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Summary

Chronic lung disease (CLD) of premature infants is an inflammatory disease characterised
by the accumulation of neutrophils that fail to undergo apoptosis. Hyperoxic mechanical
ventilation, needed to support the function of underdeveloped lungs, and infection are key
inflammatory protagonists in CLD. Airway epithelial cells may contribute to the sustained
inflammation by secreting inflammatory mediators.

Interleukin-6 (IL-6) and its soluble IL-6 receptor (sIL-6R) are known to promote resolution of
the neutrophil dominated phase of inflammation in vivo. The IL-6/sIL-6R complex binds
gp130 to initiate ‘trans-signalling’, which has been shown to reduce the influx of neutrophils
by downregulating IL-8, promoting neutrophil apoptosis and inducing mononuclear cells
infiltration by upregulating MCP-1 expression.

It is not known if IL-6 trans-signalling is capable of promoting resolution of inflammation in
the airways or in neonatal leukocytes. If this role does apply, dysfunction in premature
infants with CLD could contribute to some characteristic features of the disease.

Here, IL-6R and gp130 expression was compared between adult and neonatal neutrophils.
IL-6R expression levels were similar whereas gp130 expression was greatly upregulated on
cord blood neutrophils. This may indicate a potential difference in the way neutrophils from
term infants respond to IL-6 trans-signalling however, further investigations revealed that IL-
6 trans-signalling does not regulate neutrophil apoptosis in vitro.

IL-6 trans-signalling was investigated in transformed airway epithelial cells (A549 and
BEAS2B cells) and primary small airway epithelial cells (SAEC) in vitro. The cells expressed
gp130 but not IL-6R. MCP-1 in response to IL-6 trans-signalling was variable and generally
weak. Furthermore, IL-8 release was not downregulated by IL-6 trans-signalling. Instead, an
increase in MCP-1 and IL-8 release was observed in response to a combined stimulation of
IL-6 trans-signalling and IL-1B. This suggests that the pro-resolution paradigm of IL-6 trans-
signalling may not be the case in airway epithelial cells.
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1.2 The development of foetal lungs

There are four main stages of lung growth that have been divided into the embryonic,
pseudoglandular, canalicular, saccular and alveolar stages (brief summary given in table 1
and more detailed diagram in figure 1.5).

During the embryonic stage, the lung bud and the epithelium of the lung is formed from the
endoderm. By 26-28 days of gestational age, the left and right bronchi are formed. The
structural elements of the airways develop within six weeks and continue to develop during
weeks 10 to 14 of gestation.

By the end of the pseudoglandular stage which is usually 17 weeks, the pre-acinar airways
are present. They increase in size during 16 to 26 weeks gestational age. This is the
canalicular stage in which the peripheral airways further develop in size and structure. The
saccules of the alveolar ducts begin to form. Type | and |l alveolar epithelial cells can be
identified as they begin to line the saccular air spaces by 20 to 22 weeks of gestation.

At the alveolar stage from 28 to 32 weeks gestational age, the primitive alveoli are formed
and mature by 34 weeks. The number of alveoli increases with gestational age. By term
(38-42 weeks), the foetal lung volume has increased, due to the increase in the surface
area and the number of alveoli. The alveolar region of the lung in infants born at term
continues to grow and develop rapidly (Kotecha 2000; Greenough 2003; Kajekar 2007).

Stages Time Development
Embryonic 0-7 Formation of lung buds. Blood
vessels connect to the heart.
Pseudoglandular 6-17 Development of pre-acinar airways
and blood vessels.
Canalicular 16-27 Respiratory region develops. Type |
and |l pneumocytes identified.
Alveolar 27 to term Saccules and alveoli develop.
Postnatal Up to 18 months | Alveoli and blood vessels multiply

and increase in size.

Table 1: The stages of lung development (Kotecha 2000; Greenough 2003).
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The recruitment of neutrophils to the infected tissues can occur within minutes to hours.
Through recognition and binding of microorganisms, the neutrophils engulf and remove
invading pathogens by phagocytosis. Neutrophils contain anti-microbial molecules, such as
hydrogen peroxide (H,O,) and superoxide anion (O,). These are released to eliminate the
microorganism (Brach, deVos et al. 1992; Cox 1996; Ward and Lentsch 1999; Janeway
2001; Faurschou and Borregaard 2003). Neutrophils also have azurophil granules within
their cytoplasm that contain serine proteases. These proteases include neutrophil elastase
(NE), cathepsin G and proteinase G (PR3) (Faurschou and Borregaard 2003; Chmura, Bai
et al. 2008) and are released intracellularly during phagocytosis to aid the degradation of
pathogens (Taggart, Greene et al. 2005).

Following the clearance of microorganisms, neutrophils should undergo a programmed cell
death known as apoptosis. Apoptosis is an active process that is characterised by cell
shrinkage, nuclear condensation, plasma membrane blebbing and activation of caspase-3
(Barazzone, Horowitz et al. 1998; Samali, Zhivotovsky et al. 1999). Cells dying by this
process lose the ability to phagocytose and are not able to empty their granule contents.
The mechanism in switching off this neutrophil function during apoptosis is not fully
understood (Whyte, Meagher et al. 1993). Apoptosis is an essential process that is
regulated by cytokines and other factors to ensure neutrophils are efficiently removed.
Without this apoptotic process, dying neutrophils can release their toxic contents, potentially
damaging the surrounding tissues. This is known as necrosis (Savill and Fadok 2000; Eyles,
Roberts et al. 2006); (Liles and Klebanoff 1995). Although neutrophils have a short life-
span, various studies have shown that during inflammation, neutrophil life-span can be
prolonged. Neutrophil survival can be promoted by pro-inflammatory signals, such as a
bacterial cell wall component, lipopolysaccharide (LPS) as well as pro-inflammatory
cytokines, such as granulocyte-macrophage colony stimulating factor (GM-CSF),
granulocyte colony-stimulating factor (G-CSF) and IL-8 (Saba, Soong et al. 2002; Akgul and
Edwards 2003) (Brach, deVos et al. 1992; Lee, Whyte et al. 1993). However, there are
other cytokines such as interleukin-10 (IL-10) that have anti-inflammatory properties and
can induce neutrophil apoptosis to promote the resolution of inflammation (Cox 1996).
Apoptotic neutrophils are recognised by macrophages and are removed by phagocytosis to
prevent tissue damage. If this clearance mechanism fails and cells are not removed,
apoptotic neutrophils will undergo necrosis in this situation (figure 1.7). The neutrophil cell
~membrane becomes disrupted and its intracellular contents of proteolytic enzymes are
released, leading to extensive tissue damage (Haslett 1999). The failure of dying
neutrophils to be removed or a delay in apoptosis can cause neutrophil accumulation and
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1.4 The innate immune response within the airways

During an infection, the epithelial surface of the respiratory tract is the first line of defense.
The innate and adaptive immune responses are the important second and third line of
defense (Opitz, van Laak et al. 2010). The inflammatory response to infection in the airways
is triggered by surface and intracellular receptors known as pattern recognition receptors
(PRR) (as shown by figure 1.8 in the alveolus). They detect bacterial components known as
pathogen-associated molecular patterns (PAMPS). Essentially, PAMPS are molecules
derived from pathogenic bacteria and viruses (Fournier and Philpott 2005; Opitz, van Laak
et al. 2010). In normal lung function, unstimulated airway epithelial cells express low levels
PRRs. Upon exposure to pathogens, the airways PRRs are exposed apically to recognise
bacterial components. More receptors are recruited to the apical surface when there is a
continuous exposure to bacteria (Soong, Reddy et al. 2004; Fournier and Philpott 2005;
Prince 2006). Toll-like receptors (TLRs) are one example of PRRs and play a central role in
the response to a wide variety of endogenous and exogenous inflammatory mediators
(Chaudhuri and Sabroe 2008). TLR 1 to 10 have been detected in airway epithelia and each
respond to distinct PAMPS. Not all of the ten TLRs are expressed at one time on the
epithelium. The activation of PRRs triggers the production of inflammatory mediators, such
as IL-1B8, TNFa, IL-8 and IFNy from the epithelia. These mediators can also be released
from activated resident alveolar macrophages (figure 1.8) and the epithelial cells are further
stimulated. For example, IL-18 and TNFa released from macrophages can stimulate type |
and Il pneumocytes to produce IL-8 (Suzuki, Chow et al. 2008; Opitz, van Laak et al. 2010).
Secretion of this chemokine can also be stimulated by bacteria cell wall components, such
as LPS and flagellae (Gomez, Lee et al. 2004). The presence of IL-8 stimulates the
recruitment of neutrophils to the site of infection.
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1.5. The neonatal innate immune system

Newborn infants are more likely to have frequent and serious bacterial infections during
their first few weeks of life (Bektas, Goetze et al. 1990). This may be due to a widely
observed deficiency of innate immunity. Neutrophils from neonatal infants have a decreased
complement activity and a poor ability to migrate to the site of an infection. They also have
reduced phagocytic and bactericidal functions (Bektas, Goetze et al. 1990; Quie 1990;
Moriguchi, Yamamoto et al. 2006; Moriguchi, Yamamoto et al. 2006). This was shown by an
investigation by Moriguchi et a/ who studied the function of neonatal neutrophils. The
neutrophils were isolated from umbilical cord blood obtained from a newborn infant. It was
shown that cord blood neutrophils that were exposed to a bacterial peptide known as
formyl-methionyl-leucyl-phenylalanine (fMLP), had a reduced ability to produce a potent
anti-microbial oxidant, H,O,. The neutrophils were not as efficient as adult neutrophils at
removing invading bacteria following phagocytosis. Furthermore, the activity of serine
proteases in cord blood neutrophils was reduced compared to adult neutrophils. The
protease activity was less responsive to cytokine-stimulation. Adult neutrophils had
responded significantly better to TNFa and GM-CSF stimulation. The lack of a response
could be due to minimal numbers of receptors available on the cell surface to bind the
cytokines. The study by Moriguchi et al had shown a reduction in cytokine receptor
expression on cord blood neutrophils, particularly the expression of GM-CSF and G-CSF.
From their investigation, it was concluded that neutrophil function is diminished in early
newborn infants compared to adults. Their ability to adhere to endothelial cells, migrate into
tissues and clear infecting microorganisms was greatly reduced compared to adults
(Moriguchi, Yamamoto et al. 2006; Moriguchi, Yamamoto et al. 2006).

