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‘They got stuff called allergy now. Used to call it hay fever, made you sneeze. Guy that
figured out allergy should of got a patent. A allergy is, you get sick when there’s something

you don’t want to do. I've knew dames that was allergic to dishwater.’

John Steinbeck, Sweet Thursday

Support bacteria - they're the only culture some people have.

Steven Wright
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ABSTRACT

The main goal in reversing the allergy epidemic is the development of effective prophylactic
strategies. Early life events, such as exposures to microbes, have a major influence on the
development of balanced immune responses. Due to their ability to interact with host immune
system and to modulate host immune responses probiotics, mainly bifidobacteria and
lactobacilli have been used with some success in prevention of allergic disease.

In order to be referred to as probiotic, bacterial strain has to undergo rigorous testing. We
have selected three new Lactobacillus (L.) strains out of 24 human isolates according to their
antagonistic activity against pathogenic bacteria, resistance to low pH and milieu of bile salts.
Safety of these strains was proven upon intragastric administration to mice; moreover, we
have shown their ability to shift cytokine Thl - Th2 balance towards non-allergic Thl
response in isolated splenic cells.

Allergen specific prophylaxis using probiotics as vehicles for mucosal delivery of
recombinant allergen is an attractive concept for development of well-tolerated and effective
allergy vaccines. We have shown that neonatal mono-colonization of germ-free mice with the
L. plantarum NCIMB8826 strain producing the major birch pollen allergen Bet v 1 attenuates
the development of birch pollen allergy later in life. The mechanisms involve a shift towards a
non-allergic Thl phenotype accompanied by increased regulatory responses, which were
antigen-specific as colonization by a wild type strain exerted no such effects.

Intrinsic immunomodulatory properties of the probiotic strain play a key role in its ability to
interact with the immune system of the host. We have further shown that neonatal mother-to-
offspring mono-colonization with Bifidobacterium longum CCDM367, a human isolate with
Treg rather than Th1 immunomodulatory properties, was able to reduce allergic sensitization
by activating regulatory responses via TLR2 and MyD88 signaling pathways.

Understanding what makes ‘allergen an allergen’ is a key in allergy prophylaxis or treatment.
We have shown in a mouse model of food allergy that even minor irreversible changes in
OVA secondary structure caused by thermal processing alter both its digestion and antigenic
epitopes formation. This leads to activation of different T cell subpopulations, induces shift
towards Th1 response and ultimately reduces its allergenicity.

Taken together, understanding the immunomodulatory potential of bacteria in the early host
development can pave a new way for probiotic use in early nonspecific prevention of type I
allergy. Combining the probiotics with relevant allergen can make this approach even

allergen-specific.



ABSTRAKT

Hlavnim cilem v boji proti alergické epidemii je vyvoj u€innych preventivnich strategii.
Udalosti v raném postnatalnim obdobi, jako je kolonizace bakteriemi, maji vyznamny vliv na
rozvoj vyvazenych imunitnich reakci. Probiotika, zejména bifidobakterie a laktobacily, jsou
vzhledem ke svym schopnostem modulovat imunitni odpoveéd’ hostitele nadéjnymi kandidaty
pro prevenci alergickych onemocnéni.

Aby mohl byt bakteridlni kmen oznacen jako probioticky, musi projit pfisnym testovanim. Z
24 lidskych bakterialnich izolatt jsme vybrali tfi nové kmeny rodu Lactobacillus (L.) podle
jejich antagonistické aktivity vaci patogennim bakteriim, odolnosti proti nizkému pH a
prostiedi zluCovych soli. V mySim modelu jsme prokézali jejich bezpecnost a ukazali jsme
jejich schopnost ovlivnit cytokinovou produkci smérem k protialergické Thl odpovédi v
izolovanych slezinnych bunkach.

Vyuziti probiotik jako vektorti pro slizni¢ni podani rekombinantniho alergenu je atraktivnim
pristupem ve vyvoji dobfe tolerovanych a ucinnych vakcin proti alergickym onemocnénim.
Ukézali jsme, Ze neonatdlni monokolonizace bezmikrobnich mysi rekombinantnim kmenem
L. plantarum NCIMB8826 produkujicim Bet v 1 snizuje senzibilizaci k bfezovému pylu v
pozdéjsim zivoté. Mechanismus zahrnoval posun smérem k protialergickému Thl fenotypu,
doprovazenému zvysenou regulacni odpoveédi. Tento ucinek byl antigen specificky, protoze
kolonizace nerekombinantnim kmenem zadné podobné uc¢inky nevykazovala.

Pfirozené imunomodula¢ni vlastnosti probiotického kmene hraji klicovou roli v jeho
schopnosti interagovat s imunitnim systémem hostitele. Kdyz jsme pro neonatalni
monokolonizaci bezmikrobnich mysi pouzili lidsky izolat s Treg spiSe nez Thl
imunomodulac¢nimi vlastnostmi Bifidobacterium longum CCDM367, pozorovali jsme celkové
snizeni alergické senzibilizace s aktivaci regulacnich odpovédi, pravdépodobné za vyuziti
TLR2 a MyD88 signalnich drah.

Pochopeni toho, co déla alergen alergenem, je klicem jak k profylaxi, tak 1 1écbé alergii. V
mys$im modelu potravinové alergie jsme ukazali, ze 1 nevelké nevratné zmény v sekundarni
struktufe ovalbuminu, zplisobené tepelnym opracovanim, méni zpisob jeho Stépeni a tvorbu
antigennich epitopti, coz vede k aktivaci odliSnych T-bunécnych subpopulaci, indukuje posun
smérem k Th1 odpovédi a redukuje jeho alergenicitu.

Lze tedy shrnout, ze pochopeni imunomodulacniho potencidlu bakterii v casném stadiu
vyvoje hostitele ndm umozni lepsi vyuziti probiotik v nespecifické prevenci alergie 1. typu.
Jako vektory k alergen-specifické profylaxi pak mohou slouzit probiotika produkujici

prislusny alergen.



ABREVIATIONS

AAI
AD
Alum
APC
ASIT
BALT
Betv 1
BLG
BMDC
CALT
CCR9
CD

CT

DC
DNA
DTH
FAO/WHO
Fc
FceR
FoxP3
GALT
GATA3
GF
GIT
GRAS
GSTP1
HDM
HEV
h-OVA
IFN

IL

Allergic airway inflammation
Atopic dermatitis

Aluminium hydroxide
Antigen-presenting cells
Allergen-specific immunotherapy
Bronchus-associated lymphoid tissue
Major birch pollen allergen

Bovine B-lactoglobulin

Bone marrow-derived dendritic cells
Conjunctiva-associated lymphoid tissue
Chemokine (C-C motif) receptor 9
Cluster of differentiation

Cholera toxin

Dendritic cells

Deoxyribonucleic acid

Delayed type hypersensitivity

Food and Agricalture Organization/ World Health Organization
Antibody fragment, crystalizable

IgE high affinity receptor

Forkhead box P3

Gut-associated lymphoid tissue
Transcription factor specific for Th2 lineage
Germ-free

Gastrointestinal tract

Generally regarded as safe
Glutathione S-transferase pi 1

House dust mite

High endothelial venules

OVA heated to 70°C

Interferon

Immunoglobulin

Interleukin
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ILF
INK
kDa
LAB
LALT
LBIT
LNIT
LTB
MAD-CAMI1
MALT
MAMPs
MAPK
MEK
MHC
MLN
MPL
MyD88
NALT
NF-xB
NK cells
NLR
NOD
OIT
OVA
PP
PRR
p38
RCTs
RIG-I
RLR
RNA
SCIT
SIgA
SigM

Isolated lymphoid follicles

One of the mitogen-activated protein kinases
Kilo Dalton

Lactic acid bacteria

Larynx-associated lymphoid tissue

Bronchial immunotherapy

Nasal immunotherapy

Heat-labile enterotoxin

Mucosal vascular addressin cell adhesion molecule 1
Mucosa-associated lymphoid tissue
Microbe-associated molecular patterns
Mitogen-activated protein kinase

One of the mitogen-activated protein kinases
Major histocompatibility complex

Mesenteric lymph nodes

Monophosphoryl lipid A

Myeloid differentiation primary response gene 88
Nasopharynx (nose)-associated lymphoid tissue
Transcription factor Nuclear factor kappa B
Natural-killer cells

Nucleotide oligomerization domain-like receptor
Nucleotide oligomerization domain

Oral immunotherapy

Ovalbumin

Peyer's patch

Pattern recognition receptor

One of the mitogen-activated protein kinases
Randomized controlled trials

Retinoic acid inducible gene |

Retinoic acid inducible gene I-like receptor
Ribonucleic acid

Subcutaneous immunotherapy

Secretory IgA

Secretory IgM
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SLIT
TCR
TGF
Th
TLR
TNF
Treg
TSLP
VSL#3
Z0

Sublingual therapy

T cell receptor

Transforming growth factor

T helper

Toll-like receptor

Tumor necrosis factor

T regulatory lymphocytes
Thymic stromal lymphopoietin
Probiotic mixture

Zonula occludens
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1. INTRODUCTION
1.1 Allergy

Originally, the term ‘allergy’ was first introduced in 1906 by von Pirquet as ‘a
specifically changed reactivity of the host to an agent on the second or subsequent occasion’
(1). This covers a wide spectrum of immune responses, both protective and harmful.
However, in the course of time, the definition of allergy has become restricted to those

reactions that are harmful to the host.

1.1.2 Hypersensitivity reactions

The word ‘hypersensitivity’ was first used to describe the status of a mammalian
organism after exposure to an infectious agent. The mammal is then ‘hypersensitive’ to this
agent and therefore able to deal with it effectively on second exposure. In the last century,
also the word hypersensitivity acquired the connotation of the reactions harmful to the host. In
this context, hypersensitivity reactions are an exaggerated or misdirected immune response
that results in local tissue injury or in systemic manifestations, including shock or death. They
are initialized after the first contact with an antigen (e.g. inherently harmless antigens such as
pollen, food or drugs). Upon subsequent encounter, the ‘sensitized” immune system reacts by
overwhelming, uncontrolled and pathophysiological reaction (2). According to the type of
immune response and effector mechanisms, Gell and Coombes originally classified
hypersensitivity diseases into four types (2-4). Although this classification doesn’t cover all
recently known immunopathological mechanisms, it is satisfactory for the purpose of this

work:

(A) Type I (immediate/ IgE-mediated hypersensitivity, type I allergy) reactions are mediated
by interaction of IgE antibody and antigen. Allergen specific IgE binds to high affinity IgE-
receptors on the surface of basophils and mast cells. Cross-linking of bound IgE antibodies
after re-exposure to allergens leads to immediate release of inflammatory mediators (histamin,
heparin, prostaglandin etc.), which leads to early-phase reactions such as hives, redness,
angioedema (local level) or even an anaphylactic shock (systemic level). The late phase
occurs 4-6 hours later due to the reaction mediated by recruited inflammatory cells

(eosinophils, basophils) and Th2 lymphocytes (4).
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(B) Type II (antibody-mediated/ cytotoxic hypersensitivity) reactions are due to antibody-
antigen interactions on cell surfaces. IgG or IgM bind to host cells or tissues, activating either
the classical pathway of complement system (resulting in cell lysis) or recruiting the
inflammatory cells (phagocytes, natural-killer (NK) cells), that bind through their Fc receptor
with Fc parts of antibodies resulting in elimination of these cells. Type II hypersensitivity
reactions develop within several hours and can be involved in autoimmune diseases,
transplantations or drug reactions (4).

(C) Type II (immune complex mediated) hypersensitivity reactions are local or general
inflammatory responses due to formation of circulating immune complexes consisting of
antigen and usually IgG or IgM antibodies and their deposition in tissues. Similar to the Type
II hypersensitivity, induction of inflammatory response is mediated by reaction with Fc
receptors on effector cells (macrophages, neutrophils) or complement activation (5).
Systemic diseases such as serum sickness, systemic lupus erythematosus or farmers’ lung
belong to so called immune complex-mediated diseases. Type III reactions can take hours,
days, or even weeks to develop (4, 5).

(D) Type IV (T-cell-mediated hypersensitivity, delayed type hypersensitivity - DTH)
reactions are mediated by activated CD4" T lymphocytes or by CD8" T-cell mediated
cytotoxicity. Delayed type reactions take 24 to 48 hours to develop, typical diseases are type |

diabetes mellitus, rheumatoid arthritis and contact dermatitis (4).

1.1.3 Type I Allergy

Allergy, the commonest type of hypersensitivity, is often equated with type I
hypersensitivity reactions mediated by IgE antibodies as described previously (4). They
affect more than 25% of the population in the industrialized countries, thus becoming a
substantial public health burden. Their prevalence has steadily increased over the last 50 years
(6). The reason for the constant increase of type I allergies is still unclear. Although genetic
factors contribute to the risk for developing allergy (7), environmental factors such as
pollution, allergen levels, dietary changes, antibiotic overuse and changes in exposure to
infectious diseases in early childhood seems to play a fundamental role (4). In almost all
epidemiological studies comparing urban and rural areas, it was found that allergies are more
prevalent in the city. Children who were raised in a farmhouse with heavy exposure to farm

animals and endotoxin had less allergies than children living in the same area but not in a
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farmhouse (8). This finding led to the identification of several rural bacterial strains, which
were shown to prevent the onset of allergies and also to formulation of so called ‘hygiene

hypothesis’ (9).

| Tvpem Type IV
Immune
Ehartast IgE lgG | IgG | | Tu1 cells Th2 cells CTL
Antitiah Soluble Cell- or matrix- Cell-surface Solubl Solubl Soluble Cell-associated
ige antigen associated receptor antigen antigen antigen antigen
antigen
Complement, Antibod IgE production,
Eﬁector. Mast-cell FeR* cells nl' oy Complement, Macrophag inophil Cytotoxicit
mechanism activation (phagocytes, ia tell:s phagocytes activation activation, Y Y
NK cells) g mastocytosis
o immune
platelets 5, complex
[ I ' blood(y” | 3
* T vessel LAw"
complement 3
=
(LY
S
=t
chemokines, cytotoxins,
cytokines, inflammatory
cytotoxins mediators
Example of Allergic rhinitis, Some drug Chronic urticaria Serum:sickmesy d::r:;:?ttis aCsP::‘c::;c Graft
hypersensitivity |asthma, systemic allergies (antibody against iy g x M g )
reaction anaphylaxis (e.g. penicillin) FCeRla) Anthus reaction “:::::;;un chro:::icniiatlilserglc rejection

Figure 13-1 Immunobiclogy, 7ed. (0 Garland Science 2008)

Fig.1: Four types of hypersensitivity reactions (4).

1.1.4 Gene environment

The increased risk of developing allergic diseases is connected with different genetic
factors. Genetic linkage to bronchial responsiveness has been reported in humans (10) as well
as in mice (11). Interestingly, a different impact of maternally and paternally inherited genetic
polymorphisms on IgE production and asthma development has been suggested (12).
Maternal atopy affects both pre- and postnatal IgE production, whereas paternal atopy affects
mainly the latter. Maternally transmitted genes for antioxidant GSTP1 and high affinity IgE
receptor B chain (FceRI-B) are associated with lung function and allergic sensitization,
respectively, whereas paternally transmitted allele at chromosome 7p is linked to airway

hyperresponsivnes (13).
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1.1.5 Hygiene hypothesis

Originally described by Strachan, the ‘hygiene hypothesis’ (14) implies that less
hygienic environments, especially environments that predispose to infections in early
childhood, help to protect against atopy and asthma later in life. The underlying mechanistic
hypothesis suggested, that infection induced Thl stimuli balanced the Th2 predominant
immune responses in childhood (15). Subsequently, ‘hygiene hypothesis’ was expanded to
changes in the commensal intestinal flora in early childhood (16), which led to its
modification to a ‘counter-regulation hypothesis’ (4). Altered intestinal microbial
communities during early childhood may lead to lack of induction of both Thl and Treg
responses, leading to persistence of aberrant Th2 responses (17, 18). Recent studies showed
that prenatal and early postnatal exposure to certain microbes or their components, helminth

infections or contact with pets can have a protective effect in allergic diseases (19-23).

1.1.6 ‘Window of opportunity’

The first onset of allergy frequently occurs within the first months of life (24). This
time seems to be crucial for proper activation of cells of the innate immune system via their
so-called pattern recognition receptors and these cells have been shown to play a crucial role
in early shaping of the immune system and suppression of the development of Th2-driven
allergic immune responses (25). Although the exact ‘window of opportunity’ is not known, it
appears to be located peri- and postnataly, closing at the end of the first year of life (26). In
support of this hypothesis, several studies showed differences in gut microbiota in infants in
whom atopy was and was not developing (27, 28). This led to the performance of
interventional studies based on application of specific non-pathogenic bacterial strains

(probiotics) to inhibit allergic immune responses (29, 30).

1.1.7 Epigenetics

We mentioned that genomic approaches have failed to explain the pathogenesis or the
rise in allergic disease. Together with recent studies suggesting that programming of the fetal
immune system occurs even before birth (prenatally) with mother playing an important role in

this process (20, 31), the question arises: Is there a way to inheritably alter gene function

16



without altering the genetic code? The answer is yes and epigenetics represents a new field
that explains the cross-talk between the environment and the genes (32). Indeed, it has been
shown that the T cell differentiation is controlled by epigenetic mechanisms, e.g. methylation
of INF-y gene promoter as the main control of Thl expression (33), or chromatin remodeling
by transcription factor GATA3 for Th2 lineage commitment (34), and that maternal or
perinatal exposure to bacterial antigens led to epigenetic changes connected with the allergy

development (19, 35).

1.1.8 Mechanism of type I allergy

The initial phase in the development of IgE-mediated allergy is termed sensitization.
During this reaction, an allergen enters the body through the epithelial barrier of the skin,
airway or gut and is taken up by antigen-presenting cells (APC), mainly immature dendritic
cells (DC). Subsequently, allergens are processed to peptides and presented via MHC II
molecules to naive CD4" T lymphocytes. It is still not clear how the Th2 immune responses
are initiated. Recently an intimate association between innate and adaptive immunity has been
suggested. Upon allergen exposure in a suitable environmental milieu, IL-25, IL-33 and TSLP
are produced by epithelial cells. These cytokines act on innate lymphoid/myeloid type 2 cells
that are capable of producing large amounts of Th2 cytokines, such as IL-4, IL-5, IL-9 and IL-
13. Allergens are taken up and processed by TSLP and IL-33 primed DC and presented to
naive allergen-specific T cells in a Th2 milieu that drives their differentiation into Th2 cells
that start to proliferate and further produce Th2 cytokines (36). These cytokines play a role in
the production of allergen-specific IgE, eosinophilia, permissiveness of endothelium for the
recruitment of inflammatory cells to inflamed tissues, production of mucus, and decreased
threshold of contraction of smooth muscles (4). Allergen specific Th2 cells drive allergen
specific B cells to produce allergen specific IgE, which circulates in plasma and binds to high
affinity receptor (FceRI) on effector cells such as mast cells, basophils and activated
eosinophils (4). Re-exposure to the allergen induces activation of these cells by cross-linking
of the allergen specific IgE antibodies and leads to secretion of proinflammatory mediators
(biogenic amines including histamine and heparin; lipid mediators prostaglandins,
leukotrienes and platelet-activating factor; enzymes such as tryptase and mast cells protease-
1; and cytokines TNF-a, IL-4, IL-5 and IL-13). This immediate allergic reaction caused by

mast cells degranulation is followed by a more sustained inflammation, known as the late-
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phase responses. They are distinguished by recruitment of other effector cells, notably
neutrophils, eosinophils, basophils and Th2 cells to the site of inflammation, which leads to

prolonged inflammatory reactions (4).
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Fig 2: Schematic representation of pathogenic processes in allergic disease (modified from

(37).

1.1.9 Pathophysiology of type I allergy

The manifestation of type I allergy depends on the type of allergen (e.g. inhaled pollen
allergen, food allergen) and the localization of the allergic reaction (e.g. lung, skin, gut).
Atopic dermatitis (AD) is a common chronically relapsing inflammatory skin disease, which
occurs as a skin reaction to foods and environmental allergens. The prevalence of AD has
increased exponentially over the years, with prevalence reaching up to 15% in children and

5% in adults. AD has its onset during the first 8 years of life in 85% affected individuals and
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is regarded as the first atopic disease in so called ‘atopic (allergic) march’ with 30% of AD
diagnosed children developing allergic rhinitis and/ or allergic asthma later in life (38).
However, up to 50% of children outgrow this chronic disorder during adolescence (39).
Allergic rhinitis and conjunctivitis are commonly known as hay fever. The most prevalent
type I allergy results from the reaction of airborne (e.g. birch or grass pollen, house dust mite,
animal dander) allergens with sensitized mast cells in the conjunctivae and nasal mucosa to
induce the release of pharmacologically active mediators from mast cells; these mediators
then cause localized vasodilatation and increased capillary permeability. The symptoms
include watery exudation of the conjunctivae, nasal mucosa, and upper respiratory tract, as
well as sneezing and coughing (4). Allergic asthma is a chronic inflammatory airway disease
triggered by allergen induced activation of submucosal mast cells in the lower airways,
leading to bronchial constriction and increased secretion of fluid and mucus. The prevalence
in the United States of America reaches currently 8% for adults and up to 10% for children
(40). Initially reversible airway obstruction changes after repeated allergen exposure to
nonspecific airway hyper-responsiveness due to the continued presence of increased numbers
of Th2 lymphocytes, eosinophils and neutrophils resulting in chronic inflammation, smooth
muscle hyperplasia and airway remodeling (4, 41). Systemic anaphylaxis is an immediate
systemic reaction caused by rapid, IgE-mediated release of potent immune mediators from
tissue mast cells and peripheral basophils which is triggered by allergen introduced directly
into the bloodstream (e.g. venom, penicillin) or rapidly absorbed from the gut (food allergy)
(42). It is the most severe manifestation of type I allergy. The massive release of mediators
leads to loss of blood pressure and airway constriction and may potentially lead to fatal
syndrome called anaphylactic shock (4). Food allergy is induced by ingestion of allergens
from common foods (e.g. peanuts, eggs, milk, shellfish etc.). They are highly digestion-
resistant and activate the gastrointestinal mucosa associated mast cells to release mediators,
which leads to manifestation of clinical symptoms such as vomiting and diarrhea (4). If the
allergen is absorbed into the blood stream, activation of mast cells in dermis and subcutaneous
tissue may occur resulting in urticaria (milk, penicillin) or systemic anaphylaxis (peanuts,
shellfish) (43). It is estimated that food allergy currently affects up to 5% of the population of
the westernized countries and 6-8% of young children (44). Interestingly, in some cases,

children can outgrow the sensitivities to milk and eggs by adolescence (45).
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1.1.10 Allergens

We are constantly exposed to different food or airborne antigens that do not induce the
IgE production. This raises the crucial question: What is so unusual about those antigens that
are allergens? Although we don’t have a complete answer yet, there are some general
properties common to many allergens: they are small proteins (mostly 10-50 kDa) often with
side carbohydrate chain, highly stable with intrinsic enzymatic activity, highly soluble in body
fluids and they are usually presented to the immune system in very low doses (4, 46). Besides
these general properties environmental cofactors (e.g. tobacco smoke, diesel exhausts etc.)
acting at the time of allergen exposure might be equally important as contributors to allergic
sensitization and disease manifestation (47). Detailed characterization of biological functions
and structure is important for predicting cross-reactivity, designing comprehensive diagnostic
devices, and assessing the allergenic potential of novel proteins. Many allergens share similar
biochemical and structural properties (48). They are distributed into a few protein families
such as proteases, ligand-binding proteins, tropomyosins, albumins or Bet v 1 related proteins.
Many pollen allergens belong to calcium-binding proteins and profilins whereas plant and
animal food allergens are often lipid transfer proteins, profilins and tropomyosins (49).

As a consequence of structural and amino acid sequence similarity, allergen specific IgE
recognizes structurally similar epitopes of allergens from close-related and unrelated species.
This leads to so called cross-reactivity (50), with birch-food syndrome as an example (51, 52).
Moreover, there are many proteins (presumably performing vital functions) that are tightly
preserved throughout the evolutionary tree from plants to animals. These might function as so
called pan-allergens. One of the first protein families described as pan-allergens were

profilins, with homologous allergens in many different heterogeneous allergen sources (53).

