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ABSTRACT

Mechanical ventilation is a life-saving intervention, but through exacerbating inflammation, it can
contribute to mortality, known as ventilator-induced lung injury (VILI). Patients with acute
respiratory distress syndrome (ARDS) are particularly susceptible to VILI, however, it is recognised
that over-distension of the lung should also be avoided in patients with healthy lungs, whom are also
at risk of VILI. It is important to minimise the adverse effects of mechanical ventilation, yet our
understanding of how over-distension promotes the devastating inflammatory response in VILI

remains poor.

In this project, the kinetics of cellular activation were investigated within the lungs of mice following
short periods of high tidal volume ventilation using phospho-flow cytometry. The results revealed
that the alveolar epithelium is activated prior to alveolar macrophages, suggesting that the
epithelium could be responsible for stimulating their activation. The activation observed was very
rapid, leading me to hypothesise that communication between these two cell types could either
occur via the release of soluble mediators, or through a direct-contact dependent mechanism.
Subsequent experiments led to the theory that alveolar macrophages may become activated in
response to stretch through the detection of the damage-associated molecular pattern ATP, which is

rapidly released by the alveolar epithelium in response to cyclic stretching.

These experiments also revealed that pulmonary endothelial cells may be the most sensitive
pulmonary cell type to mechanical ventilation in vivo, indicating that stretch-induced inflammation
could be immediately disseminated to the systemic circulation. This concept is in contrast to the
current ‘decompartmentalisation” model in which inflammatory mediators released within the
alveolar space leak into the vasculature only following the breakdown of the alveolar-capillary
barrier. This discovery has important implications for our understanding of the pathogenesis of
multiple organ failure which is the most common cause of death in ARDS patients and therefore

warrants further research.
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CHAPTER ONE

INTRODUCTION

Mechanical ventilation is a life-saving intervention utilised in the intensive care unit (ICU) to provide
respiratory support to critically ill patients commonly suffering from acute respiratory distress
syndrome (ARDS). The characteristic accumulation of non-cardiogenic pulmonary oedema and
hypoxaemia in these patients necessitates mechanical ventilation as a vital aspect of their care,
though it does not treat the cause of the condition. Conversely, inevitable overstretching of the lungs
can exacerbate the underlying injury and increase mortality, a condition referred to as

ventilator-induced lung injury (VILI).

A considerable amount of research has focused on altering mechanical ventilation strategies in an
attempt to reduce the effects of VILI; however only reducing the tidal volume has proved successful in
reducing mortality. Beyond this, it is widely accepted that research into the inflammatory responses
induced by over distending the lung, will most likely prove beneficial to patient care in the future. So
far, studies aimed at attenuating the inflammatory response have been largely unsuccessful, probably
due the complex interplay of factors such as timing, patient heterogeneity, and immunosuppression.

A more targeted approach is essential to attenuate the injury caused by mechanical ventilation.

1.0 Acute Respiratory Distress Syndrome (ARDS)

Acute respiratory distress syndrome (ARDS) may develop within days of exposure to an array of
pulmonary and non-pulmonary insults. It is characterised by the acute onset of a substantial
inflammatory response that leads to pulmonary oedema and severe hypoxaemia. The condition is
responsible for high rates of morbidity and mortality within the ICU and has been the subject of many

studies and reviews (Matthay, Ware, and Zimmerman 2012; Ware and Matthay 2000).



Definition

ARDS comprises a collection of respiratory derangements that can arise from a variety of insults, and
is therefore not simple to define. A reliable diagnosis of ARDS is not only important in being able to
provide appropriate treatment to patients but also for the understanding of its burden and
pathogenesis within the population. ARDS was first described by Ashbaugh and colleagues in 1967,
who reported a similar pattern of acute onset of dyspnoea, hypoxaemia and reduced respiratory
compliance amongst 12 patients under their care (Ashbaugh et al. 1967). Since then, several
definitions of ARDS have been proposed which have attempted to identify suitable diagnostic criteria.
Definitions include the Murray lung injury score (Murray et al. 1988), the American-European
Consensus Conference (AECC) definition (Bernard et al. 1994) and the Delphi definition (Ferguson,
Davis, et al. 2005), each of which have been evaluated in a review by Thompson et al. (Thompson and

Moss 2013).

The diagnostic criteria set out by the AECC in 1994 was the standard definition used in clinical practise
for a long time (Bernard et al. 1994). The AECC definition classified patients with mild hypoxaemia, an
arterial partial pressure of oxygen to fraction of inspired oxygen (PaO,/FiO,) of <300mmHg, as having
acute lung injury (ALl). They classified patients with severe hypoxaemia (PaO,/FiQ, <200mmHg) as
having ARDS. Whilst these criteria recognised the need to identify disease severity, they did not take
into account the use of a peak end-expiratory pressure (PEEP) which can have a considerable effect

on oxygenation (Bernard et al. 1994).

The diagnostic criteria currently in practise are those outlined by the Berlin definition proposed in
2012 (ARDS Definition Task Force 2012). This present definition addresses a number of limitations of
the AECC definition by providing the timescale that should be considered an ‘acute onset” as within
one week of a known insult or worsening of respiratory function. Importantly, this deterioration in
respiratory function should not be the result of hydrostatic oedema with a purely cardiogenic origin.
The Berlin definition also further categorise patients into three severity levels based on the degree of
hypoxaemia. A PaO,/FiO, of between 200-300mmHg is categorised as mild ARDS, replacing the
previous ALl term, though both ALl and ARDS are still used. A PaO,/FiO, of between 100-200mmHg is
classified as moderate ARDS and a PaO,/FiO, of less than 100mmHg is described as severe ARDS.
Furthermore, the Berlin definition specifies that these measurements must be taken in the presence

of an applied PEEP of at least 5.0cmH,0.

When the Berlin definition criteria was applied to existing clinical data, the severity categories were

found to correlate with rates of mortality, mild (27%), moderate (32%) and severe (45%), offering
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improved predictive power over previous definitions. This study also revealed that the majority of
patients (50%) commonly present with moderate ARDS, whilst 22% of patients present with mild
ARDS and 28% present with severe ARDS (ARDS Definition Task Force 2012). Further studies have
since concluded that the Berlin definition is indeed the most reliable set of diagnostic criteria for
ARDS developed to date (Kushimoto et al. 2013; Thille et al. 2013; Thille, Vuylsteke, and Bersten 2015)

and it is the current standard within the clinical setting.

The broad definition of ARDS covering all aetiologies of the condition has probably been helpful in
raising awareness of the disease both in the ICU and as a therapeutic research area. However, it may
be more advantageous to consider them as separate entities, particularly when identifying the
appropriate course of treatment. There are numerous events including trauma, sepsis and aspiration
that all lead to the same collection of symptoms defined as ARDS, though they are likely to have
different pathologies. It is essential to treat the specific underlying cause, which may lead to different
phenotypes of ARDS; however the ARDS definition does not take this factor into account

(Raghavendran and Napolitano 2011).

Epidemiology

The difficulty in diagnosing ARDS has undoubtedly made it challenging to establish reliable incidence
and mortality rates, which can appear to vary considerably between studies (Ferguson, Frutos-Vivar,
et al. 2005). These differences are considered to result not only from the sometimes ambiguous and
continuously evolving diagnostic criteria, but also from differences in methodology, geographical
area, age of patients, and the size of ICUs with respect to the size of the population that they serve
(Sweatt and Levitt 2014). There have also been no studies looking at the incidence of ARDS in the
developing world where diagnosis would be more difficult due to a lack of resources to assess arterial

gases and to perform radiographs in patients (Buregeya et al. 2014).

Early studies examining the incidence of ALI/ARDS reported high rates of incidence and mortality.
Goss et al. performed a prospective cohort study on patients admitted to 20 ICUs in the United States
(US) between 1996 and 1999 (Goss et al. 2003). They extrapolated their findings to the entire US
population and estimated an incidence of 64.2 cases per 100,000 person-years (Goss et al. 2003).
Another prospective cohort study performed in the US looked at patients admitted to 21 hospitals
over a period of 15 months between 1999 and 2000 (Rubenfeld et al. 2005). This study reported an
incidence of ALI/ARDS of 78.9 cases per 100,000 person-years and an in-hospital mortality rate of
38.5%. It was also noted that the incidence and mortality rates associated with ALI/ARDS increased

significantly with age (Rubenfeld et al. 2005).
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More recent studies suggest that rates of incidence and mortality from ARDS have decreased and this
is thought to be partly due to advances in treatment of the underlying injury, as well as the use of less
injurious mechanical ventilation strategies as a result of the ARDSNet trial, published in 2000 (ARDS
Network 2000), which will be discussed later in this chapter. Li et al. reported a decrease in the
incidence of ARDS between 2000 and 2008 in 2 US hospitals from 82.4 to 38.9 cases per
100,000 person-years. However, this was found to be entirely due to a decline in hospital-acquired
ARDS and was not accompanied by a decrease in mortality, which ranged between 33-48% (Li et al.
2011). A prospective multicentre study conducted in Spain between 2008 and 2009 reported an
incidence of 7.2 cases per 100,000 person-years with a mortality of 42.7% (Villar et al. 2011). An
epidemiology study conducted in France that used the Berlin criteria to diagnose ARDS, reported an
incidence of 32 cases per 100,000 person-years with a 28-day mortality of 35% (Hernu et al. 2013). In
Brazil, a 15-month prospective study reported an incidence of 10.1 cases per 100,000 person-years

and a 28-day mortality of 38.5% (Caser et al. 2014).

It would appear from these reports that the incidence of ARDS is much higher in the US than in
Europe and South America. However this may be due to the number of large-scale clinical trials on
ARDS that have been conducted in the US, such as the ARDS Network trial. This may have led to
increased awareness of the condition and increased diagnoses. Whereas, in Europe and South
America, where fewer trials have been performed, health-care practitioners may be less familiar with
the ARDS diagnosis criteria and patients may therefore be recorded as having pneumonia for
example. Rates of incidence may also vary between community hospitals and academic centres,

which are more likely to be involved in such clinical trials.

On the other hand, mortality rates seem to be consistent across continents at around 30-40%. A
meta-analysis by Zambon et al. concluded that mortality from ARDS averaged at 43% but has
decreased over time between 1994 and 2006 by 1.1% per year (Zambon and Vincent 2008). In
contrast, a systemic review by Phua et al., which looked at the same period, concluded that mortality
rates had not decreased since 1994, the year that the AECC definition was published, but have
remained constant ranging between 35-45% (Phua et al. 2009). These reviews suggest that there is a
lack of compelling evidence to suggest that mortality from ARDS is improving. These estimates of
mortality may even be an underestimate of the true impact of ARDS as many patients do not actually
die of respiratory failure, but in fact most frequently die as a result of multiple organ failure (MOF)
(Villar et al. 2011; Hernu et al. 2013). In such cases, ARDS may not be recorded as the cause of death

for many patients.
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For those patients that do recover from ARDS, a long-term outcomes study found that reduced
pulmonary function can persist for up to 6 to 12 months and patients experience reduced physical
capabilities due to persistent muscle weakness that can last for up to 5 years (Herridge et al. 2003;
Herridge et al. 2011). Therefore, even following discharge from hospital, ARDS is associated with

significant morbidity and survivors face a long recovery process.

Pathogenesis

The most common predisposing factor for ARDS is pneumonia, which accounts for 35-45% of cases
and non-pulmonary sepsis, which accounts for 30-35% of cases (Caser et al. 2014; Hernu et al. 2013;
Villar et al. 2011). Other common risk factors include aspiration, trauma, high-risk surgery, multiple

blood transfusions and pancreatitis (Gajic et al. 2011).

The inflammatory injury resulting from these insults can lead to an acute onset of hypoxaemia due to
the accumulation of pulmonary oedema (Han and Mallampalli 2015; Sharp, Millar, and Medford
2015). Immune cells within the lung including alveolar macrophages, interstitial monocytes,
marginated neutrophils and dendritic cells release pro-inflammatory cytokines such as TNFa and IL-18
as well as the chemokine CXCL8 (IL-8). High levels of pro-inflammatory cytokines within the
bronchoalveolar lavage (BAL) fluid of patients have been found to correlate with poor outcomes in
ARDS patients (Meduri et al. 1995). The initiation of inflammation and diffuse alveolar damage seen

in the early stages of ARDS is referred to as the exudative phase.

A well-studied event in the complex inflammatory response is the infiltration of neutrophils into the
alveolar space in response to high local concentrations of chemoattractants such as CXCLS.
Neutrophils contribute to the disruption of the epithelial-endothelial barrier and release a host of
pro-inflammatory mediators such as proteases, reactive oxygen species (ROS) and cytokines that
promote apoptosis and autophagy in surrounding cells. The infiltration of immune cells including

neutrophils and monocytes into the lung is known as the proliferative phase.

The apoptosis of the lung parenchymal cells leads to further destruction of the alveolar-capillary
barriers that can no longer prevent the movement of protein-rich fluid into the distal airspaces. The
presence of fluid within the alveoli impairs gas exchange and reduces lung compliance. The apoptosis
of type Il alveolar epithelial cells (AECs), which in a healthy lung produce surfactant and play an active
role in fluid transport, makes the alveoli susceptible to collapse (atelectasis). In response to damage,
the type Il AECs begin to proliferate and differentiate to replace the damaged type | AECs, which

constitute the majority of the alveoli surface area in a healthy lung. Fibrosis may also occur as part of
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the reparative process that can actually lead to a further reduction in lung compliance and decreased

respiratory function. This stage of ARDS is known as the fibro-proliferative phase.

Management of ARDS

There have been a multitude of animal studies and clinical trials that have aimed to reduce the impact
of ARDS through pharmacological intervention (Mcintyre et al. 2000; Spieth and Zhang 2014,
Modrykamien and Gupta 2015). Trialled therapies range from treatment with neuromuscular
blocking agents to improve patient-ventilator synchrony (Arroliga et al. 2005), corticosteroids to
reduce inflammation (Steinberg et al. 2006), exogenous surfactant therapy to improve gas exchange
(Zhang et al. 2013), and stem cell therapy to promote regeneration of the lung (Wang, Li, and Wang
2013). Some of these treatments have had small beneficial effects on hypoxaemia; however, they
have all had either none or a very limited effect on mortality. With no effective or proven treatment
for ARDS, patients are simply given respiratory support with mechanical ventilation, and possibly
treated for the underlying cause if known. Unfortunately, mechanical ventilation can cause
mechanical stress and exacerbate inflammation, an iatrogenic condition referred to as ventilator-

induced lung injury (VILI).

1.1 Ventilator-induced Lung Injury (VILI)

Mechanical ventilation supports ARDS patients experiencing respiratory failure with the aim of
improving gas exchange. However, it has the potential to exacerbate injury through several
mechanisms including volutrauma, barotrauma and atelectrauma. In animal models, mechanical
ventilation alone induces substantial lung injury similar to that seen in ARDS patients. These models
have demonstrated that mechanical ventilation of previously healthy lungs can cause damage to the
alveolar-capillary barrier, permitting the accumulation of pulmonary oedema, with a detrimental
effect on gas exchange (Tsuno, Prato, and Kolobow 1990; Cilley, Wang, and Coran 1993; Dreyfuss,

Martin-Lefevre, and Saumon 1999).

Mechanical ventilation not only induces direct physical damage to the lung parenchyma but also
initiates stretch-induced inflammation through mechanotransduction and the release of
pro-inflammatory mediators into the alveolar space, known as biotrauma (Slutsky 2005). The resident
alveolar macrophages are the first line of defence within the lung and are soon accompanied by
infiltrating neutrophils and monocytes, which further exacerbate inflammatory processes and lung

injury (Imanaka et al. 2001).
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Volutrauma and Barotrauma

Volutrauma is considered to be the major contributing factor leading to VILI; overstretching of the
lung through the application of high tidal volumes. Dreyfuss et al. were the first to differentiate that
injury to the mechanically ventilated lung is induced by high volumes rather than high airway
pressures (Dreyfuss et al. 1988). In their experiments, rats were subjected to the high tidal volume of
40-44ml/kg, produced by either positive pressure or negative pressure ventilation (iron lung). In
further experiments, rats were exposed to ventilation with a lower tidal volume (19ml/kg) but at a
high pressure of 45cmH,0, achieved through thoraco-abdominal strapping. The experiments
demonstrated that high tidal volumes induced widespread alveolar oedema within just 20 minutes of
ventilation regardless of the peak airway pressure. However, ventilation with the lower tidal volume
in combination with large cyclic changes in airway pressure did not induce any detectable pulmonary
oedema (Dreyfuss et al. 1988). Whilst this study did demonstrate the importance of over-stretching
the lungs, it used very extreme settings that induced physical damage through over-stretching and
death within 20 minutes. This is not likely to reflect the level of stretch experienced by patients,
which even at low levels not sufficient to cause direct physical damage, can result in significant injury

through biotrauma (Uhlig 2002).

Dreyfuss et al. demonstrated that volutrauma rather than barotrauma is responsible for the
pulmonary oedema associated with VILI. However, barotrauma can still carry a small but significant
risk in patients with underlying diseases such as chronic obstructive pulmonary disease (COPD) or
asthma (Hsu and Sun 2014; Hsu et al. 2014). In patients with ARDS, the risk of pneumothorax
increases with duration of mechanical ventilation and its incidence is associated with increased

mortality (Gattinoni et al. 1994; Terzi et al. 2014).

Functional residual capacity

ARDS patients are particularly at risk of volutrauma due to the presence of pulmonary oedema, which
causes heterogeneity within the lung. This means that some areas of the lung are normally aerated,
some are poorly aerated, and some are not aerated at all. This leads to the normally aerated regions,
which are small relative to the whole lung, receiving the majority of the tidal volume applied.
Therefore, the regions unaffected by pulmonary oedema are subjected to hyperinflation and
overstretching (Grasso et al. 2004; Borges et al. 2014). The reduced volume of aeratable lung
available for ventilation in patients with significant pulmonary oedema, can be compared with the size

of a child’s lung and has been termed ‘baby lung’ (Gattinoni and Pesenti 2005).
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Analysis of computed tomography (CT) scans of 68 patients with ARDS revealed that the volume of
non-recruitable lung was on average 24%, but varied considerably between patients from a negligible
fraction to more than half of the entire lung volume, even when airway pressure was held at
45cmH,0 (Gattinoni et al. 2006). Another study found that the average aeratable lung volume was
reduced to 59% in a group of ARDS patients, whilst some demonstrated remaining volumes of as little

as 29% (Mattingley et al. 2011).

Lowering the tidal volume

Amato et al. reported the first clinical trial examining the effect of tidal volume on clinical outcomes in
53 patients with ARDS (Amato et al. 1998). Patients were assigned to either conventional ventilation
with 12ml/kg with the lowest PEEP necessary to maintain good oxygenation, or to protective
ventilation with 6ml/kg and the PEEP set at above the lower inflection point on the pressure-volume
curve. They found that after 28 days, 71% of patients on the conventional settings had died
compared with just 38% of patients on the protective settings. The protective strategy was also
associated with reduced barotrauma in spite of the use of a higher PEEP and peak inspiratory
pressures. Despite this promising decrease in mortality risk at 28 days, survival to hospital discharge
was not significantly different between the two strategies (Amato et al. 1998). Another clinical trial
published not long after, looked at 116 patients with ARDS who were ventilated at 7 or 10ml/kg with a
peak inspiratory pressure of 25cmH,0 (Brochard et al. 1998). The reduction in tidal volume was not

found to significantly decrease mortality.

Shortly after, a large scale multicentre trial was published by the ARDS Network that investigated
responses to mechanical ventilation in 861 patients with ARDS over 3 years (ARDS Network 2000).
Patients were ventilated with the conventional tidal volume of 12ml/kg and a maximum plateau
pressure of 50cmH,0, or with the lower tidal volume of 6ml/kg and a maximum plateau pressure of
30cmH,0. The lower tidal volume settings were associated with significantly reduced mortality
(31.0%), compared with that observed in the conventionally ventilated group (39.8%), a reduction of
22%. In addition, the lower tidal volume group had more ventilator-free days and days without non-
pulmonary organ failure. The results of this interim analysis led to the trial being stopped early (ARDS

Network 2000).

This investigation clearly demonstrated in a large population that the lower tidal volume reduced
mortality when compared with the traditional ventilator settings. However, the traditional tidal
volume used in this trial was actually higher than was used routinely by physicians at the time.

Therefore, it was not possible to conclude that the lower tidal volume was favourable compared with
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current practice. It has also been argued that the beneficial effect of lower tidal volumes was actually
due to an increase in mortality in the traditionally ventilated group, rather than a decrease in
mortality with the lower tidal volume (Eichacker et al. 2002). Nevertheless, the importance of

lowering tidal volumes and airway pressures in ARDS patients has been well accepted.

The ARDS Network trial included a broad range of patients with ARDS severity ranging from mild to
severe (Pa0,/Fi0, <300mmHg). Since then, further studies have specifically shown that the
application of lower tidal volumes is effective in reducing mortality even in severe cases of ARDS
(Pa0,/Fi0, <200mmHg) (Villar et al. 2006). In this trial by Villar et al., 95 patients diagnosed with
severe ARDS from 8 ICUs across Spain were ventilated with standard ventilator settings of 9-11ml/kg
and a PEEP of above 5cmH,0, or with protective settings of 5-8ml/kg and a PEEP set above the lower
inflection point on the pressure-volume curve. The protective ventilation strategy was found to
reduce mortality from 53.3% to 32.0%, increase the number of ventilator-free days, and reduce the
occurrence of organ failure. This study demonstrated that lower tidal volumes are beneficial in
patients with severe ARDS and that a higher PEEP can help maintain oxygenation in these patients

(Villar et al. 2006).

The application of lower tidal volumes evidently reduces mortality in ARDS patients; however, the
heterogeneous nature of the disease means that these patients can still be susceptible to VILI. In a
group of 30 patients ventilated at 6ml/kg and a PEEP of 9-13cmH,0, CT scanning revealed that
one-third were experiencing tidal hyperinflation (Terragni et al. 2007). Therefore, even low tidal
volumes can still over distend the lungs of patients with large non-aerated compartments. A
prospective study, which included 482 ARDS patients, revealed that an increase in tidal volume by just
1ml/kg over the recommended 6ml/kg was associated with an increase in mortality by 15% (Needham

et al. 2015).

Mechanical ventilation of patients without ARDS

The study by Needham et al. recommended a switch to lower tidal volume ventilation upon noticing
signs of ARDS (Needham et al. 2015), however patients may benefit from protective ventilation
strategies from the onset of mechanical ventilation. This theory arises from the finding that high tidal
volumes are also an important risk factor in the development of ARDS in critically ill patients without
signs of the condition when ventilator support is started. In a retrospective cohort study, which
included 332 patients admitted to an ICU with underlying risk factors including aspiration or multiple
blood transfusions, 24% developed ARDS within 5 days of being mechanically ventilated and high tidal

volumes were associated with an increased risk (Gajic et al. 2004). In a follow-up prospective
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multicentre study by the same group, 6.2% of 3261 patients with risk factors such as pneumonia and
trauma developed ARDS within 2 days of being mechanically ventilated (Gajic et al. 2005). Once
again, high tidal volumes were associated with an increased risk of developing ARDS and the mortality

rate of patients who did develop the condition was nearly double (63%).

In these two studies, the incidence of ARDS in ventilated patients without pre-existing lung injury
seemed to increase with length of ventilation. A subsequent study that retrospectively analysed
789 patients ventilated for at least 2 days without ARDS at the onset, revealed a similarly high
incidence of 19% (Jia et al. 2008). As before, the risk factors were determined to be the use of high
tidal volumes and high peak inspiratory pressures (PIP), which were better predictors of ARDS
development than underlying iliness. These studies demonstrate that the development of ARDS in
critically ill patients without lung injury at the onset of mechanical ventilation is common within the

ICU.

Meta-analyses have consequently investigated the benefits of applying a protective ventilation
strategy to patients without pre-existing lung injury. A review of 7 trials that together included
2184 patients, found that patients that had been ventilated with a tidal volume of 6ml/kg or less were
more likely to be breathing unassisted by day 28 (Serpa Neto, Simonis, et al. 2014). This review also
noted that the use of lower tidal volumes was not associated with increased dose or duration of
sedatives, opioids or neuromuscular blocking agents. Another meta-analysis by the same group
revealed that the use of lower tidal volumes in critically ill patients without pre-existing lung injury

reduced the incidence of complications (Serpa Neto, Nagtzaam, and Schultz 2014).

These studies revealed the importance of low tidal volumes and pressures in patients at risk of
developing ARDS. Previous attitudes had been that the utilisation of low tidal volumes was only
necessary in patients with established lung injury. However, it is now recognised that the use of low

tidal volumes in healthy lungs could prevent the development of lung injury.

The potential benefits of a protective ventilation strategy have also spread to the operating room
where patients are subjected to mechanical ventilation for a relatively short period compared with a
patient in the ICU. A meta-analysis of 22 studies that included 2822 patients with previously healthy
lungs who were mechanically ventilated within the ICU or during surgery, revealed that a protective
ventilation strategy reduced the incidence of lung injury in these patients by around 8% (Serpa Neto
et al. 2012). Protective ventilation also improved survival rates and reduced the incidence of
pulmonary infection (Serpa Neto et al. 2012). Another study looking purely at a population of 4420

surgery patients found that 5.4% developed post-operative respiratory failure of which ALl was the
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most common cause (Fernandez-Perez et al. 2009). A patient’s risk of developing ALl increased with
the use of high airway pressures and those that did develop ALl had reduced survival rates

(Fernandez-Perez et al. 2009).

There have been many clinical trials and meta-analyses that have demonstrated that the use of lower
tidal volumes improves clinical outcomes in patients undergoing elective surgery in the absence of
pre-existing lung injury (Severgnini et al. 2013; Hemmes, Serpa Neto, and Schultz 2013; Futier et al.
2013; Serpa Neto, Hemmes, et al. 2014; Serpa Neto et al. 2015). These studies demonstrate that
mechanical ventilation, and in particular the use of high tidal volumes, can promote the development
ARDS even in the absence of pre-existing lung injury, therefore we should be aiming to give protective

ventilation to all patients requiring respiratory support.

Atelectrauma

With the use of low tidal volumes becoming a common feature of mechanical ventilation strategies, a
new aspect of VILI has been identified. Atelectrauma describes the injury caused by repetitive
opening and closing of unstable alveoli at low pressures. The shear stress imposed on the alveoli
causes structural damage to the epithelial and endothelial barriers, leading to the leakage of fluid into
the alveolar space. In addition, where some regions of the lung become completely collapsed and no
longer re-inflate during inspiration, the remaining open lung receives the entire tidal volume and may
be subjected to over distension. This may explain the injury seen with low tidal volume ventilation,

which is still capable of inducing VILI.

PEEP

The application of a positive end-expiratory pressure (PEEP) aims to maintain a certain level of
pressure at the end of expiration to prevent alveolar collapse. A study of 10 patients suggested that
those suffering from ARDS are especially at risk of atelectasis due to increased hydrostatic pressure
(Gattinoni et al. 1993). However, the benefits of PEEP in combination with lower tidal volumes have
also been recognised in the operating theatre where patients undergoing mechanical ventilation do
not have pre-existing lung injury (Severgnini et al. 2013; Hemmes, Serpa Neto, and Schultz 2013;
Futier et al. 2013). To overcome alveolar derecruitment, the PEEP must be set above the lower
inflection point of the pressure-volume curve, which is specific to each patient, and depends on the

severity of lung injury (Richard et al. 2001).

Dreyfuss et al. were the first to demonstrate the beneficial effects of PEEP on permeability oedema in

experiments comparing the ventilation of rats with zero or 10cmH,0 PEEP (Dreyfuss et al. 1988).
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Subsequent studies in animals and patients have all identified improvements in oxygenation as the
main advantage associated with the application of PEEP (Halter et al. 2003; Mercat et al. 2008; Santa
Cruz et al. 2013; Huh et al. 2009; Ko et al. 2008).

PEEP must be applied with caution as it results in an overall increase in peak airway pressure that
could lead to hyperinflation of aerated lung, especially if the PEEP is not sufficient to fully recruit
collapsed lung. Increasing the level of PEEP has been linked to higher incidences of barotrauma
(Eisner et al. 2002). A higher PEEP is also known to decrease cardiac output and increase pulmonary
oedema. These factors may explain why, despite improvements in oxygenation, the application of
higher levels of PEEP have been shown to have little impact on rates of mortality in patients with

ARDS (Brower et al. 2004; Mercat et al. 2008; Meade, Cook, Guyatt, et al. 2008).

A meta-analysis of 3 trials that categorised 2299 patients based on disease severity, found that
patients with ARDS had improved chance of survival if they were ventilated with a higher PEEP, whilst
patients with ALl (mild ARDS) demonstrated increased mortality with higher PEEP (Briel et al. 2010).
This suggests that mechanical ventilation requirements depend on the individualities of the patient.
The combination of tidal volume and PEEP that provides protective ventilation differs between
patients and becomes more restricted as VILI progresses (Seah et al. 2011; Martin-Lefevre et al.
2001). For these reasons, the appropriate level of PEEP remains unclear and it is difficult for

guidelines to set a level that would be suitable for all patients.

Recruitment manoeuvres

Another technique used to maintain an open lung are recruitment manoeuvres which involve
increasing the pressure within the lung up to around 45cmH,0, where it is held for up to 1 minute
before it is released. Such recruitment manoeuvres may be used at regular intervals but are only
effective in reducing atelectasis if the PEEP is high enough to prevent alveoli collapse following the

manoeuvre (Ko et al. 2008; Halter et al. 2003).

Recruitment manoeuvres have been found to improve oxygenation but only very transiently, probably
the result of recurring compressive atelectasis at the end of expiration (Oczenski et al. 2004; Hodgson
et al. 2009). Recruitment manoeuvres have also been suggested to combat re-absorptive atelectasis,
which describes alveoli that have succumbed to flooding (Pestana et al. 2005). Flooded alveoli
require higher pressures to overcome their opening threshold and in reversing atelectasis in these
dependent regions, the non-dependent regions are inevitably over distended (Gomez-Laberge et al.

2013; Mertens et al. 2009).
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Indeed, an increased risk of barotrauma in patients with ARDS has been associated with the
application of recruitment manoeuvres (Fan et al. 2012; Meade, Cook, Griffith, et al. 2008).
Conversely, a study in an ex vivo rabbit model revealed that there was a considerable difference
between the pressure required to recruit the lungs and that which would induce barotrauma (Garcia-
Fernandez et al. 2013). However, it must be noted that these experiments were performed in healthy
rabbit lungs in the absence of the thorax, and it would be expected that the ‘safe’ range of applied

pressure would be substantially reduced in an injured lung.

In addition to the risk of barotrauma, the impact of recruitment manoeuvres on haemodynamics has
been found to be considerable. A study that examined the use of recruitment manoeuvres in
11 patients with ARDS found that cardiac output was transiently decreased by 23% and that systolic
blood pressure dropped significantly during the procedure (Kanoore Edul, Maskin, and Dubin 2010).
A similar effect was found in mice subjected to two recruitment manoeuvres per minute, which

caused lung vascular dysfunction (Mekontso Dessap et al. 2012).

In light of these potential adverse effects, the use of recruitment manoeuvres as a regular
intervention in clinical practise has been debated. Despite their clear protective effect on
oxygenation and respiratory mechanics (Allen et al. 2006; Cannizzaro et al. 2009; Reiss, Kowallik, and
Uhlig 2011), there has been a lack of evidence to suggest they decrease mortality in patients with
ARDS (Hodgson et al. 2009). Recruitment manoeuvres are therefore advised only to be used as a
rescue therapy following events such as disconnection from the ventilator, whilst their scheduled use

during mechanical ventilation has not been recommended (Fan et al. 2012).

Biotrauma

In addition to the detrimental impact on lung function described above, mechanical ventilation is also
known to promote inflammatory responses. This ventilator-induced inflammation has been well
studied in animal models, which provide a simplified model of the critically ill patient being cared for
in the ICU. Using such models, mechanical ventilation has been shown to be capable of initiating

inflammation in the absence of other injuries or confounding factors.

The role of inflammation in VILI was initially controversial as reports of cytokine detection in BAL fluid
were inconsistent between studies, probably due to differences in ventilator settings and sampling
times (Tremblay et al. 1997; Ricard, Dreyfuss, and Saumon 2001). Wilson et al. published the first
definitive study showing that high tidal volume ventilation induced the release of cytokines into the

BAL fluid of mice with previously healthy lungs (Wilson et al. 2003). These experiments revealed that
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whilst some cytokines such as CXCL2 (MIP-2) appeared to be constantly present in the BAL fluid
during continuous ventilation, others such as TNFa displayed a transient pattern of release (Wilson et

al. 2003), explaining the apparent inconsistencies of previous studies.

Since then, many in vivo studies have reported increased concentrations of several cytokines in both
BAL fluid and in plasma in response to injurious ventilation (Yoshikawa et al. 2004; Hoegl et al. 2008).
The use of high tidal volumes has been most frequently linked to the release of cytokines, however
atelectasis may induce inflammatory responses too (Ko et al. 2008). The impact of recruitment
manoeuvres is less clear with some studies suggesting that they can attenuate inflammatory
responses (Allen et al. 2006; Reiss, Kowallik, and Uhlig 2011), whilst others suggest they promote
inflammation by over stretching the lung (Cannizzaro et al. 2009; Mekontso Dessap et al. 2012). A
meta-analysis of 20 animal studies concluded that lung strain, the degree of alveolar deformation
related to the tidal volume and PIP, was the most important determinant in the development of VILI

(Caironi et al. 2011).

High tidal volume ventilation has been frequently reported to induce cytokine release; however,
several studies have also detected cytokine release even in response to low tidal volume ventilation in
healthy murine lungs (Vaneker et al. 2007; Wolthuis et al. 2009; Hegeman et al. 2010). These studies
suggest that a completely protective ventilation strategy that does not promote VILI does not exist.
Hauber et al. similarly found that ventilation of mice with low tidal volumes prompted inflammatory
responses and suggested that atelectasis and poor oxygenation may be the cause (Hauber et al.
2010). However, in this study, low stretch ventilation was compared with spontaneously breathing
controls and therefore the experiments did not control for a possible inflammatory response caused

by surgery, anaesthesia, or ventilation in the supine position.

Jaecklin et al. performed a set of experiments that suggested that soluble mediators released into the
systemic circulation during mechanical ventilation were pathogenic (Jaecklin et al. 2011). In an
isolated perfused mouse lung, they found that recirculation of the perfusate worsened the injury
caused by high tidal volume ventilation. They also perfused lungs exposed to low tidal volume
ventilation to perfusate from the injurious model and found that it induced similar injury (Jaecklin et

al. 2011).

Cannizzaro et al. attempted to identify a link between the release of specific cytokines into the BAL
fluid and the development of specific derangements in lung function and suggested that IL-6 and

TNFa were associated with atelectasis (Cannizzaro et al. 2011). This study identified a relationship
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between inflammatory responses to mechanical ventilation and distinct changes in lung mechanics,

further supporting a pathogenic role of inflammation in VILI.

In addition to initiating inflammation in previously healthy lungs, mechanical ventilation can also
exacerbate existing injury. Injurious ventilation strategies have been shown to increase cytokine
expression and release within the alveolar space synergistically in animal models previously exposed
to endotoxin (Tremblay et al. 1997; Altemeier et al. 2004). Even low tidal volume ventilation can
elevate inflammatory responses in mice inoculated with pneumonia compared with those left

breathing spontaneously (Bem et al. 2009).

Inflammation in patients

This finding in animal models that mechanical ventilation can promote inflammation supports data
from clinical trials. Patients with ARDS that present with persistent inflammation, characterised by
high plasma concentrations of several inflammatory mediators, are less likely to survive (Meduri et al.
1995). Mechanical ventilation is associated with the exacerbation of inflammation in these patients
with ARDS whom are frequently already suffering from infection. An early trial by Ranieri et al.
enrolled 44 patients onto ‘standard’ or ‘protective’ ventilation strategies, and found that the
protective settings which included a lower tidal volume, higher PEEP and lower PIP significantly
attenuated both local and systemic inflammation (Ranieri et al. 1999). The protective strategy was
accompanied by reduced neutrophil infiltration into the BAL fluid along with lower levels of several

soluble inflammatory mediators that were also decreased in the plasma (Ranieri et al. 1999).

The ARDS Network trial also found a reduction in plasma levels of IL-6 and a higher number of distal
organ failure free days in patients ventilated with protective settings in a much larger cohort of
861 patients (ARDS Network 2000). Terragni et al. suggested that mechanical ventilation might
exacerbate inflammation through over distension of regions of the lung, which they found to occur in
a high proportion of patients with ARDS despite the use of low tidal volumes. They noted that
patients that experienced over-distension were found to have higher levels of several inflammatory

mediators in their BAL fluid (Terragni et al. 2007).

Protective ventilation strategies have also been shown to reduce the incidence of infection and
inflammation in critically ill patients without ARDS (Serpa Neto et al. 2012; Determann et al. 2010).
Furthermore, even patients undergoing elective surgery without pre-existing lung injury have been
shown to benefit from attenuated inflammatory responses with protective ventilation (Michelet et al.

2006; Wrigge et al. 2005; Wolthuis et al. 2008).
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Multiple organ failure (MOF)

Non-protective (injurious) ventilation strategies are thought to promote multiple organ failure (MOF),
which is the most common cause of death in patients with ARDS, with respiratory failure responsible
for the death of only a minority of cases (Hernu et al. 2013; Villar et al. 2011). The transfer of
inflammatory material between the alveolar space and the systemic circulation is a phenomenon
known as ‘decompartmentalisation’, which is thought to be the cause of MOF (Plotz et al. 2004;
Kuebler 2010; Del Sorbo and Slutsky 2011). Mechanical ventilation can cause substantial structural
damage to the lung including the disruption of the alveolar-capillary cell wall leading to its increased

permeability to inflammatory products (Mandava et al. 2003; von Bethmann et al. 1998).

This can even include the translocation of bacteria or endotoxin from the lung into the circulation as
demonstrated in two animal models (Nahum et al. 1997; Murphy et al. 2000). Injurious mechanical
ventilation has been found to augment cytokine release into the perfusate of an isolated perfused
lung model of chronic MOF (Uhlig et al. 2006). Mechanical ventilation has also been shown to
exacerbate pulmonary and systemic cytokine release following inoculation of mice with
Staphylococcus aureus, a common cause of ventilator-associated pneumonia (VAP). In this study,
biochemical markers of hepatic and renal dysfunction were detected in serum suggesting that

mechanical ventilation contributed to distal organ failure (Dhanireddy et al. 2006).

Other studies have similarly demonstrated injury in distal organs following mechanical ventilation.
High tidal volume ventilation has been shown to increase the permeability of the gut within just
2 hours in rats, which was prevented by administration of anti-TNFa antibody (Guery et al. 2003).
Hegeman et al. reported de novo synthesis of several adhesion molecules in the lung as well as the
liver and kidney in ventilated mice. This was accompanied by increased expression of cytokines and
chemokines in these tissues as well as elevated granulocyte numbers (Hegeman et al. 2009). Another
group reported increased apoptosis of epithelial cells in the kidneys and small intestine following
injurious ventilation of rabbits and biochemical markers of renal dysfunction (Imai et al. 2003). The
induction of apoptotic cascades in distal organs could be propagated through the release of soluble
Fas and Fas ligand (FasL) from the lungs of ARDS sufferers, which can also be detected in their plasma,
and are found at particularly high concentrations in patients who die from the condition (Albertine et
al. 2002). In mice treated with adrenomedullin, the permeability increase induced by high tidal
volume ventilation was attenuated and there was a decrease in systemic levels of creatinine, a marker
of renal dysfunction (Muller et al. 2010). Liu et al. discovered that the kidney showed high levels of
apoptotic changes when they ventilated rats with 40ml/kg for 6 hours. They concluded that the

kidney is more vulnerable than other organs such as the heart and liver, to the spill over of
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inflammatory mediators into the systemic circulation associated with VILI (Liu et al. 2014).
Collectively, these studies present convincing evidence that injurious ventilation strategies can
augment the development of extra-pulmonary organ failure and thereby increase mortality of

patients with ARDS.

Application of low tidal volumes in practise

Despite the abundance of evidence that proves the benefits of a protective ventilation strategy, which
employs low tidal volumes, a substantial PEEP and low peak inspiratory pressures, this strategy is not
always applied in practise. An investigation into ventilation practises in three teaching hospitals,
which are typically known to rapidly implement medical advances, were found to ventilate patients
with an average tidal volume of 10ml/kg in the 2 years following the publication of the ARDS Network
trial (Weinert, Gross, and Marinelli 2003). This study highlighted how slowly practises change in spite

of proven mortality benefits of low tidal volume ventilation.

A survey of experienced ICU nurses and respiratory therapists revealed that the initiation of low tidal
volume ventilation was often prevented by a lack of recognition of ARDS and concerns of adverse
effects. They also reported that barriers to continuing low tidal volume ventilation included
hypercapnia and hypoxaemia (Rubenfeld et al. 2004). It is widely accepted however that it is almost
impossible to maintain ‘normal’ gas exchange in these patients without inflicting substantial
ventilator-induced lung injury and instead ‘adequate’ gas exchange should be the goal (Villar,

Kacmarek, and Hedenstierna 2004).

