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1. Zusammenfassung

1. Zusammenfassung

Die Inhalation von Kohlenstoff-Nanoteilchen (carbon nanoparticles, CNP), einem wichtigen Bestandteil
der Emission aus Verbrennungsprozessen und damit der urbanen Luftverschmutzung, kann sowohl lokal
in der Lunge als auch im Herzkreislaufsystem Entziindungsreaktionen bewirken. Denn durch ihre
Oberflachenreaktivitat kénnen auch sterile Partikel wie CNPs effektiv oxidativen Stress induzieren und
somit Entziindungsreaktionen auslosen. Die redoxsensitiven Transkriptionsfaktoren Nuclear Factor
KappaB (NFkB) und Activator Protein 1 (AP-1), die einen GroRteil der inflammatorischen Genexpression
steuern, spielen eine zentrale Rolle fiir Entstehung und Auflésung von Entziindungsreaktionen in der
Lunge. In diesem Zusammenhang scheint der p50-Untereinheit des NFkB1-Komplexes eine
zweischneidige Funktion zuzukommen, denn p50 kann die NFkB-abhdngige Genexpression sowohl
initileren und fordern oder aber auch hemmen, indem es in Abhédngigkeit von den jeweiligen
Gegebenheiten wahlweise mit Coactivator- oder Repressor-Molekiilen der Transkriptionsmaschinerie
des Zellkerns interagiert. Da wie bei den meisten Entziindungsmechanismen der NFkB-Signalweg fast
ausschlieBlich in Modellen der Sepsis untersucht wurde ist die Ubertragbarkeit der Mechanismen auf die
aseptische Entziindung wie durch CNP-Inhalation hervorgerufen, nicht geprift. In diesem Projekt soll die
Rolle der NFkB1-Untereinheit p50 wahrend der CNP-induzierten, aseptischen Lungenentziindung unter

Verwendung von WT und p50-Knock-out-Méausen (p50'/') untersucht werden.

Die intratracheale Instillation von 20ug CNP in die Mauslunge verursachte eine akute neutrophile
Alveolitis, mit hochsten Entziindungszellzahlen 24h nach der Applikation und kompletter Auflésung der
Entziindung innerhalb von 7 Tagen. Das Ausmall der zelluldren Entzlindungsreaktion zeigte jedoch
keinen Genotyp-abhdngigen Unterschied obwohl die CNP-induzierte Zytokinfreisetzung in Lungen von
p50-Mdusen deutlich héhere Werte erreichte als die in WT-Tieren. Damit scheint p50 zwar der
Expression von proinflammatorischen Zytokinen entgegenzuwirken, andererseits aber fir die
Rekrutierung von Entziindungszellen in den Alveolarbereich der Lunge verzichtbar zu sein.
Untersuchungen von Lungen-Zellkernextrakten ergaben, dass die CNP-Behandlung zwar eine
Anreicherung der NFkB1 Untereinheiten, p50 und p65 (RelA) in WT, jedoch nicht in p50-Mausen
bewirkte. Damit stellt sich die Frage welcher Transkriptionsfaktor in Abwesenheit von p50 und ohne p65
zu involvieren die inflammatorische Genexpression induziert. Eine kompensatorische Aktivierung von

NFkB2 oder AP-1 Faktoren konnte in entsprechenden Lungenextrakten nicht gefunden werden.



1. Zusammenfassung

Eine Uberproportionale inflammatorische Aktivierbarkeit (Polarisierung) von Alveolarmakrophagen, die
flir die Lunge als Hauptproduzenten proinflammatorischer Zytokine gelten, kdnnte die verstarkte
Zytokinantwort in p50 Mausen auf einer anderen Ebene erklaren. In vitro zeigten Alveolarmakrophagen
von p50 Mausen jedoch eher einen antiinflammatorischen Phanotyp und erklaren damit die alveolare
Zytokinfreisetzung nicht. Ausserdem zeigten Alveolarmakrophagen die nach CNP Behandlung der Mause

isoliert wurden keine inflammatorische Reaktion.

Zusammenfassend kann festgehalten werden, dass im Gegensatz zu Modellen der Sepsis, eine zentrale
Rolle der Alveolarmakrophagen fiir die Initiation der partikelinduzierten Entziindungsreaktion nicht
festgestellt werden kann. Ebenso scheint im Gegensatz zur Sepsis fur die transkriptionelle Aktivierung
der Zytokinexpression der klassische NFkB1 komplex p50/p65 Uberflissig, wird aber auch nicht durch
NFkB2 oder AP-1 Signalweg kompensiert.

Die Signalwege der septischen Entziindungsreaktion scheinen damit denen der aseptischen nicht

unbedingt zu entsprechen und bediirfen genauerer Untersuchung.



2. Summary

2. Summary

Inhalation of carbonaceous nanoparticles (CNP), a main constituent of urban air pollution, is believed to
trigger pulmonary and, in some cases, systemic inflammation. Under aseptic conditions, the surface
reactivity of pulmonary deposited particles has in this context been shown to trigger inflammatory gene
expression via the generation of oxidative stress. Thus the redox-sensitive transcription factors nuclear
factor KappaB (NFkB) and activator protein 1 (AP-1), which control a majority of inflammatory genes, are
thought to play an important role in the initiation and resolution of pulmonary inflammation. In this
context, the NFkB1 subunit p50 seems to work like a double-edged sword; either promoting or
suppressing gene expression via interaction with coactivator or corepressor molecules depending on the
environmental circumstances. However as for most of the available knowledge about molecular
mechanisms of inflammation, also the NFkB pathway has mostly be been investigated in models of sepsis
and endotoxin but barely for sterile and aseptic inflammation. This project aims to investigate the role of
the NFkB1 subunit p50 in CNP-induced, aseptic lung inflammation in genetically-modified mice lacking

p50 (p50'/').

Exposing mice to 20ug CNP by intratracheal instillation caused an aseptic acute neutrophilic alveolitis
with the highest inflammatory cells numbers seen around 24 hours after instillation and the resolution of
CNP-induced inflammation after 7 days. However, comparing the inflammatory response from wild type
(WT) and p50'/' mice upon exposure to 20ug CNP after 24 hours revealed no genotype-related
differences in the recruitment of neutrophils into the alveolar space, suggesting a negligible role for p50
in the acute inflammatory response. Surprisingly, however, the CNP exposure related boost of the
proinflammatory cytokines IL-1a, IL-18, Cxcl1l, Cxcl10 and TNF-a observed in p50'/' lungs significantly
exceeded that of WT mice at the mRNA and protein level, which suggests an augmentation of
inflammatory signalling in the absence of p50. In contrast, CNP-induced nuclear accumulation of both
the NFkB subunits p50 and RelA (p65) was seen only in WT mice, and not in p50'/' mice, raising the
question of which factor compensates for the defect in p50/p65 nuclearization. No compensatory
activation of either NFkB2 (p52, RelB, c-Rel) or AP-1 (c-Jun, Jun-D, c-Fos, FosB) pathways could be
identified in p50'/' mice in analysis of nuclear extracts of CNP-exposed lungs. Furthermore, p50, which is
also seen as a key component in the control of macrophage activation and polarization in vitro, is
supposed to assists NFkB-driven M2-polarizing in alveolar macrophage. Investigating the polarization

response of alveolar macrophages from p50'/’ mice however indicated an M2 skewed phenotype,
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2. Summary

therefore making these cells unlikely to explain the increased cytokine release under p50-deficient
conditions. Expression analysis of alveolar macrophages, isolated from mice after CNP exposure
additionally did not show any inflammatory response at time points where high cytokine expression in

CNP treated lungs have been detected.

Taken together, these results show that p50/p65 signalling is dispensable for development of the
particle-induced aseptic acute lung inflammation and p50 rather attenuates the acute cytokine storm.
Further the acute inflammatory response is unlike that described for models of sepsis not to be driven by
cytokine release from alveolar macrophages butte different cells in the lungs of CNP treated mice. Future
research may thus be required to clarify the molecular pathway by which particle inhalation induces the

acute, aseptic inflammatory response in the lungs.



3. Introduction

3. Introduction
3.1 Anatomical and physiological basis of lung
3.1.1 Structural overview of lung

The lung is the essential respiration organ of air-breathing animals, including most tetrapods, a few fish
and a few snails [1,2]. Its principal functions are to transport oxygen from the atmosphere into the
bloodstream on the one hand, and to release carbon dioxide from the bloodstream into the atmosphere
on the other hand, thus maintaining the balance in the systemic pH homeostasis [3,4]. To perform this
crucial task the lung can be considered as two distinct zones within which the airway and vascular

compartments are situated (Fig.3.1): conducting and respiratory [5].

Figure 3.1: A schematic presentation of the lung containing conducting airways (blue) and alveolar gas

exchange region (pink) (adapted from [6]).

The conducting zone of the respiratory system is made up of the nose, pharynx and larynx, as well as the
first sixteen generations of respiratory tract, consisting of trachea, bronchi, bronchioles and terminal
bronchioles. The function of this zone is to filter, warm, and moisten air and to conduct it into the lungs

[3,7]. The lower respiratory tract extends from the larynx to the most distal portions of the lung
5.
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parenchyma. Of the first sixteen generations of respiratory tract, generation zero represents the
trachea, which allow the passage of air which then bifurcates into the two main bronchi and is further
subdivided into bronchi that enter the left and right lung lobes. The intrapulmonary bronchi conduct air
into the lungs, which continue to subdivide into progressively smaller diameter bronchi and bronchioles
where no gas exchange takes place. The conducting zone ends with terminal bronchioles, which are
devoid of alveoli (Fig.3.2). In contrast, the respiratory zone is the site where oxygen and carbon dioxide
gas exchanges with blood, and is composed of the 16" through to the 23™ division of the respiratory

tract, containing respiratory bronchioles, alveolar ducts and alveoli [3].

Total
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Figure 3.2: A schematic of airway branching in the human lung including the upper and lower airways,
containing their representative lung structures with their respective diameter (cm), length (cm),

number, and total cross-sectional area (cm?) (Adapted from [3,8]).

The sequence of airway branches containing generation zero bronchi (BR), bronchioles (BL), terminal
bronchioles (TBL), and respiratory bronchioles (RBL) are followed by alveolar ducts (AD) and alveolar sacs

(AS) in the terminal generation.
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Since the first 16 generations of airways contain no alveoli, they are anatomically incapable of gas
exchange with the venous blood and constitute the so-called anatomic dead space. In contrast, the
respiratory zone consists only of structures that participate in gas exchange, beginning with respiratory
bronchioles containing alveoli. Interestingly, the respiratory bronchioles and the alveolar ducts are
responsible for 10% of the gas exchange. However, the alveoli are responsible for the other 90% [9].
Human alveolar surface area in subjects 25-79 years varied between 43 and 102 m? at tidal inflation

which is 22-52% of the surface area of a singles tennis court (195.7 m?) [10,11].

3.1.2 Cells of the lung

The body relies on an effective inflammatory response for protection. To sustain an armoury of
inflammatory cells in a state of permanent activation would be impossible, and so a system whereby
such cells can be rapidly activated is employed [12]. Inflammatory cells are a vital part of the armoury
against infection, but, when inappropriately or excessively activated, can induce a state of uncontrolled

systemic inflammation.

In humans, four major cell types represent the surface of the respiratory epithelium and two main
immunocompetent cell types are responsible for the uptake and clearance of foreign materials like

bacteria, pollutants or particles, as well as communication with the cell environment (Fig.3.3):

3.1.2.1 Ciliated cells

Ciliated cells are cells covered in tiny hair-like projections known as cilia. Nearly half of the epithelial cells
in the normal human airway are ciliated at all airway generations except for the respiratory units distal

to the terminal bronchioles.

The surface of the ciliated cell is covered by cilia, about 200 per cell, each normally beating about 1,000
times per minute with its effective stroke generally in the cranial direction and coordinated with those
on adjacent cells. The cilia move the overlying mucus layer with their tips up to the airways, away from
the alveoli and toward the pharynx. Mucus that reaches the pharynx is usually swallowed or

expectorated.
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Human bronchi B

A 35 mm diameter
' Alveolar type IT cell Alvpolar type I cell
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Figure 3.3: In the bronchi there are a variety of cells that make up the epithelium (A, adapted from
[13]) and alveolar type |, type Il cells as well as alveloar macrophage in the lung (B, adapted from

http://www.bio.davidson.edu/people/kabernd/BerndCV/Lab/Online website2/ROS background.htm
1).

A: the basal cells, which are the stem or progenitor cells for the epithelium and differentiate to form the
other cells in the case of injury or apoptosis; the ciliated cells, which provide the mechanism for moving
the mucus blanket; the goblet cells, which secrete the mucus; and the brush cells, which are involved in
drug metabolism. These same types of cell persist in the smaller airways, but are not as tall. The
basement membrane is not actually a membrane, but an extracellular matrix of different biopolymers to
which the epithelial cells attach. B: alveolar type |, type Il cells as well as alveloar macrophage in the lung
are responsible for the uptake and clearance of foreign materials like bacteria, pollutants or particles, as

well as communication to the cell environment.

3.1.2.2 Goblet cell

Goblet cells, so named because they are shaped like a wine goblet, are columnar epithelial cells that
contain membrane-bound mucous granules and secrete mucus, which helps maintain epithelial moisture

and traps particulate material and pathogens moving through the airway. Goblet cells are glandular

-8-
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|
simple columnar epithelial cells whose sole function is to secrete mucin, which dissolves in water to form

mucus. They use both apocrine and merocrine methods for secretion. The majority of the goblet cell's

cytoplasm is made up by mucinogen granules, except at the bottom.

Goblet cells are situated in the epithelium of the conducting airways, often with their apical surfaces
protruding into the lumen, a location which allows them to make a rapid response to inhaled airway
insults [14]. Together with the submucosal glands, goblet cells secrete high molecular weight mucus
glycoproteins (mucins), which confer upon the airway surface fluid the requisite biochemical and
biophysical properties; this determines the efficiency of entrapment and transportation of inhaled

irritants, particles and micro-organisms [14].

3.1.2.3 Basal cells

Basal cells are small, nearly cuboidal cells thought to have some ability to differentiate into other cells
types found within the epithelium. For example, basal cells respond to injury of the airway epithelium by
migrating to cover a site denuded of differentiated epithelial cells and subsequently differentiating to

restore a healthy epithelial cell layer.

The basal cell is primarily made up of basal keratinocyte cells, which can be considered the stem cells of
the epidermis [15]. Basal cells make up approximately 30% of the pseudostratified mucociliary

epithelium of the lung [15].

3.1.2.4 Alveolar type | and type Il cells

A lung’s constituent alveoli sacs exist deep within it and are the sites responsible for the uptake of
oxygen and excretion of carbon dioxide. There are two major alveolar cell types in the alveolar wall

(pneumocytes):

(i) Type | (Squamous Alveolar) cells, which form the structure of an alveolar wall and are responsible for
gas exchange in the alveolus; they are characterized by a superficial layer consisting of large, thin, scale-
like cells. They also cover 95% of the alveolar surface, although they are only half as numerous as type 2

pneumocytes [16,17].
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(ii) Type Il (Great Alveolar) cells, which secrete pulmonary surfactant (PS) consisting 80-90% of
phospholipids (phosophatidylcholine (PC), phosphatidyglycerol (PG), phosphaditylinositol (Pl)) and 5-10%
of surfactant proteins (SP-A, SP-B, SP-C, AND SP-D). These lower the surface tension of water and allow
the membrane to separate, thereby increasing the ability to exchange gases [18]. Surfactant is
continuously released by exocytosis. It forms an underlying aqueous protein-containing hypophase and
an overlying phospholipid film composed primarily of dipalmitoyl phosphatidylcholine. Meanwhile, type
2 cells are important in that they can proliferate and differentiate into type 1 pneumocytes, which

cannot replicate and are susceptible to vast numbers of toxic insults.

3.1.2.5 Alveolar macrophages

An alveolar macrophage (or dust cell) is a type of macrophage found in the pulmonary alveolus, near the
pneumocytes, but separated from the wall [19,20]. Alveolar macrophages are phagocytes that play a
critical role in homeostasis, host defense, the response to foreign substances, and tissue remodeling
[21]. Since alveolar macrophages are pivotal regulators of local immunological homeostasis, their
population density is decisive for the many processes of immunity in the lungs. They are highly adaptive
components of the innate immune system and can be specifically modified to whatever functions are
needed, depending on their state of differentiation and the micro-environmental factors encountered.
Alveolar macrophages release numerous secretory products and interact with other cells and molecules
through the expression of several surface receptors. Alveolar macrophages are also involved in the
phagocytosis of apoptotic and necrotic cells that have undergone cell-death. Besides their phagocytic
and mircobicidal functions, alveolar macrophages secrete numerous chemical mediators upon
stimulation, mainly cytokines and chemokines, and play an important role in inflammatory regulation in

the lung.

3.1.2.6 Dendritic cells

Dendritic cells (DCs) are immune cells that form part of the mammalian immune system. Their main
function is to process antigen material and present it on the surface to other cells of the immune system.
That means dendritic cells function as antigen-presenting cells and act as messengers connecting the

innate and adaptive immunity.

-10 -
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Once activated, dendritic cells migrate to the lymph nodes where they interact with T cells and B cells to
initiate and shape the adaptive immune response. Immature dendritic cells are called veiled cells

because they possess large cytoplasmic 'veils' rather than dendrites.

In addition, lung DCs express numerous receptors for inflammatory mediators that are released upon
damage to tissue by pathogens, trauma, vascular damage, or necrosis. In summary, dendritic cells bridge

the innate and the adaptive immune system in humans.
3.2 Pulmonary diseases related transcription factors

The pulmonary diseases chronic obstructive pulmonary disease (COPD) [22,23], pulmonary allergy [24-
26], and acute lung injury (ALI) [27,28] are thought to be three of the leading causes of morbidity,
mortality and disease-related decreases in the quality of life worldwide [29,30]. The fundamental
pathogenesis of these diseases involves the progression of abnormal inflammatory responses to stimuli
in the lung [31], leading to the recruitment of immune and inflammatory cells into the lungs as well as
their activation. These proinflammatory-activated cells and airway epithelial cells produce cytokines,
oxidants and many other mediators which are involved in inflammation [32-35]. It is now believed that
there are gene-specific factors which regulate the transcription of particular genes by binding to specific
recognition motifs, which are usually located in the upstream (5') promoter region of the target gene. A
common mechanism is that these factors are generally located in the cytosol, but can translocate to the
cell nucleus upon inflammatory stimuli and there, by binding to specific consensus sites, upregulate or
downregulate the rate of transcription of the target gene and thereby increase or decrease the
formation of messenger RNA (mRNA) and the protein of an inflammatory mediator [32,36]. The best
described transcription factors regarding immune and inflammatory responses are nuclear factor-kappa
(k) B (NFkB) and activator protein 1 (AP-1) [32,37]. This section will focus on recent progress in the
understanding of the role of the NFkB and AP-1 which can lead to regulation of specific genes in the

pathogenesis of inflammatory lung diseases.

3.2.1 The NFkB signalling pathway

Nuclear factor-kappaB (NFkB) is a transcription factor with a pivotal role in inducing genes involved in
physiological processes, such as immune and inflammatory responses, developmental processes, cellular

growth, and apoptosis [38]. In addition, NFkB is persistently active in a number of disease states,
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3. Introduction

including cancer, arthritis, chronic inflammation, asthma, neurodegenerative diseases, and heart disease
[39,40]. In most cells, NFkB exists in the cytoplasm in an inactive, latent form associated with regulatory
proteins known as inhibitors of kB (IkB), of which the most important appear to be IkBa, IkBB, and IkBe
[41] (Fig.3.4B). IkBa has been associated with transient NFkB activation, while IkBB seems to be involved
in sustained activation [41] (Fig.3.4B). In addition, IkBa is associated with transient NFkB activation,
whereas kBB is involved in sustained activation [41]. Different IkB molecules might control the
regulation of distinct genes in various tissues by inhibiting specific NFkB subsets; therefore, IkB proteins

could be an attractive target for specific therapies [35,42].
NFkB subunits

The NFkB/Rel family includes NFkB1 (p50/p105), NFkB2 (p52/p100), p65 (RelA), RelB, and c-Rel [43,44]
(Fig.3.4A). Most members of this family (RelB being an exception) can homodimerize, as well as forming
heterodimers with each other (Fig.3.4C). Fig. 3.1 shows that all members of the NFkB transcription factor
family share a conserved N-terminal 300 amino acid Rel homology domain (RHD) responsible for both
dimerization and binding to KB sequence motifs, which also has sequences important for nuclear
localization and IKB inhibitor binding [45,46]. RelB has an N-terminal extension, which is known as the
leucine zipper (LZ) domain because of the presence of a leucine-rich heptad repeat that is not present in
other NFkB family members [47,48]. The C-terminal half of the Rel proteins have transactivation domains
(TAD). The most prevalent activated form of NFkB is a heterodimer consisting of subunit p50 and p65,

which contains transactivation domains necessary for gene induction [41].

The p50 subunit of NFkB is not synthesized as an active DNA-binding protein, but is generated by
proteolytic processing of a 105 kDa precursor of the NFkB 1 gene called p105 that contains p50 in its N-
terminal half and IKB-gamma in its C-terminal half [49,50]. For targeted disruption of the NFkB1 gene, a
PGK-neo cassette was inserted into exon 6 of the NFkB1 gene, which encodes residues 134-187; these lie
within the Rel homology domain that extends from residues 30-330 [51](Fig.3.4D). Therefore, this
targeted disruption will produce a truncated polypeptide that has no ability to bind DNA or dimerize with
itself and other NFkB family members. On the other hand, this mutant allele is also unable to direct
synthesis of the pl05 precursor to p50, but cannot affect IKB-gamma synthesis from an internally-
promoted mRNA [51]. This means that NFkB1 homozygous knock out (p50'/') mice cannot express either

functional p105 or p50 proteins.
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Figure 3.4: Structures of core NFkB signaling proteins, IkB family members and known NFkB dimers, as
well as the production of mice lacking the p50 subunit of NFkB. (A) The generalized structures of the
two subfamilies (Rel and NFkB) of NFkB transcription factors are shown in the top left. (B) The IkB family
members, including p105 and p100, are characterized by ankyrin repeat-containing inhibitory domains
(TRD) in the C-termianl halves, which can be removed by proteasome-mediated proteolysis. (C) Known
NFkB dimers. (D) The NFkB1 locus and targeting construct. A PGKneo cassette was inserted into the

region of the NFkB1 gene encoding the Rel homology domain of p105.

NFkB regulation in the lung inflammation

Under resting conditions, NFkB dimers are bound to inhibitory IkB proteins, which sequester inactive
NFkB complexes in the cytoplasm [52]. Stimulus-induced degradation of IkB proteins is initiated through
phosphorylation by the IkB kinase (IKK) complex, which consists of two catalytically active kinases, IKKa
and IKKB, and the regulatory subunit IKKy (NEMO) [52]. The NFkB dimers are activated as a result of the
IKK-mediated, phosphorylation-induced degradation of the IkB inhibitor, which enables the NFkB dimers
to translocate to the nucleus and activate specific target gene expression [52]. NFkB signaling is often
divided into two types of pathway, known as either the canonical and non-canonical pathways or the

classical and alternative pathways [53] (Fig.3.5).

The activation and nuclear translocation of classical NFkB dimers (mostly p50/p65) is associated with
increased transcription of proinflammatory genes encoding chemokines, cytokines, adhesion molecules
such as intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and

endothelial-leukocyte adhesion molecule 1 (ELAM), enzymes that produce secondary inflammatory
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mediators and inhibitors of apoptosis [54,55] (Fig.3.5A). These molecules are important components of
the innate immune response to invading microorganisms and are required for the migration of
inflammatory and phagocytic cells to tissues where NFkB has been activated in response to infection or
injury [55]. In contrast, the alternative NFkB activation pathway plays a particular role in lymphoid organ
development and adaptive immunity, which responds to blood-borne antigens as well as abnormal

splenic microarchitectures that might contribute to several types of immune deficiency [55,56].

T e
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L KK complex Signals
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Nucleus

Nucleus
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target gene

target gene

1. Rapid and transient 1.5low and persistent

2. Independent of protein synthesis 2. Dependent on protein synthesis

3. Respond to numerous stimuli 3. Respond to a subset of TNFR signals
4. Diverse functions 4. 5pecific functions

Figure 3.5: Canonical and non-canonical pathways of NFkB activation. The canonical pathway (A) is
induced by most of the NFkB stimuli. IkB is phosphorylated in an IKKa- (also known as IKK1), B- (also
known as IKK2), and NEMO- (NFkB essential modulator, also known as IKKkgamma) dependent manner,
which results in a rapid ubiquitinization of IkB with subsequent proteasomal degradation and transient
nuclear translocation of the prototypical heterodimer p65/p50. In contrast, in the non-canonical
pathway, IKKa mediates phosphorylation of p100 associated with RelB, which leads to partial processing
of p100 and then a slow and persistent transcriptional activation of p52/RelB heterodimers occurs, as
opposed to the p50/p65 heterodimers produced by the canonical pathway (B). NIK: NFkB-inducing

kinase, a: IkB kinase alpha, 8: IkB kinase belta, p: phosphorylation.

