symptoms on exposure to allergen form an integral
part of the clinical spectrum of asthma in many older chil-
dren and adults. The histologic appearances of the airways
are similar in both atopic and intrinsic asthmatics (3) and
serum immunoglobulin (Ig) E levels are raised (4). Al-

though atopy is not always linked with asthma, its impor-
tance increases with age (5). Microbial infections early in
infancy may protect from the later development of atopy
and asthma such that the stimulus for normal postnatal
maturation of the immunoinflammatory response may be
provided by microbial stimulation (6, 7). At the same time,
clinical data indicate that respiratory viral infections are
major trigger factors for acute exacerbations of asthma (8–
10). There is circumstantial evidence that some bacterial
infections, for example 

 

mycoplasma

 

 and 

 

chlamydia

 

 may
also play a role in precipitating asthma (11, 12); however,
the clinical impression is that bacterial pneumonia in asth-
matic patients does not trigger acute exacerbations.

The inflammation characteristics of asthma and respira-
tory infections are different. Two subsets of T-helper (Th)
lymphocytes have been defined and are distinguishable by
a differing pattern of cytokine release. Th1-type cells stim-
ulate the recruitment and activity of macrophages and/or
mononuclear phagocytes and are involved in the cellular
immunity activated by microbial antigens, typically result-
ing in IgG antibody production without an increase in IgE
(13). They produce interleukin (IL)-2, interferon (IFN)-

 

g

 

,
and tumor necrosis factors. Th2 responses are important in
the allergic response and asthma, producing the cytokines
IL-4, -5, -6, -10, and -13 that are involved in the humoral
immune responses of elevated IgE levels and eosinophilia
(13). Complex, antagonistic interrelationships exist be-
tween the two subsets and the cytokine milieu (13–15).

On the basis of epidemiologic data suggesting that non-
wheezing infections may protect against allergen sensiti-
zation and also of clinical impressions that bacterial infec-
tions do not trigger asthma, we hypothesized that exposure
to the bacterial product lipopolysaccharide (LPS) during
the usual time course of late-phase allergic reactions would
alter the late-phase events. To address this question we
used two 

 

in vivo

 

 models of inflammatory lung disease mea-
suring inflammatory cell influx into bronchoalveolar lavage
(BAL) fluid (BALF) and leakage of Evans Blue dye from
the microvasculature into the BALF, and monitoring the
responsiveness to methacholine in Piebald–Virol–Glaxo
(PVG) rats sensitized to ovalbumin (OVA). PVG rats also
demonstrate neutrophilia and increased vascular perme-
ability after a single aerosol exposure to LPS.

 

Materials and Methods

 

Animals

 

Male PVG rats weighing 200 to 250 grams (Research Centre, In-
stitute for Child Health Research, Perth, Australia) were used
and were 10 wk old at the time of data collection. They were bar-
rier-housed in a clean animal house environment, kept on an
OVA-free diet, and had access to water and food 

 

ad libitum.
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nual monitoring indicated that the colony was free of known
pathogens. The study protocol was approved by the Institutional
Animal Ethics Committee.

 

Sensitization Procedure

 

Eight-week-old rats were actively sensitized on Day 0 by a single
intraperitoneal injection with 100 

 

m

 

g OVA in phosphate-buffered
saline (PBS), along with 50 ng of the IgE-selective adjuvant ricin.

 

Exposure to LPS

 

Where appropriate, animals were exposed once to nebulized LPS

 

Salmonella typhimurium

 

 (50 

 

m

 

g 

 

?

 

 ml

 

2

 

1

 

) for 30 min by allowing
them to run freely in a Plexiglas chamber into which the LPS was
aerosolized. The aerosol was generated from an ultrasonic nebu-
lizer (De Vilbiss Ultra-Neb 2000; Sunrise Medical, Somerset,
PA), the outlet of which was connected to the chamber. The out-
put of the nebulizer was 0.5 ml 

 

?

 

 min

 

2

 

1

 

 and the mean particle size
was 3.5 

 

m

 

m (manufacturer’s specifications). Naive animals were
exposed to LPS either 6 or 24 h before measurements were taken,
whereas sensitized animals underwent exposure 1 d before or 1,
2, 4, 6, 8, 10, or 12 d after sensitization with allergen. A second
group of sensitized animals were exposed to LPS 18 h after OVA
challenge.

 

Allergen Challenge

 

At 11 d after sensitization, at the peak of their IgE response, the
animals were placed in a Plexiglas chamber and challenged with
aerosolized OVA (1%) for 30 min using the ultrasonic nebulizer
(De Vilbiss).

 

Animal Preparation

 

At 24 h after allergen challenge, the animals were anesthetized by
intramuscular injection of xylazine (12 mg 

 

?

 

 kg

 

2

 

1

 

) and ketamine
(40 mg 

 

?

 

 kg

 

2

 

1

 

) and a tracheostomy was performed. The femoral
vein was cannulated with polyethylene tubing for the intravenous in-
jection of drugs. Evans Blue dye (50 mg 

 

?

 

 kg

 

2

 

1

 

) in a volume of 2 ml
was administered by intravenous injection over a 2-min period.

 

Measurement of Respiratory Mechanics

 

Pulmonary function was measured using an adaptation of the low-
frequency forced oscillation technique, in which input impedance
(Z

 

L

 

) was measured using a wave-tube (16, 17). Briefly, measure-
ments were made by applying loudspeaker-generated small-ampli-
tude oscillatory signals from 0.5 to 20 Hz through a 114-cm-long,
1.45-mm inner diameter polyethylene wave tube during a 6-s ap-
noeic period. A three-way tap was used to switch the animal from
the respirator to a loudspeaker-in-box system at end-expiration.
The mean pressure in the loud speaker was adjusted to 2.5 cm
H

 

2

 

O to keep the transpulmonary pressure constant during mea-
surements. Z

 

L

 

 was calculated as described by Peták and col-
leagues (16). To separate airway and tissue mechanics, a model
containing a frequency-independent airway resistance and iner-
tance and a constant-phase frequency-dependent tissue resistance
(G) and elastance was fitted to the Z

 

L

 

 spectra (17). Impedance
points coinciding with the heart rate and its harmonics were omit-
ted from the model fitting because cardiac activity caused low sig-
nal-to-noise ratio at these frequency components.

 

Methacholine Challenge

 

After an equilibration period of 15 min, baseline was established
with four to six Z

 

L

 

 recordings. Cumulative doses of methacholine
(MCh) (2 to 16 mg 

 

?

 

 ml

 

2

 

1

 

) were administered by inhalation for 90 s
using a jet nebulizer (LC PLUS; Pari-Werk GmbH, Starnberg,
Germany) driven by compressed air (5 liters 

 

?

 

 min

 

2

 

1

 

) and con-
nected to the input port of the ventilator. Z

 

L

 

 data were ensemble-

averaged in baseline condition, whereas individual Z

 

L

 

 curves
were fitted at 1-min intervals after MCh administration. Peak re-
sponses in G at each dose were used for further analysis. Re-
sponses were measured as percentage increase above baseline.

Evans Blue dye (50 mg 

 

?

 

 kg

 

2

 

1

 

) was administered by intrave-
nous injection over a 2-min period immediately after the con-
struction of MCh dose–response curves. At the end of the experi-
ment, 1.0 ml of blood was collected via cardiac puncture for the
estimation of OVA-specific serum antibody titers.

 

BAL

 

At 30 min after administration of Evans Blue, animals were killed
with pentobarbitone and the chest was opened. BAL was per-
formed via the tracheal cannula using 3 

 

3

 

 8 ml of PBS containing
lignocaine hydrochloride (0.35%) and bovine serum albumin
(BSA) (0.2%). Routinely, greater than 90% of the lavaging fluid
was recovered from the lungs. The BALF was centrifuged at
250 

 

3

 

 

 

g

 

 for 10 min at 4

 

8

 

C and the cell pellet resuspended in 1.0 ml
sterile PBS solution. Total cell count was determined by adding
20 

 

m

 

l of the cell suspension to 20 

 

m

 

l Trypan Blue stain and count-
ing cells under a light microscope using a Neubauer hemocytom-
eter. The differential cell count was carried out from cytospin
preparations using Leishman’s BDH stain and counting 200 cells
at random under 

 

3

 

100 magnification. The cells were identified
by standard morphology.

The amount of Evans Blue dye in the lavage supernatant was
quantified by measuring the absorbence at 630 nm using a spec-
trophotometer (Microplate AutoReader EL311; Bio-Tek Instru-
ments, Inc., Winooski, VT). The concentration of dye was extrap-
olated from a standard curve of Evans Blue dye concentrations (1
to 10 

 

m

 

g 

 

?

 

 ml

 

2

 

1

 

).

 

Serum Antibody Measurements

 

OVA-specific IgE titers were estimated by enzyme-linked immu-
nosorbent assay (ELISA) according to the method of Van Hal-
teren and associates (18). Briefly, microtiter plates (Falcon flexi-
ble assay plate 3912; Becton Dickinson, Winooski, CA) were
coated overnight at 4

 

8

 

C with mouse antirat IgE in PBS (1 

 

m

 

g 

 

?

 

ml

 

2

 

1

 

). Doubling dilutions of standards and samples were added
and incubated for 3 h. Digoxygenin conjugate OVA was added
(1:1,000) and incubated for 1 h, followed by sheep antidigoxyge-
nin horseradish peroxidase conjugate (1:1,000) for 1 h. The per-
oxidase substrate 3,3

 

9

 

,5,5

 

9

 

-tetramethylbenzidine (TMB) was used
for color development and the plates were read spectrophoto-
metrically at 450 nm with an ELISA plate reader (Microplate
AutoReader EL311; Bio-Tek Instruments). Titers are expressed
as reciprocal log

 

2

 

 titers. OVA-specific IgG was measured by a he-
magglutination assay using sheep red blood cells conjugated to
OVA and titers expressed as reciprocal log

 

2

 

 titers as previously
described (19).

 

Histologic Analysis

 

In a separate group of animals histologic examination of the lungs
was undertaken to determine whether the inflammatory cell pro-
file obtained using the BALF was representative of tissue inflam-
mation. Sensitization and OVA challenge as well as LPS exposure
were performed as described earlier. At 6 h after LPS exposure in
naive animals or on Day 12, 24 h after OVA challenge in sensi-
tized animals, the rats were killed and the lungs and the trachea
removed immediately and inflation-fixed with 4% paraformalde-
hyde at 20 cm H

 

2

 

O via tracheal installation. The right lung and the
trachea were embedded in paraffin wax and one 3-

 

m

 

m section per
animal was stained with hematoxylin and eosin. Inflammatory
cells were identified by standard morphometry. Numbers of cells
in tissue and air spaces were counted in 10 random, nonoverlap-
ping parenchymal fields at 

 

3

 

100 magnification under brightfield
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illumination. All histologic analyses was performed on the same
region of each lung, the right upper lobe, and measurements were
performed blind by the same operator (M.K.T.).

 

Study Groups

 

Influence of LPS exposure on late-phase events after OVA chal-
lenge

 

. Six sensitized animals were exposed to a single aerosol chal-
lenge of saline or LPS 18 h after OVA challenge on Day 12 and in-
flammatory parameters as well as responses to inhaled MCh were
determined 6 h later; that is, 24 h after initial allergen exposure.

 

Influence of LPS exposure on primary allergic sensitization

 

.
Groups of animals were exposed to saline or LPS 1 d before or 1,
2, 4, 6, 8, or 10 d after sensitization with intraperitoneal injection
of OVA. They were then challenged with 1% OVA on Day 11
and their serum and BALF collected 24 h later.

 

Histologic analysis

 

. Six key groups of rats (4 in each group)
were exposed to saline or LPS in naive or sensitized animals to
complement the BAL data with parenchymal sections. These ani-
mals were not lavaged.

 

Drugs and Materials

 

OVA (Grade V), ricin, LPS 

 

S. typhimurium

 

, acetyl-

 

b

 

-MCh chlo-
ride (MCh), lignocaine hydrochloride, Evans Blue dye, Trypan
Blue, and Leishman’s BDH stain were obtained from Sigma
Chemical Company (St. Louis, MO). Mouse (monoclonal) antirat
IgE was supplied by Biosource (Camarillo, CA); digoxygenin-
3-

 

O

 

-methylcarbonyl-

 

«

 

-aminocaproic acid-

 

N

 

-hydroxysuccinimide
ester, sheep antidigoxygenin-POD Fab fragments by Roche Di-
agnostics (Basel, Switzerland); and TMB peroxidase substrate
and Solution B by Kirkegaard & Perry Laboratories (Gaithers-
burg, MD). BSA was from CSL (Parkville, Australia) and RPMI
1640 from GIBCO BRL (Glen Waverley, Australia). Ketamine
(Ketamil) was purchased from Troy Laboratories (Smithfield,
Australia), xylazine (Rompun) from Bayder (Pymble, Australia),
and pentobarbitone sodium (Lethabarb) from Virbac (Peakhurst,
Australia). Paraformaldehyde and Depex mounting medium were
purchased from BDH Laboratory Supplies (Poole, UK).

 

Statistical Analysis

 

Measurement of the difference in the total and the differential
cell counts, as well as Evans Blue leakage and serum antibody
measurements between different treatment groups were made by
the simple unpaired two-tailed Student’s 

 

t

 

 test. The effects of LPS
treatment in naive and sensitized animals on MCh responses
were assessed by calculating the provocative concentration of
MCh producing a 150% increase in frequency-dependent tissue
resistance above baseline (PC

 

150

 

) by linear interpolation on a
semilogarithmic MCh dose–response curve. In this particular ani-
mal model aerosolized MCh produces predominantly a tissue re-
sponse (16), thus only tissue mechanics were used for statistical

analysis. Comparisons between groups were made on log trans-
formed data using one-way analysis of variance with Student–
Newman–Keuls correction for multiple comparisons. All results
are expressed as means 

 

6

 

 standard error of the mean (SEM).

 

P

 

 

 

,

 

 0.05 was regarded as statistically significant.

 

Results

 

Inflammatory Models

 

Response to allergen in sensitized animals 24 h after chal-
lenge

 

. Intraperitoneal sensitization of naive animals to
OVA resulted in increased OVA-specific serum IgE on
Day 12 (

 

P

 

 

 

,

 

 0.01, 

 

n

 

 

 

5

 

 8; Table 1). OVA-specific serum
IgG antibody was unchanged. Exposure of these animals
to 1% OVA on Day 11 resulted in a greater than 4-fold in-
crease in inflammatory cell influx into the BALF 24 h la-
ter (

 

P

 

 

 

,

 

 0.01, 

 

n

 

 

 

5

 

 11) as a result of increased numbers of
eosinophils (

 

P

 

 

 

,

 

 0.01), macrophages (

 

P

 

 

 

,

 

 0.01), lympho-
cytes (

 

P

 

 

 

,

 

 0.01), and neutrophils (

 

P

 

 

 

,

 

 0.01). This cellular
influx was associated with a significant increase in the con-
centration of Evans Blue in BALF (

 

P

 

 

 

,

 

 0.01; Table 1).

 

TABLE 1

 

Effects of OVA on inflammatory cell count, microvascular leakage, and serum antibody levels

 

*

 

Treatment

 

n

 

OVA-Specific IgE
(

 

1/log

 

2

 

 titer

 

)
OVA-Specific IgG

(

 

1/log

 

2

 

 titer

 

)
Total Cells

(

 

10

 

6

 

/ml

 

)
Eosinophils

(

 

10

 

6

 

/ml

 

)
Macrophages

(

 

10

 

6

 

/ml

 

)
Lymphocytes

(

 

10

 

6

 

/ml

 

)
Neutrophils

(

 

10

 

6

 

/ml

 

)
Evans Blue

(

 

mg/ml

 

)

 

Naive 11 3.50

 

 6 

 

0.24 3.59

 

 6 

 

0.43 0.87 6 0.08 0 0.72 6 0.07 0.12 6 0.02 0.03 6 0.01 1.98 6 0.10
Sens/sal 8 7.32 6 0.29§ 4.32 6 0.43 0.64 6 0.14 0 0.44 6 0.02 0.18 6 0.04 0.02 6 0.01 1.95 6 0.02
Sens/OVA 11 7.03 6 0.35 4.15 6 0.40 4.16 6 0.19† 0.16 6 0.03† 1.59 6 0.10† 2.15 6 0.15† 0.26 6 0.03† 4.36 6 0.21†

*Inflammatory response to OVA in sensitized animals 24 h after allergen exposure (sens/OVA group). Serum OVA–specific IgE and IgG were measured. The to-
tal and the differential inflammatory cell count as well as microvascular leakage (assessed by Evans Blue dye) was studied using the BALF. Results are expressed as
means 6 SEM.

§P , 0.01 versus naive.
†P , 0.01 versus sensitized and saline-challenged animals (sens/sal group).

Figure 1. Effects of OVA in sensitized animals. Cumulative
dose–response curves to inhaled MCh (2 to 16 mg ? ml21) in naive
(filled circles) (n 5 9) or in sensitized and OVA-challenged ani-
mals (sens/OVA) (filled squares) (n 5 11). Results are measured
as a percentage increase in frequency-dependent tissue resistance
and are expressed as means 6 SEM. **P , 0.01 versus sensitized
and saline-challenged animals (sens/sal) (open inverted triangles)
(n 5 10).
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OVA exposure induced hyperresponsiveness to inhaled
MCh in sensitized animals, significantly shifting the dose–
response curve to the left and decreasing the PC150 from
10.12 6 1.16 to 3.39 6 0.68 mg ? ml21 (P , 0.01; Figure 1).