1.1.11 Examples of clinically relevant allergens

In industrialized countries the major indoor airborne allergens are house dust mites
(Dermatophagoides pteronyssinus) derived Der p 1 and Der p 2 and cats (Felis domesticus)
derived Fel d 1. Outdoor airborne allergens include several trees allergens such as Bet v 1
from birch tree (Betula verrucosa) and grasses, e.g. Phl p 1 and Phl p 5 from timothy grass
(Phleum pratense). Food related allergens are for example Ara h 1, 2, 3 and 6 from peanut
(Arachis hypogaea), Gal d 1 (ovomucoid) and Gal d 2 (ovalbumin) from chicken eggs (Gallus
domesticus) and pan-allergen Pen a 1 (tropomyosin) from shrimps (54).
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1.1.12 Allergen-specific immunotherapy (ASIT)

In 1911, Noon and Freeman published their pioneering work on the treatment against
allergic disease. They aimed at inducing tolerance by subcutaneous administration of
increasing amounts of relevant allergen extracts (52). Nowadays, this treatment is known as
allergen-specific immunotherapy (or desensitization, or hyposensitization) (52) and is defined
as the administration of slowly increasing doses of specifically relevant allergen in the
treatment of IgE-mediated allergic diseases, until a maintenance dosage is achieved or the

patient is free of symptoms (55).

Currently, there are three common therapeutic approaches for allergic diseases:

(A) Avoidance of the allergen — not always possible, dependent on the type of allergy and
allergen (e.g. house dust mite allergens vs. food allergens)

(B) Symptomatic treatment — pharmacological control of symptoms and prevention of
exacerbations with a minimum of drug related side-effects (e.g. antihistamines,
corticosteroids, anti-IgE antibodies (56).

(C) Causative treatment — allergen specific immunotherapy. Conventional subcutaneous
immunotherapy (SCIT) has become the gold standard for the causative treatment for IgE-
mediated allergic diseases for a large variety of allergens (52). In order to improve
compliance to immunotherapy the change to a less invasive route of application via the
mucosal surfaces (e.g. oral, nasal, sublingual) has been investigated in several studies (57-59).
Of these the sublingual therapy (SLIT) seems to be the most promising alternative strategy
(58).
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Fig. 3: The chronology of the different modalities of immunotherapy. RCTs - Randomized
controlled trials, SCIT - Subcutaneous, SLIT - Sublingual, LNIT — Nasal, OIT — Oral, LBIT —

Bronchial immunotherapy (58).

1.1.13 Subcutaneous immunotherapy (SCIT)

Subcutaneous immunotherapy (SCIT) is a well-established form of immunotherapy
with proven efficacy under a variety of conditions. Immunotherapy is effective for the
treatment of allergic rhinitis (including ocular symptoms), allergic asthma and stinging insect
hypersensitivity and is effective in both adults and children (60). Typically, SCIT starts with
weekly injections (12 — 16 weeks) of gradually increasing doses of standardized allergen
extract up to a maintenance dose (Spug — 20ug of the major allergen), and then continuation of
treatment at this dose (injection every 4 — 6 weeks) for a period of time (usually 3 — 5 years)
(61). It has been shown that after completed SCIT treatment the protection can last up to 7
years (62).

Although SCIT is a well-established and highly effective therapy, it has several drawbacks.
Severe side-effects can occur with the risk of developing anaphylactic shock (63), and during
the long-lasting treatment many injections need to be applied by a skilled medical practitioner
at specialized centers, which diminishes the compliance of the patients, particularly of

children.
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1.1.14 Sublingual immunotherapy (SLIT)

SLIT is a less invasive form of immunotherapy, which involves placing the vaccine in
solution (drop preparation) or tablet form under the tongue for 1-2 min followed by
swallowing (61). The optimum dosage, duration and frequency of administration have not yet
been established. However, the commonly used protocol for aeroallergens involves daily
treatment starting pre-seasonally and continuing perennially for 3 years (64). So far it has
been successfully used against grass and tree pollen, house dust mite and cat allergy.
Compared to SCIT the cumulative monthly dosage of SLIT has been 0.6 — 500 times greater
(61). Described adverse reactions are rare, consisting mainly in local reactions in oral cavity

(59).

1.1.15 Mechanism of allergen specific immunotherapy

Although exact mechanisms of ASIT are still not clearly known, in the last two
decades major advances have been made in clarifying the underlying cellular and molecular
events. In the recent review on understanding of the mechanisms of allergen-specific
immunotherapy Akdis (65) suggests that regulatory T-lymphocytes (Treg) are the key
regulator of allergen tolerance due to immunotherapy. Regional antigen-presenting cells
(mainly dendritic cells), targeted by ASIT, induce Treg (CD4 CD25 FoxP3") cells and Trl
cells (IL-10"). These Treg cells and accompanying production of regulatory cytokines (such
as IL-10 and TGF-PB) contribute to the control of allergen-induced immune responses in
several different ways: (1) suppression of antigen presenting cells that support the generation
of effector T cells; (2) suppression of Th2 and Thl cells; (3) suppression of allergen-specific
IgE and induction of IgG4; (4) suppression of mast cells, basophils and eosinophils; and (5)
interaction with resident tissue cells and remodeling (66).

One important aspect in tolerance induction via ASIT is an early and rapid increase in
production of IgG4 and IgA antibodies, which is in line with the observation that IL-10 is a
potential IgE suppressor and TGF-B is an IgA switching factor (65). IgG4 is thought to
capture the allergen, acting as so called ‘blocking’ antibody and preventing the cross-linking
of cell-bound allergen specific IgE and activation of mast cells and basophils (65).

The mechanisms of action in SLIT have been found to be similar as in injection
immunotherapy, with focus on IL-10 induced Treg cells and IgG4 blocking antibodies. The
initial step is represented by an allergen uptake by Langerhans cells within the mucosa via the
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high affinity surface IgE receptors (67). In this respect, Bohle et al. (68) showed an initial
Treg dominance and later on an upregulation of the expression of the Thl cytokine INF-y in
birch pollen allergic individuals during the SLIT. Similar results have been reported in grass
pollen SLIT: time dependent promotion of sublingual FoxP3-expressing cells, increase of

allergen specific IgG4 and IgA and the inhibitory activity on IgE (69).
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Fig. 4: Mechanisms of allergen-specific immunotherapy (66).
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1.1.16 New treatment strategies of allergic diseases

Crude allergen extracts are common preparations used for ASIT. Although they
show high efficacy with long lasting clinical effects (60), they have several drawbacks,
including inconsistent composition or the presence of other antigens that can induce neo-
sensitization during the course of treatment. Moreover, allergen extracts can also contain
bioactive substances that could be potentially proinflammatory or possess Th2- promoting
capacities (52, 70). Therefore, there is a need for new therapeutical agents and treatment

strategies (52, 71):

Alergoids are allergens modified with glutaraldehyde or formaldehyde, which reduces IgE
epitopes while preserving T-cell epitopes (72). In this respect, it has been shown that
extensive heating destroys conformational IgE-binding epitopes in ovalbumin (73) and we
have shown that even minor irreversible changes in OVA structure reduce its allergenicity
(74). Another possibility is the use of recombinant allergens. These are purified proteins,
produced by using the allergen’s known molecular, immunological, and biological
characteristics. They can be produced as a recombinant wild-type allergen (allergen is
produced to mimic the properties of the natural allergen) or recombinant hypoallergens.
Recombinant hypoallergens are characterized by a strong reduction or suppression of IgE
reactivity and maintenance of T cell epitopes by site-directed or random mutagenesis,
recombinant fragments, or deletion variants lacking conformational IgE epitopes (75).
Recombinant proteins or mixtures of allergens have been studied in many clinical trials and
animal studies (52). For example, studies with recombinant Bet v 1 and Bet v 1 fragments
showed the immunogenic potential of these constructs (76, 77). Interesting option is the use of
peptide fragments of corresponding T-cell epitopes of the specific allergens to induce
immunological tolerance and decrease allergenicity. The advantage is the small size of the
peptides, which reduces their ability to cross-link allergen-specific IgE on mast cells and thus
prevent the IgE mediated side-effects. This approach shows promising results for animal,
venom and grass allergy (71). Other promising approaches consist in creating hybrid
molecules, where multiple allergens are produced as a fusion molecule and used in treatment

of poly-sensitized individuals (75).

Genetic vaccination and gene therapy are as yet purely experimental treatment options. The

first takes advantage of administration of allergen encoding nucleic acids, thus overcoming
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the need to produce and purify corresponding antigen/antigens; the latter aims at

administration of hematopoietic stem cells transduced to express the allergen (75).

In order to improve the efficacy of immunotherapy, adjuvants are used in most allergen
preparations. After the World War II, aluminium hydroxide (Alum) was broadly introduced.
However, it has been shown to induce Th2 responses and therefore other adjuvants with
promising immunogenic properties are being tested (6): TLR4 ligand monophosphoryl lipid A
(MPL) (78), virus like-particles (79), TLRY ligand CpG oligonucleotides with strong Thl
inducing properties (80) or the cholera toxin B subunit (CTB) (81). Due to their intrinsic
immunomodulatory properties several probiotics, mainly lactic acid bacteria (LAB) strains
and mixtures have been co-administrated with allergens in mouse models (82, 83) and the use
of LAB as vehicles for mucosal delivery of recombinant allergen is an attractive concept for

development of well-tolerated and effective allergy vaccines (84).

1.1.17 Prophylactic vaccination against allergies

The conventional immunotherapy of allergic patients faces the inherent difficulty of
attempting to counteract an already established pathological immune response (85). Therefore
prophylactic treatment for prevention of allergic sensitization represents an attractive
approach to stop the allergic pandemics (86). Two strategies seem to be feasible: 1) induction
of high levels of allergen specific IgG, which then serves as an allergen blocking antibody or
2) induction of Treg cell and tolerance. Indeed, IgG antibody induction with hypoallergens or
early tolerance induction via mucosal routes (e.g. oral, nasal) with T-cell epitope-containing
peptides or recombinant hypoallergens has already been successfully tested in animal models
(86). These proposed strategies would not be possible without determination of the time of
allergic sensitization, which has been localized shortly after birth (24), thus directing the

prophylactic interventions into the perinatal period (86).
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Fig. 5: Proposed action of prophylactic treatment for prevention of allergic sensitization (85).
a) In allergic individuals, sensitization occurs shortly after birth due to allergen contact.
Immunotherapy that counteracts established allergy is mostly associated with the strong
induction of allergen-specific IgG antibodies and T-cell modulation. b) Prophylactic
vaccination shortly after birth might induce high levels of allergen-specific IgG antibodies
and prevent sensitization. ¢) Tolerance induction early in life might prevent the development

of IgE responses after allergen contact.

1.2 Probiotics

The concept of using live bacteria to improve health was first conceived at the beginning of
the 20th century by Elie Metchnikoff. Based on his study on health and longevity of
Bulgarian peasant population he hypothesized that the regular consumption of lactic acid

bacteria (useful microbes) in fermented dairy products such as yogurt can modify the flora in

27



our bodies and replace harmful microbes, thus improving health and promoting longevity (87,
88). The term ‘probiotics’ was first used in 1965 (89), albeit in a different context
(‘substances secreted by one organism which stimulate the growth of another’). Fifteen years
later, Fuller (90) proposed that probiotics were ‘live microbial supplements which beneficially
affect the host animal by improving its microbial balance’. According to the FAO/WHO
probiotics are currently defined as ‘live microorganisms which when administered in adequate
amounts confer a health benefit on the host” (91). Over the last two decades the fundamental
role of the commensal bacteria in modulating mucosal immune responses has been widely
acknowledged and there is a great interest in the therapeutical potential of probiotics for many

immune disorders, including allergies (92).

Characteristic Functional advantage

Local GIT environment Resistance to pH, bile, and digestive enzymes

Epithelial cell adherence Prevent binding of pathogens or food antigens

Human origin Increased likelihood of biological effectiveness

Anti-microbial activity Direct toxicity to harmful bacteria, viruses, fungi, and
parasites

Safety Well-tolerated, important for clinical use

Table 1: Characteristics of an ideal probiotic strain (93).

1.2.1 Commonly used probiotic species

Many probiotics are lactic acid bacteria (LAB) including species of Lactobacillus,
Streptococcus, Enterococcus, Lactococcus, Bifidobacterium and Leuconostoc. They are
widely distributed in the gastrointestinal tract; many species have been used in food
processing and are generally regarded as safe (GRAS status). Besides these some
nonpathogenic strains of Escherichia coli (e.g. E. coli Nissle, E. coli O83) and certain yeast
strains (e.g. Saccharomyces boulardii) are used (26, 87). According to the definition,
probiotics have to be alive and safe; therefore rigorous testing (e.g. pH tolerance, bile acid

survival, pathogen-inhibiting properties) should be applied when selecting new strains (91). In
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this respect we have selected three new probiotic strains and showed their safety and

immunomodulatory properties upon administration to mice (94).
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Fig. 6: Schematic representation of the multiple consequences of the cross-talk between the

probiotic bacteria and the intestinal mucosa (95).

1.2.2 Probiotic mode of action

The effects of probiotics can in general be classified into two categories: 1) interaction
of probiotics with other intestinal organisms (commensal and/ or pathogenic) and 2)
interaction with the host by modulating epithelial barrier function and innate as well as
acquired immune system (92). It has to be stressed that the probiotic effects vary between

species and even strains; they depend on the metabolic properties, expression of surface

molecules and secreted components (96).
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Probiotics can directly affect other microorganisms in various ways (92). Production of
bacteriocins with an antimicrobial effect towards Gram-positive as well as Gram-negative
bacteria has been shown for bifidobacteria strains (97) as well as lactobacilli (98). To compete
for the limiting iron availability in the gut, probiotic strain E. coli Nissle 1917 has been shown
to utilize at least seven different iron uptake systems (99). The reported adherence blocking of
pathogens is a result of competition between probiotic and pathogen for the same receptor, the
induction of increased mucin production or formation of biofilm by probiotics (92). Moreover
several strains including E. coli Nissle 1917 and L. casei DN114001, are able to prevent the
invasion of epithelial cells by pathogens such as S. typhymurium (100).

Concerning the host the main targets of probiotic action are gut epithelial and gut-associated
immune cells. Probiotics are able to reinforce the intestinal barrier as well as directly
modulate epithelial cell functions including cytokine and chemokine release. E. coli Nissle
1917 and probiotic mixture VSL#3 have been shown to increase the expression and prevent
the redistribution of ZO-1 and ZO-2, which are an important factor for preservation of tight-
junction function in gut epithelium (101). Although it is a limited event, probiotics translocate
to the lamina propria and affect innate and adaptive immunity (94). This translocation is
supposed to happen in two ways: Sampling by M cells in Peyer's patches (PP) or by extending
protrusions by DC present in lamina propria (102) (see the chapter Mucosal immune
responses in the gut). DC as the main antigen presenting cells are the bridge between the
innate and adaptive immune system, and present microbial antigens to naive T cells in the PP
and mesenteric lymph nodes (MLN). The IgA antibody-mediated mucosal response takes
place and different T cell subsets are induced in a probiotic-strain dependent manner (95,

102).

1.2.3 Interaction of probiotics with immunocompetent cells

Probiotics can directly interact with monocytes, macrophages, lymphocytes and DC
(103). Among these DC have the pivotal position at the intersection of innate and adaptive
immunity with their ability to recognize and respond to bacterial components and to initiate
primary immune responses (104). Probiotics are recognized by pattern recognition receptors
(PRRs), which recognize conserved molecular structures known as microbe associated

molecular patterns (MAMPs), and signal to induce the production of cytokines, chemokines
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and maturation of antigen presenting cells. These receptors can be divided into three main
groups: Toll-like receptors (TLRs), retinoic acid inducible gene I (RIG-I)-like receptors that
recognize viral RNAs (RLRs) and nucleotide oligomerization domain-like (NOD) receptors
(NLRs)(96). Selected ligands and sub-cellular localization are depicted in Table 2. Ligand
binding to PPRs initiates a signaling cascade consisting of adaptor protein and cellular kinases
which leads to initiation of downstream signaling cascades, i.e. mitogen-activated protein
kinase (MAPK) and NF-«kB pathway and other signaling pathways (104) with already
mentioned consequences.

Recent reports show that certain probiotic strains of Lactobacillus and Bifidobacterium induce
low maturation of DC accompanied by IL-10 and/ or TGF-B production. As a consequence,
these DC promote the generation T regulatory cells (11, 105-107). On the other hand certain
probiotic bacteria induce strong maturation of DC and production of high amounts of IL-12.
These dendritic cells induce the polarization of naive Th cells into pro-inflammatory Thl
lineage (96, 108). Based on these reports, it has been recently suggested that according to
their immunomodulatory properties probiotics can be divided into two groups: regulatory
immune response inducers and pro-inflammatory immune response inducers (96, 109). In this
respect we have shown striking differences between the effects of two bacteria (B. longum
and L. plantarum) with different immunomodulatory properties on allergic sensitization in

gnotobiotic model of allergic sensitization (83) (Schwarzer, unpublished results).

Receptor Localization Ligand Origin of the ligand
TLR2 Cell surface Lipopeptides Bacteria
Lipoproteins G+ bacteria
LTA G+ bacteria
TLR2/1 Cell surface Triacylated lipopeptide G-bacteria, mycoplasma
TLR2/6 Cell surface Diacylated lipopeptides G+ bacteria, mycoplasma
TLR3 Intracellular compartment dsRNA Viruses, virus infected cells
TLR4/MD2 Cell surface, intracellular compartment LPS G- bacteria
TLRS Cell surface Flagellin protein Bacteria
TLR7 Intracellular compartment sSRNA Viruses
TLR8 Intracellular compartment sSRNA Viruses
TLR9 Intracellular compartment, cell surface DNA DNA viruses, bacteria
TLR11 Cell surface Uropathogenic bacterial components Uropathogenic bacteria
NOD!1 Cell cytoplasm Meso-DAP PG from G-, some G+, mycobacterium
NOD2 Cell cytoplasm MDP PG from G-, G+ bacteria, mycobacterium

PG, peptidoglycan; LTA, lipoteichoic acid; LPS, lipopolysaccharide; DAP, diaminopimelic acid; MDP, muramyl dipeptide; G+, Gram positive; G-, Gram negative;
ssRNA, single-stranded RNA; dsRNA, double-stranded RNA.

Table 2: Pattern recognition receptors, sub-cellular localization and respective ligands (96).
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1.3 Mucosal immune system

The mucosal surface comprises the gastrointestinal tract, upper and lower respiratory
tracts and the urogenital tract, extending to an area of more than 400 m?, which is 200 times
the area of skin (4) and the mucosal-associated immune system, the largest and most complex
part of the immune system, harbors almost 80% of the immunologically active cells of the
body (110).

To fulfill its function the mucosal immune system has to discriminate between harmful and
beneficial antigens (111), which means it has to mount strong protective immunity against
invasion and colonization by pathogens and at the same time prevent the development of
potentially harmful immune responses to antigens derived from food, airborne material and

commensal microorganisms.

The mucosal immune system can be principally divided into inductive sites, where antigens
sampled from mucosal surfaces stimulate cognate naive T and B lymphocytes, and effector
sites, where the effector cells after extravasation, retention, and differentiation perform their
action. The mucosal immune responses are based on the recirculation of immunocytes
between these two sites (112).

The inductive sites for mucosal immunity consist of mucosa-associated lymphoid tissue
(MALT) as well as local and regional mucosa-draining lymph nodes (LNs) (112). Subdivided
according to anatomical location, they include gut-associated lymphoid tissue (GALT) with
the Peyer’s patches (PP), isolated lymphoid follicles (ILF), mesenteric LNs and the appendix;
the Bronchus-associated lymphoid tissue (BALT, not generally present in healthy individuals)
and nasopharynx (nose)-associated lymphoid tissue (NALT). Other not yet well characterized
potential MALT structures have been described (e.g. CALT — conjunctiva-associated, LALT
— larynx-associated) (112).

On the other hand, the effector sites consist of distinctly different compartments including the

lamina propria of various mucosae and surface epithelia (113).
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Fig. 7: Human mucosal immune system. APCs, antigen-presenting cells; DC, dendritic cells;
FDCSs, follicular dendritic cells; HEVs, high endothelial venules; MALT, mucosa-associated
lymphoid tissue; pIgR, polymeric Ig receptor; SIgA, secretory IgA; SIgM, secretory IgM
(112).

1.3.1 Mucosal immune responses in the gut

Main goal of mucosal immunity is to reduce the need for elimination of penetrating
exogenous antigens by proinflammatory systemic immunity. The first line of defense is
provided by the microbiota itself, consisting in exclusion of pathogenic bacteria due to the
limited resources and receptors (110). The primary function of the epithelial cells is to create
a physical barrier (‘castle wall’) and several epithelial cell types with distinct function such as
goblet cells (secretion of the protective mucus layer) or Paneth cells (secretion of anti-
microbial peptides, such as defensins, cathelicidins, and calprotectins) contribute to host
protection (114). In recent years there has been a shift in the perception of epithelial cells as
‘passive barrier’ (111): they are MHC II positive but lack the expression of co-stimulatory
molecules which makes them good candidates for tolerogenic APCs. Moreover, they have
been shown to produce TSLP and IL-25, thus contributing to immunotolerant milieu of the

mucosa (115).
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Antigens and microorganisms that cross this barrier are caught by APCs, mainly DC. This
translocation is assumed to happen in two main ways:

(A) In the specialized lymphoid aggregates called Peyer’s patches. They consist of large B-
cell follicles and intervening T-cell areas. These are separated from intestinal lumen by
specialized epithelial cells — microfold (M) cells, which lack microvilli on the luminal surface
and normal thick layer of mucus. M-cells are cells specialized cells for endocytosis and
transepithelial transport and they closely collaborate with APCs, mainly DC, macrophages
and B-cells which are located in their basolateral pockets (116, 117).

(B) Intra- or sub-epithelial DC can directly sample the lumen content across the intestinal
epithelium by migrating into the narrow spaces between epithelial cells and extending

protrusions (102).

Antigen loaded DC might directly present the antigen to the T cells in PP or alternatively,
they might migrate to the MLN and present the antigen to the naive T cells. Activated T cells
differentiate into helper T cells or Treg cells and migrate to the mucosa to induce local
immune responses. MLNs are now viewed as a crossroad between the peripheral and mucosal
circulation pathways and thus T cell activation in MLNs might explain the induction of
systemic immunity or tolerance in response to intestinal antigens (111). Activated T cells also
interact with antigen primed B cells and secrete TGF-f3 to induce B cell class switching to IgA
(4). Lymphocytes primed in the GALT up-regulate the expression of ‘homing receptors’,
which are tissue specific adhesion molecules (e.g. a4p2 integrin) and chemokine receptors
(e.g. CCRY), which guide them back to the mucosal effector sites. In the mucosal vasculatures
high levels of 04p2 integrin ligand MAD-CAMI are expressed, thus allowing effector T cells

and IgA secreting plasma cells to migrate to the mucosa (118).
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Fig. 8: Antigen uptake in the gut. Antigen might enter through the microfold (M) cells in the
follicle-associated epithelium (FAE) (a), and after transfer to local dendritic cells (DC), might
be presented directly to T cells in the Peyer's patch (b) or DC can flow with the draining
lymph (c) and subsequently present the antigen to T cell in the mesenteric lymph nodes
(MLNSs) (d). A similar process might occur if antigen enters through the epithelium covering
the villus lamina propria (e), but in this case, there is the further possibility that MHC class IT"
enterocytes might act as local APCs (f). In all cases, the antigen-responsive CD4" T cells
acquire expression of the alpha4fB7 integrin and the chemokine receptor CCRY, leave the
MLN in the efferent lymph (g) and after entering the bloodstream through the thoracic duct,
exit into the mucosa through vessels in the lamina propria. T cells which have recognized
antigen first in the MLN might also disseminate from the bloodstream throughout the

peripheral immune system. Antigen might also gain direct access to the bloodstream from the

gut (h) and interact with T cells in peripheral lymphoid tissues (i) (111).

1.3.2 Adaptive anti-inflammatory mechanisms of the mucosal immune system

The mucosal immune system operates two main adaptive anti-inflammatory
mechanisms: (1) immune exclusion performed by secretory (s)IgA (and sIgM) antibodies and

(2) immunosuppressive mechanisms to avoid local and peripheral hypersensitivity to
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innocuous antigens. The latter strategy is commonly called mucosally induced tolerance and

in the gut it is often referred to as “‘oral tolerance” (119).

