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Chapter 1

GENERAL INTRODUCTION

Asthma is one of the most common chronic lung diseases, affecting over 300
million individuals of all ages worldwide*. Asthma is characterized by reversible
airflow obstruction, bronchial hyperresponsiveness and airway inflammation.
The pathophysiology of asthma is complex and its clinical presentation
heterogeneous® New insights in the immunology of asthma has spurt the
introduction of classifying asthma subtypes based on distinct functional or
pathophysiologic mechanisms, named phenotypes®*“. So far, two phenotypes
have been identified amongst asthma patients; one with a T-helper cell type 2
(Th2) high- and the other with a Th2 low profile. The nomenclature has gradually
shifted to ‘type 2’ rather than Th2 since it has become evident that beside
Th2 cells, other immune cells, like innate lymphoid cells (ILCs) also produce
Th2 associated cytokines?. Features of the type 2 high asthma phenotype
correspond with the traditional dogma of asthma which dictates a Th2 (or
ILC2) response accompanied by airway eosinophilia. The type 2 low phenotype
shows the absence of a Th2 signature and is subdivided into neutrophilic and
paucigranulocytic (normal airway leukocyte count) inflammation®. Recognizing
the distinct phenotypes advances our understanding of the heterogeneous
character of asthma and allows for the development of therapeutics targeting
relevant inflammatory pathways.

Type 2 disorder in asthma

This thesis is mainly focused on the type 2 airway inflammation of asthma. Type
2 inflammatory responses are often initiated by environmental stimuli such
as viruses, or allergens like house dust mite (HDM), animal dander and fungal
spores® (Figure 1). The airway epithelium is part of the innate immune system
and a pivotal orchestrator of airway inflammation by virtue of its capacity to
secrete cytokines such as IL-33, IL-25 and thymic stromal lymphopoietin
(TSLP). In non-allergic eosinophilic airway inflammation, group 2 ILCs (ILC2s)
produce large amounts of IL-5 and IL-13 following stimulation by IL-33 and IL-
25, thereby promoting early type 2 inflammation®. Atopy, defined as elevated
serum IgE concentrations is absent in this type of inflammation. In atopic/
allergic eosinophilic airway inflammation, dendritic cells (DCs) primed by
TSLP and DC mediated antigen presentation induce the differentiation of Th2
cells, resulting in subsequent secretion of the typical type 2 cytokines IL-4,
IL-5 and IL-13. These cytokines are responsible for many of the symptoms and
histological changes seeninasthma®. IL-5 plays anintegral role in the maturation,
migration and survival of eosinophils. The biology of IL-13 and IL-4 shows a
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General introduction

high resemblance as both cytokines signal via the IL-4 receptor a chain and
activate the transcription factor signal transducer and activator of transcription
6 (STAT6)**°. Nonetheless, IL-13 and IL-4 play distinct roles during the course of
allergic asthma. IL-13 has been documented to play an important role in airway
hyperresponsiveness, goblet cell hyperplasia and mucus hypersecretion?,
whereas Th2 differentiation and cytokine production depend on IL-4 signaling.
Moreover, IL-4 is essential for IgE and IgG1 isotype switching in B-cells. The
secretion of IgE is an important event in the early response following allergen
exposure. Mast cells and basophils express the high-affinity receptor Fc epsilon
Rl (FceRl) and are activated by IgE cross-linking. Upon activation, mast cells and
basophils secrete bronchoconstricting contents and proinflammatory mediators
that contribute to progression of type 2 immunity®. Notably, the classification
of allergic and non-allergic responses are gradually fading as coexistence of
Th2 and ILC mediated responses is observed in patients, thus underlining the
complex heterogeneous character of asthma.

Major advances in the understanding of type 2 immunity has prompted the
development of ‘biologics’, drugs that target key mediators of the type 2
immune response. Omalizumab, a monoclonal antibody neutralizing IgE, was
the first clinically approved biologic for treatment of severe allergic asthma.
Since then, biologics targeting type 2 cytokines (IL-4, IL-5 and IL-13) have been
intensively studied in clinical trials. In patients with a pronounced type 2 airway
inflammation, antagonists targeting IL-5 (mepolizumab***4 and reslizumab?5:),
the IL-5 receptor (benralizumab®’) or IL-4 receptor a (dupilumab*®¥) have shown
impressive beneficial effects in alleviating asthma morbidity. This has spurt rapid
development of drugs targeting upstream cytokines such as IL-33, IL-25 and
TSLP. Clinical trials evaluating the effectiveness and safety of these biologics
are currently ongoing. Despite the success of these biologicals, about half of
all asthma patients, characterized as type 2 low phenotype, do not respond to
these drugs. Therefore, an unmet need remains to identify new inflammatory
pathways that are involved in the pathogenesis and/or pathophysiology of
asthma. One important and so far underexposed inflammatory pathway is the
complement system.
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Chapter 1

Figure 1. Schematic overview of the type 2 inflammatory response in two types of eosinophilic
asthma. In atopic asthma (left), allergen exposure leads to DC activation which stimulates Th2
cells to secrete IL-5, IL-13 and IL-4. This results in eosinophilic airway inflammation, airway
hyperresponsiveness (AHR) and IgE release from B-cells. In nonatopic asthma, ILC2s are the
key producers of the type 2 cytokines IL-5 and IL-13 to elicit airway eosinophilia and AHR. Due
to the absence of a specific allergen and IL-4 production, the involvement of an IgE response is
lost in this asthma type. This figure is adapted from a previous review®.

The complement system and asthma

Complement has a cardinal role in innate immunity to combat pathogens and
altered host cells. The complement system consists of more than 40 plasma
proteins that operate in plasma, tissues, on cell membranes and even within the
cell**. Many of the complement proteins exert their function following cleavage
activation. Activation of the complement system occurs via intrinsic and
extrinsic mechanisms»22, Intrinsic activation commences via one of the three
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General introduction

complement activation pathways: the classical, mannan binding lectin (MBL) and
alternative pathway. Under asthmatic conditions, classical pathway activation
occurs when allergen and specific antibodies aggregate and form complexes
that activate Ciq. This elicits conformational changes in Ciqg resulting in a
cascade activation of Cir and Cis. Next, C1is cleaves C4 and C2 into fragments
(C4a/b and C2a/b) that together are assembled as C3 convertase (C2aC4b).
The MBL pathway is activated when polysaccharide structures on allergens are
recognized by Mannan-binding lectin Associated Serine Protease (MASP) which
leads to C4 and C2 cleavage and the formation of C3 convertase?:. The enzyme
C3 convertase then cleaves C3 into the functionally active fragments C3a and
C3b (Figure 2). Subsequently, this leads to the formation of C5 convertase, that
cleaves Cs into fragments Csa and Csb. Extrinsic activation of the complement
system does not involve convertase formation, but rather depends on the
presence of proteases that directly cleave C3 or Cs into their active fragments.

Until recently, anaphylatoxins (e.g. C3a and Csa) were solely regarded as pro-
inflammatory mediators, but in the last decades researchers uncovered novel
roles for the complement system, in particular the anaphylatoxins, in regulating
the innate and adaptive immune systems?+25. Major advances have been made
in understanding the role of anaphylatoxins in allergic lung diseases such as
asthma?*2326, The interest for the role of complement in asthma ignited following
the observation of enhanced anaphylatoxin production in the airways of asthma
patients, but not in healthy individuals, after allergen challenge?’. Several studies
demonstrated that C3a or C3a receptor signaling aggravates hallmarks of type 2
high asthma including a type 2 inflammatory profile, mucus hypersecretion and
airway hyperresponsiveness®*2°. Csa and Csa receptor signaling, on the other
hand, play a dual role during the course of allergen induced asthma. During
allergen sensitization, Csa/Csa receptor signaling protect against the onset of
type 2 immune response®*3, while in an established type 2 environment Csa/
Csa receptor signaling contribute to the progression of Th2 inflammation3*3.
These new insights suggest that the anaphylatoxins C3a and Csa are interesting
therapeutic targets in the treatment of the type 2 asthma endotype.

The contact system and asthma

The contact system refers to a proteolytic system which is involved in blood
coagulation and inflammation. This system consists of four major components:
Factor XI (FXI), Factor XII F(XII), kallikrein and High Molecular Weight Kininogen
(HMWK). Activation of the contact system can occur through auto activation
of FXII (Figure 2). Activated FXII (FXlIla) converts the zymogen prekallikrein
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into kallikrein which reciprocally activates FXII, thus amplifying this activation
loop34. These events lead to FXlla mediated FXI activation thereby initiating the
subsequent activation of the intrinsic coagulation pathway. Secondly, kallikrein
cleaves HMWK to liberate the proinflammatory protein, bradykinin3s: (Figure 2).

Coagulation system Complement system
. — Intrinsic pathway Classical MBL Alternative
I (11 Cc2 c4 c3

® e -
FXI — l
r

C2a C4b C3bB
\/ o~
Contact system C2aCdb C3bBb
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XL ———» . | / -
T l a3 4[: C3b
c

HMWK ————— . BK . C1-inhibitor targets /

Membrane attack complex

Figure 2. A simplified schematic representation depicting Ci-inhibitor’s regulatory functions
in the plasma cascade systems. F: clotting factor, C: complement component, MBL: mannan-
binding lectin, MASP: mannan-binding lectin associated serine protease, FD: Factor D, PK:
prekallikrein, KK: kallikrein, HMWK: High Molecular Weight Kininogen, BK: bradykinin. Modified
from#.

Compelling evidence from animal studies demonstrated that intrabronchial
administration of bradykinin induces bronchoconstriction, mucus secretion
and vascular permeability?”. During allergic lung inflammation, lung mRNA of
the bradykinin B, receptor is upregulated with concurrent enhancement of
bradykinin mediated bronchoconstriction in allergen sensitized animals3®3°.
Moreover, bradykinin receptor antagonists attenuate allergen induced airway
hyperresponsiveness*>* and reduce the release of inflammatory mediators
such as prostaglandins, thromboxane and leukotrienes*® in a sheep asthma
model. The potential role of the contact system in humans has been suggested
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by the finding that inhaled bradykinin elicited bronchoconstriction in asthma
patients but not in healthy individuals*. In addition, kinin levels were increased
in the bronchoalveolar lavage fluid collected from asthma patients after allergen
challenge or during symptomatic relapse and correlated with enhance tissue
kallikrein activity#:. Despite previous work, our current understanding regarding
the involvement of different key components of the contact system in asthma
is limited.

Ci-inhibitor as regulator of the complement and contact system
Ci-inhibitor is a plasma protein that belongs to the family of serine protease
inhibitors (serpins). With its protease inhibitory properties, C1-inhibitor controls
the activation of plasmatic cascade systems, in particular the complement
and the contact system, thus reducing the generation of proinflammatory
mediators (Figure 2). Ci-inhibitor’s highly glycosylated N-terminal domain
may exert additional protease independent anti-inflammatory effects since
it can directly bind lipopolysaccharide (LPS) and due to its involvement in
neutrophil—endothelial cell interactions#4. C1i-inhibitor is a pivotal regulator of
the complement system by virtue of its capacity to inhibit both the classical
pathway (by inhibiting C1s/Cz1r) and the MBL pathway (by inhibiting MASP 1/2)%.
Moreover, it can inhibit the alternative pathway by reversible binding of C3b in
a non-serpin manner#. In addition, Ci-inhibitor regulates other inflammatory
cascades, in particular the contact system by inhibiting the generation of FXlla
and kallikrein and thereby their reciprocal activation.

The importance of Ci-inhibitor is illustrated in patients with hereditary
angioedema, inwhom afunctional deficiency of C1-inhibitorleadsto uncontrolled
activation of the contact and complement system. As a consequence,
uncontrolled generation of vasoactive peptides occurs, facilitating the onset
of potentially life-threatening subcutaneous edema#+. The availability of plasma
derived Ci-inhibitor in the clinic together with Ci-inhibitor’s diverse regulatory
functions has encouraged investigators to conduct explorative studies in other
complement-related diseases. Preclinical studies in animals have provided
evidence that Ci-inhibitor might be an effective therapeutic in sepsis“®#,
ischemia-reperfusion injury#®, transplantation“® and pneumococcal meningitiss°.
In accordance, Ci-inhibitor administration has shown marked inhibition of
complement system activation and beneficial anti-inflammatory effects in
humans with sepsisss3 and ischemia-reperfusion injurys+.
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Experimental models used in this thesis

In order to study the effect of Ci-inhibitor on airway inflammation in asthma
patients, we used a clinically relevant model of segmental provocation with HDM
and LPS. This combination is used since HDM is an important domestic allergen
with high sensitization ratess and a frequent cause of asthma exacerbationss®.
Moreover, LPS is a widespread environmental pollutant and abundantly present
in house dusts together with HDM, indicating that natural exposure to both
HDM and LPS is a likely event. In this model, asthma patients are challenged
by bronchoscopy with HDM and LPS in a segment of the lung and with saline
in a segment of the contralateral lung as control. A bilateral bronchoalveolar
lavage is performed after seven hours, which coincides with the early entry of
leukocytes (in particular eosinophilss®) into the airways. Previously, it has been
documented that a simultaneous challenge with HDM/LPS induces a strong
influx of eosinophils and neutrophils into the airways of HDM sensitized asthma
patients**59. Recent evidence has linked such mixed eosinophilic and neutrophilic
airway inflammation with a corticoid unresponsive asthma phenotype®, which
makes the current challenge model relevant for evaluating new therapeutic
compounds.

Inthe second part of this thesis we utilized a HDM induced asthma mouse model
to study the role of the complement and contact systems in the pathogenesis of
asthma. Inthis acute asthma model, mice were intranasally challenged with HDM
during the sensitization (day o, 1, 2) and the challenge phase (day 14, 15, 18, 19),
thereby attempting to mimic the course of asthma in humans. This HDM induced
asthma mouse model allows for the evaluation of the hallmark features also
observed in patients with allergic asthma®, such as a pulmonary type 2 immune
response, a pronounced eosinophilic airway inflammation, elevated plasma
IgE concentrations, mucus hypersecretion and airway hyperresponsiveness.
Utilizing mice with genetic deficiency in or pharmaceutical agents blocking a
component belonging to either the complement or contact system, enabled us
to investigate the role of these systems in HDM induced airway inflammation.

Scope of this thesis

The aim of this thesis is to better understand inflammatory mechanisms of
asthma other than type 2 cytokine-driven responses by investigating the
therapeutic potential of Ci-inhibitor in asthma patients and to study role of
the complement and contact systems (both regulated by Ci-inhibitor) in
lung inflammation associated with type 2 high asthma. Chapter 2 entails the
primary project of this thesis, the CAST study: a double blind randomised
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placebo controlled study investigating the prophylactic effect of Ci-inhibitor
administration on allergen (HDM/LPS) induced inflammatory markers. In
chapter 3 we assessed genome-wide transcriptome changes in alveolar
macrophages harvested from asthma patients after intrabronchial HDM/LPS
(or saline control) challenge. In chapter 4 we studied the effect of Ci-inhibitor
administration on airway inflammation and hyperresponsiveness in HDM
induced allergic lung inflammation in mice. Chapters 5 and 6 are focused on the
role of anaphylatoxins (C3a and Csa), activation products of the complement
system, on immune cells with a pivotal role in eosinophilic type 2 high asthma.
Chapter 5 describes the chemoattractant effect of C3a on eosinophil migration
using an adoptive transfer model of bone marrow derived eosinophils,
complemented by an ex vivo chemotaxis assay. In chapter 6 we studied how Csg
inhibition in sensitized mice affects the HDM induced type 2 immune response,
thereby highlighting alterations in the enumeration and differentiation of Th2
cells and ILC2s. Mast cells have an important proinflammatory effect in the
early phase following allergen exposure and the anaphylatoxin Csa is a strong
activator of mast cells. In chapter 7 we investigated the role of mast cells in
the HDM-induced allergic pulmonary response using mast cell deficient mice.
Chapters 8 and g address the role of the contact system in the pathogenesis of
allergen induced lung inflammation. In chapter 8 we report on the role of FXI
and FXIl in HDM induced asthma mouse model. Chapter 9 presents findings
on how kininogen deficiency or depletion affect asthma hallmarks in the same
model. Finally, the findings of our investigation are summarized and discussed
in chapter 10.
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Chapter 2

ABSTRACT

Complement system activation occurs in the airways of asthma patients when
exposed to allergens. Multiple preclinical studies showed that complement
activation products promote allergic inflammatory responses. We aimed to study
the effect of C1-inhibitor (C1-INH) on airway inflammation induced by segmental
pulmonary instillation of house dust mite (HDM) and lipopolysaccharide (LPS)
in allergic asthma patients. Patients were randomised to receive intravenous
C1-INH (100 U-kg-1; n=12) or placebo (n=12). Two hours after the start of
infusion, patients were challenged in one lung segment with saline (control) and
in a contralateral segment with HDM/LPS, thereby mimicking environmental
house dust exposure. Measurements were done in bronchoalveolar lavage fluid
(BALF) collected from each challenged lung segment by bronchoscopy seven
hours after intrabronchial instillation. C1-INH prevented HDM/LPS induced
complement activation at the level of C3a and C4a. HDM/LPS induced influx of
eosinophils and neutrophils, as well as degranulation of these cells (eosinophil
peroxidase, myeloperoxidase, elastase) together with release of 15 cytokines
and chemokines; these responses were not influenced by Ci-INH. HDM/
LPS instillation resulted in increased vascular leak into the bronchoalveolar
space (albumin, a2-macroglobulin, 1gM), which was abrogated by Ci-INH
infusion. These results suggest that intravenous C1-INH administration prior
to intrabronchial HDM/LPS challenge prevents complement activation and
vascular leak without attenuating allergic lung inflammation in patients with
HDM allergy and asthma.
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INTRODUCTION

A substantial subset of asthma patients suffers from uncontrolled disease
under current standard treatments®. The majority of these patients display
a chronic airway inflammation that is characterized by airway eosinophilia,
neutrophilia or a mixed feature?3. This chronic inflammatory response
contributes to deteriorating lung function, frequent asthma exacerbations and
unresponsiveness to conventional medication such as inhaled corticosteroids,
long acting beta-adrenergic receptor agonists and leukotriene receptor
antagonists. New therapeutics have been developed that target specific
components of a Th2 response*. Although these drugs are highly effective to
treat patients with a pronounced type 2 inflammation phenotype, they have
not been clinically beneficial in a broad asthma population. Beside a Th2
inflammation, most patients with adequately treated and still uncontrolled
asthma demonstrate a neutrophilic or a mixed type of inflammation?. Therefore,
a need remains to develop new anti-inflammatory treatments that provide
benefit beyond current conventional therapeutics.

A promising target for new therapeutic agents in asthma is the complement
system. In recent years, this system has been implicated in the pathogenesis
of Th2 asthmas®. Allergen derived proteases and allergen-antibody complexes
can activate the complement system, and elevated levels of anaphylatoxins,
activation products of the complement system, have been shown in the airways
of asthma patients following local allergen provocation™. Anaphylatoxins
regulate the inflammatory response by interacting with their corresponding
receptors expressed on various myeloid cells including macrophages,
neutrophils and eosinophils. Under allergic inflammatory conditions, enhanced
anaphylatoxin receptor expression was observed in bronchial epithelial and
smooth muscles cells, showing the potential of anaphylatoxins to influence a
variety of cells considered important in asthma®¢. Furthermore, functional roles
for the anaphylatoxins C3a%* and Csa™** in asthma have been established in
experimental studies in mice, showing that these proinflammatory mediators act
synergistically and drive allergic inflammation, including enhanced recruitment
of eosinophils, Th2 cytokine release and mucus production, during the effector
phase in a sensitized host®.

The complement system consists of three biochemical cascades: the classical,

lectin and alternative pathway. Ci-inhibitor (Ci-INH) is an endogenous
protein with a pivotal regulatory function in the complement system by virtue
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of its capacity to inhibit both the classical and lectin pathway. C1-INH is also
an important inhibitor of the kallikrein-kinin system through its capacity to
bind activated Factor XII (FXlla) and to inhibit its activity*. In addition, C1-
INH mitigates kallikrein activity, which leads to a decreased formation of
bradykinin. Bradykinin induces vasodilation and promotes asthma associated
vascular permeability*. Vascular leak often occurs as consequence of allergen
induced inflammation in the airway of patients with asthma. C1-INH is an
approved therapeutic for the treatment of hereditary angioedema and has been
tested in explorative studies involving other complement-related diseases like
sepsis*®* and ischemia-reperfusion injury*®. We hypothesized that Ci-INH
administration inhibits complement activation and attenuates allergen-induced
airway eosinophilia in patients with mild asthma. In this proof-of-concept study
we studied the effect of C1-INH on airway inflammatory responses evoked by
intrabronchial allergen challenge in patients with mild asthma.

METHODS

This single center, randomised, double-blind, placebo-controlled, parallel
proof-of-concept study assessed the effect of intravenous Ci1-INH following
segmental allergen challenge in 24 house dust mite (HDM)-allergic asthma
patients. The Medical Ethics Committee of the Academic Medical Center,
Amsterdam (the Netherlands), approved the study and all patients gave written
informed consent. The study is registered at ClinicalTrials.gov (identifier:
NCTo03051698).

Patients and design

Two hours (t=-2h) before allergen challenge, patients were randomly assigned
to start on continuous intravenous infusion with nanofiltered human plasma-
derived C1-INH (Cinryze®, Shire ViroPharma Inc., Lexington, MA, USA) 100
U-kg-1-h-1 or placebo (figure 1). Randomization was done by the hospital
pharmacy in a block-wise manner (groups of four), allowing balanced
assignment. Both patients and investigators were blinded for treatment
allocation. Allocation key was given after study completion. Segmental challenge
by bronchoscopy was conducted as previously described®. Briefly, a flexible
fiberoptic videobronchoscope was used to instill one lung segment (middle
lobe or lingula) with normal saline (serving as control) followed by instillation
of the contralateral segment (middle lobe or lingula) with a combination of
HDM extract (50 biological units, Dermatophagoides pteronyssinus origin;
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Allergopharma, Zeist, the Netherlands) and lipopolysaccharide (LPS; from
Escherichia coli, Clinical Center Reference Endotoxin, 75ng, kindly provided by
Anthony Suffredini, National Institute of Health, Bethesda, MD, USA), thereby
seeking to imitate a natural allergen exposure in the airways*®2°. Seven hours
post-challenge, a second bronchoscopy with bronchoalveolar lavage (BAL) of
the two instilled segments was performed for analyses®?*. The primary outcome
was influx of eosinophils and neutrophils, defined as number of cells/ml, into
the bronchoalveolar space. As secondary outcomes we determined markers for
eosinophil and neutrophil activation, cytokine release and vascular permeability.
Further details about measurements and assays are described in the online
supplementary material.

Screening procedures

The screening procedures and criteria were similar to a previous study from
our group®. In brief, the screening consisted of medical history taking, physical
examination, routine laboratory tests and spirometry to determine baseline
lung function and airway hyperresponsiveness (PC20 defined as concentration
methacholine bromide required to achieve 20% fall in Forced Expiratory Volume
in 1 second, FEV1). Inclusion criteria were intermittent-to-mild asthma according
to criteria of the Global Initiative for Asthma?, sensitization to HDM confirmed by
a positive skin prick test and a positive radioallergosorbent test, FEV1 higher than
70% of the predicted value, PC20 between 1.2 — 9.6 mg/ml (corresponding with
increased airway hyperresponsiveness)??, no clinically significant abnormalities
during physical examination, hematological and biochemical screening, signed
informed consent, controlledasthma defined as Asthma Control Questionnaire
score <1.5, age between 18 and 45 years, no smoking for at least 1 year and less
than 10 pack years of smoking history and not pregnant.

Bronchoalveolar lavage handling

We lavaged the saline-challenged subsegment of the lung with eight successive
20 ml aliquots of saline. This procedure was repeated in the HDM+LPS
challenged subsegment of the contralateral lung. BAL fluid (BALF) was pooled
(per lung subsegment) and centrifuged at 4°C and 4o0o0g for 10 minutes.
Before centrifugation, 10mM ethylenediaminetetraacetic acid (EDTA), 10mM
benzamidine and o.2mg/ml soybean trypsin inhibitor were added to BALF
to inhibit ex vivo activation and degradation of complement products. After
centrifugation, the cell-free supernatant was snap frozen in liquid nitrogen and
stored at -80°C until analysis. Blood was collected in tubes containing citrate,
EDTA or heparin, before the start of C1-INH or placebo treatment, and directly
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before the first and second bronchoscopy. Blood samples were centrifuged at
4°C, 1000g for 10 minutes. Plasma was snap frozen in liquid nitrogen and stored
at -80°C until analysis.

Assays and flow cytometry
See supplemental material.

Statistical analysis

Patient characteristics were compared using a T-test or Mann-Whitney
U-test where appropriate. Comparisons of BALF measurements were done
between samples obtained from the saline and HDM/LPS challenged site in
each treatment group (C1-INH and placebo) using Wilcoxon ranked test. Serial
comparison of plasma measurements were analyzed by two-way analysis of
variance and Sidak’s test to correct for repeated measurements. A p-value of
<0.05 was considered statistically significant.

RESULTS

Patients

The studywas originally planned to enroll 20 patients per group. With 40 patients,
the study would have had a power of 80% to detect a 50% reduction in eosinophil
counts with a significance level of 0.05 considering a standard deviation of
105/1%. Data from an interim analysis of 24 patients (12 per treatment group)
showed no differences nor a possible trend in eosinophil or neutrophil influx
between the placebo and C1-INH group. Considering the invasive character of
the bronchoscopies and the unlikely effect of C1-INH on the primary outcome
measure, the study was discontinued. At that moment 25 patients had been
randomized. One patient (placebo) did not undergo a second bronchoscopy as a
result of intolerance to introduction of the bronchoscope. Analyses are based on
the results of the 24 patients from whom BALF was obtained (figure 1). Baseline
patient characteristics were similar across treatment groups (table 1).

Clinical responses
C1-INH administration was well tolerated. Segmental bronchial challenge with
HDM and LPS did not induce clinical symptoms. One patient from the placebo
group experienced dyspnea and had temporary hypoxaemia after completing
the BAL procedures.
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Figure 1. Flow diagram of the study
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Table 1. Baseline patient characteristics

Placebo C1i-inhibitor Reference p-value
range

General
Patients with asthma® n 12 12
Female 9 9 NA 0.999
Age, years 23.7 (0.53) 25.3 (1.08) NA 0.202
Asthma related symptoms€q] %
Wheezing 75 83.3 NA 0.633
Cough 75 58.3 NA 0.409
Dyspnea 83.3 91.7 NA 0.557
Chest tightness 50 58.3 NA 0.698
Seasonal variability 75 66.7 NA 0.670
Symptom progression at night 33.3 16.7 NA 0.368
Eczema 58.3 33.3 NA 0.237
Allergic rhinitis 75 66.7 NA 0.670
Family history of atopy 58.3 83.3 NA 0.193
Allergy
House dust mite % 100 100 NA
Total IgE, kU/L 349.5 (69.2)  452.72 (88.35) 0-100 0.368
D. pteronyssinus IgE, kU/L 43.9 (10) 69.7 (8.83) 0-0.35 0.068
Lung spirometry
FEV1 L 3.76 (0.26) 3.82 (0.24) NA 0.858
FEV1 % of predicted 98.2 (3.32) 99.6 (2.85) 100 0.749
FvC L 4.8 (0.46) 5.02 (0.38) NA 0.730
FVC % of predicted 96.7 (9.41) 112.2 (3.71) 100 0.140
Methacholine PC20, mg/mLT 2.6 (1.7-4.5) 2.4 (2.1-4.0) 1.2-9.6

Data are presented as mean +SEM unless otherwise stated. D. pteronyssinus:

Dermatophagoides pteronyssinus; FEV1: forced expiratory volume in 1 s; FVC: forced

vital capacity; PC20: provocative dose causing a 20% fall in FEV1; NA: not applicable. #:

Global Initiative for Asthma stage /1.4 Symptoms occurred in last 6 months prior to study

participation. T Data are expressed as median with interquartile range

C1-INH antigen and activity levels in plasma and BALF

At baseline patients from both groups showed similar plasma C1-INH antigen
levels. Two hours after the initiation of C1-INH infusion (i.e., at the time of the
bronchial challenge), median plasma C1-INH antigen concentrations were four
times higher in C1-INH infused patients when compared to vehicle infused
controls (figure 2A); plasma C1-INH concentrations remained elevated during
the following seven hours. Segmental HDM/LPS challenge resulted in increased
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C1-INH antigen levels in BALF when compared to saline instillation in both
treatment groups (figure 2C). C1-INH concentrations were higher in BALF from
patients infused with C1-INH than in BALF from those who received placebo.
C1-INH activity levels in plasma and BALF were similar to C1-INH antigen
concentrations (figure 2B,D), indicating that the vast majority of C1-INH (both
endogenous and infused) was biologically active.

A plasma C1-inhibitor antigen B plasma C1-inhibitor activity
1000 1000
-0- Placebo
800 800 -o- C1-inhibitor
E 600 E 600 -
o e o
3 400 = 400
200 200
T=-2h T=0h T=7h T=22h T=0h T=7h
¢ BALF C1-inhibitor antigen D BALF C1-inhibitor activity
12 15
wx wxx 3 Placebo
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8 10
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3 6 ]
ES ES
) ’ i
*| =2 T = =
NaCl HDM/LPS NaCl HDM/LPS NaCl HDM/LPS NaCl HDM/LPS

Figure 2. Ci-inhibitor administration results in elevated plasma and bronchoalveolar
C1-INH antigen and activity. (A) plasma Ci-INH antigen, (B) plasma Ci-INH activity, (C)
BALF Ci-INH antigen, (D) Plasma Ci-INH activity. Data are expressed as median with
interquartile range, the smallest and largest observation. **: P<0.01, ***: P<0.001, ****:
P<0.0001 BALF: bronchoalveolar lavage

Effect of C1-INH on complement activation following bronchial HDM/
LPS challenge

HDM/LPS challenge induced elevated C4a concentrations as compared to
saline challenge in the placebo group (figure 3A). In the C1-INH group BALF
Cg4a levels were not different between the saline and HDM/LPS challenged
sites. Consistently, using an assay that detects the C4 activation products C4b,
C4bi, and C4c (collectively referred to as C4bc?3) we detected an increase in
C4 activation in the lung subsegment exposed to HDM/LPS in patients infused
with placebo but not in those infused with C1-INH (figure 3B).
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We next assessed whether C1-INH could influence the common activation
pathway. To that end, we measured the anaphylatoxin C3a, which is released
following C3 cleaved activation®+. Similar to C4a, HDM/LPS challenge elicited
increased BALF C3a in the placebo group, but not in the C1-INH treatment
group (figure 3C). In agreement, using an assay that detects the C3 activation
products C3b, C3bi, and C3c (collectively named C3bc??) we detected increased
C3 activation in the HDM/LPS challenged lung in patients infused with placebo
but not in those administered with C1-INH (figure 3D). These data indicate C1-
INH infusion prevents C4a and C3a generation in the airways upon a bronchial
challenge with HDM/LPS.

