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ABSTRACT

Neutrophils are part of the first lines of defence against invading microbes. They
play an essential role in antimicrobial host defence by recognizing microorganisms
through the various receptors that can be expressed on their surfaces. The known
function of neutrophils in the airway inflammatory process has changed over
time, from being an expendable cell limited to phagocytosis, releasing enzymes
and other cytotoxic agents, to a dedicated cell that can release mediators with a
more precise role in the defence and disease development. Identifying pathways
that are active during inflammation and its resolution is central for understanding
the mechanisms behind disease development and conjure a foundation for the
development of new therapeutic strategies.

Novel subsets with different functions of already classified cells are continuously
discovered. In line with this, four different neutrophil subsets have been identified
based on their expression of CD16 and CD62L. These subsets reflect different
stages of cell maturity and activity. The dim/high neutrophils are considered imma-
ture as they are recently derived from the bone marrow. The high/high neutrophils
are considered mature and the high/dim neutrophils are activated. The dim/dim
neutrophils are believed to be active in a stage just before apoptosis.

In paper I, we studied the distribution of neutrophil subsets in blood, nasal biopsies
and nasal lavage in healthy controls and allergic patients. We saw that healthy
subjects and allergic patients harboured high/high neutrophils in blood and nasal
biopsies. High/dim neutrophils were found in the nasal biopsies and to some
extent in the nasal lavage, whereas the dim/dim neutrophils were only found in
the nasal lavage. However, among the allergic patients the distribution in nasal
biopsies was skewed towards high/dim neutrophils. The high/high and high/dim
neutrophils were used in functional assays to study their effects on T-cells and
eosinophils. The high/dim neutrophils had the ability to prime the CD4+ T-cells
and function as a chemotactic factor for the eosinophils. This shows that the high/
dim neutrophil might have a role in the development of allergy.

In paper I, neutrophils from healthy subjects and allergic asthma patients were
obtained and stimulated in order to study markers crucial for their clearance.
Stimulated neutrophils from patients with asthma had much higher expression of
“don’t eat me” markers than neutrophils from healthy subjects. The former neu-
trophils also had reduced production of CCL3, CCL4 and CLL20, which affected
the migration rate of monocytes. The findings may explain the prolonged duration
of an infection that allergic asthmatics often experience.



Paper I11-1V characterised neutrophil subsets in blood before and after an inhaled
allergen provocation. The fraction high/high neutrophils decreased and the high/
dim neutrophils increased as a result of the challenge. To evaluate the effects of
high/high and high/dim neutrophils on airways; human bronchi or mice trachea
were co-cultured with the different subsets. The functional changes caused by the
co-cultures were then evaluated in a myograph. The high/dim neutrophils increased
the response towards bradykinin. They also enhanced contraction induced by
nerve-mediated stimulation. The increase in the bradykinin response was related
to a release of TNFa that subsequently upregulated the bradykinin receptor 2.
The nerve-mediated airway hyperresponsiveness in conjunction with high/dim
neutrophils was due to production of IL-1f that caused an increase of substance
P in the nerves via COX-2. These new findings may lead to a better understand-
ing of the role of neutrophils in severe asthma, and potentially to new treatments.

In summary, the thesis demonstrates that the distribution of the neutrophil subsets
differs between healthy subjects and allergic individuals and that the different
subsets might have diverse effects on the airways.
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1 AIMS

The overall aim of this thesis was to study neutrophils and different neutrophil
subsets in allergic rhinitis and acute asthma.
The specific aims were to:

 Identify neutrophil subsets in the blood, nasal mucosa and nasal lavage fluid
and characterise their role in allergic rhinitis

* Investigate the role of neutrophils in the resolution of inflammation
e Explore if neutrophil subsets shift during acute asthma
* Characterise the role of neutrophil subsets in lower airway hyperreactivity

* Evaluate the effect of neutrophil subsets on sensory nerve-mediated lower
airway hyperresponsiveness.



2 INTRODUCTION

2.1 Immune system

The immune system has evolved to protect us from pathogens and is capable to
produce a large number of cells and molecules that specifically are supposed to
recognize and eliminate pathogens and invaders'. The innate immune system is
the rapid response to pathogens, while the adaptive immune system develops over
time and is a more specific and effective defence. The two are often described as
two separate systems; in fact, there is a close interaction between the two. They
are synergistic parts of a system that mediates an effective defence against tissue
injury and infections®.

2.2 The united airways

The nose and the lungs are both parts of the respiratory tract and are divided
by functionality: the conductive part and the part responsible for gas exchange.
Conventionally, the respiratory tree is divided into upper and lower airways.
The upper airways signify the nose and mouth to the larynx, whereas the lower
airways reach from the larynx to the alveoli**. There is evidence that there is a
link between asthma, allergic rhinitis and rhino sinusitis and these diseases may
have a common pathogenic phenomenon, with the term “united airway disease”
becoming a more accepted concept’.

2.3 Allergic rhinitis

The prevalence of Allergic rhinitis (AR) has increased and today AR is a common
healthcare problem. AR is one of the most common chronic conditions, affecting
approximately 400 million people around the world. The cost of lost productivity
in Sweden for rhinitis has been estimated to be 2.7 billion euros a year®. Nasal
itching, sneezing, rhinorrhea and nasal congestion' are common symptoms of
the disease. The disease is believed to be initiated during a sensitisation phase.
An antigen is taken up by dendritic cells, which migrate to the regional lymph
nodes where the processed antigen is presented to a naive T-cell. The naive T-cells
mature into T2 cells and interact with the B-cells. The B-cells then undergo a
class switch, resulting in the production of allergen-specific IgE""®. The disease
will then progress in two phases, the early and the late phase.

In the early phase of allergic rhinitis mast cells appear. A re-exposure of an antigen
results in crosslinking of IgE-molecules on mast cells, which causes degranulation
and release of histamine, bradykinin, prostaglandins, cytokines and leukotrienes.
The early phase is categorised by bronchoconstriction of the smooth muscle, mucus



production, vascular leakage, enhanced airway hyperresponsiveness and recruitment
of inflammatory cells"-’. Neutrophils in the early phase are responsible for, among
many things, the release of myeloperoxidase, elastase and lipid mediators'®. The
late phase is characterised by inflammation of the airways. In this phase, mediators
such as IL-4, IL-5, IL-13, eosinophil chemotactic factor, platelet-activating factor
and tumour necrosis factor alpha (TNF-a) are released in the airways. This leads
to an upregulation of adhesion molecules on endothelial cells and increases the
influx of inflammatory cells, such as eosinophils and neutrophils, to the airways'.

24 Asthma

Currently, asthma affects 300 million people worldwide. The prevalence of asthma
is increasing and it has been estimated that an additional 100 million people will
develop asthma in 2025. Many asthmatics live with unmet needs related to their
disease, which leads to poor asthma control''. Asthma is a complex disease with
symptoms such as coughing, wheezing and chest tightness and is characterised
by chronic inflammation, airway obstruction and airway hyperresponsiveness" '*.
Asthma is a heterogenic and multicausal disease, is not an age- or income-biased
disease, and is known to affect people in all countries. The disease has a multitude
of phenotypes. However, the current treatments for all the phenotypes are bron-
chodilators and anti-inflammatory drugs. The inflammation in allergic asthma is
usually T2 dominant and the immune response could be described as an interplay
between the epithelial cells, the smooth muscle in the airways and the immune
system. The inflammation and airway hyperreactivity (AHR) in the airway smooth
muscle result, after some time, in structural and functional changes of the airways;
which contribute to the symptoms'. The phenotypes in asthma were often based on
the presence of neutrophils and eosinophils. However, the number of phenotypes
have increased beyond the neutrophilic and eosinophilic asthma. The treatment
strategies are still often focused on eosinophils. That is despite the fact that blood
neutrophils increase during the first hours after bronchial allergen challenge "
as well as in the late phase of asthma'’. The corticosteroids, which work well on
eosinophilic inflammation, do not affect the neutrophils or may even recruit neu-
trophils to the site of inflammation'®. With the advent of phenotyping and cluster
analysis, the “one size fits all” approach to asthma treatment is outdated'®. As the
patients with difficult-to-treat asthma present with a large number of neutrophils
in the airways, focusing on the neutrophils may offer new treatment possibilities.

