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Abstract

Acute respiratory distress syndrome (ARDS) remains a significant cause of mortality and
morbidity within the Intensive Care Unit. Despite increasing understanding of its pathogenesis
in the past 50 years, management remains purely supportive with mechanical ventilation (MV)
forming the mainstay of treatment. However, MV itself can worsen pre-existing ARDS, a
phenomenon known as ventilator-induced lung injury (VILI). Since exposure to MV remains
largely unavoidabile, it is important that clinicians are able to limit the damage that occurs when
patients are ventilated. While pharmacotherapies aimed at mitigating the inflammatory
component of VILI have always been an attractive approach, to date, none have been shown
to be successful in clinical trials. This suggests that there are still gaps in our current
understanding of the disease and highlights the importance of studies investigating

mechanistic pathways of ARDS.

In this thesis, we explore the role of the cyclophilin A (CypA):CD147 signalling axis in VILI.
CypA is a ubiquitously distributed protein. Although previous research has focussed on its
intracellular roles, recent studies suggest the involvement of extracellular CypA and its primary
receptor CD147 in inflammatory diseases. We hypothesise that CypA is secreted into the
alveolar space following epithelial insult where it can then interact with CD147 to promote

inflammation and injury.

We have shown, for the first time, the involvement of CypA in VILI in animal models as well
as in human ARDS patients. CypA is produced locally within the lungs at an early time point,
most likely by alveolar epithelial cells. In vitro, recombinant CypA induces activation of
macrophages, suggesting it is more than a mere biomarker of injury. Lastly, inhibition of
extracellular CypA in vivo leads to improved survival and impressive attenuation physiological

dysfunction, providing further evidence that CypA does play a role in the pathogenesis of VILI.
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1.1 Acute Respiratory Distress Syndrome (ARDS)

Acute respiratory distress syndrome (ARDS) was first described by Ashbaugh et al in 1967
following observations they had made of 12 patients with severe acute respiratory failure (1).
These patients had an ‘acute onset of tachypnoea, hypoxaemia, and loss of compliance after
a variety of stimuli’. Over the next 25 years, several definitions of ARDS were proposed, each
attempting to provide a uniform diagnostic and classification criteria for this heterogenous
syndrome. It was only in 1994 that the first widely adopted definition of ARDS was published
by the American-European Consensus Conference (AECC) (Table 1.1) (2). Under this
definition, patients presenting with an acute onset of hypoxaemia (PaO2/FiO. < 200 mmHg)
with bilateral diffuse pulmonary infilirates on chest radiograph in the absence of left atrial
hypertension were classified as having ARDS. This definition also described a less severe
form of ARDS termed acute lung injury (ALI), differentiated by less severe hypoxemia

(PaO2/FiO2 < 300 mm Hg).

Table 1.1 - The American-European Consensus Conference (1994) definition of ALI and
ARDS

Timing Chest radiograph Oxygenation PAWP
. . <18 mmHg
ALl | Aeute DIEG ISR o0 me) o 005 s No left atrial
onset pulmonary infiltrates .
hypertension
: . <18 mmHg
ARDs = Acute Diffuse bilateral 5 /0, < 200 mmHg No left atrial

onset pulmonary infiltrates

hypertension

ALI: acute lung injury; ARDS: acute respiratory distress syndrome; PaQO2/FiO:: arterial oxygen

tension/fraction of inspired oxygen ratio; PAWP: pulmonary artery wedge pressure.

In 2012, the ‘Berlin Definition of ARDS’ (Table 2) emerged to update the definition of ARDS
and address the limitations of the AECC definition that emerged in its 18 years of use (3).
Where the AECC definition had previously not provided an explicit timeframe for defining an

‘acute onset’, the Berlin definition specified that the onset must be within one week of a known

19



clinical insult or new or worsening respiratory symptoms. The term ALI was removed and
instead, three mutually exclusive subgroups of ARDS classified by severity (mild, moderate,
and severe) based on the degree of hypoxaemia (PaO2/FiO.) were created (Table 1.2). To
account for the sensitivity of PaO,/FiO; to different ventilator settings, in particular to positive
end-expiratory pressure (PEEP), the Berlin definition specifies that these measurements must
be taken with a minimum level of PEEP (5 cmH20). Other limitations addressed in the Berlin
definition included: clarification of chest radiograph criteria with development of a reference
set of chest radiographs to enhance inter-observer reliability; removal of the pulmonary artery
wedge pressure criterion for hydrostatic oedema as patients with ARDS were often found to
have an elevated pulmonary artery wedge pressure (PAWP) due to elevated pleural pressure
and/or vigorous fluid resuscitation with focus placed instead on ensuring that respiratory failure
was not primarily due to hydrostatic oedema (4, 5); and the inclusion of underlying risk factors

for ARDS.

Table 1.2 - The Berlin Definition of ARDS

The 2012 Berlin Definition of ARDS

Within 1 week of a known clinical insult or new or worsening respiratory

Timing
symptoms
Chest Bilateral opacities — not fully explained by effusions, lobar/lung collapse,
imaging® or nodules on chest radiographs or chest CT$
o Respiratory failure not fully explained by cardiac failure or fluid overload.
Origin of L .
oedema Need objective assessment (e.g. echocardiography) to exclude

hydrostatic oedema if no risk factors are present.
Oxygenation
200 mm Hg < PaO./FiO2 < 300 mm Hg

Mild With PEEP/CPAP = 5 cm H,0
100 mm Hg < PaO./FiO2 < 200 mm Hg
Moderate | '\ .. PEEP > 5 cm H,0
Pa0./FiO2< 100 mm Hg
Severe

With PEEP = 5 cm H20

PaO/FiO2: arterial oxygen tension/fraction of inspired oxygen ratio; CPAP: continuous positive
airway pressure; PEEP: positive end-expiratory pressure.

$CT: computed tomography scan.
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When the Berlin definition criteria was applied to existing clinical data, mortality was found
to corelate with the severity categories, increasing from 27% in patients with mild ARDS to
32% in patients with moderate ARDS and 45% in patients with severe ARDS (3). At present,

the Berlin definition remains the standard within clinical care and research.

111 Epidemiology

Epidemiological understanding of this disease has been challenging. Most difficulties are
associated with the manner in which ARDS is diagnosed. At present, there is still no simple
diagnostic test for ARDS. Thus, in addition to the at times ambiguous evolving diagnostic
criteria, many other epidemiological problems such as geography variation in availability of
critical care resources (blood gas machines and imaging equipment) and clinical practice also

contribute to challenge of establishing reliable incidence and mortality rates.

Incidence estimates can vary considerably between countries, which likely reflects differences
in reporting rates (low-income countries tend to lack resources needed to obtain diagnostic
clinical data and therefore, under report), rigor of study methodology, population

demographics, and prevalence of risk factors for ARDS (6-8).

LUNG-SAFE (Large Observational Study to Understand the Global Impact of Severe Acute
Respiratory Failure) is the most recent international, multi-centre, prospective cohort study to
provide epidemiological data on ARDS (9). Among the 29,144 patients enrolled in this study,
the incidence of ARDS represented 10.4% of total intensive care unit (ICU) admissions and
constituted 0.42 cases/ICU beds over a 4-week period. This incidence rate was found to vary
geographically, with Asia having a much lower incidence of 0.27 compared to Europe with an
incidence of 0.48 cases/ICU bed over 4 weeks. In this study, unadjusted hospital mortality
was 34.9% for patients with mild ARDS, 40% for those with moderate ARDS, and 46.1% for

those with severe ARDS. A UK prospective study conducted in 2016 reported similar findings

21



(10). Incidence of ARDS in the UK were found to constitute 12.5% of ICU admissions over a

6-month period with an ICU and hospital mortality rate of 41.9% and 53.5%, respectively.

Importantly, results from both studies suggest that ARDS continues to be under recognised
and consequently under treated. In the LUNG-SAFE study, clinical recognition rates of ARDS
was found to be as low as 51% in mild ARDS and only 79% in severe ARDS (9). In the UK
based study, only 2 of the 43 patients with ARDS were coded as such by the hospital coding
department (10). This under-recognition may have implications on both the scale of the
individual patient (e.g. ensuring they receive the optimal, recommended lung protective
ventilation and other adjunctive treatment) and on a much larger scale with regard to resource

planning to ensure that critical care facilities are able to meet the health burden of this disease.

1.1.2 Aetiology

ARDS may be precipitated by a variety of insults which culminate in a syndrome presenting
with severe non-cardiogenic pulmonary oedema leading to life-threatening hypoxemia that
often requires mechanical ventilatory support. These precipitants may be broadly divided into
direct (pulmonary) and indirect (extrapulmonary) causes. ARDS develops most commonly in
the setting of pneumonia (commonly bacterial and viral), non-pulmonary sepsis (sources
including the peritoneum, urinary tract, soft tissue and skin), aspiration of gastric and/or oral

and oesophageal contents, and severe trauma (such as blunt or penetrating injuries or burns)

(11).
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DIRECT (PULMONARY) CAUSES

Pneumonia (bacterial and viral more common, fungal less common)*
Gastric aspiration*
Near drowning
INDIRECT (EXTRAPULMONARY) CAUSES
Sepsis*
Severe trauma, e.g. lung contusions, fat embolism secondary to long bone fraction,
severe burns
Massive transfusion (>15 units of RBCs)
Transfusion of blood products (FFP, platelet, RBC)
Lung transplant
Haematopoietic stem cell transplant
Acute pancreatitis
Cardiopulmonary bypass
Drugs — aspirin, cocaine, opioids, phenothiazines
Alcohol abuse
RBC: red blood cells; FFP: fresh frozen plasma
*Together, these three (pneumonia, gastric aspiration, and sepsis) causes account for
more than 85% of cases of ARDS®.
Table 1.3 - Non-exhaustive list of direct (pulmonary) and indirect (extrapulmonary)

causes of ARDS

1.1.3 Risk factors

Even though pneumonia, sepsis, and gastric aspiration account for a large proportion of ARDS,
most patients with these clinical risk factors do not actually go on to develop ARDS. This
suggest that other factors, such as genetic or environmental factors, may contribute to the
susceptibility for developing ARDS. While no specific loci with genome-wide significance for
association with ARDS have been identified, a number of genetic variations have been
associated with risk of development ARDS, and in some associations, with higher mortality.
Some examples include, ANGPT2 which encodes plasma angiopoietin-2, a biomarker of
endothelial activation and mediator of increased lung vascular permeability (12); ILTRN gene
which encodes the IL-1 receptor antagonist (IL1RA) protein and is associated with decreased
risk of ARDS due to an increased plasma ILR1RA response (13); and the PPFIA1 gene that

encodes liprin alpha, a protein involved in cell adhesion, integrin expression, and cell-matrix
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interaction which may contribute to the pathogenesis of ALI, particularly after major trauma,

through altering cell adhesion and lung vascular permeability (14-16).

Environmental risk factors that have been shown to be associated with an increased
susceptibility to ARDS include chronic alcohol abuse (17), cigarette smoking (18), air pollution
(19), and vitamin D deficiency (20). The majority of studies investigating the association
between ethnicity and ARDS outcomes have reported higher mortality for Blacks and
Hispanics patients with ARDS than for Whites (21, 22). In a candidate gene study, the
presence of a functional T-46C polymorphism (rs2814778) in the promoter region of the DARC
gene (Duffy antigen/receptor for chemokines), which was found almost exclusively in only
patients of African descent, was associated with a 17% increase in 60-day mortality. One of
the mechanisms contributing to a worse clinical outcome in this group of patients might be the
increase in circulating plasma IL-8 levels. Generally, the consequences of these disparities

remains unclear.

1.1.4 Pathogenesis

The pathogenesis of ARDS has classically been divided into three phases: an exudative
phase, a proliferative phase, and a fibrotic phase (8, 23, 24). The first phase, known as the
exudative phase, typically spans the first 7 days of ARDS, featuring the innate immune
system’s response to the inciting cause of lung injury. In this phase, the insult leads to an
increase in alveolar-capillary barrier permeability. Injury to the normally tight alveolar-capillary
barrier allows translocation of oedematous fluid across the lung endothelium, into the lung
interstitium, and eventually into the alveolar space. At the same, there is also an influx of
inflammatory cells, including neutrophils and monocytes, which begin to release a barrage of
injurious mediators (e.g. proteinases, reactive oxygen species, and inflammatory cytokines),
further amplifying the ongoing inflammatory response. As a consequence, the alveolus is

flooded by fluid, proteins, inflammatory leukocytes, red blood cells, platelets, and cellular
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debris — this ‘diffuse alveolar damage (DAD) is the histopathological hallmark of ARDS (25).
This pulmonary oedema leads to a reduction in lung compliance and an increased work of
breathing. Furthermore, pulmonary oedema often contributes to ventilation-perfusion
mismatch with right-to-left intrapulmonary shunting. This eventually leads to arterial

hypoxaemia and respiratory failure, often necessitating mechanical ventilatory support.

The initial exudative phase is followed by the proliferative phase, which can last >3 weeks in
survivors. This phase marks the initiation of repair mechanisms and is crucial for host survival.
Alveolar fluid is reabsorbed, restoring lung fluid balance. Type Il alveolar epithelial cells
proliferate and differentiate into type | alveolar epithelial cells, mediating the repair of the
damaged alveolar epithelium; Epithelial-mesenchymal transformation occurs, a process
where interstitial fibroblasts and myofibroblasts infiltrate and mediate repair through deposition

of extracellular matrix components such as collagen to restore alveolar architecture.

The last phase — the fibrotic phase, is characterised by significant upregulation of collagen
and the development of fibrotic changes. In contrast to the previous phase, which is linked to
host survival, the progression to the fibrotic phase occurs variably and appears to represent a
pathological response in patients with ARDS. The interstitial and lung fibrosis that may occur
as part of the reparative process can actually lead to a further reduction in lung compliance
and decreased respiratory function. Multiple clinical studies have suggested that patients with
evidence of pulmonary fibrosis often have worse clinical outcomes, including increased

mortality rates and a greater severity of organ failure (26-28).
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1.1.5 Management

Respiratory support

Currently, there are relatively few treatments available for ARDS. Management of ARDS
focuses on the diagnosis and treatment of the underlying cause (e.g. antimicrobial therapy for
pulmonary infections) and supportive therapy, with the mainstay of treatment being lung
protective mechanical ventilation aimed at addressing life-threatening refractory hypoxemia

whilst reducing the incidence of ventilator-induced lung injury (VILI; discussed further below).

Fluid management

Other supportive measures include conservative fluid management after shock has been
resolved. This fluid-conservative approach was instituted after a randomised clinical trial in
2006 demonstrated a significant increase in ventilator-free days and improved oxygen index
in patients assigned to a fluid-conservative treatment strategy compared with a liberal fluid
strategy (29). Due to the lack of evidence of harm, the current recommendations include the
use of conservative fluid management consisting of fluid restriction, diuretics, and in some

cases hyperoncotic albumin to achieve a negative fluid balance (30).

Pharmacological or adjunct therapies

To date, no pharmacological therapy has been shown to reduce either short- or long-term
mortality despite considerable efforts. Multiple strategies targeting different aspects of the
disease process are currently being investigated. Anti-inflammatory therapies (e.g.
glucocorticoids (31, 32), aspirin (33), macrolide antibiotics (34, 35)) aimed at modulating the
inflammatory response have either proven disappointing or require further studies before
becoming routine recommendations. Similarly, evidence surrounding the use of agents that
enhance lung repair, such as keratinocyte growth factor (36) granulocyte-monocyte colony

stimulating factor (GM-CSF) (37) and mesenchymal stem cells (MSCs) (38, 39) remains
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inconclusive; while preclinical studies suggest attenuation of lung injury and association with
increased survival, subsequent randomised trials have failed to detect any effects on mortality.
A range of other promising pharmacotherapies such as antioxidants (40), neutrophil elastase
inhibitors (41), statins (42), B-adrenergic agonists (43, 44), and surfactant replacement (45)

have also failed to improve clinical outcomes in patients with ARDS.

1.1.6 Prevention

Given the rapid development of ARDS — median time to the onset of ARDS is 2 days after
hospital admission (46) — drug-based preventive strategies remain a challenge, both to deliver
within the small window of time and to assess in clinical trials. The two main approaches that
have been evaluated for their efficacy to prevent ARDS are statins and aspirin. Data from a
meta-analysis conducted by Xiong et al in 2016 evaluating the use of statins (most commonly
simvastatin) in 13 studies, including four randomised control trials and nine cohort studies
published between 2007-2015, showed that statin therapy had no impact on morbidity of
ARDS in high-risk patients (47). Evaluation of clinical outcomes, including mortality, ventilator-
free days, oxygen index, length of stay in intensive care unit and length of stay in hospital
were neither improved nor worsened by statins. Following observational data suggesting that
anti-platelet therapy with aspirin may prevent the development of ARDS (48), the efficacy of
aspirin was assessed in a multi-centre randomised control trial (33). However, no significant
differences between the aspirin or placebo treated group in the primary outcome of ARDS
incidence or secondary outcomes (ventilator-free days, length of stay, 28-day survival and 1-
year survival) were observed, opposing the use of aspirin in at-risk patients. As such, no

treatment is currently available for the prevention of ARDS.
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1.2 Ventilator induced lung injury

The concept that artificial mechanical ventilation has the potential for harm is not new. In 1744,
John Fothergill published an essay in which he came to the insightful conclusion that artificial
ventilation [using bellows] has the possibility to injure, stating “the lungs of one man may bear,
without injury, as great a force as those of another man can exert; which by the bellows cannot
always be determined” (49). While the advent of artificial mechanical ventilation has been a
crucial development in critical care medicine, and it is currently the mainstay of treatment for
patients with ARDS, it is also very clear that mechanical ventilation itself produces a form of
lung injury known as ventilator-induced lung injury (VILI). Over the past few decades of its use,
our understanding of the mechanisms by which it exacerbates lung injury has improved. The
maijor factors that are thought to be involved in producing VILI can be broadly broken down
into physical forces — which includes barotrauma, volutrauma, and atelectrauma — and

biological forces — biotrauma.

1.2.1 Mechanisms of VILI

Barotrauma

The manifestation of lung injury, including alveolar rupture, air leaks, and gross barotrauma
(e.g. pneumothorax, subcutaneous emphysema, pneumomediastinum), as a consequence of
high airway pressures during positive pressure ventilation has been well-documented for
many decades and has been collectively termed “barotrauma”. In 1944, Macklin and Macklin
were the first to describe the mechanisms leading to barotrauma (or as they referred to
‘pneumomediastinum’) (50). They noted that the close apposition of the alveoli to the
bronchovascular sheath made the membrane susceptible to tears following transient
increases in the pressure gradient between the alveoli and the vessel sheath as alveolar
pressure increases at high lung volumes. Air was then able to leak out into the interstitial

tissues, subcutaneous tissue and retroperitoneum, resulting in a pneumothorax.
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While ventilation at high airway pressures can lead to VILI, manifesting as barotrauma
(alveolar rupture, air leaks, pneumothorax, etc), we now know that it is not high absolute
airway pressures that leads to injury. Instead, the critical variable is regional lung
overdistention, and this is determined by the transpulmonary pressure (alveolar pressure —

pleural pressure).

Volutrauma

In a classic experiment, Webb and Tierney were the first to demonstrate that ventilation of rats
with very high peak pressures (leading therefore to lung overdistension) and no positive end-
expiratory pressure (PEEP) could lead to pulmonary oedema, a more subtle form of lung injury
than gross barotrauma, alongside a clinical presentation of severe hypoxemia, decreased lung
compliance, and, in the most severe cases, death (51). These findings were subsequently
replicated by many investigators (52-55), who have also further clarified that the pulmonary
oedema induced by mechanical ventilation is a result of increased alveolar-capillary
permeability associated with diffuse alveolar damage as opposed to a hydrostatic mechanism

initially postulated by Webb and Tierney.

In 1988, Dreyfuss et al elegantly demonstrated that lung volume (i.e. lung stretching) and not
airway pressure was the variable responsible for the development of pulmonary oedema (56).
Through ventilating rats with three strategies: (1) high pressure and high volume; (2) low
pressure and high volume — delivered by a negative pressure ventilator; and (3) high pressure
and low volume — achieved by binding the thorax and abdomen, they demonstrated that lung
water was increased only where high volumes were delivered. Ventilation of animals with high
end-inspiratory airway pressures but low tidal volumes achieved by limiting lung expansion
through thoraco-abdominal strapping did not induce any detectable pulmonary oedema.
These experiments demonstrated that alveolar distension rather than pressure itself was the

key determinant of lung injury. To underscore the importance of volume instead of pressure
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when assessing the risk of VILI, they coined the term ‘volutrauma’ to replace barotrauma.
They reiterated the need to consider the degree of regional alveolar distension instead of
absolute pressures or volume as the heterogenous states of lungs (healthy, recruitable, and

diseased unresponsive) in ARDS makes it especially vulnerable to overdistension injury (57).

The heterogenous states of pre-injured ARDS lungs was first appreciated by Gattinoni and
Pesenti following quantitative assessment of thoracic computed tomography (CT) images of
68 patients with ARDS (58). What was previously considered to be a “homogenous lung” on
anteroposterior radiography was shown to be non-homogenous on CT, with the densities
(non-aerated, collapsed or consolidated lung) primarily in the dependent regions. In patients
with severe ARDS, only 300-500 g of tissue was found to be normally aerated. This reduced
volume of lung available for gas exchange was roughly the equivalent of the size of a 5 year
old child’s lung, leading to the concept of the “baby lung”. From this perspective, it was easy
to understand why ARDS patients are at risk of VILI: the ventilator delivers a set tidal volume
calculated according to the patient’s weight and height to a disproportionately small lung
volume, resulting in significant deformation even when what would typically be considered
moderate or low tidal volumes are applied. Ironically, it is the aeratable areas of healthy lungs

that are damaged by the ventilator.

Atelectrauma

At the other end of the spectrum, lung injury can also occur when ventilating with low tidal
volumes due to “atelectrauma”. This form of injury is characterised by epithelial disruption,
hyaline membrane formation, pulmonary oedema and hypoxia (59). It occurs due to repetitive
opening and closing of airways and alveoli units (59), inhibition of surfactant production and/or
depletion of surfactant from alveoli (60), and the incidence of large cyclic stretching forces in
regions interfacing between over-distended lung units and collapsed and consolidated lung

(61). The shear forces generated by repeated recruitment and decruitment of lung units
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causes structural damage to the epithelial and endothelial barriers, leading to leakage of fluid

into the alveolar space.

Biotrauma

Not until more recently have we begun to appreciate that the deleterious effects caused by
mechanical ventilation could extend beyond physical disruption of the lungs. In the absence
of macro- and microscopic lung damage, Slutsky et al have proposed that mechanical
ventilation can still induce molecular and cell-mediated events and coined the term “biotrauma”
to encapsulate this hypothesis (62). This hypothesis consists of two independent components:
firstly, that ventilation leads to the release of various mediators; secondly, that these mediators
have physiological and clinical significance during VILI. The hypothesis postulates that the
release of these mediators can cause local lung injury (promoting leukocyte recruitment in the
lungs and initiating local inflammatory processes), and if they translocate into the systemic

circulation, can affect systemic inflammation leading to distal organ dysfunction (63).

One of the earliest studies supporting the first component of this hypothesis was conducted
by Kawano et al (64). Using a rabbit model of surfactant deficiency (achieved through
repetitive saline lung lavage), they noticed that in response to mechanical ventilation, animals
soon became hypoxemic. Post-mortem examination of lungs showed extensive hyaline
formation and infiltration of lungs with granulocytes. To investigate the potential contribution
of these marginated cells, neutrophils were depleted from some animals with nitrogen mustard
prior to lung lavage. In striking contrast to their counterparts, these neutrophil depleted animals
maintained good gas exchange, demonstrated only a small amount of protein leak into the
lungs, and did not show pathological hyaline membrane formation. Repletion of granulocytes
from donor rabbits quickly caused deterioration in these animals. From these findings, it was
concluded that granulocytes released mediators including oxygen free radicals, proteases and

products of arachidonic acid metabolism (mediators that we now recognise as endogenous
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danger molecules, otherwise termed alarmins or damage-associated molecular patterns

(DAMPs)), propagating lung injury (65, 66).

Tremblay and Slutsky were of the first to provide evidence suggesting that inflammatory injury
may also occur in previously healthy lungs, and that the degree of inflammation can be
modulated with different modes of ventilation (67). Using an ex vivo isolated lung model, they
ventilated lungs for two hours using four different ventilator strategies (1: PEEP 3 cm H,O +
V1 7 mL/kg; 2: PEEP 10 cm H20 + V1 15 mL/kg; 3: PEEP 0 cm H2O + V1 15 mL/kg; 4: PEEP
0 cm H20 + V1 40 mL/kg). In the group subjected to high Vt with no PEEP, they noticed a
large increase in lung lavage cytokines including TNF-a, IL-13, MIP-2, IL-6, IFN-Y and IL-10.
By performing in situ hybridisation, they were able to localise the production of TNF-a and IL-
6 to the airways and alveolar epithelium. In conjunction, they also detected an increase in c-
fos messenger RNA (an early response genes), suggesting that mechanical forces applied to
cells were transduced to a biochemical response, causing the activation of downstream

infammatory pathways.

Since these two studies, multiple experimental studies using in vivo and ex vivo models have
reported upregulation of several cytokines in serum and bronchoalveolar lavage fluid in
response to mechanical ventilation in both healthy and injured lungs (68-74). The most
frequently implicated cytokines include IL-8 or its rodent equivalent MIP-2, TNF-q, IL-6, and
IL-1B8. Generally, the increase in cytokine levels is most pronounced when animals are
subjected to more injurious ventilation strategies (larger tidal volumes or zero PEEP) or when
a two-hit model is used (e.g. mechanical ventilation on top of another injurious stimuli such as

hyperoxia (70)).

Data from clinical studies also supports the hypothesis that mechanical ventilation does

influence pulmonary and systemic cytokine levels. An early randomised control trial conducted
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by Ranieri et al tested this hypothesis by randomly allocating 44 patients to either ‘protective’
or ‘standard’ ventilation strategies, and found that the protective group which had received
lower tidal volumes and higher PEEP had significantly lower concentrations of several
inflammatory cytokines in plasma and BAL (75). This was accompanied by reduced neutrophil
infiltration into the alveolar space, as assessed by BAL neutrophil counts, and a significant
lower incidence of organ failure, with renal failure being the most prevalent organ dysfunction
(76). Results from the ARDS Network trial (discussed further below) also showed than plasma
levels of IL-6 were lower in patients who were ventilated with lower tidal volumes compared
with traditional tidal volumes (77). The number of days without non-pulmonary organ or system
failure (circulatory, coagulation and renal failure) was significantly higher in the group treated
with lower tidal volume. In longitudinal studies, patients that present with persistent elevated
levels of pro-inflammatory cytokines suggestive of ongoing inflammation tend to have more

severe lung injury and are less likely to survive (78).

Perhaps somewhat surprisingly, several in vivo mouse studies have also detected cytokine
release even in response to low tidal volume ventilation (5-8 mL/kg with PEEP 2-4 cmH20),
suggesting that ventilation with clinically relevant “protective” strategies still induce an
inflammatory response in absence of pre-existing lung injury (79-81). However, in these
studies, the controls used were non-ventilated or spontaneously breathing animals. This
makes results somewhat difficult to interpret as the experiments failed to control for other
potential confounding factors that could have also caused an inflammatory response, including
the invasive surgical procedures, anaesthesia, ventilation in a supine position, and atelectasis

and inadequate oxygenation associated with low tidal volumes.

Nevertheless, there are results from pilot clinical studies which suggest that ventilation at low
tidal volumes still induces an inflammatory response. The introduction of extracorporeal CO»

removal has enabled the use of even lower tidal volumes than in a ‘normal’ lung protective
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ventilation strategy. In two studies where patients were ventilated with an ultra-low tidal
volume (~3 mL/kg instead of 6 mL/kg), they were found to have significantly reduced
concentrations of pulmonary inflammatory cytokines, including IL-6, IL-8, and IL-13 (82, 83).
These findings therefore suggest that whilst implementation of protective ventilation strategies
(i.e. reducing tidal volume, applying PEEP) is crucial to reducing the risk of VILI, it does not

fully address the inflammatory responses inherently associated with mechanical ventilation.

While the “biotrauma” hypothesis has been gaining traction since its proposal with an
accumulating amount of evidence supporting the notion that ventilation or mechanical stretch
leads to cellular activation and mediator release, some remain sceptical regarding the
involvement and biological relevance of cytokines during VILI (84). These investigators
highlight the inconsistencies within and between studies and cite evidence that demonstrates
their production even with non-injurious ventilation to suggest that cytokine changes are

merely a by-product of lung overdistension (72, 84, 85).

In response to these contentions, a number of explanations for these conflicting results have
been proposed including: (1) differences between models — in vivo, ex vivo; (2) different
ventilator strategies; (3) different species/strains; (4) different time points; (5) variation in
severity of resulting lung injury; (6) endotoxin contamination of experimental subjects; (7)
different assay reagents with different sensitivities, endogenous proteases, presence of

inhibitors, etc (86).

For instance, to address the variability in what has previously been shown with TNF-a, Wilson
et al performed an in vivo study in which they demonstrated that upregulation of
intrapulmonary cytokines TNF-a and MIP-2 preceded signs of apparent lung injury, therefore
implicating these cytokines as a mediator of injury rather than a consequence (87). Crucially,

this study was the first to appreciate the transient nature of TNF-a upregulation during the
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course of VILI; intra-pulmonary TNF-a peaked early in the course of injury for a relatively short
period of time before rapidly declining to baseline levels. In contrast, the increase in MIP-2
was sustained for the entire duration of injury. These findings may therefore help to reconcile
the controversial findings surrounding TNF-a in previous studies and provides further insight

into why MIP-2 has more consistently been found to be increased in VILI models.

Furthermore, cytokine inhibition studies also add further support to the assertion that cytokines
play a critical role during the pathogenesis of VILI. In a study conducted by our research group
in 2005, we reported that both acute (administration of anti-TNF antibodies) and chronic
inhibition (TNF receptor double knockout animals) of TNF signalling, led to a significant
reduction (40% and 70% respectively) in the degree of intra-alveolar neutrophil infiltration
following injurious high tidal volume ventilation (88). At that time, these findings were the first
to provide direct evidence that TNF signalling plays a critical role in pulmonary inflammatory
responses induced by high-stretch ventilation even in the absence of underlying lung injury.
In another study, Belperio et al similarly found that inhibition of KC/CXCL1 and MIP-
2/CXCL2/3 (using specific antibodies) or their shared receptor CXCR2 (using anti-CXCR2
antibodies or CXCR2"~ mice) during high-stretch ventilation protocol also resulted in significant
reductions in neutrophil sequestration as compared with vehicle controls (89). Furthermore,
inhibition of CXCR2 was also associated with decreased vascular permeability, pulmonary
oedema, and alveolar haemorrhage. These findings support the contention that
chemokines/cytokines, specifically CXCR2 and CXCR2 ligands in this study, do mediate

neutrophil recruitment to the lungs and contribute to the pathogenesis of VILI.

Multi-organ failure
In patients with ARDS, clinical outcomes are mostly related to non-pulmonary factors, with the
most common cause of death being multiple organ dysfunction and sepsis. Surprisingly,

respiratory failure is responsible for death in only a small minority of cases (90-92). The
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biotrauma hypothesis offers an explanation for this observation. It proposes that ventilation-
induced pulmonary production of inflammatory mediators can also translocate into the
systemic circulation, evidenced by the increase in plasma cytokine levels following injurious

ventilation, contributing to distal organ dysfunction (75-78).

Another mechanism that is thought to be important in the development of multiple organ
dysfunction is the translocation of bacteria or bacterial products (e.g. endotoxin) from the
alveolar space into the systemic circulation. Mechanical ventilation is known to cause increase
alveolar-vascular permeability and is thought to contribute to this ‘decompartmentalisation’ —
a dissemination of injury from the lung to distal organs, resulting ultimately in multi-organ
failure (93-95). This theory has been demonstrated in two animal models (95, 96). Murphy et
al intratracheally instilled endotoxin into the lungs of rabbits that were subsequently subjected
to either protective or non-protective mechanical ventilation. They observed a translocation of
endotoxin into the circulation following non-protective ventilation (V1: 15 mL/kg with PEEP 0
cmH-0) but not protective ventilation (95). This increase in plasma level of endotoxin was also
found to be significantly higher in non-survivors compared with survivors, suggesting that this
process is actually pathological and contributes to worse clinical outcomes. Similarly, Nahum
et al also demonstrated that injurious mechanical ventilation strategies that promote alveoli
overdistension facilitate bacterial translocation into the bloodstream in dogs (96). When PEEP
was applied, theoretically ameliorating any repetitive opening and collapsing of alveoli, the
degree of bacteraemia and histologic indices of lung injury were significantly decreased.
These findings provide further evidence to suggest that disruption of lung structures does lead
to its increased permeability, facilitating the dissemination of inflammatory products from the

lungs into the systemic circulation.
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1.2.2 Management of VILI: Ventilatory strategies

With the recognition of the potential of mechanical ventilation to cause harm, there has also
been an increasing amount of focus directed towards minimisation of this iatrogenic injury. To
date, all the methods that have been proven to reduce mortality in ARDS revolve around
minimising the deleterious effects of ventilation. This has been achieved by the

implementation of various lung protective ventilation strategies.

Tidal volume

In 2000, the landmark ARDS Network randomised controlled trial demonstrated that lowering
tidal volumes from previously conventional tidal volumes of 12 mL/kg predicted body weight
(PBW) and maximum plateau pressure of 50 cmH,O to 6 mL/kg PBW with a maximum plateau
pressure of 30 cmH20 led to a significant reduction of mortality rates from 39.8% to 31.0%
(77). Since this trial, the importance of lowering tidal volumes and airways pressures to prevent

regional lung overdistension is now universally recognised and accepted.

Although the use of lower tidal volumes undoubtedly reduces mortality in ARDS patients,
scaling tidal volume to PBW targets assumes patients have aerated lung volumes of a healthy
adult. We know, however, that this is not true. From the baby lung principle, we know that the
ARDS lung is non-uniformly aerated, with large areas consolidated with oedema and
inflammation. Thus, it is of significantly smaller volume than a normal, healthy lung. However,
although it is known that lung volumes are reduced, the magnitude of reduction can differ
widely from one patient to another, resulting in heterogeneity in volumes available for
ventilation. A study conducted by Terragni et al demonstrated that the protective ventilatory
strategy proposed by the ARDS Network trial may not be protective in all patients due to this
issue — the heterogeneity in the size of the aerated lung (97). In a study of 30 patients, over
one-third still experienced substantial tidal hyperinflation when ventilated with tidal volumes of

6 mL/kg PWB and a maximum plateau pressure lower than 30 cmH2O. Tidal hyperinflation
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was also independently associated with higher concentration of inflammatory mediators (IL-6,
IL-1B, IL-8, TNF-a) and lower numbers of ventilator-free days, suggesting that even with lung
protective ventilation strategies, lung injury still occurs. The authors noticed that plateau
pressures in these patients were between 28-30 cmH,0O compared to 25-26 cmH-0 in patients
that did not experience over-inflation and proposed that further limited plateau pressures might

be important.

A number of strategies to optimise the delivery of tidal volumes have been proposed and
explored. One that has been garnering attention over the last few years is driving pressure.
Driving pressure is the ratio of tidal volume to static respiratory system compliance (98). It can
be calculated at the bedside as plateau pressure minus PEEP, allowing tailoring of ventilation
according to patient-specific mechanics (98). This strategy was first proposed by Amato et al
who conducted a retrospective analysis of 9 randomised control trials and found that among
ventilation strategies, driving pressure was the strongest predictor of mortality whereas
individual changes in tidal volumes or PEEP were not independent associated with survival
(98). However, the use of driving pressure has not been formally evaluated in a randomised
control trial; there are currently a number of ongoing trials that should provide further insight

into the potential benefits of it.

PEEP

PEEP is routinely used in combination with low tidal volumes (a ventilatory strategy termed
the ‘open lung approach’ to ventilation) to prevent collapse of distal alveoli and to maintain
alveolar recruitment. Ideally the optimal level of PEEP would high enough to maintain the
appropriate level of pressure at the end of expiration such that cyclic recruitment and collapse

of distal airspaces is prevented but not too high that tidal overdistension occurs (99, 100).
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However, the optimal level of PEEP is difficult to determine as it depends on the recruitability
(i.e. amount of lung tissue that can be inflated with higher levels of PEEP, restoring aeration)
of an individual patient’s lung and this has been shown to be extremely variable (101-103).
Patients with highly recruitable lungs are more likely to be “PEEP responsive” and are likely
to show improved oxygenation when ventilated with higher levels of PEEP. This is because
an increase in PEEP effectively increases the amount of tissue available for gas exchange
and promotes alveolar stability. However, in patients with less recruitable lungs, a high PEEP
is likely to contribute to VILI. Any applied PEEP that fails to open collapsed or oedematous
lung will inevitably injuriously over-distend already aerated lung units, effectively replicating

the effects of excess tidal volume ventilation.

To date, no multi-centre clinical trial has shown any one PEEP titration strategy achieves
better clinical outcomes (104-106). A systematic review and meta-analysis of the data
acquired from these three clinical trials suggests that higher levels of PEEP were associated
with improved survival in moderate or severe ARDS but not in patients with mild ARDS (107).
As of 2017, the ATS/ESICM/SCCM guidelines conditionally recommend the use of higher
rather than lower PEEP in adults with moderate or severe ARDS. However, it also encourages
clinical judgement based on the individual patient, e.g. higher PEEP in patients with obesity,

lower PEEP in patients with obstructive airway disease (108).

Unfortunately, there is no consensus on the ideal method of determining optimal PEEP level.
An oesophageal pressure-guided PEEP titration strategy was initially found to be promising in
a single-centre study but the follow up phase 2 randomised clinical trial (Esophageal Pressure-
Guided Ventilation 2 [EPVent2]) failed to detect any significant differences in death and days
free from mechanical ventilation between an empirical high PEEP and oesophageal pressure-
guided PEEP strategy (109, 110). Other methods based on lung mechanics or imaging have

been proposed and will need to be evaluated in future studies (111). Developing and validating
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tests to assess lung recruitability may also be helpful for identifying patients who are likely to

be “PEEP responders” and are most likely to benefit from higher PEEP (112, 113).

Recruitment manoeuvres

Recruitment manoeuvres (RMs) are procedures that transiently increase transpulmonary
pressure and are designed to re-inflate collapsed alveoli. This can reduce atelectasis and
increase the volume of lung available for tidal ventilation (114). However, studies investigating
the use of RMs have yielded mixed results and the role of RMs in routine practice therefore
remains controversial (107, 115, 116). A systematic review of 6 randomised control trials
investigating the use of RMs in patients with moderate-severe ARDS found that lung RMs in
combination with a higher PEEP ventilation strategy was associated with a reduction in
mortality. However, their confidence in this finding was limited. Not only was the characteristics
of the lung RMs widely variable across trials, 5 of the 6 trials included a higher PEEP
ventilation strategy as a co-intervention making it impossible to evaluate the effect of RMs in

isolation (117).

High-Frequency Oscillatory Ventilation

High-frequency oscillatory ventilation (HFOV) has also been investigated as a novel
mechanism of alveolar ventilation as it permits very small tidal volumes to be delivered,
theoretically limiting the risk of over distension. Unfortunately, two large multi-centre trials have
demonstrated that it has no impact on patient outcomes (51,52). One multi-centre randomised
control trial has even reported that use of HFOV may be associated with increased in-hospital
mortality (118). Thus, due to the lack of benefit and even potential for harm, HFOV is currently

not recommended for routine use in patients with moderate or severe ARDS.
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1.2.3 Management of VILI: Adjunctive therapies

Prone positioning

Prone positioning is another strategy that has been used to improve oxygenation and lung
recruitment in ARDS. Proning changes the regional distribution of transpulmonary pressure,
which decreases regional heterogeneity of lung aeration, thus improving ventilation-perfusion
matching (by increasing blood flow to the dependent lung), reducing atelectasis, and

increasing end-expiratory lung volume (119).

Gattinoni et al were the first to suggest the prone positioning improves oxygenation and
reduces mortality in the subgroup of severely hypoxemic patients (120). Since then, there
have been multiple conflicting randomised control trials. However, a patient-level meta-
analysis of four major clinical trials conducted in 2010 demonstrated that prone positioning
clearly leads to a reduction in absolute mortality of patients with severe ARDS (120). This has
been subsequently confirmed by the Proning Severe ARDS Patients (PROSEVA) trial which
demonstrated that patients that were proned early in the course of their disease and for at
least 16 hours a day showed significantly lower rates of mortality compared with the supine
group (28-day mortality 16% vs 32.8%) (121). Long sessions (>12 hours) of prone positioning

are now recommended in most adult patients with severe ARDS (108).

Neuromuscular blockade

Even while sedated, ventilated patients with ARDS often show strong respiratory effort due to
the high respiratory drive (11). This results in patient self-inflicted lung injury (P-SILI), an
emerging concept whereby intense inspiratory efforts by spontaneously breathing patients can
lead to exacerbation of lung injury (122, 123). This can occur in both ventilated and
unventilated patients. In patients that are receiving ventilatory support, patient-ventilator
dyssynchronies generates excessive transpulmonary pressures by inspiratory efforts and de-

recruitment by expiratory efforts, causing increased mechanical lung injury from
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overdistension and atelectasis (124, 125). Muscle paralysis with neuromuscular blocking
agents may help prevent these effects. In a multi-centre trial, 340 patients with severe ARDS
were randomly assigned to received either cisatracurium or placebo within 48 hours of
symptom onset. Patients in the cisatracurium group had improved 90-day survival rates and
increased ventilator-free days without increasing muscle weakness compared with the
placebo group (126). However, a recently published follow-up multi-centre trial (Re-evaluation
Of Systemic Early Neuromuscular Blockade [ROSE]) designed to re-evaluate the findings of
the initial trial compared cisatracurium with deep sedation to usual-care management without
neuromuscular blockade and with light sedation found no significant difference in the primary
endpoint of mortality at 90 days between the groups (127). Authors of the second study have
proposed that the use of a higher PEEP strategy than the previous trial in both intervention
and control groups might have reduced mortality, blunting the potential treatment effect of
neuromuscular blockade. Overall, the benefits of early continuous neuromuscular blockade in

ARDS patients remain unclear and will require further investigation.

Surfactant administration

Pulmonary surfactant dysfunction may contribute to the pathophysiology of VILI. An early
study conducted by Gunther et al analysed BAL fluid of patients with ARDS for surfactant
abnormalities (128). They found that in comparison with healthy controls, surfactant from
ARDS patients had marked disturbances of biophysical (increased minimal surface tension)
and biochemical (decrease alveolar phospholipid content, surfactant protein-A concentration)
properties, which is thought to promote alveolar collapse, and subsequently exacerbate

shunting and hypoxemia, and induce oedema formation.