A prospective observational study of 88 patients ventilated between 2000 and 2002 within medical
and surgical ICUs found that patients were only switched to low tidal volume ventilation once
significant signs of ARDS had developed whilst mild signs of ARDS were not recognised (Kalhan et al.
2006). Another study compared ventilation practises within 107 ICUs that had been involved in
clinical trials in 1998 and 2004 that included 1675 patients. The average applied tidal volume was
found to have decreased from 9.1 to 7.4ml/kg and PEEP had increased slightly from 7.7 to 8.7cmH,0
(Esteban et al. 2008). This study showed that randomised trials have been successful in advancing

mechanical ventilation practises within some ICUs.

The implementation of protective ventilation within the operating room has been slower. A study of
2161 patients undergoing surgery over a 6-month period in 2006 reported that 18% patients were
ventilated with a tidal volume above 10ml/kg (Jaber et al. 2012). Another observational study

conducted between 2006 and 2011 that included 45,575 patients, revealed that higher than
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recommended tidal volumes are still used in 16% of patients and zero PEEP in 18% (Hess et al. 2013).
However, the application of high tidal volumes had decreased from 28.5% of patients in 2006. High
tidal volumes were found to cause ARDS in 13.5% of these surgical patients and were associated with

an increased risk of MOF (Hess et al. 2013).

The importance of protective ventilation strategies on patient outcome is clear and the application of
low tidal volumes in practise has increased. However, there remain a significant number of patients
receiving higher tidal volumes than are recommended, and lung injury remains a risk to all patients

requiring mechanical ventilation.

1.2 Preventing VILI

ARDS is associated with a rapid deterioration of respiratory function that can be provoked by an array
of initial insults prior to admission to the ICU. However, the development of the iatrogenic condition
VILI can be pre-empted as patients become at risk upon being intubated. This offers an opportunity
to administer preventative treatment against the development of VILI, which in turn could provide
more time for diagnosis and treatment of the underlying cause of disease. Protective treatment
could also be useful in patients without pre-existing lung injury who have also been shown to be
susceptible to VILI. Despite being the focus of many studies, the only effective method for reducing
the impact of VILI has been to use a protective ventilation strategy consisting of a low tidal volume,
high PEEP and a limited peak airway pressure. Unfortunately, even a ‘protective’ ventilation strategy
can promote considerable inflammation and VILI remains a significant contributor to patient

mortality.

Alternative ventilation strategies

Respiratory Rate

A ventilation setting that is often not controlled for in clinical trials is respiratory rate, and only a
handful of animal studies have specifically addressed its impact on the development of VILI. A higher
respiratory rate may be employed in the ICU to attenuate hypercapnia, an issue that can arise with
the use of low tidal volumes. However, an increased respiratory rate can elevate intrinsic PEEP
(Richard et al. 2002), which is associated with the same issues of extrinsically applied PEEP that
include increased peak pressures and the potential for over-distension. This may explain the negative
impact of increasing respiratory rates on the development of VILI in animal models (Vaporidi et al.

2008; Mandava et al. 2003; Retamal et al. 2015), though its effect has not been directly examined in
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patients. However, a high frequency oscillation ventilation (HFOV) technique that delivers small tidal
volumes (1-2ml/kg) at a rate of up to 15 breaths per second has been trialled in patients with no

effect on mortality (Ferguson et al. 2013; Young et al. 2013; Gu et al. 2014).

Extracorporeal membrane oxygenation (ECMO)

For very severe cases of ARDS with refractory hypoxia, extracorporeal membrane oxygenation
(ECMO) can be offered to patients at specialised centres. ECMO is an invasive therapy that involves
the artificial oxygenation and removal of carbon dioxide from the blood outside of the body.
Complications such as bleeding from sites other than the head and intracranial bleeding or infarction
have high incidence rates (39% and 8% respectively) due to the use of anti-coagulants (Gray et al.
2015). During ECMO, the lungs may be unventilated, held at a constant pressure, or ventilated with a
low tidal volume, with the aim of resting the lungs and allowing them to recover. The optimal
ventilator settings to avoid further VILI are unclear since adequate gas exchange is achieved
extracorporeally. Survival of patients receiving ECMO has been reported to reach up to 60%, which is
thought to be higher than if they had not received ECMO intervention (Schmidt et al. 2013; Michaels
et al. 2013; Roch et al. 2014). A study that matched ARDS severity of patients receiving or not
receiving ECMO revealed a lower 6-month mortality rate in the ECMO treated patients (Tsai et al.
2015). However, there is not yet enough evidence to recommend ECMO despite its use as a salvage

therapy in cases of severe ARDS (Leligdowicz and Fan 2015).

Prone positioning

Prone positioning has been shown to attenuate the development of VILI in several animal models
including in dogs (Broccard et al. 2000). In this particular study, prone positioning reduced the
accumulation of oedema and histologic injury scores, and injury was more homogeneously distributed
across dependent and non-dependent regions of the lung. Prone positioning increases chest wall
elastance and alveolar inflation is redistributed to previously dependent regions, resulting in lung
recruitment. Several clinical trials in patients have reported improved oxygenation as the main
benefit of prone positioning although it has been found to have little effect on mortality (Gattinoni et
al. 2001; Guerin et al. 2004). Post-hoc analyses revealed that patients with severe hypoxia are the
most likely to benefit from prone positioning, and in this group of patients, mortality may be reduced.
Indeed, in a trial that only enrolled patients with severe ARDS, mortality rates were found to improve
from 58% to 43% with prone positioning (Mancebo et al. 2006). The patients in this trial received
prone ventilation for an average of 17 hours per day, which was at least double the time reported in

previous trials (Mancebo et al. 2006).
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Another clinical trial investigated the effect of combining prone positioning with high frequency
oscillatory ventilation (HFOV) in a small cohort of patients with severe ARDS. This study found that
prone positioning improved oxygenation, regardless of ventilation strategy, whilst HFOV could
improve oxygenation of patients in the supine position. However, HFOV, both in the supine and
prone positions, was associated with increased lung inflammation, as determined by increased CXCL8

levels in the BAL fluid (Papazian et al. 2005).

The debate on the effectiveness of prone positioning in patients with severe ARDS has continued with
some trials demonstrating no survival benefit (Taccone et al. 2009) and others reporting a halving of
the mortality rate to as low as 16% (Guerin et al. 2013). Meta-analyses have concluded that whilst
prone positing has little effect on mortality of ARDS patients overall, it can reduce mortality in
severely hypoxemic patients (Sud et al. 2014; Gattinoni et al. 2010). The associated risks of pressure
sores, catheter disconnection and airway obstruction (Benson and Albert 2014) may explain the

decrease in the use of prone positioning between 1998 and 2004 (Esteban et al. 2008).

Non-ventilatory interventions

Fluid management

It has been suggested that a conservative fluid strategy could be effective in reducing pulmonary
oedema in patients with ARDS. The theory proposes that hypovolaemia will result in a decrease in
capillary hydrostatic pressure and an increase in oncotic pressure that will reduce the amount of fluid
moving into the lungs. In a clinical trial that included 1000 patients, a conservative fluid strategy
improved oxygenation, reduced lung injury, and increased the number of ventilator-free days, but
importantly, only resulted in a non-significant trend towards reduced mortality (Wiedemann et al.
2006). Although a conservative fluid strategy appeared to reduce morbidity in this study, the use of
conservative fluid management must be applied with caution since fluid restriction can worsen

haemodynamics and promote organ dysfunction (Roch, Guervilly, and Papazian 2011).

Surfactant replacement therapy

Injurious mechanical ventilation is known to disrupt the structure and function of surfactant resulting
in reduced surface tension and decreased compliance (Veldhuizen et al. 2002). It was therefore
hypothesised that the administration of exogenous surfactant may be beneficial in ARDS patients,
particularly given its success in reducing mortality of premature neonates with respiratory distress
syndrome (Hoekstra et al. 1991; Corbet et al. 1991). Unfortunately, surfactant therapy was not found

to increase survival of adult patients with ARDS, despite improvements in oxygenation (Spragg et al.
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2004), and a recent meta-analysis concluded that surfactant treatment of adult ARDS patients does
not reduce mortality (Zhang et al. 2013). In animal models, surfactant replacement has been found to
limit over-distension of terminal alveoli (Wu et al. 2010) and improve oxygenation, but has also been
shown to exacerbate inflammatory responses following acid aspiration (Zambelli et al. 2015). The

usefulness of surfactant therapy in the prevention or treatment of VILI therefore remains unclear.

Neuromuscular blocking agents

Neuromuscular blocking agents (NMBAs) are commonly given to ARDS patients with the aim of
increasing oxygenation through improving the ventilation-to-perfusion ratio and reducing
patient-ventilator asynchrony (Hraiech, Forel, and Papazian 2012). Several patient trials have been
performed and have concluded that NMBAs can reduce mortality and morbidity in severe ARDS
patients with early administration (Papazian et al. 2010; Needham and Brindley 2012). Meta-analyses
have also found improved survival that is not accompanied by an increase in ICU-acquired muscle
weakness as a result of NMBA use (Neto et al. 2012; Alhazzani et al. 2013). However, benefits with
NMBAs have only been found in the most severely hypoxic ARDS patients and should not be used in
patients with mild ARDS, in whom NMBA use increases the risk of ICU-acquired weakness and

diaphragmatic dysfunction (Hraiech, Yoshida, and Papazian 2015).

B-adrenergic agonists

B-adrenergic agonists were considered a potential therapy for ARDS due to their role in the
modulation of active transport of sodium across the alveolar epithelial cell wall, a process that is
essential for the clearance of pulmonary oedema. An aerosolised B-adrenergic agonist salbutamol
sulphate has been trialled in patients with ARDS but was not found to improve clinical outcomes
(Matthay et al. 2011). A clinical trial of intravenously administered salbutamol sulphate even
reported increased mortality (34%) compared with the placebo group (23%) (Gao Smith et al. 2012)

and therefore their use in mechanically ventilated patients with ARDS is not recommended.

Corticosteroids

The use of corticosteroids in the treatment of patients with ARDS has yielded inconsistent results
concerning their effect on clinical outcomes. A study in rats revealed that methylprednisolone
reduced neutrophil activation and recruitment into the lungs following injurious ventilation (Ohta et
al. 2001). However, clinical trials administering the same drug to patients at risk of ARDS, found that
corticosteroid therapy actually increased the development of the condition and enhanced patient

susceptibility to infection (Weigelt et al. 1985). Another trial reported that whilst corticosteroid
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therapy did not increase survival, it did improve gas exchange and reduce the incidence of MOF
(Varpula et al. 2000). One clinical trial reported an increase in mortality associated with starting
methylprednisolone in persistent ARDS that has been present for more than 2 weeks (Steinberg et al.
2006). The benefits of corticosteroid therapy may be reserved for early ARDS if therapy can be
initiated within 3 days of onset (Meduri et al. 2007). The timing of corticosteroid therapy and its
efficacy remain unclear perhaps suggesting that a generalised approach to reducing inflammation is

not sufficient.

Targeted therapies

Dampening the inflammatory response is considered the best target for reducing the mortality and
morbidity associated with VILI. However, as we have discovered in clinical trials of corticosteroids, it
is important that we target inflammatory responses that are specific to VILI, as a general weakening of
the immune system could leave patients susceptible to infection. Animal models provide the
opportunity to examine inflammatory consequences specific to VILI in the absence of the multiple

co-morbidities that patients admitted to the ICU present.

Permeability

Derangement of the alveolar-capillary barrier and subsequent increase in permeability not only leads
to the accumulation of pulmonary oedema, but may also enable the release of local inflammatory
mediators into the systemic circulation. This theory of ‘decompartmentalisation” has not been well
studied, but offers a possible explanation as to how mechanical ventilation often leads to MOF, which
is the most common cause of death in patients with ARDS. Preservation of this barrier has therefore
been the focus of several studies. Huang et al. reported that enhancing activation of plasminogen,
which degrades fibrin, reduced BAL fluid protein and the histological lung injury score in rats that had
been subjected to 2 hours of injurious ventilation (Huang et al. 2012). They concluded that
preventing fibrin deposition within the alveolar space avoided surfactant dysfunction and attenuated

derangements to the alveolar capillary barrier (Huang et al. 2012).

Another group studied the effects of the peptide intermedin, which signals via the calcitonin
receptor-like receptor (CRLR), previously shown to stabilise the endothelial barrier (Muller-Redetzky
et al. 2012). They found that continuous infusion of intermedin did indeed prevent deterioration of
the endothelial barrier as demonstrated by a reduction in BAL fluid protein following ventilation of
mice at 12ml/kg for 6 hours, but had no effect on neutrophil recruitment or plasma cytokine levels

(Muller-Redetzky et al. 2012). Finally, metformin, commonly used to treat type 2 diabetes mellitus,
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has been suggested to exhibit pleiotropic properties including anti-inflammatory and endothelial
barrier protection. This led to its being trialled in an isolated perfused rabbit lung ventilated
injuriously for 1 hour; in which metformin was found to reduce BAL fluid protein and histological

lesions, suggesting it preserved the integrity of the alveolar-capillary barrier (Tsaknis et al. 2012).

Apoptosis

Several studies have attempted to reduce apoptotic signalling in VILI with the aim of preserving the
parenchymal cells that are vital in maintaining the alveolar barrier and the surface for gas exchange.
Pre-treatment of rats with captopril, an angiotensin-converting enzyme inhibitor, was found to inhibit
the apoptosis of alveolar epithelial cells (AECs) in response to injurious ventilation and reduce BAL
fluid cytokine levels (Jliang et al. 2007). This signalling pathway has also been targeted with Losartan,
which was administered to rats prior to 2 hours of injurious ventilation, and was found to attenuate
BAL fluid protein and neutrophil infiltration (Yao et al. 2008). Another group pre-treated mice with
sivelestat, a neutrophil elastase inhibitor, which was similarly found to reduce apoptosis of AECs and

prevented neutrophil recruitment following 4 hours of injurious ventilation (Sakashita et al. 2007).

Inflammatory signalling

The inhibition of VILI-specific inflammatory signalling whilst preserving inflammatory responses to
infection could enable time to treat the underlying cause of ARDS, and could prevent further lung
injury leading to disruption of the alveolar-capillary barrier and MOF. Uhlig et al. inhibited activity of
phosphoinositide 3-OH kinase and found that it prevented nuclear translocation of NF-kB and
subsequent release of cytokines in isolated perfused mouse lungs subjected to injurious ventilation
(Uhlig et al. 2004). They also demonstrated that inhibiting this pathway did not prevent the nuclear
translocation of NF-kB in response to endotoxin exposure, thereby demonstrating that it is possible to

prevent ventilator-induced inflammation whilst preserving immune responses to pathogens.

1.3 Role of leukocytes in VILI

Neutrophils

Neutrophils are recruited to the lung by chemokines including CXCL8, CXCL1 (KC) and CXCL2, which
are released by alveolar macrophages and AECs (Belperio et al. 2002). Neutrophil stiffening causes
them to move slowly through pulmonary capillaries where selectins mediate ‘rolling’ of the

neutrophils along the endothelial surface (Choudhury et al. 2004). Integrin connections promote the
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migration of neutrophils through the endothelial barrier into the interstitium and subsequently into

the alveolar space.

It was suggested that the process of neutrophil migration itself was the cause of injury to the
alveolar-capillary barrier, however; there are circumstances where neutrophils can enter the lung
without accompanying injury or prior to the development of physiological signs of injury (Walker,
Behzad, and Chu 1995; Choudhury et al. 2004). Conversely, the alveolar-capillary barrier can become

damaged in the absence of neutrophil migration (Steinberg et al. 2004; Kaynar et al. 2008).

The recruitment of neutrophils to the lung can be associated with the severity of injury (Steinberg et
al. 1994), and due to their proficient release of copious amounts of injurious mediators, neutrophils
were once considered to be the cause of ARDS (Martin 2002). Indeed, neutrophil depletion can
attenuate the development of ARDS in animal models (Kawano et al. 1987). However, ARDS has been
shown to manifest in the absence of neutrophils, as demonstrated in neutropenic patients whom can

still develop ARDS (Ognibene et al. 1986; Mokart et al. 2012).

Once in the alveolar space, neutrophils may become activated by pro-inflammatory mediators and
consequently make their own contribution to the pro-inflammatory milieu. Neutrophils release a
combination of cytokines, reactive oxygen species (ROS) and proteinases including elastase and

matrix metalloproteinases (MMPs) that mediate epithelial damage.

Alveolar Macrophages

Whilst the recruitment and activation of neutrophils clearly has an aggravating effect on VILI, their
infiltration into the lung is a secondary response to the release of chemokines from the lung.
Therefore, ventilator-induced inflammatory signalling must be initiated by local pulmonary cells, such
as AECs, pulmonary endothelium, and alveolar macrophages. The epithelium and endothelium have
both been found to be capable of pro-inflammatory cytokine and chemokine release; however, it is
assumed that the alveolar macrophages, as the resident immune cell specifically adapted to the lung

environment, would be the main source of inflammatory mediators.

Several studies have demonstrated that alveolar epithelial and endothelial cells can release
chemokines such as CXCL8 in response to cyclic stretch (Pugin et al. 1998; Iwaki et al. 2009).
However, alveolar macrophages have been shown to be much more prolific producers of such
mediators (Pugin et al. 1998), though it remains unclear whether they would be directly subjected to
stretch in vivo. Nevertheless, the alveolar macrophages are considered the most likely pulmonary cell

to orchestrate the inflammatory response that leads to the recruitment of neutrophils to the lung.
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Several studies have suggested that alveolar macrophages become more adhesive in response to
short lengths of high tidal volume ventilation, an indicator of macrophage activation. Imanaka et al.
ventilated rats with high-pressure (45cmH,0) ventilation for 40 minutes and found that alveolar
macrophages isolated by bronchoalveolar lavage, displayed increased expression of the adhesion
molecules CD11b and ICAM-1 (Imanaka et al. 2001). They also noted that the number of alveolar
macrophages that could be extracted by bronchoalveolar lavage decreased significantly within this
period. They suggested that the timescale did not allow for apoptosis to have occurred and that the
most likely explanation, taking into account their up-regulation expression of adhesion molecules, was

that they had become adhered to the alveolar wall (Imanaka et al. 2001).

Subsequent studies have reported the same phenomenon of decreasing alveolar macrophage counts
in BAL fluid following injurious ventilation under even shorter timescales. Frank et al. ventilated rats
with 30ml/kg and found that alveolar macrophage numbers had begun to decrease within just
10 minutes, and became significantly decreased (by 45%) after 20 minutes of injurious ventilation
(Frank et al. 2006). Eyal et al. ventilated rats at 40ml/kg and discovered that alveolar macrophage
counts decreased almost immediately following initiation of injurious ventilation. This reduction in
macrophage recovery was evident within 1 minute and was reduced by 50% after 5 minutes (Eyal,
Hamm, and Parker 2007). Both of these studies came to the same conclusion that under such a short
timescale, the only explanation for decreased alveolar macrophage recovery in BAL fluid is that they

become tightly adhered to the alveolar wall.

Further experiments by these research groups have involved depleting alveolar macrophages from
the lung with the use of clodronate liposomes to highlight their importance in VILI. Frank et al.
reported that depletion of alveolar macrophages significantly attenuated the increase in permeability
and pulmonary oedema and reduced the deterioration in oxygenation caused by 4 hours of high tidal
volume ventilation (Frank et al. 2006). In the absence of alveolar macrophages, the release of the
neutrophil chemoattractant CXCL1 into the systemic circulation was also significantly reduced and
neutrophil migration into the BAL fluid was diminished (Frank et al. 2006). Eyal et al. similarly
demonstrated that depletion of alveolar macrophages attenuated decreases in oxygenation,
accumulation of pulmonary oedema, and compliance associated with injurious ventilation (Eyal,

Hamm, and Parker 2007).

These studies confirmed that alveolar macrophages do indeed play a key role in the development of
VILI and their presence seems to influence many aspects of lung injury. However, alveolar
macrophages are also important in mediating the resolution of lung injury through the phagocytosis

of neutrophils and apoptotic cells, as well as being the lungs defence against pathogens. Therefore,
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their depletion from the lungs of human patients is not a viable therapy, as it would leave patients
susceptible to infection and persistent inflammation. Instead, a potential target may be to prevent
alveolar macrophage activation in response to high tidal volume ventilation; however, this mechanism

remains unknown.

Possible mechanisms of alveolar macrophage activation

Despite evidence that alveolar macrophages when stretched in vitro become activated and release
inflammatory cytokines (Pugin et al. 1998), it seems unlikely that they would be directly subjected to
stretch in vivo. Therefore, they must become activated through communication with the lung
parenchymal cells, which would undoubtedly be exposed to stretching during high tidal volume
ventilation. This could occur through direct contact with the alveolar wall, or through the release of
soluble mediators. Studies described previously have shown that alveolar macrophages become
more adherent in response to just minutes of high tidal volume ventilation (Eyal, Hamm, and Parker

2007), suggesting that the means by which they become activated must be very rapid.

Cell-to-cell contact

Alveolar macrophages demonstrate enhanced adherence following stimulation and this could enable
direct communication between them and the alveolar epithelium. It remains unclear in this situation,
whether alveolar macrophages would become more adherent in response to soluble mediator release
by the AECs, or due to increased expression of adhesion molecules on the alveolar surface. Inflation
of alveoli during high tidal volume ventilation could result in a thinning of the surfactant layer,
bringing alveolar macrophages into close contact with the epithelium. Alternatively, it has been
suggested that a sub-population of alveolar macrophages may be in contact with the alveolar wall
under normal conditions and therefore could be already positioned to detect over-distension
(Westphalen et al. 2014). Adhered alveolar macrophages may be able to sense stretching of the
alveolar wall through forces applied to adhesion molecules, or through gap junctions that allow

transfer of signalling molecules between cells.

The importance of adhesion molecules in the recruitment of leukocytes into the lung during lung
injury has been well studied (Ridger et al. 2001; Burns et al. 2001), but their role within the alveolar
space during VILI remains unknown. An in vitro study demonstrated that ICAM-1 expression
increased in A549 epithelial cells in response to cyclic stretching that increased with strain, frequency
and duration (Hu et al. 2008). Increased ICAM-1 expression has been correlated with the need for

prolonged mechanical ventilation and mortality in paediatric patients (Flori et al. 2003).
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In animal models, increased expression of ICAM-1 and CD11b has been reported on alveolar
macrophages of rats ventilated with high tidal volume for 40 minutes (Imanaka et al. 2001; Ohta et al.
2001). ICAM-1 expression is also enhanced on the alveolar surface following 6 hours of ventilation at
a moderate tidal volume of 15ml/kg in an isolated perfused rat lung (Miyao et al. 2006). Anti-CD11c
antibody has been shown to attenuate cytokine release into BAL fluid following 2 hours high tidal
volume ventilation of rats (Pan et al. 2014). These studies all demonstrate the up-regulation of
adhesion molecules in response to stretch, although within relatively long time scales, though it is
possible that they might become up-regulated at earlier time points than have been studied. If these
adhesion molecules are capable of rapid up-regulation, they may provide a plausible mechanism for

alveolar macrophages to sense deformation of the alveolar wall.

Gap junctions are another mechanism by which alveolar macrophages could be alerted to
over-distension of the alveolar epithelium. Gap junction proteins have been shown to be expressed
by both the alveolar macrophages and epithelial cells, but there has been conflicting evidence
regarding whether they play an anti- or pro-inflammatory role following LPS exposure (Westphalen et
al. 2014; Sarieddine et al. 2009). Gap junctions have also been implicated in communication of
stretch in tracheal airway epithelial cells (Boitano and Evans 2000). These gap junctions could provide

a potential mechanism for immediate communication of stretch within the alveolar space.

Soluble mediators

An alternative mechanism by which alveolar macrophages may become activated in response to
injurious ventilation could be through the release of soluble mediators by the alveolar epithelium.
The epithelium has been shown to be capable of releasing pro-inflammatory mediators such as
cytokines in response to stretch (Vlahakis et al. 1999; Oudin and Pugin 2002), though most cytokines
are not available for rapid release. Instead, more likely candidates for a rapidly released soluble
mediator are those that are already present within the cell and do not require transcription or
translation into protein for secretion. Frank et al. ventilated rats with high tidal volume ventilation for
10 or 20 minutes and found that their BAL fluid induced nitrite production in naive primary
macrophages (Frank et al. 2008). These experiments clearly demonstrated a role for soluble
mediators in the activation of alveolar macrophages in VILI but did not identify the cell source, or

indeed the responsible mediators.

Potential soluble mediators could be DAMPs such as ATP, which could be rapidly released from
intracellular stores (Rich et al. 2003). Other alternatives are prostanoids, which are lipid mediators

whose synthesis is controlled post-translationally (Mbonye and Song 2009); or TNFa, which, although
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a cytokine, is expressed on the cell surface where it can be rapidly cleaved and released into the
extracellular space (Imai et al. 1999). Whilst each of these mediators has been implicated in the
development of VILI, studies have focussed on their roles in the later stages of VILI. It remains to be
determined whether any of these mediators could be responsible for the initial activation of alveolar

macrophages in response to injurious mechanical ventilation.

Mechanotransduction in Parenchymal Cells

Both of the hypotheses above that describe how alveolar macrophages may become stimulated in
response to injurious mechanical ventilation; require prior activation of the alveolar epithelium. The
epithelial layer may be subjected to physical damage when subjected to extreme ventilator settings;
very high tidal volumes can rupture alveoli and a lack of PEEP can cause alveoli to collapse on
expiration (Carrasco Loza, Villamizar Rodriguez, and Medel Fernandez 2015). However, we have seen
that more moderate tidal volumes can also induce VILI and initiate inflammatory responses in the
absence of significant physical damage to the epithelial barrier (Vaneker et al. 2007). Under these
moderate stretch conditions, mechanical ventilation stimulates AECs through deformation of the
plasma membrane, which can trigger intracellular signalling, a process known as

mechanotransduction.

Mechanical ventilation with positive pressures applies atypical mechanical forces on the lung, and this
effect may be amplified in heterogeneously injured lungs since the forces applied to a single alveolus
is dependent on the surrounding alveoli, which could be collapsed or over-distended. The majority of
research into the mechanisms of mechanosensation and mechanotransduction has been performed
in vitro, which cannot entirely replicate the complexity of the whole lung. Therefore, these
mechanisms remain to be fully elucidated, although several events have been proposed to be

involved in the sensing of stretch by AECs (Spieth et al. 2014).

The cytoskeleton, which links integrins on the cell surface to intracellular proteins, is considered an
integral component in the mechanotransduction of stretch (Taniguchi et al. 2010). These cell surface
integrins are constituents of adherens junctions which mediate interactions with adjacent cells and
focal adhesion plaques, facilitating contact with the extracellular matrix. The cytoskeleton is
composed of a network of filaments, microtubules, intermediate filaments and actin microfilaments
which can rapidly rearrange themselves in response to tension, altering the cell shape to suit the
environment (Wang, Butler, and Ingber 1993). Such changes in cell shape could be involved in the

increased permeability of the lung induced by mechanical ventilation (Dudek and Garcia 2001).
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Stretch-activated ion channels have also been frequently suggested to be involved in initiating
intracellular signalling in response to mechanical strain. Possible channels include mechanosensitive
K" channels, non-selective cation channels that permit influxes of Ca®* and voltage-gated
Na® channels. Gadolinium chloride, an inhibitor of stretch-activated cation channels has been shown
to prevent increases in microvascular permeability following high tidal volume ventilation of rat lungs,
suggesting that an increase in intracellular calcium concentration initiates this cellular response

(Parker, Ivey, and Tucker 1998).

The sensing of stretch leads to the activation of intracellular signalling pathways that involve common
signalling machinery. Mechanical stimulation leads to the up-regulation of adhesion molecules that
may be involved in direct communication between AECs and alveolar macrophages, or the expression
of soluble inflammatory mediators that stimulate alveolar macrophages upon their release into the

alveolar space.

1.4 Intracellular inflammatory signalling pathways

It is clear that cellular responses to over distension caused by mechanical ventilation are initiated well
before physical damage to the lung can be detected, and before hypoxaemia develops. This has been
demonstrated in several animal models where inflammatory responses can be detected prior to the
development of significant injury to the alveolar-capillary barrier (Vaneker et al. 2007).
Derangements to the respiratory mechanics require some time to develop, but the inflammatory

process that leads to these downstream effects must occur much earlier.

Some studies have detected signs of alveolar macrophage activation within just 5 minutes exposure
to injurious ventilation as described earlier. However, the mechanism by which these resident
immune cells become activated remains unknown. Furthermore, the role of the alveolar epithelium
in this process is also unclear. One way to study the kinetics of cellular activation of the major
pulmonary cell types following stimulation, is through utilisation of phospho-flow cytometry to
examine activation of intracellular signalling pathways. The advantage of this method is that

activation can be localised to specific cell populations.

Phosphorylation is one of many types of post-translational modification that provides fast and precise
regulation over the activity, localisation and interactions of proteins. Catalysed by kinases,
phosphorylation involves the transfer of a phosphate group onto serine, threonine or tyrosine amino
acid residues of the target protein. Phosphorylation sites are highly specific and can be identified by a

conserved sequence of flanking residues. In most cases, phosphorylation promotes a conformational
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change in the proteins structure, which results in it being switched ‘on’ or activated through altering
the accessibility to active sites, localisation sequences or interaction domains. Once activated,
proteins may go on to activate other proteins as part of a signalling cascade, which may lead to the
activation of transcription factors and changes in gene expression. This process is readily reversible
and proteins may be rapidly dephosphorylated or inactivated by phosphatases, which play a key role

in modulating the strength and duration of activation.

Commonly measured signalling molecules that can be quantified by phospho-flow cytometry include
the mitogen-activated protein (MAP) kinases p38 and ERK1/2, p38’s immediate downstream
substrate MK2, and the transcription factor NF-kB. These markers are frequently reported to be
activated following injurious ventilation in vivo and their inhibition has been shown to be effective in
attenuating inflammation in animal models of VILI. However, all of these activation markers are
involved in multiple signalling cascades and therefore their pharmacological inhibition in patients may
be associated with significant adverse effects such as immunosuppression and carcinogenesis. Whilst
they may not be viable targets for therapy, they serve as excellent markers of general cell activation in

mechanistic studies.

MAP Kinases

Mitogen-activated protein (MAP) kinase signalling cascades are involved in transducing external
stimuli into a wide range of finely controlled cellular responses. They are activated in response to
myriad stress stimuli through multi-tiered cascades in which MAP3Ks phosphorylate MAP2Ks, which
then go on to activate MAPKs (Figure 1.1). There are several classes of MAP kinase including the
extracellular signal-regulated kinases (ERK1/2), c-Jun amino (N)-terminal kinases (JNK1/2/3), p38
isoforms (a, B, y and &), and ERKS.

The ERK1/2 pathway is activated in response to growth factors and can lead to cell responses such as
cell proliferation or differentiation (Lenormand et al. 1993). The JNK1/2/3 pathway is activated by
stress stimuli (Bogoyevitch et al. 2010) and its downstream effects can converge with those of the p38
pathway, which is also induced by stress stimuli and inflammatory cytokines (Ono and Han 2000). The
ERK5 pathway is important in early embryonic development, particularly in the development of the
vascular system (Regan et al. 2002). The MAP kinases are ubiquitously expressed across all cell types

and tissues, making them ideal indicators of cellular activation.
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Figure 1.1 Overview of MAPK Signalling Pathways
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Mitogens and stress stimuli lead to the activation of ERK1/2 and p38 signalling cascades. Figure

adapted from (Roux and Blenis 2004).

p38 & MK2

p38 was first identified as a kinase that becomes rapidly phosphorylated and activated in response to
LPS stimulation as well as other stresses such as hyperosmolarity (Han et al. 1994). In these initial
studies, p38 was found to be involved in the production of pro-inflammatory mediators including IL
1B and TNFa (Lee et al. 1994). The mechanism of p38 activation was soon discovered to be mediated
through the dual phosphorylation of specific amino acid residues Thr-180 and Tyr-182 within the
Thr-Gly-Tyr motif (Raingeaud et al. 1995). These regulatory phospho-sites are phosphorylated by the
two MAP2Ks MKK3 and MKK6 (Raingeaud et al. 1996; Keesler et al. 1998).

Once activated, p38 can activate several other protein kinases and the most well-known downstream
substrates of p38, are MK2 and MK3, which phosphorylate a number of substrates including small
heat shock protein 27 HSP27 (Rouse et al. 1994). p38 also activates p38 regulated/activated kinase
PRAK, which can also phosphorylate and activate HSP27 (New et al. 1998). p38 is additionally known
to activate MAP kinase interaction protein kinase MNK1, which is involved promoting the initiation of

translation (Waskiewicz et al. 1997). p38 has also been reported to phosphorylate mitogen- and
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stress-activated kinase MSK, which phosphorylates the transcription factor cAMP response

element-binding protein CREB (Ono and Han 2000; Deak et al. 1998).

In addition, p38 can also activate several other transcription factors, including the activating
transcription factors ATF-1 and ATF-2 (Tan et al. 1996) , SRF accessory protein 1 Sapl (Whitmarsh et
al. 1997), and growth arrest and DNA damage inducible gene 153 GADD153, which is important in
regulating cell proliferation and differentiation (Wang and Ron 1996). p38 is also known to activate
p53, which is involved in regulating apoptosis (Huang et al. 1999), and monocyte enhancer factors
MEF2A and MEF2C (Yang, Galanis, and Sharrocks 1999; Zhao et al. 1999). Through the activation of
all these transcription factors, activation of the p38 pathway leads to increased expression of
pro-inflammatory cytokines, the induction of enzymes such as COX-2 and iNOS (Werz et al. 2000;
Guan et al. 1998; Badger et al. 1998), and increased expression of adherence proteins amongst other
inflammatory molecules (Pietersma et al. 1997). In this way, initiation of p38 signalling is amplified

through various downstream signalling events to produce a co-ordinated response to stress stimuli.

In order to activate these downstream signalling events, p38, which normally resides in the cytoplasm
under resting conditions, translocates into the nucleus upon phosphorylation by MKK3/6 (Gong et al.
2010). Itis unclear exactly how this is regulated but since p38 does not contain a nuclear localisation
sequence (NLS) itself, it has been suggested that p38 may interact with a NLS-containing chaperone
protein (Gong et al. 2010). Once activated p38 has entered the nucleus, it is able to activate various
transcription factors and protein kinases including MK2, which resides in the nucleus under resting
conditions and has been reported to be present in excess of p38 (Ben-Levy et al. 1998). Activation of
MK2 requires phosphorylation of three specific residues Thr-222, Ser-272 and Thr-334, which is

mediated by p38, and involves the formation of a heterodimer (Ben-Levy et al. 1995).

Following phosphorylation, MK2 assumes an open conformation that exposes a nuclear export signal
(NES) located at its C-terminus, resulting in the export of the p38:MK2 complex from the nucleus
(Ben-Levy et al. 1998; Neininger, Thielemann, and Gaestel 2001; Meng et al. 2002; ter Haar et al.
2007). Therefore, p38 phosphorylation of MK2 not only induces its activation, but also regulates the
localisation of p38 within the cell. Once in the cytoplasm, MK2 plays an important role in the
pro-inflammatory cytokine response. MK2 has been found to increase the translation of
pro-inflammatory mRNAs through a stabilising post-transcriptional mechanism involving AU rich

elements (AREs) (Kotlyarov et al. 1999; Winzen et al. 1999).

The p38 MAP kinase pathway has been shown to be specifically activated in pulmonary cells

subjected to stretch in vitro (Abdulnour et al. 2006; Cohen et al. 2010; Boudreault and Tschumperlin
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2010; Iwaki et al. 2009; Li et al. 2003). p38 has also been found to be activated in several in vivo
models of VILI (Chiang et al. 2012; Park et al. 2012; Dolinay et al. 2004; Kotani et al. 2004; Chiang et al.
2011; Uhlig et al. 2002).

Furthermore, inhibition of p38 signalling has even been shown to attenuate VILI in animal models.
Dolinay et al. mechanically ventilated mice lacking MK3, which is a downstream protein kinase
substrate of p38 that has similar activity to MK2 (Ronkina et al. 2007). They found that these
knockout mice demonstrated significantly reduced inflammatory responses to injurious ventilation
compared with wild type mice, implicating the p38 pathway in the induction of inflammation in VILI
(Dolinay et al. 2008). Damarla et al. found that inhibition of p38/MK2 signalling in mice ventilated
with injurious settings attenuated phosphorylation of HSP25, which was accompanied by a decrease
in barrier dysfunction (Damarla et al. 2009). Siegl et al. concluded that p38 signalling was responsible
for the induction of pro-inflammatory gene expression in response to injurious mechanical ventilation

in their model of ventilated and perfused mouse lungs (Siegl and Uhlig 2012).

It is clear that the p38/MK2 pathway plays an important role in regulating the expression of
pro-inflammatory cytokines in response to cell stress. This has been demonstrated in models of VILI
where inhibition of this pathway attenuates symptoms. Whilst the blockade of this pathway in
patients is likely to be associated with a dangerous dampening of the general immune response, the
guantification of p38 and MK2 activation in mechanistic studies provide a reliable indication of early

cellular activation.

ERK1/2

The ERK1/2 pathway was the first MAP kinase cascade to be discovered and has been the most
thoroughly studied. The two isoforms ERK1 and ERK2 are translated from unique genes but
demonstrate almost identical regulation, substrate specificity and subcellular localisation. ERK1/2
signalling is central to many cellular responses including proliferation, differentiation, and survival.
ERK1/2 was first identified as a kinase that was capable of very rapid activation, within minutes of
exposure to mitogens such as a-thrombin, platelet-derived growth factor and foetal calf serum
(Meloche, Pages, and Pouyssegur 1992). ERK1/2 is phosphorylated by the MAP2Ks MEK1 and MEK2,

on the threonine and tyrosine residues within the Thr-Xaa-Tyr regulatory motif (Seger et al. 1992).

Activated ERK1/2 has been reported to activate hundreds of substrates in both the cytoplasm and the
nucleus (Chuderland and Seger 2005). These include the activation of protein kinases such as
ribosomal s6 kinases RSKs, which regulate transcription factors involved in the expression of

immediate early genes (Anjum and Blenis 2008), MSK, which regulates activation of the transcription
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factor CREB (Deak et al. 1998), and MNKs, which phosphorylate the translation initiation factor elF4E
(Waskiewicz et al. 1997). ERK1/2 signalling is also responsible for the activation of transcription
factors Elk-1 (Marais, Wynne, and Treisman 1993) and c-Fos (Gille, Sharrocks, and Shaw 1992).
Activation of all these substrates prepares the cell proliferation, which requires up-regulation of the

biosynthesis of membranes, organelles, nucleic acids and proteins.

The outcome of ERK1/2 signalling can depend on the duration of activation, by regulating the
expression of cell cycle proteins. ERK1/2 displays biphasic activity, with a rapid and transient peak in
activation at 5 to 10 minutes following mitogen stimulation that is followed by a less intense but
prolonged second wave of activation (Meloche, Pages, and Pouyssegur 1992). This sustained
activation of ERK1/2 has been found to be required for advancement through G, phase and entry into
S phase of the cell proliferation cycle (Meloche and Pouyssegur 2007). Signal duration is sensed by
the immediate early gene product c-Fos, which fails to accumulate when ERK1/2 activation is
transient (up to 30 minutes), but when ERK1/2 activation is sustained for several hours, c-Fos
becomes phosphorylated and stably expressed (Murphy et al. 2002). The progression of the cell cycle
into S phase is associated with the continued expression of cyclin D1, which is up-regulated by ERK1/2
activity, and promotes the translation of proteins required for DNA replication through activation of
retinoblastoma (Rb) proteins (Bracken et al. 2004). Inhibition of ERK1/2 signalling has been shown to

decrease levels of cyclin D1 and is accompanied by growth arrest (Weber et al. 1997).

As the for the p38/MK2 pathway, ERK1/2 signalling is also partly regulated by subcellular localisation
(Pouyssegur, Volmat, and Lenormand 2002). It is thought that under unstimulated conditions, ERK1/2
resides in the cytoplasm where it is anchored to its activator MEK1. Upon mitogen stimulation,
phosphorylation of residues within ERK1/2’s activation loop results in a conformational change that
allows it to dissociate from MEK1 (Wolf et al. 2001). Phosphorylation of the Thr-Xaa-Tyr motif on
ERK1/2 is necessary, but not sufficient for nuclear localisation, with reports suggesting that
translocation requires association with other proteins, which have not yet been identified (Caunt et

al. 2012; Caunt and McArdle 2012).

Once in the nucleus, ERK1/2 may phosphorylate its many substrates that lead to the up-regulation of
protein biosynthesis and other processes involved in cell proliferation. ERK1/2 activity may be
terminated by the MKP1/2 phosphatases, which are localised within the nucleus (Volmat et al. 2001).
It has been reported that MEK1 is capable of shuttling between the nucleus and the cytoplasm,
entering the nucleus by passive diffusion, and exiting by NES-dependent active transport (Adachi,

Fukuda, and Nishida 2000). It has been suggested that MEK1 is responsible for the exportation of
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inactive ERK1/2 from the nucleus, and therefore not only regulates ERK1/2 activity but also its

subcellular localisation (Adachi, Fukuda, and Nishida 2000).