2.5 Asthma exacerbation

The main reason for hospital-related admissions and one of the central com-
plications in asthma is exacerbation'’. This phenomenon can be defined as an
acute deterioration in lung function, resulting in heightened mucous production,
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excessive increased inflammation and more severe airway hyperresponsiveness,
ultimately resulting in a serious decline in quality of life'®. The primary cause of
asthma exacerbations is microbial or viral infections, where microbial-dependent
exacerbations have been shown not only to extend the period of illness, but also
to increase respiratory symptoms, such as airway hyperresponsiveness.

Bacterial infections, such as Streptococcus pneumoniae, Moraxella catarrhalis and
Haemophilius influenzae are present in 38% of exacerbations, but the exact role
bacteria and viruses play is as of yet unknown'®. Viral infections in children has
been reported to be a trigger for asthma, where the respiratory syncytial virus (RSV)
and human rhinovirus (HRV) are the most important pathogens. Exacerbations of
the disease are correlated to viral infections in 80 % for children and 50-75 % for
the adult”. However, there is insufficient evidence to suggest that asthma patients
have more colds than healthy individuals. Asthmatic patients that develop a cold
have extended duration and increased severity of the illness, and often suffer from
secondary bacterial infections®-**. It seems that it is neither the delayed microbial
or viral clearance nor the viral load that is the cause; rather it seems to be defects
in the innate immune host defence pathways>**. One of the key steps to reach
homeostasis is the need to regulate and remove the neutrophils from the tissue
after an infection or inflammation. This process also leads to the release of anti-
inflammatory mediators to stop the influx of new neutrophils into the tissue**°.

2.6 Airway hyperresponsiveness

Airway hyperresponsiveness is a characteristic feature of asthma and measure-
ments of airway responsiveness are useful when diagnosing asthma. The defini-
tion of airway hyperresponsiveness is an exaggerated obstructive response of
the airways to endogenous or exogenous chemical and physical stimuli, such as
histamine, methacholine, bradykinin, adenosine 5’-monophosphate, fog and cold
air. Airway hyperresponsiveness determines the need for therapy and the severity
of respiratory symptoms and weakening of lung functions®”*,

Airway hyperresponsiveness is sometimes divided into two different compo-
nents that affect the feature of asthma: persistent or baseline and variable or epi-
sodic. The persistent feature can be ascribed to structural changes, such as airway
remodelling. It can also be caused by increased expression of contractile proteins
and genetic changes in the airway smooth muscle. The episodic feature can be
ascribed to the inflammation in the airways mediated by various triggers such as:
nitric oxide, substance P (SP), PGD2, PGF2a, CCL28, IL-13 and IL-5. Persistent
and variable is an easy way to describe airway hyperresponsiveness and the two
are linked together®. The contraction in the airways can be due to a direct smooth
muscle stimuli or indirect neural stimuli.



Figure 1. Schematic image of the
inflammatory and remodeling processes
in the airway that may contribute to
airway hyperresponsiveness. Viral and
bacterial infections lead to increased
inflammation (D) and increased mucus
production (4, B). Increased smooth
muscle mass (C) together with altered
nerve activation (E) create the foundation
of asthma exacerbation and airway
hyperresponsiveness.

2.7 Airway smooth muscle and sensory nerves in
airways disease

Some of the hallmarks for asthma are increased airway smooth muscle mass and
alterations in the neural phenotype. The smooth muscle is linked to airway hyper-
responsiveness as it is responsible for airway narrowing, induced by mediators
released from i.e. mast cells and nerves. Increased smooth muscle mass and exagger-
ated responses to contractile stimuli are often seen in asthma patients™. Stimulation
of bradykinin 2 receptors can induce airway constriction and bradykinin has been
proposed as a sensitive indicator for AHR®'. As the nervous system is intertwined
with the smooth muscle and activation of sensory nerves may lead to a contraction
of the muscle, the interplay between the smooth muscle and the nerves may be of
importance for regulating the airways. However, any dysfunction may contribute
to the pathogenesis of airway diseases. The sensory nerve fibres originate in the
vagal ganglia®, characterised by their release of neuropeptides, including tachy-
kinins such as substance P and neurokinin A and calcitonin gene related peptide
(CGRP). Stimulation of a local axon in the lung may lead to activation of sensory
fibres, which results in the release of substances which, via NK 1, NK2 and NK3
receptors, induce a contraction of the smooth muscle®. It is well established that
neural mechanisms are involved in asthma. It has further been postulated that,
upon infection, the sensory nerves in asthma may be primed, which leads to an
exacerbation™. In an animal model, studying RSV infections, levels of SP were
elevated and treatment with an NK 1 antagonist inhibited AHR development™*°. In
the human lung, the levels of SP are increased in patients suffering from asthma,
as compared to the healthy lung. SP is higher in sputum®’, bronchoalveolar lavage
(BAL) and even higher in BAL after an allergy challenge in the lung®®. IL-1B, a
cytokine largely produced by the neutrophil, has been shown to enhance the SP
release from sensory nerves when triggered.



2.8 Inflammation and resolution in the airways

Inflammation has evolved to protect us from pathogens. It is a response of the
immune system to non-self-antigenic stimuli, beneficial under normal circum-
stances™. Acute inflammation is characterised by an influx of inflammatory cells
followed by the release of pro-inflammatory cytokines. These cytokines can then
recruit and activate leukocytes. Altogether, this leads to the classical symptoms
of inflammation, namely heat, redness, swelling and pain.

Return to tissue homeostasis following inflammation is essential for the resolution
of inflammation. Resolution is an active process that is necessary for the avoid-
ance of tissue damage after clearance of the inflammatory site. Following exposure
to antigens, an acute inflammatory response develops in the airways of allergic
individuals. Later, in the absence of that antigen, this inflammation can either
resolve or become chronic. The resolution depends on several pro-inflammatory,
anti-inflammatory and pro-resolving mediators secreted by various cells. Induction
of apoptosis and removal of pro-inflammatory cells by macrophages, particularly
neutrophils, is a key to the resolution of inflammation®. Removal and clearance of
neutrophils by professional and non-professional phagocytes triggers specific down-
stream intracellular signal transduction pathways resulting in anti-inflammatory
effects, such as a reduced influx of neutrophils, leading to resolution. If one of the
steps fails, the inflammation could persist and become chronic®.

Blood vessel
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Figure 2. Schematic image of the inflammation, its resolution and the interplay between
neutrophils, monocytes and macrophages.



2.9 Neutrophils and neutrophil subsets

Neutrophils constitute an initial part of the first line of defence against invad-
ing microbes. The known function of neutrophils in the inflammatory process
has changed over time. Initially, the neutrophil was described as a cell limited to
phagocytosis and the release of enzymes and cytotoxic agents.

