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Acinetobacter Iwoffii and Lactococcus lactis
strains isolated from farm cowsheds possess
strong allergy-protective properties

Jennifer Debarry, MSc,** Holger Garn, PhD,”* Anna Hanuszkiewicz, MSc,** Nina
Dickgreber, MSc,? Nicole Bliimer, PhD,® Erika von Mutius, Prof Dr, Albrecht Bufe, Prof Dr,°
Soren Gatermann, Prof Dr,f Harald Renz, Prof Dr,” Otto Holst, Prof Dr,° and Holger
Heine, PD Dr? Borstel, Marburg, Munich, and Bochum, Germany

Background: Children who grow up in a farming environment
show lower levels of atopic sensitization, hay fever, and asthma
than children of the same age not living in such an
environment. A number of investigations provided good
evidence that this is due to an early-life contact with cowsheds,
farm animals, and/or consumption of products like raw milk.
Also, it had been indicated that microorganisms might have an
important effect on the development of allergies, and thus the
question arose of which farm microbial organisms, their
products, or both might induce or influence allergy-protective
mechanisms.

Objective: We sought to gain further insight into the potential
allergy-protective properties of microbes isolated from the
farming environment.

Methods: Of a number of bacterial species identified in
cowsheds of farms, 2 were selected, isolated, and characterized,
namely Acinetobacter lwoffii F78 and Lactococcus lactis G121.
The isolates were investigated with regard to their activation of
pattern-recognition receptors, the maturation of human
monocyte-derived dendritic cells, the upregulation of
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inflammatory cytokines, the Ty1-polarizing Notch ligand
expression, and their influence on the allergic phenotype.
Results: It is shown that both bacterial isolates were able to
reduce allergic reactions in mice, to activate mammalian cells
in vitro, and to induce a Ty1-polarizing program in dendritic
cells.

Conclusion: Our data strongly support the hygiene hypothesis,
which states that an environment rich in microbiologic
structures, such as a farming environment, might protect
against the development of allergies.

Clinical implications: This work provides the first data on a
potential application of cowshed bacteria in allergy protection.
(J Allergy Clin Immunol EEEE;NEN:NEN-EEN,)

Key words: Hygiene hypothesis, Acinetobacter lwoffii, Lactococcus
lactis, cowshed, allergy protection, ovalbumin mouse model

Children who grow up in a farming environment are
showing lower levels of atopic sensitization, hay fever,
and asthma than children of the same age living in the
same village but not in a farming environment." There is
good evidence that an early-life contact with cowsheds,
farm animals, and/or consumption of products like raw
milk might protect against the development of allergic dis-
eases later in life.? Peters et al® showed that inhalation of
an extract obtained from dust collected in farm cowsheds
protected mice against the development of allergic reac-
tions. The same extract has also been shown to influence
human dendritic cell (DC) functions in vitro. Although
the extract is not yet fully characterized, the study indi-
cates that the allergy-protecting effect of farming environ-
ment might be directly related to inhalation of cowshed
dust, which contains a variety of microbial factors.

The exposure to microbes and their products in early
childhood might be responsible for shifting the Ty lym-
phocyte balance from Tx2 domination in newborns to
Ty1 domination later in life.! Ty2 cells are known to be
responsible for evoking allergic reactions. It has been
shown that some bacterial infections might exacerbate
asthma.*® However, microorganisms colonizing human
intestines are necessary for a correct development of the
immune system’*® and play an important role in prevent-
ing pulmonary allergic responses as well.? These obser-
vations indicate that microorganisms might have an
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Abbreviations used
BAL: Bronchoalveolar lavage
DC: Dendritic cell
HPRT: Hypoxanthine-guanine phosphoribosyltransferase
moDC: Monocyte-derived dendritic cell
NOD: Nucleotide-binding oligomerization domain
OVA: Ovalbumin
PAMP: Pathogen-associated molecular pattern
PE: Phycoerythrin
TLR: Toll-like receptor

