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Asthma

Asthma can be described as a complex heterogeneous disease, frequently 
accompanied by chronic airway inflammation and airway hyper-
responsiveness [1]. Symptoms of asthma include wheezing, shortness of 
breath, chest tightness and cough, and asthma is further characterized 
by variable reversible expiratory airflow limitation. Asthma symptoms 
fluctuate in intensity and over time and worsening of asthma symptoms is 
often caused by exposure to environmental triggers like cigarette smoke, 
respiratory viruses and allergens [1].

Clinically, asthma can be distinguished in allergic and non-allergic 
asthma based on the presence of specific immunoglobulin (Ig) E antibodies 
to allergens in allergic asthma [2]. Sensitization to a specific antigen occurs 
through uptake of antigens by immature dendritic cells (DCs) present at 
the airway mucosal surface, sampling for antigen at the airway surface 
with their extending dendrites [3]. Antigen induced release of the innate 
cytokines thymic stromal lymphopoietin (TSLP), interleukin (IL)-25, 
IL-33, granulocyte macrophage-colony stimulating factor (GM-CSF) and 
IL-1α from airway epithelial cells stimulates activation and maturation 
of immature DCs [4]. In addition, the airway epithelial cell-derived 
innate cytokines can also stimulate other innate immune cells including 
innate lymphoid cells, basophils and mast cells [4][5]. Migration of the 
activated matured DCs to the lymph nodes enables presentation of the 
antigen to naïve T cells, resulting in clonal expansion of antigen-specific 
T cells polarized towards a Th2 phenotype [3][6]. Th2 cells produce a 
variety of cytokines, defined as the typical Th2-type cytokines, including 
IL-3, IL-4, IL-5, IL-9, IL-13 and GM-SCF. These cytokines are involved the 
inflammatory cascade that characterizes asthma, including Th2-cell 
survival, mast cell differentiation and maturation, eosinophil maturation 
and survival and basophil recruitment [7]. In addition, IL-4 and IL-13 are 
critical for the isotype switching and differentiation of B cells to specific 
IgE antibody secreting plasma cells. Binding of specific IgE to the high-
affinity FcεR1 receptors on mast cells and basophils primes these cells 
for rapid release of inflammatory mediators after cross-linking of these 
specific IgE/FcεR1-receptor complexes upon re-exposure to the specific
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antigen [6][7]. IgE/FceRI crosslinking triggers the early-phase reaction 
of the allergic response within minutes of exposure to the antigen and 
results in the release of the pre-stored biologically active products in the 
cytoplasmic granules including histamine, lipid-derived mediators and 
newly synthesized cytokines, chemokines and growth factors [6]. The 
release of these products will subsequently contribute to the signs and 
symptoms of the early-phase reaction, which can comprise vasodilation, 
increased vascular permeability, wheezing, airflow obstruction and 
increased mucus secretion [6]. A late-phase reaction with similar 
symptoms can develop 2-6 hours after antigen exposure as a consequence 
of recruitment and activation of Th2 cells from the circulation towards 
the airway mucosa. Antigen specific activation of Th2 cells by antigen 
presenting cells like dendritic cells and macrophages results in the release 
of Th2-type cytokines. A second,  delayed reaction similar to the early-
phase reaction will occur as a consequence of the recruitment and 
activation of mast cells, eosinophils and basophils into the airway lumen 
[6][8]. In general, the excessive airway inflammation observed during the 
late-phase reactions results in structural changes of the airways including 
airway wall thickening and hyperplasia, thereby contributing to the 
process of airway remodeling observed in asthma [8].

In Europe, approximately 30 million children and adults suffer 
from asthma [9]. Worldwide, the prevalence of asthma is estimated at 
300 million people, with 250,000 asthma related deaths every year 
[10]. The prevalence strikingly increased during the second half of 
the twentieth century, but now seems to have reached plateau in the 
Western countries [5]. As a consequence of the high prevalence, asthma 
is associated with a high social and economic burden and is responsible 
for a substantial part of the healthcare costs [5]. Although asthma can 
develop throughout life, the first asthmatic episodes are commonly 
experienced early during childhood [11]. The inception of  asthma is still 
not completely elucidated and differences in susceptibility to develop 
asthma between individuals remain a topic of high interest. It has been 
postulated that the susceptibility for asthma is influenced by both genetic 
and environmental factors [11]. However, the exact contribution and

1
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importance of both of these factors and the interplay between genetic 
and environmental factors is currently not fully understood [11].

Genetics of asthma

The genetic contribution to asthma is relatively high and the heritabili-
ty of asthma is approximately 60 percent [11][12]. Since the start of the 
first candidate gene studies more than 40 years ago, enormous progress 
has been made with genome-wide linkage studies, genome-wide associa-
tion studies and the more recent re-sequencing studies to understand the 
genetics of asthma [11][13]. Despite the successful identification of sev-
eral candidate asthma susceptibility genes, including ORMDL3, IL-1RL1, 
TSLP, IL-33, SMAD3, ADAM33, CDHR3 and PCDH1, replication in different 
cohorts has not been achieved for all candidate genes [11][14][15][16]. 
Furthermore, none of the identified genes has a strong effect on the risk 
of developing asthma, with odds ratios for individual asthma genes typi-
cally between 1.1 and 1.3. Moreover, all candidate asthma genes together 
only explain a small fraction of the heritable risk for the disease [13]. In 
exploring the remaining heritable risk for asthma that is not explained by 
the currently known asthma genes, known as the “missing heritability”, 
an important role has been postulated for gene-environmental interac-
tions. Therefore, epigenetics has become the new approach of interest 
to further unravel the origins of asthma [11][17]. Epigenetic mechanisms 
include DNA methylation, posttranslational modifications of histones and 
chromatin and expression of small or long non-coding RNAs, and are in 
part heritable. As a consequence of these mechanisms, gene expression 
can be changed without influencing the primary DNA sequence, leading 
to altered gene transcription levels and/or mRNA translation [17]. Expo-
sure to environmental triggers such as cigarette smoke, respiratory virus-
es and air pollution in utero or later in life have been shown to result in 
epigenetic alterations of the genome and are associated with an altered 
risk of developing asthma [17][18]. Notwithstanding the high potential   of
epigenetics in understanding the heritability underpinning asthma, asthma 
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genetics in itself cannot explain the increased prevalence of asthma over 
the past decades. It is not likely that the increased prevalence of asthma 
is merely a consequence of alterations in the genetic background of the 
population, but points towards an independent role of environmental 
factors in driving the inception of asthma [7][19][20]. Hence, it is of critical 
interest to identify and characterize the environmental triggers involved 
in the onset of the cascade of events leading to asthma in the susceptible 
individual.

The role of environmental triggers in asthma

All the human, non-genetic, environmental exposures from conception 
onwards complementing the genome have recently been proposed to 
constitute the “exposome “ [21]. In this paradigm, the development of 
better and more complete environmental exposure datasets is proposed 
to balance the existing tools and knowledge in genetics. The integration 
of many external and internal environmental exposures from different 
sources continuously over the life-course has  been predicted to lead to a 
better understanding of the role of environmental risk factors in respiratory 
disease [21]. Irritants like cigarette smoke, respiratory viral infections and 
aero-allergens such as house dust mite (HDM) are environmental factors 
highly associated with the inception of asthma and well-known to be 
causative in episodes of worsening of asthma symptoms [22].

Exposure to cigarette smoke

Several studies dating back for over 30 years show a significant relationship 
between parental smoking and the development of asthma in children, 
which is the strongest upon maternal smoking [23]. In addition, asthma 
patients who actively smoke display more severe asthma symptoms, 
more neutrophilic airway inflammation, an accelerated decline in 
lung function and an impaired therapeutic response to corticosteroid 
treatment compared to non-smoking asthma patients [24]. To

1
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further underscore the direct and highly relevant association of cigarette 
smoke exposure with asthma, Chaudhuri et al showed that 6-weeks of 
smoking causation already resulted in an substantial improvement of lung 
function in asthma patients [24].

Respiratory viral infections

It has been shown in several birth cohorts that respiratory viral infections 
during the first year of life significantly increases the risk of developing 
asthma during childhood [22]. Furthermore, the most commonly detected 
respiratory viruses, respiratory synctical virus (RSV) and human  Rhinovirus 
(HRV), are both associated with episodes of wheezing illnesses early in life, 
which has been postulated as risk factor for asthma as well [22][25]. Next 
to the effects of respiratory viruses on the origins of asthma, respiratory 
viral infections are responsible for 50-85% of the asthma exacerbations 
in children and adults [25]. It has been demonstrated that patients 
with asthma are more susceptible towards viral infections [26]. Several 
mechanisms have been postulated to explain this increased susceptibility, 
including deficiency in epithelial cell function, mucus overproduction, 
impaired interferon responses and decreased apoptosis of the airway 
epithelial cells [27][28]. Although all these mechanisms certainly 
contribute to the increased susceptibility, their exact role remains to be 
elucidated.

Exposure to aero-allergens

Children sensitized to aero-allergens in the first three years of life are 
at increased risk to develop asthma later during child- or in adulthood 
compared to non-sensitized children [29][30]. The impact of sensitization to 
aero-allergens in the inception of asthma was emphasized by a study of Illi et 
al, showing that 90% of non-sensitized wheezing children lose their asthma 
symptoms  during school age, resulting in normal lung function at puberty. 
In contrast, only 56% of the sensitized children lost their symptoms during 
school age, leading to a predisposition towards a chronic course of asthma



13Chapter

with more severe symptoms, airway hyper-responsiveness and decline 
in lung function in the remaining 44% of the sensitized children [30]. Of 
all the different primary aero-allergens, more than 50% of children and 
adults with asthma are sensitized to HDM and HDM allergy has shown to 
be strongly associated with asthma and asthma severity [29]. As described 
for respiratory viral infections, aero-allergens can also cause worsening 
of asthma symptoms and are therefore one of the main triggers for the 
frequently observed exacerbations of asthma [29][31].

In summary, cigarette smoke, respiratory viral infections and HDM 
are three key determinants in inception and exacerbations of asthma. 
Although the mechanisms by which these three environmental factors 
affecting asthma mutually differ, they all have in common that the  initial 
effect is exerted through their contact with and the response evoked 
in airway epithelial cells, postulating an important role for the airway 
epithelium in asthma.

The role of airway epithelium in asthma

By forming a chemical, physical and immunological barrier, airway epithelial 
cells are the interface between the external environment and the internal 
respiratory system [32][33][34]. To underscore the importance of the 
three features of the airway epithelium, they will be described separately 
into detail below.

The chemical barrier function of the airway epithelium

The entire respiratory tract is covered by an epithelial layer, from 
the cartilaginous proximal airway or conducting zone (nasal cavities, 
pharynx, larynx, trachea, bronchi and bronchioles), in which the inhaled 
air is moistened, warmed and cleaned, to the non-cartilaginous distal 
airway or lower respiratory zone (respiratory bronchioles, alveolar 
ducts and alveolar sacs), where gas exchange occurs [35]. The airway 
epithelium comprises ciliated columnar cells, mucus-secreting goblet cells

General introduction
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and surfactant secreting Clara cells [32]. While the proximal airway is 
mainly dominated by ciliated columnar and mucus-secreting goblet cells, 
the major cell type in distal airways are the Clara cells [35]. The mucus 
produced by the goblet cells forms an upper mucosal layer, that together 
with the periciliary layer constitutes the airway surface liquid. The mucus 
layer contains more than 200 proteins, of which the main components are 
the high molecular weight glycoproteins mucins [35]. The mucosal layer is 
semipermeable and enables the exchange of water and gases. However, 
the layer is highly impermeable to most pathogens and 90% of the inhaled 
pathogens get enclosed in the mucus [36]. The cilia on top of the columnar 
cells are covered by the less viscous periciliary layer, which enables beating 
of the cilia. Coordinated ciliary movement results in transport of the 
mucus containing the potentially harmful pathogens from the bronchioles 
to the trachea [35][36]. Next to the protective mucus, airway epithelial 
cells secrete a wide variety of antimicrobial  products. Secreted enzymes, 
protease inhibitors, oxidants and antimicrobial peptides accumulate in the 
airway surface liquid and are able to directly eliminate invading pathogens 
[35].

The physical barrier function of the airway epithelium

Epithelial cells are mechanically connected to each other by the 
formation of several intercellular structures, including tight junctions 
(TJs), adherens junctions (AJs) and desmosomes [33]. AJs initiate 
the formation and maturation of cell-cell contacts through the type I 
cadherin transmembrane glycoprotein E-cadherin. The extracellular 
domain of E-cadherin is responsible for formation of calcium-dependent 
adhesions between adjacent epithelial cells, whereas the cytoplasmic 
tail is enclosed in the membrane and binds to the anchor proteins p120 
catenin, β-catenin and α-catenin secured to the microtubule network 
and actin cytoskeleton. The mechanic strength of the airway epithelium 
is further enhanced by desmosomes, located basolaterally to E-cadherin 
[33]. To enable communication between the adjacent cells and regulate 
intercellular transport through the airway epithelial cell layer, respectively 
gap and tight junctions (TJs) and are formed on the apical site of the
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cells [32][36]. Gap junctions are unique cell-to-cell channels enabling 
diffusion of ions, small metabolites, second messengers and other small 
molecules between adjacent cells [36]. TJs are composed of the trans-
membrane occludin, claudin and junction-adhesion-molecule (JAM) 
proteins and restrict cellular permeability. Occludins are important in de 
novo formation of TJs, while claudins regulate the permeability of the 
intercellular space between the plasma membranes  of adjacent cells. The 
zona occludin proteins 1, 2 and 3 and cingulin account for the attachment 
of both occludins and claudins to the cytoskeleton. JAMs, on the other 
hand, are using the cell polarity proteins Par-3 and Par-6 to bind to the 
cytoskeleton [33].

The immunological barrier function of the airway epithelium

Next to the function as chemical and physical barrier, the airway 
epithelium is a key constituent of the innate immune system. Positioned 
at the first line of exposure to various potentially harmful exogenous 
compounds, airway epithelial cells express pattern recognition receptors 
(PRRs) such as Toll-like receptors (TLRs), NOD-like receptors, C-type 
lectins and protease-activated receptors (PARs). PRRs are activated upon 
recognition of several particulates including microbes, fungi, damage- 
associated molecular patterns (DAMPs) released upon cell damage and 
environmental  triggers, which results in release of cytokines, chemokines 
and antimicrobial peptides [37]. Epithelial cytokines and chemokines can 
attract cells of the innate immune system, i.e. macrophages, dendritic 
cells, eosinophils, neutrophils, mast cells and natural killer cells, which 
in turn clear the invading pathogens [37]. In addition, airway epithelial 
cells also play an important regulatory role in the induction of an 
adaptive immune response. To prevent unnecessary induction of de 
novo immune responses resulting in airway obstruction and chronic 
airway inflammation, it is important for airway epithelial cells to maintain 
immunological tolerance towards most environmental triggers, unless 
immunity is urgently needed for maintenance of tissue integrity. A key 
role in immune tolerance is postulated for regulatory T cells (Tregs), 
which can be activated by mediators released from airway epithelial cells
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upon exposure to allergens or infectious agents and inhibit the functioning 
of effector T cells, antigen-presenting cells and innate cells by cognate 
interactions and the secretion of anti-inflammatory cytokines such as 
IL-10 and TGF-β [38][39].

Taken together, by this large diversity of functional roles, airway 
epithelial cells form the protective frontline of the respiratory system 
against the potential harmful external environment. Therefore, it is not 
surprising that several structural and functional abnormalities of the 
airway epithelial cells have been associated with asthma. Of interest, a 
substantial number of the recently identified asthma susceptibility genes 
are expressed in airway epithelial cells [40]. The airway epithelium is also 
altered in asthma: several in vivo and in vitro studies have provided evidence 
for impairment of the airway epithelial barrier function in asthma [33][41]
[42][43][44]. Bronchial biopsies from asthmatic patients display irregular 
distributed and a reduced number of TJs compared to bronchial biopsies 
from healthy individuals. An extensive in vitro study of fully differentiated 
air-liquid interface (ALI) cultures of primary bronchial epithelial cells 
(PBECs) from healthy and asthmatic individuals further established the 
deficiency in TJs in asthmatic individuals by showing that it was associated 
with reduced trans-epithelial resistance and increased permeability of the 
airway epithelial cells to macromolecules [43]. Similar observations were 
obtained for the AJ protein E-cadherin [44]. The expression of E-cadherin 
was significantly reduced in airway epithelial cells from asthmatic patients 
compared to cells from healthy individuals, indicating a more fragile 
airway epithelium in asthmatic patients [44][45]. Interestingly, it has also 
been shown that loss of E-cadherin in the airway epithelium is associated 
with increased expression of the pro-inflammatory allergenic mediators 
CCL17 and TSLP [46]. Furthermore, Xiao et al demonstrated that exposure 
to cigarette smoke extract causes a decrease in trans-epithelial resistance, 
which was enhanced in cultures from asthmatic individuals compared to 
control cultures [43]. This study suggests that cigarette smoke exposure 
influences the airway epithelial barrier function, which was recently 
further supported by studies of Heijink et al [47][48].
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 Effects of environmental factors on the airway epithelium

As noted above, environmental triggers like cigarette smoke, respiratory 
viruses and aero-allergens are unambiguously associated with asthma. 
As observed for cigarette smoke, exposure to respiratory viruses and 
HDM also affects the airway epithelial barrier function (figure 1). In vitro 
infection of ALI cultures of PBECs with human Rhinovirus, one of the 
major causes of common colds, resulted in decreased airway epithelial 
resistance and increased permeability to inulin, which was associated 
with dissociation of ZO-1 from TJs [49]. Comparable effects of HDM 
on the airway epithelial barrier function in vitro were observed, with a 
reduction in trans-epithelial resistance as a consequence of delocalization 
of E-cadherin, ZO-1 and occludin [50][51].

Figure 1: Effects of cigarette smoke, respiratory viruses and house dust mite on barrier 
function and pro-inflammatory activation of airway epithelial cells.
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Next to their effect on the airway epithelial barrier function, it has 
been shown that cigarette smoke, respiratory viruses and allergens can 
induce a pro-inflammatory response in the airway epithelium (figure 1). 
Cigarette smoke exposure can activate the PRRs expressed on airway 
epithelial cells, either directly by the individual components of cigarette 
smoke, including lipopolysaccharide, or indirectly by inducing necrotic cell 
death and the release of DAMPs from neighboring airway epithelial cells 
[52]. As a consequence of the activation of these PRRs, a wide variety 
of chemokines and cytokines can be released, resulting in the initiation 
of an innate immune response [53]. In addition, it has been shown that 
cigarette smoke-induced oxidative stress in airway epithelial also can result 
in the initiation of pro-inflammatory responses [54]. Because of their 
proximal localization, airway epithelial cells are also the main host cell for 
respiratory viruses. Epithelial cells possess several mechanisms to combat 
infection with respiratory viruses and will upon infection rapidly release 
cytokines including Interferons, anti-microbial peptides, chemokines and 
other inflammatory mediators, leading to both an anti-viral response 
and activation of the innate immune system [25]. The induction of pro- 
inflammatory responses by HDM in the airway epithelium, and the 
subsequent induction of an innate and adaptive immune response, has 
extensively been studied in vivo in mouse models and in vitro in airway 
epithelial cell cultures [46][50][51][55]. Besides allergens harboring 
serine and cysteine protease activities, chitin/chitinases, β-glucan 
and lipopolysaccharides are present in the complex mixture of HDM 
excrements, which is the inhaled particle inducing allergic responses 
[56]. In their own fashion, all of these components can either directly or 
indirectly  activate PRRs on  epithelial cells, resulting in the release of pro-
inflammatory mediators and subsequent induction of the innate immune 
response [50][55].

Interestingly, and until recently largely ignored in literature, 
all three above described environmental factors also have an 
impact on cell survival and cell death in the airway epithelial 
layer. While the half-life of airway epithelial cells is remarkably 
long [57], cigarette smoke exposure, respiratory viral infections and 
HDM can all induce death of airway epithelial cells. However, the
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mechanism by which cell death is induced and the consequences thereof 
differ markedly between these three environmental triggers (figure 2). 
Recently, it was shown that cigarette smoke induces necroptotic cell 
death of the airway epithelial cells and autophagy of the mitochondria, a 
process described as mitophagy [58]. While this form of airway epithelial 
cell death has been shown to be involved in the pathogenesis of COPD, its 
contribution in asthma remains to be revealed [58]. Upon viral infection, 
viral replication and subsequent release of new viral particles upon cell 
lysis can be prevented by induction of apoptosis of the infected airway 
epithelial cells [25]. PBECs from asthmatic patients displayed impaired 
induction of apoptosis upon viral infection, which contributed to higher 
viral load and has been postulated as one of the mechanisms explaining 
the increased susceptibility of asthma patients towards viral infections 
[28].

Figure 2: Effects of respectively cigarette smoke-, respiratory viruses- and house dust 
mite-induced cell death of airway epithelial cells.
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A recent study by Juncadella et al showed an important role for airway 
epithelial cell apoptosis in the response to HDM. HDM exposure was 
found to induce apoptosis of airway epithelial cells in mouse models, 
and the subsequent engulfment of these apoptotic cells by viable airway 
epithelial cells in a Rac1-dependent fashion resulted in the release of 
anti-inflammatory cytokines known to be involved in the maintenance 
of immunological tolerance, such as IL-10 [59]. Interestingly, interference 
with this pathway led to a strongly exaggerated HDM induced airway 
inflammation [59]. Hence, the regulation of cell survival seems to be an 
important feature of the airway epithelial cells to adequately respond to 
environmental triggers and could be a highly relevant determinant in the 
susceptibility to develop respiratory disease such as asthma. Therefore, 
the research described in this thesis aims to study the role of epithelial 
cell survival in asthma upon exposure with environmental triggers in more 
detail. To address this, we focus our research on the serine/threonine 
Pim1 kinase, a protein known to have a pivotal role in cell survival [60]
[61].

Pim kinases

Pim1 kinase was originally identified in the 1980s as a proto-oncogene 
encoded by a locus which frequently harbored proviral integration 
sites for Moloney murine leukemia viruses in experimentally induced 
lymphomas [60]. Pim kinases are serine/threonine kinases belonging to 
the Ca2+/calmodulin- dependent protein kinase superfamily. The Pim 
kinase family is composed of the three family members Pim1, Pim2 and 
Pim3, that all have a relatively short protein half-life of approximately 5 
minutes. As a consequence of the lack of a regulatory domain, Pim kinases 
are constitutively active upon expression and their activity is mainly 
regulated at the transcriptional and translational level. The expression 
of Pim kinases is induced by a wide range of cytokines, growth factors 
and mitogenic stimuli through activation of the JAK/STAT and nuclear 
factor-κB (NF-κB) pathways. The physiological activities of Pim kinases are 
mediated through the phosphorylation of a variety of cellular  substrates
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involved in for example cell growth, cell differentiation and cell survival 
[62][63]. At the moment, Pim1 kinase is best characterized and therefore 
the family member of our specific interest.

Pim1 kinase was originally identified in retroviral complementation 
screens by its ability to counteract apoptosis induced by activation of the 
cMyc oncogene [64]. One of the best studied mechanism by which Pim1 
kinase can exerts its pro-survival activity is the phosphorylation of the 
B Cell Lymphoma (BCL)-2-associated agonist of cell death (BAD) on the 
mitochondrial cell membrane. Phosphorylation of BAD, predominantly 
at serine residue S112, causes BAD to release the anti-apoptotic BCL-
XL, which can form a complex with BCL-2. In turn, this complex inhibits 
the pro-apoptotic complex BAX/BAK, thereby enhancing cell survival 
by maintaining  mitochondrial membrane potential and preventing the 
release of cytochrome c [61]. Since Pim1 kinase is highly expressed in the 
airway epithelium [65], studying the role of Pim1 kinase in the airway 
epithelium is an interesting approach to explore the role of cell survival 
and subsequent cell death on the airway epithelial cells. By combining 
these studies with relevant models of environmental triggers in asthma, 
we might be able to take a further step in unraveling the importance of 
cell survival in the epithelial cells in the inception and exacerbation of 
asthma.

Aim of the thesis

In this thesis, we explore the effects of cigarette smoke, respiratory viruses 
and HDM as representatives of the three major classes of environmental 
triggers on airway epithelial cells. By combining in vivo and in vitro 
approaches, we evaluate the effects of the survival kinase Pim1 on the 
functioning of the airway epithelium as protective barrier between the 
external potential harmful environment and the inner respiratory system. 
We aim to expand the current understanding of the importance of cell 
survival as protective mechanism for the epithelial barrier function and 
the contribution thereof to the inception and exacerbations of asthma.
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Outline of the thesis

In chapter 2, we focus on noxious irritants as environmental triggers and 
explore the effects of cigarette smoke on the airway epithelium. By using in 
vivo and in vitro models, we assess the role of Pim1 kinase in the protection 
of the airway epithelium against harmful effects of cigarette smoke. The 
data in this chapter will give new insights in the role of cell survival as 
an important defensive mechanism of the airway epithelial cells against 
noxious irritants in the environment. In chapter 3 and 4 of the thesis, we 
study the effects of respiratory viral infections, specifically infections with 
human Rhinovirus-16 (HRV-16), on the airway epithelium. In chapter 3, 
we explore the importance of cell survival as anti-viral response upon 
infection of PBECs with HRV-16 by using a pharmacological Pim1 kinase 
activity inhibitor. Since cell survival is only in a limited number of studies 
postulated as a prominent anti-viral mechanism, the results of this chapter 
will highly contribute to the current knowledge of this underexposed anti-
viral response of the airway epithelial cells. In chapter 4, we assess the 
role of Pim1 kinase in the interferon-induced anti-viral response upon 
infection with  HRV-16. By studying the effects of inhibition of Pim1 kinase 
activity in virally infected air-liquid interface cultures of PBECs from healthy 
and severe asthmatic individuals, we evaluate the suppressing effects of 
Pim1 kinase activity on the initiation of an interferon response. The novel 
data presented in chapter 4 proposes a new therapeutic approach in 
virally induced asthma exacerbations. In  chapter 5, we test whether Pim1 
kinase affects the allergen-induced inflammatory response in asthma. By 
evaluating the response of the airway epithelium upon HDM exposure in 
the absence and presence of Pim1 kinase activity in vitro and in vivo, we 
assess the contribution of Pim1 kinase to the initiation of allergic asthma 
with a special interest for the integrity of the airway epithelial barrier 
function.

