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Abstract

Acute Respiratory Distress Syndrome (ARDS) is an inflammatory disorder in which
the integrity of the alveolar epithelial-capillary endothelial barrier breaks down,
facilitating the accumulation of a protein-rich oedema fluid within the alveoli. Despite
years of clinical trials, no effective pharmacological therapy exists for the condition.
Its management therefore remains largely supportive. Low tidal volume ventilation is
a central component of supportive care, but may result in the development of
hypercapnic acidosis (HCA). While it was once believed that HCA exerts protective
effects in such an environment, more recent data are controversial. However, much
of these data have been derived from in vitro experiments using cell types which are
of limited relevance to the pathophysiology of ARDS. The first aim of this project
was therefore to determine the effects of HCA on the inflammatory and reparative
responses of primary human pulmonary microvascular endothelial cells (HPMECS)
and primary human small airway epithelial cells (SAECs) — two of the primary cell
types most relevant to the pathophysiology of ARDS — in an in vitro model of the
condition. Inflammatory responses and wound repair by HPMECs and SAECs were
attenuated in HCA, demonstrating its beneficial, but also potentially detrimental
effects. This is the first time that the effects of HCA on the reparative response of
HPMECs and SAECs has been demonstrated in an inflammatory environment.

Efforts to identify an effective therapy for ARDS are ongoing. Mesenchymal Stem
Cells (MSCs) are among the promising candidates currently in early-phase clinical
trials. However, no data are currently available on how HCA might influence the
therapeutic efficacy of such a cell-based therapy. ldentification of any alterations to
the MSC therapeutic capacity could aid decision-making in the emerging era of
stratified medicine and may facilitate future development of a more effective cell-
based therapy. The second aim of this project was therefore to determine the influence
of HCA on the biology and therapeutic potential of MSCs in an in vitro model of
ARDS. MSCs promoted SAEC wound repair in normocapnia, but this effect was lost
in HCA. This is the first time that the therapeutic capacity of MSCs in HCA — an
environmental factor of great importance in ARDS — has been reported.

IX



The third and final aim of the project was to elucidate the mechanism behind the

effects of HCA on the inflammatory and reparative responses of HPMECs and
SAECs, and on the therapeutic potential of MSCs. Surprisingly, NFkB activation was
not altered by HCA, as it has been in many previous reports. However, HCA was, for
the first time, associated with significant attenuation of mitochondrial membrane
potential in all three cell types, highlighting a generalised effect of HCA on cell
biology. Functional mitochondria were required for the therapeutic potential of MSCs
to enhance SAEC wound repair. Mitochondrial transfer from MSCs to SAECs was
observed in both normocapnia and HCA. These data support the concept that MSCs
transfer functional mitochondria to SAECs to promote wound closure, but that
mitochondria transferred in HCA are less functional, resulting in attenuation of the
therapeutic capacity of MSCs. This is the first demonstration that the transfer of
functional mitochondria is responsible and required for the therapeutic effects of
MSCs on repair of the distal lung epithelium, revealing a novel mechanism for the
effects of MSCs in ARDS.
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Chapter 1 Introduction

1.1 Acute Respiratory Distress Syndrome (ARDS)

1.1.1 Definition of ARDS

Acute Respiratory Distress Syndrome (ARDS) is a devastating inflammatory disorder
in which alveolar epithelial-capillary endothelial barrier integrity is compromised,
facilitating accumulation of protein-rich oedema fluid within the alveoli*=. Clinically,
it has been recognised as the acute onset of hypoxaemic respiratory failure since its
first description in 19674 However, the precise definition used to clinically diagnose
the condition has evolved over time. The American-European Consensus Conference
(AECC) Definition, published in 1994, was the first widely-used definition of ARDS
but had multiple limitations>®. It was subsequently refined and replaced in 2012 with
the introduction of the Berlin Definition’. This new definition covers a clinical
spectrum in which ARDS is stratified into mild, moderate and severe forms based on
the degree of hypoxaemia. Other diagnostic criteria include the presence of bilateral
opacities on chest radiograph which appear within 7 days of a known clinical insult or
new/worsening respiratory symptoms. Cardiac failure and/or fluid overload must not

be the sole cause of respiratory failure.

1.1.2 Pathophysiology of ARDS

The most distal portion of the lung, and specifically the alveoli, is the area most
affected in ARDS. The alveoli are small air sacs where gas exchange occurs. Their
wall is lined primarily by two cell types — alveolar type | (ATI) and alveolar type Il
(ATI) epithelial cells. Surrounding, and in close contact with the alveoli are a
network of pulmonary capillaries formed by microvascular endothelial cells. In
health, the alveolar epithelium and capillary endothelium work together to form a

barrier across which effective gas exchange occurs.

Alveolar macrophages ordinarily reside within the healthy alveoli where they play a
key role in host defence by facilitating removal of invading microorganisms through
the process of phagocytosis. However, in ARDS, upon recognition of an insult such

as infection or trauma, they are activated to secrete a plethora of proinflammatory



Chapter 1 Introduction

cytokines, particularly tumour necrosis factor alpha (TNFa)®°. Additionally, among
the secreted cytokines are chemokines, such as C-X-C motif chemokine ligand 8
(CXCLS8), which promote neutrophil recruitment from the peripheral blood to the
alveoli® L, While, like macrophages, neutrophils are phagocytic cells of the innate
iImmune system, they are also an important source of inflammatory cytokines and
reactive oxygen species (ROS) which not only further exacerbate the inflammatory
response, but also induce tissue damage'®. These effects are not helped by enhanced

neutrophil survival in ARDS!2%,

The inflammatory response within the alveoli during ARDS — particularly that driven
by neutrophils — promotes death of alveolar epithelial and capillary endothelial cells'*-
8. Inflammation also induces destabilisation of the intercellular junctions which
normally maintain the integrity of the epithelial and endothelial barriers, and activates
the actomyosin contractile apparatus of the cells. This, together with increased cell
death, increases alveolar epithelial and capillary endothelial permeability to promote
leucocyte recruitment from the peripheral blood and the formation of a protein-rich
oedema fluid within the alveoli which impairs effective gas exchange®' . To
complicate matters further, the ability of remaining ATII cells to clear the excess fluid
accumulating within the alveoli (a process termed alveolar fluid clearance or AFC) is
impaired in ARDS?.

The early phase of ARDS described, in which inflammation and the accumulation of
a protein-rich oedema fluid resulting from impaired barrier integrity and function are
the key hallmarks, is referred to as the acute or exudative phase. These hallmarks are
summarised in Figure 1.1 which illustrates the key differences between the alveoli of
healthy individuals and those with ARDS.
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[
Healthy | Exudative phase
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| 2
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Red cell |
. aggregation and microthrombi formation
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Platelets Endothelial barrier disruption
Endothelial | via activation of the actin-myosin
cell | contractile apparatus

Figure 1.1: Hallmarks of the acute/exudative phase of ARDS in comparison to a healthy
alveolus. Reproduced from Thompson et al. 2017°.

Following the acute/exudative phase, there are two possible outcomes in those who
survive. The first is functional recovery of the damaged alveolar compartment
following re-cellularisation of denuded basement membranes. Human lung
regeneration is a complex process, the cellular regulation of which is incompletely
understood. It is a long-held belief that migration and subsequent proliferation and
differentiation of remaining ATII cells to ATI cells drives re-epithelialisation in the
alveolar compartment?+?2_ but, more recently, a number of endogenous adult stem and
progenitor cells have been identified within the lung which may also contribute?24,
Importantly, however, regardless of whether re-epithelialisation is driven by ATII

cells or stem/progenitor cells, the regenerated alveolar epithelium consists of
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functional epithelial cells. This permits recovery of epithelial functions including
limitation of further oedema formation and removal of excess alveolar fluid by AFC
to allow progression towards recovery from ARDSY?°, Endothelial barrier function is
also restored in a similar manner by proliferation of both endothelial cells and

endothelial progenitor cells?®.

If injury persists following the acute/exudative phase, however, regeneration may be
impaired and fibrous tissue deposited in place of functional epithelial/endothelial cells.
In this case, the alveolar compartment may be structurally repaired, but complete
functional recovery is unlikely?®. While the factors influencing the path taken
following the acute/exudative phase remain poorly understood, progression to this
fibrotic stage is associated with unfavourable outcome in ARDS?.

1.1.3 Epidemiology of ARDS

The aetiology of ARDS is highly variable. Although multiple risk factors, including
both direct and indirect insults to the alveolar compartment may coexist, the most
commonly reported are sepsis and pneumonia?®. Others include, but are not limited

to, smoke inhalation, thoracic trauma, and pancreatitis to name a few?®,

With almost 200,000 cases reported per annum in the United states alone®°, ARDS is
a common condition, particularly in intensive care units where it accounts for
approximately 10% of admissions and almost 25% of patients requiring mechanical
ventilation?. It is predicted that without major advances in the treatment of ARDS,
its incidence will increase further as a result of continuing population growth®, placing

an ever-increasing burden on healthcare systems.

Unfortunately, despite decades of research, morbidity and mortality from ARDS
remain a concern; mortality rates of up to 40% are not unheard of"?, and even in those
who do survive, significant physical and psychological impairments are still common
years after diagnosis®*3®.  These longer-term effects have wider-reaching
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consequences too, affecting not only the patients themselves, but also those providing
their care. Advances in the treatment of ARDS and subsequent management of post-
ARDS morbidities are therefore urgently required in order to limit the impact of
morbidity and mortality on both healthcare systems and those affected, either directly
or indirectly, by ARDS.

1.1.4 Management of ARDS

Despite decades of research, there remains no successful pharmacological therapy for
the treatment of ARDS®*’. Promising preclinical data have been difficult to translate
to the clinic and so, to date, multiple pharmacological interventions investigated
clinically - including corticosteroids, B-agonists, and statins to name a few — have not
progressed past clinical trials®3843, For example, while preclinical data suggested
that B-agonists (salbutamol, salmeterol, albuterol) enhance epithelial wound repair,
improve AFC and reduce pulmonary oedema*8, aerosolised albuterol did not
improve clinical outcomes in patients with ARDS* while administration of

intravenous salbutamol worsened 28-day mortality*’.

The heterogeneity of ARDS, coupled with its complex pathophysiology, is believed
to contribute to the lack of clinical translation from preclinical studies. As a result,
interest in stratified medicine aimed at identifying subphenotypes of patients with
ARDS who may be more responsive to specific therapies than others, is now
emerging®®4°,  Although still early in the evolution of stratified medicine, two
phenotypes of ARDS — hyper-inflammatory and hypo-inflammatory — have been
identified on the basis of clinical and biomarker data. Retrospective analysis of
clinical trial data suggests that these phenotypes may differ in their response to
supportive care strategies, including conservative fluid management and ventilation
with high positive end-expiratory pressure (PEEP)**°1. The individual responses of
these phenotypes to pharmacological intervention have not yet been determined.

As work in identifying ARDS phenotypes emerges, the search for an effective therapy

for ARDS continues. While investigations into the use of pharmacological therapies
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(for example, the use of aspirin, clinicaltrials.gov NCT02326350) continue,
considerable interest in the potential use of a mesenchymal stem cell (MSC)-based
therapy exists. MSCs are multipotent adult stem cells which have consistently
demonstrated therapeutic potential towards the major hallmarks of ARDS (Table 1.1).
Early phase clinical trials have suggested that their application in the condition is
safe®>%3, but data on their clinical therapeutic efficacy is awaited (clinicaltrials.gov
NCT03042143 and NCT02097641). Despite their progress to clinical trials however,
there are still considerable gaps in knowledge with relation to the use of MSCs for the
treatment of ARDS. Currently, much is still to be learned about the optimal isolation,
expansion, screening, and ultimately use of MSCs as a potential therapeutic for the
condition. Additionally, incomplete understanding of MSC biology and the factors
which influence it may have important implications for the clinical translation of
promising preclinical data if the heterogeneity of ARDS and the presence of
subphenotypes are considered. These knowledge gaps will narrow with time, but, for
now, it is important that they are recognised as limitations in the interpretation of

clinical trial data.

Meanwhile, in the absence of successful pharmacological therapies, the management
of ARDS relies on supportive care approaches. Among these include conservative

fluid management strategies and low tidal volume ventilation>*%°.
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Mechanism of | Source of MSCs Effects of MSCs
Injury and route of
administration
In vivo models of ARDS
Gupta et al. 2007° | E. coli Mouse MSCs; IT | Improved survival
endotoxin- Inflammation: | BALF and plasma
induced MIP-2 and TNFa; 1 BALF and plasma
pneumonia in IL-10
mice Permeability and oedema: | BALF

protein concentration and excess lung
water

Nemeth et al. Sepsis induced Mouse MSCs; Improved survival
2009 by caecal v Inflammation: | serum TNFo and IL-6,
ligation and and bacterial load in blood; 1 serum IL-
puncture (CLP) 10 and number of circulating
in mice neutrophils
Krasnodembskaya | E. coli-induced Human MSCs; | Inflammation: | BALF neutrophil
et al. 2010% pneumonia in IT counts, and bacterial counts in BALF
mice and lung homogenates
Permeability and oedema: | BALF
protein concentration
Curley et al. 2012%° | Ventilator- Rat MSCs; IV | Improved oxygenation and lung
induced lung compliance
injury in rats Inflammation: | BALF TNFa and

neutrophil counts

Permeability and oedema: | BALF
protein concentration and wet:dry ratio
Reduced histologic lung injury

Gupta et al. 2012%°

E. coli-induced
pneumonia in
mice

Mouse MSCs; IT

Improved survival

Inflammation: | BALF TNFa,
neutrophil degranulation, and lung
bacterial load; 1 bacterial clearance
Permeability and oedema: | excess
lung water

Reduced histologic lung injury

Krasnodembskaya | P. aeruginosa- Human MSCs; | Improved survival
etal. 2012% induced sepsis in v 1 phagocytic capacity of blood
mice monocytes; | bacterial load in blood
Asmussen et al. P. aeruginosa Human MSCs; | Improved oxygenation
201452 pneumonia in v Permeability and oedema: | excess
sheep lung water
Curley et al. 2017%® | E. coli-induced Human MSCs; | Improved survival, lung compliance
pneumonia in v Inflammation: | BALF TNFa and
rats alveolar neutrophil recruitment, and

lung tissue ROS

Permeability and oedema: improved
wet:dry ratio

Reduced histologic lung injury
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Mechanism of
Injury

Source of
MSCs and
route of
administration

Effects of MSCs

Human ex vivo lung perfusion (EVLP) model of ARDS

transplantation
with around 50%
demonstrating
impaired AFC

Lee et al. 2009% E. coli endotoxin Human MSCs; | Permeability and  oedema:
IT Improved endothelial
permeability; | lung water
content; T AFC
Lee et al. 2013% Live E. coli Human MSCs; | Inflammation: |BALF IL1p and
IT and IV CXCLS8, neutrophil counts, and
bacterial load in alveoli; 1
phagocytic capacity of
macrophages
Permeability and oedema: 1t AFC
Reduced histologic lung injury
McAuley et al. Human lungs Human MSCs; | Permeability and oedema: 1 AFC
20145¢ rejected for v

Table 1.1 (continued): Therapeutic potential of MSCs in in vivo and ex vivo models of ARDS

This table highlights some, but not all, of the key in vivo and ex vivo studies which contribute to a

substantial body of evidence supporting the therapeutic potential of MSCs for ARDS. The results of

each are related to the key hallmarks of ARDS: inflammation and permeability / oedema. (E. coli =

Escherichia coli; P. aeruginosa = Pseudomonas aeruginosa; IV = intravenous; IT = intratracheal; 1 =

increased; | = decreased/reduced; IFNy = interferon gamma; IL = interleukin; MIP-2 = macrophage

inflammatory protein-2; BALF = bronchoalveolar lavage fluid; ROS = reactive oxygen species; AFC

= alveolar fluid clearance)
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1.2 Mechanical Ventilation

1.2.1 Ventilator-Induced Lung Injury (VILI)

Mechanical ventilation is a key component of life support for patients experiencing
acute respiratory failure?®. Traditionally, high tidal volumes of 10-15ml/kg body
weight were used to maintain adequate blood gas and pH parameters®’. However,
from the 1980s, clinicians began to realise that this traditional approach to mechanical

ventilation was actually harming patients®,

In ARDS, much of the lung is too injured to participate in gas exchange, but an area
of healthy lung, known as the ‘baby lung’, remains’®. Such areas of normal tissue may
be over distended (volutrauma) as a result of exposure to tidal volumes which are
significantly higher than those in the lungs of healthy individuals (7ml/kg)®. In these
areas, volutrauma induces ventilator-induced lung injury (VILI) which manifests as
an intense inflammatory response exhibiting many of the characteristic features of the
exudative phase of ARDS®®7274, It is concerning to note that, in addition to worsening
of lung injury in ARDS, high tidal volume ventialtion may also induce de novo lung

injury in mechanically ventilated patients not previously presenting with ARDS™>76,

1.2.2 Low tidal volume ventilation

The use of low tidal volumes was introduced to mechanical ventialtion to address the
issues surrounding the use of higher tidal volumes and reduce the potential for VILI
caused by mechanically-induced alveolar over distension. This is the only
intervention to have demonstrated a survival benefit in ARDS to date. An early
randomised trial by Amato et al. suggested that ventilation strategies involving the use
of low tidal volumes (<6ml/kg predicted body weight) improved mortality”’. Later,
the results of the landmark ARMA trial which compared low (6ml/kg predicted body
weight) with high (12ml/kg predicted body weight) tidal volume ventilation in patients
with ARDS, were published. These demonstrated a 9% reduction in mortality and an
increase in the number of ventilator-free days in the low tidal volume group compared
to the high tidal volume group®. Lower levels of inflammatory markers and reduced
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likelihood of extrapulmonary organ failure were also observed®. The use of a low
tidal volume ventilation strategy subsequently became, and remains, the mainstay of

supportive care approaches in the management of ARDS’8,

1.2.3 Permissive hypercapnia

The use of lower tidal volumes in mechanical ventilation can impair carbon dioxide
(CO2) removal, resulting in increased arterial CO2 (paCOz) and a fall in pH, otherwise
known as hypercapnic acidosis (HCA)**"®. This is an unintended side effect of the
low tidal volume approach. However, while hypercapnia is a recognised negative
prognostic indicator in chronic obstructive pulmonary disease (COPD) and cystic
fibrosis, data suggest that its effects in ARDS may be more beneficial that harmful8%8L,
This possibility arises from a retrospective, secondary analysis of the data obtained
from >800 patients enrolled in the ARMA study which suggested that HCA (defined
as pH <7.35 and paCO, >45mmHg on Day 1) may reduce mortality in patients
receiving high tidal volume, but not low tidal volume, mechanical ventilation®. The
authors postulated that the lack of effect in the low tidal volume group may be

explained by the presence of less-pronounced VILI®,

While no human trials have yet assessed the direct effects of hypercapnia and HCA
on clinical outcomes in ARDS, the HCA associated with low tidal volume ventilation
is often now accepted by clinicians and has come to be known as ‘permissive
hypercapnia’. However, emerging pre-clinical data (Section 1.4) raise concerns
regarding the true implications of HCA in ARDS. Additionally, recent retrospective
analysis of data from more than 250,000 mechanically ventilated patients suggested
that HCA is actually associated with increased hospital mortality®®.  Further
randomised trials designed specifically to investigate the association between HCA

and clinical outcomes are therefore required.
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1.3 CO; transport and cellular sensing of CO and pH

1.3.1 COz transport

Carbon dioxide (CO2) can be carried in the blood in one of three forms®. Firstly, CO>
is a highly soluble molecule and approximately 10% is carried in a dissolved form84,
The remaining 90% enters erythrocytes. This is generally thought to occur via passive
diffusion, but more recently a role for channels such as aquaporins has been
identified®®. Regardless of how it enters erythrocytes however, CO> either binds
within the cell to proteins — particularly haemoglobin — or combines with water in a
reaction catalysed by carbonic anhydrase. The latter reaction generates carbonic acid
which then freely dissociates into H" and bicarbonate (HCOs"). H" is retained within
the cell, but HCOs™ diffuses out of the cell to be carried within the plasma®. CO;
bound to haemoglobin on the other hand is retained and transported within the
erythrocyte®*.

1.3.2 CO2 sensing

The mechanisms by which mammalian cells sense CO, appear to be indirect and
predominantly mediated by direct sensors of HCOsz coupled with carbonic
anhydrases®”. The best characterised CO; sensor is soluble adenylyl cyclase (SAC).
This is an enzyme expressed both within the cell cytoplasm and in numerous
organelles, including the mitochondria®®°. sAC acts as a direct sensor of HCO3
which can either be directly transported into the cell or can be produced following
hydration of CO, by carbonic anhydrase®”. Activation of SAC by HCOs" results in
enhanced production of the intracellular messenger, cyclic adenosine monophosphate
(cAMP) and subsequent activation of protein kinase A (PKA)?°. CO; sensing in this
way increases ciliary beat frequency in isolated airway epithelial cells in vitro®° and
has been associated with a number of effects relevant to the key hallmarks of ARDS,
particularly with regards to barrier function and alveolar fluid clearance. For example,
HCOs sensing by sAC in rat pulmonary capillary endothelial cells increases CAMP
production and is associated with impaired barrier integrity®. Additionally, while the
involvement of sSAC sensing of HCOs  was not investigated, PKA activation in

response to elevated CO: has been associated with endocytosis of Na,K-ATPase — an
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ion channel mediating AFC - in alveolar epithelial cells®®. Together these data suggest
that indirect CO2 sensing by sAC within the alveolar compartment could have

important implications for the pathophysiology of, and recovery from, ARDS.

1.3.3 pH sensing

Sensing of extracellular pH by mammalian cells is primarily mediated by G protein-
coupled receptors, such as GPR4 which is expressed in the lung®®. Like CO,,
sensing of acidic extracellular pH by GPR4 enhances intracellular production of
cAMP®. While the involvement of GPR4 in the alveolar compartment has not been
directly investigated, its sensing of acidic pH attenuates inflammatory cell adhesion
molecule expression on human umbilical vein endothelial cells (HUVECS) in a
manner associated with Epac activation downstream of enhanced cAMP production®.
Additionally, activation of GPR4 by acidosis has been associated with enhanced
cytokine and chemokine secretions by HUVECs®, and with inhibition of tumour cell
migration in vitro®. Together these reports suggest that pH sensing via G protein-
coupled receptors, specifically GPR4, may have important implications for
inflammation and for processes which involve cell migration, for example re-

epithelialisation.

1.4 Physiologic effects of HCA

A diverse range of physiologic effects can be exerted by HCA throughout the human

body, including the cardiovascular, cerebrovascular, and respiratory systems.

1.4.1 Cardiovascular system

Targeting of the cardiovascular system by HCA is well-characterised. It impairs the
rate and force of myocardial and vascular smooth muscle contraction, attenuating
peripheral vascular resistance. This stimulates the sympathoadrenal system to

increase heart rate and subsequently cardiac output®®. Increased cardiac output,
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together with a HCA-induced reduction in the oxygen-binding affinity of haemoglobin

(Bohr effect), promotes oxygen delivery to the peripheral tissues®*910%,

1.4.2 Cerebrovascular system

The systemic vascular response to HCA also applies to the cerebrovascular system
where it induces vasodilation at the level of the arterioles and increases cerebral blood
flow by approximately 4% for every ImmHg increment in paCO2'%%1%. While this
effect is mediated by pH rather than CO2 per se, the ultimate result is improved
cerebral oxygenation'®. Change in paCO, may therefore alter the course of ischemic

brain injuryl0>-107,

1.4.3 Respiratory system

Numerous physiologic effects are also exerted by HCA within the lung. Importantly,
these include improved arterial oxygenation®11%, HCA may also improve lung
compliance via both surfactant-dependent and surfactant-independent mechanisms.
Surfactant is a phospholipoprotein synthesised and stored in ATII cells. Its secretion
into the alveolar space reduces alveolar surface tension to prevent alveolar collapse!!!,
but its function is impaired in ARDS™? 114, Exposure of the alveolar epithelium to
HCA enhances surfactant secretion. In the presence of acidosis, the function of this
surfactant is also enhanced!™®. A surfactant-independent role for the motor protein,

myosin, has also been suggested in improving lung compliance!>!16,

In addition to its effects on arterial oxygenation and lung compliance, HCA is
additionally thought to influence airway resistance. However, while hypocapnia is
associated with airway constriction'!’, the effects of HCA on lung resistance are

varying and uncertain*5118-120
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1.5 Effects of HCA in preclinical models of ARDS

To date, a considerable body of experimental work has been performed to demonstrate
the effects of HCA in ARDS. The models used in these studies can be broadly divided
into those in which lung injury is associated with infection (i.e. sepsis or pneumonia),
and those in which lung injury occurs in the absence of infection. Overall, the results
demonstrate that the effects exerted by HCA may vary depending on factors such as

the severity of lung injury and the context in which it occurs.

1.5.1 Effects of HCA in in vivo and ex vivo models of ARDS in the absence of

infection

A number of in vivo and ex vivo models of ARDS not associated with infection have
been developed. Of these, the two most commonly used are those of ventilator-
induced lung injury (VILI) and ischemia-reperfusion (IR)-induced lung injury. The
concept of VILI was introduced in Section 1.2.1. Ischemia-reperfusion is a common
cause of ARDS following thoracic surgeries including lung transplantation, but can
also induce lung injury indirectly from other sites within the body?%122, Common
markers analysed in assessing the degree of lung injury in these models can also be
broadly divided into two categories. These relate to the major hallmarks of ARDS:
inflammation (leucocyte counts, inflammatory cytokine concentrations, and activation
of the NFkB pathway), and barrier integrity and function (BALF protein
concentrations which are indicative of barrier function, and lung wet:dry ratio which

is indicative of the extent of oedema accumulation).

The results of studies in which models of VILI and IR-induced lung injury were
utilised to assess the effects of HCA are summarised in Table 1.2. Overall, HCA
attenuated inflammation and improved the function of the alveolar epithelial-capillary
endothelial barrier, attenuating pulmonary oedema. Given that aberrant inflammation
and barrier integrity are key hallmarks of ARDS?, these data suggest that in a non-

infectious setting, HCA benefits lung injury.
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Type of model and degree Effect of HCA (compared to normocapnia)
of HCA
Models of ischemia-reperfusion (IR)-induced lung injury
Shibata et | Model: ex vivo rabbit lung e Prevented increase in capillary permeability
al. 1998'2° | HCA: 5% CO; vs 25% CO;
Laffeyetal. | Model:  in vivo rabbits; e Improved oxygenation and lung compliance
2000 direct lung IR e Inflammation: | BALF TNFa concentration
HCA: FiCO, 0.00 vs. 0.12, e Permeability and oedema: | BALF protein
delivered therapeutically concentration and lung wet:dry ratio
Laffey etal. | Model: in vivo rats; indirect e Improved oxygenation and lung compliance
2003'# lung injury induced by e Permeability: | BALF protein concentration
mesenteric IR e  Effects dose-dependent
HCA: FiCO; 0.00 vs. 0.05,
delivered therapeutically
Wu et al. | Model: exvivo rat lung e Inflammation: | BALF and perfusate TNFa
20121% HCA: 5% CO; vs. 10% CO> concentrations, inflammatory cell
mfiltration, and NFkB activation
e Permeability and oedema: | BALF protein
concentration and lung weight
Wu et al. | Model: exvivo rat lung ¢ Inflammation: | BALF TNFa concentration
2013 HCA: 0% CO- vs. 5% CO; and neutrophil counts in lung interstitium

Permeability and oedema: | BALF protein
concentration, lung wet:dry ratio and weight

Table 1.2: Summary of the effects of HCA in in vivo and ex vivo models of ARDS not associated

with infection (continued overleaf)

(1 = decreased/reduced; BALF = bronchoalveolar lavage fluid;, TNFo. = tumour necrosis factor alpha;

FiCO; = fraction of inspired CO,; NFxB = nuclear factor kappa B).
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Type of model and degree
of HCA

Effect of HCA (compared to normocapnia)

Models of ventilator-induced lung injury (VILI)

Broccard et

Model: ex vivo rabbit lungs

Permeability and oedema: | BALF protein

al. 20012 | HCA: Target pCO 40 vs. concentration, ultrafiltration coefficient, and
70-100 mmHg wet:dry ratio
Sinclair et | Model: in vivo rabbits e Improved oxygenation
al. 2002'# | HCA: 4-5%  CO; e Inflammation: | BALF cell count
(40mmHg) vs 12% CO2 (80- e Permeability and oedema: | BALF protein
100mmHg) concentration and lung wet:dry ratio
e Reduced histologic lung injury
Halbertsma | Model: in vivo mice e Inflammation: | IL1B, TNFa and IL-6 in
et al. | HCA: 0.06% CO, vs. 2% or lung tissue, and lung leucocyte infiltration
20081 4% CO,
Peltekova Model: in vivo mice e Inflammation: | BALF IL-6, MCP-1 and KC
et al. | HCA: FiCO, 0.00 vs. 0.12 e  Permeability: | microvascular leak of Evans
2010%1 blue dye (dose-dependent effect)
Contreras et | Model: in vivo rats e Improved oxygenation (moderate and severe
al. 2012'%2 | HCA: FiCO, 0.00 vs. 0.05 VILI) and lung compliance (severe VILI

only)
Inflammation: | BALF IL-6 and CINC-1

concentrations (both in severe VILI only),
BALF neutrophil and NFxB
activation

Permeability: | BALF protein (severe VILI

only)
Reduced histologic lung injury

count,

Table 1.2 (continued): Summary of the effects of HCA in in vivo and ex vivo models of ARDS

not associated with infection

(] = decreased/reduced; BALF = bronchoalveolar lavage fluid; TNFo. = tumour necrosis factor alpha;

FiCO, = fraction of inspired CO,; NFxB = nuclear factor kappa B; pCO, = partial pressure of COy;

IL1B = interleukin-1 beta; IL-6 = interleukin-6; MCP-1 = monocyte chemoattractant protein-1; KC

(mouse homolog of human CXCL8; CINC-1 = cytokine-induced chemoattractant-1 (rat homolog of
human CXCLS8).
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1.5.2 Effects of HCA in in vivo and ex vivo models of infection-associated ARDS

Pulmonary and systemic infections account for the majority of ARDS diagnoses®3.
The effects of permissive hypercapnia on the host response to infection are therefore
of particular interest in ARDS. A number of models exist in which infection-
associated ARDS can be studied. These can be broadly divided, in vivo, into models

of pulmonary pneumonia and systemic sepsis.

