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1 Abstract

1 Abstract

Secretory immunoglobulin A (SIgA) as well as its exclusive epithelial transport molecule, the
polymeric immunoglobulin receptor (pIgR), are crucial elements of respiratory mucosal immunity
whose absence or downregulation are linked to an increased susceptibility to bacterial infections.
While the crucial role of pIgR and SIgA for mucosal antibacterial defense as well as their relevance for
intestinal immunity are well understood, little is known so far regarding their regulation throughout
the entire respiratory tract and related possible implications for airway mucosal immunity. Thus,
the overarching goal of this thesis was to dissect airway secretory immunity during homeostatic,
inflammatory and infectious conditions. In the first part of this study, the impact of different
endogenous vs. exogenous (environmental) factors on airway associated antibacterial and secretory
immunity was assessed using different murine models. These initial analyses revealed that site-
specific differences regarding basal Pigr gene expression are depending on microbial colonization as
well as on yet unknown intrinsic effects. Moreover, secretory immunity in the upper respiratory tract
(URT) and lower respiratory tract (LRT) can be partly modulated by exogenous (microbial-derived)
as well as endogenous (host-derived) stimuli.

Allergic asthma was previously shown to reduce PIGR-mediated secretory immunity in the LRT and
to increase the susceptibility to bacterial pneumonia. The URT, e.g. the nasal cavities, represents
both entry site and natural reservoir of several pathogenic bacteria, as well as site of allergic
sensitization to aeroallergens during asthma development. It is conceivable, that allergic asthma
is associated with altered secretory immunity in the URT, which in turn might affect infection
with respiratory bacterial pathogens as well as microbial composition in general. Following this
hypothesis, the second part of this thesis focused on analysing secretory immunity as well as
pneumococcal colonization of the respiratory tract of asthmatic and non-asthmatic mice under
homeostatic conditions and in reaction to intranasal treatment with an endogenous molecule (IFN-v).
To this end, two different murine models of house dust mite (HDM)-induced allergic asthma
were established and characterized in detail. High-dose, mid-term HDM treatment led to a stable
phenotype of allergic asthma. IFN-y treatment improved antipneumococcal immunity in the URT
of non-asthmatic mice. This effect was not reproducible in asthmatic mice, indicating that IFN-y

stimulation exerts no effect on host antibacterial defense in the astmathic URT and shows that this
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cytokine has a context-dependent role on antipneumococcal immunity in healthy vs. pre-diseased
individuals.

Ultimately, the third and final part of this thesis addressed the impact of allergic asthma on secretory
immunity and microbiota composition in the human URT in frame of a clinical cohort study.
These analyses revealed, that neither asthma nor the presence of allergy affects PIGR-mediated
secretory immunity in the URT. Yet, asthma was partly associated with elevated nasal IgG2 levels
and increased microbial diversity. However, there was no correlation between these two parameters.
Thus, asthma-associated alterations in nasal microbiota composition seem to be independent of

secretory and antibacterial immunity.
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2 Introduction

2.1 Respiratory tract and airway epithelial cells

The surface of the human respiratory tract has a size of about 100 m? in adults and consists of nose,
nasopharynx, oropharynx, trachea, and lung — including bronchi, bronchioles, alveolar ducts and
alveoli [1,2]]. Functionally, it can be distinguished into two zones. The conducting zone reaches
from nose to bronchioles and conducts the inhaled gases (large airways). The respiratory zone
contains alveolar ducts and alveoli, which facilitate gas exchange with the blood (small airways).
Anatomically, it can be differentiated into the upper respiratory tract (URT) and lower respiratory
tract (LRT). The URT consists of nose, nasopharynx and oropharynx whereas the LRT includes
trachea, bronchi, bronchioles, alveolar duct and alveoli (Fig. [I)) [2]]. The alveolar epithelium consists
of type I and type II pneumocytes [3]. Type I pneumocytes cover about 90-95 % of the alveolar
surface and facilitate gas exchange between airways and blood. Moreover, they maintain the barrier
function of the alveolar epithelium thus preventing intra-alveolar fluid leakage. Type II pneumocytes
produce surfactant protein which causes a low surface tension during expiration and therefore
prevents collapse of the alveoli. Moreover, type II pneumocytes are able to differentiate into type I
pneumocytes in reaction to lung injury which is crucial for alveolar repair and regeneration [4]].
The whole respiratory tract is lined with multiple airway epithelial cell (AEC) subtypes, which are
vital constituents of the airway mucosa. AECs represent the first cellular line of defense against
respiratory pathogens. The airway epithelium in the large and small airways consists of goblet
cells, ciliated cells and basal cells. Goblet cells secrete mucus into the mucosal lumen where it
immobilizes pathogens, toxins and debris [S]]. Ciliated cells are located on the apical mucosal
surface and mediate transport of mucus and mucus-entrapped particles up the respiratory tract
through continuous cilia movement [[6]. Upon epithelial damage, basal cells are able to differentiate
into other epithelial cell types, which is important for the maintenance of epithelial integrity [7]].
AECs express transmembrane proteins like claudins, junctional adhesion molecules, occludins
and tricellulins, which facilitate the formation of tight junctions between neighboring cells [8]].
These structures allow only small ions or water to pass through the cell and therefore constitute a
strong mechanical barrier [9]. In this context, it was shown that claudins and occludins are crucial

for epithelial integrity [[10]] and that altered claudin expression affects airway epithelial barrier
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function [11,12]. Next to their key roles in forming a mechanical barrier, AECs also represent an
immunological barrier. They constitutively secrete complement factors, antimicrobial peptides
and cytokines [13-16]. The complement system includes a series of proteins whose antimicrobial
functions are triggered either directly by pathogens or indirectly by pathogen-bound antibodies.
This initiates a reaction cascade which leads to the binding of special complement components to
the pathogen surface, their recognition by complement receptors on phagocytic cells and ultimately
to their phagocytosis [17]. AECs furthermore produce and secrete antimicrobial peptides like
defensin, cathelicidin and histatin [[18-20]]. AEC-derived cytokines have pleiotropic immunological
functions. For instance, chemotactic cytokines like LCF (lymphocyte chemoattractant factor)
are released upon injury and lead to the migration of leukocytes towards the inflammatory area.
Colony-stimulating factors such as GM-CSF (granulocyte-macrophage colony-stimulating factor)
support the differentiation and survival of migrated inflammatory cells. Moreover, multifunctional
cytokines, like IL-1(3, IL-6, IL-11 and TNF-a have pleiotropic proinflammatory effects on a
multitude of target cells, e.g. the activation of monocytes and B cells and initiation of acute phase
protein synthesis. Growth factors like TGF-{3 are secreted by bronchial epithelial cells and mediate

cell differentiation, repair and signalling [16].

L Nose ]

Nasopharynx = URT

Oropharynx

Trachea

— LRT

Lung

Figure 1: Schematic representation of the human respiratory tract. URT: upper respiratory tract; LRT:
lower respiratory tract (modified figure from [21])).
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2.2 Immunoglobulins and secretory immunity

Next to their critical functions in forming a physical and mechanical barrier, AECs critically
contribute to the airway mucosal immunity by transcellular transport of immunoglobulins. There
are five immunoglobulin subclasses: IgG, IgD, IgE, IgM and IgA. IgG is the most abundant
immunoglobulin in the body (75 % in serum), exhibits the longest half-life of all subclasses and has a
monomeric structure. It activates the complement cascade and directly neutralizes toxins and viruses.
Moreover, it specifically binds to antigens which facilitates their phagocytosis by monocytes or
macrophages (opsonophagocytosis) [22]. Circulating IgD (< 0.5 % in serum) occurs as a monomer
and binds to specific bacterial proteins which activates and stimulates Ig-producing B cells [23]].
IgE (< 0.01 % in serum) is found as a monomer and has the shortest half-life of all subclasses. It
plays an important role during allergic reactions and is associated with antigen-hypersensitivity
as it is typically observed in asthmatic patients. IgE binds Fce receptors that are expressed on
proinflammatory cells like basophils, eosinophils and mast cells with a very high affinity. At the
same time, it facilitates the upregulation of Fce receptor expression. This combination leads to
the high potency of IgE [22]. Monomeric IgM is expressed on the surface of naive B cells where
it facilitates cell signalling. After maturation and antigen contact, monomeric IgM molecules
form pentameric structures. Pentameric IgM (10 % in serum) binds antigens with a low affinity to
facilitate their opsonophagocytosis. This serves as a quick primary response to a broad range of
antigens and is therefore counted as part of innate immunity [[22}24]. IgA makes up about 15 % of
all immunoglobulins in the serum where it is mainly found as a monomer [22]]. However, it has the
ability to polymerize into dimers by forming a covalent bond with the J chain [25]. IgA is vital to
protect mucosal surfaces against toxins, viruses and bacteria either by directly neutralizing them
or preventing their adhesion. IgA production is mainly initiated by T cell-dependent mechanisms
(adaptive immunity). Upon antigen contact, dendritic cells, B cells and macrophages activate T
cells by presenting fragments of the antigen to them. Activated CD4+ T cells release cytokines
that stimulate B cells, which in turn produce and release antigen-specific immunoglobulins like
IgA [22,]26+28]. Dimeric IgA and pentameric IgM are actively transported from the blood
trough AECs via the polymeric immunoglobulin receptor (PIGR) and secreted into the mucosal

lumen as secretory immunoglobulins (SIgs) [29,30]. PIGR is localized on the basolateral site
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of mucosal epithelial cells. It consists of an extracellular domain that facilitates the binding of
ligands, a short hydrophobic region that is associated with the cell membrane and a relatively long
cytoplasmic domain [31},32]. After binding of dimeric IgA or pentameric IgM to the extracellular
component of PIGR, the complex is internalized and transported through the epithelial cell in
vesicular compartments. Upon reaching the apical side of the cell, the extracellular component of
PIGR is proteolytically cleaved which leads to the formation of the secretory component (SC). SC
covalently binds to the transcytosed immunoglobulin by forming a disulfide bridge which leads
to its secretion into the mucosal lumen (Fig. [2). The complex of dimeric IgA or pentameric
IgM and SC is called secretory IgA (SIgA) or secretory IgM (SIgM) [33]]. It is known that SC
increases the protection of SIgA against proteolytic degradation [34},35]]. Moreover, carbohydrate
residues found on SC facilitate the binding of SIgA to the mucus layer of the epithelium which
assures an effective secretory immunity [|36]]. Especially SIgA is known to prevent the adhesion
of pathogens to the epithelium, thus preventing microbial infiltration [37]. Patients with IgA
deficiency exhibited an increased susceptibility to respiratory tract infections [38]]. Moreover, it was
shown that SIgA is crucial for the protection against nasal colonization of mice with the bacterium
Streptococcus pneumoniae [39]]. Pigr knockout mice exhibited an increased susceptibility to
mycobacterial infections of the respiratory tract [40] and developed a chronic obstructive pulmonary
disease (COPD)-like phenotype caused by an altered lung microbiome and bacterial infiltration
of the airway epithelium [41]]. Moreover, COPD patients displayed SIgA deficiency in the small
airways associated with persistent inflammation and airway wall remodelling, which highlights the
importance of SIgA for airway homeostasis [42]. Furthermore, it was shown that chronic airway
diseases lead to a decreased PIGR-expression in the bronchial epithelium, which is associated with
increased disease severity in COPD patients and diminished SIgA-mediated mucosal defense in
asthmatic patients [43}[44]]. It was shown that PIGR gene expression in human intestinal epithelial
cells increases upon stimulation with toll like receptor 4 (TLR4) ligands like double stranded viral
RNA or lipopolysaccharides [45,/46]]. Moreover, recombinant interferon-y (IFN-v), tumor necrosis
factor-a (TNF-a) and interleukin-4 (IL-4) synergistically enhance PIGR gene expression in a human

colon adenocarcinoma cell line [47-51]).
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Antigen
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L)

KAEC P 4
Basolateral pIgR
SC
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Figure 2: Schematic representation of pIgR-mediated Ig transport through AECs. AEC: airway
epithelial cell; dIgA: dimeric IgA; pIgM: pentameric IgM; pIgR: polymeric immunoglobulin receptor; SC:
secretory component; SIgA: secretory IgA; SIgM: secretory IgM.

2.3 Asthma

Asthma is a chronic respiratory disease, which affects more than 300-350 million people and
causes approximately 250,000 deaths per year worldwide. Asthma-associated deaths mostly
occur in individuals older than 45 years and are often accompanied by inadequate long-term
medical care or delayed medical aid during an asthma exacerbation. There is also an increase in
asthma-associated hospital admissions which are most prominent amongst young children. Despite
its rapidly increasing prevalence - 50 % per decade - asthma still remains an underdiagnosed
and undertreated disease [[52-54]. Asthma commonly manifests in several respiratory symptoms
including dyspnoea, coughing, wheezing and chest tightness [55}/56]. Generally, asthmatic disease
includes mild to symptom-free episodes as well as acute episodes that are characterized by an
increased symptom severity [57]. It was shown that variations regarding disease severity depend on
the seasonal changes in prevalence of allergens like grass-pollen and house dust mites (HDM) [58]].
In this context, HDM are the main source of asthma-inducing allergens found in house dust [59].
Dermatophagoides farinae and Dermatophagoides pteronyssinus are the most prevalent HDM
species worldwide. HDM-associated allergens are mostly enzymes that originate from the mite

digestive system, i.e. from feces [60]. The cysteine proteinase Der pl, which is derived from D.
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pteronyssinus, is known to increase respiratory tract permeability and IgE synthesis which promotes
asthma pathogenesis [[61-64]. Moreover, the microbial cell wall component lipopolysaccharide
(LPS) was detected in mite feces and is known to further trigger the allergic immune reaction [65].
Next to their prominent roles for asthma development, allergen exposure as well as bacterial and
viral respiratory tract infections are major factors that drive acute asthma exacerbations [[66-68]].
Asthma exacerbations are potentially life-threatening disease stages that are characterized by
bronchial hyperresponsiveness, enhanced airway inflammation and excessive sputum secretion
resulting in a tightening of the airways and extreme dyspnoea [[69}[70]. Furthermore, asthma
exacerbations can promote an imbalance in the levels of type 1 and type 2 cytokines [71]. Type 1
cytokines (IFN-v, IL-2, IL-12, IL-18, TNF-a) are crucial for opsonization, macrophage activation
and immunoglobulin-mediated cytotoxicity. Type 2 cytokines (IL-4, IL-5, IL-6, IL-9, IL-10,
IL-13) promote the humoral immune response which includes IgE, IgG and IgA production
and secretion by B lymphocytes [[72H75]]. In line with this, evidence from animal models as
well as clinical studies revealed that asthmatic individuals exhibited increased type 2 cytokine
levels (IL-4, IL-5, IL-13) in bronchoalveolar lavage (BAL) fluid and lung tissue [[76-78]]. In this
context, it was shown that IL-4 knockout mice lacked allergen-induced airway inflammation and
bronchial hyperresponsiveness [[79]. Moreover, IL-13 knockout mice were unable to develop airway
hyperresponsiveness, goblet cell hyperplasia and mucus hypersecretion in reaction to allergen
challenge [80]. Furthermore, IL-5 knockout mice exhibited attenuated aeroallergen-induced
eosinophilia. Extensive airway eosinophilia is associated with bronchial hyperresponsiveness,
lung damage and pulmonary mucus accumulation [[81},82]]. It is also known that IL-10, IL-13
and the type 3 cytokine IL-17A are crucial during the induction of airway hyperreactivity and
allergic inflammation [83H85]]. Altogether, these findings clearly highlight the contribution of
type 2 cytokines (and IL-17A) as drivers of the asthma-typical phenotype and the occurrence of
exacerbations. Pathophysiologically, asthma is characterized by airway remodelling, i.e. pulmonary
epithelial wall thickening, subepithelial fibrosis, goblet cell hyperplasia, mucus hypersecretion
and epithelial cell hypertrophy. The remodelling process in asthma is the result of chronic airway
inflammation which ultimately leads to a cycle of tissue injury and repair [[86]. As asthma is a
heterogenous disease that can have a multitude of different causes and characteristics, it is subdivided

into three main phenotypes: exogenous, endogenous and mixed asthma. Exogenous (allergic)
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asthmatics exhibit a specific sensitization to allergens like pollen, spores, animal hair, house dust
mite or food, which trigger the asthma-typical symptoms. Moreover, they show eosinophilic airway
inflammation, increased total and allergen-specific IgE levels in serum and increased prevalence
of allergic rhinoconjunctivitis and atopic dermatitis. Endogenous (non-allergic) asthmatics show
no signs of an allergic sensitization to aeroallergens. The pathogenesis is linked to a preceding
bacterial or viral infection. It is mostly found in adults and characterized by a higher disease severity,
while exogenous asthma is more prevalent in children and often exhibits a less severe phenotype.
Mixed asthmatics exhibit characteristics of both allergic and non-allergic asthma [87-92]]. Common
among all three forms of asthma is that the symptoms can be triggered by cold air, cigarette smoke
or exercise [91]]. Clinical diagnosis of asthma is commonly performed by combining several
tests. Spirometry (also known as lung function test) is applied to determine the ratio between the
forced expiratory volume at 1 second and the forced vital lung capacity (FEV1/FVC). Defined
ratio abnormalities are an indicator for the presence of airflow obstruction which is a typical
characteristic of asthmatics [93]]. Moreover, asthmatic patients exhibit an increased level of exhaled
nitric oxide which is proportional to bronchial wall inflammation and induced-sputum eosinophilia
and is therefore used as an asthma marker [[94},95]. The airway hyperresponsiveness test (AHR) is
another method to validate an asthma diagnosis. Here, patients inhale increasing concentrations of
methacholine chloride (MCh) which induces bronchoconstriction and a measurable, concentration-
dependent increase in airway resistance. Bronchoconstriction at low MCh concentrations indicates
an increased airway hyperresponsiveness which is prevalent in asthmatics [96]]. There are common
therapeutical approaches that target different characteristics of the disease. The application of
[»-adrenergic receptor (32AR) agonists causes a local increase in cAMP concentration, which leads
to the opening of Ca>* channels, consequent relaxation of airway smooth muscle and bronchodilation.
Glucocorticoids dampen the expression of a multitude of pro-inflammatory genes and activate
anti-inflammatory genes through recruitment of histone deacetylase-2, which makes them very
effective in alleviating chronic inflammatory stress in the airways of asthmatics [97]]. Omalizumab is
a humanized, multiclonal anti-IgE antibody. It binds to circulating IgE thus preventing IgE-mediated
activation of inflammatory cells. It reduces the risk of exacerbations and enhances the lung function
in patients with severe persistent asthma [98]]. Next to its detrimental effects on the respiratory

system itself, asthma is also associated with a deteriorated antimicrobial immunity in the airways.
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It was shown that asthmatic patients exhibit decreased PIGR expression in the bronchial epithelium
which is associated with diminished SIgA-mediated mucosal defense [44]] and an increased risk for

severe pneumococcal infections [99}/100]].