Inflammatory research is continuously identifying novel subsets of already clas-
sified cells, with different functions*'. In line with this, four variants of neutro-
phil subsets based on their expression of CD16 and CD62L have been identified.
The different subsets can be seen as different stages of activity and maturity. The
CD16“"CD62L"" (dim/high) neutrophil cannot be found in the blood of healthy
donors. They can, also be found in patients suffering from severe injuries or given
LPS. They have a banded nuclear morphology and are considered immature as they
are recently derived from the bone marrow. The CD16""CD62L"" (high /high)
neutrophil is considered mature and is the neutrophil we have in the circulation.
The CD16""CD62L4™ (high /dim) neutrophil with a hyper-segmented nucleus is
considered active. It has been shown to have an important role in systemic inflam-
mation®, suggesting that the presence of specific neutrophil subsets can play a
role also in asthma and allergy. The CD16%"CD62L%™ (dim /dim) neutrophil is
the least defined subset and thought to be at the end stage right before apoptosis.

CD16His"CDe2LHis" CD1eHinCDE2Lom CD169mCDe2LEm

CD62L

% ; Level of

maturation‘activation
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Figure 3. Dot plots of the expression levels of CD16 (X-axis) and CD62L (Y-axis) in the
different stages of activation of neutrophils.



It is important to regulate neutrophil abundance and turnover. Failure in any step
can directly cause or contribute to human diseases, with symptoms such as such as
dyspnoea, hypoxia, neurologic deficits and chronic inflammation. Efferocytosis of
neutrophils inhibits pro-inflammatory cytokine production and results in changes
of macrophages towards a pro-resolution phenotype. If regulation or removal
of apoptotic neutrophils fails, toxic intracellular components from neutrophils
may damage healthy tissue" *’. There is an imbalance between apoptotic and live
neutrophils in asthma. The neutrophils have an increased lifespan mediated via
IgE*. New research also indicates that living neutrophils can be the target of
phagocytes, often referred to as phagoptosis. This is regulated by expression of
“eat me”, CD43 /CD36 and “don’t eat me”, CD47 signals** on the surface of
the neutrophils. There is evidence that “don’t eat me” ligands are associated with
inefficient clearance of neutrophils and prolonged inflammation*’. However, “eat
me” may facilitate phagocytosis of the neutrophils, promoting resolution of inflam-
mation. The role of these neutrophil phenotypes in airway allergy, particularly in
exacerbations, is unknown.

A common question is whether the neutrophil is good or bad. Is the neutrophil our
friend or our mortal enemy? If we rephrase this question and instead ask when is
the neutrophil good or bad? Is the friendly neutrophil the same neutrophil when it
is our enemy? When is the neutrophil our friend and what changes are needed to
make the neutrophil our enemy? This thesis aims to answer that question.



3 MATERIALS AND METHODS

This section contains a brief overview of the material and the methods used in the
studies. More details can be found in the individual papers I-V.

3.1 Human subjects

The diagnoses of the AR patients (paper I) were based on clinical history and
positive skin prick test and/or positive RAST for the relevant allergen.

The diagnoses of the allergic asthmatic patients (papers 11 and 111) were based on
clinical history and positive skin prick test and/or InmunoCAP Rapid.

Healthy controls (papers I, I1[-V) had no history of sinus disease, asthma or allergy.
None of the healthy controls had a history of steroid use and they all had a nega-
tive skin prick test or negative ImmunoCAP Rapid.

Paper I: Eight allergic rhinitis patients and six healthy controls were included. Nasal
biopsies, nasal lavage fluid and blood were obtained from all patients in the study.

Paper II: Human lung tissues were obtained at the Departments of Cardiothoracic
Surgery and Anesthesiology, Karolinska University Hospital, Stockholm and blood
was collected from non-allergic healthy volunteers (age 18-65) recruited from the
blood bank in Stockholm and at the Karolinska University Hospital, Stockholm.

Paper I11: nine non-smoking subjects (aged 18-50) from Lund University Hospital
with a diagnosed allergic asthma and with less than 40% of activated neutrophils
in the blood at baseline. Inhaled allergen bronchoprovocation test was performed
and blood was collected before and after the provocation.

Paper 1V: Allergic asthmatic patients and healthy controls were recruited at the
Karolinska University Hospital, Stockholm and at Lund University Hospital.

Paper V: Non-allergic or asthmatic healthy volunteers (age 18-65) were recruited
from the blood bank in Stockholm and the Karolinska University Hospital,
Stockholm. They were all tested with an ImmunoCAP Rapid to exclude allergy.

All studies with human samples were approved by the local ethics committee,
2014/260,2010/181-31/2,2014/299-13,2013/2075-31/3 and 2016/823-31/2, and
all patients provided written informed consent.
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3.2 Neutrophil isolation, activation and stimulation

Neutrophils were purified using ficoll-paque according to the manufacturer’s
instructions (papers I, and V). The granulocyte rich pellet was treated with ammo-
nium chloride erythrocyte lysis solution (0.8 % NH,CI, 10 mM KHCO; 0.1 mM
EDTA). In paper I, one extra step was added in the isolation of the neutrophils, they
were enriched with CD15 microbeads according to the manutacturer’s instructions.

In papers I, IV and V, the neutrophils were isolated using MACSExpress kit with
magnetic beads through negative selection. The beads were mixed with whole blood
and incubated for five minutes during slow rotation. The neutrophils were then placed
in a magnet for 15 min after which the neutrophils were collected. At this state, the
neutrophils were contaminated with erythrocytes and an erythrocyte depletion kit was
used. Then new magnetic beads were added for a 5 minutes incubation during slow
rotation, allowing the erythrocytes to bind to the magnetic beads. The neutrophils
were then placed one more time in the magnet. The neutrophils did not accumulate
against the wall of the tube and were easily removed.

Neutrophils were suspended in complete medium (CM) consisting of RPMI 1640
supplemented with 20% autologous plasma, 100 U/mL penicillin and 100 pg/mL
streptomycin. To achieve different subsets of neutrophils in clearly defined
groups, high/high neutrophils were treated with 1 pg/mL LPS or a combination
of 1 pg/mL, 5ng/ml TNF-a and/or 10 ng/ml IL-8 for 15 minutes, 1 or 2 hat 37°C
in humidified 5% CO?2 in atmospheric air. IL-1RA was added to the neutrophils
before lipopolysaccharide (LPS) stimulation to evaluate the effect of IL-13 on the
neutrophils (Paper V).

3.3 In vitro model

3.3.1 Tissue preparation and organ culture

Human bronchi were obtained from patients undergoing lobectomy. The patients
were recruited for the purpose of acquiring macroscopically healthy human
lung tissue in an investigation approved by the regional ethical review board in
Stockholm. Within 3 h of resection, human isolated small airways, with a diameter
of 0.5-2 mm, were identified based on their visual appearance (thin and almost
transparent wall, bone white colour, presence of air bubbles and mucus, as well
as lack of blood) and dissected free under ice-cold Krebs-Henseleit buffer (KH,
Sigma, St. Louis, MO, U.S.A) solution and cut into rings (paper 11).

BALB/c mice (weight 19-30 g, 8-14 weeks old) were housed in plastic cages
(papers 11 and V) or individually ventilated cages (paper V) with adsorbent bed-
ding in temperature and light/dark cycle (12-hour/12-hour) controlled rooms.



Food and water were available ad libitum. Animals were handled in accord-
ance with the Federation for European Laboratory Animal Science Associations
guidelines. All animal experiments were approved by the local ethics committee
at Karolinska Institutet (Stockholm. Ethical permit numbers: N258/13, N254/15
and 1155-2019). The animals were sacrificed by cervical dislocation, their lungs
and tracheae were removed and the tracheae were dissected free from surrounding
tissue. The tracheae were then cut into four rings for evaluation of direct smooth
muscle contractions or two rings for evaluation of nerve-mediated smooth muscle
contractions. Each segment, human or mice, was cultured for 24 hours at 37°C in
humidified 5% CO2 in atmospheric air. The segments were then moved to new
wells containing high/ high or high/dim neutrophils or CM alone as a control. To
evaluate mechanisms initiated from the high/dim neutrophils different substances,
antagonist or antibodies were added to the trachea 1 hour or 30 minutes before
addition of the neutrophils.