Whilst activation of ERK1/2 signalling may not appear to be directly involved in promoting
inflammatory responses, it has been found to be activated in response to LPS stimulation.
Schuh et al. demonstrated that the MEK1/2 inhibitor U0126 significantly attenuated lung neutrophilia
and levels of pro-inflammatory cytokines in the BAL fluid of LPS treated mice (Schuh and Pahl 2009).
In response to mechanical ventilation, activation of ERK1/2 signalling would seem more likely given
that stretch is a common trigger for cell proliferation and differentiation in AECs (Sanchez-Esteban et

al. 2004; Chess, Toia, and Finkelstein 2000; Edwards 2001).

ERK1/2 phosphorylation has been frequently detected in pulmonary cells stretched in vitro (Cohen et
al. 2010; Boudreault and Tschumperlin 2010; Li et al. 2003; Correa-Meyer et al. 2002). ERK1/2 activity
is also commonly reported in in vivo models of VILI (Li et al. 2007; Abdulnour et al. 2006; Kotani et al.
2004; Uhlig et al. 2002). Furthermore, a few studies have reported that inhibition of ERK1/2 signalling
is protective against the development of VILI. Li et al. reported that the ERK1/2 inhibitor PD98059
attenuated ventilator-induced fibrosis and levels of BAL fluid CXCL2 in a two-hit murine model of
bleomycin and VILI (Li et al. 2008). A study by Kaniaris et al. found that mice treated with a Tpl2
inhibitor, a MAP3K that activates ERK1/2, were protected against the development of VILI (Kaniaris et
al. 2014). ERK1/1 is therefore a very useful indicator of cellular activation following mechanical

stimulation.

NF-xB

The nuclear factor kappa B (NF-kB) family of transcription factors regulate the expression of many
pro-inflammatory genes in response to various stimuli including cytokines and infectious material.
Members of the NF-kB family include p65 (RelA), RelB, c-Rel, p50 and p52, which all share a conserved
DNA binding domain known as the Rel homology region (RHR). The NF-kB proteins exist as homo- and
heterodimers, mediated by their RHR, and in which form they bind target DNA. Only p65, RelB and
c-Rel harbour a C-terminal transactivation domain (TAD) that is able to activate transcription of target

genes.

Under resting conditions, NF-kB dimers are sequestered in the cytoplasm through interaction of their
ankyrin repeat domains with an inhibitor of NF-kB (IkB) protein (IkBa, IkBB, and IkBe). Upon
stimulation of the cell, the IkB kinase (IKK) complex becomes activated and releases NF-kB from this
inhibitory interaction (Hinz and Scheidereit 2014). The IKK complex consists of a combination of two

kinases IKKa and IKKB that become activated by phosphorylation of two serine resides, located in
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their activation loops, as well as a regulatory subunit NF-kB essential modulator (NEMO/IKKy). The
activated IKK complex phosphorylates the IkB protein on specific serine residues, which marks it for
ubiquitination and degradation by the proteasome (Traenckner et al. 1995). This permits the NF-«B
dimer to translocate into the nucleus, driven by its NLS that had previously been hidden in the closed
conformation induced by its interaction with IkB (Figure 1.2). These events that lead to the
translocation of the NF-kB dimer are relevant to complexes of p50-p65 with IkBa. However, p65
homodimers complexed with IkBB have been reported to continuously shuttle between the nucleus

and cytoplasm due to one of the NLS sequences remaining accessible (Malek et al. 2003).
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Figure 1.2 Activation of NF-kB Signalling
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Figure adapted from (Hinz and Scheidereit 2014).

The release of NF-kB dimers from their cytoplasmic anchor permits them to enter the nucleus, but
they also require post-translational modifications at specific sites in order to become fully

transcriptionally active. Several kinases have been identified that are able to induce this modification
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including cyclin-dependent kinase 6 CDK6 (Buss et al. 2012), the IKK complex proteins IKKa and IKKB
(Buss et al. 2004), casein kinase Il CKll (Wang et al. 2000), and protein kinase C PKC (Leitges et al.
2001). Phosphorylation of p65 NF-kB at Ser-276 and Ser-539 has been found to be necessary for
interaction with transcriptional co-activator CBP/p300 (Zhong, Voll, and Ghosh 1998). The
importance of phosphorylation on the transcriptional activity NF-kB makes it an ideal event to

measure as an indicator of cellular activation.

NF-kB signalling is further regulated by the tertiary structure of its target genes. Some genes that
contain the kB binding site may be inaccessible to NF-kB activation due to the compact arrangement
of DNA and chromatin. The chromatin environment is regulated through post-translational
modifications to the histone proteins, which can be cell type specific. Therefore, NF-kB signalling may
lead to different downstream effects depending of the type of cell stimulated. However, in some
circumstances, NF-kB can modify chromatin organisation through the recruitment of chromatin
modifying co-activator complexes (Bhatt and Ghosh 2014). Such remodelling is suggested to explain
the transcriptional activation of some genes immediately following stimulation of NF-«kB signalling,

and others at later time points (Saccani, Pantano, and Natoli 2001).

Activation of NF-kB signalling in the literature is most frequently measured in terms of nuclear
accumulation, increased binding activity, or degradation of NF-kBs cytoplasmic anchor IkB protein. In
such studies, NF-kB has been found to rapidly translocate into the nucleus in response to cyclic
stretching of pulmonary cell lines (Ning and Wang 2007b; Li et al. 2003; Kumar, Knox, and Boriek
2003; Pugin et al. 1998). NF-kB activation has also been frequently detected in in vivo models of
injurious mechanical ventilation (Liu et al. 2009; Ko et al. 2013; Dolinay et al. 2004). Several studies
have found that pharmacological attenuation of VILI is often associated with a dampening of NF-«kB
signalling (Held et al. 2001; Lopez-Alonso et al. 2013; Xia et al. 2015; Li et al. 2014). Furthermore, a
couple of studies have reported that direct inhibition of NF-kB activity is protective in animal models
of VILI. Hayes et al. reported that overexpression of IkBa, thus inhibiting NF-kB activity, was
protective in a two-hit model of infection and VILI (Hayes et al. 2014). Anti-NF-kB antibody has also

been shown to be protective in an isolated perfused lung model of VILI (Chiang, Pai, and Liu 2008).

1.5 Aims & Hypotheses

In this project, the first aim was to develop a phospho-flow cytometry protocol that enabled the
guantification of cellular activation within the lung during the initiation of VILI. Most of the current
literature has focused on the downstream effects of injurious mechanical ventilation, but this project

aimed to investigate the initiation of inflammatory signalling within the lung prior to the infiltration of
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extra-pulmonary immune cells. In order to examine the kinetics of cellular activation, it was essential
to be able to quickly process the lungs in order to measure the phosphorylation levels of intracellular
activation markers within specific cell populations following exposure to short periods of injurious
mechanical ventilation. An inherited phospho-flow cytometry protocol was adapted to investigate
the activation of several pulmonary cell types in addition to alveolar macrophages and AECs (Waite

2011).

This technique was used to test the hypothesis that AECs become activated prior to the alveolar
macrophages in response to over-distension of the lung. Although this is a widely held assumption,
given that the AECs would be directly exposed to over-stretching whilst the alveolar macrophages
would not, it has never actually been proven. We hypothesised that the mechanism by which alveolar
macrophages become activated so rapidly following stretch must occur either via the release of
soluble mediators by the AECs, or through direct contact between the epithelium and alveolar
macrophages. The list of potential soluble mediators is limited by the rapid release that would be
required to activate alveolar macrophages within short periods of exposure to over-stretching. On
the other hand, direct interactions may be a more feasible means of communication under such short
time scales as suggested by studies that demonstrate increased adherence of alveolar macrophages
within minutes of exposure to mechanical ventilation in vivo. The aim of this project was to use
phospho-flow cytometry to investigate these potential mechanisms in the presence of specific

inhibitors in vivo.
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CHAPTER TWO

METHODS & MATERIALS

2.0 Animals

The protocols used in this project were approved by the UK Home Office in accordance with the
Animals (Scientific Procedures) Act, 1986. Experiments have been reported in line with the Animals in
Research: Reporting in vivo experiments (ARRIVE) guidelines (Kilkenny et al. 2010). Male C57BL/6
mice were sourced from Charles River Laboratories (Margate, UK) whilst TNF receptor knockout mice
were sourced from The Jackson Laboratory (Maine, USA). Genetically modified mice were bred on
site and their phenotypes were confirmed by flow cytometric analysis of their TNF receptor
expression. Mice were housed in groups of up to 5 in individually ventilated cages (IVCs) with free
access to food and water. Male mice used in experiments were aged 8-12 weeks and weighed 20-

30g.

2.1 Invivo model of ventilator-induced lung injury (VILI)

In vitro studies are very valuable in answering specific mechanistic questions; however the use of
animal models in studying VILI is crucial to understanding the multicellular responses to extreme
alveolar strain. The multi-dimensional forces experienced during ventilation are difficult to replicate
in vitro due to the highly intricate and interdependent structure of the lung. In addition, the most
clinically important consequence of VILI is the inflammatory reaction in which alveolar macrophages
play a vital role, as well as monocytes and neutrophils that are recruited from the systemic circulation.
The complexity of the lungs structure, combined with intercellular communication via local and
systemic inflammatory propagators, mean that the study of VILI is most meaningful and

physiologically relevant in an in vivo setting.

49



Relevance of the model

The in vivo model of VILI used within this project is well established in our group (Wilson et al. 2009;
Wilson, Patel, and Takata 2012) and models using similar ventilation protocols are also commonly
used within the field (Uhlig et al. 2002; Vaporidi et al. 2012; Tremblay et al. 2002). It is necessary to
use a higher tidal volume was than would be used in human patients because the murine lung is
inherently more compliant than human lungs and therefore require higher tidal volumes to induce
over-distension (Wilson, Patel, and Takata 2012; Soutiere and Mitzner 2004). We also are able to
observe advanced VILI within 2 to 3 hours using a higher tidal volume, a timescale which is more
applicable to murine experiments than the development of VILI over several days in the clinical
setting. This single-hit approach of injury induced purely by mechanical ventilation may be
considered less clinically relevant to the patient with ARDS compared with two-hit models, but it has

enabled the investigation of the specific mechanisms of VILI in the absence of confounding factors.

Some clinical data suggest that patients without pre-existing lung injury, such as those undergoing
surgery, or critically ill patients without ARDS, may be at risk of VILI (Serpa Neto et al. 2012; Wolthuis
et al. 2008). However, our model better replicates the injury induced by the mechanical ventilation of
patients suffering from ARDS, who are the most susceptible to VILI. The lungs of these patients are
dominated by large regions of oedema that reduce the volume of lung that can be ventilated.
Consequently, the set tidal volume which is calculated based on height and weight is applied to this
smaller region of aeratable lung, known as the ‘baby lung” which results in extreme deformation even

with moderate or low tidal volumes (Gattinoni and Pesenti 2005).

Ventilation protocols

General anaesthesia was induced by an intraperitoneal injection of 80mg/kg ketamine (Ketaset,
Pfizer, Kent, UK) and 8mg/kg xylazine (Xylacare, Animalcare Ltd, UK). Once the mice had lost
consciousness, usually within 2-3 minutes, they were transferred from their IVC onto a heat pad with
a blanket to maintain a constant body temperature for the duration of the experiment. Surgery
began once the mice no longer demonstrated pedal and righting reflexes (usually about 10 minutes
after administration of anaesthetic). A surgical incision was then made to access the trachea, into
which an endotracheal tube of a standard size and length was inserted and tied into place before
connection to the ventilator apparatus. A mark on the endotracheal tube ensured that it was not

inserted too far into the trachea so as to only ventilate one side of the lung.

The custom-made ventilator used electronic solenoid-controlled valves to control the gas flow rates,

the respiratory rate, and to maintain an inspiratory: expiratory ratio of 1:2. These and other
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ventilation parameters were continuously monitored and recorded by the data acquisition system

Powerlab (ADInstruments Ltd, Oxford, UK).

In all ventilation protocols, mice were initially ventilated with low stretch settings, defined by a tidal
volume (V1) of 8ml/kg a respiratory rate of 120 breaths per minute (bpm) and a positive
end-expiratory pressure (PEEP) of 3cmH,0, using 100% oxygen. Two recruitment manoeuvres, in
which a sustained pressure of 35cmH,0 was held for 5 seconds within the lung, separated by a
30-second break, were performed to re-open alveoli that had become derecruited under anaesthesia,
thereby standardising volume history (Figure 2.1). These recruitments were followed by an
inspiratory pause which was used to calculate the tidal volume (Figure 2.2). At this point, some mice
remained on the low stretch settings for control experiments, whilst others were switched to the high
stretch settings. For those mice transferred onto the high stretch strategy, the ventilation gas was
switched to oxygen with 4% CO,, the respiratory rate was gradually decreased to 80bpm, and the flow
rate steadily increased to reach a tidal volume of 40ml/kg, calculated from another inspiratory pause

(see Table 2.3 for a comparison of the two ventilation strategies).

Figure 2.1 Recruitment manoeuvres
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Recruitment manoeuvres involve applying a sustained pressure of 35cmH,0 for 5 seconds and this was
repeated twice with a 30-second break between holds. The aim was to recruit alveoli that may have
collapsed during anaesthesia induction and surgery time (around 15 minutes) and may also be
performed every 30 minutes in longer protocols under low stretch settings to prevent atelectasis.

Avoidance of atelectasis was important in our model of VILI as we aimed to specifically study the
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effects of stretch-induced injury. The result is a decrease in pressure which can be seen particularly
clearly following the first recruitment manoeuvre in the figure where the peak inspiratory pressure falls

from 12c¢mH,0 to around 10cmH,0.

Figure 2.2 Positive pressure ventilation
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The two traces represent the airflow and pressure during an inspiratory pause (IP) (first two breaths)
and during normal breathing (final two breaths). During an IP the inspired gas is held within the lungs
for a short period during which the pressure plateaus before being released. This enables the
calculation of tidal volume, compliance and resistance. The peak inspiratory pressure (PIP) is the
highest pressure applied to the lungs during inspiration, and in longer ventilation experiments can
indicate the extent of pulmonary oedema. A PEEP is applied to ensure that the pressure does not fall

below 3.0cmH,0, thereby preventing complete alveoli collapse.
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The following equations illustrate how ventilation parameters including tidal volume, resistance,

compliance and elastance are calculated.

Volume (ml)

Tidal volume (ml/kg) = Body weight (kg)

(Peak (cmH50) - Plateau (cmHzO))

Resistance (Rrs) (cmH,O/ml/s) =
(Rrs) 20/mi/s) Flow rate (Qaw ml/s)

Tidal Volume (ml/kg)
(Plateau (cmH,0) - PEEP (cmHzo))

Compliance (Crs) (ml/kg/H,0) =

(Plateau (cmH,0) - PEEP (cmHzO))
Tidal Volume (ml/kg)

Elastance (Ers) (cmH,0/ml/kg) =

Table 2.3 Low and high stretch ventilation strategies

Ventilation Settings Low Stretch High Stretch
Tidal volume (Vy) 8 ml/kg 40 ml/kg
Breaths per minute (bpm) 120 80
Positive end-expiratory pressure (PEEP) 3.0 cmH,0 3.0 cmH,0
Ventilation gas 100% O, O, with 4% CO,

The two ventilation strategies used in these experiments are referred to as ‘low stretch’ and ‘high
stretch’. The increased tidal volume used during the high stretch ventilation settings is known to cause
hypocapnia and therefore we ventilated with oxygen supplemented with 4% CO,. The high stretch
protocol used a reduced respiratory rate of 80bpm to avoid incomplete expiration before the next
breath is inhaled, which can lead to a progressive increase in alveolar pressure at the end of expiration,

referred to as intrinsic PEEP.

Ventilation experiment timescales

The experiments in this project were short timescale experiments which aimed to investigate the
initiation of VILI. Such experiments lasted 1, 5 or 15 minutes following calculation of the tidal volume.
After the timed period, the mouse was exsanguinated and the lungs retrieved and processed as
described in detail later in Section 2.4. The timings of the short ventilation experiments are illustrated

in Figure 2.4.
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Figure 2.4 Timings of ventilation experiments
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After the tracheostomy, which takes approximately 3 minutes ('insert ETT'); mice were connected to
the ventilator under low stretch settings. Recruitment manoeuvres were performed followed by an
inspiratory pause, and tidal volume set to low or high (‘adjust settings'). At the end of the ventilation
exposure (grey), the experiment was terminated and the lungs were removed and homogenised,
vielding a fixed single cell suspension within 2 minutes of terminating the experiment ('sample

retrieval’).

2.2 Invivo model of LPS-induced lung injury

Relevance of the model

LPS-induced lung injury is used to model intra- or extra-pulmonary bacterial infection, the most
common cause of ARDS. The delivery of lipopolysaccharide (LPS) intratracheally is typically used to
model bacterial infection with a pulmonary source, such as pneumonia, whilst LPS administered
intravenously models bacterial infection with a non-pulmonary source. Both of these models of LPS-
induced lung injury are well established within our group (Dorr et al. 2011; O'Dea et al. 2011; O'Dea et
al. 2009). The LPS endotoxin is a component of the cell wall of gram-negative bacteria that stimulates
strong immune responses via the TLR-4 signalling pathway (Poltorak et al. 1998; Jeyaseelan et al.
2005). The intratracheal LPS model was initially used in this project as a positive control to validate
the complex protocol for measuring intracellular markers of cell activation. However, the model also

provided an interesting comparison of lung cellular responses to a bacterial and mechanical insult.
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Intratracheal LPS instillation

General anaesthesia was induced by an intraperitoneal injection of ketamine (60mg/kg) and xylazine
(6mg/kg). Once the mouse had lost consciousness and no longer demonstrated pedal and righting
reflexes, it was then secured to a board and held for a short period of time almost vertical during the
instillation process. A microscope and an external light source were used to visualise the airways.
The tongue was held out of the way and blunt forceps were used to gently open the epiglottis for a
clearer view of the vocal chords. A fine catheter (0.28mm ID x 0.61mm OD) was briefly passed
through the vocal chords and a mark on the catheter at 1cm from the tip ensured that it did not go
beyond the carina where the trachea branches into two bronchi. A syringe was connected to the
other end of the catheter which contained the 50ul fluid bolus that was instilled into the lungs

followed by a small volume of air (300ul) to ensure delivery of the entire dose.

Mice were given 20ug ‘Ultrapure’ LPS (E. coli 0111:B4; InVivoGen, San Diego, CA) diluted in a final
volume of 50ul saline. As the LPS model was initially used as a positive control, it was not important
to determine whether the instillation procedure itself was inducing inflammatory signalling activation.
Saline instillations performed for 5 and 15 minutes did not demonstrate increased activation of any
marker or in any cell type compared with untreated controls (Figure 2.5). In the interest of reducing
numbers, a set of untreated mice subjected only to the anaesthesia and tracheostomy served as
controls to both the 5- and 15-minute LPS exposures. The 1-minute LPS experiments have their own
set of untreated controls as these experiments were conducted at a later stage. A 50ul bolus is a
commonly used bolus size for instillation into the lungs and should be well received by a 20-30g
mouse whose total lung volume is approximately 1000-1200ul (Soutiere and Mitzner 2004).

Following instillation, breathing became rapid and deep indicative of successful dosing into the lungs.
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Figure 2.5 Effect of saline instillation versus untreated on cellular activation
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Intratracheal instillation of saline did not induce activation of p38 in alveolar macrophages (AMs) or
type | AECs (Tl) compared with untreated controls. These results are representative of the other
activation markers and cell types, none of which responded to instillations of saline. N=3 for

untreated, N=1 for saline 5mins, N=1 for saline 15mins.

After instillation of the bolus, the catheter was promptly removed and the mouse was held upright on
the board for a further 30 seconds before being laid down on a heat pad and under a blanket for the
remaining exposure time (up to 15 minutes) whilst breathing spontaneously. For LPS exposure times
of 30 and 60 minutes, mice were transferred to an ‘intensive care box’ which was warmed with a heat
pad and contained 40% supplementary oxygen. Mice did not regain consciousness but were given a

top-up of anaesthesia prior to insertion of an endotracheal tube.

For LPS experiments, which lasted for either 5, 15, 30 or 60 minutes, an endotracheal tube was
inserted via tracheostomy a few minutes before termination of the experiment, to facilitate
immediate instillation of inhibitors. To ensure accurate timing in LPS experiments lasting only
1 minute, the endotracheal tube was inserted first, before administering the LPS bolus by passing the
fine catheter through the endotracheal tube (see Figure 2.6 for an illustration of the timings of these

protocols).
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Figure 2.6 Timings of LPS experiments
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Control mice were subjected to the same anaesthesia and surgery protocols as LPS-treated mice,
involving the insertion of an endotracheal tube followed by immediate termination of the experiment
and retrieval of the lungs. For 1-minute LPS treatments, LPS was administered via the endotracheal
tube to ensure accurate timings since the insertion of an endotracheal tube requires 3 minutes. The
5-and 15-minute LPS treatments involved administering the LPS intratracheally, and insertion of the

endotracheal tube only during the last 3 minutes of the exposure period.

Intravenous LPS administration

In a set of experiments examining the effect of systemic administration of LPS, the jugular vein was
cannulated to deliver a 20ug dose of LPS (the same dose as was given intratracheally) in a total
volume of 120ul saline. A number of studies by our research group have previously administered this
same dose systemically, and found that it caused neutrophil and monocyte sequestration into the
lung within a couple of hours (Ghosh et al. 2005; O'Dea et al. 2005; O'Dea et al. 2009). Control mice
were given 120ul saline via the same route. A 27G needle tip glued into place was used to cannulate
the vein, and was connected to a syringe via a short piece of thin tubing (0.28mm ID x 0.61mm OD)
filled with the dose to be delivered. Administration via the jugular vein ensured that the LPS would
quickly reach the lungs. The jugular vein is also easily accessed during the surgery performed during
the insertion of an endotracheal tube, making it an ideal route of administration when the
pre-treatment time required is very short. In this set of experiments the LPS was administered just

5 minutes before terminating the experiment to assess cellular activation within the lung.
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2.3 Pre-treatments to in vivo experiments

Some mice were pre-treated with drugs or appropriate control vehicle from 15 minutes to up to
24 hours prior to ventilation experiments. Some drugs were inhaled directly into the lungs via the

intranasal route, whilst others were given systemically via intravenous or intraperitoneal injection.

Intranasal Route

With this route of administration, it is inevitable that the bolus will come into contact with the upper
airways leading to some of it not reaching the lungs. Miller et al. investigated the effects of bolus
volume size and type of anaesthesia on the efficiency of intranasal dosing in mice. They concluded
that doses of 50ul or more were required for efficient delivery into the lower respiratory tract and
that delivery was more efficient in mice anaesthetised with inhaled isoflurane compared with
parenteral ketamine/xylazine. They suggested that the increased efficiency seen with isoflurane is
associated with episodes of transient hypoxia associated with inhalational anaesthetics, which
promotes an irregular but deep Cheyne-Stokes breathing pattern that draws larger volumes into the
lungs compared with the shallow regular breathing observed under ketamine/xylazine anaesthesia

(Miller et al. 2012).

Mice were put into an anaesthetic induction box filled with oxygen and 3.5% isoflurane (Abbott
Animal Health, lIllinois, USA), an inhalational anaesthetic used to induce short-lasting anaesthesia.
After 3 minutes, mice were briefly removed from the box and a 25ul dose was placed in a continuous
stream onto the nares and was instantly inhaled. Mice were returned to the induction box for a
further 1 minute prior to administration of the second 25ul dose. Mice remained in the induction box
for a further 30 seconds after receiving the full 50ul dose before being returned to their cage where
they were regularly monitored until the ventilation experiment. Mice regained consciousness and
returned to normal behaviour within a few minutes and displayed no signs of distress following this

procedure.

In one set of experiments, 50ug (Img/ml) Gap26 peptide (Alfa Aesar, UK) or saline control was given
intranasally in a total volume of 50ul and mice were monitored for the following 90 minutes until
surgery was performed. In another set of experiments, 50ug (1mg/ml) anti-CD18 antibody (GAME-46,
BD Pharmingen) or its isotype control (Rat 1gG1 k, BD Pharmingen) were given intranasally in a total
volume of 50ul, and mice were regularly monitored for the next 24 hours until surgery. Antibodies
were administered to mice at their stock concentration of 1mg/ml, therefore purified antibodies were

used that were diluted in 0.2um sterile filtered aqueous buffer containing no preservatives or azide
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and endotoxin levels of less than 0.001ng/ug of protein as determined using the LAL assay by the

manufacturer.

Intravenous Route

Intravenous administration via the tail vein was performed using a 29G micro-fine insulin syringe (BD
Biosciences, Oxford, UK). Mice were warmed in a mouse incubator for approximately 10 minutes
prior to the injection to help dilate blood vessels. Mice were given 400ug of the p38 inhibitor
SB 203580 hydrochloride (Tocris Bioscience, Bristol, UK) in a total volume of 140ul of water
(approximately 16mg/kg). This solution had the same osmolarity as saline, which was given to control
mice. Mice were returned to their cage and monitored for the duration of the pre-treatment time of

30 minutes.

Intraperitoneal Route

Another method of pre-treatment used in this project was the intraperitoneal route. This was used
when the drug to be delivered was dissolvable only in dimethyl sulfoxide (DMSO), a solvent that is
known to cause irritation. The intraperitoneal route therefore ensures that the drug is delivered in a
slow and gradual manner. It also allows the drug to be diluted in a large volume of saline for

administration.

The P2X; receptor antagonist A-839977 (Tocris Bioscience) was given to mice 30 minutes prior to
ventilation experiments. A dose of 2mg was dissolved in 50ul of DMSO and diluted in a total volume
of 500ul of saline (approximately 80mg/kg) to give a DMSO content of 10%. Control mice were given

50ul DMSO in a total volume of 500ul saline intraperitoneally.

2.4 Processing of in vivo samples

At the end of experiments, mice were exsanguinated under deep general anaesthesia by lacerating

the carotid artery and the caudal vena cava prior to collecting samples.

Lung — protocol development

Several months were spent refining and validating a protocol for the processing of the lungs in order
to vyield a fixed and permeabilised single cell suspension for phospho-flow cytometry. The
phosphorylation of proteins can be rapidly reversed by phosphatases and therefore it was vital to be

able to fix the intracellular contents of the cells as soon as possible after terminating the experiment.
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It was therefore critical to homogenise the lungs into a single cell suspension to allow the fixing and

permeabilising agents to access each individual cell.

Using a protocol inherited from a previous student (Waite 2011), early experiments showed flow
cytometry histograms that indicated that not all of the alveolar macrophages were reacting to the
same degree following LPS stimulation. This was illustrated by the majority of cells showing increased
phosphorylation of the activation markers, whilst a smaller population remained within the same
activation level of the untreated controls (Figure 2.7). The percentages of these populations varied
between experiments and sometimes appeared as very broad peaks suggesting high variability. One

possible explanation for this was uneven distribution of the LPS dose within the lungs.

To try to resolve this potential issue, an endotracheal tube was inserted to visualise how far the
catheter entered the lungs, ensuring that it was not going past the carina and delivering the LPS dose
to only one side of the lungs. The individual lobes were also processed individually to exclude this
possibility. A further tactic used to ensure even distribution was to ventilate the mouse following LPS
instillation and to perform recruitment manoeuvres to prevent collapse of certain areas of the lung.
The final approach was to study the effects of LPS instillation after the longer time of 15 minutes as
opposed to 5 minutes, to see if the results were a phenomenon only seen at early time points.
However, even after all of these interventions, a ‘double population” was still observed in the

histograms, suggesting that this phenomenon could be due to inefficient fixing.

The inherited protocol had instructed that following termination of the experiment, the lungs should
be removed and added to IC fixation buffer (eBioscience), followed by mechanical homogenisation
and incubation at 37°C for ten minutes before washing. The first alteration to the protocol was to use
a stronger fixation buffer (BD Cytofix/Cytoperm) which also permeabilised cells for access to the
cytoplasm. The fixation buffer was also warmed to 37°C before receiving the lungs to help fix cells in
a physiological state. To eliminate the delay in getting the lungs into the fixative, it was instead
instilled directly into the lungs via an endotracheal tube that was inserted during the final 3 minutes
of the exposure period. However, this meant the fixative was introduced to the intact lung for an
increased length of time prior to homogenisation, which hindered the homogenisation process

presumably by cross-linking cells together.

As an alternative, a phosphatase inhibitor cocktail (Calbiochem, Darmstadt, Germany) was instilled
into the lungs that specifically preserved the phosphorylation status of proteins without delay and did

not affect the generation of a single cell suspension. It was probably a combination of all of these
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changes to the protocol and my improving technique and speed that led to the elimination of the

‘double population’ (Figure 2.7).

Figure 2.7 Improving the efficiency of the fixation protocol
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Flow cytometric histograms showing levels of phosphorylated ERK1/2 and MK2 in alveolar
macrophages following intratracheal instillation of 50ug LPS (grey) versus untreated (white). The
original protocol revealed two populations of alveolar macrophages that responded differently to LPS;

however, refinement of the protocol indicated that this was due to an inefficient fixing process.
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The final hurdle in the development of this protocol was the level of permeabilisation required to
measure the intracellular activation markers. The cells were maintained in a PBS-based buffer
containing 2mg/ml saponin (perm-wash buffer) known to be capable of permeabilising cell
membranes. It is commonly reported in the literature that methanol, which is a much stronger
permeabilising agent, is needed to permeabilise the nuclear membrane in order to measure NF-«kB
(Krutzik and Nolan 2003). However, methanol is not compatible with multi-parameter flow cytometry
as it disrupts protein fluorophores including PE and its derivatives PE-CF594, PerCP and PE-Cy7
(Krutzik, Clutter, and Nolan 2005). Methanol permeabilisation therefore could not be used if discrete
cell populations were to be identified, as without PE-based fluorophores, there would only be two
fluorescent channels remaining, excluding one for the measurement of phospho-epitopes. We
therefore compared the effects of permeabilising with saponin and methanol on the measurement of
phosphorylated NF-kB in alveolar macrophages, which can be easily identified even with few
channels, and found a small but significant increase in phosphorylated NF-kB with methanol in
untreated samples (Figure 2.8). However, the measurement of NF-kB activity with saponin was still
very good (10-fold increase with LPS compared with untreated), and importantly, enabled us to

measure NF-kB in several specific cell types.

Figure 2.8 Saponin versus methanol permeabilisation for NF-kB staining
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There was a small but significant change in the gMFl of NF-kB with the different permeabilising
agents. In the 5 minute 20ug LPS treated lung, alveolar macrophages displayed a non-significant
trend (p=0.083) for a difference between the two permeabilising agents. N=6-7, *p<0.05, **p<0.01.

Data were analysed by t-test and are displayed as mean + SD.

Using the refined protocol, we were able to study the cellular activation within alveolar macrophages
following 5 minutes exposure to 50ug LPS. These preliminary experiments used a very high dose of

LPS (50pg) to ensure that the phospho-flow cytometry system was capable of detecting an increase in
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gMFl as was expected with LPS stimulation. Indeed, significant activation was detected within
alveolar macrophages 5 minutes after instillation of the 50ug LPS dose (Figure 2.9). Each of the four
activation markers p38, MK2, ERK1/2 and NF-kB demonstrated significantly increased

phosphorylation.

Figure 2.9 Alveolar macrophage activation following intratracheal instillation of 50ug LPS for
5 minutes
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Within alveolar macrophages, each of the four intracellular markers of activation demonstrated
significantly increased phosphorylation (geometric mean fluorescence intensity (gMFl)) following
5 minutes exposure to 50ug intratracheal LPS. N=5-11, *p<0.05, **p<0.01, ***p<0.001. Data were

analysed by t-test and are displayed as mean + SD.

Lung — optimised protocol

Following termination of experiments, 500ul of a cell-permeant phosphatase inhibitor cocktail set V
(Calbiochem, Darmstadt, Germany) was instilled directly into the lungs via the endotracheal tube.

This cocktail targets a broad-spectrum of phosphatase enzymes and was used to preserve the
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phosphorylation status of the intracellular activation markers under investigation. The lobes of the
lung were then rapidly removed and mechanically disrupted in 2ml of warm (37°C)
fixation/permeabilisation buffer (Cytofix/Cytoperm, BD Biosciences) using a GentleMACS dissociator
(Miltenyi Biotec, Surrey, UK). This process yielded a fixed single cell suspension of the lung in less

than two minutes from the time of terminating the experiment.

The lung cell suspension was then incubated in the fixative at 37°C for 10 minutes. The active
ingredient in the fixation buffer was formaldehyde (4.2%) which forms cross-links within and between
proteins, thereby creating a chain of immobile proteins within the cell that prevents further signalling.
Warming the fixative to 37°C increases the speed of fixation and promotes fixation of the sample in a
physiologically relevant conformation. Following 10 minutes of incubation in the fixative, the fixing
process was stopped by the addition of ice-cold perm-wash buffer which contained the
permeabilising agent saponin (phosphate-buffered saline, 2mg/ml saponin, 25mg/ml bovine serum
albumin and 1mg/ml sodium azide). Saponin forms complexes with cholesterol in cell membrane
bilayers to form large pores that permit antibodies access to intracellular markers. The sample was
filtered through a 40um cell strainer and washed twice by centrifugation (450g for 5mins at 4°C) to
remove remaining fixative. After sample processing, the cell suspension was prepared for analysis by

flow cytometry.

Bronchoalveolar lavage (BAL)

Bronchoalveolar lavage (BAL) was performed by instilling 750ul PBS into the lungs via the
endotracheal tube, then withdrawing that fluid to analyse the contents of the alveolar space.
Contaminating surfactant was removed from the top of the BAL fluid sample prior to centrifuging at
200g for 5 minutes at 4°C to pellet cells, which were then used for in vitro studies (described in detail
in Section 2.5). Alternatively, the cell-free supernatant was tested for ATP content (described in

Section 2.6).

Blood

Blood samples were retrieved via cannulation of the caudal vena cava and withdrawal of blood into a
syringe containing the anti-coagulant heparin. The blood sample was stained for analysis of TNF
receptor expression of immune cells in knockout mice by flow cytometry. Erythrocytes were lysed

prior to running the samples through the flow cytometer using Lysing Solution (BD Biosciences).

64



2.5 Invitro experiments

Cell cultures

All cell cultures were grown in 150cm? culture flasks with vented caps (BD Biosciences) in incubators
maintained at 37°C and 5% CO,. Media was changed every 2 to 3 days and cells were split when
confluent using trypsin-EDTA (Life Technologies, Paisley, UK) for epithelial and endothelial cell lines,

and cell dissociation solution (Sigma-Aldrich, MO, USA) for monocyte cell lines.

Stretch experiments were conducted using the human lung epithelial A549 carcinoma cell line
(ATCC® CCL-185™, VA, USA). This cell type was chosen for their regular growth pattern which was
expected to enable them to form a uniform layer that would enable them to respond uniformly to
stretch. They were also used to confirm that findings in mouse cells were relevant to human cells.
A549 cells were grown in RPMI-1640 medium containing buffering agent HEPES (Sigma-Aldrich) and
supplemented  with  6mg/ml  newborn calf serum  (Sigma-Aldrich) and  0.5mg/ml

penicillin-streptomycin-glutamine (PSG) (Life Technologies).

The murine lung epithelial MLE 12 SV40 transformed cell line (ATCC® CRL-2110™) was also used in
in vitro stretch experiments as being more relevant to the in vivo studies in this project. MLE 12 cells
were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich) supplemented with

3mg/ml new-born calf serum and 0.5mg/ml PSG.

As no murine pulmonary endothelial cell line was available, the murine brain endothelial bEnd5 cell
line (ATCC®) was used to represent the endothelial barrier. bEnd5 cells were grown in RPMI-1640
medium supplemented with 6mg/ml protein new born calf serum, 0.5mg/ml PSG, 1mM sodium
pyruvate (Sigma-Aldrich), 1% 100X MEM non-essential amino acid solution (Sigma-Aldrich) and
2.25mg/ml D-(+)-glucose solution (Sigma-Aldrich).

Similarly, as no alveolar macrophage cell line exists, the murine monocyte/macrophage RAW 264.7
tumour cell line (ATCC® TIB-71™) was used to gain insight into macrophage responses. RAW cells

were grown in DMEM supplemented with 3mg/ml new-born calf serum and 0.5mg/ml PSG.

Primary cells

Alveolar macrophages were isolated from mice and studied under in vitro conditions and in the
absence of other cell types. Mice were euthanised by overdose with 100mg pentobarbital (Merial

Animal Health Ltd, Essex, UK) given IP followed by exsanguination. Then a BAL was performed using
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warm calcium-free PBS with 5mM EDTA (Life Technologies). Calcium is suspected to enhance alveolar
macrophage adherence to the alveolar walls and as a result it is common practise to eliminate
calcium from the BAL medium when harvesting primary alveolar macrophages. A total of 750ul of
this solution was instilled into the lungs and 500ul was withdrawn and re-instilled twice before finally
withdrawing as much as possible. This process was repeated with fresh calcium-free PBS solution.
Surfactant was removed from the top of the sample before it was centrifuged at 200g for 5 minutes
to pellet the alveolar macrophages. The pellet was re-suspended in calcium-containing PBS with
added calcium chloride (5mM). This process was repeated three times in total to remove any traces
of EDTA. The alveolar macrophages were split into two wells of a 24-well plate and left to settle for

45 minutes before experiments were conducted.

ATP stimulation

ATP stimulation experiments were conducted with the RAW cell line to assess cellular activation by
phospho-flow cytometry. RAW cells were counted using a haemocytometer and seeded at an
approximate density of 4 x 10° per well into 12 well plates (BD Biosciences). Cells were stimulated
with 100uM ATP disodium salt (Tocris Bioscience) for time lengths of 5, 15 and 20 minutes. At the
end of the stimulation period, the ATP solution was removed from wells and replaced with warm
fixation buffer (BD Cytofix/Cytoperm), in which the cells were incubated for 10 minutes at 37°C. The
cells were then recovered from the wells using a CytoOne Cell Scraper (Starlab, Milton Keynes, UK)
and were centrifuged twice at 450g for 5 minutes at 4°C before being re-suspended in perm-wash

buffer for analysis by flow cytometry.

Cell stretching in vitro

The cell lines A549, MLE 12 and bEnd5 cells were counted using a haemocytometer and seeded at an
approximate density of 5 x 10° per well into type | collagen coated BioFlex® 6-well culture plates
(Flexcell International, NC, USA) around 36 hours prior to stretching. Normal cell culture media
(described above) was replaced with serum-starved media containing 0.6-1.2mg/ml new-born calf
serum, 12 hours prior to stretching. The serum-starved media was used to slow cell proliferation and
maintain a confluence of around 90% for the experiment. Immediately prior to stretching, media was
gently replaced with 1ml of fresh serum-starved media. The stretched plate was fitted into a rubber
gasket and then inserted into the baseplate, situated within an incubator. A Plexiglas sheet was
placed on top of the culture plates to ensure that the setup was airtight. Non-stretched control cells
were also grown onto the BioFlex plates and were placed into the same incubator for the same 15-

minute exposure time, which was maintained at 37°C and 5% CO,. The bottoms of the wells in the

66



BioFlex plates were made of a flexible silicone elastomer membrane that was deformed using a
Flexercell FX-4000™ Tension System (Flexcell International). This system uses a vacuum to pull the

flexible membranes down reaching a maximum strain of 13% at 20 cycles per minute.

Cell stretching - Sample collection

Following on from the in vitro ATP stimulation experiments, a more effective technique was
developed to harvest the cells from the culture plate wells, and this was utilised in cell stretch
experiments. Plates were immediately put onto ice following stretching or control treatment. The
1ml of media was aspirated and divided into two Eppendorf tubes kept on ice; one of which
contained an ecto-ATPase inhibitor ARL 67156 trisodium salt (250uM) to preserve the ATP content.
Media samples were centrifuged at 200g for 5 minutes to remove any contaminating cells and the
supernatant was then frozen at -80°C in aliquots for later use in assays. After collection of media, 1ml
of ice-cold phosphatase inhibitor cocktail (Calbiochem), diluted in PBS without Ca®*, was added to
each well. The immediate cooling of cells was designed to help lift them from the surface of the well,
whilst the phosphatase inhibitor cocktail preserved the phosphorylation levels of intracellular
activation markers. The cells were then gently scraped from the bottom of the well and added to ice-
cold fixation-permeabilisation buffer (Cytofix/Cytoperm, BD Biosciences). Following a 10-minute
incubation in the fixative, the cells were washed twice by centrifugation at 200g for 5 minutes and

re-suspended in perm-wash buffer for analysis by flow cytometry.

2.6 ATP assay

The ATP content of samples was measured using an ATPlite Luminescence ATP Detection Assay
System (Perkin Elmer, USA), sensitive down to 5 cells in 100ul medium. The light produced by the
ATP-dependent conversion of D-luciferin to oxyluciferin by luciferase is proportional to the ATP
concentration within the sample. To measure the ATP content in BAL fluid, BALs were performed
with 550p! PBS (without Ca®*) containing 250uM ARL 67156 trisodium salt (Tocris), an ecto-ATPase
inhibitor. BAL fluid samples were centrifuged at 200g for 5 minutes at 4°C to remove contaminating
cells and then kept on ice for up to one hour before they were analysed. ATP content was also
measured in the media from cells stretched in vitro, which was harvested immediately following
stretching. ARL, an ecto-ATPase inhibitor, was added to these samples at 250uM, samples were
centrifuged to remove cells and kept on ice for up to two hours before being stored at -80°C until

analysed.
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Solutions of known ATP concentrations made up in the appropriate diluents were used to create a
standard curve. These standard solutions plus the samples were added to a white 96 well microplate
(Greiner Bio-One GmbH, Austria) in duplicate. ATP stabilisation solution (ATPlite) was added to each
well and the plate was shaken on a plate shaker for 5 minutes at 250rpm whilst covered with foil to
protect from light. Next, substrate solution (ATPlite) was added to each well before the plate was
shaken again. The plate was then dark adapted for 10 minutes prior to analysing with a microplate
fluorescence/luminescence reader FLy800 (BioTek, Swindon, UK). All samples were measured at the
same sensitivity setting of 170 which was found to give the best signal: noise ratio. Luciferase emits
light across a broad spectrum of visible wavelengths and therefore detection was not performed at a

specific wavelength.

