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Arabinogalactan isolated from cowshed dust extract
protects mice from allergic airway inflammation and
sensitization

Marcus Peters, PhD,a Marion Kauth, PhD,a,b Olaf Scherner, PhD,b Kirsten Gehlhar, PhD,a Imke Steffen, MSc,a

Pia Wentker, MSc,a Erika von Mutius, MD,c Otto Holst, PhD,d and Albrecht Bufe, MD, PhDa Bochum, Munich, and Borstel,

Germany
Background: Extract from cowshed dust (CDE) is a source of
immunomodulating substances. We have previously shown that
such substances protect from experimental allergic disorders in
a mouse model of asthma.
Objective: The objective of this study was to identify
immunomodulatory molecules in extracts of dust from an
allergy protective farming environment.
Methods: Polysaccharides were isolated from CDE and plants
by chromatography and precipitation with specific reagents.
Polysaccharides were then characterized by nuclear magnetic
resonance spectroscopy. Subsequently, the allergy-protective
potential of isolated polysaccharides was tested in a mouse
model of asthma.
Results: The authors demonstrate that plant arabinogalactans
are contained in CDE in high concentrations. The source of this
arabinogalactan is fodder, in particular a prevalent grass
species known as Alopecurus pratensis. Treatment of murine
dendritic cells with grass arabinogalactan resulted in autocrine
IL-10 production. Interestingly, these dendritic cells were not
able to induce an allergic immune response. Furthermore,
intranasal application of grass arabinogalactan protected mice
from developing atopic sensitization, allergic airway
inflammation and airway hyperreactivity in a mouse model of
allergic asthma. This allergy-protective effect is specific for
grass arabinogalactan because control experiments with
arabinogalactan from gum arabic and larch revealed that these
molecules do not show allergy-protective properties. This is
likely because of structural differences because we were able to
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show by nuclear magnetic resonance spectroscopy that although
they are predominantly composed of arabinose and galactose,
the molecules differ in structure.
Conclusions: The authors conclude that grass arabinogalactans
are important immunomodulatory substances that contribute to
the protection from allergic airway inflammation, airway
hyperresponsiveness, and atopic sensitization in a mouse model
of asthma. (J Allergy Clin Immunol 2010;nnn:nnn-nnn.)

Key words: Allergic airway inflammation, sensitization, immunomo-
dulation, arabinogalactan

Cowshed dust from animal farms is a source of immune-
modulating substances. Numerous epidemiologic studies have
shown that frequent contact to cowsheds protects children from
developing allergic diseases. Environmental exposure to microbes
and their nonviable compounds has been suggested to underlie
this protective effect. In fact, levels of LPS (endotoxin) and muramic
acid have been found to be associated with a reduced risk of
childhood asthma and allergic disease.1-4 Unmethylated bacterial
nucleic acids have also been detected in farm barn dusts.5 When
applied at sufficiently high concentrations, all these substances re-
sulted in protection from allergic disease in murine asthma
models.6-10 Not only microbial compounds but also distinct bacterial
species were isolated from cowshed dust and have been shown to
protect from allergic disease in a mouse model of allergic asthma.11

We and others showed previously that a low LPS concentration
as found in extracts of cowshed dust (CDE) do not account for the
allergy protective effect.12,13 Thus, substances other than those of
microbial origin may be of importance.

The most abundant substances detectable in cowshed dusts are
derived from plant material originating from fodder such as hay and
grass. Only recently, high counts of grass pollen were found in
cowsheds of traditional farms, and inhalation of these high
concentrations may be associated with allergy protection.14 One
class of substances derived from plants detectable in abundance
in various parts of the plant organism are arabinogalactans. On
the basis of structural characteristics, these polysaccharides are
divided into 2 groups: type I and type II arabinogalactans. Type I
arabinogalactan consists of long b–(1/4)-linked D-galactopyra-
nose (D-Galp) backbones substituted with short a-linked and
b-linked L-arabinofuranose (L-Araf) side chains. In contrast, type
II arabinogalactan consists of a backbone of b–(1/3)-linked
D-Galp substituted with b–(1/6)-linked D-Galp side chains
with terminal L-Araf residues.15,16 Interestingly, some authors dem-
onstrated that arabinogalactans might have immune modulating
1
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Abbreviations used
AG/BMDC: A
rabinogalactan treated bone marrow–derived

dendritic cells
BAL: B
ronchoalveolar lavage
BMDC: B
one marrowderived dendritic cell
CDE: C
owshed dust extract
DC: D
endritic cell
D-Galp: D
-galactopyranose
L-Araf: L
-arabinofuranose
NMR: N
uclear magnetic resonance
OVA: O
valbumin
P1: H
igh-molecular-mass fraction
properties.17-20 Moreover, it was recently reported that pollen
contains large amounts of type II arabinogalactan and that these
polysaccharides might induce immunomodulation.21

In search of relevant immunomodulating factors in CDE, we
can now show that grass arabinogalactan is an essential factor
contributing to cowshed dust–induced allergy protection.