BALF C4a BALF C4bc
801 1.0
N ns =3 Placebo
o ns T 1 -
60- — — 0.8 B C1-inhibitor
- 0.6
[
5 404 Z
< 0.4
12= am - N
0 T T T T 0.0 T T T T
NaCl HDM/LPS NaCl HDM/LPS NaCl HDM/LPS NaCl HDM/LPS
C D
BALF C3a BALF C3bc
200- 30-
ox ns o ns
1504 | — — — | —
20
E
5, 100+ =
<
10
| T = =
NaCl HDM/LPS NaCl HDM/LPS NaCl HDM/LPS NaCl HDM/LPS

Figure 3. Intravenous Ci-inhibitor administration prevents C3a and C4a formation after
HDM/LPS challenge in the airways of asthma patients. (A) BALF C4a levels, (B) BALF C4bc
levels, (C) BALF C3a levels, (D) BALF C3bc levels. Data represent the median with interquartile

* *

range, the smallest and largest observation. *: P<0.05, **: P<0.01, ***: P<0.001, ns: not

significant, BALF: bronchoalveolar lavage

Effect of C1-INH on leukocyte influx induced by HDM/LPS challenge

HDM/LPS instillation augmented total cell counts in BALF compared to
saline, which was mainly due to influx of eosinophils and neutrophils (figure
4A-C). Ci1-INH did not modify this allergen-induced response. HDM/LPS
also induced degranulation of eosinophils (reflected by eosinophil peroxidase
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levels) and neutrophils (myeloperoxidase, elastase and lactoferrin levels) in the
bronchoalveolar space (figure 5A-D). These responses were not affected by
C1-INH with the exception of lactoferrin release, which was inhibited by Ci-
INH (figure 5B). Ci1-INH did not impact the HDM/LPS-induced upregulation
of neutrophil CD11b expression (figure S1 in online supplement). HDM/LPS
challenge did not modify alveolar macrophage numbers (figure S2A). HDM/LPS
challenge elicited a small increase in BALF CD4 T-cells numbers which did not
differ significantly between the placebo and C1-INH group (figure S2B).

A BALF cell count B BALF eosinophils (o4 BALF neutrophils

©
3
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Figure 4. Intravenous Ci-inhibitor infusion does not modify leukocyte influx after HDM/
LPS challenge in the airways of asthma patients. (A) Total cell number in BALF, (B) eosinophils
in BALF, (C) neutrophils in BALF. Data represent the median with interquartile range, the

smallest and largest observation. **: P<o0.01, ***: P<0.001, BALF: bronchoalveolar lavage
A B
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Figure 5. Effect of Ci-inhibitor infusion on eosinophil and neutrophil degranulation after
HDM/LPS challenge in the airways of asthma patients. (A) BALF eosinophil peroxidase (EPO),
(B) BALF lactoferrin, (C) BALF myeloperoxidase (MPO), (D) BALF elastase. Data represent the
median with interquartile range, the smallest and largest observation. **: P<0.001, ns: not
significant, BALF: bronchoalveolar lavage
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Effect of C1-INH on cytokine or chemokine release following HDM/
LPS challenge

To obtain further insight into the inflammatory response upon HDM/LPS
challenge and the effect of C1-INH hereon, we measured a broad spectrum of
cytokines and chemokines relevant for allergic inflammation. Of the 35 cytokines
and chemokines measured, 15 were detectable in BALF (table 2, table Si).
Consistent with our previous study®, HDM/LPS induced increases in neutrophil
chemoattractants such as interleukin (IL)-8, IL-1f, tumor necrosis factor-a,
macrophage inflammatory proteins 1a and 1 (table 2). Likewise, HDM/LPS
elicited rises in the eosinophil attractants eotaxin-1 and RANTES (Regulated
on Activation, Normal T Cell Expressed and Secreted). C1-INH did not modify
the release of these mediators. HDM/LPS induced the release of growth related
oncogene-a, stromal cell-derived factor-1a and IL-18 in the placebo group;
while these rises were also detected in the C1-INH group statistical significance
was not reached.

Effect of C1-INH on activation of the kallikrein-kinin system

We measured Ci-INH/Factor XIlI and Ci-INH/kallikrein complexes in BALF
to determine the extent of kallikrein-kinin system activation. However, these
complexes were not detectable in the BALF harvested from either saline or
allergen challenged lung subsegments.

Effect of C1-INH on vascular leak following HDM/LPS challenge
Vascular leak often occurs as consequence of allergen induced inflammation
in the airway of patients with asthma. We here determined the quotients of
albumin and a2-macroglobulin levels in BALF and plasma (QAlb and QA2M,
respectively) and the relative coefficient of excretion (QA2M/QAIb) as measures
of the permeability of the blood—airway barrier®. Intrabronchial HDM/LPS
challenge was associated with significant increases in QAlb (figure 6A), QA2M
(figure 6B) and relative coefficient of excretion (figure 6C) in the placebo group.
These effects were abrogated in the C1-INH group (figure 6A-C). In agreement,
HDM/LPS induced a rise in BALF IgM concentrations in placebo infused
patients, but not in C1-INH treated subjects (figure 6D).
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Table 2. C1-INH does not alter cytokine or chemokine release following HDM/LPS challenge

Placebo C1-INH

Saline HDM/LPS Saline HDM/LPS

(N=12) (N=12) (N=12) (N=12)
Eotaxin-1 2.5+0.51 10.641.147% %% 2.90.57 10.3742.51%%
GRO-a 108.1+14.89 1821+24.39%** 133.5+13.58 163.4122.38
IL1-RA 530+275.2 10532426107%%* 262+189 0295424547
IL-1p 3.1+0.95 12.11#2.55%% 2.7+0.54 11.6+3.37%
IL-2 2.241.11 10.9%2.29%* 1.6+0.90 5.5+1.56%
IL-6 51.8421.7 1151+265.3% %% 24.3+6.96 8854254, 4% %
IL-8 67.1+19.0 415+79.75% 48.0+13.0 456£243.4%%
IL-18 8.1+2.12 11.5+2.05% %% 7.842.43 11.2+2.65
IP-10 72+18.14 607.1+141.4%%* 56.4+7.07 635.4+155.6%%*
MCP-1 102.9+31.66 348.7490.04%* 77.6+23.94 239+53.45%*%
MIP-1a 9.9%4.96 139.4%36.72%* 6.5t2.41 134.2442.12%%
MIP-18 199.5+78.6 935.64226%* 121.8+23.12 838.9+262%*
RANTES 2.2+0.43 7.741.25 3.3+0.87 6.0+1.15%*
SDF-1a 301.7£56.87 590+80.58%** 396.5£45.70 506.6+86.48
TNF-a 1.5+0.43 17.98+6.97*%* 3.031.09 8.743.36%%

Data are presented as mean +SEM (pg/ml). Bronchoalveolar lavage fluid concentrations of cytokines
and chemokines. Growth related oncogene-a (GRO-a), Interleukin (IL)1- Receptor Antagonist (IL1-

RA), interferon-inducible protein 10 (IP-10), Monocyte Chemoattractant Protein (MCP), Macrophage
Inflammatory Protein (MIP), Regulated on Activation, Normal T Cell Expressed and Secreted (RANTES),
Stromal cell-Derived Factor (SDF)1a, Tumor Necrosis Factor (TNF)-a. * p<o0.05 versus saline; ** p<o.01
versus saline; *** p<0.001 versus saline, no significant differences were found between placebo and

Ci-inhibitor.
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Figure 6. Intravenous Ci-inhibitor infusion reduces vascular leak following HDM/LPS
challenge in the airways of asthma patients. (A) Qalbumin: BALF albumin / plasma albumin, (B)
Qa2-macroglobulin: BALF a2-macroglobulin / plasma a2-macroglobulin, (C) Relative coéfficient
of excretion (RCE): Qa2M/Qalbumin, (D) BALF IgM levels. Data represent the median with
interquartile range, the smallest and largest observation. **: P<0.01, ***: P<0.001, ns: not
significant, BALF: bronchoalveolar lavage

DISCUSSION

In this proof-of-concept study we investigated the effect of intravenous C1-INH
on allergen-induced lung inflammation in patients with asthma using a model of
segmental HDM/LPS challenge. Our main findings were that C1-INH prevented
HDM/LPS-induced complement activation without influencing leukocyte
influx or activation, or local cytokine and chemokine release. Ci-INH did
prevent protein leak into the bronchoalveolar space upon HDM/LPS challenge,
suggestive of a protective effect on epithelial-endothelial barrier integrity.

We used a combination of HDM/LPS to evoke airway inflammation. HDM is an
important domestic allergen that triggers asthma exacerbation upon inhalation
by sensitized asthma patients®. LPS is a component of gram-negative bacterial
cell wall and a natural pollutant in house dust?¢. We utilized a LPS dose that
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corresponds with dust endotoxin levels detected in homes®. House dust is a
complex mixture consisting of HDM allergen and microbial components such
as LPS and the co-exposure to both HDM and LPS is a likely clinical event.
Previously, we have shown that simultaneous challenge with HDM/LPS induced
a strong influx of eosinophils and neutrophils into the airways of HDM sensitized
asthma patients®. Compelling evidence has linked such mixed eosinophilic
and neutrophilic airway inflammation with a corticoid unresponsive asthma
phenotype*, which makes the current challenge model relevant for evaluating
new therapeutic compounds.

This is one of the few studies that investigated the effect of inhibition of allergen
induced complement system activation on airway inflammation in patients with
asthma. Two previous clinical trials, only published in abstract form, evaluated
an oral inhibitor of the Csa receptor and Eculizumab, a monoclonal antibody
directed against Cs, reporting negative or inconclusive results regarding lung
function tests?. Intravenous administration of Ci-INH prevented allergen
induced complement activation at the level of C3 and C4. The effect of Ci-
INH on BALF Csa levels could not be evaluated since C5a remains undetectable
in BALF of mild asthma patients, even after challenge with HDM/LPS&. In
mouse asthma models C3a and Csga induced chemotaxis and activation of
eosinophils and neutrophils, and in addition stimulated T-helper 2 responses
12829 |n contrast to our original hypothesis, the current study argues against a
role for complement in allergen-induced influx of eosinophils and neutrophils.
C1-INH also did not modify the release of cytokines or chemokines into the
bronchoalveolar space upon HDM/LPS challenge. C1-INH inhibited the release
of lactoferrin (a glycoprotein restricted to specific granules of neutrophils)
while not influencing the secretion of myeloperoxidase and elastase (both
restricted to azurophilic granules of neutrophils)3®. The mechanism underlying
this possible differential C1-INH effect on degranulation of different neutrophil
granules remains to be established. The finding that C1-INH did not influence
the upregulation of neutrophil CD1ib upon HDM/LPS instillation further
suggests a limited effect on neutrophil activation. C1-INH has been reported
to attenuate neutrophil activation and accumulation in inflammatory conditions
other than asthma?®3432,

Beside the complement system, Ci-INH is an important regulator of the
kallikrein-kinin system due toits inhibitory effect on FXlla and kallikrein activity®.
The presence of kallikrein-kinin system components has been described in
the airways of patients with asthma following allergen challenge3. Activation
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of the kallikrein-kinin system gives rise to bradykinin release which among
various proinflammatory responses, induces vasodilatation and increases
vascular permeability leading to enhanced plasma extravasation34. Bradykinin
is rapidly degraded upon release, which complicates direct measurements.
We determined C1-INH/FXIl and C1-INH/kallikrein complexes as measure for
kallikrein-kinin system activation. In BALF, however, these complexes were
below detection limit. Hence, the current challenge model is not suitable to study
the contribution of the kallikrein-kinin system in allergen induced inflammation
and the effect of C1-INH hereon. Notably, our group recently found no evidence
for a role of the kallikrein-kinin system in allergic airway inflammation in mice
induced by repeated HDM administration3>3°.

Increased vascular permeability is an important feature of asthma and is
associated with deterioration of asthma control?”. Furthermore, it has been
suggested that enhanced plasma extravasation promotes airway remodeling3®3°.
C1-INH administration abrogated protein leak into the bronchoalveolar space in
HDM/LPS challenged lung segments, as indicated by measurements of QA2M/
QAIb and IgM. In agreement, complement products can increase permeability
of the endothelial-epithelial barrier in the lung, and complement inhibition
protected against protein leak in preclinical asthma models4>4. These data
suggest that C1-INH protects the endothelial-epithelial integrity by inhibiting
the complement system.

The strength of this study is its novel endeavor to translate the accumulated
knowledge about the effect of complement system inhibition in allergic asthma
from preclinical studies to patients with asthma. The influx of eosinophils into
the airways has been described to occur after four hours#* and to reach a peak
around 42 hours* following allergen challenge. Our study is limited by a time
span of seven hours, thus allowing analysis of the early phase of the allergen-
induced inflammatory response. A possible C1-INH mediated effect on HDM/
LPS challenge later on may have been missed. In addition, the Th2 response
could not be fully examined due to the fact that relevant cytokines remained
undetectable. Likewise, components of the kallikrein-kinin system could not
be detected and thus the importance of this system on vascular permeability
remains elusive. Moreover, the current trial was done in a limited number of
patients in which local inflammation was induced by HDM/LPS instillation and
thereby only provides proof-of-concept information about the potential effect
of C1-INH in asthma.
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In conclusion, we show that intravenous Ci-INH administration prior to
intrabronchial HDM/LPS challenge prevents complement activation and vascular
leak without attenuating allergic lung inflammation in patients with HDM allergy
and asthma. Suppressing vascular leakage could help improve symptoms in
patients who do not respond adequately to currently available drugs.
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SUPPLEMENTAL METHOD

Design and segmental allergen challenge

The dose and timing of Ci-inhibitor administration were based on previous
clinical studies with this compound*2. We randomised HDM and LPS challenge
to the left or right lung segments to cater for potential biases due to anatomical
differences.

Assays and flow cytometry

The following assays were used in accordance with the manufacturers’
instructions or as described: Ci-INH antigen and Ci1-INH activity (Sanquin,
Amsterdam, The Netherlands), C3bc3, C4bc?, C3a and C4a (both BD Biosciences,
SanJose, CA, USA). Cell populations in BALF were determined by flow cytometry.
BALF cells were stained with, CD4 Alexa fluor 700 (eBiosciences, San Diego, CA,
USA), CD45 phycoerythrin (PE)-CF594, CD71 Brilliant Violet (BV)421, viability
dye APC-Cy7 (all BD Biosciences), CD16 BV650, Siglec-8 Allophycocyanin (APC)
(Biolegend, San Diego, CA, USA). All singlet cells were selected for CD45+
and viability dye-. Subsequently, eosinophils (CD71-CD4-CD16-Siglec-8+),
neutrophils (CD71-CD4-CD16+Siglec-8-), alveolar macrophages (CD71+)
and CD4 T-cells (CD71-CD4+) were identified. Data were collected on a BD
FACSAria™ Il flow cytometer and analyzed using FlowJo software (Treestar,
Palo Alto, CA, USA). Lactoferrin, elastase-ai-antitrypsin complexes (Sanquin),
myeloperoxidase (MPO)* and EPO (LifeSpan BioSciences, Seattle, WA, USA).
Luminex bead assays (Thermo Fisher, the Netherlands) were used to measure
Eotaxin-1, RANTES, Granulocyte-macrophage colony-stimulating factor (GM-
CSF), GRO-q, Interferon (IFN)-a, IFN-y, interleukin (IL)-1p, IL-1a, IL-1RA, IL-2,
IL-4, IL-5, IL-6, IL-7 IL-8, IL-9 IL-10, IL-12p70, IL-13, IL-15, IL-17A, IL-18, IL-21, IL-
22, IL-23, IL-27, IL-31, Interferon gamma-induced protein 10 (IP-10), Monocyte
chemoattractant Protein-1 (MCP-1), macrophage inflammatory protein (MIP)-
1a, MIP-1B, Stromal cell-derived factor (SDF)1a, tumor necrosis factor (TNF)-a.
Contact system activation was assessed by Ci-INH/Factor XII and C1-INH/
kallikrein complexs. Vascular permeability was assessed by measuring IgM
(Sanquin), albumin and a2-macroglobulin 4. We calculated the quotients of
albumin (QAlb) and a2-macroglobulin (QA2M) in BAL fluid and paired plasma
samples. Relative coefficient of excretion (QA2M/QAIlb) was determined to
account for variable dilution of epithelial lining fluid during lavage®.
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Supplemental table

Table S1. Cytokines and chemokines that remained undetectable in BALF in all groups (with

detection limits ) n
Cytokine/chemokine Detection limit (pg/mL)

GM-CSF 10
IFN-a 7.2
IFN-y 12
IL-1a 0.73
IL-4 8.84
IL-5 7.42
IL-7 0.73
IL-9 7.57
IL-10 2.26
IL-12p70 6.86
IL-13 3.27
IL-15 3.22
IL-17A 2.33
IL-21 9.69
IL-22 20
IL-23 17
IL-27 20
IL-31 9.64
TNF-B 6.54

Bronchoalveolar lavage fluid concentrations of cytokines and chemokines. Granulocyte-
Macrophage Colony-Stimulating Factor (GM-CSF), Interferon (IFN), Interleukine (IL), Tumor
Necrosis Factor (TNF).
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Supplemental figures
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Figure S1. C1-inhibitor infusion does not modify CD11b expression on neutrophils in BALF of
asthma patients following HDM/LPS challenge. Data represent the median with interquartile

range, the smallest and largest observation. **: P<o0.01.
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Figure S2. Ci-inhibitor infusion does not alter the numbers of alveolar macrophages and
CD4 T-cells in BALF of asthma patients following HDM/LPS challenge. (A) number of alveolar
macrophages in BALF, (B) number of CD4 T-cells in BALF. Data represent the median with
interquartile range, the smallest and largest observation. *: p<o.05 **: P<0.01.
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Chapter 3

To the Editor,

Under homeostatic conditions, macrophages are the most abundant immune
cells in the lung. Pulmonary macrophages are a heterogeneous cell population
that can be classified in at least two distinct subpopulations, i.e., interstitial
macrophages, located within the lung parenchyma, and alveolar macrophages
(AM) which reside in the airway lumen, allowing direct contact with the
environment (e.g., allergens, particulate matter, and commensal bacteria)(1). In
recent years, AM have been shown to play an important role in environmental
allergen-induced airway inflammation in asthma(2). Elimination of resident AM
resulted in enhanced type 2 airway inflammation in a mouse asthma model,
while depletion of blood monocytes resulted in abrogation of newly formed
AM after allergen challenge and a decreased type 2 immune response(3, 4).
Knowledge of phenotypic alterations of AM in allergic asthma in humans is
limited(1, 2). In this study, we investigated the effect of house dust mite (HDM)
and lipopolysaccharide (LPS) challenge on the transcriptome of AM from
patients with mild asthma. We have shown previously that intrabronchial HDM/
LPS challenge induces a mixed eosinophilic and neutrophil airways inflammation
in asthma patients(s). Therefore, we hypothesize that exposure of AM to HDM/
LPS would upregulate genes associated with eosinophil and neutrophil signaling.

AM were harvested from asthma patients who participated in a double blind
randomized placebo controlled trial investigating the effect of Ci-inhibitor
on allergen-induced airway inflammation(s). For the current analysis 12
patients (treated with placebo) with intermittent—to—mild asthma, defined
according to the criteria of the Global Initiative for Asthma guideline(6), and
HDM allergy, confirmed by a positive skin prick and radioallergosorbent test,
were challenged via bronchoscopy with saline (as internal control) in one lung
segment and HDM extract (50 biological units, Dermatophagoides pteronyssinus
origin; Allergopharma, Zeist, the Netherlands), combined with LPS (75 ng; from
Escherichia coli, Clinical Center Reference Endotoxin, kindly provided by Anthony
Suffredini, National Institute of Health, Bethesda, MD, USA) in the contralateral
lung segment. The addition of LPS to HDM mimics a natural allergen exposure
as LPS is a widespread pollutant and coexisting with HDM in house dust(7).
After seven hours, a bilateral bronchoalveolar lavage (BAL) was performed. BAL
fluid was pooled (per lung subsegment) and centrifuged at 4°C and 4o0g for
10 minutes. Cells were stained with CD45 phycoerythrin (PE)-CF594 and CD71
Brilliant Violet (BV)421 (both BD Biosciences, San Jose, CA, USA). AM, defined
as cells expressing CD45 and CD71, were isolated by flow cytometry sorting
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using FACSAria Il (BD Biosciences) with high purity (>95%). Sorted AM were
stored in RNA later (Qiagen, Venlo, Netherlands) at -8o °C until analysis. Total
RNA was isolated using RNAeasy isolation kit (Qiagen) and quantified by Qubit®
2.0 (Life Technologies, Carlsbad, CA). Paired samples (AM from saline and
HDM/LPS challenged lung segments of one individual) from eight patients had
a RNA integrity number > 6 and were selected for further analysis. RNA-seq
libraries were prepared using the KAPA RNA HyperPrep with RiboErase (Roche)
according to manufacturer’s instructions and sequenced using the lllumina
HiSeq4000 (lllumina, San Diego, CA) instrument. Sequences were evaluated for
quality (FastQC version 0.11.5, Babraham institute, Babraham, Cambridgeshire,
United Kingdom) and trimmed (Trimmomatic version 0.36)(8). The remaining
reads were used to align against the Genome Reference Consortium human
genome build 38 (GRCh38) using HISAT2 (version 2.1.0)(9) with parameters as
default. The HTSeq and DESeq2 methods were used to calculate and compare
sequence counts, respectively. Pathway analysis was done using Ingenuity
Pathway Analysis (QIAGEN bioinformatics) software. Throughout, Benjamini &
Hochberg adjusted p-values < 0.05 demarcated significance. Sequence libraries
are publicly available through the National Center for Biotechnology Information
under the following accession number: GSE144576. The baseline characteristics
of these patients are depicted in Table 1.
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Table 1. Baseline patient characteristics

General
Number 8
Female 7
Age, years 23.7 (0.53)
Asthma related symptoms¢q] %
Wheezing 75
Cough 75
Dyspnea 83.3
Chest tightness 50
Seasonal variability 75
Symptom progression at night 33.3
Eczema 58.3
Allergic rhinitis 75
Family history of atopy 58.3
Allergy
House dust mite % 100
Total IgE, kU/L 349.5(69.2)
D. pteronyssinus IgE, kU/L 43.9 (10)
Lung spirometry
FEV1L 3.76 (0.26)
FEV1 % of predicted 98.2 (3.32)
FVC L 4.8 (0.46)
FVC % of predicted 96.7 (9.41)
Methacholine PC20, mg/mL7 2.6 (1.7-4.5)

Data are presented as mean +SEM unless otherwise stated. D. pteronyssinus: Dermatophagoides
pteronyssinus; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; PC20:
provocative dose causing a 20% fall in FEV1; NA: not applicable. #: Global Initiative for Asthma
stage |/11. Symptoms occurred in last 6 months prior to study participation. i Data are
expressed as median with interquartile range

Principal component analysis of 24,555 transcripts (sequence counts > 10)
revealed clear separation of saline or HDM/LPS challenges (Fig. 1A), showing
that HDM/LPS induced a marked transcriptomic response in AM. Comparing
HDM/LPS challenge to saline identified 1013 significantly altered transcripts
(fold expression < -1.2 or > 1.2), of which 485 were upregulated and 528
downregulatedasconsequenceof HDM/LPSchallenge (Fig. 1B). Pathwayanalysis
of upregulated genes revealed predominantly pro-inflammatory responses such
as inducible nitric oxide synthase, Toll-like receptor, p38 mitogen-activated
protein kinase and interleukin (IL)-1, IL-8, IL-17 signaling (Fig. 1C). IL-1 signaling
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has been implicated in neutrophilic asthma and increased IL-1f3 production has
especially been documented in this asthma subtype(2). Likewise, IL-17 has been
identified as an important cytokine in the pathogenesis of asthma due to its
capacity to promote neutrophilic airway inflammation, which is associated with
a severe asthma phenotype(10). In agreement, our data shows upregulation
of CXCL1, a chemoattractant for neutrophils, suggesting that AM aid in
neutrophil recruitment following HDM/LPS challenge (Fig. 1D). Interestingly,
genes associated with the anti-inflammatory IL-10 signaling pathway were also
upregulated. This could be explained by heterogeneity among AM including
both pro- and anti-inflammatory subpopulations and/or concurrent induction
of both pro- and anti-inflammatory pathways in the same AM. This observation
suggests a regulatory role for AM to maintain homeostasis by counteracting
the pro-inflammatory processes inflicted by allergen challenge. Among
downregulated transcripts were genes associated with cell cycle and growth
(T cell receptor, role of NFAT in cardiac hypertrophy), DNA damage and repair
(breast cancer regulation by stathmin 1) and metabolic pathways (e.g., insulin
receptor and leptin signaling, Fig. 1C and D).

To the best of our knowledge, this is the first investigation to examine gene
expression profiles in AM from asthma patients challenged with HDM and LPS
in vivo. Using a well-controlled study design allowing paired analysis of saline
and HDM/LPS effects in the same patient, we identified different transcriptional
profiles in AM as consequence of local exposure to HDM and LPS. These
findings may provide a better understanding of AM functions in (exacerbations
of) allergic asthma.
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Figure 1. Genome-wide analysis of alveolar macrophage response to HDM/LPS challenge.

(A) Principal component analysis (PCA) of the 24.555 transcripts showing explainable variances
of PC1 20% and PC2 13% between saline or HDM/LPS samples (B) Volcano plot depicting the
differences in gene expression following either saline or HDM/LPS exposure. Horizontal line

represents the multiple-test adjusted significance threshold (P < 0.05) (C) Ingenuity pathway

analysis of the canonical pathway gene expression profiles in HDM/LPS samples relative to

saline samples. Red bars, overexpressed pathways; green bars, under expressed pathways (D)

Heatmap plot of the top significant genes between saline and HDM/LPS samples.
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Chapter 4

ABSTRACT

C1 esterase inhibitor (C1-INH) can inhibit multiple pathways (complement,
contact-kinin, coagulation, and fibrinolysis) that are all implicated in the
pathophysiology of asthma. We explored the effect of human plasma-derived
C1-INH on allergic lung inflammation in a house dust mite (HDM) induced
asthma mouse model by daily administration of Ci-INH (15 U) during the
challenge phase. NaCl and HDM exposed mice had comparable plasma C1-INH
levels, while bronchoalveolar lavage fluid (BALF) levels were increased in HDM
exposed mice coinciding with slightly reduced activation of complement (Csa).
C1-INH treatment reduced Th_ response and enhanced HDM-specific 1gG. .
Influx of eosinophils in BALF or lung, pulmonary damage, mucus production,
procoagulant response or plasma leakage in BALF was similar in both groups. In
conclusion, C1-INH dampens Th2 responses during HDM induced allergic lung
inflammation.
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INTRODUCTION

Asthma is a chronic airway inflammatory disease that results from an excessive
immune response to common environmental allergens such as house dust mite
(HDM)™ In 2013, the WHO estimated that worldwide 235 million people suffer
from asthma and the incidence is still rising?2. Symptoms include recurrent
episodes of wheezing, coughing, chest tightness and shortness of breath
in response to an allergen. Currently, asthma cannot be cured, however, a
combination of inhaled corticosteroids (to suppress inflammation) and a short-
or long-acting B-adrenergic agonist (to open the constricting bronchial smooth
muscle cells) can control the disease and improve quality of life3. While the
majority of patients with asthma can be treated effectively with the currently
available medications, adequate disease control cannot be achieved in a
significant proportion of patients. Because of the high incidence and burden
on our health care system, there is an urgent need to explore new treatment
options.

The complement system is one of the inflammatory pathways activated
during asthma. The complement cascade consists of a number of plasma-
and membrane-bound proteins that can be activated via three distinct routes;
the classical, lectin or alternative pathway of complement. All three pathways
converge at the level of C3 which following activation subsequently activates Cs.
This activation cascade leads to the formation of the anaphylatoxins C3a and
Csa. Anaphylatoxins possess many proinflammatory and immunomodulatory
characteristics; for example they are chemotactic factors for eosinophils*. In the
bronchoalveolar lavage fluid (BALF) of asthmatic patients C3a and Csa levels are
increased following allergen challenge and both anaphylatoxins correlate with
influx of eosinophilss. Moreover, experimental asthma models suggest that C3a
and Csa regulate Th, response during the sensitization and challenge phase®.

Activation of both the classical and lectin pathway of complement is tightly
regulated by Ci esterase inhibitor (Ci-INH). The plasma glycoprotein Ci-
INH belongs to the family of serpins (serine protease inhibitors). Serpins are
characterized by a typical mechanism of action; target proteases attack the
“ fake” substrate conformation of the serpin, leading to the formation of a
covalent complex between protease and serpin (deadly handshake)”. Next to
complement inhibition, C1-INH is 1) a major regulator of the contact-kinin
system by blocking of activated factor XII (FXlIla) and plasma kallikrein, 2) the
main inhibitor of activated factor XI (FXla), the central player in the intrinsic
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coagulation, and 3) an inhibitor of fibrinolysis via blocking plasmin and tissue-
type plasmin activator’. These functions of Ci1-INH are all exerted via its
protease inhibitor domain. However, several experimental studies have shown
an inhibitory effect for C1-INH in the production of cytokines and attraction
of leukocytes that is independent of its protease inhibitory activity®2°. Asthma
is associated with activation of the coagulation system* and contact-kinin
system*. The contact-kinin system is an interesting target for the treatment
of asthmatic exacerbations. Activation of this system leads to the formation of
bradykinin, a small molecule that causes smooth muscle contraction, increases
vascular permeability, and enhances mucus secretion®. In a sheep model of
allergen-induced airway inflammation, the bradykinin B -receptor antagonist
NPC349 blocked the airway hyperresponsiveness and reduced inflammatory
mediators*3*4. Recently, a bradykinin B -receptor antagonist impaired eosinophil
influx in a murine ovalbumin asthma model*s. Although these results are
promising, studies exploring the role of the contact-kinin system in asthma are
limited.

Taken together, as C1-INH targets multiple biological systems that are activated
during asthma (being complement, contact-kinin, and coagulation pathways) it
might be a promising therapy to alleviate asthmatic symptoms. Moreover, C1-INH
is already used by patients suffering from hereditary angioedema and is proven to
be safe and efficacious in humans. In the present study we treated mice that were
subjected to our HDM asthma model during the challenge phase daily with human
plasma-derived C1-INH and determined the inflammatory response.
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METHODS

Mice

Female C57BIl/6) wild-type (WT) mice were purchased from Charles River Inc.
(Maastricht, The Netherlands). Mice were housed under specific pathogen-
free conditions receiving food and water ad libitum. Age-matched mice were
used in all experiments. The Animal Care and Use Committee of the University
of Amsterdam approved all experiments (permit numbers: DIX102020AQ and
DIX102791). Intranasal inoculation was performed under isoflurane anesthesia
and mice were euthanized under general anesthesia, all efforts were made to
minimize suffering.

Kinetics C1-INH

Nine-weeks old mice received a single injection of 5 U (1 U equals ~250 pg) or 15
U of human plasma-derived C1-INH (Cetor, Sanquin, Amsterdam, Netherlands)
intravenously (i.v.) or intraperitoneally (i.p.). Mice were randomly assigned to
3 groups and blood samples were taken at 1 and 2 hours (group 1), 6 and 10
hours (group I1), or 48 hours (group Ill) from the facial vein into EDTA tubes
(Microvette®, Sarstedt, Etten-Leur, Netherlands) (n=3 per group). Mice were
euthanized and blood was obtained from the vena cava inferior 4 (group 1),
24 (group Il) or 72 hours (group Ill) following injection. Blood samples were
centrifuged to collect plasma. All samples were stored at -80°C until further
analysis.

HDM asthma model

HDM allergen whole body extract (Greer Laboratories, Lenoir, N.C., USA), derived
from the common European HDM species Dermatophagoides pteronyssinus,
Der p, was used to induce allergic lung inflammation as described previously?®.
In short, 8-weeks old mice (n=10) were inoculated intranasally on day o, 1 and
2 with 25 pg HDM (sensitization phase) and on day 14, 15, 18 and 19 with 6.25
pg HDM (challenge phase). Controls (n=6) received sterile saline intranasally on
each occasion. Inoculum volume was 20 pl for every HDM and saline exposure
and inoculation procedures were performed under isoflurane inhalation
anesthesia. During the challenge phase (day 14 till 19) mice received daily 15 U
human plasma-derived C1-INH i.p. orvehicle (provided by Sanquin) containing all
excipients of C1-INH (i.e. sodium chloride, saccharose, sodium citrate, L-Valine,
L-Threonine, L-Alanine). Both NaCl and HDM exposed mice were treated at the
same days; all mice were included in a single experiment. Mice were euthanized
at day 20 and blood was collected from the vena cava inferior into citrate (4:1
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v/v), after which 10 mM EDTA, 10 mM benzamidine, and 0.2 mg/ml SBTI (all
end concentrations) was added to specifically inhibit coagulation, contact, and
complement activation. One-sided BALF was collected by instilling and retrieving
0.8 ml of sterile PBS containing 10 mM EDTA, 10 mM benzamidine and 0.2 mg/
ml SBTI in 400 pl aliquots via the trachea. Cell counts were determined for
each BALF sample in a hemocytometer (Beckman Coulter, Fullerton, CA, USA)
and differential cells counts by cytospin preparations stained with Giemsa stain
(Diff-Quick; Dade Behring AG, Didingen, Switzerland). BALF supernatant was
collected for protein analysis. The right lung was fixed 24 hours in 10% formalin.
The mediastinal lymph nodes (MLN) were dissected and single cell suspension
were prepared by mashing the cells through a 70 ym cell strainer. Cell counts
were determined in a hemocytometer for each MLN sample and 2x10° cells/well
were seeded in a 96-well round bottom plate and restimulated for 4 days with
50 yg/ml HDM or NaCl. Supernatants were collected for cytokine production.