Taken together, the data presented in this thesis will unambiguously 
contribute to the current understanding of the importance of cell survival 
of the airway epithelial cells in response to environmental triggers relevant 
to asthma. 
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Abstract

Exposure to cigarette smoke (CS) is the main risk factor for developing 
chronic obstructive pulmonary disease and can induce airway epithelial 
cell damage, innate immune responses, and airway inflammation. We 
hypothesized that cell survival factors might decrease the sensitivity of 
airway epithelial cells to CS-induced damage, thereby protecting the 
airways against inflammation upon CS exposure. Here, we tested whether 
Pim survival kinases could protect from CS-induced  inflammation. We 
determined expression of Pim kinases in lung tissue, airway inflammation 
and levels of Keratinocyte-derived Cytokine and several damage-
associated molecular patterns in bronchoalveolar lavage in mice exposed 
to CS or air. Human bronchial epithelial BEAS-2B cells were treated with 
CS extract (CSE) in presence or absence of Pim1 inhibitor and assessed 
for loss of mitochondrial membrane potential, induction of cell death, 
and release of HSP70. We observed increased expression of Pim1, but 
not of Pim2 and Pim3, in lung tissue after exposure to CS. Pim1-deficient 
mice displayed a strongly enhanced neutrophilic airway inflammation 
upon CS exposure compared with wild-type controls. Inhibition of Pim1 
activity in BEAS-2B cells increased the loss of mitochondrial membrane 
potential and reduced cell viability upon CSE treatment, whereas release 
of HSP70 was enhanced. Interestingly, we observed release of S100A8 but 
not of double-stranded DNA or HSP70 in Pim1-deficient mice compared 
with wild-type controls upon CS exposure. In conclusion, we show that 
expression of Pim1 protects against CS-induced cell death in vitro and 
neutrophilic airway inflammation in vivo. Our data suggest that the 
underlying mechanism involves CS-induced release of S100A8 and KC.

Keywords

chronic obstructive pulmonary disease; mice; damage-associated 
molecular patterns; innate immune response; cell survival
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Introduction

Worldwide, ~10 percent of the population is suffering from chronic 
obstructive pulmonary disease (COPD), a respiratory disease with 
increasing morbidity and mortality [1][2]. COPD is characterized by a not 
fully reversible reduction of the airflow and an abnormal inflammatory 
response to cigarette smoke (CS) in the small airways and alveoli. This 
response is manifested by chronic neutrophilic inflammation and is 
thought to contribute to remodeling of the airways, which leads to 
thickening of the airway wall and subsequent decrease in the diameter of 
the airways [1][3]. In the Western world, exposure to CS is the main risk 
factor for the development of COPD [1]. Consequently, exposure to CS and 
the subsequent tissue damage in the airways is a topic of high interest in 
COPD research.

CS contains > 4,000 chemicals and can activate the innate immune 
system via pattern recognition receptors such as Toll like receptors (TLRs). 
Short-term CS exposure has indeed been shown to induce neutrophilic 
airway inflammation both in mouse models and in human subjects [4]
[5][6]. Activation of TLRs on airway epithelial cells upon CS exposure is 
known to result in the release of pro-inflammatory cytokines [7], followed 
by an influx of inflammatory cells like neutrophils and monocytes, which 
also has been found to be TLR and MyD88 dependent [8][9]. CS-induced 
airway inflammation might be the result of direct activation of TLRs by 
CS components, including lipopolysaccharide, or be the consequence of 
damage and death of airway epithelial cells induced by the toxic components 
of CS [10]. Interestingly, CS exposure has been shown to predispose to 
necrotic cell death in vitro [11][12][13][14], which can contribute to the 
induction of an innate immune response and inflammation through the 
release of damage-associated molecular patterns (DAMPs) [10][15]. 
Therefore, we hypothesized that factors regulating cell survival could play 
a role in the sensitivity to the innate inflammatory response induced by 
CS exposure. However, the underlying mechanisms and the relevance 
of cell survival pathways for the response of airway epithelial cells to CS 
exposure are still relatively unknown.
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One family of proteins well-known to be involved in the regulation 
of cell survival is the Pim serine/threonine kinase family. Pim kinases 
were originally identified as protooncogenes and are associated with 
the transcriptional regulation of cell cycle proteins [16]. Pim kinases  
are constitutively active and regulate cell growth, differentiation and 
apoptosis [16]. There are three Pim kinase family members, of which Pim1 
is best characterized. Pim1 can have marked anti-apoptotic effects, and 
is for instance able to counter the induction of apoptosis associated with 
increased Myc activity during transformation of lymphoid cells [17]. One 
of the best-studied mechanisms by which Pim1 can exert its prosurvival 
activity is the phosphorylation of the BCL-2-associated agonist of cell 
death (BAD) on the mitochondrial membrane, thereby increasing the 
threshold for apoptosis [18]. Interestingly, Pim1 is strongly expressed in 
bronchial epithelium [19]. Bronchial epithelial cells form a continuous size- 
and ion-selective physical barrier, lining the airway lumen and preventing 
the entry of inhaled toxic substances, including CS components, in the 
submucosal tissues. Furthermore, bronchial epithelial cells also govern 
the innate immune responses to inhaled substances [20]. The functional 
consequences of Pim kinase expression for survival and the functional 
capacities of bronchial epithelial cells, however, are to date unknown.

In this study we aim to test the role for Pim survival kinases in the 
airway epithelium upon CS-induced damage and the consequences for 
the generation of an innate inflammatory response to CS in vivo.
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Materials and Methods

Animals

Female BALB/cByJ mice (6-8 wk) were purchased from Charles River 
Laboratories. Female Pim1-deficient and -proficient FVB/Nrcl mice 
(8-14 wk) were obtained from the Netherlands Cancer Institute 
(Amsterdam, The Netherlands). Mice were kept under specific pathogen-
free conditions in individually ventilated cages and maintained on a 12:12-
h light/dark cycle, with food and water ad libitum. Animal housing and 
experiments were performed after ethical review by and written approval 
of the Institutional Animal Care and Use Committee of the University of 
Groningen, The Netherlands.

CS exposure model

Mice were whole body exposed to gaseous-phase CS from Kentucky 
3R4F research-reference filtered cigarettes (Tobacco Research Institute, 
University of Kentucky, Lexington, KY) two times a day for 4 or 5 days, 
schematically depicted in Figs. 1A and 2A. Each cigarette was smoked 
without filter in 5 min using the Watson Marlow 323E/D smoking pump at 
a rate of 5 l/hour (Watson-Marlow BV, Rotterdam, The Netherlands). By 
mixing in ambient air at a rate of 60 L/hours, a smoke-to-air ratio of 1:12 
was obtained. The CS and air were directly distributed inside 6-liter Perspex 
boxes by silicone tubes (bore 4.8 mm/wall 1.6mm) (Watson-Marlow). 
During the smoke experiment, the diet of all animals was supplemented 
with soluble food (RMH-B flour, AB Diets, Woerden, The Netherlands). 
Mice were killed at indicated time points, and bronchoalveolar lavage 
(BAL) fluid, blood, and lung tissue was collected.
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Collection of BAL fluid

Immediately after bleeding, lungs were lavaged through a tracheal 
cannula with 1 ml PBS containing 3% BSA (Sigma Aldrich, Zwijndrecht, 
The Netherlands) and Complete Mini Protease Inhibitor Cocktail (Roche 
Diagnostics, Basel, Switzerland). Cells were pelleted, and supernatant 
was stored at -80 °C for further measurement of cytokines and DAMPs 
by ELISA. Lavage was repeated four times with 1-ml aliquots of PBS. After 
pooling of the cells, total BAL cell numbers were counted with a Coulter 
Counter and cytospin preparations were made.

For the preparation of single cell suspensions, lungs were collected 
in PBS containing 1% BSA and sliced into a homogenous suspension. 
The cell suspension was incubated in RPMI containing 1% BSA,
4 mg/ml Collagenase A (Roche Diagnostics) and 0.1 mg/ml DNAse 1 
(Roche Diagnostics) at 37 ⁰C for 1 h. After incubation, cells were filtered 
through a 70-µM Falcon cell strainer (BD biosciences, San Jose, CA) and 
pelleted by centrifugation. Red blood cells were lysed in 1 ml lysis buffer 
for 5 min at room temperature and resuspended in 200 µl PBS containing 
1% BSA. Total cell numbers were determined using a Coulter Counter and 
cytospin preparations were made.

Single cell suspension analysis of BAL fluid and lung tissue

To analyze the cellular composition in the single cell suspensions of lung 
tissue (Fig. 1) and BAL fluid (Fig. 2), cytospin preparation were stained 
with Diff-Quick (Merz & Dade, Dudingen, Switzerland) and evaluated in a 
blinded fashion. Cells were identified and differentiated into mononuclear 
cells, neutrophils and eosinophils by standard morphology. At least 300 
cells were counted per cytospin preparation.
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The levels of Keratinocyte-derived cytokine (KC), S100A8 and heat 
shock protein 70 (HSP70) in the BAL fluid were determined by ELISA, 
according to the manufacturer’s instructions (R&D systems, Abingdon, 
United Kingdom for KC and HSP70 and Uscn Life Science, Wuhan, China, for 
S100A8). BAL levels of double-strand DNA (dsDNA) were measured using 
the Quant-iT Picogreen dsDNA Assay kit (Invitrogen Life Technologies, 
Carlsbad, CA) according to manufacturer’s protocol.

Preparation of lung tissue sections

Lungs were treated as previously described [21]. Briefly, lungs were inflated 
with TissueTek OCT Compound (Sakura Finetek Europe, Zouterwoude, 
The Netherlands), fixed in 10% Formalin for 24 h, embedded in paraffin, 
and cut in 3-µm-thick sections.

Immunohistochemistry of Pim1 kinase

Lung sections were deparaffinized in xylene, dehydrated in ethanol, and 
washed in PBS. Antigen retrieval was performed by heating lung sections 
to the boiling point in 1 mM EDTA for 15 minutes. Sections were then 
washed with PBS and blocked with PBS containing 30% H2O2 for 30 min. 
Lung sections were immunostained with goat-anti-Human Pim1 (E16; 
1:800; Santa Cruz Biotechnology, Heidelberg, Germany) for 1 h, followed 
by incubation with the secondary Ab (1:100; rabbit-anti-goat-HRP; DAKO, 
Glostrup, Denmark) and the tertiary Ab (1:100; goat-anti-rabbit-HRP; 
DAKO). The immunostains were developed by using DAB substrate and 
mounted with a glass slide using Kaiser’s glycerine (Life Technologies 
Europe, Bleiswijk, The Netherlands).
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TUNEL Staining

The DeadEnd Fluorometric TUNEL System (Promega Benelux, Leiden, 
The Netherlands) was used to detect apoptotic cells according to the 
manufacturer’s instructions. Briefly, lung sections were deparaffinized 
in xylene, dehydrated in ethanol, washed in PBS, and fixed in 4% 
paraformaldehyde in PBS for 15 min. After being washed, tissue was 
permeabilized with 20 µg/ml proteinase K solution for 10 min at room 
temperature and fixed for a second time in 4% paraformaldehyde. For 
the DNase I positive control, tissue sections were incubated with 10 U/
ml of DNase I for 10 min at room temperature. Next, tissue sections 
were incubated with the terminal deoxynucleotidyl transferase reaction 
mixture for 1 h at 37 °C and counterstained with DAPI nuclear stain. Tissue 
sections were analyzed with fluorescence microscopy.

RNA isolation, reverse transcription and RT-qPCR

Total RNA was extracted from mice lung tissue for examining the expression 
of Pim1, Pim2 and Pim3. RNA was isolated by homogenizing 50-100 mg 
mouse lung tissue in 1 ml TriReagent (MRC, Cincinnati, OH). gDNA traces 
were enzymatically removed, and the RNA was purified with RNeasy Mini 
Kit (QIAGEN Benelux, Venlo, The Netherlands). The RNA concentration 
and integrity was determined by Nanodrop measurements (ND-1000 
spectrophotometer, Isogen Lifesciences, de Meern, The Netherlands).

Reverse transcription was performed with 2 µg RNA in 20 µl reaction 
volume using Omniscript reverse transcriptase (QIAGEN Benelux). The 
expression levels were measured using ABI primer-probe sets (Applied 
Biosystems Europe, Nieuwekerk a/d IJssel, The Netherlands) with 25 ng 
cDNA template. The following Gene Expression Assays were used: Pim1 
(Mm00435712_m1), Pim2 (Mm00454579_m1), Pim3 (Mm00446876_
m1). The gene expression was related to the most stable housekeeping 
gene of the three housekeeping genes B2M (Mm00437762_m1), Pgk1 
(Mm01225301_m1) and Hprt1 (Mm01545399_m1). The data was 
analyzed using SDS2.1 software.
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The most stable housekeeping gene for normalization was determined 
by using the Normfinder algorithm [22]. To obtain the relative expression, 
the cycle threshold value (Ct value) was subtracted from the Ct  value 
of the Pim assays. The Ct values were normalized to the average of   the 
control group, and the individual Ct values were then converted to relative 
expression levels.

Cell cultures

The human bronchial epithelial cell line BEAS-2B lung was purchased from 
American Type Culture Collection   (ATCC,   Manassas,   VA).   Cells   were   
grown   in   RPMI   1640   with   L-glutamin    and 25 mM HEPES (Lonza, Basel, 
Switzerland) supplemented with 10% heat-inactivated fetal bovine serum 
(Hyclone Thermo Scientific, Cramlington, UK) and 60 µg/ml Gentamycin 
(Lonza), or 100 U/ml Penicillin and 100 µg/ml streptomycin (Gibco, Life 
Technologies Europe, Bleiswijk, The Netherlands) until confluence. Before 
the experiments, cells were serum starved for 16 h in serum-free RPMI 
1640 medium and incubated with 5 µM Pim1 inhibitor K00135 [23] (kindly 
provided by dr. Juerg Schwaller, Department of Research, University 
Hospital Basel, Switzerland,) or vehicle (DMSO; Sigma-Aldrich, Steinheim, 
Germany) for the duration of the experiment.

Preparation of CSE

Kentucky 3R4F research-reference filtered cigarettes (Tobacco Research 
Institute) were  smoked using the Watson Marlow 603S smoking pump 
at a rate of 8 L/h (Watson-Marlow). Before use, the filters   were   cut   
from   the   cigarettes.   Each   cigarette   was   smoked   in   5   min    with  
a 17-mm butt remaining. The gaseous-phase CS of two cigarettes was led 
through 25 ml of RPMI 1640 medium without FCS, and this solution was 
set at 100% CS extract (CSE).
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Detection of mitochondrial membrane potential

A confluent layer of serum-depleted BEAS-2B cells was incubated for 
4 h with 0, 10, 15, 20, 30 or 40% CSE in the presence of 5 µM Pim1 
inhibitor K00135 [23] or DMSO. Thereafter, cells were washed two 
times with RPMI 1640 and stained with 500 nM TMRE (Molecular 
Probes, Life Technologies Europe, Bleiswijk, The Netherlands) for 
30 min at 37°C. After the staining, the cells were washed one time
with RPMI 1640, trypsinated and collected in FACS tubes. Cells were 
resuspended in 300 µl colorless DPBS complemented with calcium, 
magnesium, glucose and pyruvate (Gibco, Life Technologies Europe) and 
the mitochondrial membrane potential (Ψm) was measured using a BD 
FACSCalibur (BD biosciences). Data was analyzed using Winlist software.

Detection of cell death

A confluent layer of serum-depleted BEAS-2B cells was incubated for 4 h 
with 0, 10, 15, 20, 25, 30 or 40% CSE in the presence of 5 µM Pim1 inhibitor 
K00135 or DMSO [23]. After the incubation, cells were washed, trypsinated 
and collected in FACS tubes and washed twice with ice-cold Cell Staining 
Buffer (Biolegend, San Diego, CA). Thereafter, cells were resuspended 
in 100 µl annexin V Binding buffer (Biolegend) and incubated with 2.5 
µg/ml 7-amino-actinomycin and 1.25 µg/ml FITC annexin V (Biolegend) 
for 15 min at room temperature protected from light. Another 100 µl 
annexin V Binding buffer was added and the cells were measured with 
the BD FACSCalibur (BD Biosciences). Data were analyzed using Winlist 
software.
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Release of HSP70 in BEAS-2B cells

A confluent layer of serum-depleted BEAS-2B cells was incubated for 4 h 
with 0, 15 and 40% CSE in the presence of 5 µM Pim1 inhibitor or vehicle 
[23]. After incubation, cells were washed two times with RPMI 1640 and 
cultured for another 20 h with RPMI 1640 supplemented with 10% FCS. 
The supernatant was collected and stored at -80 °C until further analysis 
after spinning down the cellular components. The levels of HSP70 were 
determined by ELISA, according to the manufacturer’s instructions (R&D 
systems).

Statistical analysis

The Mann-Whitney U-test was used to test for statistical significance 
between groups in the in vivo experiments. Correlation between KC levels 
in BAL fluid and numbers of neutrophils in BAL were calculated with 
Pearson correlation coefficient. To test the statistical significance of the in 
vitro experiments, two-way ANOVA was used for the mitochondrial Ψm 
and cell death, and paired sample t-test was used for HSP70. P < 0.05 was 
considered significant.
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RESULTS

CS induces the expression of Pim1 kinase

To assess the role of Pim family kinases in CS-induced neutrophilic airway 
inflammation, we first studied the expression of the three Pim kinases 
in a short-term model of repeated exposure to CS, which is known to 
induce such an inflammatory response [6][9][24]. Because Pim kinases  
are typically early-response genes with a short half-life of both mRNA and 
protein [16], we included a series of time points for the measurement of 
Pim expression levels after the repeated CS exposures. We exposed BALB/
cByJ mice to CS for 4 days and killed the mice 16 h after the last CS exposure 
or 2, 4 and 6 h after a next CS exposure on the 5th day (see Fig. 1A).

To confirm the induction of neutrophilic airway inflammation by the CS 
exposure,  we examined the fraction of neutrophilic granulocytes present 
in lung tissue. We observed a significant increase in the percentage of 
neutrophils in the lung tissue of mice exposed to CS compared with air 
control-treated mice (Fig. 1B). The percentage of neutrophils was the 
highest in mice exposed to CS for 4 days and sacrificed 16 h after the last 
CS exposure. Moreover, subsequent CS exposure on day 5 and killing of the 
mice 2, 4 and 6 h after this last CS exposure also resulted in a significantly 
increased number of neutrophils compared to air control-treated mice, 
although no further increase compared to the 4-day CS exposure was 
observed (Fig. 1B).

Neutrophilic airway inflammation in CS exposure models is often 
associated with increased levels of the proinflammatory cytokine and 
neutrophil attractant KC (mouse analog of IL-8) in BAL fluid [4]. Hence, we 
tested the KC levels in BAL upon CS exposure and observed a significant 
increase in KC levels in mice exposed to CS compared to air control-
treated mice at all time points tested (Fig. 1C). The highest levels of KC 
were observed in mice exposed to CS for 4 days and killed 16 h later and 
in mice sacrificed 6 h after the last smoke exposure on day 5.
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Figure 1: Cigarette smoke (CS) induces the expression of Pim1 kinase
Female BALB/cByJ mice were exposed to CS for 4 days and killed 16 h after the last smoke 
exposure or exposed to CS or air for 5 days and killed 2, 4 or 6 h after the last CS exposure 
(A). Lung tissue was analyzed for the present of neutrophilic granulocytes by standard 
morphology evaluation of single cell suspension in cytospin preparations (B), and the 
released amount of keratinocyte-derived cytokine (KC) was measured in bronchial alveolar 
fluid (C). The expression of Pim1 (D), Pim2 (E) and Pim3 (F) in lung tissue was determined 
with RT-qPCR. Each group consisted of 8 mice. For the detection of the neutrophilic 
granulocytes in the air-control treated and mice harvested 6h after the last CS exposure, 
only lung tissue of, respectively, 7 and 6 mice was available. The median of the groups is 
presented. * P < 0.05, ** P < 0.01 and *** P < 0.001 compared with air control-treated 
mice.
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In summary, this subchronic model of CS exposure induced neutro-
philic airway inflammation in BALB/cByJ mice. Next, we analyzed the 
mRNA expression levels of Pim1, Pim2, and Pim3 in whole lung tissue 
in CS-exposed and air control-treated mice (Fig. 1D, E and F). For Pim1, 
we observed a significantly increased expression in mice sacrificed 2 h 
after the last CS exposure, as would be expected for an early response 
gene. At all other time points, Pim1 expression levels were similar to 
air control-treated mice. No differences were found in the expression 
of Pim2 and Pim3 upon CS exposure for all the different time points.

These results demonstrate that expression of Pim1, but not Pim2 and 
Pim3, is transiently induced in lung tissue shortly after CS exposure.

Pim1 deficiency sensitizes CS-induced neutrophilic airway inflammation

To assess whether Pim1 expression affects the CS-induced inflammatory 
response, we used Pim1-proficient and -deficient mice on an FVB/Crln 
background and exposed the mice to CS in our subchronic CS exposure 
model. Based on our results in Fig. 1, in which we observed high 
percentages of neutrophils and high levels of KC on day 5 of the protocol, 
16 h after the last smoke exposure on day 4, we killed the mice at this 
specific time point (see Fig. 2A) to have an optimal range between CS-
exposed and air control-treated animals for the detection of differences 
between Pim1-proficient and -deficient mice.

As shown in Fig. 2B, CS exposure of Pim1-deficient mice or wild-type 
controls resulted in increased total cell numbers in BAL fluid, independent 
of genotype. The differential cell counts in BAL from CS- and air-exposed 
mice revealed the same pattern for the number of mononuclear cells 
between Pim1-deficient mice and wild-type controls (Fig. 2C).
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Fig. 2: Pim1 deficiency sensitizes the CS-induced neutrophilic airway inflammation
Female FVB/Nrcl mice proficient (WT) or deficient (KO) for Pim1 kinase were exposed to 
CS or air for 4 days and killed 16 h after the last smoke exposure (A). The bronchoalveolar 
fluid was analyzed for the total cell cumber (B), the number of mononuclear cells (C), the 
number of neutrophils (D) and the released amount of KC (E). The correlation between 
the number of neutrophilic granulocytes and levels of KC in BAL was analyzed for all the 
experimental groups of mice (F) and for the Pim1-deficient exposed to CS only (G). The 
lower limit of detection for the mononuclear cells and neutrophils was set on 100 cells, 
based on the total cell count. Each group consisted of 8 mice. The median of the groups is 
presented. * P < 0.05, ** P < 0.01, and *** P < 0.001.
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Strain differences in CS-induced neutrophilic airway inflammation 
have been described before [25][26][27]. Indeed, the FVB/Crln strain 
was far less sensitive to develop neutrophilic airway inflammation than 
the BALB/cByJ strain, since the wild-type mice displayed relatively low 
numbers of neutrophils in their BAL (Fig. 2D). In contrast to their wild-
type counterparts, Pim1-deficient mice on an FVB/Crln background 
did show a significant influx of neutrophilic granulocytes upon the 
subchronic CS exposure (Fig. 2D). Furthermore, we analyzed the levels 
of the proinflammatory chemokine KC in BAL fluid of these mice. Here, 
we observed a trend (p=0.083) toward an increased release of KC in the 
BAL of CS-exposed Pim1-deficient mice compared to the CS-exposed wild-
type mice (Fig. 2E). Because the KC levels were showing merely a trend 
toward an increase in CS-exposed Pim1-deficient mice, we next assessed 
the correlation between KC levels and numbers of neutrophils in the CS-
exposed mice, both in all CS exposed mice and within the Pim1-deficient 
mice only (Fig. 2F). Here, we observe a strong (r2=0.64), significant 
(P=0.016) correlation between KC levels and numbers of neutrophils in 
BAL in CS-treated Pim1-deficient mice, suggesting that the differences in 
KC levels between CS-treated Pim1-deficient mice explained the observed 
variation in the number of BAL neutrophils between the individual mice.

Importantly, these data show that Pim1-deficient mice are more 
susceptible than Pim1-proficient wild-type control mice for neutrophilic 
airway inflammation upon CS exposure.

CS exposure enhances Pim1 expression in the airway epithelium

Next, we aimed to validate previous data in the literature that Pim1 is 
expressed in airway epithelial cells [19]. To this end, we stained for 
Pim1 by immunohistochemistry in lung tissue from Pim1-proficient and 
-deficient mice (as control) on an FVB/Crln background. To validate our 
observation of increased Pim1 expression after CS exposure, we also 
compared this staining between lung tissue sections from air control-
treated mice and CS-treated mice. As shown in Fig. 3, Pim1 expression is
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largely confined to the airway epithelium, with occasional cells in the lung 
parenchyma also staining for Pim1. In CS-exposed mice, Pim1 expression in 
airway epithelium seems to be slightly increased over air-treated controls 
(Fig. 3, A and C). These data indicate that Pim1 expression is observed in 
airway epithelial cells in mouse lung tissue and that expression is slightly 
enhanced by CS exposure.

Fig. 3: CS exposure slightly induced the expression of Pim1 kinase in the airway epithelium
Immunohistochemical analysis of the expression of Pim1 kinase in wild-type (A and C) and 
Pim1-deficient (B and D) mice in lung tissue. Using a subchronic CS exposure model, mice 
were exposed to air (A and B) or CS (C and D). Representative images are shown for lung 
tissue sections stained from n=3 mice/group. Bars indicate 90 µM.
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Inhibition of Pim1 alters the sensitivity for CS-induced loss of 
mitochondrial Ψm and cell survival

Next, we aimed to characterize the mechanism by which Pim1 deficiency 
could contribute to enhanced neutrophilic airway inflammation upon CS 
exposure. CS exposure has been shown to induce loss of mitochondrial 
Ψm, followed by necrotic cell death in airway epithelial cells in vitro [11]
[12][13][14], which has been proposed to induce a neutrophilic airway 
inflammation by the release of DAMPs [10]. Pim1 is a well-known survival 
kinase, and therefore, we first investigated whether Pim1 can augment 
survival of airway epithelial cells upon CS exposure. To this end, we used 
an in vitro approach in which we exposed BEAS-2B cells to a concentration 
series of CSE for 4 h in the presence or absence of a specific Pim1 inhibitor, 
and analyzed the effects on mitochondrial Ψm and cell death by flow 
cytometry.