METHODS

Extraction of cowshed dust, hay, and fresh grass
Cowshed dust was collected and extracted with isotonic sodium chloride

solution as previously described.13 Hay was collected from barns, and sorted

grass species (Alopecurus pratensis, Holcus lanatus) were freshly harvested

from meadows that were used to generate hay for feeding cattle. Hay and grass

were frozen in liquid nitrogen and ground in a mortar under sterile conditions.

Pulverized material was extracted with isotonic sodium chloride solution and

subsequently dialyzed against water. All extracts were stored lyophilized. Af-

ter resolubilization in isotonic sodium chloride solution, extracts were sterile-

filtered (0.22 mm) before use.

Isolation of arabinogalactan
Concentration of arabinogalactan in the high molecular mass fraction of the

gel-permeation chromatography was estimated by radial diffusion in a 1%

agarose gel with incorporated b-glycosyl Yariv reagent (Biosupplies Inc, Park-

ville, Australia). Precipitation rings of gum arabic arabinogalactan (Biosupplies

Inc) at known concentrations (100-1000 mg/mL) were used for comparison.

For isolation, 1 mg arabinogalactan from the high-molecular-mass fraction

of gel permeation chromatography (see this article’s Methods in the Online

Repository at www.jacionline.org) was mixed with 1 mg b -glycosyl Yariv re-

agent.22 The resulting precipitate was washed 2 times with 0.9% NaCl solution

and dissolved by adding up to 2% (wt/vol) sodium dithionite (Na2S2O4) and

heating to 508C until the color changed from red to light yellow. Finally the

solution was dialyzed extensively against water. Concentration of purified ara-

binogalactan was measured by radial diffusion and resorcin assay using gum

arabic arabinogalactan as standard.

Animals
Female BALB/c mice (Charles River, Sulzfeld, Germany) age 7 to 8 weeks

were purchased and then adapted to the animal facility for 14 days before

experiments. Animals had access to food and water ad libitum. All experimen-

tal procedures were approved by the animal ethics committee at Landesamt f€ur

Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Germany.

Sensitization and treatment of mice in a model of

allergic airway inflammation by systemic

sensitization with ovalbumin in aluminum

hydroxide
Sensitization of mice was performed as described previously.13 Briefly,

mice were sensitized by intraperitoneal injection of 20 mg ovalbumin emulsi-

fied in 2.2 mg aluminum hydroxide (ImjectAlum; Pierce, Rockford, Ill) in a
volume of 200 mL on days 1 and 14. On days 28 and 38, mice were challenged

via the airways with 1% OVA aerosol for 20 minutes by using a PARI-Boy aer-

osol generator (see this article’s Fig E1 in the Online Repository at www.

jacionline.org). Mice were treated by intranasal application of the different

substances (as specified in the result section) in 50 mL volume. Mice were trea-

ted a total of 14 times starting on day 1 of sensitization with the last application

10 days before the final challenge. For this procedure, mice were anesthetized

with a mixture of ketamine and xylazine.
Sensitization of mice in a model of allergic airway

inflammation induced by bone marrow–derived

dendritic cells
Bone marrow–derived dendritic cells (BMDCs) were generated as de-

scribed previously.23 On day 6, low-adherent dendritic cells (DCs) were col-

lected and subsequently cultured with 10 mg/mL arabinogalactan from A

pratensis for an additional 4 days (from day 6 to 10). In some experiments,

10 mg/mL IL-10 neutralizing antibody (clone JES52A5) or an appropriate iso-

type control (both from BD Bioscience, Heidelberg, Germany) was added to

the cell culture medium during this period of stimulation with arabinogalac-

tan. On day 8, medium was exchanged, and cells were pulsed with 100 mg/

mL chromatographically purified OVA for 2 days (Worthington Biochemical

Corp, Lakewood, NJ). This OVA preparation contained 2 ng LPS/mg protein.

On day 10, cells were used to sensitize mice intranasally. Ten days later, mice

were challenged on 3 consecutive days by inhalation of OVA.
Statistical analysis
All data were analyzed by the 2-tailed Mann-Whitney test. Graph Pad

Prism Software, La Jolla, Calif (Version 5) was used for analysis. Values of P <

.05 were considered statistically significant (*P < .05; **P < .01; ***P < .001).