NFkB is clearly one of the most important regulators of proinflammatory gene expression in general and
also regulates the expression of many genes involved in inflammatory responses in the lungs (table 3.1).
During the inflammatory response, the dynamic regulation of the expression of different adhesion

molecules plays an important role in the recruitment of inflammatory cells such as neutrophils,
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eosinophils, macrophages, and lymphocytes from the circulation to the site of inflammation [57-59].
NFkB activation increases expression of the adhesion molecules E-selectin, VCAM-1, and ICAM-1, while
NFkB inhibition reduces leukocyte adhesion and transmigration [41,60]. These molecules are

downregulated in endothelial cells by treatment with antioxidants [61].

Table 3.1: Inflammatory genes regulated by NFkB (adapted from [32])

Cytokines Tumour necrosis factor a (Tnfa)
Interleukin 1B
Interleukin 2
Interleukin 3
Interleukin 6
Interleukin 12
Growth factors Granulocyte-macrophage colony-stimulating factor (GM-CSF)
Granulocyte colony-stimulating factor (G-CSF)
Macrophage colony-stimulating factor (M-CSF)
Chemokines Interleukin 8
Macrophage inflammatory protein 1 a (MIP-1a)
Macrophage chemotactic protein 1 (MCP-1)
Inflammatory mediators Inducible nitric oxide synthase (iNOS)
Inducible cyclo-oxygenase 2
5-lipoxygenase
Cytosolic phospholipase A,
C reactive protein
Adhesion molecules Intercellular adhesion molecule 1 (ICAM-1)
Vascular cell adhesion molecule 1 (V-CAM-1)
E-selectin, P-selectin
Immunoreceptors Interleukin-2 receptor (a-chain)
T-cell receptor (B-chain)
Platelet-activating factor receptor
CD11b and CD48

As shown in Fig.3.4C, in p50'/' mice the various components and their respective complexes in the NFkB1
pathway are lacking: (1) p50/p50 homodimers, which are known as, (i) signal-specific transcriptional
repressors of proinflammatory gene expression, selectively inhibiting transiently activated p65/p50
complexes either by competing with p65 for dimerization [62,63] or by binding to identical NFkB binding
sites [64]; and (ii) signal-specific transcriptional activators for antiinflammatory IL-10 [65]. (2) p65/p50,

the prevalent, proinflammatory NFkB heterodimer of canonical pathway [53]. (3) p50/C-Rel, which is
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critical for proper B-cell development [66]. (4) p50/Bcl-3, which acts as an antiinflammatory regulator in
inflammatory responses by attenuating transcription of proinflammatory cytokines and activating IL-10
expression [67]. Meanwhile, according to other previously published observations in mice, p50
deficiency could increase the DNA-binding activity of NFkB in response to cigarette smoke [68] or nuclear
accumulation of p65 in the lung tissues of an elastase-induced pulmonary emphysema mouse model

[69].

3.2.2 The AP-1 signalling pathway

The transcription factor activator protein 1 (AP-1), which consists of a number of homodimeric and
heterodimeric complexes of members of the Jun (c-Jun, Jun-B, and Jun-D) and Fos (Fos, Fos-B, Fra-1, and
Fra-2) families of DNA-binding proteins, binds to the 12-O-tetradecanoylphorbol-13-acetate (TPA)
response element (TRE, 5’-TGACTCA-3’) and regulates the expression of genes involved in various
biological processes, including cell proliferation, cell differentiation, cell death, inflammatory response,
and cellular defense [70-72]. Activation of AP-1 is associated with increased transcription, leading to
increased nuclear accumulation of AP-1 proteins, as well as posttranslational modifications (such as
phosphorylation) which, in turn, may either increase or decrease transactivation of the AP-1 complex

[73-75].

AP-1 regulation in the lung inflammation

AP-1 activation occurs in response to a number of diverse stimuli, including growth factors, cytokines,
chemokines, hormones, ultraviolet irradiation, DNA damage and multiple environmental stresses. For
instance, an activation of cascades involving stress-responsive, mitogen-activated protein kinases
(MAPK), such as Jun-N-terminal kinases (JNK), leads to activation of AP-1 [76]. Interestingly, the
promoter regions of many inflammatory mediators, including TNF-a, IL-18, IL-6, IL-8, and MCP-1, contain
AP-1 binding sites, indicating that AP-1 activation may be necessary for the induction of acute, cytokine-
mediated inflammation [75,77,78]. For instance, mice lacking c-Fos exhibit an enhanced production of
inflammatory mediators in response to LPS [79] and an enhanced susceptibility to dextran sulfate-
induced colitis [80], in part as a result of the activation of NFkB. Meanwhile, the genetic ablation of c-Jun
and Jun-B in the epidermis of adult mice leads to psoriasis, accompanied by the enhanced expression of

inflammatory mediators [81], suggesting that Jun proteins control the development of skin disorders
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associated with tissue inflammation [82]. However, many inflammatory mediators, such as TNF-a, MMP1

require the simultaneous activation of AP-1 and NFkB that work together cooperatively [77,83].

3.3 Particle-induced aseptic acute lung inflammation model

The increasing use of engineered nanoparticles (NP) such as combustion-derived nanoparticles in
industrial and household applications will unavoidably lead to the release of such materials into the
environment [84-87]. Numerous epidemiological studies [88-90] have reported a positive association
between ambient concentrations of particulate matter (PM) and the incidence of respiratory and

cardiovascular morbidity and mortality.

3.3.1 Lung inflammation

Inflammation can in general be divided into (i) acute inflammation, which occurs as an immediate
response to trauma such as an injury or surgery which occurs over seconds, minutes, hours and even
days, and (ii) chronic inflammation such as arthritis and COPD, which occurs over longer periods.
Inflammation is the body’s response to insults, including infection, trauma, and hypersensitivity. The
inflammatory response is complex and involves a variety of mechanisms to defend against pathogens

and to repair tissue [91].

In the lung, inflammation is usually caused by pathogens or by exposure to insults such as toxins,
pollutants, irritants, and allergens. Many types of inflammatory cell are activated and recruited into the
lumen during inflammation, and then release inflammatory cytokines and mediators to modify the
activities of other inflammatory cells. Physiological orchestration of these cells and molecules leads from

initiation and progression to the resolution of inflammation [92].

3.3.2 Carbon nanoparticles

In nanotechnology, a particle is defined as a small localized object that behaves as a whole unit in terms
of its transport and physical properties, such as volume or mass [93]. Particles are further classified
according to size: (i) fine particles are sized between 2,500 and 100 nanometers; (ii) nanoparticles are
defined as primary particles with at least one dimension < 100 nm; and (iii) ultrafine particles are defined

as particles < 100 nm in all dimensions and are commonly produced by combustion processes [94].

Combustion-derived nanoparticles (CDNP) include welding fume and nanoparticulate carbon black,

which are both occupational hazards; coal fly-ash, which is an environmental hazard; and diesel soot,
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which is both an environmental and an occupational hazard [94]. Like other nanoparticles, CDNP
agglomerate readily moves into the accumulation mode, which decreases the particle number but

probably leaves the surface area dose unaffected [94].

3.3.3 Particle induced aseptic acute lung inflammation

Cellular interaction with CDNP has been shown to provoke oxidative stress and inflammatory responses
both in vivo and in vitro, and pathways include MAPK and NFkB activation [95,96]. Induction of these
pathways leads to the transcription of a number of proinflammatory mediator genes, such as IL-8, Cxcl1,
-2, -5 and Tnfa in epithelial cells treated in vitro and in human lungs exposed by inhalation [94] (Fig.3.6).
As an important constituent of urban PM in particular, CDNP represent an important factor in the

development of particle-related adverse health effects [97].
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Figure 3.6: Molecular toxicology mechanisms driving the inflammatory effects of CDNP in lung in
response to CDNP exposure (adapted from [94]). Different components of different CDNP can cause
oxidative stress that acts through well-documented redox-sensitive pathways, such as MAPK and NF-kB,
to cause inflammation. Although the components that mediate these effects differ greatly between the

different CDNP, there is commonality in their ability to cause oxidative stress and inflammation.

Due to the direct contact of the lung surface with inhaled air pollution and the large surface area of the
lungs (approx. 150 m?), the effects of inhaled and deposited particles to the lung cells are of particular

interest. In the alveolar region of the lungs, the type | epithelial cells, which are only approximately 0.1
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um thick, provide the structural lining with a very short diffusion distance for the gas exchange between
alveolar air and capillary blood. They cover approximately 93% of the alveolar surface, but account for
less than 8% of the number of distal lung cells. In contrast, type Il epithelial cells, which are cuboidal in
shape and cover only approximately 7% of the alveolar surface, make up 16% of the cells in the distal
lung [97]. In addition to the epithelial cells, there is a population of macrophages on the apical side,
which are phagocytotic cells, and a population of dendritic cells underneath the airway epithelium,
which are the most potent antigen-presenting cells involved in initiating the adaptive immune response

[97].

Oxidative stress caused to the lung upon CDNP exposure has, for example, been described by the
oxidation of low density lipoprotein (LDL) in vivo and of epithelial cells in vitro [98,99]. Regarding the
components responsible for oxidative stress generation and subsequent proinflammatory signaling, the
organic fraction and the transition metals have been described [100], and the oxidative surface reactivity

of pure carbon nanoparticles has been related to their proinflammatory potency [101].

3.4 Macrophage polarization and lung inflammation

Macrophages play an essential role in homeostasis and defense, and are characterized by high functional
heterogeneity and plasticity [102-104]. The mode of macrophage activation has been suggested to play a

central role in disease progression and resolution [105-107].

The growth and differentiation of macrophages depends on lineage-determining cytokines, such as
macrophage-colony-stimulating factor (M-CSF) and granulocyte-macrophage-colony-stimulating factor
(GM-CSF), as well as interactions with stroma in haematopoietic organs [108,109] (Fig.3.7). Peripheral
blood monocytes are attracted from the circulation to the site of damage by chemical substances
through chemotaxis, triggered by a range of different stimuli, including damaged cells, pathogens and
cytokines, which are often released by activated macrophages at the site of injury [110]. At some sites,
such as the testis, macrophages have been shown to populate the organ through proliferation [111-113].
Macrophage populations in different organs have different names: Kupffer cells in the liver, alveolar
macrophages in the lung and microglia in the central nervous system (CNS); these have all adapted to

their local microenvironment [109].
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There are generally two different types of macrophage polarization or activation pathway described,
known as M1 macrophages or classically-activated macrophages and M2 macrophages or alternatively-
activated macrophages according to the Thl and Th2 cell paradigm. However, some researchers argue
against such a classification, because macrophages might be able to change quickly from one phenotype
to another in response to environmental signals, and there might thus be no straightforward
correspondence in phenotypes between these T cell subsets and the subpopulations of other immune
cells [114]. Furthermore, alternatively-activated macrophages can be divided in three subpopulations: (i)
M2a macrophages induced by classical activation with IL-4 and IL-13 [115,116]; (ii) M2b macrophages
corresponding to Type ll-activated macrophages which are induced with an immune complex and Toll-
like receptor (TLR) or IL-1 receptor (IL-1R) ligands via Fc receptor 1 (FcRIl), complement receptors and TLR

[116-118]; and (iii) M2c macrophages generated stimulated by IL-10 and glucocorticoid hormones

[114,115].
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Figure 3.7: Differentiation, distribution and activation of macrophages in vivo (adapted from[109]).
Macrophages arise from hemopoietic progenitors, which differentiate, either directly or via circulating
monocytes, into subpopulations of tissue macrophages and the closely-related myeloid dendritic cells;

the latter specialized at presenting antigens to naive T helper lymphocytes [108].
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Alveolar macrophages play an important role in host defense and in processes of inflammation in the
lung [75]. When faced with an inflammatory response in the lung resulting from large numbers of
infectious particles or more virulent microbes, alveolar macrophages synthesize and secrete a wide array
of cytokines (including IL-1,IL-6, and TNF-a), chemokines (including IL-8), and arachidonic metabolites
[119]. Using these cell-to-cell signals, alveolar macrophages initiate inflammatory responses and recruit

activated neutrophils into the alveolar spaces [120].

3.4.1 Molecular determinants of macrophage polarization

A network of signaling molecules, transcription factors, epigenetic mechanisms, and posttranscriptional
modification underlies the different forms of macrophage activation [121] (Fig.3.8). The balance
between activation of STAT1 and STAT3/STAT6 finely regulates macrophage polarization and activity. A
predominance of NFkB and STAT1 activation promotes M1 macrophage polarization, resulting in
cytotoxic and inflammatory functions [121]. In contrast, a predominance of STAT3 and STAT6 activation
results in M2 macrophage polarization, which is associated with immune suppression and tumour
progression and is characterized by the expression of a distinct repertoire of molecules, including
arginase |, resistin-like molecule alpha (RELMa), and Ym1/2 [108]. PPAR-y and PPAR-6 control distinct
aspects of M2 macrophage activation and oxidative metabolism [122]. KLF4 and KLF2 participate in the
promotion of M2 macrophage functions by cooperating with STAT6 to suppress NFkB/HIF-1a—dependent
transcription [123]. IL-4—induced c-Myc activity controls a subset of M2-associated genes [124]. IL-4 also
induces the M2-polarizing Jmjd3-IRF4 axis to inhibit IRF5-mediated M1 polarization [107]. IL-10 promotes
M2 polarization through the induction of p50 NF-kB homodimer, c-Maf, and STAT3 activities
[121,125,126].

3.4.2 Induction and resolution of inflammation as well as macrophage phenotypic

polarization

The recruitment of leukocytes from the blood is a key feature of inflammatory responses to tissue
damage or infection [111]. Prominent in this cascade is the rapid influx of granulocytes and monocytes
that subsequently differentiate into inflammatory macrophages and/or dendritic cells [127,128].
Interestingly, both resident and recruited macrophages can alternatively activate and be driven to

proliferate by a TH, environment in vivo [111].
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Converging studies reveal that the phenotypic polarization of macrophages caused by the specific
inflammatory microenvironment is critical for both induction and resolution of the inflammatory
response [121]. For example, in lean adipose tissue, production of IL-13 or IL-4 can induce the M2
phenotype polarization in ATMs [129]. However, obesity can induce a proinflammatory state that
promotes M1 phenotype polarization and initiates a feed-forward circuit that amplifies the inflammatory
response and contributes to insulin resistance [130]. Similarly, Th1l cytokines predominate early in the
course of an infection and thereby enhance macrophage bactericidal effects, while Th2 cytokines confer

an M2 phenotype to help in resolution and repair following an inflammatory insult.

Figure 3.8: Mechanisms of macrophage polarization (adapted from[121]). The major pathways of
macrophage polarization are outlined. The crosstalk between the M1-M2 macrophage—polarizing
pathways is also indicated. Classical IRF/STAT signaling pathways are activated by IFNs and TLR signaling
to skew macrophage function toward the M1 phenotype (via NFkB and STAT1) or by IL-4 and IL-13 to
skew toward the M2 phenotype (via STAT3 and STAT6).
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Laskin [131] (Fig.3.9) described M1 macrophages as being like soldiers of the Dark Side of The Force in
the Star Wars movies on the one hand, releasing a barrage of negative energy (e.g.,
cytotoxic/proinflammatory mediators) that contributes to tissue injury. The activity of M1 macrophages
is opposed by alternatively-activated M2 macrophages that are analogous to the Jedi Order, whose
positive protective energy counters the activity of The Dark Side. Alternatively-activated M2
macrophages release mediators that play a tissue protective role by down regulating inflammation and
initiating wound repair. The outcome of the response to tissue injury mainly depends on the balance

between the two opposing forces of macrophages.

Macrophages
Classical Activation Alternative Activation
IFNy, LPS, TNFa IL-4, IL-13, IL-10, TGFp

The Dark Side Y The Jedi Order

ROS, RNS, TNFa, IL-1, IL-8,
IL-12, IL-23, chemokines

IL-10, TGFp, PDGF,
VEGF, EGF, arginase

Cytotoxicity Immune Suppression
Tissue Injury Tissue Repair

Figure 3.9: In response to inflammatory signals encountered at sites of injury or infection,
macrophages develop into either classically-activated M1 cells, which contribute to tissue injury, or
alternatively-activated M2 cells, which downregulate inflammation and initiate wound repair (adapted

from [131]).

Macrophages are clearly essential in the body for appropriate immunological defense to protect the
body from the damaging effects of invading pathogens and toxins and for wound repair; however, an

imbalance in macrophage activation and phenotypic polarization may actually contribute to tissue injury.
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It is likely that the extent to which macrophages (M1 or M2) contribute to injury or participate in tissue
repair depends on the balance of their phenotypic polarization and the timing of their appearance at the
target sites. Aberrations in the relative responsiveness of these cells, leading to an imbalance between
the production of proinflammatory and antiinflammatory mediators may be important in determining

the final outcome of the pathogenic response to toxicants.
3.5 Project aims

The ubiquitous nuclear transcription factor kB (NFkB) is involved in the regulation of numerous genes in
various tissues, and activation of NFkB has been shown to be associated with lung disease. The NFkB
transcription factor family in mammals consists of five proteins — p65 (RelA), RelB, c-Rel, p105/p50
(NFkB1), and p100/52 (NFkB2) — that associate with each other to form distinct transcriptionally active
homo and heterodimeric complexes. It has been reported that NFkB1 p50 plays import roles in NFkB
functions via dimerization with other NFkB subunits, including: (i) p50/p65, the prevalent,
proinflammatory NFkB heterodimer of classical pathway; (ii) p50/p50, the signal-specific transcriptional
repressors of proinflammatory gene expression; (iii) p50/Bcl-3, which acts as an antiinflammatory
regulator; and (iv) p50/C-Rel, which is critical for proper B cell development. However, whether the NFkB
subunit p50 could impact acute pulmonary inflammation and injury after 24 hours on CNP treatment is
not clear. Therefore, we investigated the role of NFkB1 subunit p50 signaling in the regulation of lung

inflammation induced by particle exposure.
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4. Materials and methods
4.1 Materials
411 Mice

All mice were kept and bred at institute of Lung Biology and Disease (iLBD), Helmholtz Zentrum

Miinchen, Neuherberg, according to the national and institutional guidelines.

Wild type (WT) and NFkB1 Knockout (pSO'/') mice, all on a C57BL/6J genetic background. Mice were
female and 10 -12 weeks of age at the time of study. NFkB1 Knockout (p50'/', NF-kappaB"“lBa') mouse
was established previously [51] via insertion of a PGK-neomycin resistance cassette into exon 6 which
encodes the p105 precursor of the p50 subunit of the encoded transcription factor, thus this mutant
allele which produces a truncated polypeptide that cannot bind with DNA, or dimerize with itself or
other kappaB binding motifs [51]. The p50’/' mouse was gifted from Dr. Falk Weih (Leibniz Institute for
Age Research - Fritz Lipmann Institute, Jena, Germany). The WT mouse was obtained from Charles River

(Munich, Germany).

The wild type mice with C57BL/6NCrl background were purchased from Charles River (Munich,
Germany), and were female with 10 -12 weeks of age during the study.
4.1.2 Carbon nanoparticles

Carbon nanoparticle (CNP) used this project was generated by spark discharge and filter-sampled in our
laboratory in a lipopolysaccharide (LPS)-free environment. The methodology of generation and a

detailed description of physical particle properties have been described in our study [132-134].

4.1.3 Commencial available assays

Kit Name Company
TransAM® NFkB Family Active Motif
Nuclear Extract Kit Active Motif
TransAM® AP-1 Family Active Motif
Absolute gPCR SYBR® Green ROX Mix Applied Biosystems
Superscript™ Il Reverse Transcriptase kit Invitrogen
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GoTaq® Polymerase Green Master Mix Promega
Odyssey Infrared EMSA Kit LI-COR Biosciences
Douset ELISA kit (CXCL1, CXCL2,CXCL5, TNF-a, IL10,0PN,IL1R) R&D Systems
Bio-Rad Protein Assay kit Bio-Rad
RNeasy Mini Kit Qiagen

High Pure RNA Isolation Kit Roche
peqGOLD TriFast Peglab
Giemsa and May Griinwald solutions kit Sigma-Aldrich
Quick-RNA™ MicroPrep kit ZYMO
RNaseOUT TM Recombinant Ribonuclease Inhibitor Invitrogen
dNTP Mix (10mM each) Fermentas

414 Equipment

Equipment Name Company

NanoDrop® ND-1000 spectrophotometer Thermo Scientific, Wilmington, USA
Centrifuge: Eppendorf 5415D Eppendorf, Hamburg, Germany
Centrifuge: Sigma 3K18 Sigma, Osterode am Harz, Germany

ABI PRISM® 7000 detection system Applied Biosystems, Foster city, CA, USA
Shandon cytospin3 cytocentrifuge Shandon, PA

4ml, 15 ml and 50 ml Tubes BD Falcon, Heidelberg, Germany

0.2ml, 0.5ml, 1.5 ml and 2ml Tubes Eppendorf, Hamburg, Germany
Vortexer Scientific Industries, Karlsruhe, Germany
PCR- thermal cycler : PTC-225 MJ Research, Hamburg, Biozym, Germany
Pipetman (2ul, 10pl, 20ul, 200ul, 1ml) Gilson, Limburg-Offheim, Germany
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ABsolute ™ QPCR Seal (AB1170) Thermo Scientific, Wilmington, USA

96 Wells gPCR plate Thermo Scientific, Wilmington, USA

415 Chemicals

All chemicals used in this project were purchased from Sigma-Aldrich (Deisenhofen, Germany), Roche
(Mannheim, Germany), Bio-rad (Munich, Germany), Fluka (Deisenhofen, Germany), Invitrogen
(Karlsruhe, Germany), Merck (Darmstadt, Germany), Roth (Karlsruhe, Germany) unless otherwise

specified.

Dulbecco's Modified Eagle Medium (DMEM), Dulbecco's Phosphate buffered saline (DPBS), Fetal Bovine
Serum (FBS), Fetal Calf Serum (FCS), RPMI Media 1640 and antibiotics were from either BioChrome

(Berlin, Germany) or Invitrogen (Karlsruhe, Germany).

4.1.6 Buffers and solutions

Name Concentration Compounts

Wash buffer (PBS-T) 1X PBS
0.05% Tween-20

PBS buffer (10X) 137 mM NaCl
2.7mM KCl
10 mM Na;HPO,4
2mM KH2PO4
TBE buffer (10X) 890 mM Tris Base

890 mM Boric Acid
20mM EDTA (pH 8.0)
RPMI-1640 medium 1X RPMI-1640 medium
10% Fetal bovine serum
1% penicillin/streptomycin
2mM glutamine
50 uM  B-mercaptoethanol (for macrophage culture)

EMSA binding buffer 100 MM Tris
(10X) 500 mM  KCl
10mM DTT
Dulbecco's Modified Eagle 1X Dulbecco's Modified Eagle Medium
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Medium (DMEM) 10% Fetal bovine serum
1% penicillin/streptomycin
2mM glutamine
50 uM  B-mercaptoethanol (for macrophage culture)

RIPA buffer (1X) 20 mM  Tris-HCl (pH 7.5)
150 mM NacCl
1 mM Na,EDTA
1mM EGTA
1% NP-40
1% sodium deoxycholate
2.5 mM sodium pyrophosphate
1 mM R-glycerophosphate
1mM NazVO,
1 pg/ml leupeptin

EMSA loading buffer (10X, 65% (w/v) Sucrose
Orange Loading Dye) 10 MM  Tris-HCI, pH 7.5
10 mM EDTA
0.3% (w/v) Orange G
Hypotonic buffer (10X) 100mM Hepes, pH 7.9
15mM MgCl,
100 mM KCI
5mM DTT
2mM PMSF
Hypotonic buffer (for 350 ul 10X Hypotonic Buffer
tissue homogenization, 2.8 ml Distilled water
volume for 3ml/per one 3.5 ul Protease Inhibitor Cocktail
gram tissue) 350 ul  Phosphatase Inhibitors

3.5ul 1MDTT
3.5 ul  Detergent (just for tissue homogenization)
Lysis Buffer (200ml 2ml 1M Hepes
volume) 666.7 1l 3M KCl
80pl 0.25M EDTA
8ml 10% NP40
189.3 ml dd H20

Complete Lysis Buffer (for 5ul 10 mM DTT
nuclear fraction extract, 45 pl  Lysis Buffer
50ul volume) 0.5 ul Protease Inhibitor Cocktail
Block buffer (ELISA) 1lg BSA
100m| 1X PBS
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Stop solution (ELISA) 0.18 M  H,SO,

4.1.7 Recombinant proteins and antibodies

Name Company

Anti-p50, p65 santa cruz biotechnology
Recombinant murine IFN-gamma Immuno tool
Recombinant murine IL-4 Immuno tool
Lipopolysaccharides (LPS) from E.coli Sigma-Aldrich

4.2 Methods

4.2.1 Mouse treatment

Animals were treated humanely and with regard for alleviation of suffering; all animal experiments were
carried out according to the German law of protection of animal life and were approved by the Bavarian
Animal Research Authority of Germany (Approval No. 55.2-1-54-2351-115-05 and 55.2-1-54-2351-117-
07).