Exposure of BEAS-2B cells to CSE caused a dose-dependent loss 
of mitochondrial Ψm as measured by the fluorescent probe TMRE 
(Fig. 4, A-C). Interestingly, the sensitivity of the BEAS-2B cells for the CSE-
induced loss of Ψm potential was increased by concurrent inhibition of 
Pim1 kinase activity using a specific pharmacological inhibitor (Fig. 4, A-C), 
indicating that inhibition of Pim1 sensitizes the cells to the CSE-induced 
effects on Ψm. Of note, at baseline (0% CSE), the Ψm in cells treated with 
the Pim1 inhibitor was induced by 11%. In addition to Ψm, we performed 
a next series of experiments to analyze the effects of CSE on cell survival 
using an annexinV/7-AAD staining. Here, we additionally included a 25% 
CSE group, since the results in Fig. 4A indicate that the largest difference in 
sensitivity to CSE lies in the range between 20 and 30%. Exposure of BEAS-
2B cells to CSE induced necrotic cell death (as defined by annexinV/7-AAD-
double positivity) in a dose-dependent fashion (Fig. 4, D-F). In line with 
the findings on mitochondrial Ψm, BEAS-2B cells were more sensitive for 
the induction of necrotic cell death by CSE upon inhibition of Pim1 activity 
(Fig. 4D). Because it is known that the prosurvival activity of Pim1 could be 
mediated by the phosphorylation of BAD, we measured the levels of Serine-
112-phosphorylated BAD. However, we were not able to detect differences 
in the levels of Serine-112-phosphorylated BAD upon exposure to
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CSE in the presence or absence of Pim1 activity (data not shown). In addition, 
to further support our findings in the bronchial epithelial cell line BEAS-
2B, we repeated the experiment in  primary bronchial airway epithelial 
cells. Unfortunately, we could not observe induction of cell death upon

Fig. 4: Inhibition of Pim-activity altered the sensitivity for CS-induced loss of mitochondrial 
membrane potential (Ψm) and cell survival
BEAS-2B cells were exposed to a dilution series of 0, 10, 15, 20, 30 and 40% CSE for 4 h in 
the presence or absence of the specific Pim1-inhibitor. After 4 h, the effect on mitochondrial 
Ψm was measured with the fluorescent TMRE probe by flowcytometry (A, B and C). 
BEAS-2B cells were exposed to dilution series of 0, 10, 15, 20, 25, 30 and 40% CSE for 
4 h in the presence or absence of Pim1 kinase activity, and cell death was determined 
by measuring the annexin V (AnnV) and 7-amino-actinomycyin (7-AAD) double-positive 
cells using flowcytometry (D, E and F). Both of the experiments were repeated six times. 
The dose response curves were analysed using a 2-way ANOVA, whereas the individual 
concentrations were analyzed using a paired sample t-test. The mean with SE is presented. 
* P < 0.05, ** P < 0.01 and *** P < 0.001.
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increasing concentrations of CSE up to 50% in these primary cells, 
independent of  Pim1 kinase activity (data not shown). These data suggest 
that primary bronchial airway epithelial cells are relatively resistant 
towards CSE-induced cell death, precluding confirmation of our findings 
in the BEAS-2B cell line in primary cells.

Taken together, these data show that, in the absence of Pim1 activity, 
BEAS-2B cells are more susceptible to CSE-induced loss of mitochondrial 
Ψm and cell death, indicating a direct effect of Pim1 kinase on epithelial 
cell survival.

Inhibition of Pim1 results in an increased release of DAMPs

Based on the results described above, we were interested to test how 
the prosurvival effects of Pim1 kinase relate to the neutrophilic airway 
inflammation observed in Pim1-deficient mice after exposure to CS. It is 
known that CS exposure in vitro induces airway epithelial cell necrosis [11]
[12][13][14], a form of cell death known to be able to initiate an innate 
inflammatory response by the release of DAMPs [10][15]. Therefore, we 
tested if Pim1 activity influences the release of HSP70 by BEAS-2B cells 
after exposure to CSE, since HSP70 has been shown to be released upon 
exposure to CS and to induce IL-8 expression [8][28][29]. We exposed 
BEAS-2B cells to CSE for 4 h, followed by washing to remove the CSE 
and subsequent culturing of the cells for another 20 h to allow for the 
release of HSP70. Because necrosis was readily induced in these cells at 
40% CSE, we used this dose as a positive control (Fig. 4D). We tested the 
effect of inhibition of Pim1 activity at a concentration of 15% CSE, since 
we observed this CSE concentration to be the most sensitive for the Pim1-
mediated effects on loss of mitochondrial Ψm and induction of cell death 
(Fig. 4). Remarkably, we observed a significant increase in the release of 
HSP70 in BEAS-2B cells exposed to 15% CSE in the presence of the Pim1 
inhibitor compared to vehicle control treated cells (Fig. 5).
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Fig. 5: Inhibition of Pim1-activity in BEAS-2B cells results in an increased release of HSP70
BEAS-2B cells were cultured for 20 h after exposure to CSE for 4 h in the presence or absence 
of the specific Pim1-inhibitor, and the release of HSP70 in the supernatant was measured. 
Levels of HSP70 are presented as means with SE and * P < 0.05. Data represent mean 
values of 9 independent experiments.

We have previously shown that CS exposure induces DAMP release 
in inbred mouse strains [27] and that a specific profile of DAMPs 
was associated with susceptibility to  CS-induced neutrophilic airway 
inflammation, including dsDNA and S100A8 release. To test whether a 
similar mechanism was relevant for the in vivo effects of Pim1 deficiency 
on the induction of a neutrophilic inflammation upon CS exposure, we 
aimed to study CS-induced cell death and DAMP release in vivo in the 
airway epithelium of mice. We analyzed the presence of TUNEL-positive 
cells as a marker for cell death by immunohistochemistry (IHC) staining 
in lung tissues sections of Pim1-proficient and - deficient mice exposed 
to CS or air. We were unable to detect significant numbers of apoptotic 
or necrotic cells in the tissue sections, irrespective of the experimental 
condition (Fig. 6).
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Fig. 6: CS exposure does not induce TUNEL+ cells in lung tissue of Pim1-deficient mice 
and wild-type controls
Immunohistochemical analysis of TUNEL staining in wild-type (A and C) and Pim1-deficient 
(B and D) mice in lung tissue. With the use of a subchronic CS exposure model, mice were 
exposed to air (A and B) or CS (C and D). Representative images of the 4 groups were 
shown. Positive controls for TUNEL staining are DNase I-treated lung tissue sections (E) and 
sections from thymic tissue (F).
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Therefore, we also assessed whether the levels of relevant DAMPs were 
enhanced upon CS exposure in vivo in Pim1-deficient mice exposed to CS 
in our subchronic smoke model compared to the wild-type controls. We 
detected high basal levels of HSP70 in BAL fluid of FVB/Crln mice, with no 
further induction of HSP70 upon subchronic CS exposure, independent 
of genotype of the mice (Fig. 7A). Because we previously showed that, 
while HSP70 levels in BAL are not associated with susceptibility to CS-
induced airway neutrophilia, and levels of dsDNA and S100A8 are [27], 
we also measured the levels of these DAMPs in BAL of all experimental 
groups (Fig. 7, B and C). For dsDNA, we could not observe real differences 
between the groups, irrespective of treatment or genotype (Fig. 7B). In 
contrast, the levels of S100A8 in Pim1-deficient mice exposed to CS were 
significantly increased compared to wild-type control mice exposed to CS 
(Fig. 7C).

Fig. 7: CS exposure induced enhanced release of S100A8, but not of dsDNA and HSP70
in Pim1-deficient mice
Female FVB/Nrcl mice proficient (WT) or deficient (KO) for Pim1 kinase were exposed to 
cigarette smoke or air for 4 days and sacrificed 16 h after the last smoke exposure. The 
release of HSP70 (A), dsDNA (B) and S100A8 (C) in the bronchoalveolar fluid was measured. 
Indicated values represent levels in individual mice, and the median is presented. * P < 0.05 
in Mann Whitney U-test.
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DISCUSSION

In this study, we characterized the role of Pim survival kinases in CS-induced 
neutrophilic airway inflammation. We demonstrate for the first time that 
expression of Pim1 protects against neutrophilic airway inflammation 
induced by CS exposure in mice. We observed that CS exposure induced 
expression of Pim1, but not Pim2 and Pim3 in lung tissue of mice and 
showed with IHC analysis that Pim1 expression is observed in the airway 
epithelium. Exposure of Pim1-deficient mice to CS resulted in significantly 
increased numbers of neutrophils in the BAL fluid and a trend towards 
increased levels of KC compared to wild-type controls. Given the known 
chemoattractive activity of KC for neutrophils and the strong correlation 
between KC levels and neutrophil numbers in BAL of CS-exposed mice, it 
seems reasonable to assume that the CS-induced neutrophilia involves  
KC release by tissue resident cells. To explore a potential involvement of 
Pim1-dependent cell survival, we exposed human bronchial epithelial 
cells to CSE, resulting in a dose dependent loss of Ψm potential and 
induction of necrotic cell death, which was strongly enhanced by 
concurrent inhibition of Pim1 activity. These data indicate that epithelial 
cells are more susceptible to CS-induced cell damage and death in 
the absence of Pim1 activity. This induction of necrotic cell death was 
accompanied by increased release of the DAMPs HSP70 in vitro. However, 
we were unable  to observe increased levels of HSP70 in Pim1-deficient 
mice exposed to CS, while levels of S100A8 but not dsDNA were increased 
in BAL of Pim1-deficient mice exposed to CS. Given the involvement of 
S100A8 in inducing neutrophilic inflammation in wide variety of chronic 
inflammatory disorders, it seems likely that S100A8 in BAL contributes to 
the neutrophilic airway inflammation after CS exposure in Pim1-deficient 
mice. Whether S100A8 in the in vivo CS exposure model is released after 
airway epithelial cell death or induced through another mechanism 
remains a topic for further investigation.
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Pim1 kinase was originally identified as a protooncogene, and the role 
of Pim1 kinase in cell survival in hematological malignancies is widely 
described and often associated with the BCL-2 family of pro- and anti-
apoptotic proteins [16][18][30][31]. The BCL-2 family is involved in the 
intrinsic pathway of apoptosis, which is induced upon cellular damage. 
In the intrinsic apoptotic pathway, the mitochondrial outer membrane 
is permeabilized, leading to the release of proapoptotic mediators 
(cytochrome , apoptosis-inducing factor) and the activation of caspases, 
which function in the effector phase of apoptosis [13][32]. Our observation 
that the increased sensitivity to CSE-induced loss of epithelial cell viability 
upon inhibition of Pim1 activity in vitro was associated with a reduction in 
mitochondrial Ψm, indicates the involvement of the intrinsic pathway of 
apoptosis, which can be triggered by CS exposure.

However, it is known that exposure to higher doses of CSE or 
exposure for a longer period of time mainly induces necrotic cell death 
[11][12][13][14]. The process of apoptosis is highly energy-consuming 
and depends on ATP for the execution of the apoptotic program. CS 
exposure can block the generation of ATP, thereby actively blocking 
the process of apoptosis by inhibition of caspase-3 and -9 activity and 
causing a switch toward necrosis [13][33]. Necrosis has been shown 
to induce the release of intracellular molecules into the external 
environment, some of which can serve as danger signal or DAMP [34]. 
These DAMPs can be recognized by pattern recognition receptors like the 
TLRs on innate immune cells, leading to activation of an innate immune 
response through the release of proinflammatory cytokines such as 
IL-8 and the subsequent recruitment of neutrophils [10]. We therefore 
sought to analyze DAMP release by the BEAS-2B cells in vitro and in the 
Pim1-deficient mice in vivo. Although we do observe enhanced HSP70 
release in BEAS-2B cells treated with CSE in the presence of the Pim1-
inhibitor in vitro, we do find inconsistent results in the mouse study. We 
analyzed three DAMPs in the BAL fluid of the different treatment groups: 
HSP70 (as this  was observed in the in vitro study) and two DAMPs we 
previously showed to be associated with susceptibility  to  CS-induced  
neutrophilic  airway  inflammation  in  mice  (S100A8  and  dsDNA) [27].
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The levels of HSP70 were not different between the experimental groups, 
which is in agreement with our previous findings [27]. Although we do 
observe increased levels of S100A8 in Pim1-deficient mice exposed to CS, 
we do not observe differences in dsDNA between the Pim1-deficient mice 
and the wild-type controls. This indicates that the CS-induced neutrophilic 
airway inflammation might be specifically associated with increased levels 
of S100A8, which has been shown before in mice and human [35][36]. 
Further research in Pim1-deficient mice should be performed to specific 
reveal the release of S100A8 in these mice.

The lack of consistent induction of the two DAMPs associated with 
neutrophilic airway inflammation upon CS exposure might be explained 
by the relatively late time point of analysis: 16 h after CS-exposure in 
the current study, while the previous study was performed at 2 h after 
the last CS exposure. This might result in clearance or breakdown of 
dsDNA from the airways, whereas S100A8 may retain for longer periods 
of time in the airways. In support of our interpretation, mouse bronchial 
epithelial cells have been observed to express high levels of S100A8 [36]. 
However, we cannot exclude the possibility that damage to other cells 
than airway epithelial cells contributes to this increased level of S100A8, 
since these molecules are produced by a wide range of cell types including 
neutrophils and macrophages [37]. Alternatively, it might be possible that 
the neutrophilic airway inflammation observed in Pim1-deficient mice is 
induced through another mechanism than increased susceptibility for CS-
induced cell death.

We tried to demonstrate alterations on cell survival in vivo to support 
a role for Pim1 kinase in enhancing cell viability upon CS exposure, but 
unfortunately we were unable to detect significant differences in the 
number of necrotic or apoptotic cells in lung tissue sections between 
CS exposed and air control-treated mice and between Pim1-deficient 
mice and wild-type controls. Possibly, our model is also not optimal 
for the detection of cell death, since we killed the mice at a relatively 
late time point of 16 h after the last smoke exposure. Alternatively, 
Pim1 activity modulates the response of   the   airway  epithelial  cells   
to   CS  exposure  through   the   regulation  of  innate  inflammatory
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responses, independent of the regulation of cell death. The resulting 
inflammatory response induced in the absence of Pim1 activity is 
then characterized by the release of S100A8 and KC, and induction of 
neutrophilic inflammation in the airways. Further research is needed to 
address these effects of Pim1 in more detail.

In conclusion, this study shows for the first time that Pim1 kinase plays 
an important protective role in suppression of airway neutrophilia upon 
CS exposure. Our data indicate that CS exposure in the absence of Pim1 
activity induces release of S100A8 and KC, and  initiation of an innate 
immune response characterized by a predominant neutrophilic infiltrate, 
which is of importance in the pathogenesis of COPD. The current study, 
however, does not address the role for Pim1 kinase in an experimental 
model of COPD. Therefore, it is of interest to study the role Pim1 kinase in 
COPD into further detail in future studies.
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To the editor,

Respiratory viral infections are responsible for 85% of the asthma 
exacerbations, which in turn leads to increased morbidity and mortality, 
causing high societal and economic burden [1][2]. Asthma patients have 
been found to be more susceptible towards viral infections compared 
to non-asthmatic individuals [3]. It has been postulated that a reduced 
induction of apoptosis in virally infected airway epithelial cells from 
asthmatic patients might play a role in this increased susceptibility 
towards viral infections [4]. Building on the role of apoptosis in respiratory 
viral infections, we tested if inhibition of a well-known survival pathway 
active in airway epithelial cells could reduce viral replication. To this end, 
we used an in vitro approach and infected primary bronchial epithelial 
cells (PBEC) from healthy volunteers with human rhinovirus-16 (HRV-16) 
in the absence or presence of a highly specific pharmacological inhibitor 
for Pim1 kinase [5]. Pim1 kinase is a constitutively active serine/threonine 
kinase known to be involved in cell survival by increasing the threshold 
for apoptosis [6][7]. We have previously shown that Pim1 kinase is highly 
expressed in the bronchial airway epithelium and that pharmacological 
inhibition of Pim1 kinase increases the sensitivity of bronchial epithelial 
cells to cell death upon challenge with cigarette smoke extract [8]. 
Therefore, we hypothesized that inhibition of Pim1 kinase activity in 
virally infected PBECs will enhance the onset of cell death, resulting in 
reduced viral replication.

Infection of monolayer cultures of PBECs with HRV-16 at multiplicity 
of infection of 1 resulted in highly increased viral copy numbers 8 and 
24 hours after infection compared to mock infected controls (Fig. 1a and 
1b, respectively). Except for some low background signal, no viral RNA 
was detectable in either Sham or UV-irradiated HRV-16 infected control 
PBECs or in PBECs exposed to the inhibitor in the absence of HRV-16. 
Interestingly, inhibition of Pim1 kinase activity significantly reduced 
viral RNA copy numbers, leading to a reduction of viral RNA load by 
approximately 60-65% at both time points.
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Figure 1: Infection of monolayer cultures of primary bronchial epithelial cells with HRV-
16 in the presence of a specific pharmacological Pim1 kinase inhibitor reduces viral 
replication by augmenting the onset of cell death
a + b) Viral RNA copy numbers were determined with RT-qPCR (a) 8 and (b) 24 hours after 
infection. c) Release of viral particles was measured by 50% tissue culture infective dose 
24 hours after infection. d + e) mRNA expression of innate anti-viral genes IFN-β and IL-
29, 8 hours after infection was assessed with RT-qPCR. f + g) mRNA expression of the 
interferon-inducible genes IP-10 and RANTES, 24 hours after infection was measured with 
RT-qPCR. h + i) Protein levels of IP-10 and RANTES 24 hours after infection were analysed 
with commercial available ELISA. j) The amount of cell death 3 hours after infection 
was assessed by analysing the Annexin V and 7-AAD positive cells with flowcytometry. 
PKI = Pim1 kinase inhibitor. The experiments were repeated six or seven times and the 
median and range are shown. Statistical significance was tested with the paired two-sided 
Wilcoxon matches-pairs signed rank test and * P < 0,05. Statistical significant differences 
of P < 0,05 compared to Sham-infected control are indicated by #.

The reduced viral replication upon inhibition of Pim1 kinase activity 
was further supported by a marked suppression of the amount of viral 
particles released by the PBECs 24 hours after viral infection (Fig. 1c). 
Viral particles were only observed in PBEC cultures infected with HRV-16. 
Inhibition of Pim1 kinase activity resulted in an almost 10-fold reduction 
of the amount of viral particles released from the PBECs. A comparable 
effect was observed with the ATP binding mimicking Pim1 kinase inhibitor 
SMI-4a, suggesting the reduction in viral replication to be Pim1 kinase 
specific (data not shown) [9]. Next, we aimed to test whether the observed 
reduced viral replication upon inhibition of Pim1 kinase activity was a 
consequence of an increased anti-viral response or enhanced induction 
of apoptosis. To this end, we first looked into the anti-viral response and 
assessed the mRNA expression levels of the innate anti-viral cytokines 
IFN-β and IL-29, 8 hours after infection. Although the expression levels 
were relatively low in the PBEC monolayer cultures, in agreement with 
Khaitov et al [10], inhibition of Pim1 kinase activity resulted in increased 
mRNA expression of IFN-β (Fig. 1d) and IL-29 (Fig. 1e) compared to the non-
treated HRV-16 infected control cultures. Evaluating the activation of the 
anti-viral inflammatory response by  analyzing the mRNA expression of the   
interferon-inducible   genes  IP-10  and  RANTES,   we  observed a significantly
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decreased expression of both IP-10 (Fig. 1f) and RANTES (Fig. 1g) in HRV-16 
infected PBEC cultures treated with the Pim1 kinase inhibitor compared 
to control cultures. As shown in figure 1h and 1i, IP-10 and RANTES 
protein levels in supernatant were extremely low and we were not able 
to detect IP-10 or RANTES in all samples, which might be a consequence 
of the relatively short half-life as determined for RANTES [11]. Whilst we 
could not perform statistical evaluation of these data, IP-10 (Fig. 1h) and 
RANTES (Fig. 1i) protein levels seem to follow mRNA expression levels with 
increased protein levels upon infection with HRV-16 and a subsequent 
decrease in protein levels upon concurrent inhibition of Pim1 kinase 
activity. Since the increased innate anti-viral response (mRNA expression 
of type I and III interferons) observed upon inhibition of Pim1 kinase in 
virally infected PBECs did not correspond with an increased activation of 
the anti-viral inflammatory response, we next examined the role of cell 
death in reduced viral replication upon inhibition of Pim1 kinase activity. 
Based on the reduced viral RNA replication in the presence of the Pim1 
kinase inhibitor observed at 8 hours post-infection, we sought to analyze 
the induction of cell death at earlier time points. This was determined 
experimentally and shown to be optimal 3 hours after infection. Therefore, 
we determined the induction of cell death upon infection with HRV-16 by 
analyzing the presence of phosphatidylserine on the outer cell membrane 
and loss of cell membrane integrity 3 hours after infection. As shown in 
figure 1j, no significant differences could be observed in cell death when 
cells were infected with HRV-16 compared to controls. However, cells 
infected with HRV-16 in the presence of the Pim1 inhibitor showed a 
significant increase in the amount of cell death compared to cells infected 
with HRV-16 alone or treated with the Pim1 inhibitor in absence of HRV-16 
(Fig 1j), suggesting that Pim1 inhibition sensitizes the PBECs to apoptosis 
induction upon HRV-16 infection.

This study shows for the first time that inhibition of Pim1 kinase activity re-
duces viral replication and release of viral particles in cultured PBECs from 
healthy volunteers by enhancing the induction of cell death upon viral infec-
tion. The observed role of cell death in viral infections is in line with previous
 



66

studies showing that the early apoptotic response in an important feature 
of the anti-viral response by limiting viral replication and subsequent 
viral spread [4][12]. While decreased cell survival alone could explain 
the reduction in viral replication, inhibition of Pim1 kinase also resulted 
in a slight increase in mRNA expression of IFN-β and IL-29, 8 hours after 
infection with HRV-16. However, mRNA expression levels of IFN-β and 
IL-29 in the virally infected PBEC cultures treated with the Pim1 kinase 
inhibitor are very low and were not sufficient to enhance levels of the 
interferon-inducible genes IP-10 and RANTES, 24 hours after infection. 
The levels of IP-10 and RANTES likely follow the amount of virus present 
in the cells, which is markedly reduced upon inhibition of Pim1 kinase 
activity (Fig 1b and c) [13]. Consequently, we feel that the inhibition of 
viral replication by inhibition of Pim1 kinase is largely achieved through 
its effect on reduced cell survival of HRV-16 infected cells. Taken together, 
our findings imply that inhibition of Pim1 kinase inhibits viral replication 
and viral particle release from HRV-infected primary bronchial epithelial 
cells. Pim1  inhibition, therefore, could be a new therapeutic approach 
in the treatment of viral-induced asthma exacerbations. Further work is 
now required to assess the effect of Pim1 kinase inhibition in PBECs from 
severe asthmatic patients and to explore the underlying mechanisms for 
suppression of viral replication and the role of enhanced innate anti-viral 
response upon inhibition of Pim1 kinase activity. It is also of interest to 
test the broader potential of inhibition of Pim1 kinase activity to affect 
replication of other respiratory viruses such as influenza and respiratory 
syncytial virus (RSV), which are also commonly detected in virally induced 
asthma exacerbations [1].
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Abstract

Therapeutic options to treat virus-induced asthma exacerbation are 
limited and urgently needed. Therefore, we tested Pim1 kinase as 
potential therapeutic target in human Rhinovirus (HRV) infections. We 
hypothesized that inhibition of Pim1 kinase reduces HRV replication by 
augmenting the interferon-induced anti-viral response due to increased 
activity of the JAK-STAT pathway.

Air-liquid interface (ALI) cultures of primary bronchial epithelial cells 
(PBECs) from healthy individuals and severe asthmatic volunteers were 
infected with HRV-16 with or without a specific Pim1 inhibitor; viral 
replication and induction of anti-viral responses were measured using 
RT-qPCR. Viral titers were measured by TCID50 and release of IP-10 
and RANTES protein assessed by ELISA. Phosphorylation of STAT-1 was 
determined using western blotting.

Viral replication was reduced in ALI cultures of healthy and asthmatic 
PBECs treated with the Pim1 inhibitor. Using cultures from healthy 
donors, enhanced STAT-1 phosphorylation upon inhibition of Pim1 
kinase activity resulted in increased mRNA expression of IFN-β, IL-29, IP-
10 and RANTES 12 hours after infection and increased protein levels of
IP-10 and RANTES24 hoursafter infection.

We have identified Pim1 kinase as novel target to reduce viral replication 
in ALI cultures of PBECs. This may open new avenues for therapeutic 
interventions in virus-induced asthma exacerbations.

Key words

Rhinovirus; viral respiratory infection; airway epithelial cells; ALI; 
asthma; cytokine
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Introduction

Asthma is a chronic respiratory disease, affecting up to 10 percent of the 
population in the Western world [1]. It is characterized by reversible airflow 
obstruction, airway inflammation and airway hyper responsiveness, and 
is further complicated by frequent occurrence of exacerbations [1][2]. 
The main triggers of asthma exacerbations are infections with respiratory 
viruses, most notably human rhinoviruses (HRVs), and it has been shown 
that patients with asthma are more susceptible towards HRV infections 
compared to non-asthmatic individuals [3]. Asthma exacerbations are 
a major economic and social burden and therapeutic options for the 
treatment of virus-induced asthma exacerbations are limited to date, 
emphasizing the pressing need for novel therapeutics [1].

In the lower airways, the principal target cells for infection with HRV are 
bronchial epithelial cells. These cells form the first line of defense against 
potential harmful pathogens by constituting a physical and immunological 
barrier covering the entire surface of the respiratory tract [1][4][5]. HRV 
infection of epithelial cells induces the expression of the Type I and III 
interferons IFN-β and IL-29, respectively, which in turn can activate the JAK-
STAT signaling pathway [4][6][7][8]. Subsequent transcription of a wide 
range of interferon inducible genes results in reduced viral replication and 
limitation of viral spread [6]. It has been shown that patients with asthma 
display an impaired interferon response upon infection with HRV resulting 
in increased viral replication compared to healthy individuals [9][10]. 
Notwithstanding, primary bronchial epithelial cells of asthmatic volunteers 
exhibit a normal cellular response to IFN-β, and exogenous administration 
of IFN-β has been postulated as a viable therapeutic treatment in virally 
induced asthma exacerbations [11]. Indeed, recent clinical trials have 
shown beneficial effects of inhaled IFN-β in viral-induced exacerbations 
in patients with difficult-to-treat asthma [12]. These findings support 
the concept of identifying approaches that augment the induction of an 
interferon-induced anti-viral response as novel therapeutic strategy.
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The interferon activated JAK-STAT signaling pathway is negatively 
regulated by suppressor of cytokine signaling (SOCS) proteins [13]
[14]. Expression of SOCS-1 and SOCS-3 was found to be increased by 
HRV infection of PBECs in a TGFβ-dependent fashion [15], suggesting a 
contribution of SOCS proteins to desensitization of HRV infected PBECs 
to Type I interferon responses. SOCS proteins can be stabilized by the Pim 
family of serine/threonine kinases, leading to further reduction of JAK- 
STAT signaling [16]. Pim kinases are involved in a wide range of cellular 
processes like cell differentiation, cell survival and cytokine signaling 
and we have previously shown that Pim1 kinase is highly expressed in 
the bronchial epithelial cells [17][18]. Therefore, we hypothesized that 
inhibition of Pim1 kinase reduces HRV replication in primary bronchial 
epithelial cells by augmenting the interferon-induced anti-viral response 
due to increased activity of the JAK-STAT signaling pathway.

In this study, we test our hypothesis by evaluating the effect of Pim1 
kinase inhibition on viral replication in air-liquid interface cultures of 
primary bronchial epithelial cells derived from healthy individuals and 
severe asthmatic volunteers and assess the potential of pharmacological 
inhibition of Pim1 kinase activity as new therapeutic approach in virally 
induced asthma exacerbations.
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Methods

Cell cultures

Bronchial brushings were obtained from subjects without or with 
asthma by  fiber-optic bronchoscopy according to standard guidelines. 
All procedures were ethically approved by the Southampton and South 
West Hampshire Research Ethics Committees (REC no. 05/Q1702/165 and 
REC no. 09/H0504/109). Written informed consent was received from all 
volunteers. Detailed subject characteristics can be found in Table 1 in the 
online supplement.