Histology

Formalin-fixed tissue was embedded in paraffin using standard procedures. Four
pm thick sections were cut and used for all (immuno)histochemical stainings. For
examining allergic lung inflammation, sections were stained with Hematoxylin
and Eosin (HE) and analyzed by a pathologist in a blinded fashion. HE-stained
sections were scored for interstitial inflammation, peribronchial inflammation,
perivascular inflammation, and edema on a scale from 0-4 (o: absent; 1: mild;
2: moderate; 3: severe; 4: very severe)*®. Total pathology score was expressed
as the sum of the scores for the different parameters. For examining mucus
production, sections were stained with periodic acid-Schiff reagens after
diastase digestion (PasD). The amount of mucus per lung section was assessed,
by a pathologist in a blinded fashion, semi-quantitatively on a scale from 0-8
(0-4 for mucus plug formation; o-4 for the extent of goblet cell hyperplasia)®®.
For eosinophil staining, sections were digested for 20 min in 0.25% pepsinin 0.1
M HCI, incubated overnight at 4°C with rabbit-anti-mouse MBP (Major Basic
Protein; kindly provided by Dr. Nancy Lee and Prof. James Lee, Mayo Clinic
Arizona, Scottsdale, Ariz., USA)*. Next, sections were incubated for 30 min with
poly HRP-anti-rabbit 1gG (Brightvision, Immunologic, Duiven, the Netherlands)
and stained using 3,3”-diaminobenzidine dihydrochloride (DAB). Entire sections
were digitized with a slide scanner using the 10x objective (Olympus dotSlide,
Tokyo, Japan). Influx of eosinophils was determined by measuring the MBP
positive area by digital image analysis (ImageJ 1.43, National Institute of Health,
Bethesda, MD, USA; http://rsb.info.nih.gov/ij/) and expressed as a percentage
of the total lung area.
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Assays

Human C1-INH antigen (Ag) and activity (Act) were measured in plasma by
ELISA using as capture antibody monoclonal mouse anti-human C1-INH (clone
RIl, Sanquin) and as detection antibody biotinylated rabbit anti-human Czi-
INH (Sanquin) or biotinylated Cis (Calbiochem, Merck Millipore, Amsterdam,
Netherlands) respectively*®. Normal human plasma with known Czi-INH
concentration was used as standard. Complement activation in plasma and
BALF was determined by Csa ELISA. Purified rat anti-mouse Csa (clone I53-
1486) was used as capture antibody, biotinylated rat anti-mouse Csa (clone
I52-278) was used as detection antibody (all from BD Biosciences). A standard
curve for Csa was generated by serial dilutions of an in-house standard of
maximal activated mouse serum, by incubating normal mouse serum at 37°C
for 1 week in the presence of sodium azide. Purified recombinant mouse Csa
(BD Biosciences) was used to determine concentration of Csa in maximal
activated mouse serum. Plasma total IgE was determined using rat-anti-mouse
IgE as capture antibody, purified mouse IgE as standard and biotinylated rat-
anti-mouse IgE as detection (all from BD Biosciences, Pharmingen, Breda, the
Netherlands). Plasma HDM specific IgG was determined using HDM as capture,
and biotinylated rat-anti-mouse IgG_ (from BD Biosciences) as detection. HDM
specific I1gG_ is expressed as percentage compared to WT HDM group. IL-4, IL-
5, IL-13 (MLN supernatants) and E-selectin were measured using DuoSet ELISA
kits (R&D Systems, Abingdon, UK) according to the supplied protocol. BALF IL-4,
IL-5 and IL-13 were determined by a Mouse Magnetic Luminex Screening Assay
according to the manufacturer’s protocol (R&D Systems) and analyzed on a Bio-
Rad BioPlex® 200 (Bio-Rad Laboratories, Veenendaal, the Netherlands). BALF
IgM was determined using rat-anti-mouse IgM as capture antibody, purified
mouse IgM as standard and biotinylated goat-anti-mouse IgM as detection (all
from BD Biosciences). BALF total protein was determined using Bio-Rad Protein
Assay (Bio-Rad Laboratories). Thrombin anti-thrombin complexes (TATc) were
measured by ELISA according to manufacturer’s instructions (Stago BNL,
Leiden, the Netherlands).

Statistical analysis

Results are expressed as mean + standard error of the mean (SEM). Comparison
between two groups was done by Mann-Whitney U test. For experiments with
more than two groups, the Kruskal-Wallis test was used as a pretest, followed
by Mann-Whitney U test where appropriate. All statistical analyses were
performed using GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA).
Values of P < 0.05 were considered statistically significant.
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RESULTS

C1-INH plasma levels after single injection

In order to design a C1-INH treatment schedule for our mouse asthma model, we
needed to obtain more information about the behavior of this human plasma derived
protein in mice. Therefore mice were injected with a single dose of C1-INH (5 U or
15 U) eitheri.v. or i.p.. At indicated time points up to 72 hours after injection, blood
was collected and C1-INH antigen and activity levels were determined in plasma
(Figure 1a-d). Following i.v. injection, C1-INH antigen levels declined gradually with
an estimated elimination half-life of 10 hours for both doses. Plasma levels of C1-
INH antigen was on average 4.0 + 0.2 fold higher in 15 U compared with 5 U treated
mice. After i.p. administration of C1-INH, plasma antigen levels increased steadily
reaching after approximately 6 hours the maximal plasma concentration (55 pg/
ml for 5 U, and 600 pg/ml for 15 U). Plasma levels of C1-INH antigen following i.p.
administration were on average 12.8 + 1.7 fold higher in 15 U compared with 5 U
dosage. Elimination half-life after i.p. administration was approximately 12 hours
for both doses. C1-INH activity was comparable with antigen level for both routes
and doses, indicating that C1-INH was still biologically active.

For our experimental HDM asthma mouse model, our goal was to achieve
plasma levels of 500-1000 pg/ml (comparable to 2- to 4-times normal human
plasma levels, i.e. ~250 ug/ml). Additionally, we were aiming for stable plasma
levels throughout the whole experiment, which is more easily reached with i.p.
injections. To fulfill these criteria, a treatment schedule of daily i.p. injections
with 15 U C1-INH was chosen.

Daily C1-INH treatment results in local C1-INH that slightly inhibits
complement activation.

During the challenge phase of the HDM asthma model, mice received daily 15
U C1-INH or vehicle i.p.. One day after the last challenge, and hence C1-INH
administration, exogenous C1-INH antigen and activity levels were determined
by ELISAs specific for human C1-INH. Similar plasma levels of either C1-INH
antigen (Figure 2a) or C1-INH activity (Figure 2b) were observed following NaCl
or HDM exposure. Although much lower than in plasma, presence of C1-INH,
both antigen and activity, was confirmed in the BALF of NaCl and HDM treated
mice (Figure 2c-d). Interestingly, C1-INH levels were significantly higher in
BALF from HDM exposed mice as compared with the NaCl group. Of note, C1-
INH antigen or activity could not be detected in vehicle treated NaCl or HDM
mice indicating that there was no cross reactivity with mouse C1-INH.
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Figure 1. C1-INH plasma levels after i.v. or i.p. bolus injection. Human plasma derived Ci-
INH antigen (Ag) and activity (Act) in plasma after bolus injection of 5U (white bars) or 15U (
black bars) C1-INH either i.v. (a-b) or i.p. (c-d) at indicated time points up to 72 hours following
injection. Data are presented as mean + SEM, n=3 per time point.
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Figure 2. C1-INH and Csa levels in plasma and BALF. Human plasma derived C1-INH antigen
(Ag) and activity (Act) in plasma (a-b) and BALF (c-d) of NaCl (white bars) and HDM (black bars)
exposed C1-INH treated mice. Complement activation was determined in BALF (e) by Csa ELISA
in vehicle (white bars) and C1-INH (black bars) treated NaCl and HDM exposed mice. Data are

Je e

presented as mean + SEM, n=6 (NaCl) and n=10 (HDM). *P<o0.05, **P<0.01
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To determine whether exogenous C1-INH was effective, complement activation
was detected by an ELISA specific for a neoepitope on Csa. In BALF we could
detect significant activation (4.2 + 1.5 fold increase in ctr HDM versus ctr NaCl)
of the complement system in vehicle treated mice, and a trend (P=0.08; 2.1+ 0.5
fold increase in C1-INH HDM versus C1-INH NaCl) towards higher BALF Csa in
C1-INH treated mice following HDM exposure (Figure 2e). Although BALF Csa
was lower in HDM exposed C1-INH treated mice, as compared with vehicle
treated mice, this was not significant most likely due to intragroup variation.
In plasma we could not detect activation of the complement system following
HDM exposure.

C1-INH treatment does not alter eosinophil influx

One of the hallmarks of an asthmatic response is the influx of eosinophils in the
lung. At time of euthanize the BALF was analyzed for total cell influx (Figure
3a) and the number of eosinophils, neutrophils, macrophages, and lymphocytes
was assessed (Figure 3b). Following HDM exposure there was an approximately
3-fold increase in number of leukocytes, which was almost exclusively caused
by eosinophils. C1-INH treatment had no effect on total leukocyte or leukocyte
differential numbers in BALF of either NaCl or HDM exposed mice. Additionally,
eosinophil influx was determined in lung tissue by immunohistochemical
staining for MBP, an eosinophil specific marker. In line with BALF influx data,
more eosinophils were present in lungs of HDM exposed mice and no effect of
C1-INH treatment was observed (Figure 3c).

C1-INH treatment has no effect on lung pathology

Following HDM exposure histopathological changes, including perivascular
inflammation, interstitial inflammation, and edema, occur in the lungs*. A
pathologist, blinded for the treatment, analyzed these hallmarks in a semi-
quantitative fashion and the total pathology score is depicted in Figure sa.
Although HDM exposure increased lung pathology, no effect of Ci-INH
treatment was observed.
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Figure 3. Eosinophil influx in BALF and lung. (a) Total cell count in BALF of NaCl or HDM
challenged vehicle (white bars) or C1-INH (black bars) treated mice. (b) Differential cell count in
BALF showing eosinophil, neutrophil, macrophage, and lymphocyte numbers in NaCl challenged
vehicle (dotted bars) and C1-INH treated (blocked bars) mice and in HDM challenged vehicle
(white bars) and C1-INH treated (black bars) mice. (c) Influx of eosinophils in the lung was
determined by digital analysis of Major Basic Protein (MBP) stained lung sections in C1-INH
(black bars) and vehicle (white bars) treated mice following challenge with NaCl or HDM.
Representative pictures of each group are shown, magnification 4x. Data are presented as mean

+ SEM, n=6 (NaCl) and n=10 (HDM)
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Figure 4. Lung damage and mucus production. Lung sections were stained with HE (a) or PasD

(b) to determine damage, depicted as total pathology, or mucus production, respectively in NaCl
or HDM exposed mice treated with C1-INH (black bars) or vehicle (white bars). Representative
pictures of each staining per group are shown, magnification 10x. Data are presented as mean
+ SEM, n=6 (NaCl) and n=10 (HDM).

One important feature of asthma is the increased production of mucus by
bronchial epithelial cells*. Using a PAS-D staining to visualize mucus, lung
sections were analyzed for the presence and localization of mucus resulting in a
mucus score (Figure 4b). In line with total pathology, HDM exposure enhanced
mucus production while C1-INH treatment had no effect hereon.

C1-INH treatment inhibits Th_ response in MLN but not in BALF

In MLN, the draining lymph nodes of the lung, priming of T cells occurs3. To
investigate the Th response following HDM challenge, we dissected MLN.
Macroscopically we observed larger MLNs in HDM exposed mice as compared
with NaCl groups. Interestingly, MLN in the C1-INH treated HDM group were
smaller as compared with vehicle treated HDM mice. Equal numbers of MLN
cells were seeded and restimulated with HDM or NaCl. IL-4, IL-5, and IL-13
secretion was measured as a determinant of the Th response. Only MLNs
that were taken from mice challenged in vivo with HDM were used for this
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analysis. Following HDM restimulation MLNs from C1-INH treated mice had
significantly lower IL-13 and a trend (P=0.06) towards lower IL-4 and IL-5
production as compared with MLNs from vehicle treated mice (Figure 5a-c).
Incubation of MLN with NaCl did not induce a detectable cytokine response in
either treatment group.
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Figure 5. Th response in MLN and BALF. Following NaCl or HDM exposure MLN were dissected
from mice treated with C1-INH (black bars) or vehicle (white bars). Equal numbers of MLN cells
from C1-INH (black bars) or vehicle (white bars) treated HDM exposed mice were restimulated
ex vivo with HDM and afterwards production of IL-4 (a), IL-5 (b), and IL-13 (c) was determined in
the medium. In BALF of NaCl or HDM exposed mice treated with C1-INH (black bars) or vehicle
(white bars) the cytokines IL-4 (d), IL-5 (e) and IL-13 (f) were determined by a magnetic luminex
screening assay. Data are presented as mean = SEM, n=6 (NaCl) and n=10 (HDM). *P<o0.05

Next we evaluated Th_ cytokines IL-4, IL-5, and IL-13 in BALF. All three cytokine
levels were low, however, increased following HDM exposure (Figure 5d-f). C1-
INH treatment did not significantly alter IL-13, IL-4, or IL-5 levels in the BALF.

C1-INH treatment enhances HDM specific IgG,

Plasma IgE significantly increased following HDM exposure, however, C1-INH
treatment did not affect this response (Figure 6a). To see whether the HDM
specific antibody response was altered, we determined HDM specific 1gG
there was a remarkably higher HDM specific plasma IgG, response in C1-INH
treated mice compared with vehicle treated mice. HDM treatment induces
vascular permeability*® and Ci-INH might affect this. We first measured
plasma E-selectin as a marker of endothelial activation; C1-INH treatment had
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no effect on E-selectin plasma levels (Figure 6c). Additionally, we determined
E-selectin, total protein and IgM in the BALF as markers of plasma leakage. Both
increased following HDM exposure, however C1-INH treatment did not alter
these markers (Figure 6d-f). C1-INH might reduce coagulation via inhibiting the
coagulation proteins FXla or FXlla”. Therefore we analyzed TATc levels in BALF
to determine activation of coagulation. HDM exposure induced TATc in the BALF
of both vehicle and C1-INH treated mice (Figure 6g). C1-INH treatment had no
effect on the extent of coagulation activation.

(on
N

a 2000+ 800 60-

1500 600

40

1000+ 400

IgE (ng/ml)

20

500+ 200

HDM specific IgG1
(% versus HDM ctr)
E-selectin (ng/ml)

NaCl HDM NaCl HDM NaCl HDM

(R

100+ € o4 f 50,

801 0.3

100
60

0.2

IgM (ng/ml)

40
50

E-selectin (pg/ml)

204 0.1

total protein (mg/ml)

o]
NaCl HDM NaCl HDM NaCl HDM

(e}
N
?

TATc (ng/ml)

below
detection

NaCl HDM

Figure 6. Plasma and BALF protein levels. In plasma of NaCl or HDM exposed mice treated
with C1-INH (black bars) or vehicle (white bars) IgE (a), HDM specific IgG_ (b) and E-selectin (c)
were determined. In BALF of C1-INH (black bars) or vehicle (white bars) treated NaCl or HDM
exposed mice E-selectin (d), total protein (e), IgM (f) and TATc (g) were determined. Data are
presented as mean £ SEM, n=6 (NaCl) and n=10 (HDM). **P<o0.01
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DISCUSSION

In the present study we determined the effect of human plasma-derived C1-
INH in a clinically relevant HDM-induced asthma mouse model. C1-INH has
already been proven to be beneficial in various inflammatory conditions. During
lethal endotoxin shock, C1-INH protects against endothelial cell apoptosis,
(micro)vascular permeability and mortality most likely via a direct effect on
LPS that is independent of Ci-INH protease inhibitor activity?*3. C1-INH
protects against ischemia/reperfusion injury of the myocardium?® and brain?+,
early vein graft remodeling®, and development of atherosclerosis®. Also in
a TRALI (Transfusion Related Acute Lung Injury) model Ci-INH has been
proven to be effective in inhibiting complement activation and improving lung
injury scores®. In our experimental setting we used a therapeutically relevant
approach by administering C1-INH i.p. daily during the challenge phase, thereby
circumventing a possible effect of C1-INH during the sensitization phase. It is
for instance known that blocking C5a/CsaR signaling during the sensitization
phase induces airway inflammation and hyperresponsiveness, while these
parameters were reduced upon blocking of Csa/CsaR signaling during the
challenge phase®. Although others have shown beneficial effects of C1-INH in
inflammatory mouse models®2**’, we did not observe a clinical effect of C1-INH
treatment in our setting. In addition, recently, de Beer et al. reported no effect
of C1-INH treatment in two different rat pneumonia models93°.

Although several studies describing the effect of C1-INH in various experimental
mouse models have been published, information about the pharmacokinetics
of C1-INH in mice is limited. Therefore we analyzed the plasma C1-INH antigen
and activity levels up to 72 hours after a single i.v. or i.p. injection. In humans
the half-life of C1-INH is 28 hours3*, while the reported half-life in rats is 42
hours®®. To our knowledge, we are the first to describe the half-life of C1-INH
in mouse, which is roughly 12 hours. Our aim was to reach plasma levels of
500-1000 pg/ml C1-INH in our experimental asthma model by administering
once daily 15 U. At time of euthanize mice had C1-INH antigen plasma level of
on average 900 pg/ml, 3 to 4-fold the human plasma concentration. C1-INH
plasma levels were independent of HDM challenge. Human C1-INH antigen
and activity BALF levels were elevated following HDM exposure. This is most
likely due to an increase in plasma leakage, as confirmed by elevated BALF total
protein and IgM. Human C1-INH antigen and activity levels were comparable in
both plasma and BALF, indicating that all human C1-INH retained its protease
inhibiting capacity. In line with previous studies in mice* and asthmatic
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patientss, local activation of complement was seen in BALF. This was slightly
inhibited by C1-INH treatment.

Following repeated exposure to HDM, mice developed a Th_ response as
indicated by elevated levels of the cytokines IL-4, IL-5, and IL-13 in BALF
and after restimulation of MLN. Following treatment with C1-INH, the Th2
cytokine response was lower in HDM restimulated MLN. Recently, a role for
FXII in autoimmunity, independent of coagulation or contact-kinin system, was
described3?. In an experimental autoimmune encephalomyelitis mouse model,
FXIl deficiency or pharmacological blocking of FXlla inhibited neuroinflammation
and reduced influx of T cells in the brain3. The authors suggested that FXlla
acts on dendritic cells, thereby shaping T-cell differentiation and adaptive
immunity32. As C1-INH is a potent inhibitor of FXlla” and our results suggest a
role for C1-INH in directing adaptive immunity, our data points into the same
direction as the study by Gobel et al.32. Therefore, it would be of interest to see
whether C1-INH would have therapeutic potential in autoimmune diseases such
as multiple sclerosis.

Althoughthe Th responsewasinhibitedin MLN of C1-INH treated mice, systemic
total IgE was comparable and HDM specific IgG, was elevated following C1-INH
treatment. From a classical point of view, a reduced Th_ response should go hand
in hand with lowered (allergen-specific) antibody responses. However, allergen
specific 1gG competes with allergen specific IgE and thereby protects against
allergic immune response, a mechanism that is used during allergen-specific
immunotherapy3. Indeed, high-dose HDM exposure can induce IgG-mediated
protection against HDM-specific anaphylaxis34. Therefore we hypothesize
that in our HDM exposed asthma model elevated HDM specific IgG, dampens
adaptive immunity. Unfortunately we were not able to detect HDM specific IgE,
as has been previously reported by others using the same HDM preparation33®.

C1-INH is a major regulator of the contact-kinin system by blocking of activated
FXII and plasma kallikrein, thereby suppressing formation of bradykinin. In
experimental allergic airway models, several bradykinin receptor antagonists
have been proven to be beneficial by, amongst other anti-inflammatory effects,
reducing plasma leakage (reviewed in *2). Moreover, in C1-INH deficient mice,
human plasma-derived C1-INH reverses enhanced vascular permeability3”. In
the present study, however, we did not see an effect of C1-INH treatment on
plasma leakage as similar IgM and total protein levels were detected in C1-INH
and vehicle treated groups.
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Several reports show an effect of C1-INH treatment on leukocyte chemotaxis®*°.
This anti-inflammatory effect of C1-INH is presumably independent of its
protease inhibitory activity and therefore cannot be ascribed to an indirect
effect of complement pathway inhibition. In the present study, however, we did
not observe an effect of C1-INH treatment on influx of eosinophils.

C1-INH is an inhibitor of fibrinolysis and may therefore lead to increased risk of
thromboembolic complications. Indeed, several reports suggest an association
between C1-INH use and risk of thrombosis3®, especially beyond the approved
clinical indications and doses. However, the effect of high dose of C1-INH on
thrombotic events is under debate. Recently, Schiirmann et al. investigated the
prothrombotic potential in rabbits and found no evidence for thrombosis at
doses up to 800 IU/kg, but even a slight protective (anti-coagulant) effect of
C1-INH in the FeCl -induced arterial thrombosis model®. In line with the study
from Schiirmann, we did not observe a difference in coagulation activation using
approximately the same dose of C1-INH. The observed adverse prothrombotic
effects in clinical studies may be attributed to other causes such as the use of
catheters or underlying thromboembolic risk factors, and further research is
needed to confirm an association between thrombosis and C1-INH use3%4°.

In the mouse C1-INH is highly expressed in the liver, but also relatively high in
the heart and lung*. Moreover, airway epithelial cells induce expression of C1-
INH in dendritic cells#?. It can be speculated that the mouse lung contains high
levels of C1-INH, which might even be increased following allergen exposure, to
exert its function in the HDM asthma model. Hence human C1-INH treatment
might result in excess C1-INH, and it is therefore no longer possible to delineate
the effects of endogenous and exogenous C1-INH. A limitation of this study is
the lack of endogenous C1-INH data in plasma and BALF. As far as we know, no
data is available on the levels of C1-INH in asthmatic patients or experimental
asthma models. It would be of interest to study the effect of C1-INH in mice
that lack endogenous C1-INH.

In conclusion, C1-INH dampens the adaptive immune response by inhibiting
Th,-induced cytokine production in MLN and by enhancing HDM-specific
IgG,. These effects are most likely not mediated via blocking the complement,
contact-kinin, or coagulation systems. Recent evidence suggests that C1-INH
via blocking FXII might directly shape the adaptive immune response.
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ABSTRACT

Background: Complement factor Cs can either aggravate or attenuate the
T-helper type 2 (T,,2) immune response and airway hyperresponsiveness (AHR)
in murine models of allergic asthma. The effect of C5 during the effector phase
of allergen-induced asthma is ill-defined.

Objectives: We aimed to determine the effect of Cg blockade during the effector
phase on the pulmonary T2 response and AHR in a house dust mite (HDM)
driven murine asthma model.

Methods: BALB/c mice were sensitized and challenged repeatedly with HDM
via the airways to induce allergic lung inflammation. Sensitized mice received
twice weekly injections with a blocking anti-Cs or control antibody 24 hours
before the first challenge.

Results: HDM challenge in sensitized mice resulted in elevated Csa levels in
bronchoalveolar lavage fluid. Anti-C5 administered to sensitized mice prior
to the first HDM challenge prevented this rise in Csa, but did not influence
the influx of eosinophils or neutrophils. While anti-Cs did not impact the
recruitment of CD4 T cells upon HDM challenge, it reduced the proportion of
T,2 cells recruited to the airways, attenuated IL-4 release by regional lymph
nodes restimulated with HDM ex vivo and mitigated the plasma IgE response.
Anti-Cs did not affect innate lymphoid cell (ILC) proliferation or group 2 ILC
(ILC2) differentiation. Anti-Cs attenuated HDM induced AHR in the absence of
an effect on lung histopathology, mucus production or vascular leak.

Conclusions: Generation of Csa during the effector phase of HDM induced

allergic lung inflammation contributes to T 2 cell differentiation and AHR
without impacting ILC2 cells.
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INTRODUCTION

Asthmaisaheterogeneousdisease characterized by airway hyperresponsiveness
(AHR) and usually chronic airway inflammation dominated by a T-helper type 2
(T,2) response™. The vast majority of allergic asthma patients are sensitized
to house dust mite (HDM) and exposure to this abundantly present allergen
causes respiratory symptoms such as coughing, wheezing and reversible airway
obstruction3.

The complement system is an important part of the innate immune system
and consists of a network of proteins that when activated releases proteolytic
fragments with pro-inflammatory properties. Activation of the complement
system can occur through three pathways (i.e., the classical, lectin and
alternative pathways), which lead to downstream proteolytic cleavage of C3
and Cs, resulting in the release of the anaphylatoxins C3a and Csa*®. Recent
investigations revealed a novel role for these anaphylatoxins and their receptors
in the pathogenesis of asthma®’. In asthma patients, elevated levels of C3a
and Csa were detected in the airways following allergen challenge®. While C3a
signaling aggravates AHR® and drives allergic inflammation in different asthma
models*®*2, Csa can exert both protective and detrimental effects during the
course of an allergic inflammation. Prior to allergen sensitization, genetic
deletion or pharmacological blockade of C5 or the Csa receptor (CsaR) resulted
in a strongly enhanced allergic phenotype***. Mechanistically, Csa/CsaR
signaling regulated dendritic cells (DC) function, thereby favoring plasmacytoid
DCs to suppress T-cell activation®. In addition, C5a/CsaR signaling in myeloid
DCs hampered production of the chemokines CCL17 and CCL22, leading to
an impaired recruitment of T 2 cells into the lung®. Furthermore, C5a/CsaR
signaling can induce IL-12 production in antigen presenting cells and potentiates
skewing toward T 1 responses®. In contrast, eliminating C5a/CsaR signaling
after the sensitization phase reduced allergic lung inflammation * and AHR
19 The underlying mechanisms for this Csa mediated proallergic effect in an
established inflammation environment is not well understood.

Group 2 Innate lymphoid cells (ILC2s) have been recognized to play an important
role in type 2 immune responses®>*’. As an innate counterpart of T 2 cells,
ILC2s orchestrate the allergic immune response by producing T, 2 associated
cytokines (IL-5 and IL-13) and presenting antigen to naive T-cells for an effective
T,2 cell development®. In the absence of T and B cells, the presence of ILC2s
is sufficient to initiate and maintain an allergic lung inflammation and AHR
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in distinct mouse asthma models?}, emphasizing the significant contribution
of ILC2s to the hallmarks of asthma. In earlier experimental asthma models
blocking the C5a/CsaR axis, the type 2 response was primarily attributed to T2
cells without assessing the contribution of ILC2s*8. We here studied the effect
of Cs inhibition during the effector phase on the type 2 responses in the lung
and AHR in a HDM induced asthma model.

METHODS

Mice

Female BALB/c mice (8-12 weeks old) were purchased from Charles River
(Maastricht, the Netherlands). Mice were housed under specific pathogen-free
conditions receiving food and water ad libitum. All experiments were approved
by the Animal Care and Use Committee of the Academic Medical Center.

HDM asthma model

To induce allergic lung inflammation in mice, repeated HDM extract intranasal
challenges were performed as described previously?*s. Briefly, mice were
sensitized on day o, 1, 2 and challenged on day 14, 15, 18, 19 with 25ug HDM
extract (Greer Laboratories, Lenoir, N.C., USA) or sterile saline. Priortointranasal
administration of HDM, all mice were anesthetized with isoflurane. BALB/c mice
were injected intraperitoneally with a rat anti-mouse C5 monoclonal antibody
(clone BB5.1; 1mg/mouse)® or an irrelevant control antibody twice weekly (on
days 13, 14, 17 and 18) during the challenge phase. Mice were euthanized 24
hours after the last challenge. In all experiments citrate blood was collected
from the vena cava inferior (4:1 v/v) and bronchoalveolar lavage (BAL) fluid was
collected by airway lumen lavage with 2x 0.5 ml PBS containing 10mM EDTA,
10mM benzamidine and 0.2mg/ml soy bean trypsin inhibitor as described?+. Cell
counts were measured using a hemocytometer (Beckman Coulter, Fullerton,
CA, USA) and cell differentiation was made by flow cytometric analysis. In one
experiment the lavaged lungs were minced, followed by enzymatic digestion
in RPMI medium with 5% Fetal Bovine Serum, 1% penicillin/streptomycin,
liberase™ and DNAse at 37°C for 30 minutes. Next, incubated cells were
dissociated by aspiration through a 19-gauge needle to obtain single cells.
Erythrocytes were lysed with sterile lysis buffer (Qiagen, Hilden, Germany).
Unflushed lung, collected in a separate experiment, was used for pathology
examination to avoid structural disruption as a consequence of BAL.
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Measurement of enhanced pause (PenH)

PenH was measured at day 19 by whole-body plethysmograph in conscious mice
(Buxco Electronics, Troy, NY, USA) as described®. Mice were first subjected
to aerosolized saline to determine nonspecific responsiveness, followed by
increasing concentrations of aerosolized methacholine (3.1, 12.5, 25 and 50 mg/
mL in saline for 3 min; Sigma-Aldrich). For each methacholine dose PenH values
were measured over five minutes.

Flow cytometry

Cells in BAL fluid were stained with CD3 FITC, CD11c PercP, Siglec F Alexa
647, CD11b PE-Cy7, viability dye APC Cy7 (all BD Biosciences, San Jose, CA,
USA), Ly6G Alexa7o0 (Biolegend, San Diego, CA, USA), MHCII PE, and CD45
PE-eFluor610o (eBiosciences, San Diego, CA, USA) in the presence of Fc blocker
(CD16/CD32, eBiosciences). Single cell suspensions from lungs were stained
with CD4 FITC, CD45 PerCP-Cys.5 (eBiosciences), GATA-3 Alexa 647, and
viability dye APC-Cy7 (BD Biosciences). The following markers were used for
the analysis of ILCs in lung tissue: Lineage (Lin) markers including CD3e, CD1g,
GR1, B220, Ter119, FcaR1 (all FITC, Biolegend), CD45 Alexa7o0, CDgo PE, ST2
Brilliant Violet 421 (Biolegend), CD49b PE-Cy7 (eBiosciences) and CD3 Percp-
Cys.5 (BD biosciences). Mediastinal lymph nodes (mLN) cells were stained with
CD45 PerCP-Cys.5, CD4 FITC, GATA-3 Alexa 647 (BD Biosciences) and IL-4 APC
(Biolegend). For intracellular/intranuclear staining, cells were permeabilized
and fixed using a FOXp3 Staining Buffer set (eBioscience) and subsequently
stained with the appropriated markers. All appropriate Fluorescence Minus
One (FMO) controls were used. Data were collected on a BD Biosciences Canto
Il flow cytometer or BD FACSAria™ Il and analyzed using FlowJo software
(Treestar, Palo Alto, CA, USA).

