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Abstract

Background: Modern lifestyle and urbanization have been
associated with a raised risk for atopic diseases whereas ear-
ly and long-term exposure to a farm environment confers
protection against atopic sensitization. Immunomodulatory
potential and microbiological characteristics of settled air-
borne dust from an urban house and a barn were examined.
Methods: Pulmonary inflammation was induced in mice by
repeated intranasal administration of dusts. Monocyte-de-
rived human dendritic cells (moDCs) were exposed to dusts
followed by coculture with purified naive T cells. Cytokine/
chemokine mRNA and protein levels were analyzed by real-
time polymerase chain reaction, enzyme-linked immuno-
sorbent assay and flow cytometry. The dusts were analyzed
by cloning and sequencing of 16S rRNA genes (290 sequenc-
es) for DNA, lipids, endotoxin and B-glucan, by live-dead
staining, viable counting, isolation and identification of pure

cultures (n = 76). Results: Repeated exposure to house dust
elicited pulmonary eosinophilia in mice whereas exposure
to barn dust elicited neutrophilic and lymphocytic airway
inflammation. Stimulation of moDCs with urban house dust
elicited expression of Th2-promoting OX40L and Jagged-1
costimulatory molecules. Dendritic cells (DCs) exposed to
house dust directed naive T cells towards Th2 responses. Ex-
posure of DCs to barn dust elicited the development of Thi1-
dominated immune responses. Urban house dust contained
bacterial debris almost exclusively of human commensal
species (corynebacteria, streptococci) whereas barn dust
comprised mainly intact, viable bacteria of high diversity
and no commensal species. Conclusion: Contact to debris
originating from human commensal bacteria in urban house
dust elicited a Th2-type response whereas barn dust with
high bacterial diversity directed the cells towards a Th1 re-
sponse. Copyright © 2008 S. Karger AG, Basel
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Introduction

The prevalence of atopic diseases such as asthma, rhi-
nitis and atopic dermatitis has reached epidemic propor-
tions in many modern countries [1]. A causative agent
responsible for this increase has not been identified, al-
though modern lifestyle and urbanization have consis-
tently been associated with a raised risk for atopic dis-
eases [2]. On the contrary, evidence indicates that early
and long-term exposure to a farm environment with a
high microbial content induces a protective effect against
asthma and atopic sensitization.

Lower frequencies of asthma and atopic sensitization
were observed in young children exposed to a farm envi-
ronment and consuming farm milk as compared to non-
exposed controls [3, 4]. Similarly, the prevalence of atopy
and atopic diseases among both adults [5] and children [6]
was significantly lower in Russian Karelia as compared
with Finnish Karelia. Despite the close geographical prox-
imity and similarities in geoclimatic conditions, exposure
of the inhabitants of Russian Karelia to environmental
microbes (e.g. drinking water) was dramatically higher
compared to inhabitants of Finnish Karelia [7].

A consensus exists that immune response to environ-
mental and food allergens is characterized by enhanced
expression of Th2 cytokines, e.g. interleukin 4 (IL-4),
leading to elevated production of IgE antibodies and tis-
sue eosinophilia, which are hallmarks of atopic diseases
[8]. Recent findings also highlight the central role of den-
dritic cells (DCs) in the sensitization process [9]. Expo-
sure to certain microbial factors educates immature DCs
to mature either to Thl- or Th2-promoting DCs [9].
Moreover, regulatory T cell function seems to be deficient
in allergic patients, which might be due to reduced mi-
crobial burden to DCs [10]. Although much attention has
indeed been paid to the role of the regulatory network in
the development of atopy and atopic disease during the
last decade, the role of Th1/Th2 imbalance in this context
cannot be ignored either.

This preliminary study was undertaken to examine the
immunomodulatory potential of two contrasting dusts
and characterize their microbiological composition.

Materials and Methods

Sampling of Settled Dusts

Two disparate dust samples, house dust and barn dust, were
sampled from buildings that had been in uninterrupted use as a
human urban dwelling and a farm-attached barn, respectively, for
atleast 30 years, with no known moisture damage or construction
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or renovation activity. The dusts accumulated over approximate-
ly 10 years were sampled manually from surfaces 1.5-2.5 m above
floor level into Petri dishes and stored at room temperature.

In vivo Experiments

Animals

Female BALB/c mice, 6-8 weeks of age, were obtained from
M&B Taconic (Ry, Denmark). All the experiments used were ap-
proved by the Social and Health Care Department at the State
Provincial Office of Southern Finland.

Experimental Procedure

The dusts were administered intranasally twice a week for 3
weeks under light isoflurane anesthesia. The dusts were given in
two different concentrations (10 and 100 ug per instillation) for
each dust; the control group received PBS only. Eight mice were
treated each time. Airway responsiveness was measured 48 h after
the 7th intranasal instillation after which the mice were sacrificed
and blood and lung samples were collected as previously de-
scribed [11].