Response to LPS in naive animals. Six hours after expo-
sure. Exposure of naive animals to LPS (50 mg ? ml21) in-
duced a greater than 5-fold increase in the total number of
inflammatory cells present in the BALF 6 h after initial
exposure (P , 0.01, n 5 10), predominantly as a result
of neutrophil influx (P , 0.01; Table 2), making up 88%
of the total cell count. The number of macrophages was
reduced 2-fold (P , 0.01); lymphocyte number and se-
rum OVA–specific IgE/IgG antibody levels remained un-
changed (Table 2). Evans Blue leakage increased signifi-
cantly from 1.98 6 0.14 to 3.47 6 0.44 mg ? ml21 (P , 0.01;
Table 2). Responses to inhaled MCh were significantly po-
tentiated 6 h after LPS exposure, decreasing the PC150 from
8.75 6 1.10 to 2.66 6 0.37 mg ? ml21 (P , 0.01; Figure 2).
Twenty-four hours after exposure. At 24 h after initial expo-
sure to LPS (50 mg ? ml21), the total number of cells in
BALF remained significantly above the pre-exposure num-

ber (P , 0.01, n 5 9); however, this was reduced 2-fold
when compared with 6-h exposure (Table 2). A similar pat-
tern of cellular response was observed, neutrophils making
up 85% of the cellular population. Macrophage numbers
were reduced (P , 0.01) and lymphocyte numbers re-
mained unchanged (Table 2). OVA-specific IgG was signif-
icantly increased from 3.92 6 0.53 to 9.10 6 0.43 1/log2 titer
24 h after LPS exposure (P , 0.01; Table 2). The increased
Evans Blue leakage (Table 2) and the hyperresponsiveness
evident at 6 h after LPS exposure was no longer evident at
24 h after exposure with a PC150 of 11.34 6 1.81 mg ? ml21

(Figure 2).

Influence of LPS Exposure on Allergen-Induced 
Late-Phase Events

Exposure of sensitized animals to LPS on Day 12, 18 h
after allergen challenge (denoted as the sens/OVA/LPS
group), resulted in modification of the allergen-induced
inflammatory cell profile seen in the BALF 24 h after al-
lergen challenge. LPS further potentiated the allergen-
induced inflammatory cell influx into BALF (P , 0.05,
n 5 6; Table 3). However, in contrast to the allergen chal-
lenge in sensitized animals in the absence of LPS (the sens/
OVA/sal group), this increase in total cell number was
predominantly due to a 20-fold increase in neutrophil in-
flux (P , 0.01) making up greater than 80% of the cellu-
lar content. The numbers of both macrophages (P , 0.01)
and lymphocytes (P , 0.01) were reduced 3-fold whereas
eosinophils were no longer detected in the BALF (P ,
0.01; Table 3). The OVA-specific serum antibody counts
remained unchanged (Table 3). The allergen-induced leak-
age of Evans Blue into BALF in sensitized animals was
further exacerbated with LPS exposure (P , 0.01; Table
3). LPS attenuated the allergen-induced hyperresponsive-
ness to MCh in sensitized animals when given 18 h after
OVA challenge (Figure 3), shifting the dose–response
curve to the right and increasing the PC150 from 2.62 6
0.61 mg ? ml21 in the sens/OVA/sal-challenged control
group to 10.77 6 3.58 mg ? ml21 in the sens/OVA/LPS
group (P , 0.05; Figure 3). LPS exposure in the sensitized
and saline-challenged (as opposed to OVA) group (de-
noted as sens/sal/LPS in Figure 3) showed hyperrespon-
siveness to MCh (PC150 2.09 6 0.20 mg ? ml21), and these
responses were similar in magnitude to those in naive ani-
mals exposed to LPS 6 h before measurement (Figure 2).

TABLE 2

Effects of LPS on inflammatory cell count, microvascular leakage, and serum antibody levels*

Treatment n
Total Cells

(106/ml)
Neutrophils

(106/ml)
Macrophages

(106/ml)
Lymphocytes

(106/ml)
Eosinophils

(106/ml)
OVA-Specific IgE

(1/log2 titer)
OVA-Specific IgG

(1/log2 titer)
Evans Blue

(mg/ml)

Naive 11 0.87 6 0.08 0.03 6 0.01 0.72 6 0.07 0.12 6 0.02 0 3.50 6 0.24 3.59 6 0.43 1.98 6 0.10
LPS6 10 4.72 6 0.34† 4.14 6 0.30† 0.39  6 0.05† 0.19 6 0.05 0 3.42 6 0.25 3.92 6 0.53 3.47  6 0.44†

LPS24 9 2.39 6 0.31† 2.04 6 0.26† 0.25 6 0.04† 0.09 6 0.01 0 3.10 6 0.29 9.10 6 0.43† 2.52 6 0.36

Definition of abbreviations: LPS6 5 LPS exposure on Day 6; LPS24 5 LPS exposure on Day 24.
*Inflammatory response to 50 mg/ml LPS 6 or 24 h after challenge in naive animals. Total and differential inflammatory cell counts and microvascular leakage (as-

sessed by Evans Blue dye) were studied using the BALF. IgE and IgG levels were monitored from serum. Results are expressed as means 6 SEM.
†P , 0.01 versus naive.

Figure 2. Effects of LPS in naive animals. Cumulative dose–
response curves to inhaled MCh (2 to 16 mg ? ml21) in naive ani-
mals (filled circles) (n 5 9) exposed to 50 mg ? kg21 LPS 6 (filled
squares) (n 5 10) or 24 (open squares) (n 5 9) h before data col-
lection. Results are measured as a percentage increase in fre-
quency-dependent tissue resistance and expressed as means 6
SEM. **P , 0.01 versus naive animals.



608 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL. 22 2000

Influence of LPS Exposure on Primary
Allergen Sensitization

Exposure of naive animals to 50 mg ? ml21 LPS 24 h before
the sensitization (on Day 1) inhibited their allergen-induced
increase in OVA-specific serum IgE levels (P , 0.01, n 5 6;
LPS-1 group in Table 4). OVA-specific serum IgG was sig-
nificantly increased (P , 0.01). Challenge of these animals
with OVA on Day 11 did not result in the allergen-induced
inflammatory cell influx previously reported in sensitized
animals 24 h after OVA challenge (Table 1). The total in-
flammatory cell count and the concentration of Evans Blue
in their BALF were similar to those of sensitized and saline-
challenged animals (the sens/sal group; Table 4) and were
not significantly different from those of naive animals (Ta-
ble 1). A similar profile of response was obtained in the
group of animals that was exposed to LPS 1, 2, or 4 d after
intraperitoneal injection with allergen (Table 4). Exposure
of LPS 24 h before sensitization (the LPS/sens/OVA group)

resulted in complete inhibition of allergen-induced hyperre-
sponsiveness to MCh (PC150 11.42 6 3.17 mg ? ml21), these
responses being similar to that of the sensitized and saline-
challenged (sens/sal) group (Figure 4).

Exposure of rats to a single aerosol challenge of LPS 6 d
after intraperitoneal allergen injection did not alter the se-
rum antibody levels in sensitized animals (Table 4). How-
ever, dramatic changes were seen in the inflammatory re-
sponse measured after OVA challenge. LPS exposure on
Day 6 (LPS6) further potentiated the allergen-induced cel-
lular influx into BALF (P , 0.01, n 5 5) in sensitized ani-
mals, predominantly as a result of a 25-fold increase in
neutrophil influx (P , 0.01). Eosinophil numbers were in-
creased 3-fold (P , 0.01) whereas both macrophage (P ,
0.01) and lymphocyte (P , 0.01) numbers were reduced
(Table 4). Allergen-induced Evans Blue leakage was fur-
ther potentiated (P , 0.01). The pattern of inflammatory
response and cellular content of BALF, leakage of Evans
Blue dye, and serum OVA–specific IgE and IgG levels ob-
tained from animals exposed to LPS on Day 8 or on Day 10
after sensitization was similar to Day 6 results (Table 4).

Histologic Analysis

Histologic assessment of parenchymal sections has shown our
BAL results to closely mimic the lung inflammatory response
to LPS or allergen exposure. At 24 h after allergen challenge
in sensitized animals, parenchymal total inflammatory cell
count was significantly increased (P , 0.01, n 5 4; Figure 4,
top panel), once again as a result of increased numbers of
eosinophils (P , 0.01; Figure 4, middle panel), macrophages
(P , 0.01), lymphocytes (P , 0.01), and neutrophils (P ,
0.05; Figure 4, lower panel) in both tissue and alveolar spaces.
LPS exposure in naive animals has been shown to induce a
similar increase in cellular influx (P , 0.01; Figure 5) and as
the lavage results have shown, this is predominantly due to
neutrophil influx into the lungs (P , 0.01, n 5 4; Figure 5).
Eosinophils were not detected in these animals (Figure 5).

Exposure of sensitized animals to LPS 18 h after aller-
gen challenge resulted in further exacerbation of allergen-
induced inflammatory cell influx (P , 0.05, n 5 4; Figure
5) and is in agreement with our BAL data. Similar exacer-
bated neutrophil influx (P , 0.01; Figure 5) and reduced
number of macrophages are seen. However, LPS has fur-
ther potentiated the allergen-induced eosinophil influx

TABLE 3

Effects of LPS in naive animals on inflammatory cell count, microvascular leakage, and serum antibody levels*

Treatment n
Total Cells

(106/ml)
Neutrophils

(106/ml)
Macrophages

(106/ml)
Lymphocytes

(106/ml)
Eosinophils

(106/ml)
OVA-Specific IgE

(1/log2 titer)
OVA-Specific IgG

(1/log2 titer)
Evans Blue

(mg/ml)

Sens/sal/LPS 6 4.90 6 0.39 4.32 6 0.37 0.34 6 0.04 0.24 6 0.03 0 6.99 6 0.37 4.15 6 0.34 3.65 6 0.42
Sens/OVA/sal 6 4.53 6 0.30 0.31 6 0.06 1.79 6 0.09 2.23 6 0.26 0.20 6 0.04 6.82 6 0.47 3.82 6 0.47 4.05 6 0.33
Sens/OVA/LPS 6 7.07 6 0.92‡ i 5.81 6 0.96§ 0.55 6 0.04†§ 0.71 6 0.11†§ 0§ 5.65 6 0.37 5.15 6 0.52 5.79 6 0.18†§

*Inflammatory response to OVA in sensitized animals exposed to LPS 50 mg/ml (or saline) 18 h after allergen challenge. Total and differential inflammatory cell
counts and microvascular leakage (assessed by Evans Blue dye) were studied using the BALF. IgE and IgG levels were monitored from serum. Results are expressed as
means 6 SEM.

iP , 0.05 and †P , 0.01 versus sens/sal/LPS.
‡P , 0.05 and §P , 0.01 versus sens/OVA/sal.

Figure 3. Effects of LPS 18 h after OVA challenge in sensitized
animals. Cumulative dose–response curves to inhaled MCh (2 to
16 mg ? ml21) in sensitized and OVA-challenged animals exposed
to 50 mg ? kg21 LPS (sens/OVA/LPS) (open circles) (n 5 5) or sa-
line (sens/OVA/sal) (inverted triangles) (n 5 6) 18 h after OVA
challenge. Results are measured as a percentage increase in fre-
quency-dependent tissue resistance and are expressed as means
6 SEM. *P , 0.05 versus sens/sal/LPS (filled circles) (n 5 6); that
is, sensitized animals exposed to LPS 18 h after saline challenge
as opposed to OVA and †P , 0.05 versus sens/OVA/sal.
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into the lung parenchyma (P , 0.01, n 5 4; Figure 5),
which was not shown by the lavage results (Table 3).

Discussion
The aim of the present study was to determine the influ-
ence of bacterial products on allergen-mediated late-phase
events in sensitized animals and on primary allergen sensi-
tization in vivo. We characterized allergic inflammation
per se in sensitized PVG rats as being associated with ele-
vated serum OVA–specific IgE antibody, with infiltration
of inflammatory cells including eosinophils into the paren-
chyma and BALF, as well as increased microvascular per-
meability and hyperresponsiveness to inhaled MCh 24 h

after allergen challenge. These findings are in agreement
with previous reports (20, 21). In a separate group of ani-
mals we also showed that bacterial inflammation, mim-
icked by exposure to aerosolized LPS, results in increased
total cell count in the lavage, predominantly as a result of
neutrophil influx which peaked at 6 h after exposure and
remained elevated above controls for up to 24 h. Similar
inflammatory response is evident in the lung parenchyma
after exposure to LPS. LPS-induced Evans Blue leakage
and hyperresponsiveness were also seen 6 h after exposure
but were no longer apparent after 24 h. These findings are
in agreement with those published by Pauwels and co-
workers (22).

The effects of exposure to bacterial LPS on the sensiti-
zation per se can be seen in Table 4. These results clearly
illustrate that if animals are exposed to LPS 1 d before and
up to 4 d after sensitization with OVA, LPS inhibits the in-
crease in OVA-specific IgE and upregulates serum IgG
levels. As a consequence, no cellular influx or increased
Evans Blue leakage into BALF after allergen challenge
was evident, and in these animals no hyperresponsiveness
to inhaled MCh was evident. When animals were exposed
to LPS from Day 6 to Day 10 after sensitization a de-
creased OVA-specific IgG antibody level and increased
serum OVA–specific IgE was seen at Day 12 compared
with sensitized animals not exposed to LPS. In these sensi-
tized animals LPS also exacerbated the allergic response
to OVA, further exaggerating the Evans Blue leakage and
cellular influx, in particular neutrophils and eosinophils.
Studies by Michel and coworkers (23) similarly showed
that LPS in house dust exacerbates symptoms in atopic
asthmatics.

LPS exposure upregulates the production of Th1 cyto-
kines, especially IFN-g in human T cells (24), and inhibits
the expression of Th2 cytokines in vivo (25). IFN-g inhib-
its the clonal expansion of Th2 cells and suppresses IgE
production by human lymphocytes during primary sensi-
tization (26). In our animals exposed to LPS from 1 d be-
fore and up to and including 4 d after sensitization, IFN-g
would be expected to inhibit expansion of Th2 cells and

TABLE 4

Effects on inflammatory cell count, microvascular leakage, and serum antibody levels*

Exposure 
(d) n

Total Count 
(106/ml)

Evans Blue
(mg/ml)

Neutrophils
(106/ml)

Macrophages
(106/ml)

Eosinophils
(106/ml)

Lymphocytes
(106/ml)

OVA-Specific IgE
(1/log2 titer)

OVA-Specific IgG
(1/log2 titer)

Sens/sal 8 0.64 6 0.14 1.95 6 0.02 0.02 6 0.01 0.44 6 0.02 0 0.18 6 0.04 7.32 6 0.29 4.32 6 0.43
Sens/OVA 11 4.16 6 0.19** 4.36 6 0.21** 0.26 6 0.03** 1.59 6 0.10** 0.16 6 0.03** 2.15 6 0.15** 7.03 6 0.35 4.15 6 0.40
LPS-1 6 0.75 6 0.05‡ 2.68 6 0.76‡ 0.08 6 0.02‡ 0.40 6 0.08‡ 0‡ 0.27 6 0.03‡ 3.49 6 0.52‡ 10.16 6 0.34‡

LPS1 5 0.90 6 0.13‡ 2.88 6 0.51‡ 0.07 6 0.02‡ 0.49 6 0.08‡ 0‡ 0.33 6 0.07‡ 3.92 6 0.57‡ 9.72 6 0.57‡

LPS2 5 1.04 6 0.20‡ 3.31 6 0.74‡ 0.10 6 0.03† 0.49 6 0.08‡ 0‡ 0.48 6 0.15‡ 2.92 6 0.45‡ 8.72 6 0.91‡

LPS4 5 0.88 6 0.20‡ 2.88 6 0.57‡ 0.12 6 0.02† 0.50 6 0.06‡ 0‡ 0.35 6 0.17‡ 4.52 6 0.74‡ 9.12 6 1.19‡

LPS6 5 8.36 6 0.67‡ 6.98 6 0.34‡ 6.48 6 0.8‡ 0.62 6 0.10‡ 0.43 6 0.08‡ 0.83 6 0.23‡ 7.32 6 0.48 3.92 6 0.55
LPS8 5 8.86 6 0.52‡ 6.23 6 0.67‡ 6.70 6 0.51‡ 0.74 6 0.21‡ 0.54 6 0.18‡ 0.88 6 0.12‡ 7.92 6 0.67 2.92 6 0.45
LPS10 5 8.16 6 0.55‡ 5.74 6 0.38‡ 6.23 6 0.52‡ 0.67 6 0.22‡ 0.60 6 0.16‡ 0.66 6 0.18‡ 8.32 6 0.61 3.32 6 0.50

*Inflammatory response in sensitized and OVA-challenged animals exposed to LPS 24 h before sensitization (LPS-1 group) or 1, 2, 4, 6, 8 and 10 d after sensitiza-
tion. Serum OVA–specific IgE and IgG were measured. Total and differential cell counts in the BALF and Evans Blue leakage were studied. Results are expressed
as means 6 SEM.

**P , 0.01 versus sens/sal.
†P , 0.05 and ‡P , 0.01 versus sens/OVA.

Figure 4. Effects of LPS given before sensitization. Cumulative
dose–response curves to inhaled MCh (2 to 16 mg ? ml21) in sen-
sitized and OVA-challenged animals exposed to 50 mg ? kg21 LPS
24 h before sensitization (LPS/sens/OVA) (filled squares) (n 5
4). Results are measured as a percentage increase in frequency-
dependent tissue resistance and are expressed as means 6 SEM.
††P , 0.01 versus sens/OVA (inverted triangles) (n 5 11) and **P ,
0.01 versus sens/sal (filled circles) (n 5 10).
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the synthesis of OVA-specific IgE. After the fourth day af-
ter sensitization a different process is likely to be occur-
ring. In the primary allergic response the OVA allergen is
presented to CD41 T lymphocytes largely by dendritic
cells (27), resulting in the expansion of OVA-specific Th2
cell clones. These cells produce Th2 cytokines including
IL-4 which, in turn, acts on “virgin” B cells to produce
memory B cells and IL-4–independent, IgE-producing
plasma cells that are no longer sensitive to the inhibitory
effect of IFN-g (28). Our data would suggest that in the
first 4 d after sensitization, IFN-g and/or IL-12 produced
by LPS exposure drives the B cells toward IgG antibody
production but inhibits class switching through to IgE. The

different pattern of response to LPS seen when 6 or more
d are allowed to lapse between primary sensitization and
LPS exposure suggests that plasma cells committed to pro-
ducing IgE are present by Day 6, and these committed
IgE-producing cells are resistant to IL-12 and/or IFN-g
produced in response to LPS exposure. LPS must be
present before the isotype switch to IgE has occurred by
Day 6 to exert its inhibitory effects.

