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Summary

Background Our previous study showed an association between increased concentration of
endotoxin in house dust and elevated IFN-g responses in neonates. The impact of other
microbial agents on immune responses in infancy is poorly known.
Objective To examine whether stimulated cytokine responses of mothers and their children are
associated with concentrations of other microbial markers in addition to endotoxin in house
dust samples.
Methods Mitogen-stimulated production of IFN-g, IL-4, IL-6 and TNF-a was measured in cord
blood and in peripheral blood of mothers (n = 29) and their children (n = 29) 3 months after
birth. Gas chromatography mass spectrometric analysis was applied to measure the
concentrations of ergosterol (marker of fungal biomass), muramic acid (indicating the
presence of Gram-positive bacteria) and 3-hydroxy fatty acids (C10:0–C14:0, indicating the
presence of Gram-negative bacteria) in house dust. Endotoxin was determined with Limulus
assay.
Results Significant mother-to-child correlations were observed in stimulated production of
TNF-a and IL-6 3 months after birth. 3-hydroxy fatty acid (C10:0–C14:0) levels in bed dust were
inversely associated with the production of TNF-a and IL-6 in blood samples of mothers and
their 3-month-old children. High concentrations of muramic acid in floor dust were related to
increased production of TNF-a and IL-6 at the age of 3 months. In contrast to endotoxin, none
of the other microbial markers were significantly associated with enhanced IFN-g-producing
capacity from birth to 3 months.
Conclusions Exposure to Gram-negative bacteria and their components may be associated
with down-regulated immune responses in early infancy, indicated as an impaired production
of pro-inflammatory cytokines following mitogen stimulation. Gram-positive bacteria and
their constituents seem to have opposite effects. Of the measured markers, exposure to
bioactive endotoxin appears to have the strongest impact on T-helper type 1 responses.
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Introduction

Several studies have shown that exposure to environments
rich in microbes, such as the farm environment, protects
children against the development of atopic sensitization
and prevalent allergic diseases like hayfever and asthma
[1–8]. The search for protective agents has resulted in
indications that children who grow up on farms are
exposed to greater concentrations of microbial compounds

compared with their peers living in non-farming environ-
ments [9–12]. However, establishing the link between
environmental microbial exposure and the development of
allergies and immunological functions in early life is not
straightforward. This is partly due to difficulties in deter-
mining underlying immunological mechanisms as well as
protective microbial constituents and effective doses.

Several microbial agents present in a living environ-
ment may have an effect on immunological development
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in children. Recent research has mainly focused on the
biologically active structure, endotoxin (lipopolysacchar-
ide, LPS), which is a major constituent of the outer cell
membrane of Gram-negative bacteria. In addition to ana-
lysing bioactive endotoxin, the presence of Gram-negative
bacteria can be determined by measuring chemical markers
for LPS, 3-hydroxy fatty acids [3-OH FA (C10:0–C14:0)] [13].
Elevated exposure to endotoxin in early childhood has
been associated with decreased prevalence of allergic
diseases [14–17] although results are partly contradictory
[18]. On the other hand, endotoxin is a potent respiratory
irritant and thus may also increase the risk of non-specific
respiratory irritation [17, 19]. Another proposed agent is
peptidoglycan, a cell wall component of most environmen-
tal bacteria. The amount of peptidoglycan is higher in
Gram-positive bacteria (30–70% of cell wall) than in
Gram-negative bacteria (o 10% of cell wall) and, therefore,
the amount of peptidoglycan in environmental samples is
influenced mostly by the presence of Gram-positive bacter-
ia [20]. Increased concentration of muramic acid, a major
component of peptidoglycan, in bed dust has been asso-
ciated with lower prevalence of wheezing in children [9].
Also, cell wall components of fungi may offer some
protection against wheeze in children [21] but may increase
the risk of current asthma later in life [22, 23].

Atopic diseases begin to develop during the first years
of life. Therefore, timing of the microbial exposure may
play a crucial role in immunological maturation and
manifestation of allergic disease [24, 25]. In addition to
neonatal exposure, maternal exposure to microbial com-
pounds during pregnancy has been shown to have a
protective effect on offspring [26]. The underlying
immunological mechanism by which prenatal and neona-
tal microbial exposures affect the maturation of the
immune system requires further elucidation.