It was therefore hypothesised that administration of exogenous surfactant might confer
protection against VILI. Evaluation of its efficacy has been performed in a number of

experimental models. In some studies, administration of surfactant was found to reduce
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deterioration of lung mechanics, improve oxygenation, reduce alveolar permeability, and even
prevent systemic spill over of inflammatory cytokines (129, 130). However, others have failed
to replicate these findings (131), with some even suggesting that surfactant treatment may
exacerbate the inflammatory response in an injured lung (132). While surfactant therapy in
paediatric patients has been consistently associated with increased survival and improved
oxygen index (133, 134), trials evaluating the use of aerosolised surfactant in adults with
ARDS have been disappointing in comparison. Most fail to show any improvements in survival

or clinical outcomes (135-138).

Extracorporeal membrane oxygenation

In patients with severe ARDS, veno-venous extracorporeal membrane oxygenation (VV-
ECMO) has been proposed as a rescue therapy. VV-ECMO is a treatment in which blood is
circulated outside of the body for oxygenation on a gas-permeable membrane (11). Its use
gained momentum following promising results in the 2009 publication of the UK CESAR
prospective randomized trial (139). Patients assigned to ECMO had a significantly lower 6-
month mortality or severe disability compared with those receiving conventional treatment (37
vs 53%). Despite significant limitations of the trial — not all patients in the ECMO group
received ECMO and heterogenous ventilation strategies in the control group — this trial led to

renewed interest in ECMO worldwide.

This interest in ECMO as a rescue therapy was boosted during the 2009 influenza A H1N1
virus epidemic. Case series reports from Australia, New Zealand and ltaly suggested that
patients receiving ECMO had a 70-80% survival rate (140, 141). In a UK cohort study, hospital
mortality of ECMO-referred H1N1-related ARDS patients with matched patients who were not
referred for ECMO was significantly reduced (23.7% vs 52.5%), providing further evidence to
support the assertion that ECMO was advantageous to conventional mechanical ventilation

(142).
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However, the efficacy of routine use of ECMO was later called into question by Combes et al
in 2018 who conducted an international, randomised trial specifically designed to address
weaknesses of previous ECMO trials (143). In contrast to previous findings, Combes et al
reported that the primary end point of 60-day mortality in patients receiving ECMO was not
significantly lower than patients receiving conventional mechanical ventilation. However, the
interpretation of these negative results was complicated by its own limitations. Firstly, there
was a 28% cross over rate from control to ECMO group due to refractory respiratory failure
and deteriorating haemodynamics which may have diluted the potential effect of ECMO.
Secondly, the trial was halted after 75% of full enrolment and thus may have been

underpowered to detect lower mortality rate in ECMO group.

At present, it appears that routine use of ECMO in patients with severe ARDS does not appear
to confer any benefit. Thus, ECMO should be reserved as a rescue therapy for patients who

continue to deteriorate despite use of all other evidence-based interventions (144).

Extracorporeal CO. removal

Extracorporeal CO, removal (ECCO2R) is another rapidly evolving rescue therapy that has
been proposed for use in conjunction with very low tidal volume (Vr; 3-4 mL/kg predicted body
weight) mechanical ventilation (145). While reducing Vr (conventionally to 6 mL/kg predicted
body weight) in ARDS to prevent regional overdistension is known to lead to better patient
outcomes, the extent to which tidal volume can be reduced is limited by the resultant
hypercapnia and severe respiratory acidosis (145). By facilitating CO, removal from venous
blood using an extracorporeal gas exchanger, ECCO2R reduces the intensity of ventilatory
support required, enabling the use of these so-called ultra-protective ventilation strategies.
Use of this strategy was associated with a significant decrease in pulmonary inflammatory

biomarkers in bronchoalveolar lavage and plasma in pilot trials in humans, suggesting a
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further reduction in inflammation beyond that achieved with conventional protective ventilation
strategies (82, 83). Findings from the recently published Strategy of Ultraprotective Lung
Ventilation with Extracorporeal CO, Removal for New-Onset Moderate to Severe ARDS
(SUPERNOVA) trial suggest that the use of ECCOR to facilitate ultra-protective ventilation
(V1: 4 mL/kg) in patients with moderate ARDS is both feasible and safe (146). However,
because ECCO-R is relatively invasive with its own risks, it is important that the benefits
outweigh these risks. At present there is a paucity of high-quality evidence to show the use of
ECCO2R leads to a reduction in mortality or other important clinical outcomes (147). Results
from the ongoing Protective Ventilation with Veno-Venous Lung Assist in Respiratory Failure
(REST) trial (ClinicalTrials.gov Identifier no: NCT02654327) will hopefully provide further

insight.

1.2.4 Management of VILI: pharmacological interventions

While lung-protective ventilation strategies may mitigate lung injury, they do not completely
prevent it; mechanical ventilation can still promote inflammation, resulting in biotrauma. As
such, there is a need to develop alternative measures that will allow clinicians to limit the
deleterious effects while patients are unavoidably exposed to the stimulus of ventilation.
Pharmacotherapies aimed at mitigating the inflammatory component of VILI have always been
an attractive approach. With VILI, clinicians have the unique opportunity to administer a
pharmacological intervention before the inciting cause of injury (mechanical ventilation) is
commenced and potentially completely prevent any downstream consequences. Incidentally,
this approach is particularly promising as the aeratable regions, which are the most

susceptible to VILI, are also the most accessible for drug delivery.

To this end, many different pharmacological interventions targeting different aspects and
pathways involved in VILI have been assessed in experimental models. Some specific areas

that have been targeted include: alveolar-capillary barrier permeability through blockade of
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stretch-activated cation channels (148) and B-adrenergic agonists (149, 150); inhibition of
inflammatory signalling pathways with anti-TNF-a antibodies (151) and mediators involved in
the NF-kB pathway (152); mitogen-activate protein kinase (MAPK) pathway (153, 154);
mesenchymal stem cell therapy (155, 156); manipulation of hormonal and metabolic pathways
such as inhibition of 3-hydroxy-3-methylglutaryl coenzyme A reductase (statins) to reduce
inflammation (157, 158), and inhibition of the renin-angiotension system with angiotensin-

converting enzyme inhibitor or angiotensin receptor antagonist (159, 160).

However, despite many of these pharmacological interventions showing promising results in
experimental models, none of them have shown efficacy in subsequent phase Il and phase lli
clinical trials (161). Understandable, this overwhelming failure rate has been disappointing and
frustrating for many involved in this area of research; a lot of effort has been made to identify
explanations for this repeated failure to translate therapeutics. It is believed that one of the
main reasons for this stark failure rate is the clinical and biological heterogeneity among ARDS
patients. Multiple different aetiologies (including aspiration, sepsis, trauma) lead to the same
set of symptoms which is collectively recognised and diagnosed as ARDS. Itis likely that each

aetiology is likely to have different pathologies despite a shared endpoint.

Following the lead of other areas of medicine where diseases also display the same
heterogeneity (e.g. cancer) and patients are routinely offered targeted therapy based on
identification of biological distinct subtypes of diseases, further investigation into a more

precise approach has been conducted.

In 2014, Calfee et al acquired clinical and biological data from 1,022 patients previously
enrolled in two large randomised control trials — ARMA and ALVEOLI — and applied latent
class modelling to identify subphenotypes (162). In both patient cohorts, they identified two

different subphenotypes: a hyperinflammatory and a hypoinflammatory subphenotype. The
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hyperinflammatory subphenotype was characterised by higher plasma concentration of
infammatory biomarkers (including IL-6, IL-8, soluble TNF receptor-1, plasminogen activator
inhibitor-1), lower systolic blood pressure, lower serum bicarbonate concentration, and a
higher prevalence of sepsis than the hypoinflammatory subphenotype. Patients that fell under
the hyperinflammatory category also had worse clinical outcomes — higher mortality, fewer
ventilator-free days, and organ failure free-days. Interestingly, when the response to treatment
in the ALVEOLI cohort (low PEEP vs high PEEP) was assessed for each phenotype, the
authors found differences in the response to treatment, suggesting that identification of

subphenotypes might be an important consideration for future trial design.

Indeed, further support for use of a predictive enrichment strategy was garnered by the study
recently published by the same authors who performed a secondary analysis of data from the
HARP-2 trial which investigated the effects of simvastatin in ARDS patients (163). While the
initial study failed to demonstrate any difference in 28-day survival between placebo and
simvastatin (42), latent class analysis found that patient with a hyperinflammatory sub-
phenotype who received simvastatin actually had significantly improved survival at both 28-

days and 90-days compared with those given placebo (163).

1.2.5 Identifying alternative therapeutic targets for VILI

In an attempt to identify alternative therapeutic targets for VILI, our group recently conducted
a study in which we first identified sub-populations which appeared to possess ‘natural
resistance’ to VILI and then tried to pin-point specific mechanisms which afforded them these
advantageous characteristics (164). The protective phenotype we chose to focus on was
obesity. Although obesity is implicated with increased susceptibility to development of ARDS,
subsequent mortality has been shown to be decreased (165, 166). In 2015, a study conducted
by Sasabuchi et al reported that an increased body mass index is associated with low mortality

in patients who were mechanically ventilated (167).
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Using an obese (high fat feeding) mouse model, we demonstrated that obesity did confer
protection against development of VILI; when subjected to high tidal volume ventilation, obese
mice displayed lower peak inspiratory pressure, improved respiratory mechanics and gas
exchange, and less alveolar-epithelial permeability compared with lean control mice (164).
Interestingly however, this protection was not due to alterations in classical inflammatory
cytokines/chemokines, including TNF, IL-6, CXCL1, or in lung leukocyte (neutrophils and
monocytes) recruitment. Instead, a novel mechanism whereby fat-feeding blunted stretch-
induced upregulation of CD147 was identified. Alongside this decrease in CD147 expression
on the surface of alveolar epithelial cells, obese mice displayed significantly lower levels of
matrix metalloproteinases (MMPs) activity. Although a direct link between CD147 and
subsequent MMP activity was not demonstrated in this study, CD147 on epithelial and
endothelial cells has been directly linked to ventilator induced MMP activation (168, 169). Thus,

it is highly plausible that the same stretch-CD147-MMP pathway was involved.
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1.3 CD147

The cluster of differentiation 147 (CD147), also known as Extracellular Matrix
Metalloproteinase Inducer (EMMPRIN) or basigin (bsg), is a widely expressed type 1
transmembrane glycoprotein that is a member of the immunoglobulin (Ig) superfamily (170).
It was first described in 1982 by Biswas as a ‘tumour cell-derived collagenase stimulatory
factor’ expressed on the surface of lung carcinoma cells, which upon interaction with
fibroblasts, stimulated the expression and production of matrix metalloproteinases (MMPs)
(171). In the next decade, CD147 was identified and independently characterised by a number
of different research groups across different species and tissue, accumulating a number of
different names, including: antigens RET-PE2, gp42, 5A11, human leukocyte activation-
associated antigen M6, and blood group Ok® antigen; CE9, OX-47, bsg, tumour cell
collagenase-stimulatory factor, HT7, neurothelin, and EMMPRIN (172-183). In 1995, analysis
of the amino acid sequence of CD147 revealed that it identical to that reported for all these
supposedly unique molecules, confirming that all these proteins were in fact the same (184).
They are now commonly termed CD147 or extracellular matrix metalloproteinase inducer

(EMMPRIN).

1.3.1 The CD147 gene

In humans, CD147 is encoded by the BSG gene located on chromosome 19p3.3 (185). The
CD147 gene consists of 10 exons spanning roughly 15,000 nucleotides. It is transcribed into
four different MRNA variants through alternative promoters and splicing (186-188), resulting
in four protein isoforms: CD147/Bsg-1, -2, -3, and -4 (Figure 1.1) (189). CD147/Bsg-1 is a
retina-specific variant with three Ilg domains; CD147/Bsg-2 contains two Ig-like domains; and
CD147/Bsg-3 and -4 both contain a single Ig-like domain. CD147/Bsg-2 is the most

abundantly expressed splice variant of CD147 and will be referred to as CD147 hereafter.
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Figure 1.1 - Protein isoforms of CD147/Basigin (Bsg)

Schematic presenting of the four isoforms of CD147 generated by differential splicing and

transcription initiation sites. Figure adapted from Liao et al (189).

1.3.2 The structure of CD147

The human CD147 mRNA transcript encodes a 269 amino acid (AA)-long protein that consists
of a 21-residue signal sequence, a 186-residue extracellular region that consists two
immunoglobulin  (lg)-like domains at the N-terminus; a 21-residue transmembrane
hydrophobic domain; and a 41-residue C-terminus intracellular domain (Figure 1.2) (190).
CD147 has a predicted molecular mass of 27-29 kDa. However, it can exist at a range of
molecular weights ranging from 31 to 65 kDa (171). This variance in size is due to

heterogenous N-glycosylation (191).
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Figure 1.2 - Schematic diagram of CD147.

The CD147 molecule can be broadly divided into three regions: extracellular region spanning
186 amino acids (AA) made up of immunoglobulin (Ig)-like domains 1gC2 and Igl;
transmembrane domain spanning 21 AA; and a cytoplasmic domain spanning 41 AA. Ig-like

domain | is involved in MMP induction.

CD147 can undergo glycosylation at three asparagine (N)-glycosylation sites: Asn44 (located
within the IgC2 domain) or Asn152 and Asn186 (located within the Igl domain) (179). Broadly,
three different glycoforms have been identified: an unglycosylated form with a corresponding
molecular weight (MW) of 27 kDa; a low-glycosylated (LG-CD147) form (MW ~32 kDa); and
a high-glycosylated (HG-CD147) form (MW ~40-60 kDa) (171). It is believed that the
unglycosylated protein is localised to the cytoplasm and represents the pre-cursor form. It then
undergoes modification within the endoplasmic reticulum to form the immature high mannose
LG-CD147 before further glycosylation to yield the mature, fully glycosylated HG-CD147 that

is translocated to the plasma membrane for surface expression. However, whether full

51



glycosylation is a prerequisite for surface expression remains to be determined; studies
conducted on different cell types appear to yield contradictory results with some claiming that
both HG- and LG-CD147 can be detected on the plasma membrane (191), while others

maintain that only HG-CD147 is present (190, 192).

One of its earliest ascribed roles, and perhaps most widely investigated, is MMP induction.
This has been attributed largely to the N-terminus Ig-like C2 domain, which allows CD147 to
self-associate with CD147 expressed on the same cell’s surface (cis-interactions) and CD147
expressed on other cells (frans-interactions) (192, 193). Subsequent dimerisation and/or

multimerisation of CD147 promotes MMP induction (194).

Moving towards the C’ terminus, the next domain is the Ig-like | domain. This domain mediates
heterophilic protein-protein interactions with binding partners including: caveolin-1, integrins,
annexin A2, and cyclophilin A (CypA) and B (190, 192). Interactions with the aforementioned
proteins have been largely reported in the context of cancer studies where they regulate MMP
activity to influence cancer cell migration and invasion (170, 195-197). Of particular interest,
CypA:CD147 interactions are believed to play a key role in orchestrating inflammatory

processes and promote disease pathogenesis (discussed in further detail below).

The transmembrane domain of CD147 is notable for its unique amino acid sequencing, which
contains an acidic glutamate residue within a hydrophobic stretch of amino acid (190). The
presence of a charged residue embedded within the lipid bilayer is energetically unfavourable.
As such, this structural feature is commonly found in proteins with a proclivity for assembling
into complexes which shield the charge in an energetically stable conformation. This is likely

responsible for the diverse interactions between CD147 and other proteins.
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As yet, no function has been assigned to the cytoplasmic tail. Of note, its presence does not
appear to be involved in the transduction of signalling events triggered by CypA:CD147

interactions (198).

1.3.3 Expression and regulation of CD147

CD147 is widely expressed in its various glycoforms on many cell types, including epithelial,
neuronal, lymphoid and myeloid cells (190, 199, 200). On a cellular level, CD147 is expressed
on the plasma membrane (179, 201), with a tendency to localise at the interface between cells,
in sub-cellular vesicular compartments (202, 203), and also in microvesicles or exosomes

released from cells (204, 205).

Regulation of CD147 occurs at the level of transcription, translation and cell surface
presentation. The mechanisms governing these processes are complex and likely to be
dependent on the tissue type. Multiple transcription factors involved in the regulation CD147
expression has been identified, including epithelial-mesenchymal transition (EMT)-associated
factors (Snail and Slug), hypoxia-inducible factor-1a (HIF-1a), and specificity protein 1 (Sp1)
(170, 206). There is evidence that transcription can also be influenced by methylation of motifs
within CD147 promoter region. In cancer tissue, hypomethylation of the CD147 promoter Sp1
binding results in increased CD147 expression (193). Following transcription, CD147 may be
further regulated by several microRNAs (miRNA), including let-7 (207), miR-146a (208), and
miR-22 (209). Additionally, various soluble mediators from growth factors to cytokines and
hormones have been shown to be involved in the regulation of CD147 transcription and
translation. The growth factors which induce increased CD147 expression include epidermal
growth factor (EFG) (210), and transforming growth factor B (TGF-B) (211); Inflammatory
mediators include TNF-q, interleukins and prostaglandins (212-214); and sex hormones

include progesterone and oestrogen (215-217).
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As well as regulation at the level of transcription and translation, CD147 can be controlled at
the level of surface expression by various proteins. Monocarboxylate transporters (MCTs)
have been identified as an important binding partner of CD147 and interaction between these
two proteins appears to be important in their proper expression at the cell surface (218, 219).
Another family of proteins that influences CD147 expression is the cyclophilin (Cyp) protein
family. Due to their proteins which share peptidyl-prolyl cis-trans isomerase (PPlase) activity,
the Cyp protein family are known to play an important role in protein folding and protein
trafficking in cells. Intracellular interaction between Cyp60 and proline 211 residue of CD147
have been demonstrated to be crucial in the translocation of CD147 to the cell surface (198).
Both mutation of this proline residue on CD147 and suppression of Cyp60 using RNA
interference led to a downregulation in surface expression of CD147 (198). Cell treated with
cyclosporin A, an immunosuppressive drug that binds specifically to cyclophilins and inhibits

its activity, have significantly reduced surface expression of CD147 (220).

1.3.4 Functions of CD147 in physiologic and pathologic contexts

The functions of CD147 are diverse and wide ranging. Most of our understanding of the role
of CD147 in normal cell physiology comes from studying CD1477" mice. Knock-out of the
CD147 gene has high embryonic lethality rates (221, 222). While embryos show normal
development during pre-implantation stages, most die around the time of blastocyst
implantation, suggesting that CD147 is crucial in intercellular recognition during the
implantation phase (221, 222). Those that do manage to survive till birth tend to die soon after
due to interstitial pneumonia (221, 222). The small minority that survives till adulthood remain
small and sterile due to arrested spermatogenesis in males, and implantation and fertilisation
defects in females (221, 223). Other processes such as lymphocyte response, retinal function,

wound healing, and neurological functions also appear to be detrimentally affected (224-227).
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One of the most well characterised functions of CD147 is its role as an upstream inducer of
MMP. MMPs are enzymes that play a crucial role in maintaining the integrity of the
extracellular matrix. The initial characterisation in the 1980s by Biswas described it as a factor
shed from the surface of tumour cells that was capable of stimulating MMP-1 production by
fibroblasts (228, 229). Since then, CD147 has been shown to be capable of mediating
expression and activity of several soluble and membrane-type MMPs (MT-MMP), including
MMP-1, MMP-2, MMP-3, MMP-9, MMP-14, MMP-15, MT1-MMP, MT2-MMP (170, 193, 230,
231). It has also been demonstrated that CD147 is not exclusively produced by malignant
tumour cells but also by non-malignant cells, including fibroblasts, endothelial cells,
macrophages, and epithelial cells (232-234). To date, multiple mechanisms underlying
CD147-mediated MMP activity have been described. It appears many factors, including
glycosylation status, homophilic or heterophilic protein-protein interactions, all contribute to a

facet of MMP regulation (170, 196).

As discussed above, CD147 can exists as three different glycoforms, each differing in the
degree of glycosylation. It is believed that the glycosylation status of CD147 regulates its ability
to induce MMP. Multiple studies have demonstrated that the non-glycosylated form (27 kDa)
has no MMP-inducing activity (194, 235). In contrast, HG-CD147 is consistently able to induce
MMP production (194, 236). Whether LG-CD147 does contribute to MMP activity is less
certain — some studies suggest it does not, while others do (235-237). Taken together, these
data do suggest that the efficiency of MMP induction appears to be more pronounced in higher

glycosylated forms.

Interaction of CD147 either with itself (homophilic) or other proteins (heterophilic) has also
been shown to determine its ability to induce MMPs. CD147 can homo-dimerise/oligomerise
(i.e. interact with another CD147 on the surface of a neighbouring cell) in both cis and trans

fashion dependent on the IgC2 domain (192, 238). This interaction then propagates signals
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that facilitates MMP-induction. Inhibition of CD147 dimerisation/oligomerisation using either
antibodies which specifically bind to multimerised CD147 or mutant CD147 that can no longer

self-associate also led to inhibition of MMP induction (192, 238).

Additionally, CD147 can also associated with a host of other binding partners, including
caveolin-1, annexin A2, a3B1 and a6B1 integrins, mostly via its Igl domain, with each
interaction regulating CD147-induced MMP activity (203, 239-241). For instance, the
formation of caveolin-1-CD147 complexes appear to inhibit CD147 self-aggregating,

subsequently inhibiting downstream MMP induction (191, 203).

In addition to regulating MMP activity, CD147 has also been identified as being essential for
Cyp-mediated signalling, contributing to inflammatory processes such as chemotaxis of cells
(discussed in further detail below). Interaction between CD147 and CypA has also been
shown to enhance viral infections by facilitating entry of several viruses into their target cells,
including human immunodeficiency virus 1 (HIV-1), human cytomegalovirus (CMV), hepatitis

B, and severe acute respiratory syndrome coronavirus (SARS-CoV) (242-245).

It has also been proposed that CD147 plays a role in cell adhesion. Recent data show that
expression of CD147 on the surface of erythrocytes acts as an adhesion molecule and plays
a crucial role in facilitating the trafficking of mature erythrocytes from the spleen into the
general circulation (246). Blockade of CD147 using an anti-CD147 antibody led to trapping of
red blood cells within the spleen, resulting in anaemia and de novo erythropoiesis in the spleen
(246). Expression of CD147 on the surface of brain endothelial cells which form the blood-
brain barrier (BBB) is thought to be important in cell surface recognition and may also be
involved in regulation of BBB permeability (182, 247). In a model of ischaemic stroke, inhibition

of CD147 led to substantially reduced BBB damage, inflammation, thrombosis, and
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microvascular damage (248). Possible mechanisms underlying this protection include

inhibition of CD147-mediated NF-kB activation and induction MMP-9 activity.

1.3.5 CD147 in disease

CD147 has also been implicated in the progression of many diseases, including
atherosclerosis (249), arthritis (250, 251), and cancer (230, 252). CD147 is commonly found
to be upregulated in human atherosclerotic carotid lesions, predominantly in areas rich in
macrophage infiltrates, vascular smooth muscle cells, and MMP-9 positive cells (228, 229).
Patients with coronary artery disease also show elevated levels of CD147 on circulating
leukocytes, platelets and soluble CD147, with strong associations between CD147 expression
and disease severity (253). In arthritis, in vitro studies have demonstrated that overexpression
of CD147 on macrophage-like and fibroblast-like synoviocytes (the principal cells driving
disease progression) has been implicated in enhancing MMP secretion and activation, thus
promoting invasion of the articular cartilage (251). The role of CD147 in cancer remains the
most well studied. CD147 is highly enriched on the surfaces of most malignant cancer cell
types, whereas expression in normal tissue is usually low and compartmentalized (Li et al
2009, Riethdorf et al 2006). Overexpression of CD147 on cancer cells has been implicated in
increased tumour invasion, proliferation and metastasis due to corresponding upregulation of

MMPs and downstream extracellular matrix degradation (195).

In health, CD147 expression in the lung is low (254, 255). However, it is upregulated in the
context of several diseases, including chronic inflammatory disease such as chronic
obstructive pulmonary disease and asthma, but most notably during non-small cell lung cancer
(256-259). Of particular interest, CD147 has also been implicated in the pathophysiology of
VILI. In a study conducted by Foda et al, rats were ventilated for four hours at either a high
volume (Vr: 20 mL/kg, PEEP: 0 cmH2O) or low volumes (V1: 7 mL/kg, PEEP: 2 cmH.0) (169).

Using in situ hybridisation, they detected an increase in CD147 in alveolar macrophages,
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alveolar epithelial cells, and endothelial cells in the lungs of rats subjected to high-volume
ventilation compared with rats subjected to low-volume ventilation. The increase was seen
after 1 hour of high-volume ventilation and increased over time. Additionally, they also
observed an increase in the amount of MMP-2, MMP-9 and MT1-MMP mRNA synthesis in
epithelial and endothelial cells in the lungs of rats subjected to high-volume ventilation
compared with rats subjected to low-volume ventilation. This upregulation in CD147 appeared
to precede an increase in levels of both pro and active forms of MMP-2 and MMP-9 in BAL,
suggesting stretch-induced CD147 upregulation played a role in subsequent MMP activity.
Treatment with an MMP inhibitor, Prinomastat, significantly attenuated lung injury and
prevented the release and activation of MMP-2 and MMP-9, providing evidence that CD147-
induced increases in MMP does play a role in the development of acute lung injury. However,
there was no further exploration of the mechanisms underlying CD147 activation and its

downstream signalling.
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1.4 The cyclophilins

Among the many binding partners of CD147, cyclophilins are of particular interest in the
context of inflammatory diseases. Cyclophilins are a family of ubiquitously distributed,
evolutionarily conserved proteins present in all prokaryotes and eukaryotes (260). Cyclophilins
play a crucial role in the isomerisation of peptidyl-prolyl bonds from the sterically favoured
trans form to the cis form required for protein folding (260). In the absence of cyclophilins,
spontaneous cis-trans isomerisation of such bonds is a slow process requiring free energy
and represents the rate-limiting step. Cyclophilins possess peptidyl-prolyl isomerase (PPlase)
enzymatic activity which catalyse the isomerisation, thus facilitating both de novo protein

folding and the assembly of multi-domain proteins (260, 261).

In humans, there are a total of 16 unique members of the cyclophilin protein family, each
differing in their molecular mass which ranges from 18 to 150 kDa. These 16 proteins are
further divided into 7 major cyclophilins, including human CypA (hCypA or hCyp-18a, i.e.
cyclophilin with a molecular mass of 18 kDa), hCypB (22 kDa), hCypC, hCypD, hCypE,
hCyp40 (40 kDa), and hCypNK (this cyclophilin was first identified on the surface of natural
killer cells) (262, 263). All of them share a common cyclophilin-like domain (CLD) made up of
109 amino acids. Surrounding the CLD domain are domains that are unique to each member
of the family, which dictate subcellular compartmentalisation and their specialised functions

(264, 265).

1.4.1 Cyclophilin A

Of the cyclophilin family, cyclophilin A (CypA) is the most abundant member. It is expressed
in all tissues and accounts for ~0.1-0.6% of total cytosolic proteins. Within the cytoplasm, it is
partially associated with the cytoplasmic vesicles and the Golgi apparatus (266, 267). The
level of its expression appears to depend on the state of the cell. States that have been

associated with an increased CypA expression include proliferating cells, neoplastic tissue,
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and following CsA treatment. On the other hand, CypA has been observed to be decreased
following viral infections (268). However, how CypA expression levels are regulated have not

been explored.

1.4.2 Molecular structure of CypA

CypA is encoded by the PPIA gene, which encodes an 18-kDa protein. This cytosolic protein
has an anti-parallel B-barrel structure with two a helices (269, 270). Enclosed with the barrel
is a compact hydrophobic core made up of seven aromatic and hydrophobic residues, which
is the binding site for proline-containing peptides (including cyclosporin A) as well as the

enzymatic active site (269-271).

1.4.3 Functions of CypA

For many years, the majority of research has been focused on its role as an intracellular
protein, where it is most widely known for being the main cytosolic binding protein responsible
for binding cyclosporin A (CsA) — a potent immunosuppressant (272). CsA binds to CypA
which in turn binds to calcineurin at the interface between its catalytic and regulatory subunits,
forming a ternary complex. As a result, calcineurin is unable to exert its phosphatase activity
which is crucial to downstream T cell signalling (273). Owing to its PPlase activity, CypA also
plays an important role in the regulation of protein folding and as a molecular chaperone in
protein trafficking (260). It has also been identified as a modulator of CD4+ T-cell signal
transduction and regulates the production of T helper type Il cytokines (274). Additionally,
CypA has been reported to bind the CA domain of human HIV-1 Gag protein and is thought
to be required for the infectious activity of HIV-1 virions by acting as a molecular chaperon

during the coating/uncoating process (275).
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1.4.4 Extracellular CypA as a novel mediator of intercellular communication

More recent studies have provided an accumulating amount of evidence to suggest a novel
role of extracellular CypA in both autocrine and paracrine intercellular communication (276).
In response to inflammatory stimuli, hypoxia, and oxidative stress, CypA can be secreted from
cells into the extracellular space (277-285) (Error! Reference source not found.). The first
report of CypA secretion was from RAW 264.7 murine macrophages in response to LPS
stimulation (279). More specialised macrophages - human primary microglia and BV2 murine
microglial cells (resident macrophages of the brain and spinal cord), have also been shown to
secrete CypA in response to pro-inflammatory (LPS) and oxidative stimuli (oxidative stress
inducer, LY8353) (283). In this study, the authors also proposed that the absence of
intracellular cytoskeletal protein B-tubulin in culture supernatant was indicative that CypA was
actively secreted and not the result of cell lysis. Human umbilical vein endothelial cells
(HUVECSs) have also been shown to secrete CypA in response to LPS treatment in a time-
and dose-dependent manner, with highest levels detected at 12-hours (281). On the other end
of the spectrum, platelets have been reported to rapidly (within 3 minutes) release CypA upon
activation with adenosine diphosphate (ADP) and following thrombin stimulation (280, 284).
However, the pathway or mechanism of CypA secretion was not explored in all the above

studies.

Perhaps the most well studied cell type in terms of its CypA release is the vascular smooth
muscle cell (VSMC). A number of studies have shown that CypA is released from VSMCs in
response to reactive oxygen species (ROS) generated by the oxidative stress inducer, LY8353,
angiotensin Il, or hydrogen peroxide (H202) (277, 278, 282). Suzuki et al also demonstrated
that in VSMCs, CypA is released via a vesicular secretory pathway that involves vesicle
formation, vesicle transport to the plasma membrane (requiring myosin 1), docking, and fusion

(requiring actin cytoskeleton remodelling) (277).
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Table 1.4 - Secretion of CypA from various cell types

Cell type Stimuli Mechanism of secretion
Macrophages
RAW 264.7 16-hour incubation with LPS
. - (279)
(murine) (1 pg/mL)
Primary microglial
(human) Constitutive secretion; Active secretion but
2- and 4-hour LPS exposure; athwav not elucidated (283)
BV2 microglial cell 4-hour LY83583 treatment P y
line (murine)
Endothelial cells
HUVEC (human) 12-hour LPS (1 pg/mL) - (281)
Platelets
?1-Bn|l:1rt|1’[oe|/|s,)t|mulatlon with ADP (280)
Primary platelets
h
(human) 3-minute stimulation with _ (284)
thrombin (0.5 U/mL)
VSMCs
2-hour stimulation with
VSMC (rat) LY83583 (1umol) or H,0,  oduiated pattway (22g27)
(200 pumol/l) 9 P y
) . : : Dependent on acetylation
RASMC (rat) 24-hour stimulation with of CypA at K82 and K125 (278)
angiotensin Il (300 nM) residues
Fibroblasts
4- and 8-hour stimulation with Passive following
L929 (murine) necroptosis but not (285)

100 yM zVAD.fmk

apoptosis

LPS = lipopolysaccharide, HUVEC = human umbilical vein endothelial cell, ADP = adenosine

diphosphate, VSMC = vascular smooth muscle cell, RASMC = Rat aortic smooth muscle cell,
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CypA = cyclophilin A, H-O> = hydrogen peroxide, zVAD.fmk = carbobenzoxy-valyl-alanyl-
aspartyl-[O-methyl]- fluoromethylketone

In contrast to the active process of secretion proposed above, Christofferson and Yuan have
suggested that CypA is passively released during the early stages of necroptosis, a form of
programmed necrotic cell death, as a consequence of cell membrane permeabilisation (285).
They demonstrated that treatment of L929 (fibroblast cell line) cells with zZVAD.fmk, a pan-
caspase inhibitor that induces necroptosis, results in release of CypA detected at 4- and 8-
hours. This release of CypA was inhibited in the presence of necrostatin-1, a specific inhibitor
of necroptosis. Further, they showed that CypA release was specific to necroptosis as no
CypA was detected in the supernatant of FADD-deficient Jurkat cells treated with TNF-a and

cyclohexamide to induce apoptosis (285).

Although it is now established that CypA can be secreted, the mechanism of its secretion
remains uncertain. Unlike other members within the cyclophilin family (e.g. cyclophilin B),
CypA is not synthesised with the prototypic signal peptides at the N-terminus which is found
on most proteins destined for secretion via the classical pathway (276). Instead, it has been
suggested that CypA secretion follows a vesicular pathway. In these studies, secretion of
CypA from reactive oxygen species (ROS) stimulated vascular smooth muscle cells was
shown to proceed in a manner dependent on Rho signalling, myosin activation, and actin
remodelling (286). However, another study has suggested that intracellular CypA is not
actively secreted but simply gains access into the extracellular space when cells are dead or
dying due to the increase in cell membrane permeability and proposed it as a biomarker of

necrotic cell death (285).

Regardless of the mechanism of release/secretion, once in the extracellular space CypA, has
been shown to be involved in a wide range of cell signalling events across numerous cell types.

Initial studies demonstrated that extracellular CypA was capable of initiating signalling

63



response (e.g. activation of the extracellular signal-regulated kinases [ERK1/2] and NF-kB
pathway (287)), and acting as a chemotactic agent to leukocytes, including neutrophils,
eosinophils, monocytes, and T cells in both in vitro and in vivo systems (279, 288-290). Since
then, the functions of extracellular CypA has been extended to include stimulation of ROS

production, cell proliferation, and apoptosis (287, 288, 291-302).

1.4.5 CypA:CD147 interactions

Following the recognition that extracellular CypA was capable of mediating intercellular
effector activities, studies were conducted to identify the cell surface receptor responsible for
binding and transducing the extracellular activities of extracellular CypA. In 2002, Yurchenko
et al identified CD147 as a cell surface receptor for CypA. Subsequent analysis demonstrated

that signalling and chemotactic activities of CypA required CD147 to be present (290).

Currently, the signal transduction mechanisms downstream of CypA-CD147 interactions
remain unclear. Extracellular CypA stimulation of CD147-expressing cells leads to signalling
activity characterised by a flux in intracellular Ca?* and an increase in the level of ERK
phosphorylation (290). Interestingly, a study conducted by Pushkarsky et al demonstrated that
the cytoplasmic domain of CD147 is not required for ERK activation (303). Instead, they
proposed that CD147-mediated signal transduction likely occurs following association of the
transmembrane domain of CD147 with other membrane proteins. In support of this hypothesis,
they highlight the propensity of CD147 to form complexes with other membrane proteins due
to its unusual molecular structure which features a charged residue (glutamic acid) within its
24 residue long transmembrane region. The presence of a charged residue in the middle of
the lipid bilayer is a feature that is not usually found in proteins spanning the membrane only
once as it is highly energetically unfavourable. Proteins with such molecular features often

complex with other membrane proteins to shield the charge in an energetically stable state
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(196). Indeed CD147 has been shown to interact with several other transmembrane proteins
including B1 integrins, CD43 and syndecan (241, 304, 305).

Genetic analysis demonstrated that amino acids proline 280 and glycine 281 located near the
end of the transmembrane domain facing the outside of the cell are critical for CypA-CD147
signalling (290). Nuclear magnetic resonance studies have revealed that binding of CypA to
CD147 isomerises the cis-conformer of the tryptophan 210-proline 211 peptidyl-prolyl bond
within it (306). This might suggest a novel mechanism of ligand-receptor interaction in which
isomerisation of a peptidyl-prolyl bond on the outside of the cell results in intracellular
signalling on the inside of the cell — a ‘proline switch’ of sorts (306). In addition, the proline 180
and glycine 181 residues located in the extracellular domain of CD147 were found to be critical
for CypA-mediated CD147 signalling. Mutant CD147 constructs (which had alternative proline
180 and glycine 181 residues) failed to respond to CypA stimulation (290). Preservation of the
active site residues of CypA and thus its PPlase activity was also shown to be crucial for its
signalling activity. Similarly, mutants that were PPlase defective failed to initiate downstream
signalling events (290). Taken together, these data suggest that CD147 mediated CypA

signalling occurs through a unique PPlase-dependent mechanism.

In addition to CD147, it has also been shown that both signalling and chemotactic activities of
CypA are dependent on the presence of cell surface heparan sulphate proteoglycans (HSPGs)
(196, 197, 290). It is thought that these HSPGs serve as a primary binding site for cyclophilins
on target cells, which bring CypA into close proximity with the CD147 receptor, facilitating what
is known to be a low-affinity interaction between CypA and CD147 (196, 197, 290). Pre-
treatment of neutrophils with a heparitinase to remove HSPGs also eliminated CypA-induced
chemotaxis (290). However, interestingly, it appears that HSPGs are especially important
when cells are in their non-activated states with low CD147 expression. Constant and

Bukrinsky reported that in activated T cells where CD147 expression was upregulated, the
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binding of CypA to CD147 was enhanced independently of heparans, suggesting a
redundancy of HSPGs once a certain threshold of CD147 expression is crossed (197).

It is now widely accepted that CD147 is the principal signalling receptor for extracellular CypA.
However, whether all CypA activities are mediated through CD147 is not known. In a study
investigating the effects of CypA in human vascular smooth muscle cells and endothelial cells,
Yang et al demonstrated that CypA mediated cell proliferation was not blocked by an anti-
CD147 antibody, suggesting that CD147 may not be involved in the mitogenic effects of CypA
(307). In a study conducted by Xue et al, it was also reported that multiple signals activated
by extracellular CypA in VSMC and EC were unaffected by knockdown of CD147 (308).
Hence, it is possible that other unknown receptor(s) for CypA exist and further investigations

are required.

1.4.6 CypA:CD147 axis in inflammatory diseases

Both CD147 and extracellular CypA has been shown to be upregulated in the pathogenesis
of a host of human disease, in particular diseases with an inflammatory component such as
sepsis, atherosclerosis, cancer, and rheumatoid arthritis. While not all studies explicitly
demonstrate the interaction between CD147 and CypA, the overlap between diseases
implicating CD147 and CypA is highly suggestive that interactions between these two players
contribute to the inflammatory responses observed. Further, there is a growing body of
evidence to suggest that CypA-CD147 interactions are involved in key processes underlying
the pathogenesis of inflammatory diseases. To date, most studies have focused on two
downstream consequences of CypA:CD147 interactions: (1) MMP induction; and (2)
chemotaxis of leukocytes. The following sections will discuss a few examples of where the

CypA:CD147 axis has been implicated, although it is by no means exhaustive.

Rheumatoid arthritis
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In rheumatoid arthritis, CypA has been found to be elevated in both serum and synovial fluid
of patients (309, 310). This increase in CypA has been found to be positively correlated with
not only the number of neutrophils present in the synovial fluid but also with the disease
severity (311). Using an in vitro model, Kim et al investigate the functions of CypA in the setting
of rheumatoid arthritis. Human and mice monocyte/macrophage cell lines were stimulated with
CypA and the results presented from this study further implicates CypA in the pathogenesis
of rheumatoid arthritis (294). CypA induced secretion of pro-inflammatory cytokines, including
IL-8, TNF-a, MCP-1 and IL-1B, which are known to contribute to further activation of
inflammatory cells within the synovium. Additionally, CypA stimulation also led to the

expression and activation of both MMP-2 and MMP-9 via a NF-kB dependent mechanism.

Concurrently, CD147 has also been reported to be increased on reactive leucocytes (including
macrophage-like synoviocytes, fibroblasts-like synovial cells, and granulocytes) in the
synovial fluid and in the invasive synovium at sites of joint destruction (311-314). This
upregulation in CD147 is almost always associated with a significantly elevation in secretion
and activation of MMP-2 and MMP-9 (312-314), and is believed to be responsible for the
promotion of cartilage invasion, progression of joint destruction, and recruitment of
inflammatory neutrophils into the joint space via CypA-dependent signalling. Many have
demonstrated benefits conferred by inhibition of CD147, either with an anti-CD147 antibody
or a CD147 antagonistic peptide. In a model of collagen-induced arthritis, Constant and
Burkinsky observed up to 75% reduction in joint inflammation (197). This finding is consistent
with a study by Zhu et al where administration of an anti-CD147 antibody resulted in a

significant reduction in chemotaxis of monocytes to synovial fluid from RA patients (312).

A pathway between CypA and CD147 was suggested by Yang et al who demonstrated that
CypA-induced MMP-9 production in monocytes/macrophages was inhibited when cells were

pre-treated with a small interfering RNA (siRNA) against CD147 (301). Unsurprisingly, both
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CD147 and CypA are attractive new targets for intervention in the treatment of rheumatoid

arthritis.

Coronary artery disease
There has also been an increasing amount of evidence to highlight the role of CypA and
CD147 in the pathogenesis of coronary artery disease (CAD), including abdominal aortic

aneurysms, atherosclerosis, cardiac hypertrophy, and pulmonary hypertension (315).

ROS formation and production plays a crucial role in the pathogenesis of cardiovascular
diseases. Risk factors for CAD, including hyperlipidaemia, high blood pressure, smoking, and
diabetes all contribute to increase ROS, creating an environment of oxidative stress. In
response to oxidative stress, CypA is released from vascular smooth muscle cells, platelets
and macrophages (277, 278, 281, 282). Once in the extracellular space, CypA induces further
ROS production in smooth muscle cell (315). This augments further CypA secretion and also
promotes damage to the intima by causing a decrease in nitric oxide release, an important
mediator of vasodilation, thus facilitating platelet aggregation and upregulation of adhesion

molecules (316, 317).

CypA has also been shown to activate endothelial cells, leading to the upregulation of
adhesion molecules such as vascular cell adhesion molecule (VCAM)-1 and E-selectin,
contributing to the initial process of leukocyte recruitment (281, 317). Moreover, CypA itself
can function as a direct chemoattractant for leukocytes, promoting the recruitment of key
effector cells including neutrophils, eosinophils, monocytes, and T lymphocytes into the
atheroma lesion in a CD147-dependent manner (318). In support of this,
immunohistochemistry staining of cardiac sections from human autopsies of patients who died
from acute myocardial infarction revealed high expression levels of both CypA and CD147 in

myocardium (319). CD147 was predominantly localised to the cardiomyocytes and CypA to
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the infiltrating leukocytes consisting mainly of neutrophils and macrophages. Areas of
infiltrating leukocytes also stained positively for MMP-9, providing support for CD147-induced

MMP activity in cardiovascular pathologies (320, 321).