In this paper we report that LPS induced hyperrespon-
siveness in naive as well as in sensitized but saline-chal-
lenged animals. The mechanisms involved in this increased
responsiveness to MCh is currently unknown, however a
recent report by Andersson and coworkers at an Interna-
tional Meeting of the American Thoracic Society (29) sug-
gests it may be the downregulation of the constitutive ni-
tric oxide synthase (cNOS) isoenzyme that is responsible
for this phenomena. These researchers have shown LPS to
halve the cNOS activity in the rat lung and the trachea 6 h
after intratracheal instillation with LPS. Similarly, data
reported by Schuiling and colleagues further point to an
involvement of decreased levels of cNOS-derived nitric
oxide in the airway hyperreactivity seen after allergen chal-
lenge in sensitized guinea pigs (30).

Exposure to LPS 18 h after OVA challenge in sensi-
tized animals further exacerbated the cellular allergic in-
flammatory response to the allergen. The profile of the in-
flammatory response was characterized by exaggerated
neutrophil influx and microvascular leakage without eosin-
ophil influx into the BALF. In addition, the usual postal-
lergen challenge hyperresponsiveness to inhaled MCh was
abolished. This reported dissociation between neutrophil
influx and airway hyperresponsiveness has previously
been shown in our laboratory using Brown–Norway rats
(unpublished observation) and is in agreement with re-
ports of ozone-induced lung inflammation (31, 32).

The mechanism by which LPS is able to normalize re-
sponses to MCh in allergic animals may be explained by its
stimulation of inhibitory cytokines IL-12 and/or IFN-g. IL-
12 is produced by monocytes and dendritic cells in re-
sponse to bacterial products, including LPS. In the pres-
ence of IL-4, LPS stimulates the production of high levels
of IL-12 by human dendritic cells in vitro compared with
low levels in the absence of IL-4 (33). Schwarze and co-
workers have shown IL-12 to inhibit airway hyperrespon-
siveness to MCh after OVA exposure in sensitized mice
(34). This mechanism may be responsible for the lack of
hyperresponsiveness observed in our sensitized and aller-
gen-challenged animals exposed to LPS. Further, Schwarze
and coworkers suggested that LPS may serve to prevent
the influx of eosinophils into the BALF after allergen
challenge. This is supported by our results in sensitized an-
imals exposed to LPS 18 h after OVA challenge, where we
failed to detect eosinophils in the BALF even though his-
tology has shown eosinophil accumulation in the lung pa-
renchyma, suggesting a possible LPS effect on regulation
of eosinophil chemoattractants and/or eosinophil apopto-
sis. The presence of LPS in aerosolized OVA (given chron-
ically) has been shown to prevent OVA-induced eosino-
philia in guinea pigs (35), and contamination of allergen
used for bronchial challenge with LPS resulted in alter-
ation of cellular inflammation (36).

Figure 5. Histologic assessment of lung parenchyma. Effects of
LPS 6 h after exposure in naive animals (open bars) (n 5 4), of
OVA in sensitized animals (striped bars) (n 5 4), and of LPS in
sensitized and OVA-challenged animals (filled bars) (n 5 4) on
total inflammatory cell count (top panel) and eosinophil (middle
panel) and neutrophil (lower panel) numbers. Results are ex-
pressed as means 6 SEM of 10 random, nonoverlapping lung pa-
renchymal fields. †P , 0.05 and ††P , 0.01 versus sens/sal; **P ,
0.01 versus naive; §P , 0.05 and §§P , 0.01 versus sens/OVA/sal.
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To summarize, in this study we have demonstrated that
in the PVG rat, exposure to the bacterial product LPS has
the ability to prevent sensitization to allergen in vivo only if
the exposure occurs early in the sensitization process,
which in this model means up to Day 6 after primary sensi-
tization with allergen. Exposure to LPS after Day 6 further
aggravated the allergic inflammatory response. In our
study LPS can thus be seen as having dual effects. First, ex-
posure to LPS after allergen challenge in sensitized animals
inhibited MCh hyperresponsiveness and eosinophil influx
into the BALF which we can propose to be associated with
its stimulation of high levels of IL-12 resulting in inhibition
of Th2-driven allergic response (34). LPS also stimulated
B-cell activity. Up to and including 4 d after sensitization,
LPS was able to stimulate the B cells to differentiate into
IgG-producing plasma cells. However, if the isotype switch
had already occurred, LPS then directly stimulated those B
cells which have been primed to produce IgE.

It is currently accepted that respiratory viral infections
are important “trigger factors” in the development of al-
lergic respiratory diseases, particularly asthma (37, 38).
Unlike viral infections, bacterial infections do not gener-
ally trigger asthma and in fact, early exposure may protect
the individual from development of atopy and asthma
later in life (8). In this study we have reported additional
evidence suggesting a potentially protective role of bacte-
rial exposure against primary allergen sensitization which
could result in disease modification involving alterations
in the natural history of asthma. This mechanism may con-
tribute to the variations in the frequency of atopy/asthma
that have recently been reported between first- and sec-
ond-world countries, which point to an inverse relation-
ship between disease prevalence and socioeconomic status
(39–41). These findings have led to the development of the
“hygiene” hypothesis which suggests that decreasing levels
of exposure to infections (42, 43) and/or commensal mi-
crobial stimuli (6, 8) in developed countries, particularly
during the induction of primary Th1/Th2 responses to
aeroallergens during early life (8, 44), may be responsible
for increased disease prevalence. Bacterial LPS has been
suggested as a potential mediator of these effects (8), and
in this context it is interesting to note that a recent study
has identified a polymorphism in the gene encoding the
high-affinity receptor for LPS (CD14) which is associated
with atopy intensity (45).
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Current perspectives

Disconnection of man and the soil: Reason
for the asthma and atopy epidemic?

Leena von Hertzen, PhD, and Tari Haahtela, MD, PhD Helsinki, Finland
Intense search has been going on to find factors responsible for

the asthma and atopy epidemic in Western societies. Attention

has increasingly been devoted to environmental saprophytes,

which, in addition to gut commensals, might be the major

players in the development and fine tuning of immunologic

homeostasis. This review outlines current evidence for the role

of environmental saprophytes in the development of atopic

disease and considers the consequences of urbanization in

reducing contacts with soil microorganisms. The major

microbial components that have been shown to possess

immunomodulatory capacity and their respective Toll-like

receptors are also discussed, as are the possible mechanisms

underlying the ability of saprophytes to confer protection

against atopic disease. (J Allergy Clin Immunol 2006;117:

334-44.)

Key words: Allergy, asthma, atopy, hygiene hypothesis, sapro-

phytes, urbanization

The current asthma and atopy epidemic in Western
societies has raised a common concern and questions of
factors involved. Although in some countries prevalence
rates in atopic diseases appear to have leveled off,1-4

trends are still on the increase in many other countries.5,6

Numerous studies have consistently shown that high
asthma and atopy rates are associated with urbanization
and Western lifestyle.7,8 Accumulating data suggest that
something that is necessary for the normal maturation of
the immune system might be lacking in our affluence.9

Conversely, farm environment and a more traditional life-
style in nonaffluent countries appear to confer protection
against atopic disease.8,10,11 Although the ultimate factors
responsible for the asthma and atopy epidemic have
remained unidentified, a common denominator for both
living on a farm and in a nonaffluent environment is the
heavy exposure to microorganisms in soil and vegetation.

Most of the microorganisms we encounter do not cause
any overt infection but are still recognized by the innate
immune system. Microbes in this respect need not be alive
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because even nonviable microbial components interact
with the innate immune system. Persistent and moderate
environmental exposure to microbial components might
play a decisive role in the normal maturation of the
immune system in childhood.12 It has been proposed that
certain microorganisms that have been present throughout
the mammalian evolutionary history are recognized by
the innate immune system as ‘‘no danger’’ signals and
thus do not trigger inflammatory responses but instead
have the ability to induce tolerance through rapid regula-
tory T (Treg) cell responses.13 These organisms include
saprophytic mycobacteria, lactobacilli, and some intesti-
nal parasites that are able to elicit Treg cell responses
in vivo14-17 and in vitro.18 The list of such microbes will
certainly grow in the next few years.

The focus of the research in the context of the hygiene
hypothesis has largely shifted from overt infections and
the TH1/TH2 paradigm to noninfectious organisms, Treg
cells, and Toll-like receptors (TLRs), as new data have
been accumulated and the paradigm was found to be
unable to unambiguously explain some important epide-
miologic findings.19,20 Indeed, diseases of immune dysre-
gulation, including atopic diseases, are now considered to
develop, more or less, as a result of failure in Treg cell
function.13 Immune defense mechanisms that evolved
during the long history of humankind in a hostile environ-
ment appear now to be less appropriate when living in a
clean environment.21

HYPOTHESIS

In this review we propose a hypothesis that one major
factor in the current asthma and atopy epidemic might be
the disconnection of man and the soil.

EVIDENCE TO SUPPORT THE HYPOTHESIS

There is abundant literature on adverse respiratory
health effects attributable to exposure to environmental

Abbreviations used
TLR: Toll-like receptor

Treg cell: Regulatory T cell
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bioparticles (eg, bacteria, molds, and fugal spores).22

Paradoxically, data are now accumulating to suggest that
exposure to microbes in soil and vegetation might be
beneficial, even necessary, for the normal maturation of
the immune system.

Several lines of evidence indicate that settings associ-
ated with high-level exposure to microorganisms in soil
are associated with reduced risk for asthma and atopy.
Such settings include farm environments, environments in
nonaffluent Eastern countries, and rural areas, particularly
in developing countries.

Farm environment and atopic disease

More than 30 studies from the last 6 years have
consistently shown that children who have lived or are
living on a farm are less likely to have atopic disease than
their counterparts not living on a farm. The issue of
farming and atopic disease has been thoroughly reviewed
elsewhere and is not reiterated here.8,10,23 In many of these
studies, the effect of parental farming on the development
of atopic disease in the child has been found to be dose de-
pendent,24-26 and many of these studies have also revealed
‘‘frequent contacts with farm animals’’ as one of the major
factors responsible for this effect.25,27,28 However, fre-
quent contacts with farm animals can also be a surrogate
marker for exposure to microorganisms in soil and vegeta-
tion because farm animals (and pets) are likely to serve as a
secondary source of exposure to such microorganisms. In
addition, frequent contacts with farm animals could also
reflect general activity of the child on the farm. The effect
of farming on conferring protection against asthma and
atopy might not be restricted to early life only because
current parental farming has been found to be an even
stronger protective factor than that in early life.28

Environments in nonaffluent societies:
The effect of traditional lifestyle

Frequent compost and waste handling, wood handling,
and animal excreta and manure handling are examples of
high-level microbial exposure22 associated with a tradi-
tional lifestyle. Unchlorinated surface water from lakes
and rivers might be used as domestic water, untreated
waste water might be used for irrigation, and animal ex-
creta might be used as manure. Traditional lifestyle might
also be associated with a microbe-rich diet (eg, frequent
use of fermented vegetables).20 We found recently that
occurrences of atopy (determined by means of skin prick
tests) and atopic diseases were substantially lower among
schoolchildren and their mothers in Russian Karelia com-
pared with that seen in their counterparts in North Karelia,
Finland, irrespective of the geographic proximity of the
areas and similar geoclimatic and vegetative conditions
(see Fig E1 in the Online Repository at www.jacionline.
org). Analysis of generational differences revealed that
in Finland children had higher atopy rates than their
mothers, whereas in Russia the opposite trend, children
having lower atopy rates than their mothers, emerged.
No signs of westernization, with atopy prevalence as a
proxy, were yet discernible in Russian Karelia, which
was part of the Soviet Union until 1991.29 The results
are in line with those reported earlier from other Eastern
countries in transition crisis.11 The East-West gradient in
light of the occurrence of atopic diseases has been thor-
oughly reviewed.8

Rural areas and atopic disease: Evidence
from relocation studies

Data both from Western and particularly from devel-
oping countries, in which great differences in lifestyle still
exist between urban and rural areas, have shown that
living in rural areas might confer protection against atopic
disease, even in a dose-dependent manner.30-34 A recent
study in Mongolia that compared the occurrence of atopy
and allergic disorders in 3 different environments of vari-
ous degree of urbanization—a city area, rural towns, and
villages—found significant increasing trends in the preva-
lence of allergic rhinitis and atopy, as determined by using
skin prick tests, with increasing degree of urbanization.30

Analysis of the effect of relocation revealed that continu-
ous living in a village since birth was most protective
against atopy and allergic rhinitis, whereas those who
relocated from villages to towns in adolescence or adult-
hood acquired allergic conditions at rates approaching
those found in subjects who had always lived in towns.35

The results are in line with those of other migrant studies
showing that sensitizaton rates and profiles among immi-
grants shift along with time, resembling finally those in
natives,36,37 thus supporting the view that there might not
be any strictly limited window period in early life during
which the individual is susceptible to immunomodulatory
effects of the environment; rather, susceptibility to immu-
nomodulation probably continues to adolescence, even to
adulthood.38-40 However, it must be borne in mind that
disparities between asthma and atopic conditions in this
respect might exist.10

Indicators of urbanization and
atopic disease

Before urbanization, humans have lived in close contact
with soil, either directly or indirectly through food, water,
and air,41 and heavy exposure to environmental micro-
organisms has occurred through inhalation, ingestion, and
skin contact.20 Inhalation of bioaerosols (composed of
microbes and their components, such as products of plants
and fecal material from animals) has been considered to
represent the major route of exposure.22 This natural expo-
sure to microbes, particularly in soil, has been dramati-
cally reduced along with urbanization characterized by
living in environments covered with asphalt and concrete.

There are no unambiguous and commonly accepted
criteria for urbanization.Many of the suggested criteria are
based on population density and are not relevant for
sparsely populated countries, such as Finland.

We performed time-series analyses of occurrence of
atopic diseases and urbanization using the asphalt index
(use of asphalt, tons per inhabitant per year, years
1960-1990; The Road Administration, the Ministry of
Traffic and Communication, and The Finnish Asphalt
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Association. Census statistics; Statistics Finland; http://
statfin.stat.fi) and the decreasing proportion of farmers
among the population (years 1966-2000, Statistics
Finland; http://statfin.stat.fi) as indicators of urbanization
here because both are closely related to reduced contacts
with soil.

Prevalences of asthma and allergic rhinitis were based
on our recent data on occurrence of atopic disease among
military conscripts.6 The database here covered the years
1966 through 2000 and comprised more than 1 million
military conscripts aged 18 to 19 years. The men had
been examined to establish their fitness for service at the
call up. Similar diagnostic codes for asthma and allergic
rhinitis have been used throughout the study period on
the basis of ICD-8 and ICD-9 in 1966 through 1996 and
ICD-10 in 1997 through 2000.

We found that the use of asphalt, which in Finland
started at the end of the 1950s and was very modest still
in the early 1960s (The Road Administration and The
Finnish Asphalt Association, unpublished data), increased
10-fold in 3 decades. A nearly similar increase was also
found in asthma prevalence among military conscripts,
from 0.3% in 1966 to 2.6% in 1995 during a 30-year
period, and the trend was upward for the whole study
period (Fig 1, A).6

Alongwith urbanization, heavy structural changes have
occurred in agriculture and forestry. In Finland, the
proportion of farmers among the population has decreased
from 17.3% in 1970 to 4.9% in 2000. During the same
time, the occurrence of allergic rhinitis, as assessed among
young Finnish men, increased almost exponentially, from
0.1% in 1966 to 8.9% in 2000 (Fig 1, B).6 The proportion
of population that is continuously in natural connection
with soil has thus diminished since the 1960s and will
evidently still diminish, whereas the opposite has occurred
for the prevalence of allergic rhinitis.

Urbanization can also be characterized by living in
apartment houses, which is, similarly to the use of asphalt
and decrease in farming occupation, likely to reduce
contact with soil. Dwelling type has indeed been shown
to affect the magnitude of exposure to microorganisms in
the environment. A study among 81 randomly selected
teachers showed that both personal exposure to micro-
organisms (assessed with transportable inhalable aerosol
samplers) and microbial concentrations in their homes
were higher among persons living in family (single)
houses compared with those in apartment houses, and
this was considered partly to be due to increased outdoor
activities among those living in family houses.42 A seden-
tary lifestyle with little outdoor activity might not only be
involved in the association between asthma and obesity43

but can also increase the risk of atopy through reduced
exposure to saprophytes in the environment.

Although exposure to pathogens has been found to be
inversely associated with atopic diseases44 and undoubt-
edly is able to exert immunomodulatory effects in early
life, infectious agents might represent only a minimal part
of our total exposure to microorganisms. The largely
neglected group of saprophytes in the environment might
play a decisive role, in addition to gutmicrobiota,45 in the de-
velopment and maintenance of immunologic homeostasis.

Source of drinking water and atopic disease

An important issue closely related to soil is the runoff of
soil microorganisms into natural waters46 and the use of
such waters as drinking water. We found that in Russian
Karelia, where atopy and atopic diseases are uncommon,29

surface water bodies, lakes and rivers, are used as domes-
tic water, frequently without any chemical or other treat-
ment. Previous data have shown that consumption of
unpasteurized milk in early life is associated with reduced
risk of asthma and atopy in later life independently from
other determinants.26 It is reasonable to assume that con-
sumption of untreated surface water could have similar
effects and could be involved in the low atopy prevalence
in Russian Karelia. Indeed, this view is supported by re-
cent data from Ethiopia showing that consumption of river
water in rural areas, as contrasted with consumption of
pipe water in urban areas, conferred protection against
atopic eczema.47 In another study among schoolchildren
in a rural area of Latin America, consumption of river
water was found to be weakly protective against atopy.48

SOIL MICROBIOTA

Soil is considered the most complicated biomaterial and
at the same time the most diverse and important ecosystem
on the planet.49 The definition of the microbial composi-
tion of a typical soil has proved to be problematic because
of this diversity of soil types and the complexity and
variability of the physicochemical circumstances. None-
theless, the majority of soil bacteria are considered to
belong to the lineage of gram-positive bacteria,50 and
members of the phylum Actinobacter have been found to
predominate in the soil.51 This phylum includes genera
such as Mycobacterium species, Streptomyces species,
Actinomyces species, Corynebacterium species, and Bifi-
dobacterium species.52 Fungi are often dominant in soils
in terms of their biomass, particularly fungi dominate in
acid temperate or polar soils that are oligotrophic,53,54

whereas bacteria predominate in near-neutral or moder-
ately alkaline soils.54 Some estimates of the density of
microorganisms in a normal near-neutral organic soil
obtained by means of cultivation and microscopy have
been reported: Actinobacter, for example, might occur at
the concentrations of 109-13 bacteria/dm3 soil and other
bacteria at the level of 108/dm3 soil.51 Cultivation, which
has traditionally been used to measure bacterial densities
in soil samples, probably greatly underestimates the true
values. The more modern methods, such as PCR tests
and fatty acid analyses, have revealed that a considerable
proportion of all bacteria in soil is in a dormant (metabol-
ically inactive) stage.