1.3.3 IgA production

IgA is the most abundant antibody subclass produced at the mucosal surface. In
contrast to the IgA in internal fluids the majority of externally secreted IgA is present in the
form of dimers and tetramers, in which IgA monomers are linked via an additional small
polypeptide termed J chain (4). Due to the polymerization and extensive glycosylation, sIgA
is protease-resistant to avoid degradation in the intestinal lumen. IgA is actively transported
across the epithelial barrier by the epithelial polymeric immunoglobulin receptor (pIgR), and
its extracellular part then creates the so-called secretory component of the sIgA (120). IgA
protects mucosa by inhibiting uptake and neutralizing biologically active antigens and induces
immune exclusion by specific and non-specific binding to bacterial and viral surfaces (110).
Additionally, sIgM and IgG are also produced at the mucosal sites and in IgA deficient

individuals can to some extent replace the function of sIgA (120).

1.3.4 Mucosal tolerance

Originally in 1911 Wells and Osborne (121) showed that anaphylactic reactions to
ovalbumin (OVA) in guinea pigs could be prevented by prior feeding of OVA and they
defined this specific suppression as ‘oral tolerance’. Due to the fact that antigen specific
unresponsiveness can be induced by other mucosal routes (e.g. nasal, sublingual, rectal) it is
now called mucosal tolerance (4). The suppression of systemic immune responses is long
lasting and antigen specific: responses to other antigens are not affected. There are two main
effector mechanisms of mucosal tolerance 1) clonal anergy (functional unresponsiveness) or
apoptosis (deletion) of Ag-specific T cells and 2) active suppression through the induction of
Ag-specific regulatory T cells (122). The primary factor that determines which form of
tolerance develops following oral administration of antigen is the dose of antigen: Low doses
favor the generation of regulatory cell-driven tolerance, whereas high doses of antigen favor

anergy and apoptosis driven tolerance (123). Based on its mechanism mucosal tolerance has
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been suggested as a potent therapeutic strategy for treatment of human autoimmune as well as

other diseases (124).

Induction of regulatory cells via the mucosal delivery of antigens is essential for development
of tolerance (125). In mouse several types of Treg cells have been distinguished:

Thymic derived FoxP3" Tregs (nTregs) are CD4 CD25 FoxP3" cells produced during CD4"
T cell differentiation in thymus due to their TCR high affinity interaction with self-antigens.
They suppress immune responses in cell-cell dependent manner, by acting as an IL-2 sink or
by production of IL-10 and/ or TGF-f (126).

Mucosally induced FoxP3" Tregs (iTregs) are CD4 CD25 FoxP3" cells induced by antigen
feeding. Their induction has been shown to be IL-2, retinoic acid and TGF-B dependent (126).
Trl type Tregs are CD4 CD25FoxP3™ cells exerting their immunosuppressive effect by
producing regulatory cytokine IL-10 and TGF-B. They can be induced from naive cells in the
presence of IL-10 and antigen. They have been shown to regulate tolerance in small intestine
as the main producers of IL-10 (127).

Th3 type Tregs are CD4'CD25 cells that produce TGF-B, a potent immunoregulatory
cytokine involved in immunosuppression, cell differentiation and IgA class switching (125).
CD8 Tregs have been shown to play a role in oral tolerance induction in murine model,
although it seems that they are not essential, contrary to the CD4" T cells (128). They have
also been shown to maintain epithelial integrity in mouse colitis model in IL-10 dependent
manner (129).

iNKT cells represent phenotypically and functionally heterogeneous group positive for
NK1.11abTCRI1. They have been shown to exert regulatory functions in intestinal tissue
homeostasis through IL-10 and possibly TGF-B production (130).

vo T cells are intestinal intraepithelial cells positive for yd -T cell receptor. They contribute to
oral tolerance and downregulate exaggerated inflammatory responses by TGF-f production

(131).

1.3.5 Mucosal delivery systems

To improve immunogenicity or tolerance induction, several mucosal delivery systems
have been studied as promising candidates for mucosal vaccination (132). The proposed

advantages of delivery systems should be: 1) protection of the vaccine from physical
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elimination and enzymatic digestion, 2) facilitating antigen uptake across the epithelium and
target subepithelial APCs, 3) stimulating and modulating the antigen induced immune
responses.

The non-living systems include various inert systems (e.g. liposomes, biodegradable particles
etc.), linking antigens to proteins with binding affinity for epithelial surfaces, such as E. coli
heat-labile enterotoxin (LTB) or cholera toxin (CTB) and several attenuated viruses and virus-
like particles. Two main categories of live bacterial vectors can be distinguished, one based
on attenuated pathogens such as Salmonella or Bordetella, and the other using commensal
bacteria, such as lactobacilli, streptococci or staphylococci as vectors (132).

Several reports have demonstrated the great potency of lactic acid bacteria (LAB) as mucosal
delivery vehicles and adjuvant system. LAB have been shown to modulate T-cell responses
to an expressed or co-administered antigen, and genetically modified LAB thus represent an
attractive vaccination approach (82, 84, 108, 133). LAB have been manipulated to produce
several allergens such as Der p 1, cow’s milk allergen BLG and Bet v 1 and they were shown
to effectively prevent the allergic sensitization in mice (108, 133, 134). In this respect we
have shown that neonatal colonization of germ-free mice with L. plantarum constitutively
producing Bet v 1 reduced allergen-specific sensitization and induced a Th1-biased cytokine

profile upon subsequent systemic sensitization (83).

1.4 Gut microbial community

Each human adult harbors approximately 10'* bacteria in the gut, which is about 10
times the number of cells making up the human body (135). There are at least 400-500
different bacterial species and these species can be divided into different strains, thus even
enhancing the great complexity of intestinal microbiota (26). From these bacteria only one
third is cultivable and only recently we have been getting acquainted with the uncultivable
members by molecular-biological techniques and next-generation sequencing (136).
The germ-free status of the fetus changes rapidly after birth. Upon delivery, the gut is
colonized with Escherichia coli, Clostridium spp., Streptococcus spp., Lactobacillus spp.,
Bacteroides spp. and Bifidobacterium spp. The last has been shown to predominate in the
fecal flora in breast fed infants (137). In neonates the composition of colonizing microbiota

fluctuates and it becomes stable after weaning resembling the microbiota of adults. The initial
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colonization pattern can be influenced by multiple factors such as individuals’ genetic
background, mode of delivery, dietary changes, high hygiene or over-use of antibiotics (138).
According to Isolauri, the promotion of specific strains of the healthy gut microbiota provides
several benefits: 1) Balance in the gut microbiota, 2) Enhanced nutrition uptake (i.e. increased
energy efficiency), 3) Enhanced macrophage activity and phagocytosis, 4) Tightening of the
intestinal epithelium and strengthened gut barrier function, 5) Competitive exclusion of
pathogens by impeding their adhesion potential, 6) Induction of mucin production, 7)
Stimulation of gut humoral immunity (IgA), 8) Augmentation of antigen-specific immune
responses, lowering the risk of reinfection (137).

In the light of events discussed above (e.g. epigenetics, window of opportunity etc.) the
development of gut microbiota in early life is crucially related to health later in life,
influencing the maturation, structure and function of our immune system, metabolic health
and microbiological programming (137). Hence, given the complexity of the host —

microbiota interaction, there is a fundamental need for appropriate model(s).
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Fig. 9: Bacterial densities increase throughout the gut (139).

39



1.5 Gnotobiology

Much of our current understanding of microbiota - host interactions has been acquired
from studies of germ-free animals (140). These so-called axenic animals are reared in sterile
isolators and they can be studied in their sterile state or they can serve as living test tubes after
colonization with single microbial species or defined species mixtures (141). Today rodents,
particularly mice, are the most commonly used gnotobiotic animals (142).

Theoretical basis for gnotobiology (a term derived from Greek meaning ‘sciences about the
known life”) has been established by Pasteur in 1885, who postulated that microbes would be
essential for long-term viability of both plants and animals (142). Indeed, he was right.
Although it was shown in 1895 by Nuttall and Thierfelder, that mammals can survive for
short period under germ-free conditions and, after the World War I, that they can be even bred
for generations, subsequent studies revealed that microbiota is the driving force in the
evolution of immune system and that bacteria are the key players needed for proper function
of the intestine (rewieved in (142, 143)). For example, axenic mammals have lower numbers
of lymphocytes present in organized and diffuse lymphatic tissues (144), oligoclonal T cell
receptor diversity (145) and lower numbers of IgA secreting B cells in lamina propria and
consequently lower amount of secretory IgA in the intestine (146). The most prominent
morphological sign of axenic mice is enlarged cecum as a consequence of mucus
accumulation due to the absence of mucolytic bacteria. Several studies have shown that these
immunological and morphological changes in axenic animals are reversible depending on the
bacteria strain(s) used for colonization (147, 148).

Gnotobiology has a long lasting scientific tradition in the Czech Republic with
Gnotobiological laboratory in Novy Hradek established in 1953 (originally a Biological
station of the Academy of Sciences, it was named Gnotobiological laboratory in 1969) by
Jaroslav Sterzl. In 1957 the program of rearing of GF animals has started. Subsequently, the
production of GF piglets was technologically mastered and also rats and rabbits were
transferred to GF conditions (149, 150). Currently we breed several strains of GF and
gnotobiotic mice in 38 flexible-film isolators ventilated with HEPA-filtered sterile air under
positive pressure. They are provided with irradiation-sterilized diet and bedding, water is
sterilized by autoclaving (Schwarzer, personal observation). GF piglets are still used in our
laboratory in time limited experiments (151).

Gnotobiotic animals were and still are an invaluable tool for determining which host immune

functions are genetically encoded and which require interactions with microbes (141). By
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using the germ-free mice, we were able to establish a model of neonatal mother-to-child
colonization. We showed, that after single gavage of bacteria from human origin mice became

colonized and that this colonization remains stable thereafter (83).

1.6 Animal models of type I allergy

‘The best model to use to study human asthma are patients’

Roger M. Perlmutter (152)

In allergy research, particularly research concerning food allergy, asthma, and
anaphylaxis, where experimentation on humans often bears too high risks, great
advancements in understanding pathogenesis have been achieved in animal models (153).
Also, in these models novel approaches of potential prophylactic/ therapeutic benefit can be
safely tested.

Besides guinea-pigs, rats, sheep, dogs, monkeys (154) and newly emerging Drosophila spp.
(155), the mouse has long become a prime model organism for research into allergies and
acute and chronic inflammation for understandable reasons: it is easy to breed, maintain and
handle, a wide array of specific reagents are available for analysis of the cellular and mediator
responses, and genetically engineered transgenic or gene-knockout mice for modeling airway
disease are available (156). Moreover, germ-free and gnotobiotic mice provide us with
attractive and genetically defined, simplified models to study the in vivo homeostatic
responses between the microbiota and immune system as well as deviations in these
interrelations that affect the onset and severity of the disease. They allow us to examine the
role of genetic and environmental factors in early events during disease development and to
elucidate the pathogenic mechanisms (110).

It needs to be stressed that the animal models of human diseases, although still crucial for
understanding the diseases and for therapy development, have certain limitations which need
to be taken into account when interpreting the results and extrapolating them to humans (157).
For example current mouse models of asthma, a uniquely human disease, suffer from the well
documented profound disparity in the airway branching pattern, smooth muscle mass, and

type and location of cells within human and mouse lungs (158).
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Mouse models of food allergy (Fig. 10)

Many different mouse models for food allergy are in use. The biggest differences are the use
of model allergens and the sensitization strategy prior to oral challenge (159). For oral
sensitization, addition of an adjuvant (or other method to manipulate the intestinal epithelium)
is needed in most cases to break the tolerance in the gut. Cholera toxin (CT) is most
commonly used. Alternatively, mice are systemically sensitized (i.p. or i.d.) prior to oral
challenge, resulting in anaphylactic reactions. In our model we used a systemic sensitization
model in the presence of alum adjuvant (74), systemic sensitization models without adjuvant

are also established (153).
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Fig. 10: Examples of mouse food allergy models (153).

Mouse models of allergic airway inflammation (AAI) (Fig. 11)

(A) Antigens commonly used as model allergens to trigger AAIL. The OVA is most commonly
used to study the AAI in mouse. However, OVA lacks clinical relevance for human asthma
and more relevant and naturally occurring antigens are increasingly used. (B) Typical
example of acute and chronic AAI models triggered by sensitization and challenge with OVA.
In the acute model, an adjuvant (typically aluminium hydroxide, alum) is co-administered
during the sensitization phase to enhance the antigenicity of the antigen. Chronic AAI is
elicited in the absence of adjuvant. Alternative models to OVA-induced AAI follow similar

schemes but rely on more clinically relevant antigens, such as HDM or Bet v 1, or a
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combination of multiple antigens (153). In our gnotobiotic model, we have concentrated on

the sensitization stage using Bet v 1 and alum as adjuvant (83).
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Fig. 11: Mouse models of allergic airway inflammation (153).
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2. SIGNIFICANCE AND AIMS OF THE THESIS

Allergy has become a significant health burden in the industrialized world with the prevalence
reaching a magnitude of epidemic. The observed rise in allergic disease cannot be explained
by genomic changes; therefore it is commonly associated with reduced exposure to microbes
and altered microbial communities (microbial dysbiosis) early in life. In line with the fact that
the immune programming is initiated in prenatal and early postnatal life, this period
represents a ‘window of opportunity’ for the prevention of allergic sensitization. In this
respect, early interventions using probiotics appear as a valuable approach for prophylaxis of

allergies.

Aims of the thesis:

- Selection of new probiotic bacterial strains and testing of their safety and

immunomodulatory properties.

- Testing the feasibility of a probiotic as mucosal antigen delivery vector in allergy
prevention in gnotobiotic neonatal mother-to-offspring colonization mouse

model.
- Prevention of allergic sensitization by probiotic strains in neonatal mother-to-
offspring colonization mouse model and characterization of their

immunomodulatory properties.

- Testing the impact of changes in allergen secondary structure on its allergenicity

in mouse food allergy model.
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3. RESULTS AND DISCUSSIONS

3.1 Comments on presented publications and manuscript

Publication I

Cukrowska B., Motyl I., Kozakova H., Schwarzer M., Gorecki R. K., Klewicka E.,

Slizewska K., Libudzisz Z.: Probiotic Lactobacillus strains: in vitro and in vivo studies.

Folia Microbiol (Praha), 2009. 54(6): p. 533-7.

There is a great interest in using live bacteria to improve the bacterial dysbiosis in early life,
which is probably the key trigger in the increase of prevalence of allergic diseases. According
to WHO (91), bacteria should be alive, although there are reports showing, that even dead
bacteria or lysates can modulate the host immune system (160). In order to survive the
passage into the intestine, potential probiotics must be resistant to gastric acids and bile salts.
Further, to be used in human medicine, they must be safe for host organisms (91). We have
shown, that out of 24 Lactobacillus strains, isolated from healthy breast fed infants, only five
strains presented in vitro both acid and bile salt resistance. In addition to surviving the harsh
environment in the GIT, bacterial adherence to intestinal epithelial cells is considered to be a
desirable feature of a probiotic strain, as it can promote the gut residence time, pathogen
exclusion, and interaction with host epithelial and immune cells (161). Therefore only three
strains that showed the capacity to adhere to the epithelial Caco-2 cells were selected. We
have shown that all three selected strains possess antagonistic activity against several
pathogenic strains of E. coli and Salmonella, suggesting they might play an important positive
role in the modulation of intestinal microbiota.

Regarding their safety, the mixture of bacteria was given to mice by intragastric gavage for
seven consecutive days. At the end of the experiment, we observed no translocation through
the intestinal barrier to blood and internal organs; the bacteria translocated only to the MLN.
The translocation of bacteria to MLN was well described in mice before (162); due to the fact
that MLLNs are now viewed as a crossroads between the peripheral and mucosal circulation
pathways, the translocation of bacteria might be necessary for exerting their

immunomodulatory functions on systemic immunity (111). Indeed, when restimulated with

45



the bacteria, spleen lymphocytes of lactobacilli-treated mice were activated to a higher
production of anti-allergic Thl cytokines and lower production of pro-allergic IL-5 than cells
obtained from control mice.

By sequencing of 16S rDNA the bacterial strains were identified as L. casei LOCK 0900 and
LOCK 0908 and L. paracasei LOCK 0919, although by subsequent analysis the L. casei
strains were reclassified as L. rhamnosus (Spanova, personal communication).

Taken together we have shown that selected Lactobacilli strains are able to survive in the gut
and to interact with the immune system of the host. /n vivo mouse experiments showed the
safety of the strains and their ability to shift the cytokine balance in favor of anti-allergic
immune responses. These findings make them promising candidates for prevention/ therapy

of allergic diseases.

Publication 11

Schwarzer M.*, Repa A.*, Daniel C., Schabussova 1., Hrncir T., Pot B., Stepankova R.,
Hudcovic T., Pollak A., Tlaskalova-Hogenova H., Wiedermann U., Kozakova H.: Neonatal
colonization of mice with Lactobacillus plantarum producing the aeroallergen Bet v 1 biases
towards Th1 and T-regulatory responses upon systemic sensitization.

Allergy, 2011. 66(3): p. 368-75.

’ equally contributed

The use of probiotic bacteria with intrinsic Th1l-promoting or immunomodulatory properties
as vehicles for mucosal delivery of recombinant allergen is an attractive concept for
development of well-tolerated and effective allergy vaccines (84). These interventions are of
increasing interest early in life, when so called ‘window of opportunity’ is localized and the
immune programming is initiated (163). In this study we cloned the major birch pollen
allergen bet v I gene under the control of a strong promoter leading to constitutive expression
of the allergen in the well characterized strain L. plantarum NCIMB8826 with strong Thl
immunomodulatory properties. In order to intervene at an early developmental stage and by
using germ-free mice, we established a model of mother-to-offspring neonatal
monocolonization. After confirming that the colonization and Bet v 1 production is stable, we

found that the recombinant strain was able to induce a nonallergic Thl response with

46



significant IFN-y but absent IL-4 and IL-5 production in spleen cells upon allergen challenge
in vitro. This showed us the importance of strain selection as well as timing of colonization,
because previous reports with Lactobacillus casei secreting beta-lactoglobulin led to both Thl
and Th2 cytokine production after colonization of adult GF mice (133). Moreover, when
using Gram-negative bacteria as ovalbumin-producing vector, Dahlman et al. previously
demonstrated an induction of allergen-specific IgE thus showing aggravation and potential
participation in the induction of allergic symptoms (164).

When neonatally colonized mice were subsequently sensitized with the birch pollen allergen
Bet v 1, we found a shift towards a nonallergic Thl phenotype on the cellular level
accompanied by increased regulatory responses as seen from decreased levels of both Bet v 1
specific IgG1 and IgG2a in sera, and up-regulated mRNA of the regulatory marker FoxP3 in
spleen.

To sum up, mono-colonization with recombinant L. plantarum specifically induced
immunomodulation of allergic immune responses, supporting the concept of early immuno-
imprinting using recombinant probiotic bacteria. Our results therefore promote the use of

recombinant lactic acid bacteria for early allergen-directed prevention of type I allergy.

Manuscript |

Schwarzer M., Srutkova D., Schabussova 1., Hudcovic T., Akgiin J., Wiederman U.,

Kozakova H.: Neonatal colonization of germ-free mice with Bifidobacterium longum prevents
allergic sensitization to Bet v 1.

Manuscript in preparation.

Recent reports suggest that probiotic strains with the capacity to induce regulatory responses,
rather than Th-1-promoting strains might be more successful in suppression of allergic
responses (20, 165). Due to the fact that L. plantarum is a strain with strong Thl
immunomodulatory properties (108) and that the wild-type L. plantarum itself did not exert
any suppressive effects on the allergic immune response in our previous work (83), we aimed
at testing a different probiotic strain with rather Treg immunomodulatory capacities. We
selected Bifidobacterium longum spp. longum CCDM367 (B. longum), a healthy breast fed

infant isolate, which has been shown to induce regulatory responses in vitro and to suppress
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the inflammatory responses in mouse models of experimental colitis (Srutkova, unpublished
results). Upon neonatal mother-to-offspring mono-colonization of GF mice and subsequent
sensitization, B. longum significantly reduced the development of allergen-specific immune
responses, which was associated with induction of regulatory milieu. On the humoral level we
observed suppression of Bet v 1-specific IgE as well as levels of total IgE and allergen-
specific IgG1 and IgG2a in serum compared to sensitized GF controls. Accordingly, allergen-
specific recall proliferation of splenocytes and production of both Thl- and Th2-associated
cytokines in spleen cell cultures were significantly reduced in these mice; this was associated
with increased levels of regulatory cytokines IL-10 and TGF-B in serum. Our data are
supported by recent finding that certain bacterial strains can instruct DC to induction of
FoxP3 positive regulatory T cells and enhanced IL-10 production (105); induction of IL-10
producing Treg cells has been shown upon bifidobacteria administration to mice (166). In
vitro, we showed that B. longum induces BMDC to produce IL-10 and TGF-, with only low
levels of IL-12. It is well documented that probiotic bacteria are recognized by PRRs on
different cell types (96, 108). By using the BMDC from KO mouse we showed that B. longum
induced IL-10 production is dependent on TLR2 and MyD88 and independent of TLR4 and
that downstream signaling involves MEK, JNK, p38 and NF«B.

Taken together, we showed that B. longum is a strain with the ability to induce regulatory
cytokines/ T cells with the ability to prevent allergic sensitization. These properties make it a
promising candidate for perinatal intervention strategies against the onset of allergic diseases

in humans.

Publication III

Golias J .*, Schwarzer M.*, Wallner M., Kverka M., Kozakova H., Srutkova D., Klimesova
K., Sotkovsky P., Palova-Jelinkova L., Ferreira F., Tuckova L.: Heat-induced structural
changes affect OV A-antigen processing and reduce allergic response in mouse model of food
allergy.

PLoS One, 2012. 7(5): p. e37156.

" equally contributed
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There is a great deal of interest in understanding precisely how traditional food processing
methods influence food allergenicity (167). Although baking, cooking, roasting, grilling,
drying, pasteurization and sterilization were reported to reduce allergenicity, in some cases
these methods may increase allergenic potential or may reveal ,neo’-epitopes which were
masked in the native protein (167).

Forming approximately 60% of the total egg white proteins OVA is by far the most abundant
of them. Allergies to eggs belong among the most frequent food allergies and their
prevalence, severity and persistence has been steadily increasing during the last decades
(168). We showed that heating of hen egg allergen OVA to 70°C (h-OVA) has only minor
effect on its secondary structure compared to OVA heated to 95°C. However, these minor
changes had a high impact on the immunological behavior of the allergen. Protein hOVA was
more resistant to proteolytic digestion and after 20 minutes of digestion peptides similar to
OVA heated to 95°C were observed; moreover, they had a similar in vitro Treg inducing
capacity. Similar to our results, suppressive effects of some OVA T cell epitope peptides on
allergic immune responses via FoxP3" T cell generation were recently described (169). In line
with the in vitro data we showed that the ability to induce the allergic immune responses is
diminished in hOVA. Heating of OVA significantly decreased clinical symptoms (allergic
diarrhea) and immune allergic response on the level of IgE, IL-4, IL-5, IL-13. Furthermore, h-
OVA induced lower activities of serum mast cell protease-1 and enterocyte brush border
membrane alkaline phosphatase as compared to native OVA. On the other hand, h-OVA
stimulated higher IgG2a in sera and IFN-y secretion by splenocytes. The importance of
structural epitopes in specific antibody formation was revealed, when we changed the
coupling allergen (h-OV A was used for OVA sensitized sera and vice versa) for specific Abs
determination. Moreover, the binding was significantly higher when h-OVA antigen was used
for specific IgG1 antibody determination. We assume that this is caused by heating uncovered
linear epitopes (supplementing the loss of the conformational ones). On the other hand, when
the OVA heated to 95°C was used, we observed a strong drop in the signal in all OVA-
specific antibodies.