Real-Time Quantitative Polymerase Chain Reaction

RNA extraction, cDNA synthesis and real-time quantitative
polymerase chain reaction (RT-PCR) were performed as de-
scribed earlier [12].

Measurement of Cytokines and Chemokines in

Bronchoalveolar Lavage Fluid

Cytokine levels in bronchoalveolar lavage fluid were mea-
sured as previously described [11].

Statistical Analysis

Data were analyzed with GraphPadPrism Software. Single-
group comparisons were performed by the Mann-Whitney test.
p <0.05 was considered statistically significant.

In vitro Experiments

Dendritic Cells

DCs cells were derived from human monocytes (moDCs).
Briefly, overnight buffy coats were obtained from the Finnish Red
Cross (Helsinki, Finland). Peripheral blood leukocytes were iso-
lated using gradient centrifugation (350 g, 25 min) with Ficoll-
Paque Plus (GE Healthcare), washed twice with PBS and suspend-
ed in RPMI-1640 with penicillin-streptomycin (PEST, Sigma),
L-glutamine (Invitrogen) and 2% fetal bovine serum (FBS; Invit-
rogen). Monocytes were allowed to adhere for 30 min and were
washed 3 times with PBS. Differentiation was induced in RPMI-
1640, 1% vol/vol PEST, 1% vol/vol L-glutamine, 10% vol/vol FBS
containing 40 ng/ml recombinant GM-CSF and 20 ng/ml IL-4
(Invitrogen). Fresh medium was added on days 3 and 5. Settled
dusts were homogenized in PBS with an Ultra-Turrax T8 (IKA
Labortechnik, Germany). Immature DCs were exposed to 30 and
300 pg/ml dusts for 6 and 24 h. RNA was extracted using Eurozol
(EuroClone, Italy). An RT-PCR assay was performed as described
earlier [12].

Interaction between Autologous DCs and T Cells

DCs were obtained as above, except that buffy coats donated
the same day were used and an additional gradient centrifugation
(350 g, 25 min) with PBS-diluted Ficoll-Paque Plus (1.065 g/ml)
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was done after the first gradient centrifugation and 2 PBS washes.
The lower fraction from the additional gradient centrifugation
was frozen at -70°C in RPMI-1640 (1% PEST, 1% L-glutamine,
15% DMSO and 50% FBS all vol/vol). DCs were exposed to 30 and
300 pg/ml dusts for 24 h. Frozen leukocytes were melted slowly
in RPMI-1640 and 50% FBS. Naive T cells were isolated using
magnetically labeled antibodies for CD4+CD45RA+ cells (Milt-
enyi Biotec, Germany). DCs were washed with PBS and cocul-
tured with naive T cells in round-bottom 96-well plates (10,000
DCs:100,000 T cells) in 100 pl RPMI-1640 (1% PEST, 1% L-gluta-
mine, 5% human AB sera). 100 pl medium (IL-2, 20 U/ml final
concentration) was added after 36 h. Half of the media were ex-
changed on days 5 and 8.

Flow Cytometry

T cells were stimulated on day 9 with 0.025 p.g/ml phorbol 12-
myristate 13-acetate (PMA; Sigma) and 1 pg/ml ionomycin (Sig-
ma), for 6 h. 10 pg/ml brefeldin A (Sigma) was added for the last
3 h. Intracellular staining was performed using the Cell Perm &
Fix kit (Caltag Laboratories, Burlingame, Calif., USA). Antibod-
ies and appropriate isotype controls were from eBioscience (San
Diego, Calif., USA). Activated T cell blasts were gated for analysis
of cytokine expression. The average percentage of IFN-vy and IL-
4 cells from two independent experiments with both concentra-
tions (30 and 300 wg/ml) was calculated.

Microbiological Analyses

Determination of Limulus Activity

Biologically active endotoxin and B-D-glucan in the dusts
were measured using the standard kinetic turbidimetric limulus
amebocyte lysate assay (Scan Dia Laboratory Service, Copenha-
gen, Denmark).

Determination of Bacterial-Signature Fatty Acids

The 3-hydroxy fatty acids in the settled dusts were quantified
by gasliquid gas chromatography as methyl esters as described for
pure cultures elsewhere [13]. Bacterial-signature fatty acids were
calibrated by adding 10, 5 and 1 mg of biomass of Bacillus pumilus
0OS-141 (branched-chain C,,_jgiso and anteiso acids), Mycobacte-
rium murale MA-113 (tuberculostearic acid), Sphingomonas au-
rantiaca MA-101b (Cy4 2-hydroxy acid) and Escherichia coli H-
673 (Cy4 3-hydroxy acid) to 200 mg of dust before methylation.

