Imperial College London
Faculty of Medicine

National Heart and Lung Institute

Mitochondrial transfer as a cell-cell
communication mechanism between

airway smooth muscle cells in COPD

Julia Frankenberg Garcia
Supervisors: Dr Pankaj K Bhavsar and Dr Charalambos

Michaeloudes

Secondary supervisor: Dr Tristan Rodriguez

Submitted in part fulfilment of the requirements for the degree of

Doctor of Philosophy at Imperial College London
March 2022, London, United Kingdom



Copyright Declaration

The copyright of this thesis rests with the author. Unless otherwise indicated, its contents
are licensed under a Creative Commons Attribution-Non Commercial 4.0 International
Licence (CC BY-NC).

Under this licence, you may copy and redistribute the material in any medium or
format. You may also create and distribute modified versions of the work. This is on the
condition that: you credit the author and do not use it, or any derivative works, for a
commercial purpose.

When reusing or sharing this work, ensure you make the licence terms clear to others
by naming the licence and linking to the licence text. Where a work has been adapted,
you should indicate that the work has been changed and describe those changes.

Please seek permission from the copyright holder for uses of this work that are not

included in this licence or permitted under UK Copyright Law.



Declaration of Originality

I hereby declare that all the content presented in this thesis is original and represents
work of my own, unless otherwise stated, with reference to the published or unpublished
work of others. The content of this thesis has not been previously submitted in any type

of report for other academic qualifications.



Acknowledgements

Here’s my favourite part
Because a PhD is a solitary journey

Yet, as I found, impossible to achieve on your own

First things first, thank you to my supervisors
Charis, for the all the advice and teachings throughout these four years, for
the WhatsApp troubleshooting on western blots and other unloved experiments, for the
passionate rants about work and life
Pank, for trusting me, for the patience, for the tips on good restaurants, for
teaching me “A PhD is a degree in thinking” - and for guiding me in getting there
Thank you to Tristan Rodriguez, Katie Raby, Ana Lima and everyone in the academic
world who gave me feedback, help and inspiration
Thank you to all who crossed my path in Guy Scadding Building, for gladly sharing
the ups and downs of the day-to-day in the lab, for commiserating in failed experiments,

and for celebrating in making them work, for invigorating chit-chat breaks and cake

And of course,
Thanks to everyone in the very important “life” side of work-life balance,
Mae, Pai, Marta and Chico, and everyone in my family, thank you for bringing joy in
all our moments together
My housemates, Claire, Laura and Subhro, for putting up with me every single day,
for making lockdowns bearable, for making our house a home

Everyone at Regional do Grafton and friends, for sharing this passion for music (and



dance) that never failed to transport me to a land far far away from PhDs

My girlfriends, Kayley, Andreea, Clara, for the dinners, trips, parties and countless
moments alike, for being there for me; special thanks to Clara for sharing so much of this
journey with me

I am also grateful for many other people with whom I have spent cherished moments

throughout these years.

So thank you - really really thank you - to everyone that has been by my side

during this time. You made it happen.



Abstract

Chronic obstructive pulmonary disease (COPD) is an inflammatory lung disease charac-
terised by a progressive airflow limitation. Airway smooth muscle (ASM) dysfunction,
such as cell hyperproliferation and increased extracellular matrix deposition, contributes
to airway remodelling, an important pathological feature of COPD. There is also evidence
of defective mitochondria in the lungs and in cultured ASM cells (ASMCs) from patients
with COPD. Cigarette smoke (CS), the main cause of COPD, induces cellular and mi-
tochondrial dysfunction, but only a proportion of smokers develop COPD. Homeostatic
mechanisms that prevent sustained damage in response to CS may be impaired in COPD.
Transfer of mitochondria from stem cells to structural cells in the lung protects the lat-
ter from stress-induced mitochondrial dysfunction. In this study, I hypothesised that
mitochondrial transfer between ASMCs is a homeostatic mechanism that preserves mito-
chondrial function, and that it is impaired in COPD leading to sustained mitochondrial
dysfunction in response to stress. I show that CS leads to persistent mitochondrial dam-
age in ASMCs, an effect that is more pronounced in cells from COPD patients. However,
it remains unclear whether this drives pathogenic ASM phenotypes. I demonstrate that
ASMCs, from both healthy and COPD patients, are capable of exchanging mitochondria,
a process that occurs, at least partly, via extracellular vesicles. Mitochondrial transfer
is induced by exposure to CS, suggesting it is a stress response mechanism. Contrary
to my hypothesis, the results of this study indicate that mitochondrial transfer may not
be impaired in COPD. However, irrespective of disease status, this process is associated
with an up-regulation of mitochondrial respiration and a reduction in cell proliferation.
Therefore, mitochondrial transfer between ASMCs may be exploited as an endogenous

protective mechanism to reverse mitochondrial and cellular dysfunction in the lungs.
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Chapter 1

Introduction

1.1 Introduction to COPD

Chronic obstructive pulmonary disease (COPD) is a inflammatory lung disease charac-
terised by a progressive airflow limitation that is poorly reversible [1, 2]. It is a het-
erogenous disease that encompasses chronic respiratory symptoms, structural pulmonary
abnormalities and lung function impairment [1]. In 2019, COPD was the third leading
cause of death, accounting for 3.23 million deaths worldwide [3]. In the United Kingdom,
an estimated 1.2 million people live with diagnosed COPD [4]. COPD has a significant
economic burden, accounting for 3% of the total annual healthcare budget in the Euro-
pean Union [5]. In the USA, COPD costs $4000 per patient per year [6]. The annual
economic burden of COPD in the United Kingdom is of £1.9 billion [4]. It is predicted
that the burden of COPD will increase over the years, and that by 2060 there may be over
5.6 million deaths annually from COPD [7, 8]. Despite these alarming statistics, there
are no available therapies to reverse disease progression.

Patients with COPD present symptoms such as dyspnoea, chronic cough and/or spu-
tum production. The clinical diagnosis of COPD is confirmed by evaluating lung function
with a spirometry test, which allows for the assessment of airflow limitation. The test
consists in measuring the volume of air forcibly exhaled from the point of maximal inspi-
ration (forced vital capacity, FVC) and the volume that has been exhaled at the end of the

first second of forced expiration (FEV}), after administration of a bronchodilator. COPD
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is diagnosed when the ratio between these two measurements (FEV;/FVC) is below 0.7
[1, 2]. The Global Initiative for Chronic Obstructive Pulmonary Disease (GOLD) also
classifies the degree of disease severity, from GOLD stage I to IV, based on the predicted
FEV,, which is the percentage of the predicted FEV; value in a patient according to age,

sex, height and ethnicity (Table 1.1).

Classification Disease Severity = Post-bronchodilator FEV,

GOLD I Mild FEV;> 80% of predicted
GOLD II Moderate 50% < FEV,<80% of predicted
GOLD III Severe 30% < FEV;<50% of predicted
GOLD 1V Very severe FEV;<30% of predicted

Table 1.1: Stratification of COPD severity according to GOLD classification
2]

1.1.1 Risk factors of COPD

Cigarette smoking is the main environmental risk factor of COPD. Smokers have a greater
prevalence of lung abnormalities, respiratory symptoms and an accelerated decline in lung
function, as well as a greater mortality rate due to COPD compared to non-smokers
[2]. However, only 20% of smokers develop COPD, and non-smokers may also develop
chronic airflow limitation, which indicates the existence of other drivers of disease [9].
Occupational exposure to particles, such as organic and inorganic dusts, chemical agents
and fumes, and exposure to indoor pollutants, such as biomass combustion gases, are also
associated with COPD pathogenesis [2]. Non-environmental risk factors have also been
identified. Genetic predisposition may explain why only some smokers develop COPD.
The most common genetic variation associated to COPD is in the SERPINA1 gene,
which encodes for alpha-1 antitrypsin (AAT), the main inhibitor of the serine protease
neutrophil elastase [2, 10]. This genetic variation is associated with a deficiency of AAT,

which results in an protease/anti-protease imbalance leading to parenchymal destruction

19



and emphysema [10]. This will be further described in the following section. Genome wide
association studies (GWAS) have identified other genetic variations that are associated
with increased susceptibility to COPD, such as variations in the genes encoding hedgehog-
interacting protein, a-nicotinic acetylcholine receptor and iron-responsive element binding
protein [11]. COPD typically affects people over 40 years of age [7], which suggests age
is a risk factor. However, it is unclear how ageing affects disease. On the one hand, the
age of onset of COPD may be a result of a cumulative exposure to disease-causing agents
over many years. However, some of the structural changes observed in COPD are also
seen in ageing lungs [2] and many of the hallmarks of ageing, such as cellular senescence
and mitochondrial and telomere dysfunction, are more pronounced in COPD patients
compared to age-matched controls [12]. This suggests that an accelerated ageing of the
lungs may contribute to COPD. Viral and bacterial infections are also a known risk factor
for COPD, often associated to the occurrence of exacerbations — a sustained worsening of
symptoms with an acute onset that is beyond day-to-day variations [13]. Pathogens such
as human rhinovirus (HRV), respiratory syncytial virus (RSV), Haemophilus influenza,
Morazella catarrhalis and Streptococcus pneumoniae have been detected in the lungs of
COPD patients during exacerbations [14, 15]. There is currently insufficient data to
establish whether infection with severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), leading to Covid-19 disease, is associated with increased risk of COPD. However,
there are studies pertaining to the potential of COPD as a risk factor for Covid-19 [16,
17]. A systematic review and meta-analysis revealed that COPD was associated with
an increased risk of hospitalization, ICU admission and mortality in patients diagnosed
with Covid-19 [17]. While the mechanisms by which this happens are not established, a
few possibilities have been described. The angiotensin converting enzyme-2 (ACE-2) is a
receptor responsible for the entry of the SARS-CoV-2 virus into cells and is up-regulated in
the alveoli and the small airway epithelium of COPD patients [18]. In addition, individuals
with COPD have abnormal inflammatory responses and impaired clearance of respiratory
viruses [19]. Other risk factors for COPD include gender, lung growth and development,

socio-economic status, asthma and chronic bronchitis [2, 20]. All these risk factors can
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contribute to the development of structural abnormalities in the lung, such as airway

remodelling and emphysema, which, in turn, lead to airflow obstruction.

1.1.2 Pathophysiology and pathogenesis of COPD

COPD is a heterogeneous disease comprising different pathological features (Figure 1.1).
Two important hallmarks of COPD are airway remodelling and emphysema. Airway
remodelling consists of thickening of the large and small airways, which leads to narrowing
of the airway lumen and consequent airflow obstruction [21, 22]. Tt is driven by an
increase in airway wall compartments, such as the airway smooth muscle, changes in
epithelial cell function, such as loss of barrier function, goblet cell metaplasia and basal cell
exhaustion, as well as an increase in mucus exudates [21, 23]. Emphysema is characterised
by changes in the alveolar space, such as parenchymal destruction and loss of elastic recoil.
These result in reduced gas exchange and air trapping in the alveoli, which contribute
to airflow obstruction [24]. Other aspects, such as pulmonary hypertension and mucus
hypersecretion, can also be present in COPD [2]. Though COPD is primarily characterised
as a lung disease, it is often accompanied by co-morbidities such as cardiovascular diseases,
osteoporosis, depression and lung cancer [2]. Whether these are worsened by COPD or
occur concomitantly as a result of similar risk factors is not clear. The degree to which the
pathological features of COPD affect each individual is variable and reflects the complexity
of the disease. The cellular mechanisms driving the development of these phenotypes are
also intricate and can vary not only between individuals but between cell types and
location in the lungs. These include, but are not limited to, abnormal inflammation,
oxidative stress, protease/anti-protease imbalance, cellular senescence and apoptosis, and

will be elaborated in the paragraphs below.
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Figure 1.1: Pathogenesis of COPD. Diagram created with BioRender.com

Chronic inflammation, induced by exposure to cigarette smoke (CS) and other noxious
agents, is an important cellular aspect of COPD. Whereas in healthy subjects inflamma-
tion resolves upon removal of the stimuli, in COPD, CS-induced inflammatory responses
persist after smoking cessation [21]. Several factors may contribute to this. Firstly, there
is an increase in the levels of both innate and adaptive immune cells, such as neutrophils,
macrophages, and B and T-lymphocytes, in the airways of COPD patients, which corre-
lates with severity of disease [21]. Moreover, many immune cells have impaired function in
COPD. For example, macrophages from COPD patients display defective phagocytosis,
which reduces bacterial clearance in the airways [25]. COPD neutrophils show abnormal
chemotactic behaviour and migratory dynamics [26]. These may contribute to persistent
inflammation in COPD. Inflammatory mediators are also increased in COPD, and can
further recruit and activate immune cells. For example, chemokines, such as interleukin
(IL)-8, and cytokines, such as the tumour necrosis factor o (TNF-a), are increased in
sputum from COPD patients compared to smoking and non-smoking controls [27]. The

cytokine IL-6 is elevated in exhaled breath condensate of COPD patients [28]. Transform-
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ing growth factor  (TGF-B) is increased in the small airway epithelium of COPD patients
[29]. Inflammatory mediators are secreted not only by immune cells, but also by structural
cells. For example, epithelial cells are the first point of contact of disease-driving noxious
agents, and the resulting epithelial damage leads to the secretion of cytokines, growth
factors and danger associated molecular patterns (DAMPs) that promote inflammation
[20]. Abnormal inflammation in the lungs contributes to the development of pathological
features of COPD. For example, infiltration of immune cells within the bronchial wall
can lead to thickening and remodelling of the airway wall [21]. Increased TGF-B, a fibro-
genic factor, induces the proliferation of fibroblasts and the production of collagen and
other extracellular matrix components, which also contribute to airway remodelling [29].
Chronic inflammation is also present systemically and may lead to the development of
co-morbidities, such as cardiovascular disease, and exacerbations [30, 31].

Proteolytic enzymes, secreted mainly by inflammatory cells, are counter-balanced by
the action of anti-proteases. However, in COPD, due to the accumulation of inflam-
matory cells, there is a shift in the balance between proteases and anti-proteases, which
contributes to emphysema in the lungs. Proteases are upregulated in COPD. For example,
matrix metalloprotease (MMP)-12; an elastase, is higher in macrophages, bronchoalveolar
lavage fluid (BALF) and bronchial biopsies of COPD patients compared to healthy vol-
unteers [32]. The accumulation of different proteolytic elastases is thought to contribute
to emphysema by breaking down elastin, a component of the parenchymal extracellular
matrix (ECM) that is important in maintaining lung tissue elasticity [33]. This is clearly
evidenced in patients with AAT deficiency, where a loss of inhibition of neutrophil elastase
leads to parenchymal destruction [10]. Other components of the ECM, such as collagens
and glycosaminoglycans, are also dysregulated in COPD. For example, an increased and
disorganized deposition of collagen has been reported in the lungs of COPD patients [34].

Another important cellular mechanism of COPD is oxidative stress, which occurs
when oxidants are present in excess and/or the antioxidant defence mechanisms are im-
paired [35]. Markers of oxidative stress, such as carbon monoxide and myeloperoxidase

are elevated in exhaled breath condensate from COPD patients [35]. Oxidants, such as
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reactive oxygen species (ROS), are highly reactive free radicals that can oxidize different
biomolecules, such as DNA, proteins and lipids, modifying their function. ROS include the
superoxide anion (Oy ), hydrogen peroxide (H2Os), hydroxyl radical ("HO) and hypochlor-
ous acid (HOCI) [36]. Cigarette smoke is a major source of exogenous oxidants, where
both gas and tar phases are rich in free radicals [36]. The tar phase contains 10'7 relatively
stable radical molecules per gram, such as the quinone/hydroquinone (Q/QH2) complex,
which reduces molecular oxygen to produce O, , leading to the subsequent formation of
H,0, and "HO [36, 37]. The gas phase contains 10'® radicals per puff, such as nitric
oxide (NO') and peroxynitrite (ONOO™) [38]. ROS are also generated endogenously by
cells, primarily during aerobic respiration in the mitochondria, when electrons leak from
Complex I and IIT of the electron transport chain (ETC) (Figure 1.3) [39]. Other cel-
lular processes that generate ROS include the reduced nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase-driven “respiratory burst” in phagocytes [40]. Whereas at
physiological levels ROS participate in different cellular mechanisms such as signalling
pathways and phagocytosis, in excess, ROS can lead to oxidative damage. Oxidants can
cause lipid peroxidation, modifications in proteins and DNA damage, which can in turn
activate inflammatory pathways that lead to disease [36]. For example, 4-Hydroxy-2-
nonenal, a product of lipid peroxidation, is increased in the lungs of patients with COPD
[41] and is a chemoattractant to neutrophils [42]. ROS can activate transcription factors,
such as nuclear factor-kappaB (NF-kB), that lead to an increase in the transcription of
pro-inflammatory genes, thus contributing to an increase in inflammatory responses [43].
Exposure to cigarette smoke leads to oxidative stress in the lungs of patients with and
without COPD. However, in COPD, as observed with inflammatory responses, oxidative
stress persists after smoking cessation [44]. This may be due to both increased endoge-
nous oxidants, as well as impaired antioxidant defences, which normally maintain ROS at
non-pathological levels. Indeed, increased levels of mitochondrial ROS have been reported
in COPD lungs [45, 46]. The nuclear factor erythroid 2-related factor 2 (NRF-2) regu-
lates antioxidant responses at a transcriptional level and is downregulated in COPD [47].

Genetic polymorphisms in genes involved in the antioxidant response, such as superoxide
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dismutase (SOD) and glutathione S-transferases (GST), have also been linked to COPD
[48, 49].

Cellular senescence and apoptosis also contribute to COPD pathogenesis. Senescent
cells, which are cells that have irreversibly lost their ability to proliferate but maintain
a metabolic activity, accumulate in the lungs during ageing, but in COPD this process
is accelerated. There are increased levels of senescent cells, such as endothelial and ep-
ithelial cells, in the lungs of COPD patients [50]. Senescent cells secrete a variety of
mediators known as the senescent associated secretory phenotype (SASP), which include
pro-inflammatory mediators and proteases that contribute to chronic inflammation in
COPD [51]. There is also an increase in apoptotic cells (epithelial, mesenchymal and
endothelial cells) and apoptotic markers in the lungs of patients with emphysema [52].
Apoptosis is important in the maintenance of normal tissue homeostasis. However, in
COPD, there is an imbalance between apoptosis and replenishment of new tissue, which
contributes to emphysema. Necroptosis, a regulated form of necrosis, is also increased in
the lungs of patients with COPD, and is further induced by exposure to CS [53]. Necrop-
tosis not only causes loss of tissue but also promotes inflammation as a result of the
release of DAMPs. Interestingly, whereas in the alveoli there is an increase in apoptosis
and senescence, leading to parenchymal destruction [54], in the airways there is hyper-
proliferation of airway smooth muscle cells and fibroblasts which contributes to airway
thickening and remodelling [45]. These contrasting phenotypes between cell types and/or
localization in the lungs highlight the complexity of COPD pathogenesis. In addition
to these well-described cellular mechanisms, other aspects, such as changes in the mi-
crobiome, auto-immunity and epigenetics are emerging as contributing factors to COPD

pathogenesis [24, 55-58].
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1.1.3 Current therapies

The complex and heterogenous pathogenesis of COPD makes the development of effective
therapies a challenge. Current therapies for COPD are limited to alleviating symptoms
of disease rather than treating the underlying conditions and reversing disease pheno-
types. Smoking cessation is the most effective approach to reduce disease progression [2].
Pharmacological therapies are also used to reduce symptoms. Bronchodilators, such as 32-
agonists and anti-muscarinic agents, increase FEV; by reducing contraction of the airway
smooth muscle. Such drugs include short- and long-acting B2-agonists (SABA and LABA)
and short- and long-acting muscarinic antagonists (SAMA and LAMA) that can be used
in different combinations [59]. Anti-inflammatory agents, such as inhaled corticosteroids
and phosphodiesterase-4 inhibitors, act by reducing chronic inflammation in the lungs.
Other drugs, such as mucolytic and antioxidant agents, target mucus hypersecretion and
oxidative stress, respectively. Vaccinations and antibiotics are used to reduce the rate of
exacerbations in COPD patients [2]. Finally, non-pharmacological interventions such as
pulmonary rehabilitation and mechanical ventilation are also used as a therapy. Patients
can be treated with one or more of the above therapies depending on severity of disease
and other factors [2]. Potential new therapies include the use of monoclonal antibodies
to target and reduce specific cytokines and chemokines involved in COPD pathology [59]
as well as senolytics that induce apoptosis and the removal of senescent cells in the lungs
[60]. Still, the current treatments are limited and do not reverse the pathological features
that lead to airflow obstruction, such as emphysema and airway remodelling. Elucidating
the changes in different cell types that drive these pathological features will unveil new

therapeutic targets. In my thesis, I focus on the role of airway smooth muscle cells in

COPD.
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1.1.4 Airway smooth muscle in COPD

The airway smooth muscle (ASM) is a structural component of the airways located from
the trachea to the terminal bronchioles. Airway smooth muscle cells (ASMCs) can exert
different functions such as contraction, proliferation, migration and secretion of mediators
(61, 62].

ASMCs exhibit phenotypic plasticity in vitro, changing function in response to extrin-
sic and intrinsic cues. Halayko et al showed that, upon isolation, canine tracheal smooth
muscle cells exhibit a contractile phenotype associated with the expression of markers such
as smooth muscle myosin heavy chain, calponin, h-caldesmon, transgelin. After five days
in culture the cells become proliferative, expressing markers such as non-muscle myosin
heavy chain, i-caldesmon and vimentin [63]. Interestingly, prolonged serum-starvation
induces a “hyper-contractile” phenotype in ASMCs [64]. This suggests that ASMCs can
undergo a phenotypic switch in vitro, though whether this is also observed in vivo is not
known. The functions of ASMCs are not mutually exclusive and overlapping populations
exits. For example, both proliferative and non-proliferative ASMCs can have a synthetic
phenotype, secreting cytokines [65].