important influence on the development of allergies.
Because it is also known that contact with farm livestock
can modulate the allergy-protective effect of a farming
environment,'” it is an intriguing question as to which mi-
crobial organisms, their products, or both typical for farms
and their surroundings might induce or influence strong
allergy-protective mechanisms. In pilot experiments we
have identified a number of bacterial species occurring
in cowsheds of farms included in the German arm of the
Allergy and Endotoxin study,' antibodies against which
were found in sera of children living on these farms. For
further basic investigations concerning the potential al-
lergy-protective properties of microbes isolated from the
farming environment, we have chosen 2 isolates because
of their relative abundance in cowshed microflora, namely
Acinetobacter Iwoffii F718 (Gram-negative) and Lactococ-
cus lactis G121 (Gram-positive). Here we report on the
isolation and characterization of these 2 bacterial species
and show that both were able to reduce allergic reactions
in mice, to activate mammalian cells in vitro, and to induce
a Tyl-polarizing program in DCs. Therefore it is postu-
lated that both strains might play a role in allergy
protection.

METHODS
Bacteria

For growth conditions, 16S rDNA analyses, and strain character-
ization, see the Methods section in the Online Repository at
www.jacionline.org.

Transfection of HEK293 cells

HEK?293 cells were transfected with the expression plasmids, as
described previously."! After 24 hours of transfection, cells were
washed and stimulated for 18 hours with live L lactis G121 and
live A Iwoffii F78. Finally, supernatants were collected, and the IL-8
content was quantified by using a commercial ELISA (Biosource,
Solingen, Germany).

Generation and stimulation of human
monocyte-derived DCs

Heparinized blood of healthy donors was prepared by using the
Ficoll (PAA Laboratories GmbH, Pasching, Austria) separation
method,'? and PBMCs were harvested. Subsequently, monocytes
were isolated by means of counterflow elutriation centrifugation.'?
Monocyte-derived DCs (moDCs) were then prepared as described
by Sallusto and Lanzavecchia.'* In brief, monocytes (>95% purity)
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were cultured at 10° cells/mL in RPMI 1640 (Cambrex, East Ruther-
ford, NJ) supplemented with 10% heat-inactivated FCS (Biochrom
AG, Berlin, Germany), 100 U/mL penicillin (PAA Laboratories
GmbH), 100 pg/mL streptomycin (PAA Laboratories GmbH), 500
U/mL GM-CSF (Strathmann Biotec GmbH, Hamburg, Germany),
and 500 U/mL IL-4 (Strathmann Biotec GmbH), exchanging half
of the medium, including cytokines, every 2 to 3 days. At day 7, cells
were harvested and recultured in complete medium at a density of 10°
cells/mL in 24-well plates. Cells were either left untreated or stimu-
lated with 10 ng/mL LPS from Salmonella enterica sv. Friedenau
and the indicated concentration of live L lactis G121 and A Iwoffii F78.

Expression of costimulatory molecules on
human moDCs

After 24 hours of incubation with the indicated stimuli, cells were
harvested and stained with fluorochrome-conjugated mAbs for
CD40, CD80, CD86, or MHC class II and were fixed with 1.5%
paraformaldehyde. The mAb CD40-phycoerythrin (PE) and CD80-
PE, MHC class II-PE, IgG1-PE and IgG2a-PE were purchased
from Beckman Coulter (Fullerton, Calif), and the CD86-PE mAb
was obtained from BD PharMingen (San Diego, Calif). Cells were
analyzed by means of flow cytometry on a FACSCalibur by using
the CellQuest program (Becton Dickinson, San Jose, Calif). Data
analysis was performed with the WinMDI 2.8 software developed
by Joseph Trotter (Scripps Institute, La Jolla, Calif).

Real-time quantitative RT-PCR

Total RNA was extracted from moDCs after 3, 6, and 12 hours of
incubation with the indicated stimuli by using the Absolutely RNA
kit from Stratagene (La Jolla, Calif) and reverse transcribed into
c¢cDNA by using Oligo(dT);».15 and Superscript III Reverse
Transcriptase (Invitrogen, Carlsbad, Calif). Transcripts were quanti-
fied by means of real-time quantitative PCR on LightCycler 2.0 with
the FastStart DNA MasterPLUS SYBR Green Kit (Roche Applied
Science, Mannheim, Germany), according to the manufacturer’s
instructions. For each sample, specific mRNA abundance was nor-
malized to the amount of hypoxanthine-guanine phosphoribosyl-
transferase (HPRT) mRNA and was expressed in arbitrary units
(for primers used, see Table El in the Online Repository at
www jacionline.org).