Enumeration of the Dust Microbial Contents

The dusts were suspended in tryptic soy agar; after overnight
incubation at 6°C, they were live-dead stained with propidium
iodide and calcein-acetyl methyl (Molecular Probes, Leiden, The
Netherlands). For transmission electron microscopy, the speci-
mens were fixed in 2.5% glutaraldehyde, stained and imaged as
described elsewhere [14]. Bacterial cells were counted by epifluo-
rescence microscopy (viability staining, 30 fields, x40 objective)
or from transmission electron micrographs (200 fields, magnifi-
cation X10,000 or 20,000).

Heterotrophic viable cells were counted [15] on R2A agar after
aerobic incubation for 7-28 days at 16-22°C.

DNA Isolation and Determination of DNA Concentration
DNA was isolated from 30-50 mg of dust and DNA concentra-
tion was measured as described elsewhere [16].

Contrasting Immunological Effects of
Two Disparate Dusts

Real-Time Quantitative Polymerase Chain Reaction

RT-PCR, using the primers pE and pF’ targeted for the 16S
rRNA gene of the Eubacteria domain, was carried out as described
elsewhere [17].

DNA Cloning and Sequence Analysis

Three to 40 ng of DNA isolated from dust was PCR amplified
using the primers pA and pH’ [18], targeted for the 16S rRNA gene
of Eubacteria and DyNAzyme II Taq polymerase enzyme
(Finnzymes, Espoo, Finland). The 16S rRNA gene of the bacterial
isolates from the dust cultures were PCR amplified using the
primer pairs pA/pH’, pA/pE’, pA/pF'and pD/pH' [18].

DNA cloning and sequencing was carried out with robotized
instruments at the DNA Laboratory of the University of Helsinki
Institute of Biotechnology. The PCR products were cloned into E.
coli using the PCR Cloning Kit (Qiagen, Valencia, Calif., USA),
plasmid DNA was extracted using MultiScreen 96PLASMID
Plates (Millipore, Billerica, Mass., USA); inserts were reamplified
with vector primers and purified with MultiScreen 384PCR
plates. Sequencing was done using the pD’ primer [18] for the
clones and the pA, pC, pD, pD’, pE, pF, pF’ and pH' primers [18]
for the isolates, BigDye Terminator cycle sequencing kit and ABI
3730 sequencer (Applied Biosystems, Foster City, Calif., USA).

The sequences of the clones (n = 290, length 321-532 nt) and
of the cultured isolates (n = 86, length 336-1,551 nt) were depos-
ited in the European Molecular Biology Laboratory sequence da-
tabase (accession No.: clones AM900041-AM900331, isolates
AM237342-AM237400 and AM900771-AM900797). The se-
quences were analyzed using the RDP Classifier [19], Library
Compare and Sequence Match tools [20] at the Ribosomal Data-
base Project II website (http://rdp.cme.msu.edu/) and Basic Local
Alignment Search [21] at the National Center for Biotechnology
Information website (http://www.ncbi.nlm.nih.gov/). Phyloge-
netic analysis was performed using the DNAPARS program [22]
of the Bioedit software package [23].

Biodiversity Analysis

Shannon-Wiener’s and Simpson’s indices and the evenness
measure based on the Shannon-Wiener index were calculated as
described elsewhere [24]. The Renkonen percentage similarity
measure and the Sorensen coefficient were calculated for genus
incidence data [24].

Results

Pulmonary Eosinophilia Was Significantly Stronger

in Mice Exposed to Urban Dust Compared to Mice

Exposed to Barn Dust

Airway exposure to house dust induced significantly
more eosinophils in the bronchoalveolar lavage fluid
compared to barn dust (fig. 1a). On the contrary, the num-
bers of neutrophils and lymphocytes were significantly
higher in mice exposed to barn dust. Supporting the cel-
lular distribution, mRNA levels for the chemokines at-
tracting these cells were elevated in lung tissue. Expres-
sion of the eosinophil-attracting chemokine CCL11 (eo-
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Fig. 1. In vivo experiments. BALB/c mice were given either urban house or barn dust intranasally twice a week
for 2 weeks; the animals were then sacrificed and the following parameters measured. a Cell distribution in
bronchoalveolar lavage fluid was counted using the May-Griinwald-Giemsa stain. b Relative mRNA levels of
chemokines in lung tissues. Each chemokine is shown below the cell population it attracts. ¢ TNF-a protein

and mRNA levels.

taxin) mRNA was higher in the mice exposed to house
dust whereas exposure to barn dust caused higher tran-
scription of neutrophil-attracting chemokine CXCL2 and
lymphocyte-attracting chemokine CCL3 (fig. 1b). Pro-in-
flammatory TNF-a in the lungs was also drastically high-
er after exposure of the mice to barn dust, both at the
mRNA and the protein level (fig. 1c).