Brushings were processed for primary bronchial epithelial cell (PBEC) 
culture in bronchial epithelium growth medium, as previously described 
[19]. When sub-confluent, cells were seeded on transwells and cultured 
on air-liquid interface (ALI) for 21 days. Fully differentiated ALI cultures 
were starved in basal medium and pre-treated with 5 µM Pim1 inhibitor 
K00135 when indicated [20].

Human Rhinovirus-16

Human rhinovirus-16 (ATCC® VR-283™, Teddington, UK) was amplified in 
H1HeLa cells as described previously [21]. The viral titer was determined 
by 50% tissue culture infective dose (TCID50) at 1,76x10^7/ml and 
multiplicity of infection (MOI) of 5 was used for all infections.

Viral infection

ALI cultures of PBECs were apically infected for 6 hours at 33 °C, where 
after the cultures were washed apically twice with HBSS and the apical 
and basolateral medium, containing Pim1 inhibitor when indicated, was 
replaced. As controls, medium, UV-irradiated HRV-16 (1200 mJ/cm2 for 50 
minutes on ice) and Pim1 inhibitor alone were included.
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RNA isolation, reverse transcription and RT-qPCR

ALI cultures were harvested in TRIzol reagent (Invitrogen, Paisley, UK) and 
total RNA isolated following standard protocols. Contaminating DNA was 
enzymatically removed (DNA-free kit, Ambion, Austin, USA) and reverse 
transcription was performed with NanoScript reverse transcription kit 
(PrimerDesign ltd, Southampton, UK).

mRNA expression levels were determined by RT-qPCR using 20 ng 
cDNA template and calculated relative to the average of the housekeeping 
genes GAPDH and UBC. A cloned synthetic DNA construct packaged at 
know copy number was used for determination of the viral copy numbers 
of HRV-16.

Analysis of viral particles and cytokines

The release of viral particles in the supernatant was determined using 
TCID50 assay [9]. The levels of IP-10 and RANTES in the apical supernatant 
were determined by ELISA (R&D Systems, Abingdon, UK), according to 
manufacturer’s instructions with half of the recommended volumes used 
for every step.

Western Blotting

ALI cultures were lysed in sample buffer and analyzed by SDS-PAGE. 
Antibodies for p-STAT-1 and pan-STAT-1 (9171 and 9172, Cell Signaling 
Technology Inc, Danvers, MA, USA) and β-Actin (A1978, Sigma-Aldrich, St. 
Louis, MO, USA) were used conform manufacturer’s recommendations.

Statistical analysis

The data were not normally distributed and were analyzed using the non-
parametric Wilcoxon matched-pairs signed rank test.
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Results

Inhibition of Pim1 kinase activity reduces viral replication in ALI cultures

Fully differentiated ALI cultures were infected with HRV-16 and 
significantly increased viral copy numbers were observed 24 hours after 
infection compared to the appropriate controls (Fig. 1a). Interestingly, 
concurrent inhibition of Pim1 kinase resulted in significantly decreased 
viral copy numbers compared to the cultures infected with HRV-16 alone.

Figure 1: Inhibition of Pim1 kinase activity reduces viral replication in ALI cultures
ALI cultures of PBECs from healthy volunteers, pre-treated with the Pim1 inhibitor 
(PKI) or control, were infected with HRV-16 at MOI of 5 for 6 hours at 33 °C and 
cultured until 24 after the start of infection. ALI cultures were analyzed for viral RNA 
copy numbers (a), viral load (b) and mRNA expression of IFN-β and IL-29 (c). Panel 
d shows the correlation between viral RNA copy number and mRNA expression of 
IFN-β. Median and range are shown. Statistical significance was tested with the 
paired two-sided Wilcoxon matches-pairs signed rank test and P < 0,05. Statistical 
significant differences P < 0,05 compared to Sham-infected control are indicated by #.
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Subsequently, we analyzed the release of viral particles in the supernatant 
24 hours after infection and consistent with the reduced viral copy numbers, 
inhibition of Pim1 kinase resulted in  a decreased release of viral particles 
into the supernatant compared to the control cultures (Fig. 1b). Although 
the differences in response to viral infection were considerable between 
the individuals, the overall reduction in viral replication and release of 
viral particles was 20% and 35%, respectively (online supplement Fig. 1).

Analysis of mRNA expression of the Type I and III interferons 24 hours 
after infections revealed that infection with HRV-16 significantly induced 
the expression of IFN-β and IL-29 compared to sham-infected control 
cultures (Fig 1c). While inhibition of Pim1 kinase resulted in a trend 
towards increased mRNA expression levels of IFN-β, no differences in 
expression of IL-29 upon viral infection in the presence of the Pim1 kinase 
inhibitor were observed. However, even though interferon levels were 
not significantly increased, the levels of IFN-β expression were enhanced 
relative to the viral load within the cell (Fig. 1d).

Taken together, these data suggest that pharmacological inhibition of 
Pim1 kinase activity reduces viral replication in ALI cultures of PBECs from 
healthy individuals in association with maintenance of a high level of IFN 
expression, even upon reduced viral replication.

Inhibition of Pim1 kinase activity reduces viral replication in ALI cultures of 
PBECs from severe asthmatic volunteers

Since virally induced exacerbations are particularly problematic for 
asthmatic patients, we determined the effects of inhibition of Pim1 kinase 
activity on viral replication and anti-viral response in ALI cultures of PBECs 
from severe asthmatic volunteers. In the presence of the Pim1 kinase 
inhibitor, we observed a trend (p=0,063) towards decreased viral copy 
numbers compared to the cultures infected in the absence of the Pim1 
kinase inhibitor (Fig 2a).
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Figure 2: Inhibition of Pim1 kinase activity reduces viral replication in ALI cultures of 
PBECs from severe asthmatic volunteers
ALI cultures of PBECs from severe asthmatic volunteers, pre-treated with the Pim1 inhibitor 
(PKI) or control, were infected with HRV-16 at MOI of 5 for 6 hours at 33 °C and cultured 
until 24 hours after the start of infection. ALI cultures were analyzed for viral RNA copy 
numbers (a) and mRNA expression of IFN-β and IL-29 (b). Median and range are shown. 
Statistical significance was tested with the paired one-sided Wilcoxon matches-pairs 
signed rank test and P < 0,05. Statistical significant differences P < 0,05 compared to Sham- 
infected control are indicated by #.

In line with our observations in the virally infected ALI cultures of PBECs 
from healthy individuals, infection with HRV-16 resulted in marked 
induction of IFN-β and IL-29 expression. As observed in the PBECs from 
healthy individuals 24 hours after infection, concurrent inhibition of 
Pim1 kinase resulted in a trend (0,063) towards increased IFN-β mRNA 
expression levels, while IL-29 mRNA expression was unaffected upon 
inhibition of Pim1 kinase activity (Fig. 2b). This effect was evident in 4 
of 5 cases where treatment with the Pim1 inhibitor augmented IFN-β 
levels (online supplement Fig. 2a), while vRNA levels were reduced. In the 
subject where IFN-β was not increased, viral copy number was low and 
did not change in the presence of the inhibitor (online supplement Fig. 
2b). These data suggest that, in most cases, inhibition of Pim1 kinase can 
also reduce viral replication in ALI cultures of PBECs from severe asthmatic 
volunteers with maintenance of the anti-viral response upon reduced viral 
replication.
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Inhibition of Pim1 kinase activity induces an early anti-viral response

To elucidate the mechanism behind the reduced viral replication upon 
inhibition of Pim1 kinase activity, we analyzed viral replication and the 
subsequent activation of the anti-viral response at earlier times after 
infection in ALI cultures of PBECs from healthy individuals.

Infection with HRV-16 resulted in highly increased viral copy numbers 
compared to control- treated ALI cultures 12 hours after infection, which 
was significantly reduced with 50% in the presence of the Pim1 kinase 
inhibitor (Fig. 3a and online supplement Fig.3a ). As shown in figure 3b, by 
this time, viral particles were detectable in the apical supernatant of the 
infected ALI cultures.

Figure 3: Inhibition of Pim1 kinase activity induces an early anti-viral response
ALI cultures of PBECs from healthy volunteers, pre-treated with the Pim1 inhibitor (PKI) or  
control, were infected with HRV-16 at MOI of 5 for 6 hours at 33 °C and cultured until 12 
hours after the start of infection. The cultures were analyzed for viral RNA copy numbers 
(a), viral load (b), mRNA expression of IFN-β and IL-29 (c) and IP-10 and RANTES (d). 
Median and range are shown. Statistical significance was tested with the paired two-sided 
Wilcoxon matches-pairs signed rank test and P < 0,05. Statistical significant differences P < 
0,05 compared to Sham-infected control are indicated by #.
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Here, we observed a trend (p = 0,063) towards a decrease in the release 
of viral particles of approximately 70% in the presence of the Pim1 kinase 
inhibitor (online supplement Fig. 3b).

Analysis of the expression of IFN-β and IL-29 showed strongly enhanced 
mRNA levels upon viral infection compared to mock-infected controls. 
Concurrent inhibition of Pim1 kinase activity further augmented the 
mRNA expression of both IFN-β and IL-29 (Fig. 3c) and this effect of the 
inhibitor was dependent on viral replication (data not shown). Subsequent 
analysis of the mRNA expression of the interferon inducible genes IP-10 
and RANTES showed a comparable  effect: infection with HRV-16 induced 
the expression of IP-10 and RANTES, which was significantly enhanced in 
the presence of the Pim1 kinase inhibitor (Fig. 3d), but not by the inhibitor 
alone.

To summarize, these data demonstrate that inhibition of Pim1 kinase 
augments the early anti-viral response, resulting in enhanced expression 
of IFN-β and IL-29 as well as their target genes IP-10 and RANTES, thereby 
leading to reduced viral replication.

Increased apical release of IP-10 and RANTES upon inhibition of Pim1 
kinase activity

To establish the mRNA expression data of IP-10 and RANTES seen 12 hours 
after infection, we measured the protein levels of these cytokines in the 
supernatant of the infected culturs. After 24 hours, inhibition of Pim1 
kinase activity resulted in significantly increased levels of apically released 
IP-10 (Fig. 4a) and RANTES (Fig. 4b) compared to HRV-16 infection alone. 
The levels of IP-10 and RANTES were increased after 48 hours compared 
to the levels detected 24 hours after infection, but no differences could 
be observed upon inhibition of Pim1 kinase activity, reflecting the similar 
levels of IFN expression observed at 24 hours post infection (Fig. 1C). These 
data confirm that inhibition of Pim1 kinase activity results in enhanced 
anti-viral activity as evidenced by increased apical release of IP-10 and 
RANTES 24 hours after infection.
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Figure 4: Increased apically release of IP-10 and RANTES upon inhibition of Pim1 kinase 
activity 
ALI cultures of PBECs for healthy volunteers, pre-treated with the Pim1 inhibitor (PKI) or 
control, were infected with HRV-16 at MOI of 5 for 6 hours at 33 °C and cultured until 
24 and 48 hours after the start of infection. The amount of apically released IP-10 and 
RANTES was determined with ELISA (a and b, respectively), 24 and 48 hours after infection. 
Median and range are shown. Statistical significance was tested with the paired two-sided 
Wilcoxon matches-pairs signed rank test and P < 0,05. Statistical significant differences 
P < 0,05 compared to Sham-infected control are indicated by #.

Inhibition of Pim1 kinase activity induces phosphorylation of STAT-1

To test if augmented proteosomal degradation of SOCS proteins upon 
inhibition of Pim1 kinase as postulated by Chen et al [16] was causative 
in the enhanced interferon signaling, we sought to measure the levels of 
SOCS-3 in the cell. Unfortunately, we were not able to detect significant 
differences in the levels of SOCS-3 proteins in cell lysates of ALI cultures 12 
hours after infection (Fig. 5a). Therefore, we decided to test downstream 
activation of the interferon-signaling pathway and analyzed the 
phosphorylation of STAT-1. Phosphorylated STAT-1 was only detectable 
in virally infected ALI cultures, while total STAT-1 was detected at similar 
levels in all the cultures (Fig. 5b). Inhibition of Pim1 kinase activity resulted 
in strongly increased phosphorylation of STAT-1 compared to the HRV-16 
infected cultures alone.
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Figure 5: Augmented phosphorylation of STAT-1 upon inhibition of Pim1 kinase activity
ALI cultures of PBECs from healthy volunteers, pre-treated with the Pim1 inhibitor (PKI) or 
control, were infected with HRV-16 at MOI of 5 for 6 hours at 33 °C and cultured until 12 
hours after the start of infection. Protein levels of SOCS-3 (Fig. 5a) and (phosphorylated) 
STAT-1 (Fig. 5b) were determined by Western blotting. Data are representative of 4 
independent experiments.
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Discussion

In this study, we assessed the potential of Pim1 kinase as novel target for 
therapeutic intervention in virally induced asthma exacerbations, using 
an HRV-16 infection model in PBECs cultured under ALI conditions. We 
demonstrated that 24 hours after infection, viral replication was reduced 
in ALI cultures of PBECs from healthy individuals and severe asthmatic 
volunteers treated with a pharmacological Pim1 kinase inhibitor. The 
reduced viral replication was accompanied by an augmented anti-viral 
inflammatory response characterized by increased gene expression of 
IFN-β, IL-29, IP-10 and RANTES, 12 hours after infection and enhanced 
release of IP-10 and RANTES, 24 hours after infection. Western blot analysis 
of the phosphorylation status of STAT-1 revealed that inhibition of Pim1 
kinase activity in virally infected ALI cultures of PBECs led to increased 
activation of STAT-1, 12 hours after infection, reflecting an increased type-I 
interferon signaling. These data suggest that Pim1 kinase suppresses the 
innate anti-viral response and that inhibition of its activity may thus offer 
a new therapeutic approach for virus-induced asthma exacerbations.

Asthmatic subjects suffer from exacerbations of their disease with 
one of the main triggers being respiratory virus infection [3]. The most 
commonly detected viruses are human rhinoviruses, of which more 
than 100 serotypes have been identified, precluding efficient design of 
vaccination strategies against HRVs [22]. While asthma has not shown to 
be a risk factor for the development of respiratory infections upon infection 
with HRV, the more frequent, more severe and longer lasting symptoms 
of lower-respiratory-tract infections observed in asthmatic patients 
compared to healthy individuals suggest an increased susceptibility 
towards rhinovirus infection [23]. The underlying mechanism for this 
enhanced susceptibility of asthma patients to rhinovirus infections has 
been associated with a deficiency of the innate immune response in 
the bronchial epithelium [9][10]. In the  present  study,  we  infected  
fully  differentiated  ALI  cultures  of  PBECs  from  severe asthmatic
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patients and healthy individuals with human rhinovirus. Exposing PBECS 
to an air interface in the presence of retinoic acid for 21 days results in 
a pseudostratified epithelium containing ciliated, goblet and basal cells, 
recapitulating the airway surface in vivo [24]. Although it has been shown 
before that differentiated PBECs are more resistant towards infection with 
HRV compared to the cells of monolayer cultures [25][26], we achieved 
unambiguous viral infection using a multiplicity of infection of 5, as 
assessed by viral replication and induction of the anti-viral responses in 
cultures from both healthy and severe asthmatic individuals. Although 
we did not observe significant differences in viral replication between 
differentiated cultures from healthy individuals and severe asthmatic 
volunteers, which is in line with previous studies [27][28], our studies 
were not powered to show such a difference.

We recently found that higher endogenous levels of TGF-β in PBEC 
cultures from asthmatic volunteers augmented viral replication and 
suppressed IFN expression in association with increased gene expression 
levels of SOCS-1 and SOCS-3 [15]. SOCS proteins are negative regulators  
of interferon signaling by suppressing the intensity and duration of JAK-
STAT activation [13][14]. In addition to transcriptional regulation, SOCS 
proteins can bind to Elongin BC E3 ligases, leading  to their ubiquitin-
mediated proteosomal degradation [29]. Of note, binding to Elongin 
BC E3 ligases can be prevented by phosphorylation of SOCS proteins by 
Pim kinases, thereby reducing their degradation and enhancing their 
suppressive activity towards JAK-STAT signaling [16]. Thus, the postulated 
mechanism of reduced viral replication upon inhibition of Pim1 kinase 
activity  is enhanced proteosomal degradation of SOCS proteins leading 
to enhanced JAK-STAT activation and augmentation of the interferon-
induced anti-viral response. Although we were not able to show 
decreased total levels of SOCS-3 protein in the presence of the Pim1 
kinase inhibitor, this might be explained by relatively high basal levels of 
SOCS proteins impeding accurate quantification of differences  upon  viral  
infection  and  inhibition  of  Pim1  kinase  activity.  Nonetheless,  we found
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augmented phosphorylation of STAT-1 in virally infected ALI cultures 
treated with the Pim1 inhibitor, suggesting that inhibition of Pim1 kinase 
activity indeed resulted in enhanced activation of the JAK-STAT pathway. 
This activation was further established by increased expression levels 
of IFN-β and IL-29, and increased expression of the interferon inducible 
genes IP-10 and RANTES at transcriptional and protein levels observed 
upon inhibition of Pim1 kinase activity in virally infected ALI cultures.

As observed with monolayer cultures pre-treated with IFN-β to 
augment the anti-viral response [9][11], we observed reduced replication 
of HRV-16 in association with an augmented anti-viral response upon 
inhibition of Pim1 kinase activity using ALI cultures from either healthy 
individuals or severe asthmatic volunteers. These observations reveal that 
inhibition of Pim1 kinase activity can reduce viral replication, irrespective 
of the disease status, suggesting that inhibition of Pim1 kinase might be an 
interesting new therapeutic approach in the treatment of virus-induced 
asthma exacerbations.

Notwithstanding the promising results of inhibition of Pim1 kinase 
activity in reducing  viral replication in ALI cultures of healthy individuals 
and severe asthmatic volunteers, we have  to consider some limitations 
of our study. One limitation of our study is the use of pharmacological 
inhibition of Pim1 kinase activity. Although the Pim1 kinase inhibitor 
K00135 is highly specific and widely used in Pim1 kinase research [20][30]
[31], we cannot exclude the occurrence of off-target effects. However, the 
complexity of our in vitro model of ALI cultures of PBECs complicates the 
establishment of pharmacological inhibition of Pim1 kinase activity with 
for example  siRNA constructs to knock-down the activity at transcriptional 
level. A second limitation of our study is the single use of HRV-16 to induce 
viral infections in bronchial epithelial cells. Next to HRV, influenza and
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respiratory syncytial viruses (RSV) are commonly detected in exacerbations 
and it would be worthwhile to establish if inhibition of Pim1 kinase activity 
can be used as treatment in asthma exacerbations induced by viruses of 
different origin [1].

In summary, our data showed that inhibition of Pim1 kinase activity 
reduces viral replication in ALI cultures of PBECs from healthy individuals 
and severe asthmatic volunteers by enhancing the activity of STAT-1, 
resulting in an augmented interferon-induced anti-viral response. Further 
studies focusing on the mechanism of the enhanced interferon response 
upon inhibition of Pim1  kinase activity should establish our findings and 
reveal the clinical relevance of inhibition of Pim1 kinase activity as novel 
therapeutic treatment in virally induced asthma exacerbations.
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Supplementary data

Supplement Table 1: Summary of clinical and physiological characteristics of subjects used 
to study the effects of inhibition of Pim1 kinase activity on viral replication and anti-viral 
response upon infection with HRV-16.

Asthma was diagnosed by physicians according to the British Thoracic Society guidelines. 
Subjects without asthma were healthy subjects selected from the University of 
Southampton volunteers database. They had no history of asthma and no underlying 
disease. All subjects were recruited after ethical approval and informed consent.

Supplement Figure 1: Effects of inhibition of Pim1 kinase activity on viral copy numbers 
and release of viral particles in HRV-16 infected ALI cultures of PBECs from healthy 
individuals 
ALI cultures of PBECs from healthy individuals were infected with HRV-16 at MOI of 5 
for 6 hours at 33 °C in the absence or presence of the Pim1 kinase inhibitor (PKI) and 
cultured until 24 hours after the start of infection. Viral RNA copy number (a) and release 
of viral particles (b) are shown for each donor in the absence or presence of PKI. Data are 
representative of 9 and 10 independent experiments, respectively.
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Supplement Figure 2: Effects of inhibition of Pim1 kinase activity on mRNA expression of 
IFN-β and viral RNA copy numbers in HRV-16 infected ALI cultures of PBECs from severe 
asthmatic volunteers
ALI cultures of PBECs from severe asthmatic volunteers were infected with HRV-16 at MOI 
of 5 for 6 hours at 33 °C in the absence or presence of the Pim1 kinase inhibitor (PKI) and 
cultured until 24 hours after the start of infection. mRNA expression of IFN-β (a) and viral 
RNA copy numbers (b) are shown for each donor in the absence and presence of the Pim1 
kinase inhibitor. Data are representative of 5 independent experiments. 
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Supplement Figure 3: Effects of inhibition of Pim1 kinase activity on viral copy numbers 
and release of viral particles in HRV-16 infected ALI cultures of PBECs from healthy 
individuals 
ALI cultures of PBECs from healthy individuals were infected with HRV-16 at MOI of 
5 for 6 hours at 33 °C in the absence or presence of the Pim1 kinase inhibitor (PKI) and 
cultured until 12 hours after the start of infection. Viral RNA copy number (a) and release 
of viral particles (b) are shown for each donor in the absence or presence of PKI. Data are 
representative of 7 independent experiments.
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Abstract

Most patients with allergic asthma are sensitized to house dust mite 
(HDM). The allergenicity of HDM largely depends on disruption of the 
integrity and pro-inflammatory activation of the airway epithelium. In this 
study, we hypothesized that Pim1 kinase activity attenuates HDM-induced 
asthma by preserving airway epithelial integrity. The effects of Pim1 
kinase activity on barrier function and release of the pro-inflammatory 
mediators IL-1α and CCL20 were studied in vitro in 16HBE and primary 
bronchial epithelial cells (PBECs). Pim1-proficient and deficient mice were 
exposed to a HDM-driven model of allergic asthma, and airway hyper-
responsiveness (AHR) was measured upon metacholine challenge. Airway 
inflammation and pro-inflammatory mediators in lung tissue and BAL fluid 
were determined. We observed that inhibition of Pim1 kinase prolongs the 
HDM-induced loss of barrier function in 16HBE cells and sensitizes PBECs 
to HDM-induced barrier  dysfunction. Additionally, inhibition of Pim1 
kinase increased the HDM-induced pro-inflammatory activity of 16HBE 
cells as measured by IL-1α secretion. In line herewith, HDM exposure 
induced an enhanced production of the pro-inflammatory chemokines 
CCL17 and CCL20 in Pim1-deficient mice compared to wild-type controls. 
While we observed a marked increase in eosinophilic and neutrophilic 
granulocytes as well as mucus cell metaplasia and AHR to metacholine 
in mice exposed to HDM, these parameters were independent of Pim1 
kinase activity. In contrast, levels of the Th2-cytokines IL-5 and IL-10 
were significantly augmented in HDM-treated Pim1-deficient mice. Taken 
together, our study shows that Pim1 kinase activity maintains airway 
epithelial integrity and protects against HDM-induced pro-inflammatory 
activation of the airway epithelium.

Keywords

Th2-cytokines; Epithelial barrier function; Allergen; Innate 
immune  response; Eosinophils
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Introduction

Asthma is a chronic inflammatory airways disease characterized by 
variable airflow obstruction, symptoms of cough and dyspnea, and airway 
hyper-responsiveness (AHR) and remodeling [1]. With a prevalence of 
approximately 300 million people worldwide, asthma related healthcare 
costs are substantial [2][3]. The most common sub-phenotype of the 
disease, allergic asthma, can be distinguished by infiltration of eosinophils 
and CD4+T Helper (Th) type 2 cells into the airway sub-mucosa as a 
consequence of sensitization and continued exposure to aero-allergens 
[4][5]. While several aero-allergens are known to be involved in the 
inception and exacerbation of allergic asthma including cockroach, pollen, 
mold and pets, the most commonly observed sensitization is to the aero- 
allergen house dust mite (HDM) [4][6].

The allergenicity of HDM is caused by the complex composition 
of the mite bodies and their fecal pellets, containing allergenic  
Dermatophagoides pteronyssinus (Der P) proteases, β-glucans and the 
glucosamine-based polymer chitins as well as microbial compounds like 
lipopolysaccharide (LPS) [4]. Upon inhalation, HDM precipitates on the 
airway epithelial cells of the conducting airways. The airway epithelium 
forms a continuous physical and immunological barrier between the 
external environment of the respiratory tract and the inner sub-mucosal 
tissue [7]. HDM impairs the integrity of the airway epithelial barrier through 
delocalization of the epithelial junctional molecules E-cadherin, ZO-1 and 
occludin, which subsequently facilitates uptake of HDM by and activation 
of immature dendritic cells (DCs) [8][9][10]. We have previously shown that 
disruption of epithelial barrier function also leads to increased production 
of pro-inflammatory chemokines from the airway epithelial cells - 
including the Th2 cell-attracting chemokine CCL17 - and further augments 
the inflammatory immune response [11]. In addition, we have shown that 
HDM-induced allergic sensitization and AHR in vivo correlates with its 
capacity to induce loss of epithelial barrier function as  well as  production 
of  the  DC and T cell-attractant  CCL20 in vitro [9]. Moreover,  HDM has   been
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shown to induce the release of IL-1α from airway epithelial cells in vivo 
and in vitro, which subsequently triggers the release of DC-attracting 
chemokines in an autocrine manner [12]. Therefore, we and others have 
proposed an important role for the airway epithelium in the inception 
of allergic asthma and factors influencing the integrity of the airway 
epithelium could be important in the pathogenesis of allergic asthma [13]
[14].

Pim1 kinase is a constitutively active serine/threonine kinase, highly 
expressed in the airway epithelium. By phosphorylating serine and/
or threonine residues of its protein targets, Pim1 kinase is involved in 
a wide variety of cellular processes like cell growth and differentiation, 
and is most well-known for its anti-apoptotic properties [15]. A study by 
Shin et al showed that pharmacological inhibition of Pim1 kinase activity 
in an ovalbumin-induced asthma model reduces eosinophilic airway 
inflammation and subsequent AHR to metacholine, indicating that Pim1 
kinase is involved in the pathogenesis of allergic asthma [16]. Based on 
the protective effect of Pim1 kinase on CS-induced damage of the airway 
epithelial cells [17], we hypothesize that Pim1 kinase activity also protects 
against the development of HDM-induced allergic asthma by preserving 
airway epithelial integrity. To investigate this, we assessed the role of 
Pim1 kinase both on HDM-induced airway epithelial barrier dysfunction 
and pro-inflammatory responses as well as in a mouse model of HDM-
induced allergic asthma.
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Material and methods

Cell culture

The human bronchial epithelial cell line 16HBE was kindly provided by 
Dr DC Gruenert (University of California, San Francisco, CA, USA). The 
cells were cultured in 30 µg/ml collagen (Purecol, Advanced BioMatrix 
Inc, San Diego, CA, USA) and 10 µg/ml BSA (Sigma Aldrich, Zwijndrecht, 
The Netherlands) coated flasks in EMEM (Lonza, Verviers, Belgium) 
supplemented with 10% heat-inactivated fetal bovine serum (Hyclone, 
Thermo Scientific, Cramlington, UK), 100 U/ml penicillin and 100 µg/ml 
streptomycin (Gibco, Life Technologies Europe, Bleiswijk, The Netherlands) 
as previously described [11].