2.4 Streptococcus pneumoniae

Streptococcus (S.) pneumoniae is a gram-positive, spherical, aerotolerant, facultatively anaerobic
bacterium with more than 90 known serotypes. Itis able to lyse red blood cells either via o-hemolysis
by producing hydrogen peroxide (aerobic conditions) or via 3-hemolysis by producing the exotoxin
streptolysin (anaerobic conditions). When the bacterium grows on blood agar medium, its hemolytic
activity leads to the formation of smooth yellow colonies, which can be used for its microbiological
identification [101]]. S. pneumoniae is a common colonizer of the human nasopharynx and persists
asymptomatically in healthy individuals. However, in immunosuppressed or very young/very old
individuals it might spread locally and lead to infections of the upper or lower respiratory tract
as well as pneumococcal meningitis [[102,[103]]. Moreover, the pathogen is considered the most
common cause of community acquired pneumonia [[104]]. Pathogenesis is initiated by the attachment
of the pneumococci to the mucus and cells of the nasopharynx [[105H107]. The likelihood of a
spread of the bacterium beyond the nasopharynx depends on the immune state of the host and the
virulence of the pathogen, which is defined by different factors. The presence of a polysaccharide
capsule is crucial for pneumococcal virulence as it protects the bacterium to a certain degree from
phagocytosis [[108]]. The bacterial cell wall polysaccharide contains phosphorylcholine, which
promotes the attachment of the organism to endothelial cells of the host during the course of an
invasive infection [[109,/110]]. Besides surface polysaccharides, S. prneumoniae also contains a
multitude of other virulence factors. Intracellular autolysin lyses the bacterial cell wall which leads to
the release of pneumolysin. Pneumolysin is an intracytoplasmic toxin that activates the complement
system, lyses cholesterol-containing cell membranes, disrupts pulmonary tissue barriers and has
inhibitory effects on immune cells [[111-113]]. Transcarboxypeptidases are cell wall associated
proteins which bind the antibiotic penicillin (penicillin-binding proteins). The stepwise alteration
of these proteins by gene transfer between streptococcal species leads to the development of a
resistance to penicillin and other beta-lactam antibiotics. Many penicillin-resistant S. pneumoniae

strains are also multidrug resistant which highlights the necessity of performing susceptibility tests
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before administering antibiotics to diseased patients [114]]. Vaccination against S. pneumoniae is an
effective measure to protect from multidrug resistant pneumococci and prevent their development.
Conjugate vaccines employ a combination between a capsular polysaccharide antigen which directly
stimulates B lymphocytes and a carrier protein that initiates a T lymphocyte dependent immune
reaction. The deployment of a pneumococcal protein has the advantage of granting species-specific
immunity [I15]. A crucial protective mechanism against S. pneumoniae infections is the secretion
of IgA by airway epithelial cells. As previously described (2.2)), SIgA counteracts nasal pneumo-
coccal colonization of mice [39]. On the other hand, S. pneumoniae binds to the extracellular
domain of PIGR on the apical side of epithelial cells via its choline-binding protein A. It was
shown that this process is crucial for the invasion of human nasopharyngeal cells in vitro and is

discussed to play a central role regarding the progress of pneumococcal infections [ T6H119] (Fig. [3).

Autolysin Polysaccharide capsule

Cell wall
P lysi
neumofysin Cell membrane

Cytoplasm

Pbp Cbp A

Figure 3: Schematic representation of Streptococcus pneumoniae and its virulence factors. Cbp A:
choline-binding protein A; Pbp: penicillin-binding protein; PC: phosphorylcholine.
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2.5 The human airway microbiota in homeostasis and asthma

The human respiratory tract is colonized by a broad variety of microorganisms. The entirety of these
commensal, symbiotic and pathogenic microorganisms is summarized as airway microbiota. The
presence of a ‘healthy’ microbiota is considered to be crucial for defence against airborne pathogens
as well as immuneregulation and thus is key to the maintenance of airway homeostasis [[120-123]].
The microbial flora in healthy lungs resembles that of the oropharynx with a relatively high abun-
dance of Prevotella, Veillonella and Streptococcus [|[124-1277]]. It was shown that spatial variation
of a healthy lung microbiome is rather impacted by the balance between microbial immigration
and elimination, than by local growth conditions. The degree of microbial variation as well as the
amount of microorganisms generally decreases from URT to LRT [128]]. The highest microbial
density in the respiratory system is present in the URT. Here, Staphylococcus, Propionibacterium,
Corynebacterium, Moraxella and Streptococcus are the most abundant bacterial species in healthy
individuals. Microbial communities in the URT play an important role in preventing pathogens from
colonizing the respiratory mucosal surface and spreading to the LRT [21]]. It is known that chronic
airway diseases like COPD, chronic rhinosinusitis and asthma are associated with alterations of the
respiratory microbiota composition [[129,/130]. Asthmatic patients exhibited an elevated diversity of
microbial communities, decreased abundance of the Bacteroidetes phylum (Prevotella) and increased
abundance of Proteobacteria, especially Haemophilus, in the lower airways [131]]. In the upper
airways, increased abundance of Firmicutes (Streptococcus), Bacteroidetes (Prevotella buccalis),
Proteobacteria (Burkholderia) and decreased abundance of Actinobacteria (Corynebacteriales) was
observed [[130]. Moreover, it was found that airway hyperresponsiveness — a hallmark symptom
of allergic asthma — correlates with the abundance of different families of Proteobacteria (e.g.
Pseudomonadaceae, Enterobacteriaceae, Burkholderiaceae, Neisseriaceae) [[131H133]].

In summary, functional airway epithelial integrity and secretory immunity as well as a ‘healthy’
microbiota composition are crucial for maintaining airway homeostasis and protection against
respiratory pathogens. Asthma has detrimental effects on all of these parameters and is associated
with an increased susceptibility to respiratory tract infections, which is a major cause of morbidity

and hospitalization in asthmatic individuals.
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3 Materials and methods

3.1 Materials

3.1.1 Instruments

Table 2: Used instruments

Instrument

Model

Company

Automatic sample
preparation system
Aspiration system

Anesthesia chamber

Anesthesia machine
Blotting chamber

Counting chamber

CO; incubator

Cryoconsole

Flow cytometer

Gel electrophoresis chamber
Gene sequencing platform
Glass coverslipper

Hand dispenser

Ice machine

Imaging system

Incubation shaker
Laboratory balance

Laboratory centrifuge

Tissue-Tek® VIP® 6

VACUSAFE
Posi-Seal
induction chamber
combi-vet®
REL-SD20
Neubauer
NU-8500E
EC350-1
Attune™ NxT
Mini-PROTEAN
MiSeq™ PE250
Leica CV5030
POLYTRON®

PT 3100 D

AF 80
ChemoCam

Tetra Cell

Ecotron

Pioneer®

Allegra® X-15R

Sakura Finetek Germany GmbH

Integra Biosciences

Rothacher Medical GmbH

Rothacher Medical GmbH
Carl Roth

Marienfeld Superior
Integra Biosciences
Intertek

Thermo Fisher Scientific
BIORAD

illumina®

Leica Biosystems

KINEMATICA AG

Scotsman

Intas Science Imaging

INFORS HAT
Ohaus
Beckman Coulter
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Instrument Model Company
Laboratory shaker DOS-10L Neolab

Magnetic stirrer C-MAG HS7 IKA
Microcentrifuge 5417R Eppendorf
Microplate reader Synergy HT BioTek Instruments
Microscope CX21 Olympus
Microtome HM 325 Microm GmbH

pH meter EL20 Mettler Toledo

Resistance and compliance
system

Roller mixer

Safety cabinet

Sample scanner
Spectrophotometer
Spectrophotometer
Real-time PCR Thermocycler
Thermocycler
Thermomixer

Universal centrifuge
Vortexer

Water bath

Buxco® FinePointe™

SRT9
HERAsafe® KS
Aperio CS2

GeneQuant™

pro
ND-1000
LightCycler® 480 11

peqSTAR 2X

Thermomixer comfort

Multifuge® 1 S-R
Vortex Genie 2

WNE 7

Harvard Bioscience, Inc.

Stuart

Heraeus

Leica Biosystems
Amersham Biosciences
NanoDrop Technologies
Roche

Peqlab

Eppendorf

Heraeus

Scientific Industries

Memmert
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3.1.2 Consumables

Table 3: Used consumables

Name

Type

Company

BD Falcon™ cell strainer

Blood collection tube

Blood collection tube (EDTA)

Disposable syringes
Disposable syringes
Embedding cassettes
FACS tubes

Falcon™ tubes
Homogenization tubes
Injection cannulas
Microscope slides
Nasal curettes

Reaction vessels

Semi-micro cuvette
Serological pipettes
Tracheostomy tubes
Transfer pipettes
Venipuncture cannula
Western Blot transfer-
membrane

12-well plates

6-well plates

96-well plates (ELISA)

96-well plates

70 pm, 100 pm Nylon
S-Monovette® Serum
S-Monovette® K3 EDTA
Discardit™ II 5 ml, 10 ml
Omnifix®-F 10 pl — 1 ml
Macrosette™

1.4 ml PP round bottom
15 ml, 50 ml

10 ml PP round bottom
Sterican® 0.45 x 12 mm
SuperFrost®

Rhino-Pro®

Eppendorf Tubes®

3810X 1.5 ml, 2 ml
Polystyrol, 10 x 4 x 45 mm
Sml, 10 ml, 25 ml
4252098B
LD-PE 3.5 ml
Venofix®
Immobilon®,
PVDF, 0.45 pm
Cellstar®
Cellstar®

Nunc MaxiSorp™

Cellstar®

BD Biosciences
Sarstedt

Sarstedt

BD Biosciences

B Braun Melsungen AG
Carl Roth

Thermo Scientific
Greiner bio-one
Sarstedt

B Braun Melsungen AG
Engelbrecht

Arlington Scientific

Eppendorf

Sarstedt
Greiner bio-one
Introcan®

Sarstedt

B Braun Melsungen AG

Merck Millipore

Greiner bio-one
Greiner bio-one
Thermo Fisher Scientific

Greiner bio-one
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Name Type Company

(flat or round bottom)

96-well plates (QRT-PCR) LightCycler® 480 Roche

3.1.3 Chemicals
Table 4: Used chemicals

Substance Cat. No. Company
Acrylamide/bis solution (30 %) 161-0156 BIORAD
Ammonium chloride K298.1 Carl Roth
Ammonium persulfate 9592.2 Carl Roth
Attune™ focusing fluid 4449791 Thermo Fisher Scientific
Attune™ shutdown solution A24975 Thermo Fisher Scientific
Attune™ wash solution A24974 Thermo Fisher Scientific
Bacto™ yeast extract 210941 BD Biosciences
Bromphenol blue AS512.1 Carl Roth
BSA K45-001 GE Healthcare
Collagenase D 11088858001  Roche
cOmplete™ ULTRA tablets, 5892791001 Roche
EDTA free
DEPC-treated water AM9920 invitrogen™
DNasel D4527-40KUI  Sigma-Aldrich
DPBS 14190-094 gibco®
EDTA E6758-500G Sigma-Aldrich
Eosin Y solution (1 %) 3137.1 Carl Roth
Ethanol, absolute 2246.1000 CHEMSOLUTE®
FCS P4047500 PAN Biotech
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Substance Cat. No. Company
Glycerol - Pharmacy
Glycine HNO07.3 Carl Roth
Glucose - Pharmacy
HDM extract (D. pteronyssinus) XPB70D3A25  Stallergenes Greer
Hemalum, acc. to Mayer T865.1 Carl Roth
Heparin sodium PZN3029843 ratiopharm®
IFN-vy (recombinant, murine) 315-05 PeproTech
IL-4 (recombinant, murine) 214-14 PeproTech
IMDM (GlutaMAX™-1) 31980-022 gibco®
Isoflurane - Pharmacy
Isopropanol CP41.3 Carl Roth
Ketamine (10%) - Pharmacy

LPS (E. coli O111:B4) L2630 Sigma-Aldrich
Methacholine chloride A2251 Sigma-Aldrich
Methanol, ‘BAKER ANALYZED® 8045 J. T. Baker®
Paraformaldehyde 252549-1L Sigma-Aldrich
PBS tablets 18912-014 gibco®
PCR-grade water 17000-11 MO BIO Laboratories
Penicillin/Streptomycin 11548876 gibco®
Percoll™ 17-0891-01 GE Healthcare
PMSF 8553 Cell Signaling
Potassium bicarbonate X887.1 Carl Roth
RNAlater 76106 QIAGEN®
SDS 2326.1 Carl Roth
Sodium bicarbonate 6885.2 Carl Roth
Sodium carbonate A135.1 Carl Roth
Sodium chloride S5886-1KG Sigma-Aldrich
Sodium chloride solution 14IH20 Fresenius Kabi
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Substance Cat. No. Company
Deutschland GmbH

Sulfuric acid (2N) X873 Carl Roth
TEMED 2367.3 Carl Roth
Todd Hewitt broth T1438 Sigma-Aldrich
Tris base 4855.2 Carl Roth

Tris HC1 9090.3 Carl Roth
Triton X-100 3051.2 Carl Roth
Trypan blue 15250-061 gibco®
TWEEN 20 A1379-100ML  Sigma-Aldrich
Xylazine (2%) - Pharmacy
Xylene CNS8O0 Carl Roth
[3-mercaptoethanol 1001090202 Sigma-Aldrich

3.1.4 Kits and ancillary reagents

Table 5: Used kits and ancillary reagents

Kit/Reagent

Cat. No.

Company

BD™ CompBeads Anti-Rat

and Anti-Hamster Ig, x

BD™ CompBeads Negative Control
DNA/RNA Shield™

collection tube with swab
LEGENDplex™ MU Th Cytokine Panel
LEGENDplex™ HU

Immunoglobulin Isotyping Panel (1-plex)

LEGENDplex™ HU

51-90-9000949

51-90-9001291

R1107-E

741043
740642

740640

Zymo Research

BioLegend

BioLegend

BioLegend
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Kit/Reagent Cat. No. Company
Immunoglobulin Isotyping Panel (6-plex)
Microbank™ vials with cryopreservative PL.170/M Pro-Lab Diagnostics
MiSeq™ Reagent Kit v2 MS-102-2001  illumina®
Oligo dT(20) Primer 18418020 invitrogen™
Pierce™ BCA Protein Assay Kit 23227 Thermo Fisher Scientific
Pierce™ ECL Plus 32132 Thermo Fisher Scientific
Western Blotting Substrate
Random Primers 48190011 invitrogen™
RNeasy® Plus Mini Kit 74136 QIAGEN
SensiFAST™ SYBR® No-ROX Kit BIO-98005 Bioline
SuperScript™ III Reverse Transcriptase 18080093 Thermo Fisher Scientific
TMB Substrate Set 421101 BioLegend
UltraClean®-htp 96 Well PCR Clean-Up Kit  12596-3 MO BIO Laboratories
UltraComp eBeads™ 01-2222-42 invitrogen™
ZymoBIOMICS DNA Miniprep Kit D4300 Zymo Research
5Prime HotMasterMix® 2200400 QIAGEN
3.1.5 Buffers and media
Table 6: Used buffers and media
Name Composition/Company

ACK buffer 10 mM KHCO3 in H,O
0.15 mM NH4Cl

0.1 mM 0.5 M EDTA
(pH =8)

Assay diluent 1 % (w/v) BSA

Continued on next page
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Name Composition/Company
1 ml TWEEN 20
ad 100 ml PBS

Coating buffer 100 mM NaHCO3 in H,O

Columbia blood agar plates
(5 % sheep blood)
Dulbecco’s Modified Eagle Medium

FACS buffer

Gel running buffer

Lung digestion medium

Percoll/NaCl solution

TBS

TBST
THY medium

33.6 mM Na2C03
(pH =9.5)

BD Biosciences

Thermo Fisher Scientific
2 mM EDTA in PBS

2 % (v/v) FCS

25 mM tris base in H,O
192 mM glycine

0.1 % (w/v) SDS

(pH =8.3)

IMDM (GlutaMAX™-1)
0.2 mg/ml Collagenase D
0.01 mg/ml DNAsel

5 % (v/v) FCS

27.6 ml Percoll

3.1 ml 1.5 M NaCl

69.3 ml 0.15 M NaCl
0.14 M NaCl in H,O

20 mM tris base
(pH=17.4)

0.1 % (v/v) TWEEN 20 in TBS

3.7 g Todd Hewitt broth
1 g Bacto™ yeast extract

ad 100 ml H,0

Continued on next page
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Name Composition/Company
TPNE buffer 300 mM NaCl in PBS
1 mM EDTA

Transfer buffer

Wash buffer

2x SDS buffer

1 % (v/v) Triton X-100

10 pm PMSF

1 cOmplete™ ULTRA tablet per 10 ml
25 mM tris base in H,O

192 mM glycine

20 % (v/v) methanol

10 % (v/v) SDS

(pH=28.4)

0.05 % (v/v) TWEEN 20 in PBS
(pH=17.4)

125 mM tris HCl in H,O

4 % (wlv) SDS

0.02 9% (v/v) bromphenol blue
20 % (v/v) glycerol

100 mM DTT

(pH=6.8)

3.1.6 Antibodies and ancillary reagents

Table 7: Used antibodies and ancillary reagents for flow cytometry

Antibody Fluorochrome Clone Company
Anti-CD11b APC-Cy7 M1/70 BioLegend
Anti-CDl11c APC N418 BioLegend
Anti-CD16/CD32 - 93 BioLegend

Continued on next page
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Antibody Fluorochrome Clone Company
Anti-CD170 PE E50-2440 BD Biosciences
Anti-CD19 PerCP-Cy5.5 1D3/CD19 BioLegend
Anti-CD4 FITC RM4-4 BioLegend
Anti-CD4 APC RM4-5 BioLegend
Anti-CD8a PE-Cy7 53-6.7 BioLegend
Anti-CX3CR1 BV421 SAO11F11 BioLegend
Anti-I-A/I-E BV711 M5/114.15.2 BioLegend
Anti-Ly6G AlexaFluor 700 1A8 BioLegend
eBioscience™ fixable eFluor™ 506 - invitrogen™
viability dye
Table 8: Used antibodies for ELISA
Antibody Type Species Cat. No. Company
Anti-goat Polyclonal detection, Rabbit  5220-0362  SeraCare
HRP conjugated
Anti-human IgA  Monoclonal capture ~ Mouse ~ 9140-01 SouthernBiotech
Anti-human pIgR  Polyclonal secondary  Goat AF2717 R&D Systems
(8C)
Anti-mouse IgA  Monoclonal capture ~ Rat 1165-01 SouthernBiotech
Anti-mouse IgA  Polyclonal secondary Rabbit  SA5-10308 Thermo Fisher Scientific
Anti-mouse IgE Monoclonal capture  Rat 1130-01 SouthernBiotech
Anti-mouse IgE  Polyclonal detection, Goat PA1-84764 Thermo Fisher Scientific
HRP conjugated
Anti-rabbit Polyclonal detection, Swine  P021702-2  Agilent

HRP conjugated
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Table 9: Used antibodies for Western Blot

Antibody Type Species Cat. No. Company
Anti-goat Polyclonal detection, Rabbit  5220-0362 SeraCare
HRP conjugated

Anti-human pIgR Polyclonal primary Goat AF2717 R&D Systems

(SO

Anti-human RPLPO  Polyclonal primary Rabbit  PA5-30158 Thermo Fisher Scientific

Anti-rabbit Polyclonal detection, Swine  P021702-2 Agilent

HRP conjugated
3.1.7 Primer
Table 10: Primer for gRT-PCR

Primer Orientation Sequence
Actb 5°¢ Forward ACACCCGCCACCAGTTCG
Actb 3¢ Reverse GTCACCCACATAGGAGTCCTTC
CD19 5¢ Forward CCTGGGCATCTTGCTAGTGA
CD19 3° Reverse CGGAACATCTCCCCACTATCC
Cldn-18 5°  Forward GACACCAGATGACAGCAACTTC
Cldn-18 3°  Reverse TTCATCGTCTTCTGTGCGGG
Cldn-7 5° Forward AGCGAAGAAGGCCCGAATAG
Cldn-7 3¢ Reverse AGGTCCAAACTCGTACTTAACG
DNAHI11 5° Forward GGGGTTCACGGAGGAGAAAT
DNAHI11 3¢ Reverse TGCATCTCTTGGAATCTCCTGG
EpCAM 5°  Forward TTGCTCCAAACTGGCGTCT
EpCAM 3¢ Reverse GTTGTTCTGGATCGCCCCTT

Continued on next page
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Primer Orientation Sequence