The function and phenotype of ASMCs is modulated by different cues, such as ECM
proteins, growth factors, serum-deprivation and mechanical strain [63, 66-68]. For exam-
ple, TGF-$ induces proliferation of ASMCs in the presence of serum [67]. ECM proteins
differentially regulate ASM phenotype: collagen I enhances cellular proliferation whereas
laminin reduces it [66]. It has also been shown that interaction with other cell-types in
the airways can affect ASM function. For example, co-culture of ASMCs with epithelial
cells leads to a reduction in ASMC contractility while increasing proliferation [69]. Neu-
trophil elastase, secreted by neutrophils and macrophages in the airways, promotes an
inflammatory and synthetic phenotype in ASMCs [70]. Phenotypic plasticity of ASMCs
is regulated by intracellular pathways that are activated in response to extrinsic cues.
For example, the serum response transcription factor (SRF) regulates the transcription
of contractile genes in ASM in response to serum starvation [71]. The mitogenic effect

of TGF- is mediated by the Smad pathway, kinases such as Phosphoinositide 3-kinases
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(PI3K), extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinases (JNK)
and the transcription factor Nf-kB [67]. Epigenetic changes may also have a role in the
transcriptional regulation of ASM function: in vascular smooth muscle, inhibition of hi-
stone deacetylase, an epigenetic regulator, reduces cellular proliferation [72]. Calcium is
a master regulator of ASM contractility thus changes in pathways or organelles involved
in calcium homeostasis can affect ASM function. The sarco/endoplasmic reticulum Ca?*
ATPase (SERCA) is required for the reuptake of calcium by the endoplasmic reticulum
(ER). A reduction in SERCA leads to accumulation of calcium in the cytosol, which is
associated with induction of a synthetic and proliferative phenotype in ASMCs [73]. Al-
tered calcium homeostasis also promotes mitochondrial biogenesis, which in turn induces
proliferation of ASMCs [22]. Although the role of phenotypic plasticity in physiological
conditions is not clear, some changes in ASM function are associated with pathological
conditions such as asthma and chronic obstructive pulmonary disease (COPD).

Airway smooth muscle (ASM) dysfunction contributes to airway remodelling in COPD
(Figure 1.2). ASM dysfunction in COPD is characterised by an increase in smooth mus-
cle layer thickness, contractility, and secretion of inflammatory mediators. An increased
ASM layer thickness has been observed in the small, central and large airways of patients
with COPD, and correlates with severity of disease [21, 22, 74, 75]. Two main mech-
anisms may contribute to ASM thickening: hyperproliferation of ASMCs and increased
ECM deposition. Liu et al reported that there is an increase in the levels of the prolifera-
tive marker proliferating cell nuclear antigen (PCNA) and in cell number in ASM in small
airway sections of COPD patients, suggesting an increase in proliferation of ASMCs [75].
In vitro, ASMCs from COPD patients show a higher induction of proliferation in response
to mitogenic stimuli (TGF-B and foetal bovine serum) compared to healthy controls [76].
Disease-relevant stimuli, such as cigarette smoke, can also induce proliferation of ASMCs
[77]. In addition to hyperproliferation, mild hypertrophy has also been reported in ASMCs
in the large airways of COPD patients, and may also contribute to thickening of the ASM
layer [78]. In contrast, it has been shown that the ECM volume fraction within the ASM

bundles, but not ASMCs size or number, is negatively correlated with FEV{% in both
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small and large airways [79]. COPD patients show increased levels of the ECM protein
laminin in ASM, which also negatively correlates with severity of disease [75, 80]. CS
induces the release of collagen by ASMCs and this is more pronounced in ASMCs from
COPD patients [81]. ASMCs from COPD patients have decreased levels of hyaluronic
acid, an ECM component that regulates tissue flexibility [82]. Although the relative con-
tribution of hyperproliferation of ASMCs and ECM deposition is not fully understood,

evidence suggests that both processes may be involved in ASM layer thickening.
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Figure 1.2: Airway smooth muscle dysfunction in COPD. Schematic showing the
phenotypes that have been described in airway smooth muscle in COPD. Diagram created with
BioRender.com.

Altered contractility of ASM may also contribute to COPD pathogenesis. ASM from
small airway sections from COPD patients show increased force generation compared to
non-COPD patients, and this is negatively correlated with FEV;/FVC [83]. In addi-
tion, ASMCs from non-smoker patients treated with CS show an increase in expression
of calcium regulatory proteins and an increase in agonist-induced calcium levels, which
is required for force generation [77]. COPD is characterised by chronic inflammation.
ASMCs can secrete inflammatory mediators and this response is increased in COPD.

Airways from COPD patients show increased levels of the inflammatory mediators C-
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X-C motif chemokine 10 (CXCL-10) and TGF-3, which localized within the ASM [75,
84]. There is also an increase in infiltration of immune cells in the ASM bundles, such
as neutrophils, which may be a result of increased chemokine secretion [85]. Indeed, in
vitro, ASMCs from COPD patients secrete higher levels of the chemokine IL-8, which
is a neutrophil chemoattractant, and the pro-inflammatory cytokine IL-6, compared to
ASMCs from non-smoker patients [45]. CS treatment leads to increased secretion of 1L-8
in ASMCs from both healthy and COPD subjects and of C-X-C Motif Chemokine Ligand
1 (CXCL-1) in COPD ASMCs only [81].

Phenotypic changes of ASMCs, including increased proliferation, ECM deposition,
contractility and secretion of inflammatory mediators contribute to airway remodelling
and inflammation in COPD (Figure 1.2). Therefore, reversing these phentoypes could
be an approach to curb disease progression. The ASM is the main target of current
COPD therapies, such as bronchodilators, which lead to ASM relaxation. However, these
therapies are only effective in alleviating symptoms and do not stop progression of disease
[2]. To find new and more effective therapies, it is important to investigate the cellular
and molecular underpinnings regulating ASM function. As mentioned before, different
extrinsic and intrinsic pathways can regulate ASM function. Studies have suggested mi-
tochondria may play an important role in this regulation, and this will be elaborated in

the following sections.
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1.2 Introduction to mitochondria

Mitochondria are double membrane intracellular organelles that, according to endosym-
biotic theories for the origin of eukaryotic cells, originated from the endocytosis of a pro-
teobacterium by an anaerobic prokaryotic or eukaryotic cell [86, 87]. Often depicted as
the “power-house of the cell”, mitochondria are responsible for the production of ATP via
oxidative phosphorylation (OXPHOS), which is the major source of energy in mammals.
Besides this canonical role, mitochondria are central in several other cellular processes,

including redox homeostasis, calcium regulation, apoptosis and other signalling pathways.

1.2.1 Structure of mitochondria

Mitochondria are composed of an inner and outer membrane, which define the compart-
ments of the mitochondria. The mitochondrial matrix, the innermost compartment, is
surrounded by the inner mitochondrial membrane (IMM) and the intermembrane space
is located between the IMM and the outer mitochondrial membrane (OMM). The IMM
forms invaginations known as cristae, which is where the proteins of the ETC and ATP
synthase are located and where oxidative phosphorylation takes place. Mitochondria have
their own DNA (mtDNA), which is 16,569 base-pairs long and encodes for 13 proteins
of the ETC, 22 tRNAS and 2 rRNAS [88]. Instead of paired chromosomes, mtDNA is
organised in a circular structure resembling plasmids, of which there are multiple copies
per cell [87]. The genotypes of these copies can vary in what is called heteroplasmy: the
occurrence of multiple variants of mtDNA within a cell or population of cells. Interest-
ingly, despite having their own DNA, most of the mitochondrial proteins are encoded by

nuclear DNA.

1.2.2 Mitochondrial respiration, ROS and membrane potential

Mitochondrial respiration is the process by which macronutrients are converted to energy
in the form of ATP. Mitochondrial ROS (mtROS) and mitochondrial membrane poten-

tial (AW¥m) are generated primarily during aerobic respiration in the mitochondria, as
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will be described below and is depicted in Figure 1.3. Glycolysis, which takes place
in the cytosol, is a catabolic process whereby glucose is converted to pyruvate required
for production of ATP in the mitochondria. Pyruvate translocates to the mitochon-
drial matrix, where it is converted to acetyl-CoA, which feeds into the Krebs cycle. The
Krebs cycle produces reducing intermediates, such as NADH and FADHs, which transfer
electrons through complexes I-IV of the ETC and finally to oxygen. Mitochondrial res-
piration can be assessed using a Seahorse Analyser which measures oxygen consumption
rate (OCR) and extracellular acitification rate (ECAR) (Section 2.10). In mammalian
cells, oxygen consumption takes place primarily during oxidative phosphorylation in the
mitochondria [39]. Sequential addition of different inhibitors of the ETC, and their ef-
fects on the OCR, allow for the quantification of different parameters of mitochondrial
respiration. Oligomycin inhibits ATP synthase, determining the proportion of basal res-
piration coupled to ATP production. Proton leak is determined as the proportion of
basal mitochondrial respiration not coupled to ATP production. Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) is an uncoupling agent that disrupts the mito-
chondrial membrane potential. This leads to uninterrupted flow of electrons through the
ETC, causing respiration to reach a maximum. Maximal respiration rate allows the cal-
culation of spare respiratory capacity, which is the difference between maximal and basal
respiration, and reflects the ability of cells to respond to stress. Rotenone and antimycin
A inhibit complex I and III, respectively, fully attenuating mitochondrial respiration and
enabling the calculation of non-mitochondrial oxygen consumption (NMOC). COs pro-
duced by mitochondrial respiration and lactate, a product of glycolysis, contribute to ex-
tracellular acidification, which is determined by the ECAR levels. The Seahorse Analyzer
generates real-time OCR and ECAR data and the Seahorse Wave Software automati-
cally calculates different parameters of respiration based on the generated data and the
inhibitors used in the assay. In the Seahorse Cell Mito Stress Test oligomycin, FCCP
and Rotenone/Antimycin A are added sequentially allowing for the calculation of max-
imal respiration, spare respiratory capacity, ATP-linked respiration, non-mitochondrial

respiration and proton leak.
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The transfer of electrons during oxidative phosphorylation is coupled to proton pump-
ing by the ETC. Complex I, IIT and IV of the ETC generate a proton motive force (Ap)
by pumping protons towards the intermembrane space of the mitochondria [89]. The
proton motive force consists of both an electrical and a proton (pH) gradient, and leads
to a negative charge environment in the mitochondrial matrix. The resulting potential
across the IMM, known as the A¥m, favours the flow of protons from the intermembrane
space to the matrix through ATP synthase, which is coupled to the generation of ATP
[39]. Mitochondrial ROS are a by-product of oxidative phosphorylation, derived from
superoxide radicals generated by the leakage of electrons during electron transfer [39].
This occurs in specific locations, such as complex I and complex III of the ETC. ROS
generation by complex I can occur during electron transfer from NADH to complex I
well as in the reverse electron transfer from succinate through complex II to complex I.
Other mitochondrial enzymes, such as the flavoenzymes a-ketoglutarate dehydrogenase,
glycerol phosphate dehydrogenase and monoamine oxidases, are also important sources
of mtROS [90]. mtROS are important signalling messengers and participate in a number
of biochemical reactions in the cell, including cellular responses to low oxygen, regulation
of inflammatory responses and autophagy pathways [91]. Mitochondria have anti-oxidant
systems that maintain mtROS at physiological levels, such as the manganese superoxide
dismutase (mnSOD) that converts superoxide ions to hydrogen peroxide, which is then

converted to water by catalase (Figure 1.3).
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Figure 1.3: Generation of mtROS and A¢m during oxidative phosphorylation.
NADH and FADHs, derived from the Krebs cycle, donate electrons to complex I and II, respec-
tively. The electrons are transferred through complexes I-IV (represented by the blue arrows),
until being accepted by oxygen, forming water. During this process, electrons can leak from
complexes I and IIT giving rise to ROS. The free radicals formed (O2°*) are converted to HaOo
by mitochondrial superoxide dismutase. The flow of electrons is coupled to the pumping of pro-
tons by complex I, III and IV from the mitochondrial matrix to the intermembrane space. This
generates the mitochondrial membrane potential (Adm) which favours the transport of protons
through ATP synthase, coupled to the production of ATP. Adapted from ”Electron Transport
Chain” template, by BioRender.com (2022).

Whereas at physiological levels both mtROS and A¥m are important in cellular home-
ostasis and function, sustained changes to these are deleterious and can be both a cause
and consequence of mitochondrial damage. For example, damage to the IMM can lead to
proton leak - the flow of protons across the IMM through other mechanisms other than
ATP synthase - which can dissipate the AUm. In turn, this affects ATP production in
the mitochondria, as the electrical gradient is required for the functioning of ATP syn-
thase [39]. Mitochondria are not only the source but also a target of, mtROS, where they
can cause oxidative damage to phospholipids and mtDNA. This can compromise mito-
chondrial function. For example, it can lead to the acquirement of mutations in mtDNA

that can affect the function of ETC proteins encoded by mtDNA, further increasing elec-
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tron leakage and mtROS production [92]. Damage to the mitochondria can also occur
as a result of nuclear DNA mutations, deprivation or oversupply of mitochondrial fuel

substrates, changes in iron and calcium homeostasis and exposure to exogenous ROS [93].

1.2.3 Mitochondrial quality control

Mitochondria are dynamic organelles and have quality control mechanisms, including re-
shaping, re-building and recycling processes that support the maintenance of optimal

mitochondrial function in response to stressors (Figure 1.4).
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Figure 1.4: Mitochondrial stress responses and associated cellular effects. Reprinted
with permission from Eisner et al [93] (see Table Al).

Though often depicted as single entities, mitochondria exist in tubular networks that
can change in shape and size. Fusion of adjacent mitochondria can occur in response to
mitochondrial damage to “dilute” this damage and prevent possible deleterious effects.
Mitofusins (MFN)-1 and -2 mediate the fusion of the OMM, whereas optic atrophy protein
1 (OPA1) is required for IMM fusion [94]. Fission of mitochondria, mediated by dynamin-
related protein 1 (DRP1), occurs for differing purposes, including re-distribution during
cell division as well as segregation of damaged mitochondria for consequent degradation
[93]. Mitochondria are degraded through mitophagy, where, in response to damage sig-

nals, such as a drop in A¥m, the mitochondria are targeted to autophagosomes [95].
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Damaged regions of mitochondria can also be removed via mechanisms such as the degra-
dation of mitochondrial proteins in the mitochondrial unfolded protein response and the
release of mitochondrial derived vesicles containing damaged cargo [93]. When mito-
chondria are degraded, compensatory mechanisms are required to ensure the quantity of
mitochondria in the cells is maintained at physiological levels. De novo synthesis of mito-
chondria occurs through mitochondrial biogenesis. This involves a coordinated synthesis
of mitochondrial and nuclear proteins, lipids and mtDNA replication, regulated by the
mitochondrial transcription factor A (TFAM) and the transcriptional co-activators, the
peroxisome proliferator-activated receptor gamma coactivator 1-alpha and -beta (PGCl-a
and PGC1-B) [96].

Mitochondria can move within cells. This is well described in the context of neu-
ronal biology, where mitochondria move to energy-demanding distal compartments such
as synapses and axonal branches [97]. Mitochondria can move along microtubules or actin-
filaments (Figure 1.5). In microtubule-based transport, the motor protein dynein medi-
ates retrograde movement (towards the nucleus) whereas anterograde transport (towards
the plasma membrane) is mediated by proteins in the kinesin family, such as kinesin-
related protein 5 (KIF5). These proteins associate with the adaptor proteins trafficking
kinesin (TRAK)-1 and -2, which bind to the mitochondrial membrane receptors mito-
chondrial Rho GTPase (MIRO) -1 and -2. Mitochondrial movement along actin filaments
is mediated by myosins, such as Myosin XIX (MYO19) [97]. Not all mitochondria are
motile; in neurons, two-thirds of mitochondria are stationary and this is facilitated by
docking proteins such as syntaphilin [98]. Other mitochondrial proteins, typically in-
volved in different processes, can also regulate mitochondrial movement. For example,
the PTEN-induced kinase 1 (PINK1)/Parkin complex, which is best known for its role
in mitophagy, can phosphorylate MIRO1, targeting it for degradation and arresting mi-
tochondrial movement [99]. The fusion protein MFN-1 can form complexes with MIRO1
and facilitates axonal movement of mitochondria [100]. Movement of mitochondria can be
either random or directional, and is modulated by different stimuli, such as ADP, calcium

and glucose [101, 102]. Intracellular mitochondrial movement has been well described

36



in neurons, but whether the same mechanisms are present in other cell types, such as

ASMCs, is less well elucidated.
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Figure 1.5: Intracellular movement of mitochondria Schematic showing movement of
mitochondrial along microtubules and actin filaments. Created with BioRender.com.

Other mitochondrial quality control mechanisms include cristae remodelling and changes
in contact sites with other organelles, such as the endoplasmic reticulum, as depicted in
Figure 1.4 [93]. Together, these responses allow cells to regulate the quality and the
quantity of mitochondria at a given time.

Extensive damage to the mitochondria and/or impaired quality control mechanisms
can result in sustained mitochondrial dysfunction. In consequence, this can affect the
plethora of cellular mechanisms in which mitochondria play a pivotal role, including ATP
production, redox homeostasis and calcium regulation, and lead to the development of
disease. Mitochondrial diseases are a clinically heterogeneous group of disorders caused
by mutations in nuclear or mitochondrial DNA which predominantly affect mitochon-
drial oxidative phosphorylation. These tend to affect energy-demanding tissues such as
the heart, skeletal muscle and the brain. Examples of such disorders include mitochon-
drial encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS), Leigh and
Kearns-Sayre syndrome [103, 104]. In addition, mitochondrial abnormalities have also
been associated with several noncommunicable chronic diseases, such as type 2 diabetes
mellitus, lung cancer, cardiovascular diseases and neurodegenerative conditions such as
Alzheimer’s and Parkinson’s [103, 105]. There is evidence of mitochondrial dysfunction

in COPD, and this will be elaborated in the following section.
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1.2.4 Mitochondrial dysfunction in COPD

Mitochondrial dysfunction has been reported in the lungs and cells of patients with COPD,
and therefore may play a role in driving the cellular mechanisms that underly COPD
pathogenesis, such as inflammation and oxidative stress. For example, large aggregates
of mitochondria are found in diaphragm muscle fibres of patients with COPD [106]. Mi-
tochondria isolated from bronchial biopsies of COPD patients have increased levels of
mtROS and decreased Adm compared to samples from healthy donors, and there is a
correlation between Adm and FEV; (% predicted) [46]. In wvitro, epithelial cells from
COPD patients show abnormalities in mitochondrial structure, such as excessive branch-
ing of the mitochondria and cristae depletion, mitochondrial swelling and elongation and
increased levels of mtDNA damage [107, 108]. Mitochondrial dysfunction might be driven
by exposure to cigarette smoke, as it is the major source of exogenous oxidants in COPD.
Indeed, cigarette smoke has been shown to alter mitochondrial function, though the effects
vary depending on the experimental set-up and the cell types used. Long-term exposure
to CS (6-months) leads to fragmentation and branching of cristae in a bronchial epithelial
cell line (BEAS-2B) [107]. In contrast, short-term (6 to 48 hours) exposure to CS leads to
mitochondrial hyperfusion in murine lung epithelial (MLE)-12 and primary mouse alve-
olar epithelial cells, mediated by an increased expression of MFN2 [109]. CS leads to an
increase in mtROS and decrease in membrane potential in the bronchial epithelial cell
line BEAS-2B, and this induces mitophagy through stabilization of PINK1 [110]. CS also
induces mitophagy in primary human bronchial epithelial cells [111] which is contrary to
what is seen in primary fibroblasts and small airway epithelial cells where CS leads to a
reduction in Parkin translocation, thereby impairing mitophagy [112].

Although CS induces mitochondrial dysfunction, only a proportion of smokers develop
COPD. Increased susceptibility to CS might contribute to the higher levels of mitochon-
drial dysfunction detected in COPD lungs. What underlies this susceptibility, however,
is not known. With regards to the mitochondria, this may be due to inherent differ-
ences in mitochondrial function and structure, or maladaptive mitochondrial responses

to stress. Genetic predisposition may increase the susceptibility of COPD patients to
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mitochondrial damage. For example, the iron regulatory protein 2 (IREB2) is a major
COPD susceptibility gene [113] and has been shown to promote mitochondrial dysfunc-
tion in a mouse model of COPD [114]. As mentioned before, mitochondria have quality
control mechanisms to maintain optimal function in response to stress. In COPD, some
of these are impaired. For example, mitochondrial dynamics mechanisms might be dys-
regulated in COPD. Specifically, the prohibitin complexes (PHB), which help maintain
mitochondrial stability and normal function as part of the mitochondria fusion machin-
ery, are downregulated in lung tissue of smokers and COPD patients. Expression of PHB
correlates with airway obstruction (FEV; %) [115]. COPD epithelial cells also show im-
paired Parkin mitochondrial translocation, which is required for mitophagy to occur, and
Parkin expression is lower in the lungs of COPD patients compared to healthy controls
[111, 112]. Reduced expression of Parkin and increased mitochondrial mass in COPD
fibroblasts indicates these cells might also have impaired mitophagy [116].

Importantly, there is some evidence showing that changes in mitochondrial function
are associated with the development of cellular phenotypes that drive COPD pathogen-
esis. In epithelial cells, CS-induced cellular senescence is increased when mitophagy is
impaired, either by knockdown of PINK1 or by using the mitochondrial division inhibitor
(Mdivi) -1 [111, 112]. This suggests that impaired mitophagy, which has been reported
in COPD lungs, may drive senescence in these cells. Damaged mitochondria can release
mitochondrial (mt)-DAMPS, such as ATP and mtDNA, which in turn can induce in-
flammation through activation of Toll-like receptors [117]. Increased levels of ATP are
found in BALF from COPD patients, which correlates with severity of disease. Moreover,
COPD neutrophils and macrophages respond to ATP stimulation by secretion of pro-
inflammatory and tissue-degrading mediators [118]. Cell-free mtDNA detected in urine
and plasma also correlates with distinct COPD phenotypes [119, 120]. Mitochondrial
dysfunction also induces necroptosis and ferroptosis, two forms of cell death that promote
inflammation. For example, increased levels of mtROS lead to the autophosphorylation
of the receptor-interacting protein kinase 1, which in turn activates the necroptosis path-

way [110]. Interestingly, PINK1 knockdown and Mdivi-1 protect epithelial cells from
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CS-induced necroptosis, suggesting that, in this case, mitophagy, which is thought to be
protective, may promote this phenotype [110]. Further studies are required to establish
the role of mitochondrial dysfunction in driving disease phenotypes.

There is also evidence of alterations in mitochondrial function in the ASM of COPD
patients. ASMCs from smokers, with or without COPD, show mitochondrial dysfunction
and reduced oxidative phosphorylation compared to healthy non-smoker cells [45]. These
findings indicate a role of smoking in ASMC mitochondrial dysfunction, in line with
studies reporting that CS causes mitochondrial fragmentation, mtROS production and
a decrease in A¢m in ASMCs from healthy non-smoker patients [76, 121]. However,
ASMCs from COPD patients also show inherent differences in mitochondrial function
compared to ASMCs from healthy ex-smoker subjects. Michaeloudes et al showed that
ASMCs from COPD patients have a distinct metabolic phenotype compared to ASMCs
from ex-smoker and non-smoker patients, which is characterised by an accumulation of
metabolites involved in glycolysis, and fatty acid and glutamine metabolism [76]. Under
H50s-induced oxidative stress, COPD ASMCs have increased levels of mtROS compared
to ASMCs from healthy smoker and non-smoker subjects [45]. Therefore COPD ASMCs
may show impaired or maladaptive responses to oxidative stress-induced mitochondrial
dysfunction. Whether COPD ASMCs also show increased susceptibility to CS-induced
mitochondrial dysfunction is not known.