2.7 ELISA

Enzyme-linked immunosorbent assays (ELISAs) were performed on supernatant samples to measure
their TNFa content using a Mouse TNF-alpha DuoSet ELISA (R&D Systems, USA) (sensitivity range
31.20 to 2000pg/ml) and IL-6 content using a Mouse IL-6 DuoSet ELISA (R&D Systems) (sensitivity
range 15.60 to 1000pg/ml). As per the manufacturer's instructions, a 96-well microplate
(NUNC-Immuno Maxisorp, Thermo Fisher Scientific, USA) was coated with capture antibody against
the target molecule TNFa by incubating overnight at room temperature, covered with a plate sealer.
The next morning, the capture antibody (DuoSet) was aspirated and wells were washed using an
auto-washer three times with wash buffer (0.05% TWEEN 20 in PBS). The remaining protein binding
sites in the wells were then blocked by incubating for 1 hour with reagent diluent (1% BSA in PBS).
The plate was washed as before, and then samples and standard solutions were added to wells in
duplicate. The plate was covered with an adhesive strip and incubated for 2 hours at room
temperature. The plate was washed as described previously, and then biotinylated detection
antibody (DuoSet) against TNFa was added to each well and incubated at room temperature for
2 hours. The plate was washed once again before streptavidin-HRP (DuoSet) was added to each well
and incubated in the dark for 20 minutes at room temperature. The streptavidin protein binds to
biotin on the detection antibody. After washing, substrate solution (3, 3’, 5, 5" tetramethylbenzidine
(TMB), Sigma-Aldrich) was added to the wells and incubated for another 20 minutes at room
temperature in the dark. The substrate solution provides the colour change that represents the
concentration of the target molecule. The HRP (horseradish-peroxidase) conjugated to streptavidin
cleaves the hydrogen peroxide from the substrate, a reaction which is coupled to the oxidation of
TMB which acts as a hydrogen donor, and changes colour during the reaction. Stop solution

(2M sulphuric acid 2N H,S0,) (Sigma-Aldrich) was added to each well and the plate was gently tapped
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to ensure even mixing. The sulphuric acid stops the reaction and converts the pale blue colour into
yellow, which is then measured. The optical density of each well was measured by a microplate

reader (Dynex MRX Il) set at 450nm.

2.8 Flow cytometry

Flow cytometry enables the identification of individual cell populations from a mixed cell suspension
of whole tissue based on cell size, granularity and characteristic surface markers. Our group has
extensive experience in the detection of lung parenchymal cells (Patel et al. 2013; Bertok et al. 2011),
and leukocytes (Bertok et al. 2012; O'Dea et al. 2011) via flow cytometry. This technique is
particularly useful in studying small sub-populations of cells. Fluorophore-conjugated antibodies are
used to bind to specific surface antigens permitting their detection on a single cell when passed
through a laser beam. The detection of a combination of surface antigens enables the identification
of a specific cell type. The CyAn ADP Analyser flow cytometer (Beckman Coulter, High Wycombe, UK)

uses two lasers and filters to measure fluorescence in 7 different wavelength ranges (Table 2.10).

Table 2.10 CyAn ADP flow cytometer channels and fluorophores

Channel Fluorophores Excitation Emission
Wavelength (nm) Wavelength (nm)
Blue laser (488nm)
FL1 FITC/AF-488 494/495 520/519
FL2 PE 496 578
FL3 PE-CF594 496 612
FL4 PerCP 482 678
FLS PE/Cy7 496 785
Red laser (642nm)
FL8 AF-647/APC 650/650 668/660
FLO9 APC-eFlour-780 650 780

The CyAn ADP flow cytometer used in this project had two lasers, blue and red, which along with
filters, provided seven channels. This means that up to seven different fluorophores may be used in
combination. Listed in this table are the most common fluorophores that were used throughout this

project, and their respective maximum excitation and emission wavelengths.

Each whole lung sample collected was divided into several samples to study a range of cell types and
a number of activation markers. A 50ul aliquot of the sample was added to 50ul of the common
antibody cocktails used to identify ranges of cell populations. A final additional antibody was added

to each staining mixture which specifically targeted the phosphorylated activation markers. The
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samples were incubated at room temperature for 30 minutes in the dark before unbound antibody
was washed away by centrifugation (450g for 5mins at 4°C). The samples were then re-suspended in

300ul perm-wash buffer and run in turn on the flow cytometer.

Separate antibody cocktails were used to identify parenchymal cell populations (Table 2.11) and
leukocyte populations (Tables 2.12 and 2.13). The parenchymal antibody cocktail was used to identify
parenchymal cells of the lung including type | and Il AECs (Figure 2.14), and endothelial cells
(Figure 2.16). The leukocyte antibody cocktail | was used to identify leukocytes localised within the
lung including alveolar macrophages (Figure 2.18), neutrophils and Ly6C low and high monocytes
(Figure 2.19). The leukocyte antibody cocktail Il was used to identify further leukocytes including

dendritic cells (DCs) and to further differentiate Ly6C low monocytes into vascular and interstitial

sub-types (Figure 2.20).

Table 2.11 Parenchymal antibody cocktail
Antigen Clone Fluorophore Expression Conc. Source
(ng/ml)
CD31 (PECAM-1) MEC13.3 FITC Endothelium 1.25 BioLegend
EpCAM (CD326) G8.8 PE Epithelium 0.5 eBioscience
CD45 30-F11 PerCP Leukocytes 0.5 BioLegend
T1-alpha (Podoplanin) 8.1.1 PE/Cy7 Type | AECs 1.25 BioLegend
Table 2.12 Leukocyte antibody cocktail |
Antigen | Clone Fluorophore Expression Conc. Source
(ng/ml)
F4/80 BM8 FITC Macrophages ++, monocytes + 1.25 eBioscience
Ly6G 1A8 PE Neutrophils 0.5 BD Pharmingen
CD45 | 30-F11 PerCP Leukocytes 0.5 BioLegend
CD11b | M1/70 PE-CF594 Neutrophils, monocytes 0.5 BD Horizon
Ly6C HK1.4 PE/Cy7 Ly6C high monocytes 0.5 BioLegend
CD11c N418 | APC-eFluor® 780 Alveolar macrophages 0.2 eBioscience
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Table 2.13 Leukocyte antibody cocktail |l

Antigen Clone Fluorophore Expression (rf;)/nnill) Source
Ly6C HK1.4 AF-488 Ly6C high monocytes 1.25 BioLegend
Ly6G 1A8 PE Neutrophils 0.5 BD Pharmingen

MHCII M5/114.15.2 PerCP Dendritic cells 0.5 BioLegend

CD11b M1/70 PE-CF594 Neutrophils, monocytes 0.5 BD Horizon
CD45 30-F11 PE/Cy7 Leukocytes 0.5 BiolLegend

CD11c N418 APC-eFluor® 780 Alveolar Macrophages 0.2 eBioscience
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Figure 2.14 Identification of alveolar epithelial cells from a whole lung sample by flow cytometry

Side Scatter

Side Scatter

EpCAM

T1alpha

Type | alveolar epithelial cells (AECs) (Tl) were identified as CD45 negative (a leukocyte marker), CD31
negative (an endothelial cell marker), and positive for both EpCAM and T1-alpha. Type Il AECs (Tll)
were identified as CD45 negative, CD31 negative, positive for EpCAM but negative for T1-alpha.
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AECs were identified by excluding the two other main cell populations in the lung sample, which are
CD45 positive leukocytes and CD31 positive endothelial cells. The two types of AECs can then be
separated based on their cell surface expression of epithelial cell adhesion molecule (EpCAM or
CD326) and T1-alpha (podoplanin). Type | AECs, the squamous shaped cells which form the majority
of the gas-exchange surface area of the alveoli, were identified as positive for both EpCAM and T1-
alpha. Type ll AECs, the cuboidal shaped cells which synthesise and secrete surfactant into the

alveolar space, were identified as positive for EpCAM and negative for T1-alpha.

T1-alpha is used universally as a marker of differentiation of type Il AECs into type | AECs, a process
which occurs within days when type Il AECs are cultured in vitro (Borok et al. 1998; Gutierrez,
Gonzalez, and Dobbs 1998). T1-alpha is a transmembrane protein expressed on the apical surface of
type | AECs, however its role remains unknown despite its abundance within the lung (Williams et al.
1996) and its vital role in alveolar development at birth (Ramirez et al. 2003) . EpCAM on the other
hand has been better characterised due to it being implicated in the development of carcinomas
stemming from its connections to cell signalling, migration, proliferation and differentiation (Trzpis et
al. 2007; Maetzel et al. 2009). EpCAM is a homophilic intercellular adhesion molecule that is widely

expressed across all types of epithelial cell (Litvinov et al. 1994; Kasper et al. 1995).

A study by Fujino et al. which focused specifically on the identification of AEC types from a whole lung
by flow cytometry used the same two main markers, EpCAM and T1-alpha (Fujino et al. 2012). Having
separated the two types of AEC, Fujino et al. then confirmed further phenotypic characteristics,
finding that the EpCAM(+) T1-alpha(+) type | population expressed the water channel aquaporin 5,
another type | maker (Kreda et al. 2001). They also found evidence of bronchial epithelial cell markers
within their type | AEC population; however these cells are not likely to be present in our population
as the upper airways were avoided when sampling the lobes of the lungs. Fujino et al. also confirmed
that the EpCAM(+) T1-alpha(-) type Il population contained pro-surfactant protein-C (pro-SP-C), a

marker of type Il AECs since they exclusively synthesise and secrete surfactant.

To further validate the phenotypes of these AEC populations, the expression of intercellular adhesion
molecule-1 was measured (ICAM-1) (CD54-FITC; 3E2; BD Biosciences, San Jose, CA). The type | AECs
were found to express ICAM-1 whilst the type Il AECs were found not to which is supported by the
literature (Wang and Hubmayr 2011; Christensen et al. 1993) (Figure 2.15).
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Figure 2.15 Comparison of ICAM-1 expression on type | and type || AECs
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Expression of ICAM-1 was found to be higher in type | AECs (grey) compared with type Il AECs (white).

Despite their abundance within the lung as the main components of alveoli, the numbers of alveolar
epithelial cells collected by flow cytometry was proportionally low compared with the numbers of
leukocytes collected. This is most likely due to a number of physical limitations including strong
adhesion between cells, their single cell thick organisation, and the squamous shape of the type |
AECs in particular. These factors probably lead to damage of parenchymal cells during the fixation
and homogenisation process, which might explain the ‘noise’ at the bottom of the final trace in
Figure 2.14. This large EpCAM negative population probably arise from broken cell material and cells
which have lost their cell surface markers. Nevertheless we were able to collect enough cells to be

able to analyse them reliably.
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Figure 2.16 Identification of endothelial cells from a whole lung sample by flow cytometry
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Pulmonary endothelial cells were identified as CD45 negative and CD31 positive.

Endothelial cells share few similarities to other pulmonary cell types and can therefore be identified
by flow cytometry with relatively few markers. Endothelial cells were separated by first excluding
leukocytes by gating on CD45 negative cells, and second by gating on CD31 positive cells (Figure 2.16)
(Bertok et al. 2011). CD31 is a transmembrane receptor involved in leukocyte migration and
trafficking (Ma et al. 2012). As well as endothelial cells, platelets also express some CD31, as
suggested by its alternative name platelet endothelial cell adhesion molecule-1 (PECAM-1). To check
that this population did not include platelets we measured the expression of CD41 (CD41-FITC;
MWReg,30; Serotec, Oxford, UK). This confirmed that the endothelial population did not express the
transmembrane glycoprotein CD41, which is expressed on platelets and is involved in their adhesion
and aggregation (Figure 2.17). Further validation of the endothelial population was conducted by
checking for expression of CD105, which (CD105-PE; MJ7/18; eBioscience, San Diego, CA). CD105
(endoglin) is expressed on vascular endothelial cells as part of the TGF-f3 receptor complex and plays a
role in adhesion and angiogenesis (Warrington et al. 2005). CD105 was found to be expressed on the

endothelial population as was expected (Figure 2.17).
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Figure 2.17 CDA41 and CD105 expression on endothelial cells
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The CD45(-), CD31(+) population was found to express CD105 but not CD41 as was expected for

endothelial cells.
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Figure 2.18 Identification of alveolar macrophages from a whole lung sample by flow cytometry
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Alveolar macrophages were identified by first selecting for CD45 positive cells, then selecting for
CD11b negative cells. Finally alveolar macrophages were identified as positive for both F4/80 and
CD1lc.
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The phenotype of alveolar macrophages has been well characterised, and they are highly
auto-fluorescent, making their identification by flow cytometry relatively straightforward (Misharin et
al. 2013). Throughout this project their identification has mostly been achieved by detecting positive
CD45 staining, negative CD11b staining, and finally high expression of both CD1lc and F4/80
(Figure 2.18). CD45 is a protein tyrosine phosphatase that regulates the immune response through
affecting leukocyte adhesion, recruitment and cytokine signalling (Saunders and Johnson 2010;
Germena et al. 2015). It is a pan-leukocyte marker that is expressed on all hematopoietic cells except
erythrocytes and platelets. The second gate used to identify alveolar macrophages separates
leukocytes based on their CD11b expression. CD11b is a receptor for intercellular adhesion molecules
including ICAM-1 and is expressed on monocytes, macrophages, granulocytes, activated lymphocytes
and some natural killer cells. Alveolar macrophages however, differ from macrophages found in all
other tissues in that they express very low levels of CD11b under resting conditions (Albert et al.

1992; Dorger et al. 2001; Viksman et al. 1994).

The final gate used to identify alveolar macrophages selected for cells that were positive for CD11c
and F4/80. CD11c is another receptor for adhesion molecules whose expression also differs greatly
between alveolar macrophages and all other macrophages. Alveolar macrophages show very high
expression levels of expression of CD11c, whilst macrophages in other tissues show very low levels of
CD11c expression (Albert et al. 1992; Guth et al. 2009). F4/80, an adhesion-G-protein-coupled
receptor (GPCR) involved in the differentiation of T regulatory cells (Lin et al. 2005), was used to
identify alveolar macrophages as a broad macrophage marker that is constitutively expressed on most
tissue resident macrophages (Gordon et al. 2011). Together these four cell surface markers allow for

the reliable identification of alveolar macrophages from a whole lung sample.
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Figure 2.19 Identification of neutrophils and monocytes within a whole lung sample
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Neutrophils and monocytes were initially gated on their high levels of CD45 and CD11b. This

population was then separated based on Ly6G and Ly6C staining from which neutrophils were
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identified as positive for both Ly6G and Ly6C. Monocytes lack expression of Ly6G but can be divided
into ‘Ly6C low” and ‘Ly6C high” monocytes, and further validated by checking for low F4/80 expression.
The histogram compares low expression of F4/80 on monocytes, high expression of F4/80 on alveolar

macrophages and a complete lack of expression on neutrophils.

The flow cytometric analysis of neutrophils and monocyte subsets within the lung has been well
documented in the literature (Rose, Misharin, and Perlman 2012; Misharin et al. 2013; Barletta et al.
2012; O'Dea et al. 2009; O'Dea et al. 2011; Zaynagetdinov et al. 2013). The function of many of the
Ly6 group of membrane-bound proteins remains largely unclear, however their lineage-specific
expression has made them useful markers of lymphocyte subsets (Lee et al. 2013). Ly6G is specifically
expressed by neutrophils, mediating their migration into inflamed sites (Wang, Bair, et al. 2012).
Neutrophils also express high levels of Ly6C, which is thought to play a role in CD8 T cell adhesion to
endothelium and migration (Jaakkola et al. 2003). The expression of Ly6C on monocytes can be used
to distinguish between their two subsets: ‘Ly6C low’ and ‘Ly6C high’. The Ly6C low subset are
recognised as the resident monocytes that are the precursors of tissue macrophages, whilst the Ly6C
high subset are considered to be the inflammatory monocytes that are recruited to sites in response

to infection (Geissmann, Jung, and Littman 2003; O'Dea et al. 2011).
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Figure 2.20 Identification of neutrophils, dendritic cells and monocytes within a whole lung sample
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This gating strategy was used to identify dendritic cells, and to differentiate between Ly6C low

monocytes located within the interstitium and the vasculature.
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A slightly more complicated gating strategy was used for some experiments to further delineate
monocyte and dendritic cell populations (Figure 2.20). Ly6C low monocytes can be further
differentiated based on their expression of major histocompatibility complex class Il (MHCII) (Patel et
al. 2015). Ly6C low MHCII(-) cells are found located in the vasculature. Whilst the Ly6C low MHCII(+)
cells represent those that have infiltrated into tissue and are often referred to as interstitial

macrophages within the lung (Misharin et al. 2013).

Dendritic cells (DCs) were identified as positive for CD45, CD11c and MHCIl. They were then
identified as either CD11b positive or negative, the latter of which are commonly referred to as
CD103 positive DCs though this marker was not used here (Misharin et al. 2013; Kopf, Schneider, and
Nobs 2015). DCs are potent antigen presenting cells, hence their high expression of MHCIl. This
allows them to be separated from alveolar macrophages which express much lower levels of this
complex (Zaynagetdinov et al. 2013). CD11b(-) DCs make up the majority of CD11c(+) DCs within the
interstitial space between the alveoli and capillaries, where they tightly adhere through CD103 to the
basolateral side of bronchial epithelial cells, with extensions reaching into the airway lumen.
CD11b(+) DCs predominantly reside in the peribronchial and perivascular spaces where they interact

with infiltrating leukocytes (Sung et al. 2006).

2.9 Phospho-flow cytometry

Phospho-flow cytometry involves the detection of phosphorylated residues on intracellular proteins,
particularly kinases that are involved in cell signalling. The method has been well described in the
literature (Perez and Nolan 2002; Perez, Krutzik, and Nolan 2004; Krutzik, Hale, and Nolan 2005;
Oberprieler and Tasken 2011) and has been previously utilised within our group (Scott et al. 2011,
O'Dea et al. 2011). The phosphorylation of specific amino acid residues is a post-translational
modification that involves the covalent addition of a phosphoryl group onto specific serine, threonine
and tyrosine residues. In most cases, the phospho-epitope induces an active state which prompts a
cascade of downstream effects. Phosphorylation thereby provides a highly specific and reversible
way of regulating complex cell signalling cascades that can lead to a myriad of cellular responses

including changes in protein expression, cell proliferation, differentiation or apoptosis.

In order to measure such transient and reversible changes in activation state, a highly efficient
method of fixation and permeabilisation is required to take a snapshot of the phosphorylation states
of proteins, and allow access to their phospho-epitopes by antibodies. As described earlier, following
exsanguination, lungs were filled with a cell permeant phosphatase inhibitor cocktail to prevent

dephosphorylation of proteins. Whilst the use of phosphatase inhibitors may artificially increase
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phosphorylation states, their use improves the signal to noise ratio, thereby enabling the detection of
small differences in activation levels. The lungs were then quickly removed and homogenised in a
fixing and permeabilising buffer, containing the cross-linking agent formaldehyde, to further preserve
phosphorylation. Despite permeabilisation of the membrane to permit the entry of
phospho-antibodies, protein leakage was not an issue as the fixation process conjugated the entire
intracellular contents of the cell. This protocol enabled the quantification of phosphorylation levels of
intracellular cell signalling proteins within a range of pulmonary cell populations following exposure to

precise periods of in vivo stimulation.

The identification of individual cell populations within a heterogeneous sample and the localisation of
activation to those populations is one of the main advantages phospho-flow cytometry has over
Western blotting. The results from phospho-flow cytometry have been shown to correlate well with
those obtained by Western blot (Krutzik and Nolan 2003), however, Western blotting can only localise
activation to a specific cell type if it is cultured in isolation in vitro, or if it is purified from a primary
sample, which is often a very expensive and time-consuming process. In addition, it may be
impossible to analyse rare cell populations due to low cell counts, whereas flow cytometry can
reliably analyse cell types that make up only small fractions of the total cell population. In vivo studies
that utilise Western blots tend to describe global changes in phosphorylation within the whole lung.
Immunohistochemistry on the other hand, can localise activation to specific cell types but only looks
at a very limited number of cells and produces qualitative results. Another advantage of
phospho-flow cytometry is its capability to examine each cell individually, thereby providing
information regarding the percentage of cells responding and to what degree. Compare this with
Western blots, which pool the protein from all cells in the sample, and therefore cannot distinguish
between a small change occurring in every cell and a large change occurring in few cells (Krutzik et al.
2004). These kinds of characteristics can be visualised by overlaying flow cytometry histograms to

compare two samples from a single experiment (Figure 2.21).
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Figure 2.21 Representative histograms of alveolar macrophage responses to 15 minutes

exposure to intratracheal LPS
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Alveolar macrophages were identified from a whole lung suspension using CD45, CD11b, CD11c and

F4/80 markers. Using FlowJo software, flow cytometry histograms can be overlaid for a visual
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comparison of marker activation within these endothelial cells following 1 minute of low or high

stretch ventilation. Corresponding dot plots show an almost complete shift in the entire population.

Flow cytometry data were analysed using Flowlo software V10 (TreeStar, Ashland, OR). The
phosphorylation level of proteins within the cells analysed (1000-10,000) was quantified as the

geometric mean fluorescence intensity (gMFI).

The flow cytometer automatically compensates signals by measuring background fluorescence
(background light and electronic noise) when no cells are present and subtracting this value from the
signal recorded for each cell. This and poor resolution of signals towards the low end of the
fluorescent scale can lead to negative values when the fluorescent signal is absent or very dull. A
compensation protocol, based on data from singly-stained microspheres, is also applied to the
collected data that estimates the amount of spectral spill-over in each channel and subtracts this from

the detected signals to yield the actual amount of each fluorescent dye (Tung et al. 2007).

Manually subtracting the gMFI of an unstained sample from each stained sample compensated for
auto-fluorescence of cells, this technique is called ‘fluorescence minus one’ (FMO). The unstained
sample contains all of the fluorophore-conjugated antibodies in the cocktail, excluding the one to be
measured. The unstained sample is gated in the same way as the other samples to obtain the

individual background fluorescence level for each cell type (Herzenberg et al. 2006).

This is considered the most effective way to normalise data as the use of isotype controls for
intracellular markers assumes that the isotype has the same non-specific stickiness as the staining
antibody, and can give an erroneous threshold for separating cells with low levels of fluorescence
from unstained cells. The recommended method for intracellular staining is to always compare a

stimulated sample to an unstimulated sample as a negative control.

These compensation techniques and controls must be used in every experiment as the fluorescence
detection is very sensitive to external factors such as changes to the sheath fluid and laser alignment.
For this reason, it is difficult to directly compare gMFI data that have been collected several months

apart.

The phospho-specific antibodies used in this project targeted the MAP kinase p38 and its immediate
downstream substrate MK2, the MAP kinase ERK1/2 and the transcription factor NF-kB (Table 2.22).
Phospho-specificity of the antibodies used was validated by LPS stimulation experiments which
provided a positive control. Further validation was also performed by assessing changes in total

protein levels.
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Table 2.22 Phospho-specific MAP kinase and NF-kB antibodies

Antigen Clone Phospho-residues Fluorophore Dilution
Phospho-p38 28B10 Thr-180/-182 AF647 1/100
Phospho-MK?2 27B7 Thr-334 AF647 1/800

Phospho-ERK1/2 D13.14.4E, 197G2 Thr-202/Tyr-204 AF647 1/200
Phospho-NF-«kB 93H1 Ser-536 AF647 1/50

All phospho-specific antibodies were conjugated to the Alexa Fluor 647 (AF647) fluorophore and
purchased from Cell Signaling (Danvers, MA). The AF647 fluorophore in channel 8 is considered to be
the optimal fluorophore for the detection of phospho-epitopes as it is, extremely bright, photo-stable,
and small in size which enables easy access to intracellular proteins, and is not affected by
auto-fluorescence, which is increased with the use of formaldehyde fixation. During this project, the
phospho-ERK1/2 antibody was discontinued by Cell Signaling and replaced with an alternative clone

(197G2) which recognised the same phosphorylated residues.

2.10 Statistical analysis

Comparisons between two datasets were performed using t-tests. Comparisons between three or
more datasets were performed using ANOVA with Tukey HSD (comparing mean of each treatment
group with the mean of every other treatment group) or Dunnet t test (comparing the mean of each
treatment group with the mean of the control group). Statistical significance was defined as p<0.05.

Data were analysed and graphed using IBM SPSS (V20) and Prism software (V6).
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CHAPTER THREE

INITIATION OF INFLAMMATORY SIGNALLING IN
LPS-INDUCED LUNG INJURY

3.0 Chapter summary

The LPS-induced lung injury model is commonly used to study ARDS with a bacterial aetiology. In the
experiments presented in this chapter, intratracheal LPS was found to induce significant activation of
both the NF-kB and MAP kinase signalling pathways in alveolar macrophages within just 5 minutes.
The type | and Il AECs displayed a distinct pattern of activation, demonstrating NF-kB activation after
5 minutes, and slower activation of the MAP kinases after 15 minutes. Finally, endothelial cells
demonstrated activation only after 15 minutes of exposure to intra-alveolar LPS. The original aim of
these LPS-induced lung injury experiments was to act as a positive control for the validation of the
phospho-flow cytometry technique to be used throughout the project. However, the experiments
additionally provided a novel insight into the way in which different pulmonary cell types respond to
LPS, which served as an interesting comparison to the cellular activation induced by injurious

mechanical ventilation.

3.1 Background

LPS-induced lung injury is the second most commonly used animal model of ARDS reported in the
literature after the VILI model (Matute-Bello, Frevert, and Martin 2008). In such models, LPS may be
administered directly into the lungs via intratracheal or intranasal routes to imitate pulmonary
infection such as pneumonia, which is responsible for almost half of ARDS cases (Rubenfeld et al.

2005). Alternatively, LPS may be administered indirectly via intraperitoneal or intravenous routes to
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imitate severe sepsis with a non-pulmonary source, which accounts for almost a third of ARDS cases

(Rubenfeld et al. 2005).

Models of LPS-induced lung injury reproducibly replicate some of the main symptoms associated with
ARDS in humans. In particular, LPS promotes considerable neutrophil infiltration into the lung in
response to cytokines, where they release damaging molecules such as reactive oxygen species (ROS);
however LPS is less effective at disrupting the alveolar-capillary barrier (Matute-Bello, Frevert, and
Martin 2008; Faffe et al. 2000). It is difficult for an animal model to fully replicate ARDS in humans,
which is complicated by the interplay of several risk factors and individual differences in immune
responses. Nevertheless, animal models of ARDS are valuable to the investigation of specific concepts

within complete biological systems (Chen, Bai, and Wang 2010).

The model of LPS-induced lung injury was used in this project as a positive control to develop a
protocol for the quantification of phosphorylated cell signalling proteins using flow cytometry. LPS is
known to induce a reproducible inflammatory response and therefore provided not only a robust
system to validate our phospho-flow methodology, but also provided an interesting comparison to

the mechanical insult of mechanical ventilation.

LPS (lipopolysaccharide) is a major component of the outer membrane of gram-negative bacteria,
estimated to constitute up to 75% of the bacterial cell surface, with one bacterial cell harbouring
approximately 3.5 x 10° LPS molecules (Rietschel et al. 1994; Gioannini et al. 2014). The structure of
LPS consists of a hydrophobic lipid A component, which is the immunogenic portion of the LPS
molecule, a conserved core region consisting of bacteria-specific carbohydrate residues, and finally

the O-specific chain of repeating disaccharide residues (Rietschel et al. 1994).

The presence of bacterial toxin in the circulation of patients is thought to be associated with the
development of sepsis in cases of both gram-negative and gram-positive infections (Cohen 2002;
Ramachandran 2014). LPS is thought not only to be released as a result of cell lysis, but also in a
highly controlled manner in the form of outer membranes vesicles, the exact function of which is
unclear (Schertzer and Whiteley 2013). Aggregates of LPS may also form spontaneously when
present in the circulation above the critical micellar concentration due to its amphiphilic structure.
LPS on the surface of these vesicles and on whole bacteria are recognised by soluble LPS binding
protein (LBP) in the plasma and transferred to CD14 on the surface of monocytes, which presents
monomeric LPS molecules to the TLR-4-MD-2 complex (Martin et al. 1992; Wright et al. 1989; Tobias
et al. 1995).
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CD14 is a co-receptor to toll-like receptor-4 (TLR-4) that is predominantly expressed on the surface of
monocytes and macrophages in the form of a glycophosphatidylinositol (GPl)-anchored glycoprotein
(Ziegler-Heitbrock and Ulevitch 1993). It also exists as a soluble protein released through proteolytic
cleavage of its membrane-bound form and through constitutive secretion (Bufler et al. 1995; Bazil and
Strominger 1991). Soluble CD14 was once thought to enable non-expressing cells such as epithelium
and endothelium to respond to LPS (Pugin et al. 1993; Goldblum et al. 1994; Arditi et al. 1995).
However, it is now known that these non-myeloid lineage cells do express CD14 (Thorley et al. 2011,
Jersmann 2005) and that the role of soluble CD14 is actually in facilitating binding of LPS to the TLR-4
complex when present at low concentrations. Conversely, TLR-4 signalling can be initiated in the
absence of CD14 when the concentration of LPS is sufficiently high (Jeyaseelan et al. 2005; Perera et

al. 1997).

The discovery of TLR-4 as a critical receptor for LPS was made when a mutation in the TLR-4 protein
carried by C3H/HeJ and C57BL/10ScCr mice was found to be responsible for their resistance to LPS
(Poltorak et al. 1998). TLR-4 was subsequently confirmed to be involved in LPS-induced NF-kB
activation in HEK 293 cells transfected with TLR-4 (Chow et al. 1999), LPS-induced cytokine release
(Tapping et al. 2000), and LPS-induced neutrophil recruitment (Calkins et al. 2002).

The extracellular domain of the transmembrane protein TLR-4 is associated with MD-2 (myeloid
differentiation protein 2), which serves as the main binding site for LPS and is crucial for TLR-4
signalling (Maeshima and Fernandez 2013; Park and Lee 2013; Ren et al. 2011). Binding of LPS
induces homodimerisation of the TLR-4-MD-2 complex, which brings intracellular Tolle/IL-1B receptor
(TIR) domains together, providing a scaffold for the recruitment of adaptor proteins. Dimerization of
the TLR-4-MD-2 complex initiates two signalling pathways, which have been summarised in a number
of reviews (Banerjee and Gerondakis 2007; Barton and Medzhitov 2003; Kawasaki and Kawai 2014).
The MyD88-dependent pathway leads to NF-kB and MAP kinase activation resulting in the production
of inflammatory cytokines. The TRIF-dependent pathway similarly causes activation of NF-kB and
MAP kinases that results in production of type | interferons (IFN) and inflammatory cytokines

(Figure 3.1).
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Figure 3.1 TLR Signalling Pathways

Immune and Inflammatory Mediators
Figure adapted from (Banerjee and Gerondakis 2007).

The MyD88-dependent pathway involves the recruitment of adaptor protein MyD88 (myeloid
differentiation factor 88) via TIRAP. Through interaction of the death domain of MyD&88 with IL-13
receptor kinases (IRAK)-1 and IRAK-4, TRAF6 (tumour necrosis factor receptor associated factor 6)
becomes activated which in turn activates an ubiquitin ligase complex that activates TAK1
(transforming growth factor B-activated kinase). TAK1 is responsible for the phosphorylation of the
IKK (IkBa kinase) complex that subsequently phosphorylates IkBa, an inhibitor of NF-kB.
Phosphorylation of this IkBa protein leads to its degradation, thereby releasing NF-kB to translocate
into the nucleus where it up-regulates many pro-inflammatory genes including TNFa, IL-16, and IL-6.

In addition to initiating the NF-kB signalling pathway, TAK1 is also involved in the phosphorylation of
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MKK3 and MKK6 which leads to activation of the MAP kinases p38, ERK1/2 and JNK (Kawasaki and
Kawai 2014).

The TRIF-dependent pathway involves the recruitment of the TRIF (TIR-domain containing adaptor
inducing interferon-B) adaptor protein via TRAM. TRIF interacts with TRAF3 and TRAF6, with the
latter going on to recruit the kinase RIPK-1 (receptor-interacting serine/threonine kinase 1), another
activator of TAK1. Asin the MyD88-dependent pathway, activation of TAK1 leads to the activation of
NF-kB and MAP kinases eventually resulting in the production of inflammatory cytokines. TRAF3,
following interaction with TRIF, promotes the phosphorylation of IRF3 (interferon regulatory factor 3)
via the IKK kinases inducing its dimerization and translocation into the nucleus where it up-regulates
type | IFN genes (Kawasaki and Kawai 2014). Together, these two signalling pathways initiated by TLR-
4 stimulation promote the up-regulation of a range of inflammatory cytokines. The induction of both
NF-kB and MAP kinase activation in response to LPS made the LPS-induced lung injury model an ideal

positive control to develop the phospho-flow cytometry protocol.

The expression of TLR-4 was thought to be predominantly expressed by monocytes, neutrophils and
dendritic cells due to their substantial responses to LPS (Muzio et al. 2000). However, TLR-4
expression has also been detected on the surface of endothelial and alveolar epithelial cells, which
are now also known to respond directly to LPS (Faure et al. 2000; Schulz et al. 2002; Armstrong et al.

2004).

There have been several studies examining the activation of the MAP kinase and NF-«kB signalling
pathways within the lung in response to LPS in vivo, utilising Western blots to measure global
phosphorylation changes. Most in vivo studies have examined cellular activation after long periods of
LPS exposure; reporting increased phosphorylation of p38 and ERK1/2 within periods of 2 to 12 hours
following intratracheal or intranasal instillation of between 10 to 20ug LPS (Schuh and Pahl 2009;
Hoogendijk et al. 2013; Chi et al. 2013). Other studies have also found evidence of activation of the
NF-kB signalling pathway in addition to the MAP kinases under similar experimental conditions (Kim et
al. 2006; Kuo et al. 2011; Sun et al. 2012; Liu, Sun, et al. 2013; Zhong et al. 2013). Schnyder-Candrian
et al.,, who found increased phospho-MK2 after just 5 minutes reported the earliest detection of

cellular activation following LPS instillation in vivo (Schnyder-Candrian et al. 2005).

LPS clearly induces activation within the lung but previous in vivo studies have only reported
increased activation within the lung as a whole. Most previous research looking at the activation of
MAP kinases have used the Western blotting technique, which only reveals localisation of activation

when a sample contains only a single cell type. Nevertheless, in vitro work has provided insights into
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the sensitivity of particular cell types including macrophages and epithelial cells to the bacterial

endotoxin LPS.

The assessment of macrophage activation in response to LPS through the detection of MAP kinase
phosphorylation in vitro has been well cited in the literature. One study by Srivastava et al. used
phospho-flow cytometry to assess p38 and ERK1/2 phosphorylation in the murine macrophage cell
line RAW 264.7 following LPS stimulation and reported transient activation of p38 and ERK1/2
peaking at 5 and 10 minutes respectively (Srivastava et al. 2009). Min et al. utilised Western blotting
to detect increased ERK1/2 phosphorylation after just 3 minutes stimulation of the human
macrophage-like cell line THP-1 that returned to baseline within 10 minutes (Min, Suk, and Lee 2013).
There are also several other studies that have demonstrated very rapid activation (within 5 to
10 minutes) of macrophage cell lines in response to LPS stimulation in vitro through the detection of
MAP kinase phosphorylation (Chen and Wang 1999; Sanghera et al. 1996; Beinke et al. 2004; Kim et
al. 2006). Similar timescales of activation have been found in primary human alveolar macrophages
stimulated with LPS in vitro, with severeal reports of p38 and ERK1/2 activation after 5 minutes

(Carter, Monick, and Hunninghake 1999; Monick et al. 1999; Thorley et al. 2007).

The majority of studies looking at NF-kB signalling have monitored activity through the detection of
IkB degradation, an event that releases NF-kB for translocation into the nucleus, or through detecting
increased binding activity of NF-kB to nucleic acid. In response to LPS stimulation of RAW
macrophages, Beinke et al. noted degradation of IkBa within 7.5 minutes by Western blotting (Beinke
et al. 2004), and Chen & Wang observed NF-kB translocation into the nucleus within 10 minutes by
electrophoretic mobility shift assay (EMSA) (Chen and Wang 1999). However, NF-kB activity may also
be measured by its phosphorylation, which is essential for its transactivation capacity by enabling the
recruitment of co-activators. Increased phosphorylation of IkBa and NF-kB has been detected by
Western blotting in RAW macrophages following stimulation with LPS for 5 and 10 minutes

respectively (Kim et al. 2006).

Whilst macrophages are commonly studied, there have been fewer studies looking at cellular
activation of epithelial cells in the presence of LPS. One study using the human lung epithelial cell line
A549, reported increased p38 phosphorylation following 30 minutes stimulation with LPS (Wei,
Matsumoto, and Yamaguchi 2013). However, a study by Thorley et al. in which primary human type I
AECs were stimulated with LPS was not able to detect activation of p38 or ERK1/2 (Thorley et al.
2007). Activation of NF-kB on the other hand, has been demonstrated within 10 minutes of LPS
stimulation of primary rat type | and type Il AECs through the measurement of increased

phosphorylation of IKKa/B by fluorescent microscopy (Wong and Johnson 2013). Phosphorylation of
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IKKa/B is an indirect marker of NF-kB activation since it leads to phosphorylation and degradation of

the IkBa complex, which results in the release of NF-kB to translocate into the nucleus.

Despite the small number of studies that have detected epithelial cell sensitivity to LPS via the
activation of the MAP kinase and NF-kB signalling pathways, numerous studies have reported
significant responses by other means. Thorley et al. reported that primary human type Il AECs were
capable of releasing the chemokines CCL2 (MCP-1) and CXCL8 at higher levels than primary human
alveolar macrophages in response to 24 hours of LPS exposure, despite their finding of a lack of MAP
kinase activation (Thorley et al. 2007). Thorley et al. went on to report that both primary human type
| and type Il AECs express low levels of CD14, TLR-4 and MD-2, but their expression is increased by LPS
exposure, particularly within the type Il AECs (Thorley et al. 2011). Other studies have shown that
both primary rat type | and type Il AECs produce significant quantities of CCL2, CXCL2 and nitrite when
stimulated with LPS for 18 hours (Manzer et al. 2006), and that primary mouse epithelial cells release

significant amounts of CXCL1 and IL-6 with 4 hours of LPS exposure (Raoust et al. 2009).

As the cellular activation induced by the instillation of LPS into the lungs in vivo had not previously
been localised to specific pulmonary cell types, the experiments presented in this chapter were
expected to reveal a novel insight into which pulmonary cell types respond to LPS and in what order,

under a short timescale in vivo.

3.2 Aims & hypotheses

The first aim of this chapter was to use the LPS-induced lung injury model as a positive control for the
development of the phospho-flow cytometry protocol. The second aim was to investigate the effects
of intratracheal LPS instillation on the activation of pulmonary cells during the very early stages of
LPS-induced lung injury. Studies so far have investigated cellular activation of particular cell types in
isolation in vitro, or have examined global activation of the lung as a whole in vivo. The current
experiments in which the cellular activation of specific cell populations were examined from lungs
that had been exposed to an LPS insult were expected to provide a novel insight into the response to

LPS in vivo.

| predicted that the pattern of cellular activation in response to LPS would be different to that induced
by high tidal volume mechanical ventilation. We hypothesised that in response to LPS the alveolar
macrophages would be activated first, followed by AEC activation. However, we expected to find the

opposite direction of activation in response to stretch.
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3.3 Protocols

Intratracheal LPS instillation

Following the protocol described previously in Chapter 2: Methods & Materials, a 20pug in 50ul LPS
bolus was administered intratracheally via a fine catheter. The mice were held in the vertical position
on a board for 30 seconds after the instillation to ensure that the full bolus entered the lungs. For LPS
exposures of 1 minute, insertion of an endotracheal tube was performed prior to instilling the LPS.
For exposures lasting 5 and 15 minutes, the LPS dose was instilled and the mouse laid down and kept
warm on a heat pad. Three minutes before the end of the 5- or 15-minute exposure, the process of
inserting an endotracheal tube was started. For LPS exposures lasting 30 and 60 minutes, mice were
transferred to an ‘intensive care box’ that was warm and contained 40% supplementary oxygen. Mice
did not regain consciousness but were given a top-up of anaesthesia prior to insertion of the

endotracheal tube.

LPS stimulated samples were compared with untreated control samples from mice that had
undergone the anaesthetic and tracheostomy procedure, but not fluid instillation. Mice treated with
instillations of saline alone did not differ from untreated mice and so one set of untreated mice
served as controls to both the 5 and 15 minute LPS exposures. Other sets of LPS experiments were
not conducted at the same time, and so each set of experiments has its own set of controls to avoid a

drifting effect of baseline levels.