It was reported that neonatal neutrophils and cord blood neutrophils have a delayed ability
to apoptose. This had subsequently led to neutrophil accumulation, contributing to the
pathogenesis of chronic inflammation in the lung, gastrointestinal tract and other organs
(Hanna, Vasquez et al. 2005). It was associated with a delay in Fas-mediated apoptosis due
to reduction in FasR expression and decreased caspase-3 activity in neonatal neutrophils
(Luo, Schowengerdt et al. 2003; Koenig, Stegner et al. 2005). Furthermore, pro-apoptotic
molecules such as Bak, Bax and Bad were also decreased in neonatal neutrophils
compared to adult neutrophils, which would also delay apoptosis (Hanna, Vasquez et al.
. 2005).
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1.6 Injury and inflammation of the immature lung

Infants that are born before 37 weeks gestation are deemed as ‘premature’. Premature
infants have an immature lung structure, poorly developed alveoli and are deficient in
surfactant (Jobe and lkegami 1998). Infants that are born less than 30 weeks gestation are
more likely to develop respiratory distress syndrome (RDS) within 4-6 hours of birth than
infants who are born after 30 weeks gestational age (Greenough 2003). The incidence of
RDS is inversely proportional to gestational age and occurs more frequently in infants that
weigh less than 1200g. In addition, it is more common in males than females with a 2:1 ratio
(Merenstein 1998). RDS is an acute lung injury that is associated with the presence of lung
lesions known as hyaline membranes, which prevent oxygen from passing to the
bloodstream. It is indicative of epithelial and endothelial cell damage, and can be attributed
to congenital infection (Greenough 2003). Scarring and fibrosis of the airways, including the
alveoli is typical and has been strongly associated with the development of chronic lung
disease (CLD). The current definition of CLD is applied to infants who require oxygen
supplementation beyond 28 days of age or infants more than 36 weeks gestational age
(Kotecha 1999). CLD most commonly occurs in premature infants and term infants that
have required mechanical ventilation and oxygen supplementation for acute RDS
(Bancalari, Abdenour et al. 1979). CLD occurs in 35-40% of infants who weigh 750g to
1500g and may or may not have received surfactant therapy (Merenstein 1998).

Surfactant deficiency is a contributing factor to the development of RDS as lung volume and
compliance are reduced, both of which lead to alveolar collapse. Very little air can be
retained in the alveoli with no surfactant present. The presence of phosphatidyiglycerol,
one of the most common phospholipids in surfactant, is associated with a low risk of RDS.
However, phosphatidylglycerol does not develop until around 36 weeks gestational age and
then its production increases up until term (Merenstein 1998). Surfactant is vital for reducing
surface tension, increasing lung compliance, alveolar stability and general protection of the
epithelium (Merenstein 1998). It is made up of approximately 92% lipid and 8% protein.
About 70% of the lipid are composed of phosphatidylcholine species and the main
compound is dipalmitoylphosphatidyicholine (DPPC). The protein is made up of four
constituents; SP-A, SP-B. SP-C, SP-D (Lynch 2004). The most common treatment for RDS
is the administration of surfactant during mechanical ventilation. Although surfactant therapy
improves clinical outcome, the mechanical ventilation can cause lung injury, which can lead
to the development of CLD (Stevens, Harrington et al. 2007). However, studies have shown
that infants at a high risk of developing RDS were to receive early surfactant replacement
therapy instead of receiving surfactant when RDS has already established, their prognosis
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was significantly improved, and the incidence of developing CLD was reduced (Gortner,
Wauer et al. 1998; Stevens, Harrington et al. 2007). Although surfactant therapy is an
established treatment for RDS, its efficacy is very much dependent on the strategy of the
treatment. There are international guidelines for the preparation, dosing and timing of the
surfactant replacement therapy (van Kaam, De Jaegere et al. ; Stevens and Sinkin 2007).

Infants with breathing difficulties are placed on mechanical ventilation to aid inflation of the
airways. They receive copious amounts of oxygen, often at a high concentration (termed
hyperoxia) and a sustained pressure. The high pressure exerted by mechanical ventilation
often causes physical damage to the tissues, known as barotrauma, which can lead to the
development of lesions in the bronchiolar epithelial cells (Ehrenkranz 1992; Greenough
2003). Lung epithelial cells can be morphologically changed by cell flattening and stretching
as a result of hyperoxia exposure, ultimately causing tissue damage and cell death (Crapo,
Barry et al. 1980).

Ventilated preterm infants with RDS or early CLD were shown to have elevated apoptosis of
alveolar epithelial cells with evidence of pulmonary fibrosis, associated with the
development of CLD (De Paepe, Mao et al. 2005). Inappropriately activated inflammatory
cells, such as neutrophils, are recruited to the site of inflammation in the airways. This often
causes more damage to the cells as the neutrophils fail to be effectively removed
(Fortenberry, Bhardwaj et al. 1996; Kotecha, Silverman et al. 1998). Premature neonates
that developed RDS were found to have numerous inflammatory cells present in tracheal
samples. This was compared to infants who were either ventilated for non-pulmonary
reasons or those that had gone on to recover from RDS. These infants had fewer
inflammatory cells present in the airways and a lower neutrophil cell count compared to
those that went on to develop CLD (Merritt, Cochrane et al. 1983; Groneck, Gotze-Speer et
al. 1994; Kotecha, Chan et al. 1995).

Furthermore, neutrophils that were isolated from the cord blood of premature infants and
exposed to hyperoxic conditions in vitro were more susceptible to activation, superoxide
production and the inappropriate release of intracellular contents compared to adult PMN
(Suzuki, Yasukawa et al. 1993; Hoehn, Felderhoff et al. 2001).

Oxygen toxicity is also a major problem, as the lungs of infants with CLD are often
subjected to prolonged hyperoxic conditions (Guthmann, Wissel et al. 2005) which can
aggravate inflammation already present in the lungs (Fortenberry, Bhardwaj et al. 1996;
Kotecha, Silverman et al. 1998). Both factors are major contributors of lung injury; strongly
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associated with the pathogenesis of CLD. Other mechanisms of mechanical ventilation
capable of inducing lung injury include large gas volumes (Attar and Donn 2002), alveolar
collapse and re-expansion (atelectotrauma) and increased inflammation (biotrauma)
(Ehrenkranz 1992; Attar and Donn 2002). The lung damage can result in blood, fluid and
protein to leak into the airways, alveoli and the lung interstitium. This can impair normal lung
function, prevent surfactant function and promote lung inflammation (Clark, Gerstmann et al.
2001).

Coalson et al. used premature baboons to investigate CLD to mimic the features of CLD
observed in human premature infants with the disease. The baboons were born with lung
development still in the canalicular stage and received treatment with postnatal surfactant.
They received a limited and controlled use of oxygen supplementation with ventilatory
strategies to prevent volutrauma and they also received good nutrition. Similarly to CLD in
human premature infants weighing less than 1000g, the baboons had pulmonary lesions,
fibrosis of the saccular wall, significantly reduced alveolarisation and capillary vasculature,
but no airway disease. They reported an increase in inflammation in the airways of the
baboons on ventilatory support. Significantly elevated levels of TNFa, IL-6 and IL-8 were
observed in tracheobronchial aspirate fluids (TAFs) (Coalson, Winter et al. 1999).

1.7 Inflammation in the pathogenesis of chronic lung disease

TAFs taken from premature neonates that have developed CLD often contain an
abundance of neutrophils and are characterised by an increased level of pro-inflammatory
cytokines. This is indicative of an inflammatory response in the airways (Groneck, Schmale
et al. 2001). Significantly high levels of IL-1, TNFa, IL-6 and IL-8 were detected in TAFs and
bronchoalveolar lavage fluid (BALs) obtained from premature and term neonates who were
mechanically ventilated and had developed CLD (Merritt, Cochrane et al. 1983; Bagchi,
Viscardi et al. 1994; Groneck, Gotze-Speer et al. 1994; Kotecha, Chan et al. 1995; Kotecha,
Wilson et al. 1996; Murch, Costeloe et al. 1996; Jonsson, Tullus et al. 1997). These pro-
inflammatory cytokines were detected within a few hours after birth and during 2-3 weeks
proceeding (Kotecha, Wangoo et al. 1996; Kotecha, Wilson et al. 1996; Murch, Costeloe et
al. 1996). Increased levels of TNFq, IL-1 and IL-6 have been detected in the amniotic fluid
(Ghezzi, Gomez et al. 1998) and have been associated with the increased risk of neonatal
infection and premature births (Yoon, Romero et al. 1996; Gomez, Romero et al. 1998).
Elevated levels of these pro-inflammatory cytokines are also a characteristic feature of
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chorioamnionitis (inflammation of the placenta). Chorioamnionitis has been associated with
CLD development and is common in mothers who deliver prematurely (Yoon, Romero et al.
1996; Goldenberg, Hauth et al. 2000). Furthermore, it is often caused by Ureaplasma
urealyticum, which has also been linked with CLD (Kundsin, Leviton et al. 1996), as it has
been isolated from the lungs of infants with CLD (van Waarde, Brus et al. 1997).
U.urealyticum was shown to be the predominant microorganism in perinatal airway infection
and was associated with a broncho-alveolar inflammatory response with elevated IL-1, IL-6
and IL-8 at birth in premature infants with CLD. This was not observed in non-CLD preterm
infants (Groneck, Schmale et al. 2001). It remains controversial to whether airway infection
with this microbe can contribute to lung injury in preterm infants as a link between
U.urealyticum and CLD has not been firmly established (van Waarde, Brus et al. 1997).

However, as pro-inflammatory cytokines have been linked to the pathogenesis of CLD, the

early appearance of cytokines in BAL and TAF samples may help to identify preterm infants
at risk of developing CLD (Jonsson, Tullus et al. 1997).
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A brief overview of the factors that have been associated with the development of CLD is
outlined in figure 1.9. These include antenatal and postnatal infection, mechanical
ventilation (oxygen toxicity and barotrauma) and impaired lung growth. The patent ductus
arteriosis (PDA) results in abnormal blood flow when the ductus arteriosis remains open.
Endotracheal secretions from ventilated preterm neonates contain gram positive bacteria
such as Staphylococcus epidermidis, and gram negative bacteria Klebsiella pneumoniae
and Escherichia coli, which have also been associated with CLD incidence. Preterm infants
with viral infections, mainly adenovirus or cytomegalovirus are also at risk of developing
CLD (Davies, Maxwell et al. 2006).

Viral -
Adenovirus, Gram Negative
Ureapla'sma Cytomegalovirus bacteria
urealyticum Klebsiella
pneumoniae,
j Escherichia coli
Antenatal infection Postnatal infection

T~ N

Gram positive bacteria
Prematurity [—» PDA ,| Pulmonary Staph. epidermidis
\ Inflammation
/
Barotrauma
l Lung Growth
A
Oxygen Toxicity CLD

Figure 1.9. Numerous factors contribute to pulmonary inflammation and the development of
CLD in premature and term infants. Adapted from Davies et al. (2006).
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1.8 The impact of hyperoxia on lung epithelial cells

Prolonged exposure to high oxygen concentrations with or without mechanical ventilation
has been shown to cause tissue damage to the lining of the airways. Primary and
transformed cell lines as well as animal models have been used to investigate the impact of
hyperoxia on cell function. The described mechanisms of cell death caused by hyperoxia
are complex as it can vary in different cell types.