3.3.2 Invitro pharmacology

Changes in smooth muscle contraction were evaluated in myographs (paper I1).
Murine and human airway ring segments were placed in a myograph (Organ Bath
Model 700MO; DMT A/S, Aarhus, Denmark) containing 5 mL KH buffer solu-
tion at 37°C, continuously bubbled with carbogen (5% CO2 in O2) to maintain a
stable pH of 7.4. Changes in the smooth muscle contraction were monitored and
isometric forces were measured (ADInstruments, Hastings, United Kingdom).
During an equilibration phase of 1 h for mice and 1.5 h for humans, the tension
of the tissue was set to 0.8 mN for murine tissue and 1.5 mN for human tissue.
To confirm tissue viability, contractile responses were induced by KCI (60 mM)
followed by a wash and an additional 30-minute equilibration period. In presence
of indomethacin (3uM) and atropine (1 uM) bradykinin was cumulatively added
and force changes registered.

3.3.3  Electric field stimulation

This was used together with the myograph to evaluate changes in nerve mediated
smooth muscle contractions (paper V). Mice tracheae were mounted in a myograph
(Organ Bath Model 700MO; DMT A/S, Aarhus, Denmark) as treated as describe
above. During an equilibration phase for 1,5 h, the tension was set to 1.6 mN and
to confirm tissue viability, contractile responses were induced by KCI (60 mM).
EFS electrodes were then placed in the bath and KCI (60 mM) was added once
more followed by a wash and an equilibration period. The segments were incubated
with 3 pm indomethacin for 30 minutes and each segment was given five training
impulses of 4 Hz, 55 mA (=10 V) followed by a wash and an equilibration period
and additional indomethacin. Later, segments were given a 2log EFS series of

11
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0.2-25.6 Hz. Each impulse was 0.8 ms long with a duration of 1 min, followed
by a 1.5 min resting period. The experiment ended with a contraction to 0.1 pM
carbachol to evaluate the maximal contraction of each segment.

3.4 Flow cytometry

Flow cytometry (FACS) was used in all studies. FACS analyses physical and
chemical properties on individual cells in a suspension based on how they scatter
light from a laser beam. Using different detectors, the flow cytometer can pro-
vide information about cell size (displayed as forward scatter, FSC), granularity
(displayed by side scatter, SSC) and fluorescence intensity of fluorochrome-
conjugated antibodies used for detection of intra- or extracellular antigens. The
number of positively labelled cells and the medium fluorescence intensity (MFI)
can be calculated.
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Figure 4. Gating strategy plots (4) first and (B) second gating steps from the blood samples
obtained from patients before and after an inhaled allergen bronchoprovocation test. Gating
strategy plot (C-D) from blood samples before (C) and after (D) the allergen provocation
test (Paper I1I).



By gating cells on CD15 or CD16 on the Y-axes, neutrophils can be distinguished.
Doublets can be excluded by gating on Forward-Height (FSC-H) and Forward-
Area (FSC-A). By having CD62L on the X-axes and CD16 on the Y-axes can
the different subsets be evaluated. The Vybrant Apoptosis Assay Kit was used to
assess the percentage of viable cells.

All cells have to be in single-cell suspension before staining. Hence, biopsies
used for flow cytometry were first placed through a 100-pm cell strainer, into
DMEM/F-12 containing FBS and incubated for 5 min. All types of samples with
cells were washed and centrifuged, after which the supernatant was aspirated and
discarded. Fluorochrome-conjugated antibodies were incubated for 20 minutes and
all samples were then fixed in 1 % paraformaldehyde. All cells were gated based on
forward and side scatter and events in the range of 10,000—100,000 were collected.

3.5 ELISA

ELISA can be used to detect and quantify proteins in suspensions, such as cell
supernatants from stimulated cells. A sandwich ELISA uses a microplate pre-
coated with an antibody meant to bind the antigen in question. When the sample
is added to the microplate, the antigen binds to the immobilised antibody. After
washing away unbound substances, an enzyme-linked antibody specific for the
antigen of interest is added and upon adding a substrate solution, a colour develops
in proportion to the amount of bound substrate. ELISA was used to measure I1L-1§,
TNFa (paper 1) and CCL20 and CCL4 (paper 1V), respectively.

3.6 PCR

3.6.1 Tissue preparation and RNA extraction

Neutrophils were lysed using RLT-buffert with Dithiothreitol (DTT) before the
mRNA was purified. RNA from neutrophils were isolated using the RNeasy Micro
Plus Kit (Qiagen) according to the manufacturer’s instructions. RNA yield and
purity were assessed with a NanoDrop 1000 using the wavelength absorption ratio
(260/280 nm) (papers IV and V).

3.6.2 cDNA syntheses and qPCR

cDNA was synthesised and amplified with the QuantiTect Whole Transcriptome Kit
using the manufacturer’s protocol for high-yield reaction (paper V). Omniscript
RT kit was used according to the manufacturer’s instructions (paper V). All
gPCR reactions used the QuantiFast Multiplex PCR Kit and were performed on
a Stratagene mx3000p machine (Agilent Technologies).



14

3.7 Immunohistochemistry

Immunohistochemistry can be used to visualise an antigen in different fixed tissues.
Tissues used in the myograph were stored in 4% paraformaldehyde, embedded in
paraffin and sectioned into five uM thin slices using a microtome and mounted on
glass. Before staining, the sections were deparaffinised, re-hydrated and treated
with heat mediated antigen retrieval. The sections were permeabilised and a block
solution was added to minimise unspecific staining. The sections were incubated
at 4 °C overnight with a bradykinin 2 receptor antibody (paper 11). DAB was used
to visualise the expression of the bradykinin receptor.

3.8 Cell separation, and co-culture of eosinophils,
t-cells and neutrophils

Eosinophils and T-cells were used in different co-cultures with different subsets of
autologous neutrophils (paper I). Blood was collected in heparin coated tubes and
density gradient isolation of neutrophils and T-cells was performed using ficoll-
paque (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s
instructions. The granulocyte rich, neutrophil containing, pellet was treated with
ammonium chloride erythrocyte lysis solution and to further enrich the neutrophils
magnetic beads with CD15 attached were added. To activate the high/dim neutro-
phils, high/highneutrophils were treated with 1 pg/mL LPS, 5 ng/mL TNFa and
10 ng/mL IL-8 for 15 minutes and then washed. The lymphocyte interface from
the ficoll-paque isolation was collected and washed with PBS. Different subsets
of neutrophils were co-cultured with the T-cells for 30 minutes before the T-cells
activator CD3 was added. The co-culture was incubated for 90 minutes and the
activation markers, CD69, was analysed using FACS. For mechanistic purposes,
a transwell was used to block cell-cell contact.

As eosinophils play a major role in allergy, we were interested to see if the acti-
vated neutrophils could affect the migration and movement of eosinophils (paper I).
Eosinophils were separated from whole blood using MACSExpress kit with nega-
tive selection. The high/dim neutrophils were achieved as above and added to the
bottom of a plate. The eosinophils were then added to a transwell and the cells
were allowed to migrate for three hours. The cell count in the lower compartment
was analysed with FACS.



3.9 Migration

The human monocytic leukaemia cell line, THP-1 was cultured in RPMI Medium
1640 — GlutaMA X™-] (Invivogen, San Diego, CA, USA) supplemented with
10% heat-inactivated FBS (Invivogen, San Diego, CA, USA), 100 U/mL penicil-
lin and 100 pg/mL streptomycin (Invivogen, San Diego, CA, USA) at 37 °C and
with 5% CO, in air. The monocytes were suspended in FBS free RPMI Medium
1640 - GlutaMA X™-] overnight before the migration started. 200.000 cells were
added to insert with a pore size of 5 uM and left to migrate towards the super-
natant from the stimulated neutrophils for 2 and 4 hours. The migrated cells were
then counted using trypan blue.