Sample collection

At the end of the timed exposure period, the mice were exsanguinated by lacerating the carotid
artery and the caudal vena cava. The endotracheal tube was used to insert 500ul of cold phosphatase
inhibitor directly into the lungs before their removal and dissociation in warm fixation buffer for 60
seconds. The sample was incubated in the fixation buffer for 10 minutes at 37°C, filtered through a
40um cell strainer in order to collect a single cell suspension, and finally washed twice in a perm-wash
buffer to remove excess fixative. The sample was then stained with a panel of antibodies to identify
specific cell populations and with phospho-specific antibodies for the detection of phosphorylated

forms of p38, MK2, ERK1/2 and NF-kB.
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3.4 Results

A time course of alveolar macrophage activity was performed, examining the phosphorylation level of
each marker after 5, 15, 30 and 60 minutes exposure to intratracheal instillation of LPS (Figure 3.2).
These experiments revealed that p38 activation peaked at around 5 to 15 minutes and subsequently
decreased but remained significantly elevated compared with its baseline phosphorylation level for
up to 60 minutes. This time frame correlated with the activation of MK2, which lies directly
downstream of p38. MK2 showed a slightly later peak in activation at 15 minutes, followed by a large
fall in activation by 30 minutes but like p38, remained significantly activated at 60 minutes compared
with baseline. ERK1/2 demonstrated a peak in activation between 5 to 15 minutes that had
decreased to baseline by 30 minutes, and remained at this baseline level for up to 60 minutes.
Activation of NF-kB peaked at 5 minutes, and was the only marker to have already shown a
considerable decrease by 15 minutes, returning almost to baseline at 30 and 60 minutes (Figure 3.2).
All four markers demonstrated transient activation, with significant decreases in phosphorylation

levels by 30 minutes and showed continued low levels of activity at the 60-minute time point.
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Figure 3.2 Phosphorylation time course of activation markers in alveolar macrophages following

intratracheal instillation of 20ug LPS
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Alveolar macrophages demonstrated rapid activation of the four intracellular markers that all peaked
around 5 to 15 minutes. Phosphorylation levels then returned close to baseline for ERK1/2 and NF-kB
whilst p38 and MK2 demonstrated continued low levels of activation. N=5-8, *p<0.05, **p<0.01,
***p<0.001. The mean of each treatment group (5, 15, 30 or 60 minutes) was compared with the
untreated group (U). Data was analysed by ANOVA and Dunnett t test. Data are displayed as

mean + SD.

Comparing fold changes in the data from Figure 3.2 allows for a comparison of the activation patterns
of the four markers (Figure 3.3). p38 showed a 17.3-fold increase in phosphorylation level after
5 minutes which peaked after 15 minutes at 21.5-fold. This corresponded with a 6.1-fold increase in
MK2 phosphorylation by 5 minutes, which escalated to a 28.2-fold increase by 15 minutes. MK2 lies

directly downstream of p38 and its higher fold-increase suggests that the signal is amplified. ERK1/2
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displayed the lowest fold increase peaking at 8.0-fold at 15 minutes. NF-kB showed the earliest peak

in activation at 5 minutes with a 12.6-fold increase.

Figure 3.3 Fold changes in phosphorylation of activation markers in alveolar macrophages

following instillation of 20ug LPS
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This figure combines the data from the four graphs from Figure 3.2 represented as average fold

changes from baseline (untreated) phosphorylation levels. N=5-8.

Having refined the protocol for detecting cellular activation by phospho-flow cytometry in alveolar
macrophages following an in vivo insult, a more in-depth investigation into the activation induced by
LPS in the lung was conducted. This involved not only examining cellular activation within alveolar
macrophages, but also within type | and Il AECs, and endothelial cells. Given that cellular activation
had returned to baseline by 30 minutes in the previous experiments, the two earlier time points of
5and 15 minutes were focused on for future experiments. These early time points were also of
particular interest in investigating the initiation of LPS-induced lung injury and in the remaining

chapters, to compare to the initiation of VILI.

In accordance with previous results, we found once again that the alveolar macrophages
demonstrated significant phosphorylation of all four markers after just 5 minutes exposure to
intratracheal LPS (Figure 3.4). p38 and MK2 both demonstrated sustained activation at the 15-minute

time point with five-fold and seven- to nine-fold increases in phosphorylation respectively. ERK1/2
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and NF-kB displayed transient activation, with both showing considerable decreases in
phosphorylation by 15 minutes, though both were still significantly activated compared with their
baseline levels. ERK1/2 activation had peaked at 15 minutes in the previous set of data compared
with 5 minutes in the current experiments, which probably suggests that the true peak in activation

for ERK1/2 lies in between the 5- and 15-minute time points.

The type | and Il AECs both demonstrated rapid activation of NF-kB within just 5 minutes, which was
just as fast as the alveolar macrophages (Figure 3.4). However whilst NF-kB showed a transient
increase in phosphorylation in alveolar macrophages, the type | and Il AECs both demonstrated
sustained activation between 5 and 15 minutes. The type | and Il AECs both showed little activation
of the MAP kinase signalling proteins at 5 minutes, with just a small increase in phospho-p38 detected
in the type | AECs. However after 15 minutes, the AECs displayed significant activation of all the
MAP kinase markers. The endothelial cells seemed much less responsive to intratracheal LPS than the
AECs. They displayed no signs of activation within 5 minutes, but did demonstrate significantly

increased phosphorylation of p38, MK2 and NF-kB after 15 minutes (Figure 3.4).
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Figure 3.4

Phosphorylation of activation markers in alveolar macrophages, alveolar epithelium

and pulmonary endothelium following exposure to intratracheal LPS for 5 or 15 minutes
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Alveolar macrophages (AMs) displayed activation of all four markers following 5 minutes of in vivo LPS

exposure whilst type | and Il alveolar epithelial cells (TI and Tll) displayed only NF-kB activation at this

time point.

intra-alveolar LPS exposure.

compared with phosphorylation levels in untreated control lungs.

Endothelial cells (Endo) demonstrated significant activation following 15 minutes of

Results from the 5- and 15-minute LPS exposure experiments were

N=5, *p<0.05, **p<0.01,

***p<0.001. Data were analysed by ANOVA with Tukey HSD. Data are displayed as mean + SD.
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Intratracheal LPS induced substantial activation of both alveolar macrophages and both the type |
and Il AECs after just 5 minutes. In an attempt to distinguish which cell type is the first to respond to
LPS, a further set of experiments were conducted in which mice were exposed to intratracheal LPS for
just 1 minute. Unfortunately, these experiments did not yield any clues as to which cell type reacts

the fastest to LPS, since no significant signs of activation were detected (Figure 3.5).

Figure 3.5 Phosphorylation of activation markers in alveolar macrophages, alveolar epithelium

and pulmonary endothelium following exposure to intratracheal LPS for 1 minute
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No significant signs of activation were detected after 1 minute of intratracheal LPS. N=4-6. Data were

analysed by t-test and are displayed as mean + SD.
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3.5 Discussion

Intratracheal LPS was found to induce substantial and rapid activation within the lung. The rapidity of
this response is consistent with previous observations by Schnyder-Candrian et al. who detected a
significant increase in the phosphorylation level of MK2 within the whole lung just 5 minutes after
intranasal instillation of 20ug LPS in mice (Schnyder-Candrian et al. 2005). Our data offers a novel

insight into which pulmonary cell types are actually responsible for this global increase in activation.

As expected, the alveolar macrophages were found to be one of the main contributors,
demonstrating strong activation of both the NF-kB signalling pathway and the MAP kinases within just
5 minutes of LPS exposure. At 5 minutes, the alveolar macrophages were sole source of MAP kinase
activation within the lung. Of course, alveolar macrophages are the resident immune cell of the lung
and are well known to be capable of generating substantial inflammatory reactions. The transient
activation of ERK1/2 and NF-kB that was observed within the alveolar macrophages is a characteristic
feature of signalling pathway kinetics (Thompson et al. 1995; Covert et al. 2005; Murphy et al. 2002;
Weber et al. 1997; Murphy and Blenis 2006). Phosphorylation of the signalling proteins induces their
active state, in which they go on to modulate the activity of other proteins, with their own activity
regulated by phosphatases (Owens and Keyse 2007). This means that these signalling pathways are
switched on just as easily as they are switched off. Similarly rapid and transient activation of these
signalling proteins has been seen in alveolar macrophages stimulated with LPS in vitro (Srivastava et

al. 2009; Min, Suk, and Lee 2013; Thorley et al. 2007; Shinohara et al. 2005; Beinke et al. 2004).

The type | and Il AECs were also found to be significant contributors to the activation detected within
whole lungs exposed to LPS. In contrast to alveolar macrophages through, they only displayed
activation of the NF-kB pathway after 5 minutes, with MAP kinase signalling requiring 15 minutes to
become activated. These results correspond with those found in vitro by Thorley et al., where
epithelial cells were shown to respond to LPS through activation of the NF-kB pathway, in the absence
of MAP kinase signalling. In the same study, MAP kinase signalling was not detected in isolated
epithelial cells for up to 4 hours following LPS exposure (Thorley et al. 2007). This perhaps suggests
that the NF-kB pathway is activated within epithelial cells through direct ligation of LPS with the TLR-4
complex, whilst another cell type initiates the MAP kinase activation observed after 15 minutes in our
experiments. This could occur via a secondary mediator released by alveolar macrophages or even

through direct contact.

There is evidence to suggest that communication between alveolar macrophages and the epithelium

may involve direct contact. A study by Wong et al. found that LPS-induced cytokine release from
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epithelial cells and alveolar macrophages was highest when in co-culture, whilst the transfer of
supernatant had a reduced effect (Wong and Johnson 2013). Further evidence for the possibility of
contact-dependent communication arises from studies that have reported LPS-induced adherence of
alveolar macrophages to the alveolar surface. Significant decreases in the number of alveolar
macrophages recovered by BAL have been reported after 30 minutes exposure to intratracheal LPS
(Hirano 1996) and after 4 hours of intravenous LPS (Edelman, Cardozo, and Lesser 1989). In vitro,
adherence of primary rabbit alveolar macrophages to the surface of the culture plate dramatically
enhances their MAP kinase and NF-kB activation, and TNFa production in response to LPS stimulation,

suggesting that adherence may have a priming effect (Bauer et al. 2000).

In contrast, a more recent a study by Westphalen et al. showed that a subset of alveolar macrophages
that were in contact with the epithelium were less responsive to LPS and suggested that their
adherence may in fact be protective (Westphalen et al. 2014). They reported that alveolar
macrophages are attached to the epithelium via gap junctions that enable communication with
alveolar macrophages located in different alveoli. MyD88 signalling was found to induce intercellular
communication via Ca’* waves that began 4 hours after LPS instillation, and was found to be

immunosuppressive (Westphalen et al. 2014).

Our results did not determine whether a particular cell type is activated first in response to LPS.
However, our experiments do confirm that in addition to rapid activation of alveolar macrophages,
both the type | and Il alveolar epithelial cells are likely to play a major role in the pulmonary response
to LPS. Our results also suggest that there may be rapid communication between the epithelium and

the endothelium, which displayed activation within just 15 minutes of intratracheal LPS instillation.

Endothelial cells are not thought to express CD14 and therefore require its soluble form, or
alternatively very high levels of LPS to activate TLR4 signalling (Faure et al. 2000; Jeyaseelan et al.
2005; Perera et al. 1997). It has previously been shown in our lab that a very large dose of
intravenous LPS (200pug) is required to promote pulmonary endothelial cell activation (O'Dea et al.
2005). It therefore seems unlikely that the endothelial response observed in the current experiments
was due to direct LPS ligation, which would have required the LPS to travel across the epithelial
barrier, which unless injured is not normally permeable. The remaining explanation for this
phenomenon then is that endothelial cells became activated through communication with the

epithelium.

The alveolar epithelium has been shown to communicate inflammatory signals to endothelial cells

within minutes in situ (Kuebler et al. 2000). In these experiments, intra-alveolar TNFa was found to
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induce increases in intracellular calcium and cPLA, activation in epithelium, which led to increased
intracellular calcium and P-selectin expression in endothelium (Kuebler et al. 2000). A similar method
of communication could be responsible for the rapid endothelial activation observed in our

experiments in response to intra-alveolar LPS.

Model of LPS-induced lung injury

The intratracheal LPS-induced lung injury model used in this chapter involved the instillation of a
concentrated bolus of LPS. This insult is not very similar to that which would be experienced during a
live bacterial infection, where the release of LPS into the alveolar space would be much more gradual.
The intratracheal bolus may even cause focal lesions or haemorrhage if the LPS solution is not
dispersed evenly throughout the lung. We believe however that the LPS dose was disseminated
equally around the lung in our experiments as the histograms obtained through flow cytometry
demonstrated that all cells within a given population responded to the LPS to approximately the same
degree. Westphalen et al. have recently shown that the detection of LPS within the lung is
communicated between AMs across several alveoli via gap junctions on epithelial cells (Westphalen et
al. 2014). This method of communication could explain how the whole lung appeared to respond in

unison to the LPS bolus, even if not all AMs were directly exposed.

Conclusions

In spite of any limitations of the LPS-induced lung injury model, it enabled the validation and
refinement of a complex phospho-flow cytometry protocol that was to be utilised throughout the
remainder of the project. The results showed that intratracheal LPS induced significant activation
within alveolar macrophages as well as the type | and Il AECs, with distinct patterns of activation.
These results of these experiments not only demonstrated that the phospho-flow technique could
successfully detect changes in cellular activation, but would also serve as an interesting comparison to

results obtained from future experiments using the mechanical ventilation model.
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CHAPTER FOUR

INITIATION OF INFLAMMATORY SIGNALLING IN
VENTILATOR-INDUCED LUNG INJURY

4.0 Chapter summary

The experiments presented in this chapter revealed that just 1 minute of high stretch ventilation
induced significant activation of MAP kinase signalling proteins in endothelial cells, which displayed
increased levels of phosphorylated p38, MK2 and ERK1/2 at this early time point. The type | and I
AECs were also activated within just 1 minute, with both demonstrating significant p38 activation.
Cellular activation of alveolar macrophages was apparently slower and was not observed until after 5
minutes of high stretch ventilation. These results suggest that the parenchymal cells of the lung are
responsible for sensing stretch directly, whilst the resident leukocytes may become activated via a
secondary mechanism possibly involving a soluble secondary mediator, or through physical
interactions with the parenchymal cells. The apparently direct activation of endothelial cells by
stretch suggests that inflammation could be propagated within the systemic circulation almost
immediately following the initiation of high tidal volume ventilation, and this finding could have a
major impact on the theory behind the development of multiple organ failure (MOF) in ARDS and VILI

patients.

4.1 Background

Ventilator-induced lung injury (VILI) results from over-stretching of the lungs during mechanical
ventilation, which can exacerbate inflammation in patients with pre-existing lung injury and can
induce inflammation in patients with previously healthy lungs. Several studies have examined the

effects of two-hit models combining mechanical ventilation and systemic LPS and found a synergistic
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increase in inflammation (Altemeier et al. 2004; Whitehead et al. 2004). It could be argued that these
models are likely to be more clinically relevant to ARDS than a one-hit model of VILI, however in order
to investigate the mechanism of stretch-induced inflammation, the insult must be studied in the
absence of confounding factors. On the other hand, our one-hit model could be said to have
relevance to those patients undergoing surgery or critically ill patients without previous lung injury,
whom have also been shown to be susceptible to VILI (Serpa Neto, Nagtzaam, and Schultz 2014,
Serpa Neto et al. 2015). The one-hit model uses high tidal volumes to replicate the degree of over-
distension experienced by the oedematous ARDS lung in the absence of the underlying cause and

therefore focuses exclusively on the mechanism of stretch-induced inflammation.

VILI is a significant contributor to mortality in the ICU, and as a result has been the focus of a lot of
research, yet the mechanism of stretch-induced inflammation remains unknown. Many cell types
have been shown to be crucial to the development of VILI including resident leukocytes alveolar
macrophages and lung-marginated monocytes (Eyal, Hamm, and Parker 2007; Frank et al. 2006;
Wilson et al. 2009). In addition, parenchymal epithelial and endothelial cells have also been
implicated in VILI for their role in cytokine release, mediating leukocyte infiltration, and the impact of
barrier dysfunction on pulmonary oedema (Ning and Wang 2007b; Tremblay et al. 2002; Bhattacharya
et al. 2003).

A study that deformed primary human alveolar macrophages and monocyte-derived macrophages
in vitro found that they released a number of cytokines, but predominantly CXCL8 after several hours
of cyclic stretching. The same study demonstrated NF-kB activation after 30 minutes of cyclic
stretching within the monocyte-derived macrophages (Pugin et al. 1998). However, given that
alveolar macrophages and monocytes are not structural cells, it seems unlikely that they would
respond directly to stretch within the lung. It is possible though that alveolar macrophages may be
exposed to stretch in vivo if in contact with the alveolar epithelium. Alveolar macrophages are known
to be closely associated with the alveolar wall and a subset has recently been shown to be adhered to
the epithelium via gap junctions (Westphalen et al. 2014). Other studies have suggested that AMs
very quickly become adherent in response to stretch (Frank et al. 2006; Eyal, Hamm, and Parker 2007;
Imanaka et al. 2001). There is no evidence to suggest whether monocytes would be subjected to
stretch during high tidal volume ventilation, but it seems feasible that those located within the

interstitial space or within the vasculature, may be compressed or stretched as the alveoli expand.

In contrast to these resident leukocytes, it is fairly obvious that the epithelium and endothelium
would be directly exposed to stretch during high tidal volume ventilation (Figure 4.1). Indeed,

epithelial cells are known to respond to physiological stretching with responses including surfactant
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secretion and cell differentiation (Wirtz and Schmidt 1992; Wirtz and Dobbs 1990; Ashino et al. 2000;
Sanchez-Esteban et al. 2004). Furthermore, AECs have frequently been shown to release pro-
inflammatory cytokines following stimulation with stretch in vitro (Vlahakis et al. 1999; Tremblay et al.
2002), and pro-inflammatory signalling, in terms of MAP kinase activation, has been detected in

epithelial cell lines within just minutes of exposure to stretch.

Sanchez-Esteban et al. reported the fastest known MAP kinase activation in response to stretch in
foetal rat lung cells which displayed increased ERK1/2 phosphorylation after just 2 minutes exposure
to 5% strain. In this study, ERK1/2 activation peaked at 15 minutes, and had returned to baseline by
30 minutes (Sanchez-Esteban et al. 2004). Another group detected ERK1/2 activation within 5
minutes of exposure to 30% strain in primary type Il AECs that demonstrated a peak in activation at
10 minutes and subsequent decrease back to baseline by 30 minutes. Interestingly, 5% strain was
found to induce the same level of ERK1/2 activation, though at a delayed time point of 15 minutes.
This study also showed that a single stretch at 30% strain for 10 seconds caused an increase in the
levels of phospho-ERK1/2 that was observed 10 minutes later (Correa-Meyer et al. 2002). A number
of other studies have similarly detected rapid activation of MAP kinase signalling in response to
stretch in vitro (Chess, Toia, and Finkelstein 2000; Cohen et al. 2010) and some have additionally
detected NF-kB activation (Ning and Wang 2007b; Li et al. 2003).

Forming the capillaries which spread over the entire surface of every alveoli, pulmonary endothelial
cells may also be subjected to considerable stretching during high tidal volume ventilation. They are
certainly known to play an active role in controlling vascular tone in response to changes in blood flow
and blood pressure. Furthermore, stretching of pulmonary endothelial cells in vitro has revealed
rapid and transient activation of MAP kinase signalling after just 5 minutes (Kito et al. 2000;

Abdulnour et al. 2006; lwaki et al. 2009).
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Figure 4.1 Activation of Endothelial cells, TIl AECs and Alveolar Macrophages by Stretch
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Figure adapted from (Uhlig and Uhlig 2004).

In contrast to the short timescales used in in vitro studies, detection of MAP kinase and NF-kB
signalling in vivo has only been performed after much longer lengths of exposure to high tidal volume
ventilation. The earliest detection of MAP kinase activation reported in vivo was a two-fold increase
in phospho-ERK1/2 following 30 minutes of ventilation at 48ml/kg in rats. This study also detected
increased phosphorylation of IkB and translocation of NF-kB into the nucleus within 30 minutes (Uhlig
et al. 2002). Other studies have detected MAP kinase and NF-kB signalling within 1 hour of exposure
to high stretch ventilation in mice using tidal volumes ranging between 20 to 32ml/kg (Abdulnour et

al. 2006; Damarla et al. 2009; Li et al. 2007; Liu et al. 2009; Held et al. 2001; Huang et al. 2011).

These studies have all utilised Western blotting for the detection of phospho-epitopes or
electrophoretic mobility shift assays (EMSA) for assessing NF-kB binding activity. Using these
methods it is not possible to identify which cell populations are showing responses to stretch, as cells
must be lysed to release the protein of interest. However, a few studies have utilised

immunohistochemistry to qualitatively localise cellular activation mainly to the alveolar epithelium
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and pulmonary endothelium (Uhlig et al. 2002; Abdulnour et al. 2006; Liu et al. 2009; Liu, Li, et al.
2013).

The current literature suggests that high tidal volume ventilation is capable of activating MAP kinase
and NF- kB signalling in several pulmonary cell types. However the existing in vivo data, looking only
as early as 30 minutes after the initiation of high tidal volume ventilation, is not early enough to
determine which cell types are responsible for starting the inflammatory process. We hope to gain a
novel insight into which cell types are the initial responders to stretch within the lung through
examining cellular activation of inflammatory signalling pathways following very short lengths of

exposure to high tidal volume ventilation in vivo.

4.2 Aims

The aim of the experiments in this chapter was to identify which cell type was the first to respond to
high stretch ventilation, and which cells became activated thereafter. We hoped that the detection of
a sequence in which cell types became activated, would indicate a direction of communication within
the alveolar space. The second aim of this chapter was to determine the most sensitive cell type to
stretch. The high tidal volume of 40ml/kg corresponding to approximately 40cmH,0 is approaching
the highest level of pressure expected to be experienced in lungs of patients with ARDS (Gattinoni and
Pesenti 2005) so we investigated whether cellular activation could also be detected at lower tidal

volumes and pressures.

We hypothesised that the AECs would be the first cell type to respond to over-stretching as they
make up the structural alveolar walls and would therefore definitely be subjected to substantial
stretching forces. We predicted that the alveolar macrophages would then become activated soon

after.

4.3 Protocol

Under general anaesthesia, a tracheotomy was performed and an endotracheal tube inserted that
was used to connect the mouse to the ventilator. For all treatment groups, ventilation began with
low stretch settings and two recruitment manoeuvres that were performed with a 30-second gap
between them. Mice either remained on the low stretch settings (7-8ml/kg), or were switched to the
high stretch settings (40ml/kg) that were confirmed by performing an inspiratory pause before the
timer was started. In some experiments, a moderate stretch strategy was used and is compared with

the other strategies in Table 4.2.
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Table 4.2 Ventilation strategies

Ventilation Settings Low Stretch Moderate High Stretch
Tidal volume (V5) 8 ml/kg 30ml/kg 40 ml/kg
Breaths per minute (bpm) 120 120 80
Positive end-expiratory pressure (PEEP) 3.0cm H,0 3.0cm H,0 3.0cm H,0
Ventilation gas 100% O, 0, with 4% CO, 0, with 4% CO,

The moderate stretch strategy employed a tidal volume of 30ml/kg, respiratory rate of 120bpm and
used oxygen plus 4% CO,, whilst the level of PEEP was the same as for the high stretch strategy. Blood
gas analysis was performed to ensure the use of appropriate respiratory rate and ventilation gas for

the moderate settings.

Each set of data was compared with its own set of low stretch controls that controlled for the effects
of the anaesthesia and surgery protocol. For the first set of experiments (Figure 4.3) the 5 and

15 minute high stretch conditions were both compared with 5 minutes of low stretch as the controls.

Intravenous LPS administration

In one set of experiments, mice were ventilated with low stretch settings and LPS was delivered
systemically. The jugular vein was cannulated to deliver a 20ug dose of LPS (the same as was given
intratracheally in previous experiments) in a total volume of 120ul saline. LPS or saline vehicle alone
in control experiments was allowed to circulate for 5 minutes prior to termination of the experiment
and the collection of samples. In these experiments, the activation of neutrophils and Ly6C low and
high monocytes were also examined alongside the usual pulmonary cell types to see if the 20ug dose
of LPS was sufficient to activate cells systemically within 5 minutes, given that the LPS would be

distributed in a larger volume than when administered intratracheally.

4.4 Results

Following 5 minutes of high stretch ventilation, the alveolar macrophages demonstrated significant
activation of MK2 and ERK1/2 compared with that observed after 5 minutes of low stretch. After
15 minutes of high stretch, the AMs no longer demonstrated significantly increased MK2, and ERK1/2
was actually significantly decreased from the activation level detected after 5 minutes of high stretch.
The alveolar macrophages did not display any significant signs of p38 or NF-kB activation within

15 minutes of mechanical ventilation (Figure 4.3).
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The type | AECs demonstrated a significant increase in ERK1/2 activation within 5 minutes of high
stretch ventilation that had decreased again by 15 minutes. A gradual increase in MK2
phosphorylation was apparent at 5 minutes that became significantly increased by 15 minutes and
NF-kB also became significantly activated after 15 minutes. p38 demonstrated a 1.6-fold increase in
phosphorylation, that was identical to the increase observed for phospho-MK2, however, the increase

in p38 did not reach statistical significance (Figure 4.3).

The type Il AECs demonstrated significant activation of both MK2 and ERK1/2 after just 5 minutes of
high stretch ventilation compared with low. Whilst MK2 showed sustained activation after
15 minutes, ERK1/2 as for all the other cell types, displayed transient activation, actually showing a
significant decrease compared with 5 minutes of high stretch. The type Il AECs did not show any

significant signs of p38 or NF-kB activation within 15 minutes of high stretch ventilation (Figure 4.3).

The endothelial cells demonstrated significant activation of both MK2 and ERK1/2 after 5 minutes of
high stretch ventilation compared with low. They displayed a similar pattern of activation to the
AECs, with sustained activation of MK2 and transient activation of ERK1/2. The endothelial cells did

not show a significant change in the phosphorylation of p38 or NF-kB (Figure 4.3).

Representative histograms from one experiment that compared 5 minutes of low stretch ventilation

with 5 minutes of low stretch is displayed in Figure 4.4.
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Figure 4.3

Phosphorylation of activation markers in alveolar macrophages, epithelium and

endothelium following exposure to 5 or 15 minutes of high stretch ventilation compared with 5 minutes

of low stretch
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Each cell type demonstrated significant activation of markers following just 5 minutes of high stretch

ventilation, mostly MK2 and ERK1/2. N=5-8, *p<0.05, **p<0.01, ***p<0.001. Data were analysed by

ANOVA with Tukey HSD and are displayed as mean + SD. A post-hoc power calculation based on the

alveolar macrophage phospho-MK2 means (39 versus 89 gMFI) and standard deviation (27 gMFI)

suggested that an sample size of 7 was required in each treatment group to be able to detect a

difference of 40 gMFI with 80% power and a 0.05% significance level.
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Figure 4.4 Representative histograms for alveolar macrophage activation following exposure to

5 minutes of low versus high stretch ventilation
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Representative histograms from one experiment displayed in Figure 4.3, showing phosphorylation
levels of the four activation markers in alveolar macrophages, Tl AECs, TIl AECs and endothelial cells
following exposure to 5 minutes of low stretch (white) compared with 5 minutes of high stretch

ventilation (grey).

Phosphorylation changes in response to high tidal volume ventilation were much more subtle
compared with those induced by intratracheal LPS seen in the previous chapter. We therefore sought
to validate these phosphorylation level changes by confirming that they were not simply the result of
a general increase in the overall levels of the measured proteins. The levels of both the
phosphorylated and total protein were quantified within the same lungs subjected to 5 minutes of

low or high stretch ventilation. These experiments were performed looking at p38 (AF-647; clone A-
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12, Santa Cruz Biotechnology, US) and ERK1/2 (AF-647; clone 137F5, Cell Signalling). MK2 and NF-kB
were not studied since there was no commercially available fluorophore conjugated antibody for
MK2, and we had detected little NF-kB activation in response to stretch. After MK2, ERK1/2 was the
most consistently activated and p38 demonstrated non-significant trends for activation in response to
5 minutes of high stretch ventilation within most cell types as well as being the kinase that is

responsible for MK2 activation.

In this set of experiments, significant increases in the phosphorylation of p38 were detected in
type | AECs and endothelial cells whilst non-significant trends for increased activation were seen in
the AMs and type Il AECs. p38 activation in this set of experiments reached statistical significance,
which had not been the case in the previous experiments, perhaps due to more variability within the
previous data sets. The levels of total p38 protein detected were not altered after 5 minutes of high

stretch ventilation compared with low (Figure 4.5).
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Figure 4.5 Levels of phosphorylated and total p38 protein within lungs subjected to 5 minutes of

low or high stretch ventilation
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Type | AECs (Tl) and endothelial cells (Endo) demonstrated significant p38 phosphorylation following
5 minutes of high stretch ventilation, whilst the total amount of p38 protein within the same lungs
were unaltered. N=4, *p<0.05, **p<0.01, ***p<0.001. Data were analysed by t-test and are

displayed as mean # SD.

In the set of validation experiments for ERK1/2, as in the previous set of experiments, ERK1/2 was
found to be significantly phosphorylated within 5 minutes of high stretch ventilation in the
type I and Il AECs and endothelial cells. However, the total amount of ERK1/2 protein remained

unaltered (Figure 4.6).
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Figure 4.6 Levels of phosphorylated and total ERK1/2 protein within lungs subjected to 5 minutes

of low or high stretch ventilation
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Consistent with the data presented in Figure 4.3, the levels of phospho-ERK1/2 clearly increased with
high stretch ventilation compared with low stretch, whilst the levels of total ERK1/2 protein within the
same lungs were unchanged. N=4, *p<0.05, **p<0.01. Data were analysed by t-test and are

displayed as mean # SD.

Our results showed signs of significant activation within all cell types following just 5 minutes of high
stretch ventilation and so it was not possible to determine which cell type might be activated first in

response to stretch. We therefore conducted another set of experiments in which mice were
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ventilated with low or high stretch ventilation for just 1 minute prior to lung sampling. At this very

early time point, no signs of alveolar macrophage activation were detected, however significantly

increased p38 phosphorylation was found in both type | and Il AECs. Interestingly, the endothelial

cells appeared to be the most responsive to stretch at this early stage, displaying significant increases

in phosphorylation (approximately two-fold) of all the MAP kinase signalling proteins p38, MK2 and

ERK1/2 (Figure 4.7 and 4.8).

Figure 4.7

pulmonary endothelium after exposure to 1 minute of low or high stretch ventilation
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The endothelial cells displayed activation of the most markers after just 1 minute of high stretch

ventilation.

Type | and Il alveolar epithelial cells both demonstrated significant increases in p38

phosphorylation. N=5-7, *p<0.05, **p<0.01. Data were analysed by t-test and are displayed as mean

+ SD.
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Figure 4.8 Representative histograms displaying increases in phosphorylation of four intracellular

proteins in endothelial cells following 1 minute of high stretch ventilation
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Representative dot plots identifying endothelial cells and histograms displaying phosphorylation levels

of the activation markers following 1 minute of low versus high stretch ventilation.
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We have previously discussed the value of studying the very high tidal volume of 40ml/kg. However
we wanted to investigate which cell type is the most sensitive to stretch by looking for cellular
activation at a more moderate tidal volume. We compared 5 minutes of ventilation at the low tidal
volume of 7ml/kg to 5 minutes of ventilation at the moderate tidal volume of 30ml/kg. Using this

ventilation strategy, only significant activation of MK2 in endothelial cells was detected (Figure 4.9).

Figure 4.9 Phosphorylation of activation markers in alveolar macrophages, epithelium and

endothelium after 5 minutes of ventilation at 30ml/kg compared with 5 minutes of low stretch

ventilation
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Only the endothelial cells (Endo) demonstrated sensitivity to the moderate tidal volume of 30mli/kg.

N=7-11, *p<0.05. Data were analysed by t-test and are displayed as mean + SD.

Having found such rapid activation of endothelial cells in response to high stretch ventilation, we
wanted to investigate whether they could respond as quickly to LPS stimulation. In the previous
chapter, endothelial activation was only detected 15 minutes after intratracheal instillation of LPS.
We therefore examined activation of the pulmonary endothelium in response to systemic LPS, which

would be expected to be able to activate the endothelium directly.

Neutrophils, as well as Ly6C low and high monocytes were included in the range of cells analysed by

flow cytometry in this set of experiments. The same dose of LPS was given intratracheally (20ug) as
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was given intravenously via the jugular vein and left to circulate for 5 minutes before collecting
samples. The results showed that alveolar macrophages and type | and Il AECs did not respond to
such a short exposure to systemic LPS and neither did endothelial cells. Neutrophils on the other
hand demonstrated a significant increase in p38 phosphorylation, whilst Ly6C high monocytes

showed significant activation of p38, ERK1/2 and NF-kB (Figure 4.10).
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Figure 4.10 Phosphorylation of activation markers in pulmonary cells and leukocytes following

exposure to systemic LPS for 5 minutes
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The parenchymal cells of the lung (TI, Tl and Endo) did not demonstrate activation, and neither did

alveolar macrophages (AMs). Of the leukocytes most likely localised within the pulmonary
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vasculature, neutrophils (Neuts) demonstrated p38 activation, whilst ‘Ly6C Hi’ monocytes displayed
activation of p38, ERK1/2 and NF-kB. N=5-6, *p<0.05, **p<0.01, ***p<0.001. Data were analysed by

t-test and are displayed as mean + SD.

4.5 Discussion

The results presented in this chapter show that the lungs are very sensitive to stretch. Alveolar
macrophages, type | and Il AECs, and endothelial cells all demonstrated significant cellular activation
within just 5 minutes of exposure to high stretch ventilation compared with low. This led us to
investigate an even earlier exposure time of 1 minute, at which time, the alveolar macrophages
appeared inactive, whilst the AECs both demonstrated significant p38 activation, and the endothelial

cells displayed significant activation of p38, MK2 and ERK1/2.

Theory of AM activation in VILI

These results suggest that the parenchymal cells of the lung, are the most likely to initiate
inflammatory signalling in response to stretch. Within the alveolar space, the epithelial cells are
probably responsible for sensing stretch and communicating with the alveolar macrophages which
then go on to propagate the inflammatory response. The nature of communication between AECs
and alveolar macrophages in response to stretch remains unclear. According to our data, the possible

mechanisms are limited to those which could occur within 5 minutes.

One means of rapid communication within the alveolar space could arise from direct communication
between the alveolar epithelium and alveolar macrophages. Direct contact of these cells could
enable alveolar macrophages to sense deformation of the alveolar wall. In this way, alveolar
macrophages may sense forces applied to adhesion molecules via the breaking or stretching of
intercellular connections, or through gap junctions that allow the transfer of signalling molecules

between cells.

Another means of communication between the AECs and alveolar macrophages could occur via the
release of a soluble mediator. One previous study has shown that BAL fluid from rats ventilated at
30ml/kg without PEEP for 20 minutes, could induce nitric oxide synthase activity in primary rat
alveolar macrophages in vitro (Frank et al. 2006). Unfortunately, it was not possible to determine
which cell type was responsible for the release of the unknown mediator. The group were able to

show that the release of activating mediator(s) into the supernatant of alveolar epithelial and
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macrophages cultured in vitro required them to be in co-culture, also indicating the importance of

cellular interactions (Frank et al. 2006).

A potential mediator of rapid communication between stretched AECs and alveolar macrophages is
TNFa. TNFa is an unusual cytokine in that it can be expressed in a membrane-bound form that is
readily cleaved by TNFa converting enzyme (TACE) to yield soluble TNFa. Tremblay et al. found
increased TNFa mRNA expression in AECs when rat lungs were injuriously ventilated ex vivo for 30
minutes (Tremblay et al. 2002). This and other studies have implicated TNFa in the pathogenesis of
VILI with a focus on the later stages of VILI, though it remains unclear whether TNFa could be involved

in the initiation of inflammatory signalling.

Another rapidly released soluble mediator that could be responsible for the activation of alveolar
macrophages is ATP, which is not only known to be released in response to stretch (Belete et al. 2011)
but is also involved in inflammatory signalling (Ferrari et al. 1997). ATP has been detected in the BAL
fluid of injuriously ventilated animals within 30 minutes, and ATP instillation into the lungs induces
pulmonary oedema and inflammation (Rich et al. 2003; Matsuyama et al. 2008). These studies
suggest that ATP has the potential to be involved in the initial communication of mechanical stress

within the alveolar space.

Prostanoids and leukotrienes are lipid mediators that can be rapidly released in response to stretch.
Inhibition of the enzyme 5-lipoxygenase, which is involved in the synthesis of leukotrienes from
arachidonic acid, has been shown to attenuate VILI in rats ventilated for 10 hours with high tidal
volume ventilation (Caironi et al. 2005). A couple of studies have reported release of several
prostanoids from foetal rat lung epithelial cells exposed to cyclic stretch in vitro within 10 to
15 minutes (Copland et al. 2006; Skinner, Somervell, and Olson 1992). This study examined
10 minutes as their earliest time point, but prostanoid release by lung epithelium could be released
even earlier. Prostanoids synthesis is controlled by post-translational modifications as opposed to at
the transcriptional level which is the case for cytokines, and this permits them to be rapidly produced
and secreted (Mbonye and Song 2009). Prevention of prostanoid synthesis with cyclooxygenase
(COX) inhibitors has been shown to be beneficial in reducing inflammation in rat models of VILI (Niitsu
et al. 2011; Jin et al. 2013; Huang et al. 2014). The current evidence suggests that the involvement of

these lipid mediators in the initiation of inflammation in VILI is worth investigating.

Transforming growth factor (TGF)-B is involved in wound healing, inflammation, epithelial apoptosis,
collagen synthesis and fibroblast proliferation. TGF-B is also known to play a major role in both the

early pathogenesis and late-stage resolution of ARDS. TGF-B has been found to be significantly
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increased in the BAL fluid of patients with ARDS within 1 day of diagnosis (Dhainaut, Charpentier, and
Chiche 2003), and in animal studies, TGF-B mRNA expression is increased in the lungs of rats
ventilated for 40 minutes with high tidal volume ventilation (Imanaka et al. 2001). Early TGF-B release
into the alveolar space could be responsible for ventilator-induced pulmonary endothelial
permeability through a mechanism involving integrin avf5 and interaction with the actin cytoskeleton
(Su et al. 2007). TGF-B is stored as inactive protein bound to the extracellular matrix via LAP and avf5
and primed for rapid activation (Goodwin and Jenkins 2009). It is unclear how quickly TGF-B may be
released in response to stretch but it could be a viable soluble mediator for communication of stretch

to the alveolar macrophages.

Endothelium is initial responder to stretch

Interestingly, our data showed that pulmonary endothelial cells were not only the first cell type to
demonstrate MAP kinase signalling in response high stretch ventilation, but also appeared to be the
most sensitive to lower tidal volumes. Pulmonary endothelial cells have been shown to demonstrate
rapid activation of the p38 and ERK1/2 pathways within 5 minutes when stretched in vitro (Kito et al.
2000; Abdulnour et al. 2006; Iwaki et al. 2009). VYet it was still unexpected that these cells, in the
context of a whole lung, would be seemingly more responsive than AECs to the stretch induced by
high tidal volume ventilation. Work by Dreyfuss and Saumon performed nearly twenty years ago
revealed endothelial blebbing by electron microscopy within just 5 minutes exposure to high stretch
ventilation of rats with a PIP of 45cmH,0 (Dreyfuss and Saumon 1998). Another study showed that in
an isolated perfused mouse lung, high stretch ventilation induced Akt phosphorylation within 15
minutes that was localised to the endothelium but not to the AECs or alveolar macrophages (Kuebler
et al. 2003). Therefore, there are some suggestions in the literature that endothelial cells are very
sensitive to stretch caused by high tidal volume ventilation. In the experiments presented in this
chapter, both type | and Il AECs also demonstrated p38 activation after just 1 minute of high stretch,
but the endothelial cells additionally demonstrated MK2 and ERK1/2 activation, perhaps indicating
that they were activated prior to AECs, particularly as MK2 lies downstream of p38. To the best of our
knowledge, this data is the first to demonstrate such rapid endothelial activation in an in vivo model

of VILI.

Of course endothelial cells are known to be sensitive to stretch under normal physiological conditions.
They are able to sense shear stress generated by blood flow, to sense circumferential stretch caused
by vascular transmural pressure; and respond by altering vascular tone (Ando and Yamamoto 2011).
These forces would be reduced with the application of high tidal volume ventilation, as capillaries are

compressed in a perpendicular direction to alveolar expansion, thereby restricting blood flow.
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However, pulmonary endothelial cells would be subject to other mechanical forces induced by high
alveolar pressure. The network of pulmonary capillaries is tightly connected to the alveolar wall via
the basement membrane and form a mesh comprehensively surrounding each alveoli. This
arrangement means that upon expansion of the alveoli, the endothelial cells of capillaries would too
be subjected to significant stretch in a longitudinal direction, as suggested in the theory of capillary

stress failure proposed by West (Fu et al. 1992; West 2000; West et al. 1991).