The role of mitochondrial function in determining ASM phenotypes has yet to be
fully elucidated. The mtROS scavenger MitoQ) inhibits mitogenic-induced proliferation of
healthy ASMCs as well as of COPD ASMCs, though to a lesser extent in the latter [45].
Contrastingly, another study reported that the glutathione synthesis inhibitor buthion-
ine sulfoximine increased mtROS levels but also inhibited mitogenic-induced proliferation
of COPD ASMCs [76]. Furthermore,inhibition of glycolysis and glutamine depletion at-
tenuate mitogenic-induced proliferation in COPD ASMCs [76]. The link between mito-
chondrial function and other ASM phenotypes relevant to COPD, such as contractility,
secretion of mediators and ECM deposition should be further explored.

As highlighted in the paragraphs above, mitochondrial dysfunction may play a key role

40



in COPD pathogenesis. Whilst cigarette smoke drives mitochondrial dysfunction in differ-
ent models, cells from COPD patients may be more sensitive to CS-induced mitochondrial
damage. This could explain why only some smokers develop COPD. Understanding the
mechanisms of increased susceptibility to CS can help identify therapeutic targets for the
treatment of COPD. One possibility is that patients with COPD have impaired mitochon-
drial adaptation or quality control mechanisms, such as mitophagy, which would result in
a failure to preserve mitochondrial function in response to damaging stimuli. Transfer of
mitochondria between cells is a recently described mitochondrial quality control mecha-
nism. However, it is not known whether this happens between lung structural cells, nor

whether it’s impairment can lead to the development of disease, such as COPD.
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1.3 Introduction to mitochondrial transfer

Mitochondria possess a number of quality control mechanisms in order to preserve optimal
function, as described in Section 1.2.3. Recent evidence suggests that in addition to
intracellular dynamics, inter-cellular mitochondrial movement may also play an important
role in cellular homeostasis and responses to stress. The observation that cells can share
mitochondria was first shown by Spees et al in 2006. Cells (A549 cell line) with non-
functional mitochondria acquired mitochondria from mesenchymal stem cells (MSCs) and
skin fibroblasts, and this restored their mitochondrial respiration [122]. Since then, several
studies have demonstrated transfer of mitochondria between different cell types [123-128].
Mitochondrial transfer between cells occurs in many different contexts, from development
to disease [123, 129, 130]. However, many questions regarding this process, such as how,
when and why it happens, still remain. In the following sections, I will summarise the

current literature on mitochondrial transfer between cells.

1.3.1 Detection of mitochondrial transfer

Mitochondrial transfer has been observed both in vitro and in vivo using different exper-
imental approaches. The most commonly used protocol to detect mitochondrial transfer
is the use of MitoTracker dyes to stain and track mitochondria from one specific cell pop-
ulation (mitochondria “donor” cells). If mitochondria from the “donor” cells are taken up
by other cells, then the fluorescence of MitoTracker dyes can be detected in the “recipient
cells” by flow cytometry or fluorescence microscopy. MitoTracker dyes have a positively
charged thiol-reactive chloromethyl moiety, which allows them to accumulate in active
mitochondria due to negative charge of the mitochondrial matrix. Thus, changes in A{m
can affect the staining with these dyes. Some types of MitoTracker dyes, however, such
as MitoTracker Green FM, bind covalently to mitochondrial proteins and are therefore
less likely to be affected by changes in AW¥m [131]. Another caveat for these dyes is that
they can leak from cells, and in this case the detection of MitoTracker fluorescence in
recipient cells may be a consequence of dye leakage rather than transfer [132, 133]. It is

important to control for this possibility by, for example, co-culturing donor and recipi-
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ent cells in systems that impair cell-cell contact and the transfer of intact mitochondria,
whilst allowing transfer of free dye (e.g. transwell plates). To circumvent the issue of
dye leakage, it is also possible to track mitochondria from donor cells by tagging them
with fluorescent proteins. There are several plasmids encoding mitochondrial targeted
fluorescent proteins that have been used to tag mitochondria of donor cells, which have
thereafter been detected in recipient cells in co-cultures [123, 125, 134, 135]. However,
this protocol is not as effective in tagging mitochondria as MitoTracker staining, since
transfection efficiency may be low. Further, transfecting primary cells can be especially
challenging and it is not possible to stably transfect these as they can only be used at
limited passage numbers. Genetic approaches can also be used to detect donor mitochon-
dria in recipient cells. Mitochondrial DNA from different cells can be differentiated by
identifying the presence or absence of specific mutations unique to a certain cell line [122,
136, 137]. If a donor-specific mutation is detected in recipient cells, this indicates uptake
of donor mtDNA by the recipient cell. These mutations can be detected by sequencing or
by qPCR methods, such as the amplification refractory mutation system (ARMS)-qPCR
[138]. This approach cannot be used to assess mitochondrial transfer between cell-lines
or primary cells from the same patient, as they will have the same mtDNA sequence.
Finally, detection of species-specific mitochondrial genes or proteins can be used to assess
transfer of mitochondria between cells from different species [123, 127, 132, 139-141].
While using MitoTracker dyes and fluorescent proteins have experimental drawbacks, de-
tection of mtDNA genes, mitochondrial proteins or mtDNA does not indicate transfer of
whole mitochondria. Therefore, multiple methods should be used to confidently detect

and quantify mitochondrial transfer.

1.3.2 Cell types known to exchange mitochondria

Mitochondrial transfer has been reported between different cell types. Most studies to date
focus on the transfer of mitochondria from stem cells, such as mesenchymal stem cells,
to structural and immune cells, such as epithelial cells, macrophages, cardiomyocytes,

neurons and ASMCs [123, 127, 142-144]. Mitochondrial transfer has also been shown
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to occur from structural cells, such as cardiomyocytes and adipocytes, to immune cells
such as macrophages [124, 145, 146]. Different cancer cells can receive mitochondria from
immune and stem cells [147-149]. Interestingly, cells do not need to be in close contact
to transfer mitochondria: in a murine model, adipocytes can transfer their mitochondria
to cardiomyocytes in the heart [150]. Not all cell types can exchange mitochondria. For
example, whereas MSCs, ASMCs, and fibroblasts can transfer mitochondria to lung ep-
ithelial cells, movement of mitochondria in the reverse direction has not been detected
[125]. Studies investigating transfer of mitochondria between the same cell type are lim-
ited, and this has only been demonstrated in vascular smooth muscle cells and MSCs
[151, 152]. It is not known whether other structural cells can exchange mitochondria.
In addition, while some studies have demonstrated transfer of mitochondria to occur in
in vivo murine models [123, 124, 150], many studies are limited to in vitro observations.
Whether mitochondrial transfer occurs within and between tissues in the human body

remains unknown.

1.3.3 Mechanisms of mitochondrial transfer

Two main routes of mitochondrial transfer have been described: tunnelling nanotubes
(TNTs) [125, 136, 141, 143, 153] and extracellular vesicles (EVs) [126, 127, 154]. TNTs
are thin membrane protrusions that extend from one cell to another and transport differ-
ent cargoes, such as electrical signals, calcium, pathogens, lysosomes, lipid droplets and
mitochondria [155, 156]. TNTs can form by outgrowth of filopodia-like protrusions to-
wards the target cell or through the outward dislodgment of connected cells where TNT's
maintain the cell connection [155]. TNTs vary in their size, composition and duration,
which may be related to their specific function. For example, macrophages can form both
F-actin-containing small TNTs (<0.7pm) as well as larger TNTs (>0.7pm), which contain
both F-actin and microtubules. Mitochondria are found in the latter only [157]. Live cell
imaging has shown that mitochondrial move along TNTs [125] and several studies have
reported that impairing TNT formation abrogates mitochondrial transfer [141, 148, 153,
158]. For example, knockdown of TNF Alpha Induced Protein 2 (TNFAIP2), a protein
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involved in TNT formation reduces mitochondrial transfer from MSCs to epithelial cells
[125]. Cytochalasin B, an inhibitor of actin polymerisation, also leads to a reduction in
TNT formation and in the transfer of mitochondria from MSCs to epithelial cells [140].
Some proteins involved in intra-cellular movement, such as MIRO1 and KIF5B, are re-
quired for TNT-mediated mitochondrial transfer [125, 158]. However, the mechanisms is
involved in TNT formation are not completely understood.

Extracellular vesicles are cell-derived membranous structures that can also transport
different cargoes between cells. There are different types of EVs, classified based on their
origin. Microvesicles (100-2000nm) are released from membrane budding, whereas exo-
somes (40-100nm) are released from multivesicular endosomes [159]. A third type of EVs
are apoptotic bodies (1-4pm), which are formed during apoptosis. Whole mitochondria
have been observed in EVs by electron microscopy [126, 127]. Tt has been shown that cells
can take up mitochondria from other cells via EV-containing conditioned media (CdM)
[154], as well as from EVs isolated from CdM [146, 160]. Studies have also reported
that inhibiting uptake of EVs reduces mitochondrial transfer. For example, dynasore, an
endocytosis inhibitor, blocks transfer of mitochondria from MSCs to alveolar epithelial
cells [123]. Treatment of macrophages with the phagocytic inhibitor dextran sulphate
blocked the uptake of MSC-derived microvesicles containing mitochondria [127]. While
EVs have been described as a route for mitochondrial transfer, the origin, and therefore
classification, of mitochondria-carrying EVs is less clear. These have been shown to vary
in size and composition. Astrocytes secrete extracellular particles containing mitochon-
dria, spanning from 300 to 1,100 nm [126]. Markers typically found in exosomes (e.g.
ALG-2-interacting protein X (ALIX) and tumour susceptibility gene (TSG)-101) [146,
150, 160] as well as in microvesicles (e.g. caveolin-1 and B-integrin) [126, 161] have been
detected in EVs carrying mitochondria.

TNTs and EVs are important mechanisms of mitochondrial transfer, but they may
not be the only ones. Cancer cells are able to take up free mitochondria [132, 162] and
respiratory-competent free mitochondria have been detected in circulating blood [163]

and in conditioned media of cultured cells [126, 146]. Mitochondria can also be trans-
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ferred through gap junctions [144, 164] and through ring canals that join sister germ
cells [129]. Different mechanisms of mitochondrial transfer may mediate distinct cell-cell

communication processes.

1.3.4 Modulation of mitochondrial transfer

Different stimuli can regulate the rate of mitochondrial transfer between cells. Treatment
of co-cultures with stress inducers, such as hydrogen peroxide and cigarette smoke extract,
have been shown to increase transfer from MSCs to acute myeloid leukaemia (AML) blasts
and ASMCs, respectively [143, 148]. In contrast, anti-oxidants, such as n-acetylcysteine
(NAC) and glutathione, reduced transfer from MSCs to AML blasts [148]. This supports
the idea that mitochondrial transfer is a quality control mechanism that is induced in
response to stress. It is not clear whether these responses are mediated by effects of the
stimuli in the mitochondria “donor” or “recipient” cells, or both. Transfer of mitochondria
from MSCs to epithelial cells increases when the latter are treated with rotenone or
antimycin, inhibitors of the ETC. However, this effect is reduced or no effect is seen when
MSCs, the mitochondrial donor cells, are treated with rotenone [125, 135]. Interestingly,
reduced ROS production by AML blasts, as a consequence of NADPH oxidase (NOX-2)
knockdown, inhibited transfer of mitochondria from MSCs to the AML blasts, suggesting
that regulation of this process involves an interplay between the two cell types, mediated
by ROS [148]. While stimuli can modulate mitochondrial transfer, cells may also exhibit
inherent differences in the ability of donating and receiving mitochondria, as highlighted
in Section 1.3.2. MSCs from patients with rheumatoid arthritis have a lower ability to
donate mitochondria [130], and transfer of mitochondria from adipocytes to macrophages
is reduced in a murine model of obesity [145]. This suggests that disease status can affect
mitochondrial transfer between cells, though whether this is a consequence or cause is not

known.
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1.3.5 Functional impact of mitochondrial transfer

Recent evidence suggests that transfer of mitochondria between cells is an important pro-
cess in regulating mitochondrial and cellular function [123, 125, 127, 130, 143, 148]. It has
been widely described that mitochondrial transfer leads to an increase in ATP production
by recipient cells [126, 141, 147, 148, 165]. Further, this process can rescue cells from
stress-induced mitochondrial dysfunction. For example, transfer of mitochondria from
MSCs to epithelial cells led to a reduction in rotenone-induced mtROS production [125].
H50s-induced mitochondrial ROS and fission in MSCs is also rescued by mitochondrial
transfer [166]. In COPD, there is evidence suggesting that transfer of mitochondria from
induced pluripotent stem cell derived MSCs (iPSC-MSCs) to ASMCs and to airway ep-
ithelial cells rescues these cells from oxidative stress-induced mitochondrial damage [140,
143]. Contrastingly, some studies have reported that transfer of mitochondrial can have a
detrimental effect on mitochondrial function. For example, transfer of mitochondria from
adipocytes to macrophages leads to an increase in mtROS and decrease in AUm in the
latter [145]. One possible explanation for these contrasting responses is the status of the
donated mitochondria.

Are cells donating their “healthy” mitochondria or ridding themselves of damaged
mitochondria? In some models, transfer of intact and functional mitochondria has been
shown [126, 146, 154]. However, dysfunctional mitochondria released by damaged cells
can also be taken up by neighbouring cells [124, 127]. Another important factor in under-
standing the response of cells to transfer of mitochondria is the fate of the transferred the
mitochondria in the recipient cell. Phinney et al showed that MSCs shed microvesicles
containing depolarized mitochondria, which are then taken up by macrophages where they
integrate in the host network and are repurposed to enhance cellular bioenergetics [127].
Mitochondria transferred from neural stem cells to macrophages and from adipocytes
to cardiomyocytes also fuse to the mitochondria network in the host cell [146, 150]. In
contrast, another study reported that mitochondria shed from retinal ganglion cells are
internalized and degraded by adjacent astrocytes [134]. Similarly, macrophages take up

and degrade damaged mitochondria from cardiomyocytes and this is required to maintain
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metabolic homeostasis in the heart [124]. The different nature and fate of transferred
mitochondria may dictate the functional impact elicited in the recipient cell. The precise
mechanisms mediating the functional impact of mitochondrial transfer are not known.

One promising observation is that mitochondrial transfer reverses not only mitochon-
drial damage, but also cellular dysfunction and pathological features in different in vitro
and in vivo models [123, 125, 130, 143]. Mitochondria from untreated pheochromocytoma
12 (PC12) cells to UV-treated PC12 cells rescues the latter from UV-induced apoptosis
[153]. Transfer of mitochondria from MSCs to T helper 17 (Th17) cells leads to a re-
duction in the production of interleukin-17, which is associated with pro-inflammatory
phenotypes characteristic of autoimmune conditions [130]. In vivo, transfer of mitochon-
dria from airway-instilled MSCs to the alveolar epithelium reduced lipopolysaccharide
(LPS)-induced acute lung injury in mice, characterised by leukocytosis and protein leak
[123]. MSCs over-expressing MIRO1, which is associated with increased transfer, are
more effective in reversing hyperresponsiveness and airway remodelling in a mouse model
of allergic airway inflammation, when compared to normal MSCs or MSCs with MIRO1
knockdown [125]. Alveolar macrophages treated with MSC-derived EVs, which contain
mitochondria, ameliorate LPS-induced lung injury in mice [154]. Moreover, iPSC-MSCs
prevent lung inflammation and emphysema in in vivo models of COPD, possibly through
the transfer of mitochondria [143]. In contrast, in cancer models, cancer cells can hijack
mitochondria from stem cells and immune cells and this favours disease progression [132,
137, 147-149, 167]. For example, AML cells become resistant to the chemotherapeutic
agent cytarabine after receiving mitochondria from stem cells [147]. Cancer cells that
acquire mitochondria from MSCs show increased migration, invasion capacity and prolif-
eration [132]. The effects of transfer of mitochondria from damaged to healthy cells has
not been explored; can it lead to disease propagation?

Modulating mitochondrial transfer may be used as an approach to treat different
pathological conditions. For example, cell-based therapies based on the transfer of mi-
tochondria from stem cells to structural cells can be used to reverse disease phenotypes.

Alternatively, inhibition of mitochondrial transfer in cancer models could be used to pre-

48



vent disease progression. The role of mitochondrial transfer between structural cells in

health and in disease, and its’ potential as a therapeutic target, has yet to be elucidated.
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1.4 Aims of the study

COPD is a heterogeneous disease that has a significant health and economic burden.
There is an urgent need for developing new treatments for COPD, as current therapies only
reduce symptoms without treating the driving mechanisms of disease. The main cause
of COPD is cigarette smoking, however, only a proportion of smokers develop COPD.
Understanding the mechanisms underlying COPD susceptibility to disease-causing agents
may help identify new therapeutic targets.

The pathophysiology of COPD is complex and involves chronic inflammation associ-
ated with emphysema and remodelling of the airways. Abnormal ASM layer thickening,
possibly due to ASMC hyperplasia and /or ECM deposition, contributes to airway remod-
elling and airflow obstruction in COPD. There is also evidence of defective mitochondria
in the lungs and in cultured ASMCs from patients with COPD, which may drive airway
inflammation and remodelling. However, the mechanisms driving mitochondrial dysfunc-
tion and how this leads to abnormal cellular responses and lung pathology is not fully
understood.

Homeostatic mechanisms to preserve mitochondrial function may be impaired in COPD,
leading to persistence of disease phenotypes. Mitochondrial transfer from stem cells to
lung cells rescues the latter from mitochondrial dysfunction and reverses lung inflamma-
tion and emphysema in animal models of lung disease [123, 125, 140]. However, it is not
known whether lung structural cells can exchange mitochondria, nor what role this pro-
cess plays in modulating mitochondrial and cellular function in normal tissue homeostasis
as well as in disease.

Based on the above evidence, I hypothesise that: Mitochondrial transfer is a
homeostatic mechanism that modulates mitochondrial and cellular function
in ASMCs, which is impaired in COPD leading to sustained mitochondrial

dysfunction in response to stress. This is illustrated in Figure 1.6.
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To address this hypothesis, the aims of this study are to:

Characterise mitochondrial and cellular function in ASMCs from healthy and COPD

subjects under conditions of CS-induced stress

Assess mitochondrial transfer between ASMCs, under baseline and CS exposed con-

ditions, and assess the functional impact of this process

Investigate whether mitochondrial transfer is impaired in COPD ASMCs

Elucidate the mechanisms of mitochondrial transfer between ASMCs

Healthy

ASMC

» =P  Airway remodelling

Figure 1.6: Proposed hypothesis of ASM dysfunction in COPD. Mitochondrial trans-
fer acts as a homeostatic mechanism to rescue ASMCs from mitochondrial damage induced
by, for example, cigarette smoke. In COPD mitochondrial transfer is impaired. This leads to
sustained mitochondrial dysfunction, which contributes to changes in ASM function, such as
proliferation, secretion of inflammatory mediators and ECM deposition. These result in airway
remodelling, such as thickening of the airway wall, which lead to airflow obstruction seen in
COPD. Created with BioRender.com.
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Chapter 2

Materials and Methods

Assay optimizations performed during my PhD study are described throughout the thesis.
All other assays were either optimized previously within the group or did not require
optimization (e.g. followed manufacturer’s instruction). All optimizations were performed

on ASMCs from healthy subjects unless otherwise stated.

2.1 Culture of ASMCs

ASMCs were isolated from non-cancerous tissue obtained from surgical resections of
main bronchi (2nd-to-4th generation) of nine COPD and nine non-COPD (“healthy”)
ex-smoker patients with a diagnosis of adenocarcinoma (Table 2.1). Non-smoker healthy
ASMCs were not used in this study, and therefore all mentions of healthy ASMCs refer
to ASMCs from healthy ex-smoker subjects, unless otherwise stated. ASMCs grown to
passage 2 were kindly provided by Professor Andrew Halayko (University of Manitoba,
Canada). ASMCs were cultured in High-Glucose Dulbecco’s Modified Eagle’s Medium
(DMEM; Sigma Aldrich, St. Louis, Missouri, United States) supplemented with a so-
lution of 10 units/ml Penicillin and 10 pg/ml Streptomycin (Sigma Aldrich), 2.5 pg/ml
Amphotericin B (Sigma Aldrich), 4 mM L-Glutamine (Sigma Aldrich) and 10% Foetal
Bovine Serum (FBS) (also referred to as complete medium). Serum-free media consisted
of Dulbecco’s Modified Eagle’s Medium (DMEM) without Phenol Red (Thermo Fisher
Scientific, Waltham, Massachusetts, United States) supplemented with a solution of 10

units/ml Penicillin and 10 pg/ml Streptomycin, 2.5 pg/ml Amphotericin B, 4 mM L-
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Glutamine, 0.1% Bovine Serum Albumin (Sigma Aldrich) and 1% Non-Essential Amino
Acids (Sigma Aldrich). Cultures were maintained in a 5% CO2 and 37° C humidified
incubator. Cell culture media was changed every 2-3 days and cells were passaged at
80-100% confluency with 1X Trypsin-EDTA Solution (Sigma Aldrich). All experiments

were performed with ASMCs grown to passage 5 or 6.

Healthy COPD
Number of Subjects 9 9
Age (years) 67.89 £ 3.297  59.56 + 3.962
Gender (male/female) 3/6 8/1

FEV; (% of predicted)  98.44 + 3.618 57.56 + 5.268%***
FEV,/FVC (%) 79.56 + 2.028 58.22 + 3.487HH**
Smoking (Pack Years) 24.58 + 3.643 56.78 £+ 14.91
GOLD stage (I/II/III/IV) N/A 0/7/1/1

Table 2.1: Demographics of subjects from whom ASMCs were obtained. Ab-
breviations: FEV; — forced expiratory volume in 1 second, FEV; predicted - according to
age, sex, height and ethnicity, FVC — forced vital capacity, Pack Years — packs smoked per
day*years of smoking, GOLD stage: classification of airflow limitation severity in COPD
by the Global Initiative for Chronic Obstructive Lung Disease [2], N/A — not applicable;
*HH%Dp<0.0001 relative to Healthy. Data presented as mean &+ SEM.