Results are presented as medians or means 6 SDs as indicated.
RESULTS

Arabinogalactan isolated from CDE showed

immune modulating activity in vivo
In search for arabinogalactans in CDE, we identified most of

them in a high-molecular-mass fraction (P1) after size exclusion
chromatography of CDE. Concentration of arabinogalactan in
CDE as measured by sandwich ELISA was found to be 131 mg
arabinogalactan mg21 CDE. This equals about 13 weight percent
in CDE, indicating that the arabinogalactan concentration is sig-
nificantly higher than the LPS concentration in CDE.13 To test the
potential immune modulatory activity of arabinogalactan in the
OVA mouse model, the high-molecular-mass polysaccharides
were isolated by means of size exclusion chromatography. Arabi-
nogalactan was then precipitated from the high-molecular-mass
fraction by using the Yariv reagent. Subsequently mice were trea-
ted with purified arabinogalactan (1 mg) in the established OVA
mouse model, and the effect was compared with CDE (50 mg),
the high-molecular-mass fraction (P1), and the arabinogalactan-
free supernatant of the high-molecular-mass fraction treated
with Yariv reagent. Treatment of mice with 1 mg arabinogalactan
resulted in significant reduction of eosinophilic airway infiltration
(Fig 1, A), IL-5 and IL-13 production by splenocytes (Fig 1, B),
and IgE production in bronchoalveolar lavage (BAL) fluid (Fig
1, C). The reduction of these parameters was comparable to the
reduction observed by treatment with CDE or the high-
molecular-mass fraction P1. Although the supernatant of Yariv
precipitation exhibited significantly less allergy protective activ-
ity than arabinogalactan, CDE, or P1–treated mice, it still resulted
in reduced eosinophilic airway infiltration, IL-5 production of
splenocytes, and lower IgE levels in BAL.
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FIG 1. Mice were treated during sensitization and airway challenge with 50 mg CDE, high-molecular-mass

fraction (P1), 1 mg arabinogalactan (AG) isolated from P1, or supernatant of the Yariv precipitation. Subse-

quently, mice were evaluated for eosinophilic airway inflammation (A), cytokine production (B), and IgE

levels (C). Results are presented as means with SDs (n 5 4). *P < .05.
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Arabinogalactan from A pratensis protects mice

from allergic airway inflammation and sensitization
In a further step, we aimed at identifying the source of

arabinogalactan in CDE. Because cowshed dust contains high
amounts of plant fibers and several pollen species (data not
shown), we assumed that arabinogalactan isolated from CDE is
derived from feeding hay. Therefore, A pratensis, which is a major
component of hay, was collected and extracted, subjected to gel-
permeation chromatography, and purified by Yariv precipitation
from the high-molecular-mass fraction. To test the potential im-
mune modulating properties of arabinogalactan purified from A
pratensis, it was used in the OVA mouse model of allergic airway
inflammation at 2 different concentrations and compared with an
extract of fresh grass.
The resultspresented in Fig 2 indicate that mice treated eitherwith
arabinogalactan inhigher amounts (5mg) or withwholegrass extract
were protected from developing allergic airway inflammation and
sensitization, as demonstrated by reduced eosinophilic infiltration
(Fig 2, A) and IL-5 and IL-13 production (Fig 2, B). Moreover, anal-
ysis of local antibody production revealed that IgE antibodies (Fig 2,
C) were significantly reduced in mice treated with arabinogalactan
from A pratensis compared with sham-treated control mice. Arabi-
nogalactan from A pratensis did not result in an increased IgG2a

production (188 6 96 ng/mL in arabinogalactan-treated mice vs
690 6 126 ng/mL in sham-treated mice). Moreover, we did not ob-
serve increased IFN-g production in arabinogalactan-treated mice.
This finding indicates that the TH2 response is suppressed by grass
arabinogalactan without induction of a TH1 response. To investigate



FIG 2. Mice were treated during sensitization and airway challenge with either extract from A pratensis or

arabinogalactan (AG) isolated from this extract. Subsequently, mice were evaluated for eosinophilic airway

inflammation (A), cytokine production (B), and IgE production in BAL fluid (C). Results are presented as

means with SDs (n 5 4). *P < .05.
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potential contamination with LPS, its concentration in the arabino-
galactan preparation was assessed in a Toll like receptor-4/MD-2/
CD14 transfected cellular assay and was found to be 0.06% (wt/
wt). With each application of 5 mg arabinogalactan, mice thus also
received 3 ng LPS. Control experiments showed that LPS applied
in such concentration resulted only in marginal, nonsignificant im-
munomodulatory activity in the OVA mouse model (see this article’s
Fig E2 in the Online Repository at www.jacionline.org).
To find out whether allergy protective activity is not restricted
to arabinogalactan isolated from A pratensis, we further tested
arabinogalactan from other sources. We observed that arabinoga-
lactan from another grass species, H lanatus, showed allergy pro-
tective activity comparable to arabinogalactan from A pratensis
(data not shown). These findings indicate that arabinogalactans
from different grass species have allergy-protective properties
in common.
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Inhalation of arabinogalactan from grass protects