Mycobacteria, one of the major bacterial groups in soil
and natural waters, including more than 80 saprophytic
species,13 has received considerable attention during the
last decade as a potential immunomodulatory agent in

http://statfin.stat.fi
http://statfin.stat.fi
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FIG 1. A, Use of asphalt (tons per inhabitant per year) from 1960 through 1990 and occurrence of diagnosed

asthma among military conscripts from 1966 through 2000 in Finland.6 B, Proportion of farmers among the

whole population from 1970 through 2000 and occurrence of diagnosed allergic rhinitis among military con-

scripts from 1966 through 2000 in Finland.6 Supplemental information is available in the Online Repository

at www.jacionline.org.
alleviating symptoms of atopic disease55 and even confer-
ring protection against them.14,15 In addition, much of the
current research of atopic diseases has been focused on
lactobacilli, which are considered one of the potential
groups of immunomodulatory agents with prophylactic
and therapeutic potential.56-58 Notably, lactobacilli are
originally common inhabitants of plants and grow at the
expense of the nutrients liberated from decomposing plant
material.59

Results from our laboratory indicate that, indeed,
gram-positive bacteria represent the great majority (90%)
of all bacteria in settled barn dust measured by means of
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exact fatty acid analyses (Saris et al, unpublished data).
However, the proportions of gram-negative and gram-
positive bacteria might vary to some extent according to
the season,60 particularly in northern boreal latitudes,
where the soil is frozen and covered with snow for months.

MAJOR COMPONENTS OF MICRO-
ORGANISMS WITH IMMUNOMODULATORY
POTENTIAL AND THEIR INTERACTION WITH
THE INNATE IMMUNITY

The idea that microbial products have immunomodu-
latory potential and could be used as immunotherapeutic
agents in asthma and allergies dates back to the 1950s.61

Bacterial extracts obtained mainly from species associated
with upper respiratory tract and urinary tract infections
administered subcutaneously were earlier used for such
purposes but are not in use today because several dou-
ble-blind studies showed no efficacy in asthma, possibly
because of overly low concentrations of bacterial material
in these extracts, nonoptimal route of administration, and
overly long intervals between the doses (1 week or lon-
ger). No studies on the preventive effect of oral bacterial
extracts are available.62

Because both viable and nonviable bacterial compo-
nents have been found to be immunobiologically active,
a renewed interest in bacterial cell-wall components has
been raised, although the literature on immunologic
effects of cell-wall components other than LPS (endo-
toxin) is relatively scarce. However, in addition to LPS,
2 other ubiquitous bacterial components, lipoteichoic
acids and peptidoglycans, might be of importance in this
respect, and the cell-wall components of fungi (eg, b-
glucans) have also been found to have immunomod-
ulatory potential. In addition, a potent immunomodulator
appears to be bacterial DNA, the unmethylated CpG
oligonucleotide.

TLRs

TLRs, the receptors that recognize conserved microbial
structures, represent an ancient system of host defense
but were not discovered until 1989.63,64 This discovery
brought the formerly underappreciated innate immunity
into the focus of research. TLRs have been extensively
reviewed during the last few years.64-67 To date, at least
10 different TLRs have been identified in mammals, and
they have been found to play a decisive role in recognizing
microbes and bridging the innate and acquired immune
responses.66 Although the role of TLRs has been mostly
shown in infectious systems, there are good reasons to
believe that TLRs are equally important in repeated expo-
sure to saprophytic bacteria in the environment and com-
mensals in the gut and are involved in the induction of
tolerance. TLR2, TLR4, and TLR9 are briefly considered
here in the light of exposure to environmental saprophytes.
TLR2 is the principal receptor and signaling molecule for
gram-positive bacteria, lipoteichoic acid, mycobacteria,
mycobacterial lipoarabinomannan, bacterial lipoproteins,
and fungal b-glucan. TLR4 is the primary receptor for
LPS from gram-negative bacteria, and TLR9 recognizes
bacterial unmethylated CpG oligonucleotides.64

Major cell-wall components of bacteria
and fungi

LPS (endotoxin). The chemical composition of LPS,
the major cell-wall component of gram-negative bacteria,
has been known for more than 50 years, and its physico-
chemical properties, stability and heat resistance, are also
well established.68 Abundant literature exists concerning
the biologic effects of this macromolecule. In several stud-
ies the relative lack of exposure to endotoxin has been sug-
gested to be one major reason for the asthma and atopy
epidemic.33,69,70 The relationship between LPS and the
occurrence of asthma and atopy has also been thoroughly
reviewed elsewhere.68,71,72

It has also been known since the 1950s that the biologic
activity of LPS resides in the lipid A moiety (the theory of
the ‘‘endotoxic principle’’73). Moreover, it is now well
established that the immune response to LPS is dependent
on the chemical structure and molecular conformation of
the lipid A moiety. Lipid A consists of a phosphorylated
glucosamine disaccharide (the backbone), to which fatty
acids are attached. It has been found that biologic effects
of LPS from different gram-negative bacteria are not sim-
ilar.74 The critical determinants here are the length and
number of acyl (fatty acid) chains, the asymmetry of these
chains, and the number and distribution of negative
charges.74,75 Interestingly, the widely used test to detect
LPS in various samples, the Limulus amebocyte lysate
test, has been found to be specific for the LPS glucosamine
backbone and is thus not a measure of biologic activity.
Fatty acid analyses might better correlate with biologic
activity because the conformation and number of acyl
(fatty acid) chains in lipid A appear to be central to the
capacity of LPS to interact with TLRs and to induce cyto-
kine production.76

Peptidoglycan and teichoic acid. With the exception of
a few groups of some minor bacteria, such asMycoplasma
and Chlamydia species, all members in the domain
Bacteria have one common denominator, the presence
of peptidoglycan as the main strengthening and shape-
determining constituent of the cell wall. In gram-positive
bacteria, peptidoglycan accounts for at least 50%, and of-
ten more, of the total dry weight of the wall, but in gram-
negative bacteria, it might comprise less than 10% of the
dry weight of the wall.59 In gram-negative bacteria pepti-
doglycan is localized in the innermost layer of the wall
and, although extremely thin, is still capable of retaining
the shape of the cell.59 Peptidoglycan is composed of 2
amino sugars, N-acetylglucosamine and N-acetylmuramic
acid, and a side chain of 4 amino acids that can vary from
species to species.77 The other of these amino sugars,
N-acetylmuramic acid, is amolecule specific to the domain
Bacteria and can thus be used for laboratory diagnostic pur-
poses. In a recent study, van Strien et al78 showed thatmur-
amic acid can be found in dust from children’s mattresses
and in higher concentrations in those of farmer’s children.
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Wheezing and asthma were inversely associated with the
muramic acid concentration, independently from LPS,
whereas no association was found for atopic sensitization.
Increased muramic acid concentrations were found in
homes heated with wood or coal, independent of whether
it was a farm home, which suggests that settings associated
with traditional lifestyle and increased exposure to micro-
organisms, rather than farming per se, is responsible for
this effect.

The other characteristic cell-wall components of most
gram-positive bacteria are teichoic acids (up to 50% of the
dry weight of the wall). Teichoic acids are water-soluble
polymers containing ribitol or glycerol residues joined
through phosphodiester linkages.77 In lipoteichoic acids
there is a single lipid side chain anchored to the ribitol or
glycerol backbone.79 Teichoic and lipoteichoic acids have
been found to exert potent inflammatory responses.80-82

As stated above, teichoic acids are recognized by TLR2.
Peptidoglycan has similarly been considered to be recog-
nized by TLR2,64,67 but this view has recently been chal-
lenged by the identification of intracellular proteins, the
nucleotide-binding oligomerization domain 1 and 2, as
the principal receptors for peptidoglycan fragments.83,84

Fungal cell-wall components. Fungal cell walls differ
from those of bacteria by lacking peptidoglycan, teichoic
acids, and LPS. In their place are the external and anti-
genic peptidomannans embedded in matrices of a- and b-
glucans, and structural rigidity is provided by chitin.85 The
principal sterol in fungal cell membranes is ergosterol
(corresponding cholesterol in mammalian cells), which
has been used, in addition tob-glucans, in laboratory diag-
nostics of environmental samples. The immunobiology of
b-glucans has been reviewed earlier.86 Most of the recent
studies on fungal recognition by TLRs have been centered
on a few potentially pathogenic fungi, such as Candida
albicans and Aspergillus fumigatus. It has been found
that both TLR2 and TLR4 can be important for their rec-
ognition87 and that TLR2 might be involved in maintain-
ing prolonged candidasis by mediating anti-inflammatory
signals leading to IL-10 production and generation of
regulatory T cells.88 In addition, a new coreceptor for
b-glucan, dectin-1, expressed on macrophages, dendritic
cells, and monocytes, has been found to be involved in
mediating proinflammatory responses to fungi together
with TLR2.89,90 The recognition of fungi by the innate
immune system appears to be more complex than that of
bacteria because fungi can exist in 2 forms, as hyphae or
conidiae.

Bacterial CpG oligonucleotides

Since the late 1980s, bacterial DNA has been known
to possess immunostimulatory properties91 that are not
found in vertebrate DNA.92 The activating element was
identified as an unmethylated CpG oligonucleotide that
was found to be 20-fold more abundant in bacterial than
in vertebrate DNA, and when present in vertebrate
DNA, about 70% of it was found to be methylated.93

Unmethylated CpG oligonucleotides have the ability to
elicit a multifaceted innate immune response characterized
by the production of IL-12, IL-18, and IFN-g and the
upregulation of costimulatory molecules by antigen-
presenting cells, B cells, and natural killer cells.94 They
have both direct and indirect effects on the commitment
of CD41 cells to a TH1 phenotype and are thus able to
downregulate or reverse TH2 responses.94-96 Mammalian
DNA or methylated bacterial DNA, in contrast, does not
induce these responses.97 In addition, CpG oligonucleo-
tides have been found to strongly induce IL-10 release,
which inhibits both TH1 and TH2 responses in a dose-
dependent manner.98 This IL-10 is the key cytokine in
the development of adaptive regulatory T (Treg) cells,
which in turn are able to downregulate antigen-specific
IgE responses and promote tolerance to allergens.99,100

Data on synthetic CpG oligonucleotides in murine models
of atopic diseases and as vaccine adjuvants and therapeutic
agents in human subjects with allergic disorders are prom-
ising.94-96,101

In a study by Roy et al,102 bacterial DNA and LPS con-
tents in dust from urban, rural, and farm homes and from
farm barns were quantified (by means of PCR specific for
bacterial ribosomal DNA and the Limulus test, respec-
tively) to determine whether there are differences in the
immune stimulatory capacity between different dust
samples. The highest bacterial DNA levels were found
in farm barns, followed by rural homes, farm homes,
and urban homes. Farm barn DNA significantly potenti-
ated LPS-induced IL-10 and IL-12p40 release from
PBMCs, whereas DNA from urban homes did not show
this effect, probably because of the low content of bacte-
rial DNA in urban home dust; only approximately 3% of
the total DNA content in urban samples was bacterial in
origin. Increased IL-10 and IL-12 release shown after
stimulation of PBMCs with barn dust DNA and LPS
might be crucial in the context of environments conferring
protection against atopic diseases.102 Furthermore, we
found a 3.5-fold higher bacterial DNA content (measured
by means of bacterial ribosome-specific PCR) in barn dust
compared with urban-suburban home dust (5127 vs
1479.5 ng bacterial DNA/g dust; Saris et al, unpublished
data). It is known that vertebrate DNA does not possess
immunostimulatory capacity but might neutralize or
even inhibit the immunostimulatory effects of bacterial
CpGmotifs.103,104 The only knownTLR for unmethylated
CpG oligonucleotides is TLR9.

The innate immunity recognizes saprophytic bacteria,
which results in release of proinflammatory cytokines.
We have shown in vitro that robust responses are elicited
in murine macrophages when they are stimulated by
common soil microorganisms isolated from barn dust,
such as Streptomyces species, Sphingomonas species,
and Macrococcus species (Pylkkänen et al, unpublished
data), and a dose-dependent and rather similar response
was found in the production of, for example, TNF-a for
all 3 organisms, contrary to Bacillus species, which showed
minimal response in this in vitro setting (Pylkkänen et al,
unpublished data). None of these genera represents true
gram-negative bacteria, because Sphingomonas species,
although categorized as gram-negative, do not possess
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LPS but have sphingolipids instead. Interestingly, we found
that the dominant (>85%) bacterial genus in dust from
urban-suburban homes was Bacillus species (Saris and
Andersson, unpublished data), lending further support to
the view that urban home dust might have minimal, if
any, immunomodulatory capacity. Nonetheless, the abil-
ity of the common soil saprophytes Streptomyces species,
Sphingomonas species, andMacrococcus species to elicit
robust proinflammatory cytokine responses in vitro raises
the question of tolerance, which must have evolved during
the long history of coexistence of these saprophytes and
man.13

TOLERANCE AND Treg CELLS

Repeated or persistent exposure appears to be one
fundamental factor in the induction of tolerance. Repeated
intranasal antigen exposure leads to decreased bronchial
reactivity and tolerance in TH2-sensitized mice.105,106 In
addition, allergen desensitization therapy (injection of a
specific allergen extract at increasing doses) has for years
been successfully used, particularly in patients with hay
fever and insect venom allergy.107 Tolerance is mediated
by several mechanisms, including anergy and deletion of
effector T-cell clones, and particularly by the induction
and function of Treg cells.108 These Treg cells are defined
as cells that actively control the function of other cells,
mostly in an inhibitory way.109 Two major lineages of
Treg cells have been identified: (1) naturally occurring,
thymus-derived Treg cells expressing the transcription
factor Foxp3, which are associated primarily with the con-
trol of autoantigens, and (2) induced (adaptive), antigen-
specific Treg cells, which require IL-10, TGF-b, or both
for their differentiation and function.107,110 These cells
ameliorate inflammation through the release of IL-10,
TGF-b, or both in repeated or persistent exposure to pre-
vent immune pathology (a form of tolerance) andmaintain
the persistence of low numbers of antigens in the body,
which is necessary in certain cases to provide long-lasting
immunity against reinfections.111 Induction of antigen-
specific Treg cells has been performed by administration
of heat-killed Mycobacterium vaccae and allergen (oval-
bumin) into mice. These specific Treg cells were found
to release IL-10 and TGF-b and suppress eosinophilia
and bronchial hyperresponsiveness.112 Desensitization
therapy has also been found to operate through IL-10.107

In general, Treg cells are able to prevent the development
of highly polarized TH cells,

113 and one of themechanisms
involved in the development of asthma and atopy has been
suggested to be a failure in Treg cell function.107,109,113

Several excellent review articles of Treg cells are available
for further reading.107,109,110,113

Treg cells can be preferentially induced at mucosal
surfaces, particularly in the gut and respiratory tract.111

In urbanized Western societies the natural environment
might no longer have the ability to maintain the respiratory
and gut mucosal system in a state that favors the develop-
ment of Treg cells and mucosal tolerance to harmless
bioparticles.109 Persistent exposure to saprophytic bacte-
ria in soil and vegetation, in addition to commensals in
the gut and respiratory tract, might be needed to stimulate
the production of IL-10 and TGF-b through the innate
immune system, which in turn are required for the devel-
opment of inducible Treg cells.

TLRs AND GENE-ENVIRONMENT
INTERACTION

Innate immunity is now recognized as a central element
also in the gene-environment interaction. The significance
of particularly the TLR2 gene in this respect has been
demonstrated in several studies. In European children
TLR2 gene expression has been found to be higher in
blood cells obtained from farmers’ children compared
with that seen in children not growing up on a farm. A
similar difference was not found for the TLR4 gene.114

Furthermore, a genetic variation in the TLR2 gene was
shown to be a major determinant of reduced susceptibility
to asthma and atopy in farmers’ children but not in non-
farmers’ children.115 No clear association could be found
between variations in the TLR4 gene and asthma or
hay fever either in farmers’ or nonfarmers children in
most,115,116 albeit not all,117 studies.

These studies provide convincing evidence for gene-
environment interactions: a certain polymorphism is
expressed only in a certain environment. They also under-
score the significance of TLR2 in environments associated
with high exposure to soil microorganisms. Because TLR2
is the main receptor for gram-positive bacteria and their
structural molecules, lipoteichoic acid and lipoproteins,64,67

these studies might also point to the significance of parti-
cularly gram-positive bacteria in this context. Interaction
of TLR2 with its ligands has been found to lead to rapid
release of IL-10, which can block the induction of
IL-12p35 and IFN-g by TLR3 and TLR4.118 It remains
to be clarified whether TLR2 is the crucial Toll receptor
in mediating IL-10 release for the development of induc-
ible Treg cells.

CONCLUDING REMARKS

Several lines of evidence support the view that the
environment in modern industrialized societies is unable
to provide the stimulation for the developing immune
system that might be beneficial or even necessary:
disruption of the ancient connection of humankind and
the soil might have had unexpected consequences.