In conclusion, we showed that even a mild change in the secondary structure of OVA after
thermal processing has far-reaching consequences concerning its antigenic properties. After
digestion of h-OV A, fragments with different immunogenic properties are formed leading to
the shift from Th2 to Thl-type response as compared to native OVA. Nevertheless, the h-
OVA fragments still have the ability to induce allergic symptoms, but these are less

pronounced and need longer time to develop.
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3.2.1 Probiotic Lactobacillus strains: in vitro and in vivo studies

Cukrowska B., Motyl 1., Kozakova H., Schwarzer M., Gorecki R. K., Klewicka E., Slizewska

K., Libudzisz Z.
Folia Microbiol (Praha), 2009. 54(6): p. 533-7.
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ABSTRACT. Three Lactobacillus strains (LOCK 0900, LOCK 0908, LOCK 0919) out of twenty-four
isolates were selected according to their antagonistic activity against pathogenic bacteria, resistance to low
pH and milieu of bile salts. Intragastric administration of a mixture of these strains to Balb/c mice affected
cytokine Ty1-Ty2 balance toward nonallergic Tyl response. Spleen cells, isolated from lactobacilli-treated
mice and re-stimulated in vitro with the mixture of heat-inactivated tested strains, produced significantly higher
amounts of anti-allergic tumor necrosis factor-o and interferon-y than control animals whereas the level of
pro-allergic interleukin-5 was significantly lower. Lactobacillus cells did not translocate through the intesti-
nal barrier into blood, liver and spleen; a few Lactobacillus cells found in mesenteric lymph nodes could create
antigenic reservoir activating the immune system. The mixture of Lactobacillus LOCK 0900, LOCK 0908
and LOCK 0919 strains represents a probiotic bacterial preparation with possible use in prophylaxis and/or
therapy of allergic diseases.

Abbreviations

CFU colony forming units PBS phosphate-buffered saline
Con A concanavalin A Ty T helper (lymphocytes)
IFN interferon TGF transforming growth factor
IL interleukin TNF tumor necrosis factor

MLN mesenteric lymph nodes

The evidence of the importance of intestinal microflora on the development of immune responses
leads to the theory that well-balanced microbial composition can improve the health of the host. Application
of probiotics, i.e. viable nonpathogenic microorganisms exhibiting beneficial health effects when consumed
in adequate amount, seems to be a perspective way for maintenance of balanced microflora (Schrezenmeier
and de Vrese 2001). Probiotics are believed to trigger innate and adaptive immune responses and suppress
colonization of the intestine by pathogenic bacteria by competing with them for a limited number of recep-
tors present on the surface epithelium (Ostad ef al. 2009). They also influence enhancement of mucosal bar-
rier function, increase production of secretory IgA (Vancikova et al. 2003) and elicit production of short-
chain fatty acids with health benefits related to colitis and cancer prevention (Fedorak and Madsen 2004;
Kokesova et al. 2006).

Adaptive mucosal immune defense is induced by CD4* T lymphocytes, which differ in their secre-
ted cytokine profile: Tyl lymphocytes (IFN-y, IL-2, TNF-at), T2 lymhocytes (IL-4, IL-5, IL-13, IL-9, IL-6)
and regulatory CD25" CD4* T cells (TGF-B, IL-10). Disturbed balance between Tyl and T2 lymphocyte
subpopulations with elevated production of T2 cytokines leads to allergy development (Umetsu and DeKruyff
2006). On the other hand, production of Tyl cytokines correlates with allergy prophylaxis and amelioration
of allergic symptoms (Pohjavuori ez al. 2004).

Lactic acid bacteria — mostly strains of the genus Lactobacillus — and bacteria of the genus Bifido-
bacterium are the most widely used probiotic bacteria in allergy therapy studies for their potency to modu-
late the Ty1-Ty2 balance (Ljungh and Wadstrom 2006). In clinical trials, probiotics have been shown to
improve clinical syndromes of food allergy (Isolauri et al. 2000), strengthen Tl response in children with
IgE mediated atopic dermatitis (Pohjavuori et al. 2004), protect the development of allergic diseases in infants

*These authors contributed equally to the work.
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(Lodinova-Zadnikova et al. 2003, Kocourkova ef al. 2007) and even protect infants from developing atopic
dermatitis when given to atopic mother during pregnancy (Kalliomaki ef al. 2001a).

In order to be used in human medicine for treatment and/or prevention of allergies, probiotic bac-
teria must be safe for the host organism, resistant to gastric acids and bile salts in order to survive the transit
into the gut, and modulate Ty1-Tp?2 balance in favor of anti-allergic Tyl immune responses. In this study
we report a selection of probiotic Lactobacillus strains by in vitro tests and subsequent verification of their
immunomodulating properties in in vivo mouse model.

MATERIAL AND METHODS

Survival of Lactobacillus strains at low pH and in the presence of bile salt. Lactobacillus strains
isolated from feces of healthy infants were obtained from Pure Culture Collection of Technical University,
Lodz (LOCK). Bacteria were cultivated for 1 d in MRS medium (Oxoid, UK), centrifuged and re-suspended
to final concentration 107~108 CFU/mL in PBS. Bacteria were incubated in 0.85 % NaCl at pH 1.5, 2.5 and
3.5 for 2 h to study the impact of pH. Effect of the bile was estimated in 2 and 4 % bile salt solutions (Ox gall
powder; Sigma, Germany) after a 2-d treatment. The bacteria were then plated on MRS agar medium for 2 d
at 37 °C. The measurement was repeated at least three times in two independent experiments.

Lactobacillus survival (in %) was calculated as follows: Nj/Ny x 100, where N; = log CFU/mL after
incubation, Ny = log CFU/ mL before incubation.

Antagonistic activity against pathogens. Antagonistic properties toward pathogens were analyzed
by a slab method. Agar slabs of 10 mm in diameter were aseptically cut off the MRS agar, overgrown with
respective Lactobacillus strain and placed on plates with the agar media (Nutrient agar; Merck, Germany) ino-
culated with the indicator strain (105-10° CFU/mL). After a 18-h incubation, the diameter of growth-inhibi-
tion zones around the agar slabs was measured. The following strains were used as indicator pathogens:
Escherichia coli LOCK 105, Enterococcus faecalis LOCK 105, Pseudomonas aeruginosa ATCC 27853,
E. coli ATCC 25922, E. coli 018 (obtained from the Serum and Vaccine Producer Biomed, Cracow, Po-
land), Salmonella enterica subsp. enterica sv. Enteritidis (clinical isolate obtained from the Institute of Sea
and Tropical Medicine, Gdynia, Poland), Staphylococcus aureus ATCC 25923, Salmonella enterica sv. Typhi-
murium, Listeria monocytogenes, L. innocua (clinical isolates obtained from Voivodeship Sanitary-Epidemio-
logical Station, Bydgoszcz, Poland). The measurement was repeated four times in two independent experi-
ments.

Sequencing of 16S rDNA. Total DNA was extracted (Tailliez et al. 1998) to analyze rDNA se-
quences for 16S ribosomal RNA. The 1063-bp fragment of the 16S rDNA gene was amplified by PCR
reaction using primers: 1406R and 343F (5-TAC GGG AGG CAG CAG-3"), the inverse complementary to
primer 343aR (all described by Salama er al. 1991). Sequencing of the PCR products was done using
BigDye Terminator Cycle Sequencing (Applied Biosystems, USA). Sequences were read by ABI 377 appa-
ratus (Applied Biosystems) and subjected to the BLAST search program (NCBI) (Krauthammer ef al. 2000).

Experimental design in vivo. Eight-week-old inbred BALB/c mice (n =5 per group) were used for
in vivo experiments. Strains selected in in vitro tests were mixed in equal proportions, lyophilized with hydro-
lyzed milk formula and resuspended in PBS in final concentration 102 CFU/mL. The mixture of bacteria
(0.5 mL) was given intragastrically by soft rubber tubing twice daily for 7 consecutive days. Control mice
received PBS-reconstituted hydrolyzed milk.

The experiment was approved by the Animal Experimentation Ethics Committee of the Institute of
Microbiology, Academy of Sciences of the Czech Republic and conducted in accordance with the European
Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes
(CETS no. 123).

Bacteria translocation. MLN, spleen and liver were removed aseptically, weighed and diluted 5x
in sterile PBS. After homogenization, suspensions were plated onto MRS agar and incubated for 3 d at
37 °C. The blood was taken intracardially and plated undiluted. The number of Lactobacillus CFU was also
established in colon and cecum contents. Results were expressed as the number of CFU/g of intestine con-
tents or the number of CFU per organ or pooled MLN from each group.

Lymphocyte cultivation for cytokine production. Cytokine production was measured in supernatants
after cultivation of spleen lymphocytes. Spleens were minced in RPMI 1640 medium (Sigma-Aldrich, USA),
filtered by nylon mesh and washed thrice in the medium. Cell concentration was adjusted to 5 x 10° per mL
in complete RPMI 1640 medium supplemented with 5 % fetal calf serum and antibiotics (Sigma-Aldrich).
Lymphocytes (100 uL) were applied to 96-well cultivation microplates (Nunc, Denmark) and cultivated in
RPMI 1640 medium with a mixture of heat inactivated (30 min, 80 °C) Lactobacillus cells (10° per mL in
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total volume of 300 puL of RPMI 1640 medium). Polyclonal lymphocyte activator Con A (Sigma-Aldrich) in
5 ng/mL final concentration was used as a positive control. Cells cultivated with RPMI 1640 medium only
were used as negative controls. At least 10 replicates for each activator from one mouse were done. Plates
were incubated for 72 h under 5 % CO, atmosphere at 37 °C; the supernatants were then collected and stored
at —40 °C until cytokine production analysis.

Detection of cytokine production. The levels of IL-5, TNF-a and IFN-y were measured in culture me-
dia. Cytokine production was determined by mouse ELISA kits (R&D System, USA) according to manufactu-
rer’s instructions. The results were read on Infinite M200 (Tecan Group Ltd., Austria) and expressed in pg/mL.

Statistical analysis was done using nonparametric Mann—Whitney test; p < 0.05 was considered as
statistically significant.

RESULTS

Characterization of selected strains. Only five out of 24 tested strains presented in vitro both acid
and bile salt resistance. As we have previously reported that three out of these five strains also adhere to
Caco-2 epithelial cell line (Marewicz et al. 2000), these three strains (LOCK 900, LOCK 0908, LOCK
0919) were selected for in vivo experiments.

The survival of selected strains after incubation at pH 2.5 did not change markedly and remained
67.5-84.2 % (10°~108 CFU/mL) (Table I), whereas in other strains it decreased to 1-105 CFU/mL. All 24
examined strains exhibited high survival rate at pH 3.5 (>90 %), whereas pH 1.5 was lethal (data not shown).
The incubation with 2 % bile salt solution resulted in survival >80 % for all examined strains, whereas 4 %
solution markedly decreased the amount of living bacteria (data not shown). However, the surviving of LOCK
0900, LOCK 0908 and LOCK 0919 after incubation in 4 % solution was >88.8 % (i.e. >10° CFU/mL)
(Table II). Selected strains showed antagonistic activity against all used pathogenic bacteria (Table III) but
no antagonistic properties towards each other were observed.

Table I. The survival (%®)of selected Lactobacillus strains Table II. The survival (%®)of selected Lactobacillus strains
after a 2-h incubation at low pH after 48 h of incubation with 2 and 4 % bile salt solution
Strain pH 1.5 pH25 pH 3.5 Strain 2% 4%
LOCK 0900 32.8%3.6 67.5+4.6 99.3+£3.6 LOCK 0900 972+38 88.8+5.1
LOCK 0908 13.2+4.1 80.9+3.5 935+4.1 LOCK 0908 94.6+42 90.8£4.9
LOCK 0919 13.1+£3.7 842+52 98.3+3.9 LOCK 0919 97.0+5.6 95.8+4.4
4Arithmetical means £SD. 4Arithmetical means +SD.

Table ITI. Antagonistic activity of selected Lactobacillus strains®

Strain

LOCK EcA EcL Ec0 Pa SE ST Ef Sa Lm Li

0900 155+1.8 11.0+1.6 140+£20 215+13 100+1.8 120+x19 85+1.7 175+18 11.0+0.8 11.0x1.1
0908 160+1.8 13.0£15 120+1.6 180+x1.6 14.0x16 13.0+1.6 95£19 120£1.6 12.0£1.0 120+13
0919 135+1.2 18.0x14 160+1.0 195+12 13.0£19 140+15 65+2.1 140+1.8 11.0x1.1 9.0+0.7

4Arithmetical means £SD of inhibition zones (mm).

EcO E. coli 018 Lm  Listeria monocytogenes

EcL E. coli LOCK 105 Pa  Pseudomonas aeruginosa ATCC 27853

EcA  E. coli ATCC 25922 Sa  Staphylococcus aureus ATCC 25923

Ef Enterococcus faecalis SE  Salmonella enterica ssp. enterica sv. Enteritidis
Li Listeria innocua ST Salmonella enterica sv. Typhimurium

Analysis of 16S rDNA sequences demonstrated that the studied strains belong to the genus Lacto-
bacillus and, more precisely, to the group of closely related species including L. casei, L. rhamnosus and
L. paracasei. The strains LOCK 0900 and LOCK 0908 exhibited 97 and 98 % homology, respectively, to
the sequence in GenBank accession no. D16552 (L. casei), whereas LOCK 0919 showed 99 % similarity to
the sequence D79212 (L. paracasei).
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Bacteria translocation through the intestinal barrier. The number of Lactobacillus CFU in colon
(3.3 £ 0.5 x 109) and cecum (2.3 £ 0.2 x 10) of lactobacilli-treated mice was similar to control animals (co-
lon — 2.8+ 0.3 x 10%, cecum — 3.2+ 0.5 x 10%). No bacteria were cultivated from blood, liver and spleen of
both experimental and control groups. However, in MLN of lactobacilli-treated mice, 225 CFU per pooled
MLN were grown in contrast to control group where no bacteria were detected.

Cytokine production in cultures of spleen lymphocytes. Lymphocytes from both lactobacilli-treated
mice and control group were stimulated by Con A to a high secretion of anti-allergic Tyl cytokines (IFN-y
and TNF-a) and pro-allergic IL-5 whereas stimulation with inactivated lactobacilli induced mainly secretion
of Tyl cytokines (Table IV). There were no significant differences in the cytokine levels between experi-
mental groups after stimulation of spleen lymphocytes with Con A. Nevertheless, after co-cultivation of cells
with lactobacilli a significant increase in IFN-y and TNF-a levels in lactobacilli-treated mice was found com-
pared with control animals. In contrast, these cells produced significantly lower amounts of IL-5 than control
cells.

Table IV. The cytokine production in spleen cell cultures?

Lactobacilli-treated mice Control mice
Cytokine
Lm Con A Lm Con A
IFN-y 442 + 9f** 4054 + 1002 151+23 4001 + 987
TNF-a 1012 +223* 449 £ 85 881+ 132 444 £ 93
1L-5 29 + 3% 1146 + 289 37+3 1285+ 298

3The level of cytokine (pg/mL) was measured by ELISA in supernatants of spleen lymphocytes
cultivated with the heat inactivated mixture of tested Lactobacillus strains (Lm) or Con A.
Spleen cells of lactobacilli-treated mice incubated with Lm produced significantly higher amounts
of IFN-y (**p = 0.01), TNF-a (*p = 0.04) and significantly lower of IL-5 ({p = 0.04) than cells
of control mice. There were no statistical differences between experimental groups after Con A
activation. Values are expressed as aritmetical means + SD.

DISCUSSION

In the selection of prospective probiotic Lactobacillus strains we used the criteria (pH and bile re-
sistance) similar to those published by Kurman (1988), who stated that the resistance of bacteria to 4 % bile
can be considered a good characteristic for probiotics.

Selected strains presented different levels of antagonistic activities against tested pathogens (11 strains
of 8 species) but, finally, the strains were chosen to ensure the highest antagonistic activity in the mixture.
The main antagonistic metabolites produced by the tested strains were lactic and acetic acids (unpublished
data), both of which were shown to reduce pH and thus inhibit growth of pathogenic bacteria (Ljungh and
Wadstrom 2006). Moreover, the LOCK 0900 and LOCK 0919 strains also synthesize bacteriocins resistant
to proteolytic enzymes, e.g., biosurfactants with described antimicrobial function (Walencka et al. 2008).

The disturbances in gut ecosystem that occur in early life are supposed to cause a misbalanced deve-
lopment of the immune system favoring pro-allergic reactions. As an increased number of genus Clostridium
was found in the intestine of allergic patients (Kalliomaki et al. 20015), antagonistic properties of Lacto-
bacillus bacteria can play an important positive role in the modulation of the gut microbiota.

We observed that in human blood-cell cultures the selected strains (LOCK 0900, LOCK 0908,
LOCK 0919) induced higher synergistic effects on cytokine production compared with individual strains
(unpublished results); the mixture of bacteria was, therefore, used for in vivo experiment in mice. During
studies in mouse model the selected strains were safe and affected significantly the cytokine profile toward
anti-allergic response. They did not translocate through the intestinal barrier to blood and internal organs
(CFU of Lactobacillus were found only in MLN of lactobacilli-treated mice). The translocation of bacteria
to MLN was described in mice given high doses of these bacteria (Macpherson and Uhr 2004). After being
caught by dendritic cells, bacteria are shuttled to MLN where they can activate the immune system. Thus,
the presence of probiotic bacteria in MLN creates the antigenic reservoir with an ability to induce immune
responses. We also showed that the spleen lymphocytes of lactobacilli-treated mice are activated to a higher
production of anti-allergic Ty cytokines and lower production of pro-allergic IL-5 than cells obtained from
control mice. The systemic immune responses to ingested antigens are considered to be probably generated
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in MLN (Mowat 2003) and thus the observed shift in the Ty1-Ty2 balance can be attributed to translocated
lactobacilli.

Our results showed that the Lactobacillus strains LOCK 0900, LOCK 0908 and LOCK 0919 are
able to withstand the gut conditions and to interact with the immune system of the host. /n vivo mouse expe-
riments showed that, on the cellular level, they can shift the cytokine balance in favor of anti-allergic immune
response.

This study was supported by the project S116/2008 from the Children’s Memorial Health Institute (Warsaw), the grant
T1AA500200710 of the Grant Agency of the Academy of Sciences of the Czech Republic, by grant 2B06053 of the Ministry of Education,
Youth, and Sports of the Czech Republic and by Institutional Research Concept AVOZ50200510. DNA sequences of 16S rRNA regions
of the analyzed strains were obtained at the Laboratory of DNA Sequencing and Oligonucleotides Synthesis of IBB PAS, Warsaw.
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Allergic diseases have become a substantial public health
burden in industrialized countries, and their prevalence has
steadily increased over the last decades. At present, allergen-
specific immunotherapy (SIT) is the only curative and dis-
ease-modifying treatment in the majority of patients (1),
which however has some drawbacks: SIT vaccines contain
crude extracts from natural sources containing a mixture of
allergens and contaminant components, which may pose a
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Abstract

Background: The use of recombinant lactic acid bacteria (LAB) as vehicles for
mucosal delivery of recombinant allergens is an attractive concept for antigen-
defined allergy prevention/treatment. Interventions with LAB are of increasing inter-
est early in life when immune programming is initiated. Here, we investigated the
effect of neonatal colonization with a recombinant LAB producing the major birch
pollen allergen Bet v 1 in a murine model of type I allergy.

Methods: We constructed a recombinant Lactobacillus (L.) plantarum NCIMB8826
strain constitutively producing Bet v 1 to be used for natural mother-to-offspring
mono-colonization of germ-free BALB/c mice. Allergen-specific immunomodulatory
effects of the colonization on humoral and cellular immune responses were investi-
gated prior and after sensitization to Bet v 1.

Results: Mono-colonization with the Bet v 1 producing L. plantarum induced a
Thl-biased immune response at the cellular level, evident in IFN-y production of
splenocytes upon stimulation with Bet v 1. After sensitization with Bet v 1 these
mice displayed suppressed 1L-4 and IL-5 production in spleen and mesenteric lymph
node cell cultures as well as decreased allergen-specific antibody responses (IgG1,
IgG2a, and IgE) in sera. This suppression was associated with a significant up-regu-
lation of the regulatory marker Foxp3 at the mRNA level in the spleen cells.
Conclusion: Intervention at birth with a live recombinant L. plantarum producing a
clinically relevant allergen reduces experimental allergy and might therefore become
an effective strategy for early intervention against the onset of allergic diseases.

risk for de novo sensitization to new allergens (2). In this
respect, standardized recombinant allergens could improve
the safety profile and efficacy of SIT (3). To keep the aller-
gens at the injection site, traditional SIT utilizes aluminium
hydroxide as an adjuvant. Although aluminium adjuvants
are widely used with good results in humans, they promote
Th2-like responses (4), which might reduce SIT efficacy.
Recently, lactic acid bacteria (LAB) have been introduced
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into the field of SIT (5). We and others have shown that cer-
tain LAB strains shift the allergen-specific Th2 response
towards a more balanced Th1/Th2 profile (5). In this regard,
the use of such nonpathogenic LAB with intrinsic Thl-pro-
moting or immunomodulatory properties as vehicles for
mucosal delivery of recombinant allergen is an attractive
concept for development of well-tolerated and effective
allergy vaccines (6).

The indigenous flora of the gastrointestinal tract is
required to maintain immune homeostasis within the gut and
promotes the maturation of the host’s immune system.
Meanwhile, it is assumed that a balanced constitution of the
microflora is one of the factors promoting protection from
allergy and asthma (7). Several clinical studies indicated that
a reduced presence of lactobacilli or bifidobacteria in the
early intestinal microbiota of atopic children precedes the
occurrence of allergic diseases (8). Along these lines, human
trials using specific LAB strains for oral interventions have
pointed out a potential for primary prevention of allergic dis-
eases and encouraged further research (9).

Germ-free (GF) mice, born and raised in sterile isolators
lacking microbial communities, enable the introduction and
investigation of specific single microbial strains to study their
interaction with the host’s immune system both within the
intestinal tract and in peripheral tissue. Studies employing
GF animals have shown that the intestinal microbiota shapes
the development, distribution, differentiation and inflamma-
tory profile of immune cells in the gut and peripheral sites
within the host (10).

Recently, it has been proposed that many factors affecting
the initiation and course of allergic disorders act within a
narrow window of opportunity, either pre-, peri- and/or post-
natally (11). Thus, preventive strategies intervening at an
early developmental stage seem promising to modulate
immune responses with a sustained effect.

The aim of our study was to test a strategy of early pro-
phylaxis of type I allergy based on live recombinant LAB
producing a specific allergen. We here show that neonatal
mono-colonization of GF mice with the Lactobacillus
(L.) plantarum NCIMBS8826 strain producing the major birch
pollen allergen Bet v | attenuates the development of birch
pollen allergy later in life. The mechanisms involve a shift
towards a mnonallergic Thl phenotype accompanied by
increased regulatory responses.

Methods

Recombinant Lactobacillus plantarum constitutively produc-
ing Bet v 1

Strain construction

Lactobacillus plantarum NCIMB8826 was used as the final
host to carry a plasmid for constitutive intracellular Bet v 1
production and grown at 37°C in MRS medium (Difco,
Becton Dickinson, Franklin Lakes, NJ, USA). Escherichia
(E.) coli MC1061 was used as intermediate host for cloning
and cultured at 37°C in Luria broth. Antibiotics were used at
following concentrations: for E. coli, ampicillin (100 pg/ml)
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and for L. plantarum, erythromycin (5 pg/ml). Molecular
biology techniques, electrotransformation and cloning tech-
niques were previously described (12). Briefly, a polymerase
chain reaction (PCR) was performed on the E. coli expres-
sion vector pMWI175 carrying the Bet v l-encoding cDNA
fragment using the sense OMECI190 and antisense OMECI191
primers as described in (12). Subsequently, the amplified frag-
ment was subcloned into the pZero-2 plasmid (Invitrogen,
Groningen, Netherlands), verified by DNA sequencing, the
insert digested with the restriction enzymes Ncol-Xbal and
subcloned into the Ncol-Xbal digested plasmid pGIT032 (13)
carrying the constitutive L. plantarum promoter for lactate
dehydrogenase (pldhL) and an erythromycin resistance gene.
The resulting construct (pMECI181) carried the Bet v 1-
encoding sequence under control of pldhL. Finally, L. planta-
rum NCIMB8826 was electrotransformed with pMECI181
giving rise to an erythromycin-resistant L. plantarum consti-
tutively producing intracellular Bet v 1 (recLp). To generate
a control strain (conLp), L. plantarum NCIMB8826 was elec-
troporated with the empty plasmid pGITO032. In vitro stability
was demonstrated after growth over 100 generations as
described (12).