from induction of airway hyperreactivity and goblet

cell metaplasia in mice
To investigate whether arabinogalactan isolated from grass

protects not only from sensitization and eosinophilic airway in-
flammation but also from induction of airway hyperreactivity,
we measured lung function in spontaneously breathing orotra-
cheally intubated mice. Data presented in Fig 3, A, show that
with increasing concentration of methacholine, airway resistance
in sham-treated mice rose to maximum values at 4 cm H2O 3 s 3

mL21 with 25 mg/mL methacholine, whereas arabinogalactan-
treated animals exhibited significantly lower airway resistance
at all methacholine concentrations tested.

Moreover, lung histology revealed that goblet cell metaplasia
and mucus production were alleviated in lungs of arabinogalactan-
treated mice (Fig 3, B).

These results indicate that intranasal application of arabinoga-
lactan in a mouse model of asthma results not only in inhibition of
sensitization and eosinophilia but also in inhibition of important
features of asthma like airway hyperreactivity and goblet cell
metaplasia.
Arabinogalactans from gum arabic or from larch

exhibit no allergy-protective activity
Next, we determined whether allergy protection properties of

arabinogalactan from grasses were specific for these arabinoga-
lactans or a general feature also found in arabinogalactans from
different species. In particular, arabinogalactan from larch was
found to have immunomodulatory activity in several in-
stances.17,18 Therefore, arabinogalactans from gum arabic and
from larch wood, respectively, were given intranasally in the
OVA mouse model. Fig 4, A-C, shows that arabinogalactans
from these 2 tree species were not able to reduce eosinophilia,
IL-5 production of splenocytes, and IgE in BAL fluid of OVA-
sensitized mice. These findings indicate that in contrast with ara-
binogalactan from grass, those from gum arabic or larch wood
exhibited no allergy protective activity at all.
FIG 3. Mice were either sham-treated (n 5 10) or treated by intranasal

application of 5 mg arabinogalactan (AG; n 5 10). Airway hyperreactivity

was measured invasively. Means 6 SEMs are shown *P < .05; **P < .01;

***P < .001 (A). Subsequently, lung sections were stained by Alcian blue/

periodic acid-Schiff reagent (B). Goblet cells were counted in 4 different

lung slices from each mouse and given as cells per millimeter basement

membrane. Means 6 SDs are shown (n 5 5).
Arabinogalactan reduces the capacity of BMDCs to

sensitize mice
We previously demonstrated that CDE treatment of BMDCs

reduced the ability of BMDCs to induce eosinophilic airway
inflammation in naive mice.23 Moreover, we demonstrated that
this effect partially depended on autocrine IL-10 production. To
test whether arabinogalactan mediates this effect, we treated
BMDCs with 10 mg grass arabinogalactan on day 6 and subse-
quently pulsed them with OVA on day 8 (AG/BMDCs).

Grass arabinogalactan induced IL-10 production by BMDCs
(Fig 5, A) in vitro. Furthermore, mice sensitized with AG/
BMDCs showed reduced airway eosinophilia (Fig 5, B) and re-
duced IL-4 production (Fig 5, C), indicating a diminished capa-
bility of TH2 induction. However, IL-5 and IL-13 production
by lymphocytes from mice sensitized with AG/BMDCs was
not reduced (Fig 5, C).

These findings demonstrate that grass arabinogalactan re-
duced the ability of DCs to induce eosinophilia and polarization
of IL-4–producing TH2 lymphocytes. However, grass arabinoga-
lactan had no impact on induction of IL-5 production by T cells,
at least in the tested concentration. To test whether autocrine
IL-10 production is involved in this process, we used either an
isotype control or an IL-10 neutralizing antibody with DCs in
addition to stimulation with arabinogalactan. Subsequently,
these cells were used to sensitize mice via the airways. Animals
that were sensitized with arabinogalactan-treated cells in the
presence of an isotype control antibody showed no change com-
pared with arabinogalactan alone. In contrast, the sensitizing ca-
pacity of DCs that were treated with arabinogalactan in the
presence of IL-10 neutralizing antibodies was partially restored.
Mice sensitized with these cells showed an increase of eosino-
philia up to 52% of the number of cells found in animals sensi-
tized with OVA-primed DCs in the absence of arabinogalactan
(see this article’s Fig E3 in the Online Repository at www.
jacionline.org).

http://www.jacionline.org
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FIG 5. Analysis of activity of arabinogalactan (AG) from A pratensis on

mouse BMDCs. A, IL-10 production of BMDCs in vitro after stimulation

with 10 mg/mL AG. B and C, AG-treated or untreated BMDCs were used to

sensitize mice via the airways. After challenge of mice, they were evaluated

for eosinophilic airway inflammation (B) and cytokine production of splenic

lymphocytes (C). Median is shown.