Our previous paper showed an association between
increased concentration of endotoxin in house dust and
elevated IFN-g-producing capacity from birth to 3 months
of age [27]. The objective of the current paper was to
examine the associations between other microbial com-
pounds present in an indoor environment and immune
responses using the same study population. The concen-
trations of microbial markers were measured in bed dust,
floor dust and vacuum cleaner’s dust bag dust samples
reflecting exposure to fungi (ergosterol), Gram-positive
bacteria (muramic acid) and Gram-negative bacteria
[bioactive endotoxin and 3-OH FA (C10:0–C14:0)]. Cord
blood samples from newborns and peripheral blood sam-
ples of mothers and their children were collected 3 months
after birth, and stimulated with the combination of a
potent activator of protein kinase C, phorbol-12-myris-
tate-13-acetate (PMA), and a mitogen, concanavalin A
(ConA), to evaluate the ability of leucocytes to produce
T-helper type 1 (Th1) (IFN-g) and Th2 (IL-4) cytokines and
pro-inflammatory cytokines TNF-a and IL-6.

Methods

Study population

Twelve healthy women, who were admitted at term to the
Department of Obstetrics at Kuopio University Hospital
after a clinically normal pregnancy and who lived on
actively operating farms, were consecutively recruited to
the study during a 5-month period. During the same time
period, 17 healthy women were randomly selected as non-
farming controls from rural and suburban areas near the
city of Kuopio. All the women gave birth to healthy
newborns; 3 out of 29 children were born by caesarean
section. A written informed consent was obtained from all
subjects. Consent and the study protocol were approved
by the Research Ethics Committee, Hospital District of
Northern Savo.

Blood samples

Cord blood samples were collected at birth in lithium-
heparin tubes (Vacutainer, BD, Plymouth, UK) by an
aspiration technique. Peripheral venous blood samples
were collected from the forearms of both mothers and
children 3 months after birth (also by Vacutainer). Sam-
ples were stored and transferred at 4 1C and processed for
further analyses within 24 h.

Analysis of cytokine production

To activate cytokine production in leucocytes of the
studied children and their mothers, cord and peripheral
blood samples were stimulated as a whole blood cell
culture with the combination of protein kinase C-activat-
ing PMA and a mitogenic lectin protein ConA. Briefly,
500 mL heparinized blood was added to 1500 mL cell
culture medium (RPMI 1640 supplemented with 1% peni-
cillin–streptomycin mixture, 10% fetal bovine serum and
1% L-glutamine, all from Gibco, Paisley, UK). Cell cultures
were stimulated with the combination of PMA (15 ng/mL)
and ConA (10 mg/mL) for 8 and 24 h (5% CO2, 37 1C). There
was enough blood available for an 8-h stimulation from
25 mothers and 24 children. Respective numbers for a 24-h
stimulation were 29 mothers and 29 children. After
incubation, cell cultures were centrifuged at 380 g for
10 min and the supernatants were collected in polypropy-
lene tubes and stored at � 80 1C for later cytokine
analysis. Concentrations of pro-inflammatory cytokines
(IL-6 and TNF-a) and Th1 (IFN-g) and Th2 (IL-4) cytokines
were measured spectrophotometrically from supernatants
using ELISA (R&D Systems, Minneapolis, MN, USA). The
samples were run in duplicate and the analysis was
performed according to the manufacturer’s instructions.
In-house validated sensitivity limits were 10 pg/mL (TNF-a),
4 pg/mL (IL-6), 8 pg/mL (IL-4) and 5 pg/mL (IFN-g).
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Indoor dust collection and analysis of microbial markers

House dust samples were collected from the mother’s
mattress, from the rug of the mother’s bedroom floor and
the vacuum cleaner’s dust bag as described previously
[28]. Bed dust samples were available from all homes
(n = 29), floor dust from 26 homes and dust bag dust from
27 homes. The numbers of microbial marker analysis
varied slightly (as shown in Table 1) because there was
not enough dust in all the samples available for the
analysis of all microbial markers.

Two samples of about 5mg of dust were accurately
weighed: one for the determination of ergosterol and an-
other for the determination of 3-OH FAs and muramic acid.
The sample preparations of ergosterol and 3-OH FAs were
carried out by slightly modifying the method presented by
Sebastian and Larsson [29] and the preparation of muramic
acid by modifying the method presented by Sebastian et al.
[30]. In our methods, hexane was used instead of heptane.
The ergosterol and muramic acid samples were diluted to
100mL of hexane and to 150mL of chloroform, respectively,
before analysis by gas chromatography tandem mass spec-
trometry (GC–MS–MS). In the preparation of 3-OH FAs, no
water was used in the first extraction.