Analysis of Bet v 1 production

Analysis of Bet v 1 production was performed as previously
described (12). Briefly, cell extracts of recLp and conLp were
mixed with a protease inhibitor (Complete, Boehringer
Mannheim, Germany). For western blot, cell extracts or puri-
fied Bet v 1 (Biomay, Vienna, Austria) were separated by gel
electrophoresis, blotted onto nitrocellulose and detected with
a mouse monoclonal anti-Bet v 1 antibody followed by HRP-
conjugated goat anti-mouse antibodies. For protein quantifi-
cation by ELISA, recLp extracts were compared with a Bet
v 1 standard curve and expressed as pg/10° colony forming
units (CFU) and percentage of protein content measured
using a kit (Bio-Rad, Munich, Germany).

Animal experiments

Animals

Germ-free BALB/c mice were kept under sterile conditions
with a 12- h light-dark cycle at 22°C. Sterile pellet diet (ST1,
Bergman, Czech Republic) and water were fed ad libitum.
Faecal samples were weekly controlled for microbial contami-
nation (14). Experiments were approved by the local ethics
committee.

Colonization and in vivo strain stability

Germ-free animals were colonized with 2 x 103 CFU recLp
or conLp by intragastric tubing. Drinking water was supple-
mented with erythromycin (50 pg/ml) to ensure long-term
stability of the recombinant strain in vivo. Colonization and
presence of the plasmid pMECI181 were analysed weekly by
plating on MRS agar +5 pg/ml erythromycin and expressed
as log CFU/g faeces £ standard error of the mean (SEM).
Conformational integrity of the protein was assessed by wes-
tern blot analyses of 2 x 10° CFU recLp freshly grown from
faeces.
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Immune responses induced by colonization with recLp (experi-
ment 1)

Eight-week-old GF mice were inoculated with recLp and
mated 20 days later (Fig. 1A). The offspring (n = 6) mono-
colonized with recLp via their mothers (group 1) was killed
at 56 days to analyse cellular and humoral immune responses
in sera, spleens and small intestines. Age-matched GF ani-
mals served as controls (group 2).

Influence of recLP on birch pollen allergy (experiment II)
Mice neonatally mono-colonized with recLp (group 1), conLp
(group 2) or noncolonized GF mice (group 3) were intra-
peritoneally (i.p.) sensitized at 56 days of age three times in a
10-day interval using 1 pg Bet v 1 adsorbed to 2 mg alumin-
ium hydroxide (Serva, Heidelberg, Germany) in 200 pl saline
(Fig. 1B). Mice were killed 7 days after the last immunization.
Age-matched untreated GF mice served as controls when
appropriate. Experiments were performed in two independent
sets of 5-7 mice/group, and results were pooled for analysis.

Sampling

At the killing process, serum was collected for antibody anal-
yses. Pooled mesenteric lymph nodes (MLN, experiment II
only) and spleens were removed for in vitro cytokine assays
and real-time RT-PCR (a spleen segment was stored in
RNA/ater® Solution (Ambion, Austin, TX, USA) at —-20°C
until RNA isolation). Spleen and MLN cells were prepared
as previously described (15). Small intestines were excised,
weighed and gut lavages performed for the determination of
Bet v 1-specific IgA (12).

Read outs

Cellular immune responses
Cytokine production upon in vitro Bet v 1 restimulation of
spleen or pooled MLN cells was assessed as described in (15).

A Experiment | Birth

D) v

Group 1 - recLp
Group 2 - GF

Day

B Experiment || Birth

D) v

Group 1 - recLp
Group 2 - conlLp
Group 3 - GF sens

(Group 4 - GF non-treated controls)
Day

Figure 1 Experimental design. (A) Experiment I: Mice were neo-
natally colonized with Bet v 1 producing recombinant Lactobacillus
plantarum (recLp), a group of germ-free (GF) mice served as con-
trols. After 56 days, blood samples and small intestines were taken
for antibody analysis, and spleens were removed for cytokines
assays. (B) Experiment Il: Mice neonatally colonized with Bet v 1
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Briefly, 5 x 10° cells/500 pl were incubated in 48-well plates
(Corning, Oneonta, NY, USA) £ Bet v 1 for 48 h. Interleukin
(IL)-4, IL-5, IL-10 and interferon (IFN)-y were measured from
supernatants using ELISA kits (RnD, Mineapolis, MN, USA)
with sensitivities <35 pg/ml (IL-4, IL-5), <12 pg/ml (IL-10)
and <2 pg/ml (IFN-y) and reported in pg/ml after subtraction
of baseline levels of nonstimulated cultures. Values below
assay sensitivity were considered “not detectable” (n.d.).

Humoral immune responses

Allergen-specific serum IgGl, IgG2a and IgA levels were
determined by ELISA as described in (15). Briefly, 96-well
microtiter plates (Nunc, Roskilde, Denmark) coated with
Bet v 1 were applied with sera at appropriate dilutions
(experiment I: 1/10 for IgGl, 1gG2a, IgE and IgA; experi-
ment II: 1/10000 for IgG1, 1/100 for IgG2a and 1/10 for IgE,
1/10 for IgA in both serum and intestinal lavages). Rat anti-
mouse IgG1, IgG2a and IgA antibodies (1/500, Pharmingen,
San Diego, CA, USA) and peroxidase-conjugated mouse
anti-rat 1gG antibodies (1/2000; Jackson, Immuno Labs.,
West Grove, PA, USA) were used for the detection. As it
was shown that allergen-specific IgG interferes with allergen-
specific IgE detection (16), total IgE was additionally mea-
sured using an ELISA kit (Bethyl, Montgomery, TX, USA)
Antibody levels were reported as optical density or absolute
units (total IgE). Bet v l-specific IgA in intestinal lavages
was reported as optical density/gram.

RT-PCR

RNA was isolated from spleens of recLp colonized or GF
mice sensitized to Bet v 1 (groups 1 and 3, experiment II)
using a RNeasy® Minikit (Quiagen, Valencia, CA, USA).
After DNase treatment, RNA integrity and purity was deter-
mined by gel electrophoresis and photometry (260/280 nm).
Reverse transcription into cDNA was performed using
oligo(dT);s primers (ImProm-II" Reverse Trancription

Sacrifice
Blood
spleens
intestines
56
Sensitization Sacrifice
B:ood
3xip. 1 Bet v 1/AI(OH spleens
p. 1 Hg (OH), VN
intestines
56 66 76 83

producing reclLp, control wild-type L. plantarum (con Lp) and a
group of GF mice were three times intraperitoneally (i.p.) sensitized
with recombinant Bet v 1/AI(OH)3. Blood samples and small intes-
tines were taken for antibody analysis and spleens and mesenteric
lymph nodes for cytokines assays and gPCR.
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System, Promega, Madison, WI, USA). Universal Probe
Library (Roche, Mannheim, Germany) probes were used for
the quantification of TGF-B1 (UPL#15), IL-10 (UPL#13),
Foxp3 (UPL#13) and B-actin (UPL#101). Gene expression
was determined using FastStart TagMan® Probe Master Mix
(Roche) at 95°C for 10 min, followed by 45 cycles of 15 s at
95°C and 30 s at 60°C. Relative quantification was performed
using GENEX software (MultiD Analyses AB, Goteborg, Sweden).

Statistics

Statistical analysis was performed with one-way analysis of
variance (ANOVA) followed by Student’s z-test for comparison
between groups. Data were expressed as mean = SEM.

Results

Recombinant L. plantarum constitutively produces Bet v 1
in vitro and after colonization

Bet v 1 detected in cell extracts of recLp, but not the control
strain is shown in Fig. 2A. 10° CFU recLp contained
0.8 £ 0.3 ug of Bet v 1 corresponding to 0.5-0.7% of total
soluble cellular protein. The in vivo presence of recLp and
pMECI8I1 in recLp in experiment II was stable, as demon-
strated by equal bacterial counts seen after plating in the
presence and absence of antibiotics (Fig. 2B) and preserved
Bet v 1 production (Fig. 2B, insert).

Mono-colonization with recombinant L. plantarum induces
allergen-specific cellular Th1 but no humoral response in
naive mice (experiment I)

Spleen cells from mice mono-colonized with recLp displayed
high IFN-y production upon Bet v 1 stimulation in vitro,

A kDa 1 2 3 4

43 —
34 —|

26 —

17— . D R

10 —

Figure 2 Western blot analyses of Bet v 1 production by recombi-
nant Lactobacillus plantarum (recLp) and characterization of in vivo
colonization. (A) Bet v 1 production from total cell extracts. Lane 1:
molecular weights, lane 2: recombinant Bet v 1, lane 3: Bet v 1 pro-
duced by reclLp, lane 4: control L. plantarum (con Lp) (B) Bacterial
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while Th2 cytokines (IL-4 and IL-5) were undetectable
(Table 1). IL-10 production did not differ from noncolonized
GF mice. At the humoral level, no induction of allergen-
specific antibodies (IgG1, 1gG2a, IgA or IgE) or changes in
total IgE levels were detectable in sera of mono-colonized
mice compared with GF controls. Furthermore, no significant
production of allergen-specific specific IgA was detectable in
gut lavages.

Mono-colonization with recombinant L. plantarum suppresses
allergen-specific antibody responses in Bet v 1-sensitized mice
(experiment II)

Allergen-specific IgG1 and IgG2a responses induced by sensi-
tization with Bet v 1 were significantly suppressed by mono-
colonization with recLp, but not with conLp or in naive GF
mice (Fig. 3E, F). Allergen-specific IgE was reduced, and
total IgE levels were significantly suppressed (Fig. 3H, G).
No significant changes occurred in allergen-specific IgA in
sera (group 1, recLp: 0.32 £ 0.05 OD, group 2, conLp:
0.25 = 0.03 OD, group 3, GF sens: 0.27 + 0.03 OD, group
4, GF naive: 0.02 £ 0.01 OD, experiment II) or intestinal
lavages (group 1, recLp: 0.09 = 0.02 OD, group 2, conLp:
0.11 = 0.03 OD, group 3, GF sens: 0.13 = 0.02 OD, group
4, GF naive: 0.05 = 0.02 OD, experiment II).

Mono-colonization with recombinant L. plantarum suppresses
allergen-specific Th2 responses in a model of type I allergy
(experiment II)

In spleen cell cultures, IL-4 and IL-5 production (Fig. 3A, B)
was significantly suppressed and IFN-y (Fig. 3C) levels were
increased in mice colonized with recLp, but not the control
strain (conLp) compared with GF animals sensitized to the

1010

10°

saoae} B/N40

A .

56 63 70 77 83

* Beginning of sensitization

Days after neonatal colonization

counts in faecal pellets from mice colonized with recLp (Experiment
1) pooled and plated on MRS medium with (O) or without (A) eryth-
romycin (5 pg/ml) in triplicates. The data are expressed as log CFU/g
faeces + SEM. Frame insert: Western blot analysis of Bet v 1 produc-
tion from bacteria from pooled faeces at the indicated day of life.
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Table 1 Characterization of immune responses after mono-colonization (experiment I)

Serum
Cytokines (pg/ml) (OD) (pg/ml) Gut lavage (OD)
Colonization  IFN-y IL-4 IL-56 IL-10 1gG1 lgG2a IgA IgE Total IgE IgA
recLp 419.3 £48.8% nd. nd. 69.1+55 034+006 0.16 +0.01 050+ 0.11 0.06 +0.01 222.8 +354 0.10+0.0
None 5.7 +49 nd. nd. 523 =+10.6 029 +0.04 0.19+0.03 0.44 +0.08 0.06 +0.02 2244 +286 0.09+0.0

Mice (n = 6 per group) were colonized with the indicated strain and killed at 56 days of age. Cytokines are measured from spleen cell
culture supernatants stimulated with Bet v 1. Serum antibody levels are Bet v 1 specific unless otherwise indicated (total) and reported as
optical density (OD) or pg/ml for total IgE. Values are reported as mean + SEM. *P < 0.05; n.d., not detectable.

IL-4

o o

pg/ml

nd.

recLp conLp GF sens GF naive

i.p.

recLp conlLp GF sens GF naive
i.p.

1gG1

1gG2a

0.6

0.4

oD

0.2

0.0

recLp conLp GF sens GF naive 0 recLp conlLp GF sens GF naive

i.p.

i.p.

Figure 3 Influence of mono-colonization with recLp on cytokine
and serum antibody levels. Experiment Il, n = 5-7/group, data
pooled from two independently performed experiments. Mice colo-
nized with recombinant Lactobacillus plantarum (recLp, black bars),
control wild-type L. plantarum (con Lp, grey bars) and a group of
uncolonized germ-free (GF sens, dashed bars) mice were intra-
peritoneally (i.p.) sensitized with Bet v 1/AI(OH)3. Naive GF mice
(GF naive, white bars) served as untreated controls. (A) IL-4, (B) IL-5,

allergen (GF sens). IL-10 levels did not differ statistically
between the groups (Fig. 3D).

Also in pooled MLN cells, suppressed 1L-5 and enhanced
IFN-y production was noted in mice mono-colonized with
recLp and sensitized to the allergen. IL-4 production was not
detectable. Interleukin-10 seemed reduced in mice colonized
with recLp or conLp compared with GF-sensitized mice (GF
sens) (Table 2).
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(C) INF-y and (D) IL-10 cytokine levels were measured from super-
natants of spleen cells of the respective groups after in vitro
stimulation with Bet v 1. Cytokine levels are expressed after
subtraction of base line levels of unstimulated splenocytes. Bet v
1-specific IgG1 (E), 1gG2a (F) and IgE (H) are reported as optical
density (OD) units, total IgE (G) as pg/ml. Data shown are mean
values + SEM. *P<0.05, **P<0.01, ***P<0.001, n.d. =not
detectable.

Regulatory markers are increased in spleen cells of mice
mono-colonized with recombinant L. plantarum (experiment II)

A significant up-regulation of mRNA of the regulatory
marker Foxp3 in spleen cells of mice mono-colonized with
recLp was detectable compared with GF-sensitized controls.
(Fig. 4). IL-10 and TGF-B mRNA was enhanced, though
without statistical significance.

Allergy 66 (2011) 368-375 © 2010 John Wiley & Sons A/S
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Table 2 Cellular immune responses in mesenteric lymph nodes
(experiment 1)

Cytokines (pg/mi)

Experimental set-up IFN-y IL-4 IL-b IL-10

recLp (group 1) + sens 36.0 + 0.2 nd. 164 +34 141 +36
conlp (group 2) + sens 17.8 + 0.7 n.d. 53.1+225 17.2+40
None (group 3) + sens  13.1 £+ 4.9 n.d. 585 +204 30.7 £ 4.1
None (group 4) 95+56 nd 54+£38 189=+1.6

Mice were colonized with the indicated strain, groups 1-3 were
sensitized (sens) to Bet v 1. Mice were killed at 83 days of age.
Pooled mesenteric lymph node cells (n = 5-7 per group) were
stimulated with Bet v 1 for 48 h, and cytokines were measured
from supernatants. Mean values of two independent are given in
pg/ml. n.d., not detectable.

2.5 1

- - N
o (3] o
s s N

Relative quantity

e
2
)

0.0-

recLp GF sens

IL-10 Foxp3

recLp GF sens recLp GF sens

TGF-B

Figure 4 Regulatory markers in spleen of mice mono-colonized
with recLp. Mice colonized with recombinant Lactobacillus planta-
rum (n =6, recLp, black bars) and uncolonized germ-free mice
(n = 6, GF sens, dashed bars) were intraperitoneally sensitized with
Bet v 1/AI(OH)3. IL-10, Foxp3 and TGF-B mRNA expression in
spleen cells was determined by real-time (RT)-PCR. Data shown
are mean values + SEM. *P < 0.05.

Discussion

The hygiene hypothesis (16) has brought up new perspectives
for the prevention of allergy preparing the ground for appli-
cation of LAB for modulation of the intestinal microflora to
influence allergy development (7). Furthermore, LAB have
been demonstrated to act as potent mucosal adjuvants and/
or antigen-delivery systems (6). In the light of this, recombi-
nant LAB strains genetically engineered to produce and
deliver allergens to mucosal surfaces to induce tolerance have
emerged as new tools for mucosal intervention against type |
allergy (5, 12, 17-24). We previously evaluated two LAB
strains, L. plantarum and L. lactis, for their potential to
modulate allergic immune responses in a model of birch
pollen allergy in conventional mice, showing a strong Thl
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inducing capacity and induction of counter-regulatory
immune responses when admixed with Bet v 1 (25). Aiming
at standardized antigen delivery to the mucosal surfaces by
the bacteria, we constructed a recombinant LAB producing
Bet v 1. Accordingly, prophylactic intranasal application of
the recombinant strains succeeded in suppressing systemic
and local (within the airways) allergen-specific Th2 responses
in adult mice (12).

Evidence is accumulating that programming of the
immune system, particularly with respect to tolerance induc-
tion, starts already at birth and is under close control of the
maternal immune system (11), suggesting this period impor-
tant for processes of immuno-programming. To take advan-
tage of this early “window of opportunity” (11) for
modulating the onset of type I allergy, we mono-colonized
GF mice from birth with a Bet v 1 producing L. plantarum
by natural colonization via their mothers. To be used for
neonatal colonization, our previously published recombinant
L. plantarum strain (12) seemed unsuitable, as it carries a
plasmid with an inducible promoter that is only highly active
in vitro, but not under colonizing conditions. We therefore
recloned the bet v I gene under the control of a strong
promoter leading to constitutive expression of the allergen. After
demonstrating stable colonization and excluding a loss of the
plasmid in vivo, we first analysed the effects of neonatal
colonization on the immune system in the absence of allergic
sensitization. At the cellular level, the recombinant strain
induced a nonallergic Thl response with significant IFN-y
but absent IL-4 and IL-5 production in spleen cells upon
allergen challenge in vitro. These findings differ from
Hazebrouck et al. (26) who found that colonization of adult
GF mice with a Lactobacillus casei secreting beta-lactoglobu-
lin leads to both Thl and Th2 cytokine production, which
may suggest an advantage of early neonatal intervention over
application of recombinant LAB in adulthood. At the
humoral level, we did not detect the induction of allergen-
specific serum antibodies, which is similar to findings in adult
mice colonized with recombinant LAB (26). A report by
Dahlman et al. (27) showing that colonization with recombi-
nant Gram-negative bacteria—induced allergen-specific IgE
underlines the suitability of Gram-positive LAB as delivery
vector for interventional strategies against allergy (25). How-
ever, significant strain-specific differences are even the case
within these Gram-positive probiotics, as diverse effects on
allergic sensitization have been shown after ingestion (28) or
sublingual application (29) of a panel of probiotic LAB
strains, which argues for careful strain selection. When neo-
natally colonized mice were subsequently sensitized with the
birch pollen allergen Bet v 1, we found suppressed allergen-
specific Th2 responses (IL-4/IL-5) and enhanced levels of
IFN-vy in spleen and mesenteric lymph nodes. In contrast to
our previous studies in conventional mice using repeated oral
applications of recombinant LAB that did not succeed in a
suppression of Th2 responses (30), the early and long-term
intervention used here thus seems to be more efficient.

Notably, the wild-type L. plantarum itself did not exert
any suppressive effects on the allergic immune response.
Therefore, the effects elicited by our vector system depended
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on the expression of the specific allergen and indicates that
the bacteria represent an adjuvant system without immuno-
suppressive effects in the absence of expression of a specific
allergen, as shown in previous studies with this strain (12,
25). This aspect seems particularly important for interven-
tions at early developmental stages.

The mechanisms of immunomodulation/-regulation exerted
by different recombinant LAB strains are complex. A shift
towards Thl (5) but also induction of regulatory cells (5, 22)
were described. As we found both a shift towards a Thl
cytokine pattern and the suppression of antibody responses
and Th2 cytokine responses, we also examined regulatory
markers. According to previous findings in adult mice toler-
ized against Bet v 1 (31), we found increased mRNA expres-
sion of Foxp3 in splenocytes of neonatally colonized and
sensitized mice. This finding suggests that the induction of
counter-regulatory cellular Thl responses was paralleled by
development of regulatory T cells after colonization from
birth and bacterial persistence in the gut.

Taken together, mono-colonization with recombinant
L. plantarum specifically induced immunomodulation of
allergic immune responses, supporting the concept of early
immuno-imprinting using recombinant LAB. Our results

Schwarzer et al.

therefore promote the use of recombinant lactic acid bacteria
for early allergen-directed prevention of type I allergy.

This new research area of immuno-imprinting would, how-
ever, definitely benefit from examination of the predictive
value of mouse models, e.g. by analysing correlations
between preclinical and clinical data. Moreover, aiming at
treating neonates with a positive family history of atopy,
suitable treatment protocols including environmental contain-
ment strategies and a broader range of protection to a panel
of allergens are desirable.
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ABSTRACT

Background: The main goal in reversing the allergy epidemithes development of effective
prophylactic strategies. Early life events, sucheaposures to microbes, have a major
influence on the development of balanced immunparses. Here we investigated the effect
of neonatal mother-to-offspring mono-colonizationhwBifidobacterium longum ssp.longum
CCDM367 on subsequent allergic sensitization.

Methods: Adult male and female germ-free (GF) mice were moolonized withB. longum,
mated and their offspring, as well as age-matchEdc@htrols, were sensitized with Bet v 1.
Furthermore, signaling pathways involved in theogggtion ofB. longum were investigated
Results: Neonatal mono-colonization of GF mice wilh longum significantly suppressed
Bet v 1-specificlgE-dependenp-hexosaminidase release as well as levels of tgEland
allergen-specific IgG1 and IgG2a in serum compaoesensitized GF controls. Accordingly,
allergen-specific recall proliferation of splenceytand production of both Thl- and Th2-
associated cytokines in spleen cell cultures weggifecantly reduced in these mice. The
general suppression of Bet v 1-specific immune arses inB. longum colonized mice was
associated with increased levels of regulatoryldgtes IL-10 and TGH-in serumln vitro, B
longum induces low maturation status of bone marrow-a@efigendritic cells and production
of cytokines in TLR-2 and MyD88 dependent manner.

Conclusion: Our data demonstrate tha¢onatal mono-colonization witB. longum reduces
allergic sensitization by activating regulatory pesses, likely via TLR2 and MyD88
signaling pathways. ThusB. longum might be a promising candidate for perinatal

intervention strategies against the onset of attedgeases in humans.
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INTRODUCTION

There has been a remarkable increase in allergieades over the past few decades,
especially in Western countries (1). It has beaggssted that environmental changes, rather
than genetic factors, are driving the epidemic ati@r of allergy and events acting within a
narrow window of opportunity, either prenatally early in life, might have major
effects (2, 3).

Germ-free status of fetus changes rapidly aftethbamd the composition of colonizing
microbiota can be influenced by multiple factorsctsias the mode of delivery, dietary
changes, high hygiene or over-use of antibiotigs Téhe exposure to microbial stimuli is
crucial for development, maturation and functiontbé immune system and association
between intestinal disbiosis and allergic diseas® been proposed (5). Several prospective
studies have shown lower neonatal colonization ifigdibacteria and lactobacilli species
accompanied by higher counts@bstridium difficilein neonates who developed allergy later
in life (6-8).

Due to their ability to interact with host immungseem and to modulate host immune
responses, bifidobacteria and lactobacilli havenhesed with some success in prevention or
treatment of allergic disease in infants at riskveé3al randomized clinical trials have shown
that combined prenatal/postnatal probiotic intetiars reduced the cumulative incidence of
eczema while less beneficial effects were foundrials using exclusively postnatal or
exclusively prenatal treatment approaches (receatligwed in (9)). These data highlight the
importance of timing of probiotic interventions, &re the prenatal period seems to be the
most significant component.

Dendritic cells are pivotal in early bacterial rgadion through pattern recognition receptors
(PRRs), which leads to induction of distinct inneggponses that shape the type of T helper
cell responsg (10, 11). In this respect, Konieczetaal. recently showed that preconditioning
of DC with probioticB. infantis led to induction of FoxP3 positive regulatory Tllgeand
enhanced and IL-10 production (12). Due to the fihett allergic diseases have been
associated with a deficiency in regulatory T cellembers and/or function (13), specific
probiotic strains inducing regulatory immune resggsmight be beneficial in the prevention
of allergic disorders. Indeed, neonatal applicatimin Lactobacillus rhamnosus GG or
Bifidobacterium lactis Bb-12 suppressed allergic sensitization and ainmigmmation by
induction of T regulatory cells associated withreased TG production (14). Similarly,

we have previously shown that perinatal adminigtnabf L. paracasel to pregnant/lactating
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mice protected against the development of airwdlkarmmation in offspring by activating
regulatory pathways (15).