Assays

Csa was measured in BAL fluid by ELISA. Purified rat anti-mouse Csa (clone
I52-1486) was used as capture antibody, purified recombinant mouse Csa as
standard and biotinylated rat anti-mouse Csa (clone I52-278) as detection
antibody (all from BD Biosciences). Cytokines (IL-4, IL-5, IL-13), myeloperoxidase
(MPO) and elastase were measured by ELISA (R&D systems, Minneapolis, MN,
USA). Plasma total IgE was determined using rat-anti-mouse IgE as a capture
antibody, purified mouse IgE as a standard, and biotinylated rat-anti-mouse IgE
as detection (all from BD Biosciences) as described®. Plasma HDM-specific IgG1
was determined using HDM as capture and biotinylated rat-anti-mouse IgG1
as detection (BD Biosciences). BAL fluid IgM was determined as described?,
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using rat-anti-mouse IgM as capture antibody, purified mouse IgM as standard
and biotinylated goat-anti-mouse IgM (all from BD Biosciences) as detection.
Total protein in BAL fluid was measured using Bio-Rad protein assay (Bio-Rad
Laboratories, Veenendaal, Netherlands).

Ex vivo stimulation of mediastinal lymph nodes (mLN)

Stimulations of mLN ex vivo were performed as described?«. Briefly, mLN were
harvested 24 hours afterthe last challenge and filtered through 100 pm strainers.
Single cells were seeded at a density of 2 x 10° cells/well in g96-well round
bottom plates (Greiner Bio-One, Alphen a/d Rijn, Netherlands) and incubated
with 25 yg/ml HDM or PBS for four days at 37°C with 5% CO. Supernatants
were collected and stored at -80°C until analysis. In a separate experiment IL-4
production by CD4 T-cells in mLN were determined. To that end, mLN cells
were stimulated with PMA (1ong/ml) and ionomycin (1500ng/ml; both Sigma-
Aldrich) for five hours in the presence of Golgiplug (BD Biosciences) for the final
three hours.

Histology

Histological analysis was performed as described?. Briefly, after fixation in 10%
formalin, four ym thick sections were stained with Hematoxylin and Eosin (H&E)
to determine allergic inflammation properties such as edema, endothelialitis,
peribronchial and perivascular inflammation and interstitial inflammation on a
scale from o to 4 (o: absent; 1: mild; 2: moderate; 3: severe; 4: very severe).
To examine mucus production, sections were stained with Periodic acid-Schiff
(Pas-D) and scored for extent of goblet cells and mucous plugs on a scale from
o0 to 3. Slides were coded and scored by a pathologist in a blinded fashion.

Statistical analysis

Data were analyzed by Mann-Whitney U-test for comparison between groups.
Two-way analysis of variance test followed by Tuckey’s multiple comparison
test was used for groups of three or more. Experimental groups consisted of 6-8
mice. P < 0.05 was considered statistically significant. All statistical analyses
were performed using GraphPad Prism 7.
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RESULTS

Cs inhibition does not modify leukocyte influx in the airways upon
HDM challenge

To investigate the contribution of Cs activation to allergic lung inflammation
HDM sensitized mice were treated with a neutralizing anti-C5 mAb during
repeated HDM challenges via the airways. HDM challenge resulted in increased
Csa levels in BAL fluid. Treatment with anti-C5 mAb during the challenge phase
reduced HDM-induced Csa concentrations to levels detected in unchallenged
mice (Fig. 1A). Repeated HDM challenge triggered an influx of leukocytes into
BAL fluid (Fig. 1B), which was the result of recruitment of eosinophils (Fig. 1C)
and neutrophils (Fig. 1D). The number of alveolar macrophages in BAL fluid was

lower in HDM challenged mice when compared with control animals (Fig. 1E). n
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Figure 1. Cs inhibition does not modify leukocyte influx in the airways. Mice were injected
intraperitoneally with anti-Cs or control antibody twice weekly during the challenge phase. (A)
Csa concentration in bronchoalveolar lavage fluid (BALF) from saline (NaCl) or HDM challenged
mice. (B) Total cell count in BALF. (C-E) Percentage of eosinophils, neutrophils and alveolar
macrophages in BALF. Data are expressed as means + SEM (n=6-8 per group). ##P<0.01,
**%*P<0.001 for comparison between NaCl and HDM within control or anti-Cs antibody injected
mice.

Anti-Cs did not modify leukocyte numbers or composition in BAL fluid. HDM
challenge also caused neutrophil degranulation, as reflected by elevated
concentrations of MPO and elastase in BAL fluid; this response was not altered
by anti-Cs (Fig. 2A,B).
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Figure 2. Cs inhibition does not alter neutrophil degranulation. (A) Myeloperoxidase and (B)
elastase concentration in bronchoalveolar lavage fluid (BALF). All data are presented as means
+ SEM (n=6-8 per group). ***P <0.001 for comparison between NaCl and HDM within control
or anti-Cg mice.

Cs inhibition reduces T 2 but not ILC2 cell numbers following HDM
challenge

ILC2s and T 2 cells are both essential for the initiation and propagation of a type
2 immune response in allergic airway inflammation?2. Therefore, we determined
whether Cs inhibition influences the influx or expansion of these cells upon
HDM challenge in sensitized mice. Total ILCs were defined as CD45°Lin"CD3"
CD49bCDgo* cells, and within the total ILC population, ILC2s were further
identified by expression of ST2 (Additional file 1: Figure S1). Cg inhibition during
the challenge phase did not affect the proportion of total ILC or ILC2s in the
lungs (Fig. 3A). Likewise, the percentage of CD4 T-cells in the lungs was similar
between the anti-Cs treated and control group following HDM challenge (Fig.
3B). However, the percentage of T, 2 cells, defined as CD4*GATA-3* cells, within
the total CD4 T-cell population (Additional file 2: Figure S2) was significantly
lower in anti-Cg treated mice.

Cs inhibition reduces type 2 responses to HDM

To further evaluate type 2 responses, we measured T, 2 cytokines in BAL fluid and
supernatants of mLNs re-stimulated with HDM. As expected, HDM challenge
elicited enhanced IL-5 and IL-13 release in BAL fluid compared with saline
controls (Fig. 4A,B). Cs inhibition did not alter the levels of these T, 2 cytokines
in BAL fluid. IL-4 remained below detection limit in BAL fluid, consistent with
previous results from our group?-.
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Figure 3. Cs inhibition reduces T, 2 cells but not ILC2 following HDM challenge. Flow
cytometry analysis of group 2 innate lymphoid cells (ILC2) and T-helper 2 cells (T,2) in lung
tissue. All cells depicted here are pre-gated as single, viable and CD45* cells. (A) Total ILCs were
defined as CD45*Lin"CD3°CD49b- CDgo* cells. Within the total ILC population ST2* cells were
regarded as ILC2 cells. (B) Total T-helper cells were defined as CD45*CD4"cells. T 2 cells within
total T-helper cell population stain positive for the transcription factor GATA-3. All data are
means = SEM (n=8 per group). #P <0.05 ***P <0.001 for comparison between NaCl and HDM
within control or anti-Cg mice.
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Figure 4. Cs inhibition does not modulate cytokine release in BALF following HDM challenge.
(A,B) IL-5, IL-13 in bronchoalveolar lavage fluid (BALF) Data are depicted as means = SEM (n=6-
8 per group). ***P<o0.001 for comparison between NaCl and HDM within control or anti-Csg
mice.

Re-stimulation of mLNs obtained from HDM challenged mice with HDM
resulted in release of IL-4, IL-5 and IL-13 (Fig. 5A-C). Cs inhibition during the
HDM challenge phase was associated with diminished IL-4 release by mLN
upon re-exposure to HDM, while IL-5 and IL-13 release were not modified.
The attenuated IL-4 release by mLN in Cg inhibited mice was accompanied by
reduced intracellular IL-4 production by mLN derived CD4 T-cells (Fig. 5D) and
a lower proportion of CD4*GATA-3* T-cells in mLN (Fig. 5E). During allergic
inflammation, IL-4 mediates the class switch recombination of IgM to IgE and
IgG1 in B-cells 22
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Figure 5. Cs inhibition mitigates IL-4 production and percentage of T 2 cell in the mLN
following HDM challenge. Mediastinal lymph nodes (mLN) were harvested from HDM
sensitized and challenged mice in both control and anti-Cs groups. In one experiment mLN
cells were stimulated with either saline (NaCl) or HDM for four days. In cell-free supernatants
the cytokines IL-4, IL-5 and IL-13 (A-C) were measured. In a separated experiment mLN cells
were incubated with PMA and ionomycin in the presence of Golgiplug, followed by intracellular
staining of IL-4 (D) and intranuclear staining of GATA-3 (E). Data are depicted as means + SEM
(n=6-8 per group). #P<0.05, ##P<0.01, ***P<0.001 for comparison between NaCl and HDM
within control or anti-Cg mice.
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Figure 6. C5 inhibition reduces immunoglobulin release in plasma following HDM challenge.
(A) IgE concentration and (B) absorbance (OD450) of HDM-specific IgG1 in plasma. Data are
express as means + SEM (n=6-8 per group). #P<0.05, **P<0.01 and ***P<0.001 for comparison
between NaCl and HDM within control or anti-Cg mice.

Repeated HDM challenge led to elevated plasma IgE and HDM-specific IgG1
concentrations (Fig. 6A,B). Cs inhibition reduced total IgE and tended to lower
HDM-specific IgG1 (P=0.08). Together these data show that C5 inhibition during
the HDM challenge phase attenuates type 2 responses without affecting ILC2s.

Cs inhibition does not modify lung pathology following HDM challenge
This model of HDM induced allergic inflammation reproduces important features
of asthma such as perivascular and interstitial inflammation, peribronchitis,
endothelialitis and oedema, as well as mucus production® (Fig. 7A,B). Anti-Cs
treated mice displayed HDM-induced lung inflammation to the same extent as
control mice, as reflected by the semi-quantitative scoring system described in
the Methods section. Likewise, HDM challenge evoked mucus production was
unaltered in anti-C5 administered mice. Complement C5 has been implicated
to play a role in vascular permeability?¢?7. We measured total protein and IgM in
BAL fluid as measures for vascular leak. Cs inhibition in HDM challenged mice
did not attenuate allergen induced vascular leak (Fig. 7C,D).
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Figure 7. Cs5 inhibition does not alter lung pathology and vascular permeability following
HDM challenge. (A) Total pathology score of hematoxylin and eosin (H&E) stained lung sections
(x4 magnification) from control (black bar) and BB5.1 (white bar) treated mice and (B) total
mucus score of PAS-D stained lung sections(x4 magnification) (n=6-8 per group). Protein
leakage was assessed using (C) total protein and (D) IgM in BALF (n=6-8 per group). **P<0.01
and ***P<0.001 for comparison between NaCl and HDM within control or anti-Cs mice.

Cs inhibition reduces airway hypersensitivity as measured by PenH

To obtain insight into the potential functional consequences of attenuated T, 2
responses in Cs inhibited mice, we measured PenH as a marker for AHR (Fig. 8).
Consistent with our previous studies?* HDM sensitization and challenge elicited
enhanced AHR in comparison to saline challenge. Cs inhibition significantly
attenuated allergen induced AHR.
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Figure 8. Cs inhibition attenuates AHR following HDM challenge. Airway hypersensitivity
(AHR) expressed as enhanced pause (PenH) after dose-response to methacholine (Mch)
exposure on day 19. Data are presented as means + SEM (n=6-8 per group). **P<0.01

DISCUSSION

Theanaphylatoxin Csahasbeenunveiledto playanimportantroleinorchestrating
the maladaptive T,2 immune response in murine asthma models™*®. The
mechanism by which Csa amplifies T 2 inflammation in an inflamed pulmonary
environment is unclear. In the present study we demonstrate that Cs inhibition
during the effector phase does not modulate the proportion of ILC2s but
decreases T 2 cells in the lung and mLN, which is accompanied by reduced type
2 responses and an attenuated AHR.

Our HDM driven asthma model reproduces important features of allergic asthma
such as pulmonary T, 2 inflammation, AHR and airway mucus production®. In
accordance with similarasthma models, HDM elicited an expansion of both ILCs and
T,2 cells in the lungs***. We here demonstrate for the first time that Cg inhibition
duringthe effector phase does not modify the total ILC or ILC2 populationinthe lung,
indicating that Csa signaling is not involved in ILC proliferation or differentiation.
This finding is consistent with a study showing the lack of C5aR expression on
ILC2s%, rendering direct Csa signaling unlikely. Furthermore, specific deletion of
CsaR on cells expressing the LysM promoter (such as neutrophils, macrophages
and dendritic cells) in an OVA-model showed an equally strong increase in allergen
evoked ILC2 cells compared to wild-type mice®. Our data indicate explicitly that
Cs blockade during the effector phase hampers the differentiation of T 2 cells,
resulting in reduced IL-4 production in mLN with unaltered IL-5 and IL-13 BALF
levels. This discrepancy in T, 2 cytokines has also been observed in previous
studies in which CsaR was blocked during the effector phase in a murine asthma
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model***8. While the exact mechanism remains enigmatic, our data suggest that
ILC2 derived IL-5 and IL-13 may have compensated a presumable lower IL-5 and
IL-13 release from reduced T 2 cells numbers. Indeed, several studies reported
enhanced IL-5 and IL-13 secretion by expanding ILC2s3334, while I[LC2s are generally
considered either not to produce IL-42°2* or produce it in negligible amounts?. We
found that Cs inhibition impeded IL-4 production in mLN which was associated
with decreased plasma IgE and HDM-specific 1gG1 responses. This finding is
corroborated by a study which prevented Cs activation during the effector phase
in an OVA-induced asthma model*. Conversely, abrogating Cs activation prior to
sensitization yielded enhanced IgE production*, emphasizing the time dependent
dual character of Csa signaling during allergic inflammation. Remarkably, previous
investigations demonstrated decreased eosinophil numbers without affecting
IL-5 release in the airways following Csa signaling blockade**#9. The mechanism
behind this disparity was not addressed. In our study, the absence of an effect on
IL-5 and the eosinophil attractant CCL11 (data not shown) by anti-Cs treatment
corresponded with a lack of differences in total leukocyte, especially eosinophil,
influx in the airways. The unaltered airway leukocyte recruitment is in contrast to
studies that likewise investigated Csa signaling in established asthma. Different
allergens (i.e. OVA™ or Aspergillus fumigatus®®) used in these studies may have
contributed. C5aR antagonists appeared to be potent to mitigate allergen induced
leukocytes infiltration, including eosinophils, neutrophils and lymphocytes*s=®
while blocking the anaphylatoxin Csa only limits neutrophil influx*® or fails to affect
leukocyte influx as shown by this study. Beside eosinophils, neutrophils express
CsaR (CD88) on their cell membrane making direct Csa signaling possible®. Csa
has been shown to be chemotactic for neutrophils and to promote release of
neutrophil intracellular content3®. Nonetheless, data from present study contradict
an effect of Csa on neutrophil recruitment and neutrophil degranulation in HDM
induced lung inflammation.

Consistent with earlier studies eliminating C5sa/CsaR signaling during the effector
phase™*#9 we observed an attenuated AHR in sensitized anti-Cs treated mice.
Multiple factors may have contributed to this finding. First, a decreased total
IgE concentration due to Cs inhibition could impair mast cell degranulation and
consequently mast cell derived histamine induced bronchoconstriction. As Csa
is an activator of mast cells, inhibited Csa activity could also influence AHR in a
mast cell dependent manner®. Alternatively, Csa might aggravate AHR directly
via activation of the CsaR on bronchial smooth muscle cells®”. Our data argue
against T ,2 cytokine mediated attenuation of AHR, since IL-13 is essential for
the regulation of AHR3® and unaffected by Cs inhibition. IL-4 and IL-13 express
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high resemblance and transmit signals via shared functional receptor complexes
(IL-4Ra/IL-13Ra1)3®. Despite these similarities, a number of in vivo functional
experiments have shown that IL-4 and IL-13 facilitate different features of allergic
asthma. Specifically, IL-4 is regarded a regulator of T 2 cell proliferation and IgE
synthesis3®#* while IL-13 is thought to mediate AHR, mucus production, airway
smooth muscle thickening and sub-epithelial fibrosis#*-#. In accordance with the
unaltered IL-13 concentration in BAL fluid, Cg inhibition did not modulate HDM
induced mucus production. Although activation of Cs has been shown to enhance
vascular permeability 46, Cs inhibition did not modulate vascular permeability in
our HDM induced asthma model.

As result of Cs inhibition we observed reduced Csa levels which implies a
simultaneously reduced formation of the membrane attack complex (MAC), since
the assembly of the MAC occurs after cleavage of Cg into Csa and Csb*. While
MAC drives numerous proinflammatory events and regulates cell signaling, its role
in asthma has not been studied and the contribution of MAC in HDM-induced
responses remains to be elucidated.

We used unrestrained whole body plethysmography (PenH) as measure for AHR.
The use ofthistoolto measure airway resistanceis under debate. However, the merit
of this technique has been shown in various mouse models in which PenH results
correlate well with results from invasive measurement techniques* 4. A close
correlation between invasive measurements and whole body plethysmography has
been validated in a comparable HDM induced asthma mouse model“t. Moreover,
AHR, measured by invasive methods, is enhanced following HDM challenge in
models resembling ourss®s*. Nonetheless, interpretation of our Penh data without
validation by invasive measurements is a limitation of this study.

CONCLUSION

In conclusion, our data demonstrate that complement Cs activation during the
challenge phase drives T 2 responses via T 2 cells but not ILC2s and aggravates
allergen induced AHR. Further research is warranted to elucidate the underlying
mechanisms of the Csa mediated effect on IL-4 production. Despite the
promising beneficial effect of Cs inhibition on airway inflammation and AHR
in murine asthma models, clinical investigations are needed to evaluate the
therapeutic potential of Cg inhibition in asthma patients.
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Figure S1. Gating strategy for ILCs and ILC2s. Flow cytometry plots of lung tissue from (A)
NaCl or (B) HDM challenged mice. From left to right; within the lymphocyte gate, single CD45
positive and viable cells expressing CD3°CD49b Lin"CDgo* were defined as ILCs. Cells expressing
ST2 positivity within the ILC population were defined as ILC2s.
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Figure S2. Gating strategy for CD4 T-cells and T, 2 cells. Flow cytometry plots of lung tissue
from (A) NaCl or (B) HDM challenged mice. From left to right; within the lymphocyte gate,
single CD45 positive and viable cells expressing CD4 positivity were defined as CD4 T-cells.
Cells expressing GATA-3 positivity within the CD4 population were defined as T 2 cells.
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Chapter 6

To the Editor,

Eosinophilia of the lungs and airways is a hallmark feature in allergic asthma.
Eosinophils can exert pro-inflammatory and epithelial-damaging effects®. New
therapies in the field of asthma targeting eosinophils have shown benefit in
patients with high blood and sputum eosinophilia, including fewer exacerbation
and improved lung function?, thereby pointing to the potential importance of
therapeutics that interfere with eosinophil recruitment in the treatment of
asthma. In recent years, data from preclininical studies unveiled an important
role for anaphylatoxins, components of complement system activation, in
the pathogenesis of allergic airway disease?. Signaling of the anaphylatoxin
C3a through its receptor (C3aR) was documented to promote the onset of
Th2 responses in different allergen induced asthma models. Deficiency in
or pharmacological blocking of either C3a or C3aR attenuated the allergen-
induced Th2 response, which included a marked reduction of the eosinophilia in
lung and airways3. While many studies focused on the interaction between C3a
signaling and cells of the adaptive immune system during allergic inflammation#,
only few investigated a potential direct effect of C3a signaling on eosinophil
function. Infusion of C3a induced eosinophil adherence to postcapillary venules
of IL-13 stimulated mesenteric blood vessels of rabbits, but did not influence
subsequent transmigration of eosinophils, suggesting a selective effect of
C3a on eosinophil adhesions. It remains elusive if C3a signaling in eosinophils
affects their migration to lungs during an allergic response. This study aimed
to investigate the role of C3a signaling in eosinophils in their recruitment to the
airways during allergic lung inflammation.

We used an established mouse model of airway sensitization and challenge with
the clinically relevant allergen house dust mite (HDM) (for details see Fig S1 and
online supplement). HDM challenge elicited similar increases (P=0.94) in C3a
concentrations in bronchoalveolar lavage (BAL) fluid from HDM sensitized WT
and eosinophil lineage deficient AdbIGATA KO mice (Fig 1A).
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Figure 1. Generation of bone marrow derived eosinophils ex vivo and adoptive transfer
in HDM challenged eosinophil deficient mice. (A) BALF C3a in WT and AdbIGATA KO mice
24 hours after the last saline or HDM challenge. (B) Identification of bone marrow derived
eosinophils in the lung by flow cytometry in WT and AdbIGATA KO mice 24 hours following
last HDM challenge. (C) Identification of eosinophils by double positive staining for CCR3 and
Siglec-F in response to IL-5 on each indicated time point. Percentage of eosinophils following
incubation with IL-5 from day 4 till 14. Number of eosinophils in the (D) lung or (E) BALF of
recipient (AdbIGATA KO) mice following adaptive transfer of either WT or C3aR KO bmEos. A
parametric t-test was used for the comparison between groups. Data are representatives of at
least two independent experiments and expressed as means + SEM from 6-8 separate cultures

ks

or mice per group. ***p<0.001
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As expected, HDM challenge induced eosinophilia in the lungs and airways of
WT mice whereas AdbIGATA KO mice showed a complete deficit in eosinophils
in both lung tissue and BALF (Fig 1B). Next, we harvested bone marrow cells
from wild-type (WT) and C3aR knockout (KO) mice and differentiated these into
mature bone marrow derived eosinophils (bmEos) ex vivo (Fig S2A) as described
in detail in the online supplement. We confirmed that C3aR mRNA was present
in WT bmEos but completely abrogated in C3aR KO bmEos after 14 days in
culture (Fig S2B). Total cell numbers grew similarly from WT and C3aR KO bone
marrow to approximately 30 x 10° cells on day 14 (P=0.91)(Fig S2C). Over a
time span of 14 days, a high purity of eosinophils, defined as CCR3 and Siglec-F
double positive cells, was achieved from WT and C3aR KO mice (> 95% at day
14, P=0.92; Fig 1C). Giemsa staining showed the stereotypical bilobed nucleus
and eosinophilic granules in eosinophils from both WT and C3aR KO (Fig S2D)
cultures®. Moreover, circular nuclear morphologies, previously described in
mouse eosinophils from peripheral blood were also observed®. Together these
data indicate that signaling through C3aR is not essential for the proliferation
and differentiation of eosinophils.

Eosinophils are not required for the generation of memory T-cells during
the sensitization phase’. Thus, we adoptively transferred 5 x 10° WT or C3aR
KO bmeEos (intravenously) 24 hours after the first challenge (on day 15) into
AdbIGATA KO mice. Previously, bmEos were shown to have a half-life of eight
days following chemotaxis into the lung®, enabling the investigation of migrated
eosinophils after completing the challenge phase in our HDM model. 24 hours
after the last challenge (on day 20), saline challenged mice demonstrated a
lack of bmEos accumulation in both lung tissue and BAL fluid (data not shown).
HDM challenged mice showed similar numbers of WT and C3aR KO bmeEos in
their lungs (P=0.53) (Fig 1D) and BAL fluid (P=0.94) (Fig 1E). Together, these
data suggest that C3aR deficient eosinophils are not impaired in their migration
towards the lung and airways following HDM challenge in spite of the presence
of elevated C3a levels in the airways.

We next examined the potential of C3a as an chemoattractant for bmEos in
vitro using a Transwell system (for protocol see online supplement). The
potency to attract bmEos was expressed as chemotactic index (Cl) defined
as: number of cells migrated in response to chemoattractant / number of cells
migrated in response to vehicle control. As expected, WT bmEos migrated
toward hCCL24, a chemoattractant for both human and murine eosinophils®,
in a dose dependent fashion with a maximum Cl of 11 at 1 pM hCCL24 (Fig 2).
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C3a mediated chemotaxis of WT eosinophils exhibited a maximum response
of Cl=1.3, indicating that C3a at best is a very weak chemoattractant for
eosinophils, thereby corroborating the in vivo findings. In addition, these in vitro
results are consistent with the findings from a previous studys.
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Figure 2. C3a is not an important chemoattractant for bone marrow derived eosinophils
ex vivo. Chemotaxis of WT bmEos in response to increasing dose of hCCL24 or C3a. Chemotactic
index (Cl) is used as measure for the extent of ex vivo chemotaxis. A parametric t-test was
used for the comparison between groups. Data are representatives of at least two independent
experiments (n=6-8 per group) and expressed as means = SEM. *p<o0.05, **p<o0.01 for
comparison between hCCL24 and C3a at the indicated dose.

Inconclusion,thisstudyshowsthat C3adoesnotexertimportantchemoattractant
activity on bmEos during HDM-induced allergic lung inflammation in mice. As
such, this report supports the notion3 that C3a signaling promotes eosinophilia
during allergic inflammation via an altered Th2 response rather than through a
direct effect on eosinophils.
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SUPPLEMENTAL METHODS

Mice

AdbIGATA (C.129S1(B6)-Gatai'™sh/j ) and C3aR (C3ari'™ce) knockout (KO)
mice on a BALB/c background were purchased from Jackson Laboratories (Bar
Harbor, ME, USA). Wild-type littermates were used as controls. Mice were
housed under specific pathogen-free conditions receiving food and water ad
libitum. All experiments were approved by the Animal Care and Use Committee
of the Academic Medical Center.

Bone marrow isolation and eosinophil cultures

The protocol for isolation and ex vivo culture of mouse bone marrow-derived
eosinophils (bmEos) was adapted from a previous study *. Briefly, bone marrow
cells were harvested from murine hind legs and red blood cells were lysed using
sterile lysis buffer (Qiagen, Hilden, Germany). Bone marrow cells were cultured
in IMDM containing 10% FBS, 1% penicillin and streptomycin, 2 mM glutamine
(Thermo Fisher Scientific, Waltham, MA, USA), 25 mM HEPES and 50 pM
B-mercapto-ethanol in the presence of 100 ng/ml stem cell factor (SCF) and 100
ng/ml FLT-3 ligand (Peprotech, London, UK) from day o to day 4. From day 4 on,
SCF and FLT-3 ligand in the medium were substituted by 10 ng/ml recombinant
mouse (rm) IL-5 (Peprotech). Half of culture medium containing rmlL-5 was
refreshed every other day and cell density was kept at 1x10°cells/ml. Eosinophil
proliferation was measured concurrently with medium change starting on day 4
using a hemocytometer (Beckman Coulter, Fullerton, CA, USA). bmEos maturity
was determined by flow cytometric analysis of Siglec-F and CCR3 (see below).
Eosinophil morphology was visualized by Cytospin preparations stained with
Giemsa (Diff Quik, Dade Behring AG, Didingen, Switzerland). For adoptive
transfer and ex vivo experiments bmEos cultured for 14 days were used.

House dust mite induced lung inflammation and adoptive transfer of
eosinophils

Allergic lung inflammation was established by repeated intranasal challenge
with HDM 2. Briefly, mice were sensitized on day o, 1, 2 and challenged on
day 14, 15, 18, 19 with 25pug HDM extract (Greer Laboratories, Lenoir, N.C.,
USA) or sterile saline. All mice were anesthetized by isoflurane inhalation
prior to intranasal administration of HDM. Adoptive transfer of 5x10® wildtype
(WT) or C3aR KO bmEos was done on day 15 by intravenous injection in the
tail vein of AdbIGATA mice. All mice were euthanized 24 hours after the last
challenge. In all experiments bronchoalveolar lavage (BAL) fluid was collected
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by airway lumen lavage with 2x 0.5 ml PBS. BAL fluid samples were enumerated
by hemocytometer (Beckman Coulter). To assess the amount of pulmonary
eosinophils, the lavaged lungs were mechanically minced and digested in RPMI
containing 5% FCS, 1% penicillin/streptomycin, liberase™ and DNAse at 37°C
for 30 minutes. Next, cells were dissociated by aspiration through a 19-gauge
needle to obtain single cells. Erythrocytes were lysed with sterile lysis buffer
(Qiagen). In both BAL fluid and digested lung tissue samples, cell differentiation
was determined by flow cytometry.

Flow cytometry

Cells in BAL fluid were stained with CD3-FITC, CD11c-PercP, SiglecF-Alexa
647, CD11b PE-Cy7, viability dye APC-Cy7(all BD Biosciences, San Jose, CA,
USA), Ly6G-Alexa7oo (Biolegend, San Diego, CA, USA), MHCII-PE, CD45-PE-
eFluor61o (eBiosciences, San Diego, CA, USA) in the presence of Fc blocker
(CD16/CD32, eBiosciences). Single cell suspension from lungs were stained
with CD4-FITC, CD45-PerCP-Cys.5 (eBiosciences), GATA3-Alexa 647, viability
dye APC-Cy7 (BD Biosciences). For nuclear staining, cells were stained using
a FOXp3 Staining Buffer set (eBioscience). All appropriate fluorescence minus
one (FMO) controls were used. Data were collected on a BD Biosciences Canto
Il flow cytometer and analyzed using Flow)o software (Treestar, Palo Alto, CA,
USA).

Eosinophil ex vivo chemotaxis assay

Eosinophil migration was determined largely as described 3. Shortly, mature
bmEos (cultured for 14 days) were washed and resuspended at 1x107 cells/
ml in RPMI medium supplemented with 1% FCS and 10 mM Hepes. Using a
96-wells HTS Transwell© plate with 5.0 ym pore membrane (Corning Life
Sciences, Radnor, PA, USA), 100 pl of cell suspension were transferred into the
upper wells, and 100 pl medium containing recombinant hCCL24 (Peprotech),
recombinant mouse C3a (R&D Systems, MN, USA) or PBS control was added
into the bottom wells. Plates were incubated for three hours at 37°C with 5%
CO, after which migrated cells were counted by hemocytometer (Beckman
Coulter). Chemotaxis towards hCCL24 and C3a was expressed as chemotactic
index (CI):

number of cells migrated in response to chemoattractant
Cl=

number of cells migrated in response to vehicle control
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RNA isolation and qRT-PCR

Total RNA was isolated from bmEos using RNA isolation kit (Nucleospin RNA,
Macherey-Nagel, Diiren, Germany) and reverse transcribed using oligo(dT)
primerand M-MLVRT (PromegaBenelux, Leiden, Netherlands). Primersequences
for gene expression were: C3aR1 forward: TCAAGTGCAGAAACGCCCTGAAGC;
C3aR1  reverse: CTCCACCCACGTGTCCTTCCCAATG; Hprt forward:
ACAGGCCAGACTTTGTTGGAT; Hprt reverse: ACTTGCGCTCATCTTAGGCT;
Quantitative real-time quantitative PCR was performed on a LightCycler
480 System using Sensifast SybrGreen mix (Bioline, London, UK). Data were
analyzed using the LinRegPCR software (v.2014.4).

Statistical Analysis

Results are expressed as mean + SEM. All data have been tested for normal
distribution using the Shapiro-Wilk test. Comparison between groups were
analyzed using a parametric t-test. Data are representatives of at least two
independent experiments. In vivo experimental groups consisted of 6-8 mice.
P<o.o5 was considered statistically significant. All statistical analyses were
performed using GraphPad Prism 7.