Both CypA and CD147 are thought to play functional roles in the process of foam cell formation.
In an in vitro study, CD34+ progenitor cells were observed to upregulate CD147 as they
differentiated into foam cells (320). During this differentiation process, there was also a
significant increase in CypA secretion. This upregulation of CD147 was associated with an
increase in MMP-9 secretion, which was further enhanced by the addition of recombinant
CypA. Both gene silencing of CD147 using siRNA and treatment of cells with a CypA inhibitor
(NIM811) led to a significant decrease in MMP-9 secretion from mature foam cells. In a study
published late last year (2019), Pahk et al investigated the anti-atherosclerotic effects of a
novel drug, SP-8356, that inhibits CypA-CD147 interactions (322). In a mice model of
atherosclerosis, advanced plaques were induced in apolipoprotein E-deficient (ApoE KO)
mice via partial ligation of the right carotid artery. Following this injury, mice received SP-8356
once daily orally for three weeks. The authors demonstrated that mice treated with SP-8356
had significantly reduced plaque size and attenuated plaque vulnerability (thicker fibrous cap
with decreased lipid and necrotic core areas) compared with vehicle-treated mice.
Furthermore, in situ zymography also revealed significantly decreased MMP-9 activity within
plaque lesions. These results provide further evidence for the pathogenic role of CypA:CD147
interactions in atherosclerosis and highlights this pathway as a promising target for future

translational efforts.

Importantly, clinical studies have also highlighted the involvement of CypA in patients with
CAD. Several studies have demonstrated the role of CypA as a biomarker of CADs (323-326).
CypA can be used to predict important clinical outcomes, including all-cause mortality, re-

hospitalisation, and coronary revascularisation in patients (327). In 2012, a prospective

69



observation study proposed that CypA may also provide superior prognostic value. 320
patients with symptoms of CAD were screened and it was demonstrated that plasma levels of
CypA were significantly increased in patients with angiographically proven CAD (328).
Furthermore, CypA was also found to be upregulated in patients with atherosclerotic risk

factors, including hypertension, diabetes, smoking, and dyslipidaemia (328).

Asthma

Currently, very little is known about the role of CypA:CD147 interactions within the lungs. A
study conducted by Gwinn et al sought to investigate the role that extracellular CypA:CD147
interactions might have in asthmatic lung injury (329). Using a mouse model of asthmatic
inflammation characterised by an influx of effector cells (eosinophils and Th2 lymphocytes),
they detected elevated levels of CypA in the BAL fluid from airways of diseased mice. CD147
was found on the surface of circulating eosinophils and CD4" T cells and the authors believed
that CD147 expression was critical for the recruitment of these cells into the areas of
inflammation. This was supported by the dramatic reduction (up to 50%) in numbers of
eosinophils and T-cells accumulating in lung tissues of asthmatic mice following an
intraperitoneal administration of an anti-CD147 antibody. Further, following methacholine
challenge, these anti-CD147-treated mice also showed significantly less airway epithelial

mucin production and bronchial hypersensitivity.

Acute lung injury

There is currently only one other study which has investigated the role of CypA in acute lung
injury. The same research group demonstrated using western blotting an increase in CypA in
the bronchoalveolar lavage fluid 18 hours after mice were treated with intranasal
lipopolysaccharide (LPS; 2 pg) (291). This increase in CypA was associated with an increase
in several proinflammatory cytokines and chemokines as well as a neutrophilia in lung tissues

and airways, with the latter correlated closely with the level of CypA. The group then went on
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to test both arms of the CypA:CD147 axis. Blockade of CD147 with an intraperitoneal injection
of an anti-CD147 monoclonal antibody prior to the intranasal LPS challenge led to a significant
reduction in neutrophil infiltration in lung tissues and airways. Inhibition of CypA with a non-
immunosuppressive cyclosporine analogue (SDZNIM811) resulted in a similar reduction in
neutrophil infiltration. When both treatments were used in conjunction, only a minor further
reduction in neutrophil numbers was observed, suggesting that both interventions were acting

on the same CypA:CD147 interactions.

While these two studies exploring the role of CypA and CD147 in the lungs are interesting and
do provide evidence for the relevance of the CypA:CD147 axis in inflammatory lung diseases,
the mechanisms underlying the protective effects observed following blockade of CypA and/or
CD147 were not elucidated. Therefore, despite the growing body of evidence suggesting that
the CypA:CD147 axis plays a key role in multiple inflammatory diseases, there is still very little

known about its role in the lungs and how exactly it contributes to the inflammatory response.

The data presented in this thesis are my effort to provide further information on how this novel

CypA:CD147 axis may contribute to acute lung injury, with a specific focus on its role during

the pathogenesis of ventilator-induced lung injury.
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1.5 Hypothesis
We hypothesise that the CypA:CD147 axis plays a pathogenic role in the lungs following

mechanical ventilation, contributing to VILI.

1.6 Aims

1) To explore the involvement of CypA and CD147 in the lungs using a mouse model of VILI.

2) To investigate CypA release in response to stretch using in vivo mechanical ventilation
and in vitro stretch models.

3) To assess whether CypA inhibition during in vivo ventilation attenuates VILI and
investigate possible mechanisms behind any observed protective effects.

4) To investigate the mechanisms through which extracellular CypA contributes to the

pathogenesis of VILI using in vitro methods.

72



2 Materials & Methods
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This chapter describes the materials (reagents and equipment), and various methodologies
utilised within this thesis. Additional details of materials and methods pertaining to specific

chapters can be found in the methods section of its respective chapter.

2.1 Materials

2.1.1 Reagents

Table 2.1 - In vivo reagents

Reagent Constituents Application Source
Ketamine - In vivo ventilation Imperial CBS
Xylazine - In vivo ventilation Imperial CBS
lodine - In vivo ventilation Imperial CBS
Oxygen gas - In vivo ventilation BOC

o G2 EioeE - In vivo ventilation BOC

gas

Saline - In vivo ventilation NHS supplies
Heparin - In vivo ventilation Imperial CBS

Hydrochloric acid
(1M)

Lipopolysaccharide,

Ultrapure

(from E.coli O111:B4)
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In vivo ventilation

In vivo ventilation
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Table 2.2 - Flow cytometry reagents

Reagent

Intracellular fixation
buffer

BD Cytofix/Cytoperm

Flow cytometry wash
buffer (FWB)

Flow cytometry
permeabilisation wash
buffer (PWB)

AccuCheck counting
beads

Collagenase

DNase |

Table 2.3 - Enzyme-linked immunosorbent assay (ELISA) reagents

Reagent

ELISA wash buffer

ELISA reagent diluent

ELISA substrate
solution

ELISA stop solution

Constituents

Paraformaldehyde

Phosphate buffered
saline (PBS) with 2%
foetal calf serum
(FCS), 0.1% sodium
azide, 5mM EDTA
PBS with 0.2%
saponin, 0.5%
bovine serum
albumin (BSA), 0.1%
sodium azide

Constituents
1X PBS

0.05% Tween-20 (v/v)

1X PBS
1% BSA (W/V)

Application

Cell fixation for flow
cytometric analyses

Cell permeabilisation
for intracellular
staining

Flow cytometry

Flow cytometry

Cell quantification

Enzymatic lung
digestion
Enzymatic lung
digestion

3,3,5,5" Tetramethylbenzidine liquid
substrate system super sensitive form

Sulphuric acid
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Source

eBioscience

BD Bioscience

Invitrogen
Invitrogen
Invitrogen
Thermofisher
Scientific

Invitrogen

Invitrogen

Sigma-Aldrich

Roche
Diagnostics

Source

Gibco
Invitrogen

Gibco
Sigma Aldrich

Sigma Aldrich

Gibco



Table 2.4 - Western blotting reagents

Reagent

Cell lysis buffer

NuPAGE™ Sample
Reducing Agent (10X)
NuPAGE™ LDS Sample
buffer (4X)

NuPAGE™ MOPS SDS
Running Buffer
NuPAGE™ 4-12% Bis-Tris
Protein Gels, 1.0 mm,
10-well

Color-coded Prestained
Protein Marker, Broad
Range (11-250 kDa)
MagicMark™ XP Western
Protein Standard

NuPAGE™ Transfer Buffer

Nitrocellulose membranes,
0.2um, 8 x 8 cm

Western Blotting Filter
Paper, 7cm x 8.4 cm,
0.83mm thickness

iBlot 2 NC Regular Stacks

Tris-buffered saline-Tween
20 (TBS-T)

Blocking buffer

Luminol reagent

SuperSignal™ West Femto
Maximum Sensitivity
Substrate

Restore™ PLUS Western
Blot Stripping Buffer

Constituents

10X RIPA lysis buffer
100X Protease inhibitor
10X Phosphatase inhibitor
(PhosSTOP)

5mM EDTA

1mM PMSF

500 mM dithioreitol (DTT)

Tris-buffered saline
0.1% Tween-20 (v/v)

5% non-fat dry milk (w/v)
TBS-T

Luminol reagent
Hydrogen peroxide
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Source

Cell Signalling Technology
Cell Signalling Technology
Cell Signalling Technology
ThermoFisher Scientific
Sigma

Invitrogen
Invitrogen

ThermoFisher Scientific

ThermoFisher Scientific

Cell Signalling Technology

ThermoFisher Scientific

Invitrogen

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific
Invitrogen

Marvel

Santa Cruz Biotechnology

ThermoFisher Scientific

ThermoFisher Scientific



Table 2.5 - Gelatin zymography reagents

Reagent

Novex™ Tris-Glycine SDS Sample
Buffer

Tris-Glycine SDS Running Buffer

Novex™ 10% Zymogram (Gelatin)
Protein Gels

Color-coded Prestained Protein Marker,
Broad Range (11-250 kDa)

Recombinant Mouse MMP-2 Western
Blot Standard Protein

Recombinant Mouse MMP-9 Western
Blot Standard Protein

Zymography Renaturing Buffer (10X)
Zymography Developing Buffer (10X)
Colloidal Blue Staining Kit

Methanol

Constituents

Stainer A
Stainer B
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Source

Invitrogen

Invitrogen

Invitrogen

Cell Signalling Technology

R&D Systems

R&D Systems

Invitrogen

Invitrogen

Invitrogen

VWR International



2.1.2 Commercial detection assays

Table 2.6 - Commercial detection and quantification kits

Kit Constituents Source

Mouse: .

RAGE Duoset C.a p.ture Sllileely . .
Biotinylated detection antibody

IL-6 Duoset ) R&D systems
Recombinant standard

O DI Streptavidin-HRP

IL-1B Duoset B

Pre-coated micro ELISA plate

[ t st
Mouse cyclophilin A Recombinant standards

Biotinylated detection antibody Elabscience
(CYPA) ELISA Avidin-horseradish peroxidase (HRP) conjugate
Wash buffer
Human: Capture antibody
TNF Duoset Biotinylated detection antibody
IL-8 Duoset Recombinant standard R&D systems
IL-6 Duoset Streptavidin-HRP
Pre-coated micro ELISA plate
Human .
entidviprolvi Recombinant standards
.p PUCy’broly Biotinylated detection antibody Abbexa
isomerase A/CYPA - . . :
Avidin-horseradish peroxidase (HRP) conjugate
(PPIA) ELISA
Wash buffer
Bio-R
Bradford protein Coomassie Brilliant Blue G-250 lo-Rad :
ThermoFisher
assay BSA standard o
Scientific

Qubit™ protein reagent (component A)
Qubit™ protein buffer (component B)

- .
Qubit™ protein Qubit™ protein standard #1

ThermoFisher

assay Qubit™ protein standard #2 Scientific
Qubit™ protein standard #3
LDH assay buffer
Lactate LDH positive control (lyophilised)
Dehydrogenase . Abcam
Assay Kit LDH substrate mix
NADH standard
NaNO; Standard Solution (100 uM)
NaNOs Standard Solution (100 pM)
Nitrite/Nitrate Assay Buffer solution (20 mM, pH 7.6)

Nitrate Reductase Sigma-Aldrich
Enzyme co-factors

Griess Reagent A

Griess Reagent B

Kit, colorimetric
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Instruments, equipment, and software

Table 2.7 - Equipment for in vivo ventilation protocols

Equipment

Infusion pump

PowerlLab data acquisition system

RapidLab 248 blood gas machine

Application

In vivo fluid administration

Table 2.8 - ELISA equipment

Equipment
MRW Microplate washer

BioTek ELx800

Application

ELISA automated plate washer

ELISA colorimetric plate reader

Table 2.9 - Flow cytometry equipment

Equipment

GentleMACS tissue dissociator

40 pym Nylon strainer

CyAn ADP flow cytometer

Application

Single cell suspension

Flow cytometric analyses

Table 2.10 - Software packages

Software

Prism v6
FlowJo
LabChart reader
GeneSnap
GeneTools

ImageJ

Application

Statistical analysis

Flow cytometry analysis
Physiology data

Acquisition of western blot image
Image analysis for western blots

Image analysis for western blots
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Record physiology data

In vivo blood gas analyser

Homogenisation of lung tissue

Source

Harvard Apparatus
AD Instruments

Siemens healthcare

Source
Dynex Technologies

BioTek Instruments

Source
Miltenyi Biotec Ltd
BD Falcon

Beckman Coulter

Source
Graphpad

Tree Star Inc.
AD Instruments
Syngene
Syngene

National Institutes of Health



2.2 Animals

All protocols were approved by the Ethical Review Board of Imperial College London and
carried out under the authority of the UK Home Office in accordance with the Animals
(Scientific Procedures) Act 1986 UK (Personal License number I8A02F01D, Project License
number P8E434E5B) and the ARRIVE guidelines for use and reporting of animals in research.
Male C57BL/6 mice, purchased from Charles River, Margate, UK, were used in all in vivo
experiments. All mice were aged between 7-14 weeks and weighed 21-30g. Animals were
housed in individual ventilated cages, with a maximum of 5 mice per cage. Animals had free
access to food and water and were exposed to 12-hour light and dark cycles. All experiments
were initiated and completed during the light cycle and no adverse effects were observed in

any of the treatment groups.

2.3 Invivo animal models of ventilator-induced lung injury

2.3.1 Ventilator-Induced Lung Injury

Surgical preparation

Mice were anaesthetised with an intraperitoneal injection of a combined dose of ketamine (80
mg/mL) and xylazine (8 mg/mL). Once animals lost consciousness (within 2-3 minutes), they
were transferred onto a heat pad and covered with a blanket (large cotton wool pad) to ensure
that a constant body temperature was maintained throughout the experiment. The surgical
area was shaved and cleaned with iodine in preparation for the procedure. Once a suitable
depth of anaesthesia was reached, as assessed by the loss of pedal reflex, the surgical

procedure commenced.

Mice underwent a tracheostomy and a custom-made endotracheal tube (ET) was inserted and
secured in situ with a 3-0 surgical suture. The left carotid artery was then cannulated to monitor

blood pressure, withdraw arterial blood samples for blood gas analysis, and provide an
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infusion (0.4 mL/hr) of maintenance saline. An intraperitoneal (IP) line was instrumented into
the abdomen to provide reliable and convenient access for delivering maintenance
anaesthesia. Physiology temperatures (36.5 — 37.5°C) were maintained and monitored by a

rectal temperature probe.

Ventilation system set-up

This custom-made mouse ventilator is a ‘constant flow generator’. In this system (Figure 2.1),
high pressure gas from a gas cylinder flows through a metering valve (Swagelok). The high
resistance flow regulator (A) allows the system to deliver an inspiratory flow effectively at a
controlled constant rate (adjusted by the valve), regardless of the inherent
resistance/elastance of the mouse’s respiratory system. The custom-made electric ventilator
controller, controls opening and closing of the electrically-driven solenoid valves and provides

an inspiratory:expiratory (I/E) ratio of 1:2.

During inspiration when the inspiratory solenoid (B) opens and the expiratory solenoid closes,
a constant inspiratory flow is delivered through the miniature pneumotachograph (C) and into
the mouse’s lungs via a custom-made endotracheal tube (D). During expiration, the inspiratory
solenoid closes, the expiratory solenoid (E) opens and the mouse exhales passively against
either atmospheric pressure or a set positive end expiratory pressure (PEEP) regulated by the

volume of water present in the corresponding water cylinder.

Airway pressure is monitored by a pressure transducer (F) (MLT0380, ADInstruments,
Chalgrove, UK); Airway flow is determined by a differential pressure transducer (G) (PX137,
Omega Engineering, Manchester, UK) connected to the pneumotachograph in the ventilator
circuit. The miniature pneumotach is essentially a custom-made metal pipe with two side

pressure ports, which are connected to a differential pressure transducer. At this diameter
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(~1.35 mm), flow through this small pipe is effectively laminar, allowing estimation of flow by

measuring the pressure difference between these two ports.

GAS

/
1

A

B

Recruitment
water cylinder

D | /t\rterial line N
|4

PEEP
water cylinder

Temperature Intraperitoneal
probe line

\_ Heating pad )

Figure 2.1 - Schematic of in vivo ventilation system set-up

The controller has three different ventilation modes — a constant flow mode, a positive
pressure ventilation mode, and an end-inspiratory occlusion mode. The constant flow mode
(CPAP) provides a constant flow, where both inspiratory and expiratory solenoids remain open.
The positive pressure ventilation mode enables time-cycled ventilation, where the inspiratory
and expiratory time is defined by the RR set by the operator. The ventilator controller enables
changes in respiratory rate (RR) from 50 to 300, but the I/E ratio is fixed at 1:2. The end-
inspiratory occlusion mode adds an inspiratory pause of ~20 msec to positive pressure
ventilation; during this mode inspiratory and expiratory time remains unchanged from that in

positive pressure ventilation mode as defined by the RR.
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Recruitment manoeuvres are performed by setting the ventilator to constant flow mode and
then occluding the tubing feeding into the PEEP water cylinder (Figure 2.1 — blue dotted line).
This causes airway pressure to rise to a set airway pressure (30 cmH20 or as otherwise
dictated by the volume of water in the recruitment water cylinder); usually the mouse’s lungs
are subjected to a sustained inflation at the set recruitment pressure for 5 seconds, terminated

by releasing the PEEP tubing.

All data from the transducer is collected by a PowerLab data acquisition system (AD

Instruments) and analysed by LabChart Reader software (AD Instruments, UK).

Ventilation protocol

The ventilator was initially set at low tidal volume (V7) settings (Table 2.11) regardless of
intended final experimental ventilator strategy. Three pulmonary recruitment manoeuvres, 30-
seconds apart, were performed to reverse any temporary atelectasis and standardise the
volume history of the lungs for the effects of surgery and anaesthesia. After the last recruitment,
an inspiratory pause is performed to determine the respiratory mechanics at baseline. At this
point, the settings of the ventilator were then either maintained to deliver low V1 ventilation or

adjusted to a high Vt ventilation strategy.

Table 2.11 - Ventilation parameters for low and high Vr ventilation strategies

| Low V7 High Vr
Tidal volume (Vr) 8 mL/kg 40 mL/kg
Respiratory rate (RR) 120 breaths/min 80 breaths/min
Peak end expiratory
pressure (PEEP) 3.0 cmH0 3.0 cmH0
Gas 100% O 02+ 4% CO;
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Mice were ventilated for 1, 2, or 3 hours. At the end of the experiment, mice were
exsanguinated under general anaesthesia by severing the left carotid artery. Samples were

then collected and processed as detailed in following sections.

Rationale for use of very high Vr strategy

In these experiments, mice were ventilated with very high Vr strategies (i.e. 30-40 mL/kg).
While the use of ventilatory strategies such as those used in our experiments have been
criticised for being too extreme to be clinically relevant to humans, there are a number of
reasons for using large magnitudes of stretch. Firstly, we have previously demonstrated that
the use of “clinically relevant” tidal volumes (20 mL/kg) are unlikely to induce substantial lung
overstretch in mice (330). These settings are necessary to induce stretch-induced
infammation and injury within the lungs of healthy mice which are much more compliant that
human lungs. Furthermore, application of high Vr also reflects the degree of stretch that would

be experienced by the heterogeneously injured “baby lung” of patients with ARDS (58).

2.4 Interventional studies

2.41 Alveolar macrophage depletion experiments
Mice were randomly allocated to receive either 50 yL of saline or clodronate-containing
liposomes (7 mg/mL, 50 pL; FormuMax Scientific, Palo Alto, CA, USA); the investigator

performing the ventilation was blinded to the group assignment.

Animals were anaesthetised with an intraperitoneal injection of a combined dose of ketamine
(60 mg/mL) and xylazine (6 mg/mL). Once animals lost consciousness and a suitable depth
of anaesthesia, as assessed by the loss of pedal reflex, was reached, animals were vertically
suspended using a custom-made stand. The mouth was opened, tongue moved aside, and

the vocal cords were visualised and identified using a microscope and an external light source.
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A fine catheter was then passed between the vocal cords, about 1 cm down into the trachea
and 50 pL of clodronate-containing liposomes or saline was instilled intratracheally (i.t.). The
mice were suspended in an upright position for a further 30 seconds to allow equal bilateral
distribution of the fluid. Once the fluid is fully inhaled, mice were then returned to a horizontal
position and placed in a custom-made recovery box providing humification, warming, and

oxygen supplementation until the effects of the anaesthetic had fully worn off.

48 hours after pre-treatment, mice were ventilated at high Vras described above for up to 150
minutes or until mortality surrogates — blood pressure <50 mmHg or PIP increased >20% —

were reached.

2.4.2 Extracellular Cyclophilin A inhibition with MM-284
To investigate the role of CypA during VILI, the impact of in vivo CypA inhibition was explored
using the inhibitor MM-284 (kind gift from Dr Malesevic at Martin Luther University), a

cyclosporin A-derivative selective for extracellular cyclophilins.

Mice were randomly allocated to receive either 50 uL of vehicle (10% DMSO; Sigma-Aldrich)
or MM-284 (0.67 mM); the investigator performing the ventilation was blinded to the group
assignment. Animals were anaesthetised and ventilated at low Vr as per the VILI model. An
inspiratory pause (IP) was performed once Vr was established to measure the respiratory
mechanics at baseline. This was of particular importance as the intratracheal instillation of
fluid is known to affect both the elastic and resistive component of the respiratory system and

therefore peak inspiratory pressure (PIP) readings.

Mice were then briefly detached from the ventilator and vertically suspended using a custom-
made stand. 50 pL of the MM-284 inhibitor or 10% DMSO was intratracheally instilled via a

thin tubing fed into the endotracheal tube. Mice were then returned to a horizontal plane,
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reattached to the ventilator, and immediately received three recruitment manoeuvres at 30
cmH20 to ensure that the fluid was driven distally into the respiratory tract. Mice were then
maintained at low V+ for 30 minutes to allow the fluid to distribute as equally as possible within
the respiratory tract. During this time, recruitment manoeuvres and inspiratory pauses were
performed every 15 minutes to recruit for any atelectasis component which inevitably occurs
after fluid is introduced into the airway and to monitor changes to respiratory mechanics. After
30 minutes, PIP readings were usually not significantly different to that of baseline. Vr was
then increased to 30-35 mL/kg until the PIP reached 40 cmH2O and ventilated for up to 3
hours or until mortality surrogates — blood pressure <60 mmHg or PIP increased >20% — were

reached.

Start Low V; (8 mL/kg) ventilation
Inspiratory pause (IP) to measure
baseline respiratory mechanics

I.T. MM-284 / vehicle instillation

= Detach mouse from ventilator

— | = Intratracheal instillation of 50 L MM-248 or vehicle (10% DMSO)

= Re-attach mouse to ventilator and immediately perform 3 x recruitment manoeuvres

—
—

11

30 mins Post-instillation IP to measure respiratory mechanics

Switch to high V5 (30-35 ml/kg)
= Standardise using PIP (40 cmH,0)

<180 mins

Mortality surrogates:
End BP <50 mmHg or PIP 1 > 20%

Figure 2.2 - Protocol of CypA inhibition in vivo VILI experiments
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2.5 Physiological data

2.5.1 Respiratory mechanics

Respiratory mechanics were measured using the end-inspiratory occlusion technique, as
described in detail by Ewart et al (331). During the inspiratory pause, both solenoid valves are
closed and producing zero flow at the end of inspiration. By measuring airway pressures and

gas flow, the elastance and resistance of the lungs can be calculated.

Normal ventilation Inspiratory Pause (IP) Tidal volume
= 6.0+ -
5.0. (JQaw shaded)
4.0+
3.04
@ 2.0 L
<2 1o I Inspiratory flow
EE oo
“ 10|
-2.0- L]
-3.04 «— 1 Peak Expiratory
~ -4.0 flow

<
-
~

- Resistive component 1 - Peak Inspiratory Pressure (PIP)

CLLCL Tt T PP TR T 1
Mu; /\ /D 2 - Plateau Pressure (Pplat)
: L\Au_/ \/\,_,/ 3- Postive End Expiratory

Pressure (PEEP)

cmHZ0

Pressure

- 2- Elastic component
Compliance 1 Resistance
Elastance = ——————
Compliance
_ Tidal volume _ PIP — Pyiqt
~ Pyiqc — PEEP _ Ppiae — PEEP ~ Flow

" Tidal volume

Figure 2.3 - Airway flow and pressure graphs showing measurement and calculation of

respiratory mechanics

2.5.2 Arterial blood gas sampling
As detailed above, the left internal carotid is cannulated and attached to a pressure transducer

and a syringe pump. A continuous infusion of heparinised saline is administered for the entire
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duration of the surgery at a rate of 0.4 mL/hour. At set intervals (initial reading at 15 minutes
and then subsequently, hourly) blood (~100 uL) was sampled using a glass capillary tubes
and analysed with a Rapid Lab 248 blood gas analyser. After each sample is withdrawn,

150uL bolus of heparin/saline infusion was administered through the carotid line.

2.6 Experimental samples and physiological measurements

2.6.1 Harvesting plasma samples
Blood samples were collected after the carotid artery was severed. Samples were centrifuged
at 4,000 rpm, 5 minutes, 4°C to isolate the plasma fraction. Plasma was then pipetted off and

aliquots were stored at -80°C.

2.6.2 Lung wet/dry weight ratio

Once death was confirmed, the chest cavity was opened. The right lower lung lobe was
identified and securely tied off at the hilum. After BAL was performed (as detailed below), the
right lower lobe was removed, briefly rinsed in saline and blotted to remove any excess liquid
on the surface. The wet weight was immediately determined before lungs were placed in a
60°C oven for 24 hours (or until weight constant), after which they were re-weighed for dry

weight.

2.6.3 Bronchoalveolar lavage

Bronchoalveolar lavage (BAL) was sampled by flushing and gently aspirating 650uL of saline
in and out of the lungs via the endotracheal tubes three times. The recovered BAL fluid was
centrifuged at 1,500 rpm for 5 mins at 4°C and the supernatant was pipetted off to store at -

80°C for later analyses.
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2.6.4 BAL protein assay

BAL fluid protein measurement was performed using the Qubit Protein Assay Kit. The QUBIT
assay uses a dye-based system which emits a fluorescence signal when bound to proteins.
Protocol was performed as per manufacturer’s instructions. In brief, standards and BAL
sample were diluted in the Qubit working solution, which was prepared by diluting the Qubit
Protein Reagent 1:200 in Qubit Protein Buffer. Samples were then incubated at room
temperature in the dark for 15 minutes to allow the sample to reach optimal fluorescence. The
Qubit Fluorometer was then calibrated with the standards and the samples were analysed to

determine the protein concentration of each sample.

2.6.5 Lungs

As described above, the right lower lobe was removed to determine the wet/dry weight ratio.
The remaining right lung lobe were also briefly rinsed with saline and blotted dry before
homogenisation using a GentleMACS tissue dissociator for flow cytometric analysis. The left
lobe was removed, immediately snap frozen and subsequently stored at -80°C for later

analysis with western blotting.

2.6.6 ELISA

Levels of soluble mediators in BAL and plasma were measured using appropriate sandwich
ELISA kits. BAL and plasma levels of CypA was measured using a commercially available
mouse cyclophilin A ELISA kit (Elabscience, China), which included pre-coated micro ELISA
plate wells. The assays were conducted as per manufacturer’s instructions. BAL levels of
other mediators (RAGE, IL-6, KC) were measured using a Duoset ELISA (R&D). In brief, 96-
well plates were coated overnight at room temperature with 50uL of the appropriate specific
antibody diluted in filtered PBS. The following morning, plates were blocked with 1% BSA for
one hour and then washed three times before the addition of 50uL of standards and samples.

Plates left to incubate for two hours at room temperature. After washing, 50uL of the respective
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biotinylated detection antibodies were added and incubated again for two hours. After washing,
streptavidin conjugated horseradish peroxidase (HRP) was added and incubated for 20
minutes at room temperature in the dark. After the final wash cycle, a liquid substrate (3,3’,5,5’
Tetramethylbenzidine Liquid Substrate System Super Sensitive Form) was added for colour
development over 15-20 minutes. Once standards were suitably developed, the reaction was
stopped using sulphuric acid and plates were read at 450 nm in an absorbance microplate

reader (Biotek ELx800).

2.7 Western Blot

2.71 Preparation of lung samples for western blot analyses

Frozen left lung lobes were mechanically homogenised in 200 uL of ice-cold PBS in Precelly’s
homogeniser tubes at 500 rpm, 1 minute. Homogenised samples were then incubated with
100 uL of cell lysate buffer (RIPA buffer, protease inhibitor, phosphatase inhibitor, EDTA,
PMSF prepared in deionised water) for 30 minutes on ice. Samples were vortex intermittently
to ensure thorough lysis of cells. Samples were then centrifuged at 14,000 g for 10 mins at
4°C to pellet cell debris and supernatants were collected for downstream western blotting
procedure. The protein content of supernatants was then quantified with the Bradford protein

assay.

2.7.2 Bradford protein assay

The Bradford protein assay (BioRad) is based on the use of the dye Coomassie Brilliant Blue
G-250 which binds to proteins in solution. When proteins are not present, the dye is red. Once
bound to proteins, the dye is converted to its blue, unprotonated form which has an
absorbance maximum of 595 nm. The amount of blue anionic form of the dye is proportional
to the amount of the protein in the sample, therefore the protein content of a solution can be

measured by measuring the absorption at 595 nm using a colorimetric plate reader.
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BSA standards were prepared in PBS at the following concentrations: 2 mg/mL, 1.5 mg/mL,
1 mg/mL, 0.75 mg/mL, 0.5 mg/mL, 0.125 mg/mL, 0 mg/mL. 5 pL of standard and samples
(appropriately diluted in saline where necessary) were added to a 96-well plate. Bradford dye
(250 pL) was added to each well and wells were mixed with a microplate shaker for 30 seconds.
The samples were then incubated at room temperature for 10 minutes before absorbances
was measured at 595 nm. Samples and standards were ran in duplicates and the averages

were used to determine the protein concentration of samples.

2.7.3 Western blotting protocol

Samples were prepared in 1X NuPAGE LDS Sample Buffer (Invitrogen) and 1X Sample
Reducing agent, Dithiothreitol (DTT, Invitrogen), to a final volume of 25 L in deionised water.
The electrophoresis tank was prepared by filling a Mini Gel Tank (ThermoFisher) with 1X
NuPAGE™ MOPS SDS Running Buffer made up in deionised water. Prepared samples were
denatured by heating up to 95°C for 10 minutes on a heating block and 25 L of each sample

was loaded into wells of a 10-well NUPAGE 4-12% or 15% Bis-Tris gel (Invitrogen).

On each gel, two different standards were used as protein molecular weight references. The
first was a colour-coded pre-stained marker, broad range (11-250 kDa; Cell Signalling) which
enabled visual monitoring of protein separation during electrophoresis and verification of
transfer efficiency onto nitrocellulose membranes. The second was a MagicMark XP western
protein standard (20-220 kDa; Invitrogen) which contained recombinant proteins with IgG
binding sites that could bind the primary or secondary antibody used for detection and
therefore allowed direct visualisation of the standards on the western blot. Volumes loaded

onto the gels were 10 yL and 1 pL respectively.
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The samples were then electrophoresed for 50 minutes (or until the protein front had ran
sufficiently down the gel) at 200 V, 0.12 AMPs, 25 watts (Power ease 200W, ThermoFisher).
Post-electrophoresis, gel cassettes were dismantled, and the gel was extracted from its casing.

The proteins were then transferred from the gel to a nitrocellulose membrane.

Two different transfer systems were used. For the first system, 4 sheets of western blotting
filter paper and one sheet of nitrocellulose membrane of the same size as the gel were soaked
in NuPAGE Transfer Buffer to allow for equilibration. Using tweezers, the transfer
stack/sandwich was then assembled directly on the anode plate of the transfer cassette
(ThermoScientific) by layering the various components in the following order: 2 sheets of pre-
wet filter paper, nitrocellulose membrane, extracted gel, and 2 sheets of pre-wet filter paper.
The rolling blotter was used to roll over the stack after each layer was added to remove any
bubbles. Once assembly was complete, the top of the cassette (cathode) was placed on top
and locked into the place. The cassette was then placed in the Power Station, ready for
transfer using a pre-programmed method appropriate for the molecular weight of the protein
of interest (e.g. low molecular weight protein <25 kDa (such as cyclophilin A) was transferred
at 25V, 1.3A, 5 minutes; mixed-ranged molecular weight proteins ranging from 25-150 kDa
(such as CD147) was transferred at 25V, 1.3A, 7 minutes). The second system used was the
iBlot™ 2 Dry Blotting System (ThermoFisher). Protocol was followed as per manufacturer’s
guidelines. Similarly, a transfer stack was assembled by placing the extracted gel in the
appropriate position within a pre-assembled iBlot™ 2 Transfer Stack. The entire stack was
placed in the iBlot™ 2 Gel Transfer Device and the transfer was performed using pre-

programmed methods.

Upon transfer completion, the membrane was incubated in a blocking buffer (non-fat milk/Tris-
Buffered Saline with 0.1% Tween-20) for one hour and then probed with the appropriate

primary antibodies (Table 2.12) overnight at 4°C. The following day, membranes were rinsed
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in TBST before incubation with the appropriate HRP-conjugated secondary antibody (Table
2.12) for 1 hour. Blots were visualised with Luminol reagent (Santa Cruz Biotechnology) or
Femto reagent (ThermoFisher) if enhanced chemiluminescence detection was necessary.
Blots were captured with GeneSnap (Syngene) and analysed with GeneSnap (Syngene) or

ImagedJ (National Institutes of Health).

Table 2.12 - Antibodies used in western blotting

Antibody Source Final Concentration
Rabbit monoclonal to CD147, clone EPR4025 Abcam 1:1000

Rabbit polyclonal to Cyclophilin A Abcam 1:500

Rabbit polyclonal to GAPDH (loading control) Abcam 1:1000

Goat polyclonal to B-actin (loading control) Abcam 1:1000
HRP-conjugated goat anti-rabbit IgG H&L Abcam 1:2000
HRP-conjugated donkey anti-goat IgG H&L Abcam 1:2000

2.8 Gelatin zymography

Gelatin zymography is a technique used to identify matrix metalloproteinase (MMP) activity,
specifically MMP-2 and MMP-9 owing to their efficiency in hydrolysing denatured collagen |
(i.e. gelatin), in condition media. This procedure is essentially an adaptation of the

methodology for sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis (PAGE).

Samples were prepared in 1X Novex™ Tris-Glycine SDS Sample Buffer (Invitrogen) and
diluted appropriately in deionised water to make a final volume of 25 pL. The electrophoresis
tank was prepared by filling a Mini Gel Tank (ThermoFisher) with 1X Tris-Glycine SDS
Running Buffer made up in deionised water. 25 uL of each sample was loaded into wells of a

Novex™ 10% Zymogram (Gelatin) Protein Gels (Invitrogen).
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On each gel, a protein molecular weight reference standard, a recombinant MMP-2 standard,
and a recombinant MMP-9 standard was also used. The protein molecular weight standard
was a colour-coded pre-stained marker, broad range (11-250 kDa; Cell Signalling) which
enabled visual monitoring of protein separation during electrophoresis. Both MMP-2 (R&D

Systems) and MMP-9 (R&D Systems) standards were recombinant mouse proteins.

The samples were then electrophoresed for 90 minutes at 125V, 0.12 AMPs, 25 watts (Power
ease 200W, ThermoFisher) under non-reducing conditions to ensure that the enzymatic
activity of gelatinases are preserved. Post-electrophoresis, gel cassettes were dismantled,
and the gel was extracted from its casing. Gels were then sequentially incubated in 1X
Zymography Renaturing Buffer (Invitrogen) for 30 minutes at room temperature, 1X
Zymogram Developing Buffer (Invitrogen) for 30 minutes at room temperature, and fresh 1X
Zymogram Developing Buffer overnight (16-18 hours) at 37°C. The renaturing buffers contains
Triton X-100 which removes SDS from gels and the developing buffer is a calcium-containing
solution which activates both latent and active forms of the gelatinases, allow them to digest

gelatin embedded within the gels.

The following day, gels were rinsed three times by incubating gels in deionised water for five
minutes per wash with gentle agitation at room temperature. Gels were stained then with 100
mL of Colloidal Blue Staining Kit (55 mL water, 20 mL methanol, 20 mL solution A and 5 mL
solution B; Invitrogen) for three hours at room temperature on a rocker. Post-staining, gels
were de-stained by washing gels with deionised water for 2-5 hours (until areas of degradation
visible as clear bands on a blue-stained background were clearly visible), changing water at
30-minute intervals. Gels were then removed from water, placed in a plastic sheet protector
and scanned with a resolution of 300 dpi or higher using a flat-bed scanner. Gels were

analysed with ImageJ.
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Although gelatin zymography is a very useful qualitative tool for the detection and analysis of
the level and type of gelatinases in a given sample, there are a few caveats that should be
noted. Firstly, the process of reactivating gelatinases post-electrophoresis also activates latent
forms of the enzymes (pro-MMP-2 and -9) which still possess the inhibitory N-terminal domain.
Under physiological conditions, these enzymes would not possess any enzymatic activity.
Gelatin zymography, therefore, assesses the total potential MMP activity within a sample. In
some cases, latent and active forms may be differentiated on the basis of their molecular
weights (pro forms are usually ~10 kDa heavier due to the presence of the inhibitory domain).
Secondly, exposure to SDS disrupts the non-covalent interactions between gelatinases and
their endogenous inhibitors — tissue inhibitor of metalloproteinase (TIMPs). Again, this assay
detects enzymatic activity that would otherwise be inhibited under physiological conditions.
Thus, gelatin zymography cannot be relied on to provide information about the net MMP

activity in a given sample.

2.9 Flow cytometric analyses

Our group has well established flow cytometric methods to determine identity, quantity and
localisation of leukocytes within different lung compartments. Fluorophore-conjugated
antibodies bind to specific cell antigens and are detected as cells are passed through a laser
beam one cell at a time. Specific sub-population of cells can subsequently be distinguished
through cell size (detected as forward scatter), granularity (detected as side scatter), and the

expression of various combinations of cell surface markers.

All flow cytometric analyses were performed using a 7-channel CyAn ADP flow cytometer

(Beckman Coulter, High Wycombe, UK) fitted with a blue (488nm) and red (638nm) laser and

filters to detect fluorescence in 7 different wavelength ranges (Table 2.13).
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Fluorescence
h
Channels channels (bandpass) Fluorophores

FL-1 525/40 FITC or Ax488

Blue laser FL-2 585/42 PE

excitation FL-3 610/20 PE-TexasRed (PETR)

CENTEUETELE A FL-4 690/50 PE-Cy5 or PerCP
FL-5 780/60 PE-Cy7

Red laser FL-8 660/20 APC or Ax647

excitation

wavelength: 638nm FL-9 712/25 APC-Cy7 or Ax780

Table 2.13 - 7-Channel CyAn ADP flow cytometer fluorescence channels and

fluorophores

Processing tissue to yield single cell suspension

Right lung lobes were homogenised either with or without fixation. Initially, lungs were
mechanically dissociated in suspension with fixation buffer as our lab has previously found
that simultaneous fixation and homogenisation of tissues maximised cell recovery, providing
accurate cell counts. However, fixation of tissues prior to antibody staining has been known
to alter and/or denature antigen epitopes, creating the impression of the lack of cell surface
receptors/markers (as was suspected to be the case with my receptor of interest, CD147).

Therefore, an alternative method of processing without fixation was also performed.

Lung samples that were fixed were placed in an orange M gentleMACS tube (Miltenyi Biotec,
Surrey, UK) containing 2 mL of room temperature IC Fixation buffer (eBioscience, Inc, San
Diego, CA, USA). The sample was then mechanically dissociated for 1 minute using a
GentleMACS dissociator (Miltenyi Biotec, Surrey, UK). Immediately after, the fixation process
was stopped with the addition of 10 mL of ice-cold FACS wash buffer (FWB) containing
phosphate buffered saline (PBS), 2% foetal calf serum (FCS), 0.1% sodium azide, and 5mM

EDTA and placed on ice.
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Lung samples that were not fixed were placed in a blue C gentleMACS tube containing 2 mL
PBS, collagenase (1:10) and DNAse (1:100). Samples were mechanically dissociated as
detailed previously and subsequently incubated at 37°C for 20 minutes with constant agitation.
Following the 20-minute incubation period, 10 mL of ice-cold FWB was added and samples

were kept on ice.

Both samples were processed as follows thereafter. Lung homogenates were sieved through
a 40pm nylon strainer (BD Falcon, New Jersey, USA) to produce a single-cell suspension
which was then centrifuged at 2,000 rpm for 5 minutes at 4°C. Supernatants were discarded
and cell pellets were re-suspended in 4mL FWB before centrifugation with the same settings.
Supernatants were discarded again and the final cell pellets were re-suspended in 500 pL of

FWB and kept on ice.

2.9.1 Cell surface staining in vitro

Lung single cell suspensions were incubated with various panels of fluorochrome-conjugated
antibodies (Table 2.14, Table 2.15, Table 2.16) in FACS tubes for 30 minutes at 4°C in the
dark in order to stain extracellular antigen markers and facilitate identification of cell

populations.

Antibody cocktails were prepared in FWB to achieve the final concentration stated. After the
30-minute incubation period, 4 mL of FWB was added to each FACS tube to stop further
antibody binding and samples were centrifuged at 2,000 rpm at 4°C for 5 minutes.
Supernatants were discarded and the cell pellets were re-suspended in 400uL of FWB for
analyses on the flow cytometer. Immediately prior to flow cytometric analysis, AccuCheck
counting beads (Invitrogen) were added to determine cell counts. Following analysis on the
flow cytometer, alveolar epithelial cells (Figure 2.4) and lung leukocytes (Figure 2.5) were

gated according to different gating strategies (see figures for details).
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2.9.2 Intracellular staining in vitro

An adapted flow cytometry based staining protocol was used to measure intracellular CypA.
Lungs were processed as described above. Once a single-cell suspension was achieved, cell
pellets were incubated with 250 uL of BD Cytofix/Cytoperm solution for 20 minutes at 4°C.
Cells were then washed by re-suspended in 4 mL of permeabilisation wash buffer (PWB) and
centrifuged at 2,000 rpm for 5 minutes at 4°C. Supernatants were discarded and cell pellets
were re-suspended in 4 mL PWB before centrifugation with the same settings. Supernatants

were discarded again and the final cell pellets were re-suspended in 50 uL of PWB.