Igl 5¢ Forward GCATGTGTACCCGAGTTACC

IgJ 3° Reverse TTCAAAGGGACAACAATTCGG
Lyz2 5° Forward AAGGCATTCGAGCATGGGTG
Lyz2 3° Reverse TCGAGGGAATGTGACCTCTCT
MucSac 5°  Forward TCTACTGACTGCACCAACACA
Muc5ac 3° Reverse AGGCTTGCTCAGCACATAGG
PIGR 5° Forward CAAGAAGGCAAAAAGGTCATCCAA
PIGR 3° Reverse AGGTGATTGTCATGGGTGCAG
Pigr 5° Forward GTGCCCGAAACTGGATCACC
Pigr 3¢ Reverse TGGAGACCCCTGAAAAGACAGT

Table 11: Primer for amplification of genomic DNA

Primer Type Sequence Company

515F Forward AATGATACGGCGACCACCGAGAT illumina®
CTACACGCT XXXXXXXXXXXX
TATGGTAATT GT GTGYCAGC
MGCCGCGGTAA

806R Reverse CAAGCAGAAGACGGCATACGAGAT  illumina®
AGTCAGCCAG CC GGACTACNVGG
GTWTCTAAT
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Table 12: Primer for 16S rRNA gene sequencing

Primer Type Sequence

Read 1 sequencing Forward TATGGTAATT GT GTGYCAGCMGCCGCGGTAA
Read 2 sequencing Reverse ~AGTCAGCCAG CC GGACTACNVGGGTWTCTAAT
Index sequencing - AATGATACGGCGACCACCGAGATCTACACGCT

3.1.8 Software

Table 13: Used software

Software Version Company

Aperio ImageScope 12.3.2 Leica Biosystems
FinePointe™ Review software  2.9.0 Harvard Bioscience, Inc.
FlowJo™ 10 BD Biosciences
Gen5™ 2.04 BioTek

GraphPadPrism 5.04 GraphPad Software Inc.
ImageJ 1.8 Wayne Rasband
LightCycler® 480 1.5 Roche

PowerPoint 2203 Microsoft

RStudio 2021.09.2+4382 RStudio PBC

3.1.9 Bacteria

Streptococcus pneumoniae serotype 19F (strain BHN100) [134]] was provided by Birgitta Henriques-

Normark (Karolinska Institutet, Stockholm).
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3.1.10 Mice

BALB/c and C57BL/6J mice were maintained in individually ventilated cages (IVCs) under specific
pathogen-free (SPF) conditions at the Helmholtz Centre for Infection Research (HZI), Braunschweig.
Germ-free mice (C57BL/6N) were bred and maintained in isolators in a germ-free (GF) facility
(HZI). C57BL/6J mice with an undefined microbiome (maintained in open cages) were provided by
Dirk Schliiter (Otto-von-Guericke-University [OvGU], Magdeburg). Female C57BL/6JRj mice
were purchased from Janvier Labs (France) and maintained in IVCs under SPF conditions (OvGU).
All conducted animal experiments were carried out at the OvGU, Magdeburg, in accordance with
the guidelines of the Saxony-Anhalt State Administration Office (file number: 42502-2-1495 Uni
MD; 42502-2-1637 Uni MD) and at the HZI, Braunschweig, in accordance with the guidelines of
the Lower Saxony State Office for Consumer Protection and Food Safety (file number: 42502-04-

14/1715; 42502-04-16/2319).

3.1.11 Patients

A total of 112 male and female patients (30 control subjects, 33 exogenous asthma, 24 endogenous
asthma, 25 mixed asthma) at the age of 18-82 years were included in this study (Table [22).
All conducted experiments involving the acquisition and further processing of human material
were carried out by Paula Mras at the practice of Dr. med. Nadine Waldburg and at the OvGU,

Magdeburg, in accordance with the Ethics Committee of the OvGU, Magdeburg (file number: 51/19).

3.1.12 Cell lines

Immortalized mouse lung epithelial cells (MLE-15) [135]] were used for in vitro stimulation

experiments (3.2.6)).
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3.2 Methods
3.2.1 Induction of allergic asthma

Isoflurane was vaporized using an anesthesia machine, enriched with oxygen and directed into an
anesthesia chamber. The mice were put into the chamber, monitored until the onset of anesthesia
and were taken out for subsequent intranasal (i.n.) treatments. The animals were held upright for all
i.n. administrations. All inocula were administered dropwise onto both nostrils.

Two different murine allergic asthma models were applied and characterized in frame of this thesis:
Model 1: 20 ng HDM extract in 30 l PBS or PBS alone (control group) were intranasally (i.n.)
administered three times a week over a timespan of 5 weeks.

Model 2: 100 pg HDM extract in 50 ul PBS or PBS alone (control group) were intranasally
administered once a week over a timespan of 3 weeks.

For immune modulation experiments mice were treated i.n. with 10 pg LPS in 25 l PBS or solvent
alone or 1 ug recombinant murine IFN-y in 20 1l ddH,O with 5 % BSA or solvent alone. After i.n.

administration mice were monitored until the end of anesthesia.

3.2.2 Intranasal infection of mice with Streptococcus pneumoniae 19F

Cultures of S. pneumoniae serotype 19F were stored at -80°C in Microbank™ vials containing
cryopreservative and polystyrene beads. Three beads were taken out and plated onto three columbia
blood agar plates using sterile inoculation loops. The plates were incubated over night at 37°C,
5 % CO,. Single bacterial colonies were recovered by rinsing the plates with 2 ml sterile THY
medium per plate. The bacterial suspension optical density (OD) was measured photometrically at
a wavelength of 600 nm. The suspension was accordingly diluted in THY medium to reach an OD
of 0.05 and incubated at 37°C, 5 % CO, for approximately 3 h. After reaching an OD of 0.5 the
bacterial culture was spun down (3 min, 20.000 x g, 4°C) and the cells were washed twice in sterile,
ice-cold PBS. The cell pellet was resuspended and diluted 1:10 in sterile, ice-cold PBS and the OD of
the bacterial suspension was determined. Using this value and a previously created growth curve, a
dilution factor was determined to attain a cell concentration of 10'© CFU/ml. Mice were anesthetized

by intraperitoneal (i.p.) injection of ketamine/xylazine (1 mg/ml ketamine, 0.1 mg/ml xylazine, 10
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pl/g body weight). After the onset of anesthesia the animals were held upright and 10 pl of bacterial
suspension (containing 108 CFU) was i.n. administered. Bacterial infection doses were restrospec-

tively verified by plating serial dilutions of the infectious inocula onto blood agar plates (equation (TJ)).

CFU = Formed colonies x Dilution factor (1)

3.2.3 In vivo airway hyperresponsiveness test

Assessment of airway hyperresponsiveness was carried out using a resistance and compliance
system and FinePointe™ Review software (version 2.9.0, Harvard Bioscience, Inc.). Mice were
anesthetized by i.p. injection of ketamine/xylazine (1 mg/ml ketamine, 0.1 mg/ml xylazine, 10 pl/g
body weight). After the onset of anesthesia the trachea was carefully exposed without damaging any
of the surrounding vessels and a thread was loosely tied around it. After inserting a tracheostomy
tube into the trachea the thread was tightened to hold the tube in place. Immediately afterwards, the
mouse was put into the body chamber and the tracheostomy tube was connected to the ventilation
system to actively respirate the animal. Electrodes were attached on both front legs and the left
hind leg to monitor the heart rate during the experiment. The body chamber was tightly closed.
Increasing concentrations (0, 6.25, 12.5, 25, 50, 100 mg/ml in PBS) of methacholine chloride
solution were instilled in the nebulizer head, vaporized and directed trough the tracheostomy
tube into the murine respiratory tract. The instrument constantly measured airflow, pressure
and breathing volume and these parameters were used for calculation of airway resistance. Af-

ter the procedure the mouse was taken out of the body chamber and euthanized by cervical dislocation.

3.2.4 Preparation of murine organs

Mice were euthanized by i.p. injection of ketamine/xylazine (2 mg/ml ketamine, 0.2 mg/ml xylazine,

10 nl/g body weight). Afterwards, the mice were processed further depending on the subsequent
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experimental procedure:

Procedure with subsequent quantitative real-time PCR (qRT-PCR), enzyme-linked immunosor-
bent assay (ELISA) and bead-based immunoassay. Lung, trachea, nasal-associated lymphoid
tissue (NALT), heart blood, bronchoalveolar lavage fluid (BALF) and nasal lavage fluid (NALF)
was taken from the mice. RNA was isolated from lung, trachea and NALT using the RNeasy® Plus
Mini Kit (QIAGEN) according to the manufacturer’s instructions and used for cDNA synthesis
(3.2.9). Heart blood was incubated for 20 min at 37°C, 5 min at 4°C and spun down (10 min, 10.600
x g, 4°C). BALF and NALF were centrifuged as well (10 min, 1.700 x g, 4°C). Supernatants were

used for ELISA (3.2.11)) and bead-based immunoassay analysis (3.2.7).

Procedure with subsequent flow cytometric analysis. Mice were transcardially perfused with
10 ml PBS to remove intravascular erythrocytes. Lung, spleen, NALT and BALF were excised
and obtained, respectively. Lung tissue was cut into small pieces in a 6-well plate using surgical
scissors, suspended in 3 ml enzymatic lung digestion medium, transferred into a 15 ml Falcon™
tube and incubated for 30 min, 37°C, 150 rpm on a plate shaker. After the incubation time 2 ml
fresh lung digestion medium was added and incubated for another 15 min, 37°C, 150 rpm. After the
second incubation step the enzymatic reaction was stopped by adding 60 pl 0.5 M EDTA. Tissue
suspensions were put on ice for 5 min and subsequently passaged trough a 100 pm cell strainer
into a 50 ml Falcon™ tube. The strainer was flushed with 20 ml PBS. The cell suspension was
spun down (10 min, 350 x g, 4°C) and supernatant was discarded. Erythrocyte lysis was performed
by resuspending the cell pellet in 1 ml ACK buffer and cell suspension was transferred into a 15
ml Falcon™ tube. Remaining cells in the 50 ml Falcon™ tube were resuspended in 1 ml ACK
buffer, added to the other cells and incubated for a total of 2 min. 8 ml FACS buffer was added to
stop erythrocyte cell lysis. The cell suspension was spun down (10 min, 350 x g, 4°C), supernatant
was discarded and the cell pellet was resuspended in 1 ml Percoll/NaCl solution (composition
see table [6). Another 9 ml of Percoll/NaCl solution was added and spun down (20 min, 750 x g,
25°C, centrifuge deceleration inactivated). The supernatant was discarded and the cell pellet was
resuspended in 200 1l PBS. Spleen and NALT were each passed through a 100 pim cell strainer into

a 6-well plate filled with 4 ml PBS. The strainer was flushed with 10 ml PBS. The cell suspension
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was transferred into a 15 ml Falcon™ tube and spun down (5 min, 350 x g, 4°C). The supernatant
was discarded and the NALT cell pellet was resuspended in 10 ml FACS buffer. The spleen cell
pellet was resuspended in 3 ml ACK buffer and incubated for 2 min for erythrocyte lysis. The
lysis process was stopped by adding 10 ml FACS buffer. Spleen and NALT cell suspensions were
pipetted trough a 30 pm cell strainer into a new 15 ml Falcon™ tube and spun down (5 min, 350 x
g, 4°C). The cell pellets were resuspended in FACS buffer (spleen: 3 ml, NALT: 100 nl). BALF
was centrifuged (10 min, 1.700 x g, 4°C). The supernatant was discarded and the cell pellet was
resuspended in 200 pl ACK buffer. After adding 1 ml PBS the cell suspension was spun down (10
min, 500 x g, 4°C) and the cell pellet was resuspended in 100 pl PBS. The obtained cells were used

for subsequent flow cytometric analysis (3.2.8§).

Procedure with subsequent CFU analysis. Lung, trachea, NALT, NALF and nasopharynx were
obtained from mice, that had been infected with S. prneumoniae 19F. The organs were put in 1
ml ice-cold PBS and homogenized using a hand dispenser. Organ homogenates and NALF were
serially diluted and 10 11l of each dilution was pipetted on a columbia blood agar plate and incubated
over night at 37°C, 5 % CO,. The number of CFU on the plate was counted and used to calculate

the amount of CFU in the respective organ/fluid.

Procedure with subsequent histopathologic analysis. The abdomen of anesthetized mice was
opened and 100 pl heparin solution (25000 IU) was intracardially injected trough the diaphragm
to prevent coagulation. The vena cava was punctured, trachea was exposed and a thread was tied
around it to prevent lung collapse. The esophagus was cut below the lung. Subsequently, thorax
was opened completely, the trachea was cut above the thread and pulled upwards to remove the
intact lung. The lung was placed carefully in an embedding cassette. The cassette was stored in

saline-buffered PFA (4 %) solution for tissue fixation and preservation at room temperature (RT).

3.2.5 Histopathologic analysis

Histopathologic analyses were carried out by Dr. Olivia Kershaw (Institute of Veterinary Pathology,

Free University of Berlin). The embedding cassette containing the fixated tissue was inserted into an
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automatic sample preparation system where the organ was automatically dehydrated and transferred
into liquid paraffin. The cassette was temporarily stored in a cryoconsole (60°C) and subsequently
poured into a heated metallic pouring mold (60°C). The pouring mold was placed on a cooling
plate (-9°C) for 10 min to harden the paraffin block. The paraffin embedded lung was cut into 1-2
pm thick slices using a microtome, transferred onto SuperFrost® microscope slides and dried for 20

min at 60°C. The organ slices were deparaffinized in xylene and rehydrated in a descending alcohol

gradient (Table[T4).

Table 14: Deparaffinization and rehydration of histologic slices

Step Reagent Time Repetitions
1 Xylene 3min 3x
2 Ethanol 100 % 2 min 2x
3 Ethanol 96 % 1 min 1x
4 Ethanol 80 % 1 min 1x
5 Ethanol 70 %  1min 1x
6 H,0 1 min 1x

Organ slices were stained in hemalum eosin (H&E) using a fully automated glass coverslipper.
The stained slices were dehydrated in an ascending alcohol gradient (Table [15]) and automatically

covered in the glass coverslipper.

Table 15: Dehydration of histologic slices

Step Reagent Time Repetitions

1 Ethanol 70 % 10s 1x
2 Ethanol 80 % 1 min 1x

3 Ethanol 96 % 1 min 1x

Continued on next page
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Step Reagent Time Repetitions

4 Ethanol 100 % 1 min 2x

5 Xylene 2 min 4x

Images of the slides were captured and digitalized using a sample scanner and Aperio ImageScope

software (version 12.3.2, Leica Biosystems).

3.2.6 In vitro stimulation

MLE-15 cells [135]] were cultivated in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 4.5 g/l glucose, 10 % FCS and 1 % penicillin/streptomycin. 3 x 10° cells were seeded in
12-well plates and incubated in 1 ml medium over night at 37°C, 5 % CO?2. Cells were washed using
1 ml DMEM (4.5 g/ glucose, no additives). Recombinant murine IFN-y was diluted in DMEM and
added to the cells. After 24 h supernatants were removed, RNA was isolated from the cells using

the RNeasy® Plus Mini Kit (QIAGEN) according to the manufacturer’s instructions and used for

cDNA synthesis (3.2.9).

3.2.7 Bead-based immunoassay

Cytokine levels in murine BALF and immunoglobulin levels in human NALF were determined using
a LEGENDplex™ Multi-Analyte Flow Assay Kit (BioLegend) according to the manufacturer’s
instructions with slight modifications: 12.5 pl of assay buffer, standards, beads, detection antibodies

and PE conjugated streptavidin were used instead of 25 pl.

3.2.8 Flow cytometric analysis

Flow cytometry was used for leukocyte subset quantification. 100 pl cell suspension from lung,
spleen, NALT and BALF were transferred into a 96-well round bottom plate. Cells were washed by

addition of 150 pl PBS to each well and plate was spun (5 min, 350 x g, 4°C). Supernatants were
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discarded and the plate was briefly vortexed to loosen the cell pellet. For simultaneous viability
staining and blocking of Fc receptors, 100 l eBioscience™ fixable viability dye-Fc-block reagent
was added to the cells and incubated in the dark for 30 min, RT. After incubation, reaction was
stopped and cell samples were washed by addition of 100 pl FACS buffer per well. Afterwards,
100 pl antibody mix was added (Table [/)) and incubated in the dark for 15 min at 4°C. After
incubation, 150 11l FACS buffer was added and the cells were washed. The cells were resuspended
in 250 pl FACS buffer and flow cytometric analyses were performed. For compensation purposes
compensation beads (Table [5)) were individually stained with each single fluorescence-labelled
antibody and acquired as well. These controls were utilized to calculate a compensation matrix

using FlowJo™ software (version 10, BD Biosciences).

3.2.9 cDNA synthesis

1 ug RNA in 11 pul DEPC-treated water was mixed with 0.5 1l Random Primers and 0.5 pl Oligo
dT(20) Primers, incubated for 10 min at 70°C and cooled down for 10 min on ice. cDNA synthesis
was performed using the SuperScript™ III Reverse Transcriptase Kit (Thermo Fisher Scientific)

according to the manufacturer’s instructions. Synthetized cDNA was utilized for qRT-PCR (3.2.10).

3.2.10 Quantitative real-time reverse transcription-PCR (qRT-PCR)

gRT-PCR was used to compare the relative gene expression between biological samples. The
relative expression of the target gene was determined for every sample and normalized to the relative
expression of a gene that is known to be constitutively expressed in all analysed tissues (house-
keeping gene). The relative gene expression of the target gene normalized to the house-keeping
gene was calculated using the delta Cp method [136]]. Forward and reverse primers were each
diluted to a final concentration of 10 pmol/l in DEPC-treated water. cDNA samples were diluted
1:4 in DEPC-treated water. For qRT-PCR the components were mixed in a 96-well PCR plate as

shown in table[I6]and briefly centrifuged. Each sample was analysed in duplicate.
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Table 16: Pipetting scheme for qRT-PCR

Component Volume [111]
DEPC-treated water 4.4
Forward primer (10 pM) 0.8
Reverse primer (10 pM) 0.8

SensiFAST™ SYBR® No-ROX Kit 10

cDNA 4

The PCR temperature program is displayed in table The data analysis was carried out using

LightCycler® 480 software (version 1.5, Roche).

Table 17: Temperature profile of conducted qRT-PCR analyses

Step Temperature [°C] Time Cycles
Incubation 95 2 min
Amplification 95 5s
60 10s 40
72 5s
Cooling down 40 10s

3.2.11 Enzyme-linked immunosorbent assay (ELISA) analysis

Relative levels of murine IgE and IgA (including monomeric IgA, dimeric IgA and SIgA molecules)
and human SIgA were measured by ELISA. A 96-well ELISA plate was coated by pipetting 100
pl/well of the respective capture antibody (Table 8)) into the plate and incubating over night at 4°C.
The wells were washed four times with 200 jl/well wash buffer to remove unbound antibodies and

blocked with 200 pl/well assay diluent for 1 h, RT on a plate shaker (180 rpm). After incubation, the
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plate was washed again. 100 nl/well sample was added in duplicate (negative control: assay diluent),
incubated for 2 h, RT on a plate shaker (180 rpm) and washed again. 100 pl/well of the respective
secondary antibody was added (Table[§)), incubated for 1 h, RT on a plate shaker (180 rpm) and
washed again. 100 pl/well of the respective HRP conjugated detection antibody was added (Table([),
incubated for 30 min, RT on a plate shaker (180 rpm) and washed again. For the assessment of murine
IgE this step was skipped as the utilized secondary anti-IgE antibody was conjugated to HRP. TMB
substrate set was mixed according to the manufacturer’s instructions. 100 jl/well substrate was added
and incubated in the dark for 10 min, RT. Enzymatic reaction was stopped by adding 100 pl/well sul-
furic acid (2N). The optical density (OD) per well was measured in a plate reader at 450 nm and 570

nm. These values were used to calculate the relative levels of the target substance (equation (2)) - ().