Hyperoxia can affect signaling pathways involved in regulating lung development and has
been implicated in the pathogenesis of CLD. Alejandre-Alcazar et al. showed that neonatal
mice exposed to hyperoxia had reduced or arrested alveolar development due to the
upregulation of transforming growth factor (TGF)-B signalling and decreased signalling of
bone morphogenetic protein (BMP). Elevated levels of TGF-B have been detected in human
neonates receiving oxygen therapy and diagnosed with CLD (Lecart, Cayabyab et al. 2000).
In human and murine neonates, the disruption of the TGF-B pathway directly affects cell
proliferation and apoptosis as well as elevating the expression of metalloproteinase inhibitor
TIMP-1 in lung tissue. Increased TIMP-1 levels have been detected in CLD (Alejandre-
Alcazar, Kwapiszewska et al. 2007)

Injury to lung epithelial cells caused by oxidants such as hydrogen peroxide (H.O,) can
induce death by apoptosis (Kazzaz, Xu et al. 1996) but according to Franek et al, exposure
to hyperoxia does not kill cells via this mode of cell death. They reported that transformed
human alveolar epithelial cell line (A549) exposed to hyperoxia, were protected from
oxidant-induced apoptosis. The mechanism involved is yet to be elucidated but is thought to
be due to the activation of pro-survival pathways rather than through the inhibition of
apoptotic pathways and is likely to involve the activation of NF-kB (Franek, Horowitz et al.
2001). NF-«xB is known to be activated by pathogens, cytokines and oxidants (Schreck,
Meier et al. 1992) and can protect cells from apoptosis by regulating Bcl-2 and caspases
(Wang, Guttridge et al. 1999).

A non-apoptotic pathway in hyperoxia-exposed cells was also observed by Romashko et a/
who used transformed mouse alveolar epithelial cells (MLE-12) in their investigations. MLE-
12 cells died as a result of exposure to hyperoxia but through a different mode of death to
apoptosis. Oncosis was observed which is characterised by organelle swelling, the
disruption of mitochondria structure and function but without activation of caspase-3 activity
or phosphatidylserine translocation which is seen in apoptosis. Oncosis is partly mediated
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by pathways thought to be involved in apoptosis which include the activation of a
transcription factor AP-1 and trans-activators JNK and p38. Apoptosis and oncosis share
upstream pathways but then proceed with different downstream events and are distinct
modes of death. Epithelial cells exposed to oxidants exhibited downstream apoptotic events
involving caspase-3 activation and phosphatidylserine translocation (Romashko, Horowitz et
al. 2003). In contrast, Truong et al/ reported that epithelial cells exposed to hyperoxia
undergo low levels of apoptosis and a significant number of cells died by necrosis in a
caspase-independent manner (Truong, Monick et al. 2004).

Other signalling molecules, extracellular signal-regulated kinase (ERK) and mitogen-
activated protein kinase (MAPK) are also activated by hyperoxia and have been reported to
have a significant role in hyperoxia-induced oncosis that is different from JNK and p38 but
this is yet to be elucidated. However, similar to p38, ERK is known to regulate the
production of reactive oxygen species through activation of NADPH oxidase (Parinandi,
Kleinberg et al. 2003). It has been shown to have both an anti- and pro- apoptotic role in
epithelial cells (Zhang, Liu et al. 2005). However, ERK may have a protective role against
hyperoxia-induced cell death as its activation delayed the death of A549 cells and acted to
compensate the down-regulation of phosphoinositide 3-kinase (PI3-K) when exposed to
hyperoxia. PI3-K is known as a pro-survival kinase and has been implicated in cell survival
pathways. Furthermore, ERK and PI3-K inhibited apoptosis by inactivating caspase-9
(Allan, Morrice et al. 2003; Truong, Monick et al. 2004).

Lian et al demonstrated the activation of STAT3 pathway in preventing hyperoxia-induced
inflammation and injury in the lung in vivo. It was shown that hyperoxia induced the
activation of MMP-9 and MMP-12 in bronchoalveolar macrophages, endothelial cells and
lung epithelial cells. This was inhibited by the over-expression of STAT3C (a constitutively
active form of STAT3) which targeted a set of genes in the alveolar type |l epithelial cells of
transgenic mice, causing the release of gene products that inhibited neutrophil influx and
MMP-9/MMP-12 production. It provided protection against capillary haemorrhage following
exposure to hyperoxia and enhanced survival (Lian, Qin et al. 2005).

Many of the studies investigating IL-6 and hyperoxia have been in the animal lung in vivo.
Some studies have used transgenic mice that over-express IL-6. One study in particular
found that the over-expression of IL-6 enabled the mice to tolerate 100% O, exposure and
all had survived for more than eight days. The wild-type mice died within 72 to 96 hours.
The transgenic mice had diminished hyperoxia-induced lung injury and alveolar-capillary
protein leakage. This IL-6-induced survival was associated with increased levels of anti-
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apoptotic protein Bcl-2 and an MMP inhibitor, TIMP-1 (Ward, Waxman et al. 2000). This
study was conducted in adult mice. Other studies investigating IL-6 and hyperoxia in
neonatal animals have conflicting reports. An investigation by Choo-Wing et al showed the
over-expression of IL-6 in neonatal transgenic mice increased their mortality. The excessive
amount of IL-6 present in the hyperoxic lung increased mediators such as angiopoietin-2,
angiopoietin-4 and vascular endothelial growth factor (VEGF). This contributed to the
pulmonary oedema and consequent mortality of neonatal transgenic mice. Caspases -3, -6,
-8 and -9 were also found to be significantly increased, resulting in cell death which
according to the authors may have contributed to the lung injury observed in these mice
(Lian, Qin et al. 2005; Choo-Wing, Nedrelow et al. 2007). As IL-6 has been found to be
elevated in human neonatal lungs, this may explain the injury and subsequent development
of CLD. Hyperoxia may be responsible for dysregulating the function of pro-inflammatory
cytokines.

A further study by Chetty et al. also showed there was no protection against hyperoxia by
IL-6. Interestingly, both the transgenic and wild-type neonatal mice in this study had
elevated Bax protein as a result of hyperoxia but no Bcl-2. In the same study, they had
compared an in vitro experiment using type || pneumocytes cultured from foetal rat lungs. In
this experiment, the cells were treated with 25ng/ml IL-6 for 24 hours before oxidant injury.
Rather than exposing the cells to high oxygen concentrations, they had exposed the cells to
1mM H,0, for 1 hour before assessing cell viability by trypan blue dye exclusion. They
reported a 25% increase in survival in IL-6 treated cells compared to the control. The
mechanism responsible for this IL-6-mediated survival had not been investigated (Chetty,
Cao et al. 2008).

1.9 Pro-inflammatory cytokines may exert a protective effect against cell death

Studies by McNamee et al. into neutrophil apoptosis have reported that concentrations of
TNFa or IL-1B up to 1000pg/ml and IL-6 up to 500pg/ml protect against spontaneous cell
death as the rate of leukocyte apoptosis was significantly reduced (McNamee, Bellier et al.
2005). This was an in vitro experiment using diluted whole blood incubated for 48 hours. At
0, 24 and 48 hours, whole blood obtained from healthy volunteers was lysed with
ammonium chloride lysing solution and subjected to various centrifugation steps to remove
erythrocytes, leaving a purified PBMC population. Staining the cells with Annexin-V enabled
~ apoptotic cells to be distinguished from live cells through identification of phosphatidylserine
(PS), which becomes externalised on the membrane of apoptotic cells. They reported that
as little as 0.01 pg/mi of IL-1B, 1pg/ml TNFa or 125pg/ml IL-6 was enough to significantly
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delay neutrophil apoptosis. Lymphocyte apoptosis remained unaffected by the presence of
individual cytokines. Interestingly, they also observed an increase in neutrophil apoptosis
when each cytokine was administered at 1000 pg/ml (McNamee, Bellier et al. 2005),
suggesting higher concentrations of pro-inflammatory cytokines induce apoptosis. A direct
comparison with purified neutrophils was not made. A similar protective effect was reported
by Asensi et al. who demonstrated that pro-inflammatory cytokines may have an anti-
apoptotic role in patients with an inflammatory bone infection called osteomyelitis, which is
associated with increased circulating levels of IL-1, IL-6 and TNFa. This was subsequently
linked with reduced apoptosis of neutrophils observed in patients with this inflammatory
disease (Asensi, Valle et al. 2004).

IL-6 has been known to rescue T cells from entering apoptosis (Teague, Marrack et al.
1997; Kovalovich, Li et al. 2001) through the upregulation of STAT3 as well as the activation
of anti-apoptotic molecules Bcl-2 and Bcl-x (lvanov, Bhoumik et al. 2001; Narimatsu, Maeda
et al. 2001). Studies by Ward et al have shown IL-6 to have a protective role in the lung
when exposed to 100% oxygen. It can reduce the extent of injury to the airways caused by
hyperoxia and is able to exert this protective effect alone in the lungs of transgenic mice.
They reported that this protective effect was associated with an anti-apoptotic molecule Bcl-
2 and a metalloproteinase inhibitor, TIMP-1. Both of which are involved in inhibiting cell
death (Ward, Waxman et al. 2000). In contrast, Tsan et al reported that IL-6 was not
capable of a protective role by itself and instead it mediates the actions of TNF and IL-1
which both act together to protect against hyperoxia within endothelial cells of rats (Tsan,
White et al. 1992). The protective actions of TNFa and IL-1 can be exerted through a
specific type of enzymes called superoxide dismutases (SOD) (Groneck, Schmale et al.).
There are three types of SOD that catalyse the formation of reactive oxygen species,
superoxide (O;), hydrogen peroxide (H,O,) and hydroxyl radical (*OH). One type, known as
MnSOD, is located in the mitochondria. The protein levels and enzymatic activity of MNSOD
is increased upon stimulation with TNFa and IL-1 and has been demonstrated to have an
important role in the protection against O, toxicity (Fox, Hoidal et al. 1981; Freeman and
Crapo 1981; Wong and Goeddel 1988; Tsan, White et al. 1992). IL-6 does not appear to
mediate its protective role through the activation of MnSOD but does interact with TNFa and
IL-1 to enhance their protection through MnSOD (Tsan, White et al. 1992; Ward, Waxman
et al. 2000). Similar to Ward et al, investigations by Rollwagon et al have also shown IL-6 to
inhibit cell death by upregulating bcl-2 in rat intestinal epithelial cells following tissue
- damage by oxygen free radicals (Rollwagen, Madhavan et al. 2006). Although many studies
have shown IL-6 to delay apoptosis, the opposite effect has been observed in a study by
Afford et al, who demonstrated that IL-6 induced the apoptosis of human neutrophils and
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the human monocytic cell line, U937. It was claimed that the rate of apoptosis increased in
neutrophils and U937 cells when incubated with IL-6 compared to the control without IL-6.
Elevated apoptosis was observed after 24 hours incubation for neutrophils and 48 hour
incubation for U937 cells. However, this effect was seen in a small proportion of cells and
not the entire population in culture (Afford, Pongracz et al. 1992). An in vitro study by Brach
et al revealed that IL-6 had no effect on delaying neutrophil apoptosis but found that GM-
CSF prolonged survival for 216 hours. Neutrophils were purified by dextran sedimentation
and centrifugation on Ficoll-Hypaque. The purified neutrophils at 1 x 10° cells/ml were
incubated for up to 216 hours in RPMI media supplemented with serum, with or without
treatment. Apoptosis was determined by eosin dye exclusion test and also confirmed by
DNA fragmentation analysis. After 24 hours, 80% t 9 of neutrophils treated with 1nmol/L rh-
GM-CSF survived compared to 70% £ 8 of neutrophils with 1nmol/L rhiL-6 and the control
without treatment, 68% t 4. By 48 hours, rh-GM-CSF had kept 81% % 9 alive compared to
18% % 3 for the control and 18% + 8 for IL-6. Interestingly, incubating the cells with a
bacterial peptide fMLP had not altered neutrophil survival (Brach, deVos et al. 1992).