FIG 4. Mice were treated by inhalation of arabinogalactan (AG) isolated

from gum arabic or larch during sensitization and airway challenge with

OVA. Subsequently, mice were evaluated for eosinophilic airway inflam-

mation (A), IL-5 production (B), and IgE production in BAL fluid (C). Results

are presented as means with SDs (n 5 4).
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Analysis of the composition of monosaccharides

and linkage analysis of arabinogalactan from A

pratensis
To analyze the structure of allergy-protective arabinogalactan

in more detail, we subjected arabinogalactan from A pratensis to
monosaccharide composition and linkage analysis. As expected,
isolated arabinogalactan was predominantly composed of 28%
arabinose, 67% galactose, 2% rhamnose, 1% mannose, 1% xy-
lose, and 1% glucose with traces of fucose and N-acetyl-
glucosamine.

Linkage analysis showed a broad spectrum of different linkage
types such as, most frequently, terminal arabinose and 3,6-linked
galactose, indicating that grass arabinogalactan is highly
branched and the saccharide chains are capped with arabinose.

In addition, results of 1D (Fig 6, A) and 2D (COSY, TOCSY)
nuclear magnetic resonance (NMR) spectra of arabinogalactan
of A pratensis showed data similar to those published for arabino-
galactan isolated from the grass species Phleum pratensis.21 As
shown, administration of arabinogalactan from larch does not re-
sult in allergy protection. Structural differences between the 2
molecules may contribute to these differences. We therefore
subjected arabinogalactan from larch wood to 1D NMR (Fig 6,
B). The spectrum confirmed the presence of arabinose and galac-
tose in larch arabinogalactan. However, the data also indicate
structural differences.

Cleaving of arabinose by mild oxalic acid hydrolysis

resulted in arabinogalactan with reduced protective

activity
We further analyzed whether immunomodulation mediated by

arabinogalactan depends on sugar moieties that are located on the
surface of the arabinogalactan molecule and whether the immune
response is altered when terminal arabinose residues are cleaved



FIG 6. One dimensional hydrogen-1 NMR spectrum of AG from A pratensis (278C, deuterated water) (A) and

of arabinogalactan (AG) from Larix (B). The anomeric protons of a- L-Araf, b-L-Araf, and b-D-Galp residues

are labeled.
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from the macromolecule. Therefore, arabinogalactan from A pra-
tensis was subjected to mild oxalic hydrolysis using 12.5 mmol/L
oxalic acid at 608C for 18 hours. Gas chromatographic analysis
revealed that predominantly arabinose residues were cleaved be-
cause of this treatment (data not shown). When the residual pol-
ysaccharide with reduced content of arabinose was used to treat
mice during sensitization and challenge, the ability of arabinoga-
lactan to alleviate eosinophilic airway inflammation (Fig 7, A) and
sensitization (Fig 7, C) in mice was reduced, whereas production
of IL-5 was unaltered (Fig 7, B). These results indicate that arab-
inose residues are critically involved in arabinogalactan-mediated
immunomodulation.
DISCUSSION
Cowshed dust represents an important component of the farm

environment that protects children from development of allergies
and asthma. We present evidence that cowshed dust contains
relevant amounts of plant arabinogalactan contributing to the
immunomodulatory activity of these extracts shown in vitro and
in vivo. This is the first report describing arabinogalactan as an an-
tiallergic substance protecting from sensitization, allergic lung in-
flammation, and airway hyperreactivity in a mouse model of
asthma.

In the search for an underlying mechanism, we have found that
stimulation of BMDCs with arabinogalactan from A pratensis in-
duced IL-10 production. Furthermore, we can show that neutral-
ization of IL-10 partially restored the sensitizing capacity of
BMDCs, indicating that autocrine activity of IL-10 on tolerization
of DCs may be part of the process involved in allergy protection.23

Consequently, the question arises which cellular receptor is in-
volved in activating IL-10 production of DCs. In this context,
it is interesting to note that IL-10 was found to be produced
by DCs after stimulation of lectin receptors by microbial
sugar molecules—for example, on activation of mannose receptor
by mycobacterial lipoarabinomannan or after ligation via
cross-linking antibodies.24 In addition, dendritic cell-specific
intercellular adhesion molecule-3-grabbing non-integrin was