O]Dcorr. = OD450 - OD570 (2)

7D _ ODL COIT. ‘;‘ ODZ, COIT. (3)

Relative amount of target immunoglobulin = @Sample — ODcontrol 4)

3.2.12 Human specimen collection and processing: nasopharynx and blood analyses

Analysis of respiratory parameters for the characterization of the asthma phenotype and asthma
severity (Table [22) were carried out by Dr. med. Nadine Waldburg (Pulmonary Practice, Magde-
burg). Blood was obtained from the arm vein using a venipuncture cannula and blood collection
tubes with and without EDTA. Blood samples were further profiled by Prof. Dr. Thomas Wex
(Medical Laboratory Prof. Schenk/Dr. Ansorge, Magdeburg) to assess selected immunological and
allergy-related blood parameters (Table[22)). Nasal microbiota was probed using nasal swabs. Swabs

were stored in DNA/RNA Shield™ solution and used for subsequent microbiota analysis (3.2.15).
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NAL was performed by instilling 5 ml saline into one nostril and recovered NALF was spun down
(10 min, 3.700 x g, 4°C). Supernatants were used for BCA test (3.2.13)) and ELISA analysis (3.2.T1).
Nasal epithelial cell (NEC) biopsies were obtained using a nasal mucosal curette. The cells were
counted using a counting chamber and stained in H&E solution for viability analysis. RNA and
protein was isolated from the cells using the RNeasy® Plus Mini Kit (QIAGEN) according to the
manufacturer’s instructions. RNA was used for cDNA synthesis (3.2.9). Protein was resuspended
in TPNE buffer, quantified by BCA test (3.2.13)) and used for Western Blot analysis (3.2.14).

3.2.13 Protein quantification by BCA test

Protein concentrations in NEC and NALF samples were quantified prior Western Blot and
ELISA/bead-based immunoassay analyses, respectively. Quantification was carried out using
the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s

instructions. The calculation was performed using the software Gen5™ (version 2.04, BioTek).

3.2.14 SDS-PAGE and Western Blot

Protein samples from human NEC biopsies were analysed for pIgR and RPLPO protein expression
by SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) and subsequent Western
Blot. RPLPO protein expression was used to normalize pIgR protein expression (house-keeping

protein).
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Gel preparation. The composition of the agarose running gel was as follows (Table[18§)):

Table 18: Composition of the running gel

Solution Volume [ml]

H,0 33
30 % acrylamide 4.0

1.5 M TRIS 2.5
10 % SDS 0.1
10 % APS 0.1
TEMED 0.004

The liquid running gel was instilled between two sealed glass plates. 1 ml isopropanol was added
on top of the gel. After gel polymerization isopropanol was removed and an agarose stacking gel

was produced as follows (Table [19):

Table 19: Composition of the stacking gel

Solution Volume [ml]

H,0 2,7
30 % acrylamide 0,67

1 M TRIS 0,5
10 % SDS 0,04
10 % APS 0,04
TEMED 0,004

The liquid stacking gel was pipetted onto the running gel. A sample comb was inserted and removed

after polymerization. The formed pockets in the stacking gel were used to apply the samples later
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on. The glass plates containing the gel were inserted into an upright stand and placed in a gel

electrophoresis chamber. Stand and chamber were filled with gel running buffer.

Sample preparation and gel electrophoresis. Samples containing 20 j1g of protein were mixed at
a ratio of 1:2 with 2x SDS buffer and incubated for 5 min at 90°C (denaturation and linearization
step). The samples and a protein standard were instilled into the pockets of the stacking gel and a

voltage of 80 V was applied. The gel electrophoresis was stopped after 1.5 h.

Western Blot. 10 Filter papers and a Western Blot PVDF transfer membrane were cut out (7 x 9
cm). The membrane was permeabilized in methanol for 5 min and subsequently washed for 5 min
in transfer buffer. The filter papers were soaked in transfer buffer for 2 min. The acrylamide gel
was removed from the glass plates and the blotting chamber was set up as shown in the following

scheme:

Negative pole (top)

{
5x filter paper

i}
Acrylamide gel

l

Transfer membrane

{
5x filter paper

i
Positive pole (bottom)

An electric current of 220 mA was applied and the transfer was stopped after 2 h.

Antibody staining. The transfer membrane was recovered from the blotting chamber, washed in

TBST and transferred into a 50 ml Falcon™ tube. 50 ml 3 % (w/v) BSA in TBST was added and

38



3 Materials and methods

incubated for 1 h, RT on a roller mixer. Anti-human pIgR primary antibody (diluted 1:200 in 10
ml TBST containing 3 % BSA) was added to the membrane and incubated over night at 4°C on
a roller mixer. Afterwards, the antibody solution was discarded, another 10 ml TBST was added
and incubated for 15 min, RT on a roller mixer to remove unspecifically bound antibodies from the
membrane. This wash step was repeated twice. The respective HRP conjugated detection antibody
(diluted in 10 ml TBST containing 3 % (w/v) BSA) was added to the membrane (Table[9)). After
incubation (1 h, RT, protected from light) on a roller mixer, membrane was washed three times in

10 ml TBST for 15 min.

Development and detection. Working reagent containing peroxide and acridan was prepared using
the Pierce™ ECL Plus Western Blotting Substrate Kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions. 10 ml of this reagent was pipetted onto the membrane and incubated
for 5 min (protected from light). Chemiluminescent reaction was detected using an imaging system
at the following exposure times [min]: 1, 2, 3, 4, 5 and 6. The visible protein bands were quantified
densitometrically using ImageJ software (version 1.8, Wayne Rasband). The same membrane was
used to determine RPLPO protein expression (house-keeping protein) for normalization purposes.
To this end, the membrane was washed three times in 10 ml TBST for 15 min. Anti-human RPLPO
primary antibody (diluted 1:2.500 in 10 ml TBST containing 3 % (w/v) BSA) was added to the
membrane and incubated over night at 4°C on a roller mixer. The subsequent steps were carried out

as described before.

3.2.15 Microbiota analysis

Microbiota analysis was carried out by Dr. Lisa Honicke and Prof. Till Strowig (HZI, Braun-
schweig).

Amplification of genomic DNA. Microbial genomic DNA (gDNA) was isolated from nasal swabs
using ZymoBIOMICS™ DNA Miniprep Kit (Zymo Research) according to the manufacturer’s
instructions. 25 ng DNA was used for the amplification of the V4 region (515F/806R) of the
16S rRNA gene via PCR. The 16S rRNA gene is highly conserved. Its variable regions (V4) can

be used as a marker for the identification and quantification of microbial families in a biological
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sample by determining the abundance of species characteristic sequences and comparing them to
respective genomic databases. Forward and reverse primers (515F/806R) were each diluted to a
final concentration of 10 pmol/l in PCR-grade water. For the gDNA amplification the components

were mixed as shown in table

Table 20: Reaction mix for PCR on 16s rRNA gene

Component Volume [1l]

PCR-grade water 13
Forward primer (10 ptM) 0.5
Reverse primer (10 pM) 0.5
5Prime HotMasterMix® 10

gDNA 1

PCR amplification was performed in a thermocycler (see table 21). Each sample was run in
triplicates and pooled afterwards. The amplicons were purified using the UltraClean®-htp 96 Well
PCR Clean-Up Kit (MO BIO Laboratories) according to the manufacturer’s instructions, diluted
to a concentration of 10 nmol/l and used for sequencing. During amplification the primers bind

specifically to the V4 region of the 16s rRNA gene on the gDNA.

Table 21: Temperature profile for 16S rRNA gene amplification PCR

Step Temperature [°C] Time Cycles
Incubation 94 3 min
Amplification 94 45s
50 60 s 35
72 90 s

Continued on next page
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Step Temperature [°C] Time  Cycles
72 10 min
Cooling down 4 hold

Sequencing and 16S rRNA analysis. The PCR amplicons were sequenced on an illumina®

MiSeq™ PE250 gene sequencing platform using the MiSeq™ Reagent Kit v2 (illumina®) ac-
cording to the manufacturer’s instructions. During the sequencing process the amplicons bound
to the oligo-coated bottom of the flow cell via their adapter sequence. The sequencing primers
then bound to the amplicons which initiated the complementary attachment of fluorescently tagged
nucleotides to the amplicon strand. These fluorochromes were excited by a laser and in turn emitted
a characteristic fluorescent signal cluster that depends on the sequence of the amplicon. This signal
was detected and used for the classification of the sequences into clusters of operational taxonomic
units (OTU). The obtained reads were pooled using -fastq_mergepairs with -fastq_maxdiffs 30.
Quality filtering was carried out at a minimum read length of 200 bp with fastq_filter (-fastq_maxee
1). Similar sequences were grouped into OTU clusters by using the UPARSE algorithm [|137].
The Silva database v128 [138]] and the RDP Classifier [139] were utilized to perform taxonomy
assignment of the OTU clusters. The bootstrap confidence cutoff was set to 80 %. Statistical
analyses and visualization of data was carried out via the R statistical programming environment
package phyloseq (Paul J. McMurdie) [140] based on the OTU absolute abundance table (software:
RStudio, version 2021.09.2+382, RStudio PBC).

3.2.16 Statistical analysis

Statistical analyses were performed either by two-tailed, unpaired t-test (Gaussian distribution, two
groups), Mann-Whitney test (no Gaussian distribution, two groups), one-way ANOVA (Gaussian
distribution, more than two groups, post test: Bonferroni’s Multiple Comparison Test) or Kruskal-
Wallis test (no Gaussian distribution, more than two groups, post test: Dunn’s Multiple Comparison

Test) using the software GraphPad Prism (version 5.04, GraphPad Software Inc.).
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Active transport of secretory immunoglobulins (SIgs) across the airway epithelial cell (AEC) layer
is exclusively mediated by the polymeric immunoglobulin receptor (pIgR). While the importance
of Slgs and pIgR for respiratory mucosal immunity is well-acknowledged [37,40], knowledge
regarding their relative abundance and regulation throughout the whole respiratory tract during
homeostasis as well as during chronic respiratory disease is still fragmentary. Therefore, the overall
aim of this thesis was to elucidate the airway-associated secretory and antimicrobial immunity in
response to exogenous and endogenous stimuli in the context of asthma. Specifically, the following

aims were to be addressed in frame of this thesis:

Aim 1: Provide detailed insight into the regulation of basal airway-associated secretory immunity

in vivo.

In order to dissect the impact of intrinsic (sex, age, cytokines) and extrinsic (microbial environment)
factors to pIgR-mediated immunity, basal Pigr gene expression and IgA abundance in the upper
respiratoty tract (URT) and lower respiratory tract (LRT) of mice was to be compared. It was shown
that asthma is linked to impaired pulmonary PIGR expression resulting in deteriorated airway
mucosal Slg-transport [44/[141]] and increased susceptibility to severe pneumococcal infections of
the respiratory tract [991|100]. The upper airways are known to be an entry site and reservoir for
respiratory pathogens like Streptococcus pneumoniae and a place of allergen sensitization during
asthma development [[142,/143]]. It is unknown whether secretory and antipneumococcal immunity
in the URT of asthmatic individuals is impaired as well. Therefore, the second aim of this work was

defined as follows:

Aim 2: Investigate the impact of murine allergic asthma on pIgR-mediated airway immunity and

pneumococcal colonization.

In order to analyse the impact of asthma on secretory and antipneumococcal immunity, two murine

models of allergic asthma had to be established and characterized in depth. Subsequently, Pigr
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gene expression and IgA abundance as well as pneumococcal colonization of the URT and LRT
of asthmatic and non-asthmatic mice were to be assessed. In line with impaired pulmonary
PIGR-expression and SIgA levels as well as altered pulmonary microbiota composition [[133]], the
nasal microbiota was previously shown to be distinct between asthmatics and healthy subjects [[144].
However, it is still unclear whether this is related to altered regulation of secretory immunity in
the upper airways. In this context, the impact of allergy (reactivity to aeroallergens) on secretory
immunity in the URT and composition of the nasal microbiota in asthma is generally unknown.
Since the human nasopharynx is both a site of allergen sensitization during asthma development
as well as an entry site and natural reservoir for respiratory pathogens [[142}/143], it is crucial to
investigate the impact of allergic and non-allergic asthma on the secretory immunity and the nasal

microenvironment in the URT. Hence, the third aim of this work was formulated as follows:

Aim 3: Analyse the influence of human allergic and non-allergic asthma on secretory immunity

and microbiota composition in the upper airways.

In order to investigate the impact of human asthma on secretory immunity and microbiota composition
in the upper airways, PIGR gene expression, PIGR protein expression, SIgA abundance as well
as immunoglobulin profile and bacterial abundance in the URT of asthmatic and non-asthmatic

individuals were to be assessed.
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5.1 Part I: Insight into the regulation of basal airway-associated secretory

immunity in vivo

5.1.1 Analysis of basal Pigr gene expression in the murine upper and lower

respiratory tract

Nasal epithelial cells (NECs) represent the first line of defense against airborne pathogens. Here,
NEC:s play an important role in antibody-mediated mucosal immunity. Multimeric IgA and IgM are
actively transported through NECs by the polymeric immunoglobulin receptor (pIgR). Subsequently,
these molecules are released into the mucosal lumen as secretory immunoglobulins (SIgs) [30].
Especially SIgA is known to avert pathogen adhesion, thus preventing microbial infiltration [37]. It
is known that Pigr-deficiency manifests in susceptibility to mycobacterial respiratory infections [40],
development of a COPD-like phenotype caused by an altered lung microbiome and bacterial invasion
of the airway epithelium [41]]. Furthermore, several human chronic airway diseases are associated
with reduced PIGR expression in the bronchial epithelium, which causes increased disease severity
(COPD) and deteriorated SIgA-mediated mucosal defense (asthma) [43,144]]. While several studies
have already addressed the contribution of pIgR and secretory immunity to airway homeostasis,
very little is known about their relative abundance and regulation in the airways.

Therefore, the first part of this thesis focussed on the detailed analysis of Pigr expression patterns
in the airways. To this end, basal Pigr gene expression in different compartments of the upper
(URT) and lower respiratory tract (LRT) of the two most commonly used laboratory mouse strains,
BALB/c and C57BL/6J, was assessed using quantitative real-time RT-PCR (qPCR). Taking into
account a potential impact of sex hormones and age on respiratory Pigr expression, analyses were
performed using male and female mice of different ages.

BALB/c (Fig. ) as well as C57BL/6J (Fig. [db) mice show highest Pigr expression in the trachea,
followed by nasal-associated lymphoid tissue (NALT) and lung. Furthermore, comparative analyses
of Pigr expression patterns in URT and LRT of BALB/c vs. C57BL/6J mice (Fig. ) and male
vs. female C57BL/6J mice (Fig. [dd) revealed no significant sex- or strain-specific differences.

Moreover, correlation analyses of airway Pigr gene expression analyses in mice of different ages

44



5 Results

(Fig. @{k) revealed no significant correlation between age and Pigr gene expression, neither in

the URT nor in the LRT. Altogether, these analyses revealed tissue-specific differences in Pigr gene

expression in the respiratory tract, which were however independent of genetic background, sex and

age.
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Figure 4: Analyses of basal Pigr expression in murine airways. RNA from lung tissue, trachea and
nasal-associated lymphoid tissue (NALT) of female BALB/c mice (n=5) and male/female C57BL/6J mice
(n=14) was isolated and reversely transcribed into cDNA. Pigr expression was assessed by qPCR. Actb served
as reference gene (cumulative data from two experiments; data for individual mice are graphed; mean is
indicated by horizontal line; correlation analysis was performed by linear regression; ** for p <0.01; *** for
p <0.001; n.s.: not significant). Modified figure has already been published [[145].
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5.1.2 Secretory immunity in differentially colonized mice

It was previously shown that commensal intestinal bacteria induce the production of IgA in
mice [146]]. Furthermore, the abundance of lymphocytes in nasal mucosa depends on the exposure
to microbial stimuli and housing conditions [147]]. While those previous findings attest a strong
impact of the microbiota on lymphocyte-mediated mucosal immunity in general, the relationship
between the microbiota and airway-associated secretory immunity is largely unknown. Thus, in
order to examine whether microbiota affect respiratory secretory immunity, Pigr expression and
IgA levels in the airways of germ-free (GF) mice (no microbial exposure), specific pathogen-free
(SPF) mice (IVCs, exposure to a limited microbial flora) and mice with an undefined microbiome
(open cage maintenance, highest degree of exposure to airborne microorganisms) were determined
using qPCR and ELISA, respectively (Fig. [5).

These comparative analyses revealed similar LRT Pigr expression in all three experimental groups,
while Pigr expression was significantly lower in the NALT of mice with an undefined microbiome
compared to SPF mice (Fig. [5h). In contrast to the unaltered (lung, trachea) or decreased (NALT)
Pigr expression in mice with an undefined microbiome, IgA concentration was significantly elevated
in the LRT (Fig. [5b) as well as URT (Fig. [5c) of this group. Interestingly, this finding was associated
with an increase in systemic IgA (Fig. [5d).

Taken together, these data suggest that [gA-mediated secretory immunity in the airways is partly

dependent on the degree of microbial exposure.
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Figure 5: Pigr expression and IgA levels in differentially colonized mice. RNA from lung tissue, trachea
and NALT of male specific pathogen-free (SPF), male germ-free (GF) and male mice with an undefined
microbiome was isolated, reversely transcribed into cDNA and qPCR analysis was performed (e indicates
female, o indicates male). (a) Pigr expression normalized to Actb. Normalized gene expression values of each
organ were divided by the mean gene expression of the GF mice for the respective organ (mean expression
values + SD are graphed). Relative IgA levels were determined in (b) bronchoalveolar lavage (BAL), (c)
nasal lavage (NAL) and (d) serum of GF (n=5), SPF (n=4) and mice with an undefined microbiome (n=10)
by semi-quantitative ELISA (cumulative data from two experiments; data for individual mice are graphed;
mean is indicated by horizontal line; * for p <0.05; ** for p <0.01). Modified figure has already been
published [145]].
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5.1.3 Modulation of secretory immunity by LPS treatment

In line with previous experimental evidence, which attests a clear impact of microbial components
on intestinal IgA production and Pigr expression [46}146l|148]], the results obtained in this study
suggest that respiratory secretory immunity is similarly dependent on the presence of microbial
components. It is however unclear, whether secretory immunity in the airways is boosted by the
respiratory microbiota or solely dependent on the gut microbiome. In order to experimentally
address this question, a LPS-based murine in vivo model, which mimics nasal bacterial stimulation,
was employed. LPS is a TLR4 agonist and a highly abundant antigen on the surface of Gram-negative
bacteria [[149-151]]. Moreover, previous studies revealed that human and murine intestinal epithelial
cells exhibit increased Pigr/PIGR gene expression after LPS stimulation in vitro [451|46L|152].
Mice were i.n. treated with LPS and 48 h later Pigr gene expression in URT (NALT) and LRT
(trachea, lung tissue) was assessed by qPCR. Moreover, airway as well as systemic IgA levels were
assessed by semi-quantitative ELISA (Fig. [6). These analyses revealed that Pigr expression in
trachea and NALT was unaffected by LPS treatment (Fig. [0p). In the lung tissue however, LPS
led to a significant, 2-fold increase of Pigr expression 48 h after treatment. Interestingly, and in
discordance with the increased Pigr expression in lung, IgA levels in BAL and NAL fluid were
significantly reduced in response to LPS treatment (Fig. [6b, [6f). In contrast to its effect on local
(airway) mucosal IgA levels, systemic IgA levels (serum) were however unaffected (Fig. [6d) by
LPS treatment.