The analyses of ergosterol and muramic acid were
performed with a PolarisQ ion trap mass spectrometer
(MS–MS) from Thermo (Austin, TX, USA) equipped with a
Trace GC-ultra gas chromatograph (GC) from (Milan, Italy)
with a DB-5MS fused-silica capillary column (30 m�
0.25 mm� 0.25mm) from J&W Scientific. In both methods,
the injection volume of the samples was 1mL, the tempera-
ture of the injector was 280 1C, helium was used as a carrier
gas at a constant flow of 1.0 mL/min and the GC was
operated in the splitless mode. In the ergosterol method,
the temperature program of the GC was as follows: 160 1C
for 1 min, 40 1C/min to 300 1C and holding at 300 1C for
6.5 min. Positive electron ionization was performed at an
ionization energy of 70 eV and the temperature of the ion
source was 250 1C. The selected reaction monitoring (SRM)

method was used to monitor transition from one fragment
ion of silylated ergosterol and 7-dehydrocholesterol as an
internal standard. The transitions monitored were m/z
363.3! 157.1 for ergosterol and m/z 351.3! 143.1 for
7-dehydrocholesterol. In the muramic acid method, the
temperature program of the GC was as follows: 90 1C for
0.5 min, 40 1C/min to 290 1C and holding at 290 1C for
2.5 min. Positive electron ionization was performed at an
ionization energy of 70 eV and the temperature of the ion
source was 220 1C. The SRM method was used to monitor
transition from the one fragment ion of muramic acid
derivate, m/z 213.1! 127.1 and one from the fragment
ion of 13C-labelled muramic acid derivate, the internal
standard, m/z 221.1! 132.1.

The analyses of 3-OH FAs were performed with an
Agilent 5973N Inert quadrupole MS (Palo Alto, CA, USA)
equipped with an Agilent 6890N GC with an HP-5MS
fused-silica capillary column (30 m� 0.25mm� 0.25mm)
from J&W Scientific. The injection volume of the samples
was 2mL, the temperature of the injector was 280 1C,
helium was used as a carrier gas at a constant flow of
1.0 mL/min and the GC was operated in the splitless mode.
The temperature program of the GC was as follows: 90 1C
for 1 min, 20 1C/min to 280 1C and holding for 280 1C for
1 min. Positive electron ionization was performed at an
ionization energy of 70 eV and the temperature of the ion
source was 200 1C. The selected ion monitoring method was
used to monitor one fragment ion of silylated 3-OH FAs,
m/z 175 and m/z 178 for internal standard. The fatty acids
of shorter chain lengths (C10:0–C14:0) have shown a higher
correlation with endotoxin [13] and hence the sum of these
fatty acids was calculated. Concentrations of bioactive LPS
(endotoxin) were measured by limulus amebocyte lysate
(LAL) assay as described by Hyvarinen et al. [28].

Study subjects were divided into two groups according
to the marker concentrations in the dust samples. Median
values of marker concentrations were used as cut-off
points when distributing subjects into two different groups:
concentrations below the median indicating low exposure

Table 1. Geometric mean (GM) values, geometric standard deviations (GSD) and ranges of ergosterol (ng/mg), muramic acid (ng/mg), 3-hydroxy fatty
acid (C10 : 0–C14 : 0) (mmol/mg) and endotoxin (EU/mg) in floor dust, bed dust and vacuum cleaner’s dust bag dust samples in relation to farming

Farming

Floor dust Bed dust Dust bag

n GM (GSD) Range n GM (GSD) Range n GM (GSD) Range

Ergosterol Yes 11 8.5 (2.3)z 2.6–39.5 12 3.8 (1.9) 1.3–11.5 12 12.5 (2.3) 2.6–47.7
No 14 4.0 (1.6) 1.9–10.6 17 2.7 (1.7) 1.6–14.9 15 7.5 (1.8) 3.4–27.6