1.5.2.1 Pulmonary pneumonia

Escherichia coli and Pseudomonas aeruginosa are common causes of pneumonia in
the clinical setting'®*. Their administration, usually via intratracheal instillation, is
often used to model pneumonia in vivo. Such a model was utilised in the
demonstration that the effects exerted by HCA may vary according to the duration of
exposure, as well as the duration and severity of pneumonia (results summarised in
Table 1.3).

Early in the course of less severe E. coli-induced pneumonia, HCA did not alter
physiologic parameters, the degree of histologic injury, or inflammation when
investigated using these models®®®. In more severe, evolving E. coli-induced
pneumonia, both oxygenation and lung compliance were improved by HCA in
comparison to normocapnia. Bronchoalveolar lavage fluid (BALF) protein and TNFa
concentrations were also attenuated, but only in the setting of neutrophil depletion®.
These results suggest that the severity of infection and/or lung injury may be important
factors in determining the effects of HCA in the setting of infection. However, as
HCA was present at the initiation of infection in both these models, they are of limited
clinical relevance to ARDS. In the clinical setting, HCA arises as a result of the
ventilation strategy used in the management of the patient’s condition. Therefore,
established (not early) pneumonia is likely to be present at the time of ventilation and
subsequent induction of HCA. In an in vivo model more clinically relevant in this
context, E. coli-induced pneumonia was allowed to develop over 6 hours before the
introduction of HCA. Lung compliance, but not histologic injury or inflammation,

was improved in hypercapnic animals. When antibiotic therapy was initiated,
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bacterial counts were reduced and HCA attenuated the degree of lung injury™’,
suggesting that the presence of bacteria may interfere with the protective effects of
HCA.

In the setting of infection, one of the biggest concerns regarding HCA is its potential
to alter bacterial growth. This is because immunocompetence is required for bacterial
clearance by the host immune system, but potent anti-inflammatory effects of HCA
are well-documented. E. coli has been shown to grow better in culture medium
acidified by the addition of hydrochloric acid (HCI), while its growth was inhibited in
medium in which pH was artificially increased by the addition of sodium hydroxide
(NaOH)*8,  Growth of numerous clinical isolates from the lungs of patients with
ventilator-associated pneumonia also grew better at acidic pH.  These isolates
included E. coli, P. aeruginosa, Klebsiella pneumoniae, and Staphylococcus
aureus'®. However, despite these observations, in the in vivo models discussed,
bacterial loads in the BALF and blood of hypercapnic animals did not differ

significantly from normocapnia.

Taken together, the above results demonstrate that the protective effects of HCA
observed in models of infection-independent ARDS are not as apparent, and possibly
even absent, in the setting of early bacterial pneumonia. However, HCA did not
worsen the hallmarks of ARDS, suggesting that even if not protective, its presence is

at least safe during the early stage of infection.

In comparison to early pneumonia, the effects of HCA may be very different when
present throughout the course of prolonged E. coli-induced pneumonia. In such a
model, while inflammation was not affected by HCA, lung compliance was reduced
and structural damage worsened. Of particular concern, bacterial colony counts were
also increased'®. However, these detrimental effects could be abrogated by daily

antibiotic therapy post-infection'®

, suggesting that the detrimental effects of HCA in
prolonged bacterial pneumonia relate more to complication by infection than the

duration of exposure to HCA.
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More worryingly, however, when mice were exposed to 10% CO- for three days prior
to early P. aeruginosa-induced pneumonia, mortality increased; all mice in the
hypercapnic group were dead by 48 hours in comparison to 50% at 48 hours and 70%
at 72 hours in normocapnic controls!*°. This was associated with increased bacterial
counts in the liver, lung and spleen. While the contribution of bacterial growth to this
effect was not determined, it appears that attenuation of the phagocytic capacity of
neutrophils in HCA may have contributed, at least in part, to this effect by impairing
bacterial clearance’. While these findings are of limited clinical relevance in ARDS
given that bacterial pneumonia would normally be established at the time of
mechanical ventialtion and subsequent development of HCA in patients with ARDS,
they do raise concerns with regards to prolonged exposure to HCA in the setting of

ARDs associated with bacterial pneumonia.

Type of model and Effect of HCA (compared to nhormocapnia)
degree of HCA

Models of pneumonia

O’Croinin | Model: less severe E. ¢ No effect on oxygenation or lung compliance
etall® coli pneumonia in rats e No effect on degree of histologic lung injury
HCA: FiCO, 0.00 vs. e Inflammation: no effect on BALF neutrophil counts
0.05 or BALF IL1p or MIP-2 concentrations
e Bacterial load: colony counts not altered in lung
homogenate

Table 1.3: Summary of the effects of HCA in in vivo models of pneumonia (continued overleaf)

(E. coli = Escherichia coli; FiCO; = fraction of inspired CO2; BALF = bronchoalveolar lavage fluid;

IL1S = interleukin-1 beta, MIP-2 = macrophage inflammatory protein-2)
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Type of model and

Effect of HCA (compared to normocapnia)

HCA: 10% CO; vs.
air (for 3 days before
infection)

degree of HCA
Models of pneumonia
Ni Model: more severe e Improved oxygenation and lung compliance
Chonghaile | evolving E.  coli e No effect on degree of histologic lung injury
etal.1*® pneumonia in rats e Inflammation: no effect on BALF neutrophil
HCA: FiCO, 0.00 vs. counts or BALF TNFa concentrations*
0.05 e Permeability and oedema: no effect on BALF
protein concentrations*
e Bacterial load: not altered in lungs or blood
* BALF protein and TNFa concentrations | in HCA mice
with depleted neutrophils vs. normocapnic mice with no
depletion
Ni Model: established E. ¢ No effect on oxygenation or lung compliance
Chonghaile | coli pneumonia in rats e No effect on degree of histologic lung injury*
etalt¥ (6 hours before HCA) e Inflammation: no effect on BALF neutrophil
HCA: FiC0O, 0.00 vs. counts or BALF TNFa concentrations
0.05 e Bacterial load: not altered in BALF or blood
* Degree of histologic injury | in mice which received
antibiotics
O’Croinin | Model: prolonged (2 e No effect on oxygenation, | lung compliance
etal.’®® days) E.  coli e 1 degree of histologic lung injury
pneumonia in rats e Inflammation: no effect on BALF neutrophil
HCA: 0% CO; vs. counts or BALF IL1p or MIP-2 concentrations
5% CO2 e Bacterial load: 1 counts in lung homogenate, |
neutrophil phagocytic capacity
(No difference between groups in any of the above
parameters when administered antibiotics)
Gates et | Model: P. aeruginosa e 1 mortality*
al.140 pneumonia in mice

o No effect on degree of histologic lung injury

e Inflammation: no effect on BALF neutrophil
counts, no effect on BALF and lung tissue TNFa

e Bacterial load: 1 in lung, liver and spleen; |
phagocytic capacity of neutrophils

* Effects of HCA on mortality were reversible,
especially if recovery in air was permitted before
infection

Table 1.3 (continued): Summary of the effects of HCA in in vivo models of pneumonia

(E. coli = Escherichia coli; P. aeruginosa = Pseudomonas aerginosa; FiCO, = fraction of inspired

COy; BALF = bronchoalveolar lavage fluid; TNFa = tumour necrosis factor alpha; IL1 = interleukinl

beta, MIP-2 = macrophage inflammatory protein-2; 1 = increased; | = decreased)
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1.5.2.2 Systemic sepsis

A number of models of sepsis-associated ARDS exist'*l. Among these include the
caecal ligation and puncture (CLP) model in which the ceacum is ligated and
subsequently punctured with a needle. This results in ischemic damage to the caecum
but, importantly, promotes polymicrobial sepsis owing to faecal leakage into the
peritoneum#142, The severity of sepsis resulting from CLP can be adjusted according

to the area of caecum ligated, as well as the size and number of puncture wounds4143,

Using this model, Higgins et al. demonstrated that HCA improved arterial
oxygenation and attenuated lung tissue damage and inflammation in early systemic
sepsis. While HCA delayed the appearance of bacteria in the blood, bacterial counts
did not differ at the end of the study*. Similarly, Costello et al. also demonstrated
attenuated pulmonary inflammation, barrier permeability and oedema formation in
HCA using a CLP-induced model of early systemic sepsis'*®. In contrast, despite a
moderately reduced histologic degree of lung injury, there was no evidence that HCA
affected inflammation, barrier permeability or oedema formation in the setting of more
prolonged sepsis with simultaneous HCA exposure. However, it is important to
highlight that, in contrast to prolonged pneumonia, these parameters and bacterial
loads within the lungs and blood were not worsened by HCA*. When compared to
prolonged pneumonia, these results suggest that the site of initial infection might be

an important determinant of the effects of HCA.

Sepsis can also be modelled in vivo by the induction of peritonitis following direct
injection of faecal contents into the abdominal cavity'#:14, Using this model, the
abilities of HCA to improve oxygen delivery and reduce the accumulation of

pulmonary oedema have been demonstrated in established sepsis'*'.

Taken together, these results (which are summarised in Table 1.4) are strongly
suggestive of a protective effect of HCA in sepsis-associated lung injury. Importantly,
the lack of detrimental effects in any of the septic models discussed attests to the safety
of HCA in this setting.
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Type of model and Effect of HCA (compared to normocapnia)
degree of HCA
Models of sepsis
Higgins et | Model: early systemic ¢ No effect on oxygenation or lung compliance
al.'* sepsis induced by e Inflammation: | BALF neutrophil counts and
CLP inrats BALF TNFa concentration
HCA: 0% CO> vs. 5% o Bacterial load: Not altered in BALF, delayed
CO, appearance in blood but no significant difference at
end of the protocol
* Renal buffering for 96 hours prior to infection
ameliorated effects on BALF neutrophil counts and
TNFa concentrations
Costello et | Model: early systemic e No effect on oxygenation or lung compliance at end
al.l% sepsis induced by of protocol
CLP inrats e Inflammation: | BALF neutrophil counts, no effect
HCA: FiCO; 0.00 vs. on BALF TNFa concentration
0.05 e Permeability and oedema: | wet:dry ratio and
BALF protein concentration, no effect on histologic
lung injury
e Bacterial load: Not altered in BALF, peritoneum,
or blood
Model: prolonged e No effect on survival, oxygenation or lung
(96h) systemic sepsis compliance at end of protocol
induced by CLP in ¢ Inflammation: no effect on BALF neutrophil counts
rats or BALF TNFa concentration
HCA: FiCO; 0.00 vs. e Permeability and oedema: | histologic lung injury,
0.05 no effect on wet:dry ratio or BALF protein
concentration
e Bacterial load: Not altered in BALF, peritoneum,
or blood
Wang et | Model: faecal e 1 oxygen delivery, no effect on survival or lung
al.¥ peritonitis-induced compliance
systemic sepsis e Permeability and oedema: | wet:dry ratio

established 2 hours
before HCA exposure
in sheep

HCA: 35-45mmHg
vs. 55-65mmHg

Table 1.4 Summary of the effects of HCA in in vivo models of sepsis

(CLP = caecal ligation and puncture; FiCO2 = fraction of inspired CO,; BALF = bronchoalveolar

lavage fluid;, TNFo. = tumour necrosis factor alpha; 1 = increased, | = decreased)
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1.5.3 Limitations of in vivo models

When interpreting the effects of HCA in in vivo models of ARDS, it is important to
consider that these studies were carried out predominantly in small animals, primarily
rats. Small animals are often used for in vivo research due to their availability and
lower cost when compared to the use of larger animals. However, it is important to
consider that in these models, the degree of lung injury is often much less severe than
that in human ARDS as the animals do not survive severe impairment of gas
exchange*®. Importantly, although small animal models have provided invaluable
insights into the impact of HCA at the level of the whole organism, the cellular
responses of rodents may differ considerably from those of human cells. Further
studies in more relevant models, for example ex vivo lung perfusion, are therefore

warranted.

1.5.4 Effects of HCA at the cellular level

In vitro work has provided further insight into the effects of HCA at the cellular level

in the cell types implicated in the pathophysiology of ARDS.

1.5.4.1 Macrophages

As the first line of defence to infection and injury, macrophages are key cells of the
innate immune system#°. As discussed in Section 1.1.2, macrophages are central to
the pathogenesis of ARDS; in response to insult they respond by secreting
proinflammatory cytokines. In in vivo and ex vivo models of ARDS, HCA was
associated with attenuated BALF proinflammatory cytokine concentrations (Section
1.5). While the contributions of individual cell types to this response have not been
directly determined, HCA attenuates macrophage secretion of proinflammatory
cytokines, including TNFa, in vitro'®!°! suggesting that alveolar macrophages may
contribute to the reduction in BALF proinflammatory cytokine concentrations

observed in vivo.
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As part of the innate immune system, the capacity of alveolar macrophages to
phagocytose bacteria is important in the context of pneumonia- and sepsis-induced
ARDS. In vitro, uptake of S. aureus by human alveolar macrophages is impaired in
HCA, suggesting that macrophage phagocytic activity may be impaired in the setting
of hypercapnic infection®®2. It is possible that impaired phagocytosis by macrophages
could reduce bacterial clearance and subsequently play a role in the HCA-mediated
increase in bacterial counts observed in some in vivo models of bacterial
pneumoniat®®%  However, more recent work in macrophages derived from
differentiation of the monocytic THP-1 cell line and exposed to E. coli or S. aureus
bioparticles suggests that although the number of phagosomes is reduced, hypercapnia
exerts a greater effect on autophagy by macrophages than on their phagocytic

capacity!>®

. Autophagy is a process classically involved in the removal of the cell’s
own damaged organelles and proteins, but it also plays a role in host defence against
pathogens®™. In hypercapnia, binding of the anti-apoptotic proteins Bcl-2 and Bcl-xL
to the BH3 domain of Beclin-1 — a protein with a key role in the assembly of
autophagosomes — is attenuated. The function of Beclin-1 and subsequently
autophagy and bacterial killing is thus reduced®. Together these results suggest that
macrophages may play a key role in mediating the effects of HCA on bacterial counts
in some in vivo models of bacterial pneumonia, and that their involvement may extend

beyond simply reducing the phagocytic capacity of alveolar macrophages.

1.5.4.2 Neutrophils

Neutrophils are another key cell of the innate immune system. As discussed in Section
1.1.2, their infiltration into the alveoli is a key hallmark of ARDS. Like macrophages,
neutrophils are phagocytic cells and in vitro data suggest that the effects of HCA on
the two cell types may follow a similar pattern. Similar to macrophages, HCA
attenuated the secretion of proinflammatory cytokines, including CXCLS8, by

neutrophils!®®

, suggesting that neutrophils may also contribute to attenuation of BALF
proinflammatory cytokine concentrations in vivo. However, alveolar neutrophils
isolated from mice pre-exposed to 10% CO: for 3 days prior to induction of bacterial
pneumonia were capable of phagocytosing fewer bacteria in vitro than those from

140

mice exposed to air*". During phagocytosis, oxygen consumption is increased and
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neutrophil production of reactive oxygen species (ROS), including superoxide and
hydrogen peroxide (H20-), is enhanced in a process termed the ‘respiratory burst’.
These ROS may subsequently be released to exert anti-microbial functions, but may
also induce further tissue damage!®. Intracellular production of superoxide by
neutrophils is attenuated in HCA™. Additionally, neutrophils from mice pre-exposed
to 10% COg prior to induction of bacterial pneumonia produced less H2O> than

neutrophils from air-exposed mice in vitro'*,

These findings further support the
suggestion that neutrophil phagocytosis is impaired in HCA, raising concerns that
while ROS-mediated damage may be attenuated by HCA in the setting of infection,

the capacity of neutrophils to clear bacteria is impaired.

1.5.4.3 Endothelial cells

Current knowledge regarding the effects of HCA on endothelial cells in vitro are
discussed in more detail in Section 3.2. However, in overview, little is known about
the response of the pulmonary capillary endothelium to HCA, despite its contributions
to the alveolar oedema and neutrophil recruitment which are characteristic of ARDS.
Only two studies exist to date in which the response of endothelial cells to HCA has
been investigated, and these have given rise to conflicting results. The first of these
studied the effects of HCA in human pulmonary artery endothelial cells (HPAECS),
demonstrating that HCA attenuated inflammatory cytokine secretion. The results also
suggested that the contribution of the endothelium to neutrophil extravasation may
also be attenuated as a result of reduced expression of the adhesion molecule
intercellular adhesion molecule-1 (ICAM-1)¥7. However, the endothelial cells used
in this study were not derived from the pulmonary capillary endothelium and in a later
study which did utilise these more relevant cells, all of the parameters which were
reduced in HPAECs, were increased™®. While the discrepancy between the two
studies could be explained by differences in the endothelial cell type used, the latter
study was reported alongside in vivo data which also contradicted a large body of
previous in vivo findings, raising concerns regarding the validity of these results®®,
Further investigations are therefore required before it can be said with confidence that
HCA enhances the contribution of pulmonary capillary endothelial cells to

inflammation.
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1.5.4.4 Epithelial cells

As discussed in Section 1.1.2, disruption to the integrity of the alveolar epithelial
barrier, together with impaired alveolar fluid clearance by alveolar epithelial cells, is
central to the formation of pulmonary oedema — one of the key hallmarks of ARDS.
Current knowledge regarding the effects of HCA on alveolar epithelial cells in vitro
are discussed in more detail in Section 4.2. In overview, the response of the
epithelium to HCA is somewhat better understood when compared to the response of
the endothelium. However, much of this knowledge has been obtained from work in
cancer cell lines and is limited by lack of experimental work in the most clinically
relevant primary cell types in vitro. While the ability of the ATII-like cell line, A549,
to secrete proinflammatory cytokines is attenuated in HCA2"*% concerns have arisen
regarding the reparative capacity of the alveolar epithelium; A549 wound closure is

160 \while HCA also attenuates cell

attenuated in HCA as a result of impaired migration
proliferation®®l. This is concerning as the integrity of the alveolar epithelial barrier is
central to the regulation of alveolar permeability. These results suggest that HCA may
impair restoration of the alveolar epithelial barrier in ARDS by attenuating the

potential for re-epithelialisation.

The capacity of epithelial cells to facilitate alveolar fluid clearance in HCA has also
been studied, extensively, in vitro. However, the results consistently demonstrate
impairment of alveolar fluid clearance by A549 cells (reviewed by Vadasz et al.'®?),
adding further concern to the effects of HCA on the alveolar epithelium.

Taken together, the in vitro results obtained in epithelial cells, largely the A549 cell
line, raise concerns regarding the contribution of the alveolar epithelium to repair and
resolution of ARDS in a hypercapnic acidotic environment. It is noteworthy however,
that permeability and pulmonary oedema were rarely increased in HCA in in vivo
models of ARDS (Sections 1.5.1 and 1.5.2). While O’Toole et al. confirmed that
HCA also impaired wound closure by distal lung epithelial cells in vitro'®, this has
been the only demonstration of the effects of HCA on primary human lung epithelial
cells to date. It is possible that the discrepancies between in vitro and in vivo results

could be explained by differences in the responses of rodent versus human cells, and
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by the limitation of the use of immortalised cell lines in which cell biology may
markedly differ from primary cells of the same origin. Confirmation of the response
of epithelial cells to HCA in primary cell types relevant to the pathophysiology of
ARDS is therefore required.

1.6 Effects of hypercapnic acidosis - pH vs. CO; per se?

When investigating the effects of HCA, it is important to consider that the results may
arise from either the pH or the CO2 per se, and not necessarily from the combined
effect of the two. This is important as buffering of acidosis is often permitted in
clinical trials®* and may have the potential to negate any protective effects of HCA if
they are mediated by acidosis. To investigate the effects of pH and CO; as separate
entities in vitro, the medium pH in HCA is usually buffered using sodium bicarbonate,
sodium hydroxide or Tris-Hydroxymethyl aminomethane (THAM). Additionally, the
pH of cell culture medium may be artificially reduced by the addition of acid in
normocapnia. Buffers may also be used to increase pH in vivo or time may be given
to allow renal buffering to occur. As illustrated in Table 1.5, the results of
investigations into the individual contributions of pH and CO, to HCA-mediated

effects have yielded conflicting results.
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Model Method of Parameters pH or CO:-
Buffering measured mediated
effect?
Laffey et al. Ex vivo IR- Sodium hydroxide Capillary permeability Acidosis
200062 induced lung and oedema
injury
Coakley et In vitro Bufferall CXCLS8 secretion and Acidosis
al. 200215 neutrophils superoxide production
Brivaetal. | Invivo rat lungs Tris base Na,K-ATPase CO,
2007164 endocytosis
Caplesetal. | Exvivoand in THAM and sodium Plasma membrane Acidosis
20091 vivo VILI bicarbonate injury
Higgins et In vivo rat CLP- Inflammation, tissue Acidosis
al. 2009144 induced sepsis Renal buffering damage and bacterial
counts in blood
O’Toole et In vitro A549 Sodium bicarbonate Wound repair CO;
al. 200960 cells
Wang et al. In vitro Sodium bicarbonate | 1L6 MRNA expression CO2
2010'% macrophages (or acidification with
HCI in normocapnia)
Gates et al. In vivo Acute vs. chronic Mortality CO,
2013140 pneumonia respiratory acidosis

Table 1.5: Summary of experiments performed to investigate the individual contributions of
pH and CO: to the effects of HCA

The conflicting data which have arisen as a result of experimental work aiming to
investigate the individual contributions of pH and CO2 to HCA-mediated effects may
be explained by differences in experimental design. The results presented in Table
1.5 clearly demonstrate the existence of considerable variations in the design of
individual studies. Firstly, some of these studies are in vivo studies while others have
been performed in vitro. Variation between the results of in vivo and in vitro studies
may arise as buffering (e.g. renal buffering) naturally occurs in in vivo systems, but it
is difficult to replicate its contributions in in vitro models. Differences also exist in
the type of buffer administered. Sodium bicarbonate is a widely used buffer. Its use
was permitted in the ARMA study®*. However, a number of concerns exist with regard
to its use as it has the potential to increase CO. and reduce intracellular pH, and may
therefore exert biologic effects of its own®. THAM on the other hand does not exert
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these effects as it differs in its mechanism of action by assisting excretion of protons
via the renal system?*7168 Optimisation and standardisation of experimental buffering
will therefore be required before the contributions of pH and CO> to HCA-mediated
effects can be accurately determined.

1.7 Mechanisms of HCA-mediated effects

The precise mechanism of HCA-mediated effects (whether protective or detrimental)
are unknown. Experimental work has ruled out the involvement of hypoxia-
responsive genes such as vascular endothelial growth factor (VEGF), and heat shock
proteins such as Hsp70'°2. However, with few exceptions'®?, the effects of HCA have
consistently been associated with altered activation of the nuclear factor kappa B
(NFxB) pathway (where studied). This is unsurprising given that many of the
inflammatory proteins altered by HCA (CXCL8%°, TNFa!’® and ICAM-117%172) are
regulated by this pathway. Some evidence also points towards the involvement of a
second mechanism —altered mitochondrial function — in mediating the effects of HCA.
Again, this would be unsurprising given the central role which mitochondria play in
cell biology, not least in their capacity to facilitate the oxidative phosphorylation

required to meet cellular energy demands.

1.7.1 The Nuclear Factor kappa B (NFxB) pathway

The NF«B pathway is one of the main transcriptional activators of inflammatory
genes. This is important in ARDS where one of the key hallmarks is alveolar
inflammation. In mammalian cells, the NFkB pathway centres around the formation
of NFkB dimers containing Rel proteins, such as p50 and RelA (p65), which possess
a C-terminal transcriptional activation domain. In resting cells, these dimers are
maintained in the cytoplasm by binding of inhibitor of kappa B (IxB) proteins such as
IxBo, and are thus unable to activate transcription. Upon activation however, cell
surface receptors recruit an IkB kinase (IKK) complex containing catalytic subunits
capable of phosphorylating IkBa, promoting its proteasomal degradation. This results
in liberation of the NFxB dimers, facilitating their translocation to the nucleus and thus

their ability to induce transcription of target genes'’3"4. Activation of NFxB in this
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way is known as the canonical pathway of NFkB activation. An alternative pathway,
known as the non-canonical pathway, exists in which RelB is maintained in the
cytoplasm in complex with the IkB protein, p100, preventing its ability to translocate
to the nucleus and alter transcription. In this pathway, activation of IKK initiates
partial degradation of p100 to generate p52-RelB complexes (NFkB dimers) which
can translocate to the nucleus to control gene transcription'’31"4, Both the canonical

and non-canonical NFkB pathways are illustrated in Figure 1.2.
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Figure 1.2: Canonical NFkB pathway (left) and non-canonical NFkB pathway (right).
Reproduced from Oeckinghaus 201174,
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Attenuated activation of the canonical NFkB pathway has been associated with the
anti-inflammatory properties of HCA in many in vivo and in vitro models of
ARDSB2I719175 5 attenuated activation has also been associated with impaired
wound closure of A549 cells in vitro'®®. Traditionally, HCA was believed to exert its
effects through attenuated IkBa expression. However, more recent work in
lipopolysaccharide (LPS)-stimulated A549 cells has elaborated on this mechanism,
suggesting that attenuated IkBa expression occurs secondary to HCA-mediated
inhibition of the IKKB subunit'’®. Regardless of the upstream events however, the
ultimate result is attenuated translocation of the strong transcriptional activator, p65,
into the nucleus®’®. This results in attenuated transcriptional activation, namely of

genes encoding inflammatory proteins.

The lesser-studied Rel family protein, RelB of the non-canonical pathway, may also
play a role in mediating the effects of HCA. Early studies demonstrated that its
hypercapnia-induced nuclear localisation was responsible for attenuated TNFa
secretion by A549 cells'’”. Further work suggested that translocated RelB is truncated
at the C-terminus in which its transcriptional activation domain is located. Its capacity
to induce transcriptional activation is thus reduced®’®. This suggests that the effects
of HCA may not depend solely on the canonical NFkB pathway, and that the non-
canonical pathway is also involved. Overall, experimental evidence is strongly
suggestive of the involvement of altered activation of the NFkB pathway in mediating

the effects of HCA.

1.7.2 Mitochondrial function

Mitochondria are membrane-bound organelles best known for their role in facilitating
energy production within the cell. Energy production begins in the cell cytoplasm
with the process of glycolysis. This is an oxygen-independent process in which a
small amount of energy is released in the form of adenosine triphosphate (ATP) during
the breakdown of glucose to pyruvate!’®. Pyruvate is then transported into the
mitochondrial matrix and oxidised to acetyl coenzyme A (CoA) which drives the

subsequent tricarboxylic acid (TCA) cycle. The TCA cycle is a series of redox
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reactions in which NADH and FADH are produced from the reduction of NAD" and
FAD, respectively!’®. NADH and FADH; are subsequently passed to the electron
transport chain (ETC) located in the inner mitochondrial membrane. Here, the
electrons they carry are utilised in the production of ATP by oxidative phosphorylation
(Figure 1.3),
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Figure 1.3: Oxidative phosphorylation via the electron transport chain located in the inner
mitochondrial membrane. Reproduced from Suomalainen and Battersby, 2017,

As electrons are passed through the ETC, they establish a proton motive force —
composed of a voltage gradient (mitochondrial membrane potential) and a proton
concentration gradient — across the inner mitochondrial membrane which drives the
activity of ATP synthase. The components of the proton motive force can therefore
be indicative of mitochondrial function. In healthy cells, for example, mitochondrial
membrane potential is normally maintained within an optimal range of approximately
100-120mV. Inside this range, ATP production is optimal. However, when the

mitochondrial membrane potential falls, the function of the electron transport chain is
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impaired and ATP production subsequently reduced*®:. Maintenance of mitochondrial

membrane potential is therefore required for optimal energy production within the cell.

Aside from their role in oxidative metabolism, mitochondria also participate in other
cellular processes. For example, they contribute to cell death by apoptosis through the
release of cytochrome ¢ from the intermembrane space into the cell cytoplasm. This
is associated with enhanced mitochondrial membrane potential . In the cytoplasm,
cytochrome ¢ induces caspase activation and subsequently promotes apoptosis®2.