A three-step staining procedure was performed: (1) Permeabilised single cell suspension was
incubated for an hour at 4°C with primary anti-cyclophilin A antibody (1:50 concentration or 10
pug/mL; Table 2.17); (2) 30 minute incubation at 4°C with rabbit IgG APC-conjugated antibody
(1:300 concentration or 80 ng/mL; Table 2.17); (3) 30 minute incubation at 4°C with surface
antigen antibody panels (Table 2.14, Table 2.15). Samples were washed twice with PWB

between each step.

2.9.3 Antibodies
Different antibody panels were used to identify lung parenchyma cell populations (Table 2.14)
and leukocyte populations (Table 2.15). Further antibodies were also added to the antibody

cocktail to measure expression of various molecules of interest (Table 2.16) as detailed.
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Lung parenchymal antibody panel

Fluorochrome | Antigen Clone Final . Source Expression
concentration
FITC EpCAM G8.8 1:200 Biolegend AECs
BD :
PE-CF594 CD31 Mec 13.3 1:800 L Endothelium
Bioscience
PERCP MHC-II M5/114.15.2  1:400 Biolegend AECs
T1a ) .
PE-CY7 , 8.1.1 1:1500 Biolegend AECs
(Podoplanin)
APC CD45 30-f11 1:1500 Biolegend | Leukocytes

Table 2.14 - Lung parenchyma antibody panel to identify alveolar epithelial cells (AECs),

endothelial cells, and leukocytes.

Lung leukocyte antibody panel

. Final .
Fluorochrome Antigen Clone . Source Expression
concentration

Macrophages ++,

FITC F4/80 BM8 1:400 Biolegend

monocytes +

594 , : Neutrophils,

PE-DAZZLE CD11b  M1/70  1:800 Biolegend

monocytes
PERCP CD45 30-F11 | 1:400 Biolegend Leukocytes

Ly-6C high
PE-CY7 Ly-6C HK1.4 1:1500 Biolegend (classical)

monocytes
APC Ly-6G 1A8 1:1000 Biolegend Neutrophils
AX780 CD11c  BU15  1:1000 eBioscience  acrophages,

dendritic cells

Table 2.15 - Lung leukocyte antibody panel to identify macrophages, monocytes,

neutrophils and dendritic cells
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Markers of interest / activation

Fluorochrome Antigen Clone Concentration Source Expression
PE CD147 RL73 1:100 eBioscience AEC, leukocytes
ICAM-1
7. : [ kocyt
PE (CD54) YN1/1.7.4 1:100 BioLegend  AEC, leukocytes

Table 2.16 - Antibodies used to measure markers of interest/activation expressed on

various cell types

Fluorochrome Antigen Clone Concentration Source Expression

Abcam AEC,
(41684) leukocytes

APC ‘ Rabbit IgG Polyclonal 1:300 R&D -

- ‘ Cyclophilin A Polyclonal 1:50

Table 2.17 - Antibodies used to measure intracellular markers of interest in various cell

types
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Figure 2.4 - Alveolar epithelial cell gating strategy.

(Left — right) CD45 negative (—ve) cells were gated; CD31 positive (+ve) cells were defined as
pulmonary endothelium. CD31 —ve cells were gated; CD31 —ve cells separated based on their

EpCAM and T1a expression.
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Figure 2.5 - Lung leukocyte gating strategy.

(Left — right) CD45+ve were gated; Cells were separated based on CD11c and CD11b
expression; (Top) CD11c +ve cells gated based on their F4/80 expression into alveolar
macrophages (CD45 -ve, CD11c +ve, F4/80"") and conventional dendritic cells (cDCs)
(CD45 -ve, CD11c +ve, F4/80°"); (Bottom) CD11b +ve cells gated based on Ly-6G and Ly-
6C expression into neutrophils (CD45 -ve, CD11b +ve, Ly-6G"" Ly-6C"") non-classical
monocytes (CD45 -ve, CD11b +ve, Ly-6G -ve, Ly-6C*"), and classical monocytes (CD45 -ve,

CD11b +ve, Ly-6G -ve, Ly-6C""),

2.10 Cell culture techniques

Both immortalised cell lines and primary cells were used. All cell cultures were grown and
maintained in 175 cm? cell culture flasks with vented caps (BD Biosciences) in incubators
maintained at 37°C in a humidified 5% CO. atmosphere. Media was replaced every 2 to 3

days and cells were split when they reached confluence.
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Table 2.18 - Cell lines, media and splitting solution used

Cell line

MLE-12
(ATCC, UK)

A549
(ATCC CCL-185, USA)

Primary human alveolar
epithelial cells
(CellBiologics)

RAW264.7
(Sigma-Aldrich, UK)

Murine bone marrow-
derived macrophages
(BMDM)

Human monocyte-
derived macrophages
(HMDM)

2.10.1 Primary cells

Media

DMEM, 10% heat-inactivated foetal bovine
serum (FBS), 1% penicillin-streptomycin-
glutamine (PSG) (Sigma, Sigma, Life
Technologies)

DMEM, 10% FBS, 1% PSG

Complete human epithelial cell medium,
0.5 mL Insulin-Transferrin-Selenium, 0.5
mL EGF, 0.5 mL hydrocortisone, 5 mL L-
Glutamine, 5 mL antibiotic-antimycotic
solution, 25 mL FBS (CellBiologics)

RPMI-1640, 10% FBS, 1% PSG (Sigma)

RPMI-1640, 10% FBS, 1% PSG (Sigma)

RPMI-1640, 10% FBS, 1% PSG (Sigma)

Murine bone marrow-derived macrophages (BMDM)

To isolate bone marrow derived macrophages, C57BL/6 mice were sacrificed, and trunks/legs
of animals were sprayed with 70% ethanol solution. Both femurs were isolated and flushed
with 1 mL of sterile RPMI to extract bone marrow cells. Media containing bone marrow cells
was passed through 40 um filters and resuspended to a final volume of 10 mL with fresh RPMI,
10% FCS, 1% PSG, supplemented with 50 ng/mL recombinant macrophage colony-
stimulating factor (M-CSF) (PeproTech, New Jersey, USA). Cells were seeded into 55 cm?

dishes and cultured for five days in incubators maintained at 37°C in a humidified 5% CO-

atmosphere. Media was replaced every other day.
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Split with...

Accutase
(ThermoFisher)

Accutase
(ThermoFisher)

1X Trypsin-EDTA
solution (Sigma)

Versene
(ThermoFisher)

Versene
(ThermoFisher)

1X Trypsin-EDTA
solution (Sigma)



Peripheral blood mononuclear cells (PBMC) isolation

50 mL Leucosep tubes containing 15 mL Histopaque-1077 (Sigma-Aldrich) were centrifuged
at 28,000 rpm for 1 minute at RT. Blood was collected from healthy volunteers in EDTA
containing BD Vacutainer tube. To each Leucosep tube, 20 mL of blood was added and
centrifuged at 28,000 rpm for 1 minute at RT. Following separation, whole blood should be
separated into layers: plasma, PBMCs, followed by red blood cells (RBCs) and granulocytes
(Figure 2.6). The top plasma layer was removed and discarded using a pasteur pipette and

the middle PBMC layer was gently aspirated and transferred to a new 50 mL Falcon tube.

—Plasma

N
PBMCs

35 =
30 %

| RBC&
\'/ Granulocytes

Figure 2.6 - Leucosep tubes with separated layers post-centrifugation

PBMCs were washed by addition of cold sterile PBS to a final volume of 50 mL and centrifuged
at 300 x g for 10 minutes at 4°C. After the first centrifugation, supernatant was removed,
discarded, and wash step repeated. The final cell pellet was resuspended in 1 mL of cell

sorting buffer (PBS, 1% FCS, 2 mM EDTA, 1% penicillin-streptomycin).

10 uL of cells were transferred to a FACS tube containing 10 uL AccuCheck counting beads
(ThermoFisher Scientific) for a cell count using flow-cytometry. Different cell populations were
identified based on their characteristic forward scatter (FCs) and side scatter (SSc) (Figure

2.7). Cell counts were determined.
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Figure 2.7 - Identification of monocytes, lymphocytes and counting beads from isolated

PBMCs using flow cytometry

MACS® separation to isolate monocytes

A pan monocyte isolation kit (Miltenyi Biotec) was used to isolate monocytes from the PBMCs.
Protocol was performed as manufacturer’s instructions. In brief, the PBMC pellet was first
resuspended in sorting buffer with addition of FcR Blocking Reagent and Pan Monocyte Biotin-
Antibody Cocktail (containing a cocktail of biotin-conjugated monoclonal antibodies against
antigens that are not expressed on human monocytes) for 5 minutes before a 10-minute
secondary incubation with Anti-Biotin Microbeads. Magnetic cell separation was then
performed using appropriately sized MACS Separator and MACS Columns determined based
on the number of labelled and total cells. The cell suspension was applied onto the column
and flow-through containing unlabelled, enriched monocyte cells were collected. Monocytes
were centrifuged at 300 x g for 5 minutes at 4°C and the cell pellet was resuspended in RPMI,
10% FCS, 1% PSG supplemented with 20 ng/mL recombinant granulocyte-macrophage

colony-stimulating factor (GM-CSF) (PeproTech, New Jersey, USA).

Monocytes were then seeded into 55 cm? dishes and cultured for five days in incubators
maintained at 37°C in a humidified 5% CO. atmosphere. Media was first replaced on day 3,

and then every other day subsequently. Cells were ready for use from day 7 onwards.
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2.11 In vitro cell stretching

Flexcell FX-5000 Tension System

All stretch experiments were performed using the Flexcell® FX-5000™ Tension System made
up of the following components: FlexSoft FX-5000™ software; FX5K™ Tension FlexLink®;
BioFlex® baseplate and four gaskets; and BioFlex® Loading Stations™ with 25 mm Loading

Posts.

The Flexcell Tension System uses regulated vacuum pressure and positive air pressure to
deliver an equibiaxial tension to cells grown in a monolayer on flexible-bottomed silicone
culture plates, better recapitulating the in vivo environment. The software allows for users to
customise stretch parameters to design a regimen that best simulates the in vivo tissue strains

and frequencies in an in vitro setting.

The parameters that were of interest to my experiments were:
i. Desired waveform shape

ii.  Minimum and maximum % elongation for the plate membranes

ii.  (N.B. The equibiaxial loading stations have maximum and minimum strain capabilities
with respect to vacuum level. The 25 mm loading station that our system was equipped
with was able to achieve a minimum % elongation of 0.8% and a maximum of 23.0%.)

iv.  Frequency for the waveform (0.01 - 5 Hertz (Hz))

v.  Duty cycle for the waveform, i.e. the percent of time that the waveform shape remains
on at the high or rising part of the waveform.

vi.  Duration of the regimen (day:hours:minutes:seconds), which will automatically be

updated to the calculated regimen time accordingly.

106



For stretch experiments, cells were seeded in a specially designed flexible bottomed 6-well
BioFlex® culture plates coated with type | collagen (Flexcell International) in the appropriate
media. The cells were then left to reach 90-100% confluence, as assessed by light microscopy,

for 24 hours at 37°C in a humidified 5% CO2 atmosphere.

Once >90% confluence was achieved, cells were deemed ready for stretching. Immediately
prior to stretching, cell culture media were removed, cells were gently washed twice with PBS,
and media was replaced with fresh serum-free media. The BioFlex® culture plates were fitting
into a rubber gasket and then inserted into the Flexcell baseplate within a cell culture incubator
maintained at 37°C and 5% CO.. A plexiglass plate was placed on top of the culture plates to
ensure an airtight seal between the culture plates and the baseplate was maintained for the
full duration of the stretching experiment. Cells were then exposed to mechanical strain at the
appropriate desired setting, e.g. maximum elongation of 20% at 0.25 Hz (or 15 cycles per
minute) and a 33.3% duty cycle (the equivalent of a 1:2 inspiratory:expiratory ratio). Static
control cells were also seeded and cultured on BioFlex culture plates and placed into the same

incubator for the same stretch exposure time.

Sample processing post-stretching

At the end of stretch, conditioned culture media were collected and centrifuged at 300g for 5
minutes at 4°C to yield cell-free supernatant which were aliquoted and frozen at -20°C for
future analyses. Cells were washed with PBS, harvested with cell dissociation solution (Sigma)
diluted in FACS wash buffer (FWB), centrifuged at 2000 rpm for 5 minutes at 4°C, and
incubated for 30 minutes with the appropriate flurorophore-conjugated antibody panels against
alveolar epithelial cell identification markers and cell surface activation markers and their
corresponding isotope controls. After staining, cells were washed twice with FWB and then

analysed by flow cytometry. Reported expression levels were expressed as mean
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fluorescence intensity (MFI) of stained cells with corresponding isotype control values

subtracted.

212 Lactate dehydrogenase (LDH) assay

Lactate dehydrogenase (LDH) is an oxidoreductase enzyme present in a wide variety of
organisms. It catalyses the inter-conversion of pyruvate and lactate with concomitant
interconversion of NADH and NAD+ (Figure 2.8). Upon damage to the plasma membrane of
cells, LDH is rapidly released into the cell culture media. Since LDH is a fairly stable enzyme,
the amount of LDH in the media can be evaluated to assess the level of plasma membrane

damage.

NADH + H*
NAD*
9 0
)k/d ~ HSC\(KO_
H3C H TN

Lactate OH

dehydrogenase
Pyruvate L-Lactate

Figure 2.8 - Lactate dehydrogenase converts pyruvate to L-Lactate

In this assay, LDH reduces NAD to NADH, which then interacts with a specific probe to
produce a detectable colour at 450 nm. Protocol was performed as per manufacturer's
instructions. In brief, reaction wells were set up; 50 pL of standards (12.5, 10, 7.5, 5, 2.5, 0
nmol NADH), 50 pL sample (diluted 1 in 2 with LDH assay buffer), or 50 yL positive control
sample were added to a 96-well plate. 50 uL of Reaction mix (2 uL of LDH Substrate Mix + 48
uL LDH Assay buffer) was added to every well and mixed well. Plate was then placed in a
microplate reader set to kinetic mode reading at an OD of 450 nm every 2-3 minutes for at
least 30-60 minutes at 37°C protected from light. To calculate the amount of LDH present in

samples, two time points in the linear range were used.
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213 NO assay

Nitric oxide is a molecular mediator of many physiology processes, and therefore measuring
its levels in cell culture media is often of interest. This kit utilises the Griess reaction to detect
both nitrite, formed by the spontaneous oxidation of NO under physiological conditions, and
nitrate that has been catalytically reduced to nitrite. The Griess reaction is summarised as the
azo coupling between diazonium species, which are produced from sulphanilamide with NO-,
and naphthylethylenediamine, resulting in a colorimetric (540 or 570 nm) product proportional

to the NO metabolite present.

Protocol was performed as per manufacturer’s instructions. In brief, cell culture media was
centrifuged at 1,000 x g for 15 minutes at 4°C to remove any insoluble material. Supernatant
was collected and used for assays. Standard curves for both NO2 and NO3z were generated by
diluting appropriate amounts of provided standards with buffer solution. 50 pyL of samples were
added into four wells of a 96-well plate. Two wells were used for the NO, detection and the
other two were used for the [NO3- + NO_] detection step. Buffer solution was added to wells
to bring samples to a final volume of 100 pL for NO2 and 80 L for [NO3- + NO] detection.
In the wells for [NO3- + NO;] detection, 10 uL of Nitrate Reductase solution and 10 pL of
Enzyme Co-factors solution was added. The plate was then mixed using a horizontal plate
shaker and incubated for two hours at 25°C. After two hours, 50 pL of Griess Reagent A was
added to all wells, mixed, and incubated for 5 minutes at 25°C. Then 50 pL of Griess Reagent
B was added to all wells, mixed, and incubated for 10 minutes at 25°C. The plate was then

read at 540 nm in a microplate reader.

2.14 Statistical analyses
All data are shown/expressed as means + SD (if parametric), or box and whisker plots and
scatter dot plots with means (if non-parametric). The model assumption of normality of residual

was assessed by the Shapiro-Wilk test. Statistical analyses of data between groups were
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performed using a two-tailed Student’s t test or one-way ANOVA with Sidak’s or Bonferroni
tests for multiple comparisons (if parametric) and Mann-Whitney U-test and Kruskal-Wallis
test with Dunn’s multiple comparisons test (if non-parametric). All time course data were
analysed using a two-way ANOVA or a t-test of end point values. Correlation data were
assessed using non-parametric Spearman’s correlation test. All data were analysed on
GrapPad Prism software. A p-value of less than 0.05 was defined as the minimum threshold

for statistical significance.
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3 Cyclophilin A and CD147 in

ventilator-induced lung injury
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3.1 Abstract

Despite the increasing amount of evidence to suggest the involvement of extracellular
cyclophilin A and its primary receptor, CD147, as a signalling axis in inflammatory diseases,
very little is known about its role in the lung. The aim of this chapter was to investigate the

involvement of CypA and CD147 in ventilator-induced lung injury.

Following high Vr ventilation, there is a substantial increase in the levels of extracellular CypA
in bronchoalveolar lavage fluid compared with untreated animals. Assessment of the kinetics
of CypA over the course of VILI revealed a significant early upregulation of CypA in BAL at
two hours, preceding signs of physiological deteriorations. In contrast to BAL, plasma levels
of CypA remained relatively low at all time points regardless of ventilation strategy, suggesting
that CypA is produced locally within the lungs. Additionally, there was also an early
upregulation of CD147 on the surfaces of pulmonary cells after 1 hour of high V1 ventilation.
Assessment of the correlation between CypA and markers of lung injury revealed a close
correlation between BAL CypA and the soluble receptor of advanced glycation end products
(sRAGE), an established marker of epithelial injury, suggesting an association between the

processes of CypA release and epithelial damage.

Together these findings demonstrate the presence of extracellular CypA and its primary
receptor, CD147, in the lungs. The early upregulation of both CypA and CD147 supports the
likelihood that the CypA:CD147 axis plays a novel pathogenic role in ALI. However, the close
correlation between CypA and sRAGE might indicate that the increase in CypA in the alveolar

space is a consequence of epithelial injury during VILI.

Lastly, we demonstrate for the first time the presence of extracellular CypA in the alveolar
space of ARDS patients. BAL fluid samples from ARDS patients who had been previously

recruited into randomised control trials (KARE and HARP) showed significantly higher levels
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of extracellular CypA compared with BAL obtained from healthy volunteers. Importantly, this
demonstrates the relevance of CypA in human disease and provides further support for its

plausibility as a potential therapeutic target.
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3.2 Introduction

Cyclophilin A (CypA) is a ubiquitously distributed intracellular protein present in all prokaryotes
and eukaryotes (260). It makes up 0.1-0.6% of total cytosolic protein and its peptide-propyl-
isomerase activity makes it important in facilitating processes such as protein folding and
trafficking within cells (332). While most of the focus to date has been on its intracellular roles,
more recent studies have begun to appreciate its role in the extracellular space. In response
to stimuli such as hypoxia, infection, or oxidative stress, CypA can be released from cells (201,
293, 333). Once in the extracellular space, CypA is able to interact with its primary cell surface
receptor, cluster of differentiation 147 (CD147), triggering downstream inflammatory

responses (196, 197).

CD147, also known as Extracellular Matrix Metalloproteinase Inducer (EMMPRIN) or basigin
(BSG), is a member of the immunoglobulin superfamily (170). This type 1 transmembrane
glycoprotein is widely expressed in its various glycoforms on many cell types, including
epithelial, neuronal, lymphoid and myeloid cells (200, 334). Through studies with CD147
knock-out mice, CD147 has been shown to play an important physiological role in early
developmental processes such as spermatogenesis, lymphocyte response, retinal and
neurological functions, as well as fertility and reproductive processes (196). CD147 also
mediates pathogenic effects through its role as a matrix metalloproteinase (MMP) inducer and

its capacity to mediate chemotactic activity in leukocytes.

While the mechanisms underlying CypA-CD147 activities are still not fully elucidated, the
contribution of the CypA:CD147 axis to the pathogenesis of a host of inflammatory diseases,
such as sepsis (295), atherosclerosis (249), arthritis (250, 251), and cancer (252) is

increasingly evident.
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Currently, very little is known about the role of CypA:CD147 interactions within the lungs.
Inhibition of CD147 with an intraperitoneally (i.p.) delivered anti-CD147 antibody in a mouse
model of asthmatic lung injury has been shown to significantly reduce the accumulation of
eosinophils and T-cells in lung tissue of asthmatic mice (335). The same research group has
also investigated the role of CypA in lipopolysaccharide (LPS)-induced pulmonary
inflammation (291). Using a mouse model, they demonstrated that inhibition of CD147 using
the same approach (i.p. injection of an anti-CD147 antibody) prior to an intranasal LPS
challenge led to a significant reduction in neutrophil infiltration into lung tissues and airways.
Additionally, they also explored the effects of CypA inhibition with a non-immunosuppressive
cyclosporine analogue (SDZNIM811). Mice receiving the drug displayed a similar reduction in
neutrophil numbers to those that received that anti-CD147 antibody. Use of both treatments
simultaneously resulted in only a minor further reduction in neutrophil numbers, which the
authors interpreted as suggestive of both mechanisms acting on the same CypA:CD147

pathway.

However, in both studies, the exact mechanisms underlying the reduction in asthmatic lung
inflammation and leukocyte infiltration were not explored. Was CypA translocating from the
alveolar space into the blood and binding to CD147 on the surface of leukocytes, causing
them to migrate into the lungs? Was CypA somehow presented on the surface of the
endothelium, e.g. in the glycocalyx layer? Or was CypA causing the upregulation of a
secondary mediator/cytokine in the airways which is then exerting a chemotactic effect?
Additionally, the inhibitors were delivered i.p. in all instances. Was the anti-CD147 antibody or
CypA inhibitor exerting its effects in the blood or in the airways? If it was thought to be the
latter, can we confidently say that the inhibitors were able to gain access into the alveolar
space? Evidently, there is a lot that is still not understood about how CypA and CD147

contribute to the inflammatory response in the lungs.
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One of our main area of interest as a research group is ventilator-induced lung injury (VILI).
The experiments presented in this chapter are therefore focused specifically on the previously

unexplored role of the CypA:CD147 axis during VILI.

As discussed in the introduction, we and others have observed an increase in MMPs following
high tidal volume ventilation (164, 169). Correspondingly, CD147 expression on the surface
of pulmonary cells was also upregulated (164, 169). Because CD147 is a major player in MMP
activation, it is likely that the increase in CD147 is related to subsequent MMP induction.
However, to date, no one has described a mechanism whereby mechanical ventilation leads
to activation of MMPs via CD147. Given that CypA is seemingly the primary soluble ligand of
CD147, we hypothesised that secreted CypA may play an important, hitherto unexplored role
in VILI. In this chapter, we present our findings from our initial exploration of the involvement

of CypA during VILI.

3.3 Aim

This chapter aims to evaluate the potential involvement of CypA and CD147 in the lungs during

injurious using an in vivo model of VILI by:

a) Determining the levels of CypA in the alveolar space and circulating plasma.

b) Evaluating the expression of the receptor CD147.
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3.4 Protocols

3.4.1 Invivo ventilator-induced lung injury model

The VILI model is described in detail in ‘Materials and methods’ chapter (see chapter 2.3.1).
In brief, C57BL/6 mice were anaesthetised, tracheostomised for mechanical ventilation, and
the left carotid artery was cannulated. The ventilator was initially set at low Vt settings (Vr: 8
mL/kg, RR: 120 bpm, PEEP 3.0 cmH-0, 100% O3) regardless of intended final experimental
ventilator strategy. Three pulmonary recruitment manoeuvres, 30-seconds apart, were
performed to reverse any temporary atelectasis and standardise the volume history of the
lungs for the effects of surgery and anaesthesia. After the last recruitment, an inspiratory
pause was performed to determine the respiratory mechanics at baseline. At this point, the
settings of the ventilator were then either maintained to deliver low V1 ventilation (Vr: 8 mL/kg,
RR: 120 bpm, PEEP 3.0 cmH20, 100% O-) or adjusted to a high V1 ventilation strategy (V-:
35-40 mL/kg, RR: 80 bpm, PEEP 3.0 cmH:20, 4% CO; + O). Mice were ventilated for 1, 2, or

3 hours.

Throughout the ventilation period, respiratory mechanics were measured every 15 minutes.
Arterial blood gas analysis was performed at set intervals, with an initial reading at 15 minutes
and then subsequently, hourly (i.e. at 1, 2, and 3 hours). Blood pressure was continuously

monitored throughout the experiment.

3.4.2 Sample processing and analyses

At the end of the protocol, mice were exsanguinated under general anaesthesia by severing
the left carotid artery. Blood was collected and centrifuged at 4,000 rpm, 5 minutes, 4°C to
isolate the plasma fraction. Bronchoalveolar lavage (BAL) was performed and BAL fluid was
collected, and centrifuged at 300 x g, 5 minutes to yield cell-free supernatant which was then

stored at -80°C for subsequent analyses. The right lower lobe of lung, which was tied off before
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BAL was performed, was removed to determine wet/dry (W/D) weight ratio. The remaining
lobes of the lung were homogenised using a GentleMACS tissue dissociator to produce a
single-cell suspension for antibody staining and subsequent flow cytometric analyses of

surface CD147 expression and leukocyte counts.

3.4.3 Plasma and BAL analyses

Plasma and BAL samples were evaluated using ELISA to determine levels of CypA. The
concentration of soluble receptor for advanced glycation end products (sRAGE) in BAL
samples were also determined using ELISA. BAL fluid protein measurement was performed

using the Qubit Protein Assay Kit as detailed in chapter 2.

3.4.4 Analysis of human ARDS samples

Human ARDS samples were kindly provided by Professor Danny McAuley. All samples were
collected and stored in accordance with the protocol and ethics of the ‘Keratinocyte growth
factor for the treatment of the acute respiratory distress syndrome’ (KARE) and ‘A randomised
clinical trial of hydroxymethylglutaryl-coenzyme A reductase inhibition for acute lung injury’

(HARP) studies. These studies and their protocols have been published (36, 336, 337).

All ‘ARDS’ samples analysed in the chapter were from patients who fulfilled the following
inclusion criteria of acute lung injury (ALI) defined by acute onset of and were thus deemed to

be eligible to participate in the studies:

a) Hypoxic respiratory failure (PaO2/FiO2 <40 kPa);

b) Bilateral infiltrates on chest X-ray consistent with pulmonary oedema;

c) No clinical evidence of left atrial hypertension or, if measured, pulmonary arterial
occlusion pressure <18 mmHg;

d) Requirement for positive pressure mechanical ventilation via an endotracheal tube or

tracheostomy.
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All four ALLI criteria listed above must over within the same 24-hour period. The onset of ALI
when the last ALI criteria is met. Patients from the HARP and KARE studies were enrolled

within 48 hours and 72 hours, respectively, of ALI onset.

All the samples were from patients that had been randomised to the control group and thus
would have received either a placebo administered once daily enterally for up to 28 days if
they had been enrolled on the HARRP trial or normal saline once daily as a bolus intravenous
injection for up to 6 days if they were enrolled on the KARE trial. Control samples were from
healthy volunteers enrolled in the HARP study (trial no: ISRCTN70127774) who underwent

BAL as controls.

BAL sampling

The samples that were analysed were from BAL performed at baseline according to standard
guidelines and are detailed in the publications (336, 337). In brief, three successive 50 mL
aliquots of 0.9% saline were instilled into a sub-segment of the right middle lobe and each
aspirated immediately with low suction. BAL fluid retrieved was then immediately placed on
ice until transferred to the laboratory for processing. BAL fluid was centrifuged at 900 x g for
5 minutes at 4°C. The supernatant was removed and stored at 80°C for subsequent analyses.
Samples were transferred to our laboratory at this stage where they were then thawed out

immediately prior to analyses.

ELISA

BAL fluid levels of CypA were measured using a commercially available human cyclophilin A
ELISA kit (Abbexa, UK), which included pre-coated micro ELISA plate wells. The assay was

conducted as per manufacturer’s instructions and detailed in chapter 2.
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3.4.5 Statistics

Power calculations were performed for the in vivo studies in this chapter. The final peak
inspiratory pressure was considered to be the most indicative endpoint of ventilation studies.
From previous experience, if the final peak inspiratory pressure is different, most other
physiological measures of injury will also be different. Therefore, this was to carry out power
calculations to estimate group sizes. Given a standard deviation of 4.5 (cmH2O) and ‘relevant’
mean difference of 7, with values of 0.05 and 0.8 for alpha and beta in a 2-sided test, we
estimate group sizes of 5-7 for physiological experiments would be sufficient to achieve 80%

power at 0.05 alpha.

120



3.5 Results

3.5.1 Cyclophilin A is dramatically upregulated during VILI

To determine if CypA is released in response to stretch during mechanical ventilation, levels
of CypA in BAL from mice ventilated at high V1 for 3 hours were measured and compared with
untreated controls (Figure 3.1). Following three hours of high V1 ventilation, an impressive
increase in BAL CypA was observed, with levels roughly 120-fold greater than in the untreated

group (untreated: 53.6 £ 25.3 pg/mL vs VILI: 5,918.5 + 3,036.3 pg/mL).

*k%k
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Untreated VILI
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Figure 3.1 — Levels of CypA in BAL of untreated mice and mice subjected to 3 hours of

high Vr (VILI)

A substantial 120-fold increase in CypA was observed following VILI (untreated: 563.6 + 25.3
pg/mL vs VILI: 5,918.5 £ 3,036.3 pg/mL). Data were normally distributed and shown as mean

+ SD. N=6. ***p<0.001. Data were evaluated by an unpaired t-test.

3.5.2 CypA kinetics during VILI
From the data above, it was clear that CypA is significantly upregulated following 3 hours of
high V1 ventilation. However, it was unclear if this increase in CypA is a cause or a

consequence of VILI. To address this, we explored the kinetics of CypA during the course of
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injury. Animals were ventilated at either low V1 (8 mL/kg) or high Vt (35-40 mL/kg) for 1, 2, or

3 hour(s) and the level of CypA in the BAL and plasma were measured.

Compared to untreated animals, BAL CypA levels following only 1 hour of low V1 ventilation
were significantly increased (untreated: 53.6 + 25.3 pg/mL vs 1H LVt: 651.6 £ 282.0 pg/mL,
p<0.0004). Comparison of BAL CypA levels after 1, 2, and 3 hour(s) of low Vr ventilation
revealed no further increases with increasing ventilation times (Figure 3.2). In contrast, there
was a progressive increase in the level of CypA in animals ventilated at high V't over the course
of ventilation, with highest levels seen at 3 hours (3H LVt: 765.9 + 408.3 pg/mL vs. 3H HVr:

5,918.5 + 3,036.3 pg/mL).

At 1 hour, there were no differences between CypA in the low Vt and high V1 group (1H LVr:
651.6 £ 282.0 pg/mL vs 1H HV7842.6 £+ 117.4 pg/mL). At both 2 and 3 hours, CypA was
significantly higher in the high V1 group compared with the low Vr group (2H LV+: 662.5 +

268.3 pg/mL vs. 2H HVr: 2,586.6 + 1,054.1 pg/mL).

In contrast, plasma levels of CypA remain consistent across all time points, regardless of
ventilation protocol, with significant variability seen between animals in the same group (Figure

3.3).
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Figure 3.2 - In vivo kinetic profile of the levels of CypA in BAL following 1, 2, and 3
hours of either low or high Vt ventilation.
The level of CypA was significantly greater in animals ventilated at high VT compared with
those ventilated at low Vr at 2 and 3 hours. Data shown as mean £+ SD. N=5-6. *p<0.05,

p<0.0001. One-way ANOVA with Bonferroni’'s multiple comparisons test was used to

assess difference between low and high Vr at each time point.
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Figure 3.3 - In vivo kinetic profile of plasma CypA following 1, 2, and 3 hours of either

low or high Vt ventilation..
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No significant changes in the level of CypA in plasma at 1, 2, or 3-hour(s) in both low Vr and
high Vr group. Data shown as mean + SD. N=5-6. NS. One-way ANOVA with Bonferroni’s

multiple comparisons test.

3.5.3 Markers of lung injury
Given the early upregulation of CypA in the alveolar space, other established markers of lung
injury were assessed to determine if physiological signs of VILI were also apparent at early

time points.

There were no differences in BAL protein concentration (Figure 3.4A) and no deterioration in
arterial oxygenation (PaO2; Figure 3.4B) at both 1 and 2 hour(s) between the low V1 and high
V1 group. At 3 hours, there was a significant increase in BAL protein and a significant decrease
in PaO- in the high V1 group compared with the low Vr group. W/D weight ratio showed an
increase at 2 hours in the high Vr group; this increase became more apparent at 3 hours
(Figure 3.4C). BAL sRAGE was also significantly increased at 2 hours in the high Vr group

and this increase was sustained at 3 hours (Figure 3.4D).

Leukocyte counts were also assessed but there were no significant changes in leukocyte

numbers between the ventilation groups and time points (data not shown).
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Figure 3.4 - Assessment of BAL protein, arterial oxygenation, lung W/D weight ratio and

BAL sRAGE following 1, 2, and 3 hours of either low or high Vr ventilation.

(A) BAL Protein, (B) Arterial oxygenation (PaO), (C) Weight/dry weight ratio, and (D) BAL
SRAGE (y-axis displayed on a logarithmic scale). No significant differences in either BAL
protein or PaO- were observed between the low and high V'r groups until 3 hours. An increase
in W/D weight ratio and BAL sRAGE in the high Vr group compared with low Vrgroup was
first observed at 2 hours and sustained at 3 hours. N=2-6. *p<0.05, ***p<0.001, ****p<0.0001.
Data for PaO, and W/D weight ratio were normally distributed and thus displayed as mean *
SD and evaluated with a one-way ANOVA with Bonferroni’s multiple comparisons test. Data
for BAL protein and sRAGE were not normally distributed and thus displayed as box-whisker

plot and evaluated with a Kruskal-Wallis test with Dunn’s multiple comparisons test.
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3.5.4 Correlation between CypA and markers of lung injury

To determine if CypA is a potential biomarker of lung injury, specifically if it is a good predictor
of the severity of injury, the correlations between BAL fluid levels of CypA and the markers of
lung injury mentioned above were assessed. CypA levels showed positive correlation with
BAL protein (r=0.48, p<0.01; Figure 3.5A), strong positive correlation with sSRAGE (r=0.71;
p<0.0001; Figure 3.5B), and negatively correlated with PaO2 (r=-0.47, p<0.05; Figure 3.5C).
CypA did not show any overall correlations with W/D weight ratio (Figure 3.5D). However, this
may be due to the lack of correlation between CypA and W/D weight ratio when CypA levels
are <1,000 pg/mL. When concentrations of CypA increase beyond 1,000 pg/mL, W/D weight
ratio begins to show corresponding increases. This might suggest that W/D weight ratio is not

a very sensitive marker and also that CypA is not merely a marker of permeability.
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Figure 3.5 - Assessment of the correlation between BAL CypA and (A) BAL protein, (B)

PaO,, (C) W/D weight ratio, (D) BAL sRAGE.

A positive correlation between CypA and BAL protein (A), and CypA and sRAGE (B) and a
negative correlation between CypA and PaO; (C) were observed. CypA showed no correlation
with W/D weight ratio. On graphs A to D, the x-axes showing BAL CypA levels were displayed
on a logarithimic scale. On graphs A and B, the y-axes showing BAL protein and BAL sRAGE,
respectively, were also displayed on a logarithimic scale. The data were not transformed to
logarithimic for analyses. Data were analysed using non-parametric Spearman correlation test,

where r = Spearman’s rank correlation coefficient.
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3.5.5 Pulmonary cell identification using flow cytometry
To assess the levels of surface CD147 expression on different pulmonary cells during VILI,

cells were subdivided into pulmonary leukocytes and pulmonary epithelial cells.

The phenotype of resident leukocyte subtypes within the lung tissue has been well
characterised and established within our research group (338). Leukocytes were identified as
CD45 positive (+) events (Figure 3.6A) and then separated into four distinct populations on

the basis of their CD11c and CD11b expression (Figure 3.6B, B1-4).

The CD11c+ populations (Figure 3.6B, B1 and B2) consisted of two different populations of
cells which were then gated on the basis of their F4/80 expression (Figure 3.6C). One
population (Figure 3.6C, C1) had a high F4/80 expression and was highly auto fluorescent —
these were considered to be resident alveolar macrophages. The second population (Figure
3.6C, C2) was F4/80 negative (-) and were considered to be conventional dendritic cells
(cDCs). The CD11c- populations (Figure 3.6B, B3 and B4) were made up of another two
distinct cell populations — CD11b+ (B3) and CD11b- (B4). CD11b is an integrin expressed
predominantly by neutrophils and mononuclear cells. CD11b+ (B3) population was therefore
likely made up by monocyte and neutrophils. The CD11¢c-CD11b- (B4) population was likely
made up by non-myeloid cells such as lymphocytes. The CD11b+ population was then further
differentiated based on their Ly6G and Ly6C expression into four populations (Figure 3.6D,
D1-4). The Ly6G"" cells were identified as neutrophils (Figure 3.6D, D1). The Ly6G- cells
were different subtypes of monocytes which were differentiated on the basis of their Ly6C
expression (Figure 3.6D, D2-4). Cells with low expression of Ly6C were the non-classical
(resident) monocytes (D2) and those with high expression of Ly6C were the classical
(inflammatory) monocytes (D4). The population with intermediate expression of Ly6C were

likely monocytes undergoing conversion between the two different subtypes (D3).
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Figure 3.6 - Lung leukocyte gating strategy using flow cytometry.

(A) CD45 positive (CD45+) cells were gated; (B) Cells were separated based on CD11c and
CD11b expression; (C) CD11c+ cells gated based on their F4/80 expression into alveolar
macrophages (C1) and conventional dendritic cells (cDCs, C2); (D) CD11b+ cells gated based
on Ly-6G and Ly-6C expression into neutrophils (D1), and monocytes subsets (non-classical,

intermediate, and classical, D2-D4).
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Identification of pulmonary epithelial cells is less well defined than leukocytes. To identify
pulmonary epithelial cells, leukocytes (CD45+) and endothelial cells (CD31+) were excluded
(Figure 3.7A, B). The remaining CD45-, CD31- cells were then separated into three different
subtypes of epithelial cells based on their EpCAM (epithelial cell adhesion molecule) and

T1a/Podoplanin expression (Figure 3.7C, C1-3).

Cells that were EpCAM+ and T1a- (Figure 3.7C, C1) were identified as bronchial epithelial
cells; these cells lack any alveolar-specific epithelial markers and this phenotyping was
consistent with the findings reported by McQualter et al (339). The remaining two populations
of interest were both T1a+ (Figure 3.7C, C2 and C3). Within the lung, type | alveolar epithelial
cells (AECs) are the major expressing cell of T1a. However, cells transdifferentiating from type
I AECs into type | AECs can also express T1a (340). Therefore, an additional marker had to
be used to validate this gating. While pro-surfactant protein C (pro-SP-C) is typically
considered a type Il AEC specific marker, this protein is expressed intracellularly, and cells
need to be permeabilised in order for staining and identification to be performed. However,
because the main aim of this set of experiments was to measure surface expression of CD147
on different pulmonary epithelial cells, permeabilisation of cells was not feasible. Therefore, |
sought to develop a gating strategy that would allow me to differentiate between type | and II

AECs using only surface markers.

A paper recently published by Hasegawa et al reported the use of surface identification
markers EpCAM and major histocompatibility complex class Il (MHC-II) to classify murine
distal lung epithelial cells (341). In keeping with my findings, this group found that there was
a range of EpCAM expression among distal lung cells, with the highest levels detected in
ciliated bronchiolar cells, intermediate levels in type Il AECs, and lowest levels in type | AECs.
Further, they found homogenous and specific expression of MHC-II in only type Il AECs. The

identification of these MHC-I1+ cells were confirmed by alternative staining showing that 99%
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of pro-SP-C cells were positive for MHC-II expression and that pro-SP-C negative cells had
no detectable expression of MHC-Il. When | applied this gating strategy, | found cells

corresponding to each phenotype (Table 3.1).

Table 3.1 - Surface expression markers T1a, EpCAM, and MHC-Il used to differentiate

distal lung cells.

T1a EpCAM MHC-II
Ciliated bronchial cells (C1) - High -
Type | AEC (C3) + Low -
Type Il AEC (C2) + Intermediate i
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Figure 3.7 - Lung epithelial cell gating strategy using flow cytometry.

(A) CD45 negative (CD45-) cells were gated to exclude leukocytes; (B) CD31- cells were gated
to exclude endothelial cells; (C) three epithelial cell sub-populations (C1-C3) were identified
using markers EpCAM and T1a as described in the table. (D) Type Il AECs expressed a high

level of surface MHC-II but not bronchial cells or type | AECs.
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3.5.6 CD147 during ventilator-induced lung injury

During the course of VILI, CD147 expression on surface of different pulmonary cells was
assessed using flow cytometry (Figure 3.8). In response to high Vr ventilation, CD147 was
upregulated on type | and Il AECs, alveolar macrophages, and pulmonary capillary endothelial

cells. This was observed at an early time point, peaking at 1 hour.
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Figure 3.8 — CD147 expression is upregulated on the surface of pulmonary cells

following 1 hour of high stretch ventilation.

CD147 expression following 1 hour and 2 hours of low and high stretch ventilation on type |
and Il alveolar epithelial cells (AEC), alveolar macrophages, and endothelium. Data shown as

mean £ SD. N=4-5. *p<0.05, **p<0.01. Kruskal-Wallis test with Dunn’s multiple comparisons

test.
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3.5.7 Extracellular CypA is significantly increased in ARDS patients

A total of 32 ARDS patient samples and 6 healthy volunteers BAL samples were analysed. To
date, there have not been any studies exploring the involvement of CypA in human ALI or
ARDS. For the first time, we have demonstrated a substantial 5-fold increase in levels of

extracellular CypA in ARDS patients compared with healthy controls.
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Figure 3.9 — Extracellular CypA is substantially increased in ARDS patients compared

with healthy controls.

Levels of CypA detected in ARDS patient cohort was 5.5-fold higher than in healthy volunteers
(control: 11.3 £ 7.2 ng/mL vs ARDS: 61.8 = 36.7 ng/mL). Data were normally distributed and
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shown as scatter dot plot with line representing mean. ***p<0.001. Data were evaluated by

Mann-Whitney test despite normality to account for the difference in group sizes.
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3.6 Discussion

There has been a growing body of evidence to suggest that extracellular CypA and its receptor
CD147 are involved in key processes underlying inflammatory diseases. The aim of this
chapter was to investigate the expression of components of the CypA:CD147 axis in the

pathogenesis of VILI.