It was shown that LPS induces intestinal epithelial barrier dysfunction in vitro [[153]]. Therefore,
it is thinkable that LPS treatment caused alterations regarding the barrier function of NECs as
well, resulting in epithelial leakage and dilution of the IgA signal. In order to test this hypothesis,
expression of Claudins, i.e. epithelial molecules which are vital for tight-junction mediated cell-cell-
contact, in lung and NALT was analysed by qPCR at 48 h post LPS treatment. As Cldni8 expression
is associated with altered epithelial barrier function in the lower respiratory tract and altered Cldn7
expression affects epithelial barrier function in the upper respiratory tract [[11}/12]], these genes were
chosen as candidates for gene expression analyses. However, no significant differences in Cldn gene
expression, neither in lung nor NALT, could be observed upon LPS treatment (Fig. [6g, [0f).

These data suggest that TLR4 stimulation by bacterial ligands modulates airway Pigr expression
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in a compartment-specific manner. However, the presence of LPS temporarily inhibits the IgA
response in the respiratory mucosa. In contrast to the original hypothesis, LPS does not boost

mucosal I[gA immunity in the respiratory tract.
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Figure 6: Effect of LPS treatment on airway secretory immunity and epithelial barrier function. Male
and female BALB/c mice were treated i.n. with 10 pg of LPS (n=6) or solvent alone (n=5). 48 h post treatment
RNA from lung tissue, trachea and NALT was isolated, reversely transcribed into cDNA and qPCR analysis
was performed (e indicates female, o indicates male). (a) Pigr expression normalized to Actb. Normalized
Pigr expression values of each organ were divided by the mean Pigr expression of the PBS-treated mice for
the respective organ (mean expression values + SD are graphed). IgA levels were determined in (b) BAL, (c)
NAL and (d) serum by semi-quantitative ELISA. (e) Cldni8 expression normalized to Actb and (f) Cldn7
expression normalized to Actb (cumulative data from two experiments; data for individual mice are graphed;
mean is indicated by horizontal line; * for p <0.05; *** for p <0.001). Modified figure has already been
published [145]].
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5.1.4 Modulation of secretory immunity by IFN-y treatment

Next to LPS, Interferon-y (IFN-v) was previously shown to induce human PIGR gene expression in
a colon adenocarcinoma cell line (HT-29.74) [51]]. In order to test whether this proinflammatory
cytokine might also boost pIgR-mediated secretory immunity in the airways, a proof-of-concept in
vitro study was initially conducted. Here, murine lung epithelial (MLE-15) cells were treated for
24 h with ascending concentrations of recombinant murine IFN-v and Pigr gene expression was
subsequently assessed (Fig. [7).

Well in line with its PIGR-inducing effect on intestinal epithelial cells [51]], [FN-y also induced a
significant, dose-dependent increase in Pigr expression in murine respiratory epithelial cells. Based
on the finding of the Pigr-inducing potential of IFN-v in vitro, this cytokine was subsequently chosen
for more detailed in vivo analyses aiming at elucidating the modulation of Pigr and airway-associated

secretory immunity.
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Figure 7: Pigr expression in MLE-15 cells upon IFN-y treatment. Murine lung epithelial (MLE-15)
cells (n=8 wells/experimental group) were treated with 1, 10, 100 or 1000 ng of IFN-y in 1 ml medium
or medium alone for 24 h. RNA was isolated and reversely transcribed into cDNA. Pigr expression was
assessed by qPCR analysis. Actb was used as reference gene (cumulative data from two experiments; data
for individual cell culture wells are graphed and mean is indicated by horizontal line; *** for p <0.001).
Modified figure has already been published [[145].
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In these in vivo analyses, mice were i.n. treated with 1 g of recombinant IFN-y and Pigr gene
expression, IgA levels and Cldn gene expression in the airways were assessed on day 1 and day 2
post treatment (Fig. [8) by qPCR and ELISA, respectively.

While treatment with IFN-y did neither affect Pigr expression in the URT nor in the LRT after 48 h
(Fig. [8p), pulmonary mucosal IgA levels were significantly increased 48 h after IFN-y treatment
(Fig. [Bb). This was however not associated with altered IgA levels in NAL or serum (Fig. [, [8d).
indicating compartment-specific effects of IFN-y treatment. In order to test whether altered Cldn
gene expression might underlie altered pulmonary IgA levels, expression of Cldni8 was analysed
by qPCR. Moreover, Cldn7 expression was examined in NALT. Cldn gene expression was however
unaffected by IFN-y treatment (Fig. [8, [§f), indicating that the increase in pulmonary IgA was
not the results of decreased tight-junction function and thus increased epithelial leakage. It was
shown that IFN-vy plays an important role in the modulation of B cell proliferation in vitro [154]. To
test whether IgA increase in lung might be caused by Ig-producing B cells which were induced by
IFN-v, gene expression of the joining chain (IgJ) of multimeric IgA and IgM was determined in
lung and NALT. /gJ expression was unaffected by IFN-vy treatment (Fig. 8, Bh), indicating that IgA
increase in the airways was most likely not caused by IFN-y-mediated activation of Ig-producing

cells.
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Figure 8: Effect of IFN-y treatment on secretory immunity, epithelial barrier function and B cells.
Female BALB/c and C57BL/6J mice were treated i.n. with 1 ng of IFN-y (n=8 for d1, n=7 for d2) or
solvent alone (n=8). Lung, trachea and NALT were removed on day 1 or day 2 post treatment, RNA was
isolated, reversely transcribed into cDNA and qPCR analysis was performed. (a) Pigr expression normalized
to Actb. Normalized Pigr expression values of each organ were divided by the mean Pigr expression of
the PBS-treated group for the respective organ (mean expression values + SD are graphed). IgA levels
were determined in (b) BAL, (c) NAL and (d) serum by semi-quantitative ELISA. (e) Cldni8 expression
normalized to Actb, (f) Cldn7 expression normalized to Actb and (g) + (h) IgJ gene expression normalized
to Actb and CD19 (cumulative data from two experiments; data for individual mice are graphed; mean is
indicated by horizontal line; ** for p <0.01). Modified figure has already been published [145].
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5.1.5 Effect of IFN-y treatment on immune cell influx in the respiratory tract

The increased pulmonary IgA levels observed upon IFN-v treatment (Fig. [8p) were neither due to
epithelial leakage (Fig. [8k, [§f) nor to increased activity of Ig-producing cells (Fig. [Sig, [8h). Since
intradermal IFN-vy injection stimulates intradermal lymphocyte migration in rats [[155], it was next
investigated whether i.n. IFN-v treatment causes the influx of immune cells that do not express
Pigr or IgJ, thereby leading to a dilution effect that would diminish the overall Pigr or IgJ signal in
the respiratory tract. To analyse whether IFN-y leads to an increased immune cell influx or alters
the numbers of Ig producing B cells, mice were i.n. treated with 1 g of recombinant IFN-y and
leukocyte subsets from lung and NALT were quantified by flow cytometric analysis (Fig. [9).

These analyses revealed a slight, yet non-significant increase of B cells, CD4+ T cells and CD8+
T cells upon IFN-vy treatment in NALT (Fig. [Op, [Od, [Of). The abundance of these subsets was
unaffected in lung (Fig. O, Ok, [Ok). Number of macrophages, neutrophils, DCs or eosinophils was
unaltered in response to IFN-y stimulation in lung and NALT (Fig. [Og{9h). These results indicate
that the Pigr and IgJ signals were most likely not diluted by IFN-y induced influx of immune cells.
Moreover, the data suggest that the increased IgA levels in BAL of IFN-y-treated mice are probably

not due to increased numbers of Ig producing B cells.
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Figure 9: Effect of IFN-y treatment on secretory immunity, epithelial barrier function and B cells.
Female C57BL/6JRj mice were treated i.n. with 1 pg of IFN-y (n=8) or solvent alone (n=8). Lung and
NALT were removed 24 h post treatment, immune cells were isolated and flow cytometric analysis was
performed. Absolute cell numbers of (a) + (b) B cells, (c) + (d) CD4+ T cells, (e) + (f) CD8+ T cells, (g) + (h)
macrophages, (i) + (j) neutrophils, (k) + (1) dendritic cells (DCs) and (m) + (n) eosinophils were determined
in lung and NALT (cumulative data from two experiments represented by e or o; data for individual mice are
graphed; mean is indicated by horizontal line).
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Taken together, this first part of the thesis demonstrates that site-specific differences regarding basal
Pigr gene expression are depending on microbial colonization as well as on yet unknown intrinsic
effects. Moreover, secretory immunity in the URT and LRT can be partly modulated by exogenous

(microbial-derived) as well as endogenous (host-derived) stimuli.
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5.2 Part II: Impact of murine allergic asthma on plgR-mediated airway

immunity and pneumococcal colonization

5.2.1 Establishment & characterization of murine, house dust mite (HDM)-mediated

allergic asthma models

While the first part of this thesis provided detailed insight into the regulation of Pigr expression and
secretory immunity throughout the entire respiratory tract, the second part of this work focusses
on elucidating the impact of allergic asthma on pIgR-mediated secretory antibacterial immunity.
Chronic respiratory diseases including asthma are associated with differential PIGR expression
resulting in altered airway mucosal SIg-transport in mice and humans [[44,/156}157]. It is also known
that Pigr knockout mice showed an increased susceptibility to airway mycobacterial infections [40].
In this context, it was previously shown that asthma is associated with decreased pIgR abundance
in the LRT and case-control studies identified asthma as a risk factor for severe pneumococcal
disease [99,/100].

In order to investigate the impact of allergic asthma on airway-associated secretory antibacterial
immunity, two previously reported murine models [[158L|159] of house dust mite (HDM)-mediated
allergic asthma (Fig. [I0) were established in our laboratory and characterized in detail in frame
of this study. HDM derived enzymes (e.g. Der pl) are naturally occurring asthma allergens in
humans [59,60]]. Due to its relevant roles in allergy and asthma pathogenesis, the use of HDM
extract as a model allergen generally allows to mimic important features of human allergic asthma
in murine in vivo models.

As visualized in figure [I0] for model 1 mice were treated i.n. with 20 pg HDM extract in 30 pl PBS
or PBS alone (control group) three times a week over the course of 5 weeks (low-dose, long-term
treatment, fig. [[0p). For model 2 100 pg HDM extract in 50 ul PBS or PBS alone (control group)
was intranasally administered three times at intervals of 1 week (high-dose, mid-term treatment,
fig. [I0p). On day 3 and day 7 after the last treatment, all mice were sacrificed and analysed
for immunological, histopathological and lung functional parameters in order to obtain detailed
information about individual pathologic features of the asthmatic phenotype. Typical markers of

allergic asthma are an increased abundance of eosinophils in the lower respiratory tract [[160], goblet
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cell hyperplasia in the lung [[161}|162]] and increased systemic IgE levels [[163]]. These key features

were analysed initially (Fig. [TT} [T2).
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Figure 10: Schematic representation of HDM-induced murine asthma models. (a) Model 1: 20 ng
HDM extract in 30 pl PBS or PBS alone (control group) was i.n. administered three times a week over
the course of 5 weeks. (b) Model 2: 100 ng HDM extract in 50 nul PBS or PBS alone (control group) was
i.n. administered three times at intervals of 1 week. Mice were sacrificed on day 3 and day 7 after the last
treatment (black arrows indicate timepoint of i.n. HDM application; black crosses indicate timepoint of
sacrifice).

Leukocyte subsets were quantified in lung, BAL and spleen by flow cytometric analysis. In both
models HDM treatment led to significantly increased numbers of eosinophils on day 3 and day 7
post treatment in lung tissue (Fig. [ITj, [[2a) and airways (Fig. [L1p,[12pb). In model 1, eosinophil
numbers in lung were 25 times higher in HDM treated mice compared to the control group on day 3
post treatment (PBS: 6.43x10* + 1.7x10% HDM: 1.61x10° + 6.38x10%) and 13 times higher on
day 7 (PBS: 2.7x10* + 4.8x10°; HDM: 3.5x10° + 1.36x10°). Eosinophil numbers in BAL were
increased 44-fold upon HDM treatment on day 3 (PBS: 9.64x10% + 6.5x10%; HDM: 4.28x10* +
2.7x10%) and 360-fold on day 7 (PBS: 3.97x10" + 1.62x10'; HDM: 1.42x10* + 5.59x10%). In model
2, eosinophil numbers in lung were 50 times higher in HDM treated mice compared to the control
group on day 3 (PBS: 6.27x10* + 1.8x10* HDM: 3.23x10° + 4.47x10°) and 16 times higher on
day 7 (PBS: 9.6x10* + 3.3x10%; HDM: 1.55x10° + 4.28x10°). Eosinophils in BAL were increased
68-fold upon HDM treatment on day 3 (PBS: 6.4x10% + 5.8x10°; HDM: 4.38x10° + 1.95x10°) and
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15-fold on day 7 (PBS: 7.98x10° + 7.07x10°; HDM: 1.25x10° + 2.89x10*). Eosinophil numbers in
spleen were unaffected (Fig. [TTk, [I2c). Well in line with these findings, histopathological analyses
(performed on day 7 post last treatment) revealed increased eosinophil influx into the lung tissue as
well as goblet cell hyperplasia exclusively in HDM treated mice (Fig. [[Tid, [Tk, [I2[d, [I2g) in both
models. Moreover, HDM treatment caused increased systemic IgE levels on day 3 and day 7 post
treatment in both models (Fig. [ITf, [I2f). The difference was however slightly more significant in
model 2 when comparing the results at the early timepoint.

In summary, these initial experiments revealed that murine asthma, induced by applying two
different treatment strategies, recapitulates hallmark histopathological and immunological features

of human allergic asthma.
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Figure 11: Eosinophil influx, histopathology and IgE levels during murine allergic asthma (model 1).
Female C57BL/6JR]j mice were treated i.n. with PBS (n=12) or HDM (n=11) according to scheme in Fig. [T0h.
On day 3 and day 7 after the last treatment, immune cells were isolated from (a) lung, (b) BAL and (c) spleen
and absolute eosinophil numbers were determined by flow cytometric analysis. Histopathological analysis
of lungs slices from (d) PBS and (e) HDM treated mice were performed by H&E staining. Black arrow
indicates eosinophils, white arrow indicates goblet cell hyperplasia. Magnification: 200x. Scale bar: 50
um. (f) IgE levels were determined in serum on day 3 and day 7 after the last treatment by semi-quantitative
ELISA (cumulative data from two experiments; data for individual mice are graphed; mean is indicated by
horizontal line; * for p <0.05; **** for p <0.0001). Histopathologic analyses were carried out by Dr. Olivia
Kershaw (Institute of Veterinary Pathology, Free University of Berlin).
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Figure 12: Eosinophil influx, histopathology and IgE levels during murine allergic asthma (model 2).
Female C57BL/6JRj mice were treated i.n. with PBS (n=12) or HDM (n=11) according to scheme in Fig. m)
On day 3 and day 7 after the last treatment, immune cells were isolated from (a) lung, (b) BAL and (c) spleen
and absolute eosinophil numbers were determined by flow cytometric analysis. Histopathological analysis
of lungs slices from (d) PBS and (¢) HDM treated mice were performed by H&E staining. Black arrow
indicates eosinophils, white arrow indicates goblet cell hyperplasia. Magnification: 200x. Scale bar: 50
pm. (f) IgE levels were determined in serum on day 3 and day 7 after the last treatment by semi-quantitative
ELISA (cumulative data from two experiments; data for individual mice are graphed; mean is indicated by
horizontal line; * for p <0.05; ** for p <0.01; **** for p <0.0001). Histopathologic analyses were carried
out by Dr. Olivia Kershaw (Institute of Veterinary Pathology, Free University of Berlin).
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Next to goblet cell hyperplasia and pulmonary eosinophilia, human allergic asthma is characterized
by increased abundance of several proinflammatory mediators (e.g. cytokines) in the airways. It is
known that the cytokines IL-4 and IL-5 are crucial for the migration and activation of eosinophils
during asthma sensitization [[164}165]]. Moreover, IL-10, IL-13 and IL-17A play an important
role regarding the induction of airway hyperreactivity and allergic inflammation [83,/84]]. In
addition, IL-6 in induced sputum and TNF-o in serum of allergic asthmatics were shown to be
elevated [166,[167]].

In order to further characterize the lung inflammatory micromilieu during experimental murine
allergic asthma, cytokine levels (IL-2, 4, 5, 6, 9, 10, 13, 17A, 17F, 21, 22, IFN-y, TNF-a) in
BAL fluid were determined on day 3 and day 7 post last treatment by bead-based immunoassay.
Interestingly — and in stark contrast to the profound cellular (lung pathology and eosinophil
infiltrations) and molecular (increased serum IgE levels) allergic manifestations — none of the
measured cytokines was significantly increased upon HDM treatment neither on day 3 nor day 7
post treatment in model 1. Furthermore, in many of the samples the measured cytokine levels were
below the limit of detection (LOD). This was the case for every single cytokine (Fig. [[3p{I3m). In
stark contrast to the unaltered cytokine microenvironment present in asthma model 1, HDM-extract
treatment led to a significant increase in several proinflammatory cytokines in the airways in model
2. Here, IL-4 (PBS: 0.36 £ 0.13, HDM: 10.04 + 1.92, 28-fold increase), IL-5 (PBS: 1.19 £+ 0.09,
HDM: 9.89 + 2.73, 8-fold), IL-6 (PBS: 1.3 + 0.82, HDM: 117.8 + 10.96, 90-fold), IFN-y (PBS:
0.58 £ 0.07, HDM: 1.86 + 0.5, 3-fold), TNF-a (PBS: 3.33 + 0.49, HDM: 7.52 + 0.63, 2-fold) and
IL-17A (PBS: 1.75 £ 0.23, HDM: 4.65 + 0.84, 3-fold) levels in BAL fluid were increased on day 3
post HDM treatment. Interestingly, the increase in prototype cytokines of type 1 (IFN-y, TNF-o),
type 2 (IL-4, IL-5, IL-6) and type 3 (IL-17A) immunity suggests pleiotropic contributions of these
mediators to the observed asthma phenotype. While the increase of these inflammatory mediators
was ceased already 7 days post HDM-extract treatment, IL-17A was also slightly increased in HDM
treated mice at this time. Moreover, TNF-a levels were slightly increased in the control group
compared to the HDM group on day 7 post treatment. Again, the measured cytokine levels were
below the limit of detection in many of the samples (especially those of the control group). The
only cytokines that were detectable in every sample were IL-10 and IL-17A (Fig. [[4p{I4m).

Altogether, these results indicate that — despite its overt effects on pulmonary cellular characteristics
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—model 1 has no measurable effect on inflammatory cytokine levels, while model 2 is associated
with a proinflammatory, mixed type 1/2/3 immune response in the airways and thus recapitulates

important aspects of human allergic asthma.
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Figure 13: Airway cytokine profile during murine allergic asthma (model 1). Female C57BL/6JRj mice
were treated i.n. with PBS (n=12) or HDM (n=12) according to scheme in Fig. [[0p. Absolute levels of
(a) IL-2, (b) IL-4, (c) IL-5, (d) IL-6, (e) IL-9, (f) IL-10, (g) IFN-v, (h) TNF-a, (i) IL-13, (j) IL-17A, (k)
IL-17F, (1) IL-21 and (m) IL-22 were determined in BAL on day 3 and day 7 after the last treatment by
bead-based immunoassay (cumulative data from two experiments; data for individual mice are graphed;
mean is indicated by horizontal line; detection limit is indicated by dashed line).
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Figure 14: Airway cytokine profile during murine allergic asthma (model 2). Female C57BL/6JRj mice
were treated i.n. with PBS (n=12) or HDM (n=12) according to scheme in Fig. @]) Absolute levels of
(a) IL-2, (b) IL-4, (¢) IL-5, (d) IL-6, (e) IL-9, (f) IL-10, (g) IFN-v, (h) TNF-o, (i) IL-13, (j) IL-17A, (k)
IL-17F, (1) IL-21 and (m) IL-22 were determined in BAL on day 3 and day 7 after the last treatment by
bead-based immunoassay (cumulative data from two experiments; data for individual mice are graphed; mean
is indicated by horizontal line; detection limit is indicated by dashed line; * for p <0.05; ** for p <0.01; ***
for p <0.001; **** for p <0.0001).
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The overarching aim of the use of preclinical animal models is to provide the best possible
representation of key disease patterns. While the previous experiments focussed on the comparison
of important immunological and histopathological asthma characteristics in both in vivo models,
the implications of HDM-induced allergic immune responses for lung function had not been
addressed so far. It is known that human asthma manifests in bronchoconstriction, which can
be diagnosed by lung functional analyses. Here, asthmatic individuals display increased airway
resistance following inhalation of nebulized methacholine chloride (MCh) [96]]. In order to clarify
whether the chosen experimental models of murine allergic asthma would be associated with similar
effects on pulmonary function, airway resistance was measured in reaction to ascending doses of
inhaled MCh in HDM treated mice and the PBS control groups using a resistance and compliance
system (Fig. [15] [T6).