DCs Exposed to House Dust Induced the Generation

of Th2 Cells Whereas Cells Exposed to Barn Dust

Induced the Generation of Thl Cells

Transcription of several cytokines and costimulatory
molecules in human moDCs was measured by quantita-
tive RT-PCR (fig. 2a). Exposure to house dust elicited
higher levels of Th2-promoting costimulatory molecules
OX40L [25] and Jagged-1 [26] mRNA compared to expo-
sure to barn dust. In contrast, exposure to barn dust
strongly induced expression of the Th1-promoting notch
ligand Delta-4 as well as proinflammatory cytokines IL-
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23 (functional IL-23 consists of a heterodimer of the IL-
12p40 subunit and the p19 subunit) and TNF-a. Only
marginal expression of these cytokines was seen after ex-
posure to house dust (fig. 2a).

Dust-exposed moDCs were cocultured with magneti-
cally isolated naive T cells. Intracellular cytokine expres-
sion of interferon-y (IFN-vy) and IL-4 were measured by
flow cytometry after PMA stimulation in activated T
cells (fig. 2b). The moDCs exposed to house dust skewed
naive T cells into Th2 cells whereas moDCs exposed to
barn dust elicited the generation of Thl-polarized cells.
The moDCs exposed to house dust generated significant-
ly more IL-4-secreting T cells compared to moDCs ex-
posed to barn dust (fig. 2b). In contrast, the moDCs ex-
posed to barn dust generated significantly more IFN-+y-
secreting T cells compared to the moDCs exposed to
house dust (fig. 2b).
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Fig. 2. In vitro experiments. a Relative mRNA levels in moDCs after 24 h of incubation with 300 p.g/ml of either
dust. b Th cell intracellular cytokines were analyzed by flow cytometry. MoDCs were exposed to dusts for 24 h
and then coincubated with naive T cells for 9 days. T cells were activated using PMA and ionomycin. To the left,
mean percentages of IL-4- and IFN-y-expressing cells; to the right, representative flow cytometry scatter plots.

The Dusts Differed Dramatically in the Viability,

Composition and Diversity of Their Bacterial

Communities

Table 1 describes the two dusts that provoked pro-
foundly different immunological responses. Both con-
tained similar amounts of the 16S rRNA gene copies, in-
dicating similar contents of bacteria. However, micro-
scopic analysis of urban house dust by live-dead staining
showed that only a minor part of the bacterial DNA rep-
resented morphologically intact cells (1%, 5 X 10°
X g™ of the proportion expected based on the measured
copy number of the 16S rRNA genes (equivalent to >10®
bacterial cells X g™). This is in contrast to barn dust,
where the microscopic analysis matched that of 165 rRNA
gene number well, and staining showed that this dust
mostly contained live bacteria. The tenfold excess of DNA
of barn dust therefore originated from organisms other
than bacteria.

The endotoxin and B-D-glucan contents in the dusts
were similar by the limulus assay (table 1). Barn dust but

Contrasting Immunological Effects of
Two Disparate Dusts

not urban house dust contained large amounts of 2- and
3-hydroxy fatty acids, indicative of sphingolipid- or en-
dotoxin-containing Gram-negative bacteria. If all 3-hy-
droxy fatty acids in barn dust represented lipopolysac-
charide, then only 0.01% of it was present in limulus-ac-
tive form at the time of dust collection.

Bacterial Content of the Dusts Analyzed by 16S rRNA

Gene Sequencing

Figure 3 shows that urban house dust was dominated
by corynebacteria (n = 34), streptococci (n = 33), staphy-
lococci (n = 9) and Finegoldia spp. (n = 9), representing
78% of the clone library. The most frequent clones were
Corynebacterium tuberculostearicum (n = 26), Strepto-
coccus gordonae (n = 15) and Finegoldia magna (n = 9). In
barn dust there were no dominant species and none of
the streptococcal, staphylococcal or corynebacterial spe-
cies found in house dust were present (fig. 3, table 2). In-
stead, 20 species of Staphylococcus, Bacillus, Planococcus
and Jeotgalicoccus were found and 11 different genera of
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Table 1. Bacterial cell constituents found in indoor dusts collect-
ed from a barn and an urban house

Barn Urban
dust house dust
DNA
Total, pg X g™ 62 5.8
Bacterial, 16S rRNA gene copies X g7 1x10°%  5x10%2
Microscopic count®
Total, cells X g 5%x10%8  5x10°
Live, cells x g! 2x108 <106
Viable count, CFU x g¢ 4x10°  1x10*
Limulus-active substances
Endotoxin, pg X g! 0.45 0.33
B-D-Glucan, pg X g! 0.57 0.73
Ester-bound fatty acids?, mg x g!
Total 1.9 1.5
Bacterial 0.18 0.60
Branched C;;-C¢¢ 0.088 0.060
3-Hydroxy® 0.015 <0.0005
2-Hydroxy C4.f 0.0068  <0.0005
Other® 0.073 <0.0005

* With 3 16S rRNA gene copies/genome, cell number = copy
number/3.

b Counted by epifluorescence microscopy from live-dead stained
preparations. The preparations were checked by transmission elec-
tron microscopy to verify that the fluorescent particles were mainly
microbial cells.