1.101L-6

IL-6 is a pleiotropic cytokine that has both pro- and anti-inflammatory functions. It is
important in regulating the local and systemic acute inflammatory response, as it affects
numerous activities of the immune response. This includes regulating macrophage gene
expression, complement receptor expression (C5aR), the activation of polymorphonuclear
neutrophilic leukocytes (PMNs) and cell apoptosis (Xing, Gauldie et al. 1998; Ward,
Waxman et al. 2000; Gomez, Sokol et al. 2005). IL-6 is a member of a family of cytokines
that consist of oncostatin-M (OSM), interleukin-11 (IL-11), interleukin-27 (IL-27), Leukaemia
inhibitory factor (LIF), ciliary neurotrophic factor (CNTF), cardiotrophin-1 (CT-1) and
cardiotrophin-like cytokine (CLC), which are all involved in regulating the acute phase
response (Heinrich, Behrmann et al. 2003).

1.10.1 IL-6 and its receptors

IL-6 belongs to a family of cytokines that act through receptor complexes containing at least
one subunit of the signal transducing glycoprotein gp-130. The expression of the membrane
bound IL-6 receptor (80kDa) is limited to specific cell types such as hepatocytes and
leukocytes whereas gp130 (130kDa) is more widely expressed on the majority of cells in the
body. Cells expressing IL-6R respond to IL-6 by the recruitment of two gp130 molecules, as

22



$ " " 3%32% ? 342 ! " "
s #o# " # ! !
/> @ " ! % .22+A%
1 342 # " - "
(" . # " " I "
$ ! " S !
< & " " % .223A = 3%33A%
2 1,
1
A 7=E A 7=E
B
& 7
& =
!
D 757E,?" moo +
"6 ,?H&L 9% + ,+"%6 +!
?299 ,+"%6+! + "o+ " "+
c " "+ (11.

Lo
=7

# $

$ " ( 9
* 8

$ $# "

=B

B

2'0 +
+ + " +"
" +

n%+||

+

C

A 6

"%



7577,
’ "% ’

?'0
?'0

+

?

8(11.

n "

% .22+A%

6 %

I + + + 2 o
% 2+ 2#8&1 " F' + 2
" ;342 ¢ L&t 3
% .223A% # Lo # !
$$# " # " 5, =*1; 5, AT # "
3%3.A " " ! $ =)
$ [ # 1" # :
D I AP S
% 3//-A% "# L
$ # " 8 "
P " 1 $
% 3///A% H ( &" (" "o

$ "

& !



D

)

%
37
%

224> <

227TA%

1
1D&
1
+ oD , , "6 E U "0+
?2'0 + "% 3 ? ?'0 9% + +
"0 3 7 ?2'0 "+ "%+" "+ "0 H
89%$3 + , +" + #1 + + H +" "% @EE
+ 0 ? % (11(
1
' "l " P " "6 $ = 1A' " "o
( ' # " % .222A " $ " 3
"o - $ $ $# " # " -
% .22+A% 11} n 1] n # n - I
I o# " # "ol ) 37 = &" ("
! ! . "= (" ! % .224A%
" ) 37 ' " # $ # # ! =? $ 6' &
# % (" ! #
$ $# " ( "o - " =G # "9 "
&' H % .22,> 1 ' % .227A%
" 1 $# " | " ! 48 " | =1 ' #



IL-6 release and IL-6R expression on human airway epithelial cells can be induced following
exposure to bacteria such as Staphylococcus aureus and Pseudomonas aeruginosa
(Gomez, Sokol et al. 2005). Gomez et al used cultured transformed cell lines 16HBE,
1HAEo-cells and primary cells isolated from human nasal polyps (THP-1) and by flow
cytometry, were shown to express IL-6R and gp130. By confocal microscopy, IL-6R was
shown to be expressed on the apical surface where as gp130 was found to be evenly
distributed on the apical and basolateral areas. The IL-6R was shed from the membrane
following a 24 hour exposure to S.aureus which was detected in the supernatants harvested
from the 16HBE cells. Using a TACE inhibitor, TAPI-1, the mechanism responsible for the
shedding of IL-6R was TACE-dependent. Bacterial stimulation in the presence of IL-6/slL-
6R induced a greater amount of MCP-1 release compared to bacterial stimulation without
IL-6/sIL-6R (Gomez, Lee et al. 2004). The presence of IL-6R on epithelial cells is
controversial as it has not been previously described.

It has been reported that bacterial stimulation can induce the release IL-6R to produce siL-
6R from macrophages or PMNs. Furthermore, bacterial peptide fMLP is also known to
induce IL-6R shedding from activated neutrophils (Jones 2005).

The mechanism of sIL-6R production by physiological activators is not properly understood
particularly during inflammation. Franchimont et al studied the release of sIL-6R from an
oesteoblast-like cell line MG63 that endogenously expresses IL-6R. They found untreated
cells released sIL-6R through alternative splicing of the IL-6R mRNA. However, the elevated
slL-6R observed in response to stimulation by 10ng/ml IL-18 or 10ng/ml TNFa was due to
shedding rather than alternative splicing. Surprisingly, RT-PCR and inhibitor studies
involving RNA polymerase |l inhibitor DRB or protein synthesis inhibitor cyclohexamide
revealed IL-1B8 and TNFa had no direct effect on sIL-6R mRNA levels. In addition, IL-1B and
TNFa-induced release of sIL-6R was completely blocked by calcium chelating agent EGTA
suggesting that the mechanism required a protease to cleave the receptor. Therefore, IL-18
and TNFa could induce IL-6R shedding through the activation of TACE in an oesteoblast
cell line. Calcium chelating agents were shown to completely inhibit sIL-6R production
following stimulation with IL-18 and TNFa indicating the involvement of calcium-requiring
ADAMs (Franchimont, Lambert et al. 2005). In a separate in vitro investigation of a
monocytic cell line, Hargreaves et al reported that IL-1B, TNFa or IL-6 had not elevated
_expression or the release of IL-6R from IL-6R-expressing THP-1 cells. In the same study,
MCP-1 also had little effect on IL-6R shedding (Hargreaves, Wang et al. 1998).
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1.11 IL-6 and siL-6R regulate the inflammatory response

In vivo investigations using a murine model of peritoneal inflammation revealed IL-6 trans-
signalling has a crucial role in regulating leukocyte recruitment. The neutrophil influx is
reduced by IL-6/sIL-6R downregulating IL-8 and upregulating MCP-1, to recruit
mononuclear cells. IL-6 trans-signalling has not been shown to affect the initial neutrophil
influx (Hurst, Wilkinson et al. 2001; Gomez, Sokol et al. 2005; Jones 2005). In an in vitro
study by Hurst et al, using growth arrested and serum starved human peritoneal mesothelial
cells (HPMC), stimulation with 10ng/ml IL-6 and 50ng/ml sIL-6R significantly induced MCP-1
release. This suggests that it may not be IL-6 dependent as treatment with sIL-6R alone
also significantly elevated MCP-1 release. However, Witowski et al showed HPMC release
basal IL-6 that may be sufficient to form an active IL-6/sIL-6R complex (Hurst, Wilkinson et
al. 2001). MCP-1 was also induced by a genetically engineered IL-6/sIL-6R fusion protein
known as Hyper-IL-6. This protein was designed to have human iL-6 covalently attached by
a flexible peptide chain to human siIL-6R. It is a highly active molecule in gp130-expressing
cells in vitro (Peters, Blinn et al. 1998) and has potential therapeutic benefits (Rakemann,
Niehof et al. 1999). In contrast to the in vivo scenario, baseline IL-8 production from HPMC
was unaffected by IL-6/sIL-6R, sIL-6R alone or by hyper IL-6 in vitro. However, IL-1B-
induced IL-8 was downregulated by IL-6 trans-signalling in this study (Hurst, Wilkinson et al.
2001).

In an in vitro experiment using endothelial cells, IL-6/sIL-6R stimulated copious expression
of MCP-1, where-as IL-6 or sIL-6R alone had no affect. Similar results were obtained for IL-
8 and IL-6 release in response to IL-6/sIL-6R. Human endothelial cells (HUVEC) were
cultured from extracted umbilical cord veins. Romano et al reported MCP-1 release was
induced following 24 hour treatment with 10ng/ml IL-6 in the presence of sIL-6R at
concentrations ranging from 10-500ng/ml. In addition, MCP-1 mRNA expression was
observed after 4 hours in endothelial cells cultured with 10ng/ml IL-6 and 100ng/ml siL-6R.
Tyrosine phosphorylation of STAT3 was observed after a 10 minute treatment with IL-6/slL-
6R but not with IL-6 or sIL-6R alone (Romano, Sironi et al. 1997).
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1.12 Signalling pathways activated by IL-6

IL-6 signalling through gp130 leads to the activation of Janus kinases (JAK), such as JAK1,
JAK2 and Tyk2 (figure 1.11). These in turn induce the phosphorylation of STAT1 and
STAT3, which form homodimers or heterodimers and translocate to the nucleus. This
initiates the transcription of target genes (Horiuchi, Koyanagi et al. 1994; Heinrich,
Behrmann et al. 1998; Matthews, Schuster et al. 2003). STAT3 has diverse functions and is
known to be involved in regulating cell proliferation, differentiation, survival, apoptosis and
inflammation. In addition it has been shown to have an important role in regulating
surfactant homeostasis and lung function during hyperoxic-induced injury but is not required
for normal lung development or function (Bromberg and Darnell 2000). In an in vivo study,
STAT3-deletion in mice that were exposed to high oxygen had epithelial cell damage, an
increased inflammatory response and decreased surfactant proteins (Hokuto, lkegami et al.
2004). In chronic and acute inflammation, the dysregulation of STAT3 was observed leading
to the over-expression of STAT3 (Hanada, Yoshida et al. 2001; Gao, Guo et al. 2004). The
mechanism behind the dysfunction has yet to be identified.

Mitogen-activated protein kinase (MAPK) is another major signalling pathway activated by
IL-6. In particular, ERK1/2, p38 and JNK members of MAPK have been known to be
activated. ERK1/2 is involved in regulating cell survival where as p38 and JNK are stress-
activated. In certain cell types such as HepG2 hepatoma cells, PI3K activation has been
observed. This activation in multiple myeloma cells by IL-6 leads to cell survival by inhibiting
apoptosis (Horiuchi, Koyanagi et al. 1994; Heinrich, Behrmann et al. 1998; Jones, Horiuchi
et al. 2001; Matthews, Schuster et al. 2003; Jones 2005; Jones, Richards et al. 2005). It is
currently unknown if the signalling mechanisms outlined here are activated by IL-6 in human
airway epithelial cells. However, there is a potential for IL-6 activation of pathways to be
dysregulated in premature neonates with CLD.