Mitochondria are also an important source of reactive oxygen species (ROS),
particularly superoxide and hydrogen peroxide (H202). These are largely generated
during oxidative phosphorylation when mitochondrial membrane potential rises above
approximately 150mV*818  Normally, at the end of the ETC, each molecule of
oxygen receives four electrons to form water. However premature electron leak from
the ETC can result in the generation of ROS via partial reduction of oxygen to
superoxide. Superoxide can subsequently be released into the cell cytoplasm via
voltage-dependent channels in the outer mitochondrial membrane, or converted to
H>0- by superoxide dismutases in the mitochondrial matrix and intermembrane space.
H,O2 may then also be released to the cytoplasm84. These ROS have the potential to
exert a multitude of effects relevant to the pathophysiology of ARDS; they are
important not only for host defence against pathogens, but also induce
proinflammatory cytokine secretion, and induce damage by oxidation of the cells’

proteins, lipids, and nucleic acids!8+18¢,

There have been some suggestions that mitochondria play a role in mediating the
effects of HCA in vitro, although this mechanism is much less extensively studied than
the involvement of the NFkB pathway. While inhibition of mitosis did not support a
role for the process in the HCA-induced impairment of A549 wound repair'®,
independent experiments demonstrated impaired proliferation of hypercapnia-
exposed A549s not subjected to in vitro wounding®. Under these conditions,

impaired proliferation resulted from delayed progression through the cell cycle. This
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arose from impaired mitochondrial function occurring secondary to HCA-induced
microRNA (miR)-183-mediated downregulation of isocitrate dehydrogenase
expression — a key enzyme of the TCA cycle. Impaired bioenergetics has also been
observed in HCA in isolated mitochondria®®, while neutrophil production of
superoxide and H,0z is also attenuated*%1, Given the role of mitochondria in the
production of these ROS, this observation may also be indicative of impaired
mitochondrial function. Therefore, together, these results support a role for altered

mitochondrial function in driving the effects of HCA.

1.7.3 Alternative mechanisms

It should be noted that the precise molecular mechanisms mediating the effects of
HCA in mammalian cells are likely to be complex and have not yet been fully
elucidated. Transcription factors and other proteins not classically considered
components of the NFkB pathway could also be influenced by HCA. For example, in
vivo work in Drosophila has revealed that knockdown of the zfh2 gene improved
survival of hypercapnia-exposed flies infected with S. aureus. It is believed that
improved survival resulted from dampening of hypercapnia-induced reductions in
antimicrobial peptide gene expression'®’. Emerging data suggests that Zinc Finger
Homeobox 3 (ZFHX3) — the mammalian homolog of Drosophila zfh2 — may be
involved in hypercapnia-induced alterations to immunomodulatory gene expression in
macrophages'®®, but the effects on antimicrobial gene expression have not yet been
reported. This may open a potential avenue for investigation into the differential

effects of HCA in the setting of infection.

1.8 Extracorporeal carbon dioxide removal (ECCO2R)

Despite the use of low tidal volume mechanical ventilation, approximately 30% of
patients with ARDS still develop lung injury as a result of alveolar over distension*®®.
The use of even lower tidal volumes may help to reduce this statistic, but is likely to
result in further development of HCA which, as discussed, may exert detrimental
effects in ARDS. However, the use of extracorporeal carbon dioxide removal

(ECCO2R) devices, which effectively ‘dialyse’ CO2 from the blood to normalise
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paCO; and pH, could manage the potentially harmful effects of HCA to allow further
reductions in tidal volume. In a small study of 32 patients with ARDS, the use of
ECCO2R as an adjunct to mechanical ventilation with tidal volumes <6ml/kg predicted
body weight (PBW) was associated with a reduction in proinflammatory cytokine
concentrations, suggestive of a lesser degree of lung injury, when compared to
conventional low tidal volume approaches of 6ml/kg PBW®. Additionally, posthoc
analysis of the data from a randomised controlled trial in which the use very low tidal
volumes of ~3ml/kg PBW in combination with ECCO2R was compared to the use of
conventional tidal volumes of ~6ml/kg without ECCO2R support, revealed a potential
increase in the number of ventilator free days in patients with more severe hypoxaemia
in the very low tidal volume group'®. A phase 1/2 trial (SUPERNOVA,
clinicaltrials.gov identifier NCT02282657) investigating the feasibility and safety of
ECCO:-R in patients with moderate ARDS has recently been completed and its results
are awaited. Other clinical trials investigating the use of ECCO2R are currently
recruiting and include a multicentre phase 3 trial (REST, cinicaltrials.gov identifier
NCT20654327) which is investigating whether the use of ECCO2R and lower tidal
volume ventilation improves outcomes from acute hypoxaemic respiratory failure

when compared to standard care in mechanically ventilated patients.

1.9 Summary and Aims of the Study

In summary, ARDS is a common and devastating clinical disorder for which there
exists no effective pharmacological therapy. Mechanical ventilation strategies which
are central to the management of patients with this condition can impair carbon dioxide
removal, resulting in hypercapnic acidosis (HCA). The development of HCA has
largely been regarded as safe, with secondary analysis of the data from a large
ARDSNet study suggesting that it may reduce mortality in some patients. The
development of HCA in mechanically ventilated patients with ARDS has since often

been permitted by clinicians.

Despite in vivo data suggesting that HCA is largely protective, or at least safe, in the

setting of inflammation, concerns have been raised with regards to its safety in
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pneumonia. Insights have also been offered at the cellular level in vitro but this work
has its limitations. The two key structural cells of the alveoli — alveolar epithelial cells
and capillary endothelial cells — are key targets in the pathogenesis of ARDS.
Investigations into the response of endothelial cells to HCA are few in number and
have given rise to conflicting results. Studies investigating the response of epithelial
cells to HCA have raised concerns regarding the potential for structural and functional
recovery of the alveolar epithelium in this setting. However, these results are not
necessarily corroborated by in vivo data which are largely suggestive of improved or
unaltered barrier structure and function. This may, in part, be explained by the use of
small animal models in in vivo studies where cellular responses do not necessarily
recapitulate that of human cells. Reliance on immortalised cell lines as opposed to
primary human cells to assess the response of the alveolar epithelium may be another
contributing factor. Overall, due to the limitations of in vivo models and the limited
knowledge which currently exists in primary human cells, the response to HCA of the
primary human epithelial and endothelial cell types most relevant to the

pathophysiology of ARDS requires investigation.

While no therapy exists for the treatment of ARDS, there is considerable interest in
the potential use of mesenchymal stem cells (MSCs). Experimental data strongly
support the therapeutic potential of MSCs for the treatment of ARDS. However, while
MSCs are currently in clinical trials for the condition, much is still to be learned,
particularly with regards to the effects of the surrounding environment on their biology
and therapeutic capacity. Worryingly, despite the ability of MSCs to respond to local
environmental changes and the possibility of encountering a hypercapnic acidotic
environment in mechanically ventilated patients with ARDS, no data currently exist
relating to the response of MSCs to HCA. This could have major implications for the
efficacy of an MSC based therapy and is an issue which urgently needs to be
addressed. Although the focus of this project is in the context of ARDS, MSCs are
also being considered as a therapy for COPD and cystic fibrosis'®*-1% — diseases in
which they may also be exposed to HCA. The effects of HCA on the efficacy of an
MSC-based therapy could therefore extend beyond ARDS to a diverse group of

patients.
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The aims of the project are therefore:

e To determine the effect of HCA on the inflammatory and reparative responses
of the capillary endothelium and distal lung epithelium in an in vitro model of
ARDS, using primary human pulmonary microvascular endothelial cells

(HPMECs) and primary human small airway epithelial cells (SAECs)

e To determine the influence of HCA on the biological properties and

therapeutic capacity of human MSCs in an in vitro model of ARDS

e To elucidate the mechanisms of any alterations observed with regards to the
effects of HCA on the inflammatory and reparative responses of HPMECs and
SAECs, and on the therapeutic potential of MSCs

Given the data currently available in in vitro cell lines, it is hypothesised that the
inflammatory and reparative responses of HPMECs and SAECs will be attenuated in
HCA. Given their capacity to respond to changes in their local environment, it is
hypothesised that the therapeutic potential of MSCs will be altered in HCA. Finally,
it is hypothesised that the mechanism of HCA-mediated effects will relate to

alterations in the activation of the NFxB pathway, or to altered mitochondrial function.
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Chapter Two — Materials and Methods
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2.1 Cell Culture

2.1.1 Human Pulmonary Microvascular Endothelial Cells (HPMECs) and Small
Airway Epithelial Cells (SAECs)

Primary Human Pulmonary Microvascular Endothelial Cells (HPMECSs) and primary
human Small Airway Epithelial Cells (SAECs) (both Promocell) were purchased as
proliferating passage 2 cells and used to passage 7. HPMECs had been isolated from
human lung parenchyma following removal of the macrovasculature and were
characterised by their expression of Cluster of Differentiation 31 (CD31) and von
Willebrand Factor (VWF), and their lack of expression of smooth muscle a-actin.
SAECs had been isolated from the bronchoalveolar duct region of the lung and were

characterised based on positive staining for cytokeratins.

HPMECs were maintained in endothelial cell growth medium MV (Promocell) and
SAECs were maintained in small airway epithelial cell growth medium (Promocell),
each supplemented with their respective supplied supplement mix (Table 2.1) and
50pg/ml Penicillin-Streptomycin (PS) (Gibco). These media are referred to herein as
cell culture media. Both cell types were maintained at 37°C in a humidified incubator

at 5% carbon dioxide (CO>) until passaged or used for experimentation.
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Endothelial Cell Growth Medium MV Small Airway Epithelial Cell Growth
Medium
0.05ml/ml foetal calf serum (FCS) 2.5mg/ml bovine serum albumin (fatty acid free)

0.004ml/ml endothelial cell growth supplement | 0.004ml/ml bovine pituitary extract

10ng/ml recombinant human epidermal growth | 10ng/ml recombinant human epidermal growth

factor factor
90pg/ml heparin 5pug/ml recombinant human insulin
1pg/ml hydrocortisone 0.5ug/ml hydrocortisone

0.5ug/ml adrenaline

6.7ng/ml Triiodo-L-Thyronine

10pg/ml human transferrin

0.1ng/ml retinoic acid

Table 2.1: Final concentrations (after addition to basal medium) of supplements contained
within the ready-to-use supplement mixes supplied with endothelial growth medium MV and

small airway epithelial growth medium

HPMECS and SAECs were passaged when they reached approximately 80%
confluency. All DetachKit (Promocell) reagents were brought to room temperature
30 minutes before use. Media was aspirated from the culture flask and the surface on
which the cells were adhered was washed with 100l 30mM HEPES Buffered Saline
Solution (BSS)/cm?. HEPES BSS was aspirated off and the cells were incubated with
100ul  Trypsin/Ethylenediaminetetraacetic  Acid  (EDTA)  (0.04%/0.03%)
Solution/cm? for approximately 3 minutes at room temperature until the cells had
detached from the culture surface. Trypsin activity was neutralised by adding a
volume of Trypsin Neutralisation Solution (TNS) equal to the volume of trypsin
already in the flask. Detached cells were collected and centrifuged at 220 x g for 3
minutes. Following centrifugation, the supernatant was aspirated off and the cell pellet
was resuspended in 1ml of the appropriate cell culture medium. Cells were counted
(see Section 2.1.3 below) and seeded in well plates or culture flasks at a density of
1x10* cells/cm?.
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2.1.2 Mesenchymal Stem Cells (MSCs)

Human bone marrow-derived Mesenchymal Stem/Stromal Cells (MSCs) were
provided by the Institute for Regenerative Medicine at Texas A&M Health Science
Centre, Baylor Scott and White Hospital, through a grant from NCCR of the National
Institute of Health (NIH) (Grant# 40RR017477). These cells had been extensively
characterised in accordance with the standards laid out by the International Society for
Cellular Therapy (ISCT) and were shipped as cryopreserved cells at passage 1 or 2.
Upon arrival, the cells were stored in liquid nitrogen until expanded in T175 culture
flasks to passages 2 and 3 from a low density of 60 cells/cm?. MSCs were used at
passages 3-5 and were maintained in Alpha Minimal Essential Medium (aMEM)
lacking ribonucleosides and deoxyribonucleosides (Gibco), but supplemented with
16.5% heat-inactivated foetal bovine serum (FBS), 50ug/ml PS, and 4mM L-
glutamine (LG) (Gibco). This medium is herein denoted as aMEMigs%+ps+Lc.
Cultures were maintained at 37°C in a humidified tissue culture incubator at 5% CO>

until used for experimentation.

MSCs were passaged when they reached approximately 70-80% confluency. Media
was aspirated from the flask of cells and the cell layer was washed with Dulbecco’s
Phosphate Buffered Saline (DPBS) to remove any FBS-containing medium. The
DPBS was then aspirated off and the cells were incubated with Trypsin-EDTA (diluted
to a final concentration of 0.05% in DPBS) (Gibco) for up to 5 minutes at 37°C until
the cells had detached from the culture surface. Trypsin activity was neutralised by
addition of atMEMae s%+ps+Lc at a volume equal to that of the trypsin added to the flask.
Detached cells were collected and centrifuged for 5 minutes at 1200 rpm. Following
centrifugation, the supernatant was aspirated off and the cell pellet was resuspended

in aMEMaissw+ps+La. Cells were counted as described in Section 2.1.3 below.

2.1.3 Cell counting

Following cell trypsinisation, centrifugation and resuspension, a small volume of the
cell pellet was diluted to an appropriate density in trypan blue (Gibco). Trypan blue
is a dye which is used to distinguish viable cells which exclude the dye, from non-
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viable cells which take it up and appear blue. 20ul of diluted suspension was added
to a haemocytometer (Neubauer model) to enable counting of cells. Viable cells were
identified as those excluding the blue dye. The total number of viable cells in the four
corners of the haemocytometer, including those which touched the top and left
boundaries of the square, but not the bottom and right boundaries, were counted. The
average count per square was multiplied by the dilution factor, and then by 10,000 to

give the cell counter per millilitre of cell suspension.

2.1.4 Cell seeding

Following trypsinisation and counting of cells as described in Sections 2.1.1 to 2.1.3
above, 1 million cells in 1ml freezing medium were added to cryovials for long term
storage. The freezing medium used differed according to cell type. For MSCs, the
freezing medium contained 65% oaMEM, 30% FBS and 5% Dimethyl Sulfoxide
(DMSQO). For HPMECs, CryoSFM (Promocell) — a serum-free cryopreservation
medium — was used. A number of attempts were made to store SAECs including the
use of a freezing medium containing 90% FBS and 10% DMSO, and two
commercially-available serum-free cryopreservation media; Cellbanker 2 (Amsbio)
and CryoSFM. However, few viable cells were ever recovered following
resuscitation. SAECs were therefore used continuously and not stored. Cryovials
containing MSCs or HPMECs were stored overnight at -80°C in a Mr. Frosty freezing
container filled with isopropanol before transfer to liquid nitrogen for long-term

storage.

When required, cryovials were transported on dry ice from liquid nitrogen storage and
thawed for 2-3 minutes in a 37°C waterbath until just thawed. The 1ml suspension
was then transferred into 10ml pre-warmed cell culture medium. HPMECs were
centrifuged at 220 x g for 3 minutes, and MSCs were centrifuged at 1200 rpm for 5
minutes to remove DMSQ. The supernatant was aspirated off and the cell pellet was
resuspended in 1ml cell culture medium. The cell suspension was transferred to an
appropriately sized flask (T25 for HPMECs or T175 for MSCs) containing pre-

warmed cell culture medium and allowed to adhere overnight at 37°C and 5% CO.
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2.1.5 Alveolar Type Il (ATII) Epithelial Cells

2.1.5.1 Collagen coating well plates

In preparation for the culture of isolated alveolar type Il (ATII) cells, well plates were
coated with type IV human collagen (Sigma-Aldrich) on the morning of isolation.
Collagen was diluted to a final concentration of 10ug/ml in 1x phosphate buffered
saline (PBS) (Gibco). 500ul was added to each well of a 24 well plate and 75ul was
added per well of a 96 well plate. Plates were incubated at 37°C until required. Excess
collagen was aspirated off and the wells were washed with 1x PBS immediately prior

o use.

2.1.5.2 Isolation of ATII Cells

Human alveolar type Il (ATII) epithelial cells were isolated from donor human lungs
which had been rejected for transplantation within the Belfast Health and Social Care
Trust. Four blocks of lung tissue approximately 5cm? in size were dissected from the
upper lobe of one lung and flushed by PBS injections until the lavage fluid ran clear.
Trypsin-EDTA (diluted to a concentration of 0.05% in DPBS) was injected into the
tissue blocks and incubated at 37°C in 5% CO> for 15 minutes. Trypsin instillation
and incubation were repeated twice, bringing the total incubation time to 45 minutes.
The digested tissue was cut into blocks as small as possible and added to a 250ml
beaker containing 7ml FBS per block and 250ug/ml DNase | (Sigma-Aldrich). The
tissue was minced by hand using scissors until a homogenous mixture was obtained.
The mixture was added to 50ml falcons and shaken vigorously by hand for 5 minutes
to loosen the cells before being passed through pores of reducing size (100um cell
strainer followed by 40um cell strainer, both Corning) to remove debris and cell
clumps. The resulting cell suspension was centrifuged at 800rpm for 7 minutes at
12°C. The cell pellet was resuspended in a solution made up of 50% DPBS and 50%
unsupplemented DMEM/F12 (Gibco) together containing 100pug/ml DNase 1. The
cell suspension was incubated in T175 culture flasks at 37°C in 5% CO; for 1.5 hours

to allow differential adherence of contaminating macrophages to the flask.
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After 1.5 hours, the non-adherent ATII-enriched cell population was removed from
the flask and centrifuged at 800rpm for 7 minutes at 12°C. The cell pellet was then
resuspended in red cell lysis buffer (4.15g NH4Cl, 500mg KHCO3z and 18.6mg EDTA
in 500ml 1N deionised water, pH 7.4) for 3 minutes. After this time, enough DPBS
was added to bring the volume up to 30ml and the suspension was centrifuged at
800rpm for 7 minutes at 12°C. Cell culture medium was prepared by supplementing
DMEM/F12 with 10% FBS, 50ug/ml penicillin-streptomycin, 50pg/ml gentamicin
(Life Technologies), and 2.5ug/ml amphotericin B (ThermoFisher). The cell pellet
was resuspended in pre-warmed cell culture medium and the cells were counted as
described in Section 2.1.3. The cells were seeded onto culture plates pre-coated with

type IV collagen at the densities laid out in Table 2.2 and incubated at 37°C and 5%

CO2 untouched for 3 days.
Growth Area Volume of Media Cell Density
per Well
96 well plate 0.32cm? 100ul 1x10°
24 well plate 1.9cm? 500ul 1-2 x 10°

Table 2.2: Densities of isolated cells added to cell culture plates

After 3 days, confluent monolayers were washed 3 times with Hanks’ Balanced Salt
Solution (HBSS) containing magnesium and calcium (Gibco) to remove debris. The
media was either replaced with fresh cell culture medium and the cells were placed
back into culture for future staining to determine the purity of the isolated cells, or

they were used immediately for experimentation.

2.1.5.3 Immunofluorescent staining of cells present within the isolated cell

population

Isolated cells were stained for the ATII marker, pro-surfactant protein-C (pro-SPC),
to determine cell purity at 4 days post-isolation — the time at which a 24 hour timepoint

would be taken. Cell monolayers were washed 3 times with 200ul 1x PBS and fixed
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with 50ul 4% paraformaldehyde (PFA) (Sigma) per well at room temperature for 15
minutes. PFA was aspirated off and the wash step was repeated. Cells were blocked
with 50l strong block (0.1% Triton-X (Sigma) and 10% normal goat serum (NGS)
(Sigma) in 1x PBS) for 1 hour at room temperature. Strong block was aspirated off
and the wash step was repeated. Primary antibody against pro-surfactant protein-C
(pro-SPC) was diluted in weak block (0.01% Triton-X and 2% NGS in 1x PBS) (Table
2.3). Rabbit IgG monoclonal isotype control (Abcam) was diluted in weak block to
the same concentration as the pro-SPC antibody. 50pl diluted primary antibody or

isotype control was added per well and incubated overnight at 4°C.

Following overnight incubation, primary antibodies were aspirated off and the wells
were washed 3 times with PBS. Secondary antibody was diluted in weak block (Table
2.3) and 50pl was added per well for 1 hour at room temperature. Secondary antibody
was aspirated off and the wash step was repeated. Cells were counterstained with 50ul
Hoechst (Sigma-Aldrich) diluted 1:2500 in weak block for 5-10 minutes. Hoechst
was aspirated off and the wash step repeated. 200ul 1x PBS was added per well and
the plates were stored at 4°C until imaged at x10 magnification using the EVOS FL
Auto inverted epifluorescent microscope (Life Technologies).

Manufacturer Dilution

Primary: Pro-Surfactant Protein C (SPC) Abcam 1:50
Secondary: Donkey Anti-Rabbit Alexa Fluor 647 Abcam 1:200

Table 2.3: Primary and secondary antibody dilutions

Cell purity was quantified using Image J, v1.48 (National Institute of Health). A grid
of individual squares each of 100,000 pixels? in size was created for each image taken.
Four randomly-selected squares were chosen and the number of total cells (identified
by Hoechst nuclear stain) and the number of pro-SPC-positive cells were counted
using the multipoint tool. The percentage of positive cells was calculated from this

information.
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2.1.6 Characterisation of cell types present within SAECs

Unstimulated SAECs were cultured in 5% CO> for 72 hours prior to fixation. After
72 hours, cell monolayers were washed 3 times with 200ul 1x PBS and fixed with
50ul 4% PFA per well at room temperature for 15 minutes. PFA was aspirated off
and the wash step was repeated. Cells were blocked with 50ul strong block (0.1%
Triton-X and 10% NGS in 1x PBS) for 1 hour at room temperature. Strong block was
aspirated off and the wash step was repeated. Primary antibodies against pro-
surfactant protein-C (pro-SPC) (AT I marker) and aquaporin-5 (AQP-5) (ATl marker)
were diluted in weak block (0.01% Triton-X and 2% NGS in 1x PBS) (Table 2.4).
Rabbit IgG monoclonal isotype control (Abcam) was diluted in weak block to the same
concentration as the pro-SPC antibody. Goat IgG polyclonal isotype control (Abcam)
was diluted in weak block to the same concentration as the AQP-5 antibody. 50ul
diluted primary antibody or isotype control was added per well and incubated
overnight at 4°C.

Following overnight incubation, primary antibodies were aspirated off and the wells
were washed 3 times with PBS. Secondary antibodies were diluted in weak block
(Table 2.4) and 50ul was added to the appropriate wells for 1 hour at room
temperature. Secondary antibodies were aspirated off and the wash step was repeated.
Cells were counterstained with 50ul Hoechst diluted 1:2500 in weak block for 5-10
minutes. Hoechst was aspirated off and the wash step repeated. 200ul 1x PBS was
added per well and the plates were stored at 4°C until imaged at x20 magnification

using the Leica DMi8 microscope (Leica microsystems).

Manufacturer Dilution
Primary: Pro-Surfactant Protein C (pro-SPC) Abcam 1:100
Primary: Aquaporin-5 (AQP-5) Santa Cruz Biotechnology | 1:200
Secondary: Donkey Anti-Rabbit Alexa Fluor 647 Abcam 1:500
Secondary: Donkey Anti-Goat Alexa Fluor 488 Abcam 1:500

Table 2.4: Primary and secondary antibody dilutions
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Cell purity was quantified using Image J, v1.48. A grid of individual squares each of
100,000 pixels? in size was created for each image taken. Four randomly-selected
squares were chosen and the number of total cells (identified by Hoechst nuclear stain)
and the number of pro-SPC- or AQP-5-positive cells were counted using the

multipoint tool. The percentage of positive cells was calculated from this information.

2.2 Experimental Conditions

2.2.1 Induction of Hypercapnic Acidosis (HCA)

Normocapnic and hypercapnic conditions were achieved using Panasonic MCO-
230AIC COz incubators with CO> set to 5% and 15%, respectively. All media used
for experiments were pre-equilibrated under these conditions overnight in T25 cell
culture flasks in the absence of cells. pH and pCO2 were analysed using a Cobas b

221 blood gas analyser (Roche).

2.2.2 Stimulation of cells with cytomix

Unless otherwise stated, HPMECs or SAECs were allowed to reach 80% confluence
prior to use for experimentation. A cytomix of proinflammatory cytokines composed
of Tumour Necrosis Factor alpha (TNFa) (Peprotech), Interleukin 1 beta (IL1p)
(Peprotech) and Interferon gamma (IFNy) (R&D Systems), each at a concentration of
50ng/ml, was prepared. Cytomix was prepared separately in pre-equilibrated cell
culture media for cells to be exposed to normocapnia and for cells to be exposed to
HCA. Cells were washed with DPBS, and cytomix or media — the volume of which
depended on the size of the wells used (Table 2.5) — was added. Following
stimulation, cells were incubated at 5% CO2 or 15% COx for a period of time specific

to each experiment.
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Well Plate Volume of Media
6 well 2ml
24 well Iml
48 well 500ul
96 well 100pl

Table 2.5: Volumes of media or cytomix added to culture plates

2.3 Quantification of cytokines and growth factors

2.3.1 Enzyme-Linked Immunosorbent Assay (ELISA)

An Enzyme-Linked Immunosorbent Assay (ELISA) is an immunologic technique
used to facilitate the quantification of antibodies and small proteins present within a
solution. Commercially available Duoset sandwich ELISAs (R&D Systems), in which
small proteins are detected using immobilised antibodies, were used to measure human
C-X-C Motif Chemokine Ligand 8 (CXCL8) (also known as Interleukin 8 or IL-8),
C-X-C Motif Chemokine Ligand 5 (CXCLS5) (also known as Epithelial Neutrophil-
Activating Protein-78 or ENA-78), Angiopoietin-1 (Ang-1), Keratinocyte Growth
Factor (KGF), Interleukin 1 receptor antagonist (IL-1ra) and Interleukin 10 (IL-10)

concentrations in cell-free supernatants.

All assays were performed following the manufacturer’s standard instructions for
Duoset ELISAs. Working concentrations of the antibodies provided with each kit
were analyte- and lot-specific. Briefly, capture antibody specific for the analyte of
interest was diluted to the required working concentration in 1x Phosphate Buffered
Saline (PBS). 100ul was added to each well of a 96 well Maxisorp ELISA plate
(Nunc). The plate was sealed with parafilm and incubated at room temperature

overnight.
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Following overnight incubation, the plate was washed three times with wash buffer
(1x PBS containing 0.05% Tween-20 (Sigma Aldrich)) and dried by gently blotting
against paper towels. 300pul reagent diluent (1x PBS containing 1% bovine serum
albumin (BSA) (Sigma Aldrich)) was added per well and incubated for 1 hour at room
temperature to prevent non-specific binding. The wash step was repeated. Two-fold
serial dilutions were used to prepare seven standard concentrations in reagent diluent
(see Table 2.6 for standard range of each analyte). Samples were also diluted in
reagent diluent if necessary and 100l of each standard or sample was added in
duplicate to the plate. 100l reagent diluent was also added in duplicate to be used as
ablank. The plate was incubated for 2 hours at room temperature with gentle agitation
from a plate rocker. The wash step was repeated. Detection antibody was diluted to
the required concentration in reagent diluent and 100ul per well was added to the plate.
Following a further 2 hour incubation at room temperature, the wash step was
repeated. Streptavidin-horse radish peroxidase (HRP) was diluted 1:40 in reagent
diluent and 100pl was added to each well. The plate was wrapped in tinfoil and
incubated for 20 minutes at room temperature in the dark. The wash step was repeated.
100ul 3,3°,5,5’-tetramethylbenzidine (TMB) (Life Technologies) was added and
incubated at room temperature in the dark until the top two standards had developed a
medium-to-dark blue colour. At this point, 50l 2M sulphuric acid was added to stop
the reaction. Absorbance was read immediately at 450nm with a wavelength
correction of 540nm using a FLUOstar Omega microplate reader (BMG Labtech).
The concentration of each unknown sample was extrapolated from a 4-parameter
curve generated using MARS data analysis software (BMG Labtech) and, where

appropriate, dilutions were accounted for.
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Standard Concentration Range
Ang-1 10,000 — 156pg/ml
CXCL5 1,000 — 15.60pg/ml
CXCLS8 2,000 — 31.25pg/ml
KGF 2,000 — 31.25pg/ml
IL10 2,000 — 31.25pg/ml
IL1ra 2,500 — 39.10pg/ml

Table 2.6: Range of standards prepared for analyte-specific Duoset ELISAS

2.4 Assessment of endothelial adhesion molecule expression by
HPMECs

Flow cytometry is a technique which can be used to characterise cell populations based
on the size of cells and the proteins they express. This technique was used to assess
the effects of hypercapnic acidosis (HCA) on HPMEC expression of the adhesion
molecules Endothelial-selectin (E-selectin), Intercellular Adhesion Molecule-1
(ICAM-1) and Vascular Cell Adhesion Molecule-1 (VCAM-1), both in the presence

and the absence of cytomix stimulation.

After 24 hour or 72 hour incubation in 5% or 15% CO, with 50ng/ml cytomix or
media, HPMEC monolayers were washed with 1ml 1x PBS. The PBS was aspirated
from the wells and the cells were gently scraped from the surface in 1ml 1x PBS. The
cell suspension was transferred into 5ml polystyrene flow tubes (Sarstedt, Fisher
Scientific) and centrifuged for 5 minutes at 800 rpm and 4°C to pellet the cells. The
supernatant was aspirated off and the pellet resuspended in 200ul 1x PBS. To prevent
non-specific binding of antibodies, 20ul human FcR binding inhibitor (eBioscience)
was added and incubated with the cells on ice for 20 minutes. Appropriate volumes
of antibodies directed against the proteins of interest (Table 2.7) were added to the
experimental groups and incubated on ice for 30 minutes in the dark. Unstained

controls, isotype controls for each fluorophore used, and single stain controls for each
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fluorophore were also included. All controls were performed in unstimulated
HPMECSs which had been incubated in 5% CO: for the duration of the experiment.
Following incubation, the cell suspensions were topped up with 1ml PBS, the cells
were centrifuged using the same settings as before, and the supernatant was discarded.
The cell pellet was resuspended in 1ml 1x PBS and the centrifugation step was
repeated to wash the cells of any excess fluorophore. Again, the supernatant was
aspirated off and the wash step was repeated once more. Following the final wash
step, the cell pellet was resuspended in 500ul 1x PBS and kept on ice. The samples
were processed immediately using a FACSCantoll flow cytometer and FACSDiva
software (BD Biosciences). If necessary, compensation was set up, using FACSDiva,
between two fluorophores based on overlap in the single stain controls. All data were
analysed using FlowJo Version 10 software (Treestar).