Germ-free (GF) animals represent a powerful maalstudy the interaction of single bacterial
strain or defined mixture of microbial strains witle host immune system (16). Taking the
advantage of this model we have previously showat heonatal mono-colonization of GF
mice with the recombinant bacterial strdin plantarum producing Bet v 1 reduced the
development of allergic responses upon systemiitsgation (17).

Bifidobacterium longum subspecietongum CCDM367 B. longum) is a commensal bacterial
strain originally isolated from the feces of heglthreast fed infantB. longum has been
shown to induce regulatory responsesitro and to suppress the inflammatory responses in
mouse models of experimental colitis (Srutkova,ubtished results). In the present study we
investigated whether neonatal mother-to-offspringnoicolonization of GF mice witlB.

longum is able to protect mice against allergic sendithrato Bet v 1 in gnotobiotic model of

type | allergy.

MATERIALSAND METHODS

Animals

Germ-free mice on a BALB/c background were keptaunsgterile conditions and were
supplied with water and sterile pellet diet (STErddnan, Czech Republiay libitum. Fecal
samples were weekly controlled for microbial contsation as previously described (18).
Wild-type and TLRZ', TLR4/ and MyD88/ mice on a C57BL/6 background, obtained from
M. Miller (Vienna, Austria), were kept under SPHdions. All animal experiments were

approved by local ethics committee.

Bacterial strain

Probiotic strainBifidobacterium longum ssp. longum CCDM367 8. longum), originally
isolated from the faeces of breast-fed healthyd¢chilas provided by Culture Collection of
Dairy Microorganisms (Milcom, Czech RepublicB. longum cultures were grown
anaerobically in MRS medium (Oxoid, UK) supplementéth L-cysteine-hydrochloride (0.5
g/l) for 48 hours at 37°C. Fan vitro experimentsB. longum was inactivated with 1%
formaldehyde-PBS as described before (19).
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Colonization and experimental design

Eight-week-old GF male and female mice were coleaiwith 2 x 18 CFU ofB. longum in
200 pl of sterile PBS by intragastric administratamd mated 20 days later. Colonization was
checked by plating of feces as described previo@$R). Female offspring, neonatally
colonized via their mothers, and control GF micaenvsubcutaneously (s.c.) sensitized on
days 1, 14 and 28 with 1 pug of Bet v 1 emulsified2zimg of Al(OH)} (Serva, Germany).
Seven days after the last immunization, mice wdtedkby CG, asphyxia and samples were

taken for further analysis (Fig. 1A).

Humoral immune responses

Blood samples were taken at sacrifice and serueldenf anti-Bet v 1 IgG1 and IgG2a were
measured by ELISA as previously described (17)elswf Bet v 1 specific IgE in sera (final
dilution 1:90) were measured by rat basophile lenikecells degranulation assay as described
before (19). Levels of total IgE and IgA in serdyilon 1:10 and 1:400, respectively) were
measured using a commercial ELISA kit as recommerae the manufacturers (Bethyl,
USA). Levels of IL-10 and TGB-in sera (final dilution 1:1000) were measured hySA
Ready-Set-Go! kits (eBioscience, USA) according ntlenufacturer’s instruction. Small
intestine was excised and gut lavage was prepaatkscribed previously (15). Levels of
total IgA and TGH3 in gut lavage were measured as described above fiwdl dilution
1:2500 and 1:1000, respectively and reported aslatlesunits.

Cellular immuneresponses

Spleen and mesenteric lymph node (MLN) single sapensions fronB. longum mono-
colonized and control mice were prepared and cdtuas previously described (15).
Mononuclear cells (3 x £&ells/ml) were stimulated with Bet v 1 (20 pg/rat)media alone

in 96-well plates at 37°C for 60 hours in culturedium (RPMI 1640 supplemented with
10% heat-inactivated FCS, 2 mM L-glutamine, 100 Igamicillin, 100 pg/ml streptomycin).
Levels of cytokines in culture supernatants werasueed by the MILLIPLEX MAP Mouse
Cytokine/Chemokine Panel (Millipore, USA) accorditgy manufacturer’s instructions and
analyzed with the Bio-Plex System (Bio-Rad Labaiaty USA). Values are expressed as
pg/ml after subtraction of baseline levels of umstiated cultures. Proliferative responses of
spleen cultures with/ without Bet v 1 restimulatiwware determined by scintillation counting
after addition ofH-Thymidine (0.5 pCi/well; Lacomed, Czech Repubfim) the last 16 h of

76 h cultivation. Values are shown as stimulatioaheix.
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Preparation and activation of bone marrow-derived dendritic cells

Mouse bone marrow-derived dendritic cells (BM-DQjrev prepared as previously described
(15). BM-DC (16 cells/well) were stimulated with $@r 10 CFU of B. longum for 18 h. As
controls, BM-DC were incubated with Pam3C (Pam3CSK4ug/ml, InvivoGen, USA) or
ultra-pure LPS (LPS-EB, 1 pg/ml, InvivoGen, USApMels of IL-10, TGH3, and IL-6 in
culture supernatants were determined by ELISA R&etyGo! kits (eBioscience, USA)
according to manufacturer’s instructions. Levelsllofl2p70 were measured with matched
antibody pairs (BD Pharmingen, USA). Where indidat8M-DC were pretreated with
mitogen-activated protein kinase (MAPK) specifichilnitors (MEK: PD98059; p38:
SB203580; JNK: SP600125) or NdB- (BAY 11-7082) at 10 uM dissolved in DMSO for 1 h
at 37°C.

Flow-cytometry analysis

Single cell suspensions of spleens or MLN werensthifor regulatory T cells with Foxp3
Staining Buffer Set (eBioscience, USA) using fludrmme-conjugated monoclonal
antibodies for CD4 (FITC) and Foxp3 (PE) (eBioscesnUSA). Dendritic cells were labeled
with monoclonal antibodies for CD11c (FITC), MHQAPC), CD40, CD80 or CD86 (PE)
(eBioscience, USA). Cells were analyzed using FA&®Qr flow cytometer (Becton-
Dickinson, USA) and analyzed with FlowJo 7.6.2 waite (TreeStar, USA).

Stimulation of HEK 293 cells stably transfected with TLRs

HEK293 cells stably transfected with plasmid cargyihuman (h)TLR2/CD14 gene were
kindly provided by M. Yazdanbakhsh (Leiden, Netheds) and cells transfected with
hTLR4/MD2/CD14 were a gift of B. Bohle (Vienna, Atia). Cells were stimulated with
formalin-inactivatedB. longum (1P, 10, or 1¢ CFU/ml). TLR2 lignad Pam3C (dg/ml) and
and TLR4 ligand LPS (Lig/ml) were used as positive controls. After then2cubation
period, culture supernatants were harvested anckotration of human IL-8 was analyzed by

ELISA (Thermo Scientific, USA) according to the nadacturer’s instructions.

Statistics
Data are expressed as means + SEM. Statisticaysamalas performed by Student’s t-test
(GraphPad Prism 5.04, GraphPad Software, San Di€gy, Differences were considered

significant at p value of <0.05.
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RESULTS

Neonatal mono-colonization with B. longum prevents systemic sensitization to Bet v 1
Colonization of mice with B. longum remained stable throughout the experiments archegha
a level of approximately 5 x 10CFU/g of feces (data not shown). SensitizationGéf
offspring?mice derived from GF parents induced heyels of Bet v 1-specific antibodies in
serum; neonatal mono-colonization of GF mice vidthongum abrogated this process. Both
the Th2-related IgG1l as well as Thl-related IlgG2aarum were significantly reduced in
mice colonized withB. longum, compared to GF controls (Fig. 1C, D). Furthermdhe
presence oB. longum led to reduction of the IgE-dependent and Bet driten basophil
degranulation (Fig. 1B). Similarly8. longum suppressed levels of total IgE in sera of mono-
colonized mice in comparison to GF controls (Fif).1ConcomitantlyB. longum neonataly
colonized mice showed elevated levels of IL-10araqFig. 1F) and TGB-both in sera (Fig.
1G) and gut lavage (Supplementary Fig. 1). No chamwgere observed in production of total

IgA antibody neither in serum (data not shown) inagut lavage (Supplementary Fig. 1).

Mice neonataly mono-colonized with B. longum are protected from the development of
cellular allergic responses

Neonatal mono-colonization witB. longum reduced the development of systemic allergen-
specific recall responses. Production of Th2-reldke5, IL-13 and IL-4 (Fig. 2 A-C) as well
as production of pro-inflammatory cytokines IFNTNF-o and IL-17 (Fig. 2 E-G) in Bet v 1-
stimulated splenocyte cultures was significantlweo in B. longum mono-colonized mice
compared with control GF mice. Interestingly, theduction of regulatory cytokine IL-10
was also significantly lower than for control GFeni(Fig. 2D). Similar effect was observed
in Bet v 1-stimulated mesenteric lymph node celltwes (data not shown). Moreover,
neonatal colonization witB. longum led to reduced Bet v 1-induced proliferative res@s
of spleen cellsex vivo (Fig. 2H) and significant increase of CD4+Foxp3iisin MLN

(Supplementary Fig. 2).

B. longum induces low maturation status of dendritic cells and production of regulatory
cytokines

Stimulation of BM-DC withB. longum induced only moderate and dose dependent induction
of maturation markers CD40, CD80 and CD86 when @y with LPS (TLR4 ligand) or
Pam3C (TLR2 ligand) (Fig. 3A). HoweveB. longum induced high levels of regulatory
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cytokines IL-10 and TGEB-(Fig. 3B and C) and also IL-6 (Fig. 3E). On thentrary, only
small amounts of IL-12p70 were detected (Fig. 3D).

Role of innate receptorsin recognition of B. longum

In order to study the role of TLRs B longum mediated signals, human embryonic kidney
cells (HEK) 293 stably transfected with TLR2 or T4Rvere stimulated with different
concentrations of formalin inactivatd®l longum. Pam3C was used as positive control for
TLR2 and LPS for TLR4. High levels of IL-8 iB. longum stimulated HEK293/TLR2
indicated thaB. longum signals trough TLR2 in a dose dependent manner @A). There
was no production of IL-8 after stimulation of HES&TLR4 withB. longum (Fig. 4B).

B. longum signals through TLR2 and MyD88 to induce regulatory cytokines by
dendritic cells

We have shown that stimulation of wild-type BM-D@wB. longum induced up-regulation
of surface markers CD40, CD80 and CD86 (Fig. 5AjisTeffect was significantly reduced,
when BM-DC from TLR2- or MyD88-deficient mice weused. On the other hand, the lack
of TLR4 had no impact on induction of these surfa@kers byB. longum. Similarly, BM-
DC stimulation withB. longum induced production of IL-10 and IL-12p70 in wilgse and
TLR4-deficient cells but production of these cytws was abrogated in BM-DC derived
from TLR2- and Myd88-deficient mice (Fig. 5 B and. B. longum-induced production of
IL-10 and IL-12p70 from TLR4-deficient BM-DC rema&d unchanged compared to wild-
type cells. The production of surface markers (E§) and cytokines (data not shown)
induced by TLR2 ligand Pam3C was abrogated in adisved from TLR2- and MyD88-

deficient mice.

Activation of MAPK and NF-kB in dendritic cells is critical for the production of IL-10

by B. longum

In order to investigate the functional role of ERK38, JNK or NR¢B pathways in cytokine
production induced b¥s. longum, BM-DC were pretreated with a selective inhibitdrthe
ERK (PD98059), p38 (SB203580), JNK (SP600125) ordBF(BAY 11-7082) pathway,
prior to incubation withB. longum. As shown in Fig. 6, production of IL-10 inducey B.
longum markedly decreased in the presence of inhibitbrh® ERK, p38, JNK or NkB
pathways. This data indicates that all four pattsvage important for IL-10 production. In
contrast, the IL-10 production induced by TLR2 hidaPam3C was dependent on ERK, p38,
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and NF«B only, as selective blockade of JNK activation uodd by Pam3C had no

significant impact on IL-10 production (Fig. 6).

DISCUSSION

In this report, we demonstrate that neonatal metihv@ffspring mono-colonization witls.
longum CCDM367 significantly reduces the development diergen-specific immune
responses in a gnotobiotic mouse model of typeldrgy, which was associated with
induction of regulatory milieu. Furthermore, we shitnat TLR2 and subsequent downstream
signaling via Myd88 and MAPK are crucial for theognition ofB. longum and induction of
IL-10.

Clinical studies differ greatly in their outcomegarding the role of probiotic interventions in
strategies for prevention of allergic diseasesi¢wegd in (20)). However, most of the studies
claim that the probiotic intervention in prenatalipatal period appears to be crucial for
manifestation of beneficial effects, confirming tbristence of “window of opportunity” in
the programming of the immune system in early(lif¢, 15, 21).

In order to investigate the interaction betweemlsifbacteria and the host immune system, as
well as the impact of the specific strain on therograming and the maturation of offspring’s
immune system, we established a mouse model of at@omother-to-offspring mono-
colonization using germ-free mice. By that we poesly showed that constitutive delivery of
Bet v 1 by Lactobacillus plantarum, but not the wild-type bacteria algnevas able to
modulate subsequent systemic sensitization to Bet(¥7). Here we show that mother-to-
offspring monocolonization of GF mice wit longum significantly decreased the levels of
Th2- as well as Thl-associated Bet v 1-specifitbadies in serum. This data suggest that
the inhibition of sensitization was not achievaa@y by immune shift toward the Th1l mode,
but rather that general reduction of immune respemsight take a place.

Consistent with the results observed in sera, dinlae level B. longum inhibited antigen-
specific recall responses in spleen cells. Both-Hml Th2- associated cytokines, as well as
antigen specific proliferation, were dramaticakigluced in mice colonized wit longum in
comparison to controls. We observed similar gersrppression in antigen specific cytokine
production after prophylactic intranasal applicataf a differentB. longum strain (22) and
similarly, Bifidobacterium has been shown to inhibit T-cell proliferation Y28d antigen-
specific cytokine production (24) in OVA food aligrmodel. It is necessary to stress out, that

although the reduction of humoral and cellular irmawesponses observed wihlongum is
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feasible in the context of sensitization to allergeit remains important to evaluate, whether
the perinatal application d8. longum or other strains with immunosuppressive properties
could interfere with immune responses against tidas, vaccines or anti-tumor immunity.

On the basis of previous reports suggesting thataioe probiotic bacteria induce the
generation of Foxp3 regulatory T cells both in hasyand animals (12, 23), which interferes
with Th2 cell effector mechanisms, we postulateat the suppressive effectsBflongum on
Bet v 1-induced sensitization may be mediated gédtcells. Indeed, in MLNs & longum-
monocolonized mice we found small, but significamcrease in FoxP3+ Treg cells.
Moreover, we found significantly increased levelslio-10 and also of TGH- in sera.
Interleukin-10 and TGIB-are regarded as regulatory cytokines, that ardyzed by a broad
variety of cells, including tolerogenic DC and thaye indispensable for induction of
regulatory T cells (10). Interestingly, it has beewently shown, that besides induction of
FoxP3+Treg cells (23), bifidobacteria are ablertduice another subset of FoxP3 negative
Treg cells, IL-10-producing type 1 regulatory c€lls1) (25). We therefore speculate, tBat
longum is exerting its immunoregulatory properties bolimotigh induction of Trl and
FoxP3+ Treg cellsHowever, the precise role @&. longumrinduced IL-10 and TGB-in
prevention of sensitization in our model remainbeédnvestigated.

Dendritic cells are regarded as the key playersuiing the immune responses and induction
of different T cell subsets (12, 25B. longum stimulated BM-DC showed only mild
upregulation of co-stimulatory markers accomparbgdncreased production of IL-10 and
TGF. Indeed, immature DC and DC producing IL-10 haeerbregarded as tolerogenic
(26) and they were shown to be able to induce atgry T-cells (12, 23). Recent reports
show that the stimulation of TLR2 on dendritic sedhhances their ability to induces the Treg
cells (27) and in humans, TLR2 signaling on antigeesenting cells inhibits the allergen
specific Th2 responses (28). In this respect, we lshiown thaB. longum engages TLR2 but
not TLR4 on transfected HEK cells and confirmedsthéndings by showing that cytokine
production induced byB. longum was abrogated in TLR2-/- and MyD88-/-, while it sva
retained in TLR4-/- deficient DC. It is thus temmgito speculate, that the immunomodulatory
effect of B. longum observedin vivo is due to its strong interaction with TLR2 recepto
leading to the IL-10 production.

Since TLR2 has been shown to activate MAPK andkBFwe further investigated their roles
in IL-10 production induced b®B. longum. We show that th@&. longum induced IL-10 is
critically dependent on NkB activation. Further, the data obtained with MARKiIbitors

stress out the importance of p38 and ERK, and simgly also JNK signaling pathways.
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This is in contrast with the results obtained fog TLR2 ligand Pam3C, where JNK pathway
was dispensable for IL-10 induction. To our knovgedhere are no other studies showing the
involvement of MAP-kinase pathways in IL-10 indactibyBifidobacterium.

Taken together, our data shows tBatongum is a strain with the ability to induce regulatory
cytokines/ T cells with the ability to prevent alfec sensitization. These properties make it a
promising candidate for perinatal intervention t&tgées against the onset of allergic diseases
in humans. Moreover, our results stress out theeménimportance of intrinsic
immunomodulatory properties of bacterial strainduga intervention and shed light on the

function of bifidobacteria in shaping the immunstsyn in early human ontogeny.
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A SENSITIZATION SACRIFICE
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Figure 1:Systemic sensitization to Bet v 1 in mice neonataly colonized with B. longum.
Experimental design: Eight-week old germ-free (Gkice (n=5) and age-matched mice
neonataly colonized witB. longum (n=5) were three times subcutaneously (s.c.) seedi
with 1 ng of recombinant Bet v1 in Alum (Bet v 1/AI(OH)3)\t sacrifice blood, small
intestine, spleen and mesenteric lymph nodes wakected for further analysis (A). Bet v 1-
specific IgE (B) in sera was measured by rat bastgikemia (RBL-2H3) cell degranulation
assay, IgG1 (C), lgG2a (D), total IgE (E), IL-10 @nd TGFB (G) in sera were measured by
ELISA. Germ-free mice (GF, white bars) aBdongum colonized mice (black bars). Data are
plotted as mean values = SEM. One representatipergment out of two is shown. *0.05,
**P <0.01.
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Figure 2:Influence of B. longum neonatal colonization on Bet v 1 specific cytokine
production and proliferative response in splenocytes. Spleen cells from germ-free mice
(GF, white bars) an#. longum colonized mice (black bars) were cultuieditro 60 h with
20 ug/ml of Bet v 1. Production of IL-5 (A), IL-13 (BJL-4 (C), IL-10 (D), IFN«y (E), IL-17
(F) and TNFe (G) were measured in culture supernatants by MPALHX MAP Mouse

Cytokine/Chemokine Panel. Cytokine levels are esged after subtraction of base line levels

of unstimulated splenocytes. Proliferative respensé splenic cells were assessed by

incorporation ofH-Thymidine for the last 16 h of 76 h cultivatioH)( Values are shown as

stimulation index. Pooled values from two indeperidexperiments (n=5 mice/group) are
shown as mean values £ SEM. £@®.05, *P< 0.01.
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Figure 3:Maturation of dendritic cells and cytokine production induced by B. longum.

Bone marrow-derived dendritic cells from BALB/c raiwere cultured with media alone (M),
ultra-pure lipopolysaccharide frol coli (LPS, 1ug/ml), Pam3CSK4 (PAM3, ig/ml) or
two different concentrations of formalin-inactivatB. longum (1° or 10 CFU/ml) for 18
hours. BMDC were analyzed by flow cytometry for @D£D80 and CD86 expression (A).

Numbers shown are median florescence units. Orregeptative out of three experiments is
shown. Production of IL-10 (B), TGE{C), IL12p70 (D) and IL-6 (E) in culture supernata
were determined by ELISA. Mean values =+ SEM arenshdne representative out of three

experiments is shown.
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Figure 4:Activation of TLR receptors by B. longum. Human embryonic kidney cells
(HEK293) stably transfected with an expression mefdr human TLR2 (293-hTLR2/CD14)
(A) and TLR4 (293-hTLR4/MD2/CD14) (B) were -culturefbr 20 h with different
concentrations of formalin inactivat&l longum (1¢°, 10/, 10 CFU/ml) or left unstimulated.
Ultra-pure lipopolysaccharide frol coli (LPS; 1pg/ml) and Pam3CSK4 (PAMS3, dg/ml)
were used as positive controls for TLR4 and TLRBpectively. Unstimulated cells (M) were

used as control. Results are expressed as meas\v@alBEM, one representative experiment

out of at least three is shown.
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Figure 5:Involvement of TLR in BMDC maturation and cytokine production induced by

B. longum. BMDC generated from wild-type (WT), TLR2-, TLR4- &ariMyD88-deficient
mice with C57BL/6 background were cultured with maeffyray histograms), Pam3CSK4 (1
ug/ml, dashed lines) or formalin inactivatBdlongum (10" CFU/ml, solid line) for 18 h (A).
Expression of maturation markers CD40, CD80 and €8s assessed by flow cytometry.
Numbers shown are median florescence units. Primofuot IL-10 (B) and 1L12p70 (C) after
stimulation withB. longum (10° CFU/ml) was measured by ELISA. Mean values + SEtdraf
subtractions of baseline levels from unstimulateliscare shown. One representative out of

two experiments yielding similar results is shown.
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(BAY 11-7082, dotted bars) pathway inhibitors forhlprior to stimulation with formalin
inactivatedB. longum (10° CFU/ml) or Pam3CSK4 (PAM3, dg/ml). Unstimulated cells (M)

were used as controls. Levels of IL-10 were deteesiiby ELISA. Results are expressed as

mean values + SEM, one representative experimerdafdwo is shown.
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Supplementary figure 1:evels of IgA and TGF-B in gut lavage. Total IgA (A) and TGH3
(B) in gut lavage were measured by ELISA. Germ-freee (GF, white bars) ar8l longum
colonized mice (black bars). Data are plotted asmwlues = SEM. Pooled results from two

experiments (n=10 mice) are shown.<P.05.
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Supplementary figure 2Numbers of CD4+FoxP3+ cells in splenocytes and mesenteric
lymph nodes cells. The percentage of Tregs in cell suspension isol&t@m mesenteric
lymph nodes (A) and spleens (B) of germ-free m@&E,(white bars) anB. longum colonized
mice (black bars). Representative data from oneobuivo independent experiments are
shown. *P< 0.05.
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Golias J .*, Schwarzer M.*, Wallner M., Kverka M., Kozakova H., Srutkova D., Klimesova K.,
Sotkovsky P., Palova-Jelinkova L., Ferreira F., Tuckova L.
PLoS ONE 2012;7(5): €37156. doi:10.1371/journal.pone.0037156

* equally contributed

87



Correction: Heat-Induced Structural Changes Affect OVA-Antigen Pro... http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3437785/?report=printable

1of1

e
:@ . PLos ‘ OMNE A PeerRaviewed, Open Access Journal

Wiew this Article | Submit to PLOS | Get E-Mail Alerts | Contact Us

PLoS One. 2012; 7(8): 10.1371/annotation/53227638-162d-477c-a487-ad856854d823. PMCID: PMC3437785
Published online 2012 August 22. doi: 10.1371/annotation/53227638-162d-477c-a487-ad856854d823

Correction: Heat-Induced Structural Changes Affect OVA-Antigen Processing
and Reduce Allergic Response in Mouse Model of Food Allergy

Jaroslav Golias, Martin Schwarzer, Michael Wallner, Miloslav Kverka, Hana Kozakova, Dagmar Srutkova, Klara
Klimesova, Petr Sotkovsky, Lenka Palova-Jelinkova, Fatima Ferreira, and Ludmila Tuckova

Copyright Public Library of Science. This is an open-access article distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In the Funding section, the grant number from the Institutional Research Concept Grant was listed
incorrectly. The correct grant number is: RVO: 61388971.