2.2 Cigarette smoke media (CSM) preparation

To prepare CSM, cigarette smoke from one Marlboro Red cigarette (13 mg TAR and 1
mg nicotine) was pumped at 60 rpm into 25 ml of serum-free media using a peristaltic
pump (Longer Pump). Absorbance was measured at 320 nm with a Spectra Max Plus 384
Spectrophotometer (Molecular Devices, San Jose, California, United States) and adjusted
to 1.1 absorbance units. The medium was filtered through a 0.22 pm filter and stored
in frozen aliquots. Working concentrations of 10% and 25% were freshly prepared by

diluting the stock (100%) in serum-free media. The same batch of frozen CSM aliquots
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was used in each experiment.

2.3 Cell viability assay

Cell viability was assessed by Annexin and propidium iodide (PI) staining (Thermo Fisher
Scientific), as per the manufacturer’s instructions. PI enters the cells when the plasma
membrane is compromised, which is indicative of necrosis. Annexin V binds to phos-
phatidylserine when it is located to the outer plasma membrane, which happens during
apoptosis. Late apoptotic cells will also have a compromised plasma membrane and will
stain for PI as well as Annexin V. As a positive control, cells were treated with 500
M hydrogen peroxide for 4 hours to induce cell death. Briefly, cells were harvested
and re-suspended in 1X annexin-binding buffer with 100 png/mL PI. After this, 5 pl
of FITC-annexin V was added to 100 pl of cells and incubated at room temperature
for 15 minutes, followed by addition of 400 pl of 1X annexin-binding buffer. Samples
were kept on ice while quantification of fluorescence in the phycoerythrin (PE) and flu-
orescein (FITC) channels was performed by flow cytometry, using the FACSCanto II
flow cytometer (BD Biosciences, Franklin Lakes, New Jersey, United States) (Table
2.2). Analysis was performed on the FlowJo 10.4 Software (BD Biosciences), as fol-
lows. Firstly, forward vs side scatter (FSC vs SSC) gating was used to differentiate cells
from cell debris, and FSC-height vs FSC-amplitude gating was used to exclude dou-
blets. Unstained controls were used to draw quadrant gates in a FITC x PE dot plot,
creating the quadrants: FITC-negative/PE-negative, FITC-positive/PE-negative, FITC-
negative/PE-positive and FITC-positive/PE-positive. The percentage of cells positive for

Annexin V and/or PI was quantified based on the percentage of events in each quadrant.
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Channel Excitation Laser Line Filter

Phycoerythrin (PE) 488 nm 575/26
Fluorescein (FITC) 488 nm 530/30
Pacific Blue 405 nm 440/50

Table 2.2: Optical channel configurations used for flow cytometry

2.4 Proliferation assays

To assess proliferation, cells were plated in 96-well plates (3,000 cells/well) and were
washed with HBSS and dry frozen at -80°C at days 1-6 after plating. Total DNA was
measured as a surrogate for cell number using the CyQuant Assay (Invitrogen, Waltham,
Massachusetts, United States), as per manufacturer’s instructions. Fold-change in total
DNA from day 1 to day 6 was calculated to evaluate changes in cell number and hence
proliferation.

Proliferation was also assessed by measuring BrdU incorporation using the Cell Prolif-
eration ELISA kit (Roche, Basel, Switzerland), according to the manufacturer’s instruc-
tions. Briefly, cells were plated at 3,000 cells/well in a 96-well plate. Cells were treated as
appropriate and cultured for 24 to 72 hours. BrdU was added to the cells 24 hours before
collection, thus allowing for measurement of DNA synthesis of proliferating cells during
this period of time. Cells were then fixed, and an enzyme-conjugated anti-BrdU antibody
was added. The immune complexes were detected by a substrate reaction and the reaction
product was quantified by measuring luminescence using a spectrophotometer (Molecular
Devices).

Cell-cycle analysis was performed using propidium iodide staining. Following stimu-
lation, cells were fixed with ethanol at the appropriate time-point, and then were stained
with 3 pM propidium iodide (Thermo Fisher Scientific) in phosphate buffered saline (PBS)
containing 100 pg/ml RNAse A for 30 minutes. Fluorescence was measured by flow cy-

tometry in the PE channel using the Accuri C6 flow cytometer (BD Biosciences), and the
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percentage of cells in the GO/G1, S and G2M phases were quantified by gating the left,
middle and right peak, respectively, of the frequency histograms (see Figure 4.1. Cell
debris and doublets were excluded as described in Section 2.3. Analysis was performed

using the FlowJo software.

2.5 Gene expression analysis by quantitative reverse

transcription PCR (RT-qPCR)

To measure gene expression, total RNA was extracted from cell lysates using the QI-
Ashredder to homogenize the samples and RNeasy Plus Mini Kits for RNA purification
(Qiagen, Hilden, Germany). Genomic DNA was removed using an RNase-Free DNase
Set (Qiagen), as per manufacturer’s instructions. Concentration and purity of RNA was
measured using a Nanodrop1000 Spectrophotometer (Thermo Fisher Scientific). Reverse
transcription was performed to obtain cDNA. Briefly, 0.5 pg of extracted RNA was dena-
tured at 70°C for 5 minutes, after which a master mix containing 1 pl AMV reverse tran-
scriptase (Promega, Madison, Wisconsin, United States), 4 ul AMV buffer (Promega), 1 pl
Recombinant RNAsin ribonuclease inhibitor (Promega), 1 pl random primers (Promega),
2 ul of 10mM dNTPs (Bioline, London, UK) and 1 ynl sterile water was added. Samples
were then added to a heat-block (G-Storm Thermal Cycler PCR) and the following cycle
was performed: 42°C for 60 minutes (DNA polymerisation), 90°C for 4 minutes (enzyme
deactivation), 4°C for storage. Samples were stored at -80°C.

Quantitative PCR was performed on the ¢cDNA, diluted 1:200, using a SYBR Green
Master Mix (Qiagen), as per manufacturer’s instructions. In-house designed or Qiagen
pre-designed primers were used (Table 2.4). Sequences of in-house designed primers were
obtained using the PrimerBLAST (NCBI) and OligoEvaluator (Sigma Aldrich) tools. Cy-
cling and data acquisition was performed using the ABI 7500 Real-Time PCR System,
with the parameters described in Table 2.3. The annealing temperatures yielding the
best amplification plots were selected and the formation of primer dimers was assessed

by performing dissociation curve analysis following the completion of the PCR cycles,
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with cycling parameters automatically set by the ABI 7500 Real-Time PCR System.
The obtained cycle threshold (Ct) values of the house-keeping 18S gene was subtracted
from the Ct values of the genes of interest to obtain the ACt, and the 222t method
(2-(ACE (treated sample) — ACH (control sample))) yag used to represent gene expression relative to

controls. When comparing healthy and COPD samples without treatment, the mean ACt

for healthy samples was used as the (ACt (control sample)).

Step Temperature (°C) Time Cycles
Activation 95 15 min 1
Denaturation 94 15s
Annealing 55-60 30s 45-50
Extension (Data Acquisition) 72 30s

Table 2.3: Cycling parameters for RT-qPCR.
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2.6 Quantification of protein expression by western

blot

To extract total protein, cells in 6-well plates or T75 flasks were washed with ice-cold
PBS and scraped in PBS using a cell-scraper. Samples were centrifuged at 7000 rpm for 3
minutes at 4°C and re-suspended in radioimmunoprecipitation (RIPA) buffer (Santa Cruz,
Dallas, Texas, USA) supplemented with 1X protease inhibitor cocktail (Roche) by pipet-
ting and vortexing. Lysates were incubated on ice for 30 minutes and stored at —80°C.
Once thawed, samples were centrifuged at 13000 rpm for 15 minutes at 4°C to remove
remaining cell debris, and supernatants were transferred into new pre-chilled tubes. Pro-
tein quantification was performed using the Pierce BCA Protein Assay (Thermo Fisher
Scientific), as per manufacturer’s instructions. Samples (10-40 pg) were diluted in RIPA
buffer, containing 1X NuPage Laemmli loading buffer (Invitrogen) and 2-mercaptoethanol
(diluted 1:26), and were denatured at 95°C for 5 minutes. Proteins were separated by
size by running at 100 V through a NuPage 4-12% Bis-Tris gel (Invitrogen), alongside
an Amersham ECL Full-Range Rainbow ladder (Sigma Aldrich), and transferred to a
nitrocellulose membrane using an iBlot Stack and Gel Transfer Device (Thermo Fisher
Scientific). Membranes were blocked with 5% non-fat milk in Tris-buffered saline contain-
ing Tween 20 (TBS-T; 0.15 M NaCl, 0.01 M Tris HCI, 0.05% Tween 20) for 30 minutes
and incubated with primary antibodies as appropriate (Table 2.5) for either 2 hours at
room temperature or overnight at 4°C in a shaker. After being washed with TBS-T (3x,
5 minutes), membranes were incubated with HRP-linked secondary antibodies (Agilent,
Santa Clara, California, United States) for 1 hour and then washed again with TBS-T
(4x, 10 minutes). The ECL Plus (Thermo Fisher Scientific) chemiluminescent horseradish
peroxidase (HRP) substrate was added to the membranes to detect protein bands using
the Odyssey Fc Imaging System (Licor Biosciences, Lincoln, NE, United States). Quan-
tification of bands was performed using Image Studio Lite (Licor Biosciences) and were

normalised to the levels of B-actin.
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Antibody Supplier Dilution

Western Blotting

Total OXPHOS Human WB Antibody Cocktail Abcam 1 in 600
TOM20 Cell Signalling 1 in 1000

LC3B-1/11 Novus Biologicals 1 in 2000

MIRO1 Abcam 1 in 250

ATG12 Cell Signalling 1 in 500

ALIX Abcam 1 in 500

Calnexin Abcam 1 in 500
HRP-linked 3-Actin Santa Cruz 1 in 10,000
HRP-linked Goat Anti-Rabbit (secondary) Agilent 1 in 2000
HRP-linked Goat Anti-Mouse (secondary) Agilent 1 in 2000

Immunofluorescence
TOM20 Santa Cruz 1in 100
488 Goat Anti-mouse (secondary) Thermo Fisher Scientific 1 in 600

Table 2.5: Antibodies used for western blot and immunofluorescence.

2.7 Protein quantification by enzyme-linked immunosor-

bent (ELISA) and Luminex assays

For quantification of secreted proteins, 100 ul of supernatant obtained from 10,000 cells
plated in a 96-plate, was collected after centrifugation of the plate for 5 minutes at
1500 rpm (to remove cell debris). Media only controls were also collected in paral-
lel. Samples were stored at -20°C. Quantification of IL-8 and IL-6 was performed using
enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, Min-
nesota, United States), as per the manufacturer’s instructions. Briefly, samples and
standards were added into 96-well plates coated with capture antibody. The plate was
washed and incubated with detection antibody followed by streptavidin conjugated with
horseradish peroxidase (HRP). Addition of the HRP substrate tetramethylbenzidine (TMB;

BD Biosciences) led to a colorimetric reaction, which was inhibited by addition of 2N
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H5S0O,. The optical density of the product was measured at 450/570 nm in a microplate
reader (FLUOstar Optima, BMG Labtech). CXCL-1, MMP-1, CXCL-10 and granulocyte-
macrophage colony-stimulating factor (GM-CSF) were quantified using a custom Human
Magnetic Luminex Assay Kit (BioTechne, Minneapolis, Minnesota, United States). Pri-
mary antibodies for these analytes were coated onto color-coded microparticles and added
to a 96-well plate alongside standards and samples. Detection antibodies were then added,
followed by a streptavidin-phycoerythrin conjugate that binds to the former. Washing
steps were included between steps, where a magnetic separator was used to pull down
the microparticles and bound samples, while the wash was tipped off the plate. After a
final wash, samples were re-suspended in a buffer provided by the manufacturer and read
using the Luminex MAGPIX Instrument System. The concentration of the analytes in
both assays was calculated automatically based on a standard curve stipulated from the

standards.

2.8 Gene silencing by small interfering (si)RINA

Gene knockdowns in ASMCs were performed using siRNAs. Target (MIRO1) or scramble
siRNAs (Dharmacon, Lafayette, Colorado, United States) were diluted in transfection
media (High-Glucose DMEM supplemented with 4 mM L-Glutamine only). Different
concentrations of siRNA were tested (10 — 50 nM). The HiPerfect Transfection reagent
(12 pl) (Qiagen) was added to 100 pl of siRNAs and these were incubated for 10 minutes
at room temperature to allow the formation of complexes. The complexes of siRNA with
HiPerfect Transfection reagent were added dropwise to ASMCs cultured in 6-well plates
in 1 ml complete media. A mock control (no siRNA) and an untransfected control were
also included. After 3 hours of incubation at 37°C, the volume of media was adjusted to
2 ml. RNA or protein was collected after 24 to 72 hours to measure gene expression and
protein levels, as described in Section 2.5 and Section 2.6. Alternatively, cells were

re-plated for further experiments.
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2.9 Fluorescence microscopy

All imaging was performed at the Facility for Imaging by Light Microscopy (NHLI, Faculty
of Medicine, Imperial College London), with guidance and advice from Stephen Rothery.
Fluorescent labelling of live ASMCs was performed by staining cells with dyes (Mi-
toTracker Green and CellTrace Violet), or by transfecting cells with green fluorescent
protein (GFP), as described in Section 2.13. Alternatively, fluorescent labelling was
performed on fixed cells by immunofluorescence as follows. Cells were cultured in cover-
slips fitted in 12- or 24-well plates and then fixed with 4% formaldehyde for 15 minutes.
To perform further immunofluorescence, cells were permeabilized with 10% Triton-X and
probed with appropriate primary antibodies (Table 2.5) for 2 hours at room temperature
or overnight at 4°C. After washing, fluorescent secondary antibodies were added for 45
minutes at room temperature (Table 2.5). Once staining was complete, coverslips were
transferred to slides with Vectashield and sealed with nail polish. To image extracellular
vesicles, these were collected as described in (Table 2.15), and loaded as a monolayer di-
rectly onto a microscope slide by centrifugation of the sample at 1000 rpm for 10 minutes
using a cytospin centrifuge (Thermo Shandon Cytospin 3 Centrifuge, Marshall Scientific,
Hampton, New Hampshire, United States). Samples were allowed to air-dry and a hy-
drophobic pen was used to delineate the location of the samples and allow for liquid
retention within this region. Immunofluorescence was performed as described above.
Single plane or Z-stack images of samples were acquired using either the Leica SP5
MP Inverted (confocal) or the Widefield Zeiss Axio Observer Microscope. All samples
fixed and transferred to slides before imaging, as described in the previous paragraph,
except for ASMCs stained with MitoTracker Green, which were imaged live as this dye is
not retained after fixation. Live imaging was performed on cells cultured in Mattek dishes
(Mattek Life Sciences, Ashland, MA, United States). During acquisition, live cells were
kept in a chamber at 37°C and 5% CO2. All images were processed with ImageJ (NTH
and Laboratory for Optical and Computational Instrumentation, University of Wisconsin,
United States), where brightness and contrast were adjusted and extra processing, such as

background subtraction, were performed as required. Images were manipulated to improve
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visualisation but did not eliminate, mask, or misrepresent any information present in the
original image. Final images were prepared using the “Presentation” Macro developed by

FILM at Imperial College London.

2.10 Assessment of mitochondrial respiration

Mitochondrial respiration was assessed by measuring OCR and ECAR using a Seahorse
Analyzer (Xp or XFe96, Agilent Biosciences), and the Seahorse Cell Mito Stress Assay
Kit (Agilent Biosciences) (see Section 1.2.2).

All reagents used were purchased from Agilent Biosciences unless stated otherwise.
Cells were plated at a density of 62,500 cells/ml (80 pl volume) in 8- or 96-well Seahorse
cell culture plates. On the day before the assay, Extracellular Flux Packs were hydrated
with XF Calibrant Solution. On the day of the assay, cells were washed and incubated with
Assay Media (Seahorse DMEM medium supplemented with 4 mM L-Glutamine, 1 mM
sodium pyruvate and 4500 mg/L glucose) for 1 hour in a 37°C non-CO, incubator. The ap-
propriate inhibitor drugs (1 uM oligomycin, 2 pM FCCP and 0.5 pM Rotenone/Antimycin
A) were added to the drug ports in the Extracellular Flux Pack, which was then calibrated
in the Seahorse Analyzer. After calibration, the cell culture plates were added to the Sea-
horse Analyzer and the assay was run according to the machine configuration. Optimal
cell densities and inhibitor drug concentrations were optimized previously by Charalambos
Michaeloudes.

The OCR measured is affected by the number of cells in each well. Therefore, it is
required to normalise OCR to cell number. Two surrogates for cell number were used:
total protein and total DNA. To measure total protein, upon completion of the Seahorse
assay, cells were lysed with RIPA buffer supplemented with a protease inhibitor cocktail,
containing protease inhibitor cocktail, and frozen at -20°C. Total protein was measured
using the Pierce BCA Protein Assay, according to the manufacturer’s instruction. Alter-
natively, cells were dry-frozen at -80°C and total DNA was measured using the CyQuant
Assay, according to the manufacturer’s instructions.

Maximal respiration, spare respiratory capacity, ATP-linked respiration, non-mitochondrial
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respiration and proton leak were calculated automatically using the Seahorse Wave Soft-

ware as shown in Table 2.6.

Parameter Calculation

Minimum rate measurement after rotenone/ antimycin

Non-Mitochondrial Respiration
injection

(Last rate measurement before first injection)-(Non-
Basal Respiration
Mitochondrial Respiration rate)

(Maximum respiration rate measurement after FCCP
Maximum Respiration
injection)-(Non-Mitochondrial Respiration)

(Minimum rate measurement after oligomycin injection)
Proton Leak
- (Non-Mitochondrial Respiration)

(Last rate measurement before oligomycin injection) -
ATP Production

(Minimum rate measurement after oligomycin injection)

Spare Respiratory Capacity (Maximal Respiration) - (Basal Respiration)

Table 2.6: Calculation of mitochondrial respiration parameters based on mea-
surements from the Seahorse Cell MitoStress Test.

2.11 Relative quantification of mtROS and AdJm

Mitochondrial ROS was measured by staining cells with MitoSOX Red Mitochondrial Su-
peroxide Indicator (Molecular Probes), which specifically accumulates in the mitochondria
and emits fluorescence when oxidised by superoxide. To measure Adm, cells were stained
with Tetramethylrhodamine, Methyl Ester, Perchlorate (TMRM) (Molecular Probes, Eu-
gene, Oregon, United States), which is a dye that accumulates in mitochondria with an
active membrane potential. Therefore, the TMRM signal decreases upon a reduction in

Adm. Cells in culture were incubated with 5 pM MitoSOX diluted in Hanks’ balanced
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salt solution (HBSS) containing Ca®™/Mg?* (Sigma Aldrich), or with 100 nM TMRM
diluted in complete media (with FBS, see Section 2.1), for 30 minutes. Cells were col-
lected by trypsinisation and their fluorescence in the PE channel was measured by flow
cytometry (BD FACSCanto II). Cell debris and doublets were excluded as described in
Section 2.3, and the MFI in the PE channel of the gated population was determined.
Median fluorescence intensity (MFI) of unstained cells was subtracted from the MFT of
stained cells to control for changes in laser status and background fluorescence. Data were

analysed using the FlowJo 10.4 Software.

2.12 Quantification of relative mtDNA copy number

Total DNA was extracted from cell pellets with a phenol-chloroform extraction protocol
optimized in-house. Briefly, cells were collected by trypsinisation and pellets were frozen in
dry ice and stored at -80°C. After thawing, lysis buffer (1 M Tris pH 8, 0.5 M EDTA pH 8,
10% SDS and 20 mg/ml protease K in PBS) was added to the pellets for 2 hours at 56°C.
Extraction of DNA was performed by adding an equal volume of phenol: chloroform:
isoamyl alcohol and mixing by inversion. After centrifugation the top aqueous phase
containing DNA was transferred to a new tube and 2 volumes of chloroform were added.
Again, the sample was mixed by inversion, centrifuged and the top phase was separated.
1/10 volume of sodium acetate solution (2 M pH 4.6) and 2 volumes of ice-cold 100%
ethanol were added to the sample which was then kept at -20°C overnight to allow for
precipitation of the DNA. On the following day, the samples were centrifuged at high
speed (10 min at 13,000 rpm at 4°C), re-suspended in 70% ethanol, and centrifuged
once more. After the final centrifugation, the supernatant was removed and samples
were left to air-dry and then eluted in DNAse-free water. Concentration and purity of
DNA was measured using a Nanodrop Spectrophotometer. Real-time quantitative PCR
using SYBR Green (Qiagen) was performed, as described in Section 2.5, to measure
the relative amount of the mitochondrial gene cytochrome oxidase 2 (MT-C0O2) and the
nuclear gene f-ACTIN. Primer sequences can be found in Table 2.4. Relative mtDNA

copy number was calculated by normalising the quantity of MT-CO2 to B-ACTIN using
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the ACt method (Ct(MT-CO2) — Ct(B-ACTIN)) and the equation 2*(22¢Y) [168].

2.13 Detection and quantification of mitochondrial

transfer

2.13.1 MitoTracker dyes

To detect and quantify mitochondrial transfer, cells in suspension were incubated for 30
minutes with either 0.2 pM MitoTracker Green (Molecular Probes), which specifically
stains mitochondria, or with 5 pM of the cytoplasmic CellTrace dye (Molecular Probes).
After staining, MitoTracker-stained and Cell-Trace stained cells were washed and incu-
bated in complete media for 10 minutes to remove unbound dye and directly co-cultured
at a 1:1 ratio. After 24 hours of culture, cells were collected by trypsinisation and flu-
orescence in the FITC (MitoTracker Green) and Pacific Blue (CellTrace) channels was
measured by flow cytometry (BD Biosciences FACSCanto IT). Fluorescence of stained and
unstained cells in single culture was also measured. Data were analysed using the FlowJo
10.4 Software. Briefly, cell debris and doublets were excluded as described in Section
2.3. Unstained samples were used as negative controls for both FITC and Pacific Blue to
set quadrant gates in a FITC x Pacific Blue dot plot. These gates were then applied to
all samples. Mitochondrial donor cells were positive for FITC only, whereas mitochondria
recipient cells were positive for Pacific Blue. Double positive cells (FITC-positive/Pacific
Blue-positive) represent recipient cells that received mitochondria from donor cells (see
Figure 5.1B. To exclude the possibility of the detected double positive cells being a result
of leakage of the MitoTracker dye, cells were also cultured in a transwell system. Specifi-
cally, MitoTracker-stained cells were cultured in porous cell culture inserts (0.4 pm pore
size; Sigma-Aldrich), which were fitted onto the wells of 6 well plates, where CellTrace-
stained cells were seeded. Since mitochondria are typically larger than the pore size of
0.4 pm, this would impair transfer of intact mitochondria whilst allowing for transfer of

free dye. As a second control for dye leakage, supernatants of stained donor cells were
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collected after the last wash step of the staining protocol, filtered with a 0.4 pm filter,
and added to CellTrace stained cells. The percentage of MitoTracker-positive recipient
cells was measured by flow cytometry as described above. To visualise mitochondrial
transfer, co-cultures of MitoTracker Green- and CellTrace-stained cells were imaged live

by fluorescence microscopy as described in Section 2.9.