Measurement of cytokines

Supernatants of moDCs were harvested after 24 hours of incuba-
tion with the indicated stimuli. Cytokine concentrations in the
supernatants were analyzed by using an ELISA specific for human
IL-12p70 (eBioscience, San Diego, Calif), according to the manu-
facturer’s instructions.

Animals

Pathogen-free 6- to 8-week-old female BALB/c mice were
obtained from Harlan Winkelmann (Borchen, Germany). Mice
were kept under specific pathogen-free housing conditions. Water
and ovalbumin (OVA)—free diet were supplied ad libitum. All animal
experiments were performed in accordance with German and interna-
tional guidelines and were approved by local authorities
(Regierungspraesidium Giessen).

Sensitization, treatment, and local allergen
provocation

Mice were sensitized to OVA by means of 3 intraperitoneal
injections of 10 pwg of OVA grade VI (Sigma, Deisenhofen,
Germany) adsorbed to 1.5 mg AI(OH); (Pierce, Rockford, Ill) diluted
in 200 L of PBS on days 0, 7, and 14. An allergen challenge was
performed on 3 consecutive days (days 19, 20, and 21) by means
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FIG 1. Both bacteria induce upregulation of costimulatory molecules in human moDCs. Analysis of CD40,
CD80, CD86, and MHC class Il expression in human moDCs after treatment (shaded histograms) with indi-
cated stimuli for 24 hours is shown. Gray open histograms indicate the isotype control, and black open histo-
grams indicate untreated moDCs. Data are representative for 3 independent experiments with moDCs from

different healthy donors.

of application of an OVA aerosol (1% wt/vol OVA [grade V, Sigma]
in PBS) through the airways for 20 minutes each day, as previously
described,'® to induce a local inflammatory response in the lungs.
As a negative control, groups of mice received PBS instead of
OVA during sensitization and challenge.

As treatment, anesthetized mice received intranasally 10® cfu
lyophilized bacteria of L lactis G121 or A Iwoffii F78, respectively,
or PBS as a control 3 times per week starting 10 days before the first
sensitization over the whole sensitization and challenge process
(see also Fig E1 in the Online Repository at www.jacionline.org).

Analysis of OVA-specific immunoglobulin
titers

Blood samples were taken 1 day after the last challenge, and serum
concentrations of OVA-specific IgE, IgG1, and IgG2a were deter-
mined by means of ELISA, as described previously.'®

Differential cell counts in bronchoalveolar
lavage fluid

Forty-eight hours after the last allergen challenge, bronchoalve-
olar lavage (BAL) was performed, as previously described.'” Total
leukocyte counts were determined with an automated Casy TT cell
counter (Schaerfe Systems, Reutlingen, Germany). BAL cells were
placed in a cytospin at 300g and differentially stained with Diff-
Quick (DADE Diagnostics, Unterschleissheim, Germany) after fixa-
tion with methanol. BAL cell differentiation was performed by using
light microscopy with standard morphologic criteria. Differential cell
counts of 100 leukocytes were performed in duplicates. Remaining
BAL fluids were centrifuged at 300g, and cell-free supernatants
were stored at —20°C for cytokine analysis.

Lung histology

Lungs were fixed ex situ by means of intratracheal instillation of a
4% (wt/vol) formaldehyde solution and were stored in 4% formalde-
hyde. Lung tissues were embedded into paraffin, and 3-pm sections
were stained with hematoxylin and eosin or periodic acid—Schiff. For
Congo Red staining, sections were stained for 20 minutes in a 0.5%
Congo Red (Sigma) solution in 50% aqueous ethanol. After rinsing
with aqua dest, slides were 10 times dipped in alkaline ethanol,
washed with water, and finally counterstained with Weigerts hema-
toxylin (Merck, Darmstadt, Germany).

Analysis of airway reactivity

Noninvasive measurement of midexpiratory airflow in response
to increasing concentrations of (3-methacholine was performed by
using head-out body plethysmography, as previously described.'®
The methacholine concentration that caused a 50% reduction in
baseline midexpiratory airflow is reported.