FIG 7. Analysis of activity of arabinogalactan (AG) treated with oxalic acid

at 608C, 18 hours, or control treated by omitting oxalic acid. Mice were trea-

ted by inhalation of AG during sensitization and airway challenge. Subse-

quently, mice were evaluated for eosinophilic airway inflammation (A),

IL-5 production (B), and OVA-specific IgE in BAL fluid (C). Means with

SDs are shown (n 5 5). *P < .05; **P < .01.
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demonstrated to be an important regulatory receptor that is able to
downregulate DC function. Activation of DC-SIGN by mycobac-
terial polysaccharides is supposed to be a suitable stimulus, and
production of IL-10 seems to be involved.25-27 Therefore, it is
tempting to speculate that arabinogalactan from grass shares
structural similarities with polysaccharides derived from mi-
crobes and therefore binds to receptors that also bind the micro-
bial counterparts. Interestingly, Chen et al28 have recently
shown that arabinogalactan isolated from the medical herb Ly-
cium barbarum activates mouse DCs in vitro, confirming the ex-
istence of receptors on DCs for plant polysaccharides.

Indeed, we have found that arabinogalactan modulates the
behavior of BMDCs. When cells treated in vitro with arabinoga-
lactan were instilled intranasally, they had reduced TH2-inducing
capacity measured by IL-4 production of splenocytes and reduced
eosinophilia. However, in contrast with experiments in which ara-
binogalactan was administered intranasally, we found no reduc-
tion of IL-5 and IL-13 production. This shows that, although
nasal arabinogalactan treatment led to downregulation of spleno-
cyte cytokine production as a systemic effect, arabinogalactan
mainly acts locally, which is further confirmed by the observation
that bronchial lymph nodes of those mice sensitized with
arabinogalactan-treated DCs were smaller than those of
untreated animals (data not shown).Therefore, we conclude that
arabinogalactan reduces immune stimulation in the local com-
partment and downregulates DC function. However, when in-
stilled intranasally into mice, it may activate further regulatory
mechanisms. One potential mechanism also activated by arabino-
galactan in vivo might be complement via the lectin pathway. Ac-
tivation of complement by arabinogalactan was already shown for
arabinogalactan from other plant species.19 Interestingly, recent
publications have shown that release of C5a because of activation
of complement downregulates allergic sensitization.29,30

Besides arabinogalactan there are other substances involved in
CDE-mediated immunomodulating activity. This can be con-
cluded from the fact that precipitation of arabinogalactan from the
high-molecular-mass fraction of CDE still resulted in residues
that showed antiallergic activity. In addition, there is evidence for
many microbial products included in CDE such as LPS and
muramic acid (indicating the presence of bacterial peptidoglycan)
that were demonstrated to be allergy-protective. However,
arabinogalactan in CDE amounts to 13% of total substance,
making it a relevant molecule, whereas LPS is only found in very
low concentrations in CDE. Notably, neither in CDE nor in
arabinogalactan was LPS found in concentrations sufficient to
induce a TH1 response, showing that LPS does not play an impor-
tant role for the protective activity of these preparations. However,
because it is known from the literature that stimulation of glyco-
receptors can modulate TLR signaling, the possibility must be
considered that these low concentrations of LPS may be involved
in the arabinogalactan-mediated protective immune response.29

These interactions will be subject of further investigations.
We present evidence that arabinogalactans from CDE and the

common feeding grass A pratensis show antiallergic activity in
animal model. Because hay is stored before and distributed during
the foddering process in the cowsheds and because A pratensis is
found in relevant amounts in hay, we propose that these materials
constitute the source of arabinogalactan in CDE. Arabinogalactan
has been shown to be a major part of grass pollen that leads to a
specific antibody response in men.21 Interestingly, the concentra-
tion of grass pollen in the air of cowsheds correlates well with al-
lergy protection as observed in children.14 Thus, it is tempting to
speculate that arabinogalactan also has immunomodulating prop-
erties in human beings.

Because there are reports showing that pollen-associated
molecules possess some adjuvant TH2-promoting properties, it
is surprising that exposure to high concentrations of pollen is as-
sociated with protection rather than with sensitization.31,32 How-
ever, the published experiments were performed with birch
pollen, and there might be an important difference between the
allergy-protective activity of arabinogalactan from tree pollen
and that from grass pollen. Notably, arabinogalactans from the
tree species Larix spp. and that from Acacia senegal were not pro-
tective in our experimental setting.