All mice were kept in isolated ventilated cages (IVC-Racks; BioZone, Margate, UK) supplied with filtered
air, in a 12 hours light/12 hours dark cycle. Specific pathogen-free (SPF) hygienic status was approved by
a health certificate according to the Federation of European Laboratory Animal Science Associations

guidelines [135,136]. Food and water were available ad libitum.

Each of two genetically modified mice (WT and p50'/' mice) consisted of three groups (each group
consisted of 5 animals, at least), and one group was intratracheal instillated with 20 ug CNP, the other

two served as control and sham exposed groups.

Mice were anesthetized by intraperitoneal injection of a mixture of Medetomidin (0.5 mg/kg body mass),
Midazolam (5.0 mg/kg body mass) and Fentanyl (0.05 mg/kg body mass) prior to intratracheal instillation
[133]. The animals were then intubated by a nonsurgical technique [137]. Using a cannula inserted 10
mm into the trachea, a suspension containing 20 ug CNPs, respectively, in 50 ul pyrogene-free distilled

water was instilled, followed by 100 pul air. Sham mice were instilled 50 ul pyrogene-free distilled water
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only, and control mice were not instilled [133,136]. After instillation mice were antagonized by
subcutaneous injection of a mixture of Atipamezol (2.5 mg/kg body mass), Flumazenil (0.5 mg/kg body

mass) and Naloxon (1.2 mg/kg body mass) to guarantee their awakening and well-being [133].

After instillation of 3, 6, 12, 18, 24 hours, 3 and 7 days, mice were anesthetized by intraperitoneal
injection of a mixture of xylazine (4.1 mg/kg body weight) and ketamine (188.3 mg/kg body weight) and
killed by exsanguination [136]. Therefore blood was drawn from the retroorbital plexus by a capillary and
collected in either EDTA covered tubes (Sarstedt) for haematological analysis (ADVIA Hematology

Systems, Bayer Diagnostics) or non EDTA-covered tubes to gain blood serum [133].
4.2.2 Preparation of carbon nanoparticles dispersions

Since the salt content of phosphate-buffered saline (PBS) causes rapid particle aggregation comparable
to the “salting-out” effect [138] and thus eliminates consistent instillation conditions [136]. Therefore
CNPs were suspensed in pyrogene-free distilled water at concentraction of 20ug per 50ul, was sonicated
on ice for 1 min prior to instillation, using a SonoPlus HD70 (Bachofer, Berlin, Germany) at a moderate

energy of 20W.

4.2.3 Bronchoalveolar lavage (BAL)

Following by blood sampling, BAL was performed by cannulating the trachea and infusing the lungs 4
times with 1.0 ml PBS (20 drops) without calcium and magnesium, has been described in our previously
studies [133,136]. The BAL fluids from lavages 1 and 2 and from lavages 3 and 4 were pooled and
centrifuged (425 g, 20 min at room temperature). The cell-free supernatant from lavages 1 and 2 were
used for biochemical measurements such as lactate dehydrogenase (LDH), the concentrations of total
protein and cytokine. The cell pellet was resuspended in 1 ml RPMI 1640 medium (BioChrome, Berlin,
Germany) and supplemented with 10% fetal calf serum (Seromed, Berlin, Germany); the number of living

cells was determined by the trypan blue exclusion method.
4.2.4 BAL cell differentation

Cell differentials were performed on the cytocentrifuge preparations (May-Griinwald-Giemsa staining; 2
x 200 cells counted). The number of polymorphonuclear leukocytes (PMNs) was used as a marker of
inflammation [133,136]. For cell differential analyses, a minimum of 200 cells were counted under

microscope. Two slides were made and counted for each sample
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4.2.5 Total protein content and lactate dehydrogenase (LDH) in BAL flluid

Total BAL protein content was determined spectrophotometrically with an ELISA reader (Labsystems
iEMSReader MF, Helsinki, Finland) at 620 nm, applying the Bio-Rad Protein Assay Dye Reagent (no. 500-
0006; BioRad, Munich, Germany), as a potential biological marker for pulmonary capillary leakage and
lung injury [139]. Five microliter undilluted BALF per mouse was used for analysis, and bovine serum

albumin (BSA) dillution was used for standard.

For detection of the cytosolic enzyme lactate dehydrogenase (LDH) (U/ml), characteristic for membrane
damaging effects, the Cytotoxicity Detection Kit (Roche Diagnostics, Germany) was used according to the
manufacturer's instructions. LDH concentration in the 30 pl undilluted BALF was spectrophotometrically
determined with an ELISA reader (Labsystems iEMS Reader MF, Helsinki, Finland) at a wavelength of 492

nm by monitoring the reduction of NAD" in the presence of lactate [133,136].

4.2.6 Enzyme-Linked Immunosorbent Assay (ELISA)

BALF dilutions at volume of 100ul were used for assession of BAL cytokine concentrations. The
characteristic CNP induced alveolar macrophage inflammatory markers osteopontin (OPN, SPP1) (mouse
Osteopontin; R&D Duo Sets; Catalog Number: DY441) and galectin-3 (mouse Galectin-3; R&D Duo Sets;
Catalog Number: DY1197) [140], as well as the known lung mainly epithelial derived inflammatory
markers LIX (CXCL5) (mouse LIX; R&D Duo Sets; Catalog Number: DY443), and lipocalin-2 (NGAL), (mouse
Lipocalin-2/NGAL; R&D Duo Sets; Catalog Number: DY1857) [134,140] were assayed from BAL samples
using the respective ELISA kit (Gotz et al. 2011). Furthermore, other inflammatory mediators such as IL-

1a, IL-1R, CXCL10, CXCL1, IL10 and IFN gamma were also selected to be measured.

4.2.7 Extract of nuclear fraction from frozen lung tissue

To determin transcription factors activation in lungs upon CNP exposure, nuclear fraction was extracted
from frozen lung tissue following the manufacturer’s instructions (Nuclear Extract Kit, Active Motif). The
concentration of protein (dilluted with lysis buffer) was checked by Bio-rad protein assay dye reagent

(no. 500-0006, biorad, Germany).

4.2.8 TransAM® Transcription Factor (Nfkb and AP-1) ELISA

TransAM® Transcription Factor (NFkB and AP-1) ELISA kit contain a 96-well plate to which

oligonucleotide containing a transcription factor consensus binding site has been immobilized. The
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activated transcription factor homodimers and heterodimers contained in nuclear or whole-cell extracts
specifically binds to this oligonucleotide. By using an antibody that is directed against subunits of
transcription factor, the activated transcription factor subunit bound to the oligonucleotide is detected.
Addition of a secondary antibody conjugated to horseradish peroxidase (HRP) provides sensitive

colorimetric readout that is easily quantified by spectrophotometry.
4.2.9 Electrophoretic Mobility Shift Assay (EMSA)

EMSA was performed as previously described [141,142]. A densitometrical analysis (Aida Image Analyzer,
v3.51) served to quantify transcription factors activity relatively to the positive control Oct 1. The
composition of NFkB complexes was analysed by supershift assay using a-p50 (sc-114) and a-p65 (sc-
372) antibodies (Santa Cruz Biothechnology). The DNA squence for NFkB activity: 5’-AGT TGA GGG GAC
TTT CCC AGG C-3’; AP-1: 5'- CGC TTG ATG ACT CAG CCG GAA -3’; Oct 1: 5’ - TGT CGA ATG CAA ATC ACT
AGA A-3'.

4.2.10 Experiments for primary alveolar macrophages (AMS) in vitro

4.2.10.1 Isolation of primary alveolar macrophages (AMs)

Alveolar macrophages were obtained from WT and p50'/' adult mice with C57BL/6J background. The
procudure was same as Bronchoalveolar lavage (BAL), but infusing the lungs 10 times so that received
more AMs. Briefly, the lavage fluid was passed through a layer of sterile gauze to remove gross mucus
and then centrifuged 425 g for 20 min at room temperature to separate cells from fluid. The cell pellet
was washed twice in complete RPMI 1640 medium. Then AMs were allowed to adhere during 3 hours

and non-adherent cells were removed by two washes in 1X PBS [143].
4.2.10.2 AMs treated with either IL4 or LPS plus IFNgamma

Monolayer of AMs was incubated at 37°C with stimulating agents in the presence or absence of IL-4 or
LPS plus IFNgamma for 4 hours. Then the supernants were removed and adhered AMs were isolated for

total RNA after washed three times in 1X PBS.

4.2.11 quantitative real time polymerase chain reaction (QPCR)

42111 Design of gPCR primer
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Primer was designed by online free tool primer 3 (http://frodo.wi.mit.edu/) according to the guideline

with (i) PCR product size between 120 to 225bp and (ii) primer size between 18 to 25bp with both 55-

60% of GC content and about 55°C of Tm value.

The specificity of primer was tested by online UCSC In-Silico PCR (http://genome.ucsc.edu/cgi-

bin/hgPcr?command=start). The specificity of the amplifications was confirmed by the presence of a

single band of expected size for each primer pairs in agarose gels following electrophoresis and by the

single distinct peak dissociation curves of the amplicon.

Table 4.1: Primer sequences and amplicon characteristics of genes of interest (GOI) in this project

Name Sequence (5'>3’) Amplicon (bp)

18S rRNA F: gac tgt ctc gcc ggt gtc 98
R: gga gag ccg gaa cgt cga

Actb F: tcc atc atg aag tgt gac gt 154
R:gagcaagatcttgatcttcat

Arg-1 F:gga acc cag aga gag cat ga 132
R:ttt ttc cag cag acc agc tt

B2m F:ctg acc ggc ctg tat gct a 244
R:cag tct cag tgg ggg tga at

Bcl-2 F: tag aga ctc acc agg gtc tg 101
R: ctc ctc tct aca gtg gca ag

Caspl F: cag tag ctctgcggt gta g 194
R: gtg cct tgt cca tag cag

Ccl2 F:ctt ctg ggc ctg ctg ttc a 127
R:cca gcc tac tca ttg gga tca

Ccl22 F: tca tgg cta ccc tge gtg tc 156
R: cct tca cta aac gtg atg gca gag

Cd68 F:cct cca ccc teg cct agt ¢ 118
R:ttg ggt ata gga ttc gga ttt ga

Cox-2 F:caa cac ctg agc ggt tac 202
R:gtt cca gga gga tgg agt

Cx3cl1 F:gcg aca aga tga cct cac 230
R:cca ggt gtc aca ttg tcc

Cxcll F: ccg aag tca tag cca cac 138
R: gtg cca tca gag cag tct

Cxcl2 F: tcc aga gct tga gtg tga cg 161
R: tcc agg tca gtt agc ctt gc

Cxcl5 F: ccc tac ggt gga agt cat 195
R: ctt cac tgg ggt cag agt

Cxcl10 F: agg gct cct taa ctg gag 165
R: gga gta gca gct gat gtg ac

C-Jun F:tga ctg caa aga tgg aaa cg 98

R:cag ggt cat gct ctg ttt ca
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Cypa
Fizz-1
Fos-B
Fra-1
Fra-2
Gal3
Gapdh
Gusb
Hmbs
Hmgb1
Ho-1
Hprt
lcam1l
Ifng
IKBa
IKBR
IKBz
IL-18
IL-4
IL-6
IL-10
IL-12a
IL-1213

IL-17f

F:ttt gca gac gcc act gtc

R:cag tgc tca gag ctc gaa ag

F: tcc cag tga ata ctg atg aga
R: cca ctc tgg atc tcc caa ga
F:aag tgt gct gtg gag ttc

R: atg ttg gaa gtg gtc ga

F:tcg ccg gga gct gac a

R:gca gct cag caa tctctt tct g
F: tcg ccg gga gct gac a

R: gca gct cag caa tctctt tct g
F: gag cta cac atc cct agcc

R: ctc agg agg atc tga gac tg

F: tgc acc acc aac tgc tta gc

R: ggc atg gac tgt ggt cat gag
F:cag ggt caa ctt cag gtt cc
R:gct ctt tgt gac agc cac tg
F:ggt ccc tgt tca gca aga ag
R:aag cca gaa gta ggc agt gg

F: ggc tga caa ggc tcg tta tg

R: ggg cgg tac tca gaa cag aa
F:agc aca ggg tga cag aag
R:gtg tct ggg atg agc tag tg
F:gtt gga tac agg cca gac ttt gt
R: cac agg act aga aca cct gc

F: ccg cag gtc caa ttc aca ct

R: tcc age cga gga cca tac ag

F: acg gca cag tca ttg aaa gcc ta
R: gtc acc atc ctt ttg cca gtt cc
F: tac tcc ccc tac cag ctt ac

R: gac tcc gtg tcatagtcc

F:ctg cat cta gca gcc atc

R:ggc tct gag tga ggt agg ta
F:gcc agg cc aga tta ggt

R:cct cac cta gag aga ag ca
F:caa cca aca agt gat att ctccat g
R:gat cca cac tct cca gct gea

F: tcg gca ttt tga acg agg tc

R: gaa aag ccc gaa aga gtc tc
F: gccagagtccttcagagag

R: cca ctc ctt ctg tga ctcc

F:tct gtc tag gtc ctg gag tc
R:gga gca ggt gaa gag tga

F: act aga gag act tct tccacaacaagag
R: gca cag ggt cat cat caaagac
F: gga agc acg gca gca gaa ta
R: aac ttg agg gag aag tag gaa tgg
F: ccc atg gga tta caa cat cac tc

165

214

121

89

89

169

101

165

242

138

213

224

143

119

128

205

164

152

216

138

170

75

180

66
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R: cac tgg gcc tca geg atc

IL-18 F: aga cag cct gtg ttc gag 126
R: ctt cac aga gag ggt cac ag

IL-23r F: gca tgt ggt gat agc cct tt 86
R: caa ccc aca tgt cac cag ag

iNOS F:cct gtg aga cct ttg atg 92
R:cct ata ttg ctg tgg ctc

Mmp7 F: ctatgcagctcaccctgttctg 106
R: gce tgt tec cac tga tgt ge

Mmp9 F: gaa gtg ggg ttt ctg tcc 137
R: agc cct cga ggt agc tat ac

Opn F: agc tca gag gag aag ctt 115
R: ctt cag agg aca cag cat

Ppar-y F:gta gaa gcc gtg caa gag 192
R:gag gaa ctc cct ggt cat

Rorrt F: caa gtc atctgg gat ccactac 95
R: tgc agg agt agg cca cat tac a

Rpl13a F:ccc tcc acc cta tga caa ga 221
R:ctg cct gtt tcc gta acc tc

Vcaml F: gcc tcg cta ggt tac aca 139
R: gga ctg ccc tcc tct agt at

Sdha F:cag ttc cac ccc aca ggt at 208
R:gat ctt tct cag ggc cac ag

Sod2 F: aca aac ctg agc cct aag gg 128
R: gaa cct tgg act ccc aca gac

Sod3 F: gcc tga act tca cca gag 152
R: cta ggt cga agc tgg act c

Tbp F:gcc ttc cac ctt atg ctc ag 202
R:gct act gcc tge tgt tgt tg

Tnf-a F: cac cac gct ctt ctg tct 166
R: ggc tac agg ctt gtc act ¢

Ym1l F:act ttg atg gcc tca acc tg 173
R:aat gat tcc tgc tec tgt gg

42112 Isolation of total RNA and cDNA synthesis

421121 Extract of total RNA

(i) Total RNA from lung tissues (lung tissue after bronchoalveolar lavage (BAL) was stored at —80 °C) was
isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions
with an additional peqGOLD TriFast (peqlab, Erlangen, Germany) extraction to improve protein

exclusion. But lung tissue were homogenized in 2.5 ml peqGOLD TriFast reagent used IKA Disperser T 10

basic and Disperser toll (S10N).
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(ii) Total RNA from cells (cell amount more than 50 000 per sample) was extracted by High Pure RNA

Isolation Kit (Roche, Munich, Germany) according to the product’s instructions.

(iii) Total RNA from small amount of cells (cell amount less than 50 000 per sample) was purified by

Quick-RNA™ MicroPrep kit (ZYMO, Freiburg, Germany) following the product’s instructions.

4211.2.2 RNA concentration and purity was determined by A, and A,s measurements using a
NanoDrop® ND-1000 spectrophotometer. The mean value of A,s0/A,g ratio for all RNA samples extracted
by both RNeasy Mini Kit and High Pure RNA Isolation Kit was spanned within between 1.90 and 2.25,
reflecting high purity and protein absence. RNA integrity was evaluated by the ratio of 285/18S
ribosomal RNA bands after electrophoresis in denaturing 1% agarose gel. To guarantee the quality

necessary for expression analysis all samples used in this project presented a 285/18S rRNA ratio > 1.7.

421123 cDNA synthesis

One microgram total RNA was reverse-transcribed using the Superscript™ Il Reverse Transcriptase kit
(Invitrogen, Karlsruhe, Germany) for first strand cDNA synthesis with 5 uM Random Nonamer (N9; MWG
Biotech, AG, Ebersberg, Germany) primer according to the manufacture’s recommendations. In brief,
RNA and primers were mixed and incubated at 70 °C for 5 min followed by cooling on ice for 5 min and
room temperature for 5-10 min before transcription. The first strand cDNA synthesis was started after
adding transcription mixture at 42 °C lasting 1 h for reverse transcription reaction. Finally, the reaction
was inactivated by heating to 70 °C for 15 min. All cDNA samples were diluted 1:5 with DNase- and

RNase- free H,0 and stored at -20 °C for further studies.

4.211.3 PCR reaction

PCR was conducted using the ABI PRISM® 7000 detection system (Applied Biosystems, Foster city, CA,
USA), based on ABsolute™ QPCR SYBR® Green ROX Mix (Thermo Scientific, Wilmington, USA). The PCR
reaction mixture contained 1 pl cDNA (10 ng), 1 pl (5 uM) of each primer, 12.5 pul ROX mix and PCR-grade
H,O up to a total volume of 25 pl. After initial enzyme activation (one cycle at 50°C for 2min and 95 °C for
15 min), 40 cycles amplification (95 °C for 155, 60 °C for 1 min) were performed in 96-well optical
reaction plates (Applied Biosystems, Foster city, CA, USA). To verify that the used primer pair produced
only a single product, a dissociation protocol was added after thermocycling, determining dissociation of
the PCR products from 60 to 95 °C by increasing 0.5 °C per cycle. In all negative control samples no

amplification signal was detected.
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42114 Selection and evaluation of stable housekeeping genes

For the selection and evaluation of stable housekeeping genes (HKGs) for gene expression normalization
in qPCR, 11 commonly used HKGs (18S rRNA, Actb, B2m, Cypa, Gapdh, Gusb, Hmbs, Hprt1, Rpl13a, Sdha

and Tbp) of varying functional classes were selected [144-146].

The stability of housekeeping genes (HKGs) expression was analysed with geNorm

(http://medgen.ugent.be/~jvdesomp/genorm/) [147], NormFinder

(http://www.mdl.dk/publicationsnormfinder.htm)  [148] and  BestKeeper (http://www.gene-

guantification.de/bestkeeper.html) [149] software packages.

42115 PCR Data analysis

The threshold cycle (C,) is defined as the number of cycles needed for fluorescence to reach a specific
threshold level of detection and is inversely correlated with the amount of RNA or DNA template present
in the reaction [150,151]. Relative expression of gene of interest (GOI) was analysed by AC; method was
used where AC; = (C; target gene, test sample - C; endogenous control, test sample) [152]. Relative
gquantities were corrected for efficiency of amplification and fold change in gene expression between

groups was calculated as 2%

1+ SEM. Where more than one endogenous control is used, fold change
estimates were calculated using the geometric mean of HKGs quantities relative to the calibrator sample

which could be the minimum, maximum or a named sample or an average.

4.2.12 Statistical analysis

All values are showed as the mean + SEM of at least five animals or 3 individual samples in vitro. We used
analysis of variance (ANOVA), as calculated by GraphPad Prism 5, to establish the statistical significance
of differences between the experimental groups. Individual inter-group comparisons were analysed
using the two-tailed unpaired t test with Welch's correction. Differences were considered significant at *,

p < 0.05; **, p<0.01 and ***, p<0.001.
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5. Results
5.1 Characterization of carbon nanoparticle (CNP)

The primary particle size of CNP used in this project was assessed by transmission electron microscopy
(TEM) of particles resuspended in water (Fig. 5.1) [132,136]. The specific particle surface area of the
applied particles was assessed using the Brunauer, Emmett, and Teller (BET) method, and the organic
content (OC) was measured using a thermooptical analysis technique described in our previous
publications [132,136]. The results showed that the CNP have diameters of 7-12nm, OC with 17% and
surface area with 807 mz/g [136].
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Figure 5.1: CNP used in this project was assessed by transmission electron microscopy (TEM) of
particles resuspended in water. The picture has been described in detail in our previous studies

[132,136].

5.2 Characterization of the CNP triggered lung inflammation in mice

Inflammation of the airways and lung parenchyma play a major role in the pathogenesis of several
pulmonary diseases, such as chronic obstructive pulmonary disease (COPD), pulmonary allergy and acute
lung injury (ALI) [153,154]. The primary host defence mechanisms of the lungs against exposure to
stimuli such as particles and toxic gases are the innate and adaptive inflammatory immune responses
[153]. The progression of acute lung inflammation is strongly associated with infiltration of the small
airway walls by inflammatory cells and the accumulation of inflammatory mucous exudates in the lumen
[155,156]. Therefore, in this section, a murine model of CNP-induced aseptic acute lung inflammation is
used to investigate the time course of pulmonary inflammatory response, with a special emphasis on the

mechanisms of acute lung inflammation caused by CNP exposure.
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5.2.1 Pulmonary toxicity upon CNP treatment

In order to investigate the effects of CNP exposure on aseptic acute lung inflammation, the two main
pulmonary toxicity levels of untreated or CNP-treated mice were studied: the epithelial-endothelial

permeability-barrier integrity (total protein level in BALFs) and the cytotoxicity (LDH level in BALFs).

5.2.1.1 Epithelial-endothelial permeability-barrier integrity

To evaluate the integrity of the alveolar blood-air-barrier in mice upon CNP treatment, we measured the
levels of total protein in the BALFs from C57BL/6N mice exposed to a single dose of 20 pg CNP per mouse
by intratracheal instillation over a period of up to 7 days. Fig. 5.2 shows that at all time points except for
7 days, there was a significant time-dependent increase, up to 24 hours, of total protein levels in mice

upon CNP treatment in comparison with untreated mice.
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Figure 5.2: Time-course effects of total protein content and LDH concentration in bronchoalveolar
lavage fluid (BALF) of mice upon a single dose of 20ug CNP treatment. Total protein concentration was
determined using the Braford method. LDH concentraton was checked by Cytotoxicity Detection Kit.
Values are given as mean = SEM, n=5-10, asterisks represent significance compared to the control group

with * p<0.05, **p<0.01 and ***p<0.001.

5.2.1.2 Cytotoxicity (LDH)

To examine the cytotoxicity of the lung upon CNP instillation, we profiled LDH concentration in the BALFs
of mice after 3, 6, 12, 18 and 24 hours, and 3 and 7 days of treatment. The results showed that,

compared to untreated mice, there was a significant increase in LDH concentration in BALFs after 3 hours
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of CNP treatment (2-fold increase, p<0.01), while the LDH concentration increased again (1.5-fold,

p<0.05) at 12 hours (Fig. 5.2).

5.2.2 BAL cell analysis

Pulmonary inflammation was characterized by inflammatory cell recruitment into the airspace [157,158],
an assessed by BAL cell differentiation. Fig. 5.3 shows the different cell counts in BALFs obtained from
C57BL/6N mice intratracheally instilled with a single dose of CNP over a period of up to 7 days. The total
cell numbers in BALFs from 6 hours, 18 hours and 24 hours were significantly different from those in the
BALFs of untreated mice (p<0.05), while there was no difference among mice treated with CNP at 3
hours, 12 hours, 3 days and 7 days and untreated mice. This increase was mainly due to an accumulation
of macrophages and neutrophils in the lumen (Fig. 5.3). The highest relative increase over time was seen

for neutrophils and macrophages.

The absolute number of alveloar macrophages (AMs) in BALFs obtained from CNP-treated mice at 12
hours was significantly less than those obtained from untreated or even the flanking time points (6 and
18 hours). In contrast, AM numbers from 24 hours were significantly increased as compared to untreated
mice. However, there was no significant change after 3, 6 and 18 hours, and 3 and 7 days CNP compared

to the untreated group.

On cytospins, neutrophils were almost absent from the BALFs of untreated mice. However, CNP-exposed
mice developed an acute alveolar neutrophilia, as indicated by significantly increased neutrophil
numbers over a period of up to 24 hours. The acute lung neutrophilic inflammation phase was followed
by drop to the basal levels after 24 hours until day 7. Lymphocyte numbers in BAL were close to the
baseline in all groups and did not change significantly over time (data not shown). These results show
that exposing mice to 20ug CNP by intratracheal instillation caused an acute neutrophilic alveolitis with

the highest inflammatory cell numbers 24 hours after instillation.