Statistics

Numeric data are presented as mean values = SD. One-way
ANOVA or the Student unpaired ¢ test were performed to determine
the level of significance between the different animal groups.
Differences were considered significant at a P value of less than .05.

RESULTS

Activation of pattern-recognition receptors by
cowshed bacteria

To define the interaction of the bacterial strains with
innate immune cells, we first investigated in a HEK293
cell system which pattern-recognition receptors are in-
volved in the recognition of the isolated bacteria (see
Table E2 in the Online Repository at www.jacionline.org).
No activity could be detected in HEK?293 cells transfected
with either Toll-like receptor (TLR) 3, 5, 7, 8, or 9. Al-
though L lactis G121 activated the cells through nucleo-
tide-binding oligomerization domain2 and TLR2, A
Iwoffii F78 activated the cells through TLR2, TLR4,
NOD1, and NOD2.

Maturation of human moDCs

Because both isolated bacteria preparations provided
innate immune receptor agonists, we investigated whether
stimulation of moDCs with the bacteria leads to matura-
tion (Fig 1). Both L lactis G121 and A Iwoffii F78, as well
as the positive control LPS, were able to induce matura-
tion, which is clearly seen in the upregulation of CD40
and CD86. Furthermore, moDCs stimulated with the bac-
teria showed a higher expression of the antigen-presenting
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FIG 2. Bacteria-induced IL-12 production in human moDCs. Human
moDCs were stimulated with the indicated stimuli. IL-12p40 mRNA
relative to HPRT was determined by means of quantitative real-time
RT-PCR. The release of IL-12p70 was measured after 24 hours of
incubation in culture supernatants. Data are representative of 3 in-
dependent experiments with moDCs from different healthy donors.

MHC class II molecules. However, the Gram-negative A
Iwoffii F78 induced upregulation of the costimulatory mol-
ecules at very low concentrations (approximately 10>~10°
cfu/mL), whereas the Gram-positive L lactis G121 was
active only at higher concentrations (approximately 10
cfu/mL, data not shown).

Upregulation of inflammatory cytokines

We investigated the expression and release of inflam-
matory cytokines in DCs after treatment with the bacteria
because the pattern of cytokine release is, among other
signals, important for the Ty cell polarization.'®'” We an-
alyzed the expression of the Ty1-polarizing cytokine IL-
12,°2% which is a heterodimeric cytokine consisting of
the 2 subunits p35 and p40.>* The mRNA levels for IL-
12p40 were upregulated in the bacteria-treated moDCs
in a similar manner as in the LPS-stimulated DCs (Fig 2,
upper panel). As expected, these upregulated mRNA
levels resulted in the release of the cytokine (Fig 2, lower
panel). Again, comparable with the upregulation of costi-
mulatory molecules, A Iwoffii F78 activated the cells at
lower concentrations than L lactis G121.

J ALLERGY CLIN IMMUNOL
umm 2007

Tu1-polarizing Notch ligand expression

To further investigate the capacities of the bacteria to
modulate the Ty cell polarization, we examined the ex-
pression of the Notch ligands on DCs after stimulation
with the bacteria. Two groups of Notch ligands are ex-
pressed by DCs, and the ratio is important for T-cell polar-
ization: the Delta group directs T-cell polarization toward
Tyl, whereas the Jagged group induces Ty;2 responses.”**>
We could show that L lactis G121 and A Iwoffii F78 upre-
gulated the expression of Delta-4 mRNA, whereas the
mRNA levels of Jagged-1 were strongly downregulated
after 24 hours (Fig 3). Taken together, both bacteria in-
duced a Ty 1-polarizing Notch ligand expression on DCs.