The immunomodulatory role of saprophytic bacteria in
soil and vegetation is now increasingly recognized. The
innate immune system recognizes such saprophytes or
their nonviable components encountered at respiratory
and gut mucosal surfaces; however, robust inflammatory
responses are not normally elicited but kept in tight control
through mechanisms that involve the function of Treg
cells that in turn might control the development of atopic
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diseases. A number of microorganisms and their compo-
nents have been found to induce the production of IL-10,
the differentiation factor of inducible Treg cells, by innate
cells.111,119

FIG 2. A model of the asphalt theory in the development of atopic

diseases. Supplemental information is available in the Online

Repository at www.jacionline.org. Because of the implementation

of new technologies, including recycling of asphalt material, the

figures for the use of asphalt from 1991 onward are not compara-

ble with the earlier ones and have not been included in the

analysis. Figures for the years 1960 through 1974 are based on

unofficial data from the Road Administration, Ministry of Traffic

and Communication, because no official statistics are available for

that period. Data on the prevalence of diagnosed asthma and

allergic rhinitis are based on Latvala et al.6
Here we proposed a hypothesis that the disconnection
of man and the soil might be onemajor factor in the current
asthma and atopy epidemic, as shown in Fig 2. The hy-
pothesis could be tested in animal models and in further
comparative and more clearly defined epidemiologic set-
tings, and if correct, a strategy that involves enhancement
of the development and activity of Treg cells117 without
concomitant induction of inflammation by bacterial pro-
ducts is evidently the goal to pursue. Central to the out-
come of this strategy is probably timing (with respect to
the primary sensitization), duration, dose, and route of
exposure. The nature of the microbe might also play a
role, although it is likely that there is no single agent or
agent group behind the protective effect; rather, a mix-
ture, including members of the phylum Actinobacter,
might be involved. In addition, the product might not
be based on bacterial cell-wall components only because
bacterial DNA might have beneficial effects in this
respect.
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R. Reduced risk of hay fever and asthma among children of farmers.

Clin Exp Allergy 2000;30:187-93.

26. Riedler J, Braun-Fahrländer 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.

27. Waser M, von Mutius E, Riedler J, Nowak D, Maisch S, Carr D, et al.

Exposure to pets, and the association with hay fever, asthma, and atopic

sensitization in rural children. Allergy 2005;60:177-84.

28. Remes S, Iivanainen K, Koskela H, Pekkanen J. Which factors explain

the lower prevalence of atopy amongst farmers’ children? Clin Exp

Allergy 2003;33:427-34.
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Current perspectives

Disconnection of man and the soil: Reason
for the asthma and atopy epidemic?

Leena von Hertzen, PhD, and Tari Haahtela, MD, PhD Helsinki, Finland
Intense search has been going on to find factors responsible for

the asthma and atopy epidemic in Western societies. Attention

has increasingly been devoted to environmental saprophytes,

which, in addition to gut commensals, might be the major

players in the development and fine tuning of immunologic

homeostasis. This review outlines current evidence for the role

of environmental saprophytes in the development of atopic

disease and considers the consequences of urbanization in

reducing contacts with soil microorganisms. The major

microbial components that have been shown to possess

immunomodulatory capacity and their respective Toll-like

receptors are also discussed, as are the possible mechanisms

underlying the ability of saprophytes to confer protection

against atopic disease. (J Allergy Clin Immunol 2006;117:

334-44.)

Key words: Allergy, asthma, atopy, hygiene hypothesis, sapro-

phytes, urbanization

The current asthma and atopy epidemic in Western
societies has raised a common concern and questions of
factors involved. Although in some countries prevalence
rates in atopic diseases appear to have leveled off,1-4

trends are still on the increase in many other countries.5,6

Numerous studies have consistently shown that high
asthma and atopy rates are associated with urbanization
and Western lifestyle.7,8 Accumulating data suggest that
something that is necessary for the normal maturation of
the immune system might be lacking in our affluence.9

Conversely, farm environment and a more traditional life-
style in nonaffluent countries appear to confer protection
against atopic disease.8,10,11 Although the ultimate factors
responsible for the asthma and atopy epidemic have
remained unidentified, a common denominator for both
living on a farm and in a nonaffluent environment is the
heavy exposure to microorganisms in soil and vegetation.

Most of the microorganisms we encounter do not cause
any overt infection but are still recognized by the innate
immune system. Microbes in this respect need not be alive
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because even nonviable microbial components interact
with the innate immune system. Persistent and moderate
environmental exposure to microbial components might
play a decisive role in the normal maturation of the
immune system in childhood.12 It has been proposed that
certain microorganisms that have been present throughout
the mammalian evolutionary history are recognized by
the innate immune system as ‘‘no danger’’ signals and
thus do not trigger inflammatory responses but instead
have the ability to induce tolerance through rapid regula-
tory T (Treg) cell responses.13 These organisms include
saprophytic mycobacteria, lactobacilli, and some intesti-
nal parasites that are able to elicit Treg cell responses
in vivo14-17 and in vitro.18 The list of such microbes will
certainly grow in the next few years.

The focus of the research in the context of the hygiene
hypothesis has largely shifted from overt infections and
the TH1/TH2 paradigm to noninfectious organisms, Treg
cells, and Toll-like receptors (TLRs), as new data have
been accumulated and the paradigm was found to be
unable to unambiguously explain some important epide-
miologic findings.19,20 Indeed, diseases of immune dysre-
gulation, including atopic diseases, are now considered to
develop, more or less, as a result of failure in Treg cell
function.13 Immune defense mechanisms that evolved
during the long history of humankind in a hostile environ-
ment appear now to be less appropriate when living in a
clean environment.21

HYPOTHESIS

In this review we propose a hypothesis that one major
factor in the current asthma and atopy epidemic might be
the disconnection of man and the soil.

EVIDENCE TO SUPPORT THE HYPOTHESIS

There is abundant literature on adverse respiratory
health effects attributable to exposure to environmental

Abbreviations used
TLR: Toll-like receptor

Treg cell: Regulatory T cell
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bioparticles (eg, bacteria, molds, and fugal spores).22

Paradoxically, data are now accumulating to suggest that
exposure to microbes in soil and vegetation might be
beneficial, even necessary, for the normal maturation of
the immune system.

Several lines of evidence indicate that settings associ-
ated with high-level exposure to microorganisms in soil
are associated with reduced risk for asthma and atopy.
Such settings include farm environments, environments in
nonaffluent Eastern countries, and rural areas, particularly
in developing countries.

Farm environment and atopic disease

More than 30 studies from the last 6 years have
consistently shown that children who have lived or are
living on a farm are less likely to have atopic disease than
their counterparts not living on a farm. The issue of
farming and atopic disease has been thoroughly reviewed
elsewhere and is not reiterated here.8,10,23 In many of these
studies, the effect of parental farming on the development
of atopic disease in the child has been found to be dose de-
pendent,24-26 and many of these studies have also revealed
‘‘frequent contacts with farm animals’’ as one of the major
factors responsible for this effect.25,27,28 However, fre-
quent contacts with farm animals can also be a surrogate
marker for exposure to microorganisms in soil and vegeta-
tion because farm animals (and pets) are likely to serve as a
secondary source of exposure to such microorganisms. In
addition, frequent contacts with farm animals could also
reflect general activity of the child on the farm. The effect
of farming on conferring protection against asthma and
atopy might not be restricted to early life only because
current parental farming has been found to be an even
stronger protective factor than that in early life.28

Environments in nonaffluent societies:
The effect of traditional lifestyle

Frequent compost and waste handling, wood handling,
and animal excreta and manure handling are examples of
high-level microbial exposure22 associated with a tradi-
tional lifestyle. Unchlorinated surface water from lakes
and rivers might be used as domestic water, untreated
waste water might be used for irrigation, and animal ex-
creta might be used as manure. Traditional lifestyle might
also be associated with a microbe-rich diet (eg, frequent
use of fermented vegetables).20 We found recently that
occurrences of atopy (determined by means of skin prick
tests) and atopic diseases were substantially lower among
schoolchildren and their mothers in Russian Karelia com-
pared with that seen in their counterparts in North Karelia,
Finland, irrespective of the geographic proximity of the
areas and similar geoclimatic and vegetative conditions
(see Fig E1 in the Online Repository at www.jacionline.
org). Analysis of generational differences revealed that
in Finland children had higher atopy rates than their
mothers, whereas in Russia the opposite trend, children
having lower atopy rates than their mothers, emerged.
No signs of westernization, with atopy prevalence as a
proxy, were yet discernible in Russian Karelia, which
was part of the Soviet Union until 1991.29 The results
are in line with those reported earlier from other Eastern
countries in transition crisis.11 The East-West gradient in
light of the occurrence of atopic diseases has been thor-
oughly reviewed.8

Rural areas and atopic disease: Evidence
from relocation studies

Data both from Western and particularly from devel-
oping countries, in which great differences in lifestyle still
exist between urban and rural areas, have shown that
living in rural areas might confer protection against atopic
disease, even in a dose-dependent manner.30-34 A recent
study in Mongolia that compared the occurrence of atopy
and allergic disorders in 3 different environments of vari-
ous degree of urbanization—a city area, rural towns, and
villages—found significant increasing trends in the preva-
lence of allergic rhinitis and atopy, as determined by using
skin prick tests, with increasing degree of urbanization.30

Analysis of the effect of relocation revealed that continu-
ous living in a village since birth was most protective
against atopy and allergic rhinitis, whereas those who
relocated from villages to towns in adolescence or adult-
hood acquired allergic conditions at rates approaching
those found in subjects who had always lived in towns.35

The results are in line with those of other migrant studies
showing that sensitizaton rates and profiles among immi-
grants shift along with time, resembling finally those in
natives,36,37 thus supporting the view that there might not
be any strictly limited window period in early life during
which the individual is susceptible to immunomodulatory
effects of the environment; rather, susceptibility to immu-
nomodulation probably continues to adolescence, even to
adulthood.38-40 However, it must be borne in mind that
disparities between asthma and atopic conditions in this
respect might exist.10

Indicators of urbanization and
atopic disease

Before urbanization, humans have lived in close contact
with soil, either directly or indirectly through food, water,
and air,41 and heavy exposure to environmental micro-
organisms has occurred through inhalation, ingestion, and
skin contact.20 Inhalation of bioaerosols (composed of
microbes and their components, such as products of plants
and fecal material from animals) has been considered to
represent the major route of exposure.22 This natural expo-
sure to microbes, particularly in soil, has been dramati-
cally reduced along with urbanization characterized by
living in environments covered with asphalt and concrete.

There are no unambiguous and commonly accepted
criteria for urbanization.Many of the suggested criteria are
based on population density and are not relevant for
sparsely populated countries, such as Finland.

We performed time-series analyses of occurrence of
atopic diseases and urbanization using the asphalt index
(use of asphalt, tons per inhabitant per year, years
1960-1990; The Road Administration, the Ministry of
Traffic and Communication, and The Finnish Asphalt
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Association. Census statistics; Statistics Finland; http://
statfin.stat.fi) and the decreasing proportion of farmers
among the population (years 1966-2000, Statistics
Finland; http://statfin.stat.fi) as indicators of urbanization
here because both are closely related to reduced contacts
with soil.

Prevalences of asthma and allergic rhinitis were based
on our recent data on occurrence of atopic disease among
military conscripts.6 The database here covered the years
1966 through 2000 and comprised more than 1 million
military conscripts aged 18 to 19 years. The men had
been examined to establish their fitness for service at the
call up. Similar diagnostic codes for asthma and allergic
rhinitis have been used throughout the study period on
the basis of ICD-8 and ICD-9 in 1966 through 1996 and
ICD-10 in 1997 through 2000.

We found that the use of asphalt, which in Finland
started at the end of the 1950s and was very modest still
in the early 1960s (The Road Administration and The
Finnish Asphalt Association, unpublished data), increased
10-fold in 3 decades. A nearly similar increase was also
found in asthma prevalence among military conscripts,
from 0.3% in 1966 to 2.6% in 1995 during a 30-year
period, and the trend was upward for the whole study
period (Fig 1, A).6

Alongwith urbanization, heavy structural changes have
occurred in agriculture and forestry. In Finland, the
proportion of farmers among the population has decreased
from 17.3% in 1970 to 4.9% in 2000. During the same
time, the occurrence of allergic rhinitis, as assessed among
young Finnish men, increased almost exponentially, from
0.1% in 1966 to 8.9% in 2000 (Fig 1, B).6 The proportion
of population that is continuously in natural connection
with soil has thus diminished since the 1960s and will
evidently still diminish, whereas the opposite has occurred
for the prevalence of allergic rhinitis.

Urbanization can also be characterized by living in
apartment houses, which is, similarly to the use of asphalt
and decrease in farming occupation, likely to reduce
contact with soil. Dwelling type has indeed been shown
to affect the magnitude of exposure to microorganisms in
the environment. A study among 81 randomly selected
teachers showed that both personal exposure to micro-
organisms (assessed with transportable inhalable aerosol
samplers) and microbial concentrations in their homes
were higher among persons living in family (single)
houses compared with those in apartment houses, and
this was considered partly to be due to increased outdoor
activities among those living in family houses.42 A seden-
tary lifestyle with little outdoor activity might not only be
involved in the association between asthma and obesity43

but can also increase the risk of atopy through reduced
exposure to saprophytes in the environment.

Although exposure to pathogens has been found to be
inversely associated with atopic diseases44 and undoubt-
edly is able to exert immunomodulatory effects in early
life, infectious agents might represent only a minimal part
of our total exposure to microorganisms. The largely
neglected group of saprophytes in the environment might
play a decisive role, in addition to gutmicrobiota,45 in the de-
velopment and maintenance of immunologic homeostasis.

Source of drinking water and atopic disease

An important issue closely related to soil is the runoff of
soil microorganisms into natural waters46 and the use of
such waters as drinking water. We found that in Russian
Karelia, where atopy and atopic diseases are uncommon,29

surface water bodies, lakes and rivers, are used as domes-
tic water, frequently without any chemical or other treat-
ment. Previous data have shown that consumption of
unpasteurized milk in early life is associated with reduced
risk of asthma and atopy in later life independently from
other determinants.26 It is reasonable to assume that con-
sumption of untreated surface water could have similar
effects and could be involved in the low atopy prevalence
in Russian Karelia. Indeed, this view is supported by re-
cent data from Ethiopia showing that consumption of river
water in rural areas, as contrasted with consumption of
pipe water in urban areas, conferred protection against
atopic eczema.47 In another study among schoolchildren
in a rural area of Latin America, consumption of river
water was found to be weakly protective against atopy.48

SOIL MICROBIOTA

Soil is considered the most complicated biomaterial and
at the same time the most diverse and important ecosystem
on the planet.49 The definition of the microbial composi-
tion of a typical soil has proved to be problematic because
of this diversity of soil types and the complexity and
variability of the physicochemical circumstances. None-
theless, the majority of soil bacteria are considered to
belong to the lineage of gram-positive bacteria,50 and
members of the phylum Actinobacter have been found to
predominate in the soil.51 This phylum includes genera
such as Mycobacterium species, Streptomyces species,
Actinomyces species, Corynebacterium species, and Bifi-
dobacterium species.52 Fungi are often dominant in soils
in terms of their biomass, particularly fungi dominate in
acid temperate or polar soils that are oligotrophic,53,54

whereas bacteria predominate in near-neutral or moder-
ately alkaline soils.54 Some estimates of the density of
microorganisms in a normal near-neutral organic soil
obtained by means of cultivation and microscopy have
been reported: Actinobacter, for example, might occur at
the concentrations of 109-13 bacteria/dm3 soil and other
bacteria at the level of 108/dm3 soil.51 Cultivation, which
has traditionally been used to measure bacterial densities
in soil samples, probably greatly underestimates the true
values. The more modern methods, such as PCR tests
and fatty acid analyses, have revealed that a considerable
proportion of all bacteria in soil is in a dormant (metabol-
ically inactive) stage.

Mycobacteria, one of the major bacterial groups in soil
and natural waters, including more than 80 saprophytic
species,13 has received considerable attention during the
last decade as a potential immunomodulatory agent in

http://statfin.stat.fi
http://statfin.stat.fi
http://statfin.stat.fi
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FIG 1. A, Use of asphalt (tons per inhabitant per year) from 1960 through 1990 and occurrence of diagnosed

asthma among military conscripts from 1966 through 2000 in Finland.6 B, Proportion of farmers among the

whole population from 1970 through 2000 and occurrence of diagnosed allergic rhinitis among military con-

scripts from 1966 through 2000 in Finland.6 Supplemental information is available in the Online Repository

at www.jacionline.org.
alleviating symptoms of atopic disease55 and even confer-
ring protection against them.14,15 In addition, much of the
current research of atopic diseases has been focused on
lactobacilli, which are considered one of the potential
groups of immunomodulatory agents with prophylactic
and therapeutic potential.56-58 Notably, lactobacilli are
originally common inhabitants of plants and grow at the
expense of the nutrients liberated from decomposing plant
material.59

Results from our laboratory indicate that, indeed,
gram-positive bacteria represent the great majority (90%)
of all bacteria in settled barn dust measured by means of
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exact fatty acid analyses (Saris et al, unpublished data).
However, the proportions of gram-negative and gram-
positive bacteria might vary to some extent according to
the season,60 particularly in northern boreal latitudes,
where the soil is frozen and covered with snow for months.

MAJOR COMPONENTS OF MICRO-
ORGANISMS WITH IMMUNOMODULATORY
POTENTIAL AND THEIR INTERACTION WITH
THE INNATE IMMUNITY

The idea that microbial products have immunomodu-
latory potential and could be used as immunotherapeutic
agents in asthma and allergies dates back to the 1950s.61

Bacterial extracts obtained mainly from species associated
with upper respiratory tract and urinary tract infections
administered subcutaneously were earlier used for such
purposes but are not in use today because several dou-
ble-blind studies showed no efficacy in asthma, possibly
because of overly low concentrations of bacterial material
in these extracts, nonoptimal route of administration, and
overly long intervals between the doses (1 week or lon-
ger). No studies on the preventive effect of oral bacterial
extracts are available.62

Because both viable and nonviable bacterial compo-
nents have been found to be immunobiologically active,
a renewed interest in bacterial cell-wall components has
been raised, although the literature on immunologic
effects of cell-wall components other than LPS (endo-
toxin) is relatively scarce. However, in addition to LPS,
2 other ubiquitous bacterial components, lipoteichoic
acids and peptidoglycans, might be of importance in this
respect, and the cell-wall components of fungi (eg, b-
glucans) have also been found to have immunomod-
ulatory potential. In addition, a potent immunomodulator
appears to be bacterial DNA, the unmethylated CpG
oligonucleotide.