-40 -



5. Results

Total cell PMN
- 0.4-
A6 0.0001
0.3 = o 5

10E6 cell
10E6 cell

10ES6 cell

Figure 5.3: Time course of the effect of CNP exposure on total number and cell differentiation in BALF
in mice. Bronchoalveolar lavage (BAL) cells were determined after cytospin centrifugation. Dead cells
were discriminated by trypanblue staining. Differentitation was performed by May-Griinwald-Giemsa
staining. Cell counts are shown in numbers from counts of 2 X 200 cells per cytospin and animal divided
by the total cell number. Values are given as mean + SEM, n=5-10, asterisks represent significance as

compared to control group with * p<0.05, **p<0.01 and ***p<0.001.

5.2.3 BAL cytokines analysis
5.2.3.1 Neutrophile chemoattractants in the BALFs

To further characterize the most obvious, neutrophilic response in the lung after CNP exposure we

determined the BALF levels of the neutrophile chemoattractants CXCL1, -2 and -5. All of which are well

known NFkB1 targets [159-161]. For all time points from 3 to 24 hours, as compared to control group,

CXCL1 levels were significantly, but prior to 12 hours BALF concentrations only yielded in a 4.8-fold
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induction that increased to 30-fold induction by 12 hours and 23-fold by 18 hours, followed by a
decrease back to 9-fold after 24 hours (Fig. 5.4). In contrast, however, the CXCL1 levels at 3 days and 7
days decreased back to the basal levels. Interestingly, the CXCL5 levels were decreased at 3 hours and 6
hours post instillation, followed by an increase to 8-fold induction at 12 and 18 hours, and 5-fold at 24
hours; they then dropped down to basal levels at 3 days and 7 days. Furthermore, CXCL2 were
significantly increased only at 3 hours, 12 hours and 24 hours after CNP exposure by 1.2-fold, 1.3-fold
and 1.1-fold the induction respectively in comparison to untreated mice. These results showed that BAL
cytokine concentrations of the neutrophile chemoattractants CXCL1, -2 and -5 (well known NFkB1

targets) in mice, increased most rapidly from 6 to 12 hours after CNP treatment.
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Figure 5.4: Time-course responses of neutrophile chemoattractants released into the alveolar space
upon CNP treatment in mice. Cytokine levels were measured by commercial ELISA kits and were
determined in BALFs for each animal in each group. Values are given as mean + SEM, n=5-10, while

asterisks represent significance compared to the control group with * p<0.05, **p<0.01 and ***p<0.001.
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5.2.3.2 Other inflammatory cytokines in the BALFs

To be able to localize the response of particular cell populations in the lungs in response to CNP
exposure, the concentration of predominantly alveolar macrophage-derived cytokines, such as TNF-a, IL-
1R and OPN [162-164] in BALFs were determined using commercial ELISA kits. As shown in Fig.5.5, the
TNF-a concentrations in the BALFs of CNP-exposed mice revealed increased levels prior to 12 hours of
exposure, as compared to untreated mice. However, the concentrations of IL-1 were increased only at 3
hours and 24 hours of CNP exposure followed by a drop down to the basal levels at 3 days and 7 days. In
contrast, the opposite was observed for OPN, its concentration decreasing significantly for the first 24
hours, followed by a regress after 24 hours. These results were comfirmed that, in response to a single
dose of CNP exposure, the concentrations of alveolar macrophage derived cytokines in the lung

fluctuated according to the acute lung inflammation phase, rather than the chronic.
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Figure 5.5: Time-course responses of alveolar macrophage derived cytokines release into the lung
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lumen in response to CNP exposure. Cytokine levels were determined in BALFs for each animal in each
group. Values are given as mean + SEM, n=5-10, asterisks represent significance compared to the control

group with * p<0.05, **p<0.01 and ***p<0.001.
5.2.4  Gene profiles in the lung homogenate

In addition, we isolated total RNA from the lung tissue after lung lavage and measured the mRNA levels

of neutrophile chemoattractants such as Cxcl1, -2 and -5 (Fig. 5.6) as well as inflammtory genes (Fig. 5.7).
5.2.4.1 Profiles of genes for neutrophile chemoattractants

The data, as shown above, showed that a single dose of CNP exposure induced acute lung inflammation
in mice, which was characterized by an acute influx of neutrophilic granulocytes into the alveolar
compartment. Therefore, genes related to these neutrophilic chemoattractants were measured by gPCR.
As shown in Fig. 5.6, Cxcl1, -2 and -5 were upregulated significantly over times up to 24 hours upon CNP
treatment compared with untreated animals; the peak levels were reached at 12 hours followed by a
drop down to basal levels after 24 hours. These results indicated that upon CNP exposure the
transcriptional profiles for neutrophile chemoattractants Cxcl1, -2 and -5, detected in lung homogenate,

reached their peak levels at 12 hours.
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Figure 5.6: Time course of molecular levels of neutrophile chemoattractants Cxcll, -2 and -5
determined by qPCR in lung homogenate upon CNP treatment in mice. The X-axis corresponds to the
time after exposure to CNP instillation. The Y-axis corresponds to the expression level measured for the

gene of interest. Measurements were normalized using the Hprt and Actb housekeeping genes and

-ACt
2

calculated using the method. Values are given as mean * SEM, n=5-10, asterisks represent

significance compared to the control group with * p<0.05, **p<0.01 and ***p<0.001.
5.2.4.2 Profiles of related genes for lung inflammatory response

To further investegate the aseptic acute lung inflammatory response seen in the lungs of mice exposed
to CNP, which were associated with the basal levels of inflammatory cells in the lumen, inflammatory
mediators in BALFs and gene expression of neutrophile chemoattractants in lung homogenate at 3 days
and 7 days, other related genes profiles for proinflammatory responses (Fig.5.7A), alveolar macrophage
polarization (Fig.5.7A and Fig.5.7B), and inflammatory regulator (Fig.5.7C) were determined in the mouse
lungs in response to CNP exposure by gPCR method.
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Most of these genes for proinflammatory responses in the lungs of CNP-treated mice reached a peak
between 12 and 24 hours, rather than prior to 12 hours or after 24 hours (Fig.5.7A): (i) Mcp-1, Tnf-a, IL-
1B, Opn and Ifn gamma reached a peak at 12 hours; (ii) IL-12p40, iINOS and Ccl22 reached a peak at 18

hours; and (iii) IL-12p35 and Lcn2 reached a peak at 24 hours, all in comparison to untreated mice.

However, the profiles of genes related to alveolar macrophage polarization indicated that, in the lungs of
mice treated with CNP exposure: (i) M2 classical macrophage markers such as Arg-1 and Fizz-1 were
significantly increased between 18 and 24 hours after CNP exposure; (ii) Gal3 was significant increase
prior to 12 hours; (iii) in contrast to the gene expression of Gal3, IL-4 was increased only after 12 hours,

but not after 3 or 7 days; (iv) furthermore, Ppar-y and IL-10 were moderately changed across all periods,

but PPAR-y was significantly decrease between 18 and 24 hours and IL-10 reached a peak at 3 hours.

Heme oxygenase 1 (HO-1), an essential enzyme in heme catabolism; it cleaves heme to form biliverdin,
which is subsequently converted to bilirubin by biliverdin reductase, and carbon monoxide, a putative
neurotransmitter [165,166]. In CNP-induced acute lung inflammation in the mice model we studied, Ho-1
gene expression was significantly increased only at 3 hours and 12 hours, followed by a decrease from 18

hours and 24 hours that recovered to basal levels at 3 and 7 days.

Caspase 1 is an enzyme that proteolytically cleaves other proteins, such as the precursor forms of the
inflammatory cytokines IL-18 and IL-18, into active mature peptides [167,168]. Expression of caspase 1
was significantly decreased prior to 6 hours followed by a peak at 12 hours after CNP exposure in
comparision to untreated mice. This finding is corelated with caspase 1 dependent induced IL-18 gene

expression, which also reached a peak at 12 hours, but not with the IL-18 gene (Fig.5.7A).

Soluble CX3CL1 potently chemoattracts T cells and monocytes, while the cell-bound chemokine
promotes the strong adhesion of leukocytes to activated endothelial cells, where it is primarily expressed
[169]. In our acute lung inflammation mouse model, Cx3cll were upregulated at 18 and 24 hours; this
finding is corroborated by higher levels of inflammatory cells being attracted into the lung space from

lung tissue and blood at the same time points (Fig.5.3 total cell number).

CD68 is a particular marker gene for the various cells of the macrophage/monocytes lineage [170]. Our
data showed that Cd68 in lung tissue was significantly upregulated between 12 and 24 hours, while
alveolar macrophage amounts in the lung increased by the highest rate at the same time compared to all

other time intervals (Fig.5.3 AM number).
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Figure 5.7: Time course of molecular levels of inflammatory genes determined by qPCR in lung
homogenate upon CNP treatment in mice. Proinflammatory genes (A), M2 macrophage marker genes
(B) and other genes related inflammatory reponse (C) were measured by gPCR which normalized with
the Hprt and Actb housekeeping genes and calculated using the 2"*“ method. The X-axis corresponds to
the time after exposure to CNP instillation. The Y-axis corresponds to the expression level measured for
the gene of interest. Values are given as mean + SEM, n=5-10, asterisks represent significance compared

to the control group with * p<0.05, **p<0.01 and ***p<0.001.
5.2.4.3 Profiles of related genes for the transcription factors NFkB and AP-1

To get insight into the regulate mechanism of proinflammatory gene expression, which is known to be
regulated to a major extend by NFkB and AP-1 factors, the transcriptional signatures of the lung tissue

from these mice have been analysed by gPCR.

Our data showed that (Fig.5.8): upon CNP exposure in mice, (i) as compared to untreated mice, IKBR was
significant upregulated during early time (3, 6 and 12 hours) following by drop down to basal levels after
18 hours; (ii) IKBz was reach a peak at 12 hours of CNP exposure over a time up to 7 days; (iii) IKBa, c-Jun,
Fos-B and Fra-2 were not affected during all time points. These results described that CNP exposure only
induced IKBR and IKBz expression in early time, however, other subunit genes such as IKBa, c-Jun, Fos-B

and Fra-2 are not affected by CNP exposure.
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Figure 5.8: NFkB and AP-1 related genes expression levels were determined by qPCR in mouse lung
homogenates upon CNP treatment. The X-axis corresponds to the exposure time after CNP instillation.
The Y-axis corresponds to the expression level of the target gene. Measurements were normalized using
the Hprt and Actb housekeeping genes and calculated by the 2°°“* method. Values are given as mean +

SEM, n=5-10, asterisks represent significance compared to the control group with * p<0.05, **p<0.01

and ***p<0.001.

5.3 Compare the acute inflammatory response to CNP from WT and p50”" mice

Inhalation of CNP, a main constituent of urban air pollution, is believed to trigger pulmonary or even
systemic inflammation via the generation of oxidative stress [171,172]. The redox-sensitive transcription
factor NFkB, which controls a majority of inflammatory genes, is thought to play an important role in the
onset of pulmonary inflammation [173,174]. In mammalian cells, the NFkB family is composed of five
members: NFkB1 (p50, precursor pl105), NFkB2 (p52, precursor p100), RelA, RelB and c-Rel, which
function as either hetero- or homo-dimmers [175]. It has been reported that Nfkb1 p50 plays an import
role in NFkB functions [176-178]; however, whether the NFkB subunit p50 could impact acute pulmonary

inflammation and injury 24 hours after CNP treatment is not clear.
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5.3.1 Analyse inflammatory cell and total protein accumulation in the airspace of WT and

p507" mice in response to CNP exposure

Exposure of mice to CNP has previously been shown to result in a dose-dependent lung inflammatory
response [136,179-181]. To assess the acute lung inflammatory responses in p50'/' and WT mice after a
single dose of intratracheal delivered 20ug CNP, inflammatory cells in the alveolar space as well as total
protein levels in the BALFs were investigated after 24 hours, the time point at which the most significant
inflammatory changes had been observed in the WT lung (Fig. 5.3). 20ug CNP but not sham (vehicle)
exposure caused a significant neutrophilic, acute lung inflammation in WT C57BL/6J mice (Fig.5.9 and
Fig.5.10); however, no p50-genotype-related difference could be detected in the recruitment of

inflammatory cells into the alveolar space in mutants.
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Figure 5.9: CNP exposure induced a significant neutrophilic aseptic acute lung inflammation in mice.
Either no or fewer neutrophils (black arrow) were detected in the lungs of untreated and sham-treated
mice. In addition, particle-laden macrophages (open circle) were seen in CNP-exposed lungs from all

mice, regardless of genotype. These pictures were displayed from cytospins using a microscope at 100X.

5.3.1.1 Total cell numbers

After instillation of 20ug CNP per mouse in both genotypes of mice, the total cell number was reduced in

comparison with untreated and H,0-treated mice after 24 hours. Furthermore, no p50 genotype-related
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difference in total cell number could be detected in the alveolar space in the individual treatment

groups.
5.3.1.2 Inflammatory cells

Absolute cell number: After treatment with 20ug CNP per mouse, the absolute number of neutrophils in
BALF was elevated 47.3-fold in WT mice and 56-fold in p50'/' mice, as compared to untreated genotype-
matched mice; in contrast, however, the absolute amount of alveolar macrophage (AM) decreased 1.8-
fold in WT mice, and 2-fold in pSO'/' mice (Fig.5.10A). Lymphocyte numbers were generally very low and

were not changed by the treatment (data not shown).

Percentage of inflammatory cells: After instillation of 20ug CNP per mouse, the percentage of
neutrophils of all cells in the BALF was about 34% in WT mice and 43% in p50'/’ mice; whereas the
percentage of alveolar macrophages dropped to 56% in WT mice and 49% in p50'/' mice (Fig.5.10B). The

lymphocyte percentage was below 5% and was not changed by the treatment (data not shown).
5.3.1.3 Protein concentration in BALFs

After 24 hours of treatment with 20ug CNP per mouse, the protein concentration was significant
increased in WT mice, but not in p50'/' mice. Furthermore, no p50 genotype difference was detected in
H,O-treated and CNP-treated mice; however, this genotype effect was only significant in p50'/' untreated

mice when compared to WT untreated mice (Fig.5.10C).
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Figure 5.10: CNP induced acute lung inflammatory responses in p50'/' and WT mice. The absolute
number of inflammatory cells (A) and the percentage of inflammatory cells (B) in BALFs were counted in
cytospins; total protein levels in BALFs were measured by the Braford method. Values are plotted with
means = SEM. Significant differences versus respective untreated genotype mice were calculated using
an unpaired t test on data. A value of P < 0.05 was considered significant (P < *0.05, ** 0.01, *** 0.001
compared with respective control mice); (P < § 0.05, §§ 0.01, §§§ 0.001) indicate statistical significant

changes with respective WT mice. n=7 to 12.
5.3.2  Analyse cytokine response in WT and p50” mice by BAL

Recent mouse studies provide strong and direct genetic evidence that the NFkB activation pathway,
which was proposed as the molecular hub for the proinflammatory response several years ago, is a
crucial mediator in the pathogenesis of pulmonary inflammatory diseases [182-184]. Indeed, several
proinflammatory cytokines and chemokines such as TNF-a, IL-1B, IL-6 and CXCL8, which drive the
recruitment of inflammatory cells, are encoded by target genes of the NFkB activation pathway and thus

are associated with the initiation and progression of inflammation in humans and mice [173,185,186].
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The heterodimer p65/p50, which is the most prominent subunit of NFkB1, is mainly involved in the
transactivation of NFkB-dependent proinflammatory gene expression. Unlike p65, the p50 subunit lacks
a transactivation domain [187,188]; however, p50-homodimers are known to drive IL-10 expression in
macrophages during LPS tolerance [102,189]. The role of the p50 subunit during sterile (aseptic) lung
inflammation, as induced by particle exposure, has not yet been described. Therefore, p50 knock-out
(p507) and wild-type (WT) mice were exposed to 20ug CNP for 24 hours, and their inflammatory

responses and related transcription factors were investigated.

CNP-mediated release of proinflammatory mediators recruits macrophages and neutrophils into the lung
tissue [142,190-192]. Therefore, in order to compare the pulmonary inflammatory response between
p50'/' and WT mice exposed to 20ug CNP, the levels of proinflammatory mediators in the BALFs were
measured using commercially-available ELISA kits. To potentially associate the response of particular cell
populations in the lungs, we measured TNF-a, IL-6, CCL2, CXCL2 and osteopontin (OPN/SPP1), IL-1R, as
predominatly alveolar macrophage derived cytokines [193-197]. In addition, to determine the
inflammatory status of the epithelium in response to CNP instillation we investigated the BAL
concentrations of anti-bacterial lipocalin-2 (LCN2/NGAL) and neutrophil-recruiting cytokine CXCL5
[198,199]. Furthermore, other inflammatory mediators, such as IL-1a, CXCL10, CXCL1, IL10 and IFN

gamma were also selected to be measured.

CNP exposure significantly (P < 0.05) increased the levels of all proinflammatory mediators, including
CXCL1, CXCL2, CXCL5, IL-1R, LCN2, SPP1, CCL2, TNF-a, IL-6 and CXCL10, in both WT mice and pSO’/_ mice
at 24 hours (Table 5.1 and Fig.5.11), but did not alter these levels in H,O-treated mice compared with
untreated mice. Interestingly, however, p50’/' mice showed statistical significantly increased levels of
CXCL1, TNF-a, IL-6, SPP1 and CXCL10 in response to 24 hours of CNP exposure compared with WT mice
(Fig.5.11), but not of IL-1a, IL-1B, CCL2, NGAL and MMP9. In contrast, the levels of IL-10, IFN gamma and
IL-1% were not changed in either set of mice in response to CNP exposure and, furthermore, CXCL2 was

undetectable in all groups (Table 5.1).

These results indicate that the lungs of p50'/' mice are more susceptible than those of WT mice to

specific CNP-induced proinflammatory mediators released in an acute lung inflammation phase.
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Figure 5.11: Increased levels of proinflammatory mediators in lungs of p50'/' mouse in response to CNP

exposure. The level of proinflammatory mediators such as CXCL1, TNF-a, IL-6 and CXCL10 (also known as

interferon-inducible protein-10, IP-10) were measured by ELISA in the BALFs of 24 hours untreated, H,0-

treated and CNP-exposed WT and p507~ mice. (P < *0.05, ** 0.01, *** 0.001) indicates statistically

significant changes with WT and p50'/' either untreated or H,O-treated mice. In addition (P < § 0.05,

§§0.01, §§80.001) indicates statistically significant changes with respective treated WT mice. Data are

shown as means + SEM (n=7 to 12 per group).
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Table 5.1: Summary of the NFkB subunit p50 impact on inflammatory mediators’ release into lungs of

mice in response to CNP exposure

WT CNP p507 CNP p507 CNP
(vs WT sham) (vs p50'/'sham) (vs WT CNP)
TNF-a +++ +++ +++
IL-6 ++ +++ +++
CXCL1 +++ +++ ++
CXCL10 +++ +++ ++
OPN + +++ ++
IL-1R +++ +++ (+)
CCL-2 +++ +++ (+)
LCN2 +++ +++ (+)
MMP9 ++ +++ (+)
IL-1a ~ ~ (+)
IL-10 () () -
IFN gamma ~ (-) ~
CXCL5 +++ +++ (-)
CXCL2 ND ND

Differences in release of inflammatory mediators into lungs between WT and p50'/' mice are shown after
24 hours of intratracheal instillation with a single dose of 20ug CNP per mouse. + p<0.05, ++ p<0.01 and
+++ p<0.001 indicate statistically significant differences to H,0 treated mice; (+) indicates increases
which are not of statistical significance; (-) indicates decreases which are not of statistical significance; ~

indicates no change; ND indicates not detectable.
5.3.3 Analysis of gene expression in lungs

Furthermore, we isolated total RNA from lung tissue after lavage and measured the expression levels of
genes of interest related to inflammatory responses in the lungs of WT and p50’/' mice upon CNP

exposure.
5.3.3.1 Inflammatory cytokine gene

Our results indicate that WT mice showed significant upreguration of Cxcl1, Cxcl2, Cxcl5 and Cxcl10 in
lung tissue, but not of IL-6 and Tnf-a, after CNP exposure, whereas pSO'/’ mice showed significantly
higher expression levels of these proinflammatory mediator genes except with Tnf-a compared with WT

mice at 24 hours after CNP exposure (Fig.5.11 and Table 5.2). These finding are corroborated by the
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previous obervations that pSO'/' mice showed an augumented proinflammatory response to LPS [200-
202], TNF-a [203,204], E-coli pneumonia [205] and cigarette smoke [68], which was associated with

increased NFkB1-dependent specific proinflammatory gene expression.

In contrast, however, inflammatory cytokine genes such as Gal-3, IL-12B8, Hmgb1, Ppar-vy, Lcn2 and IL-12a
were downregulated in p50'/' mice in comparison to WT mice when exposed to a single dose of CNP.
Furthermore, the opposite was observed for OPN levels in BALFs, and its mRNA levels were very similar
in both genotypes, regardless of treatment (Table 5.2). Therefore, these results confirm that the lungs of
p50'/' mice are more prone to produce specific NFkB1-dependent cytokines than WT mice in response to

CNP exposure.
5.3.3.2 Other related genes
(i) p50/p50 target genes

p50/p50 homodimers are known to be (i) signal-specific transcriptional repressors of proinflammatory
gene expression, selectively inhibiting transiently activated p65/p50 complexes, either by competing
with p65 for dimerization [62,63] or by binding to identical NFkB binding sites [64]; and (ii) signal-specific
transcriptional activators for antiinflammatory IL-10 [65]. Therefore, p50/p50 homodimer target genes
such as IL-10 [189] and Bcl-2 [206] were profiled using the qPCR method (Table 5.2). Due to a shortage of
p50/p50 homodimers in p50'/' mice, Bcl-2 was downregulated in p50’/' mice in comparison to WT mice in
response to CNP exposure. In contrast, however, the mRNA profile of IL-10 showed an increased in p50'/'
mice such that its regulation could be independently controlled by p50/p50 homodimers in CNP-induced

acute lung inflammation systems.
(i) NFKB and AP-1

To identify the impact of p50 deficiency on related gene expression of transcription factors in CNP-
induced acute lung inflammation, genes for NFkB (such as IKBa, -B, -z) and AP-1 (such as Fral, -2, c-Jun,
c-Fos and JunB) were profiled using the qPCR method. For the NFkB gene profiles (Table 5.2), our data
showed that (i) CNP exposure did not change IKBz and IKBR gene expression in either genotype of mice,
and (ii) CNP exposure decreased IKBa gene expression in p50'/’ mice compared to WT mice. In addition,
gene profiles for AP-1 showed that (Table 5.2): (i) c-Jun and c-Fos were unchanged; (ii) JunB was

increased; and (iii) Fral and Fra2 were decreased, in p50'/' mice compared to WT mice.
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(iii) Inflammatory proteases

Matrix metalloproteinases (MMPs) have been thought to be involved in the cleavage of cell surface
receptors, the release of apoptotic ligands (such as the FAS ligand), and chemokine/cytokine
in/activation on the one hand [207] as well as playing a major role on cell behaviors such as cell
proliferation, migration (adhesion/dispersion), differentiation, angiogenesis, apoptosis, and host defense
on the other hand [208-210]. In our CNP-induced acute lung inflammation system, Mmp7 was increased
in both genotypes of mice, and increased more in p50'/' mice (Table 5.2). In contrast, Mmp9 was

decreased in both genotypes of mice and decreased more in p507 mice (Table 5.2).
(iv) Th17 cell marker

T helper 17 cells (Th17) are a subset of T helper cells producing interleukin 17 (IL-17) that were
discovered in 2007 [211]; they are thought to play a role in inflammation and tissue injury in various
autoimmune and inflammatory diseases [212]. These inflammatory T cells produce the IL-17 family of
cytokines, which mediate inflammation by recruiting innate immune cells and inducing proinflammatory
cytokines [213,214]. Expression of Th17 marker genes, including those encoding the orphan nuclear
hormone receptor Roryt, IL-23r and IL-17f [215] in the lungs, were measured by qPCR. Data analysis
showed decreased expression of these marker genes in p50'/' mice in comparison to WT mice in
response to CNP exposure (Table 5.2). These results indicate that the p50 deficiency could cause a

decreased frequency of Th17 cells at the site of inflammation.
(v) Cell adhesion

Cell adhesion molecules (Cams) are proteins located on the cell surface involved with binding with other
cells or with the extracellular matrix (ECM) in a process called cell adhesion [216]. Cams are
constitutively expressed, but LPS and gram-negative bacteria in the lungs result in increased expression
[217,218] and Icam1 is required for maximal neutrophil emigration [219]. CNP exposure was found to
increase lcam1 expression in WT and p50'/' mice, but there was no genotype effect. In contrast, however,
CNP exposure decreased Vcam1 expression, but also had no genotype effect (Table 5.2). Therefore, the
insufficient expression of cell adhesion molecules such as Icam1 and Vcam1 was not responsible for the

effect of p50 deficiency on neutrophil recruitment elicited by CNP exposure in the lungs.