1.13 Soluble gp130

Soluble gp130 is a natural inhibitor of IL-6/sIL-6R complex. IL-6 trans-signaling is selectively
counteracted by sgp130 as it binds IL-6/sIL-6R and exerts an antagonistic affect (Taga, Hibi
et al. 1989). Soluble gp130 only interacts with IL-6 in the presence of sIL-6R and cannot
bind to membrane bound IL-6R/IL-6 complex or IL-6 alone (figure 1.13) (Jostock, Mullberg
et al. 2001). Muller-Newen reported that sIL-6R acts as an antagonist that increases the
inhibitory affect of sgp130 enabling sgp130 to trap IL-6 in a soluble tertiary complex and
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together can prevent IL-6 signalling through its cognate membrane-bound receptor (Muller-
Newen, Kuster et al. 1998). Studies by Hurst et al. using a murine model have shown that
sgp130 can regulate leukocyte recruitment during acute inflammation by inhibiting the
cellular responses induced by the sIL-6R/IL-6 complex (Muller-Newen, Kuster et al. 1998;
Hurst, Wilkinson et al. 2001; Jostock, Mullberg et al. 2001).

Circulating soluble forms of gp130 have been detected in plasma and at concentrations of
100-300ng/ml in human sera. Three different forms of sgp130; 50-kDa, 90-kDa and 100-
kDa have been purified from human sera (Honda, Yamamoto et al. 1992; Narazaki,
Yasukawa et al. 1993; Jones and Rose-John 2002). A fourth isoform has been identified but
its expression has been found in embryonic cells only (Sharkey, Dellow et al. 1995). Soluble
gp130 is produced by membrane-bound receptor shedding or by differential mRNA splicing
(Muller-Newen, Kuster et al. 1998; Tanaka, Kishimura et al. 2000). The 100kDa isoform is
released from the cell membrane where as the 50kDa isoform is produced from alternatively
spliced mRNA and contains a COOH-terminal sequence. This 50kDa isoform known as
gp130-RAPS (gp130 of the Rheumatoid arthritis Antigenic peptide-bearing soluble form)
and has been identified as an autoantigen in rheumatoid arthritis (Tanaka, Kishimura et al.
2000). The synovial fluid and plasma in patients with rheumatoid arthritis contain the 50-kDa
isoform but its role in arthritic disease has yet to be determined. A recombinant form of
human gp130-RAPS produced using the baculovirus expression system has been reported
to be therapedutically effective in experimental arthritis (Richards, Nowell et al. 2006). In
addition, it has been shown that the gp130-RAPS isoform can bind IL-6/sIL-6R and
modulate leukocyte infiltration through inhibiting IL-6 trans-signalling and effecting local
chemokine expression (Hurst, Wilkinson et al. 2001; McLoughlin, Hurst et al. 2004).

It is not clear which stimuli induce gp130 shedding or splicing. The amount of sgp130
produced by shedding is almost negligible compared to IL-6R shedding and the loss of
membrane-bound gp130 would render the cell unresponsive to cytokines that require gp130
to elicit cellular activation (Muliberg, Dittrich et al. 1993). Mullberg et a/l showed that
stimulating IL-6R and gp130-expressing Madine Darby canine kidney cells (MDCK) with
PMA did not significantly induce shedding of gp130, where as a significant increase in IL-6R
shedding was observed. They reported protein kinase C (PKC) activation was required for
the IL-6R shedding but was not required for gp130 shedding (Mullberg, Schooltink et al.
1992). In a separate study, gp130 release was significantly induced from human melanoma
cell lines by an IL-6 related family member, oncostatin-M. In a comparison study, normal
leukocytes treated with oncostatin-M had not produced sgp130. IL-6 itself did not induce
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dysregulation of IL-6 signalling contributes to the development of many diseases including
rheumatoid arthritis, inflammatory bowel disease, oesteoporosis, multiple sclerosis, prostate
cancer and multiple myeloma (Heinrich, Behrmann et al. 2003). IL-6 trans-signalling also
has a major role as a growth factor in malignant fibrous histocytoma (MFH) and AIDS-
associated Kaposi's sarcoma (KS) cells (Murakami-Mori, Taga et al. 1996). It is also
responsible for the breakdown of cartilage collagen which destroys the joint causing
rheumatoid arthritis. IL-6/sIL-6R acts synergistically with IL-1a to cause MMP-1 and MMP-
13 upreguiation. These collagenases can cause irreversible tissue damage (Kallen 2002).

Von Bismarck et al, suggested IL-6 signalling via siL-6R and sgp130 may play an important
role in pulmonary inflammation of premature infants (von Bismarck, Claass et al. 2008).
Increasing concentrations of sIL-6R and sgp130 were observed in TAFs obtained form
premature infants developing CLD. In addition, those infants developing CLD had higher
ratios for IL-6/sIL-6R and IL-6/sgp130. IL-6 trans-signalling may modulate pulmonary
inflammatory responses and dysregulated signalling could be responsible for the prolonged
inflammation observed in the airways of preterm infants (von Bismarck, Claass et al. 2008).
These data are supported by the findings from our own laboratory (manuscript in
preparation).
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1.15 Summary and hypothesis
The current understanding of IL-6 trans-signalling stems from the research of Hurst et a/, in

which they had shown IL-6 trans-signalling to have a crucial role in the transitional change
in leukocyte recruitment in the in vivo murine model of peritonitis. IL-6 trans-signalling was
shown to downregulate IL-8 and IL-1B-induced IL-8 production, which in turn reduced the
influx of polymorphonuclear cells to the site of infection (Hurst, Wilkinson et al. 2001).
Furthermore, IL-6 trans-signalling was shown to induce neutrophil apoptosis in vivo
(McLoughlin, Hurst et al. 2004). This was followed by an increase in MCP-1 and an influx of
mononuclear cells. This role was also demonstrated in human peritoneal mesothelial cells in
vitro (Hurst, Wilkinson et al. 2001). The regulation of neutrophil apoptosis by IL-6 in vitro
was described by Biffl et al and Afford et al (Afford, Pongracz et al. 1992; Biffl, Moore et al.
1996). However, there are currently no reports of IL-6 regulating neutrophil apoptosis
through its soluble receptor in vitro. In addition, it is not known if IL-6 trans-signalling can
regulate chemokine production and leukocyte recruitment in the airways or whether airway
epithelial cells respond to IL-6 trans-signalling. If this role does occur, it could be impaired in
premature infants with CLD, which is a plausible explanation for the accumulation of aging
neutrophils failing to undergo apoptosis. BAL and TAF samples obtained from such infants
have shown the abundance of neutrophils present in the airways, as well as the presence of
IL-6 (Kotecha, Wilson et al. 1996; Groneck, Schmale et al. 2001), sIL-6R and a specific
inhibitor of IL-6 trans-signalling, sgp130 (von Bismarck, Claass et al. 2008). More recent
observations from our own laboratory have shown the significant high ratio of sgp130/siL-
6R in infants who developed CLD (Chakraborty, M et al. Manuscript in preparation).

The hypothesis is that IL-6 trans-signalling regulates the transitional switch in leukocyte
recruitment by regulating chemokine release from airway epithelial cells and promoting
neutrophil apoptosis. The in vitro investigations will help decipher a role of IL-6 trans-
signalling in the airways and contribute to the understanding of CLD pathogenesis.

32



1.16 Project Aims
The overall aim is to understand the potential role of IL-6 trans-signalling in chronic lung
disease of prematurity and will involve investigating the following:

1.16.1 Chapter 3
IL-6 trans-signalling requires IL-6 and sIL-6R bound to gp130. Soluble IL-6R can be

produced by shedding of the membrane bound IL-6R. For IL-6 trans-signalling to occur, IL-6
and sIL-6R must be bound to gp130. Neutrophils are known to express IL-6R and gp130.
The expression and shedding of IL-6R and gp130 on neutrophils from adults and term
infants will be compared. This will help determine if neonatal infants respond differently than
adults to IL-6 trans-signalling, as has been reported for other stimuli.

The specific aims of this chapter were to:

1. Establish the most suitable methodology for investigating receptor expression on
neutrophils

2. Determine the membrane receptor expression of IL-6R, gp130, CD16 and CD11b on
adult neutrophils.

3. Determine the membrane receptor expression of IL-6R, gp130, CD16 and CD11b on
cord blood neutrophils obtained from healthy term neonates.

4. Determine the susceptibility of receptor expression to be altered in response to
neutrophil stimulation with a bacterial peptide or pro-inflammatory cytokine.

5. Compare and contrast receptor expression on adult neutrophils with cord blood
neutrophils.

1.16.2 Chapter 4 s
IL-6 and IL-6R is known to protect T cells, osteoblasts and neutrophils against apoptosis.

There are no studies investigating the effect of IL-6 and sIL-6R on neutrophil apoptosis in
adults or neonates. The aim of this chapter was to establish the role of IL-6 trans-signalling
on neutrophil apoptosis. Flow cytometry will be used to assess the impact of IL-6 trans-
signalling on neutrophil apoptosis using Annexin-V as a marker of apoptotic neutrophils.
Necrosis will also be measured by the staining of ToPro-3 dye which binds to the DNA in
necrotic cells. ToPro-3 is unable to enter cells that have not necrosed and therefore allows
apoptotic and necrotic cells to be distinguished.
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1.16.3 Chapter 5
IL-6 trans-signalling in adult and neonatal airways is poorly understood. The impact of IL-

6/siL-6R on transformed human airway epithelial cells A549s and BEAS2Bs will be
investigated by measuring chemokine release. This will help provide an insight into the role
of IL-6/sIL-6R as a potential regulator of leukocyte recruitment in the airways. In addition,
the role of IL-6/sIL-6R during hyperoxia will also be investigated. Premature infants on
mechanical ventilation receive oxygen at high concentrations, which subsequently damages
the airway epithelial cells. Hyperoxia may alter the IL-6/sIL-6R regulation of chemokine
production and leukocyte recruitment.

The specific aims of this chapter were to:

1. Establish if airway epithelial cells express gp130, an essential component of IL-6
trans-signalling.

2. Determine if airway epithelial cells produce MCP-1 in response to IL-6 trans-
signalling

3. Evaluate the modulation of cellular responses to IL-6 trans-signalling by exposing
the cells to high oxygen concentrations (hyperoxia) and proinflammatory cytokines,
such as IL-1B.

4. Establish if airway epithelial cells produce IL-8 and whether IL-6 trans-signalling
downregulates IL-8 and IL-1B-stimulated release of IL-8 in airway epithelial cells.

1.16.4 Chapter 6
The role of IL-6 trans-signalling in primary airway epithelial cells SAEC will be determined to

establish the validity of the results obtained from the transformed epithelial cell lines.
The specific aims of this chapter were to:
1. Establish is primary airway epithelial cells express membrane IL-6R and gp130
2. Determine if the primary airway epithelial cells produce MCP-1 in response to IL-6
trans-signalling
3. Determine if IL-6 trans-signalling can downregulate IL-8 and IL-1B-induced IL-8 in
primary airway epithelial cells.
4. Compare and contrast the response from SAEC with a positive control line human
peritoneal mesothelial cells (HPMC).
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Chapter 2
Methodology
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2. Methodology

2.1 Buffers and solutions

Phosphate buffered solution (PBS):
1 x phosphate-buffered saline tablet (Oxoid) dissolved in 100ml distilled water.