Muramic acid Yes 11 29.7 (2.2) 14.9–150.4 12 26.9 (2.3) 5.3–93.0 11 25.5 (1.9)z 6.9–66.9
No 14 16.8 (2.1) 4.3–74.7 17 16.0 (2.2) 3.2–69.2 15 15.1 (1.5) 6.4–30.4

3-hydroxy fatty acid
(C10 : 0–C14 : 0)

Yes 11 47.7 (1.8)z 16.2–117.0 12 46.9 (1.8) 16.0–119.0 11 61.7 (1.6) 35.8–154.7
No 14 30.8 (1.5) 14.3–60.5 17 33.4 (1.4) 18.7–67.9 15 49.0 (1.7) 19.4–116.8

Endotoxin Yes 12 19.1 (2.8)z 3.0–95.0 12 7.3 (3.7) 1.0–89.0 12 25.6 (3.1) 1.0–104.0
No 14 7.3 (3.5) 0.4–43.0 17 2.8 (4.2) 0.1–28.0 15 10.6 (4.0) 0.2–64.0

zPo0.05 when compared with non-farming families (t-test).
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and concentrations above the median indicating high
exposure. The median concentrations of each marker were
as follows: ergosterol (bed dust 2.8 ng/mg, floor dust
4.7 ng/mg, dust bag dust 8.8 ng/mg), muramic acid (bed
dust 22.9 ng/mg, floor dust 18.1 ng/mg, dust bag dust
18.0 ng/mg), 3-OH FAs (C10:0–C14:0) (bed dust 38.1mmol/
mg, floor dust 35.4mmol/mg, dust bag dust 51.1mmol/mg)
and endotoxin (bed dust 4 EU/mg, floor dust 14 EU/mg,
dust bag dust 24 EU/mg).

Statistical analysis

Normal distribution for cytokine data could not be obtained
with standard transformations; thus, a non-parametric Man-
n–Whitney test was used to evaluate associations between
microbial marker exposure and cytokine production sepa-
rately for cord blood, for peripheral blood of mothers and
their children 3 months after birth and for the change in
neonatal cytokine-producing capacity from birth to 3
months of age. Change in neonatal cytokine-producing
capacity was calculated by subtracting the cytokine levels
measured in cord blood from concentrations detected in
peripheral blood of children 3 months after birth. Cytokine
concentrations below the detection limit were converted as
0 pg/mL. Correlations between the cytokine concentrations
of mothers and their children were studied using Spearman’s
rank correlation test. Before parametric tests, the concentra-
tions of microbial markers (3-OH FAs, muramic acid, ergos-
terol, endotoxin) were ln-transformed to approximate a
normal distribution. To evaluate correlations between micro-
bial marker concentrations and between dust samples, Pear-
son’s correlation coefficients were calculated. The t-test was
used to examine differences between marker concentrations
in relation to the living environment (farming/non-farming).
The SPSS statistical package version 15.0 (SPSS Inc., Chica-
go, IL, USA) was used for all analysis and a P-valueo 0.05
was considered to be statistically significant. No adjustment
of P-values for multiple testing was performed [31].

Results

Microbial markers in house dust samples

The geometric mean values, geometric standard devia-
tions and ranges of microbial markers in relation to the

farming status of the family are presented in Table 1. The
detected levels of the microbial markers, except muramic
acid, were the highest in vacuum cleaner’s dust bag dust
samples. Furthermore, concentrations of ergosterol,
muramic acid and endotoxin were higher in floor dust
than in bed dust. Concentrations of measured microbial
markers were higher in dust samples collected from farm-
ing homes, as compared with non-farming homes. Statis-
tically significant differences between farming homes and
non-farming homes were found in the concentrations of
ergosterol, 3-OH FA (C10:0–C14:0) (referred later as 3-OH
FAs) and endotoxin in floor dust samples and muramic
acid in dust bag dust samples.

Pearson’s correlation coefficients between different
dust sampling methods for ergosterol, muramic acid,
3-OH FAs and endotoxin are shown in Table 2. Concen-
trations of all the microbial markers in the floor dust
samples correlated statistically significantly with those of
bed dust samples. The results of dust bag dust samples will
not be discussed any further, because microbial marker
concentrations in this sample type were not associated
with measured cytokines.

