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Chapter 6
General discussion
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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
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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]. 



130

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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