3.6.1 BAL levels of CypA are dramatically increased during VILI

Following high V1 ventilation, there is a marked (over 100-fold) increase in CypA in BAL
compared with untreated controls. This increase becomes even more impressive when it is
taken into account that the process of performing a lung lavage can introduce up to a 120-fold
dilution of the alveolar lining fluid (342-345), giving insight into the large amounts of CypA
present in situ. This is the first time that VILI has been shown to lead to an upregulation of

CypA release within the lungs.

3.6.2 CypA is produced locally in the alveolus

During VILI, epithelial injury or dysfunction leads to loss of the normal barrier function of the
pulmonary epithelium and endothelium. This increase in alveolar capillary barrier permeability
leads to flooding of protein-rich fluid containing albumin, immunoglobulin (e.g. high molecular
weight IgM), fibrin, and complement from the vascular to the alveolar space. To explore the
possibility that CypA might be one of the many proteins that gains access to the alveolar space
due to barrier breakdown, levels of CypA in the plasma were also evaluated. There were no
significant changes in the levels of plasma CypA over the 3 hours regardless of ventilation
strategy. More importantly, plasma levels were also consistently lower than that in BAL. While
the mean level of CypA in the plasma was ~500 pg/mL, the mean level in BAL following 3
hours of high V1 ventilation was ~6,000 pg/mL. This comparison does not take into account
the dilutional effect of performing a BAL, which would have further highlighted the difference

between plasma and BAL levels. Given that the levels in BAL were consistently several fold
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greater than in plasma, it is apparent that the increase of CypA in the alveolar space cannot
be explained by a leak from the systemic circulation following alveolar-capillary barrier
damage. Thus, CypA must be produced locally within the alveolar space during VILI. This is
also relevant mechanistically as it suggests that any role that CypA may play during the

pathogenesis of VILI is likely to be primarily intra-alveolar.

3.6.3 CypA in VILI, cause or consequence of injury?

From our data, it was clear that CypA was increased dramatically following 3 hours of high Vr
ventilation compared with untreated (unventilated) controls. However, from this alone, it is
unclear if the increase was a cause (i.e. a potential therapeutic target) or a consequence (i.e.

a potential biomarker) of VILI.

To address this, experiments were terminated at earlier time points (1 and 2 hours), before
physiological dysfunction was expected to have developed. Levels of CypA in BAL from
animals in the low V1 and high V1 groups were then evaluated and compared. The use of low
V1 ventilation instead of untreated animals as a control better accounts for other potential
confounding factors that could have also caused an inflammatory response, including the

invasive surgical procedures, anaesthesia, and ventilation in a supine position.

From this set of experiments, we demonstrated that levels of CypA is significantly higher in
the high Vt group compared with the low Vr group following just 2 hours of ventilation. This
was early in the course of VILI, and importantly, before other signs of lung injury were
observed. At 2 hours, there were no significant differences in BAL protein and PaO; levels
between groups. This suggests that the integrity of the alveolar-capillary barrier was still intact,
and no physiological dysfunction was present. This early increase of CypA and its presence
in the alveolar space at substantial levels when other markers of injury were absent makes a

physiological role in the pathogenesis of VILI highly feasible.
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However, some aspects of the data do suggest that CypA could be released as a
consequence of VILI. At 2 hours, there was a corresponding significant increase in sSRAGE.
sRAGE is a secreted isoform of the full-length membrane-bound RAGE (346). It retains the
same V-type and C-type regions found in RAGE but lacks the transmembrane domain and
cytoplasmic tail (346). RAGE is constitutively expressed at high levels in the lung, where it
serves as one of the pattern-recognition receptors of the innate immune system (347). It is
primarily located on the basal membrane of type | AECs, but is also constitutively expressed
at low levels in multiple pulmonary cells, including the bronchiolar epithelium, type Il AECs,
alveolar macrophages, and vascular endothelial cells (348-350). sRAGE is either produced
following proteolytic cleavage of the membrane-bound RAGE by specific sheddases or
represents the alternative spliced isoform of RAGE, known as endogenous secreted RAGE
(esRAGE) (348, 351). esRAGE is believed to act as a decoy receptor, blocking signals through

surface RAGE.

As sRAGE is located on the basal membrane of type | AECs, it is thought that damage to
alveolar cells would result in release of sSRAGE into the pulmonary fluid. Thus, it has been
widely considered to be a biomarker for type | alveolar epithelial cell injury and has also been
demonstrated to correlate with the severity of ALl (350, 352-355). The simultaneous
upregulation of both CypA and sRAGE at 2 hours and the strong positive correlation between
levels of BAL CypA and sRAGE suggest an association between the processes underlying

CypA release and epithelial injury.

Correlations between CypA and other markers of lung injury, including W/D weight ratio, BAL
protein, and PaO,, were also assessed. This revealed a positive correlation between CypA
and BAL protein and a negative correlation between CypA and PaO.. These results suggest

that an increase in CypA is associated with an increase in the level of lung injury.
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With the data available at this point, it was not possible to determine if lung injury was the
cause or consequence of the increase in CypA; this question will be addressed in Chapter 5.

It does, however, highlight that CypA undoubtedly features in VILI.

3.6.4 CD147 upregulation during VILI

Alongside an increase in BAL CypA following high V1 ventilation, CD147, the primary receptor
for extracellular CypA, was also upregulated on the surfaces of pulmonary cells including both
type | and Il AECs, endothelial cells, and alveolar macrophages. On all these cell types, levels
of CD147 appeared to peak at 1 hour before the upregulation of CypA at 2 hours. This
supports the potential role of a CypA:CD147 signalling axis in VILI; if CypA was indeed shown
to be a mediator of lung injury, the early increase in expression of its parther CD147 would
mean it has an increased number of potential binding sites as soon as it enters the

extracellular milieu.

This upregulation of CD147 following cell stretch is in keeping with findings from a rat VILI
study conducted by Foda et al (169). Using a combination of haematoxylin-eosin (H&E)
staining and in situ hybridisation, they demonstrated an early increase in the amount of CD147
mRNA in airway epithelial cells and alveolar macrophages after 1-hour of high-volume

ventilation (V1: 20 mL/kg, PEEP: 0 cmH20, RR: 25 bpm, 4 hours) (169).

There have also been a number of studies which suggest that the degree of CD147 expression
contributes to an increase in cell response to CypA. Trachtenberg et al demonstrated a direct
correlation between CD147 expression and the magnitude of chemotactic response of HeLa
cells to extracellular CypA, and proposed that CD147 may be the rate-limiting component in
the CypA-responding receptor complex (356). CD147 overexpression on macrophage-like
and fibroblast-like synoviocytes in rheumatoid arthritis has been implicated in enhancing MMP

secretion and activation, thus promoting invasion of the articular cartilage (251). CD147
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overexpression is also widely implicated in cancer. Elevated levels of CD147 have been
reported in a range of malignant tumours and have been shown to correlate with tumour
progression (193, 231, 357-361). Dysregulation of CD147 is linked tightly to induction of MMPs,
which promotes increased tissue destruction and facilitates tumour invasion and metastasis

(196, 362, 363).

While we do observe a decrease in the absolute levels of CD147 expression from 1 hour of
high V1 ventilation to 2 hours of high V1 ventilation, this decrease was not found to be
significant on any cell type. There are two possible reasons to account for this slight decrease

in surface levels of CD147.

Firstly, cleavage of the CD147 receptor by MMPs. Both a disintegrin and metalloproteinase
(ADAM)-12 and membrane type 1 matrix metalloproteinase (MT1-MMP/MMP-14) have been
observed to cleave CD147, releasing a 22-kDa fragment in the process (364, 365). This
fragment contains the N-terminal Ig-like domain which is known to be functionally important
for MMP induction. Indeed, in an in vitro study, these cleavage fragments were demonstrated
to be functionally active and retained the ability to promote MMP-2 expression in human
fibroblasts. This is thought to occur through homophilic interactions with retained surface
CD147 and allows cleaved CD147 to reach distant target cells that may be difficult or

otherwise impossible for the bigger, intact form of CD147 (364).

Although there is no literature available for the recognition site for the anti-CD147 antibody
used in these experiments, it is plausible that the antibody recognises an antigen within the
cleave N-terminal Ig-like domain. Thus, the decrease in MFI observed on flow cytometry might
be due to a failure to recognise the proteolytically altered CD147. Of importance, however, the
binding site for CypA on CD147 (Pro211) is unaffected by this cleavage. The truncated CD147

receptor retains its biological activity; cleavage of the N-terminal fragment is thought to
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downregulate only its function as an MMP inducer. Thus, this suggests that CypA would still

be able to bind to and signal through CD147 that has undergone proteolytic cleavage.

Secondly, the decrease in CD147 could be due to agonist-induced receptor shedding. For
instance, this has been shown with TNF-induced TNFR shedding as a regulatory mechanism
(366, 367). It is therefore feasible that CypA could also regulate CD147 expression through a

similar mechanism.

Lastly, in light of the very promising findings presented in this chapter wherein we demonstrate
that inhibition of extracellular CypA in an in vivo mouse model of VILI results in impressive
and physiologically relevant protection, it was important to demonstrate the relevance of this
novel mediator in human disease. Currently, very little is known about CypA human lung
disease; at the time of writing, there were only two published studies, both investigating CypA
in chronic obstructive pulmonary disease (COPD). In the first, serum levels of CypA were
shown to be increased in convalescent COPD patients compared to healthy controls
(convalescent COPD: 4.02 £+ 0.63 vs healthy: 3.36 £ 0.51 ng/mL, n=88-93), and further
upregulated in patients with an acute exacerbation (4.97 + 0.68 ng/mL) (368). Although this
was reported to be significant in the study, the absolute increase in CypA levels were fairly
small, which makes its relevance slightly questionable. In the second, CypA was identified as
one of 40 proteins upregulated in COPD in a 2D-PAGE proteomic study investigating BAL
fluid protein profiles of COPD patients (369). In both studies, no further investigations into the

mechanisms underlying its upregulation or implications of it were conducted.

To date, there have been no studies looking at CypA in ALI/ARDS. This is, therefore, the first
time that a significant increase in CypA in ARDS patients compared with healthy controls have
been demonstrated. Additionally, the increase is both statistically significant and clear, with a

5.5-fold difference between the groups. These encouraging results further support
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extracellular CypA as a promising potential therapeutic target during VILI. Importantly, we
showed that CypA levels are substantially elevated at baseline. This is crucial as it suggests
that CypA is indeed an early mediator of ARDS and thus would be amenable to prophylactic

blockade prior to commencement of mechanical ventilation in patients.

Unfortunately, at the time of writing, the clinical data for this cohort of patients was not yet
made available to us. However, it would be very interesting and informative to analyse the
data for potential correlations between the levels of CypA and several clinical parameters,
including severity of ARDS and patient outcomes as there appears to be a spread in the levels

of CypA values. These analyses will be performed once the clinical data is released to us.

141



3.7 Concluding remarks

For the first time, we have demonstrated the involvement of CypA in VILI. The substantive
increase in BAL CypA despite relatively low plasma levels and a strong correlation with
sRAGE suggest that CypA is produced locally within the lungs through a process related to
epithelial injury. While the upregulation of both CypA and CD147 before any markers of lung
injury are present makes a pathogenic role highly likely, there is currently insufficient data to
conclude if CypA is present in the alveolar space as a cause or effect of lung injury. The
findings in this chapter will form the basis of subsequent experiments presented in chapter 5.
Lastly, we show, for the first time, the presence of extracellular CypA in BAL samples from
patients with ARDS. Crucially, CypA was present at significantly elevated levels at baseline,

making CypA a promising potential therapeutic target for VILI.
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4 Source of Cyclophilin A
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41 Abstract

In chapter 3, we showed that substantial amounts of CypA is released into the alveolar space
during VILI. In contrast, plasma concentrations remained unchanged. These findings suggest
that CypA was likely to be released from cells facing the alveolar space, rather than leaking in
from the circulation following injury to the alveolar-capillary barrier. Further, CypA was found
to correlated strongly with epithelial injury marker, sSRAGE, implicating epithelial cells as a

source for CypA within the alveolar space.

Our preliminary studies evaluating and comparing CypA levels in two additional models of ALI
revealed a significant upregulation during acid-induced lung injury but not following LPS-
induced lung injury. Acid models are known to involve a substantial degree of epithelial insult
whereas intratracheal LPS is initially a more macrophage driven model. Additionally, sSRAGE
was also found to be significantly increased following acid but not LPS-induced lung injury,
further suggesting that CypA release is likely associated with epithelial injury. By staining the
lungs following VILI in vivo, we showed a significant decrease in the intracellular levels of

CypA in epithelial cells but not in alveolar macrophages.

Using an in vitro stretch model, we investigated the effects of cyclic stretch on both epithelial
cells and macrophages in isolation. Mechanical stretch induced release of CypA from human
primary alveolar epithelial cells. This increase in CypA content in cell supernatants was not
associated with an increase in cell death as measured as 7-AAD staining or in the levels of
lactase dehydrogenase, suggesting that CypA is actively secreted by cells and not merely
present as a consequence of damage to the integrity of cell membranes. Mechanical stretch
of macrophages (RAW cells) did not induce CypA release. However, further stretch
experiments on primary cells were not performed. The findings presented in this chapter
implicate AECs as a source of extracellular CypA during ALI. While it appears that
macrophages are not a significant contributor of CypA, we cannot confidently exclude

macrophage involvement in the absence of further data.
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4.2 Introduction

In the previous chapter, we demonstrated that CypA is upregulated early during the course of
VILI. The substantive increase in BAL levels despite relatively low plasma levels, and its close
correlation with sSRAGE suggests that CypA is produced locally within the lungs through a
process related to epithelial injury. However, the source of CypA and the mechanism of its

release into the extracellular space remain unknown.

CypA has been shown to be secreted in response to inflammatory stimuli, hypoxia, and
oxidative stress (201, 279, 286, 293). Perhaps the most well studied cell type in terms of its
CypA release is the VSMC where CypA has been consistently shown to be secreted following
ROS. Here its release has been demonstrated to occur following post-translational
modification (acetylation) of the protein through a vesicular pathway (286). Alternatively, it
has also be suggested that CypA is released passively from dead or dying cells due to

membrane permeabilisation (285).

To date there have been no studies that have demonstrated the release of CypA from AECs
or alveolar macrophages. Further, no studies have investigated the effect of mechanical
stretch on CypA secretion. Given that mechanical stretch is known to evoke oxidative stress
pathway and generate reactive oxygen species (ROS) (370-373), it is reasonable to suspect
that active secretion of CypA may result. In this chapter, we explore the source of CypA during

VILI using a combination of different in vivo and in vitro methodologies.
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43 Aim
The work within this chapter focuses on the investigation of CypA release during VILI using in
vivo mechanical ventilation and in vitro stretch models. The aims included:

1) Identification of the cellular source(s) of extracellular CypA during VILI.

2) Determining if the process of CypA release in response to mechanical stretch was

passive or active.
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4.4 Protocols

441 LPS-induced lung injury model

C57BL/6 mice were anaesthesised with an intraperitoneal injection of a combined dose of
ketamine (60 mg/mL) and xylazine (6 mg/mL). A fine catheter was passed into the trachea
between the vocal cords via the mouth. 50 ug LPS in 50 uL sterile PBS or PBS alone was
instilled. Mice were then placed in a custom-made recovery box until the effects of the
anaesthetic had fully worn off. Three hours post instillation, mice were euthanised and

tracheostomised to perform a bronchoalveolar lavage (BAL) to recover samples.

4.4.2 Acid-induced lung injury model

Our lab has developed an acute model of acid aspiration induced lung injury (374). Mice were
anaesthetised, tracheostomised for mechanical ventilation, and left carotid artery cannulated.
After an initial recruitment manoeuvre to standardise the volume history of lungs for the effects
of surgery and anaesthesia, an inspiratory pause was performed to measure baseline
respiratory mechanics. Subsequently, mice were briefly disconnected from the ventilator
pneumotach to allow instillation of 2 mL/kg (approximately 50 L) of 0.15M hydrochloric acid
(HCI) via the endotracheal tube. The mice were then reconnected to the ventilator and a
recruitment manoeuvre was immediately performed to ensure even acid distribution
throughout the lungs. Mice were then ventilated for 3 hours at low tidal volume (V1: 8 mL/kg,
respiratory rate [RR]: 120 bpm, peak end-expiratory pressure [PEEP]: 3.0 cmH-20, 100% O3)
settings. Recruitment manoeuvres were performed at 30-minute intervals. Three hours post
acid instillation, mice were euthanised and tracheostomised to perform BAL and recover BAL

fluid samples.
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4.4.3 In vivo alveolar macrophage depletion

To deplete resident alveolar macrophages, mice underwent laryngoscopy under anaesthesia
as described in the LPS-induced lung injury model above. Mice then received either 50 pL of
clodronate-containing liposomes (7 mg/mL, 50 pL) or sterile saline. 48 hours after, mice were
ventilated at high Vr (V1 35-40 mL/kg, PEEP 3 cmH,0O, RR 80 bpm, 96% O / 4% CO-) for 150
minutes or until surrogate mortality markers were reached (as detailed in Chapter 2.3.1).
Macrophage depletion was assessed in lung single cell suspensions by flow cytometry.

Alveolar macrophages were identified as CD45+, CD11c+, CD11b-, F4/80+ cells.

4.4.4 In vivo intracellular CypA staining

Intracellular CypA was measured using an adapted flow cytometry based staining protocol.
Lungs were harvested from untreated mice and mice that were ventilated at high V1 (V1 35-40
mL/kg, PEEP 3 cmH20, RR 80 bpm, 96% O / 4% CO) for 3 hours and processed to obtain
a single cell suspension. Cells were permeabilised with BD Cytofix/Cytoperm for 20 minutes
at 4°C. Subsequently, a three-step staining procedure was performed: (1) 1-hour incubation
with primary anti-cyclophilin A antibody (10 pg/mL) at 4°C; (2) 30-minute incubation with rabbit
IgG APC-conjugated antibody (80 ng/mL) at 4°C; (3) 30-minute incubation with surface
antigen antibody panels for parenchymal cells and leukocytes (see Chapter 2.9 for details) at
4°C. Samples were washed twice with permeabilisation wash buffer (PWB; 0.2% saponin, 0.5%
BSA, and 0.1% sodium-azide in PBS) between each step. After staining was complete,

samples were washed again and re-suspended in PWB for analysis using flow cytometry.

4.4.5 Cell stretching in vitro

A number of different cells were used in these in vitro cell stretch experiments including cell
lines MLE-12 (mouse lung epithelial cells), RAW 264.7 (murine monocyte/macrophage-like
cells), A549 (human type Il pulmonary epithelial cells), and primary human alveolar epithelial

cells (H-AECs).
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All cells were seeded onto flexible bottomed 6-well BioFlex® culture plates coated with type |
collagen (Flexcell International) with the appropriate medium supplemented with 10% foetal
bovine serum (FBS) at least 24 hours prior to stretching. Cells were then left to reach 90-100%
confluence, assessed by light microscopy, for 24 hours at 37°C in a humidified 5% CO-
atmosphere. Once 90% confluence was achieved, existing media was removed and replaced
with fresh low-serum media (5% FBS) immediately before stretch experiments were

commenced.

Cells were exposed to cyclic mechanical stretch at 0.25 Hz (equivalent of 15 breaths per
minute), at a duty cycle of 33.3% (inspiratory:expiratory ratio of 1:2) using a computer-
controlled vacuum strain apparatus (Flexcell Tension System) with a vacuum pressure
sufficient to generate a maximum of 20% elongation. For the duration of the experiment, cells
were placed in an incubator maintained at 37°C in a humidified 5% CO. atmosphere. Static
control cells were also seeded and cultured on the same BioFlex® culture plates and placed

into the same incubator for the same stretch exposure time.

Sample collection

At the end of stretch experiments, conditioned culture media were collected and centrifuged
at 300 x g for 5 minutes at 4°C to yield cell-free supernatants. These were stored in aliquots
at -80°C for future analyses. Wells were rinsed twice with phosphate buffered saline (PBS)
and cells were detached from the surface of the wells using Cell Dissociation Buffer and gentle
pipetting. Cells were washed with FACS wash buffer (FWB) before undergoing antibody

staining for analysis by flow cytometry.
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Flow cytometry analysis

Cells were then identified using specific surface markers on flow cytometry. Any noise and
cell debris were excluded based on auto-fluorescent and size. MLE-12 cells were identified
based on their expression of T1a (Figure 4.1A); A549 cells were identified based on their
expression of EpCAM (Figure 4.1B); primary human AECs were identified based on their
expression of EpCAM (Figure 4.1C); and RAW cells were identified based on their expression
of CD45. Cell surface expression of CD147 and activation markers, including ICAM-1, MHC-

I, and CD86, were also measured.
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Figure 4.1 — Identification of epithelial cells by flow cytometry.

(A) MLE-12 cells were identified by their T1a expression, (B) A549 cells and (C) primary
human alveolar epithelial cells (H-AEC) were identified by their EpCAM expression, and RAW

cells were identified by their CD45 expression.
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Cell viability: 7-AAD

Cell viability was assessed by flow cytometry analysis. After cells were processed and stained
with antibodies, 5 yL of 7-Amino-Actinomycin D (7-AAD) was added to each FACS tube and
incubated for 5 minutes at room temperature with minimal light exposure before analysis of
flow cytometry. 7-AAD is a membrane impermeant fluorescent dye that has a strong affinity
for DNA. While it is generally excluded from viable cells, permeabilisation or disruption of the
cell membranes in dying or dead cells allows 7-AAD to enter the cell and bind to double
stranded DNA by intercalating between base pairs in G-C rich regions (375). 7-AAD/DNA

complexes are excited at 488 nm and detected at an emission of 645 nm.

Cell viability: Lactate-dehydrogenase

Cell viability was also assessed by measuring the activity of lactate dehydrogenase (LDH) in
conditioned media. LDH is a stable enzyme, present in a wide variety of organisms. Upon
damage to the plasma membrane of cells, LDH is rapidly released into the extracellular space.
Since it is a fairly stable enzyme, it is widely used to evaluate the presence of cell damage

and cytotoxicity.

Levels of LDH in conditioned media were measured using a commercially available
colorimetric assay kit. This colorimetric assay used relies on the oxidoreductase activity of
LDH, which converts NAD (nicotinamide adenine dinucleotide) to its reduced form — NADH.
NADH then interacts with a specific probe to produce a colour measured at a wavelength of

450 nm.

The assays were conducted as per manufacturer’s instructions. In brief, 50uL of NADH
standards (0 — 12.5 nmol) and samples (conditioned media diluted 1 in 2 to fit the standard
curve readings) were prepared and added to 96-well plates. For every plate assayed, a

positive control provided within the kit was included. 50 uL of LDH substrate mix was then
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added to all wells and mixed. The plates were then immediately placed in a microplate reader
(Biotek ELx800) and the absorbance was measured at 450 nm in kinetic mode, every 2-3

minutes, for 60 minutes at 37°C protected from light. All samples were analysed in duplicates.

To calculate the LDH activity of samples, a standard curve was generated in Graphpad Prism.
The activity of LDH in test samples was calculated as per instructions in the kit protocol and
expressed as mU/mL where 1 unit LDH is equal to the amount of enzyme that catalyses the

conversion of lactate to pyruvate to generate 1.0 ymol of NADH per minute at pH 8.8 at 37°C.
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Figure 4.2 - Representative absorbance curves generated over 1 hour following assay

kit protocol.

The top cluster of lines are the readings from the NADH standard curve; the reaction in these
wells begin to plateau from 30 minutes onwards. The bottom cluster of lines are the readings
from sample wells. To calculate LDH activity, two time points in the linear range (T1 and T2)

where chosen and the difference in absorbances were calculated (A1 subtracted from A2).
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446 ELISA

Colorimetric ELISAs were performed on BAL samples collected from in vivo LPS-induced lung
injury and acid-induced lung injury model to measure murine CypA and sRAGE content.
Colorimetric ELISAs were also performed on supernatants of stretched and static cells to
measure the IL-6, IL-8, and murine CypA content. All assays were conducted as per

manufacturer’s instructions.

4.4.7 Bradford assay

The protein concentration of cell-free conditioned media was measured using the Bradford
assay. Protein (bovine serum albumin) standards were prepared in PBS at the following
concentrations: 2 mg/mL, 1.5 mg/mL, 1 mg/mL, 0.75 mg/mL, 0.5 mg/mL, 0.125 mg/mL, O
mg/mL. 5 pL of standard and samples (appropriately diluted in saline where necessary) were
added to a 96-well plate. Bradford dye (250 pL) was added to each well and wells were mixed
with a microplate shaker for 30 seconds. The samples were then incubated at room
temperature for 10 minutes before absorbances was measured at 595 nm. Samples and
standards were assayed in duplicates and the averages were used to determine the protein

concentration of samples.

448 Western blotting

Equal volumes of cell-free supernatants were loaded on NuPAGE 12% Bis-Tris gels,
separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), and
transferred to nitrocellulose membranes. Membranes were blocked with 5% non-fat milk in
Tris-buffered saline with 0.1% Tween-20 (TBS-T) for 1 hour at room temperature with gentle
agitation. Membranes were washed three times with TBS-T and incubated with anti-cyclophilin

A antibody (1:500) in TBS-T overnight at 4°C.
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The following day, membranes were rinsed in TBS-T three times before incubation with anti-
rabbit HRP-conjugated secondary antibody (1:1000) for 1 hour. Membranes were washed
three times for 5 minutes each and blots were visualised with Luminol reagent (Santa Cruz
Biotechnology). Blots were captured with GeneSnap (Syngene) and analysed with GeneSnap

(Syngene) or ImagedJ (National Institutes of Health).
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4.5 Results

4.5.1 Cyclophilin A levels are markedly increased in acid-induced lung injury — an
epithelial insult dominant model
As our previous findings implicate AECs as a source of extracellular CypA during VILI, we
decided to first explore this by conducting some preliminary experiments to compare the levels
of CypA in two additional models of acute lung injury — acid- and LPS-induced lung injury
(Figure 4.3A). The acid-induced lung injury model is known to involve a substantial degree of
epithelial insult (374, 376). In contrast, intratracheal LPS-induced lung injury tends to be, at
least in its acute phase, a predominantly macrophage driven model (374, 377, 378). Thus,
levels of CypA in BAL of mice following 3 hours of acid or LPS stimulation were measured and
compared to unventilated controls and mice that were subjected to 3 hours of high Vr

ventilation (Figure 4.3A).

Following LPS-induced lung injury there was a trend towards an increase in CypA compared
with untreated mice. While this was not statistically significant, we did observe a fairly large
numerical increase in the absolute values of CypA, with nearly a 30-fold increase compared
with untreated controls. However, in the acid model, there was an impressive increase in CypA,

with levels 480-fold greater respectively than in the untreated group.

These findings suggest that CypA involvement is most apparent when there is a significant
degree of epithelial insult. To investigate this further, levels of soluble RAGE, an established
marker of epithelial injury was also measured in all three models of lung injury (Figure 4.3B).
This revealed a significant increase in both the acid and VILI model, supporting the hypothesis

that CypA release is likely associated with epithelial damage.
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Figure 4.3 - Levels of CypA and sRAGE in BAL of untreated mice and mice subjected

to 3 hours LPS challenge, acid-induced lung injury, or VILI.

(A) No significant increase in BAL CypA seen 3 hours after LPS (50 ug) administration
compared with untreated mice (untreated: 63.6 £ 25.3 pg/mL vs. LPS: 1,5664.1 + 869.8 pg/mL).
An impressive increase was seen in response to acid injury (acid: 25,721.7 £ 10,332.9 pg/mL).
(B) Levels of soluble RAGE were significantly increased following injurious ventilation
(untreated: 1.2 £ 0.3 ng/mL vs. VILI: 87.2 + 24.0 ng/mL) and acid injury (acid: 73.3 + 22.8
ng/mL) but LPS (1.2 £ 0.3 ng/mL). Data were normally distributed and shown as mean + SD.
N=6. * p<0.05, ****p<0.0001. Data were evaluated by an ordinary one-way ANOVA with

Sidak’s multiple comparisons test.
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4.5.2 Optimisation of in vivo depletion of alveolar macrophages

Given our preliminary findings were suggestive of AECs being a source of CypA, we next
sought to design experiments to investigate the contribution of alveolar macrophages to
extracellular CypA by carrying out in vivo depletion of alveolar macrophages before ventilation
at high V7 to induce VILI. We hypothesised that levels of CypA released into the alveolar

space would remain relatively unchanged following macrophage depletion.
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In vivo depletion of alveolar macrophages

To achieve maximal depletion of alveolar macrophages, two different routes of administration
(intranasal vs intratracheal) and dosing durations (48 and 72 hours) were trialled. Macrophage
depletion was assessed in lung single cell suspensions by flow cytometry. Alveolar

macrophages were identified as CD45+, CD11c+, CD11b-, F4/80+ cells (Figure 4.4).
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Figure 4.4 - Flow cytometric analysis of alveolar macrophages depletion following

intratracheal clodronate treatment.

Resident alveolar macrophage in lung single cell suspensions were identified as CD45+,
CD11c+, CD11b-, F4/80+ cells. Intra-tracheal instillation of clodronate liposomes led to a

depletion of alveolar macrophages.
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From these preliminary experiments, it was determined that intratracheal delivery of
clodronate liposomes led to more effective macrophage depletion than intranasal (Figure
4.5A). At 48 hours, alveolar macrophage counts reached the lowest levels, before returning
to baseline at 72 hours (Figure 4.5B). However, an influx of neutrophils was also observed at
48 hours, which returned to baseline at 72 hours. As the main aim of these experiments was
to assess the contribution of alveolar macrophages to extracellular CypA during VILI, 48 hours
was chosen as the dosing duration. For all subsequent experiments, alveolar macrophages
were depleted via intratracheal instillation of clodronate liposomes 48 hours before. Consistent
with previous findings (248), evaluation of alveolar macrophage counts 48 hours after
clodronate administration using flow cytometry demonstrated an 80-90% depletion of the

resident AM population (Figure 4.5C).
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Figure 4.5 — Comparison of alveolar macrophage depletion by clodronate liposomes

using different routes of administration.

(A) Comparison of alveolar macrophage depletion achieved using different routes of
administration. Administration of clodronate liposomes intranasally (i.n.) achieved ~50%
decrease in alveolar macrophages within lungs; Intratracheal (i.t.) delivery of clodronate
liposomes led to a greater decrease, reducing alveolar macrophages numbers by ~90%.
There is only an N=2 in the i.n. group as it was apparent that it was less effective than
clodronate delivered i.t. and no further Ns were required. (B) Alveolar macrophage and
neutrophil counts were evaluated at 48 hours and 72 hours post-clodronate treatment and
compared with baseline (untreated). Alveolar macrophage counts reached their lowest levels
48 hours post-clodronate treatment before returning to baseline at 72 hours. Conversely,
neutrophil counts peaked at 48 hours but also returned to baseline at 72 hours. (C) 48 hours
after intratracheal clodronate liposomes, lung alveolar macrophage counts decreased by 80-
90% compared with saline controls. Data in (A) shown as scatter dot plot with lines
representing median values. Data in (B) shown as line graph of means + SD. N=2-6. Data in
(C) shown as mean + SD. N=6. ****p<0.0001. Unpaired t-test.
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4.5.3 Optimisation of alveolar macrophage depletion experiments

As stated above, the aim of these experiments was to investigate the contribution of alveolar
macrophages to extracellular CypA by carrying out in vivo depletion of alveolar macrophages
before VILI. However, the design of this set of experiments had to be carefully considered. It
is well established that depletion of alveolar macrophages results in a significant decrease in
the severity of lung injury during VILI. The results presented in the previous chapter strongly
suggest that CypA levels in BAL strongly correlated with the degree of lung injury. Thus, in
order to interpret any potential data from these experiments, we would need to first identify a
time point where the severity of injury was effectively the same in both control (saline) and

clodronate-depleted mice.

Given our previous data, this time point would need to be after 120 minutes (when we first
observed an upregulation in CypA levels in BAL) and before 150 minutes as animals begin to
rapidly deteriorate beyond 150 minutes when ventilated with the parameters used in our VILI
model. Thus, pilot experiments where both groups of mice were ventilated for up to 150
minutes were conducted. Respiratory mechanics and markers of lung injury were measured

and evaluated.
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4.5.4 Alveolar macrophage depletion attenuates VILI

As expected, depletion of alveolar macrophages led to an attenuation of lung injury when mice
were subsequently ventilated with high V1. This was indicated by respiratory mechanics and
other markers of lung injury. At the onset of ventilation, peak inspiratory pressure (PIP) was
virtually identical in both groups and continued to remain similar for the first 105 minutes
(Figure 4.6A). From 120 minutes onwards, PIP increased rapidly in control animals, and was
consistently significantly higher than in clodronate treated animals at all time points beyond
this. Respiratory system elastance (Ers) followed a similar pattern (Figure 4.6B). While the
values of both groups were virtually identical from 0 — 90 minutes, the trajectories of Ers values
begin to diverge from 105 minutes. At 135 minutes and 150 minutes, Ers in the saline treated

controls was significantly increased compared with clodronate treated group.
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Figure 4.6 — Physiological parameters show protective effects of alveolar macrophage
depletion with clodronate treatment following 150 minutes of injurious high V7

ventilation.

(A) Time course of peak inspiratory pressure (PIP) change during high Vr ventilation. PIP was
found to be significantly higher in clodronate group compared with saline controls from 120
minutes onwards, indicating ongoing lung injury. (B) Respiratory system elastance (Ers) was

also found to be significantly increased in the saline treated group at 135 and 150 minutes.
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Data shown as mean + SD. N=6. ****p<0.0001. Two-way ANOVA with Sidak’s multiple

comparisons test

At 150 minutes, clodronate treated animals displayed significantly less injury than saline
treated animals. AM depletion attenuated the development of alveolar-capillary barrier
permeability (BAL protein) (Figure 4.7A), pulmonary oedema (lung wet/dry weight ratio)
(Figure 4.7B), and alveolar epithelial injury assessed by levels of soluble receptor for

advanced glycation end products (SRAGE) in BAL fluid (Figure 4.7C).
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Figure 4.7 — Markers of lung injury decreased at 150 minutes following clodronate

depletion of alveolar macrophages.

At 150 minutes, it was apparent that the severity of injury was lower in the clodronate treated
group. (A) alveolar-capillary permeability (BAL protein), (B) pulmonary oedema (W/D weight
ratio), and (C) epithelial injury (BAL soluble RAGE) were significantly attenuated by clodronate
treatment. N=6. Data in (A) shown as mean + SD. N=6. # # # # p<0.0001. Unpaired t-test.
Data in (B) and (C) were non-parametrically distributed and displayed as scatter dot plots with

lines representing medians. **p<0.01. Mann-Whitney test.

At 120 minutes, no differences in alveolar-capillary permeability as assessed by BAL protein

was observed. However, lung wet/dry weight ratio was significantly lower in the clodronate
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treated group, suggesting that injury was already beginning to develop in animals treated with

saline.
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Figure 4.8 — Markers of lung injury at 120 minutes suggest the beginnings of lung injury

in saline treated animals.

At 120 minutes, there were no differences in alveolar-capillary permeability (BAL protein)
between groups (A). However, W/D weight ratio was found to be significantly lower in
clodronate treated animals, suggesting that lung injury was already started to develop at this

time point. Data shown as mean + SD. N=6. # p<0.05. Unpaired t-test.

Since we know that CypA correlates with the degree of injury, we had to identify a time point
where the severity of injury was the same so we could stop the experiment to measure BAL
CypA levels and determine if macrophages were producing CypA. However, upon
assessment of the data at 120 minutes and 150 minutes, it became apparent that at even as
early as 120 minutes, there was already differences in the degree of lung injury between
groups. Clodronate treated animals were protected from deterioration of respiratory
mechanics and development of lung injury following high Vr ventilation. As mentioned above,
ventilation for any durations shorter than 120 minutes was unlikely to provide a clear answer

as CypA is only significantly upregulated at 120 minutes.
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Unfortunately, this meant that this clodronate mediated macrophage depletion model could
not be used to assess the relative contributions of AECs and alverolar macrophages to
extracellular CypA during VILI. While we could have tried to adjust the ventilation parameters
such that it did not produce injury within such a short time frame, we decided, with hindsight,
that the substantial neutrophil influx introduced too much uncertainty into the model; Even if
we were able to identify a time point where the degree of injury was identical in both groups,
we would still have to contend with interpretation of the data in light of the significant
neutrophilia in the clodronate treated group. Thus, we decided to investigate our hypotheses

using alternative methodologies.

4.5.5 Intracellular levels of CypA decrease in only epithelial cells during VILI

Since clodronate depletion was not a viable method, an alternative method was used to
investigate the source of CypA during in vivo ventilation. Flow cytometry was utilised to
determine intracellular expression (mean fluorescent intensity) of CypA in whole lung single
cell suspension. Intracellular levels of CypA in lungs harvested from untreated controls and
mice ventilated for 3 hours with high Vr — the time point where highest levels of extracellular

CypA were detected in previously experiments — were compared (Figure 4.9).

This revealed a significant decrease in the MFI of CypA in EpCAM+T1a- epithelial cells
(control: MFI1 63.4 + 9.5 vs. 3H HS: 48.4 + 11.0; Figure 4.9A) and EpCAM-T1a+ epithelial cells
(control: MFI 30.0 + 9.0 vs. 3H HS 19.4 + 5.4; Figure 4.9B) but not in alveolar macrophages
(control: MFI 61.4 + 15.7 vs. 3H HS: 52.1 + 17.5; Figure 4.9C), supporting our hypothesis that

AECs are a likely source of CypA following stretch.
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Figure 4.9 — Intracellular expression of CypA decrease in epithelial cells but not alveolar

macrophages following 3 hours of high V1 ventilation.

Levels (measured and expressed as mean fluorescent intensity [MFI]) of intracellular CypA
analysed by flow cytometry were decreased significant in both EpCAM+T1a- (A) and EpCAM-
T1a+ (B) epithelial cells but remained unchanged in alveolar macrophages (C). Data shown

as mean + SD. N=6. *p<0.05. Unpaired t-test.

4.5.6 In vitro cell stretching — alveolar epithelial cells

To validate the in vivo findings and to determine if alveolar macrophages are involved in
secretion of CypA from AECs, an in vitro cell stretch system was developed. This system
would allow for investigation of each pulmonary cell type in isolation to dissect the contribution

of each cell to the production of CypA following stretch.

As we hypothesised that AECs are a likely source of extracellular CypA, we begun by
exploring the effects of stretch on mouse lung epithelial (MLE-12) cells. Our first steps with
these in vitro stretch experiments were to (1) establish that our stretch protocol was leading
cell activation, and (2) identify readouts that would allow us to assess the cells’ response to

stretch.
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MLE-12 cells were subjected to either low stretch (4% elongation) or high stretch (20%
elongation) cyclic stretching for 6 hours. The decision to use low stretch as a control instead
of static cells was made on the basis that being held static is an unnatural state for lung
epithelial cells. Instead, 4% elongation — the estimated linear distension of the basement
membrane of the alveolus caused by volume fluctuations during normal tidal breathing (379-
382) — was chosen as a potentially more physiologically relevant control. From our in vivo
experiments, we had a rough estimation of when CypA would be released, with the earliest
time point being 2 hours and perhaps more substantially at 3 hours. However, cells were
stretched for 6 hours for a number of reasons. Firstly, as we wanted to first establish that cells
were activated by stretch, we chose a time point where others had previously detected
epithelial cell activation in response to stretch. In one of the few studies reporting the effects
of in vitro stretch on MLE-12 cells, cyclic stretch at a similar degree of elongation (18%) was
shown to induce a significant increase in release of the pro-inflammatory cytokine, IL-6, at 6
hours (383). In another study, Hu et al demonstrated that stretch-induced ICAM-1 expression
peaked at 6 hours (384). Secondly, as we suspected that CypA secretion was induced by
oxidative stress, it was crucial that the duration of our stretch protocol would be long enough
to allow for the potential ROS production and downstream signalling events. Chapman et al
subjected epithelial cells (16HBE and A549 cells) to mechanical strain at 20% elongation and
found that intracellular superoxide (O2") production was significantly increased at 2 hours and
achieved the maximal response at 6 hours (370). Therefore, with a 6-hour stretch protocol we
could be confident that there would be sufficient time for upstream signalling events to occur

and for adequate upregulation of subsequent cell activation markers.

Following 6 hours of mechanical stretch, cell phenotype and viability of cells in both groups

were assessed and compared. Cell surface expression of ICAM-1 and CD147 was not

upregulated following high stretch (Figure 4.10A, B). Cell viability remained over 85-90% in
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both group with no differences in 7-AAD positive (dead) cells between low stretch and high

stretch (Figure 4.10C).
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Figure 4.10 — No differences were observed in cell surface markers and viability of MLE-

12 cells following 6 hours of low (4%) and high (20%) in vitro stretch.

High stretch did not induce an upregulation of activation marker ICAM-1 (A) or CypA receptor,

CD147 (B). Cell viability was assessed by 7-AAD staining and the percentage of dead cells in

both groups were similar (C). N=6. Data shown as mean + SD. NS. Unpaired t-test.

Cell supernatants from low and high stretch cells were evaluated for IL-6 and CypA. Following

high stretch, there was a significant increase in IL-6 in cell supernatants but only by a small (6

pg/mL) increment (Figure 4.11A). High stretch did not induce CypA release from MLE-12 cells.

In half of the repeats (N=3) for both groups no CypA was detected at all. Further, large levels

of variability were observed (Figure 4.11B).
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Figure 4.11 - Comparison of IL-6 and levels of CypA in release from MLE-12 cells

following 6 hours of low (4%) and high (20%) in vitro stretch.

While cells subjected to high stretch released a significantly greater amount of IL-6 (A), the
absolute increase in concentration was only ~6 pg/mL compared with cells subjected to low
stretch. No differences were observed in levels of CypA (B). N=6. Data shown as mean + SD.

**** p<0.0001. Unpaired t-test.

From the results above, we were not fully convinced that cells were responding to the in vitro
stretch. We next tried a static control instead of the low stretch control. However, even when
cells subjected to high (20%) stretch were compared with static controls, no changes in
expression of surface markers ICAM-1 (Figure 4.12A) or CD147 (Figure 4.12B) were observed.
Cell supernatants were evaluated for IL-6 (Figure 4.12D) and CypA (Figure 4.12C), but no
significant differences were found between groups. Levels of CypA remained highly variable
between experiments. Cell viability remained between 80-93% for all experiments (Figure

4.12D).
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Figure 4.12 - No differences observed between MLE-12 cells held static (control) or

subjected to in vitro stretch for 6 hours.

Surface markers ICAM-1 (A) and CD147 (B) show no differences between control and
stretched cells. Culture media was evaluated for CypA (C) and soluble mediator IL-6 (D)
content and again, no differences between control and stretched cells were detected. Lastly,
viability (E) assessed using percentage of dead (7-AAD positive) cells in control and stretch
groups were also not significantly different. Data shown as mean + SD. N=6. NS. Mann-

Whitney test.
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In light of these results, we hypothesised that this lack of response to stretch could be due to
three different variables: (1) stretch protocol, (2) cells, (3) readouts used to determine if cells

were activated.