Correlations between microbial markers were in general
slightly higher in bed dust than in floor dust samples.
Concentrations of ergosterol in bed dust samples corre-
lated with those of muramic acid (r = 0.713, Po0.01),
3-OH FAs (r = 0.749, Po0.01) and endotoxin (r = 0.551,
Po0.01). Similar to ergosterol results, levels of muramic
acid correlated significantly with 3-OH FA (r = 0.653,
Po0.01) and endotoxin (r = 0.586, Po0.01) concentra-
tions. A significant correlation was also observed between
3-OH FA and endotoxin concentrations (r = 0.434,
Po0.05) in bed dust. In floor dust samples, a significant
correlation was observed between muramic acid and 3-OH
FA concentrations (r = 0.573, Po0.01). Concentrations of
endotoxin correlated with ergosterol (r = 0.463, Po0.05)
and 3-OH FA levels (r = 0.519, Po0.05) in floor dust
samples.

Stimulated production of cytokines

Optimal PMA/ConA-stimulated production of cytokines
was detected after an 8-h stimulation and therefore
results from this time-point are presented. The IL-4

Table 2. Pearson’s correlation coefficients between studied house dust sample types

Dust type

Ergosterol Muramic acid 3-hydroxy fatty acid (C10 : 0–C14 : 0) Endotoxin

Bed dust Dust bag dust Bed dust Dust bag dust Bed dust Dust bag dust Bed dust Dust bag dust

Floor dust 0.581z 0.163 0.469z 0.250 0.551z 0.677z 0.522z 0.714z

Bed dust – 0.012 – 0.021 – 0.406 – 0.428z

zCorrelation is significant at the 0.05 level.
zCorrelation is significant at the 0.01 level.
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concentrations were mostly below the detection limit and
were excluded from further analysis.

After an 8-h stimulation with the combination of PMA
and ConA, detected concentrations of pro-inflammatory
cytokines in cord blood were high (Table 3). The measured
concentrations of TNF-a and IFN-g were higher in mater-
nal samples than in children 3 months after delivery.
Instead, IL-6 levels were comparable. Correlations in
stimulated cytokine production between mother and child
at the age of 3 months were high for pro-inflammatory
cytokines (IL-6: r = 0.480, Po0.05; TNF-a: r = 0.659,
Po0.01), but poor for IFN-g (r = 0.308; P = 0.142).

Of the studied cytokines, stimulated TNF-a responses in
cord blood were significantly higher in studied boys
(n = 14) than in girls (n = 15) (P = 0.009). The age of the
mother (above vs. below median age = 30 years), the use of
antibiotics during pregnancy (n = 9), the use of antibiotics
during the first 3 months of life (n = 4) or the number of
siblings were not associated with any of the measured
cytokines in cord blood or in peripheral blood at age 3
months (data not shown). Only one mother smoked during
pregnancy and all mothers breastfed their babies. Cyto-
kine responses in relation to allergic diseases of the
mother and the child have been reported earlier [27] and
no significant associations were found.

Associations between stimulated cytokine production and
concentrations of microbial markers in bed dust samples

None of the measured markers in bed dust samples were
associated with IL-6, TNF-a or IFN-g responses in cord
blood (data not shown). Three months after birth, the
concentration of 3-OH FAs in bed dust samples, indicative
of exposure to Gram-negative bacteria, was inversely
associated with stimulated TNF-a-producing capacity in
both mothers (Po0.001) and children (P = 0.001) (Fig. 1).
In line with TNF-a responses, high concentrations of 3-OH
FAs were strongly associated with decreased IL-6 responses
in both mothers (P = 0.003) and their children (P = 0.056).
The concentration of muramic acid or endotoxin in bed

dust was not associated with any of the measured cyto-
kines. TNF-a responses were decreased in mothers with
high exposure to ergosterol (median 390 pg/mL, range
18–1070 pg/mL) as compared with those with low ergoster-
ol exposure (median 930 pg/mL, range 56–5050 pg/mL)
(P = 0.044). In children, no associations were found be-
tween ergosterol concentrations and cytokine production
(data not shown).

The change of IFN-g-producing capacity from birth to
3 months of age in neonatal samples was statistically
significantly associated with the bed dust endotoxin
concentration, as we have reported previously (Fig. 2)
[27]. A similar trend, however, was also detected with
additional microbial markers measured in this study. The
change in IL-6- or TNF-a-producing capacity was not
associated with any of the measured microbial markers
(data not shown).