Protein of Interest Fluorophore | Manufacturer Dilution
Anti-human CD62E (E-selectin) APC BioLegend 1:100
Anti-human CD54 (ICAM-1) FITC BioLegend 1:100
Anti-human CD106 (VCAM-1) PE BioLegend 1:100

Table 2.7: Antibodies used to assess HPMEC adhesion molecule expression by flow cytometry

2.5 In vitro scratch assay

An in vitro scratch assay was used to assess the effects of HCA on epithelial and
endothelial wound repair. Horizontal lines were created across the under surface of
the wells of 24 well plates prior to cell seeding. HPMECs or SAECs were seeded on
these plates at a density of 1x10* cells/cm? and cultured until monolayer formation
occurred. ATII cells were seeded at a density of 1x10°® cells/cm? and confluent
monolayers were used at 4 days post-seeding. At this point, a single vertical ‘scratch’
wound was made from the top to the bottom of each well, running through the
horizontal line, using a P1000 pipette tip. The edge of a ruler was used to guide a
straight line. Cells were washed twice with DPBS to remove cell debris and 500pl

1% supplemented medium (see negative control in Table 2.8) was added to each of
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the wells. For ATII cells, cell culture medium was added instead. The wound sites
were imaged at x10 magnification using the Axiovert 25 inverted light microscope
(Zeiss) and AxioVision Rel. 4.8 software (Zeiss). Two images were taken from each
well; one was taken just above the horizontal line and one just below it to allow for re-
imaging of the same area of each wound later in the experiment. Medium was
aspirated off and replaced with 500ul of the appropriate condition, prepared in pre-
equilibrated media (Table 2.8). To limit bias when calculating wound closure, each
of the conditions were blinded by an independent researcher unrelated to the project
prior to their addition to the cells. Wounded cells were incubated under these
conditions for 24 hours at 37°C in either 5% CO> or 15% CO..

HPMECs SAECs ATII Cells
(Endothelial cell growth (Small airway epithelial (DMEM/F12)
medium MV) cell growth medium)

Vehicle 10% supplemented 10% supplemented Cell culture medium
containing 10% FBS

Cytomix | 50ng/ml cytomix (TNFa, | 50ng/ml cytomix (TNFa, N/A

IL1B, IFNY) in vehicle IFNY) in vehicle

Negative 1% supplemented 1% supplemented N/A

Control

Positive 100% supplemented 100% supplemented N/A

Control

Table 2.8: Conditions added to wounded HPMECs, SAECs, or ATl cells

For HPMECs and SAECs, percentage supplement refers to the percentage of the supplement added to

the standard culture medium for each cell type.

Wounds were re-imaged, as before, in the same areas as baseline wounds following
24 hour incubation. Image J, v1.48 (National Institute of Health) was used to measure
the area of the wound site at baseline and again at 24 hours. The percentage wound
closure at 24 hours was calculated from these values. Only at this stage were the

conditions un-blinded to permit interpretation of the results.
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2.6 Determination of cell viability by lactate dehydrogenase (LDH)

assay

Lactate dehydrogenase (LDH) is a cytoplasmic enzyme which is constitutively
produced by most mammalian cells. Following disruption of membrane integrity, it
is released into the surrounding environment where it can be used in colorimetric
analysis as an indicator of cell death. The commercially available Cytotoxicity
Detection Kit (Roche), which is based on the activity of LDH in cell-free supernatants,
was used to assess the impact of HCA on HPMEC, SAEC and MSC cell death in both

inflammatory and non-inflammatory environments.

After 24 hours, 48 hours or 72 hours of culture in 5% or 15% COg, cell supernatants
were collected and centrifuged to remove cell debris. A positive control was included
in which cells were lysed with a final concentration of 2% Triton-X (Sigma-Aldrich)
10 minutes before the collection of supernatants. 50ul samples were plated in
triplicate into a 96 well plate (Nunc). Reaction mixture was prepared by adding 125ul
diaphorase/NAD™ (catalyst) to 5.6ml dye solution. 50ul of this mixture was added to
the samples in the plate. The well contents were mixed on a plate shaker for 1 minute
and the plate was incubated for approximately 30 minutes (until the positive control
had developed a deep red colour) in the dark at room temperature. Optical densities
were measured at 405nm using a FLUOstar Omega microplate reader. Data were
analysed using MARS data analysis software. Results are presented relative to the

positive control.

2.7 Nuclear Factor kappa B (NFkB) activation

2.7.1 Stimulation of cells

MSCS were seeded on 6 well plates at a density of 2x10° per well and allowed to
adhere overnight in aMEMas seres+ps+Lc. HPMECSs or SAECs were seeded on 6 well
plates at a density of 1x10° per well and cultured in their respective cell culture media
until monolayer formation was achieved. On the day of experimentation, the cells
were washed with 1ml pre-warmed DPBS which was immediately aspirated off. 2ml
oaMEMawres+ps+La, Which had been pre-equilibrated in 5% CO; or 15% CO; overnight,
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was added to the MSCs and the cells were left to rest for 2 hours in 5% or 15% CO-
at 37°C due to the sensitivity of NFkB activation. For HPMECs or SAECs, their
respective cell culture medium was used. After 2 hour incubation, 100pl media was
removed from each well. Cytomix was prepared to a concentration of 1ug/ml in pre-
equilibrated aMEMaiwras+ps+Lc for MSCs or cell culture medium for HPMECs and
SAEC. 100ul was added to the 1.9ml media already in the appropriate wells, bringing
the final concentration to 50ng/ml. For unstimulated cells and for the zero-minute
control, 100ul pre-equilibrated media only was added instead of cytomix. The plates
were incubated at 37°C and either 5% CO2 or 15% CO- for zero minutes, 30 minutes,
or 60 minutes. At the end of each incubation period, the medium was aspirated from
the wells and the cells were scraped from the surface in 1ml ice cold PBS. Replicate
cell suspensions of each condition were pooled and kept on ice in preparation for

nuclear extraction.

2.7.2 Preparation of nuclear extracts

Nuclear extracts were prepared from chilled cell suspensions using the NE-PER
Nuclear and Cytoplasmic Extraction Reagents kit (Pierce) following the instructions
laid out by the manufacturer. Briefly, the cells were pelleted by centrifugation at 800
x g for 3 minutes at 4°C and the supernatant was discarded. The cell pellet was
resuspended in 200pl CERI containing HALT protease inhibitor cocktail (EDTA-free)
(Pierce), vortexed, and incubated for 10 minutes on ice before addition of 11ul CERILI.
Samples were vortexed at the highest setting for 5 seconds, incubated on ice for 1
minute, and vortexed again, before centrifugation at 16000 x g for 5 minutes at 4°C.
Supernatants, containing cytoplasmic extracts, were collected into ice cold eppendorfs

and kept on ice until the end of the extraction protocol.

The insoluble pellet was resuspended in 100ul ice cold NER containing HALT
protease inhibitor cocktail (EDTA-free), and vortexed at the highest setting for 15
seconds. Samples were incubated on ice for 40 minutes, with the vortexing step
repeated every 10 minutes until the time was up. Supernatants, containing the nuclear

extracts, were collected into fresh ice-cold eppendorfs immediately following
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centrifugation of the samples at 16000 x g for 10 minutes at 4°C. All extracts were

stored at -80°C for future use.

2.7.3 Protein quantification

Protein concentrations in nuclear extracts were quantified using the Coomassie
(Bradford) Protein Assay Kit (Pierce). BSA standards ranging in concentration from
0-2000pg/ml were prepared following the manufacturer’s instructions. 5ul of each
standard or sample were pipetted in duplicate into the wells of a 96 well plate, followed
by 250ul Coomassie Reagent. Well contents were mixed on a plate shaker for 30
seconds and the plate was incubated at room temperature for 5 minutes, protected from
light. Absorbance was measured at 595nm using a FLUOstar Omega microplate
reader and the concentration of protein in each unknown sample was extrapolated from

a second polynomial curve generated using MARS data analysis software.

2.7.4 TransAM NFkB p6S5 assay

The TransAM NF«kB p65 Assay Kit (Active Motif) is a DNA-binding ELISA which
facilitates the detection of active NF«xB p65 subunits in nuclear extracts. In this assay,
active p65 subunits bind to their consensus oligonucleotides which have been
immobilised on a 96 well plate supplied with the kit. Bound subunits can be detected
thereafter in a principle similar to that of an ELISA. This assay was used, following
the manufacturer’s instructions, to detect active p65 subunits in the nuclear extracts of
HPMECs, SAECs or MSCs cultured in 5% or 15% CO:..

Nuclear extracts were diluted in complete lysis buffer to a protein concentration of
150ug/ml (for MSCs) or 100ug/ml (for HPMECs or SAECs). Jurkat extract (positive
control supplied with the kit) was also diluted to a protein concentration of 125ug/mi
or 100ug/ml in complete lysis buffer. 30ul complete lysis buffer was added to the
wells of the 96 well plate supplied, followed by 20ul Jurkat extract or unknown sample
(containing 3ug protein for MSCs or 2ug protein for HPMECs and SAECs). 20ul
complete lysis buffer was included as a blank control and the plate was incubated at
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room temperature for 1 hour with mild agitation from a plate rocker. The plate was
washed three times using the wash buffer supplied with the kit and gently blotted
against paper towels to dry. Primary antibody (rabbit anti-NFxB p65) was diluted
1:1000 and 100l was added per well. The plate was incubated at room temperature
for 1 hour in the absence of agitation from a plate rocker. The wash step was repeated
and 100l HRP-conjugated anti-rabbit secondary antibody (diluted 1:1000) was added
per well. The plate was incubated again for 1 hour at room temperature without
agitation. The wash step was repeated four times. 100ul developing solution was
added per well and incubated at room temperature protected from light until the colour
of the sample wells had turned medium-to-dark blue. 100ul stop solution was added
to stop the reaction and the optical density was measured within 5 minutes at 450nm
using a FLUOstar Omega plate reader.

2.8 Assessment of mitochondrial function

2.8.1 Measurement of mitochondrial membrane potential using JC-1 dye

5,57,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) is
a lipophilic, cationic dye which accumulates within mitochondria in a manner
dependent on mitochondrial membrane potential. When mitochondrial membrane
potential is low, JC-1 accumulates within mitochondria in low concentrations and
persists in a monomeric form, fluorescing green. At higher mitochondrial membrane
potential, JC-1 accumulation within the mitochondria is increased. Red fluorescing
aggregates begin to form.  Higher red/green fluorescence ratio is therefore
proportional to mitochondrial membrane potential. JC-1 was used to assess the impact
of HCA on mitochondrial membrane potential in HPMECs, SAECs, and MSCs under

both inflammatory and non-inflammatory conditions.

After 24 hours of cytomix stimulation and culture in 5% or 15% CO., cells were
stained with JC-1 (Sigma-Aldrich) at a concentration of 0.5ug/ml for 45 minutes
(SAECs) or 1 hour (HPMECs and MSCs). A control was included in which 1uM

carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) was simultaneously
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added to the cells at the time of JC-1 staining to induce mitochondrial depolarisation
(collapse of mitochondrial membrane potential). Following staining, wells were
washed 3 times using 1x PBS. 100ul 1x PBS was added per well and live cells were
immediately imaged at x20 magnification, using the EVOS FL Auto epifluorescent
microscope. Red and green fluorescence intensity of each image was measured in

ImageJ and the red/green ratio was calculated.

2.8.1.1 JC-1staining of MSCs cultured in buffered hypercapnia

Experiments in which acidosis was buffered to determine the individual contributions
of CO2 and pH to HCA-induced effects on mitochondrial membrane potential were
also performed in MSCs. The experimental setup was as before with both
unstimulated and cytomix-stimulated MSCs cultured in 5% or 15% CO2 for 24 hours.
However, an additional two groups — one unstimulated and one cytomix-stimulated —
in which the pH was buffered to that in 5% CO>, were included in 15% CO,. To
achieve this, pre-equilibrated medium containing 0.02M sodium bicarbonate
(NaHCO:s3) (Sigma-Aldrich) was used. To ensure all groups were equi-osmolar, pre-
equilibrated medium containing 0.02M sodium chloride (NaCl) (Sigma-Aldrich) was
used for all other groups, in both 5% and 15% CO.. Cells were cultured in the presence
or absence of 50ng/ml cytomix in 5% or 15% CO. for 24 hours prior to JC-1 staining
as described in Section 2.8.1.

2.8.2 ATP assay

The majority of cellular adenosine triphosphate (ATP) originates from the
mitochondrial electron transport chain. ATP production is therefore indicative of
mitochondrial function. Intracellular ATP levels were measured after culture of MSCs
in 5% or 15% CO3 in the presence or absence of 50ng/ml cytomix for 24 hours using
a luminescent ATP detection assay kit (Abcam), following the manufacturer’s
instructions. All reagents were brought to room temperature prior to use. 50ul
supplied detergent was added to each well containing the conditions of interest and to
each well containing 90ul aMEMa1e+ps+Lc ONly in preparation for a standard curve.

The plate was incubated at room temperature on an orbital shaker for 5 minutes.
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Standards ranging in concentration from 10uM to 0.1nM were prepared. 10pl
prepared standard was added to 90l aMEMi+ps+Lc already in the wells reserved for
the standard curve. The plate was incubated at room temperature for 5 minutes on an
orbital shaker. 50ul of the supplied Substrate Solution was then added per well. The
plate was incubated again at room temperature for 5 minutes on an orbital shaker.
Luminescence was measured immediately using a FLUOstar Omega microplate

reader.

2.9 Co-culture experiments

2.9.1 Mitochondrial transfer

MitoTracker® dyes are cell-permeable probes that react with the thiol groups of and
thus label, mitochondria. To investigate whether mitochondria are transferred from
MSCs to SAECs, MSCs were stained with 125ng/ml MitoTracker® Green FM for 45
minutes at 37°C in 5% CO». SAECs were pre-stained with 125ng/ml MitoTracker®
Deep Red for 1 hour at 37°C in 5% CO,. Stained cells were washed three times with
1x PBS. A sample of the third MSC wash was retained for use as a leak control to
rule out unspecific staining. Pre-stained MSCs were seeded on Transwell inserts with
0.4um pores (Greiner) at a ratio of 1 MSC to every 5 SAECs and co-cultured indirectly
for 24 hours in 5% or 15% CO: in the presence of 50ng/ml cytomix with pre-stained
SAECs seeded on the well surface below. For the leak control, MSCs were replaced

with an equal volume of the MSC wash retained earlier.

After 24 hours, the transwells were removed and the SAECs were washed three times
with PBS. Live SAECs were immediately imaged at x20 magnification on an EVOS
FL Auto epifluorescence microscope to visualise uptake of MSC-derived green
mitochondria by SAECs.

2.9.2 Co-culture in vitro scratch assay

To assess the effects of MSCs on SAEC wound closure in normocapnia and HCA,
MSCs were co-cultured with SAECs wounded in an in vitro scratch assay. Horizontal

lines were drawn across the under surface of 24 well plates prior to cell seeding.
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SAECs were seeded on these culture plates at a density of 1x10* cells/cm? and allowed
to reach confluence at 37°C in 5% CO,. A single vertical ‘scratch’ wound was made
using a P1000 tip from the top to bottom of each well, running through the horizontal
line. Cells were washed twice with DPBS to remove cell debris and 500ul 1%
supplemented small airway epithelial cell growth medium was added to each well.
The wound area of each well just above and just below the horizontal line was imaged

using the Axiovert 25 inverted light microscope and AxioVision Rel. 4.8 software.

Media was aspirated from each of the wells and replaced with 500ul 10%
supplemented small airway epithelial cell growth medium (pre-equilibrated in 5% or
15% CO,) with or without the addition of 50ng/ml cytomix. For positive control wells,
pre-equilibrated 100% supplemented small airway epithelial cell growth medium (i.e.
cell culture medium) was added. For negative control wells, pre-equilibrated 1%
supplemented small airway epithelial cell growth medium was added. MSCs were
trypsinised and counted as described in Sections 2.1.2 and 2.1.3. In wells where
MSCs were to be co-cultured with SAECs, MSCs were seeded on transwell inserts
with 0.4um pores in pre-equilibrated 10% supplemented small airway epithelial cell
growth medium containing 50ng/ml cytomix at ratio of 1 MSC to every 5 SAECs.
Plates were incubated at 37°C in 5% or 15% CO for 24 hours.

Transwell inserts were removed and the wound areas above and below the horizontal
lines were re-imaged at 24 hours. The area of the wound site at baseline and 24 hours
was measured using ImageJ v1.48. The values obtained were used to calculate the

percentage wound closure over 24 hours.

2.9.3 Ki67 staining

Ki67 is a cellular marker of proliferation. SAECs wounded in an in vitro scratch assay
and co-cultured with MSCs (Section 2.9.2) were immunofluorescently stained for this
marker. SAECs were washed 3 times with 1x PBS and fixed with 4% PFA at room
temperature for 15 minutes. Excess PFA was aspirated and the wash step was
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repeated. Cells were permeabilised by incubation with 0.5% Triton-X for 20 minutes
at room temperature. The wash step was repeated. Cells were blocked with 200ul 1%
BSA (prepared in 1x PBS) for 2 hours at room temperature. The wash step was
repeated. The primary antibody, Ki67 monoclonal antibody (SolA15) (eBioscience),
was diluted 1:200 in 1% BSA. 100ul primary antibody was added per well and
incubated at 4°C overnight. For a secondary-only control, 100ul 1% BSA only was
added.

After overnight incubation, cells were washed three times with 1x PBS. Goat anti-
mouse/rat alexa fluor 594 was diluted 1:200 in 1% BSA. 100pl was added per well
and incubated in the dark for 1 hour at room temperature. For a primary-only control,
100ul 1% BSA only was used. The wash step was repeated. 100ul Hoechst nuclear
stain (undiluted) (Sigma-Aldrich) was added per well and incubated in the dark at
room temperature for 20 minutes. The wash step was repeated. 200ul 1x PBS was

added to the wells and the plates were stored at 4°C in the dark until imaging.

Images were taken at x5 magnification using a Leica DMi8 microscope (Leica
Microsystems). One image was taken above and one below the horizontal line running
across the under surface of the wells. To quantify Ki67 staining, a grid of individual
squares each of 100,000 pixels? in size was drawn over each image using ImageJ
v1.48. Four wells at the edge of the wound were selected from each image and the
number of cells stained positively for Ki67 were counted using the multipoint tool.

The average number of Ki67-positive cells per 100,000 pixels? was determined.

2.9.4 Loss-of-function experiment

A loss-of-function experiment were performed to determine the contribution of
mitochondria to the ability of MSCs to promote SAEC wound closure in normocapnia.
To induce mitochondrial dysfunction, confluent MSCs were treated with 1ug/mi
Rhodamine 6G (R6G) (Sigma-Aldrich), prepared in aMEM 16 50+ps+Lc, fOr 48 hours at
37°C in 5% CO,. Media was supplemented with 50ug/ml uridine (Sigma-Aldrich)
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and 2.5mM sodium pyruvate (Sigma-Aldrich) to support glycolysis. At the same time,
the media in another flask of MSCs at the same passage and confluence was replaced
with fresh aMEMaiesow+ps+c. After 48 hours, the media were aspirated from both
flasks of MSCs and the cells were washed three times with PBS. The MSCs were
trypsinised and counted as described as described in Sections 2.1.2 and 2.1.3. The in
vitro scratch assay in Section 2.9.2 was repeated, including an additional group in

normocapnia in which R6G-treated MSCs were co-cultured with SAECs.

2.10 Statistical analysis

Statistical analysis was performed on GraphPad Prism 5.01 (GraphPad Software Inc.).
All data are presented as mean + standard deviation and were tested for normal
distribution using the Kolmogorov-Smirnov test, the D’Agostino and Pearson
Omnibus normality test, or the Shapiro-Wilk normality test. Parametric data were
analysed by one-way ANOV A with Bonferroni posthoc analysis while non-parametric
data were analysed by Kruskal-Wallis with Dunn’s posthoc analysis. Grouped data
were analysed by two-way ANOVA. p-values of <0.05 were considered statistically

significant.
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Chapter Three — Hypercapnic acidosis
attenuates the inflammatory response
of, and wound closure by, primary
human pulmonary microvascular
endothelial cells
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3.1 Overview of chapter

Endothelial cells are key cells in the pathophysiology of Acute Respiratory Distress
Syndrome (ARDS). In this chapter, their response to hypercapnic acidosis (HCA) will
be investigated. The rationale for this study will first be discussed in the context of
the contributions of endothelial cells to the key hallmarks of ARDS and of the existent
literature on their response to HCA. The aims and objectives of the study will be
highlighted. The results will then be presented and their implications for the

pathophysiology of ARDS subsequently discussed.

3.2 Introduction

The capillaries surrounding the alveoli, like much of the vascular network, are formed
by a continuous layer of endothelial cells tethered to a proteinaceous basement
membrane via integrin binding®®®. In the lung, this basement membrane is composed

largely of laminins which contribute to signal transduction®®’

, and type IV collagen
which confers resistance to mechanical stress'®®. Pericytes are also found scattered
through the endothelial basement membrane where, among several roles, they provide
stability to the capillary wall*®*®. On the luminal side, the endothelium is lined by a
negatively charged glycocalyx composed of proteoglycans, glycoproteins, and
glycosaminoglycans (GAGSs) which regulate accessibility of the endothelium to blood

cells and macromolecules!®6:2%°,

In the healthy lung, the endothelial cells themselves typically exhibit a relatively non-
inflammatory phenotype.  However, upon recognition of stimuli such as
lipopolysaccharide (LPS), tumour necrosis factor-alpha (TNF-a), or interleukin-1 (IL-
1) in their local environment, the inflammatory NFkB pathway becomes activated?™.
Mitochondrial dysfunction may also be induced, resulting in increased production of
ROS which can subsequently activate inflammasomes and promote additional NFxB
activation?®?,  These intracellular signaling mechanisms ultimately induce a
proinflammatory phenotype characterised by new or increased synthesis of
inflammatory cytokines and neutrophil adhesion molecules®®. As such, endothelial

cells isolated from the lungs of patients with ARDS secrete more of the potent

64



Chapter 3 HPMECs in HCA

neutrophil chemoattractant CXCL8 and express higher levels of the neutrophil
adhesion molecules intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1) than control cells from individuals without ARDS?%,
Despite the mechanism, activated endothelial cells possessing an inflammatory
phenotype are primed to contribute to the major hallmarks of ARDS — inflammation
(including neutrophil recruitment to the alveoli), and accumulation of protein-rich

alveolar oedema fluid.

Neutrophils are key contributors to the pathophysiology of ARDS. In the lung, their
extravasation from the bloodstream is unique in that it occurs at the capillary level
rather than at the level of the post-capillary venules, as in other organs?°®2%, In health,
this process is tightly regulated, and neutrophils primed by inflammatory mediators
are de-primed at the endothelium and returned to the systemic circulation?”.
However, this depriming process is disrupted in ARDS, resulting in greater abundance
of hyper-responsive neutrophils in the circulation which may be recruited to the

lung®®”.

In most organs, the initial stage of neutrophil extravasation from the bloodstream
involves loose attachment of neutrophils to the endothelium via interactions between
their surface glycoproteins and endothelial selectins, including E-selectin and P-
selectin. In larger vessels, these interactions promote neutrophil rolling along the
endothelial surface to slow their passage through the vessel. However, the diameter
of the pulmonary capillaries is small relative to that of neutrophils?®. Therefore, to
continue in the circulation, neutrophil deformation is inevitably required to pass
through the capillaries and into the post-capillary venules?®. In inflammatory states,
such as that in ARDS and sepsis, neutrophil deformability is reduced?®. This is
thought to be the key mechanism behind initial neutrophil sequestration in the
pulmonary capillaries and may be induced by inflammatory mediators, specifically
CXCL8 which is known to be secreted in higher concentrations by the pulmonary
endothelium of patients with ARDS compared to that from individuals without

ARDS?4211 - Although neutrophil rolling does not occur in the pulmonary capillaries,
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endothelial selectins are thought to increase subsequent retention of sequestered

neutrophils?2,

Following sequestration and retention in the pulmonary capillaries, neutrophils firmly
adhere to the endothelium via binding of their 1 and B2 integrins to endothelial
VCAM-1 and ICAM-1, respectively?®. ICAM-1, in particular, is important not only
for neutrophil entrapment within the capillaries, but also for subsequent recruitment
into the alveoli?**?15, While there exists evidence that VCAM-1 is also important for
neutrophil recruitment to the lung in the settings of endotoxin-induced lung injury and
acute pancreatitis?'®2!’ its contribution in the setting of sepsis has been questioned?:8,
Nonetheless, expression of both these adhesions molecules is increased on endothelial

cells isolated from the lungs of patients with ARDS?%,

Neutrophils migrate through interendothelial gaps in a process termed diapedesis
following their retention at the endothelium. This occurs in response to a chemotactic
gradient and is facilitated by homophilic interactions between platelet and endothelial
cell adhesion molecule-1 (PECAM-1) molecules on the neutrophils and their
surrounding endothelial cells?!%22°,  The neutrophils themselves also possess the
ability to create an environment facilitatory of their passage through obstruction and
so, once they have evaded the endothelial barrier, can then make their way through the

interstitium to accumulate within the alveoli?22L,

In addition to promoting alveolar neutrophil recruitment, activation of endothelial
cells, as mentioned, also promotes the formation of protein-rich alveolar oedema fluid.
In its non-activated state, the endothelium forms a semi-permeable barrier which
regulates the paracellular transport of water and solutes out of the capillaries to prevent
alveolar flooding. Integrity of this barrier is maintained predominantly by adherens
junctions through the interactions of transmembrane vascular endothelial (VE)-
cadherin molecules on adjacent endothelial cells??2 and is dependent on mitochondrial
function, particularly energy production??. The ability of endothelial cells to spread

and migrate is also important for the maintenance of barrier integrity, by ensuring the
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adjacent cells come into close enough contact to form such intercellular
junctions?®225_In the inflammatory setting, intercellular junctions can be broken
down by direct phosphorylation of VE-cadherin and its associated intracellular
proteins??®.  Endothelial activation also induces cytoskeletal remodelling and
actomyosin contraction which further forces cells apart, resulting in the formation of
gaps between neighbouring endothelial cells. These gaps increase paracellular
permeability to macromolecules such as plasma proteins which should otherwise be
restricted in passing through the capillary walls. As a result, inflammation-induced

endothelial permeability promotes oedema formation in ARDS?%,

To date there exists only two reports on the response of endothelial cells to
hypercapnic acidosis (HCA). While both lack in vitro evidence of the effects of HCA
on endothelial permeability and did not address the potential involvement of
mitochondrial function, the first, published in 2003 by Takeshita et al., demonstrates
HCA-induced attenuation of CXCL8 secretion, ICAM-1 expression, neutrophil
adhesion, and NFkB activation??’.  To the contrary, Liu et al. more recently

demonstrated increases in all of these parameters in response to HCA®,

A number of factors may have contributed to these conflicting responses. Firstly, the
degree of hypercapnia differed between both studies; the endothelial response to 15%
CO2 (equivalent to 75mmHg) was assessed by Takeshita et al., while Liu et al. more
recently assessed the response to 10% CO: (equivalent to 64mmHg). Additionally,
the degree of endothelial injury between the two studies also differed with Takeshita
et al. using 1pg/ml lipopolysaccharide (LPS) to induce endothelial activation, and Liu
et al. inducing activation with a much higher concentration of LPS (minimum of
Ing/ml) or a different stimulus altogether (minimum 5ng/ml TNFa). Of particular
note however are the cell types used to model the pulmonary endothelium in these
studies; human pulmonary artery endothelial cells (HPAECs) were used by Takeshita
et al., while human pulmonary microvascular endothelial cells (HPMECs) were used

by Liu et al.
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A common limitation of many in vitro studies of the pulmonary capillary endothelium
is the use of HPAECs or human umbilical vein endothelial cells (HUVECS) as a
model. These are macrovascular endothelial cells, whereas the pulmonary capillaries
are composed of microvascular cells. Significant heterogeneity exists between
endothelial cell types both within organs and between organs. Specifically,
microvascular endothelial cells are well known to differ from macrovascular
endothelial cells from both the same and different organs in a number of respects
including expression of cytokine receptors??®, cytokine secretion??®23! adhesion
molecule expression??22%2 and the integrity of the barriers they form?®, The use of
macrovascular cells to study the pulmonary capillary endothelium in ARDS may

therefore limit the translational value of in vitro work.