This could be a result of structural differences because we
demonstrated that arabinogalactan from A pratensis is a highly
branched molecule with a b–(1/6)-linked D-Galp backbone,
whereas arabinogalactan from larch contains a b– (1/3)-linked
D-Galp backbone. Moreover, in contrast with arabinogalactan
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from larch, which contains arabinose side chains that were (1/
3)-linked, we and Brecker et al21 have shown that grass arabino-
galactan also contains (1/5)-linked L-Araf.33,34 We present
some evidence that arabinose side chains are important for immu-
nomodulating activity because reducing the arabinose content of
arabinogalactan by mild oxalic acid treatment resulted in dimin-
ished allergy-protective capacity. Thus, our work suggests that
allergy-protective properties are a specific attribute of structural
characteristics from grass arabinogalactan, and it is the first
time that this could be demonstrated.

In summary, arabinogalactan as isolated from grass can be
identified in extracts from cowsheds, which have earlier been
demonstrated to have allergy protective effects. This arabinoga-
lactan is found in high concentrations in protective farm envi-
ronments and shows significant immunomodulating capacity in a
standard mouse model for allergic asthma and on mouse DCs. Our
data strongly suggest that arabinogalactan significantly contrib-
utes to the allergy-protective effect of traditional farms.

We thank Britta Steeger, Petra Fritz, and Sandra Werner at Bochum and

Petra Behrens at Borstel for excellent technical assistance, Heiko Käßner

(Borstel) for recording the NMR spectra, and Dr Patricia Sanchez Carballo

(Borstel) for help with Fig 6.

Clinical implications: Our study suggests that arabinogalactan
from grass significantly contributes to the allergy-protective ef-
fect of traditional farms. This finding may lead to the develop-
ment of new allergy-protective drugs.
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Determination of LPS concentration in AG

preparations
Ultrapure Escherichia coli LPS was a generous gift from Dr Ulrich Zäh-

ringer (Forschungszentrum Borstel, Borstel, Germany). CD14/MD-2/toll

like receptor-4 transfected human embryonic kidney 293 cells and control

cells were purchased from Invivogen (Cayla, France). Cells (2 3 105) were

cultured in 96-depot cell culture plates in Dulbecco modified Eagle medium

containing 10% FCS. A standard curve was generated by stimulating cells

with E coli LPS from 1 pg/mL to 100 ng/mL for 24 hours and subsequently

measuring IL-8 production in tissue culture supernatants. This standard curve

was used to determine TLR4 stimulating capacity in arabinogalactan prepara-

tions expressed as E coli LPS equivalent in nanograms per milliliter.

Gel-permeation chromatography
Freeze-dried extracts from CDE, hay, or grass were dissolved at 100 mg/

mL in isotonic sodium chloride solution. Subsequently, insoluble particles

were removed by filtration through a 0.22-mm sterile filter. One milliliter was

applied on a column Superdex 200 prep grade (16 3 60 cm) (GE Healthcare

Europe GmbH, Munich, Germany) and eluted with 0.9% NaCl solution. Frac-

tions with 1 mL volume were collected, and the eluent was monitored contin-

uously with a 280-nm detector. The sugar content was quantified in the

collected fractions by colorimetric resorcin reaction. Arabinogalactan was de-

tected by an arabinogalactan-specific sandwich ELISA.

Arabinogalactan-specific sandwich ELISA
Arabinogalactans are large polysaccharide molecules with repetitive

structure motifs on the surface. Because of this multiple epitope structure,

we developed a sandwich ELISA by using the same arabinogalactan-

specific mAb as catcher and detector. Briefly, ELISA plates (Nunc Maxisorb,

Nunc GmbH&Co KG, Langenselbold, Germany) were coated with 3 mg/mL

purified MAC207 monoclonal catcher antibody (MAC207 cell culture super-

natant was purchased from Plantprobes, Leeds, UK) for 16 hours. After

blocking plates with 1% BSA, diluted samples and arabinogalactan from

gum arabic (2-fold dilutions from 500 to 5 ng/mL) as standard were incu-

bated for 1 hour. Subsequently, plates were washed, and 0.3 mg/mL biotiny-

lated MAC207 was used as detection antibody. The amount of bound

detection antibody was measured by using streptavidin-conjugated peroxi-

dase and specific substrate (TMB reagent; BD Biosciences, Heidelberg,

Germany).

Sugar composition analysis of isolated

arabinogalactans
Arabinogalactan (200 mg) was mixed with 10 mg arabitol as an internal

standard. In addition, a standard mixture containing 10 mg each of arabitol,

arabinose, rhamnose, fucose, xylose, mannose, galactose, glucose, N-ace-

tylgalactosamine, and N-acetylglucosamine was prepared. The mixtures

were methanolized (methanolic HCl, 808C, 16 hours), and the products

were lyophilized, trimethylsilyl-derivatized, and analyzed by combined

gas chromatography-mass spectrometry.