(vi) Oxidant stress
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Superoxide dismutases (SOD) are a ubiquitous family of enzymes that function to catalyse the
dismutation of superoxide anions efficiently [220]. However, in this study, CNP exposure was not found

to change expression of related genes such as Sod2 and Sod3 in either genotype of mice (Table 5.2).
(vii) M2 macrophage marker

M1 macrophages produce large amounts of nitric oxide by expressing inducible nitric oxide synthase
(iNOS) and tumor necrosis factor (TNF), and are essential for clearing bacterial, viral and fungal infections
[221]. Other macrophages, called alternatively-activated macrophages or M2 macrophages, have an
important role in the responses to parasite infection, tissue remodeling, angiogenesis and tumour
progression [222]. M2 macrophages are characterized by their high expression of arginase-1 (Argl),
chitinase-like Ym1 (Chi3I3), resistin-like alpha (Retnla, also called Fizz-1), mannose receptor (Mrcl
encoding MR, also known as CD206), and chemokines such as CCL17 and CCL22 [223,224]. Therefore, M2
macrophage marker genes such as Argl, Ccl22, Fizz-1 and IL-4 were measured in the lung by gPCR. Our
results (Table 5.2) showed that in reponse to CNP exposure: (i) Argl and Fizz-1 were increased in both
types of CNP-treated mice as compared to H,0O-treated mice, but only Argl (not Fizz-1) was significantly
upregulated in p50'/' mice; (ii) IL-4 was not changed in either genotype of mice, regardless of treatment;
and (iii) Ccl22 was only increased in WT mice, as compared with H,0-treated mice, while p50 deficiency

decreased its expression.
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Figure 5.11: Genetic ablation of p50 led to increased proinflammatory mediators expression levels in
lung homogenate in response to CNP exposure. Gene of interest (GOI) relative expression levels were
detected by qPCR using the 2 method normalized to Actb, Gusb and Rpl13a. (*P < 0.05, ** P < 0.01,
*** P < 0.001) indicate statistically significant changes in WT and p50'/' with respect to either untreated
or H,0O-treated mice, while (§P < 0.05, §§ P <0.01, §§§ P <0.001) indicates statistically significant changes

in CNP-treated WT mice. Data are shown as means + SEM (n=7 to 12 per group).

Table 5.2: Summary of the gene expression in the lung tissue of WT and p50'/' mice in response to CNP

exposure
WT CNP p507 CNP p507 CNP
Function (vs WT sham) (vs p50'/'sham) (vs WT CNP)
Inflammatory cytokine Cxcl5 +++ +++ ++
Cxcl10 +++ +++ ++
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Cxcll ++ ++ ++
Cxcl2 ¥ ++ ++
IL-6 (+) ++ ++
Tnf-a (+) ++ (+)
Opn ~ ~ ~
IL-1R (-) (+) (+)
Gal-3 (+) (+) (-)
IL-12R (+) (-) (-)
Hmgb1l (+) - ()
Ppar-y (-) - (-)
Lcn2 + + -
IL-12a (-) (-) -
p50/p50 target genes IL-10 (-) (+) (+)
Bcl-2 (-) (-) (-)
Inflammatory proteases Mmp7 (+) (+) (+)
Mmp9 (-) - -
Th17 cell marker Roryt ~ (-) -
IL-23r (-) - (-)
IL-17f (+) ~ -)
NFkB pathway Ikbz (-) ~ ~
IkbR (-) (+) ~
lkba ~ (+) ()
Cell adhesion lcam1 (+) (+) ~
Vcam1l (-) (-) ~
AP-1 pathway c-Jun (-) ~ ~
c-Fos (-) (-) ~
JunB (-) (-) (+)
Fral ~ (-) (-)
Fra2 ~ (-) (-)
Oxidant stress Sod2 ~ ~ ~
Sod3 (-) ~ ~
M2 macrophge marker Argl (+) + +
Ccl22 (+) ~ (-)
Fizz-1 + + ~
IL-4 ~ ~ -

Differences in gene expression in lungs between WT and p50'/' mice are shown after 24 hours of

intratracheal instillation for a single dose of 20pug CNP per mouse. + p<0.05, ++ p<0.01 and +++ p<0.001
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indicate statistically significant increases relative to sham mice; - p<0.05, -- p<0.01 and --- p<0.001
indicates statistically significant decreases relative to sham mice; (+) indicates increases which are not of
statistical significance; (-) indicates decreases which are not of statistical significance; ~ indicates no

change.
5.3.4 Analyse transcription factors in lungs of WT and p50" mice

Surprisingly, the acute inflammatory response, which in WT mice was characterized by an influx of 100
000-150 000 neutrophilic granulocytes into the alveolar compartment, was not changed in p50-deficient
mice. To get an insight into the inflammatory gene expression, which is known to be regulated to a major
extend by NFkB1 factors, the transcriptional signatures of the lung tissue from WT and p50'/’ mice were

analysed.
5.3.4.1 Analyse NFkB1 activation in lungs of WT and p50™ mice

The transcription of proinflammatory cytokines, chemokines, and MMPs are regulated by the
transcription factor NFkB, especially that of p65/p50 heterodimers [225,226]. Therefore the nuclear
accumulations of NFkB subunits p65 and p50 in the lung tissue of p50'/' and WT mice upon CNP exposure
were analysed using a TransAM’ NFkB Family kit. Targeted disruption of p50 was verified in Fig. 5.12
which showed that p50 protein was undetectable in p50'/' mice. Interestingly, our data showed that an
increased p65 and p50 nuclear accumulation occurred in WT mice, but not in p50'/' mice, upon CNP
exposure; furthermore, this nuclear accumulation was significantly decreased to the basal level in p50'/'
mice (Fig.5.12). Therefore the results suggest that p50'/' mice have an increased proinflammatory
response to acute CNP exposure, despite the nuclear translocation of p65 and p50 occurring only in WT

mice, and not in p50'/' mice.

An increase in NFkB DNA binding is reported to occur in response to combustion-derived nanoparticles,
which results in an increased transactivation of proinflammatory genes [142,227-230]. To further
investigate the proinflammatory response seen in the lungs of p50'/' mice, NFkB DNA binding activity was
determined by the nuclear extraction of mouse lungs in response to CNP exposure by EMSA. In addition,
untreated control mice also were analysed. As can be clearly seen in Fig. 5.12, CNP treatment strongly
augmented NFkB activation in the lungs of WT mice, but not in p50”" mice (Fig.5.13). Interestingly, no
NFkB activation was detected in p50 untreated and CNP-treated mice. To verify NFkB DNA-binding
activity and to determine NFkB subunit composition, a supershift analysis of lung samples from WT mice
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was performed using antibodies against the p50 or p65 subunit of NFkB. In WT mice, the NFkB binding
activity was composed of p50/p65 heterodimers, which are the major mediators of inflammatory
responses, as well as p50/p50 homodimers. These results corroborate the above observations (Fig.5.12)

showing no activation of NFkB in p50'/' mice in response to CNP exposure.

p65 p50
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Figure 5.12: CNP-induced nuclear accumulation of both NFkB subunits p50 and RelA (p65) in WT, but
not in p50'/' mice. Knockout of NFkB1 (p50) in the lungs of p50'/' mice was confirmed using a TransAM®
NFkB Family kit. Data are shown as means * SEM (n = 4-5 per group). **P < 0.01 indicates statistical

significance compared with untreated mice. § p<0.05, §§§ p< 0.001 indicates statistical significance

compared with WT mice.

-63-



5. Results

| —

( Vo \
wt/Con wt/CNP Nfkb1-/+/Con  Nfkb1.//CHP a-pd0 a-pbd a-pid a-pbs
— A a— \
IR i— — — TS
-
s
RelA/p50
P50/p50
— - — - » -
Free probe

Figure 5.13: Electrophoretic mobility shift assay (EMSA) and supershift EMSA showing nuclear factor-
kB activation in mouse lung nuclear extracts 24 hours after carbon nanoparticle exposure. The picture
showed that CNP exposure induced a significant nuclear translocation of the NFkB1 subunits p50 and
RelA (p65) in WT, but not in p50'/' mice after 24 hours of CNP instillation. One representative untreated
WT lung and two samples per group for mice exposed to 20ug CNP per mouse for 24 hours were used.
Supershift EMSA was performed for two representative samples from WT mice using antibodies against

the two nuclear factor-kB subunits a-p65 and a-p50.

5.3.4.2 Analyse NFKB2 and AP-1 activation in lungs of WT and p50”" mice

To gain insight into the mechanism of increased proinflammatory mediators in p50'/' mice, we
investigated whether NFkB2 and AP-1 could compensatory regulate the CNP-mediated proinflammatory
response in p50'/' mice in response to CNP exposure. Therefore, the nuclear accumulation of NFkB2 and

AP-1-related protein in untreated and CNP-treated mice were analysed using a TransAM® NFkB Family
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kit and a TransAM® AP-1 Family kit, respectively. Our results showed that CNP exposure did not
significantly change the nuclear accumulation of p52 and Rel B in p50'/' mice, whereas it did significantly
increase the levels of NFkB subunit p52 and Rel B in WT mice (Fig.5.14A). In addition, the data for AP-1
related proteins showed CNP exposure did not result in AP-1 activation in p50'/' and WT mice (Fig.5.14B).
These results demonstrate that compensatory activation of neither NFkB2 (p52, RelB) nor AP-1 (c-Jun,

Jun-D, c-Fos, FosB) pathways could be identified in p50'/' mice in response to CNP exposure.
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Figure 5.14: Compensatory activation of neither NFkB2 (p52, RelB) nor AP-1 (c-Jun, Jun-D, c-Fos, FosB)
pathway was identified in p50'/' mice. Data are shown as means + SEM (n = 4-5 per group). **P < 0.01

indicates significance compared to untreated mice.

-65-



5. Results

5.4 Roles of NFkB1 subunit p50 in alveolar macrophage polarization

Macrophages are the first line of defense against pathogens, and the mode of their activation will
determine the success or failure of the host’s response to pathogen aggression [105,106]. Meanwhile,
plasticity is a hallmark of mononuclear phagocytes, and in response to environmental signals these cells
undergo different forms of polarized activation, the extremes of which are called classic or M1 and
alternative or M2 [102]. M1 macrophages (classically-activated macrophages) are induced by interferon-
gamma or microbial products such as lipopolysaccharide (LPS) or tumor necrosis factor a (TNF-a), and
are mediated by several signal transduction pathways involving signal transducer and activator of
transcription (STAT), nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB), and mitogen-
activated protein kinases (MAPK) [118,231,232]. In contrast, M2 macrophages (alternatively-activated
macrophages) are induced by Th2- or antiinflammatory cytokines and growth factors, including IL-4, IL-
10 and transforming growth factor- [118,232]. M1 macrophages typically take part in the initial immune
response to invading microorganisms and promote the subsequent inflammatory immune responses by
increasing antigen presentation capacity and inducing Thl immunity through the production of
cytokines, whereas M2 macrophages are induced during the resolution phase of inflammation and are

involved in debris scavenging, tissue remodeling, and promotion of Th2 immunity [231,233,234].

Alveolar macrophages, along with mast cells, comprise the first line of immune defense in the lung,
establishing an immune response upon encountering enviromental particles, such as combustion-
derived nanoparticles [235,236]. To our knowledge, the molecular basis of alveolar macrophage
polarization has not yet been fully elucidated. NFkB is a vital regulating factor in inflammation and
resolution, and its activation is subject to multiple levels of regulation, including inhibitory, which finely
tune macrophage functions [106,232]. Here we identified the roles of NFkB subunit p50 in the

polarization of alveolar macrophages (AMs) in vitro.
5.4.1 Establishment of alveolar macrophage polarization model in vitro

To establish the macrophage polarization model in vitro, alveolar macrophages obtained from WT and
P507" mice were treated with 4 hours of either IL-4 (20ng/ml) for M2 macrophages polarization or with
LPS (1pug/ml) plus IFN gamma (20ng/ml) for M1 macrophage polarization. Total RNA was then extracted,
and the expression of representative M1 and M2 genes was evaluated by gPCR (Fig.5.15 and Fig.5.16). In

agreement with previous reports [237,238], expression of the prototypic M1 associated genes iNOS,
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Cxcll, Cxcl2, Cxcl5, IL-6 and IL-18 were induced more in LPS+ IFN gamma-treated AMs, whereas its
expression was drastically reduced in IL-4 treated AMs (Fig.5.16). In contrast, the mRNA level of M2-
associated genes, such as Argl, Fizz-1 and Ym1, were consistently higher in IL-4 treated AMs compared
to the LPS+IFN gamma treated group (Fig.5.15). These results suggest that IL-4 treated primary alveolar
macrophages cells acquire an alternative-activation programme that has a high expression of M2-
associated genes; whereas LPS+IFN gamma-treated AMs acquire a classical-activation programme that

has a high expression of M1-associated genes.
5.4.2 Roles of subunit p50 in alveolar macrophages polarization
5.4.2.1 Genetic ablation of p50 promotes M2 skewed inflammatory response of AMs

In the first step, the M2-associated gene expression profile expressed by IL-4 or with LPS +IFN gamma
treated AMs (Fig.5.15) were characterized. The results showed that (i) M2-associated genes (Argl, Fizz-1
and Ym1) were highly expressed in untreated and LPS+IFN gamma treated p50'/' AMs in comparison to
WT AMs; (ii) targeted disruption of NFkB subunit p50 promotes M2-associated gene expression in |L-4-
induced responses (except with Ym1). These results indicate that p50 is a negative regulator of M2-

associated gene expression in AMs.
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Figure 5.15: M2-associated markers were upregulated in p50'/' AMs. Alveolar macrophages from WT
and p507 mice were either untreated (control), or with IL-4 (20ng/ml) or with LPS (1pg/ml) +IFN gamma
(20ng/ml) challenge for 4 hours. Representative M2-associated genes were analysed by qPCR. Results

were normalized to Actb and Hprt levels and calculated using the 27

method. Data are representative
of two independent experiments, and the values shown are mean + SEM from triplicate values. * p<0.05,
**P < 0.01, ***P < 0.001 compared to respective control group as well as # p<0.05, ##P < 0.01, #H##P <

0.001 as compared to respective WT AMs. n=3-4. ND indicates no detectable.
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5.4.2.2 Genetic ablation of p50 downregulated M1 skewed inflammatory response in AMs

To explore the role of p50 in the expression of an M1 phenotype of alveolar macrophages treated with
either non-treatment, or IL-4 or LPS+IFN gamma, representative M1 cytokine genes were analysed by
gPCR (Fig.5.16). IL-4 treatment failed to develop M1-like macrophages, assessed by the inducible
expression of iINOS, Cxcl5, IL1R, IL-6, Cxcl1 and Cxcl2; in contrast, LPS+IFN gamma treatment significantly
upregulated the expression of these M1-associated genes in AMs. In addition, the absence of p50
significantly downregulated the LPS+IFN gamma induction of M1 associated genes in AMs. Thus, p50 is a

positive regulator of M1-associated gene expression in AMs.

iNOS

Cxcl5 IL18

1-0*10: = Lo 1.0%102 . 1.0%10" =
81.0x1u ha ad " - " L] "
= 1.0x10 2 2 10100 #

-3

% AT % 1.0x10 i % 2.
7 10610 s v ¥ “ SR

A L]
2 1.0x10% | ag® L o 2 1ox10+] "o ey O 2 g e why #
g 0x ..._. v - % " — % 1.0x10%4 o Eand %o

1.0=107¢ W/ -] X o

1.0x10°7 T T T T T T 10105 4— T T T T T 1.0x107 T T T T T

& & V& L R T Y & & @ ¢
& & & & & © & -'-;’¢ & & &P & & & F & O
& 8 o & 8 & 8 o & 8 & E T e E e
& & ¢ <& & & & & g
< Q Q
IL-6 Cxclt Cxcl2
o 1ox10® 1.0%10° 1.0x10°
= ik -
Q ” P e
'f 1.0=10%¢ & - phie & e
= ik = 4 Bo8 X o100 L] ye
X 10x104* o T 1040 g " *
o
= a4 F k]
[ 0 0
5 1.0x10% H
E £ 10:107 o a i : g 1.0%10
.
2 10x10°° aes 4 5 —o° - X a_® L:., v #
5 . e oo a . - oge
1010l - ' 4 - = 10100 d— - . : - - 1Loxinidl— . . . . ;
& SIS & SN o SN o Y » o »
cfs‘ K@‘ «(\\ o"é & Q?\ Q@é .{“; .‘\,\\ od‘éé .{‘\\ {_0\ c“é & 4{\\\v & !\q\} &
< & & & & & & of
& © 3 & 2 FEM & &8 oF 3 S
s O & o ¢ ) ¢

< & F & oF & & F

& @ &

Figure 5.16: M1-associated markers were downregulated in p50'/' AMs. Alveolar macrophages from WT

and p50'/' mice were treated with either non-treatment (control), with IL-4 (20ng/ml), or with LPS

(1pg/ml) +IFN gamma (20ng/ml) challenge. Total RNA was then extracted and the expression of

representative M1 genes was evaluated by gPCR. Results were normalized to Actb and Hprt levels and

calculated using the 2°“* method. Data are representative of two independent experiments; the values

shown are mean + SEM from triplicate values. * p<0.05, **P < 0.01, ***P < 0.001 compared to respective

control group as well as # p<0.05, ##P < 0.01, ###P < 0.001 as compared to WT AMs. n=3-4.
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5.4.2.3 NFKB related genes were downregulated, but Ppar-y was upregulated in p50” M1
skewed inflammatory AMs

To seek the causes of downregulation of M1-associated genes and upregualtion of M2-associated genes
in p50'/' AMs, the expression levels of IKB proteins as direct targets of the transcription factor NFkB and
PPAR-y as an important factor for M2 polarization were assessed by qPCR (Fig.5.17). The results showed
that: (i) IL-4 did not affect IKBa and IKBR gene expression in WT mice, while LPS+IFN gamma significantly
upregulated their expression in comparsion to untreated control AMs; (ii) the absence of p50 caused
reduced IKBa, IKBR and IKBz gene expression in response to IL-4 and LPS+IFN gamma treatment; (iii) in
contrast, however, in p50'/' AMs, Ppar-y expression was significantly elevated in non-treated and LPS+IFN
gamma-treated cells, as compared to WT AMs. These results indicate that increased expression of NFkB
related genes promotes M1-skewed inflammation in AMs, while decreased expression of NFkB related

genes could promote M2-skewed inflammation.
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Figure 5.17: NFkB-related genes were downregulated, but Ppar-y was upregulated in p50'/' AMs.

Results were normalized to Actb and Hprt levels and calculated using the 2% method. Data are
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representative of two independent experiments; the values shown are the mean £ SEM from triplicate
values. * p<0.05, **P < 0.01, ***P < 0.001 compared to the control group as well as # p<0.05, ##P < 0.01,
H###P < 0.001 compared to WT AMs. n=3-4.

5.5 Impact of alveolar macrophages in particle-induced acute lung inflammation

To further investigate the role of alveolar macrophages in particle-induced aseptic acute lung
inflammation in mice, the lavage macrophage obtained from mice treated for either 6 hours or 12 hours
with CNP (the time-points with the highest levels of proinflammatory response, Fig.5.4), or for 12 hours
with H,0 (sham), or left untreated (control) were characterized by gqPCR. To isolate the alveolar
macrophage, fresh BAL cells were incubated in a 48 well cell culture plate for 3 hours to allow adhesion
and non-adherent cells were subsequently removed by two washes with 1X PBS. Adhered cells (alveolar
macrophages) were isolated for total RNA preparation and macrophage-associated genes were analysed

by qPCR.

Figs. 5.6 and 5.7A show that for proinflammatory marker genes of macrophages, such as iNOS, Tnf-a, IL-
1R and Cxcl2, transcripition levels in lung tissue reached a peak at 12 hours of CNP exposure. In contrast,
the expression levels of these genes in alveolar macrophage obtained from mice with same treatment

for 6 hours and 12 hours did not increase in comparison to the control and sham groups (Fig.5.18A).

Interestingly, in agreement with previous data (Fig.5.7B), M2 macrophage-associated genes such as Arg-
1 and Fizz-1 were upregulated in mice lung tissue treated with 6 hours and 12 hours of CNP exposure in
comparison to untreated mice. These genes in the alveolar macrophages obtained from mice under the
same experimental circumstances were upregulated compared to untreated mice, but there was no

difference in their levels compared to H,0O-treated mice (Fig.5.18B).

Furthermore, Fig.5.8 indicates that CNP-exposure-induced NFkB-related genes such as IKBR, IKBz and

IKBa reach a peak in mice lung tissue at 12 hours post instillation. In contrast, however, there were no

signs of CNP-exposure-induced NFkB or Ppar-y activation in alveolar macrophages (Fig.5.18C).

In conclusion, the alveolar macrophage is not the cell responsible for producing proinflammatory

mediators in the lung during particle-induced aseptic acute lung infllammation in mice.
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Figure 5.18: Alveolar macrophage is not the proinflammatory mediator producing cells during particle-
induced aseptic acute lung inflammation in mice. Results were normalized to Actb and Hprt levels and

calculated using the 2%

method. Data are representative of two independent experiments; the values
shown are mean + SEM from triplicate values. Asterisks represent significance compared to the control

group with * p<0.05, **P < 0.01, ***P < 0.001. n=4-5.
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6. Discussion

6.1 Intratracheal instillation of carbon nanoparticles (CNP) at a single dose of 20ug

per mouse causes acute lung inflammation in mice

The increasing use of engineered nanoparticles (NP) in industrial and household applications as well
as the emission of combustion derived nanoparticles will unavoidable lead to an rising release of such
materials into the environment [84-87]. In contrast to a great number of studies investigating health
effects of combustion derived particles, until now very little is known about the toxicity of man-made
engineered nanoparticles for human health as well as the environment in general. There are only few
effective techniques available that can directly measure the toxicity of these nanoparticles for our
ecosystem [87,239]. In this context, the time course and molecular basis of the acute inflammatory
reactions was investigated in the lungs of mice in response to a single dose of 20ug carbon
nanoparticles (CNP) exposure at a single dose of 20ug per mouse. Particular emphasis was put on the
role of the NFkB pathway in this model of aseptic lung inflammation, as this complex is known to be

the key transcription factor for inflammatory gene expression in general.

Acute pulmonary inflammation has previously been described in mice as the major response to
carbonaceous nanomaterial exposure by routes of inhalation and instillation [240,241]. The dose
response for the inflammatory effect of the particles has been shown to be mainly determined by
particle surface area, rather than other characteristics such as organic content, or primary particle
size [136]. In line with this 20ug CNP induced an acute neutrophilic lung inflammation with highest
inflammatory cells numbers generated in the airspace of the lungs at 24 hours post-instillation
(Fig.5.3). This response was associated with increased NFkB activity (Fig.5.12, Fig.5.13, Fig.5.14 and
Fig.5.8), as well as NFkB dependent proinflammatory cytokine gene expression (Fig.5.6 and Fig.5.7)
and protein release (Fig.5.4 and Fig.5.5). At this 24 hour time point no AP-1 activation could be
identified in the lungs (Fig.5.8), unless AP-1 is also known to be an important transcription factor
associated with proinflammatory gene expression. From 3 to 7 days after instillation the
inflammatory responses declined back to the basal levels and neutrophil cell numbers, the major

cellular readout for inflammation, where virtually completely resolved by day 7.

During the acute inflammation response of the lungs to CNP exposure as discussed above, 12 hours
of post-instillation, the initial raised total number of by bronchoalveolar lavage from the lungs
retained cells drop down to the basal levels. This decrease was due to a significant reduction of the

absolute number of alveolar macrophages (Fig.5.3), whereas the neutrophil number at the 12 hour
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time point was significant increased compared to mice of the untreated control group and those
prior to 12 hour exposure (Fig.5.3). Alveolar macrophages stand as the guardian of the alveolar—
blood interface and represent the front line of cellular defense against respiratory pathogens.
Alveolar macrophages are the primary phagocytes of the innate immune system of the lung, clearing
the air spaces from infectious, toxic, or allergenic particles that have evaded the mechanical defenses
of the respiratory tract such as the nasal passages, the glottis, and the mucociliary escalator system
[120,242-245]. The decrease in the absolute number of alveolar macrophage s in the lung could
indicate cytotoxicity of CNP to the scavenger cells, as indicated by increased LDH levels (an indicator
of cell membrane injury and cell necrosis) (Fig.5.2). Also many proinflammatory mediator levels reach
a peak (Fig.5.4 and Fig.5.5) at 12 hours of post-instillation. High levels of proinflammatory cytokines
in the alveolar space of the lungs would subsequently attract more inflammatory cells such as
macrophages and neutrophiles from lung tissue and blood to this site and indeed until 24 hours after
instillation BAL cell numbers reach their highest levels. With the significant increase of alveolar
macrophages in lungs tater than 12 hours of post-instillation, the inflammatory response alleviates,
which fits to the concept that macrophages contribute to the resolution of the CNP induced aseptic
acute lung inflammation, with significant reduces neutrophil counts at 3 days of post-instillation. We
might therefore classify the time points prior to 24 hours as the acute response phase and that tater
than 24h (around day 3 day) the resolution phase. Thus our study is well in line with many previous
observations using the same challenge design (same stimulus and dose), showing most of
inflammatory neutrophil cleared from the BAL fluid at time points around 3 days after challenge

[134,197,246,247].