Associations between stimulated cytokine production and
concentrations of microbial markers in floor dust samples

The concentration of muramic acid in floor dust was
associated with elevated IL-6-producing capacity in cord
blood samples (P = 0.003) (data not shown). No significant
associations were found between other cord blood cyto-
kines and measured microbial markers. Three months
after birth, significantly increased IL-6 responses were
detected both in mothers and in children when the
concentration of muramic acid in floor dust was high
(P = 0.030 and 0.002, respectively) (Fig. 3). Exposure to
muramic acid was also associated with elevated TNF-a
levels in children’s blood samples (P = 0.002). In contrast,
high exposure to 3-OH FAs was associated with decreased
TNF-a-producing capacity, even though the statistically
significant difference was seen only in maternal samples
(P = 0.006). The concentration of endotoxin (Fig. 3) or
ergosterol (data not shown) in floor dust was not asso-
ciated with IL-6 or TNF-a production 3 months after birth.

Stimulated IFN-g responses in mothers and children
determined 3 months after birth (Fig. 3) or the change of

Table 3. PMA/ConA-stimulated production of TNF-a, IL-6, IFN-g (pg/mL) in cord blood and in peripheral blood of mothers and their children 3 months
after delivery (8-h stimulation)

Cytokine N Minimum 25th percentile Median 75th percentile Maximum

Cord blood TNF-a 25 250 1450 4960 5200 6420
IL-6 25 82.6 912 3170 5240 6290
IFN-g 25 0 0 0 8.93 53.7
TNF-a 24 75.9 159 263 970 1840

Child, 3 months IL-6 24 12.1 27.1 103 214 580
IFN-g 24 0 11.4 27.7 56.3 540
TNF-a 25 18.2 277 635 1050 5050

Mother, 3 months IL-6 25 0 14.6 79.8 322 1060
IFN-g 25 15.7 126 246 535 844

PMA, phorbol-12-myristate-13-acetate; ConA, concanavalin A.
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neonatal IFN-g-producing capacity from birth to 3
months age (data not shown) were not associated with
any of the measured microbial markers in floor dust
samples. With regard to pro-inflammatory cytokines, the

change in IL-6-producing capacity from birth to 3 months
was significantly larger in children with high exposure to
floor dust muramic acid (median � 4887 pg/mL, range
� 915 to � 6036 pg/mL) as compared with children with
low muramic acid exposure (median � 832 pg/mL, range
� 37 to � 3086 pg/mL) (P = 0.001).

Discussion

One of the important risk factors for the increased occur-
rence of asthma and allergic diseases in western countries
is proposed to be diminished exposure to environmental
microbes [2, 3]. More specifically, exposure to microbes at
an early age is thought to be an important factor in
immunological maturation and in the development of
these diseases. The impact of early microbial exposure to
the manifestation of allergic diseases was demonstrated
by Riedler et al. [24], who showed that children who were
exposed to microbiologically rich farm environments
when they were o 1 year old had a lower prevalence of
hayfever, asthma and atopic sensitization than children
who were 1–5 years old when exposed to farm microbes

Fig. 1. Stimulated production of TNF-a, IL-6 and IFN-g in whole blood cultures of 3-month-old children and their mothers with low (empty boxes) and
high (filled boxes) concentrations of Gram-negative (3-hydroxy fatty acids and endotoxin) and Gram-positive (muramic acid) bacterial markers in bed
dust. Box plots represent the interquartile range, median (horizontal line) and extreme values (whiskers). ��Po0.01; ���Po0.001 in comparison with
the low exposure group.

Fig. 2. Change in stimulated production of IFN-g from birth to 3 months
in whole blood culture of children with low (empty boxes) and high
(filled boxes) concentrations of fungal (ergosterol), Gram-positive (mura-
mic acid) and Gram-negative (3-hydroxy fatty acids and endotoxin)
bacterial markers in bed dust. Box plots represent the interquartile range,
median (horizontal line) and extreme values (whiskers). �Po0.05 in
comparison with the low exposure group.

�c 2008 The Authors
Journal compilation �c 2008 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 1–10

6 M. H. J. Lappalainen et al



for the first time. However, specific microbial character-
istics contributing to the immunological development in
early life have not yet been identified.