These differences between endothelial cell types suggest that, of the two HCA studies
discussed, the results of the more recent study by Liu et al. are the post representative
of the response of the pulmonary capillary endothelium in ARDS. However, of
concern in this study is the in vivo data which are presented alongside the in vitro data.
These data corroborate the in vitro findings, demonstrating increased CXCLS8
concentrations in lung tissue homogenates, increased adhesion molecule expression,
and recovery of more neutrophils from the BALF of hypercapnic rabbits'>®. However,
they also contradict a large body of in vivo evidence to the contrary?®1322342%5 \While
these in vivo discrepancies may be explained by differences in the degree of HCA, the
animal species used, or the stimulus and/or concentration of that stimulus used to
induce lung injury, many in vivo studies have been performed to date covering a range
of CO concentrations, species and stimuli. Concerns are thus raised regarding the
reliability of the data in this study, necessitating the confirmation of the in vitro
response of HPMECs to HCA.

3.3 Aims and Objectives

The overall objective of this chapter is to study the response of the pulmonary capillary
endothelium to hypercapnic acidosis in the setting of inflammation. This will be

achieved using the primary cell type most relevant to the pathophysiology of ARDS —
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human pulmonary microvascular endothelial cells (HPMECSs) — in an in vitro model
of the condition in which the inflammatory environment is modelled by a cytomix of
proinflammatory cytokines implicated in its pathogenesis. The specific aims of this

study are:

e To determine the effects of HCA on the inflammatory response of HPMECs

to cytomix stimulation

e To determine the effects of HCA on the reparative potential of HPMECs in an

inflammatory environment

e To investigate the mechanism(s) responsible for any observed effects

3.4 HCA develops and stabilises within 4 hours of incubation of cell culture
medium in 15% CO:

Many patients with ARDS who develop hypercapnia also develop acidosis®*.
However, as the decision to buffer this acidosis is open to clinical discretion, its
persistence may be significantly altered in some patients and not others. Acidosis
itself may alter cell behaviour and, therefore, it is important to determine whether the
in vitro results gathered pertain to a hypercapnic or a hypercapnic acidotic
environment. In addition, initial fluctuations in pH and pCO; in vitro have the
potential to influence experimental readouts. This can be overcome by pre-
equilibrating the media used for experiments in either 5% or 15% CO; prior to use.
However, it is important to determine when the pH and pCO; of these media have

stabilised to ensure that no further alterations in these parameters occur.

Endothelial cell culture medium (in the absence of cells) was exposed to 5% or 15%
CO; for up to 72 hours. During this time, pH and pCO2 were measured at various
intervals using a blood gas analyser. Results demonstrate an initial increase in pCO>
from baseline (0 hours) to 4 hours in both 5% and 15% CO; (1.7+ 0.1kPa at baseline
to 3.4 + 0.1kPa in 5% CO,, and to 9.0 + 0.2kPa in 15% COy). pCO. remained
relatively stable thereafter (Figure 3.1A). Similarly, pH declines within the first 4
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hours of incubation (7.6 + 0.0 at baseline to 7.3 £ 0.0 in 5% CO3, and to 7.0 £ 0.0 in
15% CO>), and remained constant thereafter (Figure 3.1B). Together these results
demonstrate both that the in vitro condition under investigation is hypercapnic
acidosis, and that media should be pre-equilibrated in 5% or 15% CO- for not less than

4 hours prior to use.
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Figure 3.1: HCA develops and stabilises within 4 hours of incubation of cell

culture medium in 15% CO2

Endothelial cell culture medium was exposed to 5% or 15% CO». pCO2 (A) and pH
(B) were measured at intervals up to 72 hours using a blood gas analyser. Error bars
represent standard deviation (SD). (n=2 for all conditions; no statistical analysis

performed).
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3.5 HCA attenuates secretion of the neutrophil chemoattractants CXCL8 and
CXCL5 by HPMECs

HPMECs were stimulated with 50ng/ml cytomix and cultured in 5% or 15% CO for
up to 72 hours. Supernatants were collected and analysed by ELISA to quantify
alterations in HPMEC secretion of the potent neutrophil chemoattractants CXCLS8 and
CXCL5 in response to HCA. CXCLS8 secretion by HPMECs increased progressively
across all conditions analysed from 24 hours to 72 hours (Figure 3.2A-C). Secretion
of CXCLS8 by cytomix-stimulated HPMECs was not significantly influenced by HCA
in comparison to normocapnia at 24 hours (Figure 3.2A). However, when compared
to normocapnia, its secretion was significantly attenuated at 48 hours (85.5 *
18.5ng/ml in normocapnia vs. 59.9 + 10.9ng/ml in HCA) (Figure 3.2B). This
difference became more pronounced at 72 hours (105.7 £ 12.5ng/ml in normocapnia
vs. 66.3 = 8.2ng/ml in HCA) (Figure 3.2C).

Secretion of CXCL5 by HPMECs was assessed at 72 hours only. The concentrations
of both basal and cytomix-induced CXCLS5 secreted were considerably lower than that
of CXCL8. However, similar to CXCL8, CXCL5 secretion in HCA was also
significantly attenuated at 72 hours when compared to normocapnia (21.1 £ 7.1ng/ml
in normocapnia vs. 5.5 £ 1.5ng/ml in HCA) (Figure 3.2D). In this case, the degree of
attenuation was such that cytomix no longer significantly enhanced CXCL5 secretion
in HCA (Figure 3.2D).
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Figure 3.2: HCA attenuates secretion of the neutrophil chemoattractants CXCL8

and CXCL5 by HPMECs

Unstimulated or cytomix-stimulated HPMECs were cultured in 5% or 15% CO, for
up to 72 hours. CXCL8 concentrations in cell culture supernatants were quantified by
ELISA at 24 hours (A), 48 hours (B), and 72 hours (C). CXCLS5 concentrations were
quantified by ELISA at 72 hours only (D). Error bars represent standard deviation

(SD). (n=5 for all conditions; one-way ANOV A with Bonferroni posthoc analysis; ns
= p>0.05; * = p<0.05; ** = p<0.01; *** = p<0.001).
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3.6 HCA attenuates cytomix-induced expression of ICAM-1 by HPMECs

HPMEC monolayers in the presence or absence of 50ng/ml cytomix were cultured in
5% or 15% CO- for 24 hours or 72 hours. Cell surface expression of E-selectin,
ICAM-1 and VCAM-1 was assessed by flow cytometry to determine the effects of
HCA on endothelial adhesion molecule expression. Results demonstrate a low basal
expression of ICAM-1 (17.0 £ 11.2% of total unstimulated cells in normocapnia),
which was significantly upregulated by cytomix (to 94.3 + 4.2 % of total cytomix-
stimulated cells in normocapnia) at 24 hours (Figure 3.3B). Cytomix stimulation also
induced HPMEC expression of both E-selectin (1.1 £ 1.3% of total unstimulated cells
vs. 64.8 = 19.9% of total stimulated cells, both in normocapnia) and VCAM-1 (2.0 £
1.5% of total unstimulated cells vs. 84.5 + 6.6% of cytomix-stimulated cells, both in
normocapnia) at this time point (Figures 3.3A and 3.3C). When compared to
normocapnia, HCA did not significantly alter cytomix-induced expression of any of
the three adhesion molecules at 24 hours (Figures 3.3A-C). However, in contrast,
while neither median fluorescence intensity (MFI) (a measure of the level of
expression per cell) nor the percentage of cells staining positively for E-selectin or
VCAM-1 were altered by HCA at 72 hours (Figures 3.3D and 3.3F), the MFI for
ICAM-1 was significantly attenuated when compared to normocapnia (17008 = 3501
in normocapnia vs. 9183 £ 2551 in HCA) (Figure 3.3E).
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Figure 3.3: HCA attenuates cytomix-induced expression of ICAM-1 by HPMECs

(continued overleaf)

Unstimulated or cytomix-stimulated HPMECs were cultured in 5% or 15% COa..
Expression of the adhesion molecules E-selectin (A), ICAM-1 (B), and VCAM-1 (C)
was assessed by flow cytometry at 24 hours. Both percentage positive cells and MFI
are presented for each adhesion molecule. Error bars represent standard deviation
(SD). (n=5 for all conditions; one-way ANOV A with Bonferroni posthoc analysis for
all except E-selectin % positive cells which was analysed by Kruskal Wallis with
Dunn’s posthoc test; ns = p>0.05; * = p<0.05; ** = p<0.01; *** = p<0.001).
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Figure 3.3: (continued) HCA attenuates cytomix-induced expression of ICAM-1
by HPMECs

Unstimulated or cytomix-stimulated HPMECs were cultured in 5% or 15% COa..
Expression of the adhesion molecules E-selectin (D), ICAM-1 (E), and VCAM-1 (F)
was assessed by flow cytometry at 72 hours. Both percentage positive cells and MFI
are presented for each adhesion molecule. Error bars represent standard deviation
(SD). (n=5 for all conditions; one-way ANOV A with Bonferroni posthoc analysis for
all except E-selectin % positive cells which was analysed by Kruskal Wallis with
Dunn’s posthoc test; ns = p>0.05; * = p<0.05; ** = p<0.01; *** = p<0.001).
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3.7 HCA attenuates HPMEC wound closure

To assess the reparative capacity of the endothelium in response to HCA, HPMEC
monolayers were wounded in an in vitro scratch assay and cultured in 5% or 15% CO-
in the presence or absence of 50ng/ml cytomix for 24 hours. Results demonstrate that
HPMEC wound closure was impaired by HCA in a non-inflammatory setting (48.8 +
13.4% in normocapnia vs. 28.4 + 13.1% in HCA) (Figures 3.4A and 3.4C). In the
inflammatory setting of cytomix, wound closure was almost completely inhibited in
normocapnia. The degree of wound closure in this inflammatory setting was not
altered by HCA (8.9 + 8.6% in normocapnia vs. 9.4 + 12.1% in HCA) (Figures 3.4B
and 3.4C).

Figure 3.4: HCA attenuates HPMEC wound closure (continued overleaf)

HPMEC monolayers were wounded in an in vitro scratch assay and cultured in 5% or
15% CO- for 24 hours in the presence or absence of cytomix. Representative images
depicting approximate wound areas at 0 hours and at 24 hours are presented for the
non-inflammatory environment (vehicle) (A) (Normo = normocapnia).
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Figure 3.4 (continued): HCA attenuates HPMEC wound closure

HPMEC monolayers were wounded in an in vitro scratch assay and cultured in 5% or
15% CO> for 24 hours in the presence or absence of cytomix. Representative images
depicting approximate wound areas at 0 hours and at 24 hours are presented for the
inflammatory environment (cytomix) (B) (Normo = normocapnia). Percentage wound
closure over 24 hours was calculated for each condition, including positive (+ve) and
negative (-ve) controls (C). Error bars represent standard deviation (SD). (n=4 for all
conditions; two-way ANOVA with Bonferroni posthoc analysis; ns = p>0.05; * =

p<0.05; ** = p<0.01; *** = p<0.001).
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3.8 HCA does not alter HPMEC viability

To investigate the mechanism behind HCA-induced attenuation of chemokine
secretion, ICAM-1 expression, and endothelial wound closure, HPMEC viability was
assessed by lactate dehydrogenase (LDH) assay using the supernatants analysed by
ELISA in Section 3.5. A positive control in which cell death was induced using 2%
Triton-X was included and the results are presented as percentage relative to this

control.

Results demonstrate trends suggestive of cytomix-induced cell death across all three
timepoints studied (24 hours, 48 hours, and 72 hours) in both normocapnia and HCA
(Figure 3.5). However, these differences did not reach statistical significance when
compared to unstimulated counterparts. The degree of cell viability did not differ
between cytomix-stimulated HPMECs exposed to 5% or 15% CO; at 24 hours (41.5
+ 2.0% in normocapnia vs. 29.6 + 4.3% in HCA), 48 hours (43.4 + 1.2% in
normocapnia vs. 34.6 £ 3.0% in HCA), or 72 hours (38.9 = 7.9% in normocapnia vs.
29.2£5.05in HCA) (Figure 3.5). Similarly, no statistically significant HCA-induced
alterations in the viability of unstimulated HPMECs were observed in comparison to
normocapnia at 24 hours (24.5 £ 4.2% in normocapnia vs. 17.9 £ 2.4% in HCA), 48
hours (26.2 £ 6.6% in normocapnia vs. 21.5 + 3.4% in HCA), or 72 hours (36.7 £ 6.0%
in normocapnia vs. 20.6 = 3.8% in HCA) (Figure 3.5).
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Figure 3.5: HCA does not alter HPMEC viability

Unstimulated or cytomix-stimulated HPMECs were cultured in 5% or 15% CO, for
up to 72 hours. Cell viability was assessed by LDH release into cell culture
supernatants at 24 hours (A), 48 hours (B), and 72 hours (C). Results are presented as
percentage relative to the positive control (+ve Ctrl). Error bars represent standard
deviation (SD). (n=5 for all conditions; Kruskal-Wallis with Dunn’s posthoc analysis;
ns = P>0.05).
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3.9 NFkB activation in HPMEC:s is not altered in response to HCA

To further probe the mechanism responsible for the observed endothelial responses to
HCA, HPMECs in the presence or absence of 50ng/ml cytomix were cultured in 5%
or 15% CO- for 0, 30 or 60 minutes. Nuclear extracts were collected and activation
status of the NFkB pathway was assessed by p65 TransAM assay. This assay is a
DNA-binding ELISA which detects active NFkB p65 subunits in nuclear extracts via

their binding to consensus oligonucleotides immobilised on a 96 well plate.

Results demonstrate marked induction of NF«B activation by cytomix stimulation of
HPMECs for 30 or 60 minutes (Figure 3.6). A small trend towards attenuated NFkB
activation was observed in HCA at 30 minutes post-stimulation (optical density (OD)
1.3 £ 0.2 in normocapnia vs. 1.0 £ 0.2 in HCA). However, this difference did not
reach statistical significance (Figure 3.6). The degree of NFKkB activation also did not
differ between normocapnia and HCA at 60 minutes post-stimulation (optical density
(OD) 1.1 £ 0.1 in normocapnia vs. 1.2 £ 0.1 in HCA) (Figure 3.6).
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Figure 3.6: NFkB activation in HPMEC:s is not altered in response to HCA

HPMECs were cultured in 5% or 15% CO: in the presence or absence of cytomix
stimulation for 0, 30, and 60 minutes. The degree of NFkB activation was assessed
by TransAM assay. Results are presented as optical density (OD) at 450nm. Error
bars represent standard deviation (SD). (n=1 for 0 minutes in HCA; n=2 for 0 minutes
in normocapnia, 30 minutes + cytomix in normocapnia, and 60 minutes — cytomix in
HCA; n=3 for all other conditions; two-way ANOVA with Bonferroni posthoc

analysis; ns = p>0.05).
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3.10 HCA attenuates HPMEC mitochondrial membrane potential

To explore the effect of HCA on mitochondrial function as a potential mechanism
behind the attenuated inflammatory and reparative responses of HPMECs to HCA,
mitochondrial membrane potential was assessed. HPMECs, in the presence or
absence of cytomix, were cultured in 5% or 15% CO: for 24 hours. Cells were then
stained with the mitochondrial membrane potential indicator, JC-1. JC-1 accumulates
in mitochondria at low concentrations when their membrane potential is low and
persists in a monomeric form exhibiting green fluorescence. When mitochondrial
membrane potential is increased, JC-1 accumulates in higher concentrations and forms
aggregates which exhibit red fluorescence. The degree of JC-1 aggregation — which
is therefore proportional to mitochondrial membrane potential - was subsequently
assessed by fluorescence microscopy. Control wells were included in which HPMECs
were treated with the mitochondrial oxidative phosphorylation uncoupler, FCCP,
simultaneously to JC-1 staining to induce mitochondrial depolarisation. Results are
presented as the ratio of red (JC-1 aggregates) / green (JC-1 monomers), normalised

to unstimulated cells in normocapnia.

Mitochondrial depolarisation was significantly induced by FCCP (normalised
red/green ratio 0.2 + 0.3) when compared to untreated cells in normocapnia
(normalised red/green ratio 1.0 + 0.0) (Figure 3.7). Cytomix stimulation did not
significantly alter mitochondrial membrane potential in either normocapnia or HCA
when compared to unstimulated cells cultured under the same conditions (Figure 3.7).
However, mitochondrial membrane potential of stimulated cells in HCA was
significantly attenuated in comparison to stimulated cells cultured under normocapnic
conditions (2.6 £ 2.2 in normocapnia vs. 0.7 £ 0.5 in HCA) (Figure 3.7). HCA also
attenuated mitochondrial membrane potential in unstimulated HPMECs when
compared to normocapnia (1.0 £ 0.0 in normocapnia vs. 0.5 £ 0.3 in HCA) (Figure
3.7).
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Figure 3.7: HCA attenuates HPMEC mitochondrial membrane potential

(continued overleaf)

HPMECs were cultured in 5% or 15% CO: in the presence or absence of cytomix
stimulation for 24 hours before staining with the mitochondrial membrane potential
indicator, JC-1. A control was included in which FCCP was used to induce

mitochondrial depolarisation. Representative images are presented (A).
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Figure 3.7 (continued): HCA attenuates HPMEC mitochondrial membrane

potential

HPMECs were cultured in 5% or 15% CO; in the presence or absence of cytomix
stimulation for 24 hours before staining with the mitochondrial membrane potential
indicator, JC-1. A control was included in which FCCP was used to induce
mitochondrial depolarisation. The JC-1 red (aggregate) / green (monomer) ratio was
measured and presented relative to unstimulated cells in normocapnia (B). Error bars
represent standard deviation (SD). (n=5 for all conditions; Kruskal-Wallis with

Dunn’s posthoc analysis; * = p<0.05; *** = p<0.001).
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3.11 Discussion

To date, data on the response of the capillary endothelium to HCA is limited, with
only two papers having been published on the subject. The first of these, by Takeshita
et al., used a macrovascular endothelial cell type which, as discussed in Section 3.2,
is of limited translational value in ARDS??’. The second, by Liu et al., used human
pulmonary microvascular endothelial cells (HPMECs) — the most appropriate
endothelial cell type for studying ARDS®, However, as also discussed in Section
3.2, some concerns have arisen with regard to the results of the latter study. The aim
of the work in this chapter was therefore to determine the effects of HCA on the injured
pulmonary capillary endothelium in ARDS, using an in vitro model whereby HPMECs
were stimulated with a cytomix of proinflammatory cytokines (IL1p, IFNy and TNFa)

implicated in the pathogenesis of the condition.

The inflammatory response of cytomix-stimulated HPMECs to HCA was first
assessed. Neutrophils are key mediators of inflammation and damage in ARDS, and
their recruitment to the alveoli depends in part on the presence of chemotactic stimuli?.
CXCL5 and CXCLS8 are important chemokines in this respect?3¢-2%, The results of
the present study demonstrate attenuated HPMEC secretion of both these chemokines
in HCA. This is the first time that the secretion of CXCL5 by HPMECs has been
assessed in the hypercapnic setting. However, the effects of HCA on CXCL8 secretion
have previously been reported: while the results of the present study do not support
the findings of Liu et al. who demonstrated increased CXCL8 secretion by HPMECs
in HCA, they do support the findings of Takeshita et al. who demonstrated attenuated
secretion, albeit in pulmonary macrovascular cells®®??’, Of note, however, is that in
comparison to the work of Takeshita et al. in which CXCL8 secretion was attenuated
in HCA at 24 hours post-stimulation, its secretion was not attenuated until at least 48
hours post-stimulation in the current study. While it is perceivable that the two
endothelial cell types may differ in their sensitivity to HCA, the pCO. did differ
slightly between the two studies (9kPa in the current study vs. 10kPa in the study by
Takeshita et al.), suggesting that the delayed response in HPMECs may have arisen as
a result of less pronounced hypercapnia and that a dose-response effect may occur.

Attenuation of CXCL8 secretion was again more pronounced at 72 hours post-
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stimulation, suggesting that the effects of HCA on HPMEC chemokine secretion are

not transient.

Endothelial adhesion molecule expression is, as discussed in Section 3.2, another
important element of neutrophil recruitment to the alveoli during ARDS. In the
present study, the percentage of HPMECs expressing the adhesion molecules E-
selectin, ICAM-1 or VCAM-1, was not altered in response to HCA. While there were
also no differences in the degree of expression of any of these three adhesion
molecules on the surface of positive cells (as reflected in the MFI) at 24 hours post-
stimulation, the degree of ICAM-1 expression was significantly attenuated in HCA at
72 hours post-stimulation. Again, while this work is in accordance with the work of
Takeshita et al., the time it takes to see such attenuation in delayed in the current

227

study-<".

Numerous in vivo studies have reported attenuated bronchoalveolar lavage fluid
(BALF) neutrophilia in HCA!2132234235  The attenuation of both chemokine
secretion and ICAM-1 expression observed in the current study suggest that HPMECs
contribute to this response by attenuating neutrophil extravasation from the capillaries.
However, this work lacks a functional assay in which neutrophil migration across the
endothelial barrier is assessed to confirm this theory. This is an assay which would
require the formation of an endothelial monolayer on a transwell insert. While the
formation of such a monolayer has been successfully achieved using HPMECs in the
past?®?, insufficiently tight and consistent monolayers were achieved in the current

study to permit such assessments.

The inability of HPMECs to achieve a sufficiently tight, consistent monolayer also
hindered the ability to study the response of endothelial barrier integrity to HCA. Such
information is currently absent from the published literature. As highlighted in
Section 3.2, the endothelium forms a semi-permeable barrier, the integrity of which is
disrupted in ARDS to promote the accumulation of a protein-rich oedema fluid within

the alveoli. Considerable time and effort were put into establishing a suitable in vitro
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model to assess endothelial barrier integrity. Among the techniques utilised was the
measurement of transendothelial electrical resistance (TEER) using an EndOhm meter
(World Precision Instruments, USA). TEER measurements, in which the resistance
of a cellular monolayer to an electric current is quantitatively measured, isa commonly
used approach to assessing barrier integrity. In this model, electrical resistance is
proportional to the integrity of the barrier?*'. Using this technique, HPMECs have
previously been reported to form tighter barriers than other cell types commonly used
to model the pulmonary capillary endothelium, including HUVECs?2. Typical
resistances across HPMEC monolayers of approximately 25-40Q/cm? have been
reported 242243, Despite numerous modifications to the protocol, including alterations
in the original number of cells seeded, the use of smaller pore sizes, coating of the
inserts with different cell matrix components, and lengthening of the time the cells
were cultured on the inserts, maximum resistances across HPMEC monolayers rarely
peaked above 9Q/cm? in the current study (Section 8.1, Supplement 1). Significant
TEERs of 75 Q/cm? were eventually achieved using inserts with a smaller growth area,
but peak resistances were not maintained and fell rapidly (Section 8.2, Supplement
1). Thiswould have made it difficult to determine whether any reductions in resistance
observed were naturally-occurring or a result of the experimental conditions under
investigation. The Electric Cell Substrate Impedance System (ECIS) - which
facilitates real-time continuous monitoring of electrical resistance — was also trialled.
However, again, using this system, resistances were found to be low and peaked only
transiently (data not shown). On the basis of the results from both these systems, it
was decided that resistance measurements would not be appropriate for studying the

effects of HCA on the integrity of the endothelial barrier in this study.

Functionally, permeability can be assessed by measuring the movement of
fluorescently-labelled macromolecules, such as FITC-dextran, across endothelial
monolayers®*-24¢, Unfortunately, compared to a control in which FITC-dextran was
permitted to pass through a transwell insert unobstructed by endothelial cells (taken
as 100% passage through the cell layer), 69.2 + 17.1% of FITC-dextran still passed
through unstimulated HPMEC monolayers in the current study (Section 8.2,
Supplement 2). This indicates that HPMEC monolayer integrity was also
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insufficiently tight to permit the functional assessment of endothelial barrier integrity

using this model.

With few alternatives remaining with which to directly study endothelial barrier
integrity, it was concluded that the effects of HCA on the structural and functional
integrity of the endothelial barrier could not be accurately determined in the current
study. However, the formation of intercellular gaps in response to endothelial
activation triggers cytoskeletal remodelling which may promote cell migration in an
attempt to regain integrity of the endothelial barrier?*”2%8_ Cellular migration may
contribute to wound repair and, as such, in vitro scratch assays are often considered a
surrogate measure of barrier integrity. Using this assay, the results of the current study
demonstrate impaired wound closure in HCA in a non-inflammatory, but not
inflammatory, environment. In the presence of 50ng/ml cytomix, the cells may have
been too injured to respond to HCA, resulting in no difference in the degree of wound
repair in comparison to normocapnia. The impaired wound closure observed in
response to HCA in the non-inflammatory environment, however, suggests that in a
healthy or less injured lung, HCA may hinder endothelial repair and, although TEER
measurements or a functional permeability assay would be required for confirmation,

subsequently impact upon restoration of barrier integrity.

An in vitro scratch assay has previously been used to assess HUVEC wound repair in
response to hypoxia and HCA?®. This study demonstrated no effect of HCA on
wound repair in the absence of an inflammatory stimulus. However, wound repair
was attenuated in response to hypoxia. Notably, concomitant exposure to HCA
improved the degree of wound closure by hypoxic HUVECs. These results contrast
not only with those of the current study, but also to many studies which have
consistently demonstrated that hypoxia (1%), in the absence of HCA, promotes wound
repair®-2°2, The results should therefore be interpreted with caution. As previously
discussed, HUVECs are not necessarily representative of the pulmonary capillary
endothelium. While this may have accounted for the contrasting results in comparison
to the current study, the findings highlight an important limitation of all in vitro work.

That is, that no in vitro culture system can completely recapitulate the in vivo
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environment. In vivo, endothelial cells do not exist in isolation, exposed only to an
inflammatory and hypercapnic acidotic environment. Instead, they are surrounded by
an extracellular matrix and lie in close apposition to the alveolar epithelium which
may in itself influence their functions®®3. They are also subjected to a continuous
blood flow and a hypoxic environment in which they are exposed to not only three,
but multiple, cytokines and growth factors as well as reactive oxygen species, damage-

associated molecular patterns, and pathogens to name a few?.

Having identified that HCA attenuates the inflammatory response of HPMECs and
impairs endothelial wound closure, further work was carried out to determine the
mechanism responsible. Importantly, cell death was not altered in response to HCA,
indicating that the reductions observed did not result from loss of cell viability and
subsequently the presence of fewer cells to secrete chemokines and express adhesion

molecules.

The transcriptional regulation of CXCL5, CXCL8 and ICAM-1 is mediated by the
NF«B pathway?®*2%  As discussed in Section 1.7.1, HCA has consistently been
associated with attenuated activation of this pathway as a result of reduced IxBa
degradation. In the study by Takeshita et al., this was confirmed as the mechanism
responsible for the attenuated inflammatory response of HPAECs to HCA®,
Interestingly however, while NFkB activation was markedly induced by cytomix
stimulation in the current study, the degree of activation was not altered in HCA. This
suggests that the altered inflammatory response observed in HCA was independent of

alterations in NFkB activation in this case.

To date, although evidence in endothelial cells is lacking, only one alternative
mechanism has been proposed as the mediator of HCA-driven effects in vitro;
impaired mitochondrial function.  Vohwinkel et al. demonstrated impaired
proliferation of A549 cells and N12 human lung fibroblasts in the setting of

161

hypercapnia=®*. This resulted from hypercapnia-induced expression of microRNA-

183 (miR-183) which downregulated the expression of isocitrate dehydrogenase 2
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(IDH2). IDH2 is an enzyme which catalyses the oxidative decarboxylation of
isocitrate to a-ketoglutarate and is therefore important for progression through the
tricarboxylic acid (TCA) cycle. Its attenuated expression induced mitochondrial
dysfunction which was responsible for the attenuated proliferation observed in the

study.

In the current study, mitochondrial membrane potential in HPMECs was attenuated in
HCA, suggesting induction of mitochondrial dysfunction. This was associated with
attenuated inflammatory responses, and with impaired wound closure. Wound
closure, in particular, is a highly energy-demanding process, requiring constant
rearrangement of the cytoskeleton?®!. Changes in mitochondrial function, particularly
energy production, may therefore attenuate the migratory capacity of cells. It could
therefore be hypothesised that mitochondrial dysfunction is at least partially
responsible for the attenuated inflammatory response and impaired wound closure
observed in this study. However, further studies are required to further elucidate
whether this is the case, and to identify the molecular pathways responsible for HCA-

induced mitochondrial dysfunction.

3.12 Summary and Conclusions

From this chapter it can be concluded that:

e HPMEC secretion of the potent neutrophil chemoattractants CXCL8 and
CXCLS5 is attenuated in HCA

e HPMEC surface expression of the adhesion molecule ICAM-1 is attenuated in
HCA

e HPMEC wound closure is impaired in HCA

e While NF«kB activation in HPMECs was not significantly altered in HCA,

mitochondrial membrane potential was attenuated
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Together these results suggest that, via attenuated HPMEC chemokine secretion and
adhesion molecule expression, the pulmonary microvascular endothelium may
contribute to HCA-induced attenuation of BALF neutrophilia which has previously
been demonstrated in in vivo. However, impaired endothelial wound closure in HCA
raises concerns with regards to the reparative capacity of the endothelium. While the
results suggest that the attenuated inflammatory response of, and attenuated wound
repair by, HPMECs may arise from HCA-induced mitochondria dysfunction, further
studies are required to directly link the observations and to elucidate the molecular

mechanisms responsible.
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Chapter Four — Hypercapnic acidosis
attenuates chemokine secretion and
wound repair by primary human small
airway epithelial cells
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4.1 Overview of chapter

Alveolar epithelial cells are key cells in the pathophysiology of Acute Respiratory
Distress Syndrome (ARDS). In this chapter, their response to hypercapnic acidosis
(HCA) will be investigated. The rationale for this study will first be discussed in the
context of the contributions of epithelial cells to the key hallmarks of ARDS and of
the existent literature on their response to HCA. The aims and objectives of the study
will be highlighted. The results will then be presented and their implications for the

pathophysiology of ARDS subsequently discussed.