Endothelium is more sensitive to stretch than LPS

Interestingly, the pulmonary endothelium appeared to be more sensitive to stretch than to LPS.
Systemic administration of LPS significantly activated neutrophils and Ly6C high ‘inflammatory’
monocytes localised within the lung vasculature, but did not activate the parenchymal cells or

alveolar macrophages within the short timescale studied.

It was not surprising that systemic LPS did not activate alveolar macrophages or the type | and Il AECs
within 5 minutes, given the physical barrier that would need to be crossed. The endothelial cells also
did not show any signs of activation in response to systemic LPS, despite being well positioned to
encounter LPS circulating in the blood. Endothelial cells may be expected to respond to systemic LPS
given that they play an important role in leukocyte trafficking. Previous data from our group has
shown that 20ug LPS administered systemically can induce changes in p55 TNF receptor expression
on pulmonary endothelial cells within a couple of hours (Bertok et al. 2011). However, our group has
also shown that a much larger dose of LPS (200ug) is required to induce up-regulation of cell adhesion
molecules on pulmonary endothelial cells (O'Dea et al. 2005). These studies have examined the
effects of systemic LPS on the endothelium several hours after the delivery of LPS and so it remains

unclear as to whether pulmonary endothelial cells respond directly to systemic LPS.

Given their large surface area within the body, it may be undesirable for endothelial cells to respond
directly to LPS in such a rapid manner. Their activation in response to LPS may be regulated through
interactions with monocytes or neutrophils, which did demonstrate activation after 5 minutes
exposure to systemic LPS in the current experiments. Endothelial cells do not express CD14, and
therefore require its soluble form. However, CD14 shedding from human monocytes has been shown
to take up to 60 minutes following LPS stimulation which would be too slow to allow rapid endothelial
activation (Bazil and Strominger 1991). In the presence of soluble CD14, endothelial cells have been
shown to be capable of responding to LPS through increased phosphorylation of p38 and ERK1/2

within 5 to 15 minutes (Arditi et al. 1995).
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Neutrophils, which demonstrated a significant increase in p38 phosphorylation, are known to respond
to systemic LPS by marginating within the pulmonary vasculature (Wilson et al. 2009; Calkins et al.
2002; Hu, Malik, and Minshall 2010; Schnyder-Candrian et al. 2005). The neutrophil and monocyte
populations detected in our experiments had probably not infiltrated into the interstitium or alveolar
space, particularly given the timescale of the experiment, but were most likely simply located within
the pulmonary vasculature at the time of sampling. The Ly6C high monocytes demonstrated a
stronger response to LPS with three out of the four markers significantly activated. The Ly6C high
monocytes are characterised as the ‘inflammatory’ subset of monocytes that are recruited to sites of
inflammation (O'Dea et al. 2011; Geissmann, Jung, and Littman 2003) and therefore it is expected

that they would demonstrate activation in response to systemic LPS.

Propagation of systemic inflammation in VILI

The favoured ‘decompartmentalisation” theory states that inflammatory mediators, apoptotic factors
or bacteria leak from the lung into the systemic circulation, an effect that is enhanced by the
disruption of the alveolar-capillary barrier (Plotz et al. 2004; Jaecklin, Otulakowski, and Kavanagh
2010). However our data which revealed rapid endothelial cell activation, suggest a different
mechanism by which systemic inflammation could be propagated prior to any physical damage to the
epithelial-endothelial barrier.  Endothelial cells, upon being stretched, may initiate systemic

inflammation directly through the release of soluble mediators into the blood stream.

In support of this theory, there is evidence that endothelial cells can be directly involved in
inflammatory responses through the release of chemokines such as CXCL8 and CCL2 in response to
several hours of cyclic stretching in vitro (lwaki et al. 2009; Okada et al. 1998). CXCL8 and CCL2 are
well known chemotactic factors for neutrophils and monocytes that promote the migration and
margination of these leukocytes into sites of inflammation. Stretched endothelial cells have also been
shown to up-regulate xanthine oxidoreductase (XOR) (Abdulnour et al. 2006), an enzyme involved in
the generation of reactive oxygen species, which have been shown to induce p38 activation in

monocytes (Scott et al. 2011).

In combination with the literature, our data suggest that endothelial activation in response to high
tidal volumes could play an important role in the development of systemic inflammation, which very
often leads to multiple organ failure (MOF) and increased mortality in mechanically ventilated

patients (Plotz et al. 2004; Slutsky and Tremblay 1998; Villar et al. 2011).
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Conclusions

The data presented here indicate that the parenchymal AECs and pulmonary endothelial cells are the
initial responders to high tidal volume ventilation. We hypothesised that within the alveolar space,
the AECs initially sense stretch and communicate with alveolar macrophages, to induce their
activation and amplify the inflammatory response. Whilst on the other side of the alveolar-capillary
barrier, the endothelial cells are responsible for sensing stretch induced by high stretch ventilation
and their communication or interaction with leukocytes in the circulation could lead to the immediate

propagation of systemic inflammation, possibly leading to MOF.
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CHAPTER FIVE

EXPLORATION OF DIRECT CONTACT-DEPENDENT
MECHANISMS IN VILI

5.0 Chapter summary

Evidence suggests that some alveolar macrophages within the lung may be directly adhered to the
alveolar wall. This chapter aimed to investigate whether a direct-contact dependent mechanism of
communication is responsible for the initiation of inflammatory signalling in VILI. An intranasal dosing
method was used under inhalational anaesthetic to administer Gap26 peptide or anti-CD18 antibody
aimed at disrupting intercellular interactions via adhesion molecules or gap junction channels
respectively. Unfortunately, the instillation procedure itself appeared to influence the responsiveness
of alveolar macrophages to subsequent exposure to high stretch ventilation. This effect may have
been caused by the volatile anaesthetic isoflurane which has been reported to attenuate LPS- and
ventilator-induced lung injuries with long periods of exposure. The few minutes of exposure to
isoflurane used in the current experiments made this explanation seem unlikely, but the effect
regardless of the cause, was that it was difficult to interpret the results of these experiments.
Another model was required to identify the exact mechanism of communication within the alveolar

space that leads to inflammatory signalling in VILI.

5.1 Background

Based on the findings from the previous chapter, subsequent experiments investigated the hypothesis
that the initial communication of stretch-induced lung injury may occur through direct contact
between the epithelium and alveolar macrophages. This theory stems from studies that have

reported significant decreases in the recovery of macrophages in BAL fluid after just minutes of high
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stretch ventilation in vivo (Frank et al. 2006; Eyal, Hamm, and Parker 2007). This decrease in alveolar
macrophage counts is thought to occur too quickly for them to have undergone apoptosis, or to have
translocated out of the alveolar space. Therefore, this phenomenon is thought to be explained by the
adherence of alveolar macrophages to the alveolar surface. This interaction with the epithelium
could enable cell-to-cell communication that leads to alveolar macrophage activation. This theory led
to the hypothesis that inhibiting such cell-to-cell interactions within the alveolar space could prevent

alveolar macrophage activation and the initiation of inflammatory signalling that leads to VILI.

Gap junctions

Gap junction channels are present in most cells types and provide a direct route for the diffusion of
various small molecules between the cytoplasm of connected cells. The transfer of molecules such as
cyclic AMP, inositol 1,4,5-triphosphate, and glutamate permits a rapid and effective means of
communication that allows a group of cells to respond as a single unit. The gap junction channel
consists of two hemichannels, one provided by each cell, which when not involved in a gap junction
have been shown to play a role in the release of paracrine mediators into the extracellular space.
These hemichannels are comprised of six connexin (Cx) proteins that form a large pore with
extracellular loops that determine the gating properties of the channel and control interactions with
other hemichannels. There are many different connexin proteins that all confer different selectivity
properties on the pores, and this selectivity is additionally regulated through the docking of
hemichannels consisting of either a single connexin (homotypic), different connexins (heterotypic), or

combination of different connexins within one hemichannel (heteromeric) (Koval 2002).

The formation of hemichannels is highly regulated both at the level of connexin protein expression
and through trafficking to the plasma membrane. Different cell types display different patterns of
connexin expression, and additionally, specific connexin proteins are only compatible with certain
other connexin proteins. Connexin mimetic peptides that bind to the extracellular loop of connexins
within hemichannels are used to inhibit the formation of gap junction channels (Evans and Leybaert
2007). The most commonly used mimetic peptides, Gap26 and Gap27, are 11-13 amino acid residues
long and their sequences correspond to the extracellular loops 1 and 2 respectively on connexin 43
(Cx43) (Evans and Boitano 2001). These inhibitors are highly specific and have been used to
demonstrate the propagation of calcium signalling through gap junction channels between

neighbouring cells (Desplantez et al. 2012; Leybaert et al. 2003; Wang, De Bock, et al. 2012).

Within the lung, AECs have been shown to express several connexins that change as type Il AECs

differentiate into type | AECs in culture (Lee et al. 1997; Abraham et al. 1999; Abraham et al. 2001).
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Alveolar macrophages have also been shown to express connexins and have been found to
communicate with alveolar macrophages in distant alveoli via calcium signalling through the alveolar
epithelium. This method of communication was thought to be immunosuppressive in a model of
LPS-induced lung injury since inhibition of gap junction channels using connexin mimetic peptides
Gap26 and Gap27 increased neutrophil recruitment and production of pro-inflammatory cytokines

(Westphalen et al. 2014).

Other studies however, have suggested that gap junction channels can enhance inflammation within
the lung. Sarieddine et al. found that Cx43 knockout mice demonstrated reduced neutrophil
recruitment as well as reduced cytokine levels within BAL fluid following LPS instillation. They also
observed that mice with a mutation in the Cx43 protein that increased channel permeability,
demonstrated augmented neutrophil recruitment and mortality (Sarieddine et al. 2009). Another
study noted that calcium waves triggered in pulmonary endothelium of an isolated perfused lung,
travelled up to 150uM along capillaries and caused up-regulation of P-selectin, an effect that was

inhibited using Gap26 and Gap27 peptides (Parthasarathi et al. 2006).

Mechanical stimulation of primary rabbit tracheal airway epithelial cells has also been shown to
induce immediate propagation of calcium signalling to approximately 15 neighbouring cells which
again could be inhibited by incubation with Gap26 peptide (Boitano and Evans 2000). These studies
suggest that gap junction channels could be involved in responses to mechanical forces, and in the
propagation of inflammatory signalling. It was therefore believed that they may represent a viable

means of communication between alveolar macrophages and AECs in the initiation of VILI.

Adhesion molecules

Intracellular adhesion molecule-1 (ICAM-1/CD54) has been frequently studied in the context of lung
injury. ICAM-1 is structurally related to the immunoglobulin supergene family and is a ligand for the
B,-integrin CD18 which forms heterodimeric structures with CD1la-d found on the surface of
leukocytes. ICAM-1 is predominantly expressed on type | AECs and alveolar macrophages within the
lung but is also constitutively expressed on most pulmonary parenchymal cells and leukocytes at low
levels (Stent et al. 1995; Kang et al. 1993). In response to a variety of pulmonary insults, many cells
demonstrate clear up-regulation of the ICAM-1 protein and accompanying enhanced cellular
adhesion. Exposure of primary rat AEC to hypoxic conditions (5% O,) resulted in a significant increase
in ICAM-1 mRNA that peaked at 30 to 60 minutes, and adhesion of primary alveolar macrophages to
these cells was augmented by 118% (Beck-Schimmer et al. 2001). LPS has been shown to increase

ICAM-1 mRNA and protein expression within 4-6 hours in rat type Il AECs that led to a 3-fold increase
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in neutrophil adhesion, and was inhibited by 54% after pre-treatment with anti-ICAM-1 antibody
(Madjdpour et al. 2000). An increase in soluble levels of ICAM-1 has also been shown to correlate
with poor outcome in both mice with pulmonary inflammation and in human patients with ARDS

(Mendez et al. 2011; Calfee et al. 2009; Schmal et al. 1998).

Research has largely focussed on the role of ICAM-1 interactions within the pulmonary vasculature,
where endothelial ICAM-1 is involved in the adherence of neutrophils and their migration into the
lung (Mizgerd et al. 1999; Li, Miyasaka, and Issekutz 1998). Burns et al. demonstrated neutrophil
infiltration into the lungs of rats 6 hours following intratracheal instillation of LPS that was inhibited by
simultaneous systemic administration of anti-integrin antibodies (Burns et al. 2001). Ridger et al.
similarly demonstrated in mice that neutrophil infiltration following intratracheal LPS could be
inhibited by simultaneous systemic administration of anti-CD18 antibody (Ridger et al. 2001).
Administration of anti-CD18 intratracheally alongside hydrochloric acid, was found to not alter

neutrophil counts, but reduced lung injury overall in rabbits (Folkesson and Matthay 1997).

A few studies have administered anti-ICAM-1 intratracheally and some have similarly noted a
reduction in neutrophil infiltration into the lungs following LPS stimulation (Beck-Schimmer et al.
2002), whilst others have found no effect on neutrophil counts. This study reported that CD18
blockade in mice did not reduce neutrophil recruitment to the lung in response to cytokine
insufflation, but did reduce injury to the AECs (Parmley et al. 2007). Previous studies have all looked
at the role of ICAM-1 interactions in neutrophil recruitment and activity; however the role of ICAM-1
interactions between alveolar macrophages and AECs in response to mechanical ventilation has not

been investigated.

ICAM-1 interactions have not only been shown to be important in intercellular adhesion, but also in
the regulation of alveolar macrophage and neutrophil function during inflammation. One study
demonstrated that alveolar macrophages and neutrophils showed enhanced phagocytic activity for
K. pneumoniae when in contact with AECs expressing ICAM-1, an effect that was inhibited in the
presence of an ICAM-1 blockade (O'Brien et al. 1999). Another study demonstrated that phagocytic
activity of alveolar macrophages was reduced in ICAM-1 knockout mice, and further studies in vitro
revealed that ICAM-1 blockade also severely reduces mobility of alveolar macrophages in response to

chemotactic signals (Paine et al. 2002).

In addition to such data, there is also evidence that ICAM-1 is involved specifically in VILI. A study of
paediatric patients found that levels of soluble ICAM-1 were highest amongst patients requiring

prolonged mechanical ventilation and in non-survivors (Flori et al. 2003). In vitro, cyclic stretch has
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been shown to induce ICAM-1 secretion by an endothelial cell line and up-regulation of ICAM-1 mRNA
production within 3 hours of exposure to continued cyclic strain. This study also reported that
adhesion of a monocyte cell line to the endothelial cells was enhanced following stretch, an effect
that was reduced by anti-ICAM-1 treatment (Cheng et al. 1996). Another study, which stretched A549
epithelial cells, showed increases in ICAM-1 protein and mRNA levels that was strain, frequency and

duration dependent (Hu et al. 2008).

In vivo, increased expression of ICAM-1 and CD11b on alveolar macrophages and neutrophils from
rats has been detected following just 40 minutes of high stretch ventilation compared with low
(Imanaka et al. 2001; Ohta et al. 2001). In an isolated-perfused lung (IPL) model of rat lungs,
expression of ICAM-1 was significantly enhanced on the surface of alveoli following 6 hours of
ventilation at 15ml/kg. The group also observed increased margination of neutrophils and monocytes

in the pulmonary vasculature that was prevented by ICAM-1 blockade (Miyao et al. 2006).

The current literature suggests an important role for ICAM-1 in the development of lung injury.
Whilst the majority of studies have investigated the role of this adhesion molecule under much longer
timescales, an in vitro study showed that cross-linking of ICAM-1 on A549 epithelial cells induced
phosphorylation of ERK1/2 that peaked after 10 minutes and returned to baseline by 30 minutes
(Krunkosky and Jarrett 2006). Together these data indicate that ICAM-1 linking between alveolar
macrophages and epithelial cells could be a viable mechanism for the communication of

stretch-induced lung injury and the rapid initiation of inflammatory signalling in VILI.

5.2 Aims

The aim of the experiments in this chapter was to investigate whether a contact-dependent
mechanism was responsible for the activation of alveolar macrophages following AEC activation in
response to stretch. We hoped to find reduced alveolar macrophage activity after blocking cell
surface molecules potentially involved in intercellular interactions. If the blocking experiments were
successful, a reduction in MAP kinase activity would be observed in alveolar macrophages following
5 minutes exposure to high stretch ventilation. If a reduction in alveolar macrophage activity was
found then the next step would be to perform ventilation experiments under longer timescales to see
if the blockade would prevent the development of VILI in terms of cytokine secretion and cell

infiltration into the alveolar space, as well as changes in respiratory mechanics.

The first target was gap junctions which were blocked using a connexin mimetic peptide Gap26. The

second target was the CD18 adhesion molecule which was blocked using an anti-CD18 antibody. We
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hypothesised that if a contact-dependent mechanism was responsible for alveolar macrophage
activation in response to stretch, then based on the current literature these two targets would be the

most likely candidates.

5.3 Protocol

Mice were pre-treated intranasally prior to the mechanical ventilation protocol as described in
previous chapters. Mice were put into an anaesthetic induction box filled with oxygen and 3.5%
isoflurane. After 3 minutes, mice were briefly removed and a 25ul dose of either 1mg/ml Gap26
peptide inhibitor (or saline control) or 1mg/ml anti-CD18 antibody (or isotype control) was placed
onto the nares and was instantly inhaled. Mice were returned to the induction box for a further
1 minute prior to administering the second 25ul dose. Mice were once again put into the induction
box for a final 30 seconds before returning to their cage where they regained consciousness within

2 minutes.

Mice were pre-treated with Gap26 or saline 90 minutes prior to ventilation. Two saline-treated
controls were subjected to 5 minutes of low and high stretch ventilation, whilst the Gap26-treated
mice were subjected to 5 minutes of high stretch. Studies that have used the peptide under in vivo or
ex vivo conditions have found the drug to be most effective after 1 hour (Desplantez et al. 2012;
Parthasarathi et al. 2006; Westphalen et al. 2014). We pre-treated mice for 90 minutes to minimise

any lasting effects of the fluid bolus on the ventilation mechanics.

Mice were pre-treated with anti-CD18 or isotype antibody for 24 hours prior to ventilation. The
isotype-treated control mice were subjected to 5 minutes of low or high stretch ventilation, whilst the
anti-CD18 treated mice were subjected to 5 minutes of high stretch. A large percentage of antibody
(54%) has been shown to be retained within the murine lung for up to 24 hours following inhalation

(Pereira 2012).

5.4 Results

Following saline instillation, activation of the AECs and pulmonary endothelial cells corresponded
closely with the previous results reported in Chapter 4, suggesting that the 50ul bolus instilled
90 minutes earlier did not significantly impact on their responsiveness to high stretch ventilation
(Figure 5.1). Each of the parenchymal cell types demonstrated significant ERK1/2 activation after
5 minutes, and this was found to still be significantly activated in the Gap26 pre-treated mice. As

before, the endothelial cells also demonstrated significantly increased MK2 activation that again was

132



not affected by Gap26 pre-treatment. The AECs demonstrated trends for MK2 activation, which in
previous experiments had reached statistical significance in the type Il AECs. p38 demonstrated
trends for increased phosphorylation across the parenchymal cells that correlated with previous
results. However, rather disappointingly, the alveolar macrophages did not display activation
following 5 minutes high stretch ventilation in the saline pre-treated controls (Figure 5.1). Therefore,
it was impossible to determine the effect of the Gap26 peptide on the possible communication

between alveolar macrophages and AECs in response to stretch.
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Figure 5.1 Phosphorylation of activation markers in pulmonary cell types after intranasal
pre-treatment with saline or Gap26 peptide 90 minutes prior to 5 minutes of low or high stretch
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The pre-treatment procedure appeared to reduce the cellular activation of alveolar macrophages in
response to high stretch, and so the potential protective effects of the Gap26 peptide could not be
determined. N=5-9, *p<0.05, **p<0.01, ***P<0.001. Data were analysed by ANOVA with Tukey HSD

and are displayed as mean + SD.

It appeared that the short pre-treatment time of 90 minutes that was necessary for effective gap
junction inhibition was influencing the sensitivity of the alveolar macrophages to stretch. The most

likely explanation for this may be that the alveolar macrophages were activated by the instillation of
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the fluid bolus which made them less responsive to further stimulation for a period afterwards.
However, inhibition with the Gap26 peptide was thought not to be compatible with longer
pre-treatment times, given the rapid turnover rate of gap junctions and the loss of the small peptide

from the lung.

Therefore, we moved on to investigate the effects of CD18 blockade on the activation of alveolar
macrophages in response to high stretch ventilation. The anti-CD18 antibody was expected to remain
within the alveolar space for longer (Pereira 2012) and had been previously shown to work following
24 hour pre-treatment. Unfortunately, it was not possible to determine the effect of CD18 blockade
on the initiation of VILI as no activation of any of the cell types was detected (Figure 5.2). In the
experiments from the previous chapter we found significant activation of MK2 and ERK1/2 in alveolar
macrophages following 5 minutes of high stretch ventilation. However, 5 minutes of high stretch
ventilation in the current experiments, in which controls were treated with isotype antibody, did not
demonstrate alveolar macrophage activation compared with low stretch ventilation. These results
made it impossible to determine whether CD18 blockade reduced cellular activation in response to
stretch. Even the AECs and pulmonary endothelial cells showed completely diminished activation
(Figure 5.2) compared with the substantial activation of these cell types observed in previous

experiments.
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Figure 5.2 Phosphorylation of activation markers in pulmonary cell types after intranasal

pre-treatment with isotype or anti-CD18 antibody 24 hours prior to 5 minutes of low or high stretch
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Some aspect of the pre-treatment procedure itself appeared to influence cellular responses to high
stretch ventilation with even isotype-treated controls displaying reduced activation. N=6-12, *p<0.05,

**p<0.01. Data were analysed by ANOVA with Tukey HSD and are displayed as mean # SD.

The data from this chapter indicated that some technical aspect of the ‘pre-treatment protocol’ was
having a major impact within the lung that increased with time. One possible explanation was that
the administration of fluid was influencing the respiratory mechanics such that the animals were not

being ventilated with a high enough tidal volume to stimulate a response. Analysis of the respiratory
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mechanics revealed that there was no effect on resistance or compliance, with no changes in tidal

volume or PIP between the pre-dosing regimens (Figure 5.3).

Figure 5.3 Respiratory mechanics following intranasal dosing
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There were no changes in respiratory mechanics at 90 minutes or 24 hours after intranasal
pre-treatment with isoflurane. Controls (none) did not receive any kind of pre-treatment and
respiratory mechanics were taken from 5-minute ventilation experiments reported in Chapter 4. The
effect of the time delay between pre-treatment and ventilation was analysed rather than the effect of
the individual drugs. Therefore the respiratory mechanics from control and drug-treated mice

ventilated with high tidal volume ventilation were combined. N=10-23.
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5.5 Discussion

Gap junction blockade

In the gap junction experiments, which involved the instillation of small Gap26 peptide into the lung,
parenchymal cell activity demonstrated cellular activity in response to 5 minutes of high stretch
ventilation that correlated with previous findings. However, the alveolar macrophage response was
attenuated which made it impossible to assess the effectiveness of this treatment on intercellular
communication via gap junctions. It appeared that the isotype treated mice that were ventilated with
low stretch showed increased activation compared with previous data from Chapter Four rather than
the isotype treated mice ventilated with high stretch showing less activation. Despite no significant
changes to the respiratory mechanics, we concluded that the fluid bolus must be having an adverse
effect within the lung that is still present after 90 minutes. Perhaps the bolus activated the alveolar

macrophages which made them more sensitive to the low stretch ventilation.

CD18 blockade

Cellular activation in response to 5 minutes of high stretch ventilation was completely diminished in
isotype antibody pre-treated mice in the CD18 blockade experiments. This effect was potentially due
to the intranasal instillation of large antibodies into the lungs. Monoclonal antibodies are known to
sometimes cross-link receptors and inadvertently activate them as opposed to inhibit them, and in
addition, their Fc domains can induce complement activation (Mulligan et al. 1993). Either of these
affects may have dampened the lungs responsiveness to further insults. Within the 24 hours
between antibody dosing and ventilation, the pre-treatment procedure could have induced changes
in gene regulation that made the cells within the alveolar space less responsive to insults such as

over-stretching.

It may be possible to overcome the apparent complications induced by the instillations of whole
antibodies into the lungs. One option would be to fragment the antibodies to remove the Fc domain
(Holt et al. 2003), however, previous attempts to apply this method within our lab have shown that
the antibody vyield tends to be very low. Another alternative may be to use siRNA delivered in

liposomes to knockdown the expression of B,-intergrins.

The pre-treatment procedure was found to have no effect on the respiratory mechanics at
90 minutes or 24 hours after intranasal dosing. This suggests that the dosing was not having a long-

term effect on the ‘stretchiness’ of the lungs, which could have accounted for the reduced
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parenchymal cell activity following injurious ventilation. In comparison to the previous data reported
in Chapter 4, the MAP kinase levels seemed to be generally lower across all isotype/anti-CD18
conditions. This may have been caused by the induction of general anaesthesia and intranasal

instillation, which may have induced changes in respiratory rate or caused brief hypoxia.

Isoflurane exposure

A possible explanation would seem to be that the isoflurane used during intranasal dosing was having
an effect within the lung. This would be rather unexpected as the mice were only exposed to
isoflurane for a few minutes and at a time point way before ventilation experiments were conducted.
It appeared that only the alveolar macrophages demonstrated reduced activation in response to
stretch just 90 minutes following isoflurane exposure, whilst all cell types demonstrated reduced
activation 24 hours after exposure. The use of intranasal instillations under brief isoflurane
anaesthesia enables quick and easy administration of the blocking agent directly into the lungs
without the side effects that accompany general anaesthesia using ketamine and xylazine. However,

it may have provided a protective effect itself which was unexpected, but interesting.

Isoflurane preconditioning is reported to prevent inflammation to subsequent pulmonary insults such
as sepsis. Li et al. reported that a 30-minute period of isoflurane exposure immediately prior to
systemic delivery of LPS significantly reduced hypotension, pulmonary oedema and mortality in rats
(Li et al. 2009). Similar effects have been reported in another model of sepsis by Bedirli et al. who
found that 30 minutes exposure to isoflurane immediately prior to caecal ligation and puncture

reduced levels of TNFa, IL-1B and IL-6 in plasma (Bedirli et al. 2012).

Isoflurane has also proved protective in models of direct administration of LPS into the lungs.
Reutershan et al. exposed mice to 30 minutes of isoflurane at different times before LPS inhalation
and found that pulmonary oedema and neutrophil infiltration were attenuated when the isoflurane
pre-treatment was given 1 or 12 hours (but not 4, 6 or 24 hours) prior to LPS delivery (Reutershan et
al. 2006). Another study found that a 60-minute isoflurane exposure period, 60 minutes prior to
intratracheal LPS ameliorated the release of pro-inflammatory cytokines including TNFa, IL-1B and
IL-6 (Chung et al. 2013). The mechanisms behind the apparent protective effect of isoflurane
preconditioning is unclear but has been suggested to involve iNOS signalling, reactive oxygen species
(ROS) and inhibition of NF-kB signalling (Pang et al. 2012; Chung et al. 2013). Whilst these studies use
isoflurane exposure times that are much longer than the mice in my experiments would have been
exposed to, they do indicate that exposure to isoflurane could reduce inflammation in response to an

insult given up to 12 hours later.
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Another mechanism by which isoflurane is thought to be protective is through the down regulation of
adhesion molecules such as ICAM-1 and CD11b, which could explain the often-described effect of
reduced infiltration of neutrophils into the alveolar space (de Rossi et al. 2002; Reutershan et al.
2006; Bedirli et al. 2012). These studies suggest that similar effects may apply to alveolar
macrophages that would be exposed to high concentrations of the inhaled isoflurane. Reduced
adhesiveness of alveolar macrophages to the alveolar wall was the aim of the drugs given in this
chapter; however it may be that the isoflurane also reduced adhesion. If this effect was the reason
for the reduced activation observed in alveolar macrophages treated only with isotype antibody or
saline vehicle in response to high stretch ventilation, then we may conclude that initiation of

inflammation in VILI could indeed be mediated by a direct-contact method of communication.

Conversely, a recent study reported that the protective effects of isoflurane in a two-hit model of
inhaled endotoxin and mechanical ventilation are mediated through the up-regulation of adhesion
molecules (Englert et al. 2015). The group concluded that isoflurane is protective against ARDS by

preserving the integrity of the alveolar-capillary barrier.

Isoflurane has also been shown to be protective in one-hit models of VILI. Vaneker et al.
demonstrated that mice ventilated for 4 hours with a tidal volume of 8ml/kg showed increased levels
of IL-1B and TNFa in their BAL fluid that was reduced when isoflurane was added to the ventilation
gas (Vaneker et al. 2009). Faller et al. reported further protective effects in mice ventilated at
12ml/kg in which isoflurane prevented alveolar wall thickening, neutrophil transmigration and
secretion of CXCL2 and IL-1B. This group also reported that the effects of isoflurane might be
mediated through Akt signalling, as inhibition of Akt phosphorylation prevented isoflurane-induced
protection (Faller et al. 2012). Sevoflurane, another volatile anaesthetic which is structurally similar
to isoflurane and used more frequently in human patients, has also been shown to offer protection
against VILI in animal models (Kim et al. 2015; Xiong et al. 2013; Romero et al. 2015). A study found
that the immunomodulatory effects of these volatile anaesthetics was caused by the fluorinated
carbon groups, which reduced the expression of inflammatory mediators following LPS stimulation of

epithelial and endothelial cells in vitro (Urner et al. 2011).

A review of the current literature on the immunosuppressive effects of isoflurane suggests that it may
indeed have had a major impact on the present experiments. This effect rendered this intranasal
dosing model unusable if we were to determine the mechanism of communication between alveolar
macrophages and AECs. Nevertheless, the results potentially suggest that even very short exposure
to isoflurane could have long-lasting protective effects on the development of VILI that may be worth

exploring further.
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CHAPTER SIX

THE ROLE OF TNFa SIGNALLING IN THE INITIATION
OF VILI

6.0 Chapter summary

TNFa has been frequently implicated in the development of VILI but so far, studies have only
investigated its role following several hours of mechanical ventilation. TNFa signalling is unlike many
other cytokines in that it is expressed in a membrane-bound form that enables shedding and release
within 30 minutes. The experiments presented in this chapter sought to determine whether TNFa
signalling could be involved in the initiation of inflammatory signalling in response to stretch using
TNF receptor knockout mice. The role of TNFa signalling in LPS-induced lung injury was also
investigated. The results of these experiments indicated that following LPS instillation, TNFa signalling
is potentially involved in mediating the activation of MAP kinase pathways within parenchymal cells,
which was observed after 15 minutes in wild type mice. However, the impact of TNFa signalling in the
early stages of stretch-induced inflammatory signalling was less clear. TNF receptor knockout mice
appeared to display reduced activation of alveolar macrophages and type Il alveolar epithelial cells,
though non-significant trends of activation were still apparent, suggesting that additional signalling

pathways may be involved.

6.1 Background

The previous chapter highlighted difficulties in pre-treating mice with intranasal instillations, and so
we moved on to examine the role of TNFa in the initiation of inflammatory signalling in VILI using a
strain of genetically modified mice. TNFa is a pro-inflammatory cytokine that has been frequently

implicated in experimental lung injuries of several aetiologies including LPS (Bertok et al. 2011), acid
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(Patel et al. 2013) and VILI (Wilson, Choudhury, and Takata 2005) within our research group. In the
clinical setting, increased levels of TNFa in the BAL fluid of patients have been correlated with the
development of ARDS (Suter et al. 1992). However, clinical trials examining the effects of anti-TNFa
therapy have so far had limited success in reducing mortality in sepsis (Fisher et al. 1996; Abraham et

al. 1998; Abraham et al. 1995; Qiu et al. 2013).

This could be due to the existence of two TNF receptors which are now known to induce different and
opposing cellular responses (MacEwan 2002). The two TNF receptors have different affinities for the
two forms of TNFa which can be presented as membrane-bound or in its soluble form that is
generated by the proteolytic cleavage of membrane-TNFa by TNFa converting enzyme (TACE)
(Horiuchi 2013). The p55 TNF receptor (TNFR1) is ubiquitously expressed and can be activated by
both the soluble and membrane-bound forms of TNFa (Grell et al. 1998), leading to pro-inflammatory
signalling. The p75 TNF receptor (TNFR2) is expressed at low levels on immune cells and is
predominantly activated by membrane-bound TNFa as the soluble form only binds transiently (Grell
et al. 1995). Most studies investigating TNFa signalling have utilised the soluble TNFa as a source of
stimulation, and therefore much less is known about the p75 receptor, though it is thought to

promote pro-survival signalling.

Cellular responses to membrane or soluble TNFa differ due to their binding to specific TNF receptors,
which activate different intracellular signalling pathways. The binding of TNFa to the p55 receptor
transiently activates the MAP kinase JNK, whilst p75 activation leads to a more sustained activation
profile. Other MAP kinases such as p38 and ERK1/2 however, are thought to be exclusively activated
by TNFa binding to the p55 receptor (Jupp et al. 2001). The two receptors also differ in their
activation of NF-kB, which is activated within minutes through p55 stimulation that lasts for a few
hours whereas NF-kB activation following p75 binding is delayed but can last for up to 24 hours
(Marchetti et al. 2004). The p55 receptor complex contains a death domain which promotes
signalling that leads to caspase activation and apoptosis. However, there is evidence to suggest that
activation of the p75 receptor, despite not containing a death domain, can also promote apoptosis via

receptor cross talk (Figure 6.1) (Naude et al. 2011).
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Figure 6.1 TNF p55 (TNFR1) and p75 (TNFR2) receptor signalling
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Figure adapted from (Naude et al. 2011).

Both types of TNF receptor may be cleaved from the cell surface, in which form they retain the
capability to bind TNFa. These soluble TNF receptors are present under normal conditions but can
increase in response to a wide range of stimuli including endotoxin (Spinas, Keller, and Brockhaus
1992). Their function is unclear, though the predominant theory suggests that they act as a buffer,
regulating the levels of soluble TNFa in circulation. The binding of soluble TNF receptors to TNFa
does not induce signalling as it would on the cell surface, and so their role is thought to be anti-
inflammatory. In this instance the binding of TNFa may prevent it from binding cell surface receptors
and therefore neutralise its effect (Aderka et al. 1992). Alternatively, binding of TNFa to soluble

receptors may preserve its biological activity and prolong the presence of circulating TNFa.

Several studies have shown that signalling via the two TNF receptors leads to different responses
invivo. Peschon et al. demonstrated how signalling via the p55 receptor exacerbated injury in
knockout mice exposed to intranasal LPS through enhanced neutrophil infiltration into the lungs
(Peschon et al. 1998). Whilst another study showed that p55 signalling shortened survival and

induced hypothermia in a murine model of sepsis caused by caecal ligation and puncture, whereas
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signalling via the p75 receptor was found to provide protection (Ebach, Riehl, and Stenson 2005). A
study within our research group has also demonstrated that p55 signalling is injurious in a murine
model of acid aspiration in which knockout mice lacking the p55 receptor showed improved barrier

function and reduced caspase-8 activity (Patel et al. 2013).

TNFa signalling has been shown to play an important role in the development of VILI in previous
research by our group. High tidal volume ventilation has been shown to promote increases in TNFa
MRNA in intra-alveolar cells and induce secretion of TNFa protein into the BAL fluid of rabbits (Takata
et al. 1997; Imai et al. 1999). Furthermore, anti-TNFa antibody reduced deteriorations in oxygenation
and lung compliance as well as reducing neutrophil sequestration in this rabbit model of VILI (Imai et
al. 1999). In mouse models of VILI, TNFa signalling has also been implicated in neutrophil infiltration,
which was shown to be attenuated in both double knockout mice lacking both TNF receptors by up to
45% and in anti-TNFa antibody treated wild type mice by up to 70% (Wilson, Choudhury, and Takata
2005).

The two TNF receptors have also been demonstrated to have opposing roles in the development of
VILI in previous research by our group. In agreement with findings in other models of lung injury, the
p55 receptor was found to be responsible for injurious signalling whilst p75 signalling was found to be
protective. Mice lacking the p55 receptor were found to be protected from VILI, demonstrating
reduced pulmonary oedema, whilst mice lacking the p75 receptor were more susceptible to VILI

(Wilson et al. 2007).

These results were further confirmed using domain antibodies targeted against the p55 receptor
which were given intratracheally to ventilated mice and led to reduced derangements in respiratory
mechanics, gas exchange and protein accumulation within the alveolar space. This effect was not
apparent in mice treated with a general anti-TNFa antibody which would have inhibited both the
injurious and protective signalling pathways (Bertok et al. 2012). Inhibition of p55 signalling has also
been demonstrated to be protective in a two-hit model of LPS and VILI, in which a p55 domain
antibody was found to reduce neutrophil recruitment, alveolar macrophage activation and the release
of cytokines and chemokines into the BAL fluid. Alveolar macrophage activation was demonstrated
by an increase in expression of ICAM-1 which was attenuated by inhibition of TNFa signalling via the

p55 receptor (Bertok et al. 2012).

Whilst the work by our group and others clearly implicate TNFa signalling in the pathogenesis of VILI
specifically through the p55 receptor, the reported studies all examine the effects of TNFa on lung

injury following several hours of high tidal volume ventilation. TNFa signalling has the capacity to be
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very quickly activated due to its presence on the surface of cells and through cleavage by TACE;
however the role of TNFa signalling in the initiation of VILI remains unknown. The availability of TNF
receptor knockout mice maintained by the group enabled the investigation of the role of TNFa
without the need for pre-treatment, which had been found in the previous chapter to cause
complications. Experiments were conducted in double knockout mice that lack both the p55 and p75
TNF receptors. These double knockout mice have been shown to be equally susceptible to ventilator-
induced pulmonary oedema as wild type mice (Wilson et al. 2007), but importantly, recruit fewer
neutrophils following VILI (Wilson, Choudhury, and Takata 2005), which suggests that the

inflammatory response may be dampened in these animals.

6.2 Aims

The aim of the experiments in this chapter was to investigate the involvement of TNFa in the initiation
of inflammatory signalling in VILI. TNFa signalling has been associated with the development of VILI
over longer timescales, however we wished to determine whether it was responsible for the initial
communication between AECs and alveolar macrophages that leads to their activation in response to
stretch. Despite there being no evidence of TNFa release from AECs specifically in response to
stretch, they have been shown to release other cytokines following stretch (Vlahakis et al. 1999) and
are known to be capable of releasing TNFa when stimulated with LPS (Wong and Johnson 2013;

Thorley et al. 2007).

6.3 Protocol

TNF receptor double knockout mice were bred on site and male pups were used for experiments at
approximately 8-12 weeks old. The TNF receptor DKO mice have mutations in the two receptors that
prevent TNF from binding. The phenotype of the TNF receptor knockout mice was confirmed by flow
cytometry using antibodies against both the p55 (PE TNFR1; 55R-289; BioLegend) and p75 receptors
(PE TNFR2; TR75-89; BioLegend). The gMFI detected with the appropriate isotype control (PE
Armenian Hamster IgG; HTK888; BiolLegend) was subtracted and results were compared with wild
type mice. Data on wild type TNF receptor expression was provided by Charley Oakley. Expression
levels were checked for alveolar macrophages (Figure 6.2), neutrophils (Figure 6.3) and monocytes
(Figure 6.4) within the lung and blood for at least one mouse per litter. All cell types that

demonstrated expression in wild types showed diminished expression in the double knockout mice.
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Figure 6.2 Expression of TNF receptors on alveolar macrophages from wild type and TNF receptor

double knockout mice
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Alveolar macrophages from wild type (WT) mice demonstrated expression of both TNF receptors p55
and p75 whereas the double knockout (DKO) strain showed no expression. Data on wild type TNF
receptor expression was provided by Charley Oakley. N=9-11, *p<0.05, **p<0.01, ***p<0.001. Data

were analysed by t-test and are displayed as mean + SD.

Figure 6.3 Expression of TNF receptors on neutrophils from wild type and double knockout mice
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Neutrophils displayed diminished p55 expression in both lung and blood samples. Expression of p75
was very low on neutrophils from wild type mice and therefore the data have not been presented.
Data on wild type TNF receptor expression was provided by Charley Oakley. N=8-10, *p<0.05,
**p<0.01, ***p<0.001. Data were analysed by t-test and are displayed as mean + SD.
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Figure 6.4 Expression of TNF receptors on Ly6C high monocytes from wild type and double

knockout mice
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Expression of p55 on Ly6C high monocytes was significantly reduced in knockout mice in the lungs.
p75 expression was significantly reduced. Expression of p55 and p75 was very low on Ly6C low
monocytes from wild type mice and therefore the data have not been presented. Data on wild type
TNF receptor expression was provided by Charley Oakley. N=10-11, *p<0.05, **p<0.01, ***p<0.001.

Data were analysed by t-test and are displayed as mean + SD.

As for the previous ventilation experiments, mice were anaesthetised by intraperitoneal injection of
ketamine (80ml/kg) and xylazine (8ml/kg). An endotracheal tube was inserted and mechanical
ventilation initiated under low stretch settings (8ml/kg). Mice either remained on the low stretch
settings or were switched onto the high stretch strategy (40ml/kg). Ventilation experiments were
conducted for 5 minutes prior to termination of the experiment and sampling of the lungs for

phospho-flow cytometry as previously described.