Primary bronchial epithelial cells (PBECs) from healthy individuals were 
obtained by bronchial brushings according to standard guidelines, and 
approved by the Medical Ethics Committee of the University Hospital of 
Groningen (Groningen, The Netherlands). All participants signed informed 
consent, and subject characteristics can be found in table 1. PBECs were 
cultured in tissue culture flasks coated with 30 µg/ml collagen (Purecol, 
Advanced BioMatrix Inc), 30 µg/ml fibronectin (Sigma- Aldrich) and 
10 µg/ml BSA (Sigma-Aldrich) in hormonally-supplemented bronchial 
epithelial growth medium (BEGM, Lonza) containing 100 U/ml penicillin 
and 100 µg/ml streptomycin (Gibco, Life Technologies Europe) as 
previously described [11].

Table 1: Summary of clinical and physiological characteristics of healthy subjects used to 
study the effects of inhibition of Pim1 kinase activity on airway epithelial barrier function 
upon HDM exposure 

All subjects were recruited after ethical approval and informed consent.
 

45
(21 - 70)

1/3 103
(98 - 109)

0/4
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Resistance measurements

The airway epithelial resistance of cultures of 16HBE cells and PBECs 
was measured using the electric cell-substrate impedance sensing (ECIS, 
Applied Biophysics Inc, Troy, NY, USA) technique as described by Heijink et 
al [11]. Gold-film electrode arrays were coated with collagen, BSA and/or 
fibronectin as described for cell culture and cells were seeded at a density 
of 100,000 cells/well for 16HBE cells and 75,000 cells/well for PBECs in 
the cell-specific culture medium. The resistance of the airway epithelial 
cells was measured real-time. Once resistance had stabilized, 16HBE 
or PBECs were placed for 24 h in EMEM without serum or hormonally-
deprived bronchial epithelium basal medium (BEBM) containing 
10 µg/ml transferrin (Sigma-Aldrich), 5 µg/ml insulin (Sigma-Aldrich), 
50 µg/ml Gentamycin (Sigma- Aldrich) and 50 ng/ml Amphotericin 
(Sigma-Aldrich), respectively. Subsequently, cells were pre-treated with 
5 µM Pim1 kinase inhibitor K00135 (PKI) [18] or DMSO as vehicle control 
for 1 h and stimulated with 50 or 100 µg/ml HDM for 16HBE cells and 
PBECs respectively. Normalized resistance was calculated relative to the 
resistance of the cultures at the last measurement prior to addition of PKI 
or HDM.

Release of IL-1α and CCL20 from 16HBE cells

16HBE cells were cultured at a density of 100,000 cells/well in 24 wells 
plates until confluence as previously described [11], and serum starved 
overnight in the presence of 5 µM PKI or DMSO as vehicle control. 
Subsequently, cells were stimulated with 50 µg/ml HDM or medium 
control for 24 h. Supernatant was collected and the levels of IL-1α and 
CCL20 were measured in cell-free supernatant by ELISA, according to 
manufacturer’s instructions (R&D Systems).
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Mouse studies

Female Pim1-deficient and -proficient FVB/Nrcl mice (10-18 wk) were 
bred and genotyped at the animal facility of the University of Groningen, 
The Netherlands. Mice were kept under specific pathogen-free conditions 
in individually ventilated cages, and maintained on a 12:12-h light-dark 
cycle, with food and water ad libitum. Animal housing, breeding, and 
experiments were performed after ethical review by and written approval 
of the Institutional Animal Care and Use Committee (IACUC-RUG) of the 
University of Groningen, The Netherlands.

House dust mite sensitization protocol

Twenty µl HDM extract (Greer Laboratories, Lenoir, NC, USA) dissolved 
in sterile PBS (2.5 mg total weight/ml) or PBS as vehicle control was 
administered intranasally twice a week for 5 weeks using isoflurane/
oxygen anesthesia, as schematically depicted in figure 3A. Airway 
resistance upon intravenous metacholine challenge was measured by 
FlexiVent (SCIREQ, Montreal, Canada) 24 h after the last HDM challenge 
as described before [9], and bronchoalveolar lavage (BAL) fluid, blood and 
lungs were collected. The left lung lobe was inflated with TissueTek OCT 
Compound (Sakura Finetek Europe, Zoeterwoude, The Netherlands) for 
histological analysis 24 h after the last HDM challenge.

Collection of BAL fluid

BAL fluid was collected as previously described(5). Briefly, lungs were
lavaged through a tracheal cannula with 1 ml PBS containing 3% BSA 
(Sigma Aldrich, Zwijndrecht, The Netherlands) and Complete Mini 
Protease Inhibitor Cocktail (Roche Diagnostics, Basel, Switzerland). Cell-
free supernatant  was  stored  at  -80°C  until  further  analysis.  Lavage  
was  repeated  4  times  with 1-ml aliquots of PBS and after pooling the 
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cells, total BAL cell numbers were counted with a Z2 coulter particle count 
and size analyzer (Beckman Coulter, Woerden, The Netherlands), and 
cytospins were prepared.

For the preparation of single cell suspensions, lungs were collected 
in PBS containing 1% BSA, and sliced into a homogenous suspension. 
The cell suspension was incubated in RPMI containing 1% BSA, 
4 mg/ml collagenase A (Roche Diagnostics) and 0.1 mg/ml DNase I 
(Roche Diagnostics) for 1 h at 37 °C, and after filtering through a 70-
µM Falcon cell strainer (BD Biosciences, San Jose, CA, USA) pelleted 
by centrifugation. Red blood cells were lysed in lysis buffer (Hospital 
Pharmacy UMCG, Groningen, The Netherlands) and resuspended in 
200 µl PBS containing 1% BSA. Total cell numbers were determined as 
described above, and cytospin preparation were made.

Analysis of single cell suspension of BAL fluid and lung tissue

Cytospin preparations of the cellular components of BAL fluid and 
lung tissue were stained with Diff-Quick (Merz & Dade, Dudingen, 
Switzerland), and evaluated in a blinded fashion. Cells  were identified 
and differentiated into mononuclear cells, neutrophils and eosinophils by 
standard morphology upon counting of at least 300 cells per preparation.

Preparation of lung tissue homogenates

Mouse lungs were homogenized on ice using a T10 basic Ultra TURRAX 
(IKA®-Werke GmBH & Co. KG, Staufen, Germany) in 4 µl Luminex buffer 
containing 50 mM Tris-HCl (Biorad Laboratories, Hercules, CA, USA), 150 
mM NaCl (Sigma-Aldrich), 0.002% Tween (Sigma-Aldrich) and Complete 
Mini Protease Inhibitor Cocktail (Roche Diagnostics) per mg lung tissue. 
Total protein levels in cell debris-free supernatant were determined with 
the PierceTM  BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA). 
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Cytokine analysis of BAL fluid and lung tissue homogenates

The levels of IL-5 and IL-10 in BAL fluid were determined using individual 
ELISA components from BD Biosciences optimized in our laboratory (1.0 
µg/ml capture and detection antibody, and a standard curve starting 
at 7500 pg/ml). The levels of IL-1α, CCL17 and CCL20 in lung tissue 
homogenates were determined by ELISA, according to manufacturer’s 
instructions (R&D Systems, Abingdon, UK) and corrected for the amount 
of total protein. Outliers were identified with the ROUT method (with Q 
set to 1%) and removed upon identification.

Preparation and staining of lung tissue sections

Inflated lungs were fixed in 10% Formalin for 24 h, and embedded in 
paraffin. 3 µM-thick sections were stained with haemotoxylin/eosin (HE) 
and Periodic acid-Schiff (PAS). Representative images were made using 
Hamamatsu Nanozoomer 2.0 HT  (Hamamatsu  Corporation,  Bridgewater, 
MA, USA), and analyzed with Aperio ImagaScope (Leica Biosystems, 
Nussloch, Germany).

Statistical analysis

The Mann-Whitney U test was used to test for statistical significance 
between groups in the in vivo experiments, except for the statistical 
analysis of the AHR, which was conducted with the generalized estimating 
equations method [19]. ECIS data was analyzed with the 2-way ANOVA, 
and differences in the release of IL-1α and CCL20 were tested using the 
Student’s t-test for paired observations.
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Results

Inhibition of Pim1 kinase activity enhances HDM-induced epithelial barrier 
dysfunction and release of pro-inflammatory chemokines in 16HBE cells

To test our hypothesis that Pim1 kinase affects the sensitivity to HDM by 
protecting the airway epithelium against loss of integrity, we first assessed 
whether inhibition of Pim1 kinase activity had an effect on the airway 
epithelial barrier function. We treated a confluent layer of the human 
airway epithelial cell line 16HBE with a highly specific pharmacological 
Pim1 kinase inhibitor [18] and determined the effects on barrier function 
by measuring low frequency electrical resistance across the epithelial 
layer, the most sensitive parameter to monitor changes in cell-cell contacts 
[20]. As shown in fig. 1A, the addition of PKI resulted in a transient loss of 
epithelial resistance, while treatment with the solvent alone (DMSO) did 
not affect airway epithelial resistance (data  not shown). The fact that PKI 
did not affect capacitance – a highly sensitive parameter for cell-matrix 
contacts [20] – indicates that inhibition of Pim1 kinase specifically acts on 
cell-cell contacts in 16HBE cells.

We previously showed that HDM induces a transient loss of airway 
epithelial barrier function in 16HBE cells, with subsequent release of CCL20 
into the supernatant [9]. Therefore, we tested whether pharmacological 
inhibition of Pim1 kinase activity augmented the loss of airway epithelial 
resistance observed upon exposure to HDM. A confluent layer of 16HBE 
cells was pre-treated with PKI, where after HDM was added. As shown in 
fig. 1B, exposure to HDM resulted in a rapid decrease of 16HBE monolayer 
resistance, that returned to baseline within 1 h after the start of the 
exposure, in line with our previous observations [9]. Interestingly, pre-
treatment with PKI significantly prolonged the loss of epithelial barrier 
function upon HDM exposure, without affecting the magnitude of the 
response (fig. 1B).
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Figure 1: Inhibition of Pim1 kinase activity enhances HDM-induced epithelial barrier 
dysfunction and release of pro-inflammatory chemokines in 16HBE cells
Low frequency electrical resistance across a monolayer of 16HBE cells was measured for 
up to 90 minutes using ECIS upon treatment with 5 µM Pim1 kinase inhibitor (PKI) (A) 
and after stimulation with 50 µg/ml HDM with or without pre-treatment with PKI for 1 h 
(B). Normalized resistance relative to the resistance of the monolayer cultures at the last 
measurement prior to addition of PKI or HDM is shown. The release of IL-1α (C) and CCL20 
(D) into the tissue culture supernatant of a confluent monolayer of 16HBE cells, 24 h after 
treatment with PKI, stimulation with HDM or stimulation with HDM after pre-treatment 
with PKI was determined with ELISA. Independent experiments were performed 4 times 
for the measurement of resistance and 5 times for the measurement of cytokine release. 
Mean and SEM across the independent experiments are shown. * P < 0,05.

To assess if concurrent inhibition of Pim1 kinase also augments the 
HDM-induced release of the pro-inflammatory mediators IL-1α and 
CCL20 in vitro, we pre-treated 16HBE cells with PKI, and measured 
the release of both mediators upon stimulation with HDM. Inhibition 
of Pim1 kinase increased both baseline and HDM-induced release 
of IL-1α (fig. 1C). HDM also significantly enhanced the release of
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CCL20, however, inhibition of Pim1 kinase activity did not enhance the 
release of CCL20 either at baseline or upon exposure to HDM (fig. 1D).

In summary, these results show that inhibition of Pim1 kinase itself 
induces a transient loss of epithelial barrier function, which is accompanied 
by an increased release of the pro-inflammatory cytokine IL-1α. Moreover, 
inhibition of Pim1 kinase activity prolongs the HDM-induced loss of airway 
epithelial barrier function and release of IL-1α.

Inhibition of Pim1 kinase impairs barrier function in the presence of HDM 
in primary bronchial epithelial cells

To increase the translational relevance of our findings, we used PBECs 
from healthy subjects to confirm our findings in 16HBE cells. As observed 
before [21], exposure of PBECs from  healthy controls to HDM did not 
significantly affect barrier function as measured by low-frequency 
resistance (fig. 2A). Furthermore, inhibition of Pim1 kinase itself did not 
induce significant changes in airway epithelial resistance in PBECs (fig. 
2B). However, pre-treatment with PKI results in significantly decreased 
electrical resistance upon subsequent HDM exposure compared to the 
control treated PBECs (fig. 2C), to a similar extent as previously observed 
in PBECs derived from asthma patients [21]. Since no significant effect 
of PKI or HDM on high-frequency capacitance was observed (data not 
shown), the decrease in airway epithelial resistance is likely to be specific 
for cell-cell contacts. These data indicate that inhibition of Pim1 sensitizes 
PBECs to HDM-induced loss of epithelial barrier function, identifying Pim1 
as a relevant regulatory node in maintenance of airway epithelial integrity.
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Figure 2: Inhibition of Pim1 kinase impairs barrier function in the presence of HDM in 
primary bronchial epithelial cells
Primary bronchial epithelial cells (PBECs) derived from bronchial brushes of healthy control 
subjects were cultured and the low frequency electrical resistance across a monolayer of 
PBECS was measured by ECIS for up to 12 h. PBECs were stimulated with 100 µg/ml HDM 
(A), treated with 5 µM Pim1 kinase inhibitor (PKI) (B), and stimulated with HDM upon 
pre-treatment for 1 h with PKI (C). Normalized resistance relative to the resistance of the 
monolayer cultures at the last measurement prior to stimulation is shown. Experiments 
were repeated 4 times with PBECs from independent donors and mean and SEM are 
shown. * P < 0,05.

HDM-induced release of pro-inflammatory cytokines is augmented in 
Pim1-deficient mice

Pro-inflammatory cytokine and chemokine release by damaged airway 
epithelium is thought to play an important role in airway inflammation 
in HDM-driven experimental mouse models of allergic asthma, leading to 
activation of innate cell subpopulations such as DCs and innate lymphoid 
cells [12]. Specifically, it has been shown that HDM exposure increases 
the production of the pro- inflammatory  mediators  CCL17,  CCL20  and  
IL-1α  in vivo  [9][12]. Therefore,  we  assessed whether Pim1 kinase 
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activity affects the induction of pro-inflammatory chemokines and 
cytokines upon repeated HDM challenges in a HDM-driven mouse model 
of allergic asthma. To this end, we subjected Pim1-deficient FVB/Nrcl mice 
and wild-type controls intranasally to HDM twice a week for 5 weeks and 
determined the levels of pro-inflammatory mediators in lung tissue (fig. 
3A).

In line with our in vitro data, the levels of IL-1α in lung homogenates 
of wild-type FVB/Nrcl mice challenged with HDM were significantly 
enhanced compared to mice treated with PBS, with a stronger increase 
in Pim1-deficient mice, although this failed to reach statistical significance 
(fig. 3B). Next we analyzed release of the epithelial-derived chemokines 
CCL17 and CCL20, which contribute to activation of DCs and Th2 cells 
upon HDM exposure [11][22].

Figure 3: HDM-induced release of pro-inflammatory cytokines is augmented in Pim1-
deficient mice
Female FVB/Nrcl mice deficient (KO) or proficient (WT) for Pim1 kinase were treated 
intranasally with 20 µl HDM extract (2.5 mg total weight/ml) or PBS twice a week for 5 
weeks, and mice were sacrificed for analysis 24 h after the last HDM exposure (A). The 
levels of IL-1α (B), CCL17 (C) and CCL20 (D) in lung homogenates were determined by 
ELISA, and expressed as pg/mg total protein in lung homogenate. Each experimental group 
consists of 10-11 mice and the median of each group is presented. * P < 0,05.
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By analyzing the levels of CCL17 in lung homogenates of Pim1-deficient 
and wild-type mice, we observed significantly higher levels of CCL17 in 
the HDM-challenged groups compared to the PBS-challenged groups (fig. 
3C). Interestingly, the levels of CCL17 after HDM treatment were also 
significantly elevated in lung tissue of Pim1-deficient mice over wild-type 
controls. A similar effect was observed for CCL20 (fig. 3D), where levels 
were significantly higher upon HDM treatment in the Pim1-deficient 
compared to the wild-type mice. Of note, only a trend (p=0.09) towards 
increased levels of CCL20 upon HDM challenge could be observed in 
Pim1-deficient mice.

HDM-induced local airway inflammation is independent of Pim1 kinase 
activity

Next, we evaluated whether Pim1-deficiency predisposes towards 
enhanced HDM-induced local airway inflammation by analyzing the 
cellular composition of the BAL fluid. As shown in figure 4A, exposure 
to HDM significantly enhanced the total number of cells present in the 
BAL fluid of wild-type mice. Differential cell counts revealed a significant 
increase in mononuclear cells, eosinophils and neutrophils in BAL 
fluid upon challenge with HDM in the wild-type mice (fig. 4B, C and D, 
respectively). A comparable effect was observed in Pim1-deficient mice 
with significant higher total cell numbers and BAL counts of mononuclear 
cells, eosinophils and neutrophils in the HDM-challenged compared to 
PBS-treated mice. Thus, the increase in inflammatory cells in BAL fluid 
induced by HDM exposure is not affected by Pim1 deficiency. Similar 
results were observed for the differential cell count in lung tissue, with an 
increased fraction of eosinophils and neutrophils in the mice challenged 
with HDM, and no differences between the Pim1-deficient and proficient 
mice (data not shown).
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Figure 4: HDM-induced inflammatory cells infiltrate in BAL fluid is independent of Pim1 
kinase activity
The BAL fluid of the mice described in figure 3 was analyzed for total cell numbers (A), the 
number of mononuclear cells (B), eosinophils (C) and neutrophils (D). The lower limit of 
detection was 300 cells. Each experimental groups consists of 11 mice and the median of 
each group is presented. * P < 0,05.

In addition to inflammatory cell infiltrates, we assessed whether HDM 
could induce airway inflammation and mucus secretion, and whether 
these manifestations of asthma were increased in the absence of Pim1 
kinase activity. As shown by HE staining, there was no inflammation 
around the airways in mice challenged with PBS (fig. 5A and 5C). HDM 
challenge, on the other hand, resulted in marked inflammation of the 
airways (fig. 5B and 5D). Comparison of the inflammation between wild- 
type (fig. 5B) and Pim1-deficient mice (fig. 5D) revealed no differences 
between the two groups.
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Next to airway inflammation, HDM challenge induced marked goblet 
cell metaplasia compared to PBS treated controls (fig. 5E-H). Again, no 
differences could be observed when comparing the PAS staining in wild-
type (fig. 5F) and Pim1 knock out mice (fig. 5H).

Figure 5: Pim1 kinase activity does not affects HDM-induced local airway inflammation
Female FVB/Nrcl mice deficient (KO) or proficient (WT) for Pim1 kinase were treated 
intranasally with 20 µl HDM extract (2.5 mg total weight/ml) or PBS twice a week for 5 
weeks and 24 h after the last HDM exposure lungs were collected for histological analysis. 
HE staining was performed on lung sections of PBS-treated WT mice (A), HDM-treated WT 
mice (B), PBS-treated Pim1 KO mice (C) and HDM-treated Pim1 KO mice (D). PAS staining 
was performed on lung sections of PBS-treated WT mice (E), HDM-treated WT mice (F), 
PBS-treated Pim1 KO mice (G) and HDM-treated Pim1 KO mice (H). Representative staining 
of 3-5 mice in each experimental groups are shown.
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Pim1-deficiency does not affect HDM-induced AHR

AHR is an important clinical feature of allergic asthma, and we previously 
showed AHR to be induced in this experimental mouse model of HDM-
induced allergic airway inflammation in BALB/cByJ mice [9]. Therefore, 
we measured airway resistance in Pim1-deficient and proficient FVB/
Nrcl mice exposed to HDM or PBS upon challenge with increasing doses 
of metacholine. As shown in figure 6A, exposure of mice to HDM for 5 
weeks resulted in increased airway resistance in response to metacholine 
compared to mice exposed to PBS. However, the within-group variation 
in airway resistance is considerable, and significant differences were not 
found between wild-type mice exposed to HDM or PBS. Nevertheless, in 
contrast to the wild-type mice, HDM significantly induced AHR compared 
to the PBS-challenged littermates in Pim1-deficient mice. Furthermore, 
we observed a trend (p=0.08) towards a higher AHR in the Pim1-deficient 
mice compared to the  wild-type controls challenged with HDM.

Figure 6: HDM induced AHR is not affected by Pim1 kinase activity
Female FVB/Nrcl mice deficient (KO) or proficient (WT) for Pim1 kinase were treated 
intranasally with 20 µl HDM extract (2.5 mg total weight/ml) or PBS twice a week for 5 
weeks and 24 h after the last HDM exposure AHR to metacholine challenge was determined 
by invasive measurement of airway resistance (Flexivent). AHR upon increasing doses of 
metacholine was measured (A) and the metacholine dose required to obtain a resistance 
of 3 cmH2O.s/ml was calculated (B).The number of mice in each experimental group varies  
between 3 and 9 mice. The median and range are shown for each group. * P < 0,05.
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To assess whether this trend reflected a by-chance finding, we evaluated 
the dose of metacholine needed to achieve an airway resistance of 3 
cmH2O.s/ml (ED3). The ED3 was significantly lower in the mice challenged 
with HDM compared to the PBS-challenged group (Fig. 6B), but without 
significant difference between the Pim1-deficient mice and wild-type 
controls, suggesting that metacholine-induced AHR is not affected by 
Pim1-deficiency in this mouse model of HDM-induced allergic asthma.

Th2-mediated inflammatory immune response upon HDM exposure is 
augmented in the absence of Pim1 kinase activity

Notwithstanding the fact that the HDM-induced local airway inflammation 
and AHR was not critically regulated by Pim1 kinase activity, we next 
investigated whether the augmented increase in CCL17 and CCL20 was 
associated with increased Th2 activity in the lungs by assessing the 
production of Th2-type cytokines [14].

Figure 7: Th2-mediated inflammatory immune response upon HDM exposure is 
augmented in the absence of Pim1 kinase activity
The levels of IL-5 (A) and IL-10 (B) in BAL fluid of the mice previous described in figure 
3 were determined by ELISA. Each experimental group consists of 11 and 6 mice for the 
measurement of IL-5 and IL-10, respectively. Median of each group is presented. * P < 0,05.
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We observed that levels of IL-5 and IL-10 in BAL fluid were significantly 
enhanced upon HDM exposure compared to PBS-treated mice in both 
Pim1-deficient mice and wild-type controls (fig. 7A and 7B, respectively), 
while IL-13 was not detectable (data not shown). Of note, the levels 
of IL-10 were only measured in a subset of mice (n=6). In line with the 
increased levels of CCL17 and CCL20 in the absence of Pim1, we observed 
significantly higher levels of IL-5 (fig. 7A) and IL-10 (fig. 7B) in the BAL fluid 
of HDM-treated Pim1-deficient mice compared to the wild-type controls.

In conclusion, our results show that pharmacological inhibition of Pim1 
kinase activity provokes a stronger effect of HDM on epithelial barrier 
function in PBECs and prolongs the HDM-induced loss of barrier function 
in 16HBE cells, which is accompanied by increased release of the pro-
inflammatory cytokine IL-1α. In vivo, the absence of Pim1 kinase increases 
the release of pro-inflammatory mediators by the airway epithelium upon 
allergic sensitization with HDM as well as the activity of Th2 cells in the 
lungs, while airway inflammation and AHR are not affected.
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Discussion

In this study, we showed that Pim1 protects against HDM-induced barrier 
dysfunction and the associated release of pro-inflammatory cytokine IL-
1α by airway epithelial cells in vitro. Interestingly, the levels of the pro-
inflammatory mediator CCL17 and CCL20 - and to a lesser extent IL-1α 
- were augmented in Pim1-deficient FVB/Nrcl mice exposed to HDM. 
While we could not observe a direct effect of Pim1 deficiency on influx 
of eosinophilic and neutrophilic granulocytes into the airways or on 
AHR upon metacholine challenge in the HDM-treated mice, the release 
of the Th2-cytokines IL-5 and IL-10 was augmented in the lungs Pim1-
deficient compared to wild-type mice upon exposure to HDM. Taken 
together, our results suggest that Pim1 protects against HDM-induced 
barrier dysfunction in vitro, and that loss of Pim1 activity sensitizes the 
airway epithelium to HDM-induced pro-inflammatory activity, leading to 
enhanced Th2 cell activity and associated release of Th2-cytokines upon 
allergic sensitization in vivo.

The allergenicity of HDM is exerted through a combined effect on the 
innate and adaptive immune response, and this particular combination 
makes HDM a highly potent allergen [23]. A pivotal role in the sensitization 
to HDM is reserved for the airway epithelium. Specifically, disruption of the 
airway epithelial barrier upon HDM exposure has been suggested to be 
important in the allergenic effects of HDM [9]. In vitro studies of our group 
and others have shown that HDM exposure induces disruption of airway 
epithelial integrity and increased release of pro-inflammatory cytokines 
and chemokines [8][10][21][24][25]. By transcriptional knock-down of 
E-cadherin using siRNA in bronchial epithelial cells, we previously showed 
that loss of epithelial integrity in the absence of any further allergens is 
sufficient to induce CCL17 expression, underscoring the relevance of loss 
of epithelial integrity for the pro-inflammatory response to allergens [11]. 
Furthermore, in vivo studies of HDM-driven mouse models of allergic 
asthma showed that the ability of HDM extract to induce loss of epithelial 
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barrier function was associated with the release of the pro-inflammatory 
chemokines CCL20 and CCL17 and induction of a type-2 inflammatory 
immune response [9]. This further highlights the importance of the airway 
epithelium in allergic asthma.