Flow cytometry buffer solution:

1 x PBS, 1% (w/v) bovine serum albumin (BSA) (Sigma), 10% (v/v) heat-inactivated foetal
calf serum (HI-FCS), 5mM ethylene-diamine-tetracetic acid (EDTA) (Sigma). The blocking
buffer consisted of flow cytometry buffer without HI-FCS and 1% (v/v) heat-inactivated
mouse serum (Sigma).

Ammonium chloride-potassium (ACK) 10 x solution:
200ml distilled water, 8.29% (w/v) ammonium chloride (Sigma), 1% (w/v) potassium
bicarbonate (Sigma), 0.2% (v/v) 0.5M EDTA (Sigma).
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2.2 Antibodies

Working
. . concentration
Antigen Clone | Isotype | Conjugate Supplier (dilution
factor)
Gp130 28126 IgG1 PE R & D systems 1/10
IL-6R/CD126 Mo1 IgG1 PE Immunotech 1/5
Southern
CD11b CRf44 IgG1 PE Biotech 1/500
CD16 3G8 1gG1 PE BioLegend 1/200
CD59 MEM-43 | IgG2a PE BioLegend 1/50
TLR 2 TL2.1 lgG2a Biotin eBioscience 1/100
TLR 4 HTA125 | IgG2a Biotin eBioscience 1/100
- Southern
CD14 UCHM.1 | IgG2a Biotin Biotech 1/100
L BD
Gp130 D2 lgG1 Biotin Biosciences 1/50
Streptavidin - - PE-Cy5.5 eBioscience 1/1000
Isotype )
control lgG1 PE R & D systems Diluting to the
Isotype same
control ) lgG2a PE R&Dsystems | . entration
Isotype - . as the
control - IgG1 Biotin eBioscience corresponding
I;;)rt‘i«&el - IgG2a Biotin eBioscience antibody
BD
p-Stat 3 pY705 IgG2a PE Biosciences 1/20

Table 2: List of antibodies. All isotypes are mouse-derived. PE = Phycoerythrin
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2.3 Inflammatory stimuli

Typical stock

Treatment Company concentration
Tumor necrosis factor-a (TNFa) Peprotech 2mg/ml
Formyl-methionyl-leucyl-phenylalanine .
(AMLP) Sigma 10uM
Lipopolysaccharide (LPS) Sigma 2mg/ml
Human recor(nrzi?l_a_rét) interleukin-6 R & D systems 30ug/ml
Human recombinant soluble interleukin-
6 receptor (th-sIL-6R) R & D systems 30ug/mi
Kindly provided
Hyper interleukin-6 (Hyper IL-6) by 30pg/mi
Prof Rose-John
Interleukin-1pB (IL-1B) Peprotech 100ug/ml

Table 3: List of inflammatory stimuli used.

38




2.4 Leukocyte isolation

Blood was obtained from healthy adult donors or from umbilical cord blood into anti-
coagulated sodium citrate (Sigma) at 10% of total blood volume. Anti-coagulated blood was
mixed with 6% dextran (Baxter Healthcare) at 20% of total blood volume unless otherwise
stated.

2.4.1 Neutrophils isolation by dextran and histopaque

Anti-coagulated and dextran treated blood was left to sediment at room temperature for 45-
60 minutes. The top layer of plasma and white blood cells was carefully removed and gently
layered over 7ml of Histopaque-1077 (Sigma) in a 25ml universal tube. After centrifuging at
200 x g for 25 minutes at room temperature (brake off), four separate layers were obtained.
The layers containing platelets and peripheral blood mononuclear cells (PBMC) were
carefully removed and discarded. A pellet of polymononuclear (PMN) cells and
contaminating erythrocytes was retained and immediately resuspended in 1ml HBSS
without Ca®* and Mg?" with 10mM EDTA (HBSS-EDTA) (Lonza). The erythrocytes were
lysed with 3ml sterile water for 30 seconds and then topped up with HBSS-EDTA. After
centrifuging at 500 x g for 4 minutes, the supernatant was poured off and the PMN pellet
was washed twice in HBSS-EDTA prior to cell counting.

2.4.2 Neutrophil isolation by dextran and percoll

Anti-coagulated and dextran treated blood was centrifuged at 20 x g for 20 minutes. The top
layer of plasma and white biood cells was removed and transferred to a fresh 50ml tube.
After pelleting the white blood cells at 150 x g for 7 minutes, the plasma was removed,
leaving 3ml of plasma surrounding the cell pellet.

Percoll (Sigma) was diluted with 10% 1.5M saline. The diluted percoll was further diluted
with sterile PBS to make 81%, 70% and 55% (of stock concentration) percoll solutions. To
conical tubes, 4.5ml of 81% percoll was added and over-layed with 3mli of 70% percoll. The
3ml plasmalcell pellet was resuspended in 3ml of 55% percoll and 3ml of the 55%
percoll/plasma/cell pellet mixture was gently over-layed on the 70% percoll layer. Density
gradients were formed following centrifugation at 1500 x g for 25 minutes (brake on). The
top layer containing PBMCs was gently removed in a circular motion using a pasteur
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pipette. The second layer containing PMNs was gently removed in the same manner and
transferred to a fresh tube. The remaining lower layer with a pellet of erythrocytes was
discarded. The tube with the PMNs was topped up with 10ml of sterile 1 x PBS and
centrifuged to pellet the cells at 500 x g for 4 minutes. The PBS was discarded and the
pellet resuspended in fresh 10ml 1 x PBS to repeat the wash step. The pellet was
resuspended in 2ml HBSS containing Ca®* and Mg?* prior to cell counting.

2.4.3 Leukocyte isolation

Anti-coagulated and dextran treated blood was centrifuged at 20 x g for 20 minutes. The
plasma-leukocyte layer was carefully extracted without disturbing the lower layer of red
blood cells and transferred to a fresh 50ml tube. The leukocytes were pelleted at 150 x g for
7 minutes and the plasma was removed leaving 3ml surrounding the pellet. The cell pellet
was resuspended in RPMI media (Lonza) and centrifuged 400 x g for 5 minutes. The
supernatant was discarded. The cell pellet was resuspended in 3-5 ml of cold 1 x ACK
solution for a few minutes to lyse the erythrocytes. RPMI was added and centrifuged at 400
x g for 5 minutes. The cells were washed twice in RPMI before resuspending in 2-3 ml RPMI
prior to cell counting

2.4.4 Stimuli-treatment of isolated neutrophils and leukocytes

Isolated neutrophils or leukocytes were counted on a haemocytometer and a cell density of
2 x 10%ml was used per treatment. The appropriate tubes containing 1ml of cells was
primed with 2ng/ml TNFa and incubated in a 37°C waterbath for 15 minutes. For a further
15 minutes, 1uM fMLP was added to the appropriate tubes. During both incubation periods,
the tubes were gently swirled 2-3 times to disperse the treatments. The concentration of
stimulants were selected based on a previous study by Williams et al., in which 1uM fMLP
was shown to directly activate leukocytes, whilst 2ng/ml TNFa primes the cells in
preparation for activation (Williams, Pettitt et al. 2007). Following centrifugation at 500 x g
for 4 minutes, the supematant was removed and transferred to 1.5ml tubes and stored at -
80°C for future analysis. The cell pellet was retained and prepared for flow cytometry, as
described in 2.4.6.
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2.4.5 Stimuli-treatment and ACK lysis of whole blood

Anti-coagulated blood was not treated with dextran. Instead, the blood was diluted by 50%
with HBSS containing Ca®* and Mg®* (HBSS®2* M2y (Sigma). To a tube, 2ml of diluted
blood was added and treated with 2ng/ml TNFa for 15 minutes at 37°C. For a further 15
minutes at 37°C, the appropriate samples were incubated with 1uM fMLP. The
concentration of stimulants were selected based on a previous study by Williams et al., in
which 1uM fMLP was shown to directly activate leukocytes, whilst 2ng/ml TNFa primes the
cells in preparation for activation (Williams, Pettitt et al. 2007). The tubes were gently
swirled to disperse the treatments. Samples were centrifuged at 500 x g for 4 minutes and
the supernatant containing plasma was removed. The pellet was resuspended in 2-3ml of
cold 1 x ACK and incubated at room temperature for 15-20 minutes. A plastic pasteur
pipette was used to gently resuspend the blood and was transferred to a fresh tube. The
tubes were topped up with 3ml flow cytometry buffer and centrifuged at 500 x g for 4
minutes. The supernatant was removed and discarded. Samples were further lysed with 1ml
1 x ACK solution for 5-10 minutes depending on the erythrocytes susceptibility to lyse.
Samples were washed once in flow cytometry buffer and centrifuged. The cell pellets were
retained and prepared for analysis by flow cytometry, as described in 2.4.6.

2.4.6 Preparation of cell pellets for flow cytometry

The cell pellet (obtained as described in 2.4.4 and 2.4.5) was resuspended in flow cytometry
buffer and centrifuged at 500 x g for 5 minutes. After the supernatant was discarded, the cell
pellet was resuspended in 1mi flow cytometry buffer. The appropriate wells of a 96-well U-
bottomed plate received 100ul cells/well. After pelleting the cells at 500 x g for 5 minutes,
the buffer was removed. The cell pellets were resuspended in 100pl of blocking buffer and
incubated at 4°C for 25 minutes. After centrifugation at 500 x g for 5 minutes, the blocking
buffer was removed and cells were washed again in flow cytometry buffer. Following
another centrifugation and wash step, the cells were resuspended in the appropriate PE-
conjugated antibody and incubated at 4°C for 30 minutes. The centrifugation and wash step
was repeated twice to ensure removal of unbound antibody. The cell pellet were
resuspended in 100yl of flow cytometry buffer and transferred to the tubes containing 100l
cold flow cytometry buffer. Samples were analysed immediately on a BD FACS calibur.
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2.5 Leukocyte isolation method used for investigating neutrophil apoptosis/necrosis

Two methods were used to assess neutrophil apoptosis in a mixed leukocyte population in
the absence and presence of human serum.

2.5.1 Dextran isolation of leukocytes to retain the serum

Anti-coagulated and dextran treated blood was left to stand for approximately 45-60 minutes
at room temperature to sediment the erythrocytes. The top layer of leukocytes and plasma
was transferred to a fresh tube and pelleted at 500 x g for 4 minutes. The supernatant was
removed and the pellet was treated with 1 x ACK to lyse any remaining erythrocytes. The
celis were washed in RPMI, pelleted at 500g for 4 minutes and resuspended in media prior
to cell counting.

2.5.2 Dextran isolation of leukocytes to remove the serum

Anti-coagulated and dextran treated blood was centrifuged at 20 x g for 20 minutes. The top
layer of leukocytes and plasma were removed and transferred to a fresh tube. After
centrifuging for 7 minutes at 150 x g, the plasma was removed and the pellet was
resuspended in 1 x ACK to lyse the erythrocytes. The cells were centrifuged at 500 x g for 4
minutes. The cells were washed in RPMI media, centrifuged twice before resuspending in
media prior to cell counting.