3.10 Statistics

Statistical analyses were performed using GraphPad Prism software (version
6.0, Graph Pad Software, La Jolla, CA). All data were shown as mean £ SEM.
A p-value of <0.05 was considered statistically significant (*P <0.05, **P < 0.01,
***¥pP <0.001). A D’Agostino & Pearson omnibus or Shapiro-Wilk normality test
was used to determine if the data were normally distributed. For more than two
sets of data, a two-way ANOVA or one-way ANOVA with Bonferroni post-hoc
or Tukey post-hoc test was performed. For two sets of data Mann-Whitney test
or a student t-test was used.
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4 RESULTS AND COMMENTS

4.1 Neutrophil subsets in the nose and their role in

allergic rhinitis (paper I)

A major feature in AR is a rapid response of the innate immune system, originally
designed to detect invading pathogens. Innate immune cells, like neutrophils,
eosinophils and epithelial cells, create a foundation for nasal inflammation.
Traditionally, eosinophils have been in focus when granulocytes are studied in
AR. The neutrophil is well known for being the first cell at the site of inflamma-
tion and in an allergic reaction. We therefore thought that a study of neutrophil
subsets may lead to novel insights in AR.
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Figure 5. The distribution of neutrophil subsets in blood, nasal biopsies and nasal
lavage in AR patients (n = 5-7).
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Neutrophils from blood, nasal biopsies and nasal lavage were analysed based on
the expression of CD16 and CD62L and divided into four different subsets. The
subset dim/high, classified as immature neutrophils, was almost undetectable in the
nose. The high/high subset, classified as mature but non-activated neutrophils, was
predominant in the blood but also detectable in the nasal biopsies. The high/dim
subset, classified as mature and activated neutrophils, was mainly located in the
nasal biopsies but was also detectable in the NAL. The dim/dim subset, classified
as the end-stage just before apoptosis, was found in the NAL. This pattern in subset
distribution was the same for AR patients and healthy control patients (Figure 5).
When only considering nasal biopsies, the distribution between the non-activated
and the activated neutrophils was skewed towards the activated form, high/dim
neutrophils, in AR patients (Figure 6). This was not seen in healthy patients.

Distribution of neutrophil subsets in the nose
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Figure 6. The distribution of neutrophil subsets in nasal biopsies from healthy controls
(n =7) and AR patients (n = 6).

4.1.2 High/dim neutrophil subsets can reduce the threshold for
T-cell activation

High/high neutrophils were isolated from blood and a fraction was stimulated with
LPS, TNFa and IL-8 to achieve the Aigh/dim subset. This was confirmed with flow
cytometry. Autologous T-cells that were co-cultured with Aigh/dim neutrophils
were more likely to be activated by CD3 than T-cells co-cultured with high/high
neutrophils (Figure 7A). This priming effect was seen for both AR patients and
healthy controls (Figure 3A, supplement figure S2 in paper I). To evaluate if the
priming effect was contact-mediated the experiment was performed with a cell
membrane placed between the two cell types. This revealed that the cells needed
to be in contact or near one another for the priming to occur (Figure 7B).
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Figure 7. (A) The effect of neutrophil subsets on CD69 expression on CD4+ T-cells
after co-culture (n = 12) (B) Experiment with and without a transwell (n = 11). Control
= neutrophils not added.
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4.1.3 High/dim neutrophils can affect eosinophil migration

Lastly, we studied the effect of neutrophil subsets on eosinophil migration using
a transwell system where autologous eosinophils could migrate towards different
neutrophil subsets. We found that the eosinophils migrated towards the high/dim
neutrophils but not to the sigh/high neutrophils (Figure 8).
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Figure 8. The capacity of neutrophil subsets to induce eosinophil migration in a transwell
assay (n = 4-3). Control = no added neutrophils

4.1.4 Comments

There was an increased number of neutrophils in blood, nasal biopsies and NAL
of the AR patients compared to the healthy control individuals during the pollen
season (Figure 1 in paper I). This is in line with previous studies and, as the neu-
trophil is part of the first line of defence and the first cell to be recruited to an
area of inflammation or infection, is not surprising by itself. However, when the
neutrophils were characterised based on the expression of CD16 and CD62L an
interesting pattern emerged. The high/dim neutrophil had a stronger presence in the
nasal biopsies of the AR patients than in the healthy controls. It has been shown
that microbiota®®, as well as pathogenic bacteria* and viruses®™ have the capacity
to change the neutrophil subset. We now show that allergen has a similar ability,
direct or indirect, to change the subsets in these patients.



The shift from one subset to another facilitates T-cell activation by priming the
CD4" T-cell. The presence of the high/dim neutrophil increases the expression of
CD69 on the CD4" T-cell after CD3-mediated activation. This stands in opposition
to what was reported by Pillay and co-workers, where the sigh/dim neutrophil sup-
pressed T-cell activation®. The discrepancy is most likely due to the time frames
in the two different methods. Our study was focused on what effect a living high/
dim neutrophil had on the T-cell, and we therefore used a shorter incubation time
of 90 minutes. In comparison, Pillay may have focused on the long term effect of
neutrophils and therefore a used a longer incubation, 96 hours. Another group has
shown that neutrophils characterised as CD11b"", CD62L'" have the ability to
migrate to the [ymph nodes. Specific blocking of the neutrophils migration reduced
T-cell proliferation, which would be in line with our findings’'.

The present data indicate that high/dim neutrophils, have a strong presence in
nasal biopsies of AR patients and that they can facilitate eosinophil migration. The
role of the eosinophil in AR has been investigated in numerous studies, whereas
the role of the neutrophils has been overlooked, despite there being a significant
decrease in neutrophils in the nasal mucosa after sublingual immunotherapy™. The
idea that the neutrophils are essential for increasing the influx of eosinophils is
supported by their ability to be first on site in exacerbations of allergic asthma'®.
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4.2 Neutrophils in persistent inflammation and delayed
phagoptosis (paper Il)

The neutrophil is the first cell to be recruited to a site of inflammation but also a
cell that has to be regulated and removed before the inflammation can be resolved
and the tissue returns to hemostasis. The chemokines and cytokines produced by
the neutrophil together with the expression of different surface proteins can delay
the removal and thereby delay the resolution. The surface proteins CD36 and CD43
are named “eat me”, and CD47, “don’t eat me”. The type and the levels of these
surface markers will determine if the neutrophils will be cleared from the tissue.

4.21 Neutrophil clearance may be impaired in the allergic asthma
patients due to changes in the expression of “eat me” and
“don’t eat me” markers

The expression of CD36, CD43 and CD47 were analysed with flow cytometry
prior to stimulation with LPS and TNFa, as well as 60, 90 and 120 minutes after.
We observed that neutrophils from the allergic asthmatic patients had a higher
expression of CD47 at steady state than the healthy controls and that the expression
increased with stimulation. This increase was not seen in healthy controls. The expres-
sion of CD36 and CD43 was lower on neutrophils from allergic asthmatic patients
as compared to healthy control patients. In addition, the CD43 expression decreased
in neutrophils from healthy controls upon in vitro stimulation (Figure 9 A-C).
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Figure 9. The expression of (4) CD36, (B) CD43 and (C) CD47 on neutrophils from
healthy controls (grey, n = 7) and allergic asthmatics (black, n = 7).