The transcription factors, NFkB and AP-1, a known to play a pivotal role in regulating genes involved
in various physiological processes, including inflammatoy response, host defense, cell apoptosis and
developmental processes [248-254]. CNP exposure increased during the acute activation phase
NFkB—pathway genes in lungs, which was associated with upregulated expression of IKBR and IKBz
(Fig.5.8). At this time point however, there was no sign for a CNP induced AP-1 pathway activation

(Fig.5.8).

In conclusion, this part of the work classifies the response to a single dose of CNP exposure, (i) as an
aseptic acute lung inflammation, which associated infiltration of inflammatory cells, including
neutrophils and macrophages in the alveolar compartment of the mouse; (ii) with an influx of
inflammatory cells such as neutrophils and macrophages into the airspace peaking 24 hours after

CNP exposure; (iii) protein and transcription levels of proinflammatory cytokines significantly
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increased 12 hours after CNP exposure; and (iv) CNP exposure only upregulating members of the
NFkB, but not of the AP-1 pathway at the acute lung inflammation phase. To the best of our
knowledge, this is the first study that describes the time course of carbon nanoparticle induced

aseptic acute lung inflammation in the lungs of mice at the molecular level.
6.2  CNP triggered inflammatory cell influx into the lungs is not altered in p50”" mice

CNP-induced proinflammatory response, especially the release of proinflammatory cytokines and
chemokines, is mediated by recruiting inflammatory cells such as macrophages, neutrophils and
lymphocytes into the lung spaces [255-258]. Sufficient related experimental evidence actually
indicates that NFkB should be involved in the particle-mediated proinflammatory response in our
CNP induced aseptic acute lung inflammation model [228,259-261]. However, very little is known
about the role of the NFkB subunit p50, the main heterodimerization partner of p65, as
transcriptional regulator during aseptic, particle-induced acute lung inflammation, as studied here
with carbon nanoparticles. p50 knockout (p507") mice were used to shed some light on the role of
p50 in aseptic lung inflammation in response to acute CNP exposure. Therefore, we exposed p50”
and WT mice to CNP at a single dose of 20ug per mouse for 24 hours and investigated the
inflammatory cell count in BAL fluid. No differences in the absolute number of macrophages,
neutrophils and lymphocytes in BALF could be detected between p50'/’ and WT mice when exposed
to H,0 and clean air. In response to CNP exposure however, mice of both genotypes showed
comparable decreases in alveolar macrophage numbers as well as significant increased neutrophil
recruitment in (Fig.5.10). These findings are well in concert with previous in vivo observations
showing that upon exposure to carbon nanotubes [262,263], and nanoparticles [247,264,265], which

describe an association neutrophile recruitment and decreased alveolar macrophages.

Previous studies described that p50 deficiency increases BAL cytokine levels and recruitment of
inflammatory cells to the alveolar air space in response to E. coli instillation [201,205] and cigarette
smoke inhalation (CS) [68], suggesting that p50 limits proinflammatory gene expression and
dangerous exacerbations of lung injury. LPS preparations from E. coli containing both LPS, which
activates Toll-like receptor (TLR) 4, and bacterial products (such as heat-killed E.coli) that signal
through TLR2 induced neutrophil recruitment that was decreased by p50 deficiency, TLR2 and TLR4
together p50 depentent pathways [200,266]. In our study, targeted disruption of p50 did not alter
the numbers of inflammatory cells such as macrophages, neutrophils and lymphocytes emigrated
into the airspace of the lungs upon CNP exposure (Fig.5.9 and Fig.5.10). Combustion derived

nanoparticles, such as carbon nanaoparticle we used in this study, may differ from semipurified LPS
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preparations in forming complexes with solube host proteins, such as complement, natural antibody,
and surfactant proteins, which may alter host signaling and molecular pathways used the
inflammatory cells emigration. Furthermore, there was no p50 genotype effect of transciptional
levels of adhesion molecules Vcam-1 and Icam-1, which control the adhesion and transmigration of
leukocytes [41,60], in mouse lungs in reponse to CNP exposure (Table 5.2). Therefore, our data
suggests that bacterial toxins and products such as combustion derived nanoparticles, in contrast to

LPS, trigger inflammatory cell recruitment not requiring p50.

6.3 Deletion of NFkB subunit p50 augments lung cytokine expression upon particle

induced acute lung inflammation

Although targeted disruption of p50 did not alter inflammatory cells numbers in the lungs of mice
upon CNP exposure, increased BAL levels of CNP induced proinflammatory mediators such as CXCL1,
TNF-a, IL-6, CXCL10 and OPN were associated with p50-deficiency. Similar was observed for
transcriptional levels of several proinflammatory genes such as Cxcl1, Cxcl2, Cxcl5 and IL-6 (Fig.5.11
and Table 5.1). Deficiency of p50 however did not amplify the protein leak into the lungs, indicating
no increased genotype dependent lung injury upon CNP exposure (Fig 5.10). Similarly, p50 deficiency
increases the expression of kB-regulated genes induced by E.coli pneumonia [200,205], IL-1 [267] and

CS [68], which was associated with an augmented proinflammatory reponse.

NFkB is usually described as a dimer composed of the p50 and p65 subunits and is normally
sequestered in the cytoplasm in complex with the specific inhibitors, classically IkBa or IkBB [206].
The NFkB/Rel family members RelA, RelB and c-Rel all have a C-terminal transactivation domain. In
contrast to these NFkB/Rel family members, p50 is considered to be transcriptionally mostly inactive
because of the absence of a transactivation domain (TAD) in p50. Therefore p50 usually needs to
form a heterodimers with TAD possessing factors to be transcriptionally active [268-270]. The exact
molecular mechanisms determining p50 functions like a doule-edged sword which is either a
repressor or an activator of gene expression remain to be determined, but may pathways involve
intracellular signaling pathways which alter the respective nuclear proteins associating with p50 in
dependence on the environmental circumstances [200]. For example, the p50/p50 homodimer is
reported to inhibit NFkB dependent transcription of many proinflammatory genes by competing with
other transcriptionally active NFkB dimers, such as p65/p50 for binding to the NFkB motif. Increased
nuclear p50/50 levels result in increase of antiinflammatory and antiapoptotic genes [271-273], but
p65/p50 heterodimer can recruit coactivators and mediate NFkB dependent gene expression

[62,274-276]. Furthermore, under normal conditions, a small amount of p50 is present in the
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nucleus, and binding of p50 to the proinflammatory gene promotor is reported to decrease gene
expression [277,278]. NFkB subunit p50 may recruit different complexes to different promotors
regions for different purposes during innate and adapted immune responses in the lungs, such as p50
is required for recruitment of the transcriptional repressor histone deacetylase (HDAC)-1 to kB sites

in the Mmp-13 promoter [279].

The precise mechanism why targeted disruption of p50 caused increased cytokine levels upon CNP
treatment but not altered inflammatory cell recruitment remains to be elucidated. We have analysed
the expression over 20 genes related with the inflammatory responses at the mRNA level (Table 5.2),
and most of them have been either increased or unchanged by p50 deficiency during CNP induced
aseptic acute pulmonary inflammation. Actually none of these genes showed reduced levels in p50
mice. Previous studies observed that no significant decrease in gene expression during innate
immune responses in p50'/' mice, which p50 clearly limits the expression of many kB-regulated genes
during innate immune responses in the lungs [68,280,281]. Therefore, we favor the interpretation
that p50 did not alter the inflammatory cells recruitment in the lungs by decreasing gene expression

which brakes the inflammatory cells recruitment in the lungs upon CNP exposure.

6.4 No compensatory activation of either NFkB or AP-1 pathways in p50” mice in

response to CNP exposure

Intratracheal infection of mice with E. coli has been associated with nuclear accumulation of p65/p50
heterodimers in the lungs within 3 hours and is followed by induction of p50/p50 homodimers post
infection after 6 hours, which indicates a role for p50/p50 homodimers in the resolution of lung
inflammation [200,205]. Interestingly, in our study, 24 hours after CNP exposure, we detected a
significant nuclear accumulation of both p65 and p50 in WT mice, but no in p507 mice (Fig.5.12 and
Fig.5.13). Therefore our data suggests that the CNP related activation and nuclear translocation of
p65 requires p50 interaction and accordingly is only observed in CNP treated lungs of WT mice but

not p50'/' mice.

The lack of nuclear p65 however opens the question of the respective transcription factor,
substituting p65/p50 in the absence of p50. In this case it should be noted, that p507 mice showed
augmentation of BAL cytokine levels and cytokine gene expression, arguing for enhanced
inflammatory activation. To further elucidate this cause, we analysed the nuclear translocation of the
NFkB related transcription factor and AP-1 factors in the lungs of p50'/' and WT mice in response to

CNP exposure. Recent reports actually documented that inflammatory mediator expression such as
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TNF-a, MMP1 require the simultaneous activation of AP-1 and NFkB working cooperatively together
[77,83]. However in our case and in response to CNP exposure, no compensatory activation of NFkB1,
NFkB2 or AP-1 pathways could be identified in p50’/' mice as compared to WT mice (Fig.5.14). Thus
an unidentified transcription factor, obviously different from p65 and also the tested NFkB2 and AP1
factors seems to drive the transcription of proinflammatory genes such as Cxcll, IL-6 and Tnf-a
(Fig.5.11) in the absence of p65. And since the expression of p50 as well as its precursor p105 (IkBy) is
known to possess antiinflammatory activities, either via nuclear translocation of the p50/p50
homodimers or mediated by p105-ankyrin repeats which prevent nuclear translocation of Rel-like
transcription factors, such as p65, the lack of p50/p105 might lead to an excessive proinflammatory

gene expression, as has been observed in p507 lungs.

In conclusion, targeted disruption of p50 augments lung proinflammatory cytokine expression in the
model of CNP induced aseptic acute lung inflammation in mice. The recruitment of inflammatory
cells to the alveolar region is however not depending on the function of p50 and also not altered by
the increased cytokine levels in p50 deficient, CNP exposed mice. The pathway however, which drives
inflammatory gene expression in the absence of p50, which according to our data also impaired
nuclear translocation of p65, remains unknown but NFkB2 and AP-1 are unlikely to compensate the
response to CNP exposure in p50 deficient conditions. Therapeutically, increasing p105 or p50 like

activities may therefore be an avenue for preventing or treating acute lung inflammation [205].
6.5  Alveolar macrophages from p50” mice show M2 skewed polarization profile

Macrophages play an essential role in homeostasis and defense against bacterial [105,106,282,283],
viral [284], parasitic infection [285,286], and environmental particles [287-290]. Macrophage cells are
characterized by high functional heterogeneity [102-104], and the mode of macrophage activation
plays a central role in disease progression and/or its resolution [105-107]. Macrophages stimulated
with LPS and/or IFN gamma has been shown to polarize into a proinflammatory phenotype named
M1, or classically activated. These M1 polarized cells are characterized by a high expression level of
iNOS (NOS2), receptors for antigen presentation, and induction of proinflammatory mediators such
as TNF-a, IL-1B, and monocyte chemoattractant protein-1 (MCP-1) [105,123]; however, in contrast,
alternatively activated, M2 polarized macrophages, which can be induced either by IL-4 or IL-13
stimulation for M2a, or immunoglobulin complexes in combination with TLR agonists for M2b or IL-
10, TGF-B, or glucocorticoids for M2c. Cells of the latter subtype are mainly involved in the resolution

of inflammation [291]. Thus M1 and M2 macrophages can serve distinct functions in the regulation of
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the inflammatory response [123] and untimely or excessive M1 activity can mediate tissue injury and

be detrimental to the host [292].

Therefore we tested the hypothesis whether p50-depletion changed the activation / polarization
responsiveness of alveolar macrophages and thus contributes to the enhanced cytokine response to
CNP exposure in p50”" lungs. To our knowledge, the control of macrophage polarization has mainly
been attributed to the function of a small group of transcription factors such as NFkB [102], AP-1
[293,294], HIFs [294], STATs [295], and PPARs [296]. Also our observations indicate that the
transcription factor NFkB1 as contributor to this differentiation, more specifically we show that the
NFkB subunit p50 as a critical factor in regulating M1/M2 polarization of alveolar macrophages
(Fig.5.15 and 5.16). Several recent observations have implicated NFkB in myeloid cell biology [297-
299]. With respect to the NFkB subunit p50, Alessandra Saccani et al. showed that tumor-associated
macrophages (TAM) in established tumors generally have an M2 phenotype with defective
production of IL-12 but high release of IL-10. He further suggested the defective responsiveness of
TAMs to M1 activation signals, to be the reason for the inability of TAM to mount an effective M1
antitumor response capable of inhibiting tumor growth [300,301] and that this defect is associated
with a massive nuclear localization of the p50 homodimers. These observations were extended by
Chiara Porta et al., who pointed to p50 as a key transcription factor component in the orchestration
of the M2 driven inflammatory reactions in vitro and in vivo. She showed that p50 inhibits NFkB

driven, M1-polarization and IFN-B production in peritoneal macrophages [102].

In light of these observations, we hypothesized that alveolar macrophages from p50'/" mice should
show a polarization phenotype and according to the previously described role of p50 for M2
polarization, possess a rather M1 skewed response profile. To get insight in the role of the NFkB1
subunit p50 in alveolar machophage polarization, we first established the macrophage polarization
model in vitro using primary AMs obtained from WT and p50'/' mice, stimulated for 4 hours with
either LPS+IFN gamma, for M1 polarization or IL-4 for M2 polarization. In agreement with many
previous observations [237,238,302-304], for WT macrophages of different origin, in our study also
primary alveolar macrophages (AMs) from both p50'/' and WT mice proved to be capable to change
to M1 or M2 polarized phenotypes in dependence of the specific microenvironments (LPS+IFN
gamma or IL4). In consequence the expression of the prototypic M1 associated genes iNOS, Cxcl1,
Cxcl2, Cxcl5, IL-6 and IL-1R were highly induced in LPS+IFN gamma treated AMs (Fig.5.16), but several

markers such as iNOS, IL-1R and IL-6 showed reduced response in pSO'/' AM compared to WT cells.
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On the other side however, even that the M2 markers Argl, Fizz-1 and Ym1 were in consistently
higher in IL-4 treated cells (Fig.5.15), the baseline values of p507" AM exceeded those of WT cells by
magnitudes, but where still further inducible by IL-4 in a range similar to the response of the WT
cells. AM from p50 deficient cells thus showed already in non-stimulated conditions an M2 skewed
phenotype in comparison to WT cells. These results suggested that in the absence of p50, AMs
acquired an alternative-activation program, resulting in elevated expression of M2 associated genes.
In contrast, LPS+IFN gamma treated AMs acquire the classcical activation program, with high
expression of M1 associated genes, but p50-deficiency seems to impair this classical activation to a
certain extend. Additionally the NFkB-pathway genes IKBa, IKBR and IKBz were upregulated in
LPS+IFN gamma treated AMs whileas downregulated in IL-4 treated AMs, and p50'/' AMs showed
reduced responses. In light of the lack of p65/p50 nuclearization in CNP exposed p50"/' lungs, also a
M1 defective response to LPS+IFN gamma could be explained. Therefore our findings are
corroborated with these observations that NFkB, especially in p65/p50 heterodimer, is involved in
proinflammatory repsonses in macrophages when stimulated with LPS, IFN gamma and TNF-a [305-

307].

However, our data contrast with that from Antonio Sica [308-311], who suggested that the ablation
of the NFkB subunit p50, selective restored M1 mediators (e.g., iINOS and Tnf-a) and thus inhibited
M2 cytokine release, in response to LPS rechallenge in endotoxin-tolerant macrophages. In our case,
in AMs, the targeted disruption of the NFkB subunit p50 promoted the M2 skewed antiinflammatory
gene expression (e.g., Argl, Fizz-1 and Ym1) and even down-regulated M1-like proinflammatory
genes such as iNOS, Cxcl-1, -2, -5, IL-18 and IL-6. In addition to the increased antiinflammatory gene
expression response to IL-4 for p50'/' AMs, AMs from p50'/' mice also showed higher basal levels of
these genes as compared to WT mice, whereas no changes in basal levels were observed for M1

associated genes.

Taken together our macrophage results highlight the well described role of the NFkB1 subunit p50 in
the LPS stimulated response, since p50-deficient macrophages where characterized by impaired
induction of target gene expression such as iNOS, IL-18 and IL-6 which obviously require interaction
with p65. On the other hand p50/p50 homodimers seem not to be required to mount a M2 related
gene expression in response to L4, which might be different for the alternative activation during LPS
mediated tolerance. In fact, the lack of p50 seems to skew the basal activation of AM to a M2 like
phenotype, eventually because of the lack of p50/p65 availability for transcriptional activation of M1

related genes.
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6.6  Little impact of alveolar macrophage on particle induced acute lung

inflammation in mice

AM are considered to be within the most important cellular constituents of the lower respiratory
tract. By analogy to macrophage biology in general, they are thought to play a key role in innate
immune recognition of microbial pathogens or other danger signals, generation of inflammatory
responses, control of intracellular pathogens and homeostatic regulation of immune responses [312].
Innate immune responses by AMs are crucial for immunosurveillance and host protection against all
kinds of inhaled pathogens, but excessive inflammatory responses by these cells also underpins the
pathogenesis of numerous diseases including pulmonary fibrosis, tuberculosis and Streptococcus

pneumoniae infection [312-314].

In the model of experimental pneumococcal pneumonia, depletion of alveolar macrophages leads
primarily to failure to clear apoptotic neutrophils, with the consequence of persistent production of
proinflammatory cytokines, influx of activated neutrophils, and alveolar capillary injury [120,315].
Also in our model of aseptic inflammation, particle exposure triggered release of alveolar
macrophage derived cytokines such as CXCL2 and TNF-a into the alveolar lumen (Fig.5.4), as well as
rapidly induced macrophage related gene expression such as iNOS, Tnf-a, IL-1B, Arg-1 and Fizz-1 in
the lung tissue (Fig.5.7). On the other hand and as discussed in the paragraph 6.5., AM from p50-
deficient lungs seemed not to contribute to the elevated cytokine levels detected in CNP treated p50
knock out mice, which questions the contribution of alveolar macrophages to the cytokine response.
To gain insight whether alveolar macrophages are the respective cells responsible for the
proinflammatory mediator secretion upon CNP exposure, alveolar macrophages obtained from mice
treated with CNP for 6 and 12 hours were analysed by gPCR for their inflammatory response and

compared to AMs from untreated and H,O instilled mice.

Interestingly, none of the proinflammatory macrophage marker genes investigated, such as iNOS,
Tnf-a, IL-1B and Cxcl2, indicated that the alveolar macrophage obtained from CNP treated mice
differs from control and sham groups (Fig.5.18A). Also M2 macrophage-associated genes, such as
Arg-1 and Fizz-1 were equally expressed in H,O-treated, sham mice, and CNP exposed mice. Also
NFkB pathway genes did not indicate any inflammatory activation of alveolar macrophages
(Fig.5.18C) in response to CNP, unless all these genes have been observed to be induced in lung
homogenates at the same time points (Fig.5.7). We therefore need to challenge the tenets, that AM
will be the cells responsible for the release of the inflammatory cytokine storm observed during the

first 24h after CNP exposure. Either other macrophages, such as by BAL not accessible tissue
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macrophages, or even epithelial cells might be more relevant cytokine producers and also interact
with the deposited particles in an inflammatory manner not involving AM activation. This would at

least explain the inconsistencies and contradictions discussed for the M2 skewed macrophages in

p50’/' lungs before.

In conclusion, the NFkB1 subunit p50 is dispensable and the alveolar macrophage seems not to be
the responsible cell for producing proinflammatory mediators in the lumen during carbon particle

induced aseptic acute lung infllammation in mice.
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8. Abbreviations

°C

pl

Ab
Actb
ALl
AMs
AP-1
BAL
BALF
BET
BSA
cDNA
CNP
COPD
G

CS
DMEM
DNA
DTT
E.coli
EDTA
ELISA
EMSA
g
Gapdh
GM-CSF
GOl
HKGs
Hprt
HRP
JNK
KO, -/-
L

LDH
LPS
M1 macrophages
M2 macrophages
MAPK
M-CSF
ml

Degrees Celsius

Microliter

antibody

Actin, beta

acute lung injury

Aveloar macrophages

Activator protein 1

Bronchoalveolar lavage

BAL flluid

Brunauer, Emmett, and Teller

Bovine serum albumin
Complementary DNA

Carbon nanoparticle

chronic obstructive pulmonary disease
Threshold cycle

cigarette smoke

Dulbecco's Modified Eagle Medium
Deoxyribonucleic acid

Dithiothreitol

Escherichia coli
Ethyldiaminetetraacetate
Enzyme-linked immunosorbent assay
Electrophoretic mobility shift assay
gram

Glyceraldehyde-3-phosphate dehydrogenase
Granulocyte-macrophage colony-stimulating factor
Gene of interest

Housekeeping genes

hypoxanthine phosphoribosyltransferase
horseradish peroxidase
Jun-N-terminal kinases

Knock out

Liter

lactate dehydrogenase
Lipopolysaccharides

classic activated macrophages
alternative activated macrophages
Mitogen-activated protein kinases
Macrophage colony-stimulating factor
Milliliter
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mm Millimetre

NFkB nuclear factor kappa-light-chain-enhancer of activated B cells
ocC organic content

oD optical density

PBS Phosphate buffer saline

PBST phosphate buffered saline with Tween 20

PCR Polymerase chain reaction

PMNs polymorphonuclear leukocytes

gPCR quantitative real-time polymerase chain reaction
RIPA radioimmunoprecipitation assay buffer

RNA Ribose nucleic acid

Rpl13a ribosomal protein L13A

RT-PCR Reverse transcription PCR

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
SEM standard error of the mean

SPF Specific pathogen-free

STAT signal transducer and activator of transcription
TAE tris acetate with EDTA

TAM tumor-associated macrophages

TBE tris borate with EDTA

TBP TATA box binding protein

TEM transmission electron microscopy

TLR Toll-like receptor

WT Wild type
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Gene expression analysis is frequently used to analyze the response to viral infection, and 185 RNA,
SHDA and GAPDH represent popular house keeping genes (HKGs) often used to normalize gene expres-
sion. Here we describe the first systemaric selection and evaluation of suitable HKGs for gene expres
sion analysis in chicken embryo fibroblasts (CEF) infected with NDV adapted to the guidelines from
Gorzelniak and Ferguson. Our results indicate that ACTB, HPRT1 and HMBS were valuable and stable
HEKGs, while 185 RNA, GAPDH and SHDA are considerably regulated during the course of infection
and thus precluded for nermalization. Nermalizing the infection dependent gene IFN-a and the infec-
tion independent gene B2M to inappropriate HKGs consequently misleads to significant errors in esti
mating their regulations. Our study emphasizes that even the most popular HKGs like 185 RNA and
GAPDH can lead to divergent and inaccurate data interpretation of significant magnitude if nor care
fully analyzed for stability before.

Keyvwords:

Newcastle disease virus
Housekeeping gene
qRT-PCR

Chicken embryoe fibroblasts

@ 2011 Elsevier Inc. All rights reserved.

1. Introduction

With the current rise in NDV-caused economic losses [1] on the
one hand and its use as a promising oncolytic agent [2] on the other
hand, real-time quantitative reverse transcription-polymerase
chain reaction {qRT-PCR) has become a widely used method to as-
sess transcriptional profiles of NDV-related target genes. However,
this widely used method relies on a correction for intersample var-
iability by normalizing to one or more HKGs whose expression
should not change due to treatment or study conditions [3,4]. There-
fore, itis import to distinguish technical variability from true biolog-
ical changes in gene expression. To our knowledge, there are so far
no studies aiming to optimize the HKG selection for gene expression
studies upon NDV infection.

For this purpose, we chose to use the guidelines previously de-
scribed by Gorzelniak and Ferguson [4,5], applying the criterion of
ACt < £0.5 as a delimiter of reference gene suitability. This criteria

* Corresponding author. Fax: 436 431 87836171
E.mail address: renfuyin@helmholtz-muenchen.de (Z. Ding).
1 These authors contributed equal to this study.

000G-291X/% - gee front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016fj.bbrc.2011.08.131
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bases on the assumption that relative expression levels of HKG
varying between 0.7 and 1.4, are considered as fluctuations in gene
expression which is largely due to technical variance that should
be reflected similarly between both housekeeping and target
genes; while ACL> £0.5 (relative expression beyond out between
0.7 and 1.4) are suggestive of biological variability resulting from
treatment or experimental conditions, precluding the use of such
HKG for target gene normalization.

2. Material and methods

In the present study, NDV strain NA-1 was purified directly
from the allantoic fluid and primary CEF were prepared from 10-
day-old specific pathogen-free (SPF) chicken eggs as has heen de-
scribed previously [6]. 0.4 x 10° CEF cells per well were seeded
into 24-well plates 1 day before viral treatment. When the cells
reached 70-80% confluence, the cells were washed and overlaid
with 100 ul serum-free E-MEM medium containing virus suspen-
sions at a multiplicity of infection (MOI) of 10. CEF supernatant
was completely removed at 12, 24, 48 and 72 h after viral infection
and 800 pl of ZR& RNA Buffer {ZYMO, Beijing, China) were directly
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Table 1

R Yin et al./ Biochemical and Biophysical Research Communications 413 (2011) 537-540

Primer sequences and amplicon characteristics of housekeeping genes and target genes in this study.