SUPPLEMENTAL FIGURES

25 pg HDM extract or NaCl jntranasally
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I and lung tissue
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6
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Figure S1. Schematic representation of bone marrow derived eosinophils (bmEos) adaptive
transfer during the challenge phase of a HDM induced allergic model.
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Figure S2. Generation of eosinophils from unselected bone marrow cells. (A) Culture scheme
of eosinophil differentiation from unselected bone marrow cells. (B) mMRNA expression of C3a
receptor (C3aR) in WT and C3aR KO eosinophils after 14 days of culture. (C) Number of WT
and C3aR KO bone marrow derived cells in response to IL-5 on each indicated time point. (D)
Visualization of Giemsa stained cells from WT and C3aR KO mice after 14 days culture. Data are
representatives of at least two independent experiments and expressed as means + SEM from
4-6 separate cultures.
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ABSTRACT

Background: Mast cells are implicated in allergic and innate immune responses
in asthma, although their role in models using an allergen relevant for human
disease is incompletely understood. House dust mite (HDM) allergy is common
in asthma patients. Our aim was to investigate the role of mast cells in HDM-
induced allergic lung inflammation. Methods: Wild-type (Wt) and mast cell-
deficient Kit**" mice on a C57BL/6 background were repetitively exposed to
HDM via the airways. Results: HDM challenge resulted in a rise in tryptase
activity in bronchoalveolar lavage fluid (BALF) of Wt mice, indicative of mast cell
activation. Kit*" mice showed a strongly attenuated HDM induced recruitment
of eosinophils in BALF and lung tissue, accompanied by reduced pulmonary
levels of the eosinophil chemoattractant eotaxin. Remarkably, Kit**" mice
demonstrated an unaltered capacity to develop lung pathology and increased
mucus production in response to HDM. The increased plasma IgE in response
to HDM in Wt mice was absent in Kit*" mice. Conclusion: These data contrast
with previous reports on the role of mast cells in models using ovalbumin as
allergen in that C57BL/ Kit"*" mice display a selective impairment of eosinophil
recruitment without differences in other features of allergic inflammation.
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INTRODUCTION

Asthma is a disease characterized by episodes of reversible airway obstruction,
dyspnea and wheezing. In Western countries asthma prevalence has reached
10% on average and remains to increase towards epidemic proportions®. The
pathophysiology of asthma frequently involves a varying degree of allergen-
induced lung inflammation that can be difficult to manage clinically and can
lead to airway remodeling?. House dust mite (HDM) allergy - and subsequent
HDM-induced allergic lung inflammation - is common in asthma patients:
in most populations the majority of asthma patients are allergic for HDM3s.
Better understanding of the role of different cellular subsets contributing to
HDM-induced allergic lung inflammation could lead to new anti-inflammatory
treatment approaches.

Mast cells are resident tissue cells that are described to have important
immunoregulatory functions in allergic lung inflammation and asthma®7, but
their precise involvement in HDM-induced allergic lung inflammation is not
fully clarified®. Upon activation mast cells are able to release proinflammatory
mediators such as histamine, tryptase, serotonin, heparin sulfates, lipid
mediators such as PGE2 and LTB,, and a vast range of interleukins®*. Mast
cells can be activated by both IgE dependent and IgE independent pathways®*.
A simplistic view of mast cells as ‘merely’ secretory proinflammatory and
secretory cells has changed due to new insights in the involvement of mast
cells in wound healing, UV irradiation protection, tumor biology (reviewed in *)
and pulmonary fibrin and fibrinolysis homeostasis in asthma (reviewed in *2).
Mast cell-deficient mice are a well-known tool to study the role of mast cells in
mouse asthma, but have not been investigated in a C57BL/6 strain-based model
of HDM-induced allergic lung inflammation.

The hematopoietic system develops progenitor mast cells that further mature
into mast cells at the target resident peripheral tissue. Mast cells especially
reside around blood vessels, nerves and in vascularized organs such as the
skin, gastrointestinal tract and lung®°. The expression of c-Kit tyrosine kinase
receptor (CD117) on mast cells is essential for the appropriate development
and proliferation of progenitor mast cells from the hematopoietic system?*:. Two
genetic c-Kit mutant mouse strains have been investigated most frequently in
asthma models: c-Kit"/" and c-Kit"-=n/W-sh (Kit*=") mice*. In contrast to Kit"-s"
mice, which have an inversion mutation on chromosome 5 at the transcriptional
site of c-Kit 6, c-Kit"/" mice have significant comorbidity (e.g. anemia,

111



Chapter 7

infertility, dermatitis, skin ulceration), which makes the latter mouse strain less
suitable for asthma studies examining the role of mast cells.

Here, we investigated the impact of mast cell deficiency using mast cell-
deficient Kit**" mice with a C57BI/6 in a recently developed HDM-evoked
mouse asthma model”. We show that mast cell-deficiency attenuated the
recruitment of eosinophils and was associated with lower pulmonary levels
of eotaxin. Remarkably, in this HDM-induced model Kit"*" mice were able to
develop increased mucus production and allergic lung pathology equivalent to
Wt mice.

METHODS

Mice

Cs7BI/6 wild type (Wt) mice were purchased from Charles River Inc. (Maastricht,
The Netherlands). Mast cell-deficient Kit**" on a C57BI/6 background were
from Jackson Laboratories (Bar Harbor, Maine), housed in standardized specific
pathogen free conditions and sex and age-matched. Experiments started when
animals were 8-9 weeks old. Each group consisted of 8 mice (except for one
of the Wt saline groups, n=5; see Figure legends). The Animal Care and Use
Committee of the University of Amsterdam approved all experiments.

HDM asthma model

HDM allergen whole body extract (Greer Laboratories, Lenoir, NC), derived from
the common European HDM species Dermatophagoides pteronyssinus, Der p,
was used to induce allergic lung inflammation as described*. Briefly, mice were
inoculated intranasally on day o, 1 and 2 with 25 mg HDM (sensitization phase)
and on day 14, 15, 18 and 19 with 6.25 mg HDM (challenge phase). Controls
received isotonic sterile saline intranasally on each occasion. Inoculum volume
was 20 ml for every HDM and saline exposure and inoculation procedures were
performed during isoflurane inhalation anesthesia. The experiment was ended
at day 21 by euthanizing the mice and the subsequent collection and processing
of samples: in one experiment bronchoalveolar lavage fluid (BALF) and citrated
blood was collected, in a separate experiment one lung was obtained for
pathology and one lung for homogenization.
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Bronchoalveolar lavage and tissue handling

BALF was harvested after exposing the trachea through a midline incision and
instilling and retrieving 1 mL of sterile saline 0.9% (in 500-ul aliquots)*. Cell
counts were determined for each BALF sample in a hemocytometer (Beckman
Coulter, Fullerton, CA) and differential cell counts by cytospin preparations
stained with Giemsa stain (Diff-Quick; Dade Behring AG, Didingen, Switzerland).
In independent experiments non-lavaged lungs were homogenized in 5 volumes
of sterile 0.9% saline using a tissue homogenizer (Biospec Products, Bartlesville,
Okla, USA) or fixed in 10% formalin.

Histology

Lungs were embedded in paraffin after fixation in 10% formalin; 4-um-thick
sections were stained with hematoxylin and eosin (HE). Parameters of allergic
lung inflammation were scored by an experienced histopathologist who was
blinded for treatment and strain of mice. The following parameters were scored:
interstitial inflammation, peribronchial inflammation, edema, endothelialitis
and pleuritis, each graded on a scale of 0—4 (0: absent, 1: mild, 2:

moderate, 3: severe, 4: very severe). The total pathology score was expressed
as the sum of the score for all parameters. Periodic acid Schiff (PAS)-D staining
for carbohydrates in mucus was performed to quantify the amount of mucus.
The amount of mucus per lung section was scored by a histopathologist in a
semiquantitative fashion on a scale of 0-8 (0—4 for plug formation, o—4 for
mucus extent).

Immunohistochemistry and Digital Imaging Analysis

Eosinophil staining was performed using a monoclonal antibody against granule
major basic protein (GMBP; kindly provided by Dr. Nancy Lee and Prof. James
Lee, Mayo Clinic Arizona, Scottsdale, Ariz., USA)Y. Entire sections were digitized
with a slide scanner using the 10x objective (Olympus dotSlide, Tokyo, Japan).
Images were exported in the TIFF format for quantification. Influx of eosinophils
was determined by measuring the GMBP immunopositive

area by digital image analysis (Image) 1.46, National Institute of Health,
Bethesda, Md., USA), and subsequently expressed as a percentage of the total
lung area. The average of ten pictures was used for analysis of eosinophilic
pulmonary influx.
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Assays

Plasma IgE was measured as described using rat anti-mouse IgE as capture
antibody, purified mouse IgE as standard and biotinylated rat-anti-mouse
IgE as detection (all reagents from BD Biosciences Pharmingen, Breda, the
Netherlands)¥. Concentrations of lung eotaxin, IL-4, IL-5 and IL-13 were
measured using Elisa (R&D Systems, Abingdon, UK). Tryptase activity was
determined as described*® using an amidolytic assay with chromogenic tryptase
substrate S-2288 (Chromogenix Instrumentation Laboratory, Milan, Italy) was
added to 70 pl 57-mM Tris-HCI with pH 8.3 in a 96-well microtiter plate. After
initiating the reaction by adding 40 pl of BALF sample the AA405 n M was
developed in 1 h with subtraction of the baseline measurement and monitored
in a plate reader at 37 ° C (Biotek Instruments, Winooski, Vt., USA). Differences
were calculated relative to optical density at the zero time point.

Statistical analysis

Values are expressed as mean + SEM. Differences between groups were tested
by Mann-Whitney U test. GraphPad Prism version 5.0, GraphPad Software
(San Diego, CA) was used for all analyses. Values of P < 0.05 were considered
statistically significant.

RESULTS

HDM airway exposure results in enhanced tryptase activity in BALF of
Wt mice

First, we established whether repeated HDM exposure resulted in enhanced
mast cell degranulation. For this we measured tryptase activity in BALF at day
21, 2 days after the last challenge (Figure 1)**. Tryptase activity was very low
in saline-treated mice. HDM treatment increased tryptase activity in Wt mice
(P < 0.01 versus saline controls), but not in Kit*" mice (P < 0.05 versus HDM
treated Wt mice). These data indicate that our HDM asthma model is associated
with mast cell activation in the bronchoalveolar compartment.
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Tryptase activity
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Figure 1. HDM airway exposure induces tryptase acivity in BALF of Wt but not of Kit*h mice.
Tryptase activity levels (DOD vs. OD at baseline). Data are means + SE of 8 mice per group. **
P < 0.01 versus saline, 7 P < 0.05 versus HDM exposed Wt mice.

Kit**h mice have reduced influx of cells in BALF after HDM exposure
due to decreased recruitment of eosinophils

Upon HDM exposure of the airways both Wt and Kitw-sh mice show increased
total cell influx in BALF (Figure 2A, P < 0.001 and P < 0.01 versus their respective
saline controls). Total cell influx in BALF was significantly reduced in Kitw-
sh mice after HDM instillation compared to Wt mice (Figure 2A, P < 0.05).
The reduction in total cell influx was explained by a decrease in HDM-evoked
eosinophil recruitment in Kitw-sh mice compared to Wt mice (Figure 2B,
P < 0.05). Relative to saline controls, Wt and Kitw-sh mice showed similar
increases in HDM-induced influx of neutrophils (both P < 0.01) and lymphocytes
(P < o0.01and P < o.05, respectively). Together, these data indicate that Kitw-sh
mice have decreased cell numbers in BALF in the HDM asthma model caused
by a decreased migration of eosinophils to the bronchoalveolar compartment.
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Figure 2. Kit"*" mice have decreased total cell counts in BALF after HDM challenge due to
lower eosinophil influx. Total cell counts (A) and differential cell counts (alveolar macrophages,
eosinophils, neutrophils and lymphocytes) (B). Data are means + SE (10° cells/ml) of 8 mice per
group. * P < 0.05 and ** P < 0.01 versus saline challenged mice of the same genotype; 7 P < 0.05
versus Wt mice challenged with HDM.

Reduced eosinophil accumulation in lung tissue in Kit*" mice upon
HDM administration

Lung tissue eosinophils were detected by GMBP staining, analysed by digital
imaging and expressed as the percentage of lung surface occupied by eosinophils
(Figure 3). HDM instillation caused an increase in pulmonary eosinophils
in both Wt and Kit**" mice compared to saline (Figure 3A, P < 0.01 and
P < 0.05, respectively). The number of eosinophils in lung tissue of Kit**" mice
was decreased by 74% compared to Wt mice (P < 0.05), corroborating the
findings in BALF shown in Figure 2 and indicating decreased HDM-induced
pulmonary recruitment of eosinophils in Kit"" mice.
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Figure 3. Kit"*" mice demonstrate a reduced
influx of eosinophils in lung tissue after HDM
challenge. (A) Percentage of lung surface
stained positive for eosinophils quantified by
digitally imaging of major basic protein (MBP)
staining (see Methods section). Data are
means + SE of 8 mice per group except for Wt
saline (n=5). * P < 0.05 and ** P < 0.01 versus
saline challenged mice of the same genotype;
T P < 0.05 versus Wt mice challenged with
HDM. Representative MBP staining of lung
tissue slides of Wt mice exposed to saline (B,
upper left), Kit**" mice exposed to saline (B,
upper right), Wt mice exposed to HDM (B,
lower left), Kit**" mice exposed to HDM (B,
lower right). Original magnification 40x
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Figure 4. Kit**" and Wt mice demonstrate

similar lung pathology after HDM challenge.
(A) pathology
(described in the Methods section). Data are

Semiquantitative scores
means = SE of 8 mice per group (except Wt
saline: n=5). **P < 0.01 and ***P < 0.001
versus saline challenged mice of the same
genotype. Representative HE stained lung
tissue slides of Wt mice exposed to saline (B,
upper left), Kit**" mice exposed to saline (B,
upper right), Wt mice exposed to HDM (B,
lower left), Kit**" mice exposed to HDM (B,
lower right). Original magnification 40x
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Kit**" mice develop HDM-evoked lung pathology to a similar extent as
Wt mice.

HE-stained slides of lung tissue were scored for parameters of allergic lung
inflammation in a semiquantitative fashion as described in the Methods section
(Figure 4). Repeated HDM exposure resulted in lung pathology in both Wt and
Kit*s" mice (P < 0.01 and P < 0.001 versus their respective saline controls).
Surprisingly, there was no difference in the extent of lung pathology between
Wt HDM and Kit**" HDM challenged groups. Moreover, the scores of distinct
pathology features (i.e. perivascular inflammation, interstitial inflammation,
endothelialitis, peribronchitis, edema) were not different between HDM
exposed groups (data not shown).

HDM-induced pulmonary mucus production is similar in Wt and Kit"-h
mice

Lung tissue slides were PAS-D stained and subsequently scored for mucus
production by procedures described in the Methods section (Figure 5). HDM
challenge led to increased mucus scores in both Wt and Kit**" mice compared
to saline controls (P < 0.01and P < 0.001, respectively). However, HDM-induced
mucus production did not differ between Wt and Kit**" mice.

Lung levels of eotaxin are reduced in Kit"*" mice after HDM airway
challenge

Since upon HDM exposure mast cell deficiency inKit*-*"miceimpacted specifically
on eosinophil recruitment in BALF and lung tissue, but not lung pathology or
mucus production, we investigated whether mast cell deficiency was associated
with a reduced production of mediators implicated in eosinophil recruitment: IL-
4, IL-5, IL-13?° and eotaxin®’. Lung IL-4, IL-5 and IL-13 concentrations were low
in all groups and not significantly different between saline and HDM challenged
mice (data not shown). In contrast, HDM induced a significant increase in lung
eotaxin levels in Wt mice, but not in Kit**" mice (Figure 6, P < 0.05).
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Figure 5. Kit**" mice mice show unaltered mucus production in their airways upon HDM
challenge. (A) Semi-quantitative mucus scores (described in the Methods section). Data are
means + SE of 8 mice per group (except Wt saline n=5). ** P < 0.01 and ***P < 0.001 versus
saline challenged mice of the same genotype. Representative PAS-D stained lung tissue slides
of Wt mice exposed to saline B, upper left), Kit**" mice exposed to saline (B, upper right), Wt
mice exposed to HDM (B, lower left), Kit**" mice exposed to HDM (B, lower right). Original
magnification 40x
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Kit*-*" mice fail to produce IgE upon HDM exposure
Plasma IgE was below detection limit in saline control mice. HDM airway

exposure resulted in a strong increase in plasma IgE in Wt, but not in Kit"-"

mice (Figure 7, P < 0.05).
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Figure 6. Pulmonary eotaxin levels are
Kit"-<h HDM
exposure. Lung concentrations of eotaxin.
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Figure 7. Kit**" mice do not show a plasma
IgE response after HDM challenge. Plasma
concentrations of IgE. Data are means + SE
of 8 mice per group. *P < 0.05 vs. saline and

(except Wt saline n=5). * P < 0.05 versus T P<o0.05

saline challenged Wt mice; T P < 0.05 versus
HDM challenged Wt mice.

DISCUSSION

Mast cells have been implicated as important players in the pathophysiology
of allergic lung inflammation and asthma. Notably, however, the role of mast
cells in allergic responses in the airways has been investigated predominantly
in ovalbumin (OVA)-based mouse models®2:. Important differences between
OVA and HDM exist. In asthma patients allergy for HDM is highly prevalent,
while OVA is not a relevant human allergen. Furthermore, whereas HDM
can influence mast cell activity, OVA does not*. Moreover, relative to OVA-
induced lung inflammation, the HDM-based model puts more emphasis on
barrier protection, mucosal defense and the role of the epithelium, which is
likely to be of influence on locally residing mast cells?>?¢. Taken together, mouse
models using HDM as allergen relate better to human asthma, yet are sparsely
investigated in mast-cell deficient settings. Here we investigated mast cell-
deficient Kit"*" mice in a recently developed HDM asthma model*”. We showed
that HDM administration via the airways resulted in a local increase in tryptase
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activity, indicative of mast cell activation. Kit**" mice demonstrated decreased
eosinophil numbers in BALF and lung tissue after HDM exposure, which was
associated with lower eotaxin levels in the bronchoalveolar compartment.
Remarkably, lung pathology and mucus production after instillation of HDM
were similar in Kit**" and Wt mice. Together, these data point to a crucial role of
mast cells in HDM-induced recruitment of eosinophils to the lungs, potentially
in part via an eotaxin-dependent mechanism. Our results further establish
that mast cells do not contribute to HDM-induced lung pathology or mucus
production, suggesting that these responses occur via pathways that do not rely
on recruited eosinophils.

The phenotype of the Kit“" mice in the current model of HDM-induced lung
inflammation was mainly defined by a decreased pulmonary recruitment of
eosinophils. This finding is in accordance with previous studies that investigated
Kit*" mice in allergic lung inflammation elicited by OVA?2°27 While the
levels of IL-4, IL-5 and IL-13 remained low in all mice after HDM challenge,
pulmonary concentrations of eotaxin, a key chemoattractant for eosinophils®,
were significantly reduced in Kit*=" mice. The role of mast cells and eotaxin
in eosinophil attraction was previously studied in allergen-challenged skin,
identifying a role for histamine released from mast cells in inducing eotaxin
expression by endothelial cells and subsequently the recruitment of eosinophils®.
It would be interesting for future research to investigate interactions of mast
cells and endothelium in HDM-induced lung inflammation.

Mast cell deficiency had no effect on HDM-evoked lung pathology in our study,
which contrasts with data from earlier studies using OVA as allergen showing
attenuated pulmonary inflammation in Kit**" mice**2°?7. This illustrates
differences between OVA and HDM effects in the airways: while OVA-induced
response are almost completely dependent on mast cells, the heterogeneity of
the HDM extract probably induces a broader symphony of allergenic effects
that also involve activation of innate immunity (reviewed in *¢), initiating both
mast cell dependent and independent effects (reviewed in 3). It is also important
to recognize differences in mouse strains in this respect. While BALB/c mice
are skewed for Th-2 dependent inflammatory reactions, C57BI/6 mice (the
genetic background of the Kit w-sh mice used here), are more prone to Th1
inflammation (reviewed in%®). A potential ‘Th2 bias’ may occur when using
BALB/c mice and/or OVA which may result in underestimation of the effect
of Thi-dependent inflammatory reactions. The mouse strain used has been
shown to be of importance for asthma models in a series of experiments??, but
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only in an OVA Th2-dependent model. Importantly, the effects of HDM are not
exclusively Th2 dependent: effects of HDM extract includes activating toll-like
receptor 2- and 4-dependent pathways3® and proteolytic activity targeted at
airway epithelial tight junctions?¢3-32. Additionally, HDM preparations contain
protease-activated receptor agonists, which have diverse proinflammatory
effects®. This extensive activation of multiple inflammatory pathways involves
distinct cellular, epithelial and humoral components besides mast cells and
they are hypothetically underestimated in OVA-based protocols. Comparable
with the unaffected lung pathology between Wt and Kit**" mice, HDM-evoked
mucus production was not dependent on mast cells in our HDM model. Of note,
it is known that Kit"*" mice have been described to develop lung pathology
resembling emphysema beyond the age of 14 weeks34. We used mice at ayounger
age and lung pathology of saline challenged Kit*-*" mice was unremarkable and
not different from Wt mice.

The levels of total IgE were absent in Kit"-*" mice after HDM challenge compared
to Wt mice, indicating as expected that the mast-cell dependent recruitment of
eosinophils is partly IgE dependent. However, since mast cells are essential for
the initiation of immunoglobulin production, it could well be that the differences
in IgE are due to lack of mast cell-induced sensitization capacities of Kit"-"
mice compared to Wt mice. Strongly attenuated IgE production in response
to HDM was previously also shown in mast cell-deficient BALB/c mice; other
parameters of allergic lung inflammation were not investigated in this study?.

In conclusion, we have shown that mast cells play a key role in the recruitment
of eosinophils to the lungs after airway exposure to HDM. Unexpectedly, mast
cells did not impact on HDM-induced lung pathology or mucus production,
contrasting with earlier findings in experimental allergic pulmonary inflammation
elicited by OVA and adding important new information on the function of mast
cells in the airway response to a clinically relevant human allergen.
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Chapter 8

ABSTRACT

Asthma is associated with activation of coagulation in the airways. The
coagulation system can be initiated via the extrinsic tissue factor dependent
pathway or via the intrinsic pathway, in which the central player factor XI (FXI)
can be either activated via active factor XIl (FXlla) or via thrombin. We aimed
to determine the role of the intrinsic coagulation system, and its possible route
of activation, in allergic lung inflammation induced by the clinically relevant
human allergen house dust mite (HDM). Wild-type (WT), FXI knockout (KO)
and FXII KO mice were subjected to repeated exposure to HDM via the airways,
and inflammatory responses were compared. FXI KO mice showed increased
influx of eosinophils into lung tissue, accompanied by elevated local levels of
the main eosinophil chemoattractant eotaxin. While gross lung pathology and
airway mucus production did not differ between groups, FXI KO mice displayed
an impaired endothelial/epithelial barrier function, as reflected by elevated
levels of total protein and IgM in bronchoalveolar lavage fluid. FXI KO mice
had a stronger systemic IgE response with an almost completely absent HDM-
specific IgG, response. The phenotype of FXII KO mice was, except for a higher
HDM-specific IgG, response, similar to that of WT mice. In conclusion, FXI
attenuates part of the allergic response to repeated administration of HDM in
the airways by a mechanism that is independent of activation via FXII.
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INTRODUCTION

Asthma is a chronic inflammatory disease of the airways that affects up to
300 million people worldwide>2. Asthma is associated with bronchial hyper-
reactivity, mucus overproduction and airway remodeling, leading to episodes of
reversible airway obstruction, dyspnea and wheezing>?. Most asthma patients
have an allergic phenotype. House dust mite (HDM) is amongst the most
common allergens triggering respiratory symptoms in sensitized patientss.

In patients with asthma, leakage of clotting factors into the bronchoalveolar
space and expression of tissue factor (TF) on various cell types (e.g., alveolar
epithelium, macrophages and eosinophils) result in a local procoagulant state“.
Whereas limited activation of coagulation may enhance epithelial repair, more
pronounced activation can, together with the inflammatory response, worsen
pathophysiology (reviewed in%). The end product of coagulation is fibrin, which
is formed after cleavage of fibrinogen by thrombin. Two different pathways
are known to lead to thrombin formation, the TF (or extrinsic) pathway and the
intrinsic pathway of coagulation. Soluble TF as well as thrombin-antithrombin
complexes have been detected in bronchoalveolar lavage fluid (BALF) or sputum
of asthmatic patients®%, suggesting that the TF pathway of coagulation is
activated during asthma. To our knowledge, it is not known whether the intrinsic
pathway of coagulation is triggered during asthma.

The central player in the intrinsic coagulation system is factor XI (FXI). Plasma
activators of FXI include activated factor XIl (FXlla)?, thrombin®*, and FXla
(autoactivation)®®. Interestingly, it has been reported that a proteinase from
HDM can directly activate FXII*2. Apart from initiating the intrinsic coagulation
system via FXI, FXlla additionally can convert prekallikrein into kallikrein
which on its turn cleaves high molecular weight kininogen releasing the potent
proinflammatory and vasoactive small molecule bradykinin®3.

When coagulation is initiated by low concentrations of TF the thrombin-
FXI amplification loop contributes to coagulation activation*24¢. Recently, a
bimodal role of thrombin in allergic airway inflammation induced by ovalbumin
was described in mice; herein complete inhibition of thrombin by hirudin or
instilling a high dose of thrombin worsened ovalbumin induced asthma, while
a low dose of thrombin ameliorated the inflammatory response. Considering
the role of coagulation and thrombin in experimentally induced allergic airway
inflammation, and considering that thrombin is amplified via the thrombin-
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FXI loop, we found it of interest to establish the role of FXI during asthma.
Hence, the aim of the present study was to determine the contribution of the
intrinsic coagulation system to the allergic airway inflammation accompanying
asthma. Additionally, if the intrinsic coagulation is involved in the development
of asthma, we wanted to investigate whether this is regulated via FXlla. For this
we used mice deficient for either FXI or FXIl and subjected them to our model
of allergic lung inflammation induced by repeated administration of HDM via
the airways®.

METHODS

Mice

Cs57BI/6 wild-type (WT) mice were purchased from Charles River Inc.
(Maastricht, The Netherlands). Factor XI knockout (FXI KO) and Factor XII
knockout (FXII KO) mice were generated as described before?°, and bred
in the animal facility of the Academic Medical Center in Amsterdam. Mutant
mice were backcrossed to C57BI/6 at least 7 generations. Mice were housed
under specific pathogen-free conditions receiving food and water ad libitum.
Age-matched (9-12 weeks at start of the experiments) female mice were used
in all experiments. The Animal Care and Use Committee of the University of
Amsterdam approved all experiments.

HDM asthma model

HDM allergen whole body extract (Greer Laboratories, Lenoir, N.C., USA), derived
from the common European HDM species Dermatophagoides pteronyssinus,
Der p, was used to induce allergic lung inflammation as described previously*2.
In short, mice were randomized to receive (by intranasal inoculation) 25 uyg HDM
(sensitization phase) on day o, 1 and 2 and 6.25 ug HDM (challenge phase) on
day 14, 15, 18 and 19, or sterile saline intranasally on each occasion (controls).
Inoculum volume was 20 pl for every HDM and saline exposure and inoculation
procedures were performed during isoflurane inhalation anesthesia. The
complete mouse model was performed twice (experiment | and I) and on each
occasion different materials were obtained which are specified hereafter. Mice
were sacrificed at day 21 and blood was collected from the vena cava inferior
into citrate (4:1 v/v, experiment ). The right lung was fixed 24 hours in 10%
formalin (experiment Il). The left lung and part of the liver were homogenized
in 4 volumes of saline after which a sample was taken for RNA isolation; the
remaining homogenate was lysed in equal volume of lysis buffer containing
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150mM NaCl, 15mM Tris, 1mM MgCI, 1mM CaCl , 1% Triton and 1% protease
inhibitor cocktail (Roche Applied Science, Almere, Netherlands) and used for
protein analysis (all experiment I). Two-sided BALF was collected by instilling
and retrieving 1ml of sterile PBS containing 10mM EDTA, 10mM benzamidine
and 0.2mg/ml SBTI in soopl aliquots via the trachea (experiment I1). Cell counts
were determined for each BALF sample in a hemocytometer (Beckman Coulter,
Fullerton, CA, USA) and differential cells counts by cytospin preparations stained
with Giemsa stain (Diff-Quick; Dade Behring AG, Didingen, Switzerland). BALF
supernatant was collected for protein analysis.

Histology

Formalin-fixed tissue was embedded in paraffin using standard procedures.
Four-um thick sections were cut and used for all (immuno)histochemical
stainings. For examining allergic lung inflammation, sections were stained with
Hematoxylin and Eosin (HE) and analyzed by a pathologist in a blinded fashion.
HE-stained sections were scored for interstitial inflammation, peribronchial
inflammation, edema, endothelialitis, and pleuritis on a scale from o0-4 (o:
absent; 1: mild; 2: moderate; 3: severe; 4: very severe), each parameter was
scored separately®®. Total pathology score was expressed as the sum of the
scores for the different parameters. For examining mucus production, sections
were stained with periodic acid-Schiff reagents after diastase digestion (PasD).
The amount of mucus per lung section was assessed, by a pathologist in a blinded
fashion, semi-quantitatively on a scale from 0-8 (0-4 for plug formation; 0-4 for
mucus extent)*®. For eosinophil staining, sections were digested for 20 min in
0.25% pepsin in 0.1M HCI, incubated overnight at 4°C with rabbit-anti-mouse
MBP (Major Basic Protein; kindly provided by Dr. Nancy Lee and Prof. James Lee,
Mayo Clinic Arizona, Scottsdale, Ariz., USA)*, incubated for 30 min with poly
HRP-anti-rabbit 1gG (Brightvision, Immunologic, Duiven, the Netherlands) and
stained using 3,3”-diabminobenzidine dihydrochloride (DAB). Entire sections
were digitized with a slide scanner using the 10x objective (Olympus dotSlide,
Tokyo, Japan). Influx of eosinophils was determined by measuring the MBP
positive area by digital image analysis (Image) 1.43, National Institute of Health,
Bethesda, MD, USA; http://rsb.info.nih.gov/ij/) and expressed as a percentage
of the total lung area.

Assays

Plasma total IgE was determined using rat-anti-mouse IgE as capture antibody,
purified mouse IgE as standard and biotinylated rat-anti-mouse IgE as detection
(all from BD Biosciences, Pharmingen, Breda, the Netherlands). Plasma HDM-
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specific IgG, was determined using HDM as capture, and biotinylated rat-
anti-mouse IgG, (from BD Biosciences) as detection. HDM-specific IgG_ is
expressed as percentage compared to WT HDM group. Eotaxin DuoSet ELISA
kit (R&D Systems, Abingdon, UK) was performed according to the supplied
protocol. Lung IL-4 and IL-5 were determined by a Mouse Magnetic Luminex
Screening Assay according to the manufacturers protocol (R&D Systems) and
analyzed on a Bio-Rad BioPlex® 200 (Bio-Rad Laboratories, Veenendaal, the
Netherlands). BALF and plasma IgM was determined using rat-anti-mouse IgM
as capture antibody, purified mouse IgM as standard and biotinylated goat-
anti-mouse IgM as detection (all from BD Biosciences). BALF total protein was
determined using Bio-Rad Protein Assay (Bio-Rad Laboratories). Thrombin-
antithrombin complexes (TATc) were determined in BALF by ELISA according to
manufacturer’s protocol (Kordia, Leiden, the Netherlands).

RNA isolation and quantitative real-time RT-PCR

Total RNA was isolated from the lung and liver using Nucleospin® RNA Il isolation
kit (Macherey-Nagel, Diren, Germany) and reverse transcribed using oligo dT
primerandM-MLVRT (Invitrogen,Breda,the Netherlands).Primersequenceswere
designed using Primer-BLAST (National Center for Biotechnology Information,
Bethesda, MD, USA): Eotaxin forward: CACGGTCACTTCCTTCACCTC;
eotaxin reverse: CAGCACAGATCTCTTTGCCCA; Hprt forward:
ACAGGCCAGACTTTGTTGGAT; Hprt reverse: ACTTGCGCTCATCTTAGGCT.
Quantitative real-time RT-PCR was performed on a LightCycler® 480 System
using LightCycler® 480 SYBRGreen | Master Mix (Roche Diagnostics). Data
were analyzed using the LinRegPCR program?. The expression of eotaxin was
normalized towards the reference gene Hprt and expressed as fold increase
compared to NaCl WT group.