The first reason for the lack of response to stretch could be the stretch protocol, specifically
the parameters used. A number of different factors including, duration of stretch, magnitude
of stretch applied (% elongation), and frequency of stretch (Hz) were potentially crucial. It was
possible that the protocol we were using was not injurious enough. In particular, literature
suggests that the magnitude of stretch defined by the % elongation, was especially important
factors for cell activation (385). Unfortunately, the stretch system that we had available to us
was only able to generate a maximum of 20% elongation, which eliminated the option of
investigating the effects of higher magnitudes of stretch. While some studies have used
protocols which subject cells to stretch for up to 48 hours, we were hesitant to extend the
duration of our protocol as it would no longer be a model investigating the acute effects of

stretch.

The second possible reason was the cell line. The epithelial cells stretched in these
experiments were MLE-12 cells — a tumour cell line, which led to two points of concern. Firstly,
MLE-12 cells did not appear to display contact inhibition. Thus, instead of a uniform, confluent
monolayer, the cells grew in multi-layers over the surface of the stretch plate. Initially, to
address this issue, lower seeding densities were tested but this only led to a patchier growth
of cells. As such, it was likely that cells were exposed to very variable degrees of stretch (linear

elongation) and we suspected that this might be the cause for the large variability in results.

The third variable could be the readouts that were chosen to assess cell activation. The

readouts that were assessed in this set of experiments were by no means exhaustive, thus it
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is possible had we assessed other markers such as, intracellular calcium levels, F-actin

distribution, or activity of NF¥B pathway, we might have detected cell activation.

Stretching A549s

Since using a static control did not appear to address the large variability in levels of CypA,
we decided to address the next variable that was thought to be a contributing factor to the
large variability: the lack of contact inhibition. To do so, a different cell line — the human lung
adenocarcinoma A549 cell line, was stretched. While A549 cells are also a cancer cell line,
they grow more uniformly and have been more frequently used in cyclic stretch experiments
than MLE-12 cells. Visual inspection of these cells with light microscopy immediately prior to

stretch when cells were >90% confluent revealed that cells grew in a confluent monolayer.

As before, the first step was to establish whether cells were responding to the stretch. To
assess cell activation, levels of IL-8, a cytokine frequently reported to be increased following
mechanic stretch, in conditioned media were analysed. Previous studies investigating
mechanical stretch with A549 cells have reported an increase in IL-8 levels following 4 to 24
hours of stretch (386-391). Thus, A549s were exposed to high (20%) stretch for 4, 6, 8, or 24
hours and IL-8 content in conditioned media were assessed using ELISA. IL-8 was not
increased with exposure to high stretch at any time point (Figure 4.13). ICAM-1 and CD147
expression was assessed but showed no increase with mechanical stretch (data not shown).
Cell viability remained over 90% in all experiments. As there was no evidence of cell activation

following mechanical stretch, cell supernatants were not evaluated for CypA.
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Figure 4.13 — Levels of IL-8 in conditioned media of A549 cells that were kept static

(control) or stretched (20% elongation) for various time periods.

No significant increase in IL-8 following 4, 6, 8, or 24 hours (hr) of high stretch. N=4. Data

shown as mean + SD. NS. Two-way ANOVA.

Stretching primary human alveolar epithelial cells

As the A549 cells did not appear to be activated by stretch, we decided to stretch primary cells.
Both MLE-12 and A549 cells were cancer cell lines. While this makes them easy to culture
and maintain, it was a concern that the mechanical transduction pathways might be disrupted,
rendering them irresponsive to stretch of the magnitude that we can deliver. Primary human
alveolar epithelial cells (H-AECs) were cultured in the same Flexcell plates. Visual inspection
of these cells with light microscopy immediately prior to stretch when cells were >90%

confluent revealed that cells grew in a confluent monolayer.

H-AECs were then stretched (20% elongation) or held static as a control for 6 hours. No
significant changes in expression of surface markers ICAM-1 and CD147 were observed when
cells were stretched (Figure 4.14A, B). However, IL-8 release was significantly higher in

stretched cells (control: 36.8 + 5.5 pg/ml vs 20% stretch: 55.4 + 8.6 pg/ml) (Figure 4.14C).

173



500 2000
- [ ]
_ 400 — 15004 .
i i RN
= 300 FR = 1 =i
N~ < 1000- °
S 200- =
o S
100 = 500
0 T T 0 T T
Control 20% Control 20%
Stretch Stretch
C
80— *%
[ )
~ 60 o
£ .
g 40 ¢ .
* v
=
20
0

T T
Control 20%
Stretch

Figure 4.14 — Comparison of expression of ICAM-1 and CD147, and IL-8 release in H-

AECs that were held static (control) or subjected to 20% stretched cells for 6 hours.

No differences observed between control and stretched cell expression of CD147 (A) and
ICAM-1 (B). IL-8 levels (C) in conditioned media were evaluated and found to be significant

increased with stretch at 6 hours. Data shown as mean + SD. N=6. ** p<0.01. Unpaired t-test.

Since H-AECs appeared to be activated following mechanical stretch, cell supernatants were
also evaluated for CypA. At this point, we did not have a validated human CypA ELISA kit
(only mouse samples were analysed using ELISA). However, we did have a validated antibody
that was previously used for in vivo staining of CypA in mouse lung with human cross-reactivity.
Thus, cell-free conditioned media from control and stretched cells were analysed for CypA

using western blotting.
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As the samples assayed were cell-free supernatants, conventional loading control proteins
(e.g. B-actin) could not be used to ensure equal protein loading across wells or as a reference
point for data normalisation. Instead, equal volumes (16.25 uL) of supernatants were loaded
into each lane for electrophoresis. A protein assay was performed to measure the protein
concentration in supernatants and found to be virtually identical in control and stretched cells
(Figure 4.16A). After each stretch experiments, cells were detached from all wells and counted

using flow cytometry to ensure that cell counts were consistent across experiments (Figure

4.15B).
A B
800- 2.0%x10%
[ ]
= 600- ole 1.5%x10% EN .
2 ;(;_ =3 y 3 X
g 3 ote
= 400- O  1.0%1054
a 200 5.0%10°-
0 T T 0.0 T 1
Control 20% Control 20%
Stretch Stretch

Figure 4.15 — Comparison of protein concentration of supernatants and cell counts
between H-AECs that were held static (control) or subjected to 20% stretched cells for

6 hours.

(A) Protein concentration of conditioned supernatants, analysed using Bradford assay, was
found to be virtually identical in control and stretched cells. (B) Cell counts (cells per well in
stretch plate) were determined using flow cytometry after each experiment and also found to
be consistent across both groups for all experiments. Data shown as mean + SD. NS.

Unpaired t-test.
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To allow comparison between gels, an internal standard — a sample known to contain high
levels of CypA — was loaded onto every gel. This density of this sample was given an arbitrary

unit of 1 and the density of all bands were expressed as a value relative to it.

Levels of CypA was significantly increased in conditioned media of stretched human AECs
(Figure 4.16A, B), adding further data to support our hypothesis that epithelial cells are the

primary source of extracellular CypA during VILI.
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Figure 4.16 — CypA released is increased following 6 hours of 20% stretch.

(A) Densitometry of CypA (18 kDa) from the western blots revealed a significant increase in
CypA se following 6 hours of stretch. The density of protein in an ‘internal standard’ (a sample
known to contain high levels of CypA) was loaded onto every gel and used as a standard to
compare relative densities in other bands. All results are expressed as a value relative to the
standard (1 arbitrary unit). (B) Representative western blot of supernatants collected from
unstretched controls and stretched (20% elongation) human AECs using a rabbit anti-

cyclophilin A antibody.

Cell viability was evaluated using two different methods. Firstly, as before, cells were analysed
for 7-AAD staining using flow cytometry (Figure 4.17A). The proportion of dead cells in control

and stretched experiments were not significantly different and low in both groups (control: 1.98
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1 4.25% vs 20% stretch: 4.58 £ 5.6%). Secondly, levels of LDH in cell-free supernatants from
both groups were measured (Figure 4.17B). No increase in LDH was observed in stretched
cells compared with control cells. These data suggest that CypA release is not merely a
passive process that occurs following damage to the cell membrane on application of

mechanical stretch.

>
w

100

° 80
% 80-
8. 60_
i -
g 60 §
=
~ 40 £ 40 °
- ~— ..
b o T ¢ T
g 20- . 2 20
(] ™ - o|®
R 1 [+
-
1 1 0 1 1
Control 20% Control 20%
Stretch Stretch

Figure 4.17 - Assessment of viability in H-AEC cells that were held static (control) or

subjected to 20% stretched cells for 6 hours.

The percentage of cells staining positive for 7-AAD (i.e. non-viable cells) assessed using flow
cytometry was not significantly increased with stretch. (B) Similarly, levels of lactate
dehydrogenase (LDH) were virtually identical in control and stretched cells. Data shown as

mean + SD. N=6. NS. Unpaired t-test.

4.5.7 In vitro cell stretching — alveolar macrophages

It is unclear if alveolar macrophages would directly experience stretch in vivo. For pilot
experiments, we explored the effects of stretch on RAW cells — a murine
monocyte/macrophage-like cell line. Although it would have been ideal to use primary alveolar

macrophages, the recovery rates of alveolar macrophages in lungs of mice are low. In our
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hands, a typical yield of alveolar macrophage cells per mouse is roughly 2-5 x 10° cells. While
this low yield would be addressed by scaling down the experiments (e.g. using a 48-well plate
instead of a 6-well plate), the only plate format compatible with our stretch machine was a 6-
well plate. Therefore, the low macrophage yield per mouse would have meant that up to 2
mice would have to be sacrificed to harvest enough cells for one well of a 6-well stretch plate,

which we felt was not justified in the first instance.

Thus, RAW cells were subjected to stretch (20% elongation) for 6 hours and compared with
static controls. Stretch had no effect on expression of surface activation markers ICAM-1,
MHC-II and CD86 (Figure 4.18A), cell viability as assessed by 7-AAD staining (Figure 4.18B),
or secretion of pro-inflammatory cytokine IL-6 (Figure 4.18C). Culture supernatants of both
controls and stretched cells were assayed for CypA but was not detected (levels were below

the detection range of the ELISA kit — 0.16 — 10 ng/mL).

Following these pilot experiments with RAW cells, our aim was to investigate the effects of
stretch on primary macrophages. As primary human alveolar macrophages are very difficult
to obtain, our intentions were to (1) stretch human monocyte-derived macrophages which can
be isolated from the peripheral blood mononuclear cells obtained from healthy volunteers (as
described in Chapter 6) and possibly (2) stretch primary mouse alveolar macrophages.

Unfortunately, | did not have time to complete these subsequent experiments.
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Figure 4.18 — Assessment of cell activation markers, viability, and IL-6 release from

RAW cells following 6 hours of in vitro stretch.

(A) Surface expression of activation markers ICAM-1, MHC-II, and CD86 unchanged following
stretch. (B) No differences in viability, assessed by % dead (7-AAD positive), and (C) IL-6
levels between control and stretched cells. N=6. Data shown as mean £ SD. NS. Unpaired t-

test.

As a series of pilot positive control, RAW 246.7 cells, primary mouse alveolar macrophages,
and primary mouse bone marrow derived macrophages were stimulated with high doses of
LPS (100 ng/mL) for 4 hours. The aim of these experiments was to assess if there was
potential for CypA release from these macrophages using a stimuli (LPS) that has been
previously shown to induce CypA secretion from macrophages (279). However, no CypA was
detected in the conditioned media when assessed by ELISA (N=3 per cell type, levels were

all below the detection range of the ELISA kit — 0.16 — 10 ng/mL).
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Thus, while our current data suggests that macrophages are unlikely to be as important a
contributor of extracellular CypA during VILI, we still remain uncertain and are unable to

exclude their involvement.
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4.6 Discussion

The results presented in this chapter suggest that AECs are a likely source of CypA following
mechanical stretch. However, whether alveolar macrophages also contribute to extracellular
CypA release during VILI is still unclear; the data that we have at present is insufficient to rule

out that possibility.

At the beginning of this chapter, the potential contributors to extracellular CypA during VILI
were narrowed down to two cell types: AECs and alveolar macrophages. Although pulmonary
endothelial cells would have also been exposed to considerable stretching during high Vr
ventilation and have been shown to be capable of releasing chemokines such as IL-8 and
MCP-1 in response to cyclic stretch in vitro (392, 393), they were not investigated in this
chapter; The results presented in Chapter 3 suggested that CypA was produced locally within
the alveolar space and not leaking in from the bloodstream, further circulating plasma levels
did not show any changes following VILI. Together, these data suggest that endothelial cells

are an unlikely source of CypA observed in the alveolar space.

Between AECs and alveolar macrophages, we hypothesised that AECs would be the more
likely candidate as they almost definitely experience greater levels of distension during
mechanical ventilation. Thus, our first approach was to conduct a set of preliminary
experiments comparing the levels of CypA production in two more different ALI models - acid-
and LPS-induced lung injury. In the acid-induced lung injury model, where there is known to
be a substantial degree of epithelial injury, there was an impressive nearly 500-fold increase
in CypA in BAL when compared with untreated controls. In contrast, in the macrophage driven
LPS injury model, we did not observe a significant increase in CypA compared with untreated
animals. Following acid injury, a significant increase in sSRAGE was also observed. Together,
these data suggest that CypA is not a VILI-specific marker and instead is likely to released

following general epithelial insult.
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Although CypA has previously been implicated in LPS-induced lung inflammatory in a study
conducted by Gwinn et al (335), there were no significant differences in the levels of CypA
between the LPS and untreated group in our model. While the increase was not statistically
significant, the numerical increase was fairly substantial — a 25-fold increase in mean CypA
levels, suggesting that CypA was still present at much higher levels following LPS treatment.
The lack of statistical significance could be due to the large variability in CypA levels within
the group and/or being included in an ANOVA tests with the acid model where CypA was
present at much greater levels. While it would have been informative to compare the values
of CypA detected in our model with those found by Gwinn et al, they used Western blots to
analyse the levels of CypA present in BAL. Therefore, while it is possible that similar levels of

CypA were present, the lack of quantitative data precludes any comparisons.

Since our preliminary experiments suggest that CypA was significantly upregulated in the acid
model where epithelial insult forms a significant component of injury seen but not in the
macrophage driven LPS model, our first approach was to eliminate alveolar macrophage and
assess the effect of this on CypA secretion during VILI. Unfortunately, we were unable to
identify a time point after 120 minutes — when CypA was previously shown to be upregulated
in our VILI model — where the severity of injury was similar groups. As CypA was previously
shown to be correlated with the degree of injury, the difference in severity of lung injury at as
early as 120 minutes meant that we would be unable to interpret extracellular CypA levels if
they were evaluated. Furthermore, there was substantial neutrophilia in the clodronate treated

animals that would have added even more uncertainty to the interpretation of the results.

There are alternative methods of alveolar macrophage depletion which circumvent the
neutrophilia that occurs with clodronate liposome administration. Roberts et al devised a
protocol using CD11¢c.DOG mice (a newer diphtheria toxin (DT) receptor transgenic mice)

treated with DT to deplete alveolar macrophages and reported near complete depletion of
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alveolar macrophage after 24 hours (394). While they did also observe a significant increase
in neutrophils after DT treatment, they found that waiting 5 days would allow neutrophils to
dissipate while still maintaining >90% depletion of alveolar macrophages (394). However, they
also warn that alveolar macrophage depletion with DT was accompanied by many other
changes to the cytokine milieu and cellular composition to the lung that potentially impact
innate immune response. Thus, we decided to investigate our hypothesis using alternative

methodologies.

We continued with an in vivo approach and measured intracellular levels of CypA using flow
cytometry. Following in vivo high Vr ventilation, we observed a significant decrease in
intracellular levels of CypA in epithelial cells but not in alveolar macrophages. This decrease
in intracellular CypA is consistent with the corresponding increase in extracellular CypA
detected in BAL during VILI. Despite the relatively small decrease in MFI, given that it is such
an abundant cytosolic protein (making up 0.1-0.6% total cytosolic protein), we believe that our
ability to even detect a decrease in signal is consistent with the substantial increase in
extracellular CypA following high VT ventilation. One possible way to further this line of
investigation would have been to use a fluorescence quantification kit designed to estimate
antibodies bound per cell (e.g. BD Quantibrite™ beads, BD Biosciences). However, this kit
has been designed for use with PE-labelled monoclonal antibodies; Our protocol utilised a
polyclonal anti-CypA antibody that is secondarily conjugated with APC for detection. We were
unsure how these factors would affect quantitation and therefore decided not to attempt to
quantify the amount of CypA released. Despite the absence of quantification, these results do

support our hypothesis that AECs are the primary source of CypA.

Since it was difficult to dissect out the contribution of AECs and alveolar macrophages to CypA
in vivo, we developed an in vitro stretch protocol which allowed us to study each cell type in

isolation. We began by stretching alveolar epithelial cells, starting with MLE-12s. Following
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stretch, no changes in cell phenotype or viability was observed. A small increase in IL-6 was
observed following 6 hours of high stretch when compared to low stretch controls, suggesting
that MLE-12 cells were capable of responding to mechanical stretch. Two other research
groups have reported an increase in IL-6 secretion following stretch (18% elongation) at as
early as 6 hours and at 48 hours (383, 395). At 6 hours, this increase was found to be minimal
(10 pg/mL), in keeping with our results (383). However, when cell supernatants were
evaluated for CypA, no differences were observed between high stretch and static or low

stretch controls. Further, levels of CypA detected were very variable between experiments.

As we believed that a possible reason for the large variability was the absence of contact
inhibition between MLE-12 cells leading to multi-layered cell growth, the human pulmonary
epithelial cell line, A549, was stretched instead. This cell line has been most frequently used
to study signalling in response to stretch in the literature and grows more uniformly than MLE-
12 cells. To assess cell activation, levels of IL-8 in conditioned media of static controls and
stretched cells were evaluated at 4, 6, 8, and 24 hours. However, we did not find a significant

increase in IL-8 at any of these time points.

While there is some evidence to suggest that IL-8 is increased following various periods of in
vitro stretch ranging from 4 to 48 hours (396-398), there is also evidence to suggest otherwise
(399, 400). Interesting, two studies have observed that smaller deformation (amplitudes of 20%
strain) produced no consistent increase in IL-8, similar to what we found in our system (390,
401, 402). Only when stretch was increased to an amplitude of 30% to 40% did cells release
significantly greater amounts of IL-8 compared with static controls (390, 401, 402). The lack
of definitive increase in IL-8 made it impossible to determine if the A549 cells were responding

to stretch, thus supernatants were not evaluated for CypA.
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While cell lines, such as MLE-12 and A549, are easier to culture and maintain than primary
cells, it is known that they can behave differently. Therefore, we decided that it would be
necessary to investigate the effects of stretch on primary H-AECs before concluding that
stretch of epithelial cells alone does not promote CypA secretion. Although changes in
expression of surface markers were not observed, there was a significant increase in IL-8
concentration in the supernatants of cells following 6 hours of stretch (20%) suggesting that
cells were activated. CypA secretion was evaluated by western blotting of supernatants and
found to significantly increased in stretched cells compared with static controls. In another
study, exposure of fibroblasts to a necroptosis-inducing stimulus increased release of CypA,
an effect attributed to passive release following cell membrane permeabilisation (285). To
determine if increased CypA levels in stretched cells was a result of passive release following
damage to the cell membrane, we measured cell viability by both 7-AAD staining and LDH
assay. In both instances, there was no difference in viability of stretched cells compared with
control cells, suggesting that in response to mechanical stretch, CypA is actively secreted by

AECs and not a consequence of damage to the integrity of epithelial cells.

Having demonstrated release of CypA from epithelial cells, we proceeded to investigate the
effect of stretch on macrophages. No changes in their phenotype or secretion of IL-6 or CypA
were detected following 6 hours of cyclic stretch. To the best of my knowledge, no studies
have looked at the effects of in vitro stretch on this specific cell line (RAW 264.7). Other studies
looking at the response of macrophages to stretch have produced mixed results. Pugin et al
stretched primary human alveolar macrophages using a “plastic lung” model ventilated with
an inspiratory plateau pressure of 70 cmH2O (corresponds to a mean stretch of 12%) and
found that they secreted IL-8, with maximal response seen 8 hours after initiation of
mechanical stress (403). Mechanical ventilation alone did not induce TNF-a and IL-6 but
synergises with bacterial endotoxin (LPS) to stimulate the secretion of these mediators. In the

same study, they also stretched human monocyte-derived macrophages and found a similar
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patterns of cytokine secretion to that of primary alveolar macrophages. In contrast, Lang et al
reported that mechanical stretch alone did not induce the production or secretion of CINC-1
(a chemoattractant with close sequence homology to IL-8 in rat alveolar macrophages). But

they echoed that physical strain enhanced the cells’ secretion of TNF-a and IL-6 to LPS (404).

Unfortunately, | was unable to complete further experiments evaluating the effects of stretch
on primary macrophages. However, stimulation of primary mouse alveolar macrophages, and
primary mouse bone marrow derived macrophages with high doses of LPS (100 ng/mL) for 4
hours failed to induce any CypA secretion. While LPS has been previously shown to stimulate
CypA release, the incubation time used as significantly longer than ours (16 hours). This may
suggest that CypA may not be secreted in the acute phase of a macrophage’s inflammatory
response. Whether this would have also been true if the stimuli was stretch instead of LPS is

unclear.
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4.7 Concluding remarks

In this chapter, we present a number of findings that implicate AECs as a source of CypA
following lung injury. Firstly, we demonstrate a significant increase in BAL CypA during acid-
induced lung injury — a model known to involve substantial epithelial injury — but not LPS-
induced lung injury — a model driven by macrophages in its acute phase. Additionally, using a
flow cytometry-based method, we show a significant decrease in intracellular CypA levels in
epithelial cells but not alveolar macrophages following in vivo high V1 ventilation. Lastly, using
an in vitro cyclical stretch model, we also show that CypA is secreted from H-AECs following
stretch. In contrast, macrophages exposed to the same degree and duration of mechanical

stretch did not show increases in CypA secretion.

To gain insight into the mechanism of CypA secretion in response to mechanical strain, we
also performed assessments of cell viability of both static and stretched cells. There was no
significant decrease in cell viability following stretch, thus suggesting that CypA is actively

secreted by AECs rather than passively leaking out of an injured epithelium.

Together, our data seems to suggest that AECs are a potential source of CypA in response
to stretch. While the data available suggests that macrophages do not secrete CypA directly
in response to in vitro stretch, we cannot rule out the possibility that they do secrete CypA or
are involved in the process of CypA secretion in vivo. Further experiments are needed, e.g.

stretching primary macrophages and stretching co-cultures of AECs and macrophages.
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5 Inhibition of CypA in ventilator-

induced lung injury
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5.1 Abstract

In previous chapters, CypA was shown to be significantly upregulated in the alveolar space
early in the course of VILI. AECs were implicated as a likely source of extracellular CypA,
which appeared to be secreted actively following mechanical stretch. However, in the absence
of further data, it was impossible to delineate its role in VILI: is it a causative agent (i.e. a
potential therapeutic target), or is it released as a consequence of injury (i.e. a potential
biomarker of epithelial cell stress)? In this chapter, we addressed this question by investigating

the effects of inhibiting extracellular CypA in our in vivo VILI model.

The experiments demonstrated that administration of extracellular CypA inhibitor (MM-284)
prior to injurious mechanical ventilation appears to attenuate VILI. Animals treated with MM-
284 showed improved survival rates, attenuated respiratory mechanics, preserved arterial
oxygenation, decreased pulmonary oedema, and alveolar-capillary membrane permeability.
Together, these results suggest that CypA plays an important mediator role in the

development of VILI.

Exploration of the mechanisms through which MM-284 leads to protection from VILI suggests
that dampening the activation of key players in the alveolar space — AECs and alveolar
macrophages — may be involved. Further, CypA inhibition may also negatively regulate
CD147-mediated MMP secretion and activation, leading to decreased levels of MMP activity

in the alveolar space, and decreased barrier permeability.
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5.2 Introduction

Despite ‘lung protective’ ventilation strategies, mortality rates in ARDS remain high,
suggesting that there are other contributory factors left unaddressed. One of the main
damaging consequences caused by mechanical ventilation is the inflammatory response to
the non-physiological patterns of stretch. In the absence of macro- and microscopic lung
damage, Slutsky et al have proposed that mechanical ventilation can still induce molecular
and cell-mediated events, coining the term ‘biotrauma’ to encapsulate this hypothesis (67).
The biotrauma hypothesis proposes that the mechanical forces imposed on lungs during
ventilation leads to a biological response involving the release of various mediators. These
circulating mediators then cause local lung injury and, if disseminated into the systemic

circulation, distal organ dysfunction (67).

Although many potential inflammatory mediators/pathways have been proposed, inhibition of
these pathways have not shown clinical benefit when evaluated in clinical trials despite initially
showing therapeutic effects in experimental animal models of ARDS. As such, there are
currently no effective pharmacological therapies for ARDS/VILI, and identification of plausible

pharmacological targets continues.

In the previous chapters, cyclophilin A (CypA) was shown to be significantly upregulated in
the alveolar space during the course of VILI. The early release of substantial amounts of CypA
following initiation of high Vr ventilation makes a physiological role plausible. AECs were
identified as the main source of extracellular CypA, which appeared to be actively secreted
following mechanical stretch. However, in the absence of further data, it was impossible to
determine if its presence was a cause or consequence of VILI. In this chapter, we addressed

this by investigating the effects of inhibiting extracellular CypA in our in vivo VILI model.
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CypA is best known for being the primary intracellular protein target for the
immunosuppressive drug, cyclosporin A (CsA). CsA exerts its effect by binding with high
affinity to intracellular cyclophilins, especially CypA, forming a ternary complex (405). This
CsA-CypA complex associates with calcineurin, inhibits its phosphatase activity and
consequently, prevents the dephosphorylation of nuclear factor of activated T-cells (NF-ATc).
Phosphorylated NF-ATc is unable to enter the nucleus and cannot bind to its nuclear
component, blocking the synthesis of cytokines such as IL-2, ultimately resulting in a restricted
activation of T-cells (76). However, while CsA is a tight-binding inhibitor of CypA, it is a
promiscuous drug and does not distinguish between extracellular and intracellular CypA.
Studies using fluorescent-tagged CsA have demonstrated that the high affinity of the drug
predisposes its sequestration into intercellular space, leaving little amounts of it available in

the extracellular compartment to interact with any released CypA (406).

Instead of CsA, inhibition of CypA in these experiments was achieved with a structurally
simplified cyclosporin A (CsA) benzimidazole derivative known as MM-284. Similar to its
parent CsA, MM-284 retains potent CypA inhibitory activity; its inhibitory constant (Ki) value
also falls in the nanomolar range indicating that it is also a tight binding inhibitor of CypA (407).
Upon binding to the active site of CypA, it inhibits its peptidyl-prolyl cis-frans isomerase
(PPlase) activity (406). Through the use of active site mutants of CypA, Yurchenko et al
demonstrated that preservation of enzymatic activity was crucial for its signalling activity
through CD147; Mutants which retain less than 1% of the wild-type catalytic activity failed to
initiate ERK activation downstream of CD147 signalling (290). In accordance with these
findings, Bahmed et al conducted a comparative analysis of the biological activities induced
by CypA on multiple cancerous cell lines using luciferase reporter assay (408). Focusing on
the most highly upregulated luciferase reporter induced by CypA in each cell line (IL-6, IL-8

and IL-5), they found that stimulation of cells with a CypA active site mutant (PPIA R55A) led
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to markedly reduced biological activity in all cell lines compared to that of the wild type CypA,

confirming an important role of the CypA active site and its PPlase activity (408).

Unlike CsA, MM-284 is restricted to the extracellular space due to the introduction of an
anionic group in the 5 position of the benzimidazole ring, thus ensuring that inhibition is limited
to only the extracellular fraction of CypA (407). As the compound is no longer cell permeable,
it does not complex with intracellular CypA to inhibit calcineurin phosphatase activity and
hence does not possess any immunosuppressive effects (406, 407). As MM-284 is non-
immunosuppressive and selective for extracellular CypA, it is particularly well suited for the

investigation of the role of extracellular cyclophilins in our in vivo VILI model.

5.3 Aims
The aim of this chapter was to assess whether CypA inhibition during in vivo ventilation
attenuates VILI and to investigate the possible mechanisms behind any observed protective

effects.
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5.4 Protocols

5.4.1 Cyclophilin A inhibition experiments
To confirm a role for CypA during VILI, we explored the impact of in vivo CypA inhibition using
MM-284, a CsA derivative selective for extracellular cyclophilins that has been demonstrated

to have powerful antagonistic effects on CypA activity (406, 407).

The protocol used was similar to that detailed in Chapter 2 with slight alterations as shown in
Figure 5.1. Mice were placed on the ventilator on low Vr ventilation settings (8 mL/kg, PEEP
3 cmH:0, respiratory rate (RR) 120 bpm, 100% O-). Mice were randomly allocated to receive
50 pL of either vehicle (10% DMSO diluted in saline) or MM-284 (0.67 mM; kind gift from Dr
Malesevic at Martin Luther University). Mice were briefly disconnected from the ventilator and
the vehicle/drug was delivered intratracheally via the endotracheal tube. Immediately after,
mice were re-attached to the ventilator and recruitment manoeuvres (3 x 30 cmH-0O, 5 seconds)
were performed to aid distribution of fluid. Mice were then maintained at low V1 for 30 minutes
with recruitment manoeuvres performed every 15 minutes. After this initial 30-minute
equilibration period, Vr was increased 30-35 mL/kg to reach a standardised peak inspiratory
pressure (PIP) of 40 cmH.O (PEEP 3 cmH.0O, RR 80 bpm, 96% O2 + 4% CO3). Ventilation at
these settings were continued for 3 hours or until mortality surrogates (blood pressure <50

mmHg or PIP increased >20%) were reached.

Low Vi High V; *ABG
(8 ml/kg) (30-35 mi/kg)
L.T.
Vehicle /
MM-284 TVT
(PIP 40 cmH,0)
Time l * * *
(mins)  &—}f 30] T T +
Baseline 0 15 120 180

Figure 5.1 - In vivo VILI protocol for inhibition experiments

193



To measure respiratory mechanics, inspiratory pauses were performed at baseline, post-
instillation, 15 minutes, 30 minutes, and then every 15 minutes once high Vr ventilation begun.
Arterial blood gas samples (denoted as * on Figure 5.1) were collected after initiation of high

Vr ventilation at 15 minutes, 120 minutes and at the end of the protocol.

5.4.2 MM-284 — mechanism of action and dose

Currently, there are only a handful of studies which have utilised MM-284. Most of these
explore the effects of the drug in models of chronic conditions and this is reflected in their
dosing regimen. In a study assessing the drug in the context of myocarditis, Heinzmann et al
administered the drug intraperitoneally every second day over the course of 28 days at a dose
of 10 mg/kg (409). In a study of allergic lung inflammation, Ditiatkovski and colleagues also
delivered the drug via an intraperitoneal injection every second day but over a longer period
of 6 weeks at a dose of 6.6 mg/kg (410). There is no study that uses this particular CypA
inhibitor in the setting of acute lung injury. However, its parent drug, CsA, has been
investigated in the context of acute lung injury and inflammation. Both drugs are reported to
have a similar half maximal inhibitory concentration (IC50) of ~10 nM (unpublished data from
Dr Malesevic), thus making it possible to draw comparisons between dosages. CsA has been
administered at doses ranging from 10 mg/kg to 50 mg/kg (411, 412). However, in almost
every study, CsA is administered systemically (via an intravenous or intraperitoneal injection),
and usually as multiple doses over the course of 48 hours to 72 hours before exposure to the
injurious stimuli (411-414). As our intentions were to administer the drug locally (intratracheally)
and as a single dose before ventilation, deciding on the dose of the drug to be administered
was based on two main factors: the solubility of the drug, and the concentration of CypA

present in the BAL (as shown in Chapter 3).

MM-284 was supplied in a solid form which had to be dissolved before use. The compound is

poorly soluble in water or saline, which is why DMSO was chosen as a vehicle for the drug.
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However, given the cytotoxic effects of DMSO, we tried to limit it to as low a percentage as
possible while still ensuring that the drug did not precipitate out of solution. This compromise
was found by first dissolving the drug in 100% DMSO before then diluting it 10-fold in saline
to reach a final solution that was 10% DMSO. Following this protocol, we achieved an
intermediate MM-284 solution in 100% DMSO at a concentration of 6.69 mM, and a final
solution in 10% DMSO at 0.67 mM. The final dose administered was 1.9 mg/kg; this was
constrained by our route of administration — intratracheal, which limits the volume delivered to

50 L.

Although our dose was lower than that used in literature, we believed it was still appropriate
based on the concentrations of MM-284 to CypA in BAL. A 1.9 mg/kg dose in an average
sized 25g mouse equates to 44.2 ug of MM-284 per dose. In Chapter 3, we showed that the
concentration of CypA present in BAL in the VILI model was 5,918.5 £ 3,036.3 pg/mL in an
average of 600 pL of BAL. The maximum amount of CypA detected at 3 hours during VILI is
therefore approximately 5 ug. At the dose of MM-284 used, it was 8.8-fold more abundant
than CypA suggesting that the dose was unlikely to be too low. Furthermore, our drug was
delivered directly to the intended site of action instead of systemically, therefore we did not
have to worry about whether enough of the drug would reach the lungs and it reduced the

likelihood of significant systemic clearance during the 3-hour protocol.

5.4.3 Post-experiment sample processing and analyses

At the end of the 3-hour protocol, animals were euthanised. BAL was sampled for analysis of
protein concentration, inflammatory cytokines (IL-6, KC/CXCL-1, IL-1B), sRAGE, and
leukocyte counts. The right lower lobe of lungs was removed to determine wet/dry (W/D)
weight ratio. The remaining right lobes were snap-frozen and stored at -80°C for analyses with
gelatin zymography or western blotting at a later date. The left lobe of the lung was

homogenised using a GentleMACS tissue dissociator to produce a single-cell suspension for
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antibody staining and subsequent flow cytometric leukocyte counts and analyses of surface

ICAM-1 expression.

5.4.4 Homogenisation of lung samples

Frozen right lung lobes were mechanically homogenised in 200 pL of ice-cold PBS in
Precelly’s homogeniser tubes at 500 rpm, 1 minute. Homogenised samples were then
incubated with 100 uL of cell lysate buffer (RIPA buffer, protease inhibitor, phosphatase
inhibitor, EDTA, PMSF prepared in deionised water) for 30 minutes on ice. Samples were
vortex intermittently to ensure thorough lysis of cells. Samples were then centrifuged at 14,000
x g for 10 mins at 4°C to pellet any cell debris and supernatants were collected for analyses
with western blotting or gelatin zymography. The protein content of supernatants was also

quantified using the Bradford protein assay.

5.4.5 Gelatin Zymography

One of the main roles of CypA’s primary receptor, CD147, is to regulate matrix
metalloproteinases (MMPs). Therefore, it was of interest to investigate the potential effects of
CypA inhibition on MMP activity, which were likely mediated through CD147. To detect MMP
presence and activity in lung homogenate and BAL fluid, samples were analysed using gelatin

zymography.

Gelatin zymography was used instead of western blotting for two main reasons. Firstly,
zymography is much more sensitive than western blot, enabling detection of gelatinolytic
bands at MMP levels as low as 10 pg (415). Secondly, we wanted to evaluate the enzymatic
activity of MMPs within the sample. Zymography allows for the detection of enzymatic activity
while western blot does not. This is because in SDS-PAGE, the protein is denatured and
negatively charged so that protein can be separated by molecular weight. In zymography,

there is no protein denaturation or addition of reducing agent, and separation during PAGE
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occurs on the basis of charge. This preserves the enzymatic activity of the protein of interest
which can then be detected by incubating the substrate co-polymerised gel in an appropriate
buffer after PAGE and staining the gel in a suitable staining solution to visualise the proteolytic

bands.

Samples were prepared in 1X Novex™ Tris-Glycine SDS Sample Buffer (Invitrogen) and
diluted appropriately in deionised water to make a final volume of 25 yL. Equal quantities of
protein (100 ug) of lung homogenates or equal volumes of BAL fluid (12.5 yL) were prepared
1X Novex™ Tris-Glycine SDS Sample Buffer and topped up with deionised water where
necessary to make a final volume of 25 yL. When BAL is assayed, equal volume loading is
commonly used to avoid normalisation of secreted protein (416-418). Samples were loaded
into 10% gelatin protein gels for electrophoresis separation under non-reducing conditions.
After, gels were washed with renaturing buffer and then incubated overnight in developing
buffer to induce digestion of gelatin by any MMP-2 and MMP-9 present in the samples. Gels
were then stained with colloidal blue to allow visualisation of denatured areas. To allow
comparison between gels, an internal standard — a sample known to contain high levels of
MMPs — was loaded on to every gel. This density of this sample was given an arbitrary unit of
1 and the density of all bands were expressed as a value relative to it. All analyses of gels

were performed using ImageJ software.

5.4.6 Western blotting

Equal amounts of protein (100 ug) of lung homogenates were loaded on NUPAGE 12% Bis-
Tris (Invitrogen) gels, separated by SDS-PAGE, and transferred to nitrocellulose membranes.
Membranes were blocked with 5% non-fat milk in Tris-buffered saline with 0.1% Tween-20
(TBS-T) for 1 hour at room temperature with gentle agitation. Membranes were washed three
times with TBS-T and incubated with anti-occludin antibody (1:250) or the loading control

rabbit anti-B-actin (1:1000) in TBS-T overnight at 4°C. The following day, membranes were
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rinsed in TBS-T three times before incubation with anti-rabbit HRP-conjugated secondary
antibody (1:1000) for 1 hour. Membranes were washed three times for 5 minutes each and
blots were visualised with Luminol reagent (Santa Cruz Biotechnology). Blots were captured
and analysed with GeneSnap/Syngene software. Protein band intensity was expressed as a

relative intensity to B-actin.

5.4.7 Statistics

Given that the in vivo inhibition studies were very early exploratory studies, we estimated
group sizes of approximately 5-7 would be sufficient to achieve 80% power at 0.05 alpha
based on our previous power calculations (see section 3.4.5) performed for preliminary
experiments looking at CypA levels. Group N numbers may vary between groups due to
technical loss, e.g. failure of blood gas sampling, flow cytometry or BAL sampling procedure.

No outliers were removed, and no animals died unexpectedly.
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5.5 Results

5.5.1 Optimisation of inhibitor administration

In vivo inhibition of CypA with MM-284 has been explored in a number of models. However,
as briefly discussed above, there are a number of key differences between these models and
ours. Firstly, previous studies have largely been aimed at assessing the effects CypA inhibition
in the setting of chronic illness/inflammation. Therefore, the majority of experimental set-ups
deliver the drug intraperitoneally or intravenously, administering several doses over the course
of an extended period of time. However, our model was aimed at assessing CypA inhibition in
the acute setting of VILI. Furthermore, we wanted to design a model that best simulates how
this inhibitor might be used in a clinical setting, i.e. where the drug would likely only be
administered a shortly before initiation of mechanical ventilation. Lastly, instead of
intraperitoneal or intravenous injection, the drug was delivered intratracheally. This ensured
that the drug was rapidly available in the lungs and any potential confounding off-target effects

that might arise from systemic administration were reduced.

The instillation of fluid into the lungs via the trachea inevitably leads to transient deteriorations
in respiratory mechanics, as seen by the immediate increase in peak inspiratory pressure
(PIP), elastance (Ers) and resistance (Rrs) in both vehicle and MM-284 treated groups (Figure
5.2). To allow for distribution and/or clearance of the administered drug or vehicle within/from
the lungs, animals were maintained at low V1 ventilation during the initial 30-minute
equilibration period. This allowed respiratory mechanics to return to close to baseline levels
(before any fluid was introduced into the lungs). During this 30-minute period, there were no
significant differences in respiratory mechanics (PIP, Ers, and Rrs) between the groups,
suggesting that the drug itself had no immediate impact, either positive or negative, on the
lungs. This was important as one of the solvents used for high-performance liquid

chromatography purification of the drug compound contained trifluoroacetic acid (TFA). Whilst
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only a small quantity remained in the final compound, it was a concern that the TFA could
have had an immediate problematic effect — however, these data strongly suggest that it did

not.

After 30 minutes, high V1 ventilation was commenced. Animals in both groups were ventilated
with a standardised starting PIP of 40 cmH2O which produced effectively identical Vr (vehicle:
32.0 £ 0.9 mL/kg vs. MM-284: 31.8 £ 1.7 mL/kg; N=7-8). The similarities in tidal volumes
achieved suggests that distribution of the vehicle and drug within the lungs was very closely

matched in both groups.
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comparisons test.
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Figure 5.2 - Respiratory mechanics in vehicle and MM-284 treated groups at baseline to

(A) Peak inspiratory pressure (PIP), (B) Elastance (Ers), and (C) Resistance (Rrs) both show
immediate increase after intratracheal instillation of drug (marked on graphs with an arrow).
Data shown as mean + SD. N=7-8. No significant difference in respiratory mechanics between

groups. Interaction (group x time) assessed by two-way ANOVA with Sidak’s multiple



5.5.2 Treatment with MM-284 prior to high Vr ventilation attenuates VILI

Animals were ventilated with high V1 for 180 minutes or until mortality surrogates (blood
pressure <50 mmHg or PIP increased >20%) were reached. Animals in the MM-284-treated
groups were protected from the development of VILI, with a remarkable 100% survival in this

group compared with 50% in the vehicle-treated group (Figure 5.3A).

Arterial blood pressure was well maintained (>75 mmHg) in both groups up to 120 minutes
(Figure 5.3B). After which, it began to fall substantially in a number of animals in the vehicle
group. In 50% of the vehicle group, animals reached the 50 mmHg cut off point for
haemodynamic stability, from as early as 150 minutes. In contrast, all animals in the MM-284
group maintained blood pressures >50 mmHg for the entirety of the 180 minute ventilation

protocol.
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Figure 5.3 — (A) Kaplan-Meier survival curve and (B) blood pressures of animals in both

vehicle and MM-284 treated groups over the course of 3 hours of high Vr ventilation.