2.13.2 Mitochondrial-targeted fluorescent proteins

To tag mitochondria with a green fluorescent protein (GFP), two approaches were used.
Firstly, CellLight Mitochondria-GFP, BacMam 2.0 (Thermo Fisher Scientific) was used
to transfect ASMCs with a construct expressing GFP fused to the leader sequence of El
alpha pyruvate dehydrogenase. The vector was packaged in the insect virus baculovirus
in a ready-to-use reagent. ASMCs was transfected by adding the CellLight Mitochondria-
GFP reagent directly to the cells for 24 hours. Different quantities of particles per cell
(PPC) were tested to ensure optimal transfection (Figure 5.3A).

In a second approach, ASMCs were transfected with 500 ng of the pCT-Mito-GFP
vector (Cambridge Biosciences, Cambridge, United Kingdom), which encodes for the mi-
tochondrial protein cytochrome oxidase VII (COX8) tagged with GFP, using lipofec-
tamine LTX transfection (Thermo Fisher Scientific). Briefly, the pCT-Mito-GFP vector
was diluted in transfection media and incubated for 10 minutes with 1 or 1.5 pl of the
lipofectamine LTX reagent and 0.5 pl of PLUS reagent (provided by the supplier). The
complexes were added drop-wise to the cells, cultured in 24-well plates, for 24 hours.
Transfection efficiency was assessed by measuring fluorescence in the FITC channel by
flow cytometry (Figure 5.3B). Transfected cells were cultured for 24 hours and washed
three times, after which CellTrace-stained (recipient) cells were added to the culture at
a 1:1 ratio for another 24 hours. The percentage of GFP-positive donor and recipient
cells was measured by flow cytometry and GFP-positive recipient cells were visualised by

fluorescence microscopy, as described in sections Section 2.13.1 and 2.9, respectively.
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2.13.3 Detection of mtDNA mutations

Mitochondrial transfer was also assessed by detecting the presence of donor-specific mtDNA
in recipient cells. Since most of the mtDNA is transcribed [169], transcriptome data can
be used to analyse the sequence of mtDNA and identify patient-specific mtDNA muta-
tions. This allows for a distinction of the mtDNA from ASMCs from different subjects.
Transcriptomics data from ASMCs from seven healthy and seven COPD patients cul-
tured in complete media was obtained in previous experiments performed by our research
group (unpublished). RNA-seq reads were aligned to the reference mtDNA sequence
(rCRS NC012920.1) using the HiSat2 package for Linux command line. The aligned reads
(BAM files) were uploaded to the Integrative Genomics Viewer (IGV, Broad Institute)
where mutations were identified (see Figure 5.5A).

Co-cultures of MitoTracker (donor)- and CellTrace (recipient)-stained ASMCs with
distinct mtDNA mutations were plated. Recipient cells that received mitochondria from
donor cells (Mito+) were separated from those that did not (Mito-) by fluorescence-
activated single cell sorting (FACS), as described in Section 2.14. These cells, alongside
single culture controls of recipient cells, were re-plated and DNA was extracted after 48
hours, as described in Section 2.12. Alternatively, Mito+, Mito- and single culture
controls were sorted into single cells in 96-well plates and flash frozen. Single cells were
lysed by incubating in a solution containing 50 mM Tris-HCI [pH 8.5], 1 mM EDTA, 0.5%
Tween 20, and 200 pg/ml Proteinase K, for 2 hours at 55°, followed by 96° for 10 min to
inactivate Proteinase K.

Amplification-refractory mutation system qPCR was used to detect the presence of
mtDNA with a mutation specific to donor cells. Briefly, for each sample two qPCRs were
performed: one that specifically amplified the mutant mtDNA sequence (discriminatory
assay) and one that amplified a mtDNA housekeeping gene (MT-CO2) to measure total
mtDNA. The discriminatory assay was performed using a mastermix containing the Hot
FirePol DNA polymerase (Solis BioDyne, Tartu, Estonia) (Table 2.7), and the cycling

parameters described in Table 2.8.
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Reaction Component Concentration/amount Volume (pl)

MgCly 2.25 mM 1.35
HOT FIREPol 10X Buffer B2 1X 1.5
dANTP 0.2 mM 0.3
Forward Primer 0.13 pM 0.1
Reverse Primer 0.13 pM 0.1
Probe 0.13 pM 0.1
HOT FIREPol 1U 0.2
DNA 2.5 ng 2
Water n/a 9.35
Total n/a 15

Table 2.7: Contents of the master mix used in the discriminatory assay of
ARMS-qPCR.

Primers and probes were designed in-house (Table 2.4). The 3’-end nucleotide of the
forward primer was aligned to the mutation of interest, and a mismatch was introduced in
the penultimate nucleotide of this primer (highlighted in red in Table 2.4). This resulted
in a specificity that allowed for the amplification of mtDNA containing the mutation
only: the binding of the primers to the mtDNA was only possible when the mutation was
present. In mtDNA without the mutation of interest, the alignment of the primer to the

sequence is poor and does not for allow primer binding and consequent amplification.

Step Temperature (°C) Time Cycles
Activation 95 15 min 1
Denaturation 95 15 s
45
Annealing and Extension (Data Acquisition) 62 60 s

Table 2.8: Cycling parameters for the discriminatory assay of the ARMS-
qPCR.
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The total mtDNA assay was performed using a SYBR green master mix, with primers
for the MT-COZ2 gene, as described in Section 2.12. The quantity of mutant and total
mtDNA were calculated automatically based on a standard curve prepared from a positive
control sample (donor ASMCs bearing the mutation of interest) using the QuantStudio
Software (Thermo Fisher Scientific). The amount of mutant DNA relative to total mtDNA
was calculated based on the equation 100*(quantity of mutant mtDNA /quantity of total
mtDNA) [138]. The efficiency of the ARMS-qPCR assay was assessed as described in

Section 5.2.1.

2.14 Isolation of Mito+ and Mito- cells by FACS

Using the same co-culture and staining conditions as in Section 2.13.1, MitoTraker-
negative (Mito-) and MitoTracker-positive (Mito+) CellTrace-stained cells were isolated
from the co-cultures by FACS using the BD ARIA II flow cytometer (see Figure 5.6B).
Briefly, cells were collected in HBSS with 1% FBS and filtered through a 35 pm mesh to
avoid clumps. Unstained cells were used to set gates as before and recipient cells were
sorted according to their MitoTracker (FITC) fluorescence using a 100 pm nozzle and
2.0 filter. Isolated cells were collected in polystyrene tubes, centrifuged and re-suspended
in complete media. Single culture controls were also sorted to control for the effect of

sorting. Cells were counted and re-plated as appropriate for further experiments.

2.15 Isolation of extracellular vesicles

Conditioned media obtained from 1.5 million ASMCs cultured over 24 hours, was sub-
jected to successive centrifugations (300¢g for 5 min at 20°C; 3,000¢ for 10 min at 4°C;
20,000¢ for 30 min at 4°C and 100,000¢ for 2 hours at 4°C) to isolate different sized vesicles.
Low speed centrifugations were performed using a bench-top centrifuge whereas a Micro
Ultracentrifuge (Hitachi, Tokyo, Japan) was used for high-speed centrifugations. The pel-
lets from the different centrifugations were re-suspended in 1ml of PBS and centrifuged

again using the same settings, and then re-suspended in different reagents depending
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on the subsequent applications. For imaging, pellets were re-suspended in 100 nl PBS
and loaded onto slides as described in Section 2.9. For western blotting, samples were
re-suspended in 20 pl RIPA with protease inhibitors. Due to limited sample amount,
protein quantification was not performed, and the whole sample was used for loading on
the western blot running gel. For mtDNA quantification, pellets were dry-frozen after the
last centrifugation and kept at -80°C, before they were digested using the same protocol
as for single cells, described in Section 2.13.3. Finally, to use EVs as cell treatments,

samples were re-suspended in 1ml of warm complete media.

2.16 Statistical analyses

Statistical analyses were performed using the GraphPad Prism 7.0 software (San Diego,
California). Sample size was determined based on power calculations performed previously
by members of my research group. Data from primary cells are highly variable, and the
small sample size used (n=3-7) does not allow for accurate assessment of normality [170].
Therefore, non-parametric tests were used. Where more than two groups were present,
data were analysed using a Friedman’s test (paired data) or Kruskall-Wallis (unpaired
data), followed by Dunn’s multiple comparisons. When only two groups were compared, a
Wilcoxon signed-rank test was used for paired data and a Mann-Whitney test for unpaired
data. Data points comparing different conditions of ASMCs from the same patient was
considered paired data, whereas data from ASMCs from different patients was treated
as unpaired data. Replicates refer to data points obtained from ASMCs from different
subjects. Data was presented as either raw values or normalised to appropriate controls,
plus/minus standard error of the mean (SEM). A p-value <0.05 was deemed statistically

significant.
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Chapter 3

Mitochondrial function of ASMCs from healthy and COPD

subjects

3.1 Introduction

Mitochondrial dysfunction has been reported in different cell types in COPD, such as ep-
ithelial cells [107, 110, 112] and macrophages [25]. There is also some evidence suggesting
mitochondria and metabolic changes play a role in ASM dysfunction in COPD [45, 76,
171]. For example, under serum-starved conditions, COPD ASMCs show an increase in
the levels of lactate and alanine as well as an increase in the mRNA expression of pyruvate
dehydrogenase kinase 1 (PDK1) compared to ASMCs from healthy ex-smoker subjects
[76], which suggest an altered glycolytic metabolism.

Cigarette smoke is the main environmental risk factor of COPD [2] and has been shown
to lead to mitochondrial damage in different ways, such as mitochondrial fragmentation
[107], loss of Adm [172] and impaired mitophagy [112]. In ASMCs from healthy subjects, a
24-48 hour exposure to 0.5-2% CSM leads to mitochondrial fragmentation and a reduction
in ATP-linked respiration and maximal and spare respiratory capacity [121]. In addition,
these cells show an increase in mtROS and a decrease in A¢m when treated with 10-25%
CSM for 4 hours [143]. The effect of CSM on mitochondrial function of ASMCs from
COPD subjects has not been studied. COPD ASMCs may be more sensitive to oxidative
stress-induced mitochondrial dysfunction, as the increase in mtROS induced by H5O, is

higher in COPD ASMCs compared to healthy ex- and non-smoker ASMCs [45].
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One of the characteristics of COPD is that cigarette smoke-induced responses, such as
oxidative stress and chronic inflammation, persist after smoking cessation [21]. Tt is not
clear whether CS-induced mitochondrial dysfunction is also sustained once the stressor
is removed. In epithelial cells CS-induced fragmentation, changes in the expression of
ETC proteins and induction of Mn-SOD are reversible after removal of CS, though other
aspects, such as CS-induced branching, are maintained [107]. In a murine model of CS
exposure, CS-induced changes to metabolism, such as a reduction in glycolysis, and redox
balance were reversed after a recovery period [173]. Finally, the activity of complex III
and IV is restored in peripheral lymphocytes of smokers after smoking cessation [174].
It is possible that, in COPD, the ability of cells to reverse CS-induced mitochondrial
dysfunction is impaired.

In summary, there is evidence of mitochondrial dysfunction in COPD ASM. This may
be driven by exposure to cigarette smoke, but only a proportion of smokers develop COPD.
Therefore, ASMCs from COPD patients may be more susceptible to CS-induced mito-
chondrial damage. In addition, sustained changes in mitochondrial function in response
to stressors, such as CS, may contribute to the persistence of COPD phenotypes after

smoking cessation. With this in mind, the main aims of this chapter are the following:

e Optimise both an acute and smoking cessation model of cigarette smoke treatment

to be used for all future experiments

e Investigate the effect of CSM on mitochondrial function of healthy and COPD
ASMCs
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3.2 Results

3.2.1 Optimisation of CSM treatment

Two CSM-treatments were initially optimised. In an acute treatment model, cells were
treated with 10% or 25% of cigarette smoke media for 4 hours, whilst untreated controls
were kept in serum-free media. Alternatively, in a “smoking cessation” model, after the
4 hour treatment cells were washed and re-plated in complete media for 24 or 48 hours.
The effect of cigarette smoke media treatment on the viability of ASMCs from healthy
subjects was assessed by Annexin V/PI staining (described in section 2.3). Experiments
performed in previous studies in the laboratory showed that treatment of healthy ASMCs
with 50% CSM leads to a significant reduction in cell viability [143], therefore only 10
and 25% CSM were tested here. A 4 hour treatment with 500 pM hydrogen peroxide was
used as a positive control to induce cell death. Hydrogen peroxide led to an increase in
the percentage of necrotic and late apoptotic cells from less than 1% to ~20%, confirming
the expected effect (Figure 3.1A-B). There was no change in the percentage of necrotic,
early and late apoptotic cells when ASMCs were treated with 10% or 25% CSM for 4
hours compared to controls, and this was also true after cells were re-plated in complete
media for 24 hours (Figure 3.1). This indicated that, in both CSM treatment models,
10% and 25% CSM had no significant effects on cell viability and were therefore suitable

for further studies.
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Figure 3.1: Effect of cigarette smoke on cell viability. (A) Representative flow cytometry
dot plots of cells stained with Annexin V/PI under different conditions. Quantification of the
percentage of necrotic, early apoptotic and late apoptotic ASMCs from healthy subjects either
(B) cultured in serum-free media with or without cigarette smoke 4 hours, or (C) re-plated in
complete media for 24 hours after treatment. Data presented as mean + SEM. N=3.

Cigarette smoke contains many chemicals that are auto-fluorescent, such as benzene,
naphthalene and other polycyclic aromatic hydrocarbons [175]. Since several of the as-
says used to evaluate mitochondrial function are based on fluorescent probes, the auto-
fluorescence properties of CSM were assessed. As shown in Figure 3.2A-C, there was an
increase in the fluorescence intensity measured in the PE, FITC and Pacific Blue chan-
nels of the BD FACS Canto II flow cytometer when cells were treated with 25% CSM for
4 hours. This indicates that this treatment leads to auto-fluorescence and could affect

readings of the fluorescent-probe assays performed. However, the auto-fluorescence was
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no longer observed when cells were re-plated in complete media for 24 hours (Figure

3.2D-F).
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Figure 3.2: Auto-fluorescence of cigarette smoke medium. Unstained ASMCs treated
with 25% CSM (blue) or serum-free media (red) (A-C) for 4 hours, or (D-F) for 4 hours and
re-plated in complete media for 24 hours. Fluorescence in the (A,D) PE, (B,E) FITC and (C,F)
Pacific Blue channels was measured by flow cytometry. N=1.

The auto-fluorescence of CSM in the acute model hinders the interpretation of the
results obtained from assays based on fluorescent probes. In addition, it is already known
that acute CSM treatment induces mitochondrial dysfunction in healthy ASMCs [143].
Therefore, 1 opted for continuing my study using only the “smoking cessation” model,
as this circumvented the issue of auto-fluorescence and would add information on the

duration of the acute damage once the stimuli is removed.
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3.2.2 COPD ASMCs are more sensitive to stress-induced changes

in mitochondrial function

To assess mitochondrial function in healthy and COPD ASMCs, mitochondrial respi-
ration, mtROS, A¢m and mitochondrial protein levels were measured under baseline
conditions and upon exposure to cigarette smoke media.

TMRM staining for measurement of Adm was optimised using the uncoupler carbonyl
cyanide m-chlorophenylhydrazone (CCCP) as a positive control for mitochondrial mem-
brane depolarisation. The concentration of 100 nM provided the best staining, and a clear
response to CCCP (Figure 3.3), and therefore was chosen for further assays. Higher con-
centrations of TMRM could also be tested, though these may alter the functioning of the
dye [39]. The remaining assays were previously optimized by Charalambos Michaeloudes,

and the determined optimal conditions were used for the experiments described below.
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Figure 3.3: Optimization of TMRM staining for quantification of A¢m. ASMCs
stained with different concentrations of TMRM for 30min. Cells were pre-treated with 50 puM
CCCP to induce depolarization as a control. N=1.

Mitochondrial function was first assessed under baseline conditions, in which cells were
serum-starved for 4 hours and re-plated in complete media for 24 hours. This experimen-
tal set-up was used to match the conditions used in the CSM-treatment experiments.

There was no difference in most parameters of mitochondrial respiration between the two
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groups, except for NMOC, which was significantly lower in COPD ASMCs (~40% reduc-
tion, p<0.05, Figure 3.4). ASMCs from COPD patients displayed a ~30% lower Ajm
compared to healthy ASMCs (Figure 3.5A). Although this did not reach significance,
the reduced Adm in COPD ASMCs was consistent across all experiments, which were
always performed in pairs. The lack of significance may be due to the spread of the
data points, which itself may be a result of the variability in laser intensity of the flow
cytometer on differing days. The internal variability of staining in an individual patient
cell was not assessed, but may also contribute to the lack of significance. No differences
were seen in the levels of mtROS between the two groups (Figure 3.5B). ASMCs from
COPD patients showed a significantly lower expression of complex IIT (~45%; p<0.05,
Figure 3.6D) of the ETC and a trend towards lower expression of complex V (~30%,
p=0.08, Figure 3.6F). There was no difference in the expression of complexes I, II and
IV (Figure 3.6B, C and E). In addition, the expression of TOM20, an outer mitochon-
drial membrane protein used to assess relative mitochondrial mass, did not differ between
groups, indicating that differences in Adm and expression of complex III and V are not

a result of different mitochondrial mass (Figure 3.6G).
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Figure 3.4: Mitochondrial respiration in ASMCs from healthy and COPD subjects.
Quantification of oxygen consumption rate (OCR) in ASMCs from healthy and COPD subjects
serum-starved for 4 hours and re-plated in complete media for 24 hours. (A) Time-course
of OCR changes over during of the assay and in response to OXPHOS-targeting drugs. (B)
Parameters of mitochondrial respiration calculated from OCR data. Data presented as mean +
SEM. *p<0.05, N=6.
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Figure 3.5: Mitochondrial membrane potential and mitochondrial ROS in ASMCs
from healthy and COPD subjects. Quantification of relative levels of (A) A¢m and (B)
mtROS in ASMCs from COPD and healthy subjects serum-starved for 4 hours and re-plated
in complete media for 24 hours. Data shown is the median intensity fluorescence (MFI) in the
PE-A channel and is presented as mean & SEM. *p<0.05, N=6.
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Figure 3.6: Expression of mitochondrial proteins in ASMCs from healthy and
COPD subjects. (A) Representative western blot membrane depicting protein levels of ASMCs
from COPD and healthy subjects serum-starved for 4 hours and re-plated in complete media for
24 hours. Quantification of (B-F) Complexes I-V of OXPHOS and (G) TOM20, all normalized
to B-actin. Data presented as mean £ SEM. *p<0.05, N=6.
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I then assessed the effect of CSM on the same parameters on ASMCs from both
healthy subjects and COPD patients, using the “smoking cessation” treatment model.
At 24 hours post-treatment, 25% CSM led to a significant reduction in ATP-linked res-
piration (20%; p<0.05 Figure 3.7B), as well a trend towards a 20% decrease in basal
OCR, maximal respiration and spare respiratory capacity in COPD ASMCs but not in
healthy ASMCs (Figure 3.7A,C and D). There was also a trend towards an increase

in non-mitochondrial oxygen consumption in CSM-treated COPD ASMCs (Figure 3.7F).

O Healthy
B COPD

Basal OCR
Fold-change in

Fold-change in
ATP-linked Respiration

" Untreated 10% CSM 25% CSM

1.5

" Untreated 10% CSM 25% CSM

-
o

Fold-change in
Spare Respiratory Capacity

Fold-change in
Maximal Respiration

e
°

Untreated 10% CSM 25% CSM Untreated 10% CSM 25% CSM

E F

p=0.08

p=0.09

-
21
g
o

-

o
N
2

e
o

Fold-change in

Fold-change in
Proton Leak
Non-mitochondrial OCR

0.0
Untreated 10% CSM 25% CSM

=4
o

Untreated 10% CSM 25% CSM

Figure 3.7: Effect of cigarette smoke on mitochondrial respiration in ASMCs from
healthy and COPD subjects. Quantification of (A) basal OCR (B) ATP-linked respi-
ration (C) baximal respiration (D) spare respiratory capacity (E) proton leak and (F) non-
mitochondrial oxygen consumption in ASMCs from healthy and COPD subjects, cultured in
serum-free media in the presence or absence of 10 or 25% CSM for 4 hours and re-plated in
complete media for 24 hours. Data normalised to untreated and presented as mean + SEM.
Statistical analyses performed on non-normalised data. *p<0.05, #p<0.05. N=6.
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Treatment of 25% CSM led to a significant decrease in Agm in both healthy and COPD
ASMCs (~20%, p<0.05) but had no effect in mtROS (Figure 3.8). Similar to what was
observed in baseline conditions, A¢m was lower in COPD ASMCs treated with 25% CSM

compared to healthy ASMCs, and there was no difference in mtROS (non-normalised data

not shown).
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Figure 3.8: Effect of cigarette smoke on mitochondrial function in ASMCs from
healthy and COPD subjects. Quantification of relative levels of (A) Adm and (B) mtROS
in ASMCs from COPD and healthy subjects, cultured in serum-free media in the presence or
absence of 10 or 25% CSM for 4 hours and re-plated in complete media for 24 hours. Data
shown is the fold-change in median intensity fluorescence (MFI) in the PE-A channel compared
to untreated and is presented as mean + SEM. Statistical analyses performed on non-normalised
data. *p<0.05. N=6.