TLRs

TLRs, the receptors that recognize conserved microbial
structures, represent an ancient system of host defense
but were not discovered until 1989.63,64 This discovery
brought the formerly underappreciated innate immunity
into the focus of research. TLRs have been extensively
reviewed during the last few years.64-67 To date, at least
10 different TLRs have been identified in mammals, and
they have been found to play a decisive role in recognizing
microbes and bridging the innate and acquired immune
responses.66 Although the role of TLRs has been mostly
shown in infectious systems, there are good reasons to
believe that TLRs are equally important in repeated expo-
sure to saprophytic bacteria in the environment and com-
mensals in the gut and are involved in the induction of
tolerance. TLR2, TLR4, and TLR9 are briefly considered
here in the light of exposure to environmental saprophytes.
TLR2 is the principal receptor and signaling molecule for
gram-positive bacteria, lipoteichoic acid, mycobacteria,
mycobacterial lipoarabinomannan, bacterial lipoproteins,
and fungal b-glucan. TLR4 is the primary receptor for
LPS from gram-negative bacteria, and TLR9 recognizes
bacterial unmethylated CpG oligonucleotides.64

Major cell-wall components of bacteria
and fungi

LPS (endotoxin). The chemical composition of LPS,
the major cell-wall component of gram-negative bacteria,
has been known for more than 50 years, and its physico-
chemical properties, stability and heat resistance, are also
well established.68 Abundant literature exists concerning
the biologic effects of this macromolecule. In several stud-
ies the relative lack of exposure to endotoxin has been sug-
gested to be one major reason for the asthma and atopy
epidemic.33,69,70 The relationship between LPS and the
occurrence of asthma and atopy has also been thoroughly
reviewed elsewhere.68,71,72

It has also been known since the 1950s that the biologic
activity of LPS resides in the lipid A moiety (the theory of
the ‘‘endotoxic principle’’73). Moreover, it is now well
established that the immune response to LPS is dependent
on the chemical structure and molecular conformation of
the lipid A moiety. Lipid A consists of a phosphorylated
glucosamine disaccharide (the backbone), to which fatty
acids are attached. It has been found that biologic effects
of LPS from different gram-negative bacteria are not sim-
ilar.74 The critical determinants here are the length and
number of acyl (fatty acid) chains, the asymmetry of these
chains, and the number and distribution of negative
charges.74,75 Interestingly, the widely used test to detect
LPS in various samples, the Limulus amebocyte lysate
test, has been found to be specific for the LPS glucosamine
backbone and is thus not a measure of biologic activity.
Fatty acid analyses might better correlate with biologic
activity because the conformation and number of acyl
(fatty acid) chains in lipid A appear to be central to the
capacity of LPS to interact with TLRs and to induce cyto-
kine production.76

Peptidoglycan and teichoic acid. With the exception of
a few groups of some minor bacteria, such asMycoplasma
and Chlamydia species, all members in the domain
Bacteria have one common denominator, the presence
of peptidoglycan as the main strengthening and shape-
determining constituent of the cell wall. In gram-positive
bacteria, peptidoglycan accounts for at least 50%, and of-
ten more, of the total dry weight of the wall, but in gram-
negative bacteria, it might comprise less than 10% of the
dry weight of the wall.59 In gram-negative bacteria pepti-
doglycan is localized in the innermost layer of the wall
and, although extremely thin, is still capable of retaining
the shape of the cell.59 Peptidoglycan is composed of 2
amino sugars, N-acetylglucosamine and N-acetylmuramic
acid, and a side chain of 4 amino acids that can vary from
species to species.77 The other of these amino sugars,
N-acetylmuramic acid, is amolecule specific to the domain
Bacteria and can thus be used for laboratory diagnostic pur-
poses. In a recent study, van Strien et al78 showed thatmur-
amic acid can be found in dust from children’s mattresses
and in higher concentrations in those of farmer’s children.
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Wheezing and asthma were inversely associated with the
muramic acid concentration, independently from LPS,
whereas no association was found for atopic sensitization.
Increased muramic acid concentrations were found in
homes heated with wood or coal, independent of whether
it was a farm home, which suggests that settings associated
with traditional lifestyle and increased exposure to micro-
organisms, rather than farming per se, is responsible for
this effect.

The other characteristic cell-wall components of most
gram-positive bacteria are teichoic acids (up to 50% of the
dry weight of the wall). Teichoic acids are water-soluble
polymers containing ribitol or glycerol residues joined
through phosphodiester linkages.77 In lipoteichoic acids
there is a single lipid side chain anchored to the ribitol or
glycerol backbone.79 Teichoic and lipoteichoic acids have
been found to exert potent inflammatory responses.80-82

As stated above, teichoic acids are recognized by TLR2.
Peptidoglycan has similarly been considered to be recog-
nized by TLR2,64,67 but this view has recently been chal-
lenged by the identification of intracellular proteins, the
nucleotide-binding oligomerization domain 1 and 2, as
the principal receptors for peptidoglycan fragments.83,84

Fungal cell-wall components. Fungal cell walls differ
from those of bacteria by lacking peptidoglycan, teichoic
acids, and LPS. In their place are the external and anti-
genic peptidomannans embedded in matrices of a- and b-
glucans, and structural rigidity is provided by chitin.85 The
principal sterol in fungal cell membranes is ergosterol
(corresponding cholesterol in mammalian cells), which
has been used, in addition tob-glucans, in laboratory diag-
nostics of environmental samples. The immunobiology of
b-glucans has been reviewed earlier.86 Most of the recent
studies on fungal recognition by TLRs have been centered
on a few potentially pathogenic fungi, such as Candida
albicans and Aspergillus fumigatus. It has been found
that both TLR2 and TLR4 can be important for their rec-
ognition87 and that TLR2 might be involved in maintain-
ing prolonged candidasis by mediating anti-inflammatory
signals leading to IL-10 production and generation of
regulatory T cells.88 In addition, a new coreceptor for
b-glucan, dectin-1, expressed on macrophages, dendritic
cells, and monocytes, has been found to be involved in
mediating proinflammatory responses to fungi together
with TLR2.89,90 The recognition of fungi by the innate
immune system appears to be more complex than that of
bacteria because fungi can exist in 2 forms, as hyphae or
conidiae.

Bacterial CpG oligonucleotides

Since the late 1980s, bacterial DNA has been known
to possess immunostimulatory properties91 that are not
found in vertebrate DNA.92 The activating element was
identified as an unmethylated CpG oligonucleotide that
was found to be 20-fold more abundant in bacterial than
in vertebrate DNA, and when present in vertebrate
DNA, about 70% of it was found to be methylated.93

Unmethylated CpG oligonucleotides have the ability to
elicit a multifaceted innate immune response characterized
by the production of IL-12, IL-18, and IFN-g and the
upregulation of costimulatory molecules by antigen-
presenting cells, B cells, and natural killer cells.94 They
have both direct and indirect effects on the commitment
of CD41 cells to a TH1 phenotype and are thus able to
downregulate or reverse TH2 responses.94-96 Mammalian
DNA or methylated bacterial DNA, in contrast, does not
induce these responses.97 In addition, CpG oligonucleo-
tides have been found to strongly induce IL-10 release,
which inhibits both TH1 and TH2 responses in a dose-
dependent manner.98 This IL-10 is the key cytokine in
the development of adaptive regulatory T (Treg) cells,
which in turn are able to downregulate antigen-specific
IgE responses and promote tolerance to allergens.99,100

Data on synthetic CpG oligonucleotides in murine models
of atopic diseases and as vaccine adjuvants and therapeutic
agents in human subjects with allergic disorders are prom-
ising.94-96,101

In a study by Roy et al,102 bacterial DNA and LPS con-
tents in dust from urban, rural, and farm homes and from
farm barns were quantified (by means of PCR specific for
bacterial ribosomal DNA and the Limulus test, respec-
tively) to determine whether there are differences in the
immune stimulatory capacity between different dust
samples. The highest bacterial DNA levels were found
in farm barns, followed by rural homes, farm homes,
and urban homes. Farm barn DNA significantly potenti-
ated LPS-induced IL-10 and IL-12p40 release from
PBMCs, whereas DNA from urban homes did not show
this effect, probably because of the low content of bacte-
rial DNA in urban home dust; only approximately 3% of
the total DNA content in urban samples was bacterial in
origin. Increased IL-10 and IL-12 release shown after
stimulation of PBMCs with barn dust DNA and LPS
might be crucial in the context of environments conferring
protection against atopic diseases.102 Furthermore, we
found a 3.5-fold higher bacterial DNA content (measured
by means of bacterial ribosome-specific PCR) in barn dust
compared with urban-suburban home dust (5127 vs
1479.5 ng bacterial DNA/g dust; Saris et al, unpublished
data). It is known that vertebrate DNA does not possess
immunostimulatory capacity but might neutralize or
even inhibit the immunostimulatory effects of bacterial
CpGmotifs.103,104 The only knownTLR for unmethylated
CpG oligonucleotides is TLR9.

The innate immunity recognizes saprophytic bacteria,
which results in release of proinflammatory cytokines.
We have shown in vitro that robust responses are elicited
in murine macrophages when they are stimulated by
common soil microorganisms isolated from barn dust,
such as Streptomyces species, Sphingomonas species,
and Macrococcus species (Pylkkänen et al, unpublished
data), and a dose-dependent and rather similar response
was found in the production of, for example, TNF-a for
all 3 organisms, contrary to Bacillus species, which showed
minimal response in this in vitro setting (Pylkkänen et al,
unpublished data). None of these genera represents true
gram-negative bacteria, because Sphingomonas species,
although categorized as gram-negative, do not possess
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LPS but have sphingolipids instead. Interestingly, we found
that the dominant (>85%) bacterial genus in dust from
urban-suburban homes was Bacillus species (Saris and
Andersson, unpublished data), lending further support to
the view that urban home dust might have minimal, if
any, immunomodulatory capacity. Nonetheless, the abil-
ity of the common soil saprophytes Streptomyces species,
Sphingomonas species, andMacrococcus species to elicit
robust proinflammatory cytokine responses in vitro raises
the question of tolerance, which must have evolved during
the long history of coexistence of these saprophytes and
man.13

TOLERANCE AND Treg CELLS

Repeated or persistent exposure appears to be one
fundamental factor in the induction of tolerance. Repeated
intranasal antigen exposure leads to decreased bronchial
reactivity and tolerance in TH2-sensitized mice.105,106 In
addition, allergen desensitization therapy (injection of a
specific allergen extract at increasing doses) has for years
been successfully used, particularly in patients with hay
fever and insect venom allergy.107 Tolerance is mediated
by several mechanisms, including anergy and deletion of
effector T-cell clones, and particularly by the induction
and function of Treg cells.108 These Treg cells are defined
as cells that actively control the function of other cells,
mostly in an inhibitory way.109 Two major lineages of
Treg cells have been identified: (1) naturally occurring,
thymus-derived Treg cells expressing the transcription
factor Foxp3, which are associated primarily with the con-
trol of autoantigens, and (2) induced (adaptive), antigen-
specific Treg cells, which require IL-10, TGF-b, or both
for their differentiation and function.107,110 These cells
ameliorate inflammation through the release of IL-10,
TGF-b, or both in repeated or persistent exposure to pre-
vent immune pathology (a form of tolerance) andmaintain
the persistence of low numbers of antigens in the body,
which is necessary in certain cases to provide long-lasting
immunity against reinfections.111 Induction of antigen-
specific Treg cells has been performed by administration
of heat-killed Mycobacterium vaccae and allergen (oval-
bumin) into mice. These specific Treg cells were found
to release IL-10 and TGF-b and suppress eosinophilia
and bronchial hyperresponsiveness.112 Desensitization
therapy has also been found to operate through IL-10.107

In general, Treg cells are able to prevent the development
of highly polarized TH cells,

113 and one of themechanisms
involved in the development of asthma and atopy has been
suggested to be a failure in Treg cell function.107,109,113

Several excellent review articles of Treg cells are available
for further reading.107,109,110,113

Treg cells can be preferentially induced at mucosal
surfaces, particularly in the gut and respiratory tract.111

In urbanized Western societies the natural environment
might no longer have the ability to maintain the respiratory
and gut mucosal system in a state that favors the develop-
ment of Treg cells and mucosal tolerance to harmless
bioparticles.109 Persistent exposure to saprophytic bacte-
ria in soil and vegetation, in addition to commensals in
the gut and respiratory tract, might be needed to stimulate
the production of IL-10 and TGF-b through the innate
immune system, which in turn are required for the devel-
opment of inducible Treg cells.

TLRs AND GENE-ENVIRONMENT
INTERACTION

Innate immunity is now recognized as a central element
also in the gene-environment interaction. The significance
of particularly the TLR2 gene in this respect has been
demonstrated in several studies. In European children
TLR2 gene expression has been found to be higher in
blood cells obtained from farmers’ children compared
with that seen in children not growing up on a farm. A
similar difference was not found for the TLR4 gene.114

Furthermore, a genetic variation in the TLR2 gene was
shown to be a major determinant of reduced susceptibility
to asthma and atopy in farmers’ children but not in non-
farmers’ children.115 No clear association could be found
between variations in the TLR4 gene and asthma or
hay fever either in farmers’ or nonfarmers children in
most,115,116 albeit not all,117 studies.

These studies provide convincing evidence for gene-
environment interactions: a certain polymorphism is
expressed only in a certain environment. They also under-
score the significance of TLR2 in environments associated
with high exposure to soil microorganisms. Because TLR2
is the main receptor for gram-positive bacteria and their
structural molecules, lipoteichoic acid and lipoproteins,64,67

these studies might also point to the significance of parti-
cularly gram-positive bacteria in this context. Interaction
of TLR2 with its ligands has been found to lead to rapid
release of IL-10, which can block the induction of
IL-12p35 and IFN-g by TLR3 and TLR4.118 It remains
to be clarified whether TLR2 is the crucial Toll receptor
in mediating IL-10 release for the development of induc-
ible Treg cells.

CONCLUDING REMARKS

Several lines of evidence support the view that the
environment in modern industrialized societies is unable
to provide the stimulation for the developing immune
system that might be beneficial or even necessary:
disruption of the ancient connection of humankind and
the soil might have had unexpected consequences.

The immunomodulatory role of saprophytic bacteria in
soil and vegetation is now increasingly recognized. The
innate immune system recognizes such saprophytes or
their nonviable components encountered at respiratory
and gut mucosal surfaces; however, robust inflammatory
responses are not normally elicited but kept in tight control
through mechanisms that involve the function of Treg
cells that in turn might control the development of atopic
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diseases. A number of microorganisms and their compo-
nents have been found to induce the production of IL-10,
the differentiation factor of inducible Treg cells, by innate
cells.111,119

FIG 2. A model of the asphalt theory in the development of atopic

diseases. Supplemental information is available in the Online

Repository at www.jacionline.org. Because of the implementation

of new technologies, including recycling of asphalt material, the

figures for the use of asphalt from 1991 onward are not compara-

ble with the earlier ones and have not been included in the

analysis. Figures for the years 1960 through 1974 are based on

unofficial data from the Road Administration, Ministry of Traffic

and Communication, because no official statistics are available for

that period. Data on the prevalence of diagnosed asthma and

allergic rhinitis are based on Latvala et al.6
Here we proposed a hypothesis that the disconnection
of man and the soil might be onemajor factor in the current
asthma and atopy epidemic, as shown in Fig 2. The hy-
pothesis could be tested in animal models and in further
comparative and more clearly defined epidemiologic set-
tings, and if correct, a strategy that involves enhancement
of the development and activity of Treg cells117 without
concomitant induction of inflammation by bacterial pro-
ducts is evidently the goal to pursue. Central to the out-
come of this strategy is probably timing (with respect to
the primary sensitization), duration, dose, and route of
exposure. The nature of the microbe might also play a
role, although it is likely that there is no single agent or
agent group behind the protective effect; rather, a mix-
ture, including members of the phylum Actinobacter,
might be involved. In addition, the product might not
be based on bacterial cell-wall components only because
bacterial DNA might have beneficial effects in this
respect.

REFERENCES

1. Braun-Fahrländer C, Gassner M, Grize L, Takken-Sahli K, Neu U,

Sticker T, et al. No further increase in asthma, hay fever and atopic sen-

sitisaton in adolescents living in Switzerland. Eur Respir J 2004;23:

407-13.

2. Ronchetti R, Villa MP, Barreto M, Rota R, Pagani J, Martella S, et al.

Is the increase in childhood asthma coming to an end?Findings from three

surveys of schoolchildren in Rome, Italy. Eur Respir J 2001;17:881-6.

3. Verlato G, Corsico A, Villani S, Cerveri I, Migliore E, Accordini S,

et al. Is the prevalence of adult asthma and allergic rhinitis still increas-

ing? Results of an Italian study. J Allergy Clin Immunol 2003;111:

1232-8.

4. Yura A, Shimizu T. Trends in the prevalence of atopic dermatitis in

school children: longitudinal study in Osaka Prefecture, Japan, from

1985 to 1997. Br J Dermatol 2001;145:966-73.
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Abstract

Background Several recent studies have shown that growing up on a farm confers

signi®cant protection against the development of atopy. These ®ndings point particularly

towards the importance of exposure to stable dust and farm animals. It has furthermore been

reported that endotoxin, an intrinsic part of the outer membrane of gram negative bacteria, is

abundant in environments where livestock and poultry is kept.

The aim of this study was therefore to measure the level of environmental endotoxin

exposure in homes of farmers' children, children with regular contact to livestock and

control children with no contact to farm animals.

Methods Eighty-four farming and nonfarming families were identi®ed in rural areas in

Southern Germany and Switzerland. Samples of settled and airborne dust were collected in

stables, and of settled dust indoors from kitchen ¯oors and the children's mattresses.

Endotoxin concentrations were determined by a kinetic Limulus assay.

Results Endotoxin concentrations were highest in stables of farming families, but were

also signi®cantly higher indoors in dust from kitchen ¯oors (143 EU/mg vs 39 EU/mg,

P < 0.001) and children's mattresses (49479 EU/m2 vs 9383 EU/m2, P< 0.001) as compared

to control children from nonfarming families. In addition, endotoxin levels were also

signi®cantly higher in mattresses and dust from kitchen ¯oors in households where children

had regular contact to farm animals (38.6 EU/mg and 23340 EU/m2, respectively) as

compared to control subjects.

Conclusion We propose that the level of environmental exposure to endotoxin and other

bacterial wall components is an important protective determinant for the development of

atopic diseases in childhood.

Keywords: atopy, endotoxin, children

Clinical and Experimental Allergy, Vol. 30, pp. 1230±1234. Submitted 15 November 1999;

revised 2 February 2000; accepted 24 May 2000.