(A) Kaplan-Meier survival curve showing 100% survival in the MM-284-treated group
compared with 50% survival in the vehicle-treated group. Survival in these experiments was
based on the blood pressure (<560 mmHg) or lung injury proxy marker (>20% increase in PIP
from start). (B) Blood pressures of animals in both groups showing 50% of the animals in
vehicle group meeting the 50 mmHg mortality surrogate cut-off point (displayed as dotted line)

before the 180-minute time point. N=7-8. *p<0.05. Significance determined by log-rank test.
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5.5.3 Improved physiological markers of injury following MM-284

Respiratory mechanics

This attenuation of injury was reflected in the respiratory mechanics (Figure 5.4A-C). In both
groups, there was an initial small decrease in PIP corresponding to lung recruitment during
high Vt ventilation, after which PIP then remained stable for approximately 120 minutes, as
would be expected in this VILI model (Figure 5.4A); It is usually only after the 120-minute time
point that any derangement of respiratory mechanics tends to become apparent. Indeed, from
120 minutes onwards, the trajectories of the groups began to diverge, with PIP in the vehicle-
treated group showing an upward pattern as ventilation time increased. In contrast, PIP in the
MM-284-treated group remained stable for the duration of the entire experiment, reaching a
significantly lower final PIP (vehicle: 46.3 + 3.7 cmH20 vs. MM-284: 37.9 + 1.2 cmH20), which
was 6% below that of baseline values (Figure 5.4A). Respiratory system elastance followed
a similar pattern, also displaying a statistically significant difference in the response to
ventilation following the MM-284 treatment (Figure 5.4B). At the start of the protocol, elastance
of both groups were virtually identical, but over the course of the 3-hour protocol, only the
vehicle group showed increases in elastance from 120 minutes onwards, suggestive of signs
of ongoing injury. Similarly, respiratory system resistance displayed initial decreases in both
groups, however, while resistance remained low for the MM-284 group, there was a gradual

increase in vehicle group (Figure 5.4C).
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Figure 5.4 - Time course of respiratory mechanics over the course of 3 hours of high Vr

ventilation in both treatment groups.

(A) Peak inspiratory pressure (PIP), (B) Elastance (Ers), and (C) Resistance (Rrs) over = 3
hours of high V1 ventilation in vehicle and MM-284 treatment group during VILI. Data shown

as mean * SD. N=7-8. ****p<0.0001. Interaction (time x group) was assessed by two-way
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ANOVA with Sidak’s multiple comparisons test for time course data. ** p<0.01, *### p<0.0001.

Unpaired t-test performed for % change in respiratory mechanics.

Arterial blood gas analysis

Arterial blood gas sampling was performed at three time points: 15 minutes after the initiation
of high V1 ventilation, 120 minutes, and at the end of protocol (180 minutes or when surrogate
mortality markers were reached). Arterial oxygenation was preserved in both groups up to 120
minutes of high V1 ventilation (Figure 5.5). After this point, there was a sharp decrease in
oxygenation in the vehicle group reaching PaO./FiO. ratios that would have constituted
moderate to severe clinical ARDS (i.e. <200) in 50% of the group. In contrast, arterial
oxygenation was preserved in the MM-284-treated group, showing minimal decreases from
baseline measurements and none reaching mild ARDS (i.e. all PaO2/FiO- ratio >300). Arterial

carbon dioxide was not significant different between groups.
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Figure 5.5 - Time course of (A) arterial oxygenation (PaO.) and (B) arterial carbon

dioxide (PaCO.) during 3 hours of high Vr ventilation in both treatment groups.
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(A) MM-284 treatment significantly attenuated deterioration of arterial oxygenation during VILI.
(B) No significant difference in arterial carbon dioxide. Data shown as mean + SD. N=6-8.

**p<0.01. Two-way ANOVA with Sidak’s multiple comparisons test.

Pulmonary oedema & alveolar-capillary membrane permeability

To evaluate the extent of pulmonary oedema and alveolar-capillary barrier permeability, lung
wet:dry weight ratios and BAL protein content were determined in both groups. The wet-dry
weight ratio of the lungs from the vehicle treated group was significantly higher than that of
the MM-284 treated lungs, suggesting the development of pulmonary oedema (Figure 5.6A).
In the MM-284 treated group, wet:dry weight ratios remained at a value that would be expected
in an unventilated, untreated mouse (~4.5). BAL protein was also found to be significantly
higher in the vehicle treated group compared with the MM-284 group, suggesting that MM-
284 treatment was protective against development of alveolar-capillary membrane

permeability during VILI. (Figure 5.6B).
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Figure 5.6 - Assessment of alveolar-capillary membrane permeability in both vehicle

and MM-284 treated groups at the end of 3 hours of high V1 ventilation.
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(A) Wet:.dry (W/D) weight ratio and (B) BAL fluid protein concentration in MM-284 treated
group was significantly lower than in vehicle group. Data shown as mean + SD. N=7.

*k%k

P<0.001. Unpaired t-test.

5.5.4 Mechanistic investigation of cyclophilin A inhibition
Following observations of an attenuation of VILI in the MM-284 treated group, we explored a
number of possible mechanisms/factors that could explain the protection conferred by the

CypA inhibitor, MM-284.

Inflammatory cytokines/chemokines

Given that CypA is known for its chemotactic effects on leukocytes, soluble levels of
inflammatory cytokines/chemokines in BAL fluid were evaluated first (Figure 5.7). Only levels
of KC/CXCL-1, a neutrophil chemotactic agent, was significantly lower in the MM-284 treated

group. Levels of IL-6 and IL-1B were not significantly different between the two groups.

A B C
1500- 1500- * 200-
—_ [ J b
. = 150 -
- E | 5 150
T 10004 S 1000 E
[=)) ~ [} ®
£ i . T £ 1004
© (&) Q
4 500 - 3 5004 et 5
Ol ) = 50+
X b ol|® ] A u
|
0 = 0

T T T T T
Vehicle MM-284 Vehicle MM-284 Vehicle MM-284

Figure 5.7 — BAL cytokines/chemokines in vehicle- and MM-284-treated groups

following 3 hours of high Vt ventilation.
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No change in levels of (A) IL-6 and (C) IL-1B; Decreased levels of (B) KC/ CXCL-1 in the MM-

284 group compared with vehicle group. Data shown as mean + SD. *p<0.05. Unpaired t-test.

Leukocyte recruitment

Leukocyte infiltration into the lung tissue and BAL was also assessed by flow cytometry. Given
the attenuation of KC/CXCL-1 release in the MM-284 treated group, we had expected
neutrophils counts to also be decreased, which might account in part for the protective effects
observed. Surprisingly, our data showed that MM-284 treatment had minimal impact on influx
of neutrophils and Ly6C"" ‘inflammatory’ monocytes in the lung tissue and presence in BAL
fluid (Figure 5.8A, B). Numbers of alveolar macrophages and Ly6C"" ‘classical’ monocytes

also remained unchanged between treatment groups.
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Figure 5.8 - Protective effect of MM-284 treatment appears to be independent to lung

leukocyte recruitment during VILI.

(A) Tissue cell count and (B) BAL cell count (total number) show no significant differences
between vehicle and MM-284 treated groups. Data displayed as scatter dot plot showing mean

+ SD. Not significant. Two-way ANOVA with Sidak’s multiple comparisons test.
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Pulmonary cell activation

To assess the degree of pulmonary cell activation, surface expression on ICAM-1 on the local
pulmonary cells — alveolar epithelial cells (AECs), resident alveolar macrophages, and
endothelial cells (ECs) — were measured (Figure 5.9A-C). MM-284 treatment led to significant

downregulation of ICAM-1 expression on AECs and alveolar macrophages but not ECs.
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Figure 5.9 - Assessment of pulmonary cell activation during VILI in vivo using surface
expression of activation marker, ICAM-1, on (A) AECs, (B) alveolar macrophages, and

(C) endothelial cells (ECs).

ICAM-1 expression was significantly lower on epithelial cells and alveolar macrophages but
not endothelial cells. Data shown as mean + SD. N=6-7. *p<0.05, ***p<0.001. Multiple t-test

with multiple comparison correction using the Holm-Sidak method.
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Epithelial injury
In chapter 3, our findings suggested that CypA release was closely related to epithelial injury.
Therefore, we measured BAL levels of SRAGE, an established epithelial injury marker, and

found that it was significantly decreased in the MM-284 treated group.
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Figure 5.10 — BAL sRAGE levels was significantly decreased in the MM-284 treatment

during in vivo VILI.

BAL levels of SRAGE was significantly decreased in the MM-284 treated group (vehicle: 8.3
+ 3.8 ng/mL vs MM-284: 40.3 £ 11.2 ng/mL). Data shown as mean + SD. N= 6-7. ****p<0.001.

Unpaired t-test.
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Matrix metalloproteinase

CD147, the main receptor for CypA, has been well established as an upstream regulator of
MMP activation, secretion, and activity (170). In chapter 3, upregulation of CD147 in response
to high Vr ventilation was demonstrated. To investigate the effects of CypA inhibition on MMP
activity, which might be mediated through CD147, we measured the activity of latent and active

forms of MMP-2 and MMP-9 in lung homogenate and BAL by gelatin zymography.

In lung homogenate, no differences were observed in the activity of either MMP between
control and MM-284 group (Figure 5.11). In BAL fluid, there was a trend towards an increase
in gelatinolytic bands of activity at 72 kDa (pro MMP-2) and significantly higher levels of 62
kDa (active MMP-2) in the vehicle group compared with the MM-284 group (Figure 5.12,
Figure 5.13). No differences in bands at 92 kDa (pro MMP-9) or 82 kDa (active MMP-9) were
detected between the groups. However, of note, the only instances where bands

corresponding to either form of MMP-9 was detected was in the vehicle group.
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Figure 5.11 - Assessment of matrix metalloproteinases in lung homogenates from both

vehicle and MM-284 treated groups following in vivo VILI using gelatin zymography.

(A) No pro MMP-2 was detected in either group. (B) Active MMP-2 was present but no

differences were observed between vehicle and MM-284 group. Both (C) pro-MMP-9 and (D)

active MMP-9 were also not significantly different between groups. All results are expressed

as a value relative to the internal standard (which was given an arbitrary unit of 1). Data shown

as mean + SD. NS. Unpaired t-test.
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Figure 5.12 — Representative gelatin zymography gel for MMP-2 and MMP-9 activity in

the BAL of vehicle and MM-284 treated animals following in vivo VILI.

MMP activity was visualised as clear bands against a dark stained background. On each gel,
molecular weight markers and MMP-2 and -9 standards were used to identity the pro and
active forms of MMPs. To enable comparisons between gel, an internal standard (a sample
containing relatively high amounts of MMPs) was loaded on to every gel and used to compare

relative densities in other bands.
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following 3 hours of high Vt ventilation using gelatin zymography.

Figure 5.13 - Assessment of matrix metalloproteinases in BAL fluid from both groups

(A) Pro MMP-2 showed a trend (p=0.12) towards lower levels in MM-284 treated group. (B)
Active MMP-2 was significantly lower in MM-284 group. Dotted lines in these graphs represent
levels of MMPs measured in mice that were ventilated with the vehicle at low Vr (8 mL/kg, 3
hours). (C) Pro MMP-9 and (D) active MMP-9 were not significantly different between groups.
All results are expressed as a value relative to the internal standard (which was given an

arbitrary unit of 1). Data shown as mean + SD (A and B) or scatter dot plot with line



Tight junctions (occludin)

To investigate if increased MMP-2 activity had an effect on tight junction proteins, protein
levels of occludin in whole lung homogenates were assessed using western blots (Figure 5.14).
Two different molecular weights of occludin were detected — ~65 kDa and ~58 kDa. The band
at ~65 kDa corresponds to the published molecular weight of occludin. An additional band at
~58 kDa was also detected and likely represents the cleaved form of occludin. No differences

were found in occludin expression between the MM-284 and control group.
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Figure 5.14 — No differences in lung occludin expression was observed in MM-284
treated mice compared with vehicle treated controls following 3 hours of high Vr

ventilation.

(A) Representative western blot of occludin in lung homogenates of mice ventilated at high V.
Occludin was detected at two molecular weights — 65 kDa and 58 kDa. (B) Densitometry

analysis of occludin expression revealed no differences between MM-284 and control group.
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Dotted line represents occludin expression in a sample that was treated with the vehicle

control and ventilated at low V1. Data shown as mean + SD. N=5-7. NS. Unpaired t-test.
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5.6 Discussion

In Chapter 3, we demonstrated the early significant increase in CypA in the alveolar space
during VILI. By inhibiting extracellular CypA during high Vr ventilation, we sought to expand
on our previous findings and investigate its role in the pathogenesis of VILI — is it a mediator

or a consequence of injury?

The results from this chapter demonstrated, for the first time, that treatment with an
extracellular CypA inhibitor (MM-284) prior to initiation of injurious mechanical ventilation
attenuates VILI. All animals in the MM-284 treated group survived the full 180-minute protocol
in contrast to 50% in the vehicle treated group, with all the survivors in the vehicle group
displaying substantial signs of injury. Mice that received MM-284 also had improved
physiological parameters, displaying lower PIP, minimal deteriorations in respiratory
mechanics, preserved arterial oxygenation, less pulmonary oedema, and decreased alveolar-
capillary membrane permeability. Together, these results indicate that CypA plays an
important mediator role in the development of VILI. Although we did not definitively confirm
that the reduction in injury observed following MM-284 treatment was due to CypA antagonism,
we believe it is likely. Previous studies have shown that MM-284 specifically inhibits the

peptidyl-prolyl cis-trans isomerase activity of extracellular CypA (406, 407).

To explore potential mechanisms underlying these protective effects, we first evaluated
leukocyte recruitment into lung tissue and cellularity in BAL. Most studies investigating the
role of CypA in inflammatory diseases have focused on its potent chemotactic abilities and its
role in recruiting effector cells into the tissue of interest (409, 419, 420). In the only study
involving CypA in acute lung injury, Arora et al reported that in vivo blockade of CypA (using
a non-immunosuppressive CsA analogue SDZNIM811) significantly reduces extravasation

and accumulation of neutrophils in lungs in response to LPS-induced lung inflammation (291).
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Surprisingly, despite attenuation of KC/CXCL-1, a neutrophil chemoattractant, levels following
MM-284 treatment, we found no differences in leukocyte counts (neutrophils and monocytes)
in either lung tissue or BAL between vehicle and MM-284 treated mice. This suggests that in
our model, protection conferred by CypA inhibition is leukocyte independent, at least during
the early phases of injury. The discrepancy between our findings and those reported by Arora
et al is most likely due to the different time points studied — 3 hours post-VILI in our study vs
18 hours post-LPS in theirs (291). Further, LPS-induced lung injury is a very ‘neutrophil-driven’
injury, whereas VILI involves other factors. During VILI, it is believed that one of the important
drivers of neutrophil recruitment is the generation of a chemotactic gradient (89). This is
dependent on the release of inflammatory mediators and chemokines (e.g. CXCL1/KC,
CXCL2/MIP-2, CXCLS8/IL-8) following activation and injury to local pulmonary cells, such as
AECs, pulmonary endothelium and AMs (89). It is likely that 3 hours, a relatively early time
point, might be too early for any significant chemokine-driven neutrophil recruitment. However,
this does not exclude the involvement of extracellular CypA in the recruitment of neutrophils
and/or monocytes as lung injury progresses. It also remains possible that despite no changes
in leukocyte numbers, leukocyte functionality might have been altered (e.g. decreased
reactive oxygen species (ROS) production, release of neutrophil extracellular traps or
elastases). CypA has been shown to substantially increase oxidised low density lipoprotein
(LDL)-induced cytosolic ROS production from monocyte differentiated macrophages (421).

However, this was not investigated.

Interestingly, CXCL-1/KC has also been implicated in inducing lung permeability
independently of neutrophils. In vitro stimulation of isolated pulmonary endothelial cells with
recombinant CXCL-1 has been shown to induce cytoskeletal rearrangement in a manner that
enhances vascular permeability (422). After 5 minutes of incubation, endothelial cells
displayed a significant increase in F-actin-positive stress fibres, especially at intercellular

borders. After 120 minutes, cells were observed to have a polygonal, retracted morphology,
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resulting in a marked increase in inter-endothelial gaps. Therefore, it is possible that in our
VILI model, CXCL-1 was involved in the promotion of increased barrier permeability.
Consistent with the possible role of CXCL-1 in mediating lung permeability, we observed a
decrease in permeability (decreased BAL protein concentration and W/D weight ratio) in the

MM-284 treated group compared with vehicle controls where CXCL-1 levels were lower.

Since the protection conferred by treatment with the extracellular CypA inhibitor MM-284 in
our model of VILI appeared to be neutrophil-independent, it suggests that CypA had an intra-
alveolar role rather than a direct chemotactic role. Therefore, we explored whether protection
could be explained by decreased activation of local pulmonary cells, such as AECs, alveolar
macrophage, and pulmonary endothelium. We previously demonstrated that all three cell
types express the primary CypA receptor, CD147, which was shown to be upregulated
following high stretch ventilation. To evaluate the activation status of these cells, surface
expression of ICAM-1 was evaluated. ICAM-1 has been frequently studied in the context of
lung injury and there is evidence to suggest that it is involved specifically in VILI. In vitro,
application of cyclic stretch to endothelial cells has been shown to induce ICAM-1 expression
compared with cells under static conditions (423). Mechanical strain has also been shown to
cause upregulation of ICAM-1 protein and mRNA levels in alveolar epithelial cells (A549 cells)
in a manner that is both frequency and duration dependent (384). In vivo, Imanaka et al
observed rapid upregulation of surface adhesion markers CD11b and ICAM-1 on alveolar
macrophages of rats ventilated for just 40 minutes at high pressures (45 cmH,O) compared
with low pressures (7 cmH20) (424). Bertok et al showed that blockade of intra-alveolar p55
TNF receptor led to substantial attenuation of VILI and was associated with significantly

decreased expression of ICAM-1 on alveolar macrophages (425).

Following CypA inhibition, we observed significant downregulation of cell surface activation

marker, ICAM-1, on both alveolar-facing pulmonary cells — AECs and Alveolar macrophage —
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but not on ECs in the MM-284 group compared with the vehicle group. This is consistent with
the idea that even though CD147 is also expressed on endothelial cells, CypA appears to be
working solely in the alveolar space rather than leaking out into the vasculature. This suggest

that CypA plays a role in the activation of AECs and alveolar macrophages.

In chapter 4, we demonstrated that following in vivo high V1 ventilation and in vitro cyclic
stretch, CypA is released primarily by AECs. Therefore, we hypothesised that AEC-derived
CypA is most likely to have a direct effect on alveolar macrophages and events downstream
of macrophage activation. This directionality of signalling (i.e. from AECs to alveolar
macrophages) have been suggested by others. An in vivo study conducted by Woods et al
demonstrated that in response to injurious ventilation, AECs displayed signs of activation
before alveolar macrophages (426). They postulated that parenchymal cells are likely to be
the cells within the lungs that initiate the inflammatory response to stretch, which is then
communicated to other cells, such as alveolar macrophages. These cells then become

activated and are then able to propagate downstream signalling.

Many studies have confirmed that alveolar macrophages play a crucial role in the development
of VILI. It is assumed that as the resident immune cell of the lung, alveolar macrophages are
the main source of pro-inflammatory mediators. Indeed, in a study conducted by Frank et al,
depletion of alveolar macrophages from lungs of rats before ventilation at high Vr led to
significantly lower plasma levels of the CXCL-1 compared with ventilated controls that had not
undergone macrophage depletion (427). The decrease in CXCL-1 is particularly interesting as
it suggests that alveolar macrophages are the major source of this neutrophil chemokine,
which is in keeping of our observation of significantly decreased CXCL-1 following a

dampening of macrophage activation.
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As well as being a source of inflammatory cytokines, alveolar macrophages also contribute to
the development of alveolar epithelial permeability and pulmonary oedema. In studies where
alveolar macrophages are depleted prior to high tidal volume ventilation, animals have been
observed to develop significantly less lung injury, in particular, reduced pulmonary oedema
and decrease alveolar epithelial and lung endothelial permeability (427, 428). One of the ways
that alveolar macrophages could contribute to alveolar barrier dysfunction and subsequently
pulmonary oedema during VILI is through stimulating the production and secretion of MMPs.
MMPs have been associated with the degradation and remodelling of components of the
extracellular matrix (ECM) (429, 430). Dysregulation of their activity in ARDS and VILI has
been linked to damage of the alveolar-capillary barrier through degradation of protein
components including intercellular junction proteins, the alveolar basement membrane, and
proteins involved in anchoring cells to the basement membrane (429-432). In particular, MMP-
2 and -9, which are capable of metabolising a wide variety of ECM proteins including: gelatin,
type I, IV, and V collagen, and elastin, has been implicated in ALI in several animal and human
studies (168, 429, 433-437). Increase in these MMPs are often associated with an increase in
features of lung injury including increased W/D weight ratios, deteriorating in arterial
oxygenation, and an increase in BAL cellularity (435). Alveolar macrophages have frequently
been identified as the main source of MMP-2 while MMP-9 is known to also be produced by

neutrophils (438-442).

Since alveolar macrophages are known to secrete MMPs and CD147, the main receptor for
CypA, is known to play a crucial role in MMP activity (170), we hypothesised that one of the
downstream effects of CypA stimulation of alveolar macrophages is likely to be related to
MMPs. Therefore, we assessed levels of MMP activity in lung homogenates and BAL fluid
from mice in both vehicle- and MM-284-treated groups. In lung homogenate, no differences
were observed in the activity of either MMP-2 or -9 between control and MM-284 group. In

BAL fluid, however, pro-MMP-2 showed a trend towards lower levels in the MM-284 treated
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group and active MMP-2 was significantly lower. Levels of pro and active MMP-9 were not

significantly different.

The lack of MMP-9 in our model might be explained by the kinetics of MMP release noted by
a number of studies, where MMP-2 often peaks before MMP-9 (433, 435). We found no
significant differences in both the pro and active form of MMP-9 between the groups but did
find instances of increased levels of MMP-9 only in the vehicle treated group. It is plausible
that, had the injury been allowed to proceed beyond the 3-hour protocol, we would have
observed increased MMP-9 too. Although we did not localised the source of MMP secretion,
other studies have reported localisation of MMP-2 to alveolar macrophages and MMP-9 to
neutrophils (435, 436). Therefore, the lack of neutrophil infiltration, as discussed above, might

also account for the MMP-2 dominant profile we saw.

We then proceeded to investigate potential downstream consequences of increased MMP
levels. A number of studies have linked CypA-mediated MMP activation to the disruption of
tight junction proteins. In one study investigating the mechanisms that drive blood-brain-barrier
(BBB) dysfunction, CypA was implicated as a component of a human apolipoprotein E isoform
4 (APOE4)-activated CypA-NFkB-MMP-9 pathway in pericytes (443). Activation of this
pathway led to BBB breakdown and a corresponding decrease in several proteins that are
crucial for normal BBB integrity, including collagen IV and tight junction proteins ZO-1,
occludin, and claudin 5. (443). In a related study, Main et al demonstrated that treatment of
mice with CypA antagonist CsA attenuated the MMP-9 response and enhanced BBB repair
after traumatic brain injury by stabilising the expression of tight junction proteins (zonula
occludens-1, occludin, and claudin-5) (444). During VILI, disruption of tight junction proteins
has been shown to lead to increased alveolar-capillary barrier permeability. Cavanaugh et al
demonstrated that subjecting primary rat alveolar epithelial cells to in vitro cyclic biaxial stretch

(37% change in surface area) for 1 hour resulted in significant decreases in the

224



immunofluorescent staining intensity of peripheral occludin, total cellular occludin content, and
the degree of cell-cell attachment (445). Gu et al reported that exposing MLE-12 cells to 20%
cyclic stretch for 4 hours induced degradation of E-cadherin, p120 and occludin, reducing
protein levels by up to 60% (446). Using immunofluorescence, they performed quantitative
analyses of the co-localization of junction proteins and stretch-induced gap formation and
found that the total gap area after 4 hours of cyclic stretches was increased significantly

compared with static controls (446).

Therefore, we investigated the expression of the epithelial tight junction protein occludin,
which is also known to be a substrate of MMP-2 (447). However, no differences in occludin
protein levels in total lung homogenate between the groups were found. It is possible that
CypA inhibition could have had an effect on the distribution of occludin away from its peri-
junctional location (e.g. by internalisation of the protein) such that its ability to bind cells was
compromised. However, we could not investigate this with our samples as they were
homogenised. Additionally, occludin is only one of the many adherens and tight junction
proteins that contribute to the integrity of the alveolar epithelial barrier. Other proteins including
Z0-1, p120, and claudins, have been shown to be affected during cyclic stretch and may have
been implicated in our model. However, we did not perform any further western blots to assess
protein levels of these other proteins as we thought investigation in an in vitro setting where
both expression and distribution of these proteins could be assessed would have provided

more conclusive results.

Although we think it is more likely that AEC-derived CypA would primarily affect alveolar
macrophages, we cannot rule out that CypA may also have a direct effect on AECs. As
discussed above, we also observed signs of decreased AEC activation following CypA
inhibition. AEC surface expression of ICAM-1 was downregulated in the MM-284 group

compared with the vehicle group. BAL fluid levels of the epithelial injury marker, sSRAGE, was
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also significantly lower levels in the MM-284 group. However, in an in vivo setting, it was
impossible to determine if this decrease in AEC activation was due to blocking the direct effect
of CypA on AECs or if it was a secondary consequence of decreased macrophage activation

and therefore any subsequent macrophage related AEC activation.
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5.7 Concluding remarks

In this chapter, we showed that animals treated with an extracellular CypA inhibitor (MM-284)
prior to injurious mechanical ventilations sustained substantially less physiological dysfunction.
We observed a significant decrease in mortality rates, attenuated derangement of respiratory
mechanics, and substantial improvement in alveolar capillary permeability, oxygenation, and
pulmonary oedema. Although we did not provide direct evidence to show that the protective
effects following MM-284 treatment were due to CypA antagonism, we believe that this is likely
given what is described of the drug’s mechanism of action in the literature. These findings
suggest that CypA is present in the alveolar space as a mediator with a role in the
pathogenesis of VILI instead of a general cellular inflammatory marker released as a

consequence of VILI.

Surprisingly, protection from VILI conferred by MM-284 treatment appears to be leukocyte
independent in our model, at least during the early phases of injury. Instead, we propose that
dampening the activation of key players in the alveolar space — AECs and alveolar
macrophages — may be one of the mechanisms through which CypA inhibition leads to
protection from VILI. It is possible that decreased macrophage activation following CypA
blockade may have also contributed to the decrease in cytokine (CXCL-1/KC) secretion.
Furthermore, we demonstrated a decrease in MMP-2 activity in the alveolar space following
MM-284 treatment. This suggests that the drug may have also attenuated CD147-mediated
MMP secretion and activation. Given that MMPs are often implicated in the degradation of
barrier proteins, this decrease in MMP-2 activity may account for the lack of increase in
alveolar capillary barrier permeability that is typical of VILI and observed in the vehicle treated

group.
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6 Exploration of CypA stimulation in

vitro
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6.1 Abstract

In chapter 5, we demonstrated that inhibition of CypA in vivo attenuated responses in both
alveolar epithelial cells (AECs) and alveolar macrophages. However, it was impossible to
determine if these were primary or secondary responses to CypA inhibition. In this chapter,
both AECs and alveolar macrophages were separately stimulated in vitro with recombinant

CypA to investigate downstream cellular effects.

CD147 expressing murine bone marrow-derived macrophages, human monocyte-derived
macrophages, and A549s (human epithelial cell line) were incubated with recombinant CypA.
In macrophages, we observed a significant upregulation in pro-inflammatory markers ICAM-
1, MHC-II, and CD86, as well as an increase in nitric oxide and IL-6 release. However, no

signs of cell activation were displayed following stimulation of epithelial cells.

Together, the data suggest a directionality in the CypA signalling in the alveolar space. It
appears that CypA is secreted into the extracellular space following epithelial injury, such as
mechanical stretch or acid, where it then primarily targets local alveolar macrophages,

promoting cell activation and propagation of local inflammatory responses.
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6.2 Introduction

There is a growing body of literature covering the many cellular functions and signalling events
induced by extracellular CypA. In pathological contexts, it has been shown to induce
inflammatory signalling, cell migration, reactive oxygen species (ROS) production, matrix
degradation, cell proliferation, and apoptosis. All these downstream effects of CypA
stimulation has been shown to play a crucial role in the pathogenesis of a wide range of

inflammatory diseases.

Pro-inflammatory signalling following CypA stimulation appears to be dependent on the
activation of the NF-kB pathway, which then propagate downstream events. In endothelial
cells (ECs), this includes upregulation of adhesion molecules E-selectin and VCAM-1 (297);
In macrophages, NF-kB activation leads to the production and secretion of
cytokines/chemokines such as TNF-q, IL-8, MCP-1, and IL-1B (294). In both instances, the
downstream consequences of CypA stimulation contribute to the recruitment and influx of
leukocytes to the site(s) of injury. CypA also acts as a chemoattractant to various leukocytes
subsets including monocytes, neutrophils, eosinophils, and T-cells (292, 301). Additionally,
CypA can also act a synergistic co-factor with other chemokines such as MIP-2 and CXCR4
leading to an augmentation in cell proliferation and migration (288). CypA also contributes to
inflammation by promoting matrix degradation through stimulation of matrix metalloproteinase
(MMP) activity. When stimulated with recombinant CypA, the monocyte/macrophage cell line
(THP-1) has been shown to express greater levels of MMP-9 (299, 301, 448). This
upregulation in MMP expression is also associated with increased activity of gelatinases
(MMP-2 and MMP-9) (297, 449). CypA has also been reported to induce apoptosis in both a
cell and dose dependent manner. In VSMCs, CypA appears to act as a growth factor,
stimulating extracellular signal-regulated kinases (ERK1/2 also known as p42/44 mitogen-
activate protein kinases [MAPKs]) activity to promoting cell proliferation, increase DNA

synthesis and inhibit apoptosis. In ECs, the effects of CypA varies with the dose at which it is
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administered. At low concentrations, CypA appears to stimulate EC proliferation (449).
However, at high concentrations, CypA leads to a decrease in EC viability, inducing apoptosis
by increase expression of cleaved caspade-3 and stimulating pro-apoptotic pathways
including c-Jun N-terminal kinase (JNK) pathway and p38 MAPK (450). Lastly, CypA is also
capable of inducing ROS production, thus propagating a positive feedback loop on its own
oxidative stress-induced secretion, further potentiating the activation of inflammatory

pathways involved (451).

The exact mechanism through which extracellular CypA mediates its functions still remains
elusive. CD147, its primary cell surface signalling receptor, has been proposed as a crucial
signalling mediator. In vitro, the presence of anti-CD147 antibody has been shown to
significantly decrease CypA-mediated neutrophil and monocyte chemotaxis (291, 448). The
role of CypA-CD147 interactions in disease pathogenesis such as acute pulmonary embolism,
myocardial ischemia and reperfusion, subarachnoid haemorrhage, pulmonary arterial
hypertension, and rheumatoid arthritis has also been demonstrated in several in vivo studies
(814, 452-455). In these studies, both CypA and CD147 were found to be upregulated in
pathological states, leading to activation of similar downstream signalling pathways (e.g. ERK
and NF-kB), and attenuation of injury was observed following inhibition of either/both
mediator(s). In two of these studies, the effects of inhibiting both CypA and CD147 was
investigated and compared with the effects following blockade of a single mediator. Both
studies revealed that inhibition of both did not yield any further significant protection,

suggesting that these mediators were indeed part of one common pathway (453, 454).

While most effects of CypA appear to be mediated through CD147, there is also evidence to
suggest that some extracellular CypA activity may be dependent on other receptors apart
from CD147. Bahmed et al demonstrated that knockdown of CD147 in a monocytic cell line

(U937) did not prevent CypA-mediated induction of IL-8 (408). Xue et al also reported that
231



‘multiple signals’ activated by extracellular CypA in VSMC and EC were unaffected by

knockdown of CD147, although no further details were provided in that study (308).

While some effects of CypA stimulation of macrophages have been recorded, including
secretion of pro-inflammatory cytokines secondary to NF-kB activation and increased
expression of MMP (as discussed above), there have been no studies looking at the effects

of CypA stimulation on lung epithelial cells.

In the previous chapter, we demonstrated that inhibition of CypA in vivo attenuated responses
in both alveolar epithelial cells (AECs) and alveolar macrophages. However, it was impossible
to determine if these were primary or secondary responses to CypA inhibition. Therefore, this
chapter, both AECs and alveolar macrophages were separately stimulated with recombinant

CypA in vitro to investigate downstream cellular effects.

6.3 Aims
In the previous chapter, we observed that attenuation of VILI following CypA inhibition in vivo
seemed to be associated with a dampening of cell activation. this chapter seeks to explore the
mechanisms through which extracellular CypA contributes to the pathogenesis of VILI using
in vitro methods, by:

1. Investigating the effects of stimulation of AEC with recombinant CypA

2. Investigating the effects of stimulation of macrophages with recombinant CypA
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6.4 Protocols

6.4.1 Isolation of murine bone-marrow-derived macrophage

While the optimal choice of cells for these experiments would have been alveolar
macrophages, the relatively low numbers of alveolar macrophages present in the lungs of
mice posed an issue. In our hands, a typical yield of alveolar macrophage cells per mouse is
roughly 2-5 x 10° cells; this is consistent with reports from others (456-458). This low yield per
mouse often means there are insufficient cells for experimental assays. To acquire sufficient
numbers of alveolar macrophages, we would have had to sacrifice large numbers of mice to
provide sufficient cells. As an alternative — which we felt was more in line with the 3Rs of
animal research — we decided to first investigate our hypotheses with murine bone marrow

derived macrophages (BMDM).

Tissue macrophages are derived from monocytes or from local proliferation of tissue-resident
macrophage colony-forming unit cells (459). Monocytes, themselves, originate from
progenitor cells in the bone marrow (460, 461). This protocol involves the isolation of bone
marrow-derived progenitor cells which are then stimulated with macrophage-colony
stimulating factor (M-CSF), a growth factor that encourages the propagation and differentiation
of committed precursor cells into a fairly homogenous population of macrophages (462). Due
to the abundance of progenitor cells in the bone marrow, this technique produces significantly
higher yields (roughly 7-10 x 10’ macrophages) of differentiated macrophages from a single

mouse within a few days.

To isolate bone marrow cells, C57BL/6 mice were sacrificed, and trunks/legs of animals were
sprayed with 70% ethanol solution. Both femurs were isolated, and a 27-G needle attached to
a syringe containing 1 mL of sterile RPMI 1640 media was inserted into the bone marrow

cavity of the femur. To extract bone marrow cells, the bone cavity was flushed with 2-5 mL of
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sterile media until the bone appears white. This cell-containing media was then filtered through
40 um filters and resuspended in a total of 10 mL of fresh RPMI, 10% FCS, 1% PSG,
supplemented with 50 ng/mL recombinant macrophage colony-stimulating factor (M-CSF)
(PeproTech, New Jersey, USA). Cells were seeded into 55 cm? sterile plastic petri dishes and
cultured for five days in incubators maintained at 37°C in a humidified 5% CO, atmosphere.

Media was replaced every other day and any non-adherent cells were discarded.

6.4.2 Human monocyte-derived macrophage isolation

Ethics

Ethical permission was granted by the local ethics committee (REC reference 15/L0O/1764) for
obtaining peripheral venous blood from healthy, non-medicated volunteers. Informed consent
was obtained for all participants. For peripheral blood mononuclear cells (PBMCs) isolation,
venous blood was collected in EDTA-containing BD Vacutainer tubes and processed

immediately.

Isolation of peripheral blood mononuclear cells

50 mL Leucosep tubes containing 15 mL Histopaque-1077 (Sigma-Aldrich) were centrifuged
at 1,300 x g for 1 minute at room temperature (RT). Blood was collected from healthy
volunteers in EDTA containing BD Vacutainer tube. To each Leucosep tube, 20 mL of blood
was added and centrifuged at 1,300 x g for 15 minutes at RT. Following separation, whole
blood should be separated into layers: plasma, peripheral blood mononuclear cells (PBMCs),
followed by red blood cells (RBCs) and granulocytes. The top plasma layer was removed and
discarded using a Pasteur pipette and the middle layer made up of PBMCs was gently

aspirated and transferred to a new 50 mL Falcon tube.
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PBMCs were washed by addition of cold sterile PBS to a final volume of 50 mL and centrifuged
at 300 x g for 10 minutes at 4°C. After the first centrifugation, supernatant was removed and
discarded. Another 50 mL of cold sterile PBS was then added and the wash step was repeated.
After the second centrifugation, the supernatant was removed, discarded, and the final cell
pellet was resuspended in 1 mL of cell sorting buffer (PBS, 1% FCS, 2 mM EDTA, 1%

penicillin-streptomycin).

10 uL of cells were transferred to a FACS tube containing 10 uL AccuCheck counting beads
(ThermoFisher Scientific) for a cell count using flow-cytometry. Different cell populations were
identified based on their characteristic forward scatter (FCs) and side scatter (SSc) (Figure

6.1). Cell counts were determined.
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Figure 6.1 - Representative flow cytometry plot of PBMCs isolated from peripheral

blood.

Monocytes, lymphocytes were identified based on their characteristic forward scatter (FSc)
and side scatter (SSc). Equivolume of counting beads (10 uL) was also added to the sample

to determine cell counts.
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Isolation of monocytes from PBMCs

A pan-monocyte isolation kit (Miltenyi Biotec) was used to isolate monocytes from PBMCs.
This kit is an indirect magnetic labelling system that allows users to obtain a population of
highly pure, unlabelled monocytes, including classical (CD14"*/CD167), non-classical
(CD16™/CD14"), and intermediate (CD16/CD14"") monocytes, by depletion of magnetically

labelled non-monocyte PMBCs.

Briefly, the magnetic-activated cell sorting (MACS) separation system used in this chapter can
be broken down into three main steps. Step one involves the labelling of non-monocytes with
a cocktail of biotin-conjugated monoclonal antibodies. In step two, anti-biotin monoclonal
antibodies conjugated to magnetic microbeads are added. These bind to the biotin on the
primary labelling reagent, completing the indirect magnetic labelling of non-monocytes cells.
In step three, the mixed population of cells is placed in an external magnetic field (MACS
Separator) within a MACS® Column. The magnetically labelled non-monocyte cells are

retained on the column, while the unlabelled monocytes pass through for collection.

The protocol was performed as manufacturer’'s instructions. The PBMC pellet was first
resuspended in sorting buffer with addition of FC receptor (FcR) Blocking Reagent and Pan-
Monocyte Biotin-Antibody Cocktail (containing a cocktail of biotin-conjugated monoclonal
antibodies against antigens that are not expressed on human monocytes) for 5 minutes before
a 10-minute secondary incubation with Anti-Biotin Microbeads. Magnetic cell separation was
then performed using appropriately sized MACS Separator and MACS Columns determined
based on the number of labelled and total cells. The cell suspension was applied onto the
column and flow-through containing unlabelled, enriched monocyte cells were collected. A 10
uL aliquot of cells were stained with CD16 (FITC) and CD14 (PerCP) to check for cell purity
and MACS sorting yield using flow cytometry (Figure 6.2). Cell loss was also calculated after

magnetic separation and was consistently < 5%.
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Before MACS sorting After MACS sorting
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Figure 6.2 - Comparison of flow cytometry plots before and after MACS sorting.

Monocytes were isolated from PBM Cs by magnetic bead separation (negative selection) and

stained with anti-CD16 and anti-CD14 antibodies.

Monocytes were then centrifuged at 300 x g for 5 minutes at 4°C. The cell pellet was
resuspended in RPMI, 10% FCS, 1% PSG supplemented with 20 ng/mL recombinant
granulocyte-macrophage colony-stimulating factor (GM-CSF) and macrophage colony-
stimulating factor (M-CSF) (PeproTech, New Jersey, USA), seeded into 55 cm? dishes, and
cultured in incubators maintained at 37°C in a humidified 5% CO. atmosphere. Media was first
replaced on day 3, and then every other day subsequently. Any non-adherent cells were

discarded. Cells were ready for use from day 7 onwards.

Both M-CSF and GM-CSF was used in culture media to induce differentiation of monocytes
into a mixed population of M1 (classically activated) and M2 (alternatively activated)
macrophages. A recent study by Mitsi et al reported the majority of human adult AM express
high levels of both M1 (CD80, CD86, CD64) and M2 (CD206 and CD163) markers
simultaneously, conferring a hybrid M1/M2 phenotype which does not fit the classic
macrophage classification (463). While it may be argued that it would have been better to
differentiated monocytes into MDMs without any growth factors leading to a so-called MO

(naive) phenotype, in our hands we found that monocytes failed to adhere to the culture
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surface and did not survive and differentiate when growth factors were not present; This is

consistent with findings from other groups (464, 465).

On day seven, the cells were characterised according to their surface markers using flow
cytometry (Figure 6.3). MDMs expressed high levels of macrophage markers CD16 and
CD11b. MDMs were also evaluated for the M1 and M2 markers CD86 and CD206,
respectively. MDMs were characterised as CD206" and CD86". This pattern of hybrid M1 and
M2 surface marker expression by MDMs on day 7 were similar to that found by Mitsi et al in

human Alveolar macrophage (463).
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Figure 6.3 - Characterisation of HMDMs after seven days in culture.

Cells were first gated on the basis of their CD45 expression. CD45+ cells expressed both
macrophage markers CD11b and CD16. Upregulation of markers CD11b, CD16, CD86 (M1

marker) and CD206 (M2 marker) from day O of culture to day seven.



6.4.3 Stimulating cells with recombinant cyclophilin A

Dose of recombinant cyclophilin A
For these experiments, an E. coli-derived recombinant human CypA protein (R&D Systems)
was used. At the time that these experiments were performed, recombinant mouse CypA

protein was not commercially available.

To determine the dose of recombinant CypA to use for the in vitro stimulation experiments,
we referred back to the concentrations of CypA detected previous in our in vivo models of ALLI.
In chapter 3, we reported that the mean concentrations of CypA in BAL in following VILI and
acid-induced lung injury was 5.9 ng/mL and 25.7 ng/mL respectively. In human ARDS samples,
the mean concentration of CypA was 61.8 ng/mL. As the process of performing a BAL dilutes
the epithelial lining fluid by a factor of 50- to 120-fold (342, 345), this was also taken into

account in our calculations (Table 6.1).

Table 6.1 - An estimation of the concentration of CypA in the alveolar space based on

the mean concentration of BAL CypA found in vivo and estimated BAL dilution factors

VLI ACid'"i‘:j‘:;;d 'Ung  Human ARDS
{:Zr‘:is‘;ontBrg\tlfogypA 5.9 ng/mL 25.7 ng/mL 61.8 ng/mL
fiseuming 2 50-fold 295.0 ng/mL 1.3 pg/mlL 3.1 pg/mL
g?ftlijg;i.r?? 7 120-0ld 708 ng/mL 3.1 pg/mL 7.4 ugimL

In initial pilot experiments, a supra-physiological dose of CypA (90 ug/mL) was used to (1)
determine if recombinant CypA was biologically activity and (2) identify readouts for
subsequent experiments that were then carried out with a physiologically relevant dose of
CypA (1 pg/mL).
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For these recombinant CypA stimulation experiments, macrophages (BMDMs or HMDMs) or
epithelial cells (A549) were seeded in 48-well plates as detailed in Table 6.2. Cells were
allowed to adhere overnight. The following day, media was removed, and wells were gently
washed with calcium free PBS. Cells were then incubated with serum-free media (control) or

recombinant CypA for 8 hours.