Symbel Gene name Sequence Ampicon (bp) Accession number
ACTB Beta-actin F: cagacatcagggtetgatge 183 108165.1
R: tcaggggctactetcagere
GAPDH Glyceraldehyde-3-phosphate dehydrogenase F: tgggragatgeaggtgctga 201 X01578.1
R: tggtgeacgatgcattgetgaga
185 RNA 188 ribosomal RNA F: ggeggctiiggtgactctag 148 AF173612.1
R: atcgaaccctgatteceegt
HMBS Hydroxymethylbilane synthase F: ggctgggagaategeatagg 131 XM 417846.2
R: tcetgeaggegcagataccat
HPRT1 Hypoxanthine phospherribosyltransferase 1 F: tggtgggeatgaccictcaa 177 NM 204848.1
R: ggccgatateccacactteg
SDHA Succinate dehydregenase complex, subunit A F: ttceegttttgectacggty 126 XM 418054.2
R: ctgectegecacaageatat
IFN-a Interferen alpha F: agcaatgcttggacageag 123 GU119896.1
Rraggcgeigtaategttgtcet
B2M Beta-2-microglebulin F:aaggagcegeaggtetac 151 NM 001001750.1

R: ctigetetttgeegtcatac

added into each well for total RNA isolation. First strand cDNA syn-
thesis, qRT-PCR performance with SYBR green and statistical data
analysis have been described in our previous studies [6,7]. Sample
reactions, including negative controls, were performed in triplicate
in a 96 well plate. All experiments were performed in two indepen-
dent repetitions. All validation data were converted to fold-
changes using the 2~ method for the raw data or 2~ for nor-
malized data. All experimental protocols were reviewed and ap-
proved by the Experimental Animal Council of Jilin University,
China.

A
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3. Results

3.1. Transcription of candidate housekeeping genes in CEF is affected
upon NDV infecrion

The transcriptional profiles of six commonly used HKGs { for gene
information see Table 1) in NDV infected CEFs over a time of up to
72 h were examined using absolute Ct values. All HKGs showed
moderate to high expression with a mean Ct value below 25 for each
gene {Fig. 1A). As shown in Fig. 1A, the expression levels of 185 RNA

B
§ 37 & acm
25 o HeRTM
@
3 - HMBS
2 30-
S
£ e e
8 190- ;-—:_: e ——
(-]
s 0.5
@
g 0.0 T T T T T

Time post NDV infection (hour)

Fig. 1. Transcripticnal profiles of 6 housekeeping genes in chicken embryo fibroblasts over time up te 72 h infected with Newcastle disease virus strain NA-1 atan MOT of 10,

The raw cycle threshold (Ct) values of each housekeeping gene in all samples (n

2¢yare plotted in a box-and-whisker diagram (A). Boxes represent the interquartile interval

(25-75%) with median value (50%); whiskers represent the $0th and 10th percentiles, respectively. Fold changes in housekeeping genes that fell within (B) and outside (C) the
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ACE < #0.5 limits of suitability (n=5-61
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Fig. 2. Gain or loss of statistical significance of target genes with inapprepriate housekeeping gene selection in CEF infected with NDV. Foeld changes for both, B2ZM gene
expression without (A) or with normalization (B) to the geometric mean of three housekeeping genes (ACTB, SHDA and HMBS), ACTB, or GAPDH and 1FN-a gene expression
without (C) or with normalization (D) to the geometric mean of three housekeeping genes (ACTE, SHDA and HMBS), ACTB, SHDA, or 185 RNA. Asterisks indicates significant

differences between treated and untreated samples (n=5-6; *p <0.05; **p <001}

was highest, with mean Ct values at 13 cycles, followed by the HKGs
GAPDH and SHDA, with mean Ct values between 15 and 16 whereas
ACT, HMBS and HPRT displayed the lowest levels with median Ct
values between 21 and 22. Among the 6 HKGs, the maximum and
the minimum variation of the expression range during the course
of infection were 5.1 cycles for GAFDH and 1.7 cycles for HMBS,
respectively. In a next step, these HKGs as a delimiter of HKG suit-
ability were evaluated using the criterion of ACt < 20.5. As illus-
trated in Fig. 1B, the relative expression of 50% of the HKGs tested
{ACTE, HPRT1 and HMBS) fluctuated within the ACt < 0.5 limits
in a manner that would be consistent as tolerable intersample vari-
ahility and thus, considered suitable for the use as normalization
gene in our study {Fig. 1B). However, 185 RMA and SHDA increased
steadily and exceeded the ACt < £0.5 ranges at more one time point
{Fig. 1C}; in contrast, GAFDH was the only one HKG that steadily and
consistently dropped and crossed the ACt < 0.5 limit 24 h post-
NDV infection {Fig. 1C). The relative fold changes for GAPDH, 185
RNA or SHDA were likely to be due to biological variability, possibly
related to the cellular response to NDV infection, thus precluding
these commonly used HKGs for normalization under these experi-
mental conditions.

3.2, Gain of statistical significance with the error using housekeeping
gene

To assess the impact of the error using GAPDH as a HKG, we
examined relative expression of B2M without and with normaliza-
tion to either ACTB, the geometric mean of three stable HKGs
{ACTE, HMBS and HPRT1) or GAPDH in CEF treated with NDV over

104

the time up to 72 h. B2M was chosen for this experiment as a target
gene that is assumingly not responsive to NDV infection [8). Fig. 2B
illustrates that the fold changes in B2ZM gene expression, either
normalized to ACTB or the geometric mean of the three stable
HKGs matches well with the changes observed for the raw B2M
levels without normalization { Fig. 2A), where all data points during
the treatment remain unchanged compared to the untreated con-
trol. In contrast, when B2M was normalized to GAPDH, the decline
in GAPDH abundance relates to a fatal overestimation of the B2M
expression, suggesting levels significantly different from the un-
treated control in particular for those time peoints where the
ACE = 0.5 delimiter range was exceed (Fig. 2B). Thus, normalizing
B2M to GAPDH resulted in an inaccurate gain of significance that
did not occur with ACTB or the geometric mean of stable HKGs.

3.3. Loss of statistical significance with inappropriate housekeeping
gene selection

Mext we examined the impact of the ACt < £0.5 limits exceed-
ing HKGs on IFM-a, a target gene whose expression is known to be
significantly increase upon NDV infection [9,10]. We evaluated its
relative expression without and with normalization to either ACTB,
the geometric mean of three stable HKGs {ACTE, HMEBES and
HPRT1), SHDA or 185 RNA under the same experimental condition.
Normalization of IFN-a to ACTB or the geometric mean of the three
stable HKGs resulted in fold changes of gene expression (Fig. 2D)
that were nearly identical to fold changes of the raw expression
without normalization {Fig. 2C) where 24 h post-infection yielded
7.6-Told induction in target gene expression that increased to
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13-fold induction by 48 h following a decrease to a 5-fold induc-
tion for 72 h. These results were very similar to the well-docu-
mented expression profile of IFN-a during NDV infection as
analyzed by gPCR [10,11]. In contrast, however, the increases in
gene expression at 24 h and 72 h post-infection were not signifi-
cant when IFN-a was normalized to SHDA or 185 RNA, where the
7.6-fold and 5-fold induction of the HKG ablated the 4.6-fold and
2.5-fold induction of the target gene (Fig. 2D). Although consider-
ing the normalization to ACTB, INF-a expression appeared to be
significantly increased by 7-fold 48 h post-infection, this is remark-
ably enough a 5-fold decreased induction as compared to normal-
ization of the geometric mean of the three stable HKGs. Thus,
normalizing IFN-a to SHDA or 185 RNA upon NDV infection over
a time up to 72 h resulted in an inaccurate loss of significance in
change of gene expression that did not occur with ACTB or the geo-
metric mean of three stable HKGs.

4. Discussion

Our here presented data reconfirms that a statistically signifi-
cant difference in gene expressions between experimental groups
may be present or absent in dependence on the HKG used for
expression normalization, and this even il the variahility in HKG
expression seems marginal [4,12-15]. Comparing the outcome of
normalizing to among ACTB, 185 RNA or GAPDH, we present data
from two genes; B2M, whose raw profile did not vary over time fol-
lowing NDV treatment; and IFN-a, which significantly increased
under the same experimental conditions. Neither the expression
profile nor the significance in gene expression of either gene was
markedly influenced by normalized to ACTBE or the geometric mean
of three stable HKGs. In contrast, normalizing B2M to GAPDH re-
sulted in an inaccurate gain of significance as well as IFN-a to
either 185 RNA or SHDA resulted in an inappropriate loss of signif-
icance, respectively, demonstrating even small variation in HKG
can have a significance influence on statistical outcome.

In summary, we validated six commenly used HKGs for the pur-
pose of interpreting the impact of HKG selection on normalization
of two target genes in chicken embryo fibroblast following NDV
treatment over a time up to 72 h. Here presented data plausibly
demonstrates that the use of unvalidated controls can led to flawed
outcomes where reported changes in target gene expression were
actually due to changes in HKG expression. Until HKGs are evalu-
ated with respect to the individual conditions, the erronecus im-
pact of inappropriate HKG selection on data interpretation and
biclogical outcome will undoubtedly continue to contribute to
inaccurate conclusions and inconsistencies between reports.
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Quantitative RT-PCR

Quantitative reverse transcription-pelymerase chain reaction {qRT-PCR) is a highly specific and sensitive
technique for the quantification of gene expression on the mRNA levels. But use of unconfirmed house-
keeping genes (HKGs) could lead to misinterpretation of the expression of genes of interest {GOI). In this
study, the stability and suitability of 11 frequently used housekeeping genes, namely 185 rRNA, ACTB,
B2M, CYPA, GADPH, GUSB, HMBS, HPRT1, RPL13A, SDHA and TBP in 36 lung tissues isclated from either
wild-type (WT) mice or p50 knock out {p50 |/ ) mice or p105 knock-cut {p105 ) mice which were
treated with either carbon nanoparticle (CNP) or HaO or non-treated, have been validated by geNorm,
MNormFinder and BestKeeper programs. The expression levels of ACTE, GUSBE and RPL13A were the most
constant in lung tissues across three genotypes and three kinds of treatments. A set of three most stable
genes is found sufficient to be used as housekeeping genes for lung tissues in studies of similar design.

@ 2010 Elsevier Inc. All rights reserved.

1. Introduction

Inhalation of carbon nanoparticles {CNFP), a main constituent of

urban air pollution, is believed to trigger pulmonary or even sys-
temic inflammation via the generation of oxidative stress [1,2].
The redox-sensitive transcription factor NF-kB, which controls a
majority of inflammatory genes, is thought to play an important
role in onset of pulmonary inflammation [3,4]. In mammalian cells,
the NF-kB family is composed of five members, NF-kB1 {p50, pre-
cursor pl05), NF-kB2 {p52, precursor p100), RelA, RelB and c-Rel,
which function as various hetero- and homo-dimmers [5]. It has
been reported that NF-kB1 {p50 and p105) plays import roles in

NF-kB functions, however, whether the subunit p50 and p105 of

NF-kB could control acute pulmonary inflammation and injury
after 24 h upon CNP treatment is not clear.

One approach to understanding p50 and p105 roles in CNP-in-
duced acute pulmonary inflammation is to study gene expression
in animal models using gRT-PCR. The data obtained by gRT-PCR
are typically normalized with an internal control, often referred
to as a housckeeping gene. However, the use of unconfirmed HKGs

# Corresponding author at Institute of Lung Biclogy and Disease [iLBD),
Helmholtz Zentrum Monchen, Ingolstidrer Landstrasie 1, D-85764 Neuherberg/
Munich, Germany. Fax: +4% (0) 8% 3187 2400,

E-muail address: tobias stoeger@helmhboltz-muenchende (T. Stoeger).

000G-251X%/(5 - see front matter @ 2010 Elsevier Inc, All rights reserved.
doi:10.1016f).bbre. 2010.07.104

may lead to misinterpretation of the expression of GOL Up to now,
several mathematical methods, such as geMorm [6], NormFinder
[7] and BestKeeper [8], have been developed to analyze the vari-
ability of the expression of candidate HKG. The ideal HKG for
qRT-PCR would be one whose mRNA is consistently expressed at
the same level in all samples under investigation, regardless of tis-
sue type, disease state, medication or experimental conditions, and
could have expression levels comparable to that of the target [9-
11].

However, a systematic study of the suitability of HKGs for qRT-
PCR normalization in the field of CNP-induced acute pulmonary
inflammation has thus far been lacking. Therefore, the aim of the
present study is to identify candidate genes in the CNP-induced
acute pulmonary inflammation maodels that could be used in
gRT-PCR experiments as housekeeping genes to normalize the
expression of GOL

2. Methods
2.1. Animal treatment and lung tissue processing

Animal treatment and lung tissue processing as described in our
previous studies [1,25]. Briefly, all mice were female, 10-12 weeks

of age with body weights between 17.29 and 20.5 g during the
study. Each of three genetically modified mice consisted of three
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groups {each group consisted of between 6 and 8 animals), and one
group was instillated with 20 pg CNFP {previous called UICP [1];
primary particle size: 10 nm, OC < 5%), the other two served as
control and sham exposed groups. After 24 h, mice were anesthe-
tized by intraperitoneal injection of a mixture of xylazine
{4.1 mgfkg body weight) and ketamine {188.3 mg/kg body weight)
and killed by exsanguination. Lung tissue after bronchoalveolar la-
vage {BAL) was stored at —80°C. Four lung of each group were
chose for gene expression analysis. We treated animals humanely
and with regard for alleviation of suffering; experimental protocols
were reviewed and approved by the Bavarian Animal Research
Authority {Approval Mo. 55.2-1-54-2351-115-05).

2.2. Total RNA extraction and first strand cDNA synthesis

Total RMA was isolated using the RNeasy Mini Kit {Qiagen, Hil-
den, Germany) following the manufacturer's instructions with an
additional peqGOLD TriFast {Peglab, Erlangen, Germany) extrac-
tion to improve protein exclusion. RNA concentration and purity
was determined by Aszy and Asgg measurements using a MNano-
Drop® ND-1000 spectrophotometer {Thermo Scientific, Wilming-
ton, USA). The mean value of Asgy/Asg, ratio for all RNA samples
was 2.05 £ 0.4, reflecting high purity and protein absence. KMA
integrity was evaluated by the ratio of 285/185 ribosomal RNA
bands after electrophoresis in denaturing 1% agarose gel. To guar-
antee the quality necessary for expression analysis all samples
used in this study presented a 285/185 rRNA ratio = 1.7.

One microgram total RNA was reverse-transcribed using the
Superscript™ Il Reverse Transcriptase kit {Invitrogen, Karlsruhe,
Germany) for first strand cDNA synthesis with 5 pM Random Non-
amer {N9; MWG Biotech, AG, Ebersherg, Germany) primer accord-
ing to the manufacture’s recommendations. In brief, RMA and
primers were mixed and incubated at 70°C for 5min followed
by cooling on ice for 5 min and room temperature for 5-10 min be-
fore transcription. The first strand cDNA synthesis was started after
adding transcription mixture at 42 °C lasting 1 h for reverse tran-
scription reaction. Finally, the reaction was inactivated by heating
to 70°C for 15min. All cDNA samples were diluted 1:5 with
DMase- and RNase- free H,O and stored at —20 °C.

2.3, Real-time quantitative PCR with SYBR green

qRT-PCR was conducted using the ABI PRISM® 7000 detection
system [ Applied Biosystems, Foster city, CA, USA), based on ABso-
lute™ QPCR SYBR® Green ROX Mix { Thermao Scientific, Wilmington,
USA). The PCR reaction mixture contained 1 pl cDNA {10 ngfpl),
1 pl {5 pM] of each primer, 12.5 pl ROX mix and PCR-grade H,0
up to a total volume of 25 pl. After initial enzyme activation {one
cycle at 95 °C for 15 min), 40 cycles amplification {95 °C for 15 s,
60 °C for 305 and 72 °C 30 5) were performed in 96-well optical
reaction plates (Applied Biosystems, Foster city, CA, USA). To verify
that the used primer pair produced only a single product, a disso-
ciation protocol was added after thermocycling, determining disso-
ciation of the PCR products from 60 to 95 °C by increasing 0.5 °C
per cycle. In all negative control samples no amplification signal
was detected.

2.4, Statistical data analysis

The C; is defined as the number of cycles needed for fluores-
cence to reach a specific threshold level of detection and is inver-
sely correlated with the amount of RNA or DNA template present
in the reaction [36]. The stability of HKGs expression was analyzed
with  geNorm [ htip:{/medgen.ugent be/-jvdesomp/genorm/},
MormFinder { htep: {fwww.mdl.dk/publicationsnormfinder.htm)
and  BestKeeper (hitp:/fwww.gene-quantification.de/bestkeep-

er.html) software packages. Relative expression of GOl was ana-
lyzed by AAC, method was used where AAC, = (G, target gene,
test sample — €, endogencus control, test sample) — {C, target
gene, calibrator sample — € endogenous control, calibrator sam-
ple) [37]. Relative quantities were corrected for efficiency of ampli-
fication and fold change in gene expression between groups was
calculated as £** = SEM. Where more than one endogenous con-
trol is used, fold change estimates were calculated using the geo-
metric mean of HKGs quantities relative to the calibrator sample
which could be the minimum, maximum or a named sample or
an average.

3. Results
3.1. Selection of housekeeping genes and identification of primers

For the selection and evaluation of stable housekeeping genes
for gene expression normalization in during CNP induced acute
pulmoenary inflammation in mice we selected 11 commonly used
HKGs {185 rRMA, ACTE, B2M, CYPA, GAPDH, GUSE, HMES, HPET1,
RFL13A, SDHA and TBF) of varying functional classes (for full gene
information see Table 1). Particular attention was paid to selecting
HKGs that belong to different functional classes, which signifi-
cantly reduces the chance that genes might be co-regulated
[12,13]. Primers were then designed and tested (Table 2). The spec-
ificity of the amplifications was confirmed by the presence of a sin-
gle band of expected size for each primer pairs in agarose gels
following electrophoresis and by the single peak dissociation
curves of the amplicon. Efficiency of PCRs ranged between
94.97% for TBP and 112.19% for GUSBE, and correlation coeificients
varied from 0.9887 to 1 for HMBS and ACTB, respectively { Table 2).

3.2, Transcriptional profiles of housekeeping genes

For comparison of HKGs transcriptional profiles, the cycle
threshold {C,) values were plotted directly and indicated in Fig. 1.
The median expression range of the 11 tested HKGs was calculated
from raw C; values and spanned 16.43 cycles for ACTB to 24.76 cy-
cles for HMBS. As presented in Fig. 1, expression levels of GUSB,
HMBS, HFRT1 and TBP were low, with median ¢, values between
22 and 25 cycles. GADPH, RPL13A and SHDA displayed intermedi-
ate expression levels with median C; values between 20 and 21.74
cycles. In contrast, high expression of 185 rRNA, ACTB, B2M and
CYPA was detected, with C, values between 16.5 and 19 cycles.
Among the 11 HGKs, the maximum and minimum expression
range was 2.63 cycles for HPRT1 and 1.13 cycles for CYPA,
respectively.

3.3. Expression stabilities of candidate housekeeping genes

Our main objective was to identify HKGs with minimal variabil-
ity among our set of samples. In order to determine the least var-
iable HKGs, we evaluated expression stabilities of the 11 candidate
HKGs using the three most commonly used Excel-based tools: geN-
orm, NormFinder and BestKeeper.

3.3.1. geNorm analysis

For ranking the various candidate HKGs, geMNorm is a useful pro-
gram using the principle that the expression ratio of two ideal
HKGs is identical in all tested samples [G]. The 11 candidate HKGs
for normalization were ranked according to their expression stabil-
ity M values using the geMNorm program. The M value is defined as
the average pair-wise variation ol a certain gene with all other
tested HKGs. Consequently, genes with low M value have a low
variation and a stable expression, while genes with high M value
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Table 1
Name, function and accession number of candidate housekeeping genes considered in this work.
Symbol Gene name Function Accession
Me
188 rRNA 188 ribosomal RNA Cytosolic small ribosome subunit, translation ME 003278
ACTE Actin, [§ Cytoskeletal structural protein NM 007393
B2ZM @-2 Microglobulin @-Chain of major histocompatibility NM 005735
complex class | molecules
CYPA (Ppia) Cyclophilin A (peptidyprolyl isomerase A) Catalyzes the cis-trans isomerization of proline imidic peptide bonds in MM 008907
cligepeptides, accelerating folding
GAFDH Glyceraldehyde-3 Catalysis of conversion of v-glyceraldehyde NM 008084
phosphate dehydrogenase 3-phosphate o 3-phospho-o-glyceroyl phosphate
GLUSE f-Glucuronidase Exoglycosidase in lysesomes NM 010364

HMBS (PBGD) Hydroxymethylbilane synthase Third enzyme of the heme biosynthetic pathway and catalyzes the head te  NM 013551
tail condensation of four porphobilinogen molecules into the linear
hydroxymethylbilane
HPRTI Hyf thine guanine phesphoribosyl transferase  Purine synthesis in salvage pathway NM 013556
RPL13A Ribosomal protein L13A Structural component of the large 605 MM 005438
ribosomal subunit
SDHA Succinate dehydrogenase complex, subunit A, Succinate dehydrogenase/fumarate reductase, MM 023281
flaveprotein (Fp) flavoprotein subunit invelved in energy
production and conversion
TBP TATA box binding protein General RMA polymerase I transcription factor MM 013684

have a high variation and a less stable expression. The average
expression M values of the 11 HKGs were plotted in Fig. 2. As
shown in the upper line of Fig. 2, M value of RFL13A and ACTE were
the lowest {0.218), and that of 185 rRNA was the highest {0.466),
indicating that RPFL13A and ACTB had the most stable expression
and that 185 rRNA was expressed most variably.

3.3.2. NormFinder

MNormFinder, another visual basic for applications {(VBA) applet,
is a model-based program calculating HKGs expression stability
{ more stable gene expression is indicated by lower average expres-
sion stability values) based on the intra-group variance, and in-
cludes the inter-group variance if applicable |7]. In this sense,
using this program, we identified the same HKGs as having the
greatest stability: GUSE, ACTE and RFPL13A (stability values 0.005,
0.008 and 0.009, respectively, Fig. 2 downer line), although here
GUSE was more stable than ACTB and RPL12A. The three least
HKGs were 185 rRNA, HPRT1 and B2M ({stability values 0.037,
0.022 and 0.017, respectively).

3.3.3. BestKeeper

The Excel-based program BestKeeper, determines the optimal
HKGs employing the pair-wise correlation analysis of all pairs of
candidate genes {up to 10 HKGs) and calculates the geometric
mean of the best suited ones by raw C values of each gene. More
importantly, comparing all genes of interest to this BestKeeper in-
dex, enables to decide whether they are differentially expressed
under an applied treatment |8]. The 10 HKGs studied in our anal-
ysis compared by their BestKeeper index, also correlated gene
one with each other, except for 185 rRNA {the least stable gene
determined by geNorm and NormFinder). BestKeeper analysis
showed that the four most stable genes were CYPA, GUSB, ACTB
and RPL13A {BestKeeper index 0949, 0.945, 0928 and 0.900,
respectively], while the three most variable genes were GADFPH,
HPRT1 and TBP ({BestKeeper index 0744, 0756 and 0.831,
respectively).

3.4. The optimal number of HKGs for normalization

To evaluate the optimal number of HKGs for accurate normali-
zation, pair-wise variations V,/V,.., between two sequential nor-
malization factors {MF) are calculated to determine the effect of
adding the next HKG in normalization [6]. A large variation implies

that the added gene has a significant effect and should preferably
be included for calculation of a reliable NF. As shown in Fig. 3,
the thresheld of 0.15 is not exceeded at any point, indicating that
two HKGs would be sufficient under this condition. However, nor-
malization using three HKGs, instead of two, is generally consid-
ered as a more robust manner o g[‘.[lﬂﬁ]l[‘. a much more accurate
and reliable estimate of the actual transcript level of GOI [14,6].
So the three most stable HKGs {ACTE, RPL13A and GUSE)] we se-
lected using geMorm, NormFinder and BestKeeper would be suffi-
cient for accurate normalization of GOI.

3.5, Evaluation of selected candidate HKGs and normalization
approach

In order to assess the value of the validation of housekeeping
genes, the relative expression of CXCL1 which is known to be in-
volved in acute pulmonary inflammation [18,19], was normalized
using the following approach: {i) the three best HKGs combination
{MF) selected by geMNorm, MormFinder and BestKeeper ACTB,
RPL13A and GUSB; {ii) the frequently cited endogenous gene 185
RNA [15-17]; {iii) ACTB, RPL13A and GUSB were used individually.