Western blot for fibrin degradation products

Samples for western blotting (WB) were boiled for 5 min in Laemlli buffer
and loaded onto 6% SDS-PAGE gels. After electrophoresis the content of the
gel was transferred onto PVDF membrane (Roche Diagnostics, Almere, the
Netherlands). The membranes were blocked in 5% BSA (Roche Diagnostics)
in TBS-T at room temperature for 60 min. Rabbit anti-mouse fibrinogen IgG
fraction (MyBiosource.com, San Diego, CA, USA) was diluted 1:10000 in 5% BSA
in TBS-T and incubated overnight at 4°C. Next, the membranes were incubated
for 1 hour with anti-rabbit-HRP conjugated secondary antibody (Cell Signaling
Technology, Leiden, the Netherlands)in 1% BSA in TBS-T and blots were imaged
using LumiLight Plus ECL (Roche Diagnostics) ona LAS4000 chemiluminescence
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imager (GE Healthcare Biosciences, Pittsburgh PA, USA). Quantification was
performed using Image) Software?:. This fibrinogen antibody detects fibrinogen
and fibrin and its degradation products, among which D-dimer and fragment X.
To generate a D-dimer positive control, mouse citrated plasma was recalcified
and incubated for 1 hour at 37°C in the presence of the plasminogen activator
Activase® (Genentech USA Inc., South San Francisco, CA, USA).

Statistical analysis

All quantitative assays were done in an unblinded fashion. A sample size of 8 per
group was based on variation in eosinophil numbers in lung tissue in previous
studies®®, providing a power of 80% to detect a difference of 50% between the
genotypes with a P of 0.05. Results are expressed as mean + standard error of
the mean (SEM). Comparison between two groups was done by Mann-Whitney
U test. For experiments with more than two groups, the Kruskal-Wallis test
was used as a pretest, followed by Mann-Whitney U test where appropriate.
All statistical analyses were performed using GraphPad Prism 5 (GraphPad
Software, San Diego, CA, USA). Values of P < 0.05 were considered statistically
significant.

RESULTS

FXI KO, but not FXIl KO, mice show enhanced eosinophil influx into
lung upon repeated HDM exposure

To obtain insight into the role of FXI and FXII in allergic lung inflammation,
WT mice and mice deficient for either FXI or FXIl were subjected to repeated
administration of HDM via the airways according to a previously established
protocol®®. Eosinophil influx, which is a hallmark of allergic asthma, was observed
in all three strains in both BALF and lung tissue following HDM exposure.
While eosinophil numbers in BALF were similar in the three groups (Fig. 1a),
FXI KO mice showed higher eosinophil numbers in lung tissue, as visualized
by quantitative MBP staining, in comparison with either WT or FXII KO mice
(Fig. 1b,c). Eosinophils were mainly localized in the interstitium. Eotaxin, a main
chemoattractant for eosinophils, was significantly higher in HDM challenged
lungs of FXI KO mice compared with WT and FXIl KO mice (Fig. 1d). Eotaxin was
below detection in BALF (data not shown). Analysis of eotaxin mRNA in lung, to
determine local production, revealed a similar expression profile as for eotaxin
protein (Fig. 1e).
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Figure 1. FXI KO, but not FXII KO, mice have increased eosinophil influx and eotaxin levels
in lungs upon HDM exposure via the airways. (a) Influx of eosinophils in BALF of WT (white
bars), FXI KO (grey bars) or FXII KO (black bars) following NaCl or HDM exposure. Accumulation
of eosinophils in the lung was determined by immunohistochemical staining for Major Basic
Protein (MBP). (b) MBP positive staining as percentage of total lung surface is depicted for WT
(white bars), FXI KO (grey bars) or FXIl KO (black bars) following NaCl or HDM exposure. (c)
Representative pictures of MBP stained NaCl and HDM exposed lung sections. Lung eotaxin
protein (d) and mRNA (e) after NaCl or HDM exposure in WT (white bars), FXI KO (grey bars) or
FXIl KO (black bars). Data from two separate experiments (n=8 per group); experiment I: b-e;
and experiment II: a. Data are means + SEM, *P<o0.05
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FXI or FXII deficiency does not influence lung pathology upon HDM
challenge

Lung pathology was assessed by semi quantitative scoring of HE stained lung
sections for several characteristics of pulmonary damage including perivascular
inflammation, interstitial inflammation, endothelialitis, peribronchitis and
edema. HDM induced significant rises in the lung pathology scores, which was
not affected by either FXI or FXII deficiency (Fig. 2a). Since human asthma
is characterized by increased airway mucus production 24, we next set out to
investigate whether FXI or FXII deficiency impacted on this feature by PasD
staining of lung tissue (Fig. 2b). Following exposure to HDM, there was an
increased presence of mucus in the bronchial epithelial cells of all three strains.
The mucus producing epithelial cells were mainly located in the bronchi and to
a lesser extent in the bronchioles. No differences were observed between FXI
KO, FXII KO and WT mice.
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Figure 2. FXI KO and FXIl KO mice show similar lung pathology and mucus production after
HDM administration via the airways. Total pathology score of HE stained lung sections (a)
and mucus score of PasD stained lung sections (b) of WT (white bars), FXI KO (grey bars) and
FXII KO (black bars). Data are means + SEM (n=8 per group, experiment I). Right panels show
representative pictures of HE (4x magnification) and PasD (10x magnification) stained lung
sections. ND = non-detected
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Figure 3. Impact of FXI or FXII deficiency on type 2 immune responses. Plasma IgE (a) and
HDM-specific I1gG, (b) and lung IL-4 (c) and IL-5 (d) levels in WT (white bars), FXI KO (grey
bars) and FXIl KO (black bars) in NaCl and HDM exposed mice. Dashed line represents lower
detection limit. Data are means + SEM (n=8 per group, experiment ), *P<0.05

Impact of FXI or FXII deficiency on type 2 responses

Plasma IgE levels increased in all three strains following HDM exposure. IgE
plasma levels were significantly higher in HDM and NaCl FXI KO mice compared
with the respective WT groups (Fig. 3a). Although not significant, most likely
due to high intergroup variation, after HDM exposure IgE levels were higher in
FXII KO mice as compared with WT mice (WT: 1841 + 385 ng/ml; FXII KO: 3934
+ 1285 ng/ml). IgE plasma levels were comparable between FXI KO and FXII
KO mice following HDM exposure. Remarkably, HDM-specific IgG was almost
undetectable in plasma of HDM exposed FXI KO mice while it was present in
HDM exposed WT mice (Fig. 3b). FXII KO showed significantly elevated HDM-
specific IgG_ levels. The cytokines IL-4 (Fig. 3c) and IL-5 (Fig. 3d) were measured
in the lung as additional markers of a type 2 response. Both IL-4 and IL-5 were
significantly increased in HDM compared with NaCl exposed WT mice. While IL-4
levels were similar in all strains following HDM exposure, IL-5 concentrations
were 3-fold higherin FXI KO HDM mice compared with WT HDM mice. Pulmonary
IL-4 and IL-5 levels in FXII KO mice were comparable with WT mice.
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Figure 4. FXI KO, but not FXII KO, mice show increased protein leak in BALF. Protein leakage
was determined by BALF total protein (a) and IgM (b) levels in WT (white bars), FXI KO (grey
bars) and FXII KO (black bars) mice. 7 out of 8 HDM exposed FXI KO mice had IgM levels above
detection (detection limit is 1000ng/ml, represented by dashed line). Plasma IgM (c) and ratio
between 1gM levels in BALF and plasma (d) in WT (white bars), FXI KO (grey bars) and FXII KO
(black bars) mice. Ratio is given as a percentage compared to WT NaCl exposed mice. Data are
means + SEM (n=6-8 per group, experiment Il), *P<0.05

FXI KO, but not FXIl KO, mice show increased protein leak in BALF

HDM induced increases in the BALF concentrations of total protein and IgM,
indicative of an impaired integrity of the endothelial-epithelial barrier (Fig.
4a,b). FXI KO mice had higher protein and IgM levels in their BALF upon HDM
exposure than WT and FXIl KO mice. Plasma IgM levels were higher in FXI KO
mice both following NaCl and HDM exposure (Fig. 4c), however, this could not
explain high BALF IgM in FXI KO mice after HDM challenge as the ratio between
BALF and plasma IgM was still significantly elevated in this group (Fig. 4d).

FXI or FXII deficiency do not impact local activation of coagulation or
fibrinolysis after HDM exposure

HDM instillation induced a rise in the fibrin degradation products D-dimer and
fragment X in BALF of WT mice (Fig. 5a,c). Relative to WT mice, FXI KO and FXII
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KO mice showed similar rises in BALF D-dimer and fragment X levels as well as
crosslinked fibrin (Fig. 5b,d). TATc was undetectable in BALF of NaCl exposed
mice, however following HDM exposure this coagulation marker was present
in BALF of all three strains with no difference between the strains (Fig. 5e).
Together these results indicate that a deficiency for FXI or FXII does not impair
the ability to activate coagulation or fibrinolysis.

a b
] crosslinked
™ . crosslinked a o | a ﬂ v " 3 L }ﬁbrin
. fibrin |+ B . o0 T fragment X
. fragment X 250kDa o
-dimer

= CLL) BN BERL B

130kDa 130kDa|
WT NaCl | WT HDM Ic WTHDM [ FXIKOHDM | FXITKO HDM | C
c d
WT BALF HDM BALF
5 i 25 .
3 NaCl g = wr
Em HDM & 2,04 B3 FXIKO
2 40 2 B FXIIKO
@ T
o o 1
2 2
g 5 i g ‘
D-dimer fragmem X crosslinked D-dimer fragment X crosslinked
fibrin fibrin
e
BALF TATc

15

10
E
B
f=

WT FXIKO FXII KO

Figure 5. HDM exposure via the airways induces local activation of coagulation and
fibrinolysis in all three strains. (a) Fibrin degradation WB of WT NaCl and HDM exposed BALF.
(c) Digital analysis of WB is depicted as fold increase in HDM (black bars) compared with NaCl
(white bars) exposed WT BALF. (b) Fibrin degradation WB of BALF from WT, FXI KO and FXII KO
mice following HDM exposure. (d) Digital analysis of 2 independent WBs, analyzing all individual
mouse samples from the three strains, is depicted as fold increase in FXI KO (grey bars) or
FXIl KO (black bars) compared with WT (white bars) HDM exposed BALF. (e) TATc levels in
BALF of WT (white bar), FXI KO (grey bar) and FXII KO (black bar) following HDM exposure.
In (a+c) and (b+d) similar WT HDM samples are used. c=control D-dimer from mouse plasma,
data are means + SEM (n=6 per group [NaCl vs HDM] or n=8 per group [WT vs FXI KO vs FXII
KOJ,experiment I1), *P<0.05
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DISCUSSION

Several studies have indicated that activation of coagulation contributes to the
pathophysiology of asthma. In addition to the formation of fibrin clots, activation
of the coagulation system induces an inflammatory response via the interaction
of thrombin with protease activated receptors® and via the interaction of
fibrinogen cleavage products with Toll-like receptor 42°. Recently it was shown
that low levels of thrombin are beneficial while high levels of thrombin are
detrimental in an ovalbumin asthma model*”. Here we studied the role of the
intrinsic coagulation pathway and its route of activation in a mouse model of
allergic asthma induced by repeated airway exposure to HDM. We show that
the central player of the intrinsic coagulation system, FXI, dampens part of the
allergic response following HDM exposure independent of activation via FXII.

FXI deficiency was associated with increased influx of eosinophils into lung
tissue upon HDM administration via the airways. The apparent effect of FXI on
eosinophil migration likely at least in part was mediated by an effect on locally
produced eotaxin, a main chemoattractant for eosinophils?’, which was higher in
FXI KO mice. Increased eosinophil influx was also observed in BALF of ovalbumin
exposed mice treated with inhaled hirudin compared with saline treated mice*".
Hirudin is a specific thrombin inhibitor that tightly binds to the active site of
thrombin and thereby blocks thrombin activity including the activation of FXI%.
We did not observe an altered eosinophil influx in FXII KO mice. Although
these results suggest that the enhanced eosinophil influx observed in FXI KO
mice is independent of activation via FXIl, additional experiments using FXI/
FXII double KO mice are necessary to support this hypothesis. Effects of FXI
on inflammatory processes not related to coagulation have been reported
previously. Plasminogen and FXI double KO mice show an enhanced influx of
inflammatory cells into the lung while no difference in fibrin deposition was
observed compared with WT or plasminogen KO mice®. In line, activated
FXI has been shown to inhibit neutrophil migration in a chemotactic assay?°.
Taken together, FXI might affect eosinophil influx either via its interaction with
thrombin or directly. More research is needed to elucidate the exact mechanism
at play.

We evaluated the type 2 responses by measuring pulmonary IL-4 and IL-5, two
main cytokines produced by Th_lymphocytes. Both cytokines play different
roles in the allergic inflammatory response. IL-5, that is additionally produced
by mast cells and eosinophils, is crucial to eosinophil growth, maturation,
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activation, and suppression of apoptosis®. Elevated lung IL-5 levels in FXI KO
mice coincided with higher eosinophil numbers, suggesting that eosinophils
may be a source for IL-5 in these animals. Conversely, interactions between IL-5
and eotaxin promote eosinophil release from the bone marrow and their homing
to tissues??. Several clinical trials have reported reduced eosinophilia following
anti-1L-5 therapy, although clinical responses have been quite variable. In this
respect it is interesting to further investigate the mechanism behind increased
IL-5 and eotaxin levels in FXI KO mice. As IL-4 levels were not affected by FXI
deficiency, we cannot conclude that the overall Th response is enhanced in FXI
KO mice.

The Th, response in asthmainduces isotype switching of B cells to IgE synthesis.
IgE is bound to mast cells via its high-affinity receptor FceR1. IgE-dependent
activation of mast cells occurs when the bound IgE molecules are crosslinked
by multivalent antigen triggering the release of inflammatory mediators and
cytokines which cause the symptoms of immediate hypersensitivity such as
plasma extravasation, smooth muscle contraction and itching. Indeed, in our
murine asthma model we observed elevated plasma levels of IgE following
exposure to HDM. IgE levels were higher in plasma of both saline and HDM
exposed FXI KO mice as compared with WT mice. To determine the HDM-specific
humoral response, we tried to measure HDM-specific IgE. Unfortunately we
were not able to detect HDM-specific IgE, as has been previously reported by
others using the same HDM preparation3+%. HDM-specific IgG, was detectable
in our mouse model, however almost undetectable in FXI KO mice. Total 1gG,
was not lower in NaCl or HDM exposed FXI KO mice (data not shown); thus the
low HDM-specific IgG, cannot be explained by an impaired IgG, production.
The equivalent of murine IgG, in humans is IgG . In a recent clinical trial, HDM
immunotherapy induced a dose-dependent increase in allergen-specific 1gG,
that was accompanied by a reduction in asthma exacerbations®. Moreover,
desensitization with ovalbumin enhanced ovalbumin-specific IgG , and reduced
IL-4 and IL-5 in mice3. Together this would argue for a immunomodulatory role
wherein HDM-specific IgG1 dampens adaptive immunity and blocks (HDM-
specific) IgE in our mouse model. This would explain enhanced levels of IL-5 and
IgE and low/absent HDM-specific IgG, in our HDM exposed FXI KO mice. The
mechanism how FXI influences HDM-specific IgG, remains, however, unclear.

The airway allergic inflammatory response induced by HDM alters endothelial/

epithelial permeability. FXI deficiency enhanced this permeability as reflected
by higher total protein and IgM levels in BALF. In the circulation FXI is found
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in complex with high molecular weight kininogen. Apart from binding FXI, high
molecular weight kininogen forms a complex with prekallikrein and thereby
facilitates on its surface the activation of the intrinsic coagulation and contact
system via activating FXIl or FXI directly. High molecular weight kininogen binds
to endothelial cells and enhances the activation of its binding partners on these
cells®. One could argue that if FXI is absent, high molecular weight kininogen is
more accessible for the contact system factors resulting in enhanced liberation
of the vasoactive molecule bradykinin, possibly leading to reduced barrier
function. Detection of bradykinin is difficult because of its extremely short
(<10sec) half-life*°. Additionally, the precursor of bradykinin, high molecular
weight kininogen, interferes with the currently available assays and has to be
eliminated from the samples by extraction or filtration methods®°. Therefore,
our samples are not suitable for reliable detection of bradykinin. On the other
hand, enhanced permeability might be explained by an impaired coagulation on
the endothelial-epithelial barrier. This has recently been reported in epithelial-
specific TF KO mice*.

FXII KO mice showed, except for HDM-specific 1gG,, similar HDM-induced
inflammatory response as WT mice. FXIl can be activated either directly
via HDM proteinases® or indirectly via the release of negatively charged
endogenous molecules, for instance via heparin released by activated mast
cells#?, during an asthmatic exacerbation. Our data, however, suggests that
there is no significant role for FXII, either via activating FXI or the kallikrein-
kinin system, in HDM provoked asthma. Studies that have shown release of
bradykinin in the absence of FXII support our findings (reviewed in*3). Moreover,
FXIl-independent activation of the kallikrein-kinin system has been reported in
allergic asthma#. These authors reported bradykinin, mainly originating from
tissue kallikrein, which in contrast to plasma kallikrein is not activated via FXlla,
in the BALF of asthmatic subjects.

Coagulation factors, including FXI and FXII, are mainly produced in the liver and
secreted into our bloodstream. Together with increased vascular permeability,
resulting in leakage of plasma into the BALF, activation of the TF pathway of
coagulation has been reported in asthmas. In the present study we found no
impairment in coagulation activation in either FXI KO or FXII KO mice. These results
suggest that 1) the intrinsic pathway does not make a significant contribution
in local activation of coagulation, or 2) increased plasma leakage in FXI KO mice
results in enhanced activation of the TF pathway with as a net result similar levels of
D-dimer formation as compared with WT mice. As FXl is activated by thrombin, one
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could argue that lack of FXI enhances availability of thrombin for other purposes
such as activation of fibrinogen, however we did not observe enhanced coagulation
as assessed by TATc and fibrin degradation products.

In conclusion, FXI dampens the allergic response following HDM exposure
independent of activation via FXII. To the best of our knowledge, to date no
study has been published on an association between allergic asthma and FXI
deficiency in humans. The exact mechanism of this FX| phenotype remains to
be elucidated. As there is no evidence for altered coagulation, the role of FXI
in asthma may be independent of coagulation and FXI may directly influence
inflammatory processes.

Coagulation factors, including FXI and FXIl, are mainly produced in the liver and
secreted into our bloodstream. Together with increased vascular permeability,
resulting in leakage of plasma into the BALF, activation of the TF pathway of
coagulation has been reported in asthmas®. In the present study we found no
impairment in coagulation activation in either FXI KO or FXIl KO mice. These
results suggest that 1) the intrinsic pathway does not make a significant
contribution in local activation of coagulation, or 2) increased plasma leakage in
FXI KO mice results in enhanced activation of the TF pathway with as a net result
similar levels of D-dimer formation as compared with WT mice. As FXl is activated
by thrombin, one could argue that lack of FXI enhances availability of thrombin
for other purposes such as activation of fibrinogen, however we did not observe
enhanced coagulation as assessed by TATc and fibrin degradation products.

A limitation of our study is the lack of airway responsiveness testing. Our FXI KO
and FXII KO mice are on a C57BI/6 background. Several studies have shown that
allergic airway hyperresponsiveness is not coupled to inflammation in C57Bl/6
mice, while it is in BALB/c mice*". In our opinion, FXI KO and FXII KO mice
should be backcrossed on a BALB/c background to assess airway hyperreactivity
following HDM exposure.

In conclusion, FXI dampens the allergic response following HDM exposure
independent of activation via FXIl. To the best of our knowledge, to date no
study has been published on an association between allergic asthma and FXI
deficiency in humans. The exact mechanism of this FXI phenotype remains to
be elucidated. As there is no evidence for altered coagulation, the role of FXI
in asthma may be independent of coagulation and FXI may directly influence
inflammatory processes.
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Chapter 9

ABSTRACT

Background: High molecular weight kininogen is an important substrate of
the kallikrein-kinin system. Activation of this system has been associated with
aggravation of hallmark features in asthma.

Objectives: We aimed to determine the role of kininogen in enhanced pause
(Penh) measurements and lung inflammation in a house dust mite (HDM)
induced murine asthma model.

Methods: Normal wild-type mice and mice with a genetic deficiency of
kininogen were subjected to repeated HDM exposure (sensitization on days 0,1
and 2; challenge on days 14, 15, 18 and 19) via the airways to induce allergic lung
inflammation. Alternatively, kininogen was depleted after HDM sensitization
by twice weekly injections of a specific anti-sense oligonucleotide (KNG ASO)
starting at day 3.

Results: In kininogen deficient mice HDM induced in Penh was completely
prevented. Remarkably, kininogen deficiency did not modify HDM induced
eosinophil/neutrophil influx, Th2 responses, mucus production or lung
pathology. KNG ASO treatment started after HDM sensitization reduced
plasma kininogen levels by 75% and reproduced the phenotype of kininogen
deficiency: KNG ASO administration prevented the HDM induced increase in
Penh without influencing leukocyte influx, Th2 responses, mucus production or
lung pathology.

Conclusions and clinical relevance: This study suggests that kininogen
could contribute to HDM induced rise in Penh independently of allergic lung
inflammation. Further research is warranted to confirm these data using
invasive measurements of airway responsiveness.
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INTRODUCTION

Asthmaisaheterogeneousdisease characterized by airway hyperresponsiveness
(AHR) and usually chronic airway inflammation*2. Allergic asthma is the most
common phenotype. The vast majority of asthmatic patients are sensitized
to house dust mite (HDM) and repetitive contact with this allergen elicits
respiratory symptoms such as coughing, wheezing and reversible airway
obstruction3. Long acting beta-adrenergic receptor agonists and corticosteroids
are still the cornerstone in the treatment of asthma. Between 3% to 10% of
all adults with asthma, however, are irresponsive to these therapeutics and
experience a serious disease burden*.

High molecular weight kininogen (HK) is a component of the kallikrein-kinin
system together with factor XII (FXII) and prekallikrein®¢. Humans have one
gene that encodes HK, which also produces low molecular weight kininogen
by alternative splicing. In mice, two genes (Kng1 and Kng2) encode HK and low
molecular weight kininogen, of which Kngi exclusively contributes to plasma
kininogens’. In vitro activation of the kallikrein-kinin system occurs when FXII
binds negatively charged surfaces resulting in auto-activation. Activated FXII
cleaves the zymogen prekallikrein to generate kallikrein which subsequently
digests HK in order to facilitate the release of bradykinin®®. In an allergic
inflammation setting, activation of the kallikrein-kinin system is possible in
both a FXlII-dependent and FXII-independent manner. Proteinase from HDM
and mast cell derived heparin proteoglycan are capable of FXII activation which
ultimately leads to HK cleavage®®. In the absence of FXII, however, tryptase
release following mast cell degranulation likewise elicits bradykinin release
from HK®.

Inhalation of bradykinin causes immediate bronchoconstriction in asthmatic
patients but not in healthy subjects™*2. Asthmatic patients have elevated levels
of HK and its activation products in their airways following allergen challenge,
which further supports the role of the kallikrein-kinin system in asthma®. Like
in humans, various animal models have demonstrated enhanced bradykinin
induced bronchoconstriction after allergen exposure*. Antagonists that
interfere with bradykinin receptor signaling are able to attenuate airway
hyperresponsiveness*®*”. These studies have been mainly focused onthe potential
of bradykinin to cause bronchoconstriction. However, how the kallikrein-kinin
system affects airway hyperresponsiveness in relation to airway inflammation
is not well understood. In this study we aimed to investigate whether inhibition
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of the kallikrein-kinin system by depleting HK affects enhanced pause (Penh)
measurements and lung inflammation in a HDM induced asthma model. To this end
we subjected Kngi knockout (KO) mice to repetitive HDM challenge in the airways
to induce allergic lung inflammation. Additionally, we mimicked a therapeutically
relevant approach by depleting HK exclusively in the challenge phase.

METHODS

Mice

BALB/c mice (8-12 weeks old) were purchased from Charles River (Maastricht,
the Netherlands). Kngz KO mice on C57BL/6) background were generated as
described before”. Wild-type (WT) littermates were used as controls. Mice were
housed under specific pathogen-free conditions receiving food and water ad
libitum. All experiments were approved by the Animal Care and Use Committee
of the Academic Medical Center.

HDM asthma model

To induce allergic lung inflammation, mice were sensitized on day o, 1, 2 and
challenged on day 14, 15, 18, 19 with 25ug HDM extract (Greer Laboratories,
Lenoir, N.C., USA) or sterile saline intranasally. Prior to intranasal administration
of HDM, all mice were anesthetized with isoflurane. BALB/c mice were
treated with kininogen anti-sense oligonucleotide (ASO) (KNG ASO; sequence
GGCTATGAACTCAATAACAT) or control anti-sense oligonucleotide (Ctrl ASO;
sequence CCTTCCCTGAAGGTTCCTCC) by subcutaneous injection twice weekly
(40 mg/kg per injection) starting immediately after the sensitization phase.
Mice were euthanized 24 hours after the last challenge. In all experiments citrate
blood was collected from the vena cava inferior (4:1 v/v) and bronchoalveolar
lavage (BAL) was collected by airway lumen lavage with 2x 0.5 ml PBS containing
10mM EDTA, 10mM benzamidine and 0.2mg/ml SBTI as described™. Cell counts
were determined for each BAL sample in a hemocytometer (Beckman Coulter,
Fullerton, CA, USA) and cell differentiation was made by flow cytometric analysis.
To obtain single cells, the flushed lungs were mechanically minced followed by
digestion in RPMI with 5% FCS, 1% penicillin/streptomycin, liberase TM and
DNAse at 37°C for 30 minutes. After 30 minutes incubation cells were dissociated
by aspiration through a 19 gauge needle. Erythrocytes were lysed with sterile lysis
buffer (Qiagen, Hilden, Germany). In a separate experiment the unflushed lung
was collected for pathology examination. To determine kngz mRNA expression,
the liver was homogenized and a sample was taken for RNA isolation.
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Measurement of enhanced pause

Penh was measured at day 19 by whole-body plethysmograph in conscious mice
(Buxco Electronics, Troy, NY, USA). Nonspecific responsiveness was measured
by exposing mice to aerosolized saline, followed by increasing concentrations
of aerosolized methacholine (3.1, 12.5, 25 and 50 mg/mL in saline for 3 min;
Sigma-Aldrich). Penh values were measured during five minutes after each
methacholine dose.

Flow cytometry

Cells in BAL fluid were stained with CD3-FITC, CD11c-PercP, SiglecF-Alexa
647, CD11b PE-Cy7, viability dye APC-Cy7(all BD Biosciences, San Jose, CA,
USA), Ly6G-Alexa7oo (Biolegend, San Diego, CA, USA), MHCII-PE, CD45-PE-
eFluor61o (eBiosciences, San Diego, CA, USA) in the presence of Fc blocker
(CD16/CD32, eBiosciences). Single cell suspension from lungs were stained
with CD4-FITC, CD45-PerCP-Cys.5, CD69-PE (eBiosciences), GATA3-Alexa
647. For nuclear staining, cells were stained using a FOXp3 Staining Buffer set
(eBioscience). All appropriate isotype controls were used. Data were collected
on a BD Biosciences Canto Il flow cytometer and analyzed using Flow)o software
(Treestar, Palo Alto, CA, USA).

Assays

Plasma total IgE was determined using rat-anti-mouse IgE as a capture
antibody, purified mouse IgE as a standard, and biotinylated rat-anti-mouse
IgE as detection (all from BD Biosciences). Plasma HDM-specific IgG1 was
determined using HDM as capture and biotinylated rat-anti-mouse IgG1 as
detection (BD Biosciences). BALF IgM was determined using rat-anti-mouse
IgM as capture antibody, purified mouse IgM as standard and biotinylated
goat-anti-mouse IgM(all from BD Biosciences) as detection. Cytokines (IL-4,
IL-5, IL-13), CCL11 (eotaxin 1) and Prostaglandin E2 (PGE2), were measured by
ELISA’s (Duoset, R&D systems, Minneapolis, MN, USA). For western blotting
plasma proteins were separated by 10% SDS-PAGE gels. Plasma HK levels were
measured by immunoblotting using a rabbit anti-human HK domain 5, obtained
as described®®. Relative intensity between bands was determined using Image].
Total protein in BALF was measured by using Bio-Rad protein assay (Bio-Rad
Laboratories, Veenendaal, Netherlands).
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Ex vivo stimulation of mediastinal lymph nodes

Mediastinal lymph nodes (mLN) were harvested and single cells were obtained
by filtering through 100 pm strainers. Cells were seeded at a density of 2 x 10°
cells/well in g6-well round bottom plates (Greiner Bio-One, Alphen a/d Rijn,
Netherlands) and stimulated with 25 pyg/mI HDM or PBS for 4 days at 37°C with
5% CO.

Histology

Histological analysis was performed as described before®. Briefly, following
fixation in 10% formalin, 4pm-thick paraffin-embedded sections were
stained with hematoxylin- eosin (H&E). These sections were scored for
interstitial inflammation, peribronchial and perivascular inflammation, edema,
endothelialitis on a scale from o to 4. To examine mucus production, sections
were stained with Periodic acid-Schiff (Pas-D) and scored for extent of goblet
cells and mucous plugs on a scale from o to 3. Both total pathology score and
mucus production were determined by a pathologist in a blinded fashion.

RNA isolation and PCR

Total RNA was isolated from lung or liver homogenates using RNA
isolation kit (Nucleospin RNA, Macherey-Nagel, Diiren, Germany) and
reverse transcribed using oligo(dT) primer and M-MLV RT (Promega
Benelux, Leiden, Netherlands). Primer sequences for gene expression
were: Kngi forward: ATCACAGCCACCTCTTTACTCTC; Kngi reverse:
TCCTCTACATTCACCATCATCAC; Hprt forward: ACAGGCCAGACTTTGTTGGAT;
Hprt reverse: ACTTGCGCTCATCTTAGGCT; COX-2 forward:
TTCAACACACTCTATCACTGGC; COX-2reverse:AGAAGCGTTTGCGGTACTCAT;
Quantitative real-time quantitative PCR was performed on a LightCycler
480 System using Sensifast SybrGreen mix (Bioline, London, UK). Data were
analyzed using the LinRegPCR software (v.2014.4).