A high concentration of 3-OH FAs (C10:0–C14:0) (con-
sidered as a chemical marker of Gram-negative bacteria
and characteristic for LPS) in bed dust was associated with
reduced IL-6- and TNF-a-producing capacity both in
mothers and in their children 3 months after birth. In
agreement with this, an earlier study has shown an inverse
association between stimulated TNF-a production in chil-
dren and the concentration of Gram-negative bacterial
endotoxin in bed dust [16]. Interestingly, we found no
significant associations between bioactive endotoxin and
pro-inflammatory responses. The reasons for the different
results obtained by GC–MS and LAL assays need to be
clarified in future studies. However, GC–MS analysis of
3-OH FAs also detects inactive forms of LPS, suggesting
that this method gives a different concept of overall
exposure to Gram-negative bacteria as compared with
LAL-measuring bioactive endotoxin. Altogether, our re-
sults suggest that exposure to the sources of house dust 3-
OH FAs (C10:0–C14:0) may lead to impaired PMA/ConA-

induced pro-inflammatory responses both in children and
in adults.

We have reported previously [27] that enhanced IFN-g-
producing capacity from birth to 3 months of age was
associated with an increased concentration of endotoxin
in bed dust. The trend was similar for additional microbial
markers measured in this study but no significant associa-
tions were found. Further studies with a larger number
of subjects are needed to confirm whether bioactive
endotoxin is the most relevant marker of microbial
exposure when Th1-related responses are studied in
infancy. Altogether, these findings highlight the need to
further develop analytical methods for the detection of
microbial exposure, and to assess true associations
between these exposures and the immunological develop-
ment of exposed children.

Contrary to 3-OH FA results, we found that exposure
to muramic acid, a major component of peptidoglycan
and a marker of Gram-positive bacteria, may have stimu-
latory effects on the immune system, indicated as an
increased production of pro-inflammatory cytokines in
peripheral blood samples of both mothers and their

Fig. 3. Stimulated production of TNF-a, IL-6 and IFN-g in whole blood cultures of 3-month-old children and their mothers with low (empty boxes) and
high (filled boxes) concentrations of Gram-negative (3-hydroxy fatty acids and endotoxin) and Gram-positive (muramic acid) bacterial markers in floor
dust. Box plots represent the interquartile range, median (horizontal line) and extreme values (whiskers). �Po0.05; ��Po0.01 in comparison with the
low exposure group.
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children 3 months after birth. The observed differences in
the production of pro-inflammatory cytokines between
muramic acid and 3-OH FAs in our study may be due to
the fact that muramic acid (peptidoglycan) initiates dif-
ferent pathways in the innate immune system than LPS
and thus elicits different immunological responses as
compared with LPS. It is known that Gram-negative
bacterial LPS is recognized by Toll-like receptor 4 (TLR4),
whereas peptidoglycan interacts with TLR2 [32]. The study
of Schaub et al. [33] showed that TLR2 agonist peptido-
glycan was able to stimulate the production of TNF-a in
cord blood mononuclear cells. Peptidoglycan also induced
the production of IL-10, secreted, e.g. by regulatory T cells
(Treg), indicating that in addition to innate immune
responses, exposure to peptidoglycan (or muramic acid)
may also have an influence on adaptive T cell responses
and contribute to Treg-mediated immunoregulation.
Gram-positive and Gram-negative bacteria may also have
currently unknown differing effects on immune system,
this point of view being supported by the study of Hessle
et al., which demonstrated that Gram-positive and Gram-
negative bacteria induce different patterns of pro-inflam-
matory cytokines in human monocytes [34].

Interestingly, the above-mentioned immunostimula-
tory effect of muramic acid was seen only in floor dust
samples, but not in bed dust. Presumably, these two dust-
sampling methods may reflect different kinds of microbial
exposure. Both the quantity and the quality of sources of
microbial products may be wider in floor dust as com-
pared with bed dust. The microbial content of bed dust is
probably dominated by the bacteria of human origin,
while the floor dust also contains bacterial material from
environmental sources. In the present study, the concen-
trations of muramic acid were higher in farming homes
than in non-farming homes in all the dust types, being in
line with the study of van Strien et al. [9].

Not only bacterial components but also fungal agents,
as part of the environmental microbial burden, may have
protective effects but results are partly contradictory.
Douwes et al. [35] showed that high exposure to fungal
extracellular polysaccharides from genera Penicillium and
Aspergillus from floor dust reduced the prevalence of
wheezing and asthma in early childhood whereas expo-
sure to high concentrations of ergosterol in floor dust has
been shown to increase the risk of sensitization to fungi
and current asthma in adulthood [22]. Nevertheless,
exposure to ergosterol was not consistently associated
with the measured cytokines in our study.