TNF receptor double knockout mice were also subjected to 5 or 15 minutes exposure to intratracheal
LPS. Mice were anaesthetised with ketamine and xylazine and then held to a board that was stood
almost vertical for the brief duration of the instillation procedure. A microscope and external light
source were used to pass a fine catheter through the vocal chords to administer the LPS bolus (20ug
in 50l saline). Mice were held upright for 30 seconds following instillation before being laid down for

the insertion of the endotracheal tube for lung sampling.

6.4 Results

The results from the current study showed that double TNF receptor knockout mice exposed to

5 minutes of high stretch ventilation demonstrated similar parenchymal activation to that of wild type
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mice as observed in previous experiments reported in Figure 4.3, Chapter 4. The double knockout
mice displayed significant MK2 and ERK1/2 phosphorylation within endothelial cells and the type |
AECs showed significant ERK1/2 activation and trends for increased MK2 (p=0.057) and p38 (p=0.128)
phosphorylation (Figure 6.5). Whilst no significant activation was detected in the type Il AECs, there
was a non-significant trend for ERK1/2 activation (p=0.078) as well as for p38 (p=0.166) and MK2
(p=0.106). The alveolar macrophages displayed no significant activation following stretch in the
knockout mice, whilst the wild types displayed clear MK2 and ERK1/2 activation in macrophages after

5 minutes of high stretch (Figure 4.3, Chapter 4).

Figure 6.5 Phosphorylation of activation markers in pulmonary cell types after exposure of TNF

receptor double knockout mice to 5 minutes of low or high stretch ventilation
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ERK1/2 was significantly activated in Tl and endothelial cells and MK2 was significantly activated in
endothelial cells after 5 mins high stretch compared with low in TNF receptor DKOs. N=6-7, *p<0.05.

Data were analysed by t-test and are displayed as mean + SD.

148



As well as studying the effect of 5 minutes of high stretch ventilation in mice lacking TNF receptors,
we also examined the role of TNFa signalling in LPS-induced lung injury. In previous experiments with
wild type mice (Figure 3.4, Chapter 3), significant MAP kinase activation was detected in parenchymal
cells after 15 minutes of LPS exposure and significant NF-kB activation after 5 minutes. The role of
TNFa in the activation of MAP kinase signalling within the lung parenchyma was examined in the TNF

receptor double knockout mice.

The knockout mice were found to display similar levels of alveolar macrophage activation compared
with wild types after 15 minutes of LPS (Figure 6.6). They showed significant phosphorylation of p38,
ERK1/2 and NF-kB and a non-significant trend for increased MK2 (p=0.117) all with very similar fold
increases in phosphorylation levels as observed in Figure 3.4, Chapter 3. The parenchymal cells
however displayed an obvious lack of activation following LPS exposure for 15 minutes compared with
that seen in the wild type mice which displayed significant NF-kB and MAP kinase activity at this time
point (Figure 3.4, Chapter3). In the knockout mice, the type | AECs demonstrated significant
activation of p38 and NF-kB, and the type Il AECs did not demonstrate any significant activation but
showed a trend for increased p38 phosphorylation (p=0.065). The endothelial cells also did not

display any significant activation following 15 minutes exposure to intratracheal LPS.
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Figure 6.6 Phosphorylation of activation markers in pulmonary cell types after exposure of TNF

receptor double knockout mice to 15 minutes of intratracheal LPS compared with saline
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AMs displayed significant activation of p38, ERK1/2 and NF-kB, whilst TI AECs displayed significant
activation of p38 and NF-kB following 15 mins exposure to LPS compared with saline in TNF receptor

DKOs. N=4-5, *p<0.05, **p<0.01. Data were analysed by t-test and are displayed as mean + SD.
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6.5 Discussion

LPS

The results from the TNF receptor double knockout mice showed that TNFa does not mediate the
rapid activation of alveolar macrophages observed within 15 minutes exposure to intratracheal LPS.
The alveolar macrophages displayed identical responses to those from wild type mice at 15 minutes
after LPS instillation. This is unsurprising since alveolar macrophages express high levels of TLR-4 and

are well known to respond directly to LPS ligation.

However, LPS instillation in TNF receptor knockout mice did not induce the same amount of activation
in the parenchymal cells as was observed in the wild type mice. Apart from some p38 activation, the
knockouts displayed a clear lack of MAP kinase activity and even showed reduced NF-«kB activation,
which was previously detected within 5 minutes of LPS instillation in wild type mice. These results
suggest that TNFa may be responsible for activation of these signalling pathways at 15 minutes in the

parenchymal cells.

Alveolar macrophages are likely to be the source of TNFa following detection of LPS, which may then
activate MAP kinase signalling in the AECs. Release of soluble TNFa by alveolar macrophages would
activate p55 signalling which is associated with MAP kinase activation (Jupp et al. 2001). However,
membrane-bound TNFa is capable of initiating both p55 and p75 signalling and so could also initiate

signalling through direct contact with the alveolar epithelium.

The alveolar macrophages residing within the alveoli would be unable to directly communicate with
the pulmonary endothelial cells however intra-alveolar TNFa has been shown to induce rapid
responses in endothelial cells in a blood-perfused rat lung by Kuebler et al. In this study TNFa
introduced into the alveolar space caused increases in intracellular calcium and cPLA, activation in
AECs which in turn led to an increase in intracellular calcium and P-selectin expression in endothelial
cells within 5 minutes (Kuebler et al. 2000). This could explain the activation of endothelial cells that
was observed in wild type mice following LPS exposure for 15 minutes, which was abolished in the

TNF receptor knockout mice.

VILI

In the ventilation experiments, the TNF receptor double knockout mice appeared to display slightly
reduced cellular activation in some cell types in response to stretch compared with wild type mice.

The endothelial cells and type | AECs both displayed identical patterns of activation to that observed

151



in wild types. On the other hand, the type Il AECs displayed reduced activation of MK2 and ERK1/2
that were significantly activated in wild type mice, but displayed only a non-significant trend for
increased phosphorylation in the TNF receptor knockouts. Despite this lack of statistical significance
the type Il AEC response was probably not affected by the lack of TNFa signalling following exposure

to high tidal volume ventilation.

The alveolar macrophages also displayed slightly reduced activation in response to high stretch
ventilation with diminished MK2 activation in the TNF receptor knockouts. This suggests that rapid
TNFa signalling could be responsible for the activation of alveolar macrophages in response to
stretch. This could occur through the interaction of membrane-bound TNFa on the alveolar
epithelium with p75 receptors on the alveolar macrophage surface, brought into contact through the
stretching of the alveolar surface. Alternatively, as discussed earlier, membrane TNFa can be rapidly

cleaved by TACE giving TNFa the potential to act as a soluble mediator.

A study from our research group found that TACE expression was not upregulated during a 3-hour LPS
stimulation of human monocytes, but importantly TACE activity was significantly increased within
15 minutes (Scott et al. 2011). Although this 15-minute time point was the earliest studied in these
experiments, it is feasible that TACE activity could be induced even faster. This study suggested that
such rapid regulation could be achieved through post-translational modification mediated by reactive
oxygen species (ROS) and the p38-MK2 MAP kinase pathway (Scott et al. 2011). Another study
stretched cardiomyocytes at 10% constant strain and detected phosphorylation of TACE at a specific
tyrosine residue which promotes activity within just 5 minutes (Niu, Wang, and Li 2015). The same
group have also looked at TNFa release from murine myoblasts and found a slight increase in TACE

activity after 5 minutes of static stretch that became significant within 30 minutes (Niu et al. 2013).

The results from these studies suggest that TACE activity has the potential to be up-regulated within
the timescale of our experiments. This could indicate that the shedding of TNFa from the AEC surface
could be a potential mechanism by which alveolar macrophages become activated in response to high
stretch ventilation. However, this mechanism remains speculative and probably involves other
signalling pathways since the alveolar macrophages still demonstrated a trend for activation in the

TNF receptor double knockout mice.

Knockout strains

The use of TNF receptor knockout mice in this chapter allowed us to study a lack of TNFa signalling

without the need for pre-treatments with possible confounding factors. The main advantage of
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knockout mice is that the target gene can be disrupted specifically and efficiently. However the
disadvantage of genetically modified mice is that they can develop compensatory mechanisms
whereby alternative signalling pathways may be up-regulated. They may respond to stimuli using
such alternative signalling pathways that would not normally be activated and can therefore hide the
effects of the knocked-out gene. For these reasons, the results of experiments performed using

knockout mice should be interpreted with caution.

Conclusions

The data presented in this chapter suggest a role for TNFa signalling in the rapid activation of
parenchymal cells following intratracheal instillation of LPS. The role of TNFa in the initiation of
inflammatory signalling in response to high tidal volume ventilation remains unclear despite it being

frequently implicated in the longer-term derangements of VILI.
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CHAPTER SEVEN

CELL STRETCHING IN VITRO

7.0 Chapter summary

In this chapter, an in vitro model of VILI was developed to investigate the involvement of soluble
mediators in the activation of alveolar macrophages. In an in vivo setting, it is impossible to know
which cell types have released the soluble mediators that are detected in BAL fluid following injurious
mechanical ventilation. However, an in vitro cyclic stretching device was utilised in the experiments
presented in this chapter, which enabled the examination of cell types in isolation. Pulmonary
epithelium and brain endothelium cells were subjected to stretch in vitro and the media was analysed
for ATP, TNFa and IL-6 content. Murine lung epithelial (MLE) cells were found to release significant
levels of the DAMP ATP during 15 minutes of cyclic stretching. These experiments indicated that ATP
is capable of being released very rapidly into the extracellular space in response to cyclic stretching

and could therefore play a role in the initial activation of alveolar macrophages in VILI.

7.1 Background

An in vitro protocol was developed so that pulmonary cells types could be studied in isolation. This
would make it easier to determine which cells types were responsible for the release of any soluble
mediators that may be involved in the initiation of inflammatory signalling in VILI. Previous work
investigating the activation of intracellular cell signalling pathways in cells cultured in vitro has been
performed using Western blotting. However we wanted to develop a protocol in which we could
recover cells from culture plates whilst retaining their integrity for analysis by flow cytometry. This
novel method would provide many advantages over Western blotting, including not only quantitative

results but also the possibility of looking at co-cultures of two cell types.
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The murine monocyte/macrophage RAW cell line has been previously shown to display activation of
the p38 and ERK1/2 MAP kinase pathways as well as the NF-kB pathway in response to LPS (Chen et
al. 2013; Srivastava et al. 2009; Beinke et al. 2004; Chen and Wang 1999; Rao, Meighan, and Bowman
2002; Sanghera et al. 1996; Swantek, Cobb, and Geppert 1997; Barbour et al. 1998). This cell line was
used in pilot studies using LPS stimulation as a positive control for developing a protocol to recover

cells from culture plates and analyse them by phospho-flow cytometry.

The human pulmonary epithelial the A549 cell line has been most frequently used to study signalling
in response to stretch in the literature. Li et al. stretched A549 cells at 20 cycles per minute up to
15% strain and noted increased activation of p38, ERK1/2 and NF-kB within 15 minutes (Li et al. 2003).
Another study that stretched A549 cells up to 15% strain reported increased NF-kB translocation into
the nucleus and degradation of IkB within just 10 minutes (Ning and Wang 2007b). A549 cells were
used in the present study to confirm that the findings in murine cells were relevant to human cells. In
addition, A549 cells grow more uniformly and have been frequently used in cyclic stretching
experiments compared with MLE cells, which to my knowledge have only been reported to have been

used in one stretching experiment (Dai et al. 2013).

Although bEnd5 cells specifically have not been used to study intracellular signalling in response to
cyclic stretch, other pulmonary endothelial cell lines have been utilised for such experiments. Human
pulmonary microvascular endothelial cells (HPMVECs) were found to respond to 20% strain at 50
cycles per minute within 5 to 10 minutes through increased phosphorylation of p38 (lwaki et al.
2009). In another study, rat pulmonary microvascular endothelial cells (RPMVECs) were shown to
demonstrate increased phosphorylation of p38 and ERK1/2 within 5 minutes exposure to 18% strain

at 20 cycles per minute (Abdulnour et al. 2006).

There is some evidence that pulmonary endothelial cells are capable of releasing soluble
inflammatory mediators when stretched in vitro. HPMVECs mentioned above were found to secrete
IL-6 and CCL2 when subjected to 20% cyclic strain for 12 hours. This study also reported secretion of
CXCL8 within the much shorter timescale of 3 hours that was dependent on time and strain and
coincided with an increase in CXCL8 mRNA within 1 hour (Iwaki et al. 2009). Another study showed
secretion of CXCL8 and CCL2 by primary human umbilical vein endothelial cells (HUVECs) following 24
hours of 15% cyclic strain, which was accompanied by increases in mRNA of both soluble mediators

within 3 hours (Okada et al. 1998).

Many more studies have noted soluble inflammatory mediator release by pulmonary epithelial cells in

response to being stretched in vitro. CXCL8 production in particular has been frequently studied in
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stretched epithelial cells, often A549 cells, and has been detected following various periods of
stretching from 1 to 24 hours (Pugin et al. 1998; Vlahakis et al. 1999; Oudin and Pugin 2002; Jafari et
al. 2004; Li et al. 2003; Ning and Wang 2007b; Ning and Wang 2007a). Primary rat type Il AECs have
been shown to release various mediators including nitrite and eicosanoids, and to express COX-2
within 12 hours of exposure to 30% cyclic strain (Hammerschmidt et al. 2005). One of the earliest
time points studied was in primary rat foetal lung epithelial cells subjected to 17% cyclic strain. This
study analysed the culture medium by mass spectrometry and found 5-fold increases in the levels of

prostaglandins and arachidonic acid within just 10 minutes (Copland et al. 2006).

Another potential soluble mediator within the alveolar space is ATP, which has been shown to be
released from A549 cells following just a single second 21% stretch with local concentrations reaching
up to 10puM within 10 seconds (Grygorczyk, Furuya, and Sokabe 2012). This study describes the
fastest release of a soluble mediator by epithelial cells which makes ATP a candidate for the rapid
initiation of inflammatory signalling in alveolar macrophages in response to high tidal volume

ventilation.

It is clear from the previous work described here that pulmonary epithelial cells are capable of rapidly
releasing soluble inflammatory mediators. However it is not known whether these soluble mediators
could play a role in the very early stages of VILI in which inflammatory signalling is initiated in alveolar
macrophages. To our knowledge, only one group has investigated this theory, with inconclusive
results. Frank et al. ventilated rats at 30ml/kg for short lengths of time before collecting BAL fluid and
transferring it onto naive alveolar macrophages for 18 hours (Frank et al. 2006). They found that BAL
fluid taken from rats ventilated for 20 minutes induced a significant increase in nitrite production
within the primary alveolar macrophages. When they tried to replicate these results in vitro they
found that culture medium from primary alveolar macrophages or type Il AECs stretched in isolation
for 30 minutes was not capable of inducing nitrite production in naive macrophages. However when
primary alveolar macrophages and type Il AECs were stretched in co-culture, the culture medium

induced significant nitrite production by alveolar macrophages (Frank et al. 2006).

The researchers from this study suggested that both soluble mediators and contact-dependent
mechanisms may be important in cellular activation during the initiation of VILI. The study of soluble
mediators is difficult in vivo as it is impossible to determine the cellular source, therefore we
developed an in vitro model to identify a potential soluble mediator involved in the initiation of

inflammatory signalling in VILI.
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7.2 Aims

The aim of the experiments in this chapter was to set up an in vitro model for the study of soluble
mediators in VILI. This model would be used to determine whether isolated pulmonary parenchymal
cells are capable of secreting soluble mediators of inflammation in response to a short period of

stretching.

7.3 Protocol

Pilot experiments

In pilot experiments, the murine monocyte/macrophage RAW cell line was stimulated with 1pg/ml
LPS (E. coli 0111:B4) for 15 minutes with the aim of detecting cellular activation via phospho-flow
cytometry. The usual method for detecting activation of intracellular signalling pathways in vitro is by
Western blotting, however we wished to use phospho-flow cytometry, as this is a rapid and more
informative method that could also be used to study cell co-cultures. We therefore developed a

protocol to fix and recover cells that were attached to the bottom of culture plate wells.

Cell stretching in vitro

A549, MLE and bEnd5 cells were plated onto type | collagen coated BioFlex® 6-well culture plates
(Flexcell International) approximately 36 hours prior to stretching and were serum starved (0.6-
1.2g/ml new-born calf serum) for 12 hours prior to stretching to limit cell proliferation. Cells were
stretched at around 90% confluence and in the presence of 1ml fresh low-serum media in an
incubator at 37°C and 5% CO, for 15 minutes. Cells were stretched at 20 cycles per minute reaching a

maximum strain of 13% and were compared with non-stretched cells.

Sample collection

Following the 15 minute stretch protocol, plates were placed directly onto ice and the media was
aspirated and divided into two Eppendorf tubes on ice with one containing an ecto-ATPase inhibitor
ARL at 250uM (Tocris). Media was immediately replaced with ice-cold phosphatase inhibitor cocktail
(Calbiochem) that had also been used in in vivo experiments. Then cells were gently scraped from the
surface of the well and added to ice-cold BD Cytofix/Cytoperm (BD Biosciences) to incubate for
10 minutes on ice before being washed twice and re-suspended in perm-wash buffer for analysis by
flow cytometry. Supernatant samples were washed once to remove any contaminating cells and

were stored in aliquots at -80°C for later use in assays.
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ATP Assay

Samples collected from cells stretched in vitro for 15 minutes were analysed using the ATPlite
Luminescence ATP Detection Assay System (Perkin Elmer), which is described in more detail in
Chapter 2: Methods & Materials. Briefly, samples were stored in the presence of ARL, an ecto-ATPase
inhibitor to prevent ATP breakdown. ATP could then be quantified using the ATPlite kit that utilises an
ATP-dependent luciferase reaction to produce light that is proportional to the concentration of ATP in

the sample. Standard curves for ATP assays are displayed in Figure 7.1.
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Figure 7.1

ATP Standard Curves for ATP detection in supernatant from cells stretched for 15
minutes (Figure 7.9)
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Different standard curves were required for samples from each cell type due to the use of different
culture medium.
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ELISA

Colorimetric ELISAs were performed on media samples from stretched and non-stretched MLE cells to
measure the TNFa and IL-6 content as per the manufacturer's instructions. The optical density of

each sample was then measured by a microplate reader set at 450nm.

Flow cytometry of cell cultures

Identification of pure populations such as cell lines from in vitro studies by flow cytometry does not
the require detection of specific cell surface markers but should exclude noise and cell debris. A549
cells were identified based on their auto-fluorescence and size alone (Figure 7.2), whilst MLE cells
were identified based on their expression of EpCAM and T1-alpha (Figure 7.3), and bEnd5 cells were
identified based on their expression of CD105 and CD31 (Figure 7.4).

Within these three populations, phosphorylation of MAP kinases p38, MK2 and ERK1/2 and the
transcription factor NF-kB were measured. In addition, expression of ICAM-1 protein was also
measured (CD54-FITC; 3E2; BD Biosciences) (with unstained control subtracted) as an additional

marker of cellular activation.

Figure 7.2 A549 cells identified by auto-fluorescence and size
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It is possible to not use any cell identification markers when analysing a pure population of cells as
they stand out very clearly from noise and cell debris. This method identified 83.5% of the total events

as A549 cells in this representative plot, suggesting there was little debris in the sample.
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Figure 7.3 MLE cells identified by EpCAM and T1-alpha
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This gating protocol identified between 85-90% of the total events as MLE cells in these representative
plots, which again suggests little debris within the sample. Interestingly there appeared to be two
populations in the control samples (T1-alpha intermediate and high) that seemed to merge into a

single population expressing high levels of T1-alpha with increased length of cyclic stretching.
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Figure 7.4 bEnd5 identified by CD105 and CD31 staining
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This gating strategy identified 68.2% of the total events to be bEnd5 cells in this representative plot.
The increased debris in this sample may be due these being a more fragile cell type or could be due to

non-uniform expression of the endothelial markers used.

7.4 Results

Pilot experiments were conducted using RAW cells stimulated with LPS, which was expected to
provide a good positive control for the development of a method measuring activation of intracellular
signalling by phospho-flow cytometry in cells cultured in vitro. Following 15 minutes of LPS
stimulation, the RAW cells displayed significant increases in phosphorylation of p38 and NF-kB
(Figure 7.5). Invivo stimulation of alveolar macrophages following intratracheal LPS also induced
activation of MK2 and ERK1/2 at this time point (Chapter 3). However it is very difficult to compare
these results given the different doses of LPS, differences in intercellular communication and
environment of the two different cell types. Despite this, we could be confident that our protocol

was capable of detecting activation of intracellular signalling within cells stimulated in vitro.
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Figure 7.5 Cellular activation of RAW cells following 15 minutes LPS stimulation
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RAW cells exposed to LPS for 15 minutes demonstrated significant increases in phosphorylation of p38

and NF-kB. N=6. Data were analysed by t-test and are displayed as mean + SD.

Having successfully recovered cells from culture plates for phospho-flow cytometric analysis, the
effects of stretching isolated pulmonary parenchymal cells in vitro was investigated. A549 cells were

stretched for 15 minutes, however no significant signs of activation were found in any of the markers

(Figure 7.6).
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Figure 7.6 Cellular activation of A549 cells following 15 minutes cyclic stretch
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A549 cells did not show any significant signs of cellular activation based on the five markers studied
following 15 minutes of cyclic stretch. N=6. Data were analysed by t-test and are displayed as

mean + SD.

As for the A549 cells, the MLE cells also did not display any significant signs of activation following

15 minutes of cyclic stretch (Figure 7.7).
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Figure 7.7

MLE cells did not show any signs of cellular activation based on the five markers studied following

15 minutes of cyclic stretch. N=5. Data were analysed by t-test and are displayed as mean + SD.

The bEnd5 cells did display changes in phosphorylation of some of the activation markers though not
in a manner that was expected. MK2, ERK1/2 and NF-kB all demonstrated significant decreases in
activation (Figure 7.8). p38 phosphorylation remained unchanged despite the significant decrease in

MK2, whilst expression of ICAM-1 also remained unaltered between the non-stretched and stretched
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Figure 7.8 Cellular activation of bEnd5 cells following 15 minutes cyclic stretch
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bEnd5 cells showed significant decreases in the phosphorylation levels of MK2, ERK1/2 and NF-kB
following 15 minutes of cyclic stretch. N=5, *p<0.05. Data were analysed by t-test and are displayed

as mean + SD.

We went on to measure the ATP content within the media samples collected from the stretched and
non-stretched cells. Media was exchanged for fresh media immediately prior to the 15-minute

exposure period and therefore any ATP detected must have been released during the experiment.
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Significant increases in ATP release were found from all 3 cell types in response to cyclic stretch for
15 minutes (Figure 7.9). The A549 cells which were not found to demonstrate activation of
MAP kinase or NF-«kB signalling nor increased ICAM-1 protein expression; were found to release
975nM ATP into 1ml of media, a 3.3-fold increase compared with baseline. We can estimate that a

total of 495ng ATP was released into the media, approximately 0.25pg per cell.

The MLE cells, which were also found not to demonstrate signs of cellular activation by phosho-flow
cytometry, released 517nM ATP (6.7-fold increase) within 15 minutes exposure to cyclic stretch. This
corresponds to a total of 262ng ATP or 0.13pg per cell. The bEnd5 cells, which demonstrated
significant decreases in activation of MAP kinase and NF-kB signalling, were found to release over
160nM ATP (4.7-fold increase) into the supernatant following 15 minutes of cyclic stretch (Figure 7.9).

This corresponds to a total of 85ng ATP and 0.04pg per cell.

In addition to ATP, media samples from stretched and non-stretched MLE cells were also analysed by
ELISA for the presence of TNFa and IL-6. However, the samples were found to contain no detectable

levels of either soluble mediator.
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Figure 7.9 ATP in supernatant from cells stretched for 15 minutes

A549

2000+

1500-
ATP (nM) 10004 L

500+ %
O |

Cor.1trol Strétch

MLE

*k%k

800-
|

6001
ATP (nM) 400

200+
—5

Control  Stretch

Bend5

300 1

2004
ATP (nM)  100{

-100

Corl1trol Strétch

Significant levels of ATP were detected in the supernatant of stretched cells compared with static
controls. N=5, *p<0.05, **p<0.01, ***p<0.001. Data were analysed by t-test and are displayed as

mean + SD.
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7.5 Discussion

In this chapter, a model was developed that enabled the assessment of MAP kinase activation in cells
stimulated in vitro. Detection of MAP kinase signalling enabled the exploration of how quickly cells
become activated as these pathways are involved in the initiation of inflammatory signalling, which is
more commonly measured in terms of secreted soluble mediators at much later time points. The
effectiveness of this method was demonstrated in RAW cells stimulated with LPS, prior to assessing
MAP kinase activation in cells stretched in vitro. Another advantage of this in vitro model was the
ability to study single cell types in isolation, which enabled us to identify the cell source of released

soluble mediators that would not be possible in vivo.

Unfortunately, none of the cell lines stretched in vitro demonstrated MAP kinase or NF-kB activation
following 15 minutes of cyclic stretching. This was an unexpected result given that the epithelial and
endothelial cells had been very responsive to mechanical ventilation in vivo. Cells lines are easier to
culture and maintain compared with primary cells, however, it is known that they can behave
differently. The A549 cell line in particular, has been used in previous cell stretching experiments, and
activation of MAP kinase and NF-kB signalling pathways have been detected within 15 minutes by
Western blot (Li et al. 2003; Ning and Wang 2007b). Reports of stretching MLE cells has only been
reported once (Dai et al. 2013), whilst there are no reports of bEnd5 cells being subjected to cyclic

stretch.

The MLE cells did demonstrate a change in phenotype within the 15 minutes of exposure to cyclic
stretching to express more T1-a, a typical marker of type | AECs, which may be an indication that they
were activated during this time. The bEnd5 cells actually appeared to demonstrate a decrease in
phosphorylation level of a number of markers, but the interpretation of this is not clear. None of the
cell lines demonstrated changes to their cell surface ICAM-1 expression, which may have been simply
due to the short timescale of the experiments. It may be that events observed in vivo may require
more time to occur in an in vitro setting, and therefore it would be interesting to repeat these

experiments under longer timescales.

ATP release

Despite the apparent lack of activation of intracellular signalling pathways, we were able to detect the
release of ATP into the media. Each of the cell lines was found to secrete significant levels of the
DAMP ATP, which can act as a pro-inflammatory mediator in the extracellular space. ATP release can

be an active process in stimulated cells, or can occur as a result of cell death and subsequent release
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of ATP from the cytosol. Several mechanisms have been proposed to be involved in the active
secretion of ATP including exocytosis of ATP-containing vesicles, or via nucleotide transporters

(Schwiebert and Zsembery 2003).

One of the most commonly described mechanisms is via connexin hemichannels, which are
uncoupled gap junction channels. Cotrina et al. demonstrated that gap junction deficient cell lines,
when forced to express connexins, showed enhanced ability to secrete ATP (Cotrina et al. 1998).
Leybaert et al. suggested that connexin hemichannels might be involved in ATP release into the
extracellular space in response to activation of intracellular InsP; signalling (Leybaert et al. 2003).
They found that the connexin mimetic peptide Gap26, which interacts with connexin-43, did not
affect gap junction coupling, but did prevent ATP secretion in a number of endothelial and epithelial
cell lines (Leybaert et al. 2003). This mechanism of active ATP secretion has also been found to exist
in human neutrophils, in which ATP release can be inhibited using connexin mimetic peptides
(Eltzschig et al. 2006). Pannexin channels, which are similar to connexin hemichannels, have also
been associated with active ATP release into the extracellular space (Richter et al. 2014; Ohbuchi et

al. 2014).

The concentrations of ATP detected in the media samples following 15 minutes cyclic stretching were
within the nanomolar range, corresponding to picomolar amounts of ATP released per cell. Given
that a single cell contains ATP within its cytosol in the millimolar range; it seems unlikely that the ATP
release observed in the current experiments was the result of cell death. The release of ATP in
response to stretch could provide a very rapid means of communication between the epithelium and

alveolar macrophages and is explored further in the next chapter.

Conclusions

The in vitro experiments reported in this chapter were designed to separate the individual steps in the
activation of alveolar macrophages in response to mechanical ventilation. Despite promising results
from Chapter 6 which indicated that TNFa could be a potential mediator involved in the early
activation of alveolar macrophages, we detected no TNFa release from MLE cells stretched in vitro for
15 minutes. However, all three of the cell lines demonstrated significant ATP release within
15 minutes of cyclic stretching, suggesting that ATP is a potential mediator involved in the activation

of alveolar macrophages.
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CHAPTER EIGHT

ATP SIGNALLING IN THE INITIATION OF VILI

8.0 Chapter summary

Several damage-associated molecular patterns (DAMPs) have been associated with the pathogenesis
of inflammatory conditions including VILI. ATP is one such DAMP that has been frequently implicated
in inflammation through signalling via the P2X; receptor, which is activated by high concentrations of
extracellular ATP. Increased levels of ATP have been detected in the BAL fluid of mechanically
ventilated mice, and have been shown to induce pulmonary oedema. Inhibition of ATP signalling can
attenuate certain aspects of VILI; however it remains unknown which cell type is the source of ATP
and whether it could be the initial signal responsible for the activation of alveolar macrophages in
response to stretch. We found increases in the ATP content of BAL fluid from mice ventilated with a
high tidal volume for just 5 minutes, which is the earliest known detection of ATP release in response
to mechanical ventilation. We also demonstrated that ATP instilled intratracheally can induce MAP
kinase signalling in alveolar macrophages within just 5 minutes. Finally, we attempted to inhibit ATP
signalling by pre-treating mice with the A-839977 P2X; receptor antagonist but found that the vehicle

DMSO induced confounding effects that prevented true interpretation of the experiments.

8.1 Background

We have discovered that alveolar macrophages demonstrate cellular activation in response to high
tidal volume ventilation in vivo within just 5 minutes, following activation of the lung parenchyma
which occurs within 1 minute. Soluble mediators are a possible mechanism by which stretch-induced
signalling in AECs could be communicated to the non-structural alveolar macrophages. However, the

timescale under which we have observed alveolar macrophage activation limits the potential soluble
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mediators to those that can be released within just minutes. Such a soluble mediator would
therefore need to be already present in considerable quantities within the cell, ruling out several
mediators such as most cytokines which require a considerable amount of time to become up-

regulated, synthesised and secreted.

A potential group of signalling molecules are damage-associated molecular patterns (DAMPs), which
are danger signals released in response to cell injury or death. These DAMPs are endogenous
molecules which under normal conditions have intracellular roles in the normal functioning of the cell
or may be part of the extracellular matrix. Several DAMPs have been implicated in the pathogenesis
of VILI (Kuipers et al. 2011) including a component of the extracellular matrix hyaluronan (Bai et al.
2005; Mascarenhas et al. 2004) and nuclear chromatin-associated protein high-mobility box group-1

(HMGB1) (Ogawa et al. 2006; van Zoelen et al. 2008).

Another DAMP that has been associated with the development of VILI and is also known to be very
rapidly released in response to stretch in vitro is ATP. Primary human airway smooth muscle and lung
fibroblasts have been found to release significant amounts of ATP in response to 10 to 15 minutes of
cyclic stretching (Takahara et al. 2014; Murata et al. 2014). In addition, rat lung epithelial (RLE) and
A549 cells have also been shown to release ATP into the culture medium with concentrations
reaching 30nM within just 10 minutes of exposure to cyclic stretching (Belete et al. 2011). Another
study demonstrated even faster ATP release by A549 cells in response to a single 1 second stretch at
21% strain (Grygorczyk, Furuya, and Sokabe 2012). In this study ATP release, observed by real-time
imaging, was detected within 1 second and reached a peak concentration within 10 seconds, before
decaying after 2 to 3 minutes. Interestingly, ATP was found to be released by only a few cells within
the field of vision yet local concentrations often exceeded 10uM and could reach cells located up to
150um away (Grygorczyk, Furuya, and Sokabe 2012). These studies demonstrate the potential for
ATP to be very rapidly released in response to stretch and in high enough concentrations to be able to

act in a paracrine manner within the alveolar space.

The primary role of intracellular ATP is in energy metabolism, however once in the extracellular space
ATP becomes a potent signalling molecule. ATP has been found to propagate calcium waves in
surrounding cells via P2Y receptor signalling (Homolya, Steinberg, and Boucher 2000). Within the
healthy lung, ATP is known to play a role in the regulation of surfactant secretion via a paracrine
mechanism involving P2X; receptor signalling (Mishra et al. 2011; Patel et al. 2005). In these studies,
extracellular ATP concentrations of up to 50nM were reported to be secreted by type | AECs in

response to stretch which was then able to stimulate surfactant secretion by type Il AECs.
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In an injured lung, ATP is also regarded as a mediator of inflammation via activation of the NLRP3
inflammasome (Vitiello et al. 2012), an effect which is specifically associated with signalling through
the P2X; receptor (Figure 8.1). In vitro, extracellular ATP has been shown to induce secretion of IL-1
in LPS-stimulated human macrophages (Ferrari et al. 1997) and this has also been confirmed in vivo in
mice lacking the P2X; receptor which could express pro-IL-18 but were unable to release the mature
cytokine in response to ATP stimulation (Solle et al. 2001). More recently, increased levels of ATP in
the BAL fluid of patients (up to 17nM) have been found to correlate with increased severity of
pulmonary fibrosis (Riteau et al. 2010). This study also reported concentrations of up to 1000nM ATP
in the BAL fluid of bleomycin-treated mice. These studies show that ATP can be released into the BAL
fluid at high concentrations in response to injury under both experimental and clinical settings and is

capable of mediating cytokine release.
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Figure 8.1 P2X; Signalling and Inflammation

S Protein-protein interaction

“~.of Pannexin with P2X
. J

Proinflammatory
cytokine

* INFLAMMATION

P!D | u!s. [Ti:uj [c!x-z' ( Pl-izj Eﬁi

INFLAMMATION

Figure adapted from (Mehta et al. 2014).

Further studies investigating ATP in ARDS models have found that inhibition of ATP signalling is
beneficial. Moncao-Ribeiro et al. found that knockout mice lacking the P2X; receptor demonstrated
reduced immune cell migration into the lungs and a reduction in soluble mediators within the BAL
fluid, measured 24 hours following intratracheal instillation of LPS (Moncao-Ribeiro et al. 2011). In
another mouse model, high concentrations of ATP in the BAL fluid were found to correlate with
neutrophil recruitment that peaked at 3 days following intratracheal instillation of LPS and was
inhibited by an ecto-ATPase (Shah et al. 2014). This study also showed that instillation of ATP alone

could promote neutrophil recruitment to the lungs within 24 hours and suggested that ATP acts as a
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chemoattractant for neutrophils to sites of injury. This theory is supported by an earlier study in
which systemic administration of the non-hydrolysable ATP analogue ATPYS was said to confuse
neutrophils and attenuate their ability to migrate towards the LPS-treated lung (Kolosova et al. 2008).
The effect of ATP on neutrophil recruitment could also be due to the disruption of the alveolar
barrier, as the potent P2X; receptor agonist BzZATP has been shown to induce cell death in a type I-like

AEC line (Guo et al. 2014).

In a study by Rich et al. ATP was found to be released into the BAL fluid of rats at concentrations of up
to 39nM following 30 minutes of ventilation at 38ml/kg with no PEEP (Rich et al. 2003). They also
found that intratracheal instillation of ATP followed by low tidal volume ventilation resulted in
pulmonary oedema leading them to conclude that ATP release during mechanical ventilation is
responsible for the accumulation of oedema (Rich et al. 2003). The same group later reported
increased BAL fluid ATP levels of up to 90nM following ventilation of rats for 60 minutes at 40ml/kg
without PEEP, and also found that intratracheal instillation of the ATPase apyrase reduced the release

of IL-6 into the BAL fluid (Douillet et al. 2006).

Matsuyama et al. reported a four-fold increase in relative luminescence units (RLU) for ATP in BAL
fluid following 60 minutes of ventilation in mice with 40ml/kg and no PEEP (Matsuyama et al. 2008).
This group also showed that administration of a P2 antagonist PPADS reduced IL-6 secretion into the
BAL fluid. As had been reported previously, instillation of ATP directly into the lungs induced injury
characterised by immune cell infiltration, increased permeability and expression of inflammatory
cytokines within 24 hours which could all be attenuated by PPADS, suggesting that ATP was inducing

injury via purinergic signalling (Matsuyama et al. 2008).

ATP levels in the BAL fluid of an isolated-perfused rat lung were found to increase after being held at
15cmH,0 for just 15 seconds (Kiefmann et al. 2009). This ATP release induced calcium oscillations in
alveolar epithelial and endothelial cells via purinergic receptors. Briva et al. also studied ATP signalling
in an isolated perfused rat lung and demonstrated ATP release of up to 24uM into the BAL fluid
following ventilation at 35ml/kg with no PEEP for 35 minutes (Briva et al. 2011). The vast differences
in ATP concentrations reported in BAL fluid are likely to result from different dilution factors as a

result of the BAL procedure and the different methodologies used to quantify ATP.

These studies all show that ATP is released in response to high tidal volume mechanical ventilation
in vivo and additionally show that ATP release in response to stretch in vitro can be very rapid. ATP
has also been shown to induce MAP kinase signalling and could therefore be responsible for the early

MAP kinase activation we detected in response to stretch. In the murine monocyte/macrophage
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RAW cell line, 1ImM of ATP has been shown to induce p38 and ERK1/2 activation within 15 minutes
(Kawano et al. 2012). Another group have detected MAP kinase activity in the RAW cell line in
response to 250uM BzATP, an agonist of the P2X; receptor with 5 to 10-fold more potency than ATP.
This group reported finding p38 activation within just 2 minutes and ERK1/2 activation within
5 minutes (Pfeiffer et al. 2004) whilst another group found ERK1/2 activation within 2 minutes, which

they found to be much faster than LPS-induced MAP kinase activation (Aga et al. 2004).

The current literature suggest that ATP is a potential soluble mediator in the initiation of VILI due to
its extremely rapid release in response to stretch, being released into the alveolar space at
concentrations sufficient for paracrine communication, and finally being implicated in several

downstream aspects of lung injury.

8.2 Aims

The aim of this chapter was to elucidate the role of ATP signalling in the initiation of inflammation in
VILI. Having detected ATP release from pulmonary parenchymal cells stretched in vitro in the
previous chapter, we wanted to see if these results could be replicated in vivo. Further experiments
would then be performed to investigate whether this ATP has the potential to induce rapid cellular
activation of alveolar macrophages, starting with RAW cells and isolated primary alveolar
macrophages to determine the appropriate dose and timings before moving onto in vivo experiments.
Finally, if these results yielded positive results then the effects of inhibiting ATP signalling on the

initiation of inflammatory signalling in VILI would be investigated.

8.3 Protocol

ATP content of BAL fluid

Following 5 minutes of low or high stretch ventilation, a BAL was performed to measure the ATP
concentration. The BAL was performed using 550p! ice-cold PBS (without Ca”*) containing 250uM ARL
(an ecto-ATPase inhibitor) to preserve the ATP content. Approximately 300ul of BAL fluid was
withdrawn and washed to remove contaminating cells and kept on ice for up to one hour before
analysis. Various known concentrations of ATP solutions were used to create a standard curve
(Figure 8.2) were added alongside samples to a white 96 well plate in duplicate. The ATPlite
luminescence assay was run as instructed by the manufacturer’s instructions and ATP was measured

using a luminometer.
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Figure 8.2 ATP standard curve for detection of ATP in BAL fluid following 5 minutes high stretch

ventilation
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ATP stimulation of RAW cells

Cells were stimulated with 100uM ATP disodium salt (Tocris Bioscience) for time lengths of 5, 15 and
20 minutes. At the end of the stimulation period, the ATP solution was removed from wells and
replaced with warm fixation buffer (BD Cytofix/Cytoperm) in which the cells were incubated for
10 minutes at 37°C. The cells were then recovered from the wells using a CytoOne Cell Scraper
(Starlab, Milton Keynes, UK). Cells were centrifuged twice at 450g for 5 minutes at 4°C and
re-suspended in perm-wash buffer for analysis by flow cytometry. RAW cells were distinguished from

noise and cell debris by gating on CD45 and CD11b positive cells as illustrated in the previous chapter.

Harvesting and stimulation of primary alveolar macrophages

Mice were euthanised by overdose with pentobarbital (Merial Animal Health Ltd, Essex, UK) given
intraperitoneally followed by exsanguination. Then a BAL was performed using warm calcium-free
PBS with 5mM EDTA (Life Technologies, Paisley, UK). 750ul of this solution was instilled into the lungs
and 500ul was withdrawn and re-instilled twice before finally withdrawing as much as possible. This
process was repeated with fresh calcium-free PBS plus EDTA solution, which was used to reduce
alveolar macrophage adherence. Cells were washed three times to remove EDTA and re-suspended
in calcium-containing PBS with added calcium chloride (5mM). The alveolar macrophages were then
split into two wells of a 24-well plate and left to settle for 45 minutes before experiments were
conducted. Cells were stimulated with 5mM ATP for 5 and 15 minutes or with 100uM for 15 minutes

in PBS before recovery for flow cytometry analysis.
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The cells obtained by BAL fluid from a healthy murine lung consist of at least 80% alveolar
macrophages and therefore the population was expected to be quite pure (Zaynagetdinov et al.
2013). Alveolar macrophages were identified on the flow cytometer by gating on F4/80(+) and
CD11c(+) cells, however, the alveolar macrophages only accounted for 18.5% of the events
(Figure 8.3). This low proportion may have been due to the high level of electrical noise from the flow
cytometer that increases with sample running time, which was necessary for these samples due to
the low cell density. Additionally, there was probably a significant amount of cell debris in the sample

from the scraping process.