¢ CFU of aerobic heterotrophic bacteria.

d Signature fatty acids for Gram-positive bacteria: Cy.0, Cy3.0»
Cis.0> Ci7:0 Cio:0 is0 and anteiso branched chain acids.

¢ Signature fatty acids for lipopolysaccharide-containing Gram-
negative bacteria: Cyo,0-3-OH, Cy,.,0-3-OH and Cy4,0-3-OH acids.

fSignature fatty acids for sphingolipid containing bacteria: Cy4.-
2-OH acids.

8 Other bacterial fatty acids: C;7,; w8¢c, C;7, cyclo, Cyo.0-2-OH,
C18:0—2—OH, C18:1 w7c acids.

Gram-negative bacteria, none of which were found in ur-
ban house dust (fig. 3).

When the dusts were cultured on plates (fig. 4), the
Gram-positive bacteria isolated from urban house dust
were mostly bacilli (Bacillus, Paenibacillus) and those iso-
lated from barn dust were mainly actinobacteria (7 gen-
era). Besides Gram-positive bacteria, house dust grew
mainly deinococci, none of which were found in barn
dust. Instead, barn dust grew 7 different genera of Gram-
negative bacteria, which explains the large content of 2-
and 3-hydroxy fatty acids in the dust (table 1).

Bacterial diversity was dramatically higher in barn
dust compared to house dust (Shannon-Wiener’s and
Simpson’s indices) for both the cultured and the cloned
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Table 2. Species of Streptococcus, Staphylococcus, Finegoldia and
Corynebacterium in the 16S rRNA gene clones obtained from
DNA contained in dust

Species Clones

urban house  barn

Streptococcus spp.
S. gordonii 1
S. cristatus
S. mitis
S. oralis
S. sanguinus
S. thermophilus
S. downey
S. infantis
Staphylococcus spp.
S. caprae
. epidermidis
. warneri
. hominis
. haemolyticus
. equorum 10
S. vitulinus 3
Finegoldia magna
Corynebacterium spp.
C. tuberculostearicum 2
C. singulare
C. glucuronolyticum
C. matruchotii
C. sundsvallense
C. tuscaniae
C. afermentans
C. callunae
Brevibacterium stationis

W ”nu” »n
—_—— N O\ O —_— N N W — == ) W W T U

P (O

genera (table 3). The rank-abundance distribution curves
(tig. 5) and the evenness measures (table 3) indicated a
more even distribution of bacterial genera in barn dust,
in which no taxa reached dominance such as Corynebac-
terium and Streptococcus in house dust (fig. 3). The dis-
similar bacterial composition of the dusts is reflected by
the low similarity measures (table 3).

Discussion

Substantial evidence exists that infections and unhy-
gienic living conditions may confer protection against
atopic diseases whereas modern lifestyle and urbaniza-
tion are associated with an increased risk for these condi-
tions [27]. However, the precise factors responsible for
this increase remain unknown.

Alenius et al.
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Fig. 3. Maximum-parsimony phylogenetic
tree of the 16S rRNA gene sequences rep-
resenting the genera cloned from urban
house dust (108 clones) and from barn dust
(102 clones). The triangles are divided into
areas in proportion to the percentages of
the genera (values >1% displayed) in the
clone libraries in the barn (black) and ur-
ban house dusts (white).

el193oeqo9loid

This study revealed that repeated exposure to house
dust elicited pulmonary eosinophilia in mice, which is
one of the hallmarks of atopic diseases. Elicitation of pul-
monary eosinophilia upon exposure to house dust ex-
tracts together with ovalbumin allergen was also report-
ed by Ng et al. [28]. Using MyD88 knock-out mice, they
showed that the Th2 response following exposure to
house dust extracts/ovalbumin was mediated by Toll-like
receptors, thus caused by microbial components. In con-

Contrasting Immunological Effects of
Two Disparate Dusts

trast to pulmonary eosinophilia induced by house dust,
we found that exposure to barn dust elicited a completely
different response in mice, i.e. neutrophilic and lympho-
cytic airway inflammation together with expression of
corresponding chemokines. Thus microbial components
in different dusts may either prevent or promote allergic
inflammation when present during the sensitization pro-
cess.
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Fig. 4. Maximum-parsimony phylogenetic
tree of the 16S rRNA gene sequences rep-
resenting the genera of isolates cultured
from urban house dust and barn dust. The
triangles are divided into areas in propor-
tion to the numbers of cultured bacteria
[log;p (CFU x g!) values >1 displayed]
belonging to the genera in barn dust
(black) and urban house dust (white).