4.2.2 The high/dim subset is more difficult to remove from the
site of inflammation than the high/high subset

Stimulation of high/high neutrophils from healthy controls with LPS and TNFa
to high/dim neutrophils revealed a decreased expression of CD43, whereas the
expression of CD36 and CD47 was unaffected. Upon stimulation with LPS and
TNFa, the levels of CD36 did not change in healthy controls and allergic asthmatic
patients. The expression of CD36 on the neutrophils from the allergic asthmatic
patients was lower in both subsets compared to the healthy controls. In neutrophils
from the allergic asthma group, CD43 was low in both subsets, whereas CD47 was
high in the high/high subset and increased further after stimulation in the high/
dim subset (Figure 10 A-C).
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Figure 10. The expression of (A) CD36, (B) CD43 and (C) CD47 on high/high neutrophils
and high/dim neutrophils from healthy controls (grey, n =7) and allergic asthmatics (black,
n=7).
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4.2.3 Neutrophils have an impaired production of CC-chemokines
in allergic asthma patients leading to dampened monocyte
migration

Neutrophils from blood of allergic asthmatic patients and healthy controls were
stimulated with LPS and TNFa and the supernatants were collected. Investigation
of ccl3, clcl4 and ccl20 at mRNA level, (Figure 11 A-C) and CCL4 and CCL20 at
protein level (Figure 12), revealed lower levels of these cytokines in neutrophils from
allergic asthmatic individuals, as compared to healthy individuals. The functional
outcome related to the reduced CCL production was investigated with a monocyte
migration assay. The supernatants, free from neutrophils, were used in the migra-
tion assay with a monocyte cell line (THP-1). A decreased migration of monocytes
towards neutrophils from allergic asthmatic patients was seen (Figure 13 A, B).
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Figure 11. mRNA levels of (4) ccl4, (B) ccl20 and (C) ccl3 in neutrophils stimulated with
LPS and TNFa from healthy controls (grey, n =7) and allergic asthmatics (black, n = 8).
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Figure 12. Protein levels for CCL4 (A) and CCL20 (B) from LPS and TNFa stimulated
neutrophils from healthy controls (grey, n =7) and allergic asthmatics (black, n = 8).
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Figure 13. Monocyte migration towards supernatant from stimulated neutrophils from
healthy controls (grey, n =7) and allergic asthmatics (black, n = 8).

4.2.4 Allergic asthma patients might have an impaired TLR
defence against secondary bacterial colonisation

Neutrophils from healthy individuals showed an upregulation of tlr2 and tlr4 at
the mRNA level upon stimulation with LPS and TNFa. This upregulation was not
seen in neutrophils from allergic asthmatic patients (Figure 14 A, B).

4.2.5 Comments

The need to regulate and remove live cells from inflamed tissue is important, as an
imbalance between neutrophil apoptosis and survival among patients with allergic
asthma is known to prolong the inflammatory duration** **. “Eat me” markers and
“don’t eat me” markers on neutrophils from allergic asthma patients demonstrated an
expression pattern that may hinder phagoptosis. The levels of CD36 and CD43 were
lower and CD47 tended to be higher in asthma than during healthy control conditions.
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CD47 increased upon stimulation, an effect that was not seen in neutrophils from
healthy controls. CD36 is important for phagocytosis in studies on healthy neutro-
phils*. Increased CD47 expression on neutrophils in non-small-cell lung carcinoma
patients has been shown to be associated with a delay in neutrophil apoptosis and
with an impaired clearance. This may be one of the underlying mechanisms leading
to neutrophilia in these patients®. CD47 also inhibits macrophage phagocytosis of
ovarian cancer cells, which can be reversed with a CD47 antibody™.

High/dim neutrophils, found at the site of the inflammation in allergic rhinitis
patients, seemed to be harder to remove from the site of inflammation than the
high/high neutrophils. In line with our findings, another group has shown that a
bacterial infection can promote the development of high/dim neutrophils in the
blood. This activated subset has then been shown to migrate to the lung™. In our
BAL samples, we have also seen that this is the dominant subset of neutrophils.

Neutrophils from patients with allergic asthma showed a tendency towards a reduced
production of CCL4 and CCL20, which may lead to slower monocyte migration.
CC-chemokines are involved in the initiation of macrophage differentiation and
it has been demonstrated that rhinovirus infection can impair the innate immune
response in alveolar macrophages facilitating additional bacterial infections®’.

LPS and TNFa stimulation increased the tlr2 and tlr4 expression on neutrophils
from the healthy controls. This was not seen on the neutrophils from the allergic
asthmatic patients. To decrease the use of antibiotics and improve the quality of life
for these patients the mechanisms behind recurrent secondary bacterial infections
following viral infections has to be fully understood. tlr2 and tlr4 can be upregulated
on neutrophils and other cells upon pro-inflammatory stimulation and has been
associated with a defence against secondary bacterial infections or viral antigens™.
Patients with asthma have an altered regulation of TLRs against bacteria leading
to an increased risk of colonisation and infections in the airways™. Further studies
of “Eat me” and “don’t eat me” markers in allergic asthma, as well as other asthma
phenotypes, could generate a better understanding of the disease development.
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Figure 14. Levels of mRNA for (4) tlr 2 and (B) tlr4 in LPS and TNFo stimulated
neutrophils from healthy controls (grey, n = 7) and allergic asthmatics (black, n = 8).



4.3 Activated neutrophils affect the direct and indirect
contractile response in acute asthma (paper lll, IV
and V)

Traditionally, neutrophils have been associated with a chronic asthma pheno-
type. However, they might also contribute to the development of acute allergic
airway inflammation and the airway hyperresponsiveness seen during asthma
exacerbations.

4.3.1 Allergens may indirectly activate neutrophils in the blood

Blood was collected before and 24 hours after an inhaled allergen provocation.
We observed a shift of the neutrophil subsets in the blood from the high/high
neutrophils as being the largest fraction before provocation, to a situation where
the high/dim fraction peaked after provocation (Figure 15).
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Figure 15. The presence of high/high neutrophils (m) and high/dim neutrophils (®) in the

blood before and after inhaled allergen provocation (n=9) of allergic asthmatic patients.

25



26

4.3.2 A change in the neutrophil subgroup population of the lung
can alter the direct and indirect airway reactivity

High/dim neutrophils were co-cultured with human bronchi or mice tracheae
and changes in bradykinin-or nerve-induced hyperreactivity were evaluated. An
increased contractile response to bradykinin was noted in both human and mouse
airways (Figure 16 A, B) after co-culture with high/dim neutrophils. The same
co-culture procedure also caused an augmented nerve-mediated hyperreactivity
in the mouse trachea (Figure 16 C).
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Figure 16. Neutrophil stimulation of the lower airways and airway contraction. (4) Isolated
human lower airways segments (n = 7) and (B,C) isolated murine lower airway segments
(n = 8—10) treated with high/high neutrophils (B, grey) or high/dim neutrophils (e, black)
or control vehicle (A, white). The reactivity in the lower airways was evaluated based on
the (A, B) bradykinin induced or (C) nerve-mediated smooth muscle contraction.