Our current study reveals that while the HDM-induced influx of 
eosinophilic and neutrophilic granulocytes and mucus cell metaplasia 
is not affected by Pim1 kinase activity, the innate epithelial immune 
response as measured by the release of pro-inflammatory chemokines 
CCL17 and CCL20 is enhanced in its absence. In line with the increased 
levels of these chemotactic mediators, Pim1-deficiency resulted in 
augmented BAL levels of IL-5 and IL-10 upon HDM challenge, reflecting 
enhanced Th2 activity. While IL-5 is traditionally postulated as a typical Th2 
cytokine, the increased levels of IL-5 observed in Pim1-deficient mice may 
also reflect increased activation of group 2 innate lymphoid cells (ILC2s). 
ILC2s, which resemble Th2 cells but lack the antigen-specific receptors, 
have been shown to be a major producer of IL-5 in HDM-induced allergic 
airway inflammation in mice [26][27]. Moreover, a recent study by Wang 
et al found that pharmacological inhibition of Pim1 kinase suppresses Th2 
differentiation, arguing against a prominent role for Th2 cell activity in 
the HDM-induced IL-5 response observed in Pim1-deficient mice[28]. ILC2 
activation is dependent on the release of pro-inflammatory mediators 
such as IL-25, IL-33 and Thymic Stromal Lymphopoietin (TSLP) by airway 
epithelial cells. Therefore, we anticipate that augmented loss of epithelial 
integrity - which we have previously shown to lead to increased TSLP 
expression [11] - upon HDM exposure in Pim1-deficient mice may result in 
increased release of IL-5 by ILC2s [14][26]. In support of this notion, our in 
vitro data using 16HBE cells and PBECs clearly indicate that loss of airway  
epithelial  barrier function and release of pro-inflammatory mediators 
in response to HDM is enhanced in the absence of Pim1 kinase activity.
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An explanation for the discrepancy between absence of an enhanced 
eosinophilic airway inflammation and AHR on the one hand and the 
exaggerated innate epithelial inflammatory response observed in Pim1-
deficient mice upon exposure to HDM on the other, might be found in the 
involvement of Pim1 in eosinophil survival [29]. Based on the enhanced 
levels of IL-5 observed in Pim1-deficient mice exposed to HDM and the 
well-known role of IL-5 in driving eosinophilia [14], one would expect 
an increased recruitment of eosinophils to the lungs in these mice. The 
lack of a difference in eosinophil numbers between HDM-treated Pim1-
deficient mice and wild-type controls might therefore reflect the net 
result of increased migration of eosinophils to  lung  tissue and reduced 
survival of these cells in the lungs of Pim1-deficient mice.

Interestingly, a previous study by Shin et al showed reduced AHR, 
eosinophilic airway inflammation and Th2 cytokine concentrations in the 
BAL fluid of ovalbumin (OVA) sensitized and challenged BALB/c mice upon 
pharmacological inhibition of Pim1 kinase activity [16]. However, the 
experimental set-up of these two studies are rather different and a number of 
explanations for the inconsistencies between both studies can be postulated.

First of all, Shin et al used a specific pharmacological inhibitor for 
Pim1 kinase activity, which was administered in OVA sensitized mice 
only during OVA challenges. In our study, we used  mice with a germline 
deficiency for Pim1 on a FVB/Nrcl background, where Pim1 kinase 
activity was absent throughout the complete HDM exposure protocol. 
Pim1 kinase is known to be crucial for the survival of eosinophils and 
it has been shown that the viability of eosinophils is markedly reduced 
in the absence of Pim1 kinase activity [29]. As described by Shin et al, 
pharmacological inhibition of Pim1 kinase activity during OVA challenges 
directly affected the eosinophil numbers. Here, the reduced eosinophilic 
airway inflammation observed upon inhibition of Pim1 kinase activity may 
be caused by increased apoptosis of eosinophils, resulting in a decreased 
allergic response compared to vehicle-treated mice [29]. Our experiments 
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using Pim1-deficient mice show that Pim1 activity is not critically required 
for the differentiation of eosinophilic granulocytes and migration of these 
cells to the lung tissue. The presence of eosinophils in Pim1-deficient mice 
may also indicate that these eosinophils likely adapted to the loss of Pim1 
by compensatory mechanisms.

Secondly, while we used a HDM-driven mouse model of allergic 
asthma, Shin et al used an OVA-driven mouse model of allergic asthma 
[16]. In OVA-driven models, the development of allergic asthma is 
induced by intraperitoneal ovalbumin sensitization combined with the 
adjuvant aluminium hydroxide, resulting in a strong, peripherally initiated 
Th2-driven eosinophilic response [4]. In HDM-driven models, allergic 
sensitization is dependent on airway epithelial activation upon inhalation 
of allergens [4], thereby mimicking the route of allergen sensitization 
observed in humans. Hence, the main difference between the OVA- and 
HDM-induced mouse models of allergic asthma is the dependence on 
airway epithelial activation for sensitization to the allergen. We showed 
previously that the damaging effects of HDM on airway epithelial barrier 
function and the subsequent release of pro-inflammatory chemokines 
are crucial for allergic sensitization [9] and we now demonstrate with 
our in vitro experiments that Pim1 kinase is important for the integrity 
of the  airway epithelial barrier. In contrast to the HDM-induced mouse 
model, the OVA-induced mouse model does not inflict epithelial damage 
directly, but requires involvement of inflammatory cells, e.g. eosinophils. 
Hence, the effect of Pim1 deficiency on airway epithelial function would 
not readily be revealed in an OVA-driven mouse model of allergic asthma.
 

In conclusion, this study shows for the first time that Pim1 kinase preserves 
the integrity of the airway epithelial barrier and attenuates HDM-induced 
allergic asthma. Since factors influencing the integrity of the airway 
epithelial barrier are important for the pathogenesis and potential future 
therapeutic treatment of allergic asthma, it is of interest to study the role 
of Pim1 kinase in allergic asthma into further detail. 
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With this thesis, we aim to expand the current understanding of the 
importance of airway epithelial cell survival in response to environmental 
triggers relevant to asthma. From this aim, it can be appreciated that 
a central role is reserved for the airway epithelial cells throughout the 
thesis. As described in the introduction, the airway epithelium forms a 
chemical, physiological and immunological barrier between the external 
and internal environment [1]. Therefore, airway epithelial cells are the 
first in line to encounter environmental triggers such as cigarette smoke 
(CS), respiratory viruses and aero-allergens. Next to the fact that these 
three environmental triggers are associated with the inception and 
exacerbation of asthma, they can all affect in their own specific way airway 
epithelial cell survival, as described in detail in the introduction of this 
thesis. Until now, the role of airway epithelial cell survival in the inception 
and exacerbation of asthma has only moderately been explored. By taking 
advantage of the high expression of Pim1 kinase in airway epithelial cells 
and its well-known central role in cell survival [2][3], we aim to provide 
new insights in the role of survival of airway epithelial cells exposed to 
CS, respiratory viruses and aero-allergens in vivo and in vitro. However, 
because of its ability to phosphorylate a wide range of proteins on 
serine and/or threonine residues, Pim1 kinase is involved in a broader 
variety of cellular processes, including cell growth, cell differentiation 
and inflammatory responses [2][4]. Hence, in this thesis we not only 
explored the role of Pim1 kinase on cell survival of airway epithelial cells 
upon exposure to environmental triggers, but also revealed the effects of 
Pim1 kinase in the anti-viral inflammatory response and innate immune 
response upon exposure to respiratory viruses and HDM, respectively. 
This discussion will give a short overview of each experimental chapter 
and comprehensively review the effects of Pim1 kinase activity on airway 
epithelial cells upon exposure to the individual environmental triggers. 
After speculation on future perspectives of the research, an overarching 
conclusion will be presented.
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Cigarette smoke

The role of Pim1 kinase in the response of the airway epithelium upon 
exposure to CS has been studied into detail in vivo as well as in vitro in 
chapter 2. First, we demonstrated that the mRNA expression of Pim1 
kinase – but not the other 2 family members - in mouse lung tissue was 
transiently induced upon exposure to CS, highlighting an association 
between induction of Pim1 kinase activity and the exposure of airway 
epithelial cells to CS. Subsequent subchronic CS exposure of Pim1-
deficient mice resulted in enhanced neutrophilic airway inflammation 
compared to Pim1-proficient mice. We evaluated the mechanistic basis 
for these remarkable results in vitro using the bronchial epithelial cell line 
BEAS-2B, stimulated with a concentration gradient of cigarette smoke 
extract (CSE) in the absence or presence of a pharmacological Pim1 
kinase inhibitor. These experiments clearly showed that BEAS-2B cells are 
more susceptible towards loss of mitochondrial membrane potential and 
the induction of cell death upon stimulation with CSE in the absence of 
Pim1 kinase activity. In vitro, induction of cell death was accompanied 
by increased release of the damage-associated molecular pattern (DAMP) 
heat-shock protein (HSP) 70 . Although we could not detect differences in 
airway epithelial cell death and release of HSP70 between Pim1-deficient 
and -proficient mice in vivo, we observed a significant increase in release 
of the DAMP S100A8 in the BAL fluid of Pim1-deficient mice. Taken 
together, the data described in chapter 2 suggest that the expression of 
Pim1 in airway epithelial cells protects against CS-induced necrotic cell 
death and activation of an innate pro-inflammatory immune response.

CS is known as the main causative factor for chronic obstructive 
pulmonary disease (COPD), which is characterized by not fully reversible 
airflow limitation, neutrophilic airway inflammation and airway 
remodeling [5]. In addition, inflammatory infiltrates in the alveolar walls 
and destruction of alveolar septa might ultimately lead to the development 
of emphysema [5]. Since only 20% of people who  smoke  actually  
develop  COPD,  susceptibility  to  this  disease is at least in part genetically
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determined [6]. In susceptible smokers, exposure to CS leads to 
exaggerated inflammation resulting in tissue damage and structural 
changes of the airways [7]. To study the detrimental effects of CS, several 
mouse models in which mice are directly exposed to CS have been 
developed. Acute and sub-chronic exposure to CS for 3 days and 4 weeks, 
respectively, results in increased airway inflammation as determined by 
influx of inflammatory cells like macrophages and neutrophils into the BAL 
fluid [8][9]. In addition, characteristics of emphysema can be observed 
in models of chronic exposure to CS for 26 weeks [8]. Therefore, these 
mouse models are highly suitable to study the effects of CS in the airways 
and in particular the CS-induced neutrophilic airway inflammation.

The neutrophilic airway inflammation observed in both human 
subjects and mouse models upon exposure to CS, is a consequence of the 
release of pro-inflammatory chemokines like the neutrophilic attractant 
IL-8 by airway epithelial cells. Airway epithelial cells can secrete IL-8 upon 
various triggers, including CS-induced oxidative stress and activation 
of pattern recognition receptors (PRRs) expressed on these cells [7][8]
[9][10][11]. Although PRRs can be directly activated by CS components 
like lipopolysaccharide, it has been postulated that indirect activation 
of PRRs by DAMPs released from airway epithelial cells upon CS-
induced immunogenic cell death also contributes to neutrophilic airway 
inflammation [7][12]. In support of this notion, CS-induced necrotic cell 
death, as also observed in the experiments  described in this thesis, has been 
observed in several in  vitro studies [13][14][15][16]. Besides immunogenic 
cell death, it has been shown that exposure to CS can induce autophagy 
[17]. Autophagy includes a homeostatic program in which cellular 
organelles and long-lived-proteins are integrated in double-membrane 
autophagosomes and lysosomally degraded [17][18]. Excessive autophagy 
may promote cell death, and Chen et al showed that increased autophagy 
is associated with CS-induced lung injury[17]. Moreover, a recent study 
by Mizumura et al suggested that especially mitophagy - the autophagy-
dependent elimination of mitochondria upon mitochondrial dysfunction 
- is  involved in CS-induced cell  death of  airway epithelial  cells   through



129Chapter 6

General discussion

stabilization of its regulator PINK1 and leads to emphysematous 
changes [18]. The contribution of mitochondrial dysfunction to COPD 
is recently underscored by a study of Hoffmann et al, who showed 
increased expression levels of PINK1 in PBECs from COPD patients 
compared to healthy individuals [19]. Taken together, several cell death 
related mechanisms of airway epithelial cells are likely to be involved 
in CS-induced lung injury. While exposure to CS and the subsequent 
inflammatory responses are conventionally discussed in the context 
of COPD, these processes also bear relevance to asthma: patients with 
asthma who actively smoke suffer from more severe asthma symptoms, 
more neutrophilic airway inflammation and more airway remodeling [20]. 
Therefore, studying these processes in the context of asthma is certainly 
warranted.

Although we showed enhanced neutrophilic airway inflammation 
upon exposure to CS in mice deficient for Pim1 kinase activity, a causal 
relationship between Pim1 kinase activity and increased airway epithelial 
cell death in vivo has not formally been established. In contrast, the 
association between Pim1 kinase activity and airway epithelial cell 
death upon exposure to CS in our in vitro experiments is rather clear. 
Reduction of mitochondrial membrane potential upon increasing 
concentrations of CSE has been described before [15] and the stronger 
reduction hereof upon inhibition of Pim1 kinase activity corresponds to 
one of the best-studied mechanism by which Pim1 kinase exerts its pro-
survival effect [21][22][23]. Initially upon exposure to CS, the intrinsic 
apoptotic pathway is known to be activated [14]. Permeabilization of 
the outer mitochondrial membrane leads to the release of pro-apoptotic 
mediators cytochrome C and apoptosis-inducing factor and subsequent 
activation of effector caspases and the execution of apoptosis [15][24]. 
However, as a consequence of the concentration dependent blocking 
effects of CS on mitochondrial respiration and ATP production, the 
apoptotic cell death program cannot be fully executed [14][15][25]. A 
switch from apoptotic into necrotic cell death will occur [14][15][25], 
leading to the release of DAMPs into the external environment [26]. 
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By phosphorylating the BCL-2-associated agonist of cell death (BAD)
on the mitochondrial membrane, Pim1 kinase can increase the threshold 
for apoptosis [23]. In contrast, absence of Pim1 kinase activity - as 
mimicked by the specific pharmacological Pim1 kinase inhibitor K00135 
[27] - will result in predisposition towards the induction of apoptosis. 
With the presumption that the available amount of ATP is independent 
of Pim1 kinase activity, we anticipate that cells treated with the Pim1 
kinase inhibitor are more susceptible to switch to necrotic cell death. In 
line herewith, we observed a significant increase in necrotic cell death 
upon stimulation with CSE in the presence of the Pim1 kinase inhibitor 
in chapter 2. Furthermore, we observed enhanced release of the DAMP 
HSP70 in the presence of the Pim1 kinase inhibitor. Unfortunately, our 
results obtained in vitro could not directly be extrapolated to our in vivo 
study, since we did not observe induction of cell death upon exposure 
to CS or differences in the release of HSP70 into the BAL fluid in mice 
exposed to CS, independent of genotype. The absence of CS-induced cell 
death in vivo could be a consequence of the relative late time point of 
analysis: 16 hours after the last CS exposure, which might give the airway 
epithelial cells in an in vivo system sufficient time to recover from the 
harmful effects of CS exposure. This lack of consistency in HSP70 release 
could be explained by the fact that the basal levels of HSP70 were 
already quite high in the FVB/Nrcl mouse strain used in this experiment, 
precluding further increase upon exposure to CS. Another explanation 
is that not HSP70 but other DAMPs are associated with CS-induced 
neutrophilic airway inflammation [28], which is further supported by the 
fact that we did observe differences in levels of another DAMP, S100A8. 
Indeed, neutrophilic airway inflammation in mice exposed to CS has been 
associated with S100A8 before [29][30], although we cannot exclude 
the possibility that S100A8 originates from other cells than the airway 
epithelial cells. A recent study by Heijink et al suggest that CS-induced cell 
death of neutrophils causes release of DAMPs, which in turn promotes the 
pro-inflammatory response induced in airway epithelial cells [31]. Analysis 
of the release of S100A8 from neutrophils was not performed in this study, 
but it is known from literature that together with a wide range of other   cell
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types, neutrophils also produce S100A8 [32]. Thus, the reduced viability 
of neutrophils in the absence of Pim1 kinase activity could also explain 
the increased levels of S100A8 observed in Pim1-deficient mice exposed 
to CS, as shown in chapter 2. It has been shown that Pim1 kinase is 
important for survival of eosinophils, and the viability of eosinophils is 
markedly reduced in the absence of Pim1 kinase activity [33]. However, 
whether Pim1 activity itself affects neutrophils has, as far as we know, not 
been established to date. Moreover, a critical role for Pim1 in neutrophil 
survival is  not supported by the fact that we observed increased levels of 
neutrophils in the BAL fluid of these mice (Chapter 2).

Taken together, chapter 2 of this thesis shows that Pim1 expression can 
protect from neutrophilic airway inflammation induced upon exposure to 
CS in mice, which might be highly relevant for asthma as well as for COPD. 
Notwithstanding the fact that our data suggest airway epithelial cell 
survival to be causative in the induction of this inflammatory response, 
we have not unambiguously established airway epithelial cell survival as 
the determinant in the development of neutrophilic airway inflammation 
upon exposure to CS. Moreover, further studies into the role of cell survival 
upon exposure to CS in the inception and exacerbations of asthma are 
warranted.
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Respiratory viruses

In chapter 3 and 4, the effects of a relevant respiratory virus, human 
Rhinovirus (HRV)-16, on airway epithelial cells were evaluated into 
detail in two different well-established in vitro culture models of human 
primary bronchial epithelial cells (PBECs). In chapter 3, we studied the 
effect of Pim1-dependent cell survival of PBECs from healthy individuals 
in monolayer cultures upon infection with HRV-16. In the presence of a 
pharmacological Pim1 kinase inhibitor, viral replication and release of 
viral particles was significantly reduced compared to PBECs infected with 
HRV-16 in the absence of the inhibitor. While the anti-viral inflammatory 
response was only marginally induced upon viral infection of these cells, we 
observed that the reduced viral replication observed in the virally infected 
PBEC cultures treated with the Pim1 kinase inhibitor was associated with 
enhanced induction of cell death in these cultures.

The airway epithelium fulfills a dual role in respiratory viral infections. 
On one hand, airway epithelial cells serve as the host cell for viruses 
to replicate and therefore, airway epithelial cells contribute to the 
severity of the viral infection. On the other hand, airway epithelial cells 
exert the first defense against respiratory viruses by initiating innate 
immune responses [34]. Upon infection, airway epithelial cells release 
type I and III Interferons (IFNs), which in turn activate the Janus kinase- 
signal transducer and activator of transcription (JAK-STAT) pathway. 
Subsequent expression of anti-viral genes and de novo expression of 
IFNs results in prevention of viral replication and limitation of viral 
spread [35][36][37]. In addition, IFNs can induce apoptosis of airway 
epithelial cells through for instance activation of tumor suppressor 
gene p53 or the induction of protein kinase receptor (PKR) [38][39]. It 
has been postulated that this early apoptotic response is one of the key 
defensive mechanisms of airway epithelial cells to reduce viral load by 
promoting phagocytosis of infected cells and preventing viral replication 
and virion packaging in the infected airway epithelial cells[40]. Wark
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et al showed that inhibition of apoptosis enhances the release of HRV 
viral particles, while induction of apoptosis by exogenous IFN-β resulted 
in reduced release of viral particles [40]. Especially the observed induced 
apoptosis upon exogenous administration of IFN-β suggests that IFN-β 
is the limiting factor in the early anti-viral and apoptotic response. In 
addition, the observed increase in viral replication in monolayer cultures 
of PBECs from asthmatic individuals compared to PBECs from healthy 
individuals was associated with resistance towards early apoptosis upon 
viral infection [40]. Furthermore, the association of the delayed onset of 
apoptosis with an impaired IFN response in these   asthmatic   patients  
underscores   the   importance   of   apoptosis   as   an   anti-viral defense 
mechanism. Thus, our study described in chapter 3 is in line with these 
previous observations [40], but extends the current knowledge by showing 
that cell death can be induced not only by the administration of exogenous 
IFN-β, but also by interfering with endogenous survival pathways in the 
airway epithelial cell such as Pim1 kinase. Since the enhanced induction of 
cell death upon inhibition of Pim1 kinase activity was not associated with 
increased expression of IFNs, it is very likely that the effects of inhibition 
of Pim1 kinase activity are exerted through lowering of the threshold 
for apoptosis as described before [23]. However, with the experiments 
performed in our study, we could not dissect the exact mechanism by 
which inhibition of Pim1 kinase enhances the induction of cell death. 
In follow-up studies on the role of Pim1-mediated airway epithelial 
cell survival upon viral infection, evaluation of this exact mechanism is 
required.

All our studies with respiratory viruses were performed with HRV-16, 
a representative of the major group of the HRVs, belonging to the non-
enveloped positive single stranded RNA viruses of the Picornaviridae 
family [34][41]. Major group HRVs enter the airway epithelial cells by 
binding to the intercellular adhesion molecule (ICAM)-1 and replicate 
inside the cells after internalization, in contrast to the minor group 
of the HRVs, that uses the low-density lipoprotein (LDL) receptor to
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enter the cells [34]. The two groups of HRVs mainly differ in the cytopathic 
effects they cause in airway epithelial cells, which is more pronounced for 
the minor group HRVs [42]. It would therefore be interesting to study the 
effects of survival of airway epithelial cells on viral replication with a more 
aggressive minor group virus such as HRV-1B, and assess if interfering 
with the induction of cell death alters viral infection also for these more 
cytopathic strains. HRV infections are known to cause respiratory tract 
infections such as the common cold and lower respiratory infections, 
peaking in the spring and autumn, and are highly associated with the 
inception and exacerbations of asthma [34][41]. Next to HRVs, influenza 
and respiratory syncytial virus (RSV) are frequently associated with 
exacerbations of asthma and especially RSV infections with wheezing 
manifestation are a risk factor for the development of asthma [34][43]. 
Hence, future investigations on the effects of Pim1 kinase-dependent 
airway epithelial cell survival should also include infections with RSV and 
influenza to get a broader understanding of the role of airway epithelial 
cell survival in respiratory infections.

We show in Chapter 3 that viral replication is reduced upon enhanced 
cell survival in the presence of the Pim1 kinase inhibitor in monolayer 
cultures of PBECs. Notwithstanding the relevance of these observations, 
monolayer cultures of airway epithelial cells are a rather simplified model 
of the in vivo situation, best suited for the study of basal cell-like responses. 
Ideally, the effects of environmental triggers in asthma in general should be 
directly studied in patients actively suffering from asthma [44]. However, 
as a consequence of justified legal ethical and logistical restrictions, 
several models using animals, human tissue and human cells have been 
developed to allow a next-best model system for studying the airway 
epithelial responses to environmental triggers. While these models have 
resulted in an enormous increase of our current knowledge of asthma, 
it is important to take into account limitations of the distinct models. To 
start with animal, and mouse models in particular, these models offer an 
integrated physiological system and have provided important insights in the 
inflammatory and remodeling processes involved in asthma.   Furthermore,
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by the knock-down or overexpression of one specific gene, the function 
of the protein encoded by the gene could be studied in detail in vivo [44]
[45]. Nevertheless, mouse models are not capable of reproducing all the 
characteristics of human asthma, which is exemplified by the fact that 
mice do not display spontaneous airway hyper-responsiveness (AHR) [46]. 
Furthermore, there are important species differences between human 
and mice regarding the development and structure of the airways [44]
[46]. Another limitation relevant to the studies described in chapter 3 
and 4 is presented by the fact that the major group of HRVs does not 
recognize the mouse ICAM-1 receptor and therefore, a transgenic mouse 
model expressing the human ICAM-1 receptor had to be generated to 
allow a mouse model for major group HRV infections [47]. Some of the 
problems with respect to the use of mouse models can be overcome 
by the use of lung cells derived from humans by bronchoscopy, lung 
resections or post-mortem procedures. With selective culture protocols, 
individual cell types including airway epithelial cells, central or peripheral 
fibroblast and airway smooth muscle cells can be outgrown from 
bronchial brushings, lung tissue of biopsies. Subsequent extensive culture 
of airway epithelial cells exposed to an air interface in the presence of 
retinoic acid for 21 day results in the formation of a pseudostratified 
epithelium containing ciliated, goblet and basal cells, which recapitulates 
the airway epithelial surface in vivo [44]. By exposing these cells to 
experimental conditions relevant to asthma, specific research questions 
can be investigated. In addition, by integrating two different cell types in 
one culture system, interaction between different cell types as occurring 
in vivo upon experimental conditions can be studied [44]. Nevertheless, 
these studies are limited by the availability of human airway material. As 
an alternative, airway cells can be immortalized by physical or chemical 
mutagenesis or the introduction of viral oncogenes, thereby creating cell 
lines with unlimited availability [48]. These cell lines have enormously 
contributed to the unraveling of the pathogenesis of asthma, though the 
immortalization process can have  major effects on cellular differentiation, 
morphology and function and therefore, immortalized cell lines are
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considered to be only partially representative of the in vivo behavior 
of cells [48]. Based on these considerations, we decided to extend our 
observations in monolayer cultures of PBECs by using the most optimal 
system for functional studies available to date, the air-liquid interface 
culture (ALI) model of PBECs.

Therefore, in chapter 4 we explored the effects of inhibition of Pim1 
kinase activity on viral infection of ALI cultures of PBECs from healthy 
and severe asthmatic individuals. We showed that inhibition of Pim1 
kinase reduces viral replication in ALI cultures of PBECs from healthy 
individuals as well as from severe asthmatic individuals. Since analysis of 
cell death is more complicated in ALI cultures compared to monolayer 
cultures of PBECs and the anti-viral response in ALI cultures is much more 
pronounced than in monolayer cultures, we focused on the effect of Pim1 
inhibition on the HRV-16-induced anti-viral inflammatory responses. We 
observed increased mRNA expression of IFN-β and IL-29 12 hours after 
HRV-16 infection of ALI cultures of PBECs from healthy individuals treated 
with the Pim1 kinase inhibitor, which was no longer observed 24 hours 
after infection. Interestingly, mRNA expression of the interferon-inducible 
genes IP-10 and RANTES was also significantly increased 12 hours after 
infection in virally infected ALI cultures upon inhibition of Pim1 kinase 
activity compared to the non-treated virally infected ALI cultures. While 
no difference between the mRNA expression of IP-10 and RANTES upon 
inhibition of Pim1 kinase could be observed 24 hours after infection, the 
protein levels of both IP-10 and RANTES were significantly increased 24 
hours after infection. By analyzing the activation of the JAK-STAT pathway 
by the phosphorylation of STAT-1, we revealed that inhibition of Pim1 
kinase activity results in an augmented interferon-induced anti-viral 
response upon viral infection.