Sugar linkage analysis of isolated arabinogalactans
Arabinogalactan (200 mg) permethylated by using sodium hydroxide and

methyl iodide with the samples shaken and sonicated over 2 hours.E1 Subse-

quently, samples were reduced with sodium borodeuteride and finally acety-

lated by using acetic anhydride. The partially methylated alditol acetates

were then examined by gas chromatography-mass spectrometry. A standard

mixture of partially methylated alditol acetates was also run under the same

conditions.

NMR spectroscopy
One-dimensional and 2-dimensional NMR spectroscopy recordings were

performed as described elsewhere.E2
Briefly, NMR spectroscopy experiments were carried out after hydrogen to

deuterium exchange of the samples utilizing 99.9% 2H2O. Two dimensional

Homonuclear proton, proton correlation (COSY) and total correlation

(TOCSY) spectroscopy were recorded at 278C with a Bruker DRX Avance

600 MHz spectrometer (operating frequencies 600.31 MHz for proton

NMR, 150.96 MHz for carbon-13 NMR, and 243.01 MHz for phosphorus-

31 NMR) applying standard Bruker software (Bruker GmbH, Rheinstetten,

Germany). Chemical shifts were reported relative to an internal standard of ac-

etone dH 2.225.

Measurement of IgG2a and IgE
Levels of IgE and IgG2a were assessed in supernatant of BAL fluid. Immu-

noglobulin concentration was measured by sandwich ELISA (optEIA ELISA

sets; BD Biosciences)

In vitro cytokine production of mouse lymphocytes
Spleens were harvested 3 days after the second aerosol challenge.

Restimulation of splenocytes was performed as described previously.E3

Briefly, single cell suspensions were prepared by mechanical disruption, and

erythrocytes were lysed. Lymphocytes were cultured at a concentration of 5

3 106/mL in complete tissue culture medium (RPMI 1640 with 10% FCS,

2 mmol/L L-glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin, all

from Biochrom, Berlin, Germany) and restimulated with 50 mg/mL

endotoxin-free OVA (Profos, Regensburg, Germany). After 48 hours of cul-

ture, supernatants were removed and stored at –808C until analysis.

Measurement of cytokines in cell culture

supernatants
Levels of IL-4, IL-5, and IL-10 were assessed by using optEIA kits, and IL-

13 was measured with an ELISAset purchased from eBioscience (San Diego,

Calif) according to the manufacturer’s instructions.

BAL
Two days after the last OVA challenge, lungs were lavaged via a tracheal

tube with 2 3 1 mL PBS, and leukocytes in the lavage fluid were counted.

After centrifugation, BAL fluid was frozen for further analysis. Cytospin

slides of BAL cells were stained with a fast-staining procedure (HAEME-

Schnellfärbung; Labor1Technik Eberhard Lehmann, Berlin, Germany)

according to the manufacturer’s instructions. The percentages of eosinophils,

lymphocytes, and macrophages in BAL samples were determined by light

microscopy. At least 300 cells per sample were differentiated by a blind

investigator.

Measurement of airway responsiveness
Twenty-four hours after the last challenge, airway resistance was mea-

sured in anesthetized, orotracheally intubated, spontaneously breathing

animals as described previously.E4 Hyperreactivity of airways was deter-

mined by provocation with methacholine aerosol for 1 minute followed by

a recording period of 3 minutes at increasing concentrations (0, 6, 12, and

25 mg/mL).



FIG E1. Depiction of treatment protocol. OVA i.p., Systemic immunization

with OVA adsorbed in aluminum hydroxide. OVA-aerosol, Challenges

with 1% OVA aerosol via the airways. AR, Measurements of airway respon-

siveness. Analysis, Harvest of BAL cells, serum, and splenocytes for analy-

sis. i.n., Intranasal.
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FIG E2. LPS was applied to mice intranasally during sensitization and

airway challenge with ovalbumin. Subsequently mice were evaluated for

eosinophilic airway inflammation (A), IL-5 production (B), and IgE produc-

tion in BAL fluid (C). Results are presented as means with SDs calculated

from 4 mice per group.
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FIG E3. Neutralization of produced IL-10 partially restores sensitizing

capacity of arabinogalactan (AG)–treated BMDCs. BMDCs were treated

with AG, and released IL-10 was blocked by a IL-10–neutralizing antibody

(OVA 1 AG 1 anti–IL-10). Control cells were treated with AG in the presence

of an isotype control antibody. Subsequently, cells were used to sensitize

mice via the airways. Three days after challenge with OVA aerosol, all

mice were evaluated for eosinophilic airway inflammation.
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