Influence of A Iwoffii F78 and L lactis G121
application on the allergic phenotype

Because our data on human DCs strongly supported the
idea that particular cowshed bacteria are able to modulate
allergic reactions, we tested this hypothesis in an estab-
lished mouse allergy model. To mimic the most probable
means of exposure, we treated mice intranasally every
second day with 10® cfu of the respective bacteria starting
10 days before sensitization and continuing over the whole
sensitization and challenge process. Interestingly, despite
the repeated local treatment with lyophilized bacteria, only
a very weak inflammatory response was induced, as
shown by infiltration of quite low numbers of neutrophils
and lymphocytes (Fig 4). In sensitized animals no effects
were observed on OV A-specific IgE and [gG2a serum ti-
ters, whereas for OV A-specific IgG1 titers, a decrease was
observed after treatment with both bacterial strains (see
Table E3 in the Online Repository at www.jacionline.org).
However, both bacterial preparations were able to mark-
edly suppress the local allergic inflammatory reaction.
This could be demonstrated by a significant decrease in
the number of eosinophils in the BAL fluid. In contrast,
the numbers of BAL macrophages or lymphocytes were
not or were only slightly influenced (Fig 4). In addition,
lung histology revealed a reduction in peribronchial and
perivascular inflammatory cell infiltration in animals that
had received either L lactis G121 or A Iwoffii F78 through
the intranasal route, and remaining tissue infiltrates were
characterized by a decreased appearance of eosinophils
(Fig 5). Moreover, both treatments almost completely hin-
dered the development of mucus-producing goblet cells,
resulting in a lung histology almost comparable with
that of nonallergic control mice (Fig 5). Finally, a signifi-
cant improvement of allergy-induced airway hyperreac-
tivity could be observed after local treatment with each
of the bacterial preparations, as indicated by significantly
higher 3-methacholine concentrations necessary to induce
a 50% midexpiratory airflow reduction (Fig 6).

DISCUSSION

Although there are several epidemiologic studies
suggesting that exposure to a farming environment re-
duces the risk of development of allergic diseases later in
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FIG 3. Both bacteria induce a Ty1-polarizing Notch ligand expres-
sion in human moDCs. Human moDCs were stimulated for the in-
dicated times with indicated stimuli. Delta-4 and Jagged-1 mRNA
was measured by using quantitative real-time RT-PCR, and data
are presented as mRNA levels of both genes relative to HPRT.
Data are representative for 3 independent experiments with
moDCs from different healthy donors.

life, there is little known about the underlying mecha-
nisms.'® In the present study we provide evidence that
bacteria isolated from farm cowsheds are able to protect
mice against the development of an allergic airway inflam-
mation that might be due to the Ty1-promoting effects of
these bacteria. We have chosen L lactis G121 and A Iwoffii
F78 from a number of identified bacterial species of
Bavarian farms because of their relative abundance in
cowshed microflora.

Because the innate immune system plays an essential
role in the initial immune activation and modulates
subsequent adaptive immune responses,”’ we investigated
which pattern-recognition receptors are involved in the
recognition of the bacteria. As expected, preparations of
the Gram-negative bacteria A Iwoffii F78 activated cells
through TLR2 and TLR4, as well as NOD1 and NOD2,
whereas the Gram-positive L lactis G121 preparation
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signaled through NOD2 and TLR2. DCs express a wide
range of these pattern-recognition receptors and are in-
volved in the communication between the innate and the
adaptive immune systems.28 Therefore we asked whether
L lactis G121 and A Iwoffii F78 are able to activate DCs.
Immature DCs upregulate costimulatory molecules,
including CD40, CD80, and CD86, after stimulation
through their innate immune receptors in a maturation
process.?’=*! These molecules help to activate T cells in
the context of antigen presentation by MHC class II and
thereby become able to prime Ty cells toward Tyl or
T2, depending on the stimulus.”® Activation of DCs
with L lactis G121, as well as with A Iwoffii F78, resulted
in maturation of the DCs. In addition to the maturation,
DCs express after stimulation a stimulus-dependent pat-
tern of cytokines and cell-surface markers that determine
the Tyl- or Ty2-promoting capacities. One of the most
prominent cytokines released by DCs is the proinflamma-
tory cytokine IL-12, which plays a central role in Ty1 re-
sponses by inducing the production of IFN-v, thus
favoring the differentiation of Ty;1 cells.*"-**** Both bac-
terial strains we have isolated from the cowsheds were
able to induce the expression and release of IL-12 and
thereby promote a Ty 1 response. In addition to IL-12, con-
tact-dependent mechanisms might also contribute to Ty
cell polarization. One of these mechanisms is the expres-
sion profile of Notch ligands.*® Recently, Napolitani
et al** have shown an altered level of Notch ligand expres-
sion in Tyl-promoting DCs with a high level of Delta-4
and a decreased expression of Jagged-1. L lactis G121
and A Iwoffii F78 were able to decrease the level of
Jagged-1 mRNA and upregulated Delta-4 mRNA, leading
to an increased level of Ty 1-promoting and a reduced level
of Ty2-promoting Notch ligands on the cell surface of the
DC:s. This altered ratio is important for the capacity of DCs
to polarize either Ty 1 or T2 responses, and with respect
to the bacterial preparations from cowsheds, both induce
a shift in a Tyl-polarizing direction. Together, bacteria-
induced matured DCs might be key regulator cells for
the protective effect of the farming environment because
they promote a Ty 1 phenotype in contrast to the Ty2 phe-
notype in allergic subjects®>® and thereby might contrib-
ute to the establishment of a normal Ty1/TH2 balance in
early childhood.