4.2 Introduction

The alveoli form the most distal portion of the lung and are best described as the small
air sacs where gas exchange occurs. The lining of the alveolar wall is comprised
primarily of two epithelial cell types —alveolar type | (ATI) and alveolar type 11 (ATII)
cells — tethered to a basement membrane underneath. ATI cells line the majority
(>90%) of the alveolar wall. Their thin, squamous morphology provides the ideal
surface over which effective gas exchange can be facilitated by means of diffusion??,
ATII cells are more abundant than ATI cells but, by comparison, line only a small area
of the alveolar wall (5-10%). Although they exhibit their own highly-specialised
functions, ATII cells are more cuboidal in nature, making them less effective in

facilitating gas exchange?®2.

ATII cells can be identified ultrastructurally by the presence of lamellar bodies!.

These are small membrane-bound compartments where the lipid components of
surfactant are stored'%263, Surfactant is a phospholipoprotein synthesised and stored
in ATl cells. Itis subsequently secreted into the alveolar space where it is responsible
for reducing alveolar surface tension to prevent alveolar collapse. It may also exert a
protective role against infection!'?%3, Surfactant dysfunction has been noted in
ARDS. However, this appears not to be a key driving factor in the pathogenesis of the
condition itself and instead arises from alterations in its composition and/or activity

which occur secondary to inflammation and pulmonary oedema?“. This therefore
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suggests that surfactant function could be restored by first addressing the primary

underlying mechanisms driving the pathogenesis of ARDS.

In addition to the secretion of surfactant, ATII cells also play a role in the regulated
secretion of chemokines. In the absence of inflammation, low basal concentrations of
chemokines are secreted by ATII cells?®, However, upon epithelial activation by
inflammatory cytokines such as those implicated in the pathogenesis of ARDS,
chemokine secretion is markedly enhanced?265266 making ATII cells a major
cellular source of chemokines within the alveoli?®®. Activation of the NFkB pathway
is classically involved in this response®®. However, mitochondria may also
contribute?®®” by inducing activation of either the NFkB pathway or the NLRP3
inflammasome?%2268, As previously discussed, neutrophils are key contributors to
inflammation in the pathophysiology of ARDS?. ATIl-derived chemokines promote
neutrophil migration in vitro, suggesting that ATII cells may indirectly contribute to

inflammation in ARDS by promoting alveolar neutrophil recruitment®,

Aside from the secretory functions of ATII cells, the alveolar epithelium, much like
the capillary endothelium, forms a functional barrier which regulates access of fluid
and macromolecules to the alveoli. In contrast to the endothelium, the tight junction
proteins occludin and claudin form the basis of the inter-epithelial junctions
maintaining the integrity of the alveolar epithelial barrier?®. In ARDS, the epithelial
barrier breaks down, resulting in increased permeability and the accumulation of
alveolar oedema fluid?’®. However, the contribution of intercellular junctions to this
increase in permeability and subsequent oedema formation is likely to be overridden
by the cell death and denudation of the alveolar basement membrane experienced in
the condition'*?™*, Mitochondria play a well-recognised role in mediating death of

alveolar epithelial cells by apoptosis?’>273,

In the healthy lung, excess alveolar fluid is cleared in a process termed alveolar fluid
clearance (AFC). While some evidence supports a role for ATI cells in this process,

their involvement is not well recognised or characterised, and AFC is typically
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considered a function of ATII cells?’427>, AFC is the process by which excess alveolar
fluid is driven across the epithelium and into the interstitium where it is removed by
the lymphatic system?’®. It is driven by two epithelial sodium transporters located in
the membrane of ATII cells; the apically expressed epithelial sodium channel (ENaC)
which facilitates the uptake of sodium from the alveolar space, and the basolaterally
expressed Na,K-ATPase which transports sodium out of the epithelial cells and into
the interstitium in exchange for potassium. This sodium flux across the epithelium
creates an osmotic gradient which ultimately drives the removal of fluid from the
alveoli?’®2’7, AFC is often impaired in ARDS as a result of cell death and attenuated
expression and activity of the sodium transporters, the remaining functional capacity
of which is likely to be overwhelmed by excessive fluid influx?>?’’. As a result, excess
fluid accumulates in the alveoli at a faster rate than it can be removed. In sepsis this

is associated with impaired mitochondrial function?’827,

The resolution of alveolar oedema in ARDS therefore requires restoration of epithelial
barrier integrity to limit further alveolar fluid accumulation, and recovery of effective
AFC to remove remaining excess alveolar fluid. In this context, recovery of barrier
integrity requires two events: (1) re-epithelialisation of the denuded basement
membrane in a process involving cell migration, and expansion and differentiation of
ATII cells to ATI cells, and (2) reformation of intercellular junctions between
neighbouring cells of the alveolar epithelium?23, Only after structural recovery of the

alveolar epithelial barrier can complete alveolar function be restored.

In  comparison to the response of the capillary endothelium to
hypercapnia/hypercapnic acidosis (HCA), the response of the alveolar epithelium is
somewhat better understood. Hypercapnia, in a non-inflammatory environment,
impairs A549 wound closure in a pH-independent manner by attenuating cell
migration via reduced NF«B activity'®°. Although no functional assay has definitively
linked the two observations, this may also involve altered matrix metalloproteinase
(MMP) / tissue inhibitor of matrix metalloproteinase (TIMP) balance®. While the
contribution of potential alterations in proliferation to the attenuated cell migration

was not addressed, an independent study has reported that hypercapnia impairs
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proliferation of A549 cells, again in a manner independent of acidosis*®t. This resulted
from hypercapnic induction of the microRNA miR-183 which downregulated the
isocitrate dehydrogenase 2 (IDH2) enzyme of the tricarboxylic acid (TCA) cycle,
subsequently inducing mitochondrial dysfunction. These results raise concerns
regarding the reparative potential, particularly re-epithelialisation, of the alveolar

epithelium in the setting of hypercapnia/hypercapnic acidosis.

As discussed, following alveolar re-epithelisation, the successful formation of stable
intercellular junctions is critical for complete recovery of the alveolar epithelial
barrier. The effects of HCA on the expression of the adherens and tight junction
proteins, and on their ability to form effective intercellular junctions, has never been
directly characterised. However, hypercapnia impairs cell-cell adhesion in A549 cells
as a result of CO-induced proteasomal degradation of the Na,K-ATPase 1 subunit?°.
This may result from destabilisation of the epithelial adherens junctions as the Bl
subunit is required for the stable association of Na,K-ATPase with -catenin, a key
protein of the adherens junction complex?®. To date, however, there remains no
suggestions as to the effects of HCA on epithelial tight junction formation. Although
impaired migration and/or proliferation may prevent cells coming into close enough
contact with each other to form intercellular junctions in the first place, these findings

raise concerns for the recovery of epithelial barrier function.

The effects of HCA on AFC have been particularly well studied. Hypercapnia impairs
AFC in isolated rat lungs ex vivo independently of acidosis!®*28228_ |n vitro work has
demonstrated that this occurs downstream of AMP-activated protein kinase (AMPK)
activation which is induced by Ca?*/calmodulin-dependent protein kinase kinase-B
(CaMKKP) or extracellular signal-regulated kinase (ERK)?82284  Activated AMPK
activates protein kinase C (PKC)-C, ultimately resulting in endocytosis of Na,K-

282 To date, two

ATPase from the basolateral membrane of alveolar epithelial cells
pathways have been identified through which this may occur. Firstly, PKC-{ may
induce phosphorylation of the a1 subunit of Na,K-ATPase, promoting its
endocytosis!®. Alternatively, PKC may activate c-June N-terminal kinase (JNK).

JNK phosphorylates LIM domain only 7b (LMO7b), promoting its interaction with
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both Na,K-ATPase and proteins of the endocytic pathway. In this way it promotes
endocytosis of Na,K-ATPase without phosphorylating the ion channel itself?®,
Although less extensively explored, more recent data suggest that ERK activation in
the setting of hypercapnia may also promote ubiquitination of BENaC, reducing its

286

cell surface expression“®®. Taken together, these data raise concerns regarding the

potential for resolution of alveolar oedema in the hypercapnic setting.

Despite the concerning effects of hypercapnia on the reparative potential of the
alveolar epithelium and on alveolar fluid clearance, not all epithelial responses to HCA
may be detrimental: CXCL8 secretion by A549s is attenuated in HCA287 While
this suggests that HCA may have the potential to attenuate neutrophil chemoattraction
to the alveoli during ARDS, CXCL8 is only one chemokine involved in the
pathogenesis of the condition. It is unknown whether this effect extends beyond
CXCLS8 to other chemokines.

The major limitations of the in vitro work assessing the response of the alveolar
epithelium to HCA lie in the choice of cell type used. Ideally, such work should be
performed on primary human alveolar epithelial cells, specifically a co-culture of ATI
and ATII cells in which ATII predominate. However, no reliable and reproducible
method for the isolation of pure ATI cultures has yet been reported. While it is
possible to isolate highly pure yields of ATII cells, their use for experimental research
is hampered by a number of factors including infrequent availability of suitable human
donor lung tissue, as well as the difficult and time-consuming isolation process. In
addition, difficult culture of isolated cells poses a further problem; due to spontaneous
differentiation to an ATlI-like phenotype over 1-2 weeks, these cells have to be used

quickly and only for short-term culture?66288-2%,

Cell lines are often used to overcome the limitations of primary cells as they are more
readily available and generally easier to culture. A549s are a cell line originating from
a lung adenocarcinoma. They were first isolated in 1973 and have since become one

of the most widely used models of the alveolar epithelium?®. Indeed, the majority of
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the in vitro studies discussed above were performed using this cell type. However,
while generally considered representative of ATII cells, concerns have arisen
regarding the consistency of the A549 phenotype with that of primary ATII cells.
Discrepancy exists among studies as to whether or not A549s maintain an ATII
phenotype in culture — some suggest that they express high levels of the ATII marker,
surfactant protein C (SPC), while other have been unable to detect its
presence®®289.292  Additionally, unlike ATII cells, it appears that A549s lack the
capacity to differentiate into ATI-like cells; regardless of the expression level of SPC,
A549s either do not or only weakly express caveolins (ATI marker)28%29229  A549s
also do not form electrically tight monolayers and subsequently exhibit much lower
transepithelial electrical resistance (TEER) measurements than primary ATII cells,
rendering them unsuitable for the assessment of permeability?*#2%®, Results obtained
using this cell type should therefore be interpreted with caution and ideally confirmed

in primary cells.

Small airway epithelial cells (SAECs) isolated from the 1mm bronchiole area of the
human distal lung epithelium have been used as an alternative to A549 cells. Although
not pure cultures of ATI or ATII cells, these offer a number of benefits over the use
of A549 cells where primary alveolar epithelial cells are unavailable; they are
untransformed primary cells which, importantly, like A549s, are readily available.
They are also considered to be representative of the alveolar epithelium in that they
express markers typically expressed by alveolar epithelial cells, including aquaporins
and surfactant proteins?®-2%, Although rarely used to study barrier function and
permeability in vitro, SAECs express intercellular junction proteins including zonula
occludins-1 (ZO-1), and appear to be a better model of the epithelial barrier than
Ab549s, exhibiting reasonable TEERSs of approximately 600Q/cm?2%°, This, however,
IS not to say that SAECs are without their limitations; as primary cells, they have a
limited lifespan and are difficult to transfect®®, In addition, the cells are derived from
multiple donors, leaving experimental results subject to significant variation.
However, it can be argued that such variation is not a limitation of the use of primary
cells, but rather a major advantage as it provides the opportunity to obtain results more

representative of the natural variation which exists between individuals.
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4.3 Aims and Objectives

The overall objective of this chapter is to study the response of the small airway
epithelium to hypercapnic acidosis in the setting of inflammation. This will be
achieved using primary human small airway epithelial cells (SAECSs) in an in vitro
model of ARDS in which the inflammatory environment is modelled by a cytomix of
proinflammatory cytokines implicated in the pathogenesis of the condition. The

specific aims of this study are:

e To determine the effects of HCA on the inflammatory response of SAECs to

cytomix stimulation

e To determine the effects of HCA on the reparative potential of SAECs in an

inflammatory environment
e To investigate the mechanism(s) responsible for any observed effects

e To confirm important findings in primary human alveolar type Il (ATII)

epithelial cells

4.4 SAECs contain a population of alveolar epithelial cells

To confirm that commercially available SAEC preparations contain alveolar epithelial
cells, unstimulated SAECs were cultured in 5% CO,. Cells were then fixed and
stained for the ATI marker aquaporin-5 (AQP-5) and the ATII marker pro-surfactant
protein C (pro-SPC). Unstained cells were identified by nuclear staining with
Hoechst. The percentage of cells stained positively for each marker was quantified.
Alveolar epithelial cells comprised almost 45% of the total cells: 22.0 + 2.8% stained
positively for the ATl marker AQP-5, while 25.0 £ 1.4% stained positively for the
ATII marker pro-SPC (Figure 4.1). These data confirm that SAECs are a suitable

model of the primary human alveolar epithelium.
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Figure 4.1: SAECs contain a population of alveolar epithelial cells

Unstimulated SAECs were cultured in 5% CO: prior to fixation. Cells were stained
for aquaporin (AQP-5) and pro-surfactant protein C (pro-SPC). All cells were
identified by nuclear staining with Hoechst. Images demonstrating positive staining
for each marker are presented (A). Each image represents a small area of a larger field
taken at x20 magnification. Scale bar = 50 microns. The percentage of total cells
positive for each marker was quantified (B). Error bars represent standard deviation.

(n=2 for both markers; no statistical analysis performed).
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4.5 HCA attenuates secretion of the neutrophil chemoattractants CXCL8 and
CXCL5 by SAECs

SAECs were stimulated with 50ng/ml cytomix and cultured in 5% or 15% CO; for 24
hours. To determine the effect of HCA on SAEC chemokine secretion, supernatants
were collected and the concentrations of the potent neutrophil chemoattractants
CXCL8 and CXCL5 were measured by ELISA.

Cytomix induced a 50-fold increase in CXCL8 secretion by SAECs in normocapnia
(1.1 £ 0.4ng/ml in unstimulated SAECs to 53.2 £ 19.4ng/ml in cytomix-stimulated
SAECs) (Figure 4.2A). Secretion by cytomix-stimulated cells was significantly
reduced in HCA to 29.5 + 6.9ng/ml (Figure 4.2A). CXCLS5 secretion by SAECs was
also increased by cytomix in normocapnia (0.3 = 0.1ng/ml in unstimulated SAECs vs.
15.1 £ 8.7ng/ml in cytomix-stimulated SAECs), and was again significantly attenuated
(to 5.3 £ 1.9ng/ml) in cytomix-stimulated cells in HCA (Figure 4.2B).
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Figure 4.2: HCA attenuates secretion of the neutrophil chemoattractants CXCL8
and CXCLS5 by HCA

Unstimulated or cytomix-stimulated SAECs were cultured in 5% or 15% CO; for 24
hours. CXCLS8 (A) and CXCL5 (B) concentrations in cell culture supernatants were
quantified by ELISA. Error bars represent standard deviation (SD). (n=5 for both
analytes; one-way ANOVA with Bonferroni posthoc analysis; ns = p>0.05; * =
p<0.05; ** = p<0.01; *** = p<0.001).
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4.6 HCA attenuates SAEC wound closure

Using an in vitro scratch assay, SAEC monolayers were wounded and cultured in 5%
or 15% CO: in the presence or absence of 50ng/ml cytomix for 24 hours. Percentage
wound closure over the 24-hour period was measured to determine the reparative
capacity of the epithelium in response to HCA. Results demonstrate that in a non-
inflammatory environment, SAEC wound closure is impaired by HCA (59.4 £+ 19.3%
in normocapnia vs. 41.6 + 15.8% in HCA) (Figures 4.3A and 4.3C). In the
inflammatory environment of cytomix, while a trend suggestive of attenuated wound
repair was observed in HCA (38.2 + 14.3% in normocapnia vs. 25.5 + 15.2% in HCA),
this did not reach statistical significance (Figures 4.3 B and 4.3C).

Figure 4.3: HCA attenuates SAEC wound closure (continued overleaf)

SAEC monolayers were wounded in an in vitro scratch assay and cultured in 5% or
15% CO- for 24 hours in the presence or absence of cytomix. Representative images
illustrating approximate wound areas at O hours and 24 hours are presented for the

non-inflammatory environment (vehicle) (A) (Normo = normocapnia).
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Figure 4.3 (continued): HCA attenuates SAEC wound closure

SAEC monolayers were wounded in an in vitro scratch assay and cultured in 5% or
15% CO- for 24 hours in the presence or absence of cytomix. Representative images
illustrating approximate wound areas at O hours and 24 hours are presented for the
inflammatory environment (cytomix) (B) (Norm = normocapnia). Percentage wound
closure over 24 hours was quantified for each condition, including negative (-ve Ctrl)
and positive (+ve Ctrl) controls (C). Error bars represent standard deviation (SD).
(n=5 for all conditions; two-way ANOVA with Bonferroni posthoc analysis; ns =

p>0.05; * = p<0.05; ** = p<0.01).
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4.7 HCA does not alter SAEC viability

To assess the mechanism behind attenuated chemokine secretion and impaired
epithelial wound closure, SAEC viability was assessed by lactate dehydrogenase
(LDH) release into cell culture supernatants at regular intervals over 72 hours in 5%
or 15% COz in the presence or absence of cytomix. A positive control was included
in which cells were lysed with 2% Triton-X. Results are presented as percentage

relative to the positive control.

Results demonstrate no significant cytomix-induced cell death in either normocapnia
or HCA across any of the time points studied (Figure 4.4). Additionally, when the
degree of cell viability was compared between cytomix-stimulated SAECs cultured in
5% CO. and cytomix-stimulated SAECs cultured in 15% CO2, no statistically
significant differences were observed at 24 hours (38.4 £ 9.4% in normocapnia Vs.
30.8 +£10.8% in HCA) (Figure 4.4A), 48 hours (35.5 = 7.5% in normocapnia vs. 25.6
+ 8.7% in HCA) (Figure 4.4B), or 72 hours (53.4 £ 8.7% in normocapnia vs. 43.6 £
9.6% in HCA) (Figure 4.4C). Similarly, no statistically significant differences were
observed between unstimulated SAECs cultured in 5% or 15% CO for 24 hours (32.6
+ 9.3% in normocapnia vs. 25.0 + 8.6% in HCA) (Figure 4.4A), 48 hours (36.5 £
13.8% in normocapnia vs. 18.6 + 3.9% in HCA) (Figure 4.4B), or 72 hours (45.9 +
12.1% in normocapnia vs. 40.0 £ 6.7% in HCA) (Figure 4.4C).
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Figure 4.4: HCA does not alter SAEC viability

Unstimulated or cytomix-stimulated HPMECs were cultured in 5% or 15% CO; for
up to 72 hours. Cell viability was assessed by LDH release at 24 hours (A), 48 hours
(B), and 72 hours (C). Results are presented as percentage relative to the positive
control (+ve Ctrl). Error bars represent standard deviation (SD). (n=5 for all

conditions; Kruskal-Wallis with Dunn’s posthoc analysis; ns = p>0.05).
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4.8 NFkB activation in SAEC:s is not altered in response to HCA

To further investigate the mechanism responsible for attenuated chemokine secretion
and epithelial wound closure in HCA, SAECs, stimulated or not with 50ng/ml
cytomix, were cultured in 5% or 15% CO- for 0, 30, or 60 minutes. Nuclear extracts
were analysed for NFkB activity using a p65 TransAM assay. This assay is a DNA-
binding ELISA which detects active NFkB p65 subunits in nuclear extracts via their

binding to consensus oligonucleotides immobilised on a 96 well plate.

Results demonstrate marked induction of NF«B activation by cytomix at both 30
minutes and 60 minutes post-stimulation (Figure 4.5). The degree of activation in
cytomix-stimulated SAECs did not differ between normocapnia and HCA at either 30
minutes (optical density (OD) 1.3 = 0.3 in normocapnia vs. 1.1 £ 0.2 in HCA) or 60
minutes (OD 1.3 + 0.2 in both normocapnia and HCA) post-stimulation (Figure 4.5).
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Figure 4.5: NFkB activation in SAECs is not altered in response to HCA

The degree of NFkB activation in nuclear extracts from SAECs cultured in the
presence or absence of cytomix in 5% or 15% CO; for 0, 30, or 60 minutes, was
assessed by TransAM assay. Results are presented as optical density (OD) at 450nm.
Error bars represent standard deviation (SD). (n=5 for all timepoints, except 0 minutes

in normocapnia which is n=6; two-way ANOV A with Bonferroni posthoc analysis; ns

= p>0.05).
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4.9 SAEC mitochondrial membrane potential is attenuated in HCA

To explore the effect of HCA on mitochondrial function as a potential mechanism
behind the attenuated inflammatory and reparative responses to HCA, mitochondrial
membrane potential was assessed. SAECs, in the presence or absence of cytomix,
were cultured for 24 hours in 5% or 15% CO.. Cells were subsequently stained with
the mitochondrial membrane potential indicator, JC-1.  When mitochondrial
membrane potential is low, JC-1 accumulates within mitochondria at low
concentrations and persists in a green fluorescent monomeric state. When
mitochondrial membrane potential is increased, JC-1 accumulation increases and
begins to form red fluorescent aggregates. Fluorescence microscopy was used to
assess the degree of JC-1 aggregation. A control was included in which SAECs were
treated with the mitochondrial oxidative phosphorylation uncoupler, FCCP, at the time
of JC-1 staining to induce mitochondrial depolarisation. Results are presented as the
ratio of red (JC-1 aggregates) / green (JC-1 monomers), normalised to unstimulated

SAECs in normocapnia.

Significant induction of mitochondrial depolarisation by FCCP was observed in
comparison to unstimulated SAECs in normocapnia (normalised red/green ratio 0.6 +
0.2 vs. 1.0 = 0.0, respectively). Mitochondrial membrane potential was not
significantly altered by cytomix stimulation in either normocapnia or HCA (Figure
4.6). However, when compared to normocapnia, significant attenuation of
mitochondrial membrane potential in HCA was observed in both unstimulated (1.0 £
0.0 in normocapnia vs. 0.7 = 0.1 in HCA) and cytomix-stimulated (1.2 = 0.1 in
normocapnia vs. 0.7 £ 0.1 in HCA) SAECs (Figure 4.6).
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Figure 4.6: SAEC mitochondrial membrane potential is attenuated in HCA

(continued overleaf)

SAECs cultured in 5% or 15% CO> for 24 hours in the presence or absence of cytomix
were stained with JC-1 mitochondrial membrane potential indicator. FCCP was
included as a control to induce mitochondrial depolarisation. Representative images

are presented (A).
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Figure 4.6 (continued): SAEC mitochondrial membrane potential is attenuated

in HCA

SAECs cultured in 5% or 15% CO> for 24 hours in the presence or absence of cytomix
were stained with JC-1 mitochondrial membrane potential indicator. FCCP was
included as a control to induce mitochondrial depolarisation. The JC-1 red (aggregate)
/ green (monomer) ratio was measured and presented relative to unstimulated cells in
normocapnia (B). Error bars represent standard deviation (SD). (n=4 for all
conditions; one-way ANOVA with Bonferroni posthoc analysis; * = p<0.05; ** =
p<0.01; *** = p<0.001).
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4.10 HCA may attenuate wound closure by primary ATII-like cells

Alveolar epithelial cells were isolated from donor human lungs. 4 days post-seeding
(the time at which a 24 hour timepoint would be taken), cell monolayers were fixed
and stained for the presence of the ATII marker, pro-surfactant protein C (pro-SPC).
Almost all cells stained positively for pro-SPC (99.6 £ 0.7%) (Figure 4.7A).

Additionally, to confirm if the attenuated SAEC wound closure observed in HCA also
applies to primary alveolar epithelial cells, isolated cell monolayers were wounded
using an in vitro scratch assay at 3 days post-seeding. Wounded cells were cultured
in 5% or 15% CO., in the absence of cytomix, for 24 hours. Percentage wound closure
over the 24 hour period was measured. Results demonstrate a trend suggestive of
attenuated wound repair in HCA (33.2% in normocapnia vs. 23.5% in HCA) (Figures
4.7B and 4.7C).
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Figure 4.7: HCA may attenuate wound closure by primary ATII-like cells

(continued overleaf)

ATII cells were isolated from donor human lungs. Isolated cells were fixed and
stained for pro-surfactant protein C (pro-SPC) after 4 days in culture. Nuclei were

identified by Hoechst staining (A). (n=1; no statistical analysis performed).
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Figure 4.7 (continued): HCA may attenuate wound closure by primary ATII-like

cells

ATII cells were isolated from donor human lungs. Monolayers of isolated cells were
wounded in an in vitro scratch assay and cultured in 5% or 15% CO> for 24 hours
without any inflammatory stimulus. Representative images illustrating approximate
wound areas at 0 hours and 24 hours are presented (B) (Normo = normocapnia).
Percentage wound closure over 24 hours was quantified (C). (n=1; no statistical

analysis performed).
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4.11 Discussion

To date, in vitro studies assessing the response of the alveolar epithelium to HCA have
been limited to the use of cell lines or primary cells isolated from rat lungs, as a result
of difficulties in the isolation and subsequent culture of human alveolar epithelial cells
(discussed in Section 4.2). Notably, the A549 cell line, which has been most
commonly, does not permit assessment of epithelial barrier integrity and therefore
hampers accurate investigations into epithelial repair. The aim of the work in this
chapter was therefore to determine the effects of HCA on chemokine secretion and the
tissue reparative responses of the human distal lung epithelium. To achieve this, an in
vitro model of ARDS in which primary human small airway epithelial cells (SAECSs)
were stimulated with a cytomix of proinflammatory cytokines (IL1p, IFNy and TNFa)
implicated in the pathogenesis of ARDS, was used. While SAECs are not pure
cultures of alveolar epithelial cells themselves, as discussed in Section 4.2, they
exhibit many characteristics of the alveolar epithelium and, importantly, are thought
to facilitate better assessment of epithelial barrier integrity.  Importantly,
characterisation of the cellular composition of SAECs in the current study
demonstrated the presence of both ATI and ATII cells, constituting over 40% of total
SAECs.

Alterations in SAEC chemokine secretion in response to HCA were first assessed. As
discussed previously, neutrophils are key mediators of inflammation and damage in
ARDS, and their recruitment into the alveoli is driven in part by the presence of
chemotactic stimuli®. Previous work has demonstrated that A549 secretion of the
potent neutrophil chemoattractant, CXCLS8, which is increased in the bronchoalveolar
lavage fluid (BALF) of patients with ARDS, is attenuated in HCA9236-238.287
However, until now, it had not been demonstrated whether this response extends
beyond CXCLS8 to other chemokines. CXCLS5 is a potent neutrophil chemoattractant
primarily secreted in the lung by ATI1 cells?%3%, | jke CXCLS, this chemokine drives
neutrophil recruitment into the alveoli in inflammatory settings and is known to be
present in higher quantities in the BALF of patients with ARDS#2%0, The results of
the present study demonstrate attenuated secretion of both CXCL5 and CXCLS8 by

SAECs following cytomix stimulation in HCA for 24 hours. This demonstrates, for
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the first time, that the effects of HCA on primary epithelial chemokine secretion in the
setting of inflammation extend beyond CXCL8 to other chemokines, specifically
CXCL5. These data suggest that in the setting of HCA, the distal lung epithelium may
be a key contributor to the attenuated BALF neutrophilia observed in HCA in many

in vivo models of acute lung injury!2°:132.234:235,

As discussed in Section 4.2, the alveolar epithelial basement membrane is denuded in
ARDS by epithelial cell death, resulting in impaired barrier function and subsequently
less-restricted access of neutrophils and oedema fluid to the alveoli®. Therefore, for
the successful recovery of epithelial barrier function, remaining cells must migrate
towards each other and proliferate to fill the gaps and re-epithelialise the basement
membrane. Following alveolar re-epithelialisation, effective intercellular junctions
must form to facilitate functional recovery of the epithelial barrier. To address the
effects of HCA on the reparative capacity of the epithelium, an in vitro scratch assay
was used to assess its effects on the initial aspect of this process -the ability of
epithelial cells to migrate and/or proliferate in an attempt to structurally repair the
epithelium. O’Toole et al. had already reported the effects of HCA on SAEC and
A549 wound repair, but in a non-inflammatory setting only. Their work in A549 cells
demonstrated that HCA impaired wound closure in a manner involving impaired
migration as a result of attenuated NF«kB activation and possibly altered MMP/TIMP
balance'®. However, while HCA also impaired wound closure in primary cells, the
contributions of migration, NFkB activation, and MMP/TIMP balance were not
confirmed in SAECs. Additionally, Vohwinkel et al. have demonstrated impaired
proliferation of A549 cells in HCAY, The current study not only confirmed that
SAEC wound closure is impaired in a non-inflammatory environment, but extended
this result, demonstrating that, by comparison, the degree of wound closure is not
altered in the inflammatory setting of cytomix. The difference in SAEC response to
HCA in a non-inflammatory vs. inflammatory environment could be explained by the
degree of epithelial damage. A trend towards attenuated wound closure in HCA exists
in the inflammatory environment, raising the possibility that more injured cells take
longer to respond in terms of their migratory and/or proliferative response to HCA.
Unfortunately, this hypothesis could not be investigated in the present study as it
would require lengthening the duration of the experiment, and this was not possible as
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a result of complete wound closure by 48 hours post-stimulation. However, while
these results further add to concerns regarding the effects of HCA on the reparative
capacity of the epithelium, the lack of response of inflamed SAECs to HCA may at
least offer some reassurance that in the most injured epithelium, HCA may not further

worsen epithelial repair.