Introduction

Growing up on a farm confers signi®cant protection against

the development of atopy as several recent reports have

consistently shown [1±4]. In a Swiss population (n� 1620)

of 6±15-year-old schoolchildren the odds of having

seasonal symptoms of hay fever (adj.OR� 0.34, 95% CI:

0.12±0.89) and of developing atopic sensitization as

measured by RAST (adj.OR� 0.31, 95% CI: 0.13±0.73)

were strongly decreased in children raised on a farm as

compared to their peers from the same rural area whose

parents were not farmers [1]. Similarly, in a large survey of

Bavarian children entering school at age 5±7 years

(n� 10 163) the prevalence of hay fever among children

raised on a farm was signi®cantly lower than among their

peers from the same villages who did not grow up on a farm

(1.8% vs 4.9%, P # 0.001) [2]. Adjustment for potential

Clinical and Experimental Allergy, 2000, Volume 30, pages 1230±1234
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confounding variables con®rmed the strong inverse relation.

A recent Austrian survey of 8±10-year-old children living in

a rural area has furthermore con®rmed the ®ndings. Farmers'

children were at signi®cantly lower risk to develop hay

fever (3.1% vs 10.3%, P� 0.0002) and atopic sensitization

to a panel of aeroallergens (adj.OR� 0.48, 95% CI: 0.30±

0.75) than children whose parents did not run a farm [3]. In

all three surveys a slight protective effect was also seen for

the prevalence of asthma (e.g. adj.OR� 0.65, 95% CI:

0.39±1.09 in Bavaria), whereas the development of atopic

eczema was not affected by farming activities of the parents.

Living conditions of farming families differ in many

respects from life styles of other families: larger family

size, more pets, frequently heating with wood or coal, less

maternal smoking, more dampness, and other dietary habits

[1]. None of these factors could however, explain the strong

inverse association between atopy and growing up on a

farm. In contrast, contact to livestock and poultry was found

to explain much of the relation between farming and atopy

in the Austrian study [3]. Likewise, in the Bavarian survey a

strong inverse, dose-dependent relation between exposure to

livestock and the prevalence of atopic diseases was found

(adj.OR� 0.41, 95% CI: 0.23±0.74 for frequent contact to

livestock) [2]. Furthermore, Austrian children with regular

contact to farm animals but not growing up on a farm had a

signi®cantly lower prevalence of atopic sensitization

(13.5% vs 34.8%, P� 0.01) than children with no contact

[3]. These ®ndings suggest that factors prevalent in stables

and presumably thereby also in the homes of farming

families confer the protection which is associated with a

farming life style.

Previous reports have indicated that several exposures are

particularly high in stables such as exposure to moulds,

ammonia, faeces, animal proteins, constituents of feed and

endotoxin. Endotoxin is an intrinsic part of the outer

membrane of gram negative bacteria, thereby activating

TH1-type immune responses and thus interfering with the

development of TH2-type immune responses resulting in

atopy. We therefore aimed to measure concentrations of

endotoxin not only in dust samples of Bavarian and Swiss

stables, but also indoors in the homes of farmers' and

nonfarmers' children with contact to farm animals. We

furthermore wished to compare these levels to endotoxin

concentrations in homes of children without regular contact

to livestock or poultry.

Methods

Eighty-four families with 146 children aged 1±14 years

(n� 119 in Bavaria and n� 27 in Switzerland) were

enrolled in the study through personal contacts, advertise-

ments in agricultural news letters and as part of the ongoing

environment and health monitoring program SCARPOL in

Switzerland [5]. There, the parents of all 14-year-old chil-

dren of the village of Grabs (n� 97) visiting the school

physician were asked to complete a questionnaire and to

consent to dust sampling. Ninety-one families completed

the questionnaire and 63 (65%) accepted dust collection. Of

those were 10 children living on a farm and eight nonfarm-

ing children with regular contact to farm animals. All farms

in Switzerland and Bavaria were run by the family, all kept

cattle and some families additionally kept a few pigs, sheep,

goats or horses. All families in Bavaria and Switzerland

were living in rural areas, in total 39 families lived on a farm

where livestock was kept, and 45 families were not living on

a farm. Of these 45 families, subjects in 15 families had

regular contact to livestock through their neighbours. Expo-

sure to livestock in nonfarmers children was de®ned prior to

endotoxin analysis and assumed if parents reported that the

child had regular (at least once a week) contact to either

cattle, pigs, sheep, poultry, horses or goats.

Settled dust was taken in the stables of farming families at

several locations where children were usually playing. In

addition, 30 airborne dust samples were collected in each of

30 stables on 37 mm diameter glass ®bre ®lters (SKC

MuÈllheim, Germany) housed in respirable (PM2.5 #

2.5 mm) and inhalable (PM7.5 # 7.5 mm) dust samplers (Per-

sonal air sampler, GSA MeûgeraÈtebau Neuss, Germany)

with suction provided by battery-operated pumps (Alpha-1,

air sampler, Ametek, USA) operated at 3.5 L/min (inhalable

fraction) or 2.0 L/min (respirable fraction). The mean sam-

pling duration was 3.1 h. Endotoxin concentrations were

expressed as EU/m3 air. Furthermore, dust samples from

kitchen ¯oors and children's mattresses were taken using a

vacuum cleaner of 1200 W operated for 2 min at full power.

ALK ®lters were used for dust collection according to the

ISAAC Phase II manual [6]. Careful attention was given to

ensure comparability of the method of dust collection at the

different sites. In one family only dust samples from

mattresses, but not from kitchen ¯oors were taken. All

samples were stored at room temperature [7] and analysed

within 1 week after collection.

Endotoxin content of all dust samples was determined by

a kinetic Limulus assay as described by Hollander and

coworkers [8] in the laboratory of the Institute for Occupa-

tional and Environmental Medicine of the University of

Munich. Brie¯y, each ®lter was extracted by rapid shaking

with endotoxin-free water (7.5 mL) for one hour. From a

diluted (air sample 1 : 10, dust samples 1 : 100 till 1 : 10000)

aliquot, 100 mL were added to a microtitre-plate well (96

wells, NUNC) and assayed with LAL reagent (kinetic-QCL,

BioWhittaker) at 37.0 8C. A standard calibration curve (50,

5, 0.5, 0.005 EU/mL) was performed on each plate. Optical

density at 405 nm was measured by an automatic reader

(PowerWaveTM, MWG Biotech). The intra-assay variability

was less than 5%, whereas the interassay variability was
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lower than 20%. For dust samples collected from kitchen

¯oors, results were related to the dust quantity and

expressed as EU/mg. Results of dust samples from mat-

tresses were related to the size of the sampled mattress and

expressed as EU/m2.

Because of non-normal distribution of exposure levels the

geometric mean (gm) with 95% con®dence (95% CI) inter-

vals of dust and endotoxin exposures were calculated.

Comparisons between groups were computed using the

t-test of log transformed values. P-values were adjusted

by the Bonferroni procedure to account for multiple testing.

The study was performed from December 1998 to June

1999.

Results

Samples of settled dust were collected from 38 stables of

farming families (n� 30 in Bavaria and n� 8 in Switzer-

land). In addition, dust samples of kitchen ¯oors of 84

farming and nonfarming households (n� 57 in Bavaria and

n� 27 in Switzerland) and dust samples of children's

mattresses of 83 farming and nonfarming families (n� 56

in Bavaria and n� 27 in Switzerland) were collected. As

several samples within one family were taken, averages of

exposure per household were calculated and compared

between groups. As one might expect endotoxin exposures

were highest in the stables (gm� 649 EU/mg, 95%

CI� 503±838 EU/mg). Interestingly, concentrations of

endotoxin were signi®cantly (P� 0.0001) higher in the

inhalable fraction (gm� 150 EU/m3, 95% CI� 83±272

EU/m3) than in the respirable fraction (gm� 7 EU/m3,

95% CI� 4±12 EU/m3).

More dust was collected from kitchen ¯oors of

farming families (gm� 797 mg, 95% CI� 670±949 mg)

than in both families of children with regular contact to

livestock (gm� 449 mg, 95% CI� 292±692 mg) and

control households (gm� 434 mg, 95% CI� 342±552 mg)

(P� 0.011 and P< 0.001, respectively). The endotoxin

exposures per mg dust were signi®cantly higher in dust

samples from kitchen ¯oors of farming families (gm� 143

EU/mg, 95% CI� 114±180 EU/mg) as compared to non-

farming families (children with livestock contact: gm� 51

EU/mg, 95% CI� 30±89 EU/mg; controls: gm� 39 EU/

mg, 95% CI� 30±50 EU/mg) (Fig. 1). Levels of endotoxin

were also signi®cantly higher in mattresses of farming

families (gm� 49479 EU/m2, 95% CI� 34951±70047

EU/m2) and marginally higher in families with children

having regular contact to livestock (gm� 23340 EU/m2,

95% CI� 11159±48819 EU/m2) as compared to the control

group (gm� 9383 EU/m2, 95% CI� 5882±14968 EU/m2)

(Fig. 2). When expressing endotoxin levels in mattresses as

EU/mg dust or when comparing differences in exposure on a

personal rather than household level similar results were

obtained (data not shown).

Discussion

Endotoxin concentrations were higher in homes of children

living on a farm as compared to homes of nonfarming

families. Furthermore, in families of children with regular

contact to livestock higher endotoxin concentrations were

found in the mattress as compared to control households.

These ®ndings suggest that contact to livestock not only

strongly increases LPS exposure while staying in a stable,

but also augments daily exposure indoors.

Endotoxin consists of a family of molecules called

lipopolysaccharides (LPS) and is an intrinsic part of the

outer membrane of gram negative bacteria [9]. LPS and

other bacterial wall components which can also be found

abundantly in stables where pigs, cattle and poultry is kept
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Fig. 1. Levels of endotoxin in kitchens (in EU/mg dust) of farmers

children, children with regular contact with livestock, and control

children. Fig. 2. Levels of endotoxin in mattresses (in EU/m2) of farmers

children, children with regular contact with livestock, and control

children.



[10,11], engage with antigen-presenting cells via CD14

ligation eliciting strong IL-12 responses [12]. IL-12, in

turn, is regarded as an obligatory signal for the maturation

of naive T cells into Th1-type cells [13]. There is ample

evidence that IgE responses are down regulated by inhibi-

tory signals derived from Th1-type cells [14]. Recent

studies have furthermore shown that a polymorphism in

the 50-¯anking region of the CD14 gene on chromosome

5q31.1 results in down-regulation of IgE levels [15] lending

further support to the hypothesis that (via CD14 ligation)

LPS and other bacterial wall components affect the levels of

serum IgE and thus interfere with the development of atopy.

Bacterial signals may, however, only play a role in

promoting T helper cell differentiation and polarization at

the time of development of primary immune responses [16].

There is increasing evidence suggesting that the predomi-

nant type of response (Th1-like or Th2-like) to a given

antigen is determined at the time of the primary encounter

with the antigen [17], a life period during which the Th2-

polarization characteristic of the fetal immune system is

being progressively replaced by Th1-dominance [18,19].

The pivotal role of the antigen presenting cell to induce

differentiation of Th1-type effector and memory cells early

in life is increasingly recognized [12]. These cells are

generated in the bone marrow, but migrate to peripheral

tissues, including the airway epithelium, and to local lymph

nodes. LPS and other bacterial wall components bound to

particles of various sizes are likely to penetrate in various

depths into the airways and to exert their immune stimulat-

ing effects on cells of the upper and lower airway tract. The

fact that a higher proportion of endotoxin was bound to

larger particle size in our samples as in previous studies [20]

may relate to the preferential effect on the reduction in the

prevalence of hay fever as compared to asthma in farmers'

children. In adult life, endotoxin exposure has been shown

to induce strong in¯ammatory responses via production of

IL-1 IL-6, IL-8, and TNFa resulting in neutrophilia and

fever [21], but also to induce airway hyper-responsiveness

and respiratory symptoms [22,23].

Endotoxin is ubiquitous in nature, being present in

normal indoor environments as a constituent of house dust

[24]. It has previously been suggested that endotoxin levels

increase where animals are kept indoors, and it seems

noteworthy that several recent studies have shown a pro-

tective effect of early exposure to cats and dogs on the

development of atopic sensitization [25,26]. Furthermore,

endotoxin levels are likely to be particularly high in devel-

oping countries where poultry and livestock are kept in

close proximity to human housing. In this context, it is of

interest to note that a previous study from Africa has found a

signi®cantly decreased odds ratio for the development of

atopic senitization (aOR� 0.49, 95% CI: 0.28±0.87) in

children in whose homes pigs were kept [27].

The limitations of exposure studies as the one presented

here are well-known. In particular, although we know that

endotoxin exposure is associated with farming and exposure

to livestock, and that farming is associated with a decreased

risk of atopy, we do not know whether this applies to

individuals within these communities. High exposure

levels to endotoxin may be a surrogate for other aspects of

exposure to stables which are associated with a decreased

risk of atopy. It seems, however, unlikely that exposure to

moulds which are also abundant in stables confers protec-

tion for the development of atopy, since most studies

investigating the effects of exposure to moulds or dampness

have either reported no effect or an increased risk to develop

childhood wheeze and asthma [28]. Other bacterial wall

components from gram positive bacteria or atypical myco-

bacteria are likely to affect immune responses in similar

ways as LPS [29,30]. Particularly, listeria, a germ also

abundant in stables, is known to induce IL-12 production

[31] thereby potentially deviating the immune response

towards a Th1-like phenotype. Recent studies furthermore

suggest that certain motifs of bacterial DNA might also

prevent the development of atopy [32].

We therefore propose that the level of environmental

exposure to endotoxin and other bacterial wall components

is an important protective determinant for the development

of atopic diseases in childhood. Further understanding of

these mechanisms may in the future open a novel avenue for

the prevention of atopic diseases in childhood.
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Allergic asthma is a chronic inflammatory disease and despite
the introduction of potent and effective drugs, the prevalence
has increased substantially over the past few decades1. The ex-
planation that has attracted the most attention is the ‘hygiene
hypothesis’, which suggests that the increase in allergic diseases
is caused by a cleaner environment and fewer childhood infec-
tions2–4. Indeed, certain mycobacterial strains can cause a shift
from T-helper cell 2 (Th2) to Th1 immune responses, which may
subsequently prevent the development of allergy in mice5–7.
Although the reconstitution of the balance between Th1 and
Th2 is an attractive theory, it is unlikely to explain the whole
story, as autoimmune diseases characterized by Th1 responses
can also benefit from treatment with mycobacteria and their
prevalence has also increased in parallel to allergies8. Here 
we show that treatment of mice with SRP299, a killed
Mycobacterium vaccae-suspension, gives rise to allergen-specific
CD4+CD45RBLo regulatory T cells, which confer protection
against airway inflammation. This specific inhibition was medi-
ated through interleukin-10 (IL-10) and transforming growth
factor-β (TGF-β), as antibodies against IL-10 and TGF-β com-
pletely reversed the inhibitory effect of CD4+CD45RBLo T cells.
Thus, regulatory T cells generated by mycobacteria treatment
may have an essential role in restoring the balance of the im-
mune system to prevent and treat allergic diseases.

We analyzed the effect of SRP299 treatment on the ovalbumin
(OVA)-induced eosinophilic airway inflammation using two dif-
ferent immunization protocols. A single OVA aerosol challenge
resulted in a significant increase in the number of eosinophils,
neutrophils, lymphocytes and macrophages in bronchoalveolar
lavage (BAL) fluid from both the short-term (21 d, two immu-
nizations) as well as the long-term (63 d, four immunizations)
protocols (Fig. 1a). Subcutaneous (s.c.) injection of 0.1 mg
SRP299 (optimal dose; ref. 9 and data not shown) three weeks
before the first OVA immunization significantly reduced the air-
way eosinophilia using both immunization protocols (Fig. 1a).
The inhibitory effect of SRP299 treatment on the allergic inflam-
mation was not restricted to eosinophils but also affected other
inflammatory cell types (Fig. 1a).

Cultures of OVA-stimulated splenocytes from saline-treated
and OVA-immunized mice (short-term protocol) contained sub-
stantial amounts of interleukin-4 (IL-4), IL-5 and IL-10 (Fig. 1b),

whereas the antigen stimulation failed to trigger significant pro-
duction of interferon-γ (IFN-γ), IL-2 and IL-12. Cultures of spleno-
cytes from immunized and SRP299-treated mice contained
significantly higher levels of IL-5 and IL-10, whereas the produc-
tion of IL-4 was not altered. No significant differences were found
in IFN-γ, IL-2 and IL-12 levels, irrespective of treatment, suggest-
ing that the mechanisms by which SRP299 induces the suppres-
sion of the allergic inflammatory response is not due to a
diversion from allergen-specific T-helper cells (Th2) to Th1 cells.

The increased production of IL-5 and IL-10 in SRP299-treated
mice without corresponding increase in Th1-associated cy-
tokines may indicate that SRP299 induces the generation of IL-
10-producing regulatory cells that might specifically block the
allergic response over a long period of time10-–12. We therefore in-
vestigated whether splenocytes from SRP299-treated mice could
inhibit airway eosinophilia in immunized recipient mice.
Intravenous transfer of 2 × 106 splenocytes from OVA-primed
SRP299-treated mice to OVA-immunized recipient mice, 24 h be-
fore the antigen challenge, significantly reduced OVA-induced
airway eosinophilia (Fig. 2a). A less pronounced inhibitory effect
was observed in recipient mice injected with splenocytes from
SRP299-treated and PBS-challenged mice. By contrast, the trans-
fer of splenocytes from saline-treated and PBS- or OVA-primed as
well as from naive mice into OVA-immunized mice failed to in-
hibit the antigen-induced airway eosinophilia.

We next sought to identify the cell population responsible for
the inhibition of the allergic response. We purified T cells from
the spleen of OVA-primed SRP299-treated mice and tested their
regulatory activity in OVA-immunized recipient mice. Only
treatment of mice with 2 × 106 purified T cells significantly re-
duced the antigen-induced airway eosinophilia (Fig. 2a).
Furthermore, only CD4+ and not CD8+ T cells were able to do so.
The regulatory activity of the CD4+ T cells from SRP299-treated
mice is highly potent as cell numbers as low as 0.25 × 106 signifi-
cantly suppressed allergen-induced eosinophilic inflammation
(Fig. 2b). The BAL fluid of mice immunized and challenged fol-
lowing the transfer of purified CD4+ T cells from SRP299-treated
mice contained significantly increased levels of IL-10, whereas
no significant changes in IL-4 or transforming growth factor-β
(TGF-β) were observed (Fig. 2c). In addition, transfer of purified
CD4+ splenocytes from OVA-primed SRP299-treated mice to
OVA-immunized and challenged recipient mice significantly re-
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duced subsequent allergen induced bronchial hyperresponsive-
ness (BHR) to methacholine (Fig. 2d). These data clearly demon-
strate that SRP299-induced regulatory T cells not only control
the extent of the allergen-induced eosinophilic inflammation,
but also affect more pathophysiological readouts such as BHR.