Fig. 5. Rank-abundance curves of the bac-
terial genera in the 16S rRNA gene clone
libraries from DNA of urban house dust
(A) and barn dust (®). The figure shows
the percentages of bacterial genera in the
order of prevalence (rank 1 for the most
abundant genus).
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Table 3. Diversity and similarity of bacteria detected in urban
house dust and in barn dust used for the analysis of Thl and Th2
immunological responses (fig. 1, 2)

Biodiversity Barn dust Urban house dust
cloned cultured cloned cultured

Clones or CFU, n 108 54 x 10 102 8.8 x 10°
Genera, n 38 18 20 8
Shannon-Wiener index 3.17 1.85 2.03 1.16
Simpson index (1-D) 0.94 0.82 0.79 0.62
Evenness 0.87 0.64 0.68 0.55
Similarity Barn dust vs. urban house dust

cloned cultured

0.212  0.080
0.276  0.207

Percentage similarity
Sorensen coefficient

Diversity analysis was executed at genus level based on the 16S
rRNA gene libraries obtained from the dusts by cloning the 16S
rRNA gene from the contained DNA or from the aerobic hetero-
trophic bacterial isolates. Simpson’s index (D) represents the
probability that two randomly selected isolates belong to the same
genus.

Consensus exists that DCs are central in the process
of allergic sensitization. Certain DC-derived costimula-
tory molecules promote the development of a Th2-type
immune response. Indeed, stimulation of human moDCs
with house dust elicited increased expression of OX40L
and Jagged-1 costimulatory molecules, which both have
been reported to play an important role in the develop-
ment of Th2 immunity [25, 26]. In line with this, house-
dust-educated DCs elicited the generation of Th2-polar-
ized cells from naive T cells. In sharp contrast to house
dust, barn dust increased the expression of proinflamma-
tory cytokine IL-23 and the notch ligand Delta-4, known
to promote Thl immunity [26]. DCs exposed to barn dust
induced the generation of Thl-polarized T cells. Taken
together, both our in vivo experiments in mice and the in
vitro data from human DCs and T cells clearly demon-
strate that house dust alone without any artificial adju-
vant was able to induce Th2-type immunity, mandatory
for the development of atopic diseases.

Gehring et al. [29] suggested that lipopolysaccharide,
a cell wall component of Gram-negative bacteria, might
confer protection against atopic eczema. The dusts in this
study had similar contents of total bacteria, limulus-ac-
tive endotoxin and B-D-glucan, providing no explana-
tion for the polarized immune responses to the dusts. The

Contrasting Immunological Effects of
Two Disparate Dusts

higher content of hydroxy fatty acids in barn dust com-
pared to urban house dust indicates the presence of limu-
lus-inactive endotoxin [30] found in old farm dusts [13].

House dust contained a high prevalence of few taxa.
DNA of Streptococcus and Corynebacterium dominated
in urban house dust (together >60% of the clone library).
The 4 predominant genera (together 78% of the library)
among the house dust clones mainly represented species
occurring in the human skin and oral flora. Five strepto-
coccal species, all Corynebacterium, Staphylococcus and
Finegoldia spp. in the urban house dust clone library were
reported as colonizers of human skin [31, 32]. All the
streptococci among the house dust clones, except for
Streptococcus thermophilus and Streptococcus downei,
were found among oral bacterial DNA clones reported by
Aas et al. [33]. Interestingly, Streptococcus mitis in urban
house dust elicited a Th2 response when administered to
DCs or mononuclear cells [34]. Corynebacteria contain
mannosylated lipoarabinomannans [35], known to in-
hibit the production of IL-12, a Thl-inducing factor of
DCs [36, 37], which may further promote the develop-
ment of Th2 response.

Barn dust contained numerous genera (about 30) at a
low prevalence (1-5% of total). Thus, the bacterial com-
munities in barn dust were (1) more diverse and (2) the
taxa were more evenly distributed within the community
as compared to house dust. Eleven genera of Gram-nega-
tive bacteria and 11 genera of low guanine + cytosine
Gram-positive bacteria were exclusively found in barn
dust, among others Acinetobacter and lactic acid bacteria.
These were reported to induce the Thl response in DCs
(38].

To summarize, urban house dust, containing mainly
bacterial debris of human commensal species, may stim-
ulate pattern recognition receptors in a suboptimal way,
promoting the development of Th2 immunity rather
than being innocent bystanders only. Barn dust, which is
rich in diverse viable bacteria, carries a wide spectrum of
pattern-recognition-receptor-stimulating conserved mi-
crobial components and thus strongly stimulates DCs to
drive the response towards Th1l immunity. Our findings
give an impetus to test this concept in a large sample ma-
terial.