As expected, the airway resistance gradually increased with increasing MCh concentrations in all
experimental groups on day 3 and day 7 post treatment. Surprisingly, the individual extent of
MCh-induced airway resistance did not differ between PBS and HDM treated mice in model 1
neither on day 3 (Fig. [I5h) nor day 7 (Fig. [I5p) post treatment for any of the applied MCh doses.
In model 2 however, airway resistance of HDM treated mice was slightly increased compared to
the control group on day 3 post treatment (Fig. [I6). On day 7 post treatment the HDM group
exhibited a significant, 2-fold increase in airway resistance compared to the control group at a MCh
concentration of 100 mg/ml (Fig. [16p).

In summary, the extensive comparative analyses performed in[5.2.1indicated that despite its capacity
to promote individual pathologic traits of allergy (eosinophil accumulation, goblet cell hyperplasia,
IgE response), model 1 failed to fully recapitulate hallmarks of human allergic asthma. In contrast,
model 2 caused a stable phenotype of allergic asthma that is characterized by increased pulmonary
eosinophil influx, goblet cell hyperplasia, elevated systemic IgE levels as well as proinflammatory

cytokine response and increased bronchoconstriction.
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Figure 15: Airway resistance during murine allergic asthma (model 1). Female C57BL/6JRj mice were
treated i.n. with PBS (n=10) or HDM (n=10) according to scheme in Fig. @h On day 7 post treatment,
airway resistance (R) was determined upon inhalation of increasing MCh concentrations using a resistance
and compliance system (cumulative data from two experiments; mean airway resistance values + SD are
graphed).
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Figure 16: Airway resistance during murine allergic asthma (model 2). Female C57BL/6JRj mice were
treated i.n. with PBS (n=10) or HDM (n=10) according to scheme in Fig. [TOb. On day 7 post treatment,
airway resistance (R) was determined upon inhalation of increasing MCh concentrations using a resistance
and compliance system (cumulative data from two experiments; mean airway resistance values + SD are
graphed; * for p <0.05).

Based on these findings, model 2 was chosen as a suitable in vivo mouse model to investigate the
impact of allergic asthma on airway-associated secretory immunity and antibacterial defense in

subsequent experiments.
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5.2.2 Antimicrobial immunity during murine allergic asthma

It is known that asthma affects several aspects of epithelial-mediated defense. For example, it
was shown that asthmatic patients exhibit an impaired epithelial PIGR expression [Ladjemi et al.,
2018] and diminished IgA responses in lung [[141]]. Furthermore, bronchial mucus secretion was
found to be increased during asthma [[168]]. Airway mucus is produced mainly by goblet cells
in the respiratory tract and plays a crucial role for the antimicrobial defense [[169]. Lysozyme is
another important antimicrobial protein that is produced in the airway epithelium and secreted into
the mucosal lumen [[170]. It was shown that the lysozyme concentration is increased in bronchial
secretions of asthmatic children [[171]].

In order to analyse the secretory immunity and antimicrobial defense of mice with HDM-induced,
allergic asthma (model 2), Pigr, Muc5ac and Lyz2 gene expression in lung, trachea and NALT and
IgA levels in BAL and NAL fluid were determined on day 3 and 7 after the last HDM treatment
by qPCR and ELISA, respectively (Fig. [I7). Since the nasopharynx is seen as a place of antigen
sensitization in asthmatic children [[143]] and the trachea is an anatomical part of the LRT [2]], NALT,
NAL fluid and trachea were included in these analyses.

Interestingly, and in contrast to the findings in human asthmatic individuals [44]], pulmonary Pigr
gene expression in murine asthma was significantly increased (3-fold) compared to the non-asthmatic
control group on day 7 after the last HDM treatment (Fig. [I7h), while Pigr gene expression in
trachea and NALT was unaffected (Fig. [I7p,[I7k). In line with increased Pigr expression in lung
tissue, IgA levels were significantly elevated in BAL fluid of asthmatic mice on day 3 and ten
times higher on day 7. Surprisingly, nasal IgA levels were significantly increased upon day 7 post
treatment, while they were unaltered on day 3 (Fig. [I7d, [I7¢). Muc5ac gene expression was 6-fold
increased in lung of HDM treated mice on day 3 and 4-fold on day 7 (Fig. [I7f) while trachea and
NALT showed no alterations (Fig. [I7,g, [[7h). Lyz2 gene expression was unaltered upon HDM
treatment in lung, trachea and NALT on day 3 and day 7 (Fig. [[7{{I7k).

In summary, these results indicate that while epithelial mucus production is generally boosted
by allergic asthma, murine vs. human allergic asthma most likely exert differential effects on

Pigr-mediated secretory immunity.

68



5 Results

a b
Lung Pigr gene expression Trachea Pigr gene expression NALT Pigr gene expression
= L5 o =z 3 g 10
28 8 S ° 38
] %‘ . PR oo' RS o oo
E< e £ s . £ .o o
Se 10 ° g2 2] o o & E= 081 oo o o
:3 e e |, . 2 ik . o
s< O o . 8% o °o o  u% 000 °
OE 05 o ° o £ 1 . o £ 0.6 . °
> = O 2 ==
s S s 2 =]
s £ % S & ] = £
i o ] 2 .
i 0.0 r r r . 0 T T T T 0.4 T T T T
PBS HDM PBS HDM PBS HDM PBS HDM PBS HDM PBS HDM
d3 d7 d3 d7 d3 d7
d e
BALIgA NAL IgA
0.4 o 0.08 .
- 6
03 ¢ g 0.06 —
E ° - (]
<
Z o2 " % 004 é
a ., ° [=] .
L% . © o0 -
e °® oo o’ o .
() [ ] é
ool 22 , YT . - = =
PBS HDM  PBS HDM PBS HDM  PBS HDM
d3 d7 d3 d7
Lung Muc5ac gene expression Trachea Muc5ac gene expression NALT Muc5ac gene expression
o LS04 % B 8.0x10°5 ” 4.0x10°% .
38 . A . 38 .
é kS — £ 3 6.0x10°5 . é kS 3.0x10°S . .
2 s 1.0x10* . ) gs o —
Bre o 5§32 53 s
= . = -5 = 2.0x10°°
23 A : £ 3 4.0x10 Y " £3 . o
%% 5.0x10° g : o 0 o 0p "eo¥
g £ —— 2 E2.0u0° ce cte L ENIT o050 e P e°
s 2 o p=] o o, 00 %ee s 2
s E o > o 5E . sE
g” T T ol £ T T T T |4 0 T T T T
PBS HDM PBS HDM PBS HDM PBS HDM PBS HDM PBS HDM
d3 d7 d3 d7 d3 d7
i : .k ;
Lung Lyz2 gene expression Trachea Lyz2 gene expression NALT Lyz2 gene expression
= 80 = 60 = 25 ”
28 ° . 28 ° 28 S %
g < 60 N E < © . g < 20 $°o° oo _Qo_ .
£e g e 40 ° o° ] .
) o co0 °° @ o . —_— vz 15 °
gE a0 o e & g ¥ % o g3 :
&E S = o &3 ° g S5 10 PR
@ E e -} v £ 20 . o &
£ 5 20 . Z 5 . L/ £ 2 05
s 2 =8 sE
BT ] = ]
T T . r : . . T 0.0 r . . T
PBS HDM  PBS HDM PBS HDM  PBS HDM PBS HDM  PBS HDM
d3 d7 d3 d7 d3 d7

Figure 17: Antimicrobial immunity during murine allergic asthma. Female C57BL/6JRj mice were
treated i.n. with PBS (n=12) or HDM (n=13) according to scheme in Fig. @]3 Lung, trachea and NALT were
removed on day 3 or day 7 after the last treatment, RNA was isolated, reversely transcribed into cDNA and
qPCR analysis was performed. Pigr expression normalized to Actb in (a) lung, (b) trachea and (c) NALT. IgA
levels were determined in (d) BAL and (e¢) NAL by semi-quantitative ELISA. Muc5ac expression normalized
to Actb in (f) lung, (g) trachea and (h) NALT. Lyz2 expression normalized to Actb in (i) lung, (j) trachea and
(k) NALT (cumulative data from two experiments; data for individual mice are graphed; mean is indicated by

horizontal line; * for p <0.05; ** for

p <0.01; *** for p <0.001).
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5.2.3 Establishment of a murine model of pneumococcal colonization

In a next step the newly established and characterized murine model of allergic asthma was
employed to investigate the impact of allergic asthma on antipneumococcal immunity. Streptococcus
pneumoniae is a frequent colonizer of the human nasopharynx. This Gram-positive bacterium
persists mostly asymptomatic in healthy individuals, while it causes respiratory diseases like
bronchitis and pneumonia in immunosuppressed individuals [[102,/103]]. Moreover, asthma is
associated with an increased susceptibility to severe pneumococcal infections in humans [99.|100].
The nasopharynx is a place of allergen sensitization during asthma development as well as an entry
site and reservoir for respiratory pathogens [142.|143]]. However, there are no experimental data that
describe the impact of asthma on the antipneumococcal immunity in the upper airways.

In order to investigate the impact of allergic asthma on pathogen burden as well as potential bacterial
dissemination in vivo, a pneumococcal colonization model mimicking human nasal colonization
had to be established in the first place. To this end, mice were inoculated intranasally (i.n.) with
108 CFU of Streptococcus pneumoniae strain BHN 100 (serotype 19F), which is known to be a
non-invasive colonizer of the upper respiratory tract [134]]. Subsequently, colony-forming units
(CFU) were determined in nasopharynx, NAL fluid, NALT, trachea and lung on day 1, 3, 7, 9 and
14 post infection (Fig. [5.2.3).

On day 1 post inoculation bacteria in nasopharynx, NAL fluid, NALT and trachea were detected
(Fig. [5.2.3p{5.2.3[d). The number of CFU decreased gradually over time in all four compartments.
The highest number of bacteria was observed on day 1 post inoculation in NAL fluid with an average
of 4x103 CFU followed by nasopharynx with 2x10° CFU. In these two compartments pneumococci
were detectable up to 7 days post inoculation, with an amount of 3x10?> CFU in NAL and 6x10?
CFU in nasopharynx. In NALT and trachea rapid bacterial clearance was observed from day 3
onward. In general, no bacteria were detected in the lung tissue (data not shown), indicating that the
chosen inoculation strategy was able to mimic pneumococcal nasopharyngeal colonization in vivo.
In summary, these results show that the murine upper respiratory tract could be effectively colonized
by Streptococcus pneumoniae 19F up to 7 days post inoculation. Therefore, this colonization model

was employed for all subsequent in vivo colonization experiments.
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Figure 18: Colonization of mice with Streptococcus pneumoniae 19F. Female C57BL/6JRj mice (n=15)
were i.n. inoculated with 108 CFU of Streptococcus pneumoniae 19F and bacterial burden was assessed on
day 1, 3,7, 9 and 14 post infection in (a) nasopharynx, (b) NAL, (c) NALT and (d) trachea (representative data
from one experiment; data for individual mice are graphed; mean is indicated by horizontal line; detection
limit is indicated by dashed line).
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5.2.4 Effect of LPS/IFN-y treatment on pneumococcal colonization

As described earlier, i.n. LPS vs. i.n. IFN-y treatments had opposing effects on secretory immunity
in mice (LPS: decreased IgA levels in BAL and NAL fluid (Fig. [6p, [6c), IFN-y: increased IgA
levels in BAL fluid (Fig. [8p)). Since it is known that IgA plays a key role in the immunity
to Streptococcus pneumoniae [39|], it was tested whether prophylactic i.n. treatment with the
aforementioned molecules could affect pneumococcal colonization in vivo.

Therefore, mice were treated i.n. with either 10 ug LPS, 1 ng IFN-vy or solvent alone (control
group). Two days later the mice were inoculated i.n. with 103 CFU of Streptococcus pneumoniae
serotype 19F. CFU were determined in nasopharynx, NAL fluid, NALT, trachea and lung 1 day post
infection (Fig. [I%).

As expected, LPS/IFN-v treated mice and the respective control groups exhibited highest bacterial
burden in the URT (NAL fluid and nasopharynx, Fig. [I9b, [I9%). CFU numbers in trachea and
NALT were below the limit of detection for almost all of the samples. No bacteria were detected
in lung. CFU numbers in NAL fluid and nasopharynx were comparable between LPS treated
mice and the control group, indicating no effect of prophylactic LPS-stimulation on pneumococcal
colonization. Likewise, bacterial burden in nasopharynx was unaltered between IFN-vy treated mice
and the control group, whereas IFN-vy treatment reduced the amount of CFU in NAL fluid almost
by half (PBS: 1408.0 + 221.5, IFN-y: 825.0 = 129.0).

These data suggest that IFN-y partly improves antibacterial immunity in the URT, most likely via
IgA independent mechanisms, which makes this cytokine a candidate for further immunomodulatory

experiments.
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Figure 19: Effect of LPS or IFN-vy treatment on pneumococcal colonization. (a) Schematic representation
of the experimental setup. (b) Female C57BL/6JRj mice were treated i.n. with 10 pg of LPS (n=5), control
mice received PBS only (n=6). (c) C57BL/6JRj mice were treated i.n. with 1 ng of IFN-y (n=6), control
mice received PBS only (n=6). 2 days post treatment all mice were i.n. inoculated with 108 CFU of
Streptococcus pneumoniae 19F and airway bacterial burden was assessed 18 h post infection (white arrow
indicates timepoint of i.n. LPS/IFN-y application; grey arrow indicates timepoint of i.n. S. pneumoniae 19F
colonization; black cross indicates timepoint of sacrifice; representative data from one experiment; data for
individual mice are graphed; mean is indicated by horizontal line; detection limit is indicated by dashed line;
* for p <0.05). Modified figure has already been published [|145].
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5.2.5 Impact of murine allergic asthma on pneumococcal colonization

Previous studies have shown that asthma facilitates the spread of pneumococci from the upper to
the lower respiratory tract, which might cause pneumonia in humans [99,/100]. It is yet unknown,
whether increased incidence of invasive pneumococcal disease or pneumonia is the result of
increased translocation of pathogenic bacteria from URT to LRT or rather ineffective antibacterial
immunity in the lower airways. In order to experimentally address this question, it was evaluated
whether asthmatic mice are more susceptible to the colonization with Streptococcus pneumoniae
and the spread of the bacterium from the upper to the lower respiratory tract than non-asthmatic
mice. Therefore, pneumococcal colonization of these two groups was compared. Since SIgA
is crucial for the protection against pneumococcal nasal colonization of mice [39], it was also
tested whether the IgA response differs between Streptococcus pneumoniae infected asthmatic and
non-asthmatic mice.

Allergic asthma was induced by HDM-extract treatment according to Fig. [[Ob and asthmatic vs.
control mice were inoculated i.n. with 108 CFU of Streptococcus pneumoniae serotype 19F three
days after the last HDM treatment. CFU were determined in nasopharynx, NAL fluid, NALT,
trachea and lung on day 1, 3, 7, 9 and 14 post infection. IgA levels were determined in NAL fluid
by semi-quantitative ELISA at the same timepoints (Fig. 20p).

Similar to the results obtained in[5.2.3] bacteria were detectable in nasopharynx, NAL fluid, NALT
and — partly — trachea (Fig. 20b{20) on day 1 post inoculation. The highest number of bacteria were
observed on day 1 post inoculation in NAL fluid followed by nasopharynx. In both compartments
CFU numbers decreased gradually over time. In nasopharynx the number of bacteria was above the
detection limit until day 7 post infection for all samples, while in NAL fluid it was only until day
3 post infection. In nasopharynx no differences regarding CFU numbers were observed between
asthmatic and non-asthmatic mice for any of the analysed timepoints. In NAL fluid of asthmatic
mice however, there was a 2-fold increase in CFU on day 1 post infection (PBS: 2062.0 + 527.9,
HDM: 4550.0 + 578.4) and a 3-fold increase on day 3 post infection (PBS: 830.0 + 143.6, HDM:
2604.0 + 443.2) compared to non-asthmatic mice, indicating that bacterial persistence in the URT
is partly facilitated by allergic asthma. In NALT and trachea the number of bacteria was below

the limit of detection for the majority of the samples from day 3 onward. In lung no bacteria were
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detected (data not shown). Interestingly, nasal IgA levels proved to be similar between healthy
vs. asthmatic mice early after inoculation. However, IgA gradually increased in NAL fluid of
non-asthmatic as well as asthmatic mice even after accomplished bacterial clearance. Here, nasal
IgA proved to be significantly increased in asthmatic mice compared to non-asthmatic mice on day
9 and day 14 post infection (Fig. [20f).

Altogether, these data indicate that allergic asthma significantly promotes pneumococcal colonization
of the upper respiratory tract. Moreover, allergic asthma boosts stronger overall IgA response upon

pneumococcal colonization.
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Figure 20: Colonization of healthy and asthmatic mice with Streptococcus pneumoniae 19F. (a)
Schematic representation of the experimental setup. Female C57BL/6JRj mice were treated i.n. with
PBS (n=50) or HDM (n=50) according to scheme in Fig. [TOp. 3 days after the last treatment, mice were i.n.
inoculated with 108 CFU of Streptococcus pneumoniae 19F and bacterial burden was assessed on day 1,
3,7, 9 and 14 post infection in (b) nasopharynx, (c) NAL, (d) NALT and (e) trachea. (f) IgA levels were
determined in NAL by semi-quantitative ELISA on day 1, 3, 7, 9 and 14 post infection (black arrows indicate
timepoint of i.n. HDM application (PBS control); grey arrow indicates timepoint of i.n. S. pneumoniae 19F
colonization; black crosses indicate timepoint of sacrifice; cumulative data from two experiments; data for
individual mice are graphed; mean is indicated by horizontal line; detection limit is indicated by dashed line;
* for p <0.05; ** for p <0.01; *** for p <0.001; **** for p <0.0001).
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5.2.6 Impact of IFN-y on secretory immunity of asthmatic mice

As mentioned before, i.n. IFN-vy treatment of non-asthmatic mice led to increased IgA levels in
BAL fluid (Fig. [8p) and improved antipneumococcal immunity in the URT (Fig. [I9c). Therefore,
it was investigated whether immunomodulation by prophylactic IFN-y treatment would likewise
enhance secretory antibacterial immunity during allergic asthma.

In a first step, asthmatic mice were treated i.n. with 1 ug IFN-vy or solvent alone (control group) one
day after the last HDM application. On day 1 and day 2 post treatment Pigr gene expression and
IgA levels were assessed by qPCR and semi-quantitative ELISA, respectively (Fig. 2Th).

In contrast to unaltered Pigr gene expression in URT and LRT upon IFN-vy treatment at both
timepoints (Fig. 2Ib{21[d), pulmonary IgA levels were significantly decreased on day 1 post IFN-vy
treatment (Fig. 2Tk) while IgA levels in NAL fluid were unaffected by IFN-y (Fig. 2Tf).