Statistical analysis

Data were analyzed by either two-way ANOVA or Mann-Whitney U-test.
Experimental groups consisted of 6-8 mice. P < 0.05 was considered statistically
significant. All statistical analyses were performed using GraphPad Prism 7.
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RESULTS

Kngi KO mice show attenuated AHR following HDM challenge with
unaltered leukocyte influx into the airways

To study whether kininogen deficiency influences hallmark features of asthma,
allergic airway inflammation was induced by repetitive intranasal administration
of HDM in Kngi KO and WT mice (Fig. 1A). As expected, plasma HK was
completely absent in Kngz KO mice (Fig. 1D). HDM challenge did not change
plasma HK levels in WT mice, whereas HK could not be detected in BAL fluid
(data not shown). Baseline PenH values were similar in Kngz KO and WT mice.
After HDM challenge, methacholine induced AHR was reduced in Kng1 KO mice
relative to WT mice (Fig. 1B). Strikingly, Penh values did not differ between
HDM and saline challenged Kngi KO mice, indicating that the HDM induced
increase in Penh was completely abrogated in kininogen deficient animals.
Next, we examined the extent and character of allergic lung inflammation.
HDM challenge resulted in an equally strong influx of leukocytes into BAL fluid
from Kngi KO and WT mice (Fig. 1C). As expected, leukocytes recruited to the
bronchoalveolar space predominantly consisted of eosinophils and to a lesser
extent neutrophils; the percentage of eosinophils and neutrophils in BAL fluid
did not differ between Kngi KO and WT mice (Fig. 1E,F). In accordance with
the lack of an effect on eosinophil influx, kininogen deficiency did not affect
the concentrations of CCL11, an important chemoattractant for eosinophils, in
BAL fluid (Fig. 2C). These changes were accompanied by a similar decrease
in the proportion of alveolar macrophages in BAL fluid from Kngi1 KO and WT
mice (Fig. 1G). In HDM induced asthma models T helper (Th) 2 cells play a
pivotal role in orchestrating pulmonary allergic inflammation®. We determined
Th2 cells in the lungs by intracellular staining of the transcription factor GATA3
in CD4+ lymphocytes?? and in addition assessed the activation status of CD4+
T cells by measuring CD69g expression?:. Kng1 deficiency had no effect on the
number of GATA3+ (Fig. 1H) or CD69+ CD4 T cells (Fig. 1) in lungs following
HDM challenge. These results suggest that kininogen deficiency prevents
the HDM induced increase in Penh without influencing the recruitment of
eosinophils, neutrophils or Th2 lymphocytes to the lung compartment. The
cyclooxygenase pathway has been implicated in the effects of bradykinin on
airway responsiveness. We therefore measured COX2 mRNA in the lung and
PGE2 in BALF, but found no difference between Kngi1 KO and WT after allergen
challenge (data not shown).
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Figure 1. Kng1 KO mice show an attenuated HDM induced rise in Penh with unaltered airway
leukocyte influx. (A) HDM induced asthma model. (B) Penh after dose-response to methacholine
(Mch) exposure on day 19. Data are pooled from two independent experiments. (C) Total cell
count in bronchoalveolar lavage fluid (BALF) of saline (NaCl) or HDM challenged mice. (D) HK
plasma levels of Kngz KO mice. Plasma proteins were diluted 1:10 in 3 x SDS buffer containing
B-mercaptoethanol. From each sample 10 pl was loaded on and separated by 10% SDS-PAGE
gels. Plasma HK levels were determined by immunoblotting using a rabbit anti-human HK
domain 5. Four representative samples from both wild-type (WT) or Kng1 KO are displayed.
(E-G) % Eosinophils, neutrophils and alveolar macrophages in BALF. (H) Th2 cells expressed as
CD4+GATA3+ and (1) activated T-cells expressed as CD69+CD4+ cells in the lung. All data are
expressed as box-and-whisker plots depicting the smallest observation, lower quartile, median,
upper quartile and largest observation( 8 mice per group). **P <o.01 for comparison between
Kng1 KO and wild-type (WT) mice; #P<o.001 for comparison between NaCl and HDM within
Kng1 KO and WT, respectively.
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Kngi KO mice display unaltered Th2 responses following HDM
challenge

To obtain further insight into the influence of kininogen deficiency on Th2
responses we measured Th2 cytokines in BAL fluid and supernatants of mLN
re-stimulated with HDM. BAL fluid IL-5 and IL-13 levels similarly increased in
Kng1 KO and WT mice upon HDM challenge (Fig. 2A,B). IL-4 remained below the
limit of detection in BAL fluid of all groups. Re-stimulation of mLN with HDM
yielded high levels of IL-4, IL-5 and IL-13, but without differences between Kngz
KO and WT mice (Fig. 2D-F). Likewise, repeated HDM administration resulted
in similar increases in plasma IgE and HDM-specific 1gG1 in Kngz KO and WT
mice (Fig. 2G,H). Together, these results suggest that kininogen deficiency does
not modify Th2 responses during HDM induced allergic lung inflammation.
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Figure 2. Kng1 KO mice demonstrate unaltered Th2 responses during HDM induced lung
inflammation. IL-5, IL-13 and CCL11 (A,B,C) in BALF and IL-4, IL-5 and IL-13 (D-F) in supernatant
of ex vivo HDM stimulated mediastinal lymph nodes (mLN) are displayed. (G,H) Plasma total IgE
and plasma HDM-IgG1. Data are expressed as box-and-whisker plots depicting the smallest
observation, lower quartile, median, upper quartile and largest observation. (n=7-8 per group)
#P<o0.001 for comparison between NaCl and HDM within Kng1 KO or wild-type (WT) mice. For
BALF CCL11 levels *P<0.05 using a Wilcoxon Signed Rank test for the comparison between
NaCl and HDM within WT and kng1 KO treated mice.
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Kng1 KO mice demonstrate similar lung pathology to WT mice following
HDM challenge

This model of HDM induced allergic inflammation reproduces important
features of asthma such as perivascular and interstitial inflammation,
peribronchitis, endothelialitis and oedema, as well as mucus production®°.
Kngi KO mice developed HDM-induced lung inflammation to a similar extent
as WT mice, as reflected by the semi-quantitative scoring system described
in the Methods section (Fig. 3A,B). HDM challenge also induced similar mucus
production in Kngz KO and WT mice (Fig. 3C,D). Bradykinin is capable to interact
with epithelial cells via signaling through bradykinin receptors on the surface
of most epithelium?. To investigate if kininogen deficiency affects epithelium
integrity we measured total protein concentration and IgM levels in BAL fluid;
no differences were found between Kngi KO and WT mice (Fig. 3E,F).

Kng1 depletion after sensitization is sufficient to attenuate the HDM
induced rise in Penh

Having established that genetic deficiency of kininogen abolishes the HDM
induced increase in Penh, we next wished to investigate whether depleting
kininogen during the challenge phase mediates a similar effect. To that end
mice were dosed subcutaneously with KNG ASO or Ctrl ASO after sensitization
(starting at day 3). Treatment with KNG ASO resulted in more than 90%
reduction of Kngz mRNA expression in the liver (Fig. 4A), the main source of
plasma kininogen production, confirming previous findings*®. Consistently, KNG
ASO treatment reduced plasma HK levels to ~26% of normal HK levels (Fig.
4B,C). Similar to genetic kininogen deficiency, Kng ASO treatment alleviated
the increase in Penh after HDM challenge (Fig. 4D). In addition, consistent with
the data in Kngz KO mice, the influx of leukocytes, eosinophils, neutrophils, Th2
lymphocytes and activated CD4+ lymphocytes was not affected by KNG ASO
administration (Fig. 4E-)).
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Figure 3. Kng1 KO mice display similar lung pathology, mucus production and protein leakage
to WT mice following HDM challenge. (A,B) Total pathology score of hematoxylin and eosin
(H&E) stained lung sections (x4 magnification) from wild-type (WT)(black bars) and Kngi KO
(white bars) and (C,D) total mucus score of PAS-D stained lung sections(x1o magnification)
(n=4 per group). Protein leakage was determined by (E) total protein and (F) IgM in BALF (n=7-8
per group). Data are shown as box-and-whisker plots depicting the smallest observation, lower
quartile, median, upper quartile and largest observation. +P<0.05 and #P<0.001 for comparison
between NaCl and HDM within Kng1 KO or wild-type (WT) mice.
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Figure 4. KNG depletion after HDM sensitization attenuates the HDM induced rise in Penh
without affecting leukocyte influx. KNG ASO injections (40mg/kg) were given twice weekly
after the sensitization phase starting on day 3. (A) Kng1 mRNA normalized to HPRT in the liver
24 hours after last challenge on day 20. (B) Plasma HK levels of NaCl treated mice treated with
Ctrl ASO or KNG ASO (n=4) were determined by western blot and (C) quantified by densitometry
of HK bands at 120 kD and compared to a serial dilution of plasma as shown in B. (D) PenH
values after increasing doses of methacholine. (E) Total cell count in BALF. (F-H) % Eosinophils,
neutrophils and alveolar macrophages in BALF. (1,)) Th2 cells expressed as CD4+GATA3+ and
(H) activated T-cells expressed as CD69+CD4+ cells in the lung. Data are represented as box-
and-whisker plots with 6-8 mice per group depicting the smallest observation, lower quartile,
median, upper quartile and largest observation. *P<0.05 and #P<0.001 for comparison between
NaCl and HDM within KNG and Ctrl ASO treated mice.
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Fig. 5 KNG depletion after HDM sensitization does not influence Th2 responses following
HDM challenge. KNG ASO injections (40mg/kg) were given twice weekly after the sensitization
phase starting on day 3. (A,B) IL-5 and IL-13 in BALF and (C-E) IL-4, IL-5 and IL-13 in supernatant
of ex vivo HDM stimulated mediastinal lymph nodes (mLN). (F,G) Plasma total IgE and plasma
HDM-IgG1. Data are expressed as box-and-whisker plots with 7-8 mice per group depicting the
smallest observation, lower quartile, median, upper quartile and largest observation. #P<0.001
for comparison between NaCl and HDM within KNG and Ctrl ASO treated mice.

Similarly, KNG ASO treatment did not modify Th2 responses, as reflected by
unchanged IL-5 and IL-13 levels in BAL fluid (Fig. 5A,B), unaffected IL-4, IL-5
and IL-13 concentrations in supernatants of mLN re-challenged with HDM (Fig.
5C-E) and unchanged rises in plasma IgE and HDM-specific IgG1 (Fig. 5F,G).

Finally, KNG ASO administration did not influence the extent of lung pathology
(Fig. 6A,B), mucus production (Fig. 6C,D) or BAL fluid concentrations of total
protein and IgM (Fig, 6E,F). These results demonstrate that depletion of
kininogen after HDM sensitization reproduces the findings in Kng1 KO mice in
this model of HDM induced allergic lung inflammation.
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Figure 6. KNG depletion after HDM sensitization does not alter lung pathology, mucus
production and protein leakage following HDM challenge. (A,B) Total pathology score of
hematoxylin and eosin (H&E) stained lung sections (x4 magnification) from Ctrl ASO (black
bar) and KNG ASO (white bar) treated mice and (C,D) total mucus score of PAS-D stained lung
sections(x10 magnification) (n=4 per group). Protein leakage was determine by (E) total protein
and (F) IgM in BALF (n=7-8 per group). Data are represented as box-and-whisker plots depicting
the smallest observation, lower quartile, median, upper quartile and largest observation. +P<0.05
and #P<o0.001 for comparison between NaCl and HDM within KNG and Ctrl ASO treated mice.
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DISCUSSION

Several studies have suggested a role for the kallikrein-kinin system in allergic
airway disease such as asthma™. To the best of our knowledge, this is the first
study on kininogen elimination or depletion in an allergic asthma model. We
here show that kininogen deficiency and depletion inhibit the increase in Penh
without influencing the main characteristics of allergic lung inflammation.

In the present study a HDM induced model was employed to study the main
features of allergic asthma, including AHR to methacholine, Th2 driven
inflammation, increased mucus production and plasma leakage. In this setting,
we found that kininogen is essential for the methacholine induced increase in
Penh in sensitized mice. In accordance, an earlier study reported that inhaled
HK elicited bronchoconstriction in allergic sheep, which was predominantly
driven by bradykinin® and a direct bradykinin challenge in rats and sheep
likewise enhanced airway hyperresponsiveness (AHR)*. Bradykinin exerts its
effect after binding to either bradykinin receptor 1 (B1R) or bradykinin receptor
2 (B2R). Blocking these bradykinin receptors has been shown to attenuate
AHR in various asthma models™. It is still in debate which of the bradykinin
receptors is responsible for bronchoconstriction, B1R?®?" or B2R*%?%, Rather
than by blocking bradykinin receptors, we here interfered with bradykinin
signaling by complete or partial ( ~75%) elimination of kininogen, the substrate
for bradykinin release. The fact that kininogen deficiency (tested in mice of
a BALB/c genetic background) and ASO mediated inhibition of kininogen
production (tested in C57BI/6) mice) show very similar results, indicates that
partial removal of kininogen in already sensitized mice is sufficient to prevent
the rise in Penh to methacholine and that the role of kininogen does not depend
on the mouse strain used. Together our data suggest that kininogen contributes
to the methacholine induced increase in Penh in HDM sensitized mice.

Kininogen derived bradykinin has been implicated in inflammatory responses in
asthma, including mucus production and vascular permeability?e3°. Furthermore,
blocking B1R in murine asthma models making use of ovalbumin sensitization
and challenge resulted in lower airway eosinophilia?®3*. In our HDM induced
asthma model, neither genetic kininogen deficiency nor kininogen depletion
post sensitization were associated with altered airway eosinophilia, mucus
productionorlgM levelsin BALF (reflecting plasma leakage). These discrepancies
might in part be explained by different allergens used between experimental
protocols. Mucus production is highly influenced by the Th2 cytokines IL-4
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and IL-13, which are more abundant in an HDM model compared to those
in an ovalbumin model®*?. Our data indicate that kininogen did not affect Th2
responses, and therefore a possible small effect of kininogen derived bradykinin
on mucus production might not be detected in the present study. Against our
expectations, HK elimination did not protect against plasma leakage into the
bronchoalveolar space, which may be explained by an absent role for kininogen/
bradykinin herein and/or by HDM derived proteases disrupting barrier function
in a manner that outweighed bradykinin mediated vascular permeability. The
Th2 response including airway eosinophilia is much stronger after HDM than
after ovalbumin challenge32. It is possible that the small differences in eosinophil
influx observed in ovalbumin models?®3* were overwhelmed in our HDM model.
Alternatively, B1R and B2R may have opposite roles in eosinophil influx 27 , which
may partially explain the similar numbers of airway eosinophils regardless of
the presence of kininogen. Our laboratory recently reported unaltered allergic
inflammation in FXII KO mice after HDM challenge®, corroborating the data
from the present study that kallikrein-kinin system activation does not influence
allergic lung inflammation.

Compelling studies indicated that AHR and pulmonary inflammatory responses
are closely interconnected in asthma as many Th2 inflammatory mediators are
involved in the induction of AHR*. Our present study provided an interesting
mechanism of Penh attenuation in a Th2 inflammation independent fashion.
Supporting this finding, observations in experimental models and asthmatic
patients demonstrated that Th2 responses are not necessarily correlated
to AHR3334. A possible mechanism of kininogen derived bradykinin induced
increase in Penh could be mediated by direct or indirect effects on bronchial
smooth muscles. Airway smooth muscles express bradykinin receptors that
after binding to bradykinin evoke smooth muscle contraction3. This bradykinin
mediated contraction seemsto be a complex processinwhichthe TNF-ainduced
IFN-B-CD38 pathway is involved in priming smooth muscle cells rendering
them responsive to bradykinin3®. Bradykinin induced bronchoconstriction can
be prevented by pretreatment with the non-selective cyclooxygenase inhibitor
indomethacin, indicating the involvement of arachidonic acid metabolites?®.
In our study, lung COX-2 mRNA expression and BALF PGE2 levels did not
differ between WT and Kngi KO mice, suggesting that alterations in the
cyclooxygenase pathway are not involved in the changes in Penh (data not
shown). A third possible mechanism is bradykinin stimulation of cholinergic and
sensory nerves resulting in increased synthesis and release of neuropeptides
that lead to bronchial muscle contraction3®3. In asthmatic patients an endotype
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named paucigranulocytic asthma has been identified“>+. Patients with this type
of asthma do not have eosinophilia or neutrophilia in their lung, but nonetheless
suffer from intermittent flow limitations. It is suggested that their symptoms
are smooth muscle related and therefore therapeutics specifically targeting
these cells could be beneficial+. Taken together, these data support our finding
that allergen induced AHR can be independent of allergic lung inflammation.

Unstrained whole body plethysmography (Penh) is considered to be a
controversial tool to measure AHR in mice. In various experimental settings,
changes in breathing patterns influence Penh*:. Moreover, different mouse
strains could affect Penh outcomes, causing conflicting conclusions#:. Notably,
the severity of allergen induced lung inflammation modifies Penh results
significantly*4, further questioning the reproducibility and validity of this
technique. On the other hand, numerous publications showed that in certain
models Penh measurements correlate closely to invasive methods*s#7. In this
study, we strived to cater for confounding factors like strain differences, by
exploiting two different mouse strains (BALB/c and C57BL/6). In addition HDM
as a clinically relevant allergen in our model induces severe lung inflammation,
which in contrast to mild lung inflammation, correlates more closely to Penh
results#4. In a comparable HDM model, a direct correlation between whole
body plethysmography and direct/invasive measurements has been reported+”.
Likewise, AHR is enhanced in HDM challenged groups compared to controls in
models that are very similar to ours*®49. These studies demonstrated a marked
increase of AHR in sensitized animals following methacholine provocation using
either invasive measurements or whole body plethysmography. This suggests
that Penh can be a useful tool to access AHR in HDM models. Nonetheless, the
lack of validation of our Penh data by invasive measurements is an important
limitation in our study.

In conclusion, our data show that kininogen aggravates allergen induced airway
function (Penh) without modifying allergic lung inflammation. Further research
is warranted to confirm these data using invasive measurements of airway
function and determine whether this finding is solely dependent on bradykinin
signaling or that other underlying mechanisms are at play. Additionally, kininogen
depletion in asthmatic patients could be of interest, since this isolated effect on
airway function could potentially benefit asthmatic patients without elevated
airway inflammation.
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Chapter 10

Summary and Discussion

For alongtime asthma has been regarded as a lung disease associated with lung
inflammation, airflow obstruction, coughing and mucus hypersecretion. The
first asthma guidelines were published almost 30 years ago and recommended
the use of inhaled corticosteroids (ICS) and short acting B2-agonists**.
Although this treatment has greatly benefited many patients, it does not achieve
disease control in a substantial group with difficult-to-treat or severe asthmas®.
Nevertheless, ICS and bronchodilators are still the cornerstone of asthma
management nowadays’, indicating that advancement in this field has somewhat
stagnated. In recent years, we have started to appreciate that underneath
the similar set of symptom manifestations, the asthma syndrome (rather
than disease) encompasses complex and heterogeneous pathophysiological
mechanisms®9. This has resulted in the introduction of biologicals targeting
specific type 2 cytokines with great clinical improvements in patients with type
2 high asthma®. These biologicals exemplified how tailored therapy provides
tremendous (additional) benefits to patients. Much effort in ongoing research
is spent on identifying undiscovered pathophysiological traits that characterize
distinct subsets of asthma patients (phenotyping), which may aid in defining
targets for drug development®*4,

This thesis can be regarded as part of that continuous effort. We here
investigated the therapeutic potential of Ci-inhibitor in asthma models,
considering that Ci-inhibitor exerts immunomodulatory effects as a regulator of
both the complement and contact system. These systems have been implicated
to play a role in the pathogenesis and pathophysiology of asthma, making them
interesting for further research to elucidate their potential as candidates for
targeted therapy.

The role of C1-inhibitor in human and murine asthma models

In chapter 2 we report on the results of a randomized placebo-controlled
double-blind parallel study, named the CAST-study. In this proof-of-concept
study we investigated the effect of Ci-inhibitor on house dust mite (HDM)
and lipopolysaccharide (LPS) induced airway inflammation in adults with mild
asthma. We included 24 eligible patients who were randomized to placebo
and Ci-inhibitor treatment groups. A mixure of HDM/LPS was instilled in one
lung segment to induce airway inflammation while saline was given in the
contralateral lung segment as internal control. A bilateral bronchoalveolar
lavage was performed seven hours after the HDM/LPS challenge. We opted
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for a HDM/LPS provocation since HDM is an important domestic allergen with
high sensitization rate* while LPS is a widespread environmental pollutant and
abundantly present in house dust*¢, which makes a co-exposure of both HDM
and LPS a likely event. We observed that the intravenously administered Ci-
inhibitor did reach the airways and mitigated HDM/LPS induced complement
activation at the level of C4 and C3. As primary outcome, we observed that
prophylactic Ci-inhibitor treatment did not modulate eosinophil or neutrophil
numbers in the bronchoalveolar lavage fluid of our patients after intrabronchial
HDM/LPS challenge. Likewise, Ci-inhibitor treatment did not influence
the release of a series of cytokines and chemokines in the lung subsegment
challenged with HDM/LPS. Ci-inhibitor administration was associated with
an attenuated HDM/LPS induced protein leakage across the mucosal barrier.
Though airway epithelial cells have been recognized as an important regulator
of the type 2 immune responseY, it is not clear how exactly disrupted epithelial
barrier function translates to the clinical manifestation of asthma. Nonetheless,
enhanced vascular permeability is associated with the loss of asthma control*®
and airway remodeling®. Our data indicate that allergen induced eosinophil and
neutrophil migration into the airways is not significantly dependent on mucosal
integrity. In addition, we show that the intracellular content from eosinophils and
neutrophils does not significantly contribute to the disruption of the mucosal
barrier in the early phase following allergen challenge. This does not preclude
a more significant role for these inflammatory cells at a later time point. The
peak for eosinophil influx into the airways occurs 24 hours following allergen
challenge®. This may explain, at least in part, the discrepancy between our
finding and mechanistic studies conducted in animal®*2? or in vitro**** models.

Beside eosinophils and neutrophils, alveolar macrophages have been shown
to play a role in airway inflammation®*°. This cell population is the most
abundantly present cell type in the airways under homeostatic conditions?.
Their numbers remain remarkably consistent between patients?® and are
not affected by allergen challenge®#3°. This may be a reason for the limited
amount of research on alveolar macrophages regarding their potential role in
the pathogenesis of asthma. In chapter 3 we describe transcriptomic changes
in alveolar macrophages from asthma patients as consequence of HDM/LPS
challenge. We isolated alveolar macrophages from the bronchoalveolar fluid
of both saline and HDM/LPS challenged lung segments, harvested from a
subset of the placebo patients from the CAST study. Using RNA sequencing
we identified 1013 differently expressed genes after HDM/LPS challenge
relative to control. Ingenuity pathway analysis demonstrated upregulation of
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pro-inflammatory responses such as inducible nitric oxide synthase, Toll-like
receptor, p38 mitogen-activated protein kinase and interleukin (IL)-1, IL-8, IL-
10, and IL-17 signaling, whereas metabolic pathways (e.g., insulin receptor and
leptin signaling) were downregulated. Some of these enriched pathways (IL-1,
IL-10 and TLR-signaling) were previously demonstrated to be upregulated in
healthy individuals following an intrabronchial challenge with LPS3, suggesting
that activation of these pathways are LPS induced and not exclusively in
alveolar macrophages in asthma patients. However, the extent to which these
pathways are activated between alveolar macrophages from healthy individuals
and asthma patients remains to be determined. Direct comparison between
data from the current study and data from our previous study?' is hampered
due to differences in challenge (HDM/LPS versus LPS alone) and transcriptome
analysis (RNA sequencing versus micro-array). To our knowledge, this is the
first investigation to examine gene expression profiles in alveolar macrophages
from asthma patients challenged with HDM and LPS in vivo. These findings
may provide a better understanding of alveolar macrophage functions in
(exacerbations of) allergic asthma.

To gain more understanding of the effect of C1-inhibitor on airway inflammation
in asthma, in chapter 4 we sensitized mice to HDM in the first week and
challenged them with HDM in the second and third week during which Ci-
inhibitor was administered. In line with our finding in asthma patients, Ci-
inhibitor treatment did not alter HDM induced eosinophil and neutrophil influx
in the airways. Moreover, Ci-inhibitor did not modify the type 2 response in the
airways, but seemed to modestly decrease the release of type 2 cytokines in
the mediastinal lymph nodes of HDM challenged mice. In contrast to asthma
patients, prophylactic Ci-inhibitor treatment in HDM challenged mice was
not associated with a restored mucosal barrier integrity in the lung. Similarly,
HDM induced pulmonary pathological changes were unaffected by Ci-inhibitor
administration. Differences between species, model and treatment dose could
have contributed to the disparity in the results on mucosal permeability.

The role of anaphylatoxins in asthma

The anaphylatoxin C3a or signaling via its receptor (C3aR) have been shown to
promote type 2 inflammation in mouse asthma models3. C3aR is expressed
in all myeloid derived leukocytes and several lung parenchyma cells such as
smooth muscle, endothelial and epithelial cells3?, enabling C3a to exert a broad
inflammation modulating effect. Many recent studies have elucidated some of
the possible mechanisms by which C3a modulates the adaptive immune system
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and indirectly facilitates allergen induced eosinophilia in the airways3*3435. Few
studies have addressed the direct C3a effects on eosinophils in the context
of allergic inflammation3®3". In chapter 5 we assessed the chemoattractant
effect of C3a signaling on eosinophils. To this end, we adoptively transferred
normal or C3aR deficient bone marrow derived eosinophils in HDM sensitized
and challenged mice deficient of eosinophils. We found similar eosinophil
numbers in the lungs and airways of the recipient mice, indicating that HDM
induced eosinophil migration is independent of C3a signaling. In line with the
in vivo experiment, we observed that C3a lacks chemotactic activity towards
eosinophils ex vivo. However, this latter finding requires further investigation as
contradicting results have been reported®”. While C3a appears to be irrelevant
for murine eosinophil chemotaxis, it may have an effect in human eosinophils.
Differences in eosinophil function between species are not uncommon3® and
often complicate the translation of findings in animal derived eosinophils to
human eosinophils. This is an important limitation in experiments using murine
eosinophils to study eosinophil functions and interactions. Yet, some essential
characteristics are conserved between species3®3?, which together with their
practical availability make murine eosinophils still meaningful to study.

Experimental studies in animals have demonstrated a remarkable dual role for
complement factor Csa in the pathogenesis of asthma#°-43. While it exerts an
inhibitory effect prior to allergen sensitization, Csa enhances the propagation of
Th2 inflammation in allergen sensitized animals. The underlying mechanisms for
the Csa mediated proallergic effect in an established inflammation environment
are not well understood. The previous studies investigating the Csa/CsaR
elimination in asthma models were mainly focused on the role Th2 cells without
assessing the contribution of group 2 innate lymphoid cells (ILC2s). The
recently recognized ILC2s are regarded as the innate counterpart of Th2 cells
and together they orchestrate type 2 immune responses due to their capacity
to produce type 2 cytokines. In chapter 6 we aimed to investigate the role of
Cs inhibition in the HDM induced type 2 response, focusing on both Th2 cells
and ILC2s. We found that Cg activation aided in the differentiation of Th2 cells
but did not affect the differentiation or proliferation of ILC2s. This is consistent
with a recent study showing that ILCs do not express Csa receptors on their
cell membrane#+. We observed reduced intracellular IL-4 synthesis in Th2 cells
residing in the mediastinal lymph nodes as result of Cs inhibition during the
challenge phase. Though we did not determine intracellular IL-5 and IL-13
synthesis in the same cells, it is very likely that the synthesis of those cytokines
was also decreased since the expression of transcription factor GATA-3, which
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drives the production of type 2 cytokines*, in Th2 cells was significantly lower
in Cs inhibited mice. Nonetheless, the extracellular release of IL-5 and IL-13 in
bronchoalveolar fluid and in the supernatant of restimulated mediastinal lymph
nodes was similar, thus indicating that other sources for these cytokines are in
play. It is conceivable that ILC2s are responsible as they are well established
producers of IL-5 and IL-134%. The fact that their numbers (and probably
function) were not affected by Cs inhibition further supports that notion. Lung
pathology and mucus production in the airways showed no apparent changes,
which can be explained by a sustained IL-13 production. Whether and to which
extent Cs or Csa signaling blockade influences type 2 inflammation remains
under debate. Some groups*4* reported significant attenuation whereas
others#’ did not observe reduced inflammation. The outcome seems to be
variable depending on the model and the designated target (Cs or Csa receptor)
of the antagonist. Interestingly, airway hyperresponsiveness was alleviated
in all studies that examined the effect of Cs signaling inhibition during the
challenge phase. This confirms the notion that airway hyperresponsiveness and
airway inflammation are two separate phenomena in asthma+*® and suggests
that despite its contribution, a type 2 response is not necessarily the key factor
in airway hyperresponsiveness. A growing body of evidence has made clear
that airway hyperresponsiveness is a hallmark feature in asthma with complex
underlying mechanismsinvolving smooth muscles, structural airway remodeling,
nerve stimulation and a plethora of inflammatory mediators#®%°. The exact
mechanism by which Cs inhibition attenuated airway hyperresponsiveness in
our study remains elusive. These results suggest that blocking Cs in established
asthma (as is the case in adult asthma patients) could exert beneficial effects.
The therapeutic potential of Csa signaling inhibition has been recognized and
tested in asthma patients with inconclusive results so fars*. More investigations
addressing both inflammatory and clinical parameters in carefully selected
patients are warranted to determine the value of Cs inhibition as treatment for
asthma patients.

Mast cells have been implicated in the pathogenesis of asthma due to their
ability to secrete pro-inflammatory and bronchoconstrictive mediators®. The
effector function of mast cells are closely related to the binding of IgE and have
been shown to play an important role in the early phase of asthma. We aimed to
investigate the role of mast cellsin HDM induced airway inflammation in chapter
7. We observed that mast cell deficiency in HDM challenged mice reduced
airway eosinophilia and eosinophil specific chemokine (eotaxin-1) levels. The
underlying mechanism of this finding is not well understood. Mast cell derived
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histamine can induce eotaxin release from endothelial cellss3 and may partially
explain decreased eotaxin concentrations, resulting in reduced eosinophil
chemotaxis in mast cell deficient mice. In the recent years, knowledge about
the role of the ‘newly’ discovered ILCs has vigorously expanded. New evidence
unveiled that not only mast cells but also ILCs are diminished in c-kit deficient
mices+55. We have not measured ILCs in this study and type 2 cytokines in BAL
fluid were below detection, precluding a full assessment of the type 2 response.
Insight in the type 2 response could have provided a possible explanation for the
reduction in airway eosinophils and plasma IgE concentrations in c-kit deficient
mice after HDM challenge. IL-5 is an essential cytokine for the maturation,
migration and survival of eosinophils“® and IL-4 is essential for IgE class switch
in B-cells®s. Our data did not support suppressed IL-13 production in c-kit
mice since airway mucus production appeared to be unaltered. In addition,
HDM induced lung pathology was not affected in c-kit mice, arguing against a
significantly attenuated (type 2) inflammatory response.