With regard to cord blood samples, we found only one
significant association between the concentration of
muramic acid in floor dust and elevated IL-6-producing
capacity. The levels of IL-6 and TNF-a at birth are strongly
affected by obstetric factors [36–38], and therefore it is
possible that the associations between microbial marker
exposures and immune responses measured from cord

blood cannot be found in such a small study population.
The effect of birth process on IL-6 and TNF-a levels may
also explain why no consistent associations were found
between exposure measures and the change in the pro-
duction of these cytokines from birth to 3 months.

Larsson et al. [39] demonstrated strong correlations in
IFN-g production between mothers and their 2-year-old
children. The poor mother-to-child correlation in IFN-g
responses in our study could be explained by the im-
mature capability of infants’ leucocytes to produce IFN-g
at the age of 3 months. In contrast to the IFN-g finding,
we found significant mother-to-child correlations in the
stimulated production of IL-6 and TNF-a 3 months after
birth. In addition to genetic factors, strong correlations
between maternal and neonatal stimulated production of
pro-inflammatory cytokines could be a result of similar
living environments. Maternal exposure to microbial
components during pregnancy may have immunomodu-
latory effects on newborns and should also be considered
as a potential reason for the similar capacity of mothers
and their children to produce pro-inflammatory cyto-
kines. This view is supported by recent results showing
that offspring of mothers who had regularly worked at
stables during pregnancy had higher expression of TLR2
and TLR4 receptors as compared with their peers whose
mothers did not undertake such work [26]. Also, maternal
contact with increasing numbers of farm animal species
during pregnancy was associated with up-regulated ex-
pression of those genes in their children [26]. Our results
may indicate that a child’s immune system responds to
antigen contact by producing a similar pattern of pro-
inflammatory cytokines as his mother’s immune system.

In the present study, significant correlations between all
the studied microbial markers were detected in bed dust.
This is probably due to the homogenous composition of
bed dust, while the lower marker correlation in floor dust
indicates a more heterogeneous composition of floor dust.
Despite rather good correlations between the measured
markers, their impact on cytokine production was differ-
ent. This further supports our view that different microbial
exposures may have diverse effects on immunological
response and the development of the immune system.

Instead of measuring cytokines from serum or plasma
samples, or from leucocyte cell culture, the whole blood
cell culture was applied in our study. Whole blood
provides the most naturally occurring environment avail-
able for evaluating the cytokine production due to the fact
that it contains both immunostimulatory and inhibitory
factors, which are not present in specific cell cultures.
Unfortunately, differential leucocyte count was not part of
the study protocol and the exact number of leucocytes
responsible for the detected cytokine responses in each
individual is not known. Cytokine production was acti-
vated by stimulating leucocytes with the combination of a
protein kinase activator PMA and a mitogen ConA.
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Addition of the commercial LPS and peptidoglycan to the
stimulation protocol would have enabled us to assess
whether cytokine responses following these stimulations
are associated with previous endotoxin, 3-OH FA and
muramic acid exposure in the study population. It is also
noteworthy that we did not measure the levels of home
allergens in this study. The levels of bacterial markers may
correlate with the levels of allergens, which could, at least
partly, affect the cytokine responses in exposed indivi-
duals. One should also keep in mind that many other
environmental and life-style factors may affect cytokine
levels and they should be taken into account when
assessing the true change in cytokine-producing capacity
in infancy.

In conclusion, even though the number of studied
children was small, the results suggest that exposure to
microbial components from living environment in
early life can modulate immune responses in infancy. It
appears that Gram-positive bacterial compounds may
have immunostimulatory effects, whereas a high content
of Gram-negative bacterial 3-OH FA in house dust seems
to be associated with down-regulated pro-inflammatory
responses. Although the trend of Th1-related responses
was similar to all the measured microbial markers, only
exposure to bioactive endotoxin in house dust seems to be
significantly associated with enhanced Th1 responses, as
reported previously [27]. The role of various environmen-
tal microbial exposures and the immunological pathways
by which they contribute to the maturation of the neona-
tal immune system requires further investigation.
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