As briefly described before, airway epithelial cells initiate an innate 
anti-viral response by the expression of the type I and III IFNs IFN-β and 
IL-29, respectively, upon infection with respiratory viruses. After binding 
of HRV-16 to the ICAM-1 receptor expressed on airway epithelial cells, 
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HRV-16 is endosomally internalized. Subsequent recognition of the 
replicative intermediate by cellular pattern recognition receptors like 
MDA-5, RIG-1 and TRL3 induces the expression of IFN-β and IL-29 [34][37]
[49]. Secreted IFN-β and IL-29 can cause dimerization of their receptor 
in an autocrine or paracrine manner, resulting in activation of the JAK-
STAT pathway [36][50]. Translocation  of activated STAT proteins from the 
cytoplasm to the nucleus induces the transcription of a wide range of 
interferon inducible genes, leading to reduction of viral replication and 
limitation of viral spread [50]. Impairment of this particular response 
has been postulated as one of the main reasons for the increased 
susceptibility towards viral infections observed in asthmatic patients [40]
[51][52]. Direct comparative studies between PBECs from healthy and 
asthmatic individuals by Wark et  al  and Contoli et al showed that viral 
replication was increased in monolayer PBEC cultures from asthmatic 
patients, which was associated with decreased expression of type I and III 
IFNs, respectively [40][52]. In our study, we could not detect differences 
in viral replication between ALI cultures of PBECs from healthy and severe 
asthmatic individuals. This observation is in line with current controversy 
in literature, since several studies in monolayer cultures as well as in ALI 
cultures of PBECs did not detect differences in viral replication between 
healthy and asthmatic individuals [53][54][55]. Since there are differences 
in the severity of asthma between these studies, medical treatment and 
subsequent asthma control might be an important determinant in the 
susceptibility towards viral infections and need to be considered when 
interpreting results. However, when evaluating our own study, the 
limited power of our asthmatic group should definitively also be taken 
into account. Notwithstanding the lack of differences in viral replication 
between healthy and severe asthmatic individuals, we demonstrate in 
chapter 4 that inhibition of Pim1 kinase can enhance  STAT-1 activation 
and reduce viral replication in ALI cultures from asthmatic individuals, 
suggesting that inhibition of Pim1 kinase activity could be effective in 
limiting viral infection in asthma patients suffering from virally induced 
exacerbations.
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Since Cakebread et al showed that the impaired IFN response observed 
in asthmatic patients is rather the consequence of reduced expression of 
IFNs than a deficient response to  IFNs, exogenous administration of IFNs has 
been tested as novel therapy to reduce viral infections in asthmatic patients 
[35][56][57]. The occurrence of adverse side effects upon prolonged 
systemic administration of interferons tempered the enthusiasm of the 
promising results of these novel therapies, but recent clinical trials with 
local delivery of IFN-β through inhalation in virally induced exacerbations 
in patients with difficult-to-treat asthma have shown beneficial effects 
[58][57]. Therefore, new therapies improving the IFN response without 
actual administration of exogenous IFN might be of high interest as novel 
therapeutic approach. The postulated mechanisms by which inhibition of 
Pim1 kinase augments the IFN-induced anti-viral response is by enhanced 
proteosomal degradation of suppressor of cytokine signaling (SOCS) family 
proteins [59]. SOCS proteins represent a classical negative-feedback loop 
in JAK-STAT signaling, since they inhibit the cytokine signaling pathway 
that initially induces their expression [60]. The different SOCS proteins 
can directly or indirectly inhibit the activity of JAK, thereby limiting the 
IFN-induced anti-viral response [61]. Proteosomal degradation of SOCS 
proteins in an ubiquitin-mediated fashion occurs through binding to 
Elongin BC E3 ligases [62]. It has been shown that the binding to Elongin 
BC E3 ligases can be prevented by the phosphorylation of SOCS proteins 
by Pim1 kinase, resulting in stabilization of these SOCS proteins and 
enhanced suppression of JAK-STAT signaling [59]. In addition, Bedke et  al 
observed that increased expression of SOCS-1 and SOCS-3 was associated 
with HRV infection of PBECs in a TGF-β-dependent fashion [63], suggesting 
that SOCS proteins contribute to the desensitization of HRV infected PBECs 
to Type-I interferon responses. A recent study by Gielen et al showed 
enhanced levels of SOCS-1 in bronchial epithelium of asthma patients 
in situ and these authors report that SOCS-1 suppresses the rhinovirus-
induced expression of IFN [64]. Furthermore, Hashimoto and coworkers 
showed that SOCS proteins are involved in RSV infections as well, since
they observed that transcriptional down-regulation of SOCS-1, SOCS-3 
and cytokine-inducible SH2 protein (CIS) reduces viral replication of RSV 
in the carcinoma cell-line HEp-2 [65]. These studies all underscore the 
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contribution of SOCS proteins to viral replication. Unfortunately, we did not 
observe differences in the levels of SOCS-3 in the virally infected ALI cultures 
treated with the Pim1 kinase inhibitor, which might well be a consequence 
of high basal levels of SOCS-3 in these cultures. Nevertheless, the markedly 
enhanced phosphorylation of STAT-1 upon inhibition of Pim1 kinase 
activity as presented in chapter 4 prompted us to postulate that inhibition 
of Pim1 kinase leads to enhanced degradation of one of more members 
of the SOCS protein family, resulting in enhanced activation of JAK-STAT 
and subsequent augmentation of the IFN-induced anti-viral response [59].

Further research on the mechanism and the clinical relevance of 
our observations should reveal the potential of inhibition of Pim1 
kinase activity as novel therapeutic approach in virally induced asthma 
exacerbations. Of interest, SOCS-3 has previously been identified as one 
of the key drivers of asthma gene expression levels in a large study using 
both GWAS data, expression profiling and immunohistochemical analyses 
on human lung samples in a systems biology approach [66]. By interfering 
with the available amount of SOCS-3, potentially therapeutic treatment 
with a specific Pim1 kinase inhibitor might have beneficial effects on 
asthma itself as well. Of note, an association between inhibition of Pim1 
kinase and SOCS-3 should therefore be firmly established first.

To summarize the effects of respiratory viral infections on the airway 
epithelium in relation to Pim1 kinase activity, we showed that inhibition of 
Pim1 kinase activity augments the onset of cell death and enhanced the 
interferon-dependent phosphorylation of STAT-1. As a result, inhibition 
of Pim1 kinase activity appears to reduce viral replication through 
enhancement of cell death (chapter 3) and augmentation of the anti-
viral response (chapter 4). These studies further establish the important 
role of apoptosis as protective mechanisms against respiratory viral 
infections and show that prolongation of the effects of IFN might also be 
a valid therapeutic approach for combating viral respiratory infections. 
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Interestingly, we showed that inhibition of Pim1 kinase could be a 
promising new therapeutic approach for the treatment of virally induced 
asthma exacerbations, since it is able to combine these two mechanisms 
suppressing viral replication in one single target.
 



141Chapter 6

General discussion

Aero-allergens

In chapter 5, we assessed the role of Pim1 kinase in airway epithelial cells 
exposed to HDM. Upon pharmacological inhibition of Pim1 kinase activity, 
we observed a prolonged HDM-induced loss of barrier function in 16HBE 
cells. Interestingly, Pim1 kinase inhibition potentiated HDM-induced 
barrier dysfunction in PBECs. Furthermore, the HDM-induced release 
of the pro-inflammatory cytokine IL-1α from 16HBE cells was increased 
upon inhibition of Pim1 kinase activity. Consistent with our in vitro data, 
the levels of the pro-inflammatory cytokines CCL17 and CCL20 – known 
to be induced upon loss of airway epithelial integrity [67][68] - in lung 
tissue of HDM-exposed Pim1-deficient mice were increased compared 
to wild-type controls. While we observed that exposure to HDM caused 
increases in eosinophilic and neutrophilic airway inflammation as well as 
mucus metaplasia and AHR to metacholine, this increase was not affected 
by Pim1 kinase activity. However, levels of the Th2-cytokines IL-5 and 
IL-10 were significantly enhanced in the BAL fluid of Pim1-deficient mice, 
suggesting an exaggerated epithelial innate and adaptive Th2 response to 
HDM in the absence of Pim1 kinase activity.

As described before, modelling of asthma in mouse models is difficult 
since mice do not develop asthma by nature and the response displayed 
upon experimentally-induced asthma is different from the asthmatic 
response observed in humans [46][69]. The need of high concentrations 
of allergens to induce an asthmatic phenotype is conflicting with the 
low concentration of allergens normally experienced by humans [69]. 
Furthermore, the frequently used ovalbumin (OVA)-induced mouse 
model of allergic asthma requires peritoneal sensitization of OVA coupled 
to the adjuvant aluminum hydroxide, while allergic asthma in humans 
is initiated by airway epithelial cells upon inhalation of allergens [46]
[70]. The development of HDM-induced mouse models of allergic 
asthma are therefore an enormous improvement, as sensitization to 
HDM is orchestrated in the lungs as presumably occurs in humans as 
well. Consequently, these HDM-models are thought to reflect better
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the relevant pathophysiological mechanisms of asthma and are expected 
to offer better translation into clinical research [70]. In fact, we show 
that parts of the HDM-induced response in the experimental HDM-
driven mouse model of allergic airway inflammation can be translated to 
human studies in chapter 5 of this thesis. In this chapter, we show that 
the enhanced innate immune response observed in HDM-challenged 
Pim1-deficient mice can also be observed in human airway epithelial cells 
stimulated with HDM in the presence of a specific pharmacological Pim1 
kinase inhibitor, underscoring the parallels between the mouse model 
and the human in vitro studies. Differences between the OVA- and HDM-
induced mouse models of allergic asthma, and the important role of 
airway epithelial cells herein, can be further demonstrated by comparing 
our study described in chapter 5 with a previous study by Shin et al [71]. 
Of note, differences in experimental set-up by using a pharmacological 
inhibitor of Pim1 kinase versus a germline deficient mice for Pim1 kinase 
and the use of different mouse strains should certainly also be taken into 
account by comparing both studies. Shin and coworkers showed that 
pharmacological inhibition of Pim1 kinase during airway challenges in 
the classical OVA-induced mouse model of allergic asthma led to reduced 
AHR, eosinophilic airway inflammation and Th2 cytokine concentrations 
in the BAL fluid. In contrast, we did not observe any significant differences 
in the influx of eosinophilic and neutrophilic granulocytes into the airways 
or in AHR in HDM exposed FVB/Nrcl mice carrying a germline Pim1- 
deficiency [71]. We did, however, observe increased levels of the innate 
pro-inflammatory chemokines CCL17 and CCL20 in lung tissue of Pim1-
deficient mice exposed to HDM compared to the HDM-treated wild-type 
controls, which was associated with enhanced Th2 activity as evidenced by 
increased levels of IL-5 and IL-10 in BAL fluid. Together with our in vitro data 
in  which pharmacological inhibition of Pim1 kinase activity results in loss 
of airway epithelial integrity and subsequent release of pro-inflammatory 
mediators such as IL-1α, our study  highlights  the importance of the airway 
epithelial cells in the induction of allergic asthma and the important role
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for Pim1 kinase in maintaining epithelial integrity. It also further 
underscores that the selection of the allergic asthma model is a highly 
important determinant for the outcome of an experimental study aimed 
at identifying an important pathway in asthma. The use of the HDM-driven 
mouse model as the preferable model to study allergic asthma in vivo is 
further supported by the recent discovery of group 2 innate lymphoid cells 
(ILC2s) as major producers of the traditional Th2 cytokines IL-4, IL-5 and 
IL-13 [72][73]. ILC2s were first identified in asthmatic humans – independent 
of atopy - and HDM-challenged mice that displayed eosinophilic airway 
inflammation together with production of Th2 cytokines in the absence 
of activation of the adaptive immune response [72]. ILC2s resemble Th2 
cells to some extent in their cytokine production profiles, but lack antigen-
specific receptors. Since ILC2 activation is dependent on the release of 
pro-inflammatory mediators such as IL-25, IL-33 and Thymic Stromal 
Lymphopoietin (TSLP) by airway epithelial cells, sensitization to allergens 
through the airway epithelium as achieved in the HDM-driven mouse 
models is essential to be able to study the involvement of ILC2s in asthma 
[72][74]. Although we did not specifically examine the contribution of 
ILC2s to the enhanced levels of IL-5 observed in the HDM-challenged 
Pim1-deficient mice, studies describing the involvement of Pim1 kinase 
in Th2 differentiation lend some support to the notion of the involvement 
IL-5-producing cells other than Th2 cells [75][76]. Jackson et al showed 
that upon inhibition of Pim1 kinase with a selective small molecule 
antagonist of Pim-1/3 kinase the polarization of CD4+T cells towards Th1, 
Th2 and Th17 phenotypes was reduced, which subsequently impaired the 
production of IFN-ƴ, IL-4 and IL-21, respectively, by the polarized cells [75]. 
In addition, a study by Wang et al suggest that pharmacological inhibition 
of Pim1 kinase activity results in Runx3- dependent suppression of Th2 and 
Th17 differentiation and cytokine production in a peanut-induced allergic 
intestinal mouse model [76]. These studies imply that Th2 differentiation 
might be impaired in Pim1-deficient mice, thereby arguing against Th2 
cells as the main source for IL-5. Hence, ILC2s could fulfill this role and 
increased levels of IL-5 observed in Pim1-deficient mice exposed to HDM 
might be a result of activated ILC2s.
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The research described in chapter 5 suggests that Pim1 kinase protects 
airway epithelial cells against HDM-induced loss of airway epithelial 
barrier function. However, the mechanisms by which Pim1 kinase exerts 
this protective effect has not been studied in detail in  the  performed 
experiments. Recently, Juncadella et al studied the role of cell death of 
airway epithelial cells upon exposure to HDM [77]. They showed that 
upon exposure to HDM, apoptosis of airway epithelial cells was induced, 
followed by engulfment of apoptotic cells by viable neighboring airway 
epithelial cells. This process induced the expression of anti-inflammatory 
mediators such as IL-10, TGF-β and PGE2 in a Rac1-dependent fashion 
[77]. In mice with an airway epithelial-specific Rac1-deficiency, the 
authors observed increased numbers of eosinophils, increased AHR 
and enhanced levels of Th2-cytokines IL-4, IL-5 and IL-13 and the pro-
inflammatory cytokine IL-33 in BAL fluid after HDM exposure [77]. These 
data suggest that in the absence of engulfment of apoptotic bodies, the 
HDM-induced inflammatory response is augmented. While we did not 
assess HDM-induced apoptosis and subsequent engulfment of apoptotic 
bodies by airway epithelial cells in our study, the increased levels of anti-
inflammatory cytokine IL-10 observed in Pim1-deficient mice exposed 
to HDM could be explained by increased activity of this tolerogenic 
pathway due to enhanced sensitivity of the airway epithelium to HDM 
induced apoptosis. On the other hand, we also observed increased levels 
of  IL-5 in BAL fluid and pro-inflammatory epithelial chemokines in lung 
tissue. These observations are in line with enhanced pro-inflammatory 
activation of the airway epithelium and enhanced activity of Th2 cells, 
which in the mouse can also be a source of IL-10. In addition, the lack of 
differences in the number of eosinophils and AHR between HDM-exposed 
Pim1-deficient mice and wild-type controls argues against an enhanced 
induction of tolerance in the absence of Pim1 expression. Therefore, it 
seems unlikely that Pim1-deficiency has a dominant effect on cell death 
of the airway epithelium upon exposure to HDM, but instead results in an 
augmented epithelial innate and adaptive Th2 response. Hence,  a direct 
effect  of Pim1  kinase  activity on the  airway  epithelial  barrier   function,
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resulting in a higher sensitivity for HDM-triggered release of pro inflam-
matory mediators in the absence of Pim1 likely provides a better explana-
tion for the observed in vivo and in vitro effects of HDM exposure.

HDM exposure can disrupt the airway epithelial barrier by causing 
delocalization of the epithelial junction molecules E-cadherin, ZO-1 and 
occludin [68]. Next to the fact that the disrupted airway epithelial barrier 
facilitates the uptake of HDM by dendritic cells, it has been shown that loss 
of E-cadherin-mediated cell-cell contacts further promotes Th2-mediated 
airway inflammation by the release of Th2-attracting chemokines, 
including the chemokine CCL17 [67][68][78]. Of interest, we found CCL17 
to be specifically induced upon exposure to HDM in vivo in absence of 
Pim1 kinase activity. While we did show that inhibition of Pim1 kinase 
activity enhances the HDM-induced loss of airway epithelial integrity and 
release of pro-inflammatory mediators, the mechanism by which Pim1 
activity maintains airway epithelial integrity remain elusive. Epithelial-to-
mesenchymal (EMT) transition of airway epithelial cells has been shown 
to be induced by HDM in vitro in the presence of TGF-β and in vivo, 
supporting a role for EMT in asthma [79][80]. One of the hallmarks of EMT 
is down-regulation of E-cadherin, resulting in loss of cell-cell contacts, 
and subsequent expression of mesenchymal makers like α-smooth 
muscle actin and vimentin [81]. Loss of cell-cell contacts between 
airway epithelial cells as a consequence of delocalization of E-cadherin, 
together with ZO-1 and occludin, are held at least partly responsible for 
defective epithelial barrier function observed in asthmatic patients [82]
[83]. In addition, the role of TGF-β – one of the important EMT-inducing 
growth factors that is released upon damage of the airway epithelium 
– has been well established in airway remodeling and shown to be 
increased in the airways of asthmatic patients [81][84]. Notwithstanding 
the evidence for a role for EMT or epithelial plasticity in asthma, the 
precise role of this process is still a topic of discussion [81]. In contrast, 
the relevance of EMT is well recognized in cancer [85]. Expression of Pim1 
kinase has been associated with reduced occurrence of metastases of
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non-small cell lung cancer [86] and recently, expression of Pim1 in 
colorectal cancer was negatively associated with expression of EMT 
markers [87]. Since both studies imply a role for Pim1 kinase in the 
process of EMT in cancer, Pim1 might be involved in asthma-associated 
EMT as well. In support of this, we have preliminary data showing 
enhanced TGF-β signaling in the absence of Pim1 kinase activity in the 
BEAS-2B cell line. However, studies on the contribution of TGF-β signaling 
in vivo in Pim1-deficient mice as well as in vitro in PBECs treated with the 
pharmacological Pim1 kinase inhibitor are currently lacking.

To recapitulate the effects of Pim1 kinase on the airway epithelium 
exposed to HDM, Pim1 kinase seems to be involved in maintaining the 
integrity of the airway epithelial barrier  and regulating the epithelial innate 
immune response as well as the Th2-mediated adaptive inflammatory 
response upon HDM exposure. However, an exact mechanism of action 
remains elusive and should be further investigated.
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Future perspectives

In this thesis, we have studied the role of the Pim1 survival kinase in the 
airway epithelial response to three main environmental triggers relevant 
to the inception and exacerbations of asthma: CS, respiratory viruses 
and HDM. As described above for these three environmental triggers in 
detail, additional comprehensive studies on the role of airway epithelial 
cell survival and the facilitative role of Pim1 kinase herein, should be 
conducted to further reveal the importance of airway epithelial cell 
survival in the inception and exacerbations of asthma. While the studies 
described in chapter 5 do not specifically focus on the role of survival of 
airway epithelial cells, the HDM-driven mouse model of allergic asthma 
postulates a highly interesting model to investigate the effects of CS and 
respiratory viral infections on the inception and exacerbations of asthma 
in the context of aero-allergen sensitization and challenges. Given the 
identification of Pim1 kinase as an interesting target for intervention 
in virally induced asthma exacerbations, it is of interest to also further 
explore the theoretical implication of inhibition of Pim1 kinase activity in 
such combined exposure models into some detail.

With respect to the exposure to CS, several studies have investigated 
the effects of CS in HDM-driven mouse models of allergic asthma [88][89]
[90]. Although Blacquiere et al and Botelho et al showed that CS exposure 
mainly affects airway remodeling, Lanckacker and coworkers demonstrat-
ed the development of a more pronounced Th2-related asthmatic pheno-
type upon concomitant exposure to CS during allergic sensitization to HDM 
[88][89][90]. Exposure to CS in Pim1-deficient mice with previously estab-
lished HDM-induced allergic asthma will provide new insights in the role of 
survival of airway epithelial cells in CS-induced exacerbations of asthma. 
Since Pim1 kinase has been shown to affect allergic asthma itself, we should 
also include a pharmacological approach by using a Pim1 kinase inhibitor, 
administered at specific times in the experiments to study the  effects of cell 
survival on the inception or the exacerbation of asthma. In this way, we can
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exclude that the observations are caused by an effect of Pim1-deficiency 
on the development of HDM-induced allergic asthma.

Similar studies should be performed with respiratory viral infections, in 
which Pim1-deficient mice are infected with respiratory viruses before or 
after the induction of allergic asthma upon HDM challenge. Here, to rule 
out the effects of Pim1 kinase on basal parameters of the allergic asthma 
mouse model, experiments with a pharmacological Pim1 kinase inhibitor 
should be taken into account as well. As described before, the major group 
HRV-16 is not recognized by the mouse ICAM-1 receptor and therefore, 
we have to use another respiratory virus like the minor HRV group virus 
HRV-1B of RSV. Both viruses are tested in mouse models of OVA-induced 
allergic asthma and have shown to especially affect the inception of 
allergic asthma [47][91]. Since HRV-1B was not able to exacerbate asthma 
in a study of Clarke et al [92], future experiments should focus on the 
establishment HDM-driven models of the inception and exacerbations 
of asthma, preferably with RSV. This virally induced asthma exacerbation 
mouse model is essential to further investigate the potential of inhibition 
of Pim1 kinase activity as a novel therapeutic approach in virally induced 
asthma exacerbations.
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Pim1 kinase: a double edged sword?

Initially, we intended to use Pim1 kinase as a tool to study cell survival 
in airway epithelial cells exposed to environmental triggers like CS, viral 
infections and HDM. Pim1 kinase was originally identified as a proto-
oncogene in retroviral complementation screens and was shown to 
be involved in cell survival by counteracting cMyc-induced apoptosis, 
thereby facilitating transformation of hematopoietic progenitor cells [93]. 
One of the best studied mechanisms by which Pim1 kinase exerts its pro-
survival activity is through phosphorylation of BCL-2-associated agonist of 
cell death (BAD) on the mitochondrial cell membrane [22]. Nevertheless, 
as thoroughly reviewed in the context of cancer, Pim1 kinase is not 
only involved in cell survival, but also regulates cell cycle, translational, 
transcriptional and inflammatory processes in the cell [2][4]. In line 
herewith, we observed that Pim1 kinase was not merely involved in cell 
survival of airway epithelial cells exposed to cigarette smoke and human 
rhinovirus as shown in chapter 2 and 3 of this thesis, respectively, but also 
plays a role in the anti-viral IFN-induced inflammatory response (chapter 
4) and in the HDM-induced  innate immune response (chapter 5). The 
effects of Pim1 kinase on the different cell processes upon exposure to 
environmental triggers, however, are rather divergent.

As revealed by studying the effects of the environmental triggers on 
the airway  epithelial cells in absence of Pim1 kinase activity, either by 
pharmacological inhibition of Pim1 kinase activity in vitro or by germline 
Pim1-deficiency in vivo, we showed that airway epithelial cells are 
more susceptible towards CS- and HDM-induced damage, though the 
mechanisms behind this increased susceptibility seem to be fairly 
different. CS-exposure on the one hand predisposes towards neutrophilic 
airway inflammation in Pim1-deficient mice, probably as a consequence 
of enhanced cell death of airway epithelial cells resulting in the release 
of DAMPs. Exposure to HDM in absence of Pim1 kinase activity, on the 
other hand, results in loss of airway epithelial barrier function, which 
leads to increased release of pro-inflammatory chemokines and cytokines 
and an augmented innate inflammatory immune response in vivo in 
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Pim1-deficient mice. However, since we did not assess HDM-induced 
apoptosis, in our study there is no clear link with enhanced susceptibility 
to HDM-induced cell death as discussed earlier. In contrast, inhibition of 
Pim1 kinase activity in PBECs reduces viral replication, thereby exerting 
a protective function. In monolayer cultures of PBECs, we showed that 
inhibition of Pim1 kinase activity reduces viral replication by enhancing 
the onset of cell death. In ALI cultures of PBECs, however, the anti-viral 
inflammatory response was increased  upon inhibition of Pim1 kinase as a 
consequence of augmented IFN-induced activation of STAT-1.

Especially the observation that inhibition of Pim1 kinase activity can 
enhance the anti-viral inflammatory response, resulting in reduced viral 
replication and impairment of the subsequent spread of newly synthesized 
viral particles, offers opportunities for a novel therapeutic approach for 
virally induced asthma exacerbations. Besides the fact that interfering with 
proto-oncogenes might be hazardous, the divergent effects of inhibition 
of Pim1 kinase activity upon exposure to different environmental triggers 
challenge the use of Pim1 kinase activity inhibitors as novel therapeutic 
targets. Administration of a Pim1 kinase inhibitor to a non-smoking 
individual without asthma suffering from a viral respiratory infection 
might be beneficial in reducing the symptoms  and duration of the viral 
infection. However, viral infections are mainly problematic for asthmatic 
patients, since asthmatic patients have shown to be more susceptible 
towards viral infections resulting in virally induced asthma exacerbations 
[51]. Will treatment with a Pim1 kinase inhibitor reduce the symptoms 
of the viral infection and have a beneficial effect on the duration and the 
severity of the asthma exacerbation? Or will treatment with a Pim1 kinase 
inhibitor increase the symptoms, duration and severity of the asthma 
exacerbations by its detrimental effect on the airway epithelial barrier 
function and Th2-mediated airway inflammation resulting in worsening 
of asthma control? And what would happen in an asthma patient who 
actively smokes and suffers from a virally induced asthma exacerbations, 
when treated with a Pim1 kinase activity inhibitor? Are the beneficial
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effects on the reduction of viral replication transcending the detrimental 
effects of inhibition of Pim1 kinase activity upon exposure to CS and 
HDM? These questions definitively warrant more detailed studies into 
the mechanisms by which inhibition of Pim1 kinase protects against 
viral infections of airway epithelial cells. Such studies will allow the 
identification of downstream targets of inhibition of Pim1 kinase relevant 
to suppression of viral replication and allow for novel strategies in the 
optimization of therapeutic approaches addressing these mechanisms.