Figure 8.3 Identification of primary alveolar macrophages by flow cytometry
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Primary alveolar macrophages made up 18.5% of the total events in this representative dot-plot,
suggesting a large amount of noise in the sample, probably a combination of cell debris from the

scraping process and noise from the flow cytometer.

Intratracheal ATP instillation

As for the intratracheal LPS instillation, the mouse was held upright for the brief duration of the
procedure with an external light source illuminating the vocal chords. A 50ul bolus of ATP (100uM,
5mM or 100mM) was diluted in PBS and was instilled for 5 minutes. Towards the end of the exposure
period, an endotracheal tube was inserted to allow for fast instillation of the phosphatase inhibitor

cocktail and sampling of the lungs for analysis by flow cytometry.
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ATP signalling inhibition

The P2X; receptor antagonist A-839977 (Tocris Bioscience) was dissolved in 50ul DMSO and diluted in
a total volume of 500ul saline and administered via the intraperitoneal route (80mg/kg) 30 minutes
prior to the experiment. Controls were given 50ul DMSO in a total volume of 500ul saline. Control
mice were exposed to 5 minutes of low or high stretch ventilation, and the A-839977 treated mice

were exposed to 5 minutes high stretch ventilation.

8.4 Results

The first aim of the experiments in this chapter was to detect ATP release into the alveolar space
following 5 minutes of high stretch ventilation compared with low. Following 5 minutes of low stretch
ventilation, 47nM of ATP was measured, corresponding to approximately 7.2ng ATP within the 300ul
BAL fluid collected (Figure 8.4). Following 5 minutes of high stretch ventilation, the ATP content of
the BAL fluid increased up to 110nM, corresponding to 16.7ng ATP, a 2.3-fold increase.

Figure 8.4 ATP in BAL fluid following 5 minutes high stretch ventilation
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ATP levels detected in the BAL fluid of ventilated mice were increased following 5 minutes of high
stretch ventilation compared with low stretch. N=5, *p<0.05. Data were analysed by t-test and are

displayed as mean # SD.

RAW cells were used in in vitro studies to identify an approximate length of stimulation time required
to induce cellular activation in a macrophage-like cell. This estimate was to be used for in vivo studies
to investigate whether ATP can stimulate alveolar macrophages when instilled intratracheally. Pilot
studies performed in the previous chapter demonstrated that this RAW cell line was capable of
demonstrating MAP kinase activity in response to LPS. However, 100uM ATP was found not to induce

MAP kinase activation in RAW cells within any of the stimulation times studied (Figure 8.5).
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Figure 8.5 Time course for ATP stimulation of RAW cells

p38
400+ m e Control
300+ = ATP
gMFI 2001 .
1004 _I_
- .
JE® EL 2
-100 ' : '
5mins 15mins  20mins
MK2
15007 e Control
= ATP
1000+ °
gMFI .
500 _{_
e
JFE £ mm
5mins 15mins  20mins
ERK1/2
800, . e Control
6001 % m ATP
gMFI 400
- ..
200 -I» _I_ _}‘I»
0.
-200

5mins  15mins  20mins

No cellular activation was detected in RAW cells stimulated with ATP (100uM) for 5, 15 or 20 minutes.
N=3-4. Data were analysed by t-test, comparing control to ATP for each time point and are displayed

as mean + SD.

Despite varying exposure times, we were unable to detect activation of the RAW cell line in response
to ATP. We therefore decided to look at the sensitivity of primary alveolar macrophages which were
recovered from BAL fluid and stimulated in vitro. We started with the highest ATP concentration

recommended by the group (5mM) and found that phosphorylation of MK2 was significantly

180



increased after 15 minutes. Although p38 did not demonstrate a statistically significant increase in

phosphorylation, there was a trend for an increase in activation (Figure 8.6).

Figure 8.6 Stimulation of primary alveolar macrophages with 5mM ATP for 15 minutes
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Primary alveolar macrophages demonstrated significant activation of MK2 following stimulation with
5mM ATP for 15 minutes. N=3-4, *p<0.05, **p<0.01, ***p<0.001. Data were analysed by t-test and

are displayed as mean #+ SD.

Using the same concentration of ATP (5mM), primary alveolar macrophages were stimulated for the
shorter time of 5 minutes (Figure 8.7). Following 5 minutes ATP exposure, the primary alveolar
macrophages were found to display significantly increased MK2 activation (3.2-fold increase from
baseline) though this activation was slightly reduced compared with the level observed following

15 minutes (Figure 8.4).
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Figure 8.7 Stimulation of primary alveolar macrophages with 5mM ATP for 5 minutes
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Primary alveolar macrophages demonstrated significant activation of MK2 following stimulation with
5mM ATP for 5 minutes. N=4-5 *p<0.05. Data were analysed by t-test and are displayed as

mean + SD.

The primary alveolar macrophages appeared to be more responsive to ATP than the RAW cell line. It
was therefore investigated whether they would be more responsive to a lower dose of ATP. In
response to 15 minutes stimulation with 100uM ATP, the primary alveolar macrophages did not
display significant signs of activation, but did display non-significant trends for increased MK2
(p=0.091) and ERK1/2 (p=0.122) phosphorylation (Figure 8.8). As for the previous in vitro

experiments, NF-kB failed to demonstrate activation in response to ATP stimulation.
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Figure 8.8 Stimulation of primary alveolar macrophages with 100pM ATP for 15 minutes
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100uM ATP for 15 minutes but did show trends for increased phosphorylation of MK2 (p=0.091) and
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ERK1/2 (p=0.122). N=4-5. Data were analysed by t-test and are displayed as mean + SD.

After detecting activation of primary alveolar macrophages when stimulated with 5mM ATP within
5to 15 minutes in vitro, we moved on to look at alveolar macrophage activation following

intratracheal ATP instillation.

However, no significant signs of cellular activation were detected

following instillation of a 50l bolus of 5mM ATP for 5 minutes (Figure 8.9).
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Figure 8.9 Cellular activation following exposure to intratracheal ATP (5mM) for 5 minutes
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No signs of activation were detected following 5 minutes exposure to 5mM ATP instilled

intratracheally. N=4, *p<0.05. Data were analysed by t-test and are displayed as mean + SD.

Although 5mM was the highest recommended dose of ATP in vitro, doses of up to 100mM ATP have
been administered in vivo via the intratracheal route in mice. Therefore, we examined the activity
following intratracheal instillation of the higher dose of 100mM ATP for 5 minutes. In response to this
increased dose, the type Il AECs displayed a significant increase in ERK1/2 activity. However, the
alveolar macrophages displayed the most activation of all cells types with significant activation of p38,

MK2 and ERK1/2 (Figure 8.10).
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Figure 8.10 Cellular activation following exposure to intratracheal ATP (100mM) for 5 minutes
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Considerable activation within alveolar macrophages was detected following 5 minutes exposure to

100mM ATP instilled intratracheally. N=5-6, *p<0.05, **p<0.01. Data were analysed by t-test and are

displayed as mean # SD.

Our final experiments examined the effect of an ATP signalling inhibitor on the induction of alveolar

macrophage activation in response to 5 minutes of high stretch ventilation. This inhibitor was a P2X;

receptor antagonist A-839977 that was delivered systemically and therefore we also examined the

cellular activation of other leukocytes within the lung. These cell types were of interest as we had

discovered that the bEnd5 endothelial cell line was capable of releasing ATP in response to cyclic

stretch.
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Our main focus however, was alveolar macrophages since we hypothesised that ATP may be released
by the AECs and induce activation in alveolar macrophages. In response to 5 minutes of high stretch
ventilation, the alveolar macrophages displayed a non-significant trend for p38 activation (p=0.061)
compared with low stretch (Figure 8.11). Following pre-treatment with the A-839977 inhibitor, this
p38 activity was less apparent compared with the low stretch control (p=0.168). However, there
were no significantly activated markers within the alveolar macrophages to really determine whether
the drug had prevented their activation. This may suggest that the DMSO pre-treatment had

influenced the responsiveness of the alveolar macrophages to stretch.

Following 5 minutes of high stretch ventilation the type | AECs displayed a non-significant trend for
p38 activation (p=0.057) and significant activation of MK2 compared with low stretch which still
became significantly activated in the presence of the A-839977 drug (Figure 8.11). The endothelial
cells also displayed significantly increased MK2 activation within 5 minutes of high stretch, which was

still activated with the administration of P2X; inhibitor pre-treatment (Figure 8.12).
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Figure 8.11 Phosphorylation of activation markers in alveolar macrophages and parenchymal cells
after systemic pre-treatment with P2X; receptor antagonist A-839977 30 minutes prior to 5 minutes of

low or high stretch ventilation
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Alveolar macrophage activation in response to stretch was attenuated in the DMSO pre-treated mice
and therefore the effectiveness of the drug was unclear. N=6, *p<0.05, **p<0.01. Data were analysed

by ANOVA with Tukey HSD and are displayed as mean + SD.

The systemic delivery of this drug meant that it could have had an effect within the pulmonary
vasculature where endothelial cells may release ATP in response to high stretch ventilation according
to our in vitro data. A range of leukocytes including neutrophils and two subtypes of dendritic cells
(Figure 8.12) as well as monocytes (Figure 8.13) were additionally analysed in these experiments. No
signs of activation were detected in neutrophils following 5 minutes high stretch ventilation
(Figure 8.12). However, the CD11b(-) dendritic cells displayed a non-significant trend for NF-kB
activation (p=0.064) following stretch that was non-significantly decreased with the A-839977

pre-treatment (p=0.052). Similarly, the CD11b(+) dendritic cells displayed a significant increase in
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NF-kB activity following 5 minutes of high stretch, that was significantly decreased by the A-839977

inhibitor (Figure 8.12).

Figure 8.12

Phosphorylation of activation markers in neutrophils and dendritic cells after systemic

pre-treatment with P2X7 receptor antagonist A-839977 30 minutes prior to 5 minutes of low or high

stretch ventilation
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CD11b(-) and (+) dendritic cells displayed increased NF-kB activation in response to 5 minutes high

stretch ventilation that was decreased in the presence of A-839977. N=6, *p<0.05, **p<0.01. Data

were analysed by ANOVA with Tukey HSD and are displayed as mean # SD.
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Ly6C high monocytes displayed no signs of activation following 5 minutes of high stretch ventilation.
However, the Ly6C low vascular monocytes displayed a non-significant trend for p38 activation
(p=0.058) that was also apparent in the presence of A-839977 (p=0.087). The Ly6C low interstitial
monocytes demonstrated a slight non-significant trend for NF-kB activation between the low and high
stretch control conditions (p=0.163), which was accompanied by a non-significant decrease in NF-kB
activity when ventilated in the presence of the A-839977 inhibitor (p=0.069), compared with control

DMSO treated high stretch ventilation (Figure 8.13).
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Figure 8.13 Phosphorylation of activation markers in monocytes after systemic pre-treatment with

P2X7 receptor antagonist A-839977 30 minutes prior to 5 minutes of low or high stretch ventilation
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The interstitial monocytes displayed a significant decrease in NF-kB activation following 5 minutes of
high stretch ventilation with the A-839977 pre-treatment. N=6. Data were analysed by ANOVA with

Tukey HSD and are displayed as mean # SD.

8.5 Discussion

In this chapter, an increase in ATP content in the BAL fluid was discovered in mice subjected to
5 minutes of high stretch ventilation compared with 5 minutes of low stretch. To my knowledge this

is the earliest reported detection of ATP release into the alveolar space in response to high tidal
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volume ventilation in vivo. The amount of ATP detected was in the 50 to 100 nanomolar range which
is consistent with BAL fluid levels reported in the literature following longer periods of mechanical
ventilation. Similar levels of BAL fluid ATP have also been reported to be released in response to
stretch in vitro (Mishra et al. 2011; Patel et al. 2005). Furthermore, similar ATP levels have been
found in the BAL fluid of patients with pulmonary fibrosis (Riteau et al. 2010), and in BAL fluid from in
vivo models of VILI (Rich et al. 2003; Douillet et al. 2006; Matsuyama et al. 2008).

Only a couple of studies have detected higher levels of ATP in BAL fluid, in the micromolar range. A
study which detected 1uM ATP in the BAL fluid of mice used a standard luminescence assay, and so
we can only speculate that the very high levels of ATP detected were a specific response to the
bleomycin-induced lung fibrosis model (Riteau et al. 2010). A study that detected 24uM ATP in the
BAL fluid of an isolated perfused rat lung ventilated for 35 minutes at 35ml/kg with no PEEP, used
high performance liquid chromatography (HPLC) to quantify ATP levels (Briva et al. 2011) . The high
levels of ATP found in this model may be due to a combination of the advanced technique used to
measure ATP and due to artefacts of the isolated perfused lung system which might lead to an

abnormal accumulation of ATP.

Whilst the majority of studies have detected BAL fluid ATP levels in the nanomolar range, we must not
ignore the massive dilution factor caused by instillation of up to a few millilitres of fluid into the lungs
to be withdrawn for analysis. It can be predicted that the ATP concentration in the local region in
which it is released would be considerably higher than has been detected in very dilute BAL fluid
samples. A study investigating adenosine levels in BAL fluid used urea concentrations in the BAL fluid
to calculate a dilution factor of 75 to 100-fold caused by the BAL procedure. When this dilution factor
was taken into account, they predicted that the adenosine concentration within the normal volume of
alveolar fluid would be 60-70uM (Factor et al. 2007). If we approximate that the BAL fluid ATP in our
experiment was diluted up to 100-fold then we might predict that the ATP concentration within the
surfactant layer could reach 11uM or even higher if the HPLC method provides a more accurate
measurement. Indeed a study using real-time imaging without the need for dilution, showed that a
single stretched A549 cell could release quantities of ATP which reached up to 10uM in the
surrounding area (Grygorczyk, Furuya, and Sokabe 2012).

Beigi et al. developed a method for measuring local concentrations of ATP that involved the
attachment of luciferase to the cell surface, using this technique they measured up to 15uM ATP
released by stimulated platelets, which was 10- to 20-fold higher than when measured by soluble
luciferase (Beigi et al. 1999). Pellegatti et al. had a similar idea and engineered a plasma membrane

luciferase that they transfected into HEK293 cells to show that stretch caused by a change in tonicity
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of the perfusion buffer induced a 4- to 5-fold increase in ATP release (Pellegatti et al. 2005). These
studies all indicate towards a high concentration of ATP release locally, which is greatly diluted by the
BAL procedure. Therefore, we may conclude that ATP is released in sufficient quantities to be able to

induce activation of other cells.

However, we found that 100uM ATP did not stimulate MAP kinase activation of RAW cells. As a
tumour cell line, RAW cells are not expected to respond in the same manner as primary cells and they
can also demonstrate high basal levels of activation, preventing them from responding to lower levels
of stimulation. A previous study was able to demonstrate p38 and ERK1/2 activation within
15 minutes following stimulation of RAW cells with ImM ATP; however the RAW cells had been
primed by pre-incubation with LPS for 4 hours (Kawano et al. 2012). Other studies have used BzATP,
which is an agonist of the P2X; receptor with 5- to 10-fold more potency than ATP (Aga et al. 2004;
Pfeiffer et al. 2004), perhaps suggesting that higher concentrations of ATP than used presently are

required to stimulate RAW macrophages.

Primary alveolar macrophages that were isolated by BAL and stimulated in vitro were found to be
more responsive to ATP than the RAW cell line. This could simply be due to the more physiological
responses of primary cells that can be absent in tumour cell lines such as the RAW cells.
Nevertheless, these results suggested that ATP would be capable of rapidly inducing activation of
alveolar macrophages in vivo. Alveolar macrophages stimulated in vivo were found to require even
higher concentrations of ATP (100mM). This dose does seem high compared with those used in vitro
conditions but this dose has been previously instilled into the lungs of mice that were then returned
to their cages for 24 hours (Matsuyama et al. 2008). The need for the high dose to induce activation
in vivo could be due to the presence of ecto-ATPases which may quickly neutralise the instilled dose

of ATP.

The P2X; receptor, which has been implicated in inflammatory signalling (Solle et al. 2001; Riteau et
al. 2010) is unlike any other purinergic receptor in that it requires an excess of 100uM ATP to be
activated. Within milliseconds of exposure to micromolar concentrations of ATP, the P2X, receptor
opens a non-selective cation channel composed of three transmembrane subunits. However, at
millimolar concentrations of ATP the channel allows the passage of larger organic cations and anions
up to 900 Da. The mechanism for this switch in channel permeability is unknown but evidence for
two theories exists, the first suggests that the channel simply dilates whereas the second suggests

that an additional channel is involved (Alves et al. 2014).
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Despite the need for a high dose of ATP to induce activation in vivo, the alveolar macrophages did
display increased activation of all the MAP kinases compared with just MK2 when stimulated in vitro.
Their activation in vivo may have been enhanced by the biological environment, which may have
provided other mediators or intercellular contacts that may have played a role in their response to
ATP stimulation. The primary alveolar macrophages stimulated in vitro were additionally subjected to
a BAL procedure and the in vitro environment of the plastic well which may have activated them and

then subsequently influenced their sensitivity to further stimulation.

Interestingly, in neither the in vitro nor the in vivo experiments, did ATP stimulation induce NF-«B
activation in the alveolar macrophages, despite significant activation of the MAP kinases. This
reflected the pattern seen in response to high stretch ventilation which failed to induce NF-«B
activation in any cell type within 15 minutes. Therefore it could be said that ATP induced a very
similar pattern of cellular activation within the lung that supports its role as a soluble mediator
involved in activating alveolar macrophages in response to stretch. In line with this theory, ATP
instillation did not induce activation of AECs nor endothelial cells that would be expected to be the

main source of ATP in response to mechanical ventilation.

So far we have found that ATP is released into the BAL fluid following just 5 minutes of high stretch
ventilation and that ATP instilled into the lungs is capable of activating MAP kinase signalling in
alveolar macrophages within 5 minutes. This data suggests that ATP is a potential soluble mediator
involved in the communication of stretch-induced inflammatory signalling between the AECs and
alveolar macrophages. We therefore looked at the effects of a P2X; receptor competitive antagonist
A-839977 on the cellular activation induced by 5 minutes of high stretch ventilation. This drug was
suggested in the literature to be able to penetrate the central nervous system (Friedle, Curet, and
Watters 2010; Honore et al. 2009) and therefore it was considered likely to also be able to enter the
alveolar space if given systemically. This would avoid any negative effect of a fluid bolus on the
respiratory mechanics if it were required to be instilled directly into the lungs. Additionally, the
A-839977 compound was dissolvable only in DMSO which is an irritant, therefore making
intraperitoneal injection the safest route of administration. This drug has been administered to rats
via this route 15 to 30 minutes prior to experimentation in studies reported in the literature (Falk et

al. 2015; Honore et al. 2009).

All mice used in these experiments were exposed to the same amount of DMSO as it was thought to
be a potential confounding factor. Indeed the DMSO pre-treatment did appear to have some effects
on the responsiveness of particular cell types to high stretch ventilation. In addition to this extra

source of variability, the experiments were performed with an n of 6, but a power calculation
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suggested that an n of 7 was required to detect significant changes in cellular activation. This lack of
power is evident in the data in which many trends were observed that did not reach statistical

significance.

The AECs and endothelial cells displayed normal MK2 activity, but displayed reduced ERK1/2
activation in response to high stretch. As expected, this MK2 activity observed was not reduced by
pre-treatment with the A-839977 inhibitor. The parenchymal cells are most likely activated directly in
response to stretch rather than through a secondary mediator, and therefore inhibition of ATP

signalling via the P2X; receptor was not predicted to reduce their activation.

The alveolar macrophages displayed diminished activity following DMSO pre-treatment with reduced
MK2 activation in response to 5 minutes ventilation. This suggests that the drug did gain access to
the alveolar space; however the DMSO had a desensitising effect on the alveolar macrophages. This
model was therefore not very useful to study the importance of P2X; receptor signalling in alveolar

macrophage activation following stretching of the lung parenchyma during mechanical ventilation.

Despite the unclear results from the alveolar macrophages, we did find some interesting results in
some of the other leukocytes analysed in these experiments. Both the dendritic cell subsets displayed
NF-kB activity within just 5 minutes of high stretch ventilation. This was an unexpected finding since
NF-kB activity had not previously been detected in any cell type in response to high stretch ventilation
within the 15-minute timescale studied, despite many reports of its activity at later time points in the
literature. Additionally, the A-839977 drug was found to prevent this activity suggesting that they
were activated via purinergic signalling. To my knowledge, dendritic cells have not previously been
associated with the pathogenesis of VILI. Dendritic cells are thought to be largely located in the
airway tissue and therefore may be subjected to stretch, or may be activated by a secondary

mediator released by the airway epithelium such as ATP as indicated by the inhibition experiments.

A trend was also detected for NF-kB activity within the Ly6C low interstitial monocytes that was also
significantly decreased with the A-839977 pre-treatment. Interstitial monocytes are located within
the interstitial space that is between the AECs and pulmonary endothelial cells, two cell types which
are very sensitive to high stretch ventilation. In this location, interstitial monocytes could be directly
subjected to stretching, or according to the current results, they may be activated in response to ATP
release from either the epithelium or endothelium. Our data seems to suggest that many leukocytes
within the lung may be activated in response to stretch through the release of ATP which is maybe

released by both the epithelium and endothelium.
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CHAPTER NINE

FINAL DISCUSSION

This project investigated the mechanism of alveolar macrophage activation in response to high tidal
volume ventilation leading to VILI. Whilst the involvement of alveolar macrophages during
established VILI has been very well characterised, the events which actually lead to alveolar
macrophage activation in response to an initially structural insult, has not been explored. We
hypothesised that the AECs would be the initial responders to over-distension, as they would be
directly stretched during high tidal volume ventilation. Once activated, we predicted that the AECs

would then communicate with alveolar macrophages to propagate an inflammatory response.

The first aim of the project was to identify how quickly type | and Il AECs, pulmonary endothelial cells,
and alveolar macrophages, respond to high tidal volume ventilation in vivo. By examining which cell
types become activated and when, in response to stretch, we hoped to detect a pattern of cellular
activation that could indicate a direction of communication. We developed a phospho-flow
cytometry protocol that enabled us to quantify the activation of MAP kinase and NF-kB intracellular
inflammatory signalling pathways. We were able to detect cellular activation in specific cell
populations from whole lung samples that had been exposed to a mechanical ventilation protocol for
a precise amount of time. Our initial experiments were conducted using a model of intratracheal LPS
instillation as a positive control for the development of the phospho-flow technique. This model also
provided an interesting comparison to the VILI model, which we hoped would induce distinct kinetics

of cellular activation.

The second aim of the project was to identify the mechanism by which alveolar macrophages become
activated in response to high tidal volume ventilation. Our first hypothesis proposed that alveolar

macrophages may become activated via a direct contact mediated mechanism such as
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communication through intercellular channels, or through macrophages sensing the deformation of
AECs via adhesion molecule interactions. Our alternative hypothesis proposed that the AECs may

rapidly release a soluble mediator that subsequently activates the alveolar macrophages.

Summary of findings

In the LPS-induced lung injury model, alveolar macrophages were discovered to be the sole source of
MAP kinase activation at 5 minutes after LPS instillation. LPS also induced prolific NF-kB signalling in
alveolar macrophages and both type | and Il AECs within just 5 minutes. However, MAP kinase
activation was only detected in epithelial and endothelial cells after 15 minutes of LPS exposure. The
speed of NF-kB activation observed in epithelial cells suggested that this was a direct response to LPS
stimulation. Whereas the MAP kinase activation observed after 15 minutes in epithelial and
endothelial cells, may indicate the involvement of a secondary mediator, probably released by the

alveolar macrophages.

We discovered that TNFa may be the mediator responsible for MAP kinase activation in epithelial
cells in response to LPS stimulation. In TNF receptor knockout mice, we found that LPS did not induce
the MAP kinase activation that was observed at this time point in the epithelial and endothelial cells
of wild type mice. There was also evidence of reduced NF-kB activity in the TNF receptor knockouts.
This data indicates that TNFa signalling is involved in the activation of inflammatory pathways in the

lung parenchyma following LPS instillation into the alveolar space.

In the VILI model, cellular activation was much more widespread following 5 minutes of high stretch
ventilation compared with LPS. Each cell type demonstrated significant activation of MK2 and/or
ERK1/2 after 5 minutes of high stretch ventilation compared with low. In stark contrast to LPS,
mechanical ventilation did not induce NF-kB signalling in any cell type. When LPS and VILI
experiments were conducted for just 1 minute, we found that mechanical ventilation induced
inflammatory signalling faster than LPS. This very rapid activation was observed in type | and Il AECs
in terms of p38 phosphorylation, and most significantly in the endothelial cells, which displayed
activation of all three MAP kinases. Endothelial cells were also discovered to be the most sensitive to

stretch, as they were the only cell type to respond to the moderate tidal volume of 30ml/kg.

These experiments indicated that AECs were activated in response to high tidal volume ventilation
prior to alveolar macrophages. This pattern of cellular activation differed to that induced by LPS,
which not only appeared to be slower, but also induced the most significant activation of markers in

the alveolar macrophages as opposed to the parenchyma. We moved on to investigate our second
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aim which was to identify the mechanism which leads to alveolar macrophage activation in response

to such a short period of mechanical ventilation.

We first explored the contact-mediated hypothesis based on evidence suggesting that alveolar
macrophages can very rapidly become adherent to the alveolar wall following mechanical ventilation
in vivo. A gap junction inhibitor Gap26 peptide (or saline control) was administered to mice
90 minutes prior to exposure to 5 minutes of low or high stretch ventilation. Unfortunately we were
not able to detect the same level of alveolar macrophage activation in the control-treated mice that
was observed in the previous experiments. We suspected that this was an adverse effect of the fluid
bolus and short pre-treatment time. In another attempt to inhibit AM activation, anti-CD18 antibody
was administered, which was expected to be retained within the lung for up to 24 hours, thereby
allowing sufficient time to allow for recovery of respiratory mechanics. However, the isotype-treated
mice also displayed reduced parenchymal cell activation in response to stretch and changes in
respiratory mechanics. We concluded that the anaesthetic protocol and perhaps the isoflurane
exposure specifically, were reducing cellular sensitivity to stretch by increasing the compliance of the

lung with long-lasting effects.

To avoid the confounding effects of this instillation protocol, we used TNF receptor knockout mice to
study the role of TNFa in the initiation of VILI. Whilst these mice showed similar parenchymal activity
to that seen in wild type mice, they demonstrated reduced activation of alveolar macrophages.
However, the macrophages did still display a trend for activation, perhaps suggesting that TNFa may
be involved in the initiation of inflammatory signalling, but probably in combination with other

mediators.

In search of these potential mediators, experiments were conducted in vitro to study cell types in
isolation, which provided a simplified system for identifying the possible cell source. The
phospho-flow cytometry protocol for measuring activation of intracellular signalling molecules was
adapted for use on cells cultured in vitro. A human lung epithelial cell line (A549), murine lung
epithelial (MLE) and brain endothelial (bEnd5) cells were exposed to cyclic stretch corresponding to
13% strain for 15 minutes. ATP was found to be released into the supernatant in abundance by all
three cell lines, whilst no TNFa or IL-6 could be detected in the media taken from stretched MLE cells.
This led to the investigation of ATP as a possible mediator involved in the initiation of inflammatory

signalling in VILI.

In correlation with this in vitro data, we discovered an increase in ATP content in the BAL fluid of mice

ventilated for 5 minutes at a high tidal volume compared with low. We also determined that ATP
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instilled intratracheally was capable of inducing MAP kinase activation in alveolar macrophages
comparable to that observed in response to mechanical ventilation. Interestingly, intratracheal ATP
did not induce activation of NF-kB signalling, which again was similar to the pattern of cellular
activation induced by high stretch ventilation. Furthermore, ATP instillation did not induce significant
activation of AECs or the endothelium, the cells types that would be expected to be responsible for
the rapid ATP release in response to stretch. We attempted to examine the effect of inhibiting
purinergic signalling on cellular responses to mechanical ventilation, but unfortunately, the results of
these experiments were difficult to interpret due to the confounding effect of the DMSO vehicle.
Unfortunately, as these experiments were performed towards the end of this project, it was not

possible to investigate this further.

Theory of alveolar macrophage activation

We detected activation of the MK2 and ERK1/2 signalling pathways in alveolar macrophages following
just 5 minutes of high stretch ventilation. This activation appeared to occur subsequent to activation
of the AECs, which supported our hypothesis that the AECs would be the initial responder to stretch
and would then communicate with the alveolar macrophages to propagate an inflammatory
response. The timescale in which this interaction occurred limited the possible mechanisms of
communication, and excluded the release of most cytokines which can require hours to be up-

regulated and secreted as mature protein.

Promising findings from purinergic signalling experiments included detecting high ATP concentrations
in BAL fluid after 5 minutes of high stretch ventilation, and the rapid induction of MAP kinase
activation following instillation of ATP intratracheally. These results lead us to believe that ATP could
be a possible candidate for a soluble mediator that is released very rapidly by AECs in response to
stretch, and could instigate inflammatory signalling in alveolar macrophages. Unfortunately,
subsequent experiments, in which mice were pre-treated with a purinergic signalling inhibitor, failed
to show a reduction in MAP kinase activation in response to high stretch ventilation due to the pre-
treatment having a significant effect on the MAP kinase measurements. It was assumed that this
effect was due to the DMSO solvent required to dissolve the purinergic inhibitor for administration,

which is known to be an irritant.

With more time, it would have been useful to perform further experiments under in vitro conditions
to gain a better understanding of the role of purinergic signalling before investigating the theory
in vivo. The in vitro experiments that were performed could have been expanded, with a different

range of measured outputs to assess activation of inflammatory signalling. It would also have been
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interesting to perform cyclic stretch experiments with co-cultures of alveolar macrophages and AECs

in the presence of a purinergic signalling inhibitor.

To assess the role of purinergic signalling in vivo, it would be necessary to identify a purinergic
signalling inhibitor that is soluble in saline, in order to repeat the final experiments performed in
Chapter 8, in the absence of DMSO as a confounding factor. If these experiments showed a reduction
in alveolar macrophage activation following short periods of high stretch ventilation, then the next
step would be to assess whether the purinergic inhibitor could also prevent the downstream effects
of high stretch ventilation that are associated with VILI. In such experiments, the ventilation regimen
should continue for up to 3 hours, or a time period that would be sufficient to determine whether the
pre-treatment was effective in limiting the breakdown of the alveolar-capillary wall, preventing the
accumulation of BAL protein, or reducing the infiltration of extra-pulmonary inflammatory cells into

the lungs.

Even if ATP proves not to be involved in the initial activation of alveolar macrophages in response to
high tidal volume ventilation, our earlier experiments clearly indicate that the AECs are activated prior
to alveolar macrophages. Therefore, future research should focus on preventing the communication
of stress between these two cell types in order to prevent alveolar macrophage activation. To identify
other potential mediators, further in vitro experiments where an alveolar epithelial cell line is
subjected to cyclic stretch should be performed. Multiplex arrays could then be used to test for the
presence of many soluble mediators, and the relative quantities secreted could indicate their
importance as a mediator of alveolar macrophage activation. A potential mediator would need to

then be tested, by exposing alveolar macrophages to it and assessing their activation.

Activation within the pulmonary vasculature

The most surprising discovery in this project was that the pulmonary endothelial cells appeared to be
more sensitive to high tidal volume ventilation than the AECs. The endothelium not only
demonstrated activation of the most inflammatory signalling pathways tested following 1 minute of
high stretch, but was also the only cell type to demonstrate activation in response to a moderate tidal
volume. This data indicates that the development of systemic inflammation and multiple organ
failure (MOF) may occur via an alternate mechanism to the popular ‘decompartmentalisation’ theory.
This current model suggests that inflammation localised within the alveolar space leaks into the
circulation as a result of damage to the alveolar-capillary barrier. However, our data, which revealed

almost immediate activation of the pulmonary endothelium, suggests that injurious ventilation may
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be capable of propagating inflammation within the circulation directly, prior to the development of

physical derangements to the lung parenchyma.

To further support our findings that dispute the ‘decompartmentalisation’ theory we would need to
demonstrate the activation of extra-pulmonary inflammatory cells before disruption to the
alveolar-capillary barrier. Given that the endothelial cells became activated so quickly in our model, it
would seem likely that we would be able to detect the activation of neutrophils or monocytes within

the timescale under which the alveolar-capillary barrier would begin to show histological damage.

The rapidity of pulmonary endothelial cell activation in response to high stretch ventilation, suggests
that it could be difficult to prevent the activation of extra-pulmonary inflammatory cells once
injurious ventilation has occurred. Patients may need to receive treatment prophylactically in order
to prevent the dissemination of inflammatory responses induced by high stretch ventilation. This kind
of preventative measure could be administered in clinical practise alongside the initiation of
mechanical respiratory support. A target for the prevention of systemic inflammation in VILI would be
mechanisms of communication between the endothelial cells and extra-pulmonary inflammatory

cells.

One potential method of communication is through the release of ATP by the pulmonary
endothelium. We found that an endothelial cell line exposed to cyclic stretching for 15 minutes,
released significant amounts of ATP that could provide a mechanism by which endothelial cells might
rapidly activate extra-pulmonary inflammatory cells in response to stretch. Neutrophils are known to
express purinergic receptors (Suh et al. 2001), and ATP has been shown to increase their expression
of macrophage-1 antigen Mac-1 (Akbar, Mills, and Kunapuli 1997). This could suggest that ATP acts as

a chemoattractant for neutrophil migration to the lung during VILI.

This finding requires further investigation to determine the downstream effects of such rapid
endothelial activation in response to high stretch ventilation. There is evidence that endothelial cells
are capable of releasing inflammatory mediators and can enhance their surface expression of
adherence molecules in response to stretch, both of which indicate that the endothelium could have
a significant role in the activation of extra-pulmonary leukocytes and could promote their infiltration
into the alveolar space. Further research into this hypothesis would have great clinical value
especially given that the most common cause of death in ARDS patients is multiple organ failure

(MOF).
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Phospho-flow cytometry

The application of phospho-flow cytometry to our in vivo system permitted us to quantify the cellular
activation of individual cells at precise time points following exposure to a stimulus. Assessment of
the phosphorylation status of intracellular MAP kinases and transcription factor NF-kB provided the
advantage of measuring upstream signalling events that could be localised to specific cell populations.
Using this methodology we were able to reveal novel insights and differences in the profiles of cellular

activation induced by both intratracheal LPS instillation and high tidal volume mechanical ventilation.

The identification of pulmonary cell populations by flow cytometry has been well documented and
validated by both our group and other research groups (Misharin et al. 2013; Zaynagetdinov et al.
2013). In every experiment the whole lung was sampled and processed, which provided a sufficient
number of cells for reliable identification. Leukocytes such as the alveolar macrophages and
neutrophils were the easiest to identify given their large numbers within the lung and their tendency
not to be adhered to other cells, thereby increasing their yield. In comparison, fewer numbers of the
parenchymal cell populations were identified despite their abundance within the lung. These cells
were probably susceptible to damage during the tissue homogenisation procedure due to their strong
attachments to neighbouring cells within the one cell thick alveolar and capillary barriers and their
more fragile squamous shape. Finally, fewer numbers of some specific leukocyte subsets were
collected that are less abundant within the lung and probably actually located within the pulmonary
vasculature. Nevertheless, for the majority of pulmonary cell types we were able to count at least
3000 cells within each stained sample by flow cytometry (each lung was split into 20 samples for
staining) and at least 1000 cells even in the least abundant cell types identified. We were therefore
confident that we were examining a sufficient number of cells to be representative of the whole

population within the lung.

Within these populations, we then measured the phosphorylation status of the MAP kinase p38 and
its immediate downstream substrate MK2, the MAP kinase ERK1/2, and the transcription factor
NF-kB. In the LPS experiments, the increase in phosphorylation of all four markers was substantial;
however, the changes were much more subtle in response to high stretch ventilation. We therefore
validated the signals by also measuring the levels of total protein for some of the markers within the
same lung samples. We found that the total protein levels of p38 and ERK1/2 remained unaltered
following 5 minutes of high stretch ventilation compared with low. We could therefore be confident
that the changes in phosphorylation levels that we were detecting were a real response to high

stretch ventilation.
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The four intracellular activation markers used in this study are involved in three separate signalling
pathways that promote inflammation in response to myriad stress stimuli. However, it remains
possible that inflammatory signalling pathways other than the ones we measured could have been
up-regulated. Many of the intracellular markers also displayed patterns of transient activation, which
could mean that activity occurring between the time points studied may have been missed. Transient
activation appears to be characteristic of both the MAP kinases and NF-kB, and has been reported
many times in response to both LPS and stretch in a variety of pulmonary cell types (Abdulnour et al.
2006; Boudreault and Tschumperlin 2010; Cohen et al. 2010; Schnyder-Candrian et al. 2005).
Another explanation for the transiency that we observed may simply be a result of the cycling of
these molecules between the cytoplasm and nucleus, which is thought to be less accessible to
antibodies with saponin permeabilisation. Regardless, p38, ERK1/2 and NF-kB have all been
implicated in the inflammatory response associated with VILI and their inhibition has been found to
attenuate cytokine release among other symptoms, suggesting that inflammatory cascades can be

initiated even following transient activation.

The MAP kinase signalling system was very sensitive and we frequently found that factors such as
pre-treatment under isoflurane or administration of DMSO vehicle influenced cell sensitivity to
stretch. For this reason many of the experiments that used a pre-treatment protocol produced
results that were difficult to interpret. In these cases, it would have perhaps been useful to measure
some other markers of early cellular activation such as nitrous oxide production, though we would

not have been able to determine the cell source with measurement of this secreted module.

In vivo model of VILI

The in vivo model of LPS-induced lung injury most closely replicates ARDS caused by a respiratory
infection such as pneumonia. The LPS endotoxin, which is a constituent of the gram-negative
bacterial cell wall, promotes a strong inflammatory response, but does not actually replicate infection
and is considered to be a sterile insult. The clinical relevance of this model is limited in this sense, but
nevertheless it is widely used. In this thesis, the LPS model was a useful comparison to the VILI model
and revealed that the pattern of cellular activation was specific to the given stimuli. This indicated
that it might be possible to attenuate cellular activation in response to over-distension caused by
mechanical ventilation, without inhibiting responses to infectious agents, which would be an

important consideration in the clinical setting.

The in vivo model of high tidal volume ventilation used in this project allowed us to study the effects

of stretch within the context of a real lung which, due to its complex structure and high level of
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interdependence, is very difficult to replicate in vitro. Several studies have reported effects of
stretching cells in vitro such as cytokine release, however it is unclear whether some of these cell
types, for example alveolar macrophages, would actually be subjected to stretch in vivo. Our study
revealed the first insight into which cell types actually demonstrate activation of inflammatory

signalling in response to high tidal volume ventilation within the first 15 minutes in vivo.

The very high tidal volume used in this model is related to the use of mice which have naturally more
compliant lungs compared with humans. The high tidal volume also reflects the use of a one-hit
model to specifically study the effects of over-stretching the lung rather than any other injurious
aspect of mechanical ventilation such as atelectasis. In addition, the high tidal volume replicates the

extreme pressures that ARDS patients are subjected to as a result of substantial pulmonary oedema.

Concluding remarks

Besides the ARDS Network trial published in 2000, which demonstrated that lower tidal volumes are
beneficial to patient mortality, there has been no clinical breakthrough in terms of preventing VILI,
which remains a major cause of morbidity and contributor to mortality. Experimental studies have
shown that over-stretching the lung is a major pathogenic factor that promotes a profound
inflammatory response, propagated by the resident alveolar macrophages, yet the mechanism of

stretch-induced inflammation has not been fully explored.

This project used an in vivo model of VILI to investigate the initial steps that lead to alveolar
macrophage activation. This research revealed that the AECs are the most stretch-sensitive cell type
within the alveolar space and are likely to be responsible for the subsequent activation of alveolar
macrophages, either via the rapid release of a soluble mediator or contact-dependent mechanism.
The speed at which these events occurred in response to high tidal volume ventilation was
remarkably fast but an even more surprising discovery was that of rapid pulmonary endothelial cell
activation. Endothelial cells were not only activated within 1 minute of exposure to high tidal volume

ventilation, but were also the most sensitive to stretch at lower tidal volumes.

This data strongly indicate that systemic inflammation may be immediately propagated within the
pulmonary vasculature upon exposure to high tidal volume ventilation. Physicians supporting
patients with mechanical ventilation should be vigilant in maintaining non-injurious ventilation
settings as our data shows that it only takes minutes to initiate inflammatory signalling pathways in

response to over-distension of the lungs. Caution should also be applied during recruitment
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manoeuvres that involve holding the lungs at a high pressure for an extended length of time, which,

as indicated by the present findings, could also initiate inflammatory signalling.

Such rapid inflammatory responses are viable therapeutic targets in an iatrogenic disease such as VILI.
Therefore, further research into the initial mechanisms involved in transducing stretch into
inflammation both within the alveolar space and within the pulmonary vasculature, has substantial

clinical importance.
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