2.5.3 Preparation of leukocytes for apoptosis/necrosis analysis

The isolated leukocytes were counted on a haemocytometer and cells at a density of 2 x10°
per mi were added to a well of a 24-well plate. Leukocytes were either untreated or were
treated with 100ng/ml LPS or 30ng/ml IL-6 and 30ng/mi sIL-6R. The cells were incubated at
37°C for 5 or 17 hours. Following the incubation step, the wells were washed thoroughly in
HBSS®2* M2* to |ift off adherent leukocytes. As control samples, isolated leukocytes that
had not received treatment nor had been incubated, were included. The cells were
transferred to tubes and centrifuged at 500 x g for 5 minutes. After the cells were
resuspended in 1ml HBSS*®32* @ Mi2* 100 was transferred to a U-bottomed 96 well plate.
The cells were pelleted at 500 x g for 5 minutes and the supernatant was removed. The
cells were either resuspended in 100ul of Annexin V binding buffer (AVBB) (BD
Biosciences) containing 3% Annexin V-PE (MBL) to fluorescently label apoptotic cells or in
100ul AVBB containing 20mM EDTA with 3% AV-PE or 100ul AVBB only as controls.
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2.7 Epithelial cell culture

2.7.1 Culture of transformed epithelial cells

The transformed epithelial cells used in this study are listed in table 4, along with their
media requirements. The cells were cultured in 75cm® flasks containing media
supplemented with L-glutamine and 5% heat-inactivated foetal calf serum (HI-FCS)
(Sigma). Cells were grown to 80% confluency in a humidified incubator at 37°C and 5%
CO,. The cells were detached with 0.25% (w/v) trypsin-Ethylenediaminetetraacetic (EDTA)
solution. The cells were sub-cultured at splitting ratios of 1:3 to 1:6 depending on individual
experiments. The medium was changed every other day.

Epithelial cells | Medium required Supplier

A549 DMEM Hyclone

BEAS2B F12-K Hyclone
Hela RPMI Sigma

Table 4: List of transformed cells

2.7.2 Small airway epithelial cells (SAEC)

SAEC (Lonza CC-2547) were cultured in T-25cm? flasks in SAEC basal media containing
growth supplements (Clonetics SAGM BulletKit CC-3118). The vials contained 5 x 10°
cells/ml. Cells were seeded at an appropriate density specific to individual experiments. The
recommended seeding density is 2,500 cells/cm?.

2.7.2.1 Thawing process and the initial culture of SAEC
An appropriate volume of media at 1ml/5cm? was added to the flasks and allowed to

equilibrate at 37°C, 5% CO, humidified incubator for 30 minutes. The cryovial was wiped
with ethanol. The cap was loosened to relieve pressure and was retightened, before rapidly
thawing the cryovial in a 37°C water bath. The vial was removed once the cells had thawed.
The cells were resuspended and added directly to the flasks containing the warmed up
media. The flask was gently rocked to ensure an even distribution of cells. The flask
containing the cells was returned to the 37°C, 5% CO, incubator.
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2.7.2.2 Sub-culturing SAEC
The cells were sub-cultured when they had reached 60-80% confluency. For a 25cm2 flask,

2mi of Trypsin/EDTA, 7-10ml of HEPES buffered saline solution (HEPES-BSS) 4ml Trypsin
Neutralising Solution (TNS) and growth media were brought to room temperature. New
culture flasks were prepared with 4ml growth media and placed in the incubator for 30
minutes. The media in each flask of cells was aspirated and discarded. The cells were
rinsed with 5ml of room temperature HEPES-BSS. After aspirating the HEPES-BSS, the
cells were covered in Trypsin/EDTA solution. The cell layer was examined microscopically.
Trypsinization takes 2-6 minutes and was allowed to continue until 90% of the cells were of
a rounded appearance. The flask was given a firm tap to remove the remainder of the cells
from the flask surface. If the cells did not detach, the flask was returned to the incubator for
30 seconds before firmly tapping the flask again. Once the cells had released, the trypsin
was neutralised with 4ml of room temperature TNS. The detached cells were transferred to
a sterile 15 ml tube. The flask was rinsed with 2ml| HEPES-BSS to collect residual cells and
added to the 15ml tube. The cells were centrifuged at 220 x g for 5 minutes to obtain a
pellet. The supernatant was removed, leaving 100-200ul around the pellet. The tube was
flicked to resuspend the cells. The cells were diluted in 2-3ml growth medium and counted.
The following equation was used to determine the total number of viable cells:

Total number of viable cells = Total cell count x percent viability

100
The total number of flasks to be inoculated was determined. The number of flasks required
depended on the cell yield and the seeding density. The cells were seeded into well plates
at a recommended density of 10,000 cells/cm?. The following equation was used:

Total number of flasks = Total number of viable cells
Growth area x seeding density

The following equation was used to calculate the volume of cell suspension to seed the
flasks:

Seeding volume = Total volume of diluted cell suspension
Number of flasks as determined in the above equation
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The cells were resuspended and the appropriate density of cells was added to the new
flasks containing the warmed up media. To each flask, 1ml of growth media was added for
every 5cm? surface area of the flask. The new flasks were returned to the incubator.

2.7.2.3 SAEC maintenance
The growth media was changed the day after seeding and then every other day. More

media was added as the cells became more confluent. At 25% confluency, the cells were
given 1ml/5cm2. When confluency reached 25-45%, 1.5ml per 5cm? was added. When the
cells were more than 45% confluent, the cells received 2ml/5cm? of growth media. Fresh
media was warmed in a sterile container in the incubator. The medium was removed from
the cells and replaced with the warmed, fresh medium. The flask was returned to the
incubator.

2.7.3 Human peritoneal mesothelial cells (HPMC)

Serum starved HPMC were kindly donated by Dr. C Fielding and Miss C Colmont from the
Department of Medical Biochemistry and Immunology, School of Medicine, Cardiff
University. The procedure for the isolation and culture of HPMC are outlined by Topley et al
(Topley, Brown et al. 1993). Briefly, HPMC were isolated by serial tryptic (0.1% wi/v trypsin
and 0.02% w/v EDTA) digestion of omental tissue from consenting patients undergoing
elective abdominal surgery (Topley, Brown et al. 1993). HPMC were cultured in Earle’s
buffered-199 medium containing 10% (v/iv) FCS, 2mM L-glutamine, 100U/ml penicillin,
100ug/ml streptomycin, Sug/ml transferrin, Sug/ml insulin and 0.4ug/ml hydrocortisone at
37°C in a humidified 5% CO, incubator. HPMC on the second passage were growth
arrested for 48 hours in the absence of FCS. HPMC can remain viable under these
conditions for up to 96 hours (Topley, Brown et al. 1993). All stimulations were performed in
the absence of serum and on cells no older than the second passage. The HPMC were
used in comparison to the SAEC and the responses of both cell lines were to be compared.
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2.8 Preparation of transformed epithelial cells

Epithelial cells were seeded at the density appropriate to individual experiments, into 25cm?
flasks, 6, 24 or 96 well plates. Cells were left to adhere prior to washing in saline and serum
starving. Prior to cytokine treatments, cells were washed again in saline and fresh serum-
free media added. Transformed epithelial cells were starved in DMEM media with no Hi-
FCS or additives.

2.9 Cytokine treatments

Cytokines were diluted to the appropriate concentrations in serum-free media before
stimulation of neutrophils or transformed and primary epithelial cells. Cells were incubated
for various times at 37°C, 5% CO, and 21% O,. For the hyperoxia experiments, cells were
exposed to 80% O,.

2.10 Enzyme-linked immunosorbent assay (ELISA)
Supernatants were aspirated from cell lines at specific time points, pelleted at 13,000 x g for

5 minutes and transferred to fresh tubes before storing at -80°C. Samples were diluted
accordingly for each ELISA in buffer specific for the ELISA kit.

2.10.1 Monocyte chemoattractant protein-1 (MCP-1) ELISA
Two different ELISA kits were used for detecting MCP-1.

2.10.1.1 MCP-1 (eBioscience ELISA)

The MCP-1 ELISA (Human CCL-2 ELISA Ready-SET-Go! eBioscience) was performed
according to the manufacturer's guidelines. Briefly, a NUNC maxisorp 96 well plate was
coated with 100pl/well capture antibody (purified anti-human CCL2; clone 5D3-F7) diluted
1:250 in coating buffer (coating buffer powder reconstituted in 1 litre distilled water) and
incubated overnight at 4°C. The washing steps were performed as outlined on the
eBioscience protocol with freshly made wash buffer (1 x PBS, 0.05% Tween-20). The assay
diluent was diluted to 1X in sterile water and used in the blocking step and to dilute the
antibodies, supernatants and standards accordingly. The standard (recombinant human
MCP-1) at 1ug/ml was diluted to 1000pg/ml and 2-fold serial dilutions were performed. The
sensitivity of the ELISA was 15pg/ml. Following an incubation and wash step, the detection
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antibody (biotin-conjugate anti-human CCL2; clone 2H5) was diluted 1:250 and 100ul/well
was added and incubated. Separately, 100ul/well of enzyme (Avidin-HRP) was added
following a wash step and proceeding the addition of 100ul/well substrate solution (1 x
TMB). Sulphuric acid was used to stop the reaction and the plate was read at 570/450nm on
a spectrophotometer

2.10.1.2 MCP-1 (BD Bioscience ELISA)

MCP-1 ELISA (BD Biosciences OptEIA™) was performed according to the manufacturer’s
guidelines. The protocol was similar to that of the eBioscience MCP-1 protocol previously
outlined with the following differences in reagents and amendments. The assay diluent (1 x
PBS with 3% BSA) was freshly made and filtered. Two different wash buffers were used;
wash buffer 1 contained 1 x PBS with 0.05% tween 20, and wash buffer 2 contained 1 x
PBS. Wash steps were performed as outline on BD protocol with 2-3 washes with wash
buffer 1 followed by 2 washes with wash buffer 2. The top standard of 500pg/m| was
prepared from recombinant human MCP-1 and a 1:2 serial dilution performed using assay
diluent. The sensitivity of the ELISA was 7.8pg/ml. At the detection antibody step,
biotinylated anti-human MCP-1 monoclonal antibody (1:1000) was added at the same time
as the enzyme reagent (Streptavidin-horseradish peroxidase conjugate). The substrate
solution was made up in 12ml distilled water with 4 OPD tablets and 5.2ul H,O, After
stopping the reaction, the absorbance was read at 490nm.