4.3.3 TNFa and IL-1B produced by High/dim neutrophils create
a foundation for the direct and indirect nerve-meditated
airway reactivity

Supernatants from co-cultures from tracheae and different subsets of neutrophils
were analysed with ELISA. The results showed that the high/dim neutrophils
produced more TNFao and IL-1p than the high/high neutrophils (Figure 17 A, B).
The use of TNFa inhibition did not affect the nerve-mediated hyperreactivity but
partly inhibited the bradykinin-induced reactivity (Figure 17 C). In comparison,
inhibition of IL-f had the opposite effect, blocking the nerve-mediated hyper-
reactivity but failing to change the bradykinin response (Figure 17 D). The blocking
experiments were all performed on mouse tracheae. Additionally, we found that
the TNFa-induced bradykinin response was the result of an upregulation of the
bradykinin 2 receptor (Figure 18 A, B), whereas the IL-1p-induced nerve-mediated
hyperreactivity, the result of the NK-1 (Figure 19) and the cyclooxygenase-2
system (COX-2) (Figure 20 A, B).
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Figure 17. The production of (A) TNFa (n = 4) and (B) IL-15 (n = 4) from high’high
neutrophils and high/dim neutrophils from healthy controls. (C) Reactivity towards
bradykinin was evaluated in control tracheae (A, n = 8) and tracheae exposed to high/
dim (e, n = 8) as well as high/dim exposed tracheae treated with etanercept (0, n = 8).
(D) The nerve-mediated smooth muscle contraction was evaluated in control tracheae
(white, n = 5), and in tracheae treated with high/dim neutrophils (black, n = 6), in
together with IL-1Ra (grey, n = 5).
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Figure 18. High/dim Neutrophils upregulated the bradykinin receptor 2. (A) Control
tracheae (A, n=8), and tracheae exposed to high/dim (e, n=8) as well as high/dim
exposed tracheae treated with Actinomycin D (o, n=8). (B) Immunostaining of the
tracheae (n=13-15) for bradykinin B2 receptor in non-treated tracheal segments and
treated with high/dim or high/high neutrophils.
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Figure 19. Evaluation of nerve-mediated smooth muscle contractions in mice tracheae
after co-culture with (Black, n = 7) or without (white, n = 7) high/dim neutrophils in the
present of Aprepitant (n = 7) (grey).

4.3.4 Comments

We found that the high/dim neutrophils increased in blood after an inhaled allergen
provocation. It has been shown that the cytokines TNF-a, IL-1a, G-CSF and IL-6
are increased in plasma after allergen challenges in the lung or after an allergic
asthma attack®™®*. It is also well established that TNF-a, IL-10, G-CSF and IL-6
can activate neutrophils®*. Thus, we believe that neutrophils present in the cir-
culation change to an activated subtype. It has been demonstrated that allergen
and bacteria can induce a change from one neutrophil subset to another®°. It has
also been shown that the #igh/dim neutrophils are overrepresented during bacte-
rial infections and are able to migrate to the lung.
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Figure 20. Evaluation of nerve-mediated smooth muscle contractions in mice tracheae
after co-culture with (Black, n = 6) or without (white, n = 6) high/dim neutrophils in the
presence of (A) indomethacin (grey, n = 6) and (B) Lumiracoxib (grey, n = 7).

High/dim neutrophils were found to upregulate the bradykinin response and nerve-
mediated smooth muscle contractions. TNFa and IL-1B were produced by the
high/dim neutrophil. Blocking the IL-1p receptor decreased the nerve-mediated
hyperactivity, but did not decrease the bradykinin response in the smooth muscle.
IL-1B has been shown to increase the nerve-mediated hyperreactivity, and this
response was due to an upregulation of SP in the nerve caused by COX-2%"-%,
We could confirm the COX-2 involvement in our study, but could not completely
rule out the involvement of COX-1. The neutrophils itself produced less TNFa
when blocking the IL-1p receptor, which confirms our impression that IL-1p can
affect the TNF production®. The use of a TNFa antagonist partly decreased the
increased bradykinin response but did not affect the nerve-mediated hyper-
reactivity. The tentative roles of IL-1p and TNFa suggested by these experiments
are well in line with previous reports on the role of these cytokines in the develop-
ment of hypersensitivity®” %7072,

We have demonstrated changes occurring within the neutrophils during allergic
asthmatic disease and their different effects on asthma symptoms; from the inhaled
allergens effect on changes of neutrophil subsets in the blood, to their effect of
on the airway reactivity.
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5

CONCLUSIONS

Four neutrophil subsets were characterised in the nose and blood. The propor-
tion of CD16"¢" CD62L%™ neutrophils was increased in the nasal mucosa from
patients with AR as compared to controls. The CD16"¢"CD62L*™ neutrophils
had the ability to facilitate eosinophil migration and to lower the threshold
for T-cells activation at the site of inflammation. Hence, CD16"¢" CD62L 4™
neutrophils might play a role in AR pathology.

Neutrophils found in allergic asthma patients had an insufficient production of
CCL4 and CCL20, leading to a reduced migration of monocytes. Neutrophils
from allergic asthmatic patients displayed an altered exposure pattern of
markers associated with neutrophil clearance, which could lead to impaired
phagoptosis of neutrophils. Defects in neutrophilic cell signalling could be an
underlying cause for the prolonged duration, increased severity and secondary
bacterial infections seen in allergic asthma patients.

24 hours after an inhaled allergen provocation in patients with allergic asthma
a shift from the CD16"¢" CD62L"" to the CD16"¢" CD62L*™ neutrophil subset
was seen in the blood. This suggests that allergen causes an indirect activation
of neutrophils in the blood.

The CD16"" CD62L"" neutrophils appeared to have a direct effect on airway
smooth muscle via release of TNFa. Thus, CD16"¢" CD62L%™ neutrophils may
contribute to the hyperreactivity, one of characteristic condition in asthma.

The CD16"" CD62L%™ neutrophils induced hyperresponsiveness of sensory
nerve fibres by secreting IL-1f. This in turn induced a cyclooxygenase-2
dependent NK-1 contraction of the smooth muscle. The altered sensori-
neural activity may play a role in neurogenic inflammations and airway
hyperresponsiveness.



6 GENERAL DISCUSSION

Neutrophils respond quickly to external and internal events like injury, infection,
cancer and autoimmunity. They are part of a delicate balance between hypo- and
hyperactivation of the innate immune system”. Hence, a tight regulation of their
presence and activity is necessary. Functional disturbances can cause infectious
complications like sepsis. A hyperactive state may lead to severe pro-inflammatory
conditions resulting in i.e. acute respiratory distress syndrome. Investigation of
differences in the specific functions of these cells during various stages of acute
inflammation, sepsis and trauma, paved the way for dividing these cells into four
functionally diverse subsets*’. These subsets have then been further studied during
cancer’*”, acute inflammation, severe trauma* and airway disease’®"". The high/
dim subset increases in allergic rhinitis patients, where it drives the progress of
the disease. The same subset can also affect the lung negatively by increasing
AHR. On the other hand, an increased fraction of high/dim neutrophils has been
shown to correlate with an increased survival rate in patients with head and neck
squamous cell carcinoma’™. Thus, the neutrophil behaviour appears to depend on
the context in which it appears.

It is believed that the balance of the neutrophil activation state is maintained by
the microbiota. The microbiota in our gut and lung, affected by our lifestyle, can
change the activation state on our neutrophils through TLRs and Myd88”®. Delayed
gut microbiota development is a risk factor for asthma development in infants™.
Having the right bacteria present in the gut microbiota is correlated to a more effi-
cient clearance of lung neutrophils at 3 days after infection, which is linked to a
decrease in CD47%. It would be interesting to evaluate if airway dysbiosis could
lead to hyperactivation of neutrophils resulting in an increased presence of high/
dim neutrophils and an increased expression of CD47 on neutrophils from allergic
asthmatic patients. Along the same lines, caesarean delivery is correlated with a
higher risk of asthma than vaginal delivery, particularly in children of allergic
parents. Caesarean delivery also increases the risk for common allergies in children
with non-allergic parents®. At the same time caesarean delivery is correlated to
colonisation of opportunistic pathogens associated with the hospital environment,
such as enterococcus, enterobacter and klebsiella species®. Evaluation of the effects
of these pathogens on neutrophil activation could be of importance for understand-
ing the disease development. In patients with allergic asthma the TLR2 and TLR4
regulations in the neutrophils seem to be dysfunctional. It is tempting to speculate
that this malfunction interferes with the microbiota-derived signals in an attempt
to decrease activation and reduce the presence of high/dim neutrophils. It could be
a well-regulated TLR 2 and 4 that is responsible for the balance between subsets
seen in nasal biopsies obtained from healthy individuals (paper I).