Finally, the expression of complex III was decreased by 25% CSM in COPD ASMCs
only (~40%, p=0.06, Figure 3.9C), whereas the expression of other complexes and
TOM20 remained unchanged upon CSM treatment (Figure 3.9).
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Figure 3.9: Effect of cigarette smoke on the expression of mitochondrial proteins
in ASMCs from healthy and COPD subjects. Quantification of (A-E) Complexes I-V of
OXPHOS and (F) TOM20 in ASMCs from healthy and COPD subjects, cultured in serum-free
media in the presence or absence of 10 or 25% CSM for 4 hours and re-plated in complete media
for 24 hours. Data normalised to untreated and presented as mean + SEM. Statistical analyses
performed on non-normalised data. N=6.
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To assess the long-term effect of CSM, the same parameters were measured in healthy
and COPD ASMCs 48 hours after treatment. Here, the effects of CSM on COPD ASMCs
were no longer detected, suggesting the existence of homeostatic stress-response mecha-
nisms (Figure 3.10-3.12). Interestingly, healthy, but not COPD, ASMCs maintained a
reduced Adm 48 hours post-treatment (10% CSM: ~20% reduction, p<0.05; 25% CSM:

~20% reduction, p<0.01; Figure 3.11A).
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Figure 3.10: Long-term effect of cigarette smoke on mitochondrial respiration in
ASMCs from healthy and COPD subjects. Quantification of (A) basal OCR (B) ATP-
linked respiration (C) baximal respiration (D) spare respiratory capacity (E) proton leak and (F)
non-mitochondrial oxygen consumption in ASMCs from healthy and COPD subjects, cultured
in serum-free media in the presence or absence of 10 or 25% CSM for 4 hours and re-plated in
complete media for 48 hours. Data normalised to untreated and presented as mean + SEM.
Statistical analyses performed on non-normalised data. *p<0.05, #p<0.05. N=6.
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Figure 3.11: Long-term effect of cigarette smoke on mitochondrial function in
ASMC:s from healthy and COPD subjects. Quantification of relative levels of (A) Adm
and (B) mtROS in ASMCs from COPD and healthy subjects, cultured in serum-free media in
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48 hours. Data shown is the fold-change in median intensity fluorescence (MFI) in the PE-A
channel compared to untreated and is presented as mean + SEM. Statistical analyses performed
on non-normalised data. *p<0.05 **p<0.01, #p<0.05. N=6.
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Figure 3.12: Long-term effect of cigarette smoke on the expression of mitochondrial
proteins in ASMCs from healthy and COPD subjects. A. Quantification of (A-E)
Complexes I-V of OXPHOS and (F) TOM20 in ASMCs from healthy and COPD subjects,
cultured in serum-free media in the presence or absence of 10 or 25% CSM for 4 hours and
re-plated in complete media for 48 hours. Data normalised to untreated and presented as mean
+ SEM. Statistical analyses performed on non-normalised data. N=6.
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3.3 Discussion

Changes in mitochondrial function, in response to cigarette smoke exposure, may drive
ASM dysfunction in COPD. To assess this, I characterised mitochondrial function in
primary ASMCs from healthy and COPD subjects, under baseline conditions and upon
exposure to CS. The results of this Chapter demonstrate that CSM leads to mitochondrial
damage, which is more pronounced in COPD ASMCs, suggesting these are more sensitive
to CS-induced mitochondrial dysfunction.

Under baseline conditions, the mitochondrial function of healthy and COPD ASMCs
differed in some aspects only. A non-significant, but consistent, reduction in TMRM
fluorescence, representative of AWm, was observed in COPD ASMCs, indicative of an al-
tered mitochondrial function. Mitochondrial membrane potential is controlled by different
factors such as substrate availability, proton leakage across the IMM, ATP synthesis, elec-
tron flux through the respiratory chain and ion transport [176]. COPD ASMCs showed
a reduced expression of complex III and V, which may affect electron flux and thereby
AV¥m. It is important to note that the ETC complexes consist of different subunits,
and the antibodies used to measure protein levels are specific to only one of the subunits
for each complex. Whether the expression of other subunits or even the activity of the
individual complexes is altered in COPD ASMCs was not assessed. In addition, it is
not known what contributes to the reduced expression of complex III and V in COPD
ASMCs. Mutations in mtDNA can lead to defects in the expression of complex proteins
and can hence also affect AUm [177]. In the case of complex III, the measured subunit
is the ubiquinol-cytochrome C reductase core protein 2 (UQCRC2) and mutations in the
gene encoding this protein have been associated with mitochondrial disease [178]. In a
southwestern Han Chinese population, different mtDNA haplogroups have been associ-
ated to increased susceptibility to COPD [179]. Therefore, mutations in mtDNA may
be an important driver of mitochondrial dysfunction in COPD. NMOC was also lower
in COPD ASMCs when compared to healthy cells. Whilst the majority of oxygen con-
sumption takes place in the mitochondria, there are other cellular processes that also

use oxygen. For example, cell surface oxygen consumption occurs in the trans-plasma
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membrane electron transport (tPMET) and allows for re-oxidisation of NADH which is
required for glycolysis [180]. Professional phagocytes use oxygen to produce ROS, during
the pathogen-targeting respiratory burst, using the non-mitochondrial oxidases NADPH
oxidases (NOX). NOX enzymes transfer electrons from NADPH, across biological mem-
branes, to molecular oxygen generating superoxide ions [181]. NOX homologues, such as
NOX4, are also present in non-phagocytic cells, including ASMCs, and could contribute
to the observed differences in NMOC. A reduction in NMOC could be a result of a de-
crease in NOX4 activity, but conflictingly, NOX4 is upregulated in COPD ASM, and this
expression correlates with severity of disease [75, 171]. The cause of reduced NMOC in
COPD ASMCs remains unknown. No differences in mitochondrial mass, respiration or
ROS were detected in between untreated healthy and COPD ASMCs.

The limited differences in mitochondrial function between healthy and COPD ASMCs
could be a result of the culture conditions used in this study. Under HyOs-induced oxida-
tive stress, COPD ASMCs show an increase in the levels of mtROS compared to healthy
ex-smoker and non-smoker controls [45] whereas, upon mitogenic stimulation, COPD
ASMCs have lower levels of mtROS [76]. This indicates that the choice of culture and
treatment conditions affects mitochondrial function in these cells. Here, experiments were
carried out after 4 hours of serum starvation followed by culture in medium containing
10% FBS, which may minimise cellular stress. The culture media also contained phenol
red, which has anti-oxidant properties [182], and may affect the levels of ROS detected.
In addition, the healthy ASMCs used in my study were isolated from ex-smoker subjects,
which can be intrinsically different to cells from healthy never smokers, and more similar
to COPD ASMCs. For example, serum-starved ASMCs from both COPD and ex-smoker
subjects show a lower ATP-linked respiration compared to never smokers [45]. Therefore,
some level of mitochondrial dysfunction may be present in cells from healthy ex-smoker
subjects compared to cells from non-smokers. However, in this study I did not have access
to ASMCs from non-smokers and could not evaluate this.

As highlighted above, in vitro systems have limitations, and it is important to confirm

whether observations also represent what occurs in vivo. There is some evidence in ex-vivo
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studies indicating mitochondrial dysfunction in COPD ASM. For example, NOX-4 is up-
regulated in ASM bundles and in immunohistochemistry analysis of small airway sections
of COPD patients, suggesting an alteration in redox homeostasis [75, 171]. Mitochondrial
dysfunction (e.g. decreased A¥Um and increased mtROS) was observed in bronchial biop-
sies of COPD patients compared to never or ex-smoker healthy controls [46], though the
contribution of ASMCs to this phenotype is not clear. More studies on ASM bundles or
airway sections should be performed to confirm this.

Acute exposure to cigarette smoke-conditioned medium induces mitochondrial dys-
function in healthy ASMCs [121, 143]. Due to the auto-fluorescence of CSM, I did not
measure the differential effect of acute CSM treatment on healthy and COPD ASMCs.
However, I show that some aspects of mitochondrial dysfunction are present after CS is
removed, a phenomenon that this is more pronounced in COPD ASMCs. Previous studies
in our group have shown that 4 hour exposure of CSM leads to a reduction A¥m and an
increase in mtROS in healthy ASMCs [143]. In this study I show that, in both healthy
and COPD ASMCs, the reduced AVm is maintained for 24 hours after the stimuli is
removed, indicating that CS-induced mitochondrial damage is sustained. However, the
effect of CSM on mtROS was no longer observed. Again, the detection of mtROS may be
hindered by the phenol-containing media, and further experiments in phenol-free media
should be performed in order to confirm this. There was no difference in mitochondrial
respiration in CSM-treated healthy cells compared to controls, indicating that either CSM
had no effect initially, or that the cells recovered during the 24 hours of culture without
CSM. In contrast, after 24 hours, COPD ASMCs showed a decrease in mitochondrial
respiration parameters in response to CSM, as well as a reduction in the expression of
complex III. Interestingly, 48 hours after stimuli removal, the effects of CSM were lost
in COPD ASMCs whereas healthy ASMCs maintained a reduced A¥m. This could be
part of an adaptive response to CS in healthy ASMCs, which may be impaired in COPD.
Mild uncoupling of the mitochondria has been shown to reduce oxidant production [183],
so this may be a mechanism by which healthy ASMCs cope with increased CS-induced

oxidative stress.
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The results from this Chapter indicate that COPD ASMCs are more susceptible to
CSM-induced mitochondrial dysfunction, compared to healthy cells, but what drives this
is not known. One possibility is that the acute effect of CS is higher in COPD ASMCs.
While this was not assessed in this study, it has been shown that COPD ASMCs are more
susceptible to acute HyOs-oxidative stress induced damage, as shown by an increase in
mtROS production [45]. This may be mediated by inherent differences in mitochondrial
function, such as a the lower A¥Um and expression of complex III detected in untreated
COPD ASMCs. Another possibility is that mitochondrial responses to CSM are impaired
in COPD ASMCs. My findings indicate that CSM-treated COPD cells show a trend
towards lower spare respiratory capacity, a measure of metabolic adaptation to stress,
compared to healthy ASMCs. Healthy ASMCs may have effective quality control mecha-
nisms, explaining why at 24 hours minimal mitochondrial damage is observed. However,
in COPD, these may be impaired leading to a delayed restoration of normal mitochon-
drial function. Impaired mitochondrial quality control mechanisms have been reported in
COPD. For example, small airway epithelial cells from COPD subjects show reduced levels
of Parkin, a protein required for mitophagy, suggesting this process may be impaired [112].
Reduced Mn-SOD is associated with increased susceptibility to CS-induced mitochondrial
damage [184] and in ASMCs, TGF-B, which is upregulated in COPD airways, leads to a
reduction in the expression of Mn-SOD [185]. Therefore, impaired anti-oxidant responses
in COPD ASMCs may also contribute to an increased sensitivity to CSM. Understanding
the cellular and molecular mechanisms that underpin the differential responses of healthy
and COPD ASMCs to CSM could help explain why only some smokers develop COPD.

To understand differential responses to CS, it is important to clarify how cigarette
smoke causes damage. Cigarette smoke is the major exogenous source of ROS in the lungs
[36]. It is therefore conceivable that oxidative stress mediates CS-induced mitochondrial
damage, and there is some evidence supporting this. For example, CS-induced changes
to mitochondrial structure in epithelial cells are rescued by anti-oxidants [107]. CS also
induces mitochondrial fragmentation in ASMCs via upregulation of DRP1, which occurs

in response to different signalling pathways involving ROS [121]. It is not clear what are
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the specific components of cigarette smoke that are responsible for these effects, but some
have been shown to cause mitochondrial damage individually. Acrolein causes mtDNA
damage and leads to a decrease in mitochondrial respiration [186, 187] whereas benzene
can affect mtDNA copy number [188]. Finally, it is worth noting that the level of exposure
to CSM in the ASM in vivo is not clear. Epithelial cells are the first to be exposed to
cigarette smoke in the airways, but some lipid-soluble components of CS can diffuse
through membranes and reach other compartments [189]. In addition, in COPD there
is a loss of epithelial barrier function [190] which may allow for CS to leak through and
reach the ASM.

In summary, in line with the hypothesis of this Chapter, CS leads to sustained changes
in mitochondrial function, which are greater in COPD ASMCs, suggesting these are more
sensitive to CS-induced mitochondrial dysfunction. This could be due to intrinsic dif-
ferences in mitochondrial function of COPD ASMCs, or impaired recovery mechanisms.
Hence, mitochondria may be targeted for therapies in COPD. However, to further assess
this, it is important to investigate the functional consequences of mitochondrial dys-
function in COPD. How do changes in mitochondrial function affect cellular phenotypes
associated to disease, such as proliferation and secretion of inflammatory mediators? The

following chapter will address this questions.
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Chapter 4

Funtional studies on ASMCs from healthy and COPD subjects

4.1 Introduction

The ASM is a structural component of the airways and its abnormal function has been
associated with lung pathologies, such as asthma and COPD [191]. In COPD, changes in
the phenotype of ASMCs may contribute to airway remodelling and chronic inflammation.
Specifically, increased ASMC proliferation, hypertrophy and ECM deposition in COPD
are thought to contribute to the thickening of ASM layer and subsequent narrowing of
the airways [21, 22, 74, 75]. Increased levels of the proliferation marker PCNA and an
increase in the number of ASMCs have been detected in small airway sections of COPD
patients [75]. In vitro, ASMCs from COPD patients show a higher proliferative capacity
in response to mitogenic stimuli [45]. Alterations to ECM structure and composition have
been reported in COPD: elastic fibres, fibronectin, collagens, tenascin-C and versican are
dysregulated in COPD throughout all lung compartments [192]. The ECM has several
components with different roles in the lung. Collagens (I, II, III, V, XI) contribute to the
structure of the lung whereas elastin and microfibrils (made of glycoproteins) provide the
lung with elasticity required for elastic recoil during breathing [193]. Proteoglycans, such
as glycosaminoglycans (GAGs), are also major components of the ECM, and provide hy-
dration and swelling pressure to the tissue. In addition, there are many ECM modulating
enzymes, such as MMPs, that affect the function and structure of ECM. Although an

increase in ECM volume within the ASM layer is associated with a decrease in FEV; [79],
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there is conflicting evidence regarding the ECM composition within the ASM in COPD.
While Pini et al showed no difference in the levels of different ECM markers between
healthy and COPD ASM [74], other studies have reported increased levels of laminin
and collagen [75, 81]. Another important phenotype of ASMCs in COPD is increased
secretion of inflammatory mediators that contributes to airway inflammation. Increased
levels of the chemokine CXCL-10 and of the growth factor TGF-3 have been detected in
the ASM of COPD airways [75, 84]. IL-8 is a potent neutrophil chemoattractant and is
secreted at higher levels by COPD ASMCs either at baseline conditions, or in response
to stressors such as cigarette smoke [45]. GM-CSF, an important survival factor for both
macrophages and neutrophils in the lung, is secreted at higher levels by COPD ASMCs
compared to healthy ex- and non-smoker controls [45]. Pro-inflammatory cytokines, such
as IL-6, are also secreted by ASMCs and this is higher in COPD [45].

Airway smooth muscle cells exhibit phenotypic plasticity in response to external cues
[68]. As with mitochondrial dysfunction, changes in the cellular function of COPD ASMCs
may be driven by exposure to CS. For example, CS induces proliferation [77, 194, 195]
and secretion of inflammatory mediators, such as IL-8, CXCL-1 and TNF-a, of ASMCs
[77, 81]. CS also modulates the ECM in ASMCs, leading to an increased secretion of
MMP-1, MMP-6 and collagen (COL)9A1 [81]. Importantly, some of these responses,
such as the secretion of CXCL-1, MMP-1 and COL8A1, are more pronounced in COPD
ASMCs [81]. This indicates that COPD ASMCs have increased susceptibility to CS, and
this may contribute to the development of pathological features in COPD. In Chapter 3,
I show that CS-induced mitochondrial dysfunction is sustained after stimuli removal, and
this is more pronounced in COPD ASMCs. However, it is not known whether the same is
observed with disease-related phenotypes in ASMCs, nor what is the role of mitochondrial
dysfunction in driving these changes in cellular function. To address these questions, the

aims of this Chapter are to:

e Characterise cellular proliferation, changes in ECM deposition and secretion of in-
flammatory mediators in ASMCs from healthy and COPD subjects under baseline

conditions and in response to CSM
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e Investigate the link between mitochondrial and cellular function in ASMCs from

healthy subjects
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4.2 Results

4.2.1 CSM modulates cellular function in both healthy and COPD

ASMCs

To characterise differences in cellular function between healthy and COPD ASMCs, these
were cultured in the same conditions as Chapter 3. Cells from the same donors were used
as much as possible (always from a pool of the same nine donors). Cellular function of
ASMCs was first assessed under baseline conditions: cells were serum-starved for 4 hours
and re-plated in complete medium. Cellular proliferation was assessed using three different
assays, as described in section 2.4. First, total DNA was measured as a surrogate for
cell number. Differences in the proliferation of cells can be inferred by comparing the
increase in total DNA| as a surrogate for cell number, from day 1 to day 6 of culture (see
Section 2.4). From day 1 to day 4, ASMCs from healthy and COPD patients showed
no difference in the fold-change in total DNA. At day 5, however, the total DNA was
further increased in COPD ASMCs, whereas it reached a plateau in healthy ASMCs.
There was a significantly greater increase in DNA from day 4 to day 5 in COPD ASMCs
(p<0.05), suggesting a higher proliferative rate. At day 6, the total DNA in COPD
ASMC:s also reached a plateau (Figure 4.2A). The rate of DNA synthesis was measured
after 24 hours of culture, using a BrdU incorporation assay. To control for differences
in cell number, that affect the BrdU assay readings, the data obtained from the BrdU
assay was normalised to total DNA of the same cells, quantified using the CyQuant assay.
Albeit not significant, there was an averaged 1.8-fold increase in BrdU incorporation in
COPD ASMCs, again suggesting a higher proliferative rate in these cells (Figure 4.2B).
The lack of significance may result from high variability and low replicate number, and
additional experimentation is required to confirm whether these differences are indeed
real. Finally, to assess cell-cycle in ASMCs, PI staining was performed in healthy and
COPD ASMCs after 24 hours of culture. To assess the efficiency of the assay, a control
with cells treated with mitogenic stimuli (1 ng/pl of TGF-$ and 2.5% FBS) was used.

There was a shift from the GO/G1 phase in untreated cells to the S and G2M phases
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in treated cells, confirming the detection of the mitogenic effect of the stimuli (Figure

4.1). When assessing cell-cycle in healthy and COPD ASMCs, no significant differences

were observed in the percentage of cells at GO/G1, S and G2M phases between the two

groups, although a higher number of replicates (only N=3 used here) would be required to

confirm this (Figure 4.2C). Overall, despite the differences observed being small, these

data suggest COPD ASMCs are more proliferative than healthy ASMCs when cultured

in complete media.
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Figure 4.1: Cell cycle analysis by propidium iodide staining. Propidium iodide stain-
ing of ASMCs cultured for 24 hours in serum-free media in the (A) absence or (B) presence
of mitogenic stimulation ( 1ng/ul of TGF-f and 2.5% FBS). Graphs show flow cytometry his-

tograms. N=1.
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Figure 4.2: Cellular proliferation in ASMCs from healthy and COPD subjects.
Assessment of proliferation in ASMCs from COPD and healthy subjects, serum-starved for 4
hours and re-plated in complete media for 24 hours using: (A) CyQuant assay to measure
change in total DNA, N=8; (B) BrdU incorporation to measure DNA synthesis, N=5; and (C)
propidium iodode staining to assess cell-cycle, N=3. Data presented as mean + SEM.*p<0.05.
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I then quantified the secretion of inflammatory mediators in healthy and COPD
ASMCs. The mediators measured were chosen based on current evidence suggesting
secretion of these is altered in COPD ASMCs [45, 81, 84]. However, in my experiments I
saw no difference in the baseline secretion of the mediators measured - IL-8, 1L-6, CXCL-
1, CXCL-10 and GM-CSF - between the two groups, except for a non-significant increase

in MMP-1 in COPD ASMCs (p=0.057) (Figure 4.3).
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Figure 4.3: Secretion of inflammatory mediators in ASMCs from healthy and
COPD subjects. Quantification of levels of (A) IL-8 (B) IL-6 (C) MMP-1 (D) CXCL-10
(E) GM-CSF and (F) CXCL1 in supernatant collected from ASMCs from COPD and healthy
subjects, serum-starved for 4 hours and re-plated in complete media for 24 hours. Data presented
as mean + SEM.*p<0.05. N=4-5.

Transcriptomics data was previously obtained from ASMCs from seven healthy and
seven COPD subjects cultured in complete media (unpublished). The cells were cultured
and RNA was extracted by myself and Charalambos Michaeloudes and the sequencing
and analysis was performed by Novogene Co. These data showed that extracellular ma-
trix and structure organisation were the biological processes with the highest number of
differentially regulated genes (34 genes) between healthy and COPD ASMCs, though the

differential expression of individual genes did not reach statistical significance (in terms
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of the adjusted p-value). (Figure 4.4A). I sought to assess the expression of the top

differentially expressed genes (Figure 4.4B) by qPCR. No differences were seen in the

mRNA levels of the 3 genes selected, elastin (ELN), hyaluronan and proteoglycan link

protein 3 (HAPLN3) and laminin subunit gamma 2 (LAMC?2), between the two groups

(Figure 4.5).
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Figure 4.4: Transcriptome analysis of ASMCs from healthy and COPD subjects.
(A) Gene ontology enrichment analysis for biological processes (BP): differentially expressed
genes between healthy and COPD ASMCs fall into the shown categories of BPs. (B) Top 7
differentially expressed genes related to extracellular matrix, showing Fragments Per Kilobase
of transcript per Million mapped reads (FPMK) and the changes between the two groups. N=7.
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Figure 4.5: Expression of ECM genes in ASMCs from healthy and COPD subjects.
Quantification fo mRNA levels of extracellular matrix genes (A) LAMC2 (B) ELN1 and (C)
HAPLNS3 in ASMCs from COPD and healthy subjects serum-starved for 4 hours and re-plated
in complete media for 24 hours. Data presented as 2-22Ct to healthy cells and as mean + SEM.
*p<0.05. N=6.