Acknowledgements

J. P.is arecipient of a PhD scholarship (ABS Graduate School).
The research was supported by the Academy of Finland (grant
No. 53305), Helsinki University Hospital Grant (No. 5201) and a
grant from the Sigrid Juselius Foundation.

Int Arch Allergy Immunol 2009;149:81-90 89



—_

10

11

12

13

References

Weinmayr G, Weiland SK, Bjorksten B,
Brunekreef B, Buchele G, Cookson WO, et al:
Atopic sensitization and the international
variation of asthma symptom prevalence in
children. Am J Respir Crit Care Med 2007;
176:565-574.

Sheikh A, Strachan DP: The hygiene theory:
fact or fiction? Curr Opin Otolaryngol Head
Neck Surg 2004;12:232-236.

Ernst P, Cormier Y: Relative scarcity of asth-
maand atopy among rural adolescents raised
on a farm. Am J Respir Crit Care Med 2000;
161:1563-1566.

Riedler J, Braun-Fahrlander C, Eder W,
Schreuer M, Waser M, Maisch S, et al: Expo-
sure to farming in early life and development
of asthma and allergy: a cross-sectional sur-
vey. Lancet 2001;358:1129-1133.

Vartiainen E, Petays T, Haahtela T, Jousilahti
P, Pekkanen J: Allergic diseases, skin prick
test responses, and IgE levels in North Kare-
lia, Finland, and the Republic of Karelia,
Russia. J Allergy Clin Immunol 2002;109:
643-648.

von Hertzen L, Makela M]J, Petays T, Jousi-
lahti P, Kosunen TU, Laatikainen T, et al:
Growing disparities in atopy between the
Finns and the Russians: a comparison of 2
generations. J Allergy Clin Immunol 2006;
117:151-157.

von Hertzen L, Laatikainen T, Pitkanen T,
Vlasoff T, Makela MJ, Vartiainen E, et al: Mi-
crobial content of drinking water in Finnish
and Russian Karelia - implications for atopy
prevalence. Allergy 2007;62:288-292.
Hogan SP, Foster PS: Cytokines as targets for
the inhibition of eosinophilic inflammation.
Pharmacol Ther 1997;74:259-283.
Eisenbarth SC, Piggott DA, Bottomly K: The
master regulators of allergic inflammation:
dendritic cells in Th2 sensitization. Curr
Opin Immunol 2003;15:620-626.

Hubert P, Jacobs N, Caberg JH, Boniver J,
Delvenne P: The cross-talk between dendrit-
ic and regulatory T cells: good or evil? ] Leu-
koc Biol 2007;82:781-794.

Leino MS, Alenius HT, Fyhrquist-Vanni N,
Wolff HJ, Reijula KE, Hintikka EL, et al: In-
tranasal exposure to Stachybotrys chartarum
enhances airway inflammation in allergic
mice. Am J Respir Crit Care Med 2006;173:
512-518.

Lehto M, Koivuluhta M, Wang G, Amghaiab
I, Majuri ML, Savolainen K, et al: Epicutane-
ous natural rubber latex sensitization induc-
es T helper 2-type dermatitis and strong pro-
hevein-specific IgE response. J Invest Der-
matol 2003;120:633-640.

Andersson AM, Weiss N, Rainey F, Salkino-
ja-Salonen MS: Dust-borne bacteria in ani-
mal sheds, schools and children’s day care
centres. ] Appl Microbiol 1999;86:622-634.

14

15

16

17

18

19

20

21

22

23

24

Andersson M, Laukkanen M, Nurmiaho-
Lassila EL, Rainey FA, Niemeli SI, Salkino-
ja-Salonen M: Bacillus thermosphaericus sp
nov: a new thermophilic ureolytic bacillus
isolated from air. System Appl Microbiol
1995;18:203-220.

Eaton AD, Cleresci LS, Rice EW, Greenberg
AE: Standard Methods for the Examination
of Water and Wastewater, ed 21. Washing-
ton, American Public Health Association,
American Waterworks Association, Water
Environment Federation, 2005, chapt 9215.
Pakarinen J, Nieminen T, Tirkkonen T, Tsit-
ko I, Ali-Vehmas T, Neubauer P, et al: Prolif-
eration of mycobacteria in a piggery envi-
ronmentrevealedbymycobacterium-specific
real-time quantitative PCR and 16S rRNA
sandwich hybridization. Vet Microbiol 2007;
120:105-112.

Ekman J, Kosonen M, Jokela S, Kolari M, Ko-
rhonen P, Salkinoja-Salonen M: Detection
and quantitation of colored deposit-forming
Meiothermus spp. in paper industry process-
es and end products. J Ind Microbiol Bio-
technol 2007;34:203-211.