In conclusion, although inhibition of Pim1 kinase activity is a highly 
interesting novel therapeutic approach in virally induced asthma 
exacerbations, the divergent roles of inhibition of Pim1 kinase activity 
in airway epithelial cells exposed to environmental triggers like CS, 
respiratory viral infections and HDM makes it difficult to predict the effects 
and especially the benefits of treatment with a pharmacological inhibitor. 
However, the studies described in this thesis unambiguously demonstrate 
that further studies on the potential of inhibition of Pim1 kinase activity 
as novel therapeutic approach in asthma is absolutely warranted.
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Summary

Asthma is a complex heterogeneous disease, characterized by chronic 
airway inflammation and airway hyper-responsiveness. The inception of 
asthma is still not completely understood and especially inter-individual 
differences in the susceptibility to develop asthma is a topic of high 
interest. While both genetic and environmental factors have been 
postulated to play a role in the susceptibility to develop asthma, the 
rapid increase in the prevalence of asthma in the last half decade points 
towards an important role for the environmental factors herein. While 
the mechanisms by which different environmental triggers contribute to 
asthma are  quite divergent, they all have in common that their initial 
effect is exerted through contact with and the response evoked in airway 
epithelial cells. By forming a chemical, physical and immunological barrier, 
airway epithelial cells are the interface between the external environment 
and the internal respiratory tissue. Therefore, airway epithelial cells are 
key regulators of the response to environmental triggers like cigarette 
smoke (CS), respiratory viral infections and aero-allergens such as house 
dust mite (HDM). Next to the fact that these three environmental triggers 
are strongly associated with the inception and exacerbations of asthma, 
they all affect in their own specific way the survival of airway epithelial 
cells. Until now, the role of airway epithelial cell survival in asthma has 
only moderately been explored. Therefore, we took advantage of the 
high expression of Pim1 kinase in airway epithelial cells and its well-
known role in cell survival to expand the current understanding of the 
importance of cell survival of airway epithelial cells to the inception and 
exacerbations of asthma. However, through its ability to phosphorylate a 
wide range of proteins on serine and/or threonine residues, Pim1 kinase 
is involved in a broader variety of cellular processes, including cell growth, 
cell differentiation and inflammation processes. Hence, in this thesis 
we not only explored the role of Pim1 kinase on cell survival of airway 
epithelial cells upon exposure to environmental triggers, but also revealed 
the effects of Pim1 kinase in the anti-viral inflammatory response and 
innate immune response upon exposure to respiratory viruses and HDM, 
respectively.
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The role of Pim1 kinase in the response of the airway epithelium upon 
exposure to CS has been studied in detail in vivo as well as in vitro in chapter 
2. We showed that the increased neutrophilic airway inflammation and 
release of damaged-associated molecular patterns (DAMPs) observed 
in Pim1-deficient mice in vivo might be a consequence of enhanced cell 
death of airway epithelial cells as revealed in vitro. These data suggests 
that Pim1 kinase activity protects the airway epithelium against CS-
induced damage and subsequent neutrophilic airway inflammation, 
thereby implying that reduced cell survival sensitizes airway epithelial 
cells for CS-induced damage.  In chapter 3, we studied the effect of Pim1-
dependent cell survival of primary bronchial epithelial cells (PBECs) from 
healthy individuals in monolayer cultures upon infection with HRV-16. 
We showed that reduced viral replication and release of viral particles 
upon pharmacological inhibition of Pim1 kinase activity was associated 
with enhanced induction of cell death. These results indicate a protective 
role of cell death of airway epithelial cells in respiratory viral infections. 
In addition, in chapter 4 we observed reduced viral replication in air-
liquid interface cultures of PBECs from healthy and severe asthmatic 
individuals. In these studies, we revealed that reduced viral replication 
was a consequence of an augmented interferon-induced anti-viral 
response upon viral infection in the absence of Pim1 activity. Interestingly, 
by combining two mechanisms suppressing viral replication in one  single 
target, inhibition of Pim1 kinase could be a promising new therapeutic 
approach for the treatment of virally induced asthma exacerbations. In 
chapter 5, we assessed the role of Pim1 kinase in the airway epithelium 
exposed to HDM. We showed that inhibition of Pim1 kinase activity in 
vitro prolongs the HDM-induced loss of barrier function and increases the 
release of  pro-inflammatory mediators. In line herewith, we observed 
an exaggerated epithelial innate and adaptive Th2 response to HDM in 
Pim1-deficient mice in vivo. These data suggest a facilitative role for Pim1 
kinase in the regulation of airway epithelial barrier integrity, important for 
the pathogenesis of asthma.

Appendix 163

Summary



164

Taken together, with this thesis we show that Pim1 kinase is not merely 
involved in cell survival of airway epithelial cells exposed to cigarette 
smoke and human rhinovirus but also plays a role in the anti-viral IFN-
induced inflammatory response and in the HDM-induced innate immune 
response. The effects of Pim1 kinase on the different cell processes 
upon exposure to environmental triggers are rather divergent. While 
pharmacological inhibition of Pim1 kinase activity might be a highly 
interesting novel therapeutic approach in respiratory viral infections and 
eventually in virally induced asthma exacerbations, the detrimental effects 
of inhibition of Pim1 upon exposure to CS and HDM makes it difficult to 
predict the drawbacks and benefits of treatment with a pharmacological 
inhibitor. However, the studies described in this thesis unambiguously 
demonstrate that further studies on the potential of inhibition of Pim1 
kinase activity as novel therapeutic approach in asthma are absolutely 
warranted.
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Introductie

Astma is een chronische ziekte van de luchtwegen die veel voorkomt in 
Nederland. Meer dan een half miljoen mensen in Nederland heeft astma 
en bijna een kwart van deze patiënten zijn kinderen. In de longen van 
astmapatiënten zijn doorlopend ontstekingen aanwezig, welke in ernst 
kunnen toenemen. Door deze ontstekingen zijn de longen van mensen 
met astma gevoeliger voor verschillende prikkels in de leefomgeving, zoals 
sigarettenrook, virussen en allergenen waaronder huisstofmijt (HDM). 
Blootstelling aan dit soort prikkels kan ervoor zorgen dat de slijmvliezen 
van de longen extra slijm produceren en de spieren van de luchtwegen 
samentrekken. Hierdoor worden de luchtwegen nauwer en wordt het 
moeilijker om adem te halen, wat een astma aanval wordt genoemd. 
Een astma aanval gaat vaak gepaard met een benauwd gevoel, piepende 
ademhaling en hoest en is in de meeste gevallen van tijdelijke aard. 
Hoewel astma tot op heden niet genezen kan worden, is in het algemeen 
de benauwdheid en de ontsteking met medicatie goed te behandelen.

Ondanks het vele onderzoek naar astma dat in de afgelopen decennia 
is gedaan, is op dit moment nog steeds niet volkomen duidelijk hoe astma 
ontstaat. Ook kan de belangrijke vraag waarom mensen verschillen in de 
gevoeligheid voor het ontwikkelen van astma nog niet volledig worden 
beantwoord door artsen en onderzoekers. Wat wel bekend is, is dat 
astma deels erfelijk is. In de afgelopen jaren is dan ook geprobeerd genen 
te vinden die betrokken zijn bij het ontstaan van astma en de gevoeligheid 
voor het ontwikkelen van astma. Verschillende studies hebben een aantal 
kandidaat genen ontdekt, waaronder ORMDL3, TSLP, SMAD3 en PCDH1, 
die verschillen tussen mensen met en zonder astma. Helaas verklaren 
deze genen slechts gedeeltelijk waarom sommige mensen astma krijgen 
en andere mensen niet. Waarschijnlijk speelt naast de erfelijk bepaalde 
gevoeligheid om astma te kunnen ontwikkelen ook blootstelling aan 
verschillende schadelijke stoffen aanwezig in de ingeademde lucht, de 
zogeheten omgevingsprikkels, een belangrijk rol.
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De meest bekende en best bestudeerde omgevingsprikkels zijn 
sigarettenrook, virussen en allergenen zoals HDM. Alhoewel deze 
omgevingsprikkels heel verschillend zijn, hebben ze één ding gemeen: 
ze komen na inademing als eerste in contact met de epitheelcellen van 
de long. Epitheelcellen bekleden weefsels en organen en beschermen 
deze daarmee tegen schadelijke invloeden van buitenaf. Individuele 
epitheelcellen zijn met elkaar verbonden door eiwitten, zoals 
Occludine, ZO-1 en E-cadherine. Hierdoor vormen de epitheelcellen een 
nauwsluitende laag van cellen, welke voorkomt dat de omgevingsprikkels 
via de longen in het lichaam kunnen doordringen. Naast het vormen van 
deze fysieke barrière, scheiden epitheelcellen ook mucus en verschillende 
antimicrobiële eiwitten uit. Dit zorgt ervoor dat de omgevingsprikkels 
worden wegvangen voordat ze in aanraking komen met de epitheelcellen. 
Verder is bekend dat omgevingsprikkels een ontstekingsreactie in de 
longen kunnen veroorzaken. Epitheelcellen kunnen verschillende anti-
ontsteking stoffen produceren, die een belangrijke rol spelen bij deze 
ontsteking.

Het is gebleken dat bovengenoemde beschermende mechanismen 
van de epitheelcellen minder goed werken in de longen van mensen met 
astma. De verbindingen tussen de epitheelcellen zijn vaak aangetast en de 
epitheelcellen zijn minder goed in staat om ontstekingen te verminderen. 
Daarnaast tonen verschillende onderzoeken aan dat deze beschadigingen 
in de beschermende werking van de epitheelcellen kunnen worden 
verergerd door blootstelling aan sigarettenrook, virussen of HDM. Dit 
geeft aan dat epitheelcellen erg belangrijk zijn voor de longen en dat 
veranderingen in de epitheelcellen waarschijnlijk een belangrijke rol 
spelen bij het ontstaan van astma. Wat echter minder goed onderzocht 
is, is de invloed van sigarettenrook, virussen en HDM op de overleving 
van de epitheelcellen. Ze beïnvloeden ieder op hun eigen manier hoe 
snel en op welke manier een epitheelcel doodgaat en wat de gevolgen 
hiervan zijn voor de longen. Wanneer bijvoorbeeld sigarettenrook de 
epitheelcellen zodanig beschadigd dat ze dood gaan, komt de inhoud van 
de cellen vrij. Hierin bevinden zich ook schadelijke stoffen, die wanneer 
ze aanraking komen met nog levende epitheelcellen, een ontsteking in de 
longen opwekken. Van virussen is bekend dat ze zich in de epitheelcellen 
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kunnen vermenigvuldigen. Virussen zorgen er echter ook voor dat de 
epitheelcellen pas doodgaan als er veel virusdeeltjes zijn gevormd, 
waardoor het virus zich goed kan verspreiden. Een ‘gezonde’ reactie op 
een virusinfectie is dus dat de epitheelcel juist snel dood zou moeten 
gaan. Het doodgaan van epitheelcellen zorgt er dan voor dat de longen 
minder geïnfecteerd worden met virus en beschermd de longen daarmee 
tegen virusinfecties. Ook HDM kan ervoor zorgen dat epitheelcellen 
doodgaan, zonder dat er schadelijke stoffen vrijkomen. Wanneer deze 
dode epitheelcellen vervolgens worden opgenomen door nog levende 
epitheelcellen, gaan deze epitheelcellen meer anti-ontsteking stoffen 
produceren. Op deze manier wordt de ontsteking veroorzaakt door HDM 
verminderd en beschermt het doodgaan van epitheelcellen als gevolg 
van blootstelling aan HDM de longen. Maar wat nu exact de rol van 
overleving dan wel celdood van de epitheelcellen voor het ontstaan en 
verergeren van astma is, is op dit moment nog onduidelijk. Het onderzoek 
beschreven in dit proefschrift heeft als doel om de huidige kennis van de 
rol van overleving van epitheelcellen te vergroten.

Om goed te kunnen bestuderen hoe belangrijk de overleving van de 
epitheelcellen is in astma, hebben we gebruik gemaakt van een eiwit 
waarvan bekend is dat het betrokken is bij de overleving van verschillende 
soorten cellen. Dit eiwit, Pim1 kinase, is vooral bekend van onderzoek 
naar uiteenlopende vormen van kanker. Hierin is veelvuldig aangetoond 
dat Pim1 kinase ervoor kan zorgen dat cellen minder snel doodgaan. Pim1 
kinase behoort tot de groep van de zogenaamde kinases. Eiwitten in deze 
groep kunnen andere eiwitten in het lichaam aan- of uitzetten. Door deze 
boodschapper functie zijn ze betrokken bij vele processen in het lichaam 
en op deze manier speelt Pim1 kinase ook een rol in de overleving van 
cellen. Door hiervan gebruik te maken, en vooral van de mogelijkheid 
Pim1 kinase specifiek te kunnen remmen, kunnen we de rol van celdood 
van epitheelcellen blootgesteld aan verschillende omgevingsfactoren in 
detail bestuderen.
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Doelstelling van het proefschrift

Het doel van het onderzoek beschreven in dit proefschrift is om de huidige 
kennis over celdood van epitheelcellen blootgesteld aan sigarettenrook, 
luchtwegvirussen of HDM en het belang hiervan voor het ontstaan en 
verergeren van astma te vergroten.

Experimentele technieken

Om een antwoord te kunnen geven op de vraag wat het belang van celdood 
van epitheelcellen blootgesteld aan sigarettenrook, luchtwegvirussen en 
HDM is, hebben we verschillende experimentele methodes gebruikt. We 
hebben onder andere gebruik gemaakt van dierproeven met muizen, de 
zogenaamde in vivo experimenten. Door groepen muizen die zijn geboren 
zonder Pim1 kinase te vergelijken met muizen die wel Pim1 kinase hebben, 
kunnen we bestuderen wat de invloed van Pim1 kinase is wanneer de 
longen worden blootgesteld aan omgevingsprikkels. Deze manier geeft 
ons mogelijkheid om de effecten van de betreffende prikkels op de longen 
te onderzoeken, terwijl de longen nog in het lichaam zitten.

Daarnaast hebben we gekeken naar geïsoleerde epitheelcellen, met 
behulp van in vitro experimenten. Deze epitheelcellen zijn afkomstig van 
mensen en kunnen op twee verschillende manieren worden gebruikt. 
Bij de eerste methode zijn de epitheelcellen zodanig behandeld dat ze 
onbeperkt kunnen groeien. Deze cellen worden cellijnen genoemd en het 
grote voordeel van deze cellijnen is dat er veel cellen beschikbaar zijn. 
Het nadeel is dat de epitheelcellen als gevolg van de behandeling om 
onbeperkt te groeien wel kunnen veranderen en niet meer helemaal goed 
te vergelijken zijn met de oorspronkelijke cellen zoals aanwezig in het 
menselijk lichaam. Om deze reden hebben we ook experimenten gedaan 
met cellen die niet behandeld zijn om onbeperkt te groeien, de zogenaamde 
primaire humane epitheelcellen. Deze primaire cellen lijken meer op de
cellen aanwezig in de longen van mensen en experimenten met deze 
primaire cellen zijn beter te vertalen naar de werkelijke situatie in het 
lichaam.



169

Blootstelling aan sigarettenrook

In hoofdstuk 2 beschrijven we de rol van celdood in epitheelcellen die 
blootgesteld zijn aan sigarettenrook. Met behulp van muizen die zijn 
geboren zonder Pim1 kinase hebben we gekeken of deze muizen ook 
gevoeliger waren voor de schadelijke effecten van sigarettenrook. Onze 
resultaten laten zien dat na rookblootstelling de muizen zonder Pim1 
kinase meer ontstekingscellen in de luchtwegen hebben dan muizen met 
Pim1 kinase. Vervolgens hebben we gekeken of humane epitheelcellen 
van een cellijn eerder doodgaan wanneer ze worden blootgesteld aan 
sigarettenrook, terwijl ze zijn behandeld met een Pim1 kinase remmer. Dit 
bleek inderdaad het geval te zijn, maar we konden helaas niet aantonen 
dat dit ook het geval was voor de cellen van de muizen. Omdat de 
inhoud van de epitheelcellen vrijkomt wanneer deze cellen doodgaan, 
hebben we gekeken of we ook verschillen in de hoeveelheid schadelijke 
stoffen konden aantonen, de zogenaamde damage-associated molecular 
patterns (DAMPs). Hoewel we niet precies dezelfde DAMP konden vinden 
in de menselijke cellen als in muizen, hebben we wel gevonden dat twee 
verschillende DAMPs beide verhoogd zijn wanneer er geen of geremde 
activiteit van Pim1 kinase is. De algemene conclusie van dit hoofdstuk 
is dat het verhinderen van celdood een belangrijk mechanisme van de 
epitheelcellen blijkt te zijn om zich te beschermen tegen de schadelijke 
effecten van sigarettenrook.

Blootstelling aan luchtwegvirussen

Het onderzoek beschreven in hoofdstuk 3 en 4 is gericht op 
luchtwegvirussen, en dan met name het humane rhinovirus (HRV), als 
omgevingsprikkel. In hoofdstuk 3 beschrijven we experimenten met 
primaire humane luchtwegepitheelcellen gekweekt als een enkele 
laag cellen, die we vervolgens geïnfecteerd hebben met HRV-16. We 
laten zien dat wanneer we deze cellen behandelen met de Pim1 kinase 
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remmer, het virus zich minder vaak vermenigvuldigd. Dit lijkt niet te 
komen door een verschil in anti-virale reactie van de epitheelcellen, 
maar doordat de cellen die behandeld zijn met de Pim1 kinase 
remmer eerder doodgaan, wat het vermenigvuldigen van het virus 
tegengaat. Uit de resultaten beschreven in hoofdstuk 3 kunnen we 
dan ook concluderen dat celdood vermenigvuldiging van HRV-16 remt.

In hoofdstuk 4 hebben we gekeken naar het effect van remming van de 
activiteit van Pim1 kinase op de vermenigvuldiging van HRV-16 in een ALI 
celkweek model. Wij hebben primaire epitheelcellen gebruikt afkomstig 
van zowel gezonde mensen als van mensen met ernstig astma. In dit ALI 
model zijn epitheelcellen aan de bovenkant blootgesteld aan lucht en 
aan de onderkant aan vloeistof voor 21 dagen, waardoor ze zodanig gaan 
groeien dat ze vergelijkbaar zijn met epitheelcellen in de longen van de 
mens. Dit model biedt de mogelijkheid om virusinfecties in de logen na 
te bootsen in een model dat erg lijkt op de situatie in de mens. Uit deze 
experimenten kwam naar voren dat de Pim1 kinase remmer ook in dit 
model de vermenigvuldiging van HRV-16 onderdrukte, zowel in de cellen 
van gezonde mensen als in de cellen van mensen met ernstig astma. In 
dit hoofdstuk hebben we specifiek gekeken naar de anti-virale reactie 
van de epitheelcellen. We zagen dat al kort na de infectie de anti-virale 
reactie was verhoogd in de cellen behandeld met de Pim1 kinase remmer, 
waardoor de vermenigvuldiging en de daaropvolgende verspreiding van 
HRV-16 wordt geremd. Dit biedt mogelijkheden voor een nieuwe therapie 
om exacerbaties van astma als gevolg van virusinfecties te behandelen.

Blootstelling aan HDM

In hoofdstuk 5 hebben we bestudeerd wat de rol van Pim1 kinase op de 
epitheelcellen is na blootstelling aan HDM. Blootstelling aan HDM zorgde 
ervoor dat de muizen astma ontwikkelden, waarbij het niet uitmaakte 
of de muizen met of zonder Pim1 kinase waren geboren. We waren niet 
in staat verschillen aan te tonen in de hoeveelheid ontstekingscellen in 
de longen en de gevoeligheid van de luchtwegen om samen te trekken 
tussen muizen geboren met en zonder Pim1. Wanneer we vervolgens 
de ontstekingsreactie onderzochten aan de hand van de productie van 
ontstekingsstoffen, vonden we een toegenomen productie van deze 
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stoffen in de muizen geboren zonder Pim1 kinase. Met behulp van zowel 
primaire humane cellen als cellen van een luchtwegepitheelcellijn hebben 
we aangetoond dat de Pim1 kinase remmer de verminderde barrière 
functie van de luchtwegepitheelcellen door blootstelling aan HDM 
versterkt. Aangezien we ook een toename van de ontstekingsstoffen zagen 
vergelijkbaar met de muizen geboren zonder Pim1 kinase, veronderstellen 
we dat het verminderen van de barrière functie van de epitheelcellen 
ervoor zorgt dat er meer ontstekingsstoffen worden geproduceerd. Uit 
het onderzoek beschreven in hoofdstuk 5 kunnen we concluderen dat 
Pim1 kinase de barrière functie van de epitheelcellen beschermt en dat 
in afwezigheid van Pim1 kinase er een grotere ontstekingsreactie ontstaat 
na blootstelling aan HDM.

Algemene conclusies

Het onderzoek beschreven in dit proefschrift laat zien dat de overleving 
van epitheelcellen een rol speelt in de bloostelling van epitheelcellen 
aan sigarettenrook en luchtwegvirussen. Daarnaast laten we in dit 
proefschrift zien dat het remmen van Pim1 mogelijkheden biedt voor het 
ontwikkelen van nieuwe medicijnen gericht op het onderdrukken van de 
vermenigvuldiging van virussen. Dit medicijn zou dan de klachten van 
astma exacerbaties door virusinfecties kunnen verminderen.

Wel blijft de vraag bestaan of celdood van epitheelcellen goed of slecht 
is. Wanneer de epitheelcellen worden blootgesteld aan sigarettenrook 
kan dit zorgen voor extra ontstekingen, terwijl het bij blootstelling aan 
een luchtwegvirus juist voor vermindering van de gevolgen van de 
virusinfectie kan zorgen. Oftewel, wanneer een rokende astma patiënt 
een virusinfectie oploopt, zorgt celdood van epitheelcellen dan voor meer 
of juist minder klachten? Een vergelijkbare vraag kan worden gesteld 
voor Pim1 kinase. Zou je een rokende patiënt een Pim1 kinase remmer 
geven om de schadelijke effecten van de virusinfectie te verminderen? Of 
vererger je hiermee alleen maar de astma doordat de patiënt ook rookt? 
Een eenduidig antwoord hierop is op dit moment nog niet te vinden en 
verder onderzoek zal moeten worden gedaan om hierop een antwoord te 
kunnen geven.
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Dankwoord

En dan, na ruim 4 jaar, is het tijd om ook het laatste en naar wat men 
zegt het meest gelezen hoofdstuk van mijn proefschrift te gaan schrijven. 
En misschien zelfs wel het belangrijkste hoofdstuk, want als ik een ding 
zeker weet is dat er zonder alle hulp en steun om mij heen helemaal geen 
proefschrift was geweest. De afgelopen 4 jaar zijn voorbij gevlogen en 
ik kijk met veel plezier terug op een ontzettend leuke en leerzame PhD 
periode. 

Als eerste moet ik natuurlijk Pim bedanken. Pim1, zonder jou was mijn 
promotie-onderzoek niet mogelijk geweest en je bent dan ook echt de 
rode draad van mijn proefschrift. Hoewel ik je met enige regelmaat wel 
kon schieten, ben ik nu toch blij dat ik je de afgelopen 4 jaar trouw ben 
gebleven. 

Na Pim kom ik natuurlijk al heel snel bij mijn copromotor terecht. Beste 
Martijn, dit project gaf jou de mogelijkheid om je Amsterdamse hobby mee 
te nemen naar Groningen en ik denk dat we nu wel kunnen zeggen dat dit 
best een goed idee was. Als mijn dagelijkse begeleider en ‘Pim specialist’  
is het toch echt dankzij jou dat dit proefschrift er ligt. Door jouw positieve 
en optimistische kijk op de resultaten, ook toen ik in Southampton zat, 
wist je mij altijd weer te overtuigen om door te gaan met de experimenten. 
Door mijn versies van de manuscripten te voorzien van rode arceringen 
en commentaren heb je mij naast het uitvoeren van wetenschappelijk 
onderzoek ook geleerd om deze de resultaten publicatiewaardig op te 
schrijven. Ik weet zeker dat jouw enthousiasme voor onderzoek er mede 
voor heeft gezorgd dat ik in de research wil blijven. Ik wil je bij deze heel 
erg bedanken voor de fijne begeleiding en samenwerking. En wie weet 
kunnen we ooit nog eens uit gaan zoeken wat de potentie is van een Pim1 
inhibitor bij virus geïnduceerde astma exacerbaties. 

Beste Irene, helaas nog een paar maanden te vroeg om mijn 
promotor te kunnen zijn, maar ik ben blij dat je nu mijn copromotor 
bent. Met jouw focus op epitheelcellen wilde je altijd mee denken over 
de epitheelstukken van de Groninger hoofdstukken van mijn proefschrift. 
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Jouw gedreven en kritische kijk waren altijd erg prettig en ik heb veel van 
jou geleerd. Daarnaast is ook jouw enthousiasme voor de wetenschap erg 
inspirerend en je hebt mij laten zien hoe leuk onderzoek kan zijn. Bedankt 
voor je hulp bij mijn proefschrift en voor de gezelligheid tijdens de lunch, 
borrels en congressen. 

Beste Antoon, ik ben nog steeds erg blij dat ik ruim 4 jaar geleden 
op het LIAL lab als PhD student mocht beginnen. Jouw inbreng in mijn 
project tijdens onze maandelijkse besprekingen gedurende de eerste 2 
jaar van mijn PhD was altijd heel verhelderend. Hoewel jouw bijdrage 
aan mijn proefschrift nadat ik naar Southampton en jij vervolgens naar 
Londen vertrok niet meer zo actief voorgezet kon worden, ben ik blij dat 
jij nu toch nog mijn promotor wilt zijn. 

Dear Donna, from this place I would like to take the opportunity 
to thank you for your enormous contribution to my thesis. As my host 
supervisor during the ERS Fellowship, I learned so much from all your 
research experience on epithelial cells and respiratory viruses. Due to all 
the excellent facilities in your lab we were able to successfully investigate 
the role of Pim1 kinase in viral infections. I’m very happy that you will 
attend my thesis defence as one of my promotors. 

I would also like to thank the assessment committee, Prof.  dr. H. 
Meurs, Prof. dr. C. Lloyd and  Prof. dr. I. Sabroe for the critical reading and 
approval of my thesis. 

Uiteraard wil ik ook graag iedereen op het EXPIRE lab bedanken! Wat 
heb ik veel van jullie geleerd en wat was het labwerk dankzij jullie leuk 
en gezellig. Ondanks, of misschien juist wel dankzij jullie ‘geweldige’ 
humor en veilige sfeer heb ik mij altijd enorm thuis gevoeld op het lab. 
Ook de borrels en andere activiteiten na het werk hebben hier zeker aan 
bijgedragen. Het is ook niet voor niets dat ik nog graag even bij jullie binnen 
loop. Uilke, ik voel mij soms nog schuldig over de enorme hoeveelheid 
vragen die ik op jouw heb afgevuurd, gelukkig konden we er het laatste 
jaar tenminste enigszins over discussiëren. Ik hoop dat jullie een geweldige 
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reis door Amerika maken en dat je volgend jaar weer gewoon op het lab 
zit. Harold, ook jij was een van mijn favoriete vraagbakens en jou heb ik 
minstens zoveel vragen gesteld. Ik heb dankbaar gebruik gemaakt van al 
je kennis over labzaken en ik weet niet wat ik zonder jouw antwoorden 
had gemoeten.  Marnix, elk cel- of ECIS gerelateerde vraag stelde ik bij 
voorkeur aan jou en ik wacht nog steeds op de eerste keer dat je me geen 
antwoord geeft. Jacobien, ik weet zeker dat jij zo nu en dan gek werd van 
mijn vragen, maar wat heb ik veel geleerd van jouw celkweek ervaring. 
En ik beloof je, ik ruim binnenkort echt mijn vriezers op. Sharon, ook al 
hebben wij niet heel lang samengewerkt, je bent een goede aanvulling op 
het lab en ik weet zeker dat je samen met Susan het testosteron gehalte op 
het lab in evenwicht kunt houden. Theo, beloofd is beloofd, bedankt voor 
je hulp tijdens de eerste jaren van mijn PhD en gezellig dat je inmiddels 
ook weer op hetzelfde lab zit. Ook wil ik nog graag Janneke, Renée en 
Simone bedanken voor de hulp en gezelligheid tijdens de eerste twee jaar 
van mijn promotie. Dan kan ik natuurlijk Marco ook niet overslaan, ook al 
behoor je nu professioneel gezien tot de vijand. Uiteindelijk vond ik jouw 
provocerende opmerkingen meestal toch wel leuk, alleen geloof ik dat 
verhaal over jouw homostad tijdens de ERS in Barcelona nog steeds niet.

 
Natuurlijk wil ik mijn collega PhD-studenten hier bedanken. Laura, 

ongelofelijk hoe strak jouw experimenten zijn gepland, terwijl je zelf altijd 
zo flexibel bent. Ik vond het erg gezellig om in ieder geval het grootste 
gedeelte van mijn PhD tegelijkertijd met jou te doorlopen en ik ben 
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