To assess the effect of CSM on ASMC function, cells were treated with 25% CSM
for 4 hours, whilst untreated controls were kept in serum-free media, and re-plated in
complete media for 24 hours or for the appropriate duration of the assays (”smoking
cessation” CSM treatment model). Since in Chapter 3 minimal effects were seen with
10% CSM, only the 25% CSM treatment was used for these experiments, unless otherwise
stated. Cellular proliferation was inhibited by CSM in all assays performed. There was
a reduction in the increase of total DNA over time in both healthy and COPD ASMCs,
with differences between treated and untreated significant at day 4 to 6 (Figure 4.6A-
B). BrdU incorporation was lower in CSM-treated healthy and COPD cells at 24 hours
post-treatment, though this did not reach statistical significance. This effect was lost over
time, with no differences detected at 72 hours (Figure 4.6C-E). Similarly, CSM led to
a trend towards an increase in cells at the GO/G1 phase and a reduction in cells in the
S-phase at 24 hours, in both healthy and COPD ASMCs. This effect was again lost at 48
and 72 hours (Figure 4.6F-K).
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Figure 4.6: Effect of cigarette smoke medium on proliferation of ASMCs from
healthy and COPD subjects. Assessment of proliferation in ASMCs from COPD and healthy
subjects cultured in serum-free media in the presence or absence of 25% CSM for 4 hours and
re-plated in complete, media using: (A) CyQuant assay to measure change in total DNA after
1-6 days, N=8; (B) BrdU incorporation to measure DNA synthesis after 24-72 hours, N=3; and
(C) propidium iodide staining to assess cell cycle after 24-72 hours, N=3. (A,B) Data presented
as fold-change to day 1. (C-K) Data normalised to untreated. All data is presented as mean
+ SEM. Statistical analyses performed on non-normalised data. *p<0.05, **p<0.01, relative to
25% CSM.
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The effect of CSM on the secretion of inflammatory mediators after 24 hours was var-
ied. Whilst there was an increase in the secretion of IL-8 and a trend towards an increase
in CXCL10 and MMP-1, no effects were detected in the secretion of IL-6, CXCL-1 and
GM-CSF (Figure 4.7). Finally, CSM did not alter the mRNA levels of ELN, HAPLN3
and LAMC?2 at 24 hours post-treatment (Figure 4.8). In all the assays, there was no

significant difference in the effects of CSM between healthy and COPD ASMCs.
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Figure 4.7: Effect of cigarette smoke on the secretion of inflammatory mediators
in ASMCs from healthy and COPD subjects. Quantification of levels of (A) IL-8 (B)
IL-6 (C) MMP-1 (D) CXCL-10 (E) GM-CSF and (F) CXCL-1 in supernatant collected from
ASMCs from COPD and healthy subjects, cultured in serum-free media in the presence or
absence of 25% CSM for 4 hours and re-plated in complete media for 24 hours. Data normalised
to untreated and presented as mean + SEM. Statistical analyses performed on non-normalised

data. N=4-5.
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Figure 4.8: Effect of cigarette smoke on the expression of ECM genes of ASMCs
from healthy and COPD subjects. Quantification fo mRNA levels of extracellular matrix
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in complete media for 24 hours. Data presented as 2°22Ct to untreated controls and as mean +
SEM. Statistical analyses performed on non-normalised data. N=6.
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The culture conditions used for the experiments described above might be masking
differences in cellular function between healthy and COPD ASMCs (See section 4.3).
For this reason, experiments were also performed with cells re-plated in complete media
without phenol and with reduced FBS (2.5%). Under these conditions, however, no
differences were seen in proliferation of healthy and COPD ASMCs as shown by the
changes in total DNA over time and BrdU incorporation at 24 hours (Figure 4.9).
Similarly, there was no difference in the secretion of I1L-8, 1L-6, MMP-1, CXCL1, CXCL10

and GM-CSF between the two groups (Figure 4.10).
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Figure 4.9: Cellular proliferation of ASMCs from healthy or COPD subjects under
conditions of reduced serum. Assessment of proliferation in ASMCs from healthy and
healthy subjects serum-starved for 4 hours and re-plated in 2.5% FBS phenol-free complete
media, using: (A) CyQuant assay to measure change in total DNA afte 1-6 days, N=6; (B)
BrdU incorporation to measure DNA synthesis after 24 hours, N=4; Data presented as mean =+
SEM.
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Figure 4.10: Secretion of inflammatory mediators in ASMCs from healthy and
COPD subjects under conditions of reduced serum. Quantification of levels of (A) IL-8
(B) MMP-1 (C) CXCL-10 (D) GM-CSF and (E) CXCLL1 in supernatant collected from ASMCs
from COPD and healthy subjects, serum-starved for 4 hours and re-plated in 2.5% FBS phenol-
free complete media for 24 hours. Data presented as mean £ SEM. n=>5-6.

When the cells were pre-treated with CSM, there was a reduction in the proliferation
of both groups as seen before. Contrary to what was observed when cells were re-plated
in complete media, here, the effect of CSM on BrdU incorporation appeared to be main-
tained until 72 hours, which could indicate that the previous culture conditions were
facilitating the recovery of the cells (Figure 4.11). The effect of CSM on the secretion
of inflammatory mediators was also more pronounced in this experimental set-up: there
was a significant increase in IL-8, MMP-1, CXCL10 and GM-CSF in healthy and COPD

CSM-treated cells (Figure 4.12).
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Figure 4.11: Effect of cigarette smoke on proliferation of ASMCs from healthy
and COPD subjects under conditions of reduced serum. Assessment of proliferation
in ASMCs from COPD and healthy subjects, cultured in serum-free media in the presence or
absence of 25% CSM for 4 hours and re-plated in 2.5% FBS phenol-free complete media using:
(A-B) Change in CyQuant assay (n=6) and (C-E) BrdU incorporation. N=4. (A,B) Data
presented as fold-change to day 1. (C-E) Data normalised to untreated. All data is presented
as mean + SEM. Statistical analyses performed on non-normalised data. *p<0.05, relative to
25% CSM.
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Figure 4.12: Effect of cigarette smoke on secretion of inflammatory mediators
of ASMCs from healthy and COPD subjects under conditions of reduced serum.
Quantification of levels of (A) IL-8 (B) MMP-1 (C) CXCL-10 (D) GM-CSF and (E) CXCL-1
in supernatant collected from ASMCs from COPD and healthy subjects, cultured in serum-free
media in the presence or absence of 25% CSM for 4 hours and re-plated in 2.5% FBS phenol-free
complete media for 24 hours. Data normalised to untreated and presented as mean + SEM.
Statistical analyses performed on non-normalised data. N=4-5.

4.2.2 Changes in A¢m are associated to distinct cellular phe-

notypes in healthy ASMCs

I next examined the link between mitochondrial function and cellular phenotypes in
healthy ASMCs. To achieve this, I compared the cellular phenotype of cells with dis-
tinct mitochondrial membrane potential. ASMCs from healthy subjects were stained
with TMRM as a measure of A¢m. FACS was used to isolate cells with high Adm from
cells with low Adm, by separating cells with high a low TMRM staining as shown in
Figure 4.13A. The same number of cells with high and low TMRM staining were col-
lected, and plating for the different assays was performed as described in Chapter 2.
Assessment of mitochondrial respiration confirmed that these two groups had different

mitochondrial function: cells with high A¢m had a higher basal OCR, spare respiratory,
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ATP-linked and maximal respiration and a lower proton leak compared to cells with low
A¢m (Figure 4.13B). With regards to cellular phenotype, cells with high AJm were
less proliferative and had a lower secretion of IL-8 compared to cells with low Adm,
indicating differences in cellular phenotype (Figure 4.13C-D). This was a preliminary
experiment, and completion of more replicates is required to reach statistical significance.
In addition, while there is an evident correlation between mitochondrial function and the
phenotypes assessed, the causal link between these remains unknown and requires further

investigation.
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Figure 4.13: Characterisation of mitochondrial and cellular function in ASMCs
from healthy subjects with high and low Adm. (A) Isolation of cells with high and
low Adgm by FACS based on TMRM staining. Assessment of (B) Mitochondrial respiration, (C)
proliferation by CyQuant assay and (D) secretion of IL-8 in high vs low A¢m cells. Proliferation
was measured from day 1-5 post-isolation; other assays were performed 48h post-isolation. Data
presented as mean + SEM. N=3.
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4.3 Discussion

Mitochondria participate in several cellular processes. To investigate the functional conse-
quences of mitochondrial dysfunction described in Chapter 3, in this Chapter I evaluated
different aspects of the cellular phenotype of ASMCs. The results described show that
COPD ASMCs are hyperproliferative, and that modulation of mitochondrial function is
accompanied by changes in cellular function. However, the causal link between these
changes requires further investigation.

There is evidence that ASM dysfunction, such as hyperproliferation and secretion of
inflammatory mediators, contributes to COPD pathogenesis [45, 75, 81, 84]. In this study,
similar to what was observed with regards to mitochondrial function, only some aspects
of cellular function were different between healthy and COPD ASMCs under baseline
conditions. Specifically, COPD ASMCs showed an altered cellular proliferation. While
the growth curve for healthy and COPD cells was similar from day 1 to 4, at day 5 COPD
ASMCs continued to proliferate whereas healthy cells reached a plateau. At day 4, cells
were visibly confluent, and therefore contact inhibition might prevent healthy cells from
proliferating. In COPD, however, cells continue to grow which could suggest that contact
inhibition is lost. Loss of contact inhibition is associated to abnormal proliferation of can-
cerous cells, a mechanism which is orchestrated by different signalling pathways including
ECM-induced activation of the Hippo-YAP/TAZ pathway [196]. In ASMCs, the ECM
component Fibulin-5, which is upregulated in COPD lung tissue, induces proliferation
of cells through activation of the Hippo-YAP/TAZ pathway [197], which therefore may
involve loss of contact inhibition. Although the differences in proliferation detected in
other assays did not reach statistical significance, there are some visible trends that may
be indicative of a higher proliferation rate in COPD ASMCs. It is worth noting that
cell-cycle synchronisation was not performed prior to experiments, and the readings of
the assays performed can be affected by the cell-cycle phase. Cell-cycle synchronisation
could be achieved by increasing the serum-starvation period to 24 hours [198]. Another
important phenotype of ASMCs in COPD is the secretion of inflammatory mediators,

which contributes to chronic inflammation in the lungs. However, here, there was no dif-

110



ference in the secretion of IL-8, IL-6, CXCL-10, CXCL-1 and GM-CSF between healthy
and COPD ASMCs. ECM plays an important role in the pathogenesis of COPD [192,
193], and there is some evidence that ASMCs contribute to ECM changes in the lung
[75, 81]. In this study, there was a non-significant increase in the secretion of MMP-1 by
COPD ASMCs compared to healthy cells. Though MMP-1 is thought to be mostly se-
creted by bronchial epithelial cells, type II pneumocytes and alveolar macrophages [199],
it has also been found in ASM [81]. MMP-1 breaks down collagen and cleaves pro-MMP-2
and -9 to their active form, playing an important role in modulating ECM composition in
the lung. It is overexpressed in the lungs of patients with emphysema [200]. Furthermore,
it has been shown to mediate ECM-induced proliferation [201] and contraction [202] of
ASMCs. Gene expression profiling from previous experiments performed by my research
group revealed that the most differentially expressed genes between COPD and healthy
ex-smoker ASMCs were consistent with biological process involving ECM, suggesting this
is indeed an important aspect of ASM dysfunction. However, when assessing the expres-
sion of individual genes, both by RNA-seq and qPCR, no statistical differences were found
between the two groups. Therefore, while changes in the ECM seem to be an important
aspect of COPD, the identification of individual genes involved in this requires further
investigation. Whereas differences at a transcriptional level were not detected, protein
levels or post-translational modifications (PTMs) might still differ and affect function.
In other conditions, such as cancer and lung fibrosis, PTMs play an important role in
modifying ECM function [203, 204]. Whether this also occurs in COPD is not known.
Cigarette smoke is the main cause of COPD, and CS-induced pathological features,
such as inflammation and oxidative stress persist after smoking cessation in COPD [21].
In Chapter 3, I showed that CS induces mitochondrial dysfunction, which is sustained
after removal of the stressor. In this Chapter, I show that these responses are accom-
panied by changes in cellular function. Firstly, CSM led to a reduction of proliferation
in both healthy and COPD ASMCs. This was an unexpected finding since cigarette
smoke has been shown to induce proliferation of ASMCs [77, 194, 195], which may con-

tribute to hyperplasia of ASMCs seen in COPD. This disparity might reflect differences
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in the treatment models used, since previous studies have assessed the effect of contin-
uous exposure to lower doses of CS (1-5% CS for 12-72 hours) [77, 81], whereas here I
assess cellular function after removal of the stimuli. Nevertheless, it is still not clear how
CSM would inhibit proliferation. Guan et al reported that CSM induces proliferation by
decreasing the activation of the transcription factor CCAAT /enhancer-binding protein
alpha (C/EBP-o), which normally inhibits proliferation [195]. Studying the transcrip-
tional responses of ASMCs to the CSM treatment model used in my studies could provide
clues as to how proliferation is inhibited. When assessed by BrdU incorporation and cell
cycle analysis, the reduction in cellular proliferation caused by CSM was evident at 24
hours post-treatment but this effect was lost over time, as was observed with CS-induced
mitochondrial dysfunction. This indicates there may be homeostatic mechanisms that
restore normal cellular function after exposure to CS. With regards to the effect on in-
flammation and ECM deposition, CSM led to a non-significant increase in the secretion
of IL-8 and MMP-1 in both healthy and COPD ASMCs. No differences were seen in
the secretion of other inflammatory mediators, nor in the expression of the ECM genes
measured. One unexpected finding was that there was no significant difference in the
effect of CSM on healthy and COPD ASMCs in the assays performed, unlike what was
observed with regards to mitochondrial function, where CS-induced changes were greater
in COPD ASMC:s.

The lack of significant differences may be due to the cell culture conditions used, which
can affect the phenotype of cells. For example, phenol red, which is typical component of
standard cell culture media, has anti-oxidant properties and therefore can mask oxidative
stress-induced effects on cells [182]. The levels of serum can also alter cellular function:
serum starvation leads to changes in cell phenotype including increased ROS production,
reduced mitochondrial function and inhibition of cell proliferation [45]. Therefore, the
presence of growth factors and other FBS components in the medium used in my study
could mask differences in the cellular phenotype between healthy and COPD ASMCs.
However, the phenotype of ASMCs cultured in phenol-free media with reduced FBS was

similar to those cultured in standard conditions. The proliferation rate of ASMCs from
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healthy and COPD subjects was again unchanged from day 1-4, though the difference
observed at day 5 in normal cultured conditions was lost. The reduced FBS content
might be a limiting factor for proliferation. There was also no difference in secretion
of inflammatory mediators between healthy and COPD ASMCs. Moreover, under these
conditions, cigarette smoke likewise led to a reduction in cellular proliferation and an
increase in the secretion of IL-8 and MMP-1. There was a significant CSM-induced
increase in the secretion of CXCL-10 and GM-CSF, which was not observed before, but
might be a result of an increased number of repeats (from 4 to 6 replicates). Overall,
changing the culture conditions had no significant effect on the phenotype of these cells.
In the future, other culture conditions, such as serum-starvation and reduced glucose
levels should be tested.

As with mitochondrial function, changes in cellular function may be more evident when
comparing ASMCs from healthy non-smoker patients, but I did not have access to these.
In addition, though the phenotypes assessed were chosen based on current evidence in the
literature, there are other important cellular mechanisms, such as senescence and apop-
tosis, which may be different in COPD ASMCs. Gene expression profiling suggested that
changes in ECM play an important role in ASM dysfunction in COPD, and further studies
regarding this are an important avenue to pursue. However, studying ECM is complex:
ECM components can be difficult to discern from intracellular proteins, and, as they are
often found as large oligomeric proteins, they can be insoluble in many solvents impairing
their use in different assays [205]. Furthermore, the ECM is composed of ~300 proteins
[193] and therefore high-throughput analysis using mass spectrometry/proteomics is re-
quired for a better understanding of the role of ECM in ASM dysfunction in COPD. This
was beyond the scope of this study.

Mitochondrial dysfunction has been widely reported in COPD [25, 45, 46, 107, 112,
206]. However, the functional consequences of mitochondrial dysfunction are not fully un-
derstood. Here, exposure to cigarette smoke leads to mitochondrial dysfunction, such as a
drop in Adm, which is accompanied by a reduction in cellular proliferation and an increase

in the secretion of some inflammatory mediators. I have also shown that healthy ASMCs
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with low A¢m and mitochondrial respiration have a distinct phenotype when compared
to cells with high Adm. Cells with low Adm show a higher secretion of IL-8, comparable
to what happens when cells are treated with CSM. However, cells with low Adm are
hyperproliferative which is the opposite of what is observed in CSM-treated cells. Hence,
the signalling pathways involved in these responses may differ. It is worth noting that
the correlation between mitochondrial dysfunction and cellular phenotypes observed in
my experiments does not necessarily implicate causation. Further mechanistic studies are
required to assess whether there is a causal link between these concomitant events. How-
ever, given the pleiotropic roles of mitochondria, it is likely that changes in mitochondrial
function can indeed affect different cellular processes, and several studies have reported
such observations. For example, known as the Warburg effect, cancer cells switch to a gly-
colytic metabolism to support growth and proliferation, an occurrence which is mediated
by mitochondrial uncoupling and proton leak [207]. Similarly, mitogenic stimulation in-
duces proliferation of ASMCs as well as increased glycolytic metabolism, and this is more
pronounced in COPD [76]. Whether this occurs through similar signalling pathways as
the Warburg effect is not known. In contrast, other models have reported that prolifera-
tion is associated with increased mitochondrial respiration, and requires proteins involved
in mitochondrial quality control such as MEN2 [208]. Proliferation can also be regulated
by other mitochondrial by-products, such as mtROS. In ASMCs, the anti-oxidant MitoQ
inhibits mitogenic-induced proliferation suggesting a role for mtROS in modulating this
phenotype [45]. ROS can regulate signalling cascades involved in proliferation by inhibit-
ing the action of protein tyrosine phosphatases, which contain redox-sensitive cysteine
residues in their catalytic domain and are inactivated by ROS-induced oxidation [209].
For example, ROS can induce the growth-promoting PI3-K signalling pathway by inhibit-
ing the phosphatase and tensin homolog (PTEN) [210]. Mitochondrial function can also
modulate the secretion of inflammatory mediators. Antimycin A and oligomycin, which
inhibit complex III and V of oxidative phosphorylation, respectively, induce the secretion
of IL-8 in chondrocytes, and this is reversed by ROS inhibitors [211]. Release of intracel-

lular mtDNA induces IL-8 and IL-6 in ARPE-19 cells. This occurrs by activation of the
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DNA-sensing cGAS-STING pathway that activates the transcription factor NF-kB to in-
duce transcription of pro-inflammatory genes [212]. More mechanistic studies are required
to determine the link between mitochondrial function and cellular phenotypes in ASMCs.
An approach to do so could be to modulate different aspects of mitochondrial function,
particularly the ones described in COPD ASMCs. For example, since the expression of
complex IIT of the ETC was decreased in COPD ASMCs, the effect of its function on
proliferation and secretion of inflammatory mediators could be assessed by inhibiting its
function with antimycin A or knocking down the different proteins that comprise it.

In summary, no remarkable differences were observed in the cellular phenotype of
healthy and COPD ASMCs. Nevertheless, these phenotypes were modulated by cigarette
smoke, which occurred concomitantly to changes in mitochondrial function. As hypoth-
esised, the effects of CSM on both mitochondrial and cellular function were observed for
24 hours after removal of the stressor, relatable to the persistence of pathological features
in COPD patients after smoking cessation. However, after 48 hours, many of these effects
were lost, suggesting the presence of homeostatic mechanisms that restore normal cellular
function. In the following chapter, I will describe the process of mitochondrial transfer
between cells as a possible cell-cell communication mechanism to maintain mitochondrial

and cellular homeostasis.
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Chapter 5

Mitochondrial transfer in ASMCs from healthy and COPD

subjects

5.1 Introduction

Mitochondria have quality control mechanisms that regulate their quality and quan-
tity. For example, in response to different cues, cells can increase mitochondrial number
through activation of biogenesis, alter their morphology by modulating fusion and fission,
and remove defective mitochondria by mitophagy [93]. Mitochondria also show random
and directed intracellular movement [97]. Recently, it has been shown that mitochondria
can move, not only within, but also between cells. This was first shown by Spees and
colleagues who demonstrated that MSCs and fibroblasts could transfer their mitochon-
dria to A549 epithelial cells devoid of mtDNA in a co-culture. This rescued the ability
of the mitochondria-recipient cells to undergo aerobic respiration, which was impaired as
a consequence of mtDNA depletion [122]. Since then, a number of studies have reported
mitochondrial transfer between different cells types, such as from MSCs to structural or
immune cells [123, 125, 130, 135, 143, 147, 213], and structural cells to macrophages [124,
127, 145, 146]. Interestingly, not all cell types are capable of exchanging mitochondria.
For example, epithelial cells can receive mitochondria from MSCs, but cannot donate
their own [125].

The physiological role of mitochondrial transfer is not clear. Some studies have re-

ported that transferred mitochondria are damaged [124, 127, 150] and are degraded by
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the recipient cells [124, 130, 134], suggesting this may be a quality control mechanism to
remove dysfunctional mitochondria. Others report that donation of mitochondria from
healthy cells, such as MSCs, has beneficial effects in the recipient cells, such as enhancing
mitochondrial function by an increase in ATP production and a decrease mtROS [123,
125, 130, 141, 143]. Importantly, several studies have shown that this process can reverse
pathogenic phenotypes in different disease models, including lung disorders such as acute
lung injury [123], allergic airway inflammation [125], acute respiratory distress syndrome
[165] and asthma [214]. For example, transfer of mitochondria from airway-instilled MSCs
to the lung epithelium protects against LPS-induced lung injury by decreasing leucocyto-
sis and protein leak in a murine model of acute lung injury [123]. MSCs can also reverse
airway remodelling through mitochondrial transfer in a mouse model of allergic airway
inflammation [125]. Overall, the existing evidence suggests that mitochondrial transfer
may be an important process in maintaining both mitochondrial and cellular homeostasis,
though the mechanisms may vary depending on the cell type and conditions. However,
there is limited understanding regarding transfer of mitochondria between structural cells
within a tissue. Airway smooth muscle cells can receive mitochondria from MSCs [143]
and can donate their mitochondria to epithelial cells [125]. Whether ASMCs themselves
can exchange mitochondria and the contribution of this process to tissue homeostasis has
yet to be determined. Moreover, it is not known whether impairment of mitochondrial
transfer can contribute to mitochondrial dysfunction seen in different conditions, such as
COPD.