The complete, correct Funding statement is: This work was supported by grants from the Czech Science
Foundation (GA310/07/0414, 310/08/Ho077 and 310/08/H077), http://www.gacr.cz/; [*] Synlab
(http://www.synlab.cz), [*] the Academy of Sciences of the Czech Republic (IAA500200801,
1AA500200710 and KJB500200904), http://www.gaav.cz/; [*] the Czech Ministry of Education, Youth
and Sports (2B0o6155 and LC07017), http://www.msmt.cz; [*] and by Institutional Research Concept
Grant RVO: 61388971, http://www.isvav.cz. [*] The funders had no role in study design, data collection

and analysis, decision to publish, or preparation of the manuscript.

Footnotes

Competing Interests: No competing interests declared.

Articles from PLoS ONE are provided here courtesy of Public Library of Science

2013-02-06 2:16 PM



@ pLos one

OPEN a ACCESS Freely available online

Heat-Induced Structural Changes Affect OVA-Antigen

Processing and Reduce Allergic Response in Mouse
Model of Food Allergy

Jaroslav Golias'®, Martin Schwarzer®*®, Michael Wallner?, Miloslav Kverka', Hana Kozakova?,
Dagmar Srutkova?, Klara Klimesova', Petr Sotkovsky’, Lenka Palova-Jelinkova', Fatima FerreiraZ,
Ludmila Tuckova’

1 Department of Immunology and Gnotobiology, Institute of Microbiology, v.v.i, Academy of Sciences of the Czech Republic, Prague, Czech Republic, 2 Department of
Immunology and Gnotobiology, Institute of Microbiology, v.v.i,, Academy of Sciences of the Czech Republic, Novy Hradek, Czech Republic, 3 Christian Doppler Laboratory
for Allergy Diagnosis and Therapy, Department of Molecular Biology, University of Salzburg, Salzburg, Austria

Abstract

Background and Aims: The egg protein ovalbumin (OVA) belongs to six most frequent food allergens. We investigated how
thermal processing influences its ability to induce allergic symptoms and immune responses in mouse model of food
allergy.

Methodology/Principal Findings: Effect of increased temperature (70°C and 95°C) on OVA secondary structure was
characterized by circular dichroism and by the kinetics of pepsin digestion with subsequent HPLC. BALB/c mice were
sensitized intraperitoneally and challenged with repeated gavages of OVA or OVA heated to 70°C (h-OVA). Levels of
allergen-specific serum antibodies were determined by ELISA (IgA and IgGs) or by B-hexosaminidase release test (IgE).
Specific activities of digestive enzymes were determined in brush border membrane vesicles of jejunal enterocytes.
Cytokine production and changes in regulatory T cells in mesenteric lymph nodes and spleen were assessed by ELISA and
FACS. Heating of OVA to 70°C caused mild irreversible changes in secondary structure compared to boiling to 95°C (b-OVA),
but both OVA treatments led to markedly different digestion kinetics and Tregs induction ability in vitro, compared to
native OVA. Heating of OVA significantly decreased clinical symptoms (allergic diarrhea) and immune allergic response on
the level of IgE, IL-4, IL-5, IL-13. Furthermore, h-OVA induced lower activities of serum mast cell protease-1 and enterocyte
brush border membrane alkaline phosphatase as compared to native OVA. On the other hand h-OVA stimulated higher
IgG2a in sera and IFN-y secretion by splenocytes.

Conclusions: Minor irreversible changes in OVA secondary structure caused by thermal processing changes both its
digestion and antigenic epitopes formation, which leads to activation of different T cell subpopulations, induces shift
towards Th1 response and ultimately reduces its allergenicity.
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Introduction Depending on the route of exposure, dose of allergen and the
presence of suitable adjuvant, the immune response can result in
either sensitization or oral (mucosal) tolerance induction [4-6]. In
mouse models of food allergy, oral administration of allergen
usually results in oral tolerance induction, but its co-administration
with strong mucosal adjuvant such as cholera toxin or with anti
acid drugs (increasing gastric pH) could be used for allergic
sensitization [7-10]. Another reliable and effective approach to
overcome the oral tolerance induction is pretreatment of mice by
systemic intraperitoneal (i.p.) administration of allergen with
aluminum hydroxide (alum) as adjuvant followed by repeated

Food allergy is a serious health concern affecting 6-8% of young
children and about 2-4% of adults. Allergies to eggs, milk and
peanut are currently the most frequent food allergies and their
prevalence, severity and persistence has been increasing during the
last decades. Food allergy is considered mainly as an IgE-mediated
type I hypersensitivity, characterized by an increased production
of IgE antibodies and Th2 cytokines, common markers found both
in human disease and in experimental models [1-4].
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intra-gastric treatments. This experimental model mimics a mild
form of human allergy with IgE-mediated mast cell degranulation
causing increased small intestine permeability [2,11,12] with
diarrhea as one of the symptoms of anaphylaxis. Histological
examination of small intestine reveals changes of epithelium, e.g.
alteration in number of goblet cells and mucin production and the
damage of tips of villi, as well as changes of lamina propria, e.g.
increased cell infiltration and/or activation [13-15].

The mucosa of small intestine is an actively metabolizing,
rapidly proliferating, absorptive epithelium with nutritional and
homeostatic functions. The activity of brush border enzymes is
sensitive marker of intestinal cell differentiation and postnatal
development, reflecting both dietary changes and microbial
colonization [16-18]. Partial and subtotal atrophy of the villous
apparatus was shown to correlate with the activity and expression
of alkaline phosphatase [19]. Moreover, this enzyme may be also
ivolved in host’s defense against pathological stress-induced
damage, such as during inflammation and infection [20].

Egg white contains several allergens such as ovalbumin (OVA),
ovomucoid, ovotransferin and lysozyme. Forming approximately
60% of the total egg white protein, OVA is by far the most
abundant of them [21]. Like the majority of food allergens OVA is
consumed after thermal processing and it has been shown that
after heating its molecular structure as well as allergenicity is
altered [22,23]. However, it should be considered that cgg
allergens are processed at different temperatures (baked, scram-
bled or soft/hard boiled eggs or even native as whipped egg white)
and these processing conditions can have a major impact on the
secondary structure, susceptibility to enzymatic digestion in the
gastrointestinal tract and allergenicity. Partial decrease of Igl
binding after OVA thermal processing suggested that both linear
and conformational epitopes participate in the OVA-IgE specific
interactions [22-24]. Moreover, heating of allergens can lead to
their aggregation, which reduces their absorption and transport
through epithelial layer and thus decreases their allergenicity [25].
However, the impact of different temperature treatment on the
changes in the secondary structure of OVA and on its ability to
induce clinical symptoms of food allergy hasn’t been studied in
detail.

In the present study we show that heating of hen egg allergen
OVA to 70°C has only minor effect on its secondary structure.
However, these minor changes lead to different kinetics and
occurrence of fragments after digestion. This result in activation of
different T cell subpopulations and changes in both cytokine
production and specific antibody formation, which leads to
significant reduction of egg allergy symptoms.

Materials and Methods

Ethics Statement
All animal experiments were approved by the Laboratory
Animal Care and Use Committee of the Institute of Microbiology

v.v.l., Academy of Sciences of the Czech Republic, approval ID:
94/2006 and 244/2009.

Animals

Two month-old female BALB/c mice (/1-2b) (Animal facility of
the Institute of Physiology ASCR, Czech Republic) were kept
under standard conditions, fed by OVA-free diet and water ad
libitum.

Ovalbumin Preparation

For 7.p. sensitization, OVA (Worthington, Lakewood, NJ, USA)
and heated OVA (h-OVA; prepared by exposure of OVA to 70°C

@ PLoS ONE | www.plosone.org
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for 10 minutes, enabling accurate and reproducible dosing) were
dissolved in phosphate-buffer saline (PBS) to a final concentration
of 300 pg/ml containing 5 mg/ml of alum adjuvant (Sigma,
Steinheim, Germany). For oral administration, OVA and h-OVA
were dissolved in PBS to a final concentration of 100 mg/ml. For
i vitro studies boiled OVA (b-OVA) was prepared by exposure of
OVA to 95°C for 10 minutes. EndoGrade® Ovalbumin (Hyglos
GmbH, Germany) with endotoxin content <1 EU/mg was used
for enzymatic digestion and i vitro stimulation.

Circular Dichroism

Protein secondary structure elements were determined by CD
spectroscopy. Spectra were recorded in 5 mM sodium phosphate
buffer (pH 7.4) with a JASCO J-815 spectropolarimeter fitted with
a PTC-423S Peltier single position cell holder (Jasco, Tokyo,
Japan). All spectra are baseline-corrected and presented as mean
residue molar ellipticity [@]yrw at a given wavelength. Thermal
denaturation of proteins was monitored from 20°C to 70°C or
from 20°C to 95°C at the fixed wavelength of 222 nm with
a temperature slope of 1°C/min. The melting point (Tm) was
calculated from the inflection point of the resulting sigmoid curve

[26].

Enzymatic Digestion and HPLC Separation of Ovalbumin
Fragments

Peptides of OVA, h-OVA or b-OVA were prepared using
pepsin-agarose gel similarly as described previously [27]. Briefly,
digestion of proteins was stopped after 20, 40, or 60 minutes by
removing the pepsin-agarose gel by centrifugation (10 min;
1500 g) and by neutralization with 1 M NaOH to final pH 7.
Digested or undigested proteins were separated using SP 250/10
NUCLEOSIL 300-7 C18 column (Macherey-Nagel, Diiren,
Germany) on the HPLC system Gold 125NM Solvent Module
(Beckman Coulter, Miami, FL, USA). Samples were applied on
columns and separated as described previously [27]. For i vitro
stimulations, digests were dissolved in complete RPMI-1640
(Sigma-Aldrich, St. Louis, MO, USA) to a final concentration of
500 pg/ml.

Experimental Protocol

Mice were divided into the three groups according to the
treatment — OVA, h-OVA and PBS (controls). Mice were
sensitized z.p., with a two week interval, with 60 pug of either
OVA or h-OVA together with 1 mg of alum in a final volume of
200 ul PBS on day 1 and 14. Control mice received only 200 pl
PBS containing 1 mg of alum. Two weeks later, the mice were
challenged 10 times at 2-3 days intervals by ¢.g. gavages of 15 mg
of OVA in a final volume of 150 pl PBS. Diarrhea was assessed
visually by monitoring mice for 30 minutes after each 7.g. exposure.
Body weight was recorded before gavage and rectal temperature
both before and 30 minutes after each z.g. exposure.

Quantification of OVA-specific Antibodies and Mast Cell
Protease-1

Blood samples were collected before the first z.p. injection,
during the experiment and at sacrifice. Allergen-specific serum
IgG1, IgG2a and IgA levels were determined by ELISA [28].
Briefly, 96-well microtiter plates were coated either with OVA, h-
OVA or b-OVA (5 ug/ml). Serum samples were diluted 1/10000
for IgG1, 1/100 for IgG2a and 1/10 for IgA. Rat anti-mouse
IgG1, IgG2a and IgA antibodies (Abs) (1 ng/ml Pharmingen, San
Diego, CA, USA) were applied, followed by peroxidase-conjugat-
ed mouse anti-rat IgG Abs (1/1000; Jackson, Immuno Labs., West
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Grove, PA, USA) for detection. Antibody levels were reported as
optical density (OD). As it was shown that allergen-specific IgG
interferes with allergen-specific IgE detection [29], allergen-
specific IgE levels in sera were quantified by degranulation of
rat basophil leukemia (RBL-2H3) cells (originally described by
[30], kindly provided by prof. Ursula Wiedermann). RBL-2H3
cells were plated in 96-well tissue culture plates (4x10* cells/per
well) and passively sensitized by incubation with mouse sera in
a final dilution of 1/90 for 2 hours. After washing, OVA, h-OVA
or b-OVA (0.6 pg/ml) were added for 30 min at 37°C to induce
degranulation. Supernatants were incubated with 4-methylum-
belliferyl-N-acetyl-B-D-glucosaminide (Sigma-Aldrich, St. Louis,
MO, USA) for analysis of B-hexosaminidase using a fluorescence
microplate reader (A.:360 nm/A.,,;:465 nm) Infinite M200 (Te-
can Group Ltd., Grodig, Austria). Results are reported as
percentage of total PB-hexosaminidase release from cells after
disruption with 1% Triton X-100.

Levels of serum mouse mast cell protease-1 (MMCP-1) enzyme
were determined by commercial kit (eBioscience, San Diego, USA)
according to manufacturer’s instructions. Sacrifice sera were
diluted 17250 and the MMCP-1 levels are reported as ng/ml.

Cell Culture and Cytokine Evaluation

Mesenteric lymph nodes (MLN) and spleens were removed at
sacrifice. Single-cell suspensions were prepared in RPMI-1640
containing 10% fetal bovine serum (BioClot GmbH, Aidenbach,
Germany) and 1% Antibiotic-Antimycotic solution (Sigma-Al-
drich). Cells (6x10°/well) were cultured in a flat-bottom 96-well
plate (TPP, Trasadingen, Switzerland) without any stimuli or in
the presence of either OVA or h-OVA (100 ug/well) for 72 hours
(37°C, 5% COy). Supernatants were collected and stored at —40°C
until analyses. 1L-4, IL-5, 1L-6, 11.-10, IL-13, IL-17, INF-y and
TNF-0. were determined by the MILLIPLEX MAP Mouse
Cytokine/Chemokine Magnetic Panel (Millipore, Billerica, USA)
according to manufacturer’s instructions and analyzed with the
Bio-Plex System (Bio-Rad Laboratories, Hercules, USA) with
sensitivities <0.3 pg/ml for IL-4, <0.8 pg/ml for IL-5, <2.1 pg/
ml for IL-6, <2.6 pg/ml for IL-10, <12.4 pg/ml for IL-13,
<0.7 pg/ml for IL-17, <I.1 pg/ml for IFN-y and <3.1 pg/ml
for TNF-o. Values are reported in pg/ml after subtraction of
baseline levels of non-stimulated cultures. Values below assay
sensitivity were considered non-detectable (n.d.). In order to
measure the capacities of OVA, h-OVA and b-OVA and their
peptic digests (100 pg/well) to induce Tregs, we cultivated them
with naive mouse splenocytes for 48 hours.

Flow Cytometry Analysis

Single-cell suspensions of spleens or MLN were stained for
regulatory T cells using Foxp3 Staining Buffer Set (eBioscience,
San Diego, CA, USA) with fluorochrome labeled anti-mouse
monoclonal Abs: CD3e-Fluorescein isothiocyanate (eBioscience;
clone 145-2C11), CD4-Qdot® 605 (Invitrogen, clone RM4-5),
CD25-Alexa Fluor® 700 (eBioscience; clone PC61.5) and Foxp3-
phycoerythrin (eBioscience; clone FJK-16s) according to the
manufacturer’s recommendation. Flow cytometric analysis was
performed on LSRII (BD Biosciences, San Jose, CA, USA) and
data were analyzed using FlowJo software (Tree Star, Ashland,
OR, USA).

Determination of Enterocyte Brush-border Enzyme
Activities

Jejunum was removed, washed with cold saline and brush
border membrane vesicles (BBMV) were prepared from jejunal
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scrapings as described by Kessler et al. [31]. Protein concentration
in BBMV was determined by the method of Lowry et al. [32] using
bovine serum albumin, fraction V (Serva, Heidelberg, Germany)
as standard. The activity of alkaline phosphatase (EC 3.1.3.1), -
glutamyltranspeptidase (EC 2.3.2.2), dipeptidyl peptidase IV (EC
3.4.14.5), lactase (EC 3.2.1.23/62/108) and sucrase (EC 3.2.1.48/
10) were determined as described previously [33]. Enzyme
activities were expressed in nkat/mg protein, 1 nkat being the
amount of the enzyme that converts 1 nmol of substrate per
second under the given conditions.

Histology and Morphometry

Intestinal tissue sections were fixed immediately in 4% formalin.
The fixed tissues were cut and processed using routine methods.
Paraffin sections (5 wm) were deparaffinized in xylene, rehydrated
through an ethanol gradient to water and stained by hematoxylin-
eosin. Villus height was evaluated under the Olympus BX 40
microscope equipped with Photo camera DP 70 using program
QuickPhoto Micro 23 program (Olympus, Japan). The mean
height of 20-30 villi £ SEM was calculated.

Statistical Analysis

Differences between multiple experimental groups were evalu-
ated by one-way analysis of variance (ANOVA) with Tukey’s
multiple comparison test, and differences between two groups
were evaluated using unpaired two-tailed Student’s #test. Data
were expressed as the mean = SEM unless otherwise stated.
GraphPad Prism statistical software (version 5.03 GraphPad
Software, La Jolla, CA, USA) was used for analyses.

Results

The Effect of Thermal Processing on OVA Secondary
Structure and Enzymatic Digestion

Since eggs could be consumed after various kinds of processing,
we analyzed the effect of different temperatures on the secondary
structure of OVA allergen. Employing the circular dichroism
technique, we found that heating to 70°C or 95°C causes
irreversible changes in secondary structure of OVA allergen
(Fig. 1). The structural changes induced by heating were
accompanied by different susceptibility to pepsin digestion. HPLC
elution profiles of pepsin-digested OVA, h-OVA or b-OVA were
documented after 20 and 40 minutes (Fig. 2). The majority of
native OVA was split to fragments after 20 min, while the majority
of both forms of heated OVA remained undigested. However,
while both h-OVA and b-OVA had similar peptide profiles after
20 or 40 min of digestion, these were both quite different from
those of untreated OVA (Iig. 2). The profiles after 40 min of
digestion remained almost unchanged after 60 min of digestion
(data not shown).

Experimental Allergic Diarrhea Induced by OVA and
Heated-OVA

Allergic diarrhea appeared in about 70% of mice already after
the 5™ ig. dose of OVA, but only in 20% of those fed with h-
OVA. After 7 ig. doses, the disease symptoms were found in
more than 90% of OVA fed animals, but only in 35% of those
fed with h-OVA. At the end of the experiment (10 zg. doses), the
diarrhea was found in all mice fed with OVA, but only in 70%
of mice fed with h-OVA (Fig. 3a, b). There were small, non-
significant differences in body weight and in rectal temperature
after each zg. dose of either OVA or h-OVA and PBS control
group (data not shown). Morphometry analysis of histological
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Figure 1. Circular dichroism spectra of native and heated-OVA.
Circular dichroism spectra showed only minor irreversible structural
changes of hen egg ovalbumin-OVA heated for 10 minutes at 70°C (h-
OVA, dotted line) as compared to OVA heated at 95°C (b-OVA, dashed
line). Spectra were taken after renaturation at 20°C, native conformation
of OVA at 20°C is shown as control (solid line).
doi:10.1371/journal.pone.0037156.9g001
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pictures documented shortening of villi in mice treated with
either form of OVA, as compared to PBS-treated controls (PBS
190.2%5.1 um, OVA 157.7214.0¥ pm, h-OVA 161.4%+6.0%*

Hm).

OVA and h-OVA Treatment Changes Activity of Brush-
border Hydrolases

The brush-border membrane hydrolases are enzymes involved
in the final steps of digestion processes. We tested if these enzymes
are involved in small intestine homeostasis and could be therefore
considered as new markers in food allergy. We determined their
activities in the jejunum of OVA-, h-OVA- and PBS-treated mice
(Table 1). We found that the specific activity of alkaline
phosphatase was significantly higher in mice treated with native
OVA but only slightly increased in those exposed to h-OVA, as
compared with PBS-treated mice. On the other hand, as
compared to PBS-treated controls, both OVA and h-OVA
treatments significantly decreased the specific activity of dipeptidyl
peptidase IV. We did not observe any significant changes among
the three experimental groups in the levels of glutamyl
transpeptidase, lactase or sucrase (Table 1).

Thermal Processing of OVA Changes the Kinetics of OVA-
specific Antibody Responses and the Levels of Serum
MMCP-1

To determine the effect of thermal processing of the allergen on
the level and specificity of anti-OVA antibodies, the serum levels
of IgE, IgG1, IgG2a and IgA against either OVA or h-OVA were
determined in the course of the experiment. As shown in Fig. 3¢
the level of IgE anti-OVA Abs was higher in response to native
OVA than to h-OVA. In contrast, OVA-specific 1gG2a was
significantly higher after h-OVA feeding. The levels of the other
two isotypes (IgG1 and IgA) were increased compared to controls
but the differences corresponding to the two OVA forms were
diminished towards the end of experiment. At the end of the
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Figure 2. RP-HPLC separation profile of native-OVA and heated-OVA peptic digests. RP-HPLC separation profile monitored at 280 nm
corresponds to OVA and OVA heated at 70°C (h)-OVA or boiled at 95°C (b)-OVA undigested (0’) and after 20 (20’) and 40 minutes (40') of digestion

by pepsin. RT - retention time.
doi:10.1371/journal.pone.0037156.9002
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Figure 3. Impact of heating on OVA-induced allergic response. Experimental design (a). Mice were sensitized twice intraperitoneally (i.p.)
with OVA/AI(OH);, heated OVA (h-OVA)/AI(OH); or PBS/AI(OH); alone and subsequently challenged with ten doses of OVA, h-OVA or PBS by
intragastric tubing (i.g.). Blood samples were taken at indicated time points for antibody analysis. At the end of the experiment, spleens and
mesenteric lymph nodes were taken for FACS and cytokine assays, small intestine for histology and enterocyte brush border for enzyme activity
analysis. Occurrence of allergic diarrhea (b). Occurrence of allergic diarrhea in OVA (solid line) or h-OVA (dotted line) challenged mice, data
pooled from three independent experiments. PBS controls are shown as dashed line. The kinetics of specific Abs formation (c). Levels of specific
antibodies in sera from mice exposed to OVA (solid line), h-OVA (dotted line) or PBS (dashed line) were detected by ELISA (IgA, IgG1and IgG2a) or by
B-hexosaminidase release assay (IgE). Data are represented as mean * SEM (n=10 mice/group), representative data from one out of three
independent experiments. *P=0.05, **P=0.01, ***P=0.001.

doi:10.1371/journal.pone.0037156.9003

experiment, we characterized the specificity and the degree of
cross-reactivity of anti-OVA antibodies using ELISA with OVA,
h-OVA or b-OVA bound as an antigen (Fig. S1). The levels of
OVA-specific antibodies remained unchanged, when we used h-
OVA or OVA as a coating antigen, except for IgG1, which levels
were significantly higher, when h-OVA instead of OVA was used.
When b-OVA was used as coating antigen, the response of both

Table 1. Specific activities of enterocyte brush-border
enzymes (nkat/mg protein) in jejunum of treated mice.

Enzyme (nkat/mg

protein) OVA h-OVA PBS
Alkaline phosphatase 14.26+1.09%** 10.08+0.847 8.27+0.29
GGT 10.79+3.33 8.64+1.59 9.74+2.02
DPP IV 4.6120.50** 5.39+0.45* 7.39+0.77
Lactase 9.19+0.63 8.37+0.59 9.99+1.61
Sucrase 32.16+8.04 36.00+4.10 27.30+4.24

GGT - gamma-glutamyltranspeptidase, DPP IV - Dipeptidyl peptidase IV. Values
are expressed as the mean + SEM.

*P<<0.05 ovalbumin-treated group (OVA) vs. PBS-treated group.

**P<0.01 ovalbumin-treated group (OVA) vs. PBS-treated group.

***¥P<0.001 ovalbumin-treated group (OVA) vs. PBS-treated group.

#p<0.05 heated-ovalbumin-treated group (h-OVA) vs. ovalbumin-treated
group (OVA).

doi:10.1371/journal.pone.0037156.t001

@ PLoS ONE | www.plosone.org

OVA- and h-OVA treated mice decreased significantly in all
measured isotypes.

Increase of allergen specific IgE is essential for mast cell
activation and development of allergic diarrhea symptoms. We
determined the level of MMCP-1 enzyme as the marker of mast
cell activation and degranulation. In this case, the reducing effect
of thermal processing was clearly demonstrated; the h-OVA
induced only half the level of serum MMCP-1 compared to the
native OVA (Fig. 4).