These data indicate that — despite its [gA-promoting effect in the airways of healthy individuals —
IFN-y decreases pulmonary IgA levels in allergic asthma and thus has a context-dependent role in

promoting secretory immunity.
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Figure 21: Effect of IFN-y treatment on secretory immunity during murine allergic asthma. (a)
Schematic representation of the experimental setup. Female C57BL/6JRj mice were treated i.n. with HDM
(n=18) according to scheme in Fig. [TOp. 1 day after the last treatment, mice were treated i.n. with 1 ug
of IFN-y (n=12), control mice received PBS only (n=6). Lung, trachea and NALT were removed on day
1 or day 2 post IFN-y treatment, RNA was isolated, reversely transcribed into cDNA and qPCR analysis
was performed. Pigr expression normalized to Actb in (b) lung, (c) trachea and (d) NALT. IgA levels were
determined in (e) BAL and (f) NAL by semi-quantitative ELISA on day 1 or day 2 post IFN-y treatment
(black arrows indicate timepoint of i.n. HDM application; white arrow indicates timepoint of i.n. IFN-y
application; black crosses indicate timepoint of sacrifice; cumulative data from two experiments; data for
individual mice are graphed; mean is indicated by horizontal line; * for p <0.05).
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5.2.7 Impact of IFN-y treatment on pneumococcal colonization of asthmatic mice

In view of the fact that prophylactic IFN-y treatment was shown to promote bacterial clearance in
the URT (Fig. [I9c), the role of this proinflammatory cytokine for antipneumococcal defense in the
URT of asthmatic individuals was subsequently addressed.

It was analysed whether pneumococcal colonization of the respiratory tract of asthmatic mice is also
affected by IFN-v treatment. To this end, allergic asthma was induced according to Fig. [T0p and
asthmatic mice were treated i.n. with 1 pg IFN-y or solvent alone (control group) one day after the
last HDM application. Two days later the mice were colonized i.n. with 103 CFU of Streptococcus
pneumoniae serotype 19F. CFU were determined in nasopharynx, NAL fluid, NALT, trachea and
lung on day 1, 3, 7, 9 and 14 post inoculation (Fig22h).

CFU counts were highest in nasopharynx (Fig[22b) followed by NAL fluid (Fig. [22k). As observed
before (Fig. 20p, 20k), the bacterial burden decreased gradually over time in these two compartments
and was above the detection limit up to 7 days post infection in nasopharynx and up to 3 days
post infection in NAL fluid. In NALT and trachea the number of bacteria was below the limit of
detection for almost all of the samples (Fig. 22[d, 22). No bacteria were detected in lung (data not
shown). Moreover, no differences regarding bacterial burden were observed upon IFN-y treatment
in any of the analysed compartments.

Altogether, these data suggest that IFN-vy stimulation exerts no effect on host antibacterial defense
in the asthmatic URT and supports the finding of the context-dependent role of this cytokine on

antipneumococcal immunity in healthy vs. pre-diseased individuals.
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Figure 22: Effect of IFN-y treatment on pneumococcal colonization in murine allergic asthma. (a)
Schematic representation of the experimental setup. Female C57BL/6JRj mice were treated i.n. with HDM
(n=100) according to scheme in Fig. [IOp. 1 day after the last treatment, mice were treated i.n. with 1
1g of IFN-y (n=50), control mice received PBS only (n=50). 2 days post IFN-y treatment, mice were i.n.
inoculated with 108 CFU of Streptococcus pneumoniae 19F and bacterial burden was assessed on day 1, 3,
7, 9 and 14 post infection in (b) nasopharynx, (c) NAL, (d) NALT and (e) trachea (black arrows indicate
timepoint of i.n. HDM application; white arrow indicates timepoint of i.n. IFN-y application; grey arrow
indicates timepoint of i.n. S. pneumoniae 19F colonization; black crosses indicate timepoint of sacrifice;
cumulative data from two experiments; data for individual mice are graphed; mean is indicated by horizontal
line; theoretical detection limit is indicated by dashed line).
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5.3 Part IlI: Influence of human allergic and non-allergic asthma on secretory

immunity and microbiota composition in the upper airways

5.3.1 Impact of the asthma phenotype on secretory and antibacterial immunity in

the upper respiratory tract of humans

While the second part of this thesis employed a pre-clinical murine model of aeroallergen-induced
asthma to study the impact of asthma on a) secretory immunity and b) antibacterial defense, the
third and last part of this work addressed these aspects in a clinical cohort study in healthy and
asthmatic subjects. As already mentioned, asthmatic patients exhibit decreased PIGR expression in
the bronchial epithelium, which results in impaired SIgA-mediated mucosal defense [44] and might
be linked to the increased risk for severe pneumococcal infections reported in asthmatics [99,100].
While previous studies attest distinct nasal microbiota in asthmatics [[144]], it is not clear whether this
is due to an altered secretory immunity in the upper airways. In this context, the role allergy plays
regarding the composition of the nasal microbiota in asthma is still unknown. Therefore, the impact
of allergic and non-allergic asthma on nasal secretory immunity as well as the nasal microbiota was
investigated. Since the human nasopharynx is considered a place of allergen sensitization during
asthma development as well as an entry site and natural reservoir for respiratory pathogens [[142], it
is vital to analyse the impact of allergic and non-allergic asthma on secretory immunity in the URT
and the nasal microenvironment, in general. However, there is no true consensus about the impact
of asthma on the secretory immunity in the human URT.

Since this study aimed at quantifying the impact of allergic asthma on PIGR expression in the URT,
acquisition of nasal epithelial cell (NEC) biopsies had to be initially established to make sure a
sufficient amount of viable cells could be obtained for subsequent gene and protein expression
analysis. Thus, in a first step, cells were obtained from nasal biopsies of healthy human donors
using a curette, counted and stained in H&E solution. Viable nasal epithelial cells were acquired
(Fig. ) with an average cell number of about 3x10° viable cells per donor (Fig. ), indicating

that the applied sampling method yields a high number of viable target cells.
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Figure 23: Visualization and quantification of human NECs. Human NEC biopsies were obtained using
a mucosal curette. (a) Cells were H&E stained and visualized using a light microscope (magnification: 40x).
(b) Numbers of viable cells obtained from individual donors were determined using a counting chamber and
a light microscope (mean is indicated by horizontal line).

In a next step, 112 male and female patients (control subjects, n=30; asthmatics, n=82) at the age
of 18-82 years were enrolled in a cross-sectional study. The asthmatic donors were subdivided
into exogenous asthmatics (reactivity to aeroallergens, increased specific IgE response, n=33),
endogenous asthmatics (no reactivity to aeroallergens, infection-associated exacerbations, n=24)
and patients with a mixed asthma phenotype (characteristics of both exogenous and endogenous
asthmatics, n=25). Nasal microbiota was probed using swabs. NAL was obtained by flushing
the nostrils with 5 ml saline. Nasal epithelial cell (NEC) biopsies were acquired as described
above using a nasal mucosal curette (Fig. 24). The donors were analysed with regard to different
asthma-specific immunological and respiratory parameters to characterize and distinguish the

different subgroups (Table [22)).
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H, n=30 Exo, n=33 Endo, n=24 Mix, n=25

'

Nasal swab ——J Microbiota composition

Ceo l
Nasal lavage ——P Immunoglobulin profile
Ceo l
Nasal e[.)ithelial —P PIGR gene and PIGR protein
Ce2 cell biopsy expression

Figure 24: Schematic representation of the clinical study design. H: healthy; Exo: exogenous asthmatics;
Endo: endogenous asthmatics; Mix: subjects with mixed asthma phenotypes. Used pictograms were provided
by PowerPoint software (version 2203, Microsoft).
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Table 22: Patient characterization

Asthmatics

Healthy Exogenous Endogenous Mixed
Subjects, N 30 33 24 25
Age, years 473 +149° 465+ 147" 588+ 14.1°% 503 +154
(mean + SD)
Sex, male/female, n 7/23 12/21 4/20 9/16
FEV1, % predicted, - 940+ 11.8 95.5+18.9 100.1 £19.3
(N=81; mean £ SD)
FEV1/FVC ratio, - 79.8 £2.7 77.7+£2.5 79.0+2.9
(N=81; mean + SD)
Control of asthma, - 25/8 13/11 15/10
yes/no, n (N=82)
Allergy to aeroallergens, 0 33 0 25
n (N=112)
Allergen immunotherapy, - 25 0 14
n (N=82)
Medication
ICS, n (N=112) 0 7 9 2
ICS + LABA, 0 24 11 21
n (N=112)
ICS + LABA+LAMA, 0 0 3 2
n (N=112)
Antileukotrienes, 0 1 0 2
n (N=112)
Blood parameters
CRP, mg/l, 25+£32 22+3.1 23427 31+£49
(N=111; mean = SD)
Leukocytes, K/l 6.8 £1.5 7.1£1.9 7.1+£22 7.2+£2.0
(N=111; mean + SD)
Eosinophils, Gpt/l 0.15+0.11 021 +0.12 0.24 £0.24 0.23 £0.17
(N=110; mean + SD)
o-1 antitrypsin, g/l - 1.4+0.2 1.4+0.1 1.3+£0.3
(N=111; mean = SD)
IgE-total, IU/ml 31.1 £32.8 246.5+296.1 165.0+4159 476.5+606.0
(N=109; mean = SD)
Spec. IgE ad inhalation 0 19.1 £29.3 0.03 £0.07 29.7+35.1

mixture ip8, kU/1
(N=81; mean + SD)

*: Kruskal-Wallis Test and Dunn’s Multiple Comparison Test between healthy and endogenous group

(p <0.05). #: Kruskal-Wallis Test and Dunn’s Multiple Comparison Test between exogenous and

endogenous group (p <0.05) [A Pausder, P Mras et al., submitted for publication].
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Secretory immunity (Fig. [25) and immunoglobulin profile (Fig. [26) in the URT of the patients was
analysed to investigate whether there are differences regarding URT-associated mucosal immunity
between healthy and asthmatic individuals as well as amongst allergic and non-allergic asthma
subgroups. In order to analyse the impact of allergic asthma and reactivity to aeroallergens on
PIGR-mediated secretory immunity and the humoral microenvironment in general, PIGR gene and
PIGR protein expression were determined in NEC biopsies by gPCR and Western Blot, respectively.
Moreover, total protein concentration, SIgA, IgG and IgE levels were measured in NAL by BCA
assay, ELISA and bead-based immunoassay, respectively.

Interestingly - and in stark contrast to the deteriorated bronchial PIGR expression observed in
asthmatic humans [44]] - nasal PIGR gene and PIGR protein expression levels between healthy
and asthmatic individuals were unaltered (Fig. [25p, 25b). Since slightly varying alterations in
NAL total protein concentration were detected (Fig. [25F), Ig protein levels were normalized to the
respective protein concentration. Nasal SIgA levels were similar between healthy and asthmatic
individuals as well as between the asthma subgroups (Fig. [25d), which is in line with the unchanged
PIGR/PIGR expression. Interestingly, IgG2 levels were significantly increased in the combined
asthma group, which was attributable to elevated IgG2 in exogenous and endogenous asthmatics
(Fig. 26b). However, IgG1, 1gG3 and IgG4 levels were unaltered (Fig. 26p, 26, [26{d). Although
there was an increase in total and aeroallergen (mixed and exogenous subtype)-specific IgE in the
sera of asthmatic subjects (Table[22), nasal mucosal IgE levels were unaltered in these cohorts (Fig.
[26p).

These data suggest that the secretory immunity as well as the mucosal IgE response in the human
nasopharynx are not affected by asthmatic disease. Moreover, patients that show either characteristics
of allergic or non-allergic asthma appear to exhibit a stronger, URT-associated IgG2 response than

non-asthmatic individuals.
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Figure 25: Secretory immunity in the upper airways of healthy and asthmatic patients. 112 male and
female subjects (30 healthy, 33 exogenous asthma, 24 endogenous asthma, 25 mixed asthma) at the age of
18-82 years were analysed. RNA and protein were isolated from nasal epithelial cell biopsies. RNA was
reversely transcribed into cDNA and qPCR analysis was performed. Protein expression was determined by
Western Blot. (a) PIGR expression normalized to DNAHI1. (b) PIGR protein expression normalized to
RPLPO. (c) Protein concentration was determined in NAL by BCA protein assay. (d) SIgA levels were
determined in NAL by semi-quantitative ELISA and normalized to the respective protein concentration (data
for individual subjects are graphed; mean is indicated by horizontal line; H: healthy; Comb: all asthmatics
combined; Exo: exogenous asthmatics; Endo: endogenous asthmatics; Mix: subjects with mixed asthma
phenotypes) [A Pausder, P Mras et al., submitted for publication].
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Figure 26: Immunoglobulin profile in the upper airways of healthy and asthmatic patients. 112 male
and female subjects (30 healthy, 33 exogenous asthma, 24 endogenous asthma, 25 mixed asthma) at the age
of 18-82 years were analysed. (a) [gG1, (b) IgG2, (c) IgG3, (d) IgG4 and (e) IgE levels were determined in
NAL by bead-based immunoassay and normalized to the respective protein concentration (data for individual
subjects are graphed; mean is indicated by horizontal line; H: healthy; Comb: all asthmatics combined; Exo:
exogenous asthmatics; Endo: endogenous asthmatics; Mix: subjects with mixed asthma phenotypes; * for
p <0.05; ** for p <0.01) [A Pausder, P Mras et al., submitted for publication].
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5.3.2 Impact of the asthma phenotype on microbiota composition in the upper

respiratory tract of humans

Microbiota composition in the URT of the subjects was analysed to examine whether asthma as
well as the reactivity to aeroallergens has an impact on microbial diversity and relative bacterial
abundance in general (Fig. 27)). Therefore, abundance of various bacteria families was determined
in nasal swabs by gene sequencing analysis of the V4 region of the 16S rRNA gene.

The analysis revealed distinct differences in nasal microbiota composition between asthmatic and
healthy individuals. Specifically, an increased number of different bacterial species, which is a
measure for the so-called alpha diversity, was observed in asthmatic patients (combined asthma
group as well as exogenous and mixed subgroups) (Fig. 27h). Since IgG2 is known to be targeted
against bacterial polysaccharides [[172] and nasal IgG2 levels were increased in exogenous and
endogenous asthmatics (Fig. [26b), alpha diversity was plotted against IgG2 levels. However, there
was no correlation between microbial diversity and the amount of IgG2 (Fig. [27b). Principle
coordinates analysis (PCoA) of the beta diversity of the microbial communities uncovered significant
differences between asthmatic and healthy individuals (ADONIS: p=0.0035), although a large
overlap was observed (Fig. [27c). Linear discriminant analysis (LDA) and effect size (LEfSe)
analysis (LDA score > 2.0) revealed that various bacteria families were more abundant in asthmatic
patients than in healthy individuals (e.g. Chitinophagaceae, Burkholderiaceae, Prevotellaceae,
Bacteroidaceae). However, Carnobacteriaceae and Corynebacteriaceae exhibited a lower abundance
in asthmatics (Fig. 27d). Comparison of relative bacterial abundance on family level revealed no
significant differences between asthmatic and healthy subjects (Fig. 27p).

These data indicate that the microbial diversity and general abundance in the URT is affected by
asthma. Moreover, increased microbial diversity in asthmatics that exhibit reactivity to aeroallergens

is most likely not caused by alterations regarding IgG2 abundance.
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Figure 27: Microbiota composition in the upper airways of healthy and asthmatic patients. 112 male
and female subjects (30 healthy, 33 exogenous asthma, 24 endogenous asthma, 25 mixed asthma) at the
age of 18-82 years were analysed. DNA was extracted from nasal swabs and nasal microbiota composition
was analysed via 16S rRNA gene sequencing of the V4 region. (a) Alpha diversity was determined using
observed species per sample. (b) Alpha diversity was plotted against IgG2 levels. (c) PCoA plot showing
an overlap in the nasal microbiota composition between healthy and asthmatic individuals. (d) LEfSe
analysis was performed and bacterial families with LDA score > 2 are displayed. (e) Relative abundance of
bacterial families (data for individual patients are graphed; mean is indicated by horizontal line; H: healthy
subjects; Comb: all asthmatic subjects combined; Exo: subjects with exogenous asthma; Endo: subjects with
endogenous asthma; Mix: subjects with mixed asthma phenotypes; correlation analysis was performed by
linear regression; statistical test: Kruskal-Wallis Test and Dunn’s Multiple Comparison Test; * for p <0.05)
[A Pausder, P Mras et al., submitted for publication].
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Epithelial transport of secretory immunoglobulins via the polymeric immunoglobulin receptor
(pIgR) constitutes a vital component of mucosal antimicrobial host defense. While there are many
studies investigating the secretory immunity and its modulation in the murine and human intestinal
tract [451/46,51,146,/148./152], little is known about the roles of secretory immunoglobulins in the
upper and lower airways under homeostatic and infectious conditions and during chronic respiratory
diseases like asthma.

The data obtained in frame of this thesis will be discussed in the following sections according to the
previously announced aims of this study:

Aim 1: Provide detailed insight into the regulation of basal airway-associated secretory immunity
in vivo.

Aim 2: Investigate the impact of murine allergic asthma on pIgR-mediated airway immunity and
pneumococcal colonization.

Aim 3: Analyse the influence of human allergic and non-allergic asthma on secretory immunity

and microbiota composition in the upper airways.
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6.1 Aim 1: Provide detailed insight into the regulation of basal

airway-associated secretory immunity in vivo.

Basal secretory immunity and its modulation

Previous studies on Pigr gene and PIGR protein expression in the airways mainly applied in
vitro approaches [[173,(174]] or analysed tissue from patients with chronic respiratory diseases
[37,43L[157,{175]]. Murine studies either analysed Pigr expression in reaction to interleukin
treatment [176] or exposure to pathogen-associated molecules like cholera toxin or amoeba
lysates [[177]. These studies showed that PIGR/Pigr expression is strongly impacted by exogenous
and endogenous stimuli that are present in the airway microenvironment. In this study, compartment-
specific and age/sex-independent differences in basal airway Pigr gene expression were detected.
BALB/c as well as C57BL/6J mice exhibited highest Pigr expression in trachea, followed by NALT
and lung. This effect might be caused by inherent differences in microbial density between the
compartments. Due to their anatomical localization, trachea and nasopharynx are in more frequent
contact to microbial stimuli than the lung [21]]. It is conceivable that a higher microbial density in
the murine URT provides more signals that trigger Pigr gene expression and SIg transport compared
to the LRT. This in turn might contribute to preventing the spread of bacteria from URT to LRT,
and ultimately the low bacterial density in the lung. Unexpectedly, no alterations regarding Pigr
expression were observed between germ-free and microbially colonized mice. This indicates that
overall Pigr expression in the murine respiratory tract might be unaffected by microbial colonization.
However, since Pigr gene expression levels were determined at the whole-tissue level, it is possible
that signal dilution effects (e.g. from leukocytes) have an impact on compartment-specific Pigr
expression.

It is known that commensal intestinal bacteria induce IgA production in mice [146]. Furthermore,
it was shown that housing conditions and exposure to microbial stimuli affects lymphocyte numbers
in nasal mucosa [147]]. While those findings clearly demonstrate the impact of the microbiota on
lymphocyte-associated mucosal immunity, the connection between the level of microbial exposure
and airway-associated secretory immunity is still poorly understood. It was revealed in this study
that Pigr expression in NALT of mice with an undefined microbiome was lower than in mice

maintained under SPF conditions, while airway and systemic IgA levels were increased in these
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mice. Since fecal IgA levels are affected by the composition of the intestinal microflora [178]],
it is possible that a comparable effect might be present in murine airways. However, since Pigr
expression in NALT is decreased while IgA levels are increased it is likely that there is no correlation
between IgA abundance and Pigr expression at the whole-tissue level. Of note, Pigr expression
levels were not exclusively assessed in stromal cells but in whole tissue. As it was shown that
the microbial environment affects the cell composition in the mucosa, it is conceivable that the
accumulation of leukocytes in mice with a high microbial exposure leads to a dilution effect and
ultimately to the reduction of the net Pigr signal.