Edwards U, Rogall T, Blocker H, Emde M,
Bottger EC: Isolation and direct complete
nucleotide determination of entire genes.
Characterization of a gene coding for 168 ri-
bosomal RNA. Nucleic Acids Res 1989;17:
7843-7853.

Wang Q, Garrity GM, Tiedje JM, Cole JR:
Naive Bayesian classifier for rapid assign-
ment of rRNA sequences into the new bacte-
rial taxonomy. Appl Environ Microbiol 2007;
73:5261-5267.

Cole JR, Chai B, Farris RJ, Wang Q, Kulam-
Syed-Mohideen AS, McGarrell DM, et al:
The ribosomal database project (RDP-II):
introducing myRDP space and quality con-
trolled public data. Nucleic Acids Res 2007;
35:D169-D172.

Altschul SF, Madden TL, Schaffer AA, Zhang
J, Zhang Z, Miller W, et al: Gapped BLAST
and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res
1997;25:3389-3402.

Felsenstein J: DNAPARS-DNA parsimony
program version 3.5c¢, distributed by the au-
thor. Department of Genetics, University of
Washington, Seattle, 1993.

Hall TA: BioEdit: a user-friendly biological
sequence alignment editor and analysis pro-
gram for Windows 95/98/NT. Nucleic Acids
Symp Ser 1999;41:95-98.

Krebs CJ: Ecological Methodology. New
York, Harper & Row, 1989.

90

Int Arch Allergy Immunol 2009;149:81-90

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Ito T, Wang YH, Duramad O, Hori T, De-
lespesse GJ, Watanabe N, et al: TSLP-activat-
ed dendritic cells induce an inflammatory
T helper type 2 cell response through OX40
ligand. ] Exp Med 2005;202:1213-1223.
Amsen D, Blander JM, Lee GR, Tanigaki K,
Honjo T, Flavell RA: Instruction of distinct
CD4 T helper cell fates by different notch li-
gands on antigen-presenting cells. Cell 2004;
117:515-526.

von Mutius E: Allergies, infections and the
hygiene hypothesis - the epidemiological ev-
idence. Immunobiology 2007;212:433-439.
Ng N, Lam D, Paulus P, Batzer G, Horner
AA: House dust extracts have both TH2 ad-
juvant and tolerogenic activities. ] Allergy
Clin Immunol 2006;117:1074-1081.
Gehring U, Bolte G, Borte M, Bischof W,
Fahlbusch B, Wichmann HE, et al: Exposure
to endotoxin decreases the risk of atopic ec-
zema in infancy: a cohort study. J Allergy
Clin Immunol 2001;108:847-854.

Stewart I, Schluter PJ, Shaw GR: Cyano-
bacterial lipopolysaccharides and human
health - a review. Environ Health 2006;5:7.
Gao Z, Tseng CH, Pei Z, Blaser MJ: Molecu-
lar analysis of human forearm superficial
skin bacterial biota. Proc Natl Acad Sci USA
2007;104:2927-2932.

Murdoch DA: Gram-positive anaerobic coc-
ci. Clin Microbiol Rev 1998;11:81-120.

Aas JA, Paster BJ, Stokes LN, Olsen I, De-
whirst FE: Defining the normal bacterial flo-
ra of the oral cavity. ] Clin Microbiol 2005;
43:5721-5732.

Kopitar AN, Than Hren N, Than A: Commen-
sal oral bacteria antigens prime human den-
dritic cells to induce Th1, Th2 or Ty differ-
entiation. Oral Microbiol Immunol 2006;21:
1-5.

Sutcliffe IC: Identification of a lipoarabino-
mannan-like lipoglycan in Corynebacterium
matruchotii. Arch Oral Biol 1995;40:1119-
1124.

Chieppa M, Bianchi G, Doni A, Del Prete A,
Sironi M, Laskarin G, et al: Cross-linking of
the mannose receptor on monocyte-derived
dendritic cells activates an anti-inflamma-
tory immunosuppressive program. ] Immu-
nol 2003;171:4552-4560.

Nigou J, Zelle-Rieser C, Gilleron M, Thurn-
her M, Puzo G: Mannosylated lipoarabino-
mannans inhibit IL-12 production by hu-
man dendritic cells: evidence for a negative
signal delivered through the mannose recep-
tor. ] Immunol 2001;166:7477-7485.
Debarry J, Garn H, Hanuszkiewicz A, Dick-
greber N, Blumer N, von Mutius E, et al: Aci-
netobacter Iwoffii and Lactococcus lactis
strains isolated from farm cowsheds possess
strong allergy-protective properties. ] Aller-
gy Clin Immunol 2007;119:1514-1521.

Alenius et al.