Permeability of SAEC monolayers to FITC-dextran was deemed the most appropriate
in vitro model to study the functional response of epithelial barrier integrity to HCA
(Section 8.3, Supplement 3). SAEC monolayers sufficiently impermeable to FITC-
dextran were obtained. However, despite numerous reports in which TNFa enhanced
epithelial permeability to FITC-dextran, including by approximately 25% in alveolar
epithelial cells*®3%2, 50ng/ml TNFa was unable to induce significant permeability in
the current study (compared to a positive control in which FITC-dextran was allowed
to pass through a transwell insert unobstructed by SAECs, 33.0 + 4.7% FITC-dextran
passed through unstimulated SAECs vs. 41.1 + 2.0% through TNFa-stimulated
SAECs in normocapnia) (Section 8.3, Supplement 3). Given that SAECs did not
respond to either TNFa or HCA, it is difficult to determine whether the results
obtained represent the true cellular response to HCA, or whether the SAECs had
become unable to respond to their local environment. This model was therefore unable

to reliably determine the effects of HCA on epithelial barrier function.

Having identified that HCA attenuates SAEC secretion of potent neutrophil
chemoattractants in the setting of inflammation and impairs epithelial wound closure
in a non-inflammatory setting, further work was performed to investigate the
mechanism responsible. Importantly, cell viability was not altered in response to HCA
in either an inflammatory or non-inflammatory environment, indicating that the
attenuated CXCL5 and CXCLS8 secretions did not occur secondary to reduced cell

numbers as a result of increased cell death.

The transcriptional regulation of both CXCL5 and CXCLS is mediated by the NFkB

pathway?°+258259.303 " Attenuated activation of this pathway in HCA has previously
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been associated with attenuated CXCL8 secretion by A549 cells®™*2?®’, In addition,
O’Toole et al. demonstrated that NF«kB activation was required for optimal wound
closure in A549s in normocapnia'®. Interestingly, while NFxB activation was
markedly enhanced upon cytomix stimulation in the present study, the degree of
activation did not differ between normocapnia and HCA. This suggests that the effects

of HCA observed in this study are not dependent on alterations in NF«kB activation.

ATII cells are one of the biggest cellular sources of mitochondria within the lung and
depend primarily on metabolism by oxidative phosphorylation®*. Having already
identified that HCA attenuated mitochondrial membrane potential in HPMECs
(Figure 3.7), together with the knowledge that proliferation of A549 cells is impaired
in HCA via mitochondrial dysfunction®®!, mitochondrial membrane potential was
assessed in SAECs exposed to normocapnia or HCA. The measurement of
mitochondrial membrane potential is often used as a measure of mitochondrial
function. It was attenuated in HCA in both an inflammatory and non-inflammatory
setting, suggesting that HCA induced mitochondrial dysfunction.

Low mitochondrial membrane potential is commonly associated with the induction of
mitophagy — a process whereby damaged mitochondria are degraded in lysosomes and
removed from the cell®®*3%, While its role in the lung is complex, mitophagy confers
resistance to cell death in both alveolar epithelial cells and macrophages®°¢*’. This
suggests that the attenuated mitochondrial membrane potential observed in HCA may
induce mitophagy to preserve cell viability, as observed in the current study. In
addition, both low mitochondrial membrane potential and mitophagy impair
proliferation of liver and kidney cells, respectively®®3%  Low mitochondrial
membrane potential has also been associated with impaired macrophage migration3%,
If these results are also applicable to alveolar epithelial cells, given that wound repair
involves cell migration and proliferation, these data suggest that the attenuated
mitochondrial membrane potential observed in HCA could explain the impairment of
wound closure observed in the current study. In addition, reduced mitochondrial
membrane potential has been associated with the development of an anti-inflammatory

M2 macrophage phenotype3't. While the effects of altered mitochondrial membrane

119



Chapter 4 SAECs in HCA

potential on inflammation do not appear to have been reported in alveolar epithelial
cells, this suggests that attenuated SAEC mitochondrial membrane potential may also

be linked to the attenuated chemokine secretion observed in HCA in the current study.

The final aim of the study was to confirm if the results obtained in SAECs were
reproducible in primary human ATII cells. To achieve this, a protocol for the
successful isolation of ATII cells from donor human lungs had to be set up within the
lab. Initial attempts to isolate ATII cells using a previously published protocol in
which elastase was used to digest the lung tissue, yielded very low cell numbers
(usually much less than 1x10° cells per isolation)®!2. However, after significant
modifications to the isolation protocol based on another published method, high yields
of pro-SPC-positive cells were obtained®". Surfactant protein C (SPC) is a marker of
ATl cells. As ATII cells can differentiate to ATI cells, it is important to counterstain
with an ATI marker such as Aquaporin-5 (AQP-5). Due to problems with the
specificity of AQP-5 antibodies, it is unknown if the cells are true ATII cells or if they
have begun to undergo differentiation and are of an intermediate phenotype. They
must therefore be referred to as ATII-like cells. The current study demonstrates that
HCA appears to impair wound closure of these ATII-like cells, as was the case with
SAECs. This suggests that the results obtained using SAECs may be sufficiently
representative of the alveolar epithelium. However, further replicates and the use of

other readouts will be required before it can be confirmed that this is the case.

4.12 Summary and Conclusions

From this chapter it can be concluded that:

SAEC secretion of the potent neutrophil chemoattractants CXCL8 and CXCL5
is attenuated in HCA

e SAEC wound closure is impaired in HCA

e While NF«kB activation in SAECs was not significantly altered in HCA,

mitochondrial membrane potential was attenuated

e Further work is required to definitively determine if these results are

reproducible in primary human ATII cells
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Together these results suggest that, via attenuated chemokine secretion, the small
airway epithelium may contribute to dampening of inflammation which has previously
been demonstrated in in vivo models in HCA. However, impaired SAEC wound
closure in HCA raises concerns with regards to the reparative capacity of SAECs.
While the results suggest that the attenuated inflammatory response of, and attenuated
wound repair by, SAECs may arise from HCA-induced mitochondrial dysfunction,
further studies are required to directly link the observations and to elucidate the

molecular mechanisms responsible.
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Chapter Five — Hypercapnic acidosis
attenuates the therapeutic efficacy of
MSCs in an in vitro model of ARDS via
Impaired mitochondrial function
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5.1 Overview of chapter

This chapter will discuss the potential use of mesenchymal stem cells (MSCs) as a
potential therapy for the treatment of ARDS and will highlight the lack of
investigations into the potential implications a hypercapnic acidotic environment may
exert on their therapeutic potential. The aims and objectives of the study will be
highlighted. The results will then be presented and their implications for an MSC-
based therapy for ARDS subsequently discussed.

5.2 Introduction

Despite decades of pre-clinical and clinical research, there remains no successful
pharmacological therapy for the treatment of ARDS. However, in recent years, the
potential use of a mesenchymal stem cell (MSC)-based therapy has been under intense
investigation. MSCs are multipotent in nature and can be derived from numerous adult
tissue sources including, but not limited to, the bone marrow, umbilical cord, and
adipose tissue®*3®  They are a heterogeneous population of cells and are
characterised by three criteria proposed by the International Society for Cellular
Therapy (ICST)3!. These criteria dictate that MSCs must be capable of adhering to
tissue culture plasticware, express a defined set of markers, and possess the capacity
to differentiate into adipocytes, chondrocytes and osteoblasts under appropriate
conditions identified by Pittenger et al. in 1999316317,

To date, MSCs have demonstrated therapeutic potential in preclinical models of a
range of conditions including diabetes, hepatic disease and myocardial infarction3®-
%1 Additionally, their use for the prophylaxis of graft-versus-host disease in a

recently reported phase Il clinical trial yielded encouraging results3?.

Importantly,
MSCs have also demonstrated a capacity to modulate the major hallmarks of ARDS —
inflammation and pulmonary oedema — in preclinical in vivo models of the condition.
In this regard, their administration has been associated with attenuated pro-
inflammatory and elevated anti-inflammatory cytokine concentrations, attenuated
accumulation of pulmonary oedema fluid, improved oxygenation, and enhanced

survival®®5960.62323-328 | preclinical models of sepsis- and pneumonia-induced
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ARDS, enhanced survival has also been associated with improved bacterial
clearance®’°8323:324329 " Eyrthermore, many of these therapeutic effects of MSCs have
been reproducible in a human ex vivo lung perfusion (EVLP) model where their
administration has been associated with attenuated proinflammatory cytokine
concentrations, restoration of alveolar fluid clearance, and reduced bacterial load®°,
The results also appear to translate to patients with severe refractory ARDS: although
compassionate administration of 2x10%° MSCs/kg predicted body weight has been
reported only in a very small cohort of two patients, their use was associated with
improvements in pulmonary oedema and in bronchoalveolar lavage fluid (BALF) and

plasma concentrations of inflammatory markers33.

In ARDS, the integrity of the alveolar epithelial barrier is compromised, in part as a
result of alveolar epithelial cell death®. Although MSCs are multipotent and capable
of differentiating into many cell types, low levels of pulmonary engraftment (<5%)
have been reported®®¥1-333  As a result, it is thought that engraftment and
differentiation of administered MSCs are not, at least solely, responsible for their
therapeutic benefits. A number of alternative mechanisms, which are likely to act in

concert with each other, have been proposed.

Of these mechanisms, the most extensively studied is the MSC secretion of paracrine
soluble factors including inflammatory cytokines, growth factors, and antimicrobial
peptides. Among these include keratinocyte growth factor (KGF) which contributes
to MSC-mediated improvements in alveolar fluid clearance by improving the activity
of the epithelial sodium channel ENaC%%¢33 and angiopoietin-1 (Ang-1) which
attenuates permeability of type Il alveolar epithelial cells**®. Other such paracrine
factors include interleukin-10 (IL-10), interleukin-1 receptor antagonist (IL-1ra),
lipocalin-2 (LCN-2), and prostaglandin E2 (PGE2), to name a few3,

The therapeutic capacity of MSCs may also be mediated by transfer of their
mitochondria to surrounding injured cells. This can occur via direct contact mediated

by the formation of actin-based tunnelling nanotubules (TNTs) between MSCs and
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nearby cells. MSCs use this mitochondrial transfer approach to rescue human
umbilical vein endothelial cells (HUVECs) from apoptosis, and enhance the
phagocytic capacity of macrophages®’3%,  Mitochondrial transfer to bronchial
epithelial cells in this way has also been associated with therapeutic effects of MSCs

in models of asthma and chronic obstructive pulmonary disease (COPD)339:340,

Mitochondria can also be transferred, along with other biologically active molecules
including microRNAs (miRNAs), independently of TNT formation through the MSC
secretion of small membrane-bound compartments known as extracellular vesicles
(EVs)*9*1  EVs can be taken up by recipient cells via one of two processes —
endocytosis, or direct fusion of their membranes®®. In vivo, MSC-derived EVs

reproduce, at least partially, many of the therapeutic benefits of MSCs themselves34:-
345

MSC-based therapies have already entered clinical trials for the treatment of ARDS
and, encouragingly, the results to date attest to their safety. No infusion toxicities or
serious adverse events were reported in a phase | randomised placebo-controlled trial
in which patients with moderate-to-severe ARDS were administered a dose of 1x10°
adipose-derived MSCs/kg predicted body weight (PBW)®2. Similarly, the results of a
multi-centre phase | dose-escalation trial attest to the safe administration of up to 1x10’
bone marrow-derived MSCs/kg PBW to patients with moderate-to-severe ARDS®.
However, these were very small studies with short-term follow-up. The results of
larger trials currently planned or underway (clinicaltrails.gov NCT03042143 and
NCT02097641) to confirm these results and investigate the efficacy of MSCs as a
therapeutic option for ARDS are eagerly anticipated.

However, much is still to be learned about the optimal isolation, expansion, screening,
and ultimately use of MSCs as a potential therapeutic for the treatment of human
disease. Currently, MSC biology and the factors which influence it are incompletely
understood, and the isolation and characterisation of MSCs exhibiting optimal and

consistent therapeutic effects have not been standardised. It could therefore be argued
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that the progression of MSCs from pre-clinical models to clinical trials has progressed
too rapidly, certainly when compared to the considerable effort spanning more than
half a century which was required to establish the successful transplantation of

haematopoietic stem cells34,

Of particular relevance to the current project, MSCs are well-known to respond to
local environmental cues such as inflammation and hypoxia®"°!. It is therefore
perceivable that they will also respond to altered CO2 concentrations in their local
environment. However, despite the knowledge that patients with ARDS often develop
hypercapnic acidosis®*?, the effects of HCA on MSC biology and their therapeutic
efficacy has never been studied pre-clinically. This could have profound implications
when delivered for the treatment of ARDS to patients presenting with HCA.

5.3 Aims and Objectives

The overall objective of this chapter is to determine the effects of HCA on MSC
biology and subsequently their therapeutic potential in ARDS. This will be achieved
using human bone marrow-derived MSCs in an in vitro model in which the
inflammatory environment of ARDS is modelled by a cytomix of proinflammatory
cytokines implicated in the pathogenesis of the condition. The specific aims of this

study are:

e To determine the effects of HCA on the aspects of MSC biology key to their
therapeutic potential, including cell viability, their capacity for paracrine

secretion, and mitochondrial function

e To assess the therapeutic efficacy of MSCs in the setting of HCA, specifically

their capacity to alter SAEC wound repair

e To investigate the mechanisms mediating any observed effects
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5.4 HCA does not alter MSC viability

To assess the effect of HCA on MSC viability, release of lactate dehydrogenase (LDH)
into cell culture supernatants was measured following exposure of MSCs to 5% or
15% CO2 for 24 hours in the presence or absence of cytomix. A positive control was
included in which cells were lysed using 2% Triton-X. Results are presented as

percentage relative to this control.

Results demonstrate no apparent induction of cell death by cytomix in either
normocapnia or HCA (Figure 5.1). While further replicates are required to perform
statistical analysis, the degree of cell viability does not appear to differ between
cytomix-stimulated MSCs cultured in 5% CO. (22.5 £ 3.2% of positive control) or
15% CO; (18.7 = 2.7% of positive control). This is also true of unstimulated MSCs
cultured in 5% CO; (20.1 + 4.2% of positive control) or 15% CO; (17.7 = 1.7% of

positive control) (Figure 5.1).
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Figure 5.1: HCA does not alter MSC viability

MSCs were cultured in 5% or 15% CO: in the presence or absence of cytomix for 24
hours. Cell viability was assessed by measurement of LDH release into cell culture
supernatants. Results are presented as percentage relative to positive control (+ve
Ctrl). Error bars represent standard deviation (SD). (n=2 for all conditions; no

statistical analysis performed).
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5.5 HCA does not alter the capacity of MSCs to secreted paracrine soluble factors

and does not alter NFkB activation

MSCs, in the presence or absence of 50ng/ml cytomix, were cultured in 5% or 15%
CO; for 24 hours. To determine the response of MSCs to HCA in terms of their ability
to secrete paracrine soluble factors, the concentrations of a selection of MSC-secreted
factors which have previously been associated with the therapeutic benefits of MSC-
based therapies, were measured in cell culture supernatants by ELISA. Results
demonstrate that the secretion of Ang-1 by MSCs was not significantly altered by
cytomix stimulation (Figure 5.2A). Notably, the concentration of Ang-1 secreted by
cytomix-stimulated MSCs also did not differ between normocapnia and HCA (247.5
+ 101.8pg/ml in normocapnia vs. 222.6 = 110.4pg/ml in HCA) (Figure 5.2A). In
contrast, cytomix significantly enhanced IL1lra secretion by MSCs in both
normocapnia and HCA (<39.1pg/ml in unstimulated MSCs vs. 294.9 + 152.4pg/ml in
stimulated cells in normocapnia and 250.2 + 148.8pg/ml in stimulated cells in HCA).
However, again, no statistically significant difference in the concentration of IL1ra
present in cell culture supernatants from cytomix-stimulated MSCs was observed
between normocapnia and HCA (Figure 5.2B). Concentrations of KGF and IL-10 in
MSC supernatants were also measured by ELISA, but were below the lower limit of

detection of the assays (31.25pg/ml for both analytes) (data not shown).

Activation status of the NFkB pathway was assessed by p65 TransAM assay using
nuclear extracts from MSCs cultured in 5% or 15% CO: for 0, 30 or 60 minutes. The
NF«B assay is a DNA-binding ELISA which detects active NFkB p65 subunits in
nuclear extracts via their binding to consensus oligonucleotides immobilised on a 96
well plate. Results demonstrate marked induction of NF«B activation in response to
cytomix stimulation for 30 minutes or 60 minutes (Figure 5.2C). The degree of
activation did not differ between cells cultured in 5% or 15% CO- for either 30 minutes
(optical density (OD) 0.9 + 0.3 in normocapnia vs. 1.1 + 0.2 in HCA) or 60 minutes
(OD 0.9 = 0.3 in normocapnia vs. 0.8 + 0.3 in HCA) post-stimulation (Figure 5.2C).
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Figure 5.2: HCA does not alter the capacity of MSCs to secrete paracrine soluble

factors and does not alter NFxB activation

Unstimulated or cytomix-stimulated MSCs were cultured in 5% or 15% CO. for 24
hours. MSC secretion of Ang-1 (A) and IL-1ra (B) was quantified by ELISA (n=5 for
all conditions; Kruskal-Wallis with Dunn’s posthoc analysis). MSCs were cultured in
5% or 15% CO: in the presence or absence of cytomix stimulation for 0, 30, or 60
minutes (B). NF«xB activation was assessed by p65 TransAM assay and results are
presented as optical density (OD). (n=5 for 0 and 60 minutes; n=4 for 30 minutes;
two-way ANOVA with Bonferroni posthoc analysis). Error bars represent standard

deviation (SD) (ns = not significant; * = p<0.05).

129



Chapter 5 MSCs in HCA

56 HCA attenuates MSC mitochondrial membrane potential in a pH-

independent manner

To investigate the effects of HCA on MSC mitochondrial function, its effects on
mitochondrial membrane potential were assessed. MSCs were cultured in 5% or 15%
CO:z in the presence or absence of cytomix for 24 hours. For experiments in which
the contribution of pH to the effects of HCA were investigated, acidosis was buffered
by addition of 0.02M sodium bicarbonate (NaHCO3) to the medium in which the
MSCs were cultured throughout the experiment. Cells were then stained with the
mitochondrial membrane potential indicator, JC-1. When mitochondrial membrane
potential is low, low concentrations of JC-1 enter the mitochondria where they remain
in a monomeric form exhibiting green fluorescence. Higher mitochondrial membrane
potential allows more JC-1 to accumulate within mitochondria. At higher
concentrations, JC-1 forms aggregates which fluorescence red. The degree of JC-1
aggregation was assessed by fluorescence microscopy. MSCs treated with FCCP at
the time of JC-1 staining to induce mitochondrial depolarisation were included as a
control. Results are presented as the ratio of red (JC-1 aggregates) / green (JC-1
monomers), normalised to unstimulated MSCs in normocapnia and are proportional

to mitochondrial membrane potential.

Mitochondrial depolarisation was successfully induced by FCCP when compared to
unstimulated MSCs in normocapnia (normalised red/green ratio 0.6 = 0.3 vs. 1.0 £
0.0, respectively). Mitochondrial membrane potential was not significantly altered by
cytomix stimulation in either normocapnia or HCA (Figures 5.3A and 5.3B).
However, HCA significantly attenuated mitochondrial membrane potential in both
unstimulated (1.0 £ 0.0 in normocapnia vs. 0.6 £ 0.2 in HCA) and cytomix-stimulated
MSCs (0.9 £ 0.2 in normocapnia vs. 0.6 £ 0.2 in HCA) (Figures 5.3A and 5.3B). In
separate experiments, although it did not reach statistical significance, mitochondrial
membrane potential in 15% CO. did not differ between buffered and unbuffered
conditions either in unstimulated MSCs (0.6 = 0.2 unbuffered vs. 0.6+ 0.1 buffered)
or cytomix-stimulated MSCs (0.6 + 0.3 unbuffered vs. 0.7 = 0.2 buffered) (Figure
5.3C).
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Figure 5.3: HCA attenuates MSC mitochondria membrane potential in a pH-

independent manner

MSCs cultured in 5% or 15% CO. for 24 hours in the presence or absence of cytomix

were stained with the mitochondrial membrane potential indicator, JC-1. A control

was included in which mitochondrial depolarisation was induced using FCCP. JC-1

staining was visualised by fluorescence microscopy. Representative images are

presented (A).
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Figure 5.3 (continued): HCA attenuates MSC mitochondria membrane potential

in a pH-independent manner

MSCs cultured in 5% or 15% CO- for 24 hours in the presence or absence of cytomix
were stained with the mitochondrial membrane potential indicator, JC-1 (B) (n=5 for
all conditions; one-way ANOVA with Bonferroni posthoc analysis; * = p<0.05; ** =
p<0.01; *** = p<0.001). In separate experiments, acidosis was buffered by addition
of NaHCO3z and JC-1 staining was performed (C) (n=3 for all conditions except FCCP
and all unstimulated groups in 15% CO> which are n=2; Kruskal-Wallis with Dunn’s
posthoc analysis). A control was included in which mitochondrial depolarisation was
induced using FCCP. JC-1 staining was visualised by fluorescence microscopy and
the red (aggregate) / green (monomer) ratio was calculated. Results are presented
relative to unstimulated MSCs in normocapnia. Error bars represent standard

deviation (SD).
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5.7 HCA attenuates MSC ATP production

MSCs were cultured in 5% or 15% CO: in the presence or absence of cytomix for 24
hours. To determine if the attenuated mitochondrial membrane potential observed in
HCA is associated with loss of mitochondrial function, ATP production was measured
by luminescent assay. Results demonstrate that cytomix attenuates ATP production
by MSCs in normocapnia (0.6 + 0.1 in cytomix relative to unstimulated MSCs in
normocapnia). ATP production by cytomix-stimulated MSCs was further impaired in
HCA (0.6 = 0.1 in cytomix in normocapnia vs 0.3 = 0.1 in cytomix in HCA, both

relative to unstimulated MSCs in normocapnia) (Figure 5.4).
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Figure 5.4: HCA attenuates MSC ATP production

Unstimulated or cytomix-stimulated MSCs were cultured in 5% or 15% CO. for 24
hours. MSC ATP production was assessed by luminescent assay. Results are
presented relative to unstimulated MSCs in normocapnia. Error bars represent
standard deviation (SD) (n=5 for all conditions; one-way ANOVA with Bonferroni
posthoc analysis; *** =p<0.001).
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5.8 MSCs promote SAEC wound closure in normocapnia, but not HCA,
independently of cell proliferation

To assess the effects of HCA on the therapeutic potential of MSCs, SAECs were
wounded in an in vitro scratch assay and cultured in the presence of cytomix either
alone or in indirect contact with MSCs seeded on transwell inserts, for 24 hours in 5%
or 15% CO,. A control in which SAECs were not stimulated with cytomix or co-
cultured with MSCs was included in normocapnia. Results demonstrate that MSCs
promote SAEC wound closure in normocapnia (55.0 £ 20.0% in the presence of MSCs
vs. 33.9 £ 8.1% in their absence) but that this effect is lost in HCA (30.1 £ 12.9% in
the presence of MSCs vs. 24.9 + 13.4% in their absence) (Figures 5.5A and 5.5B).

The SAECs used for these in vitro scratch assays were fixed and stained for the
proliferation marker, Ki67, to determine whether the reparative effect of MSCs is
associated with altered proliferation. Ki67 staining in SAECs was not influenced by
MSCs in either normocapnia (3.3 £ 2.8 Ki67-positive cells in SAECs cultured in the
absence of MSCs vs. 1.5 £ 1.6 in the presence of MSCs) or HCA (3.6 £ 3.2 Ki67-
positive cells in SAECs cultured in the absence of MSCs vs. 3.5 + 3.7 in the presence
of MSCs) (Figure 5.5C).
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Figure 5.5: MSCs promote SAEC wound closure in normocapnia, but not HCA,

independently of cell proliferation (continued overleaf)

SAEC monolayers were wounded in an in vitro scratch assay and cultured in 5% or
15% CO: in the presence of cytomix, either alone or in indirect contact with MSCs.
A control in which SAECs were not stimulated with cytomix or co-cultured with
MSCs was included. Representative images illustrating approximate wound areas at
0 hours and 24 hours are presented for each condition (A).
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Figure 5.5 (continued): MSCs promote SAEC wound closure in normocapnia,

but not HCA, independently of cell proliferation

SAEC monolayers were wounded in an in vitro scratch assay and cultured in 5% or
15% COz in the presence of cytomix, either alone or in indirect contact with MSCs.
A control in which SAECs were not stimulated with cytomix or co-cultured with
MSCs was included. Percentage wound closure over 24 hours was quantified for each
condition (B). (n=4 for all conditions; one-way ANOVA with Bonferroni posthoc
analysis; ns = not significant; * = p<0.05). SAECSs from the in vitro scratch assay were
fixed and stained for the proliferation marker, Ki67 (C). (n=3 for all conditions;
Kruskal-Wallis with Dunn’s posthoc analysis; ns = p>0.05). Error bars represent

standard deviation (SD).
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5.9 MSCs transfer their mitochondria to SAECs

It has previously been reported that transfer of MSC mitochondria in extracellular
vesicles (EVs) was responsible for the paracrine-mediated effects of MSCs on
macrophage modulation®**. To investigate if MSC mitochondria are transferred to
SAECs through a paracrine mechanism, mitochondria in MSCs were stained with
MitoTracker Green (a fluorescent dye specific for functional mitochondria) and
SAECs were stained with MitoTracker Red. To determine whether MSCs transfer
their mitochondria to SAECs, the stained MSCs were subsequently washed and seeded
on transwell inserts placed over the stained SAECs. The two cell types were co-
cultured in the presence of cytomix for 24 hours in 5% or 15% CO2. To rule out
unspecific staining due to unbound MitoTracker Green, a leak test was included which
involved taking PBS from the third wash of MSCs and adding it to a transwell insert
in place of the MSCs themselves. Mitochondrial transfer from MSCs to SAECs was
visualised by fluorescence microscopy. Uptake of MSC mitochondria into the SAEC
mitochondrial network is evidenced by the colocalisation of red and green
fluorescence, producing a yellow hue (Figure 5.6, arrows). Results demonstrate that
MSC-derived mitochondria are transferred to SAECs in a paracrine manner in the
settings of both normocapnia and HCA (Figure 5.6).
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Figure 5.6: MSCs transfer their mitochondria to SAECs
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MSC mitochondria were stained with MitoTracker Green while SAECs were labelled
using MitoTracker Red. Stained MSCs were seeded in transwell inserts and co-
cultured in indirect contact with stained SAECs in 5% or 15% COg for 24 hours in the
presence of cytomix stimulation. Mitochondrial transfer from MSCs to SAECs was
visualised by fluorescence microscopy. Representative images are presented. Inset

are full images taken at x20 magnification. Lager images are smaller area of the field.
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5.10 MSCs may increase ATP production by SAECs

To determine whether mitochondrial transfer from MSCs to SAECs is associated with
altered ATP production, SAECs were cultured for 24 hours in 5% or 15% CO. either
alone or in indirect contact with MSCs seeded on transwell inserts. ATP production
by SAECs was quantified using a luminescent ATP detection assay kit. Although it
did not reach statistical significance, the results demonstrate a small trend towards
enhanced ATP production by SAECs in normocapnia (149.9 + 54.9nM in SAECs
cultured alone vs. 175.8 £ 51.8nM in SAECs co-cultured with MSCs) (Figure 5.7).
This trend was less pronounced in HCA (92.0 = 28.4nM in SAECs cultured alone vs.
102.0 £28.1nM in SAECs cultured in indirect contact with MSCs) (Figure 5.7).
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Figure 5.7: MSCs may increase ATP production by SAECs

SAECs were cultured for 24 hours in 5% or 15% CO: either alone or in indirect contact
with MSCs. ATP production was quantified at 24 hours using a luminescent ATP
detection assay kit. Error bars represent standard deviation (SD). (n=3 for all

conditions; Kruskal-Wallis with Dunn’s posthoc analysis; ns = p>0.05).
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5.11 Functional mitochondria are required for MSCs to promote SAEC wound

closure

To determine whether functional mitochondria are required for the ability of MSCs to
promote SAEC wound closure, MSCs were pre-treated with rhodamine 6G (R6G) for
48 hours. R6G induces mitochondrial dysfunction by irreversibly impairing oxidative
phosphorylation without significantly altering MSC paracrine secretion3!. SAECs
were then wounded in an in vitro scratch assay and cultured in the presence of cytomix
either alone or in indirect contact with MSCs (either untreated or pre-treated with
R6G) seeded on inserts for 24 hours in 5% or 15% CO>. A control in which wounded
SAECs were cultured alone, in the absence of cytomix or MSCs, was included.

Percentage wound closure over the 24 hour period was measured.