Ex vivo Cytokine Production by MLN and Splenocytes
Induced by OVA Allergens

Local and systemic cell responses to OVA and h-OVA were
evaluated in all three groups of animals as @ witro cytokine
production by MLN and splenocytes after exposure to corre-
sponding allergens. Cytokine production from controls (PBS
group) was low or not detectable and did not change after
exposure to cither form of OVA (data not shown). As shown in
Fig. 5a, the levels of TNF-o, IL-4, IL-5, IL-10 and IL-13 were
higher in culture media obtained from MLN exposed to native
OVA. The differences in cytokine secretion were less pronounced
in the experiments with splenocytes cultures (Fig. 5b). Only the
production of IFN-y was higher after exposure to h-OVA as
compared to OVA. Levels of 1L-6 and IL-17 didn’t differ among
the groups neither in MLN nor in spleen (data not shown).
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Figure 4. Decreased mast cell protease induction by heated-
OVA. Heated OVA (h-OVA, black bar) induced significantly lower
amounts of mast cell protease (MMCP-1), the marker of mast cell
activation, compared to mice fed with native OVA (white bar). Data are
represented as mean * SEM (n=10 mice/group), representative data
from one out of three independent experiments. *P=0.05, **P=0.01,
***pP=0.001.

doi:10.1371/journal.pone.0037156.9004

Differentiation of CD4+CD25+Foxp3+ T Cells in OVA and
h-OVA Fed BALB/c Mice

Since regulatory T cells (Tregs) are known to be crucial for
induction of oral tolerance to protein antigens [34], we analyzed
the changes in Tregs in spleen and MLNs of OVA-, h-OVA- and
PBS-treated mice at the end of the experiment. In spleen we
observed a decrease in Tregs in h-OVA treated mice, as compared
to OVA- and PBS-treated mice (Fig. 6). Only a non-significant
increase was found in MLNs of h-OVA treated mice.

Induction of CD4+Foxp3+ T Cells by h-OVA and b-OVA in
vitro is Increased After a 20-min Pepsin Digestion

To characterize the effect of heating and enzymatic digestion on
T cell subpopulations, especially on regulatory T cell differenti-
ation in more detail, splenocytes from naive (untreated) BALB/c
mice were cultured i vitro either with OVA, h-OVA or b-OVA as
well as with their peptic digests. As shown in Fig. 7, the i vitro
stimulation of splenocytes with undigested heated proteins led to
a slight increase in proportion of CD4+Foxp3+ Treg cells
compared to native form of OVA. Interestingly, 20 min peptic
digests of heated forms of OVA induced increased proportion of
Tregs, but this ability decreased again after 40 min of digestion. In
contrast the pepsin digestion did not change the ability of OVA to
slightly increase the proportion of Tregs as compared to un-
digested OVA.

Discussion

In this study, we showed that small irreversible changes in
secondary structure of egg allergen OVA caused by thermal
processing significantly affect its digestion by gut enzymes and
decrease its allergenicity in the mouse model of food allergy. While
both heated and native OVA induced allergic diarrhea in BALB/c
mice, the disease symptoms appeared much earlier and with
a higher frequency in OVA fed mice than in those fed with h-
OVA. As compared to OVA-treated group, the sera of h-OVA-
treated mice contained also significantly lower levels of specific IgE
and MMCP-1, known markers of mast cell activation and
degranulation [35]. It seems that even slight changes in the
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secondary structure elements have a high impact on the
immunological behavior of the allergen. This could be explained
by differences either in allergen absorption, which could lead to
a decrease in allergen exposure, or in allergen digestion, which
leads to production of peptides with different allergenicity and to
a partial loss of conformational epitopes and/or exposure of new
linear epitopes to immune cells.

The small intestine is noted for its plasticity in response to
various dietary changes, which may be reflected in activation of
enterocyte brush-border enzymes. Here we demonstrated for the
first time that alkaline phosphatase (ALP) can be used as a new
marker in food allergy, because its specific activity was significantly
increased in OVA-treated group compared to controls. This is in
line with the recent findings that ALP has a crucial role in
regeneration of enterocytes and that its activity correlates with
villous atrophy [19,36]. We can speculate that the increased level
of ALP contributes to restoration of homeostasis in the enterocyte
membranes after long-term stimulation with OVA allergens. On
the contrary, dipeptidyl peptidase IV (CD26 - that cleaves L-
alanine or L-proline residues in the penultimate N-terminal
position) was significantly reduced in both OVA- and h-OVA-
treated groups, as compared to PBS controls. Interestingly,
a decrease in CD26 was found in patients with celiac disease
induced by gluten, which belongs to wheat components re-
sponsible for food- or wheat-dependent exercise-induced allergy
and for occupational asthma [37,38].

The changes in secondary structure by heating could influence
antibody response ¢ viwo. Here we report that OVA induced
significantly higher levels of OVA-specific IgE and lower levels of
IgG2a, as compared to h-OVA. High levels of potentially
“blocking” IgG2a (mouse homolog of human IgG4) may compete
for allergen [22]. The ability of heat-denatured allergens to induce
Th1 associated IgG2a was also shown for other allergens, such as
bee venom or birch pollen [39]. However, the effect cannot be
generalized, because in a recent study by van der Ventel [15]
a higher sensitizing potential was shown for cooked fish proteins.
Surprisingly, when we changed the coupling allergen (h-OVA was
used for OVA sensitized sera and vice versa) the binding of specific
Abs was retained. Moreover, the binding was significantly higher
when h-OVA antigen was used for specific IgGl antibody
determination. We assume that this is caused by heating-
uncovered linear epitopes (supplementing the loss of the confor-
mational ones), which are then presented after processing by
antigen-presenting cells to " and B lymphocytes. On the other
hand, when the extensively heated b-OVA was used, we observed
a strong drop in the signal in all OVA-specific antibodies, which
correlated with observed circular dichroism structural changes,
and suggested the importance of structural epitopes in specific
antibody formation.

Next, we addressed the question if the differences in OVA and
h-OVA-specific antibody responses are also associated with
cytokine milieu. On the local level in MLNs, we found
a significantly higher production of Th2 cytokines in the OVA-
treated mice, accompanied by proinflammatory TNF-o production
after an m vitro exposure to OVA. Surprisingly, we determined an
up-regulation of regulatory cytokine IL-10, which could be a result
of a biological feedback aimed at dampening down the local
inflammation, similar to chronic experimental colitis [40]. OVA-
treatment did not significantly influence cytokine production in
splenocytes, except for IFN-y, which was produced predominantly
by h-OVA stimulated splenocytes. The same observation was
recently made by van der Ventel [15], who showed an increased
IFN-y production by splenocytes of mice challenged with heated
fish extract. Our findings suggest that heating of OVA induces
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Figure 5. Cytokine production after in vitro restimulation with OVA. The cytokine production from mesenteric lymph nodes (a) and
splenocytes (b) of BALB/c mice fed with OVA (white bars) or h-OVA (black bars) and stimulated in vitro with appropriate allergen. Cytokine levels are
expressed after subtraction of base line levels of unstimulated lymph node cells or splenocytes. Data shown are mean values = SEM (n=4-7 mice/
group), representative data from one out of three independent experiments. *P=0.05, **P=0.01, ***P=0.001, n.d.= not detectable.

doi:10.1371/journal.pone.0037156.9005

changes in its digestion and processing by immune cells that lead
to changes in the local cytokine environment ultimately leading to
a shift from Th2- toward Thl-type response, reduction in the level
of specific IgE and an increased production of blocking IgG2a
antibodies [22]. These data fit well with clinical symptoms
observed in allergic subjects in response to heated egg allergens
[5,24].

Moreover, our results support recent data showing that thermal
processing interferes with OVA stability [23]. Here, we show that
h-OVA and b-OVA are initially (at 20 min) more resistant to
proteolysis than native OVA. The difference in degradation
kinetics could be explained by partial aggregation of heated forms

OVA

h-OVA

of OVA, which makes the target structures less accessible for the
enzyme. Nevertheless, after 40 min digestion the number of h-
OVA and b-OVA fragments was even higher and their spectrum
differed from those obtained from OVA. However, the spectra of
h-OVA and b-OVA fragmented peptides were similar, differing
only in the region corresponding to retention time of 50 min.
Surprisingly, when we stimulated splenocytes from naive mice
vitro we found an increase in the percentage of regulatory T cells in
response to h-OVA and b-OVA. The capacity of both heated
forms of OVA to induce Tregs was increased after 20 min of
pepsin digestion and decreased again after 40 min digestion. The
prolonged digestion had no effect on Treg inducing capacity of

PBS
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Figure 6. Numbers of Tregs in splenocytes and mesenteric lymph nodes of OVA treated mice. Typical plots depicting numbers of Tregs
in mouse splenocytes (a) and mesenteric lymph node (b) in gated CD3+CD4+CD8- T helper cells after feeding with OVA, h-OVA or PBS, respectively.
Numbers in upper quadrants shows proportions (mean = SD) of either CD25-Foxp3+ or CD25+Foxp3+ Th cells out of all cells. Representative data

from one out of three independent experiments. *P=0.05.
doi:10.1371/journal.pone.0037156.9006
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Figure 7. Number of Tregs in spleen cell suspensions co-
cultured /n vitro with OVA digests. The percentage of Tregs in cell
suspension isolated from spleens of non-stimulated (naive) BALB/c mice
cultured in vitro for 48 hours with undigested (0’) and after 20 (20’) and
40 minutes (40') peptic digest of OVA (white bars), h-OVA (black bars)
or b-OVA (grey bars). The data represent the percentage of
CD4+Foxp3+ cells out of all live cells as measured by FACS.
Representative data from one out of three independent experiments
are shown. Data are represented as mean *= SEM.
doi:10.1371/journal.pone.0037156.9007

native (heat untreated) OVA digests. These data are supported by
recent evidence in experimental mouse model of suppressive
cffects of some OVA T cell epitope peptides on allergic immune
responses via Foxp3+ T cell generation [41].

A direct continuation of the study would be the analysis of
intestinal DC subsets and goblet cells [42-44] in initial steps of
allergen sensitization in our model, which should contribute to
understanding how the tolerance or allergic response is achieved.
The analysis of the role of enzymes in brush-border membrane of
epithelial cells (activated after OVA gavages) will shed light on
allergen digestion and immunogenicity of fragments (esp. dipepti-
dases) and on regeneration of gut epithelium (ALP). Moreover, it
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would be of great importance to apply this model for verification
of hygiene hypothesis using animals kept under conventional and/
or germ-free condition and subsequently colonized with various
bacterial strains.

In conclusion, we showed that even a mild change in the
secondary structure of OVA after thermal processing has far-
reaching consequences concerning its antigenic properties. After
digestion of h-OVA, fragments with different immunogenic
properties are formed leading to the shift from Th2 to Thl-type
response as compared to native OVA. Nevertheless, the h-OVA
fragments still have the ability to induce allergic symptoms, but
these are less pronounced and need longer time to develop.

Supporting Information

Figure S1 Cross-reactivity of anti-OVA specific antibo-
dies. At the end of the experiment we determined the levels of
OVA-specific antibodies in OVA and heated (h)-OVA treated
mice against OVA, h-OVA (70°C) and boiled (b)-OVA (95°C).
The levels were retained for IgE, IgG2a and IgA (a, ¢, d) when we
used OVA as coating antigen for h-OVA-treated mice or h-OVA
as coating antigen for OVA treated mice. In case of IgG1 (b) the
levels were significantly higher when we used h-OVA as coating
antigen for either OVA- or h-OVA- treated mice. When we used
b-OVA we observed a significant drop in the signal for all
measured antibodies. Representative data from one out of three
experiments (n=8). Repeated measures ANOVA with Tukey’s
multiple comparison test was used for analysis of differences
between antibody levels of the same sample measured either
against OVA, h-OVA and b-OVA antigen. n.s. non-significant,
*P=0.05, *P=0.01, **P=0.001.

(TTF)

Acknowledgments

The authors thank Jana Cinova for her help with cell cultivation, Alena
Smolova for excellent technical assistance and Anna Koffer for language
revision.

Author Contributions

Conceived and designed the experiments: JG LT FF MS HK. Performed
the experiments: JG MS MK DS HK MW KK PS. Analyzed the data: MS
JG MK DS LT HK MW KK PS LP-J. Contributed reagents/materials/
analysis tools: LT MW HK FF. Wrote the paper: LT MS JG MK MW HK
PS. Obtained permission for use of animal model: L'T.

7. Lee SY, Huang CK, Zhang TF, Schofield BH, Burks AW, et al. (2001) Oral
administration of IL.-12 suppresses anaphylactic reactions in a murine model of
peanut hypersensitivity. Clin Immunol 101: 220-228.

8. Diesner SC, Knittelfelder R, Krishnamurthy D, Pali-Schéll I, Gajdzik L, et al.
(2008) Dose-dependent food allergy induction against ovalbumin under acid-
suppression: A murine food allergy model. Immunol Lett 121: 45-51.

9. Brunner R, Wallmann J, Szalai K, Karagiannis P, Altmeppen H, et al. (2009)
Aluminium per se and in the anti-acid drug sucralfate promotes sensitization via
the oral route. Allergy 64: 890-897.

10. Pali-Scholl I, Herzog R, Wallmann J, Szalai K, Brunner R, et al. (2010) Antacids
and dietary supplements with an influence on the gastric pH increase the risk for
food sensitization. Clin Exp Allergy 40: 1091-1098.

11. Dearman R]J, Kimber I (2007) A mouse model for food allergy using
intraperitoneal sensitization. Methods 41: 91-98.

12. Brandt EB, Munitz A, Orekov T, Mingler MK, McBride M, et al. (2009)
Targeting 1L-4/IL-13 signaling to alleviate oral allergen-induced diarrhea.
J Allergy Clin Immunol 123: 53-58.

13. Li X, Schofield BH, Huang CK, Kleiner GI, Sampson HA (1999) A murine
model of IgE-mediated cow’s milk hypersensitivity. ] Allergy Clin Immunol 103:
206-214.

May 2012 | Volume 7 | Issue 5 | e37156



26.

27.

28.

29.

Saldanha JCS, Gargiulo DL, Silva SS, Carmo-Pinto FH, Andrade MC, et al.
(2004) A model of chronic IgE-mediated food allergy in ovalbumin-sensitized
mice. Braz ] Med Biol Res 37: 809-816.

. van der Ventel ML, Nicuwenhuizen NE, Kirstein I, Hikuam C, Jeebhay MF, et

al. (2011) Differential responses to natural and recombinant allergens in a murine
model of fish allergy. Mol Immunol 48: 637-646.

Simon PM, Kedinger M, Raul F, Grenier JF, Haffen K (1979) Developmental
pattern of rat intestinal brush-border enzymic proteins along the villus-crypt
axis. Biochem J 178: 407-413.

Kozakova H, Rehakova Z, Kolinska J (2001) Bifidobacterium bifidum
monoassociation of gnotobiotic mice: effect on enterocyte brush-border
enzymes. Folia Microbiol 46: 573-576.

Hudcovic T, Kozakova H, Kolinska J, Stepankova R, Hrncir T, et al. (2009)
Monocolonization with Bacteroides ovatus protects immunodeficient SCID
mice from mortality in chronic intestinal inflammation caused by long-lasting
dextran sodium sulfate treatment. Physiol Res 58: 101-110.

Lalles JP (2010) Intestinal alkaline phosphatase: multiple biological roles in
maintenance of intestinal homeostasis and modulation by diet. Nutr Rev 68:
323-332.

Harada T, Koyama I, Kasahara T, Alpers DH, Komoda T (2003) Heat shock
induces intestinal-type alkaline phosphatase in rat IEC-18 cells. Am J Physiol
Gastrointest Liver Physiol. 284: G255-G262.

Huntington JA, Stein PE (2001) Structure and properties of ovalbumin. J
Chromatogr B Biomed Sci Appl. 756(1-2): 189-198.

Lemon-Mulé H, Sampson HA, Sicherer SH, Shreffler WG, Noone S, et al.
(2008) Immunologic changes in children with egg allergy ingesting extensively
heated egg. J Allergy Clin Immunol 122: 977-983.

Martos G, Lopez-Exposito I, Bencharitiwong R, Berin MC, Nowak-Wegrzyn A
(2011) Mechanisms underlying differential food allergy response to heated egg.
J Allergy Clin Immunol 127: 990-997.

. Nowak-Wegrzyn A, Sampson HA (2011) Future therapies for food allergies.

J Allergy Clin Immunol 127: 558-573.

Roth-Walter F, Berin MC, Arnaboldi P, Escalante CR, Dahan S, et al. (2008)
Pasteurization of milk proteins promotes allergic sensitization by enhancing
uptake through Peyer’s patches. Allergy 63: 882-890.

Himly M, Nony E, Chabre H, Van Overtvelt L, Neubauer A, et al. (2009)
Standardization of allergen products: 1. Detailed characterization of GMP-
produced recombinant Bet v 1.0101 as biological reference preparation. Allergy
64: 1038-1045.

Tuckova L, Novotna ], Novak P, Flegelova Z, Kvéton T, et al. (2002) Activation
of macrophages by gliadin fragments: isolation and characterization of active
peptide. J Leukoc Biol 71: 625-631.

Wiedermann U, Jahn-Schmid B, Bohle B, Repa A, Renz H, et al. (1999)
Suppression of antigen-specific T- and B-cell responses by intranasal or oral
administration of recombinant bet v 1, the major birch pollen allergen, in
a murine model of type I allergy. J Allergy Clin Immunol 103: 1202-1210.
Lehrer SB, Reish R, Fernandes J, Gaudry P, Dai G, et al. (2004) Enhancement
of murine IgE antibody detection by IgG removal. ] Immunol Methods 284:
1-6.

@ PLoS ONE | www.plosone.org

31.

32.

33.

34.

37.

38.

39.

40.

41.

42.

43.

44.

Heated OVA in Mouse Model of Food Allergy

. Barsumian EL, Isersky C, Petrino MG, Siraganian (1981) IgE-induced histamine

release from rat basophilic leukemia cell lines: isolation of releasing and
nonreleasing clones. Eur J Immunol 11: 317-323.

Kessler M, Acuto O, Storelli C, Murer H, Miiller M, et al. (1978) A modified
procedure for the rapid preparation of efficiently transporting vesicles from small
intestinal brush border membranes. Their use in investigating some properties of
D-glucose and choline transport systems. Biochim Biophys Acta 506: 136-154.
Lowry OH, Rosebrough NJ, Farr Al, Randall R] (1951) Protein measurement
with the Folin phenol reagent. J Biol Chem 193: 265-275.

Kozakova H, Kolinska J, Lojda Z, Rehakova Z, Sinkora J, et al. (2006) Effect of
bacterial monoassociation on brush-border enzyme activities in ex-germ-free
piglets: comparison of commensal and pathogenic FEscherichia coli strains.
Microbes Infect 8: 2629-2639.

Whitacre CC, Gienapp IE, Orosz CG, Bitar DM (1991) Oral tolerance in
experimental autoimmune encephalomyelitis. III. Evidence for clonal anergy.
J Immunol 147: 2155-2163.

. Vaali K, Puumalainen TJ, Lehto M, Wolff H, Rita H (2006) Murine model of

food allergy after epicutaneous sensitization: role of mucosal mast cell protease-
1. Scand J Gastroenterol 41: 1405-1413.

. Lynes MD, Widmaier EP (2011) Involvement of CD36 and intestinal alkaline

phosphatases in fatty acid transport in enterocytes, and the response to a high-fat
diet. Life Sci 88: 384-391.

Smith MW, Phillips AD (1990) Abnormal expression of dipeptidylpeptidase TV
activity in enterocytes brush-border membranes of children suffering from
coeliac disease. Exp Physiol 75: 613-616.

Detel D, Persi¢ M, Varljen J (2007) Serum and intestinal dipeptidyl peptidase IV
(DPP IV/CD26) activity in children with celiac disease. J Pediatr Gastroenterol.
Nutr 45: 65-70.

Johansen P, Senti G, Gomez JMM, Wiithrich B, Bot A, et al. (2005) Heat
denaturation, a simple method to improve the immunotherapeutic potential of
allergens. Eur J Immunol 35: 3591-3598.

Alex P, Zachos NC, Nguyen T, Gonzales L, Chen TE, et al. (2009) Distinct
cytokine patterns identified from multiplex profiles of murine DSS and TNBS-
induced colitis. Inflamm Bowel Dis 15: 341-352.

Yang M, Yang C, Mine Y (2010) Multiple T cell epitope peptides suppress
allergic responses in an egg allergy mouse model by the elicitation of forkhead
box transcription factor 3- and transforming growth factor-B-associated
mechanisms. Clin Exp Allergy 40: 668-678.

Viney JL, Mowat AM, O’Malley JM, Williamson E, Fanger NA (1998)
Expanding dendritic cells in vivo enhances the induction of oral tolerance.
J Immunol 160: 5815-5825.

Lied GA, Vogelsang P, Berstad A, Appel S (2011) Dendritic cell populations in
patients with self-reported food hypersensitivity. Int J Gener Med 4: 389-396.

McDole JR, Wheeler LW, McDonald KG, Wang B, Konjufca V, et al. (2012)
Goblet cells deliver luminal antigen to CD103+ dendritic cells in the small
intestine. Nature 483: 345-349.

May 2012 | Volume 7 | Issue 5 | e37156



a)

OVA sensitized h-OVA sensitized
L - s n.s. b
804 e
7
1]
3 60
2
@
o
o
=
E
E a0
a
2
@
;
<
=&
£ E
w
)
Antigen OovA h-OVA b-OVA ovA h-OVA b-OVA
C) OVA sensitized h-OVA sensitized
n.s. wae ns.

IgG2a (OD 405 nm)
o

Eers

=\

i

OVA h-OVA b-OVA

Figure S1.

OVA h-OVA b-OVA

b)

3.0

25

2.0

1gG1 (OD 405 nm)
-
o

2

05

0.0

OVA sensitized

h-OVA sensitized

Antigen

=

06

0.4-

IgA (OD 405 nm)

/

0.2-

0.0

OVA h-OVA b-OVA

OVA sensitized
n.s.

Q
<

‘A h-OVA b-OVA

h-OVA sensitized

n.s.

i |

Antigen

ovA h-OVA b-OVA

<

OVA h-OVA b-OVA

=

Cross-reactivity of anti-OVA specific antibodies. At the end of the experiment we determined the
levels of OVA-specific antibodies in OVA and heated (h)-OVA treated mice against OVA, h-OVA (70°C)
and boiled (b)-OVA (95°C). The levels were retained for IgE, 1gG2a and IgA (a, ¢, d) when we used OVA
as coating antigen for h-OVA-treated mice or h-OVA as coating antigen for OVA treated mice. In case
of IgG1 (b) the levels were significantly higher when we used h-OVA as coating antigen for either
OVA- or h-OVA- treated mice. When we used b-OVA we observed a significant drop in the signal for
all measured antibodies. Representative data from one out of three experiments (n = 8). Repeated
measures ANOVA with Tukey’s multiple comparison test was used for analysis of differences
between antibody levels of the same sample measured either against OVA, h-OVA and b-OVA
antigen. n.s. non-significant, *P<0.05, **P<0.01, ***P<0.001.
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4. CONCLUSSIONS

(A) We show here that the Lactobacillus strains LOCK 0900, LOCK 0908 and LOCK 0919
are able to withstand gut antimicrobial environment and to interact with the immune system
of the host. /n vivo mouse experiments showed cytokine shift in favor of anti-allergic immune
response. Thus the mixture of Lactobacillus strains represents a probiotic bacterial

preparation with possible use in prophylaxis and/ or therapy of allergic diseases.

(B) We have demonstrated that neonatal mono-colonization of germ-free mice with the
Lactobacillus plantarum NCIMB8826 strain producing the major birch pollen allergen Bet v
1 attenuates the development of birch pollen allergy later in life. The mechanisms involved a
shift towards a non-allergic Thl phenotype accompanied by increased regulatory responses.
Thus intervention at birth with a live recombinant L. plantarum producing a clinically
relevant allergen reduces experimental allergy and might therefore become an effective

strategy for early intervention against the onset of allergic diseases.

(C) We showed in neonatally colonized gnotobiotic mice, that Bifidobacterium longum was a
strain with the ability to induce regulatory cytokines/ T cells via TLR2 and MyD88 signaling
pathways and thus prevent allergic sensitization. Therefore, B. longum might be considered as
a promising candidate for perinatal intervention strategies against the onset of allergic
diseases in humans. Moreover, our results stress out the general importance of intrinsic
immunomodulatory properties of bacterial strain used for intervention and shed light on the

function of bifidobacteria in shaping the immune system in early human ontogeny.

(D) Aiming at elucidating the importance of secondary structure for antigen allergenicity in
mouse food allergy model we have established that heating of hen egg allergen OVA to 70°C
has only minor effect on its secondary structure. Nevertheless, these minor irreversible
changes in secondary structure changed both its digestion and antigenic epitopes formation,
which led to activation of different T cell subpopulations, induced shift towards Th1 response

and ultimately reduced its allergenicity.
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