In an attempt to verify the specificity of the CD4+ regulatory 
T cells, we treated cockroach extract antigen (CEA)-immunized
mice with CD4+ T cells generated in mice treated with SRP299
and immunized and challenged with OVA or CEA. Pretreatment
with CD4+ T cells from SRP299-treated and CEA-immunized, but
not from OVA-immunized mice inhibited the CEA-induced
eosinophilic inflammation in CEA-immunized recipient mice
(Fig. 2e), demonstrating an allergen-specific effector function of
these regulatory T cells. This conclusion is further supported by
the observation that the transfer of CD4+ T cells from SRP299-
treated and OVA-immunized mice into CEA-immunized mice
significantly inhibited the allergen-induced eosinophilic inflam-
mation when challenged with both CEA and OVA.

Several studies have demonstrated that the regulatory T cells
are predominantly found within the CD4+CD45RBLoCD25+ sub-
population13. The flow-cytometric analysis of the distribution of
CD45RB and CD25 expressing CD4+ T cells obtained from
spleens revealed no significant differences between SRP299-
treated or saline-treated, OVA-immunized mice (data not
shown). However, the transfer of FACS-sorted CD4+ T cells ex-
pressing low levels of CD45RB (CD45RBLo) from SRP299-treated,
OVA-immunized mice into recipient OVA-immunized mice 
before challenge significantly reduced the allergen-induced
eosinophilic inflammation (Fig. 3a). In contrast, the transfer of

high-level CD45RB-expressing CD4+ T cells (CD45RBHi) had no
suppressive effect, nor did injection of either CD45RB popula-
tions from saline-treated mice.

A characteristic feature of regulatory T cells is their ability to in-
hibit the proliferation of other T cells in vitro14,15. Fig. 3b shows
that CD4+CD45RBLo T cells from SRP299-treated and OVA-immu-
nized mice added to cultures of CD4+ T cells from untreated OVA-
immunized mice significantly inhibited the antigen-induced
proliferative response in vitro. The suppression of the proliferative
response of OVA-specific T cells induced by CD4+CD45RBLo

T cells from SRP299-treated mice was completely reversed by
adding neutralizing antibodies against IL-10 and TGF-β.

In an attempt to quantify the number of SRP299-induced reg-
ulatory T cells, CD4+ T cells from both SRP299- or saline-treated
OVA-immunized mice were stimulated in vitro with the allergen
and the number of IL-10 producing cells were analyzed within
the different CD45RB populations using flow cytometry. Fig. 3c
shows a representative dot plot of membrane CD45RB and intra-
cellular IL-10 double-stained CD4+ T cells, demonstrating that
the stimulation of these cells with OVA induces the production
of IL-10 in both, CD45RBLo and CD45RBHi cells. The quantitative
analysis revealed a significantly increased number of IL-10-pro-
ducing CD4+ cells in cultures from SRP299-treated compared
with saline-treated mice (data not shown), which was mainly
due to an increase in IL-10-producing CD45RBLo cells (Fig. 3d).
Qualitatively similar changes were found measuring the IL-10
levels in supernatants of these cultures (Fig. 3e).

Next, we examined the potential role of IL-10 and TGF-β in
the regulation of the in vivo inhibitory activity. Pre-treatment of
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Fig. 1 Effect of SRP299 treatment on the OVA-induced eosinophilic inflam-
mation and cytokine production by splenocytes. a, Effect of SRP299 on OVA-
induced changes in the cell numbers in mice immunized using a short-term
(21 d, two immunizations) and long-term (63 d, four immunizations) proto-
cols. OVA-immunized mice were treated with saline and challenged by
aerosol with either PBS (PBS) or OVA (OVA) or treated s.c. with SRP299 21 d
before the beginning of immunization and challenged with OVA (SRP/OVA).
48 h after the aerosol PBS or OVA challenge, BAL fluid was collected and cell
numbers determined. Data are means ± s.e.m.; n = 7–10 per group. *, P <

0.05; **, P < 0.05 versus saline-treated and PBS- or OVA-challenged mice, re-
spectively. b, Effect of SRP299 on IL-2, IL-4, IL-5, IL-10, IL-12 and IFN-γ release
in response to in vitro antigen-mediated activation of splenocytes from OVA-
immunized mice. Mice were treated s.c. 21 d before the OVA immunization
either with saline ( ) or with SRP299 (�) and killed on day 21 of immuniza-
tion. Splenocytes were incubated with RPMI alone or were stimulated with
OVA and the cytokine levels in the cell-free supernatants were determined by
ELISA. Data are means ± s.e.m. of 5–7 mice per group. **, P < 0.05; *, P < 0.05
versus saline-treated and RPMI- or OVA-stimulated cells, respectively.
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recipient mice with neutralizing antibodies to either IL-10 or
TGF-β significantly reduced the CD4+CD45RBLo T-cell–mediated
suppressive effect, suggesting that both cytokines are required
for the regulation of the eosinophilic inflammation by regula-
tory T cells (Fig. 3f). Indeed, treatment with antibodies against
both IL-10 and TGF-β completely reversed the inhibition due to
SRP299-induced OVA-specific CD4+CD45RBLo T cells. In con-
trast, neither the anti-cytokine nor the isotype-matched control
antibodies had any effect on the OVA-induced inflammation in
control mice. Taken together, these findings demonstrate that
SRP299 treatment gives rise to regulatory CD4+CD45RBLo T cells,
which display a specific protective effect on allergic pulmonary
inflammation through IL-10 and TGF-β production.

Down-regulation of allergic responses by mycobacteria in vivo
has been observed in numerous cases. However, the mechanism
by which mycobacteria inhibit the inflammatory response re-
mains unclear and various mechanisms, such as the induction of
Th1 cytokines such as IFN-γ, have been proposed5. However, we
were unable to demonstrate any significant changes in IFN-γ
production following SRP299 treatment. In addition, the in-
hibitory effect was not confined to eosinophils but also affected
all other cell types, suggesting that mechanisms other than sim-
ple changes in the balance between Th1 and Th2 must be re-
sponsible for the observed effects.

It is now well established that regulatory T cells can inhibit
harmful immunopathological responses, but many key aspects,
such as their antigen specificities, the cellular and molecular
pathways involved in their development and mechanism of ac-

tion remain unresolved. Different regulatory T-cell populations
have been described in both the murine and human systems13.
For example, regulatory T cells induced in vitro produce high lev-
els of IL-10 but not IL-4, do not proliferate after stimulation and
inhibit antigen-specific proliferation and cytokine production in
a cell contact–dependent manner16. In addition, IL-10-producing
regulatory T cells were shown to actively modulate a Th2-type
response and immunoglobulin E (IgE) production17. Moreover,
the protective mechanism by which CD4+CD45RBLo regulatory 
T cells inhibit the development of inflammatory bowel disease
or prevent graft rejections in adoptive transfer experiments is
critically dependent on the production of IL-10 and TGF-β (refs.
18,19). The regulatory T-cell described here is characterized as
CD4+CD45RBLo T-cell subset producing and/or inducing the pro-
duction of IL-10 and TGF-β. It is capable of inhibiting antigen-
mediated proliferative responses and specifically suppresses
allergen-induced eosinophilic inflammation. The phenotype
and cytokine profile is therefore in line with the regulatory 
T cells described elsewhere13. Furthermore, treatment with
SRP299 gives rise to the development of newly generated, aller-
gen-specific regulatory T cells. This was clearly shown in the ex-
periments where the adoptive transfer of purified CD4+ T cells
from SRP299-treated, OVA-immunized mice into CEA-immu-
nized and challenged mice had no effect on the eosinophilic in-
flammation, whereas the double challenge with both CEA and
OVA induced a significant inhibition. The IL-10 and TGF-β de-
pendency of the observed inhibition was clearly demonstrated
using neutralizing antibodies. In contrast, however, only small
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Animals were killed after challenge with either PBS ( ) or OVA (�).
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increases in IL-10, but not TGF-β were found in BAL fluid or cell
cultures from SRP299-treated mice. It is reasonable to assume
that data generated with neutralizing antibodies best reflect the
underlying mechanisms as cytokine levels in supernatants and
diluted BAL fluid do not account for cell–cell interactions, tem-
poral relationships between production and utilization or re-
sponses specific to the target organ.

In conclusion, regulatory CD4+ T cells generated by SRP299
treatment may have an essential role in restoring the balance of
the immune system to prevent allergic diseases and offer advan-
tages over treatments aimed at inducing a shift from an allergen-
specific Th2 to Th1 response. Preliminary clinical studies with
M. vaccae treatment in adults with asthma and rhinitis or in chil-
dren with atopic dermatitis demonstrated clinical benefits as
measured by reduction in use of rescue medication, severity of
disease or inhibition of the allergen-induced late-phase re-
sponse20–22. In contrast, however, another study using lower
doses of M. vaccae in asthmatics did not show any beneficial
clinical effects23. All patients in this study were prescribed in-
haled glucocorticosteroids and it is possible that the induction
and possible effector function of regulatory T cells might be sup-
pressed by this treatment. Moreover, our studies also demon-
strated that allergen exposure is absolutely required to generate
allergen-specific regulatory T cells. Therefore, one of the critical
elements determining success or failure of a clinical study might
be the level and duration of natural exposure to allergens during

the treatment period. The new insights into the mechanisms of
action of SRP299 treatment as described here should help to de-
sign better clinical studies and to understand the dysregulation
of the immune response resulting in allergic diseases.

Methods
Animals. Female BALB/c mice (20–25 g, 5–6-wk-old) were obtained from
Harlan (Oxon, UK). All experiments complied with the Home Office 1986
Animals Scientific Act and were approved by the NHRC Animal Welfare
Committee.

Immunization and airway challenge. Short-term model: mice were immu-
nized intraperitoneally (i.p.) on days 0 and 14 with 10 µg OVA (Grade V,
Sigma) or CEA (Hollister-Stier Laboratories, Spokane, Washington) in 0.2 ml of
alum (Serva, Heidelberg, Germany). On day 21, OVA-immunized mice were
exposed for 20 minutes to an aerosol of OVA (50 mg/ml) or PBS. CEA-immu-
nized mice were challenged with 10 µg CEA in 50 µl PBS or PBS alone admin-
istered intranasaly. Long-term model: mice were immunized i.p. on days 0, 14
and 42 and s.c. on day 56 with 10 µg OVA in 0.2 ml of alum and challenged
with OVA on day 63 as described above.

Treatment with SRP299. Mice were treated s.c. with 0.1 mg SRP299 (sterile
vials containing a suspension of heat-killed M. vaccae at 10 mg/ml, SR Pharma)
in 200 µl saline or with saline alone three weeks before OVA immunization.

Bronchoalveolar lavage (BAL) fluid. Animals were i.p. anesthetized with 60
mg/kg pentobarbitone sodium. The trachea was cannulated and BAL was col-
lected by injecting 0.4 ml PBS three times into the lung. Total cell count was
determined and differential cell counts were performed on cytospin slides
stained with Diff-Quik (Baxter Dade AG, Dudingen, Switzerland) counting 200
cells. BAL cytokine levels were assessed using ELISA kits (R&D Systems,
Oxon, UK). The detection limits were the following: IL-2 (3 pg/ml), IL-4 
(2 pg/ml), IL-5 (7 pg/ml), IL-10 (4 pg/ml), IL-12 (4 pg/ml), IFN-γ (2 pg/ml)
and TGF-β (7 pg/ml).
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Fig. 3 The inhibitory effect of regulatory T cells resides within the
CD4+CD45RBLo population and is mediated by IL-10 and TGF-β. 
a, Adoptive transfer of FACS-sorted CD4+CD45RBHi or CD45RBLo (0. 4 × 106

cells/mouse) T cells from saline- (saline) or SRP299-treated (SRP) and OVA-
immunized mice into OVA-immunized recipient mice 24 h before PBS (PBS)
or OVA (OVA and all other bars) challenge. Data are means ± s.e.m. of 9–12
mice per group. **, P < 0.05 versus OVA-challenged mice without cell trans-
fer. b, In vitro proliferative response of OVA-stimulated CD4+ T cells from
OVA-immunized mice following addition of 1 × 105 purified CD4+CD45RBLo

T cells from saline-treated (CD45RBLo) or SRP299-treated (SRP-CD45RBLo)
and OVA-immunized mice in the absence (control) or presence of neutraliz-
ing anti-IL-10 or anti-TGF-β or a combination. Results are SI (3H-thymidine
incorporation induced by OVA/3H-thymidine incorporation in cultures
without OVA). Data are means ± s.e.m. of 3 individual cultures. **, P < 0.05
versus OVA-stimulated cultures in the absence of cocultured CD45RBLo

cells. c, Representative FACS dot plot of double immunofluorescence
stained CD4+ T cells (FITC-conjugated anti-CD45RB antibodies and intracel-
lular staining with phycoerythrin-conjugated anti-IL-10 antibodies) without
(control) or following in vitro OVA stimulation. d, Quantitative analysis of IL-
10 producing, CD4+CD45RBLo expressing cells from saline-treated (saline)
or SRP299 treated (SRP) and OVA-immunized mice in non-stimulated
(RPMI) or OVA (OVA) stimulated cultures. Data are means ± s.e.m. of cul-
tures from 7–10 mice per group. **, P < 0.05; ***, P < 0.05 versus RPMI and
OVA-stimulated cultures from saline-treated mice, respectively. e, IL-10 lev-
els in supernatant from the same cultures as described in d. f, OVA-immu-
nized mice were treated with PBS or 0.4 × 106 purified CD4+CD45RBLo

T cells from SRP-treated and OVA-immunized mice (SRP-CD45RBLo). In ad-
dition, some of the mice were pretreated with either PBS (control), isotype-
matched antibodies (control Ab), anti-IL-10, anti-TGF-β or a combination of
anti-IL-10 and anti-TGF-β antibodies. BAL fluid was analyzed 48 h after the
PBS (PBS) or OVA challenge. Data are means ± s.e.m. of 6–8 mice per
group. **, P < 0.05 versus OVA-challenged mice without cell transfer and
antibody treatment; *, P < 0.05 versus CD45RBLo transfer control.
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Cell transfer. 24 h after PBS or OVA challenge (day 22), spleens from saline-
or SRP299-treated mice were collected. Single-cell suspensions were pre-
pared by passing cells through a cell strainer. Purified T-lymphocytes, CD4+

or CD8+ fractions were prepared by magnetic cell sorting (MACS; Miltenyi
Biotec, Bergisch Gladbach, Germany). Briefly, splenocytes were incubated
with CD90 (Thy1.2), CD4 (L3T4) or CD8a (Ly-2) microbeads, respectively,
and desired cells were separated by positive selection12. The resulting popu-
lations were >95% pure as determined by FACS analysis. CD4+ T cells were
further separated into CD4+CD45RBLo and CD4+CD45RBHi cells using FITC-
conjugated monoclonal antibodies against CD45RB (16A, BD, Oxford, UK)
and sorted by flow cytometry (MoFlo, Cytomation). All populations were >
99% pure on reanalysis. 24 h before the antigen challenge (day 20), mice
were intravenoulsy (i.v.) injected with 50 µl PBS containing the indicated
number of the desired cell population.

In vitro cytokine production and proliferation. Splenocytes from SRP299-
or saline-treated, OVA-immunized mice (day 20) were cultured at 2 × 105

cells/culture in RPMI supplemented with 10% FBS, 2 mM L-glutamine, 100
µg/ml streptomycin, 100 U/ml penicillin (all from GIBCO, Paisley, UK) at 
37 °C, 5% CO2, in the presence or absence of 100 µg/ml ovalbumin for 72
h. Supernatants were then collected and cytokine levels determined by
ELISA.

Purified CD4+ T cells (2 × 105 cells) were stimulated by OVA (100 µg/ml) 
in the presence of T cell–depleted, irradiated (4,000 rad) splenocytes.
CD4+CD45RBLo T cells from SRP299 or saline-treated mice were added to
OVA-primed CD4+ T cells in the presence or absence of 60 ng/ml anti-IL-10
(JES052A5, BD) or 10 ng/ml anti-TGF-β (chicken IgY, R&D Systems) anti-
bodies. Proliferation was assessed by [3H]thymidine incorporation (0.5
µCi/well) during the last 16 h of culture and results are expressed as stimula-
tion index (SI, counts of OVA stimulated/counts of non-stimulated cultures).

Intracellular cytokine staining. 2 × 105 splenocytes were cultured with or
without OVA for 3 d. For the last 16 h of culture, 3 µM monensin and 5
µg/ml brefeldin A (Sigma) were added. CD4+ T cells were then isolated by
positive selection using MACS and stained for CD45RB expression with FITC-
anti-CD45RB antibodies. Cells were then fixed, permeabilized (Fix&Perm kit,
Caltag) and stained for intracellular IL-10 with phycoerythrin-anti-IL-10 anti-
body (BD).

Determination of BHR. 24 h after challenge, unrestrained conscious mice
were placed in a whole-body plethysmographic chamber (BUXCO, EMKA
Technologies). After 2 min stabilization, an aerosol of methacholine (Sigma)
at 30 mM was delivered for 1 min. The airway resistance was expressed as
Penh (enhanced pause)24.

In vivo treatment with antibody. Immunized mice (day 20) were injected
i.p. with 0.6 mg of rat IgG1 against mouse IL-10, JES052A5, or with its
matched isotype control, LO-DNP-2 (provided by M. Goldman) or with 33
µg of chicken IgY anti-TGF-β or with its matched isotype control or with
saline, 2 h before the i.v. injection of 4 × 105 CD4+CD45RBLo T cells. BAL was
performed 48 h post-challenge.

Statistical analysis. Data were analyzed using microcomputer programs for
one-way ANOVA followed by Student’s t-test for unpaired values. P < 0.05
was considered significant. Results are expressed as means ± s.e.m.
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