It was shown that human and murine intestinal epithelial cells exhibit elevated Pigr/PIGR gene
expression levels upon LPS stimulation in vitro [45/46}/152]. In this study, LPS treatment caused
increased pulmonary Pigr expression in vivo. However, LPS treatment did not affect Pigr expression
in trachea or NALT. This might be due to the fact that bacterial colonization - and therefore exposure
to e.g. LPS - is more pronounced in the URT [21]], which results in a decreased sensitivity of URT
airway stromal cells to LPS. However, it is known that the upper airways are mainly inhabited
by Gram-positive bacteria [[179}/180] and LPS is solely found in the membrane of Gram-negative
bacteria [[181]]. This contradicts the hypothesis that URT airway stromal cells are in more frequent
contact to LPS and therefore exhibit a lower sensitivity to the molecule. Since the bacterial density
in URT is about 10 times higher than in the LRT [21]], this effect might however be compensated. It
is known that the intracytoplasmic toxin pneumolysin, which is found in S. pneumoniae, induces a
TLR4-dependent proinflammatory immune response [182]]. Since PIGR gene expression in human
intestinal epithelial cells increases upon TLR4 stimulation [45,46]], pneumolysin constitutes an
interesting candidate for the modulation of the airway-associated secretory immunity. In contrast
to the increased pulmonary Pigr expression, LPS treatment caused decreased airway IgA levels,
while systemic IgA was not affected. Decreased IgA levels might result from decreased epithelial
leakage, which was tested by determining Cldnl8 and Cldn7 expression. Claudins are proteins that
are crucial for maintaining epithelial barrier function. Altered claudin expression is an indicator for
an altered AEC barrier function in the LRT (Cldn18) and URT (Cldn7) [10-12]]. However, LPS
treatment had no effect on Cldnl8 or Cldn7 expression. It is known that IgA binds LPS [183]].
Therefore, it is conceivable that administered LPS was already bound to mucosal IgA. This might

lead to the reduction of detectable IgA, as the ELISA detects free IgA molecules with the highest
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affinity. However, since Pigr expression in lung was increased while IgA in BAL was decreased
and Pigr expression in NALT was unaltered while IgA in NAL was increased, it seems that there is
no consistent correlation between the two molecules in whole-tissue analysis of LPS-treated mice.
IFN-v is also known to be an inducer of PIGR expression in a human lung epithelial cell line as
well as in HT-29 human colon carcinoma cells [51}/174]], while its impact on airway Pigr expression
and secretory immunity in vivo has not been analysed before. IFN-y treatment caused increased
pulmonary IgA levels, while airway Pigr expression was unaffected. Since Cldn expression
was unaffected, increased IgA levels were most likely not caused by epithelial leakage. It was
hypothesized that IFN-y treatment leads to the activation of mucosal B cells which in turn produce
increased amounts of IgA. However, as IgJ expression was unaffected, this hypothesis was rejected.
As mentioned before, Pigr gene expression was not determined exclusively in stromal cells but
in whole tissue samples. It was shown that intradermal IFN-y injection stimulates intradermal
lymphocyte migration in rats [[155]]. Therefore, it is possible that i.n. IFN-v treatment causes the
accumulation and activation of lymphocytes in the airways, which might lead to the reduction
of the net Pigr signal. IFN-v treatment caused no significant alterations regarding the influx of
immune cells in lung or NALT. However, there is a slight increase in absolute cell numbers of B
cells, CD4+ T cells and CD8+ T cells in NALT upon IFN-vy treatment, which might be causing the
aforementioned dilution effect.

In summary, these results show that secretory immunity in URT and LRT is differentially regulated
by endogenous (cytokines) and exogenous (microbial ligands) stimuli and is partly amenable for

immunomodulatory treatment.
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6.2 Aim 2: Investigate the impact of murine allergic asthma on

plgR-mediated airway immunity and pneumococcal colonization.

HDM-induced murine model of allergic asthma

The second aim of this thesis was to analyse the impact of allergic asthma on pIgR abundance and
secretory immunity in the entire respiratory tract. Therefore, a murine model of HDM-induced,
allergic asthma was established that is characterized by a stable, eosinophilic and proinflammatory
phenotype. HDM derived enzymes (e.g. Der pl, Der p2) are common aero- and skin allergens in
asthmatic humans and patients with atopic dermatitis [[59}|184]]. Because of the relevance of HDM
as aeroallergen and its role in asthma, HDM-extract induced asthma constitutes a valid model to
perform preclinical studies in rodents. Allergic asthma is associated with increased numbers of
eosinophils in the lower respiratory tract [160], goblet cell hyperplasia in the lung [[161.|162] and
increased systemic IgE levels [163]]. The low-dose, long-term (model 1) as well as the high-dose,
mid-term HDM (model 2) model of murine allergic asthma used in this study caused increased
eosinophil influx in lung, goblet cell hyperplasia and elevated serum IgE levels to a similar degree.
This shows that both models of i.n. HDM administration lead to a phenotype of eosinophilic,
allergic asthma that is comparable to that observed in humans. Moreover, the aforementioned
parameters seem to be mostly independent of the individually administered dose of HDM and the
duration of the treatment. Since the total amount of administered HDM is the same for both models,
it is possible that these parameters might be dependent on the overall application dose.

It is known that various cytokines are involved in shaping of the asthma phenotype. IL-4 and IL-5
are important for the migration and activation of eosinophils during asthma sensitization [[164}/165]].
It was shown that IL-4 and IL-5 mRNA and protein levels were increased in bronchial biopsies
of asthmatic patients [[185]]. IL-10, IL-13 and IL-17A are crucial for the induction of airway
hyperreactivity and allergic inflammation. Elevated IL-10 and IL.-13 mRNA levels were observed in
nasal mucosal biopsies of patients allergic to grass pollen, while bronchial IL-17A expression was
increased in asthmatic patients [[83H85]]. Furthermore, elevated levels of IL-6 in induced sputum
and TNF-« in serum were observed in allergic asthmatics [[166,/167]]. The low-dose, long-term
asthma model did not lead to alterations in any of the measured cytokines, while the high-dose,

mid-term model caused increased levels of IL-4, IL-5, IL-6, IFN-v, TNF-o and IL-17A in BAL
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fluid on day 3 after the last HDM treatment. These results show that only the latter asthma model
caused a proinflammatory, allergic cytokine response that is comparable to that observed in allergic
asthmatics. The increased IL-4/IL-5 levels observed in the high-dose, mid-term model might be
the cause for the elevated influx of eosinophils. The fact that eosinophil influx was also increased
in the low-dose, long-term model, while IL-4/IL-5 levels were unaffected seems to contradict
this hypothesis. However, it is conceivable that these cytokines were increased right after HDM
treatment and declined to their initial state shortly after.

Increased airway reactivity is a hallmark of asthma. Airway hyperreactivity can be diagnosed by an
increased airway resistance in reaction to MCh inhalation. The low-dose, long-term model failed to
induce increased airway resistance. This finding is well in line with the unaltered IL-10, IL-13
and IL-17A levels observed in this model, since these cytokines are important for the induction
of airway hyperreactivity. On the other hand, the high-dose, mid-term model caused increased
airway resistance, which fits the increased IL-17A levels found in this model. The fact that IL-10
and IL-13 levels were unaltered, suggests that these cytokines might not play an important role
during the allergic reaction to HDM-extract even though they are involved in the induction of airway
hyperreactivity in patients allergic to grass pollen [83]]. Since only the high-dose, mid-term model
generated a proinflammatory, allergic cytokine response and increased airway reactivity, these
parameters seem to be dependent on the amount of individually administered HDM, rather than on
the total amount or the frequency of the treatments. Exclusively the high dose, mid-term treatment
led to an asthma phenotype that mimics important immunological, histopathological and functional
characteristics of human allergic asthma.

It was shown that PIGR protein expression in the bronchial epithelium and IgA secretion in lung
are impaired in asthmatic patients [44]]. In contrast to these observations, the utilized murine
asthma model (model 2) led to increased Pigr gene expression in lung and elevated IgA levels in
NAL and BAL fluid. Analysis of murine pIgR protein expression might present a possibility to
investigate whether HDM-extract treatment affects this molecule in a similar way as in asthmatic
humans. Moreover, it is known that IFN-y plays an important role in the upregulation of PIGR
gene expression in HT-29 human colon carcinoma cells [[186]. Since HDM-extract treated mice
exhibited increased IFN-v levels in BAL fluid, one might speculate that this causes the upregulation

of Pigr gene expression and thus the IgA increase in the lower airways. Since Pigr gene expression
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is unaltered in the upper airways of HDM-extract treated mice, it is unlikely that the same effect
causes increased IgA levels in NAL fluid. However, asthmatics that show an allergic reaction to
HDM also exhibit increased levels of HDM-specific SIgA in lung [[187]]. Therefore, it is possible
that increased IgA levels in BAL and NAL fluid of the asthmatic mice are caused by an increase in
HDM-specific SIgA, since the ELISA detects monomeric IgA, dimeric IgA and SIgA and does not
allow discrimination between them. Measurement of HDM-specific SIgA presents a possibility to
determine whether the increased IgA signal is due to such an effect. It was shown that bronchial
mucus secretion is increased in asthmatic patients [169]]. In line with this, HDM treated mice
exhibited increased Muc5ac gene expression. This finding is well in line with the finding of goblet
cell hyperplasia observed in the aforementioned histopathological analysis, since airway mucus is
produced mainly by these cells [169].

Taken together, these data show that the chosen in vivo model of aeroallergen-(HDM) mediated
allergic asthma leads to the formation of a proinflammatory, allergic phenotype of eosinophilic,
allergic asthma mimicking important hallmarks of human allergic asthma. However, the impact
asthma of on the secretory immunity in humans could not be reproduced in this murine asthma
model. This might be tackled by a different methodical approach (e.g. analysis of pIgR protein
expression, HDM-specific IgA ELISA).

Impact of murine allergic asthma on antimicrobial immunity

Streptococcus pneumoniae 19F strains are commonly used as model pathogen to study nasal
colonization in murine models. It was shown that i.n. colonization of the murine URT with the
bacterium was stable for up to 7 days post inoculation [[188]]. In the present study, the utilized S.
pneumoniae 19F strain (BHN 100) was detectable in nasopharynx and NAL fluid of mice until
day 7 post infection, which is in line with previously published data [188]]. Since it was shown
here that intranasal application of IFN-v leads to increased IgA levels (Fig. [8) and IgA was
previously described to enhance antipneumococcal immunity [189-191], the effect of this molecule
on pneumococcal colonization was investigated. Prophylactic IFN-vy treatment led to a decline in
nasal pneumococcal counts which indicates an improved antibacterial immunity. However, this
effect was not due to increased IgA levels, since IFN-vy treatment caused increased IgA levels only

in BAL and not in NAL. In this context, it was previously shown that IFN-y induces antibacterial
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activity in pulmonary macrophages [[192] and macrophages are known to be present in the murine
NALT [193]]. Therefore, it is possible that IFN-y triggers antibacterial activity in these cells as well.
Moreover, IFN-vy induces the production of antibacterial molecules like 3-defensins [194]], which
might also explain the observed effect. In order to elucidate the antimicrobial effect of IFN-vy in the
URT, more detailed analyses aiming at characterization of the soluble vs. cellular microenvironment
would be useful (e.g. analysis of macrophage activity by measurement of H,O; production, analysis
of cellular 3-defensin expression in URT and LRT).

It is known that asthmatic patients are more susceptible to severe pneumococcal infections of
the respiratory tract [99,/100]. However, it is unknown whether this is the result of increased
translocation of pathogenic bacteria from the URT to the LRT or rather deteriorated antibacterial
immunity in the lower airways. In order to address this question, it was investigated whether
asthmatic mice are more susceptible to the colonization of the respiratory tract with Streptococcus
pneumoniae and the spread of the bacterium from the upper to the lower airways than non-asthmatic
mice. HDM-extract treated mice showed unaltered pneumococcal counts in nasopharynx compared
to untreated animals. This is in line with a previous study that analysed bacterial load in nasopharynx
of HDM treated, neonatal mice 1 day post i.n. S. pneumoniae 19F infection [[195]]. However, CFU
counts in NAL fluid of HDM treated mice were increased on day 1 and 3 post infection, while they
were on the same level on day 7. These results suggest that the murine model of allergic asthma is
associated with a significant susceptibility to S. pneumoniae colonization in the upper airways that
was however transient. Since elevated IgA levels were observed in NAL fluid of HDM treated mice
on day 7 after the last treatment, while they were unaffected on day 3, it is possible that this late
IgA response led to a decrease in pneumococcal counts causing equal bacterial loads in the two
groups. It is also conceivable that the observed IgA response was triggered by the last HDM-extract
treatment. To investigate the effect of increased IgA levels on bacterial clearance, it would be helpful
to analyse the reactivity of IgA. This could be accomplished by flow cytometric quantification of
IgA bound pneumococci in NAL fluid and might contribute to better understand the impact of
asthma on secretory, I[gA-mediated antipneumococcal immunity in the upper airways. However, the
generated data suggest that this model of murine allergic asthma mimics the detrimental effects of
human asthma on antipneumococcal immunity.

IgA levels in NAL fluid of S. pneumoniae infected, asthmatic mice were increased on day 9 and 14
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post infection compared to non-asthmatic mice. Since the strength of an immune reaction often
correlates with the pathogen load [[196}/197], it is possible that the more pronounced pneumococcal
colonization observed in asthmatic mice also led to a stronger IgA increase. The fact that IgA
levels were unaltered on day 1, 3 and 7 post infection seems to contradict this hypothesis. However,
since pneumococcal load was increased in HDM treated mice, it is conceivable that more IgA
molecules were bound to the bacteria, which led to the decrease of the detected IgA signal at the
early timepoints. It is also possible that this effect is again caused by an increase of HDM-specific
IgA in the asthmatic mice that is detected as a part of the overall IgA signal.

As already mentioned, i.n. IFN-y treatment of non-asthmatic mice caused increased IgA levels in
BAL fluid on day 2 post treatment. In asthmatic mice however, IFN-y treatment led to a decrease
of IgA levels in BAL fluid on day 1 post treatment, while they were unaltered on day 2. These
results clearly indicate that IFN-v likely has opposing effects on airway secretory immunity in
homeostasis vs. chronic respiratory disease. It is known that IFN-y induces proinflammatory
processes until inflammation reaches an inflammatory threshold. After reaching the threshold
level, high IFN-v levels activate opposing regulatory machanisms that induce negative feedback
and trigger antiinflammatory processes [[198]]. Since IFN-vy levels were increased in BAL fluid of
asthmatic mice, it is conceivable that i.n. IFN-vy treatment caused such an autoregulatory negative
feedback loop that ultimately led to decreased IgA levels. It is possible that — next to IgA production
and secretion — other antimicrobial mechanisms are affected by altered IFN-v levels in asthmatic
airways. This might also explain why the antipneumococcal immunity of asthmatic mice was
unaffected by IFN-vy treatment, while non-asthmatic mice exhibited a decreased bacterial burden
upon IFN-v treatment. To further investigate the impact of IFN-y on the antimicrobial immunity in
asthma, IFN-v neutralizing antibodies could be administered. Since IFN-y levels were increased in
asthmatic mice and the cytokine is known to play a critical role during eosinophilic inflammation in
asthmatic patients [[199], it may contribute to the shaping of the asthma phenotype. Therefore, its
therapeutical use to improve antipneumococcal immunity in asthmatic patients is debatable.
These data suggest that HDM-induced murine allergic asthma promotes pneumococcal colonization
of the URT. Moreover, the antibacterial effect of IFN-y observed in non-asthmatic mice could not

be reproduced in asthmatic mice.
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6.3 Aim 3: Analyse the influence of human allergic and non-allergic asthma

on secretory immunity and microbiota composition in the upper airways.

Impact of human asthma on the airway-associated secretory immunity

The third aim of this thesis was to analyse the impact of allergic vs. non-allergic asthma on
the secretory immunity and microbiota composition in the human URT, which is still a widely
unexplored topic. The human nasopharynx is considered a place of allergen sensitization during
asthma development as well as an entry site and natural reservoir for respiratory pathogens [[142].
Since first contact to aeroallergens takes place here, analysis of its microenvironment in frame of
asthma has a high clinical relevance.

In this study, patients that exhibit other diseases that affect respiratory parameters or the immune
system in general (e.g. COPD, cancer, diabetes mellitus, autoimmune diseases, chronic cardiac
insufficiency) or are in a certain life situation (nicotine consumption, pregnancy) were excluded to
prevent bias of the data. Moreover, by subdividing the patients into exogenous and endogenous
asthmatics, it was possible to analyse whether the nasal microenvironment is affected by the
reactivity to aeroallergens. It is known that asthmatic patients exhibit decreased bronchial PIGR
expression that is associated with impaired epithelial IgA secretion in lung [44]. Interestingly,
there were no significant differences in gene and protein expression levels of PIGR/PIGR in nasal
epithelial cell biopsies between healthy and asthmatic individuals as well as between the asthma
subgroups. This suggests that PIGR/PIGR expression in the human nasopharynx is unaffected by
asthmatic disease. Moreover, nasal PIGR/PIGR expression seems to be independent of the reactivity
against aeroallergens within the asthma cohort. These hypotheses are supported by the fact that
nasal SIgA levels were unaltered between healthy and asthmatic subjects as well as between the
asthma subgroups. The fact that secretory immunity in the LRT of asthmatics is impaired, while it
is unaltered in the URT suggests that the effect asthma has on secretory immunity is site-specific
and might be facilitated by asthma characteristics that are mainly found in the LRT (e.g. goblet
cell hyperplasia, epithelial thickening) [200]. Increased total and aeroallergen-specific IgE was
observed in the sera of asthmatic patients compared to healthy subjects, which is in line with
previously published data [[163]. However, nasal mucosal IgE levels were unaltered between these

groups, which suggests that the effects causing systemic IgE increase have no impact on nasal
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IgE levels. Furthermore, increased amounts of IgG2 were detected in exogenous and endogenous
asthmatics and the combined asthma group compared to the healthy subjects, whereas IgG1, 1gG3
and IgG4 levels were unchanged between the groups. Since IgG2 is targeted against bacterial
polysaccharides [[172], it is conceivable that the increased IgG2 levels are a reaction to an altered

microbial flora in these asthmatic cohorts.

Impact of human asthma on the respiratory microbiota composition

It was shown that asthmatic patients exhibit increased microbial diversity in the lower airways [[133]].
However, knowledge on microbial diversity in the upper airways of asthmatics is still fragmentary.
Here, asthmatic patients that show reactivity to aeroallergens (exogenous and mixed subgroup)
exhibited increased microbial diversity in the URT. However, there was no correlation between this
and the amount of nasal IgG2, indicating that nasal microbial diversity is not impacted by increased
amounts of antimicrobial immunoglobulins and vice versa. It is more likely that the increased
diversity is caused by asthma characteristics found exclusively in patients with and exogenous or
mixed asthma phenotype (e.g. reactivity to aeroallergens). The decreased abundance of Corynebac-
teriaceae as well as the increased abundance of Prevotellaceae and Burkholderiaceae observed in the
upper airways of asthmatic patients is in line with previously published literature [[130]. However,
abundance increase of the other bacteria families in the upper airways of asthmatics has not been
described before.

Taken together, these results suggest that asthma disrupts the microbial equilibrium of the URT,
which is comparable to the effect described in the LRT. Interestingly and in stark contrast to the
lower airways however, microbial alterations in the upper airways were not associated with changes
regarding PIGR-mediated secretory immunity. This suggests that the role of secretory immunity
for microbial homeostasis in the URT might be less important than in the LRT. Since increased
microbiota diversity was observed exclusively in exogenous and mixed asthmatics, it would be of
high interest to analyse possible correlations between the degree of aeroallergen-reactivity and

microbiota diversity as well as microbiota composition.
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