Table 6.2 - Seeding densities and media of macrophages and epithelial cells for CypA

stimulation experiments

Seeding density

Cell (cellsiwell) Media
Macrophages
Murine BMDM 9x10* RPMI, 10% FCS, 1% PSG
HMDM 9 x 10* RPMI, 10% FCS, 1% PSG
Epithelial cells
A549 1x10° DMEM, 10% FCS, 1% PSG

After the incubation time, media was collected and centrifuged at 300 x g for 5 minutes at 4°C
to yield cell-free supernatant which were aliquoted and frozen at -80°C for future analyses.
Wells were rinsed twice with phosphate buffered saline (PBS) and cells were detached from
the surface of the wells using Cell Dissociation Buffer (ThermoFisher Scientific) and gentle
pipetting. Cells were washed with FACS wash buffer (FWB) before undergoing antibody

staining for analysis by flow cytometry.

Cells were then identified using specific surface markers on flow cytometry. Any noise and
cell debris were excluded based on auto-fluorescent and size. BMDMs were identified as
CD45+, CD11b+, and F4/80+ cells. HMDMs were identified as CD45+, CD16+ cells. A549
cells were identified based on their expression of EpCAM. Cell surface expression of CD147

and activation markers, including ICAM-1, MHC-II, and CD86, were also measured.
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6.4.4 Cell viability: 7-AAD

Cell viability was assessed by flow cytometry analysis. After cells were processed and stained
with antibodies, 5 yL of 7-Amino-Actinomycin D (7-AAD) was added to each FACS tube and
incubated for 5 minutes at room temperature before analysis of flow cytometry. 7-AAD is a
membrane impermeant fluorescent dye that has a strong affinity for DNA. While it is generally
excluded from viable cells, permeabilisation or disruption of the cell membranes in dying or
dead cells allows 7-AAD to enter the cell and bind to double stranded DNA by intercalating
between base pairs in G-C rich regions (375). 7-AAD/DNA complexes are excited at 488 nm

and detected at an emission of 645 nm.

6.4.5 Nitric oxide assay

Nitric oxide is a molecular mediator of many physiology processes, and therefore measuring
its levels in cell culture media is often of interest. In our case, it was used as a surrogate
marker of macrophage activation. The kit used to analyse our samples utilises the Griess
reaction to detect both nitrite, formed by the spontaneous oxidation of NO under physiological
conditions, and nitrate that has been catalytically reduced to nitrite. The Griess reaction is
summarised as the azo coupling between diazonium species, which are produced from
sulphanilamide with NO2, and naphthylethylenediamine, resulting in a colorimetric (540 or 570

nm) product proportional to the NO metabolite present.

The protocol was performed as per manufacturer’s instructions. In brief, cell culture media
was centrifuged at 1,000 x g for 15 minutes at 4°C to remove any insoluble material.
Supernatant was collected and used for assays. Standard curves for both NO, and NOz were
generated by diluting appropriate amounts of provided standards with buffer solution. 50 pL
of samples were added into four wells of a 96-well plate. Two wells were used for the NOy
detection and the other two were used for the [NO3- + NO_] detection step. Buffer solution

was added to wells to bring samples to a final volume of 100 uL for NO2 and 80 pL for [NO3-
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+ NO_] detection. In the wells for [NO3- + NO»] detection, 10 L of nitrate reductase solution
and 10 ul of enzyme co-factors solution was added. the plate was then mixed using a
horizontal plate shaker and incubated for two hours at 25°. After two hours, 50 pl of Griess
reagent A was added to all wells, mixed, and incubated for 5 minutes at 25°c. Then 50 pl of
Griess reagent B was added to all wells, mixed, and incubated for 10 minutes at 25°c. The

plate was then read at 540 nm in a microplate reader.

6.4.6 Gelatin zymography

Equal volumes of conditioned media (12.5 uL) were prepared in 1X Novex™ Tris-Glycine SDS
Sample Buffer. To ensure that equal volume loading allowed for comparisons across
experiments, cells were seeded at the same density, stimulated in the same volume of media,
and cell counts were determined at the end of every experiment to ensure that cell counts
across experiments were virtually identical. Samples were loaded into 10% gelatin protein gels
for electrophoresis separation under non-reducing conditions. After, gels were washed with
renaturing buffer and then incubated overnight in developing buffer to induce digestion of
gelatin by any MMP-2 and MMP-9 present in the samples. Gels were then stained with
colloidal blue to allow visualisation of denatured areas. To allow comparison between gels,
the same amount of recombinant MMP-2 and MMP-9 protein standards were loaded on to
every gel. This density of standards was given an arbitrary unit of 1 and the density of all

bands were expressed as a value relative to it using ImageJ.
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6.5 Results

6.5.1 Bone marrow-derived macrophages express the CypA receptor CD147

After BMDMs were allowed to differentiate in cell culture, cell surface expression CD147, the
primary receptor for CypA, was analysed using flow cytometry. BMDMs demonstrated surface
expression of CD147 (Figure 6.4), thus confirming that recombinant CypA would have a

receptor to bind to and signal through.
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Figure 6.4 — Representative flow cytometry histogram showing BMDM expression of

CD147 receptor

6.5.2 Effects of recombinant CypA on mouse BMDMs

Most previous studies have looked at the effects of CypA stimulation and reported various
effects after 12 hours or 24 hours. Here, BMDMs were stimulated for 8 hours (12-hour
incubation was logistically difficult to perform) and 24 hours with a supra-physiological dose
(90 pg/mL) of human recombinant CypA (Figure 6.5). This high dose was used to determine
this recombinant protein had any bioactivity in vitro. At the time that these experiments were
performed, only human recombinant protein was commercially available. While the gene
encoding mouse CypA was reported to be 92.48% similar (based on nucleic acid comparisons)
(466), we were uncertain if the protein was cross-reactive. Thus, we used a higher
concentration to test the bioactivity of CypA and to determine what readouts would be helpful

for assessing CypA-induced activation for following experiments.
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At 8 hours, BMDMs stimulated with CypA demonstrated significant upregulation of ICAM-1
and MHC-II, no differences in CD86, and significant downregulation of CD206 compared with

untreated controls. At 24 hours, no differences in any markers were observed.
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Figure 6.5 — Assessment of cell surface activation markers following an 8- and 24-hour

incubation with recombinant CypA.

At 8 hours, CypA induces an upregulation of ICAM-1 (A) and MHC-II (B), no change in CD86
(C), and downregulation of CD206 (D). At 24 hours, no changes in surface markers were
observed following CypA stimulation. As a positive control, cells were also stimulated with 10
ng/mL LPS and these are shown as dotted lines. Data shown as mean + SD. N=4 for 8-hour
data and N=2 for 24-hour data. **p<0.01, ***p<0.001, ****p<0.0001. Two-way ANOVA with

Sidak’s multiple comparisons test.

At 8-hours, cell viability was also assessed by measuring 7-AAD staining using flow cytometry.

The percentage of cells staining positive for 7-AAD (non-viable) was significantly higher

245



following in the CypA treated group compared with untreated controls (Figure 6.6A).
Conditioned media from 8-hour stimulation experiments were also evaluated for nitric oxide
(NO) concentration and IL-6 (Figure 6.6B, C). CypA stimulation induces a significant increase

in NO production and IL-6 release.
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Figure 6.6 — 8-hour stimulation with recombinant CypA leads to increased cell death

(A), nitric oxide production (B), and IL-6 release (C).

(A) The percentage of cells staining positive for 7-AAD (% non-viable) assessed by flow
cytometry was significantly higher following CypA stimulation. (B, C) Conditioned media from
the 8-hour stimulation experiments were evaluated. BMDMSs produced significantly more nitric
oxide (NO) and also released significantly greater amounts of IL-6 following recombinant CypA
stimulation. As a positive control, cells were also stimulated with 10 ng/mL LPS and these are

shown as dotted lines. Data shown as mean + SD. *p<0.05. Mann-Whitney test.

Conditioned media from the 8-hour stimulation experiments were also evaluated for activity

of MMP-2 and MMP-9 using gelatin zymography. No gelatinolytic bands of activity were
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detected in media from untreated controls and CypA-stimulated cells, suggesting that neither

pro or active MMP-2 or MMP-9 were present (N=4, gels not shown).

Having shown that recombinant human CypA shows bioactivity and is able to activate murine
BMDMs, cells were stimulated with a lower, physiologically relevant concentration of CypA. A
dose titration experiment was performed. Cells were stimulated with 0.1 — 1.0 pyg/mL, covering
the range of CypA previously detected in in vivo VILI model (Figure 6.7). At these lower
concentrations of CypA, changes in ICAM-1, MHC-Il and CD206 that were previously
observed were not found. Although it is possible to conclude from this data that stimulation of
macrophages with physiologically relevant doses does not lead to cell activation, it was also
possible that the lack of response was due to a decreased sensitivity of mouse macrophages

to the human recombinant CypA.
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Figure 6.7 — Dose titration of recombinant CypA.

8-hour stimulation of BMDMs with lower, physiologically relevant concentrations of CypA failed
to reproduce changes in surface markers that were previously observed when BMDMs were
stimulated with a supraphysiological (90 ug/mL) dose of CypA. Data shown as mean + SD.

N=2.

6.5.3 HMDMs also express the CypA receptor CD147

To thoroughly assess whether recombinant CypA leads to activation of macrophages in vitro,
human monocyte-derived macrophages were isolated from peripheral blood mononuclear
cells. This eliminated any potential issues related with cross-species reactivity of the

recombinant CypA protein. As above, cell surface expression CD147, the primary receptor for
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CypA, was analysed using flow cytometry. HMDMs also demonstrated surface expression of

CD147 (Figure 6.8).
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Figure 6.8- Representative flow cytometry histogram showing BMDM expression of

CD147 receptor

6.5.4 Effects of recombinant CypA on HMDMs

HMDMs were stimulated for 8 hours with a physiologically relevant dose of recombinant CypA
(1 pg/mL). CypA induced a significant upregulation of activation markers ICAM-1 and CD86
compared with untreated controls (Figure 6.9A, B). No differences in MHC-Il and CD206 were
observed (Figure 6.9C, D). Cell viability of untreated controls and CypA treated cells was high
in both instances and virtually identical (Figure 6.9E). Cell supernatants were also evaluated
for NO content, but no differences were detected between control and CypA treated groups.
There was, however, a significant increase in IL-6 release following CypA stimulation (Figure

6.9F).
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Figure 6.9 — 8-hour incubation of HMDMs with recombinant CypA leads to cell activation.

At 8 hours, CypA (1 ug/mL) induces an upregulation of ICAM-1 (A) and CD86 (B) compared
with untreated controls. No changes in MHC-II (C) or CD206 (D) expression was observed.
Cell viability was also unaffected by CypA treatment (E). A significant increase in the
concentration of IL-6 in supernatants of CypA stimulated cells was detected (F). As a positive

control, cells were also stimulated with 10 ng/mL LPS for the same time period and these are
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shown as dotted lines. Data shown as mean £ SD. N=6-7. * p<0.05. Unpaired t-test. # # p<0.01.

Mann-Whitney test.

Conditioned media were evaluated for activity of MMP-2 and MMP-9 using gelatin
zymography. Gelatinolytic bands of activity were detected at 72 kDa (pro-MMP-2) in
supernatants from both untreated (-) and CypA stimulated (+) HMDMs. However, there
appears to be no differences in levels of pro-MMP-2 between the groups (untreated 0.40 +
0.021 vs CypA 0.43 + 0.017 relative band intensity, N=3-4). No bands were detected at 62
kDa (MMP-2). Instead of two separate gelatinolytic bands at 92 kDa (pro MMP-9) and 82 kDa
(active MMP-9), there was a thick, merged band that made it impossible analyse the two forms
of MMP-9 separately. The data is therefore for the band intensity of the merged bands and
expressed as an absolute band intensity instead of relative band intensity to the MMP-9
standard. Similarly, there appears to be no differences in levels of total MMP-9 activity
between the groups (control 40,415 + 5, 465 vs CypA 40,537 + 7,922 absolute band intensity,

N=3-4).
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Figure 6.10 — Assessment of MMP activity in conditioned media from HMDMs

stimulated with CypA.

(A) A representative gelatin zymography gel for MMP-2 and MMP-9 activity in the conditioned
media of untreated controls (=) and CypA (1 ug/mL) treated (+) HMDMs. On each gel, MMP-
2 and MMP-9 standards were used to identify the pro and active forms of MMPs and for
comparisons of relative band densities between gel. MMP-9 bands were merged on this gel
and thus processed as total MMP-9 activity and results expressed as absolute band intensity
as relative band intensity calculations against the standard would not have been appropriate.
(B) Pro-MMP-2 (72 kDa) was detected in both groups but did not appear to be different
following CypA stimulation. (C) Total MMP-9 activity was also unchanged in the CypA

stimulated cells. Data shown as mean + SD. N=3-4.
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6.5.5 Stimulation of A549 with recombinant CypA
To determine if CypA has a direct effect on AECs, A549 were also stimulated with the same
physiological dose (1 ug/mL) of recombinant CypA for 8 hours. Cells were first confirmed to

express the CD147 receptor (Figure 6.11).
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Figure 6.11 — Representative flow cytometry histogram showing BMDM expression of

CD147 receptor.

Using flow cytometry, cell activation and viability were assessed through expression of the
activation marker ICAM-1 and 7-AAD staining respectively. A549 cells did not show significant
upregulation of ICAM-1 following CypA treatment (Figure 6.12A). Cell viability also remained
unchanged following CypA stimulation (Figure 6.12B). Conditioned media from both control
and CypA treated A549 cells were also analysed by ELISA for the presence of IL-6. However,

the samples were found to contain no detectable levels of IL-6 (data not shown).
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Figure 6.12 — A549 cells did not demonstrate signs of cellular activation following 8-

hour stimulation recombinant CypA (1 pg/mL).

(A) ICAM-1 expression was not found to be increased following CypA stimulation. (B) Cell
viability determined by 7-AAD staining on flow cytometry was also unchanged. Data shown as

mean + SD. NS. Unpaired t-test.
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6.6 Discussion

To date, our understanding of whether and how extracellular CypA is involved in inflammatory
processes within the lung remains very limited. In the previous chapter, we demonstrated that
in vivo inhibition of extracellular CypA attenuated VILI. We proposed that the protective effects
observed following CypA inhibition might due to a dampened activation of key players in the
alveolar space, specifically the AECs and alveolar macrophages. However, in an in vivo
setting, it was impossible to know if CypA was primarily affecting alveolar macrophages or
AECs, and if it had a direct or indirect effect on either cell. Thus, in this chapter, we investigated

the effect of CypA stimulation in vitro.

The first main finding presented within this chapter is that recombinant CypA has biological
activity. Furthermore, incubation of CypA with macrophages leads to cell activation. In initial
experiments, murine BMDMs were stimulated with a supraphysiological dose (90 ug/mL or ~5
uM) of CypA. Although this dose was indeed several fold greater than the concentration of
CypA we had previously found in vivo, other investigators have used higher concentrations —
up to 25 pM (408). In our experiments, CypA was shown to lead to activation of macrophages.
This was demonstrated by the upregulation of M1 phenotype surface markers ICAM-1 and
MHC-II, and a downregulation of M2 marker CD206, suggesting polarisation of macrophages
towards a M1 pro-inflammatory phenotype. Additionally, CypA stimulation induced an increase
in NO production, a recognised functional marker of macrophage activation. CypA also led to
greater IL-6 release from macrophages but the absolute increase was relatively small (~2.5
pg/mL more than controls). Lastly, it appeared that CypA stimulation resulted in a small
decrease in viability of BMDMs; A 10% increase of cell death was detected in CypA treated
cells compared with controls. When murine BMDMs were stimulated with a lower,
physiologically relevant concentration of recombinant human CypA, no signs of cell activation

that were previously observed were present.
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However, stimulation of HMDM with physiological relevant doses of CypA lead to cell
activation, suggesting that the lack of response with the same dose in murine BMDM was
likely due to a decreased sensitivity of mouse macrophages to the human recombinant CypA.
The effects of CypA stimulation of HMDMs were similar to those found in BMDMs. CypA
induced an increase in classical M1 markers ICAM-1 and CD86, once again indicative of
polarisation of macrophages towards a pro-inflammatory phenotype. Additionally, an increase

in pro-inflammatory marker IL-6 was also observed.

Of note, no changes in MMP expression, secretion, or activity was detected in response to
CypA. This was surprising as we had previously observed a significant decrease in active
MMP-2 in BAL following CypA inhibition in vivo. Additionally, there have been previous studies
which had all reported increased macrophage secretion of either or both MMP-2 and MMP-9

in response to in vitro stimulation with CypA.

However, there are a few possible reasons for this discrepancy in findings. Firstly, all of these
previous studies had investigated the effects of CypA on different types of macrophages to
those used in this chapter. Wang et al used the THP-1 cells — a monocytic-like cell line (299);
Seizer et al used monocyte-derived macrophages which were then subsequently
differentiated to foam cells through the addition of acetylated low density lipoprotein (320);
and although Yang et al also used HMDMs, they had harvested monocytes from the peripheral

blood of patients with rheumatoid arthritis (301).

Secondly, the absence of MMP in our experiments could be due to the dose of recombinant
CypA used. In the studies conducted by these other groups, the dose of CypA varied from
100 ng/mL to 2 pyg/mL. CypA dependent induction of MMP secretion appears to be dose-
dependent, with the optimal dose varying between cell types. This is supported by the study

conducted by Wang et al where they demonstrated a peak in MMP-2 and -9 secretion at 100
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ng/mL, which then subsequently decreased with increasing CypA concentration (299).
Therefore, it is possible that although the concentration of recombinant CypA used in these
experiments (1 yg/mL) was closely matched to the levels we had previous found in vivo, it
might not be the optimal concentration for investigating the effects of MMP induction in in vitro
studies. This would have been investigated through a dose-response studies using an
appropriately constructed concentration-response curve. The response of cells to
recombinant CypA would have been assessed over at least two orders of magnitude on a
logarithmic scale of recombinant CypA concentration to produce a sigmoid curve. This would

have allowed us to determine the threshold dose of CypA required to observe a response.

Finally, all these experiments stimulated cells with CypA for 24 hours. In contrast, our
incubation period was a lot shorter, lasting only 8 hours. Thus, it might have been too early for
significant MMP induction, expression and secretion to have occurred. Again, this would have

to be verified by performing future experiments with matched incubation time.

The second main finding is that CypA stimulation of A549 cell line (human epithelial cells) did
not appear to result in any cell activation. Although we had previously observed a decrease in
ICAM-1 expression on epithelial cells in response to CypA inhibition in vivo, direct stimulation
of AECs with recombinant CypA in vitro did not appear to lead to cell activation. No differences
in activation marker ICAM-1 was observed, cell viability remained unchanged, and no IL-6
was detected in conditioned media. These results suggest that CypA might not have a direct
effect on AECs, supporting a process whereby CypA is released following epithelial insult and

then subsequently targets primarily local macrophages.

However, we do also recognise that there are several possible reasons for this lack of AEC
activation following CypA stimulation. Firstly, it could be that responses that we failed to detect

are mediated through other receptors/pathways. As discussed in the introduction of this
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chapter, the presence of other receptors apart from CD147 has been suggested by others;
these have yet to be identified. While we did confirm that CD147 was expressed on all the cell
types, we do not know if these alternative receptors were also expressed. Secondly, it is likely
that E.coli expressed proteins may not be as biologically active as native proteins. Indeed,
there are studies which provide evidence to suggest that post-translational modification

(acetylation) of CypA in vivo enhances its biological activity (450, 467, 468).

Unfortunately, due to time constraints and COVID-19 related lab closures, there were a
number of experiments that | had initially planned but was unable to perform. These will be

discussed in further detail in the ‘Future studies’ section of chapter 7. In brief, these include:

1) In vitro stimulation of primary human AEC to determine if these cells would be more
sensitive to recombinant CypA than the A549 cells were.

2) Further investigations into the potential effects of stimulating of cells with different forms
of CypA, including endogenous CypA derived from conditioned media from stretched
AEC cells and acetylated CypA.

3) Evaluation of the contribution of the CD147 receptor to any observed CypA-induced

responses.
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6.7 Concluding remarks

The main findings presented within these chapter are that recombinant CypA has biological
activity in vitro. Incubation of macrophages with physiologically relevant concentrations of
CypA leads to polarisation of cells towards an M1 pro-inflammatory phenotype and secretion
of pro-inflammatory cytokine IL-6. In contrast, we detected no signs of cell activation when
epithelial cells were stimulated with CypA, suggesting that CypA does not have a direct effect

on the epithelium.

Overall, the data present in this chapter support a process whereby CypA is secreted into the
alveolar space following pulmonary epithelial insult (e.g. mechanical stretch or acid injury).
Once in the extracellular space, it primarily targets local alveolar macrophages, promoting cell
activation and propagation of local inflammatory responses (e.g. release of pro-inflammatory

cytokines).
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7 Final discussion
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Acute respiratory distress syndrome (ARDS) remains a significant cause of mortality and
morbidity within the Intensive Care Unit. Despite progress in the past 50 years in our
understanding of the pathogenesis of the disease, management remains purely supportive
with mechanical ventilation forming the mainstay of treatment. However, mechanical
ventilation itself can worsen pre-existing ARDS, and even cause damage in previously
uninjured lungs, a phenomenon known as ventilator-induced lung injury (VILI). Since exposure
to mechanical ventilation remains largely unavoidable, it is important that clinicians are able
to limit the damage, in particular the inflammatory response, that occurs when patients are

ventilated.

Pharmacotherapies aimed at mitigating the inflammatory component of VILI have always been
an attractive approach. With VILI, clinicians have the unique opportunity to administer a
pharmacological intervention before the inciting cause of injury (mechanical ventilation) is
commenced and potentially completely prevent any downstream consequences. Despite the
attractiveness of this approach, pharmacological strategies are not yet part of the clinical

arsenal for prevention and/or treatment for ARDS/VILI. However, this is not for lack of trying.

Over the past few decades, numerous preclinical studies investigating the effects of blocking
various inflammatory pathways have been conducted. Disappointingly, none of these have
been shown to have effective therapeutic effects in subsequent phase Il and phase Il clinical
trials. This suggests that there are still gaps in our understanding of the disease, in particular
the biological response that occurs following exposure to mechanical stretch and strain. In
2003, the National Heart, Lung, and Blood Institute working group was convened to identify
future directions in research in ALI/ARDS. One of their recommendations was that further
studies investigating the mechanistic/pathogenic pathways of ALI was crucial to forming the

basis of any future clinical trials (469).
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7.1 Aims of this work

The main aim of this thesis was to investigate a novel pathogenic pathway of VILI, specifically
the CypA:CD147 axis. This overarching aim was further broken down into two sub-aims. The
first aim was to extend our understanding of the basic biological effects of CypA:CD147 in the
context of pulmonary inflammatory and injury using in vitro methodologies. This was primarily
addressed in chapters 4 and 6. The second aim was to thoroughly evaluate the effects of

CypA:CD147 interactions during in vivo ventilation. This was addressed in chapters 3 and 5.

7.2 Summary of findings

CypA is upregulated early in the course of VILI

In chapter 3, we show, for the first time, the involvement of the novel mediator, CypA, in VILI.
Following high V1 ventilation, we observed a marked (over 100-fold) elevation in CypA levels
in BAL compared with untreated controls. When the substantial dilutional effects introduced
by the process of performing a lung lavage are taken into account (up to 120-fold dilution of
epithelial lining fluid (342-345)), we can begin to appreciate the significant quantities of CypA

present in situ.

Investigation of the kinetics of CypA levels over the course of VILI revealed a significant
upregulation of BAL levels of CypA at as early as 2 hours. Crucially, this was before any
significant lung injury had occurred. This early increase suggests that CypA might play role in
the pathogenesis of VILI as oppose to merely being a marker of injury. However, we also
observed correlations between CypA and injury markers PaO,, BAL protein, and BAL sRAGE.
The particularly strong correlation with sRAGE, an established marker of epithelial injury,
suggests an association between the processes underlying CypA release and damage of the

alveolar epithelium. While it was difficult to conclude if CypA is present in the alveolar space
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as a cause or consequence of VILI, the findings presented within this chapter does highlight

that CypA undoubtedly features in VILI.

CypA is produced locally within the lungs

Interestingly, evaluation of plasma content of CypA revealed no significant changes over the
3-hour protocol, regardless of ventilation strategies. Additionally, the levels seen in plasma
were consistently several folds lower than that in BAL fluid. This almost certainly indicates that
the upregulation of CypA in the alveolar space was a result of increased local production and
not the consequence of an overspill from the systemic circulation following damage to the
alveolar capillary barrier. Thus, this also suggests that any role that CypA may play during the

pathogenesis of VILI is likely to be primarily intra-alveolar.

Upregulation of the CypA receptor CD147 also occurs at an early time point

Lastly, in chapter 3, we also reported a corresponding upregulation in the expression of the
CD147 receptor on the surfaces of pulmonary cells including type | and Il AECs, alveolar
macrophages, and endothelial cells. Levels of CD147 expression also peaked early in the
course of VILI (at 1 hour), providing further support for a potential involvement of the

CypA:CD147 axis in the pathogenesis of VILI.

Alveolar epithelial cells are likely to be the primary source of CypA

To date, very little is known about the basic biology of CypA within the lungs. Prior to this
project, it was only known that intranasal LPS increases intra-alveolar CypA levels but no
attempts to identify its source were made (291). Having established the involvement of CypA
during VILI, we proceeded to investigate the source of extracellular CypA following mechanical

stretch.
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In chapter 3, we established that CypA was produced locally within the alveolar space,
therefore eliminating endothelial cells as a cellular source. Between AECs and alveolar
macrophages, we hypothesised that AECs was the most likely source of CypA. Firstly, the
alveolar epithelium is exposed to the greatest deformation during mechanical ventilation.
Secondly, we had observed a strong correlation between CypA and sRAGE, an epithelial
marker of injury. To explore this, we utilised a combination of different in vivo and in vitro

methodologies.

The first approach we took was an evaluation of CypA concentrations in two different models
of acute lung injury: LPS- and acid-induced lung injury. These models were specifically
selected as intratracheal LPS is a predominantly macrophage driven model whereas acid-
induced lung injury is known to involve a substantial degree of epithelial insult. CypA was not
significantly increased following LPS administration. In contrast, there was an impressive
increase in CypA in response to acid insult, with levels 480-fold greater than that observed in
the untreated group, providing further evidence to suggest upregulation of CypA is most
apparent when epithelial insult is involved. Returning to the VILI model, we utilised a flow
cytometry protocol to demonstrate a significant downregulation of intracellular levels of CypA
in epithelial cells but not alveolar macrophages. This was consistent with a secretion of CypA
from the epithelium but not macrophages following injurious ventilation. Taken together, these
in vivo findings suggest that epithelial cells are the most likely candidate for CypA secretion,

albeit without ruling out the possible contribution of macrophages.

To investigate this further, we developed and optimised an in vitro stretch protocol. This
allowed us to investigate the different pulmonary cells in isolation to dissect out the contribution
of each to the production of CypA following cyclical mechanical stretch. Using western blotting,
we identified CypA in the supernatants of stretched primary human AECs, confirming that the

epithelium is a source of CypA. Although it is unclear if alveolar macrophages are directly
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exposed to deformative forces in vivo, we did subject RAW cells to the same stretch stimuli
but failed to detect any signs of cell activation. Evaluation of cell supernatants also failed to
detect any CypA, suggesting that macrophages are unlikely to secrete CypA in response to

stretch alone.

CypA secretion from epithelial cells appears to be an active process

The mechanism of CypA secretion is another aspect its basic biology that remains unclear.
While a study investigating CypA in vascular smooth muscle cells suggest that its secretion is
an active process which proceeds via a vesicular secretory pathway (286), others have
proposed that CypA is released in a passive manner during early stages of necroptosis as a
consequence of cell membrane permeabilisation (285). It is possible that CypA secretion
differs in different cell types. Given that it is such an abundant intracellular protein, it would
certainly be plausible that its presence in the extracellular milieu is a good biomarker of

necrotic cell death as proposed by Christofferson and Yuan (285).

Although we did not thoroughly investigate the mechanistic pathway of CypA secretion in
response to stretch, we did assess the viability of static and stretched cells following in vitro
stretch. Here, we found that lactate dehydrogenase levels and the percentage of cells staining
positive for 7-AAD were virtually identical, indicating that viability following stretch was
unchanged and remained high. These results strongly suggest that release of CypA from
stretched cells occurs via an active process of secretion as opposed to a passive leakage

from damaged/dead cells.

Inhibition of extracellular CypA in vivo leads to significant attenuation of VILI
At the end of chapter 3, we were unable to conclude if CypA was present in the alveolar space
as a cause or consequence of VILI, so we investigated this further in chapter 5. To do so, we

performed an in vivo inhibition experiment, utilising an extracellular specific CypA inhibitor,
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MM-284, to selectively target extracellular CypA during VILI. Administration of the drug 30
minutes before initiation of high Vr ventilation led to remarkable results. Blockade of CypA
using MM-284 effectively attenuated all physiological signs of VILI; mice displayed lower end-
point peak inspiratory pressures, minimal deteriorations in respiratory mechanics, preserved
arterial oxygenation, less development pulmonary oedema and alveolar-capillary membrane
permeability. Treatment with MM-284 also conferred an impressive survival benefit, with 100%
of animals managing to complete the full 3-hour ventilatory protocol compared with only 50%
in the vehicle treated group. Furthermore, there were also signs of less physiological injury;
sRAGE levels were substantially lower in the treatment group. Together, these results strongly

suggest that CypA does play an important mediator role in the development of VILI.

Protection appears to involve dampened cell activation

Exploration of the potential mechanisms underlying these protective effects yielded some
unexpected results. Given that most studies investigating the role of CypA in inflammatory
diseases have been largely focused on its role as a potent chemoattractant, it was surprising
to find no differences in leukocyte counts in both lung tissue and BAL between vehicle and
MM-284 treated mice. This suggests that in our model, protection conferred by CypA inhibition

is leukocyte independent, at least during the early phases of injury.

Instead, we observed significant attenuation of pro-inflammatory cytokine KC/CXCL-1,
downregulation of surface activation marker ICAM-1 on epithelial cells and, to a greater extent,
on alveolar macrophages, and finally, a significant reduction in intra-alveolar MMP-2 activity.
Together, these results are highly suggestive that extracellular CypA, which is primarily
derived from AECs following stretch, then proceeds to affect macrophage function. However,
it was impossible to determine if the effects observed in AECs and alveolar macrophages were
a primary or secondary response to CypA inhibition.

In vitro, recombinant CypA promotes activation of macrophages but not epithelial cells

266



To expand on the findings in chapter 5 and clarify the effects of CypA on each cell, we returned
to in vitro studies. AECs and macrophages were separately stimulated with recombinant CypA

to determine if CypA had a direct effect on either cell.

There were two main findings from these studies. Firstly, stimulation of macrophages with
recombinant CypA leads to cell activation. We demonstrated a polarisation of macrophages
towards an M1 pro-inflammatory phenotype. The cells displayed significant upregulation of
ICAM-1, MHC-II, CD86 and downregulation of the M2 marker CD206. Additionally, secretion
of pro-inflammatory cytokine IL-6 was increased, and conditioned supernatants from murine
bone marrow-derived macrophages were also found to contain elevated levels of nitric oxide,
consistent with increased cell activation. Secondly, incubation of epithelial cells with
recombinant CypA failed to result in any cell activation. Similar markers were assessed but
unlike macrophages, no increase in ICAM-1 expression or IL-6 secretion was observed in
A549 cells. Together, the findings presented within chapter 6 supports a directionality of cell
signalling whereby CypA is secreted by AECs and then proceeds to target local alveolar

macrophages, promoting cell activation.

Extracellular CypA is significantly increased in ARDS patients

Finally, we demonstrate, for the first time, that extracellular levels of CypA are substantially
increased in BAL samples obtained from ARDS patients at baseline (i.e. within 48 to 72 hours
of intubation). These data confirm the involvement of CypA in human disease, providing
further encouraging evidence to support the novel mediator CypA as a promising therapeutic

target amenable to prophylactic blockade.

The findings presented within this thesis certainly makes CypA an attractive therapeutic target
in VILI. However, in light of the overwhelmingly negative track record of the translation of

targeted pharmacological interventions from experimental studies to clinical trials, we need to
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ask ourselves the important question of whether this mediator is a plausible therapeutic target.
Wilson and Takata proposed that a mediator’s likely usefulness may be evaluated based on
three main criteria: (1) How ‘upstream’ it is within that pathway, (2) Whether it plays a key
regulatory role in the pathogenesis of VILI, and (3) How impressive the effects of modulating
the target mediator are (470). Based on these criteria, we propose that CypA is a plausible
target. In Chapter 3, we demonstrated that CypA is released early into the alveolar space early
in the course of VILI before significant signs of lung injury are present. Importantly, we show
that patients with ARDS also had substantially elevated BAL levels of CypA at baseline (i.e.
when patients present for treatment). As an early mediator, CypA would be amenable to
prophylactic blockade before clinicians commence mechanical ventilation. Furthermore, in this
chapter, we show that inhibition of CypA results in impressive, objective, and physiologically
relevant attenuation of VILI, which suggests that CypA does play a key regulatory role in the

pathogenesis of VILI as opposed to being part of the general cellular inflammatory machinery.
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Proposed pathway of CypA:CD147 signalling during VILI

Putting everything together, we propose the following pathway by which the CypA:CD147
mediates pro-inflammatory signalling during VILI. In response to pulmonary insult, such as
mechanical ventilation, there is an upregulation of surface expression of CD147. At the same
time, CypA is secreted by AECs into the alveolar space via an active process. Once within the
extracellular space, CypA then interacts with its receptor, CD147, on alveolar macrophages.

This promotes cell activation and propagation of downstream inflammatory, which may include

secretion of pro-inflammatory cytokines and MMPs.
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Figure 7.1 - Propose schematic for the CypA:CD147 signalling pathway during VILI
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7.3 Limitations of work in this thesis

The work presented in this thesis is not without its limitations.

7.3.1 VILI model

The model we used throughout this thesis was also a ‘pure’ one-hit VILI model. While these
high stretch models are generally crucial for understanding the biological mechanisms, it may
be argued that it fails to fully reflect the clinical picture of ARDS patients who are often
ventilated in the presence of a pre-existing lung injury. Another aspect of the model to consider
is the age of the mice used. Here, all animals were aged between 7-14 weeks old (i.e. young
adults). We know, however, that advanced age is associated with increased mortality in ARDS
patients (471). Thus, it might be more appropriate to perform our investigations with older

animals.

7.3.2 Utilisation of different techniques to determine the source of CypA during VILI
Although we did attempt to use several approaches to determine the source of CypA during
VILI, the majority of these were flow cytometry based. One of the key limitations of this work
is therefore not using alternative strategies with different techniques to answer the research
question posed. In attempting to identify the source of CypA, a number of other techniques
should have been considered, including:

a) Using quantitative real-time PCR to measure mRNA expression levels of CypA in each
respective cell type, including AECs, alveolar macrophages and endothelial cells to
look at upregulation of CypA at a messaging level.

b) Using imaging techniques to localise areas of upregulated CypA expression at the
protein level, such as immunohistochemical staining or confocal immunofluorescence
microscopy.

The above methods could have been used in conjunction with either our in vivo model by

analysing frozen lung sections or our in vitro stretch model.
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7.3.3 MM-284 target engagement data

In Chapter 5, we ascribed the effects of MM-284 to CypA antagonism based on what is
reported of its pharmacological activities in the literature. However, the data in this chapter
would have been more convincing if we had included evidence of target engagement. This
could have been demonstrated by measuring the peptidyl prolyl cis/trans isomerase activity

of recombinant CypA with and without MM-284.
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7.4 Future work

1) To what extent is CD147 involved in CypA mediated inflammatory signalling during
VILI?

As yet, we have not identified a mechanistic pathway for CypA signalling and its downstream

effects. One of the key questions here is the extent to which CypA signalling is dependent on

CD147. As discussed previously, there is also evidence to suggest that CypA may mediate its

effects through receptors apart from CD147.

In our in vivo experiments, we had assumed that CD147 was involved on the basis that the
CypA inhibitor (MM-284) used in the experiments works by inhibiting its peptidyl-prolyl cis-
trans isomerase (PPlase) activity which is crucial for signalling through CD147. However, we
did not provide direct evidence to show that CD147 is involved. Therefore, additional
experiments where the CD147 receptor is blocked may provide further insight into its role.
This could be clarified in vivo using an anti-CD147 antibody. Further, we could also evaluate
the effects of using both a CypA and CD147 inhibitor. If simultaneous blockade of both CypA
and CD147 does not result in additional protection, this may suggest that they are involved in
the same pathway. Additionally, further in vitro experiments exploring the contribution of
CD147 to any observed CypA-induced responses in different cell types may also be
informative. Again, this can be achieved through the use of an anti-CD147 antibody or by

siRNA knockdown of CD147.

2) Is endogenously secreted CypA different from recombinant CypA? If so, how does
one compare against the other?

We are beginning to appreciate that the form in which proteins are secreted or delivered to

cells has a crucial impact on its effects. For instance, our laboratory has recently showed that

the form in which pro-inflammatory cytokine tumour necrosis factor (TNF) is secreted has a
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crucial impact on its in vivo effect (472). To do so, we performed experiments where the
biological effects of two different forms of TNF — recombinant TNF and TNF packaged within
microvesicles (MVs) — were compared. Intratracheal instillation of the different forms of TNF
produced vastly different effects. While MV enclosed TNF cause a significant increase in
inflammatory monocyte recruitment, CXCL1 release, alveolar epithelial cell activation, and
increase in lung permeability, no signs of inflammation were seen with soluble recombinant

TNF.

Interestingly, there is also evidence to suggest that recombinant CypA may behave differently
to endogenous CypA. Arora et al have made preliminary observations that intranasal delivery
of recombinant CypA alone is not sufficient to initiate leukocytes influx into tissues. They
hypothesised that the contribution of extracellular CypA during inflammatory responses is
dependent on a primed, pro-inflammatory environment such as that which would have been
provided by LPS, or the presence of other endogenous factors released during the
inflammatory response. However, Sherry et al have previously demonstrated significant
neutrophil influx when CypA was injected into footpads of mice (279). Crucially,
chromatographically purified CypA from LPS stimulated primary murine macrophages and not

recombinant CypA was used in this study.

While it is probable that the environment in which CypA is “seen” by cells is important, we
hypothesis that the native form of CypA might actually possess different biological effects to
recombinant CypA. A relatively straight-forward way of investigating this hypothesis would be
to compare the effects of the following stimuli: recombinant CypA, supernatants from stretch
human AECs known to contain CypA, and perhaps even BAL collected from animals

subjected to high Vr ventilation + CypA inhibitor.
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This also leads to the question of how endogenous CypA is different to recombinant CypA.
Could CypA also be packaged into MVs? As CypA is known to be a ubiquitously distributed
intracellular protein and it has been identified in extracellular vesicles (473), it would certainly
be feasible. In preliminary experiments, we examine the contents of MVs released during in
vivo VILI for CypA. While we found that CypA was indeed present in MVs which were released
early (at 1 hour) in the course of injury, further analyses revealed that only a relatively small
proportion of total CypA was packaged into MVs. Additionally, we did not observe any MV

release in response to cyclical stretching of primary human AECs in vitro.

Another potential explanation for the difference between endogenous and recombinant CypA
and the difference for their biological activities is the occurrence of post-translational
modifications. Others have demonstrated that CypA does undergo phosphorylation (474),
glutathionylation (475), and acetylation (450, 468, 476). Many studies have suggested these
post-translational modifications of CypA regulate key functions of CypA by modulating signal
transduction and protein-protein interactions, affording it the ability to mediate diverse roles

within and outside the cell.

In an in vitro study, it was found that large proportion (between 38-50%) of endogenous CypA
in human cells (HeLa and Jurkat T cells) were acetylated (468). In another, acetylation was
shown to be crucial for the secretion of CypA from vascular smooth muscles cells (450).
Furthermore, there have been suggestions that oxidative stress regulates the acetylation and
subsequent secretion of CypA (477). Given that mechanical stretch is known to evoke
oxidative stress pathway and generate reactive oxygen species (ROS) (370-373), it is
reasonable to suspect that CypA may also undergo acetylation in response to stretch.
Interestingly, acetylated CypA has been shown to be more functionally active than native

CypA. In an in vitro study, Soe et al stimulated vascular smooth muscle cells and endothelial
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cells with both native and acetylated CypA and demonstrated significantly increased

inflammation, cell proliferation, and cell death in response to the latter (450).

Given the growing body of evidence to suggest the importance of acetylation of CypA and its
association with oxidative stress, further investigation into whether (1) it is involved in stretch

induced CypA secretion, and (2) if it has any downstream biological consequences, is merited.

3) How else does extracellular CypA promote epithelial injury during VILI?

So far, we have demonstrated that blockade of CypA leads to a decrease in pulmonary cell

activation and intra-alveolar MMP activity. However, these findings only partly answer why

CypA inhibition leads to such impressive attenuation of VILI. Further investigation into the

mechanisms through which extracellular CypA promotes epithelial injury are required to fully

understand its role during VILI. Plausible avenues of investigation include:

i)  Whether CypA contributes epithelial permeability, e.g. through alterations of epithelial
tight junction protein expression, or modulation of cell cytoskeleton.

i)  Whether CypA leads to epithelial activation/injury indirectly, i.e. through first activating of
alveolar macrophages, causing a release of pro-inflammatory mediators/signalling that
subsequently contributes to epithelial activation. This could be assessed by:

(@) Comparing the effects of stimulating cells with: recombinant CypA alone,
supernatants from naive macrophages, supernatants from macrophages pre-
incubated with CypA + MM-284.

(b) Performing CypA stimulation experiments in a co-culture of AECs and alveolar
macrophages. This model would have been particular useful due to the known in
situ proximity of these two cell types and extensive interactions between the cell
types.

i) Investigation into the ability of CypA to promote apoptosis or necroptosis signalling. This

could be determined by measuring caspase-3, -7 and/or staining cells for annexin V in
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conjunction with propidium iodide to separate cells into healthy, early apoptotic, late

apoptotic, and necroptotic cell populations.

4) Is extracellular CypA a potential therapeutic target?

The ultimate purpose of this thesis is to gain some insight into the mechanistic/pathogenic
pathways of ALI with the hopes of identifying potential therapeutic targets. While the findings
are very promising, further experiments are crucial in order to determine if inhibition of
extracellular CypA can be translated from bench to the bedside. One of the reasons that
inhibition of so many mediators/pathways have failed when trials move from the experimental
to clinical phase may be the lack of translational animal models that truly mimic the clinical

situation.

Therefore, assessment of CypA inhibition could be made more robust if it was assessed using
a two-hit injury model. Our lab has recently demonstrated the use of such a model (478). In
brief, we first induced acute lung injury by intranasal administration of endotoxin (LPS). Once
ARDS was clinically established, we administered therapeutic treatment just prior to
commencement of ventilation. If CypA inhibitors are still able to attenuate VILI in this model,

then we could be more confident of its efficacy in a more clinically relevant scenario.
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