CXCL1 protein concentration was measured by ELISA in lung
BAL fluids collected 24 h after treatment with 20 pg CNP. Results
indicated that concentration of CXCL1 was 40.97-fold induced in
ps0—f— mice {130.29z29.70pg/ml), 12.3-fold induced in
pl05—j— mice (3913 £0.79 pg/ml) and 9.02-fold induced in WT
mice {28.67 £ 743 pgfml) upon CNP exposure, as compared with
WT control mice {3.18 £ 1.07 pg/ml).

In accordance to the protein, Fig. 4 showed a significant increase
in CXCL1 expression for the CNP exposure group normalized either
to the HKGs selected in this study or the commonly cited house-
keeping gene 185 rRMA, in comparison to the WT control group.
When normalized to the top three stable HKGs {ACTB, GUSB and
RPL13A), CXCL1 was up-regulated {in comparison to the WT con-
trol group) in WT mice by 6.03-fold, p50—/— mice by 15.71-fold
and p105—{— mice by 10.25-fold, respectively, upon CNF exposure.
However, normalization to the commeonly used 18s rRNA, CXCL1
was up-regulated (also in comparison to the WT control group)
in WT mice by 3.95-fold, p50—/— mice by 9.57-fold and p105—/—
mice by 7.21-fold, respectively, in response to CNF exposure.
Remarkably enough there is a decrease of approximately 1.53-fold
in WT mice, 1.64-fold in p50—/— mice and 1.42-fold in p105—/—
mice was seen in the same treatment group when normalizing
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Table 2
Primer sequences and amplicon characteristics of housekeeping genes and genes of interest.
Mame Sequence (5 — 3') Amplicon (bp) ™ ("Cy E(%)° B
185 rRNA F: GAC TGT CTC GCC GGT GTC S8 88.86+0.03 56.8 0.9983
R: GGA GAG CCG GAA CGT CGA
ACTB F: TCC ATC ATG AAG TGT GAC GT 154 H3.02 +0.03 593 1.0000
R: GAG CAA TGATCT TGATCT TCAT
B2M F: CTG ACC GGC CTG TAT GCT A 244 8295+ 0.04 98.33 0.9558
R: CAG TCT CAG TGG GGG TGA AT
CYPA F: TIT GCA GAC GCC ACT GTC 165 B7.09+0.05 107.5 0.9988
R: CAG TGC TCA GAG CTC GAA AG
LAPDH F: TGC ACC ACC AAC TGO TTA GC 101 H3.6+004 1028 08581
R: GGCATG GAC TGT GGT CAT GAG
GUsSE F: CAG GGT CAA CTT CAG GTT CC 165 84.16 20,04 11219 0.99a8
R: GCT CTT TGT GAC AGC CAC TG
HMES F! GGT CCC TGT TCA GCA AGA AG 242 86.8 * 0.00 1058 09887
R: AAG CCA GAA GTA GGC AGT GG
HIPET1 F: GIT GGA TAC AGG CCA GAC TTT T 224 8156+ 0.03 476 09985
R: CAC AGG ACT AGA ACA CCT GC
RPL13A F: COC TOC ACC CTA TGA CAA GA 221 8545+ 0.06 105493 0857
R: CTG CCT GTT TCC GTA ACC TC
SDHA F: CAG TTC CAC CCC ACA GGT AT 208 84.8 + 0.06 102.7 0.9578
R: GAT CTT TCT CAG GGC CAC AG
TEP F: GOC TTC CAC CTT ATG CTC AG 202 R422+0.03 94 .97 0.991
R: GCT ACT GCC TGC TGT TGT TG
KC F: CCG AAG TCA TAG CCA CAC 139 83.14 +0.07 110 0.99
R: GTG CCA TCA GAG CAG TCT

* The dissociation temperature of amplicon was calculated by ABI PRISM® 7000 Sequence Detection System. y
® Amplification efficiency caleulation was performed from the slopes of the dissociation curve according to the equation £ = 100 1819pe],
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Fig. 1. Transcripticnal profiles of 11 candidate housekeeping genes in lungs of mice
during carbon naneparticle induced acute pulmonary inflammation. Raw {; values
are represented for each gene by box-plot. The central box represents the
interquartile interval (25-75%), the line inside the box is the median value (50%)
and whiskers (error bars) above and below the box indicate the S0th and 10th
percentiles. G, real-time PCR cycle thresheld number)

15

against 185 rRMNA, compared with normalized to top three stable
HKGs combination. When nermalization to ACTB and RFPL13A,
the relative expression of CXCL1 less than 1-fold compared with
normalizing against the top three HKGs combination, while nor-
malizing to GUSB up-regulated 1.14- to 1.27-fold compared with
the top three stable HKGs combination.

Therefore, these results demonstrate how the explanation of
GOl expression levels can be affected by the choice of the HKGs
in real-time quantitative RT-PCR analysis.

0.5

0.4 1

0.3 4

0.2
01—

—&— geNorm
—0— NormFinder

Stability value

0.0 T T T T T T T T T T T
FESF TSI TS

Fig. 2. Gene expression stability and ranking of the 11 candidate housekeeping
genes were calculated using the seftware packages geMerm and MermFinder,
respectively. The average expression stability M values (M) and the best combina-
tion of two genes for 11 HEGs were calculated by geMorm program (upper line with
solid circle) in lung tissue. The cut-off for an unstable gene is M = 1.5. The lower M,
the more stable the gene among the candidate HKGs; The lewer line with open
circle results frem NormFinder, here the stability M value is inversely proportional
to the stability of the candidate gene. With both approaches, the most stable genes
(lowest stability value) are identified as ACTB, RPL13A and GUSB, whereas 185 rRNA
and HPRT1 are two least stable HKGs.

4. Discussion

In this study we have selected and evaluated the stability of
several housekeeping genes for their use as qRT-PCR normalizing
factors in CNP-induced acute pulmonary inflammation. Based
on our results, we conclude that use of a single normalization
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Fig. 3. The optimal number of HKGs for nermalization was determined using geNorm. Pair-wise variation (V/<V,) analysis between the normalization factor NF, and NF,.4
was performed to determine the number of HEGSs required for accurate normalization. Each bar represents the variation between the means of n most stable genes versus the
group ef n + 1 most stable genes (eg., column 1 represents the variation between the mean of the twe most stable genes, that is, ACTB, RPL13A and three most stable genes,

that is ACTB, RPL13A and GUSB).
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Fig. 4. Relative expression of CXCL1 nermalized different HKGs combinations. The
relative expression of CXCLT in lung homoegenates 24 h after instillation with CNP
were calculated using the E*% methed and normalized to NF (the most stable three
HEKGs, ACTE, GUSE and RPL13A, determined by geNorm, NermFinder and Best-
Keeper), or frequently used 185 rtRNA or individual of the moest three stable HKGs,
respectively. Each bar represents the mean of two measurements from four
animals, *SEM.

housekeeping gene is potentially misleading, and suggest a panel
of housekeeping genes for more accurate transcript quantifica-
tion.gRT-PCR is a sensitive and accurate technique for measuring
gene expression [20], and constitutes a powerful tool for increasing
our understanding of the subunit p50 and p105 of NF-xB functions
in CNP-induced acute pulmonary inflammation. However, in the
CNP-induced acute pulmonary inflammation system, little is
known about the ideal genes to use for normalization and many
previous studies have only utilized a single housekeeping gene
for normalizing gene expression data [21-23]. Normalization of
real-time RT-PCR data using a single, non-validated housekeeping
gene may lead to inaccurate biological conclusions, and previous
studies have highlighted the need to validate housekeeping genes
for each experimental condition [24-28,13].

The geNorm [6], NormFinder [7] and BestKeeper [8] algorithms
are now widely used to determine the most stable housekeeping
genes from a set of candidate genes with invariable expression
[29-34]. Among 11 candidate housekeeping genes in this study,
both geNorm and NormFinder identified ACTB, GUSB and RPL13A
as the most stable combination of housekeeping gens for the
CNP-induced acute pulmonary inflammation. And BestKeeper
identified CYPA, GUSB, ACTB and RPL13A as the top four stable
housekeeping according to the BestKeeper index {shown in
Tabhle 3). Considering both results, ACTB, GUSB and RPL13A could

Table 3
Inter-gene relations and correlation between the housekeeping genes and the BestKeeper index.
RPL13A SHDA HPRT1 ACTB TBP CYPA HMBS B2M GUSB GADPH

SHDA 0710
HPRT1 0.600 0.840
ACTB 0.894 0.721 0.566
TEP 0687 0.833 0.787 0.656 - - - - - -
CYPA 0.821 0.836 0.698 0.878 0.727
HMBS 0.737 0664 0444 0.830 0.555 0829 - - - -
B2M 0.802 0722 0.601 0.780 0.727 0788 0.583
GUSB 0876 0.780 0.567 0917 0.719 0592 0.873 0.815 - -
GADFH 0668 0,522 0.328 0824 (L4585 0687 0.868 0.468 0,767 -
BestKeeper 0.800 0.892 0.756 0.928 0.831 0948 0.845 0.851 0.945 0744
p-Value 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.0m 0.001 0.001
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be sufficient as a validation combination of housekeeping genes for
normalization of real-time RT-PCR data in our study system.

In order to check the value of the validaticn of endogenous con-
trols, we have used different housekeeping genes selected in this
study to normalize the expression of CXCL1, gene which is known
to be involved in acute pulmenary inflammation in response to
CNP exposure. We have observed differences in the results
obtained when suitable and unsuitable housekeeping genes are
used.

5. Conclusion

Our current results showed that ACTB, GUSB and RPL13A were
the most stably expressed genes in lung tissues from CNP-induced
acute lung inflammation mice, regardless of genotype and treat-
ment. Thus, these are appropriate housekeeping genes for quanti-
tative real-time PCR studies. Since the current study also
observed fluctuations in expression in frequently used housekeep-
ing genes, including 185 rRNA, B2M, CYPA, GAPDH, HMBS, HPRT1,
SDHA and TBP, it might be rather recommended to use ACTB, GUSB
and RPL13A as housekeeping genes for lung tissues in studies of
similar design but also to analyze the stability of housekeeping
genes prior to expression studies.
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Mewcastle disease (ND) is an infectious viral disease of birds caused by the Newcastle disease virus
(NDV), also known as avian paramyxovirus type 1 (AMPV-1), which leads to severe economic losses in
the poultry industry worldwide. In this study, the application of RNA interference (RNAi) for inhibiting
the replication of NDV in cell culture by targeting the viral matrix protein gene (M) is described. Two
M-specific shRNA-expressing plasmid constructs, named pSyssr and pSuszy, were evaluated for antiviral
activity against the NDV strain NA-1 by cytopathic effects (CPE), virus titration and real-time RT-PCR. After
36 hofinfection, both pSyesa; and pSyegzr reduced virus titers by 79.4- and 31.6-fold, respectively, and they
down-regulated mRNA expression levels of the matrix protein gene M by 94.6% and 84.8%, respectively,
in chicken emhbrya fibrablast (CEF) cells, while only pSuesq significantly decreased CPE, compared to the
control group. These results indicated that the M gene 641 and 827 sites represent potential antiviral
therapy targets, and RNAi targeting of the M gene could not only represent an effective treatment in

Keywards:

Newcastle disease virus
RNA interference

Short hairpin RNA
Inhibition

MNewcastle disease but also aid as a method for studying the replication of NDV.

© 2010 Elsevier B.V. All rights reserved.

NDV is an enveloped virus containing a non-segmented, single
stranded, negative-sense RNA genome of approximately 15Kb
(Alexander, 1997; De Leeuw and Peeters, 1999), which codes for six
major proteins: nucleoprotein (NP), phosphoprotein and V protein
(P{V), matrix protein (M), fusion glycoprotein (F), haemagglutinin-
neuraminidase glycoprotein (HN}and large polymerase protein (L),
in the order “3-NP-P-M-F-HN-L-5" [Millar and Emmerson, 1998 L
Strains of NDV can be classified as highly virulent (velogenic), inter-
mediate (mesogenic) or non-virulent (lentogenic) on the basis of
their pathogenicity for birds (Alexander, 1997).

It has been suggested that the preferred method for controlling
the virus is to interfere with replication of the viral genome and
the expression of viral genes. RNAi technology has emerged not
only as a powerlul tool for functional genomic studies but also as
a potentially useful method for developing specific gene-silencing
treatments, especially for viral diseases (Mallannaet al,, 2006; Peng
et al,, 2005). Previous studies demonstrated the possibility for treat
ing serious viral diseases in vive and in vitro, including foot and
mouth disease virus (Chen et al., 2004), influenza virus (Ge et al.,
2003), SARS (Wu et al., 2005), hepatitis B virus (Giladi et al., 2003;
McCaffrey et al., 2003), hepatitis C virus (Kronke et al., 2004), avian

# Corresponding author. Tel.: +86 431 87836171
E-mnoil address: Dingzhuang@yahoo.com.en (2. Ding).

0166-0934/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi: 101016/ jviromer.2010.02.014

leukosis virus (Chen et al., 2007), anatid herpes virus-1 (Mallanna
et al., 2006), porcine circovirus (Sun et al., 2007) and avian metap
neumovirus (Ferreira et al., 2007).

The matrix (M) protein, the smallest of six structural proteins of
MNDV, forms aninternal viral envelope around the viral nucleocapsid
[Rott and Klenk, 1977). Also, recent studiesrevealed the remarkable
genetic stability of the M protein among isolates of different virus
rypes (Rima, 1989; Panshin et al., 1997). The current study inves-
tigated the inhibition of replication of NDV by RNA interference
targeting the matrix protein gene (M) of the virus in cell culture.

Anisolate of the NDV strain NA-1 (velogenic, 10° CCID5e/0.1 mL)
from geese (Xu et al., 2008) was replicated in the allantoic cavity
of 9-10-day-old embryonated specific pathogen-free (SPF) chicken
eggs (Alexander, 1997). The virus was purified directly from the
allantoic fluid as described previously (Seal et al., 1995).

Based on previous studies (Elbashir et al., 2002) and web-
based criteria (www.ambion.com), the two best target sequences
within the Open Reading Frame (ORF) of the M gene (CenBank
accession no. DQ659677) and one negative control sequence tar-
geting the green fluorescent protein (GFP, GenBank accession no.
YP_002302326.1) were chosen (shown in Table 1) and inserted
into the pSilencer™ 2.1-U6 neo Vector {Ambion, Austin, USA). The
three respective constructs were, according to gene and targer site,
named pSuga1, PSmsz7 and pSgep.

Primary chicken embryo fibroblast (CEF) cells prepared from
10-day-old, SPF chicken eggs (obtained from the Marival Vital
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Table 1

List of shENA sequences in this study.
Target name Sequences of shENA*
MB41 up §-gATCCETCTTECRCTCAATZTCACTTICAAAZAAE TEACATTgAZCgCAAGATTTTTTggAAA -3
ME41 down 5 AgCTTTTCCAAAAAATCT TaCeCTCAATETCACTTCTCTTZAAA S TeACAT T2A2CaCAAZA Ca-3'
M827 up & -gATCCaTCTATCT g T Caga CTCARTTTC AAZAZAACT gAgCCCACAZATAZATTTTT TegAAA- ¥
M&27 down 5-AgCTTTTCCAAAAAATCTATCTET CagaCTCASTTCTCTTAAACT Az CCCeACAZATAZACE-3/
Control up S -gATCCEACTACCETTETTATAZ TE T TCAAZAZACACCTATAACAACEZ TAZTTTT T TagAAA -3
Control down S-AgCTTTCCAAMAAACTACCE TTETTATAZZ T2 TCICTTgAACACCTATAACAACE S TAZTggATC-3

# For each target gene (up strand as a example), we designed complementary 55-60-mer oligonuclectides with & single-stranded
overhangs (gATCC) for ligaton into the pSilencer vectors. The oligonucleotides should encode 19-mer hairpin sequences specific to
the mRENA target. a loop sequence separating the two complementary domains (TTCAAGA), and a polythymidine tract to terminate

transcription (TTTTTT).

Laboratory Animal Technology Co., Ltd., Beijing, China) were
trypsinised and seeded in 12-well plates (Costar, Bethesda, USA)
at 2.0 10°cells per well in E-MEM containing 3% foetal calf
serum (5% in growth, FBS, Hyclone, Logan, Utah), 2 mM glutamine,
100 U{mL penicillin, 100 pg/mL streptomycin ( Invitrogen, CA, USA)
1 day before transfection and maintained in a 5% CO; humidi-
fied incubator at 37 °C. When the cells reached 70-80% confluence,
the cells were washed and overlaid with transfection complexes
containing 2 pg of pSyear, 2 kg of pSyerr, and 2 pg of pScep.
respectively, in 100 L of OPTI-MEM medium (Invitrogen, CA, LISA)
mixed with Lipofectamine™ 2000 (Invitrogen, CA, USA) accord

ing to the manufacturer’s instructions. Transfection complexes
were completely removed after transfection for 6 h, and 100wl of
virus suspensions, at a multiplicity of infection (MOI) of 10, were

added into each well. Non-transfected CEF cells were used as a
control.

At 36h after virus infection, CPE indicated only for pSmeqn a
significant inhibitory effect on virus replication, while the cells
transfected with either of the other two or without constructs
exhibited no distinct inhibition. The CPE was characterised by
syneytium formation, the rounding of refringent cells, the accu
mulation of detached cells and finally plaque formation (shown in
Fig. 1).

To substantiate further the inhibitory effect of pSygq and
PSmgz7. the microtiter method was used for the titration of the
NDV stock virus at 36h post-infection. Briefly, after adding two
drops (0.1 mL) of medium to each well, 10-fold dilutions of virus or
supernatants prepared previously in glass test tubes were trans-

Fig. 1. Cytopathic effect (CPE) of primary CEF cells 36h after virus infection shows that viral replication is notably inhibited by pSueq and pSwyex plasmid transfection.
Interestingly. the presence of pSues obviously alleviates the CPE of CEF cells. CEF cells were transfected with 2 pg of plasmid constructs (pSwes, pSuer. and pScre) using

fection cor WeTe leteh,

Lipofectamine™ 2000 reagent. 6 h later,

and then 100 p.L of virus ata MOI of 10was added into each well except healthy CEF

cells well. Virus-produced CPE was observed by light microscopy (200 ) 36 h after virus incubation. (A) Mock; (B) CEF cells transfected with pSysq ; (C) CEF cells transfected

with pSyeza7; (D) Healthy CEF cells; (E) CEF cells transfected with pSee.
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Table 2

List of primer sequences, sizes of PCR products and GenBank accession no. used in this study.

Gene name Sequence (5 - 37) Amplicon GenBank accession no.

NDV NA-1T M ETGATTCTGCCCTCOCTTCCA l46bp DOES SRS
RTGATCAACACCCAGTCTTCCTTAC

Chick p-actin FE:GAGAAATTGTOCGTGACATCA 152 bp LB 165

R:CCTGAACCTCTCATTGCCA

ferred to the microplate. Each dilution was distributed to eight
wells. Virus and supernatants were transferred in a descending
manner, from the highest (10-?) to the lowest (10-3) dilutions
using one microplate. One drop of a CEF suspension contain
ing 108 cells per mL was then added to appropriate wells and
microplates were incubated in a 5% COy, 37°C for 48h. A cell
control, virus control and medium control were also included in
every microplate. The virus titer was determined by the HA method
using a 0.75% chicken erythrocyte suspension under refrigeration
(4°C) and reading in an almost vertical position after 5-10min.
Fig. 2, shows a 79.4- and 31.6-fold reduction in NDV titer for cul-
ture supernatants from pSygq, and pSugzy CEF transfected cells,
respectively, in comparison to the cells transfected with pSgp vec-
tor (P<0.05). No significant differences in viral titers were seen
between the pSgep group and mock.

To investigate the influence of RNAi on virus M gene transcrip-
tion, the relative expression level of the M gene was evaluated
by real-time quantitative RT-PCR. At 36h after virus infection,
total RNA from transfected and control samples was isolated by
Trizol® (Invitrogen, Carlsbad, USA) phenol-chloroform extraction
and ethanol precipitation following the manufacrurer’s instruc-
tions. To eliminate traces of DNA, all RNA samples were incubated
with RMase-free DNase 1 (Shanghai Sangon Bio Engineering Tech-
nology and Services Co. Ltd., Shanghai, China) for 30 min at 37°C,
and then DNase was inactivated by incubation at 65°C for 10min.
To detect M and (B-actin mRNA expression in CEF cells, real-time
quantitative RT-PCR using RNA-direct™ SYBR Green Real-time PCR
Master Mix (Toyobo Bio Co. Ltd., Tokyo, Japan) was performed in a
20 .l reaction volume, containing 2 pg of RNA extract, 10 L SYBR
Green Real-time PCR Master Mix (2}, 0.6 LM anti-sense and sense
primers (information regarding the primers are shown in Table 2).
The cycling parameters were set to 90°C for 30s, 61 °C for 20min
and 95°C for 30s, followed by 40 cycles of 95°C for 55 and 60°C

Log10 of NDV titer CCID50/0.1ml
o
b

Mock pPSGFP pPSM641 pSmsaz27

Fig. 2. Transfection with pSuse and pSwey plasmids reduces the viral titer in the
CEF cells after 36 h of virus infection. At 36 h after virus infection, cell culture super-
natants were collected for viral titration (by microtiter method ). All the data were
obtained by experiments performed in triplicates and repeated three times. * Sig-

nificant difference from mock group (P<0.05; Mann-Whitney U-test).

for 155, and dissociation curve analysis from 55 to 95°C. Reactions
were done in duplicate. The correlation coefficients (R?) of the stan-
dard curves were 0.999 (B-actin) and 0.992 (M gene), respectively.
All PCR amplification efficiencies ( E) were >0.96 with only one peak
in all dissociation curves, Gene expression levels of NDV M were
normalised to B-actin using the 2-44¢ mathod. Results indicated
a significant reduction in the relative expression level of M gene
transcripts by 94.6% and 84.8%, as compared to the mock group at
36 h post-infection, when pSpgg41 and pSygz7 were used (shown in
Fig. 3). In contrast, there were no significant differences in M gene
transcript levels between pSgp and mock, although there was a
trend toward lower levels in the pSgpp group (shown in Fig. 3).

To confirm the specificity of the RNAi effect and the absence of
interferon activityin the respective cells, RNAi-expressing plasmid-
transfected CEF cells were also challenged with 500 pfu of Marek's
disease virus (MDV)RB1B strain (velogenic, provided by Prof. Xubin
Wei, Jilin University, China) in a plaque counting assay. No signif-
icant difference in plaque number and plaque size between mock
and all transfected groups was observed from 0 to 48 h after MDV
infection (shown in Fig. 4).

It has been shown that the NDV M protein is found abundantly
in the nuclei of infected CEF cells. Early in infection the M pro
tein enters the nucleus, accumulates in discrete regions of the
nucleus and remains there throughout infection (Peeples et al.,
1992 ). Because the M protein concentrates in the nucleolus, it may
affect ribosome assembly or function, leading to inhibition of host
protein synthesis. Moreover, the M protein is directly involved in
NDV particle assembly (Pantua et al., 2006). Therefore, the M pro-
tein plays a vital role during the life cycle of NDV.

NDV infection is not only a major problem in many avian
species worldwide, which leads to substantial economic losses in
the poultry industry (Yusoff and Tan, 2001), but there is currently
no effective antiviral treatment against NDV infection. One possi-
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Fig. 3. Real-time quantitative RT-PCR results indicate a significant decrease of
M gene mRNA expression level by the pSusqr and pSyer7 plasmids at 36h after
virus infection. The values are shown as means of triplicates and three indepen-
dent experiments. * Significant difference from mock and pScre groups (#<0.05;
Mann-Whitney U-test).
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45 0O Mock
404 pSME41
B pSMa27
351 B pSGFP
30 4

Number of plaques

36h 48h

Fig. 4. Three plasmid constructs failed to significantly alter plaque number or size (not shown) from 0 to 48 h after 500 pfu of MDV incubation. At 12, 24, 36 and 48 h after
virus infection, respectively, the medium was removed, cells were fixed and stained, and the number of plaques was counted. All data were collected in triplicate wells and

in three independent experiments.

ble strategy might be represented by RNAi technology because it
can theoretically be directed to cleave any target RNA, providing
a single methodology for rational drug design for many different
diseases. For this reason, RMAi has generated substantial inter-
est; it has proven to be a powerful tool potent for host protection
against viral infection (Wu et al., 2007; Kumnar et al., 2008), suppres-
sion of viral genome transcription and blocking viral replication
(Mungall et al., 2008 ). However, when using RNAI anefficient deliv-
ery method is as mandatory as a strategy to restrict the virus escape
from RNAI. Carefully selected viral vectors as well as choosing a
genetically stable target sequence are also required for successful
RMAi applications (Lambeth et al., 2000).

It is clear from this study that the DNA vector-based shRNA
approach, that is, the use of RNAi expression plasmids direcred
against the NDV M gene, could effectively block expression of the
viral target gene and inhibit viral replication. Besides this thera-
peutic aspect for prevention and treatment of ND, the presented
strategy could also be a potential candidate to study further NDV
gene functions. Additional studies are necessary to determine the
antiviral mechanism of RNAi on NDV replication.
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