2.10.2 Human Interleukin-8 ELISA

The IL-8 ELISA (BD Biosciences) was performed according to the manufacturer's
guidelines. Briefly, a NUNC maxisorp 96 well plate was coated with 100ul/well capture
antibody diluted 1:250 in coating buffer and incubated overnight at 4°C. The washing steps
were performed as outlined in the BD Biosciences protocol with freshly made wash buffer (1
x PBS, 0.05% Tween-20). The assay diluent (refer to ebioscience MCP-1) was diluted 1:5
using sterile water and used to block the wells for 1 hour at room temperature. Supernatants
and standards were diluted accordingly with assay diluent. The lyophilized recombinant
human IL-8 stock standard was diluted to 200pg/mi and 1:2 serial dilutions were prepared.
Assay diluent was used as the control. Following a 2 hour incubation and wash step, the
detection antibody (biotinylated anti-human IL-8) was diluted 1:250 in assay diluent, the
Streptavidin-horseradish peroxidase conjugate was diluted 1:250 in the diluted detection
antibody and 100pl/well was added. After a 1 hour incubation, the wells were washed and
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100pl/well of substrate solution added (1 x TMB). Sulphuric acid was used to stop the
reaction and the plate was read at 570/450nm on a spectrophotometer.

2.10.3 Human Interleukin-6 sR ELISA
The IL-6 sR Duoset ELISA (R&D systems) was performed according to the manufacturer’s

guidelines, Briefly, NUNC maxisorp 96 well plates were coated with 100l of 2ug/ml mouse
anti-human IL-6 R (capture antibody stock is 360ug/ml) diluted in PBS and incubated
overnight at 2-8°C. Wells were aspirated and washed with PBS containing 0.05% Tween-20
pH 7.2 and blocked with assay diluent (freshly prepared and filtered 1% BSA in PBS) for 2
hours at room temperature. The wash step was repeated as before prior to 100l of
standard, supernatant and control being added in duplicate. A top standard of 1000 pg/ml
was prepared from recombinant human IL-6 sR (85ng/ml) and 1:2 serial dilution was
performed using assay diluent. Supernatants from A549 and BEAS2B cells were diluted 1:2.
Control wells contained assay diluent. Following 2 hour incubation at RT, wells were
aspirated as before and 100ul of 100ng/ml of biotinylated goat anti-human IL-6 R (detection
antibody stock at 18ug/mi) diluted in assay diluent was added. After 2 hours incubating at
room temperature, the aspiration step was repeated and 100ul Streptavidin horseradish-
peroxidase conjugated enzyme was added for 20 minutes at RT in the dark. Following the
wash step, 100l of substrate solution (for a full plate, 12ml distilled water, 4 OPD tablets
and 5.2ul H,0,) was added. Sulphuric acid was used to stop the reaction once the
standards had developed. Absorbance readings were obtained at 490nm on a
spectrophotometer.

2.10.4 Human sgp130 ELISA

Sgp130 ELISA (R&D systems DuoSet) was performed according to the manufacturer's
guidelines. Briefly, NUNC 96 well plates were coated with 100yl of 4ug/ml capture antibody
(stock 720ug/ml) diluted in coating buffer and incubated at 37°C for 1 hour. Wells were
washed with PBS containing 0.05% Tween-20 and blocked with assay diluent (freshly
prepared and filtered PBS with 1% BSA) for 1 hour at room temperature. The wash step
was repeated as before prior to 100ul of standard, supernatant and control being added in
duplicate. Top standard of 10,000 pg/m! was prepared from recombinant human sgp130
(80ng/ml) and 1:2 serial dilution was performed using assay diluent. Supernatants from
A549 cells were diluted 1:3 and supernatants from BEAS-2B were added undiluted. Control
wells contained assay diluent. Following 2 hour incubation at RT, wells were aspirated as
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before and 100ul of 400ng/ml of detection antibody (stock 72ug/ml) diluted in assay diluent
was added. After 2 hours incubating at room temperature, the aspiration step was repeated
and 100ul Streptavidin horseradish-peroxidase conjugated enzyme was added for 20
minutes at RT in the dark. Following the wash step, 100ul of substrate solution (for a full
plate, 12ml distilled water, 4 OPD tablets and 5.2ul H,0,) was added. Sulphuric acid was
used to stop the reaction once the standards had developed. Plate was read at 490nm on a
spectrophotometer.

2.11 Viability assay using MTS

An MTS assay (CeliTiter 96° AQueos One Solution Cell Proliferation Assay) is a
colourimetric assay and was used to determine the number of viable proliferating cells,
which take up the MTS tetrazolium compound and is reduced to a coloured formazon
product.

A549s were seeded at 3 x 10° per 100ul onto 96 well plates and left to adhere. After 12
hours, cells were washed twice in saline to remove serum before serum starving in Kaign’s
F12 media overnight. Cells were washed again and received 100ul of fresh serum free
media containing treatments of 30ng/ml IL-6 and sIL-6R or 20ng/ml IL-1B or were left
untreated. Treatment was set up in duplicate wells. Control wells were also included which
contained 100ul media only and no cells. Cells were incubated for 12, 24 and 48 hours at
37°C at either 21% or 80% O,. At each time point, 20ul MTS solution was added to the wells
containing media only and all wells containing A549s. After wrapping the plate in foil, the
cells were returned to the incubator for 2 hours at 37°C 21% O,. Absorbance readings were
obtained at 490nm on a spectrophotometer. In Microsoft Excel, a mean absorbance was
taken from the duplicate set of the control ‘no cells’ wells, depicting background
absorbance. This was deducted from the averaged cell absorbance readings. The corrected
absorbance values of cells were set against the absorbance of control wells containing
unstimulated cells (set at 100%) and expressed as percentage changed in proliferation.
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2.12 Preparation of cells for a paracrine experiment and flow cytometry analysis

Neutrophils were isolated by histopaque as outlined in section 2.4.1. To a flat bottomed 96
well plate, 100ul of neutrophils at 2 x 10°cells/ml were added to 50l of supernatant
harvested from A549 cells. Following 18 hour incubation at 37°C 21% O,, cells were
transferred to a U-bottomed 96 well plate, washed in AVBB solution, centrifuged at 500 x g
5 min and stained with 3% Annexin-V for 30 min. After washing and centrifuging, cells were
resuspended, transferred to tubes with a final volume of 200ul. The appropriate samples
stained with 100pl 1:10,000 To-pro-3.

2.13 Culture and preparation of Escherichia coli (E.coli)

LB broth was inoculated with a viable E.coli colony and cultured overnight at 37°C.
Following an initial 1:100 dilution, a 1:10 serial dilution was performed and segments of agar
plates were inoculated with 20ul of each serial dilution. The 1:100 dilution of E.coli was
centrifuged at 13,000 x g for 10 minutes and washed twice in PBS. After the final wash, the
pellet was resuspended in 1ml PBS. E.coli was inactivated by heat-killing at 56°C for 30
minutes. Airway epithelial cells were incubated with and without heat-killed E.coli for 24
hours with and without cytokine treatments.

2.14 Culture and preparation of Ureaplasma Parvum

U.parvum was cultured from a frozen aliquot kindly provided by Dr. M Beeton, Department
of Child Health, School of Medicine, Cardiff University. U.parvum was inoculated into 10ml
ureaplasma selective media (USM) (Mycoplasma Experience Ltd) and cultured for 48 hours.
The U.parvum culture was evenly distributed into 1.5ml microcentrifuge tubes and
centrifuged at 13,000 x g for 10 minutes. The supernatants were removed and the pellets
pooled together in one tube. Following two wash steps in PBS, the pellet was resuspended
in 1ml PBS. A serial dilution of 1:10 was performed to inoculate the media. Following 48
hours incubating, the colour changing units (CCU) were determined to indicate the density
of U.parvum, as described by Beeton et al (Beeton, Chalker et al. 2009). The 1ml of PBS
containing U.parvum was centrifuged and resuspended in the appropriate culture media for
airway epithelial cells (DMEM or F12K media with and without HI-FCS. SV3 was inactivated
by heat-kiling at 56°C for 30 minutes. Killing was confirmed by subsequent culturing of
U.parvum. Airway epithelial cells were incubated with and without heat-killed U.parvum for
24 hours with and without cytokine treatments.
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2.15 Intracellular staining for phosphorylated STAT3

A549 and SAEC cells were grown in six well plates to 70-80% confluency and A549 cells
were serum starved before the addition of cytokines. HMPC were cultured in 6 well plates
as outlined in 2.9.6 and serum starved for 48 hours. Cells were stimulated for 15, 20, 30 or
60 minutes dependent on cell line, with the appropriate stimuli in serum free media. Cells
were removed with trypsin/EDTA, centrifuged at 200 x g for 2 minutes and resuspended in
2% paraformaldehyde (PFA) .To a U-bottom 96 well plate, 100ul of the cell suspension was
added and the cells were fixed for 15 minutes at 37°C. PFA was removed by centrifugation
at 200 x g for 2 minutes before resuspending the cells in 100l ice-cold 90% methanol and
permeabilising on ice for 30 minutes. Cells were centrifuged and washed twice in flow
cytometry buffer, and stained with pSTAT3 or isotype controls (BD Bioscience) diluted 1:20
in 100ul flow cytometry buffer. Cells were centrifuged and washed twice in flow cytometry
buffer, and analysed by flow cytometry.

2.16 Analysing receptor and intracellular expression by flow cytometry
Epithelial cells were analysed by flow cytometry on a BD flow cytometer calibur. The cells

were viewed on the FSC-H/SSC-H graph as outlined in section 2.6. Expression was
determined as outlined in 2.6.1. Briefly, a histogram plot was obtained by WinMDI to
graphically display receptor expression. CellQuest analysis software package was used to
analyse the flow cytometry data and obtain the geometric mean. The geometric mean value
represents the fluorescence intensity, which corresponds to the expression of a receptor.
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2.17 Statistical analysis

For all mean results presented on a graph, the error bars represent SEM.

In chapter 3, statistical analysis to compare treatments with untreated was performed using
a non-parametric ANOVA test and the Kruskal-Wallis test with Dunn’s multiple comparisons
post test. Setting the untreated data to 100% created a standard deviation of zero, which
could not be used in a parametric test. This statistical test was also used to compare
selected conditions where the sample size was small and the standard deviation was
significantly different between conditions. A parametric statistical test was used when the
data passed the normality test and followed Gaussian distributions. In addition, the Bartlett’s
test was used to show there was no significant difference in the standard deviations
between the conditions. For this, statistical analysis was performed using one way ANOVA
with Bonferroni post test to compare selected conditions.

In chapter 4, statistical analysis of experiments conducted in the presence of serum was
performed using Kruskal-Wallis non parametric ANOVA test with Dunn’s multiple
comparisons post-test. Due to the small sample size and the difference in sample number, a
parametric one way ANOVA test could not be performed. For experiments performed in the
absence of serum, statistical analysis was performed using a one way ANOVA using Tukey-
Kramer multiple comparisons test as the sample size was larger.

In chapter 5 and 6, statistical analysis was performed by the Friedman or Kruskal-Wallis
non-parametric repeated measures ANOVA test with Dunn’s multiple comparison post-test,
depending on the individual experiment. The statistical analysis of experiments of larger
sample size were performed by using the repeated measures ANOVA and Tukey-Kramer
comparison test or Bonferroni post test, depending on the individual experiment.

For all statistical tests performed here, a p value of less than 0.05 (p = <0.05) is considered
significant.
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Chapter 3

A comparison of IL-6R and gp130 expression and shedding on adult
neutrophils and umbilical cord blood neutrophils in vitro
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