The role of the contact system in asthma

Inchapter 8 and g we addressed the role of the contact system in allergic asthma.
In chapter 8 we investigated the role of factor XI (FXI) and FXII deficiency in
allergic asthma using the HDM induced asthma mouse model. FXI appeared
to have a beneficial role in allergic asthma by keeping a selective part of type
2 inflammation at bay: FXI deficient mice showed a marked increase in lung
eosinophil numbers. This could be explained in part by enhanced maturation,
survival (reflected by increased IL-5 levels) and chemotaxis (reflected by
enhanced eotaxin-1 levels). It is challenging to pinpoint the underlying
mechanism responsible for this interesting and relevant finding. FXI activation
initiates the coagulation system via the intrinsic pathway. In our model HDM
induced coagulation and fibrinolysis, yet FXI deficiency did not influence these
responses, suggesting that FX| mediated suppression of lung eosinophilia did
not occur via an effect on coagulation activation. The effect of FXI on eosinophil
recruitment seems to occur independently of FXII activation since it was absent
in FXII deficient mice. Our data suggest that FXI| has a, so far unidentified,
modulatory role in the course of allergic inflammation. On the other hand, these
data imply that FXI does not simply impair the whole set of type 2 effector cell
functions since other type 2 (dependent) responses were not affected in FXI
deficient mice.
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The kallikrein-kinin system refers to the cleavage of high-molecular-weight-
kininogen by kallikrein to liberate bradykinin, which is part of the contact
system®”. Chapter g describes the effect of kininogen deficiency and depletion
on hallmarks of asthma in the HDM induced mouse model. We observed
that kininogen deficiency throughout the course of HDM sensitization and
challenge did not modulate airway inflammation. This result is in accordance
with our findings in FXII deficient mice (chapter 8), indicating that contact
system activation lacks significant impact on HDM induced inflammatory
responses. Kininogen deficiency markedly alleviated HDM induced airway
hyperresponsiveness. Additionally, we depleted kininogen in mice only during
the challenge phase to mimic a therapeutically relevant approach and, in
complete agreement with kininogen deficiency, observed attenuation of airway
hyperresponsiveness with unaltered inflammatory markers, thereby excluding
a sensitization dependent dual role for kininogen such as demonstrated for
Csa in allergen induced asthma. Further research is warranted to elucidate
the mechanisms by which kininogen aggravates airway hyperresponsiveness.
The discovery of the paucigranulocytic asthma phenotype has fueled interest
in inflammation independent airway obstructions®. For patients with this type
of asthma, conventional (and probably new emerging biological) drugs are
ineffective as they all aim to mitigate inflammation driven symptoms. In that
regard, kininogen depletion could provide beneficial effects, which should
encourage clinical testing. At the time of this writing, a direct interaction
between kininogens and immune or parenchymal cells has not been
documented. Therefore, we hypothesize that kininogen derived bradykinin is
the key driver for the observed airway responses. Bradykinin has been reported
to induce bronchoconstriction via signaling through its receptors (brBi and
brB2) on smooth muscles and sensory neuronss®. Furthermore, bradykinin
receptor antagonists have shown their merit in alleviating bradykinin induced
bronchoconstriction in both animals®® and humans®®. To date, only one
phase Il clinical trial, addressing the role of bradykinin receptor antagonists in
asthma, has been conducted. This study investigated the efficacy of Icatibant,
a bradykinin B2 receptor antagonist, in moderate to severe asthma patients
reporting inconclusive results®. Meanwhile new generations of bradykinin
receptor antagonists have been developed with allegedly higher specificity and
efficacy®. Convincing data from preclinical studies justify and warrant clinical
trials in asthma patients using bradykinin receptor antagonists to determine
their therapeutic potential.
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Concluding remarks

This thesis has extended current knowledge about the roles of the complement
and contact system in the context of allergen induced asthma. We have
shown a complex role for the complement system in asthma associated type
2 airway inflammation; though its activation influences selective elements
of the inflammatory response, redundant counteracting mechanisms may
simultaneously occur. Our findings suggest that inhibiting the contact system
could yield beneficial effects on features of asthma that are independent of
inflammation. Better understanding of these processes are warranted to be
able to determine the full potential of both systems as potential targets for
asthma treatment.
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Chapter 11

Astma is een ziekte van de luchtwegen waarbij er meestal sprake is van een
chronische ontsteking. Deze ziekte wordt verder gekenmerkt door reversibele
luchtwegvernauwing, luchtweg hyperreactiviteit en overmatig slijmproductie.
Wereldwijd zijn meer dan 300 miljoen mensenvan alle leeftijden gediagnosticeerd
met astma, waarbij er sprake is van een toenemende incidentie en prevalentie.
De behandeling voor deze ongeneesbare ziekte bestond jarenlang louter uit
inhalatiecorticosteroiden en luchtwegverwijders. Hoewel deze behandeling zeer
effectief is voor een groot deel van de patiénten, is het voor een substantieel
groep patiénten onvoldoende om hun ziekte onder controle te krijgen.
Recentelijk hebben nieuwe wetenschappelijke onderzoeken aangetoond dat de
onderliggende ontstekingsreacties wezenlijk kunnen verschillen in patiénten
met vergelijkbare astma gerelateerde symptoommanifestatie. Een gerichte
behandeling van een specifieke ontstekingsreactie blijkt in correct geselecteerde
patiénten buitengewoon effectiefom luchtwegontstekingte remmen endaarmee
astmaklachten te verminderen. De introductie van ‘biologicals’, antilichamen die
specifieke cytokinen onschadelijk maken, staat symbool voor deze hoopgevende
benadering en spoort toekomstige onderzoeken aan nieuwe mechanismen te
identificeren die relevant zijn voor de pathofysiologie van astma.

Dit proefschrift richt zich vooral op de rol van het complement- en het
contactsysteem op type 2 inflammatie, één van de ontstekingsreacties
die geassocieerd is met astma. Het complement- en contactsysteem zijn
beide netwerken van eiwitten in het bloed die, eenmaal geactiveerd, het
immuunsysteem beinvioeden. Eerdere preklinische onderzoeken hebben
aangetoond dat beide systemen betrokken zijn bij astma gerelateerde
inflammatoire processen. We hebben getracht nieuwe inzichten te verwerven
met het verrichten van onderzoeken in astmapatiénten; aangevuld met
experimenten in astma muismodellen, die ons in staat stellen om onderliggende
mechanismen beter te begrijpen.

Hoofdstukken 2 en 4 beschrijven het effect van Ci-inhibitor op allergeen
geinduceerde ontstekingsprocessen in de longen. Ci-inhibitor is een eiwit in het
bloed dat een remmende werking heeft op het complement- en contactsysteem.
Het is tevens beschikbaar als medicijn en wordt gegeven aan mensen die, als
gevolg van Ci-inhibitor te kort, ernstige zwellingen in de huid (angio-oedeem)
ervaren. In hoofdstuk 2 tonen we aan dat een profylactische behandeling
met Ci-inhibitor in patiénten met een milde vorm van astma leidt tot de
preventie van slijmvliesbarriere beschadiging, een verschijnsel dat optreedt
in de luchtwegen van astmapatiénten na allergeencontact. In een klinisch
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onderzoek genaamd CAST-studie, hebben we hiervoor 24 volwassen patiénten
geselecteerd die in gelijke aantallen zijn gerandomiseerd in een placebo of
Ci-inhibitor behandeling groep. In de luchtwegen van deze patiénten werden
vervolgens een ontstekingsreactie opgewekt middels intrabronchiale provocatie
met huisstofmijt (HDM) en lipopolysaccharide (LPS). Ci-inhibitor remde de
complementsysteemactivatie die optreedt als gevolg van de allergeenprovocatie.
Daarnaast tonen we aan dat Ci-inhibitor een beschermd effect had op de
slijmvliesbarriere maar niet in staat was om de allergische inflammatoire
respons te remmen. Alveolaire macrofagen zijn immuuncellen die in grote
aantallen aanwezig zijn in de luchtwegen. Ze kunnen de ontstekingsreactie bij
astmapatiénten beinvloeden. In hoofdstuk 3 hebben we alveolaire macrofagen
verkregen uit de luchtwegen van deelnemende astmapatiénten uit de CAST-
studie. Vervolgens hebben we gekeken naar veranderingen van genen in
macrofagen die wel of niet in contact zijn geweest met HDM en LPS. Het blijkt
dat een groot aantal genen die geassocieerd zijn met inflammatoire processen
verhoogd tot expressie komen in alveolaire macrofagen die blootgesteld zijn aan
allergenen. In hoofdstuk 4 onderzochten we het effect van Ci-inhibitor in een
astma muismodel. We vonden een vergelijkbaar resultaat als in het onderzoek
met astmapatiénten, namelijk dat Ci-inhibitor geen duidelijk remmend effect
heeft op de allergische ontstekingsprocessen in de luchtwegen.

Hoofdstukken 5 en 6 beschrijven de rol van anafylatoxinen, activatieproducten
van het complement systeem op astma gerelateerde ontstekingscellen en
ontstekingsreacties. Eosinofielen zijn belangrijke ontstekingscellen die frequent
wordenwaargenomen in de luchtwegen van astmapatiénten. Recent ontwikkelde
geneesmiddelen tegen interleukine (IL)-5 reduceren het aantal eosinofielen
sterk en zijn zeer effectief gebleken in de behandeling van astmaklachten. Het
is daarom belangrijk om nieuwe aangrijpingspunten te vinden die de functies
van eosinofielen kunnen beinvloeden. In hoofdstuk 5 hebben we gekeken of
anafylatoxine C3a signalering een chemotactisch effect heeft op eosinofielen.
We hebben met in vivo en ex vivo experimenten laten zien dat C3a signalering
geen directe rol speelt in de migratie en chemotaxis van eosinofielen. C3a
deficiénte muizen tonen verminderde eosinofiel aantallen in hun luchtwegen
na allergeenprovocatie, wat suggereert dat C3a dit op een indirecte manier
bewerkstelligt. De anafylatoxine Csa speelt een merkwaardige dubbele rol in de
pathogenese van allergische astma. Verschillende studies hebben aangetoond
dat Csa het immuunsysteem ondersteunt om de allergische inflammatoire
respons in toom te houden véoér allergeensensitisatie, terwijl na sensitisatie
Csa acteert als een pro-inflammatoir signaal. In hoofdstuk 6 onderzochten
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we nader hoe Csa luchtweginflammatie beinvioedt. We observeerden dat Csa
een stimulerend effect had op Th2 cellen, maar niet op ILC2s. Dit verklaart
deels onze bevinding dat de type 2 inflammatie slechts deels is onderdrukt als
gevolg van Cs blokkade na sensitisatie. We vonden een evident verminderde
luchtweghyperreactiviteit als gevolgd van C5 remming. Dit wijst erop dat Cs
remming potentieel een kandidaat is voor verder onderzoek in astmapatiénten.

Mestcellen zijn een van de immuuncellen die betrokken zijn bij het initiéren van
een allergische reactie en geactiveerd kunnen worden door Csa. Deze cellen
worden in de vroege fase na allergeencontact geactiveerd waarna ze mediatoren
afgeven die astma gerelateerde symptomen kunnen uitlokken. In hoofdstuk 7
bestudeerden we de rol van mestcellen in muizen die gesensitiseerd zijn voor
huisstofmijt en vonden dat selectieve immuunresponsen verminderd waren
in mestcel deficiénte muizen. Dit leidde echter niet tot veranderingen in de
allergeen gedreven longpathologie en slijmproductie in de luchtwegen. Hierdoor
is het niet duidelijk vast te stellen welke rol mestcellen precies spelen in het
moduleren van de allergische ontstekingsreactie.

In de hoofdstukken 8 en g presenteren we onderzoeken met de vraag of
het contactsysteem een rol speelt in de pathofysiologie van astma. Hierbij
hebben we gekeken naar verschillende modulaties in het contact systeem
en welke gevolgen deze modulaties hebben op belangrijke uitkomsten die
gerelateerd zijn aan astmapathologie. In hoofdstuk 8 analyseerden we FXI
en FXII deficiénte muizen in het huisstofmijt gedreven astma muismodel. FXI
bleek luchtwegeosinofilie in toom te houden door signaaleiwitten (chemokines)
te verminderen die de aanwezigheid van eosinofiel kunnen bevorderen. FXII
had geen evident effect op allergisch inflammatoire parameters. Een ander
component van het contact systeem is high-molecular-weight-kininogen
(HMWK). Het enzym (kallikrein) kan via verschillende routes geactiveerd worden
en knipt het substraat HMWK waarbij een eiwit (bradykinine) vrijkomt dat
ontstekingsreacties uitlokt. In hoofdstuk g onderzochten we wat het effect is
van HMWK deficiéntie op de luchtweginflammatie en luchtweghyperreactiviteit
in huisstofmijt gesensitiseerde muizen. We vonden net als in hoofdstuk 8
dat het contactsysteem geen invloed heeft op de luchtweginflammatie.
Verder toonden we aan dat HMWK bijdraagt aan allergeen geinduceerde
luchtweghyperreactiviteit. Een ander experiment, waarbij HMWK in reeds
gesensitiseerde muizen werd geremd, gaf dezelfde resultaten weer.
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Dit proefschrift heeft de kennis over het complement- en contactsysteem in
de context van allergeen gedreven astma verder uitgebreid. De complexiteit
waarmee hetcomplement system luchtweginflammatie beinvloedt, isuitde reeks
van experimenten in dit proefschrift duidelijk gebleken. Hoewel complement
systeem activatie bepaalde immuun responsen moduleert, worden deze effecten
grotendeels gecompenseerd oftegengewerktdoorandereimmuunmechanismen.
Het contactsysteem blijkt een effect te hebben op de luchtweghyperreactiviteit.
Daarnaast wordt het feit dat de luchtweghyperreactiviteit deels onafhankelijk
is van de luchtwegontsteking meermaals onderstreept. Resultaten uit deze
preklinische onderzoeken rechtvaardigen verdere evaluatie van deze systemen
in klinische studies.

187




[

~

iYL

4l

b.
aq
oo
)ﬁ
@3
D3
S
%

o200 Qo @) 000 o
° Oy Q% 0 -
o® g‘: l':, o 00 o L
99692 % ?0 > 7908,
o ? 2 g% & %
c 00
0% wwcﬂooo
" 0 Q% g ¢
> % 2%
[}






Addendum

LIST OF PUBLICATIONS

Yang J, Scicluna BP, Van Engelen TSR, Bonta Pl, Majoor CJ, Van 't Veer C, De
Vos AF, Bel EH, Van der Poll T. Transcriptional changes in alveolar macrophages
from adults with asthma after allergen challenge. (submitted)

Yang J, Van Engelen TSR, Haak BW, Bonta PI, Majoor CJ, Van 't Veer C, De Vos
AF, Kemper EM, Lutter R, Van Mierlo G, Zeerleder SS, Bel EH, Van der Poll T.
Effect of C1-inhibitor in adults with mild asthma: a randomised controlled trial.
Allergy, 2019

Yang), van ‘t Veer C, ten Brink MS, de Vos AF, van der Poll T. C3a signaling is not
involved in eosinophil migration during experimental allergic lung inflammation
in mice. Allergy. 2019

Yang J, Ramirez Moral |, Van 't Veer C, de Vos AF, de Beer R, Roelofs JJTH,
Morgan BP, van der Poll T. Complement factor Cs inhibition reduces type 2
responses without affecting group 2 innate lymphoid cells in a house dust mite
induced murine asthma model. Respiratory Research. 2019

Yang J, van 't Veer C , Roelofs JJ.T.H, van Heijst J W], de Vos A.F, McCrae K.R,
Revenko A.S, Crosby J, van der Poll T. Kininogen deficiency or depletion attenuates
airway hyperresponsiveness independent of pulmonary inflammation in a house
dust mite induced murine asthma model. Am J Physiol Lung Cell Mol Physiol. 2019

Ding C, Scicluna BP, Stroo |, Yang J, Roelofs JJ, de Boer OJ, de Vos AF, Niirnberg
P, Revenko AS, Crosby J, Van't Veer C, van der Poll T. Prekallikrein inhibits innate
immune signaling in the lung and impairs host defense during pneumosepsis in
mice. Journal of Pathology 2020

Ding C, Yang J, Van't Veer C, van der Poll T. Bradykinin receptor deficiency or
antagonism do not impact the host response during gram-negative pneumonia-
derived sepsis. Intensive Care Med Exp. 2019

Stroo |, Ding C, Novak A, Yang J, Roelofs JJTH, Meijers JCM, Revenko AS, van
't Veer C, Zeerleder S, Crosby JR, van der Poll T. Inhibition of the extrinsic or
intrinsic coagulation pathway during pneumonia-derived sepsis. Am ] Physiol
Lung Cell Mol Physiol. 2018

190



Addendum

Stroo |, Yang J, Anas AA, de Boer JD, van Mierlo G, Roem D, Wouters D, Engel R,
Roelofs JJTH, van 't Veer C, van der Poll T, Zeerleder S. Human plasma-derived
C1 esterase inhibitor concentrate has limited effect on house dust mite-induced
allergic lung inflammation in mice. Plos One. 2017

Stroo |, Yang J, de Boer D, Roelofs JJ, van 't Veer C, Castellino FJ, Zeerleder
S, van der Poll T. Factor XI deficiency enhances the pulmonary allergic response
to house dust mite in mice independent of factor XIl. Am ] Physiol Lung Cell Mol
Physiol. 2017

Anas AA, Yang J, Daan de Boer J, Roelofs JJ, Hou B, de Vos AF, van der Poll T.
General, but not myeloid or type Il lung epithelial cell, myeloid differentiation
factor 88 deficiency abrogates house dust mite induced allergic lung
inflammation. Clin Exp Immunol. 2017

de Boer JD, Berkhout LC, de Stoppelaar SF, Yang J, Ottenhoff R, Meijers JC,
Roelofs JJ, van't Veer C, van der Poll T. Effect of the oral thrombin inhibitor
dabigatran on allergic lung inflammation induced by repeated house dust mite
administration in mice. Am J Physiol Lung Cell Mol Physiol. 2015.

de Boer JD, Yang J, van den Boogaard FE, Hoogendijk AJ, de Beer R, van der
Zee JS, Roelofs JJ, van 't Veer C, de Vos AF, van der Poll T. Mast cell-deficient
kit mice develop house dust mite-induced lung inflammation despite impaired
eosinophil recruitment. J Innate Immun. 2014.

191




Addendum

CONTRIBUTING AUTHORS AND AFFILIATIONS

Amsterdam UMC, University of Amsterdam, Amsterdam, the
Netherlands
Center for Experimental and Molecular Medicine  A.A. Anas
R. de Beer
J.D. de Boer
F.E. van den Boogaard
M.S. ten Brink
T.S.R. van Engelen
B.W. Haak
J.W.J. van Heijst
A.J. Hoogendijk
T. van der Poll
I. Ramirez Moral
C. van ‘t Veer

A.F. de Vos
Department of Clinical Epidemiology,
Biostatistics and Bioinformatics B.P. Scicluna
Department of Experimental immunology R. Lutter
Department of Pathology J.J.T.H. Roelofs
Department of Respiratory Medicine E.H.D. Bel

P.l. Bonta

C.J. Majoor
Department of Pharmacy E.M. Kemper

Sanquin Research, Amsterdam, the Netherlands
Department of Immunopathology R. Engel
G. van Mierlo
D. Roem
D. Wouters

Onze Lieve Vrouwe Gasthuis, Amsterdam, the Netherlands
Department of Pulmonology J.S. van der Zee

192



Addendum

Inselspital, Bern University Hospital, University of Bern, Bern,
Switzerland

Department of Hematology and S. Zeerleder
Central Hematology Laboratory

School of Medicine, Cardiff University, Cardiff, United Kingdom
Division of Infection and Immunity B.P. Morgan

Cleveland Clinic, Cleveland, United States of America
Departments of Hematology-Oncology K.R. McCrae
and Cellular and Molecular Medicine

lonis Pharmaceuticals, Incorporated, Carlsbad, United States of
America
Drug Discovery and Corporate Development. J. Crosby

A.S. Revenko

University of Notre Dame, Notre Dame, United States of America
W.M. Keck Center for Transgene Research F.J. Castellino

193




Addendum

ABOUT THE AUTHOR

Junjie (Jack) Yang was born in Guangzhou, China. At young age, he moved to the
Netherlands where he graduated from Johan van Oldenbarnevelt gymnasium
in Amersfoort (2007). Following high school, he moved to the Dutch capital
and studied Medicine at the University of Amsterdam. As second and third
year student, he was introduced in the field of biomedical science through
two internships at the department of Center for Experimental and Molecular
Medicine (CEMM) supervised by dr. Daan de Boer and dr. Kees van ‘t Veer.
During this time, he contributed to projects which later on were published in
peer reviewed journals. Following this scientific intermezzo, he started a two
years lasting clinical rotation and as part of these clinical internships, he had
the opportunity to work and learn at the pediatrics department in Manipal,
India. After graduating from Medical school, he briefly worked as resident at the
department of internal medicine in Tergooi ziekenhuis, Hilversum. In 2014, he
started his PhD project on the ‘role of the complement and contact systems in
asthma’, supervised by prof. dr. Tom van der Poll, prof. dr. Liesbeth Bel and dr.
Kees van 't Veer. In October 2019 Jack returned to healthcare as Medical doctor.
Determined to become a pulmonologist, he has started working as resident at
the pulmonology department in Noordwest Ziekenhuis, Alkmaar.

194



Addendum

PHD PORTFOLIO

Courses Year ECTS
Basic course legislation and Organization (BROK) 2015 1
Basic laboratory Safety 2015 1
Laboratory Animals 2015 2.5
Advanced Immunology 2015 2.5
Practical biostatistics 2015 1
Advanced qgPCR 2016 0.5
Scientific Writing 2018 1

Seminars and Masterclasses

Journal Club 2014-2019 2
CEMMposium 2014-2018 1
CEMMinars 2014-2018 1
Retreat Infection and Immunity 2014-2018 2

(Inter)national conferences

New Frontiers in Innate Immunity and Inflammation,

2018
Cluj-Napoca 1
European Academy of Allergy and Clinical Immunology congress, so1
Helsinki 7 1
17" Congress of European Shock Society, Paris 2017 1
EMBO conference Innate Lymphoid cells, Berlin 2016 1
Congress European Society of Thrombosis and Haemostasis, 2016
the Hague 1
International Society of Thrombosis and Haemostasis, Toronto 2015 1
Poster presentation
A randomised controlled trial of C1-esterase inhibitor in adults with 2018
mild asthma 0.5
Inhibiting activation of complement Cs attenuates airway 2017 0.5

hyperresponsiveness and allergic lung inflammation in a house dust
mite induced model

195



Addendum

DANKWOORD

Dit proefschrift zou niet mogelijk zijn zonder de steun van vele mensen.
Allereerst wil ik de vrijwilligers van de CAST studie van harte bedanken voor
hun bereidwilligheid om invasieve onderzoeken te ondergaan ten behoeve van
de wetenschap.

Tom, jouw Amsterdamse humor ga ik missen!

Ik waardeer het zeer dat je mij de mogelijkheid hebt gegeven om bij jou te
promoveren. Ondanks jouw drukke agenda, kon ik altijd bij je terecht wanneer
ik je sturing nodig had. Je hebt mij enorm geinspireerd met je blik op kansen en
mogelijkheden in plaats van de hindernissen en onmogelijkheden. Bedankt voor
de levenslessen en je vertrouwen in mij als onderzoeker.

Liesbeth, hartelijk dank voor je sturing en bijdrage in dit proefschrift. De
besprekingen met jou vond ik verhelderend en gaven mij telkens nieuwe
inzichten. Mijn grote waardering dat je betrokken wilde zijn in dit project.

Kees, wat ooit begon als een studentenproject met E.coli incubaties in volbloed
is geéindigd met astma. Jij hebt mij geleerd om data te interpreteren en de juiste
controles mee te nemen. Bedankt voor je begeleiding in de afgelopen jaren. Ik
zal ons Toronto etentje en jouw mix drankjes altijd blijven herinneren.

Alex, ik ben elke maandagochtend na de bespreking met Kees blij om jou te zien
bij het koffieapparaat. Dan kon ik (vaak) mijn ingehouden vreugde over weer
een goed Ajax-weekend met je delen. Bovenal wil ik je bedanken voor je advies,
hulp en kritische noten tijdens de stolbesprekingen. Ik heb het gevoel dat we de
afgelopen jaren veel lol hebben gehad.

Jeroen, hoewel je niet officieel mijn co-promotor bent, heb je me nauw begeleid
in het lab. In het begin heb ik nog nooit van FACSen gehoord, laat staan dat ik
weet wat ik ermee moet. Jij hebt ongelofelijk veel energie en tijd besteed om
het mij te leren. Daarnaast heb ik genoten van onze gesprekken over T-cellen,
maar ook over andere aspecten van het promoveren. Jij wist me telkens weer te
motiveren door te blijven gaan. Heel veel dank daarvoor.

In het bijzonder wil ik de leden van de promotiecommissie hartelijk bedanken
voor het toetsen van mijn proefschrift en hun aanwezigheid bij mijn promotie.
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Heel veel dank aan alle collega’s van het CEMM. Wat een grote familie is het
geworden! Bijde Tommies de stollers Chao en Dorith, het beruchte ELDERBIOME
team Xanthe, Bas, Stijn, Rosan en de 2.0 versie Tom en Alex. Mijn CAST-buddy
Tjitske, wat maakten we vaak gekke dingen mee op zo’n studiedag! Je hulp was
onmisbaar; deze oorlog had ik zonder jou niet overleefd. Ik hoop van harte dat
CAST microbiome beloond wordt met een mooie publicatie. Alexander, je ziet
onze groep vaak als een familie; zo heeft iedereen volgens jou een werkvrouw/
werkman. Jij was voor mij een werkbroer bij wie ik aanklopte voor hulp of een
goed gesprek. Je stond altijd voor me klaar, behalve wanneer je ging pipetteren,
dan moest ik mijn mond houden. Bedankt voor je aanmoedigingen en je
vertrouwen in mij! De motor van de infectieziekten, zo zie ik jullie: Monique,
Danielle, Regina, Heleen en Monique, bedankt voor jullie hulp in de afgelopen
jaren. Joost en Marieke, bedankt dat jullie zoveel tijd met en voor mij in het
muizenhuis hebben doorgebracht. En natuurlijk de rest van de CEMM familie:
Brendon, Fabrice, Ingrid, Lonneke, Hessel, Joe, Erik, Jan Willem, Anno, Hina,
Wanhai, Liu, Hisatake, Fahimeh, Berke en Mariska. Joosties: Jacquelien, Duncan,
Max, Nora, Floor, Emma en Harjeet en Lymmies: Jos, Joris, Lauren, Jeroen C,
Janine, Alex W Jasmin, Michelle, Ewoud, Dieuwertje en Stephanie. Bedankt voor
de fijne tijd! Het oncologie deel van CEMM: Lexor, wat een enorm uitdijende
entiteit is geworden. Lexorianen Janneke, Joyce, Kate, Valerie, Patricia en de
vele anderen, bedankt voor jullie gezelligheid tijdens de borrels en de jaarlijkse
Lab-uitjes!

Joris, ontelbare glaasjes hebben we samen bekeken. Fijn dat je er vaak nog een
educatief karakter aan hebt gegeven. Hartelijk dank voor je hulp!

Marleen, bedankt voor je hulp bij het regelen van de alle “stofjes” voor de CAST
studie. Ik heb nooit gedacht dat er zoveel bij komt kijken.

Rahel, dankzij jou waren de CAST pakketjes altijd op tijd klaar. Bedankt voor je
hulp in het enorme logistieke spinnenweb.

Pearl, als monitor had je veel werk aan mij. Bedankt dat je met zoveel ziel en
zaligheid betrokken was om het onderzoeksdossier op orde te hebben.

Peter en Christof, bedankt voor de grote aantallen bronchoscopieén die jullie
voor de CAST studie hebben uitgevoerd. Ik moet toegeven dat mijn handen op
een gegeven moment erg jeukten om het ook zelf te doen. Misschien hebben
jullie me hierdoor geinspireerd om longarts te willen worden.
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Gerard, wat heb ik veel van jou geleerd over efficiént pipetteren. Ik heb genoten
van de dagen op Sanquin met jou. Weinigen buiten mijn promotieteam zijn
oprecht zo geinteresseerd in mijn project als jij. De discussies met jou hebben
me steeds weer kritisch aan het denken gezet en uiteindelijk tot nieuwe inzichten
geleid. Ik ben blij dat ik de gelegenheid heb gehad om met jou samen te werken.

Daan, jij bent de vonk geweest van mijn promotievuur. Bedankt dat je me hierin
hebt gesleept. CEMM is een fantastische plek om te promoveren en astma is vet!

Tijdens een promotietraject loopt je weleens het risico om besmet te worden
met vriendschappen.

Lieve Anja, paranimf, wat fijn om je als collega en vriend te hebben. Dankzij jou
heb ik zowel thuis als uit een Duitse coach die me tactisch door het leven leidt.
We hebben voor behoorlijk wat verbazing en verwarring gezorgd door tegelijk
soesjes uit te delen! Die koffiedates met kiddo’s gaan we erin houden.

Ivan, garrulo! What did we not do?! We published an article together, played
squash and went to Barcelona with the others. Thank you for standing by my
side as my paranimf and of course your friendship. | hope we’ll keep on creating
memories. Also, like Tom said, you know nothing, you're from Barcelona!
Secretly, you are one of the smartest people | know.

Liza, met jou kan ik altijd enorm lachen, vooral om de grappen van Monty Python.
We hebben de afgelopen jaren veel leuke tripjes gemaakt met als hoogtepunt
het weekendje naar Barcelona met veel lekker eten en een autorit gevuld met
melancholische liedjes. Dankzij jouw wonderbaarlijke muziekgeheugen is dat
moment niet verloren gegaan, maar vereeuwigd op Spotify. lvan en ik luisteren
er soms nog naar, stiekem als niemand in de buurt is; onze guilty pleasure.
Bedankt voor de onvergetelijke tijd en ik hoop dat we ooit weer collega’s worden.
Dan laten we deze goede oude tijd herleven.

Natasja, jouw liefde voor HIF1-a en AH kaasstengels is soms jaloersmakend.
Onder jouw lieve religieuze mantel schuilt een assertieve en ambitieuze vrouw.
Ik moest altijd lachen om jouw uitspattingen, ongetwijfeld denk je precies zo
over mij. Fijn dat je er voor me was de afgelopen jaren.

Desiree, Dees. Je bent natuurlijk super trots (lees opgelucht) dat ik me zo
goed heb gedragen op jouw bruiloft (Sorry, Mariska). Bedankt voor de leuke

198



Addendum

momenten die we samen beleefd hebben. Intussen ben je helemaal gesettled op
je nieuwe baan als klinisch chemicus in spe. Ik hoop dat je nog eens terugkomt
naar de bewoonde wereld als je straks uit Amsterdam verhuist.

Lieve collega's van het NWZ,

Wat fijn dat jullie me meteen zo geweldig in jullie groep hebben opgenomen
en geduldig ingewerkt! Ik weet dan ook zeker dat we sterker uit de COVID-19
pandemie gaan komen. Ik hoop nog veel van jullie te leren in de toekomst.

Ooit begonnen als een stel kattenkwaad uithalende mafkezen in een
studentenflat in Diemen. Intussen hebben we allen ons pad gevonden. Tijd
heeft ons gelukkig niet ver uit elkaar gedreven. Die mannenavonden houden
stand! Daniél, Hessel, Martijn, bedankt voor jullie vriendschap!

Dank ook aan de partners Renske, Wieteke en Kimmy voor jullie vriendschap en
de gezellige momenten samen.

Mijn SK@LL maten: Jan, Maarten, Eelco, Pascal, Jasper, Duncan, Sjoerd, Eva en
Dopp. Na 4 LPD’s kan ik nu eindelijk zeggen: het is af! En nee, het heeft niet “tot
in de MILJOENEN” jaren geduurd.

Dani, ik ben blij dat je de cursus Nederlands hebt gevolgd en Iris hebt ontmoet, anders
heb ik nu geen squashmaatje gehad. Roy, je bent veel meer dan mijn squashmaatje en
dat weet je. We zijn de afgelopen jaren nauw naar elkaar gegroeid en het is fijn om zo’n
goede vriend als jij te hebben. Helaas moeten we een nieuwe squashlocatie vinden nu
jij naar Westzaan verhuist. Kan je er niet één in je tuin bouwen, naast het voetbalveldje
voor Alex?! Fijn dat jullie onze vrienden zijn en ik kijk uit naar wat er nog komt.

Liebe Schwiegerfamilie, danke, dass ihr mich so herzlich in eure Familie
aufgenommen habt.

Sabine, du bist die liebste Schwiegermutter, die man sich wiinschen kann.
Danke dass du dich immer so gut um uns gekiimmerst wenn wir bei dir war.

Peter, deine Chilis halten mich scharfsinnig, mit einer Doktorarbeit als Ergebnis.

Lisa und Thomas, danke fur euer Interesse in den letzten Jahren, Marie, Felix,
Max, Noah und Lukas, wir kommen hoffentlich 6fters vorbei um euch zu drgeren.
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Anne und Marcel, danke fiir die schone Zeit mit euch. Nachstes Mal trinken wir
einen zusammen im Brauhaus!

Kleine broer, ik ben er niet altijd, maar weet dat ik er altijd voor je zal zijn.

Mamma en Pappa, jullie zijn altijd mijn steun en toeverlaat ongeacht wat ik doe.
Doorzettingsvermogen heb ik van jullie geérfd en hard werken van jullie geleerd.
Volg je verstand, maar ook een beetje je hart, is jullie devies. Dat heb ik gedaan.
Bedankt dat jullie me altijd de ruimte hebben gegeven om mijn keuzes te maken.

Pauline en Iris, jullie hebben een speciale plek in mijn hart en verdienen een
speciale plek in dit boekje.

Pauline, mijn kleine schat! Jij bent het zonnetje in mijn leven. De zomer komt
eraan, we gaan lekker veel buiten spelen.

Iris, lieverd, het is ons gelukt! Onze PhD babies zijn er! Jij en ik zijn jaren geleden
gelijktijdig begonnen aan een promotie avontuur en nu zijn we tegelijk klaar, wat
een droomscenario! We hebben elkaar er doorheen geloodst met veel liefde.
Ik hou zielsveel van je en kijk uit naar alle avonturen die de toekomst ons gaat
brengen!
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