Results demonstrate that while MSCs not treated with R6G promote SAEC wound
closure in normocapnia when compared to cytomix-stimulated SAECs cultured in the
absence of MSCs (21.4 £ 4.6% in SAECs not co-cultured with MSCs vs. 35.4 + 7.3%
in SAECs co-cultured with MSCs), this effect is lost upon co-culture with MSCs pre-
treated with R6G (14.8 + 8.2%) (Figure 5.8). SAEC wound closure did not differ
between cells co-cultured with MSCs pre-treated with R6G in normocapnia and cells
co-cultured with untreated MSCs in HCA (12.8 + 2.5 in HCA) (Figure 5.8).
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Figure 5.8: Functional mitochondria are required for MSCs to promote SAEC

wound closure (continued overleaf)

MSCs were pre-treated with rhodamine 6G (R6G). SAEC monolayers were wounded
in an in vitro scratch assay and cultured in the presence of cytomix either alone or in
indirect contact with MSCs (pre-treated or not with R6G) for 24 hours in 5% or 15%
CO>. A control in which wounded SAECs were cultured in the absence of cytomix or
MSCs was included in normocapnia. Representative images illustrating wound areas

at 0 hours and 24 hours are presented (A).
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Figure 5.8 (continued): Functional mitochondria are required for MSCs to

promote SAEC wound closure

MSCs were pre-treated with rhodamine 6G (R6G). SAEC monolayers were wounded
in an in vitro scratch assay and cultured in the presence of cytomix either alone or in
indirect contact with MSCs (pre-treated or not with R6G) for 24 hours in 5% or 15%
CO.. A control in which wounded SAECs were cultured in the absence of cytomix or
MSCs was included in normocapnia. Percentage wound closure over 24 hours was
quantified for each condition (B). Error bars represent standard deviation (SD). (n=3
for all conditions; one-way ANOVA with Bonferroni posthoc analysis; ns = p>0.05;

*% = p<0.01; *** = p<0.001).
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5.12 Discussion

Mesenchymal Stem Cells (MSCs) represent a promising potential therapeutic option
for the treatment of ARDS®3. However, there is still much to be learned in the field
of MSC-based therapies for the treatment of human disease. Despite the occurrence
of hypercapnic acidosis (HCA) in mechanically ventialtion patients with ARDS®?,
and the known capacity of MSCs to respond to their local environment®*"~2! the
therapeutic potential of MSCs has never been studied in the setting of HCA. The aims
of the work in this chapter were therefore to determine the effects of HCA on MSC
biology and subsequently to investigate how therapeutically efficacious MSCs are in
such an environment. To achieve these aims, MSCs were cultured either alone or in
indirect co-culture with SAECs in in vitro assays in which the inflammatory
environment of ARDS was modelled using a cytomix of proinflammatory cytokines

(IFNy, IL1B, and TNFa) implicated in the pathogenesis of the condition.

To assess the effects of HCA on MSC biology, its effect on MSC viability was first
assessed by LDH assay. Importantly, cell viability was not altered by HCA.

It is well-established that MSCs respond to their local environment to secrete a
plethora of cytokines, growth factors, and antimicrobial peptides®%33, One of these
soluble mediators is the vascular growth factor, Angiopoietin-1 (Ang-1). Ang-1
secretion by MSCs attenuates protein permeability of the alveolar epithelium in vitro
and is thought to contribute to the reduction of LPS-induced BALF protein
concentrations observed in vivo®>34, Interleukin-1 receptor antagonist (IL-1ra) is
another soluble factor secreted by MSCs. It competitively prevents binding of
interleukin-1 (1L-1) to its receptor®®®. In doing so, IL-1ra secretion by MSCs prevents
IL-1-induced TNFa secretion by macrophages and induces macrophage polarisation
towards an anti-inflammatory M2 phenotype®®3%’. Given that macrophages are the
initial drivers of inflammation in ARDS and that the accumulation of a protein-rich
oedema fluid is one of the main characteristics of the condition?, the capacity of MSCs

to secrete these soluble mediators is of importance for their therapeutic potential.
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The transcriptional regulation of both Ang-1 and IL1-ra involves the NFxB
pathway®83%°  Attenuated activation of this pathway has previously been
demonstrated in HCA both in vivo and in multiple cell types in vitro321°9.160.227
raising concerns regarding the ability of MSCs to secrete soluble mediators and
subsequently exert their paracrine-mediated therapeutic effects in HCA. However,
reassuringly, the results of the current study demonstrate that MSC secretions of
neither Ang-1 nor IL-1ra are altered in such an environment. Additionally, no
difference in the degree of NF«B activation was observed between normocapnia and
HCA. These results demonstrate that MSCs retain their capacity to secrete at least
some of the soluble mediators they are known to produce. However, while this
suggests that the capacity of MSCs to exert therapeutic effects mediated by soluble
mediators is retained in HCA, these results do not imply that the therapeutic effects
actually exerted by such soluble mediators are also retained: the ability of MSC-
secreted soluble mediators to exert their effects could still be influenced by the target
cells themselves, for example via altered expression of target receptors. Further
investigations will be required to properly probe whether or not this is the case.

Another important aspect to the biology of any cell is its ability to produce adenosine
triphosphate (ATP) to meet energy demands. In the presence of oxygen, the majority
of cellular ATP is produced during oxidative phosphorylation which is powered by
the electron transport chain (ETC) located within the inner membrane of

mitochondria®®°

. Mitochondria are membrane-bound organelles found in eukaryotic
cells. As electrons are passed through their ETC, protons are pumped out of the
mitochondrial matrix and into the intermembrane space. In addition to creating a
chemical gradient, this proton movement also creates an electrical gradient across the
inner mitochondrial membrane which constitutes the mitochondrial membrane
potential®®®. The protons eventually re-enter the matrix through ATP synthase which
utilises them in the phosphorylation of adenosine diphosphate (ADP) to ATP3%, The
activities of both ATP synthase and adenine nucleotide translocase (ANT) - which
exports ATP from the mitochondrial matrix in exchange for ADP - are dependent on
mitochondrial membrane potential®*®3%2  The measurements of mitochondrial
membrane potential and intracellular ATP levels are therefore often used as indicators

of mitochondrial function. In the current study, both measurements were attenuated
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by HCA, suggesting that HCA induced mitochondrial dysfunctional in MSCs. The
inability of buffered media to prevent attenuation of mitochondrial membrane

potential suggests that these effects occur in a pH-independent manner.

In the absence of oxygen, ATP is produced by glycolysis which is a mitochondria-
independent cytoplasmic process generating much fewer ATP molecules than aerobic
oxidative phosphorylation. Bone marrow-derived MSCs — as used in this study - are
adapted for glycolytic metabolism as a result of their hypoxic natural niche3®%,
However, outside of this environment they can exhibit high oxygen consumption rates
and utilise oxidative phosphorylation, although it is uncertain if this is a result of
energy-dependent processes such as proliferation, or whether it results from adaptation
to a change in environmental conditions®4%° It is therefore uncertain how
profoundly HCA-induced mitochondrial dysfunction may affect MSC biology itself
as the dependency of MSCs on oxidative metabolism outside of their natural niche is
poorly understood. It is perceivable that in the setting of HCA, MSCs may revert back
to glycolytic metabolism to maintain metabolic homeostasis. However, given that
mitochondrial transfer to injured cells — which do depend on oxidative
phosphorylation to meet their energy demands — contributes to the therapeutic effects
of MSCs in experimental disease models®*"3%, the MSC mitochondrial dysfunction
observed in the current study raises concerns regarding the therapeutic potential of an
MSC-based therapy in the setting of HCA.

Given these concerns, the ability of MSCs to promote SAEC wound closure was
compared in normocapnia and HCA. MSCs have previously been shown to promote
SAEC wound closure through a contact-independent mechanism via enhanced SAEC
migration®®. The results of the current study confirm these findings in normocapnia,
demonstrating enhanced SAEC wound closure in a manner independent of
proliferation. This indicates that MSCs, similarly to the previous observations®®®,
promoted SAEC wound closure via enhanced migration. However, the capacity of
MSCs to promote SAEC wound closure via a contact-independent mechanism was
lost in the setting of HCA. This is the first time that the therapeutic capacity of MSCs

has been reported in such an environment. The findings are concerning as they suggest

145



Chapter 5 MSCs in HCA

that MSCs may lose their therapeutic efficacy in patients with ARDS who present with
HCA.

To investigate why the capacity of MSCs to promote SAEC wound closure is lost in
HCA, the mechanism for the MSC-mediated effect was first investigated. The transfer
of mitochondria from MSCs to SAECs was first to be investigated given that HCA
had induced mitochondrial dysfunction and the concerns that this raised regarding the
therapeutic potential of MSCs. In the current study, mitochondrial transfer from
MSCs to SAECs was observed in both normocapnia and HCA. This was associated
with increased ATP production in SAECs. This is the first time that mitochondrial
transfer to SAECs has been reported in vitro and suggests that MSCs promote SAEC

wound closure via the transfer of functional mitochondria.

To further investigate whether mitochondrial transfer from MSCs to SAECs is the
mechanism mediating SAEC wound closure in normocapnia, a loss-of-function
experiment was performed. To induce mitochondrial dysfunction, MSCs were pre-
treated with rhodamine 6G (R6G) which irreversibly inhibits the activity of adenine
nucleotide translocase (ANT) and thus prevents the exchange of ATP for ADP across
the inner mitochondrial membrane®’. Pre-treatment of R6G does not significantly
influence the MSC secretion of soluble mediators®*!. The in vitro scratch assay used
to assess SAEC wound closure was then repeated using SAECs with both functional
and dysfunctional mitochondria. The results demonstrate that functional mitochondria
are required for the ability of MSCs to promote SAEC wound closure in normocapnia,
suggesting that the induction of mitochondrial dysfunction in HCA was responsible

for loss of the therapeutic benefit of MSCs.

Taken together, the results of this study demonstrate that, in normocapnia, MSCs
promote SAEC wound closure by a mechanism dependent on functional MSC
mitochondria. This is likely to occur via the transfer of functional mitochondria to
SAECs in extracellular vesicles (EVs). However, the results also demonstrate that the

therapeutic capacity of MSCs to promote SAEC wound closure is lost in HCA,
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suggesting that MSCs lose their ability to promote structural —and therefore ultimately

functional — recovery of the epithelial barrier in HCA.

This study is limited by the lack of investigation into whether differences in the extent
of mitochondrial transfer exist between normocapnic and hypercapnic acidotic
conditions. The results of the current study support the view that the mitochondria
transferred to SAEC in HCA were dysfunctional as a result of attenuated
mitochondrial membrane potential and therefore did not benefit the SAECs in the
same way as functional mitochondria transferred in normocapnia. However, this

should be subject to further investigation.

5.13 Summary and Conclusions
From this chapter it can be concluded that:

e HCA does not alter viability of MSCs or their capacity to secrete NFkB-
regulated soluble mediators

e HCA induces MSC mitochondrial dysfunction in a pH-independent manner

e MSCs promote SAEC wound repair in normocapnia but not HCA,

independently of proliferation

e Mitochondria are transferred from MSCs to SAECs in the settings of both
normocapnia and HCA

e Transfer of MSC mitochondria is associated with a trend towards increased
ATP production in SAECs

e Functional mitochondria are required for the ability of SAECs to promote

SAEC wound repair

Together these results demonstrate that MSCs promote SAEC wound closure in
normocapnia via a mechanism dependent on the presence of functional MSC

mitochondria. The results suggest that this may occur through the transfer of
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functional mitochondria to SAECs. However, they also demonstrate that this
therapeutic capacity of MSCs is lost in HCA. HCA, in a pH-independent manner,
induced mitochondrial dysfunction in MSCs. This is likely to result in the transfer of
fewer functional mitochondria to the SAECs and thus attenuate the therapeutic
benefits on wound closure. These results are concerning from a clinical perspective
as they suggest that the therapeutic efficacy of an MSC-based therapy for ARDS may
be adversely impacted by HCA. This suggests that patients with established HCA are
not likely to benefit from MSC treatment, and is important for the design of future
MSC-based clinical trials not only in ARDS, but also in other conditions complicated
by HCA, for example chronic obstructive pulmonary disease (COPD) and cystic

fibrosis.
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6.1 Final conclusions

Acute Respiratory Distress Syndrome (ARDS) is a devastating clinical disorder
common in intensive care units®3. It is characterised by a diffuse inflammatory
response and impaired function of the endothelial-epithelial blood-air barrier, resulting
in the formation of pulmonary oedema and subsequently impaired gas exchange?®.
Currently, there exists no effective pharmacological therapy for the treatment of
ARDS and so its management relies primarily on the use of supportive care
approaches, particularly low tidal volume mechanical ventilation which may induce
hypercapnic acidosis (HCA)>. Despite a lack of trials investigating the effects of
HCA on clinical outcomes in ARDS, its development is largely considered safe for

the patient and so has come to be accepted by many clinicians.

As the alveolar epithelium and capillary endothelium are keys targets in the
pathogenesis of ARDS, it is important that the influence of the surrounding
environment on their potential for recovery from the condition is characterised. To
date only two studies have investigated the response of endothelial cells to HCA. The
first used human pulmonary artery endothelial cells (HPAECs) and demonstrated
attenuated inflammatory responses®™’. In contrast, the second study used human
pulmonary microvascular endothelial cells (HPMECSs) — the endothelial cell type most
relevant to the pathophysiology of ARDS — but demonstrated the opposite response®®®.
While the difference in results between the two studies may be explained by
differences in the cell types used or in the concentration of CO2, the results of the more
relevant cell type — the HPMECs - are corroborated by in vivo findings which
contradict a large body of in vivo evidence, raising concerns with regards to their
validity. Both studies were also limited by lack of assessment of the reparative
potential of the endothelium in HCA and of the contributions of mitochondria to the
HCA-induced effects.

The response of the alveolar epithelium to HCA has been more extensively studied in
comparison to the endothelium. It is concerning that while data demonstrate

attenuated inflammatory responses in HCA, they also suggest that re-epithelialisation
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and the capacity of alveolar epithelial cells to facilitate alveolar fluid clearance is
impaired (Section 4.2). However, much of this work has been performed in the
immortalised A549 cell line which differs phenotypically from primary alveolar
epithelial cells in a number of respects. The results obtained using this cell line should
therefore be interpreted with caution, especially given that much of the in vivo
evidence to date suggests that HCA either improves or does not affect epithelial-

endothelial barrier function.

The first aim of the current study was designed to address the lack of clarity in relation

to the responses of the alveolar epithelium and capillary endothelium to HCA. The
aim was to determine the effects of HCA on the inflammatory and reparative responses
of primary human pulmonary microvascular endothelial cells (HPMECS) and primary

human small airway epithelial cells (SAECS) in an in vitro model of ARDS.

The results demonstrate that HCA attenuated inflammatory cytokine secretion by both
cell types. Both cytokines measured — CXCL8 and CXCLS5 - are potent neutrophil
chemoattractants?®23° suggesting that in the setting of HCA, the alveolar epithelium
and capillary endothelium may help to dampen inflammatory responses within the
alveoli by attenuating neutrophil recruitment. In this respect, both cell types may
therefore contribute to recovery from ARDS by attenuating inflammation. These
results are in keeping with previous observations demonstrating attenuated cytokine
secretions by A549 cells and HPAECs. However, unsurprisingly given the concerns
previously raised, they do not support the findings of Liu et al. who demonstrated

enhanced inflammatory cytokine secretion by HPMECs*®®,

It is concerning that the results of the current study also demonstrate attenuated wound
repair in HCA by both HPMECs and SAECs. These findings are in keeping with
previous reports in both A549 cells and SAECs!®, but are the first report of the
response of endothelial cells to HCA in this regard and are the first report of the effects
of HCA on wound repair in an inflammatory environment in either cell type. These

findings are concerning as proliferation and migration are key to wound repair and are
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important for recovery of the structural and subsequently functional integrity of the
alveolar epithelial-capillary endothelial barrier. While the results of the current study
are limited in that SAECs were used to model the epithelium instead of primary
alveolar epithelial cells themselves, the results demonstrate that SAECs do contain a
population of alveolar epithelial cells. The use of primary isolated ATII cells was
limited by the availability of suitable donor human lungs. However, the limited data
collected do demonstrate a trend suggestive of attenuated wound repair by these cells
in the setting of HCA. Together these results suggest that while the epithelium and
endothelium may exert potentially beneficial effects in response to HCA, their
response may also be detrimental for subsequent recovery from ARDS. These results
are concerning and highlight the need for randomised trials investigating the effects
of HCA on clinical outcomes in the condition.

Despite decades of research, no pharmacological therapy currently exists for the
treatment of ARDS®’. The potential use of mesenchymal stem cells (MSCs) has
generated considerable interest and is supported by an ever-increasing body of
preclinical research. However, while MSCs are known to respond to their local
environment —which may involve HCA when administered to mechanically ventilated
patients with ARDS - their therapeutic capacity in the setting of HCA has never been
investigated. HCA could have important implications for the efficacy of an MSC-
based therapy and so the second aim of the current project was to determine the

influence of HCA on the biological properties and therapeutic capacity of MSCs.

The results demonstrate that MSCs promote SAEC wound repair via enhanced cell
migration under normocapnic conditions. However, this reparative capacity of MSCs
is lost in HCA. This is the first time that the therapeutic capacity of MSCs in response
to HCA has been investigated and suggests that HCA may attenuate the therapeutic
capacity of MSCs in ARDS. These findings could have important implications in the
interpretation of clinical trial data. They suggest that a priori posthoc analyses of data
from patients with and without HCA should be planned as the presence of HCA may
mask any MSC-driven improvements observed in patients in whom HCA is not

present. This may allow for the identification of an effective therapy for at least a
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subset of patients with ARDS where clinical trial data may otherwise demonstrate that
an MSC-based therapy may be ineffective. Subsequently, it may allow the prospective
identification of HCA to be developed as an exclusion criteria useful in the
identification of patients with ARDS who are more likely to benefit from an MSC-

based therapy.

The third aim of the current study was to elucidate the mechanisms of the effects of
HCA on the inflammatory and reparative responses of HPMECs and SAECs, and on
the therapeutic potential of MSCs. While considerable evidence supports a role for
the NFkB pathway in mediating the effects of HCA in preclinical models of ARDS
(Section 1.7.1), the current study found no difference in the degree of activation of
this pathway in any of the three cell types studied. However, the effects of HCA were
associated with mitochondrial dysfunction in all three cell types. Importantly,
functional mitochondria were required for the ability of MSCs to promote SAEC
wound closure. MSCs have previously been shown to transfer mitochondria to
surrounding cells where they enhance bioenergetics and are associated with
therapeutic outcomes such as increased surfactant production by alveolar epithelial
cells, improved barrier integrity, and enhanced phagocytosis by macrophages338:341:368-
370 Mitochondrial transfer from MSCs to SAECs was observed in the current study,
in both normocapnia and HCA. Additionally, a trend suggestive of enhanced ATP
production by SAECs co-cultured with MSCs was observed in normocapnia. MSCs
in which mitochondrial function has been inhibited with rhodamine 6G were not able
to recapitulate the effect of uninhibited MSCs. Together these results suggest that
MSCs improved SAEC wound closure in normocapnia via the transfer of functional
mitochondria to SAECs where they augmented energy production within the cell.
However, it appears that mitochondria transferred to SAECs in the setting of HCA
were less functional and not capable of mounting the same response. HCA-induced
attenuation of mitochondrial membrane potential occurred in a pH-independent
manner, suggesting that clinical buffering of acidosis will not reverse this effect.
These data represent a novel mechanism of the therapeutic effects of MSCs in ARDS
and provide mechanistic insight which may pave the way for future improvements of
an MSC-based therapy which may be more effective in patients with ARDS.
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It is particularly noteworthy that HCA attenuated cell functions across all three cell
types used in this study. These cells arise from different areas within the embryonic
germ layer during development: while SAECs are of endodermal origin, HPMECs
and MSCs are of mesodermal origin®*%2, This suggests that HCA exerts a general
effect on target cells, regardless of cell lineage. Previously reported data also support
this theory as HCA impairs phagocytosis by both macrophages and neutrophils4®1°2,
while attenuated inflammatory responses have been reported across all four cell types
relevant to the pathophysiology of ARDS: neutrophils, macrophages, epithelial cells,
and endothelial cellst®152155159227 = Gjyen the presence of mitochondria in most
mammalian cells, the ability of HCA to induce mitochondrial dysfunction may explain

this general effect on cell phenotype.

6.2 Future Directions

The current study demonstrated that HCA attenuated inflammatory cytokine secretion
and wound repair by HPMECs and SAECs. These effects were associated with
impaired mitochondrial function, but the results are limited by the lack of a definitive
link between the two observations. Further work, for example repetition of cytokine
analysis experiments with an additional group added in which mitochondrial

depolarisation is induced by FCCP, will be required to bridge this gap in knowledge.

In addition, the current study did not address the individual contributions of pH and
CO:2 to the effects of HCA on the inflammatory and reparative responses of HPMECs
and SAECs. Clinically, the degree of acidosis can be reduced by the administration
of buffers such as sodium bicarbonate. It is important that the individual contributions
of pH and CO; are investigated in future studies as, if the negative effects of HCA
observed in the current study are driven by acidosis rather than CO> per se, buffering
could help lessen these effects and permit continuation of low tidal volume mechanical

ventilation in patients with ARDS.
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Of considerable importance, the results of the current study have also raised concerns
with regard to the therapeutic potential of MSCs in the setting of HCA. Mitochondria
were required for the ability of MSCs to promote SAEC wound closure. In the
normocapnic setting mitochondria were transferred to SAECs. Transfer was also
observed in the setting of HCA, but MSC mitochondrial function was impaired in this
setting, suggesting that the mitochondria transferred in HCA were less functional.
While a contact-independent mechanism of transfer was demonstrated, the exact
mechanism of transfer was not elucidated. The transfer of mitochondria inside
extracellular vesicles (EVs) has been demonstrated previously®**33, Further studies
should investigate whether extracellular vesicles facilitate the transfer of mitochondria
from MSCs to SAECs, and, if so, should confirm whether the attenuated therapeutic
potential of MSCs in HCA results from the transfer of less functional mitochondria,

and/or whether the capacity of the recipient cells to take them up is impaired in HCA.

CD44 expression on the surface of MSC-derived extracellular vesicles has been
reported as important for their uptake by alveolar epithelial cells and
macrophages®*34, Although it has not yet been studied, it is possible that HCA may
attenuate EV expression of CD44 and subsequently attenuate their uptake by recipient
cells. However, it is also possible that EV uptake by target cells is not altered by HCA
and that the impaired therapeutic potential observed in the current study simply results
from the transfer of less functional mitochondria within the EVs. Such investigations
may open an avenue for the future development of an MSC-derived therapy which is
independent of the cells themselves. For example, if it were found that fewer
mitochondria were transferred to SAECs and that this was independent of the capacity
of SAECs to take up EVs, MSC-generated EVs could be produced in normocapnia,
collected and administered to patients with HCA in place of the cells themselves.
There is currently interest in utilising EVs for the treatment of a number of conditions,

and to date their clinical use appears to be feasible.
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8.1 Supplement 1

To assess endothelial barrier integrity, human pulmonary microvascular endothelial
cells (HPMECs) were seeded on transwell inserts and cultured in cell culture medium
in 5% CO,. Transendothelial electrical resistance (TEER) measurements were taken
throughout the culture period using an EndOhm meter (World Precision Instruments,
USA) to monitor the integrity of the forming barrier. However, TEERs obtained were
consistently much lower than expected, even when microscopically the HPMECs
appeared to be in a good monolayer. A number of modifications were made to the
protocol in an attempt to improve the integrity of the barriers formed. Modifications

to the original protocol included:

e Reduction of pore sizes from 3.0um to 0.4um

e Switch from polycarbonate membranes to polyethylene terephthalate (PET)
membranes

e Increase in the number of cells seeded — minimum density was 1x10*cm? (as
recommended by the cell supplier), and maximum density was 1x10°/cm?

e Inserts coated with collagen — either type | bovine collagen (Purecol®) or type
IV human collagen (both Sigma)

o Cells were maintained in culture for up to 2 weeks, with media changes every
2-3 days

Despite modifications to the original protocol, maximum resistances across HPMEC

2. In a representative experiment, maximum

monolayers rarely peaked above 9Q/cm
resistance of 8.93Q/cm? was obtained 72 hours post-seeding on inserts coated with
type IV human collagen (Figure 8.1A). On one occasion, significant TEERs of
75Q/cm? were achieved 24 hours post-seeding of 2.5x10* HPMECs/cm? on type IV
human collagen-coated PET inserts with 0.4um suitable for a 12 well plate. However,
resistances fell rapidly (Figure 8.1B) and would have made it difficult to determine

the results of experimental conditions.
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Figure 8.1: Transendothelial electrical resistance (TEER) measurements across
HPMEC layers

HPMECs were seeded on collagen-coated polyethylene terephthalate (PET) inserts
with 0.4pm pores and cultured in 5% CO,. TEERs were measured every 24 hours.
TEERs across HPMECs seeded on inserts coated with type 1V human collagen were
compared with those seeded on inserts coated with type | bovine collagen (A) (one
representative experiment). On one occasion, significant resistances were obtained
across cells seeded on type IV human collagen-coated inserts with 0.4um pores, but

these fell rapidly (B). (n=1; no statistical analysis performed).
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8.2 Supplement 2

Human pulmonary microvascular endothelial cells (HPMECs) were seeded at a
density of 2.5x10%cm? on transwell inserts with 0.4um pores suitable for a 24 well
plate (Greiner). Cells were cultured in 5% CO: until monolayer formation, with
medium changes every 2-3 days. Following monolayer formation, the medium was
replaced with fresh medium; 100ul was added to the upper chamber and 500pl to the
lower chamber. 10ul 40kDa FITC-Dextran (Sigma) was added to the upper chamber
of inserts on which cells had been seeded. A positive control in which FITC-dextran
was also added to inserts on which no cells had been seeded was included. A blank in
which PBS was added in place of FITC-dextran to the upper chamber of inserts
containing no cells was also included. Cells were cultured in the presence of FITC-
dextran in 5% or 15% CO; for 30 minutes. After 30 minutes, 100ul samples were
collected and added to a black 96 well plate with transparent bottom (Corning).
Fluorescence intensity was read immediately using a FLUOstar Omega microplate
reader at 485nm excitation and 520nm emission. Results are presented as % of

positive control.

The results demonstrate that 69.2 + 17.1% of FITC-dextran still passed through
unstimulated HPMEC monolayers when compared to the positive control (Figure
8.2), indicating that monolayer integrity was insufficiently tight to permit functional

assessment of barrier integrity in this model.
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Figure 8.2: HPMEC permeability to FITC-Dextran

HPMECs were seeded on transwell inserts and cultured in 5% CO3 until monolayer
formation. FITC-dextran was added to the upper chamber and the cells were cultured
for a further 30 minutes in 5% or 15% CO,. A positive control was included in which
FITC-dextran was added to a transwell insert on which no cells had been seeded. 100pl
samples of the medium in the bottom chambers were collected after 30 minutes and
fluorescence intensity was measured. Results are presented at % of positive control.

Error bars represent standard deviation (SD) (n=2; no statistical analysis performed).
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8.3 Supplement 3

Small airway epithelial cells (SAECs) were seeded at a density of 1x10°%cm? on
transwell inserts with 0.4um pores suitable for a 24 well plate (Greiner). Cells were
cultured in 5% CO. for two weeks to allow monolayer formation. After two weeks,
the medium was replaced with fresh medium either containing or not containing
50ng/ml TNFa. These media had been pre-equilibrated in 5% or 15% CO, for 24
hours prior to use. 100ul was added to the upper chamber and 500pl to the lower
chamber. Cells were cultured in 5% or 15% CO> for 24 hours. After 24 hours, 10pl
40kDa-FITC-Dextran was added to the upper chamber of inserts on which cells had
been seeded. A positive control in which FITC-dextran was also added to inserts on
which no cells had been seeded was also included. A blank in which PBS was added
in place of FITC-dextran to the upper chamber of inserts containing no cells was also
included. Cells were cultured in the presence of FITC-dextran in 5% or 15% CO; for
30 minutes. After 30 minutes, 100ul samples were collected and added to a black 96
well plate with transparent bottom (Corning). Fluorescence intensity was read
immediately using a FLUOstar Omega microplate reader at 485nm excitation and
520nm emission. Results are presented as % of positive control.

Results demonstrate reasonable SAEC barrier function in unstimulated cells in
normocapnia (33.0 £ 4.7% of positive control) (Figure 8.3). However, 50ng/ml TNFa
did not induce a significant increase in permeability to FITC-dextran in normocapnia
(41.1 £ 2.0% of positive control) (Figure 8.3). Given that permeability of
unstimulated SAECs and TNFa-stimulated SAECs also did not differ significantly
from any other experimental groups (38.8 + 3.8% and 41.3 + 5.1% of positive control,
respectively) (Figure 8.3), it is difficult to determine if the results obtained are true
results or whether the SAECs did not respond to their environment to alter

permeability to FITC-dextran.
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Figure 8.3: SAEC permeability to FITC-Dextran

SAECs were seeded on transwell inserts and cultured in 5% CO. for 2 weeks until
monolayer formation. SAECs were then cultured in 5% or 15% CO; in the presence
or absence of 50ng/ml TNFa for 24 hours. FITC-dextran was added to the upper
chamber and the cells were cultured for a further 30 minutes in 5% or 15% CO.. A
positive control was included in which FITC-dextran was added to a transwell insert
on which no cells had been seeded. 100ul samples of the medium in the bottom
chambers were collected after 30 minutes and fluorescence intensity was measured.
Results are presented at % of positive control. Error bars represent standard deviation

(SD) (n=3; Kruskal-Wallis with Dunn’s posthoc analysis; ns = p>0.05).
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