In this Chapter, I hypothesise that airway structural cells, namely ASMCs, can ex-
change mitochondria and this is impaired in COPD leading to the persistence of mito-

chondrial dysfunction. The aims of the Chapter are to:

e Assess whether ASMCs are capable of exchanging mitochondria

e Investigate differences in mitochondrial transfer between healthy and COPD ASMCs,

under baseline conditions and in response to CSM

e Assess the functional impact of mitochondrial transfer between ASMCs

117



5.2 Results

5.2.1 ASMUCs can exchange mitochondria

To assess the ability of ASMCs from healthy subjects to exchange mitochondria, I co-
cultured MitoTracker- (donor) with CellTrace- (recipient) stained ASMCs from the same
subject. This allowed me to track the stained mitochondria from MitoTracker-stained cells
and establish whether these were transferred and hence detected in CellTrace-stained cells
(Figure 5.1A). The percentage of CellTrace-stained cells positive for MitoTracker (i.e.
cells that receive mitochondria) was quantified by flow cytometry (Figure 5.1B). After 24
hours of co-culture, 32.33 % + 3.6 of CellTrace-stained cells were positive for MitoTracker,
indicating uptake of mitochondria (Figure 5.1C). The doublet exclusion performed con-
firmed that these were single cells (See Section 2.3). The same co-cultures were imaged
live by fluorescence microscopy, and MitoTracker-positive recipient cells were observed
(white arrows in Figure 5.1D). It is important to note that it is likely that the CellTrace-
stained cells are also simultaneously transferring mitochondria to the MitoTracker-stained
cells. However, due to the experimental set-up, it was only possible to track transferred

mitochondria from MitoTracker- to CellTrace-stained cells.
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Figure 5.1: Detection of mitochondrial transfer between healthy ASMCs. (A)
Schematic representation of co-culture of MitoTracker-stained (donor) cells and CellTrace-
stained (recipient) ASMCs. (B) Representative flow cytometry dot plot showing detection of
MitoTracker-positive recipient ASMCs. (C) Quantification of MitoTracker-positive recipient
cells following direct co-culture for 24 hours, N=7. (D) Representative image of MitoTracker-
positive recipient cells visualised by fluorescence microscopy.
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MitoTracker dyes can leak from cells [133] and therefore I set up two different controls
to assess this possibility (described in detail in section 2.13). In a first control, the
supernatant resulting from the last wash step of the MitoTracker staining procedure was
filtered using a 0.4 nM porous filter and added onto CellTrace-stained cells for 24 hours.
Alternatively, cells were cultured in a transwell system, where MitoTracker-stained cells
were cultured in inserts with 0.4 pM pores that were placed over wells where CellTrace-
stained cells were cultured. Since mitochondria are typically larger than 0.4 pM, these
set-ups would impair transfer of intact mitochondria whilst allowing for transfer of leaked
free dye. In parallel, MitoTracker-stained cells were cultured with CellTrace-stained cells
as before. After 24 hours, the percentage of MitoTracker-positive recipient cells in normal
co-cultures was of ~30% whereas this was negligible in the two controls (Figure 5.2A).
However, one data-point for the filtered supernatant control showed a value of 13.30%,
indicating that leakage may have occurred in this situation. This may be due to a poorly
executed staining procedure (e.g. in the washing step), and therefore special attention
was taken thereafter when doing so. The effect of cigarette smoke media on MitoTracker
leakage was also assessed by treating MitoTracker-stained ASMCs with CSM for 4 hours
before plating. As seen in Figure 5.2B, the controls showed no MitoTracker-positive

recipient cells.
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Figure 5.2: Controlling for leakage of the MitoTracker dye. Flow cytometry quantifica-
tion of MitoTracker signal in CellTrace-stained cultured with: MitoTracker-stained cells directly,
filtered supernatant of MitoTracker-stained cells (collected after the last wash step of staining)
or MitoTracker-stained cells in a transwell system. MitoTracker-stained cells were either (A)
serum-starved or (B) treated with 25% CS for 4 hours, before staining and plating. N=3-7
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Two additional methods were used as an alternative to MitoTracker dyes to assess
mitochondrial transfer between ASMCs. Firstly, mitochondria were tagged with GFP,
using two approaches. Cells were transfected with either a plasmid containing either a
GFP-tagged pyruvate dehydrogenase (CellLight Mitochondria-GFP) or a GFP-tagged cy-
tochrome ¢ oxidase subunit 8 (pCT-Mito-GFP). Both these proteins are expressed in the
mitochondria, which causes the GFP to be targeted to the mitochondria. The CellLight
Mitochondria-GFP construct is packaged within the insect virus baculovirus, and 50 par-
ticles per cell (PPC) was the most efficient multiplicity of infection for transfecting the
cells, with 26% of cells expressing GFP (Figure 5.3A). The pCT-Mito-GFP vector was
transfected using lipofectamine LTX, and 1.5 jl of the latter resulted in the best trans-
fection efficiency, with 50% of cells transfected (Figure 5.3B). Transfected cells were
co-cultured with CellTrace-stained (recipient) cells for 24 hours (as described in Section
2.13.2. GFP-positive recipient cells were detected by flow cytometry, but the percent-
age of cells receiving mitochondria was considerably lower than what was observed with
MitoTracker (1.2% + 0.6 for CellLight Mitochondria-GFP and 3.2% =+ 0.7 for pCT-Mito-
GFP transfected cells). However, whereas MitoTracker-stained cells showed around 90%
of staining efficiency (data not shown), the transfection efficiency for both plasmids was
much lower (32% =+ 11 for CellLight Mitochondria-GFP and 47% =+ 3.9 for pCT-Mito-
GFP), which could explain the lower rates of mitochondrial transfer detected (Figure
5.4A and C). Confocal imaging confirmed the presence of GFP-positive recipient cells
(Figure 5.4B and D).
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Figure 5.3: Optimization of expression of mitochondria-targeted GFP. Flow cytom-
etry quantification of fluorescence in the FITC-A channel of ASMCs from healthy subjects 24
hours after either (A) transfection with CellLight Mitochondria-GFP at 10, 25 and 50 particles
per cell (PPC), or (B) transfection with pCT-Mito-GFP vector with either 1 or 1.5 pl of lipo-
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Figure 5.4: Detection of mitochondrial transfer using mitochondrial-targeted GFP.
Detection of mitochondrial transfer in 24-hour co-cultures of CellTrace-stained ASMCs and
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(blue) was visualised by confocal microscopy, N=1.
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The final method used to assess mitochondrial transfer was the detection of patient-
specific mtDNA mutations using ARMS-qPCR (described in detail in section 2.13).
Patient-specific mtDNA polymorphisms were identified from transcriptomic data obtained
previously by my research group, and two were selected for the assay: m.3531A<G and
m.11719A<G (Figure 5.5A and B). The ARMS-qPCR assays were designed to detect
the m.3531=G and m.11719=G genotypes. The efficiency of the assay was tested by mix-
ing mtDNA from cells with or without these genotypes at known proportions: 5%/95%,
25%/75%, 50% /50%, 75%/25%, which rendered samples with different levels of these spe-
cific polymorphisms (i.e. different heteroplasmy levels). The measured heteroplasmy was
plotted againts the predicted heteroplasmy and a linear regression was fitted. As seen in
Figure 5.5C, the linear regression of the m.3531=G detection assay resulted in an R? of
0.96, indicating a good assay efficiency. The m.11719=G detection assay was less efficient
with an R? of 0.85 (Figure 5.5D). Therefore, further experiments were performed using

the former assay only.
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Figure 5.5: Optimization of the ARMS-qPCR assay. (A) Representative image of
aligned reads from RNA-seq analysis visualised on IGV for identification of loci with distinct
genotypes. Green lines indicate the genotype differs from the reference genome. (B) mtDNA
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was plotted against the measured heteroplasmy.

125



MitoTracker-stained ASMCs from a patient with the specific polymorphism (m.3531=G)
were co-cultured with CellTrace-stained ASMCs from a patient with a distinct genotype
(m.3531=A) (Figure 5.6A). After 24 hours, MitoTracker-positive (Mito+) were isolated
from MitoTracker-negative (Mito-) recipient cells by FACS (Figure 5.6B). The opti-
mized ARMS-qPCR assay was performed to detect the presence of the donor-specific
mutation in the recipient cells, using DNA from the donor cells to prepare a standard
curve. Donor-specific mtDNA was detected in Mito+ cells (6.5% =+ 0.5), but not in Mito-
nor in the single culture control, suggesting the uptake of donor mtDNA in the former
(Figure 5.6C). However, when analysing the flow cytometry dot plots, it was noted that
a proportion of donor cells (~5%) was consistently isolated with the Mito+ cells during
cell sorting (Quadrant 1 of Mito+ dot plot in Figure 5.6B). Therefore, the detected
heteroplasmy could be a result of the presence of the donor cells. In order to address
this issue, Mito+, Mito- and single cultured controls were also isolated as single cells
into 96-well plates. As seen in Figure 5.6D, whereas the control and Mito- cells showed
negligible presence of the donor mutation, a proportion of Mito+ cells were positive for
it. Some Mito+ cells had heteroplasmy levels close to 100%, suggesting these may indeed
be donor cells. However, there was a range of cells with heteroplasmy of ~5% to 30%,
which would be too low for donor cells but consistent with recipient cells that receive
mitochondria from donor cells. Confirmation that these were indeed single cells would
be important to further validate these findings. Taken together, these data confirm that

ASMCs can exchange mitochondria.
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Figure 5.6: Detection of mitochondrial transfer using ARMS-qPCR. A) Genotype
of mitochondrial donor and recipient ASMCs at the m.3531 loci. (B) Representative dot plots
showing co-culture of MitoTracker- and CellTrace-stained ASMCs, and MitoTracker-positive
and —negative CellTrace-stained cells isolated by FACS. (C-D) ARMS-qPCR quantification of
the percentage of mtDNA carrying the m.3531=G mutation in (C) cells isolated in bulk and
cultured for 48 hours or (D) single cells isolated immediately after isolation.
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5.2.2 Cigarette smoke medium increases mitochondrial transfer

in both healthy and COPD ASMCs

As shown in Chapter 3, ASMCs from COPD patients show mitochondrial dysfunction,
which is more pronounced under conditions of stress. Therefore, I sought to investigate
whether transfer of mitochondria would be different in ASMCs from COPD patients and
under conditions of stress, such as upon cigarette smoke exposure. There was no dif-
ference in the ability of COPD and healthy cells to exchange mitochondria. In paired
experiments, co-cultures with healthy ASMCs had 15 + 2.5% MitoTracker-positive re-
cipient cells, whereas this value was of 19 + 5.7% in COPD ASMCs, with no significant
difference between the groups (Figure 5.7A). To assess the effect of cigarette smoke,
either the donor or the recipient cells were pre-treated with 10 or 25% CSM for 4 hours
as in previous experiments. These were then stained and co-cultured with untreated
donor or recipient cells in complete media. Whereas pre-treating recipient cells had no
effect on mitochondrial transfer, pre-treatment of the donor cells with 25% CSM led to
a significant increase in mitochondrial transfer in both healthy (13% + 2.2 to 23% =+ 2.3
MitoTracker-positive recipient cells, p<0.05) and COPD ASMCs (19.8% =+ 5.1 to 30%
+ 6.6 MitoTracker-positive recipient cells, p<0.01) (Figure 5.7B). This finding suggests
that cellular stress may induce donation of mitochondria from ASMCs, irrespective of the

cell phenotype.
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Figure 5.7: Mitochondrial transfer in ASMCs from healthy and COPD subjects
in the presence or absence of cigarette smoke medium. Quantification of mitochondrial
transfer by flow cytometry in: (A) untreated healthy or COPD ASMCs co-cultured for 24 hours;
(B) ASMCs from healthy or COPD subjects where donor or recipient cells were pre-treated with
cigarette smoke medium for 4 hours and co-cultured for 24 hours; data normalised to untreated.
All data presented as mean + SEM. Statistical analyses performed on non-normalised data.
*p<0.05, **p<0.01. N=5.

Given that CSM treatment induces mitochondrial membrane depolarisation in both
healthy and COPD ASMCs (Figure 3.8A), I hypothesised that a drop in Ajm could
mediate the increase in mitochondrial transfer seen in response to CSM. To further assess
this, I pre-treated ASMCs from healthy subjects with CCCP to induce depolarisation
and measured the effect on Adm and mitochondrial transfer. As expected, CCCP led
to a ~20% drop in A¢m (Figure 5.8A), a response similar to that observed with CSM
treatment. Interestingly, 2.5 pM but not 5 pM CCCP led to an ~20% increase in mi-
tochondrial transfer suggesting that at low concentrations CCCP mediates this process,

but at higher concentrations it does not (Figure 5.8B).
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Figure 5.8: Effect of A¢m on mitochondrial transfer. Quantification of (A) Adm
and (B) mitochondrial transfer, in ASMCs from healthy patients pre-treated with CCCP (2.5
or 5uM), or left untreated, for 1 hour and then re-plated in complete media for 24 hours.
Only mitochondria donor cells were pre-treated with CCCP, whereas recipient cells were kept
untreated. Data normalised to untreated and presented as mean £+ SEM. Statistical analyses
performed on non-normalised data. *p<0.05. N=3-5.

5.2.3 Uptake of exogenous mitochondria modulates recipient

ASMC bioenergetics and proliferation

To investigate the functional effects of mitochondrial transfer, I next examined the cellular
bioenergetics and mitochondrial state of the recipient ASMCs. Given the mitochondrial
dysfunction in COPD ASMCs observed in Chapter 3, I also assessed whether uptake
of mitochondria from COPD ASMCs would elicit a different response compared to up-
take from healthy ASMCs. To achieve this, I co-cultured MitoTracker-stained healthy
or COPD donor cells, with CellTrace-stained healthy recipient cells. I then isolated
MitoTracker-positive (Mito+) and Mito-negative (Mito-) recipient cells by FACS (Figure
5.6B) and assessed their cellular function 48 hours post-isolation. The process of isolat-
ing live cells by FACS can affect the function of cells, as these have to go through a 100
pm nozzle and are often kept in suspension for a few hours whilst sorting. To assess the
effect of the cell sorting procedure on cellular function, single culture controls were either

plated directly or FACS-sorted before plating. There was no significant difference between
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the two groups in mitochondrial respiration, ROS and membrane potential, nor in cellular
proliferation (Figure 5.9A-D). Nevertheless, for better accuracy, the FACS-sorted single

cultures were used as controls in the following experiments.
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Figure 5.9: Effect of cell sorting on ASMC function. Assessment of (A) Adm (B)
mtROS (C) proliferation (BrdU incorporation) and (D) mitochondrial respiration, in ASMCs
from healthy subjects subjected to cell sorting by FACS (sorted) or plated directly (not-sorted).
After cell sorting and plating, cells were cultured for 48 hours before assays were performed.
Data normalised to not-sorted controls and presented as mean + SEM. N=3-4.

First, I assessed whether mitochondrial transfer would affect mitochondrial respiration
in ASMC recipient cells. Mito+ cells showed an increased basal OCR, spare respiratory
capacity, maximal and ATP-linked respiration compared to Mito- cells, irrespective of
whether mitochondria were donated by healthy or COPD ASMCs (Figure 5.10A-D). A

similar effect was observed in the mitochondrial membrane potential (~3-fold increase in
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Mito+ cells, p<0.01) whereas mtROS was increased (~3-fold, p<0.05) in cells receiving
mitochondria from healthy ASMCs only (Figure 5.10E-F).
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Figure 5.10: Effect of mitochondrial transfer on the bioenergetics of ASMCs. Quan-
tification of (A) basal OCR (B) ATP-linked respiration (C) Maximal respiration (D) Spare res-
piratory capacity (E) mitochondrial membrane potential and (F) mtROS, in Mito+ and Mito-
recipient healthy ASMCs isolated from 24-hour co-culture with MitoTracker-stained healthy or
COPD donor cells. Cells were cultured for 48 hours before assays were performed. Single culture
controls were also subjected to FACS sorting. Data were normalised to single culture controls
and presented as mean + SEM. Statistical analyses performed on non-normalised data.*p<0.05,
**p<0.01. N=4-5, Healthy to Healthy; N=7, COPD to Healthy.
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To assess whether this was a consequence of an increased mitochondrial content in
Mito+ cells, I measured relative mtDNA copy number, as a surrogate for the quantity of
mitochondria in cells, and found that it was increased in Mito+ cells (~1.5-fold); how-
ever, this only reached statistical significance when mitochondria were donated by healthy
cells (p<0.05) (Figure 5.11C). Expression of the biogenesis marker PGCI-a was also in-
creased by ~1.5-fold in ASMCs that received mitochondria from both healthy (p<0.05)
and COPD (p=0.06) donors. Interestingly, whilst there was a trend for an increase in
PGC1-B in cells that receive mitochondria from healthy ASMCs, this was significantly re-
duced when mitochondria were donated by COPD ASMCs (p<0.05) (Figure 5.11A,B).
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Figure 5.11: Effect of mitochondrial transfer on mitochondrial biogenesis. Measure-
ment of relative mRNA levels of (A) PGCI-a or (B) PGCI-B and (C) relative mtDNA copy
number, in Mito+ and Mito- recipient healthy ASMCs isolated from 24-hour co-culture with
MitoTracker-stained healthy or COPD donor cells. Cells were cultured for 48 hours before DNA
and RNA was collected. Single culture controls were also subjected to FACS sorting. Data
presented as 2"22Ct relative to controls and as mean + SEM. Statistical analyses performed on
non-normalised data. *p<0.05. N=3-4, Healthy to Healthy; N=7, COPD to Healthy.
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Figure 5.12: Effect of mitochondrial transfer on the expression of mitochondrial
fusion and fission genes. Measurement of relative mRNA levels of (A) DRP1, (B) MFN1, (C)
MFN2 and (D) OPA1 in Mito+ and Mito- recipient healthy ASMCs isolated from 24-hour co-
culture with MitoTracker-stained healthy or COPD donor cells. Cells were cultured for 48 hours
before RNA was collected. Single culture controls were also subjected to FACS sorting. Data
presented as 2"22Ct relative to controls and as mean. & SEM. Statistical analyses performed
on non-normalised data. *p<0.05. N=3, Healthy to Healthy; N=7, COPD to Healthy.

The expression levels of different mitochondrial morphology genes were also measured
in Mito+, Mito- and single culture controls. There was a significant increase in the mRNA
levels of the fusion gene MFNI in Mito+ cells compared to control when mitochondria
were donated by healthy ASMCs (~1.5-fold, p<0.05). An opposite effect was observed
when mitochondria were donated by COPD ASMCs (p=0.09). Though not significant,
similar trends were present in the expression levels of other fusion genes (MFN2 and
OPA1), and well as, to a lesser extent, the fission gene DRPI (Figure 5.12A-D).

ASMCs are proliferative cells that respond to mitogenic stimulation [45]. I therefore

assessed the effect of mitochondrial transfer on mitogenic-induced proliferation of ASMCs.

134



After 48 hours of stimulation with 1 ng/pl TGF-3 and 2.5% FBS, Mito+ cells showed a
20% lower BrdU incorporation rate compared to Mito- cells, both when mitochondria were
donated by healthy (p<0.05) and COPD (p<0.05) ASMCs (Figure 5.13A). At 72 hours
post-stimulation, this difference was no longer significant (Figure 5.13B). These data
indicate that mitochondrial transfer increases the mitochondrial respiration and ATP pro-
duction of ASMCs, potentially due to an increase in mitochondrial mass, while reducing

cellular proliferation.
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Figure 5.13: Effect of mitochondrial transfer on proliferation of ASMCs. Measure-
ment of BrdU incorporation in Mito+ and Mito- recipient healthy ASMCs isolated from 24-hour
co-culture with MitoTracker-stained healthy or COPD donor cells. Cells were serum-starved for
12 hours and stimulated with 1 ng/ul TGF-$ and 2.5% FBS for (A) 48 hours and (B) 72 hours.
BrdU incorporation was measured in the last 24 hours of culture. Single culture controls were
also subjected to FACS sorting. Data were normalised to single culture controls and presented as
mean = SEM. Statistical analyses performed on non-normalised data. *p<0.05; N=3, Healthy
to Healthy; N=7, COPD to Healthy.
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5.3 Discussion

Transfer of mitochondria between cells is a recently described form of cell-cell communi-
cation. In this Chapter, I demonstrate that structural cells in the lung, namely ASMCs,
are capable of exchanging mitochondria, and that this is a mechanism regulating mito-
chondrial and cellular function. However, despite an increased susceptibility to cigarette
smoke-induced mitochondrial dysfunction, COPD ASMCs maintain their ability to ex-
change mitochondria.

ASMCs can exchange mitochondria, and this was shown using different experimen-
tal approaches. Approximately 30% of cells receive mitochondria in a co-culture, when
quantified using Mitotracker dyes. These dyes have been shown to leak from cells [133],
which could lead to false positive detection of mitochondrial transfer. For this reason, I
performed different control experiments to ensure the signal I observed was not because of
dye leakage. From these experiments, only one data-point suggested leakage may occur.
This may be a result of a poor washing procedure after staining in this specific repeat, and
a stringent washing procedure was performed thereafter. All other data-points indicate
no leakage of the dye. Fluorescent imaging of MitoTracker-positive recipient cells shows
widespread MitoTracker signal. It is possible that the MitoTracker signal spreads once
mitochondria are transferred, either by fusion of mitochondria to the recipient network,
or by degradation of mitochondria and release of free dye. Mitochondrial transfer was
also detected using other experimental approaches, such as tracking GFP-tagged mito-
chondrial proteins or patient-specific mtDNA mutations. The percentage of cells receiving
mitochondria as detected by these approaches was considerably lower than when using
Mitotracker, which may be due to limitations of the experimental procedures. For exam-
ple, the transfection efficiency of the plasmid encoding the mitochondria-targeted GFP
in donor cells was only 40%, and therefore not all the mitochondria from the donor cell
could be tracked. Recipient cells that received mitochondria from donor cells, isolated
based on their MitoTracker fluorescence, had only 5% of donor-specific mtDNA mutation,
which may indicate that the number of transferred mitochondria is low. However, when

measured at the single-cell level there was a range in the percentage of donor mtDNA
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detected in recipient cells, suggesting the number of transferred mitochondria is variable.
This is similar to what is observed when mitochondrial transfer is detected using Mito-
Tracker, where there is a range of MitoTracker fluorescence intensity in cells receiving
mitochondria, indicating variability in the amount of transferred mitochondria. Despite
the caveats for each experimental approach, together, these results confirm that ASMCs
can exchange mitochondria.

Stressing the mitochondria donor, but not the recipient cells with cigarette smoke leads
to an increase in mitochondrial transfer, in both healthy and COPD ASMCs. Hence,
donation of mitochondria might be a stress response mechanism, induced by CSM ex-
posure. Cigarette smoke induces mitochondrial fragmentation in healthy non-smoker
ASMCs [121], which may facilitate the transport of mitochondria. In addition, as shown
in Chapter 3, CSM depolarises mitochondria and could therefore suggest that the induc-
tion of mitochondrial transfer is mediated by damage to the mitochondria. In line with
this notion, I show that mitochondrial membrane depolarisation in response to low levels
of CCCP also induces donation of mitochondria. This response, however, was not observed
at the higher concentration of CCCP. The reason for this unexpected finding is unclear,
but it could be due to off-target effects of the compound, which at high concentrations can
induce cell death [215, 216]. It is also possible that at higher concentrations, CCCP in-
duces mitophagy instead of mitochondrial transfer. Nevertheless, this data indicates that
CS-