The presented thesis demonstrates that different subsets of neutrophils have
diverse effects on T-cells, eosinophils and airway smooth muscle. As the neutrophil
subsets seem to have different roles in their interaction with the innate immune
system, future therapeutic manipulation of the subsets could tentatively be used
to decrease the duration of infections. This could be achieved by promoting the
high/dim neutrophils during a hypoinflammatory conditions or perhaps more
relevant inhibiting high/dim neutrophils during hyperinflammatory conditions.
Mitraphylline (MTP) has been suggested to reduce LPS dependent activation of
neutrophils. The presence of high/dim neutrophils in the blood diminished after
MTP administration and levels of TNFa, IL-6 and I1L-8 were reduced. Reducing the
presence of the high/dim neutrophils together with target therapies against CD47
should be the therapeutic goal. Further, the use of antibodies that could block the
phagocytes to interact with CD47 on target cells may be a first step to decrease
the duration of inflammation and infection in asthmatic patients.

TNFa, IL-1P or NK-1 are all involved in the increased reactivity in the airways
caused by the high/dim subset. Targeting TNFa, [L-1B or NK-1 is of increasing
interest in ongoing attempts to find new ways of treating allergy and asthma.
Inhibition of TNFa has been shown to be effective in a relatively small subgroup of
patients with severe asthma®. IL-1b has the potential to be a new therapeutic target,
as it is highly associated with many of the asthma phenotypes and IL-1 receptor
type [-deficient mice show a suppressed AHR. There is a an phase I trial with an
IL-1R antagonist (originally developed for treatment of rheumatoid arthritis), in
healthy volunteers without asthma.* There are studies on safety and tolerability
for an anti-1L-13 monoclonal antibody in mild asthmatics and in patients with a
late asthmatic response (LAR). IL-1p levels did decrease by >90% for a 14-week
period and anti-IL-1P appeared to diminish LAR as compared to pre-treatment
values®. NK-1 inhibitors may decrease airway responsiveness and improve lung
function in patients with asthma; however, available evidence is limited®.

The functions of “eat me” and “don’t eat me” markers are not restricted to neutro-
phils. CD47 is a major “don’t eat me” marker in the innate immune system and it
is co-expressed with a programmed death-ligand 1 (PD-L1), a critical “don’t find
me” signal of the adaptive immune system®”*. CD47 is overexpressed in cancer
cells®. Hence, targeting CD47 can activate innate immunity, promoting cancer cell
destruction by macrophages™. Interestingly, blockage of both PD-L1 and CD47
enhances immunotherapy against circulating tumour cells”'. It would be interest-
ing to study the metastatic cells in tumour-draining lymph nodes and crosscheck
CD47 in functional setups with PD-L1.



The diversity of neutrophils is the main focus in all papers in this thesis, either via
analysis of subsets characterised by CD16 and CD62L or in the light of “eat me”
and “don’t eat me” markers. Four out of five papers describe how these subsets can
induce functional changes in lungs with ongoing inflammation. It is obvious that
the induced effects could both be beneficial and damaging for the patient depend-
ing on the situation so unspecific removal or incapacitation of these cells might be
dangerous. However, a better understanding of the role of neutrophil subgroups
in allergy and asthma might open new avenues for specitic therapeutic targeting.

(98]
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7 POPULARVETENSKAPLIG
SAMMANFATTNING

Neutrofila celler dr en av del av vart medfodda immunforsvar. De tillhor de celler
som forst anlénder till en infektion eller inflammation och har formégan att dir
kénna igen virus och bakterier. Synen pa neutrofilens roll i den inflammatoriska
processen har genom aren utvecklats till att bli allt mer specifik och sjukdomsin-
riktad. Ett led i detta har varit upptéackten av att neutrofila celler kan indelas i olika
subgrupper, var och en med sin specifika funktion. Idag erkénner vi fyra subgrup-
per baserat pa den neutrofila cellens uttryck av CD16 och CD62L pé cellytan.

Det 6vergripande syftet med denna avhandling var att kategorisera férekomst och
funktion hos dessa subgrupper. Hos friska férsékspersoner och hos patienter med
allergisk rinit och allergisk astma har vi &ven studerat likheter och skillnader hos
neutrofila celler med avseende pd formodad inflammatorisk aktivitet.

Forekomsten och fordelningen av neutrofila subgrupper i blod, nésbiopsier och
nésskoljvitska har beskrivits hos friska férsokspersoner och patienter med allergisk
luftvigssjukdom. Nasbiopsier fran friska individer karakteriserades av en jimn
fordelning mellan aktiverade och oaktiverade subgrupper, medan nésbiopsier fran
patienter med allergisk rinit dominerades av en aktiverad subgrupp. For att utréna
hur denna 6kning av aktiverade celler kan tédnkas paverka det inflammatoriska
forloppet studerades hur olika neutrofila subgrupper interagerade med andra celler
i immunforsvaret sdsom T-celler och eosinofiler. Vi fann att den aktiverade sub-
gruppen kan forbereda T-cellen for aktivering och samtidigt locka till sig eosino-
filer. Detta ger den aktiverade neutrofila cellen en specifik och vél definierad roll
i sjukdomsforloppet.

Under normala forhéallanden bidrar vart immunforsvar till att neutrofiler avldgsnas
fran inflammationsomréadet nér intrdngande mikrober vél undanrdjts. Sa kallade
?4t mig/at mig inte” markdrer pa neutrofila cellers yta tros vara av betydelse for
denna del av inflammationsuppldsningen. Storningar i detta skeende kan leda till
ett utdraget sjukdomsférlopp och utveckling av kronisk inflammation. Utryck
och aktivitet av ”at mig inte” markorer pa neutrofila celler isolerade fran blod
studerades. Vi fann att sévél ostimulerade som stimulerade neutrofila celler fran
allergiska astmatiska patienter hade fler "4t mig inte” markorer pa sin cellyta &n
neutrofila celler fran friska forsékspersoner. De stimulerade neutrofila cellerna
fran allergiska astmatiska patienter hade ocksa en otillracklig produktion av
vissa specifika mediatorer, vilket minskade kroppens mdjlighet att f& monocyter
med ”stdadfunktion” till platsen for den tilltdnkta inflammationsuppldsningen.
Tillsammans kan dessa fynd bidra till att férklara den forléngda sjukdomsbild som
ofta ses vid luftvéagsinfektion hos patienter med allergisk astma.



Sedan studerades hur neutrofila subgrupper i blodet andrades nér patienter med
allergisk astma fick inhalera ett allergen som utldste en allergisk luftvagsreaktion.
Vi kunde se att den inaktiverade subgruppen minskade samtidigt som den aktive-
rade gruppen 6kade efter inhalationen. Avslutningsvis odlades isolerade luftvagar
tagna frdn moss och méanniskor tillsammans med de olika neutrofila subgrupperna.
Vi fann att de luftvigar som samodlats med aktiverade neutrofila celler fick en
Okad kénslighet for sdvil kontraherande &mnen som nervstimulering. Motsvarande
hyperaktivitet sdgs inte i luftvigarna nér oaktiverade neutrofila subgrupper anvénts.
Okningen var relaterad till en friséttning av tvéa cytokiner, TNFo. och IL-1p, fran
den aktiverade neutrofila cellen.

Sammantaget kan ségas att avhandlingens resultat kastar nytt ljus 6ver neutrofila
cellers roll vid allergisk luftvégssjukdom och att den 6ppnar végar for potentiellt
nya behandlingsformer vid dessa tillstand.
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