Because a shift from Ty2 toward Tyl reactions in
response to a specific allergen has been shown to prevent
the development of allergies, we asked whether in vivo
application of the cowshed-derived bacterial preparations
would be able to modulate allergic inflammatory immune
reactions in a mouse model of experimental allergic
asthma. It was of special interest that repeated intranasal
application of both bacterial preparations, either Gram-
positive L lactis G121 or Gram-negative A Iwoffii F78,
resulted in a significantly reduced allergic airway inflamma-
tion and improvement of airway responsiveness, despite the
fact that the systemic allergic sensitization, as shown by
OV A-specific IgE levels, was not influenced. This obser-
vation indicates that the immunomodulating effects are
limited to T-lymphocyte activities, that local effector
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FIG 5. Intranasal treatment with L /actis G121 and A Iwoffii F78 inhibits development of airway inflammation
and goblet cell hyperplasia. Mice were treated as described in Fig 4. Shown are representative microphoto-
graphs of airways from mice after hematoxylin and eosin staining, periodic acid-Schiff staining of goblet cells
(arrows point to individual goblet cells), and Congo Red staining of eosinophils (arrows).
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of less than .05.

mechanisms of the allergic immune response are directly
influenced by bacterial components, or both. In contrast
to our findings, intranasal application of LPS only during
allergen challenge resulted in an exacerbation of the aller-
gic inflammatory response,3 7 which was, however, not the
case when LPS treatment started during sensitization.*
Similar results were also obtained after Mycoplasma pneu-
moniae infection, which reduced the allergic phenotype
when occurring 3 days before allergic sensitization and
augmented the allergic reaction when occurring after the
last allergen challenge.’® Therefore either the duration of
accessibility or a certain time window before allergen
challenge determines whether bacterial components pro-
vide allergy-protective effects.

Taken together, our data support the concept by Herrick
and Bottomly*® that maturation of DCs in the presence
of pathogen-associated molecular patterns (PAMPs) leads
to a balanced development of Ty1 and Ty?2 activities. In
contrast, allergens themselves induce DC activation
without IL-12 production, which then induces the devel-
opment of Ty2 responses. However, concomitant signals
of PAMPs and allergens or the preactivation of local DCs
by PAMPs favors the development of Ty 1 responses that
might control Ty2-driven allergic immune re-
sponses.””*1*? Interestingly, only negligible signs of a
Tyl-driven inflammatory response, minimal influx of
neutrophils and lymphocytes, were observed after re-
peated intranasal treatment of the mice (either naive or
OVA sensitized) with rather high doses of the bacterial
preparations, suggesting that the chosen protocol induced
tolerance against these nonpathogenic microorganisms. In
addition, this low inflammatory response argues for the
safety of novel immunotherapeutic strategies to induce
immune deviation.
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In conclusion, our data strongly support the hygiene
hypothesis, which states that an environment rich in
microbiologic structures, such as a farming environment,
might protect against the development of allergies, even if
the presence of high amounts of allergens argues against
the allergen hypothesis.** Certain microbes, such as those
present in the environments of children living in rural or
less-developed areas, act by promoting an immune devia-
tion from Ty2 to Tyl in the allergen-specific response
rather than by stimulating T regulatory cell activity. We
propose that the lack of immune deviation rather than
the reduced immune regulation is the major immunologic
mechanism explaining the increased prevalence of allergy
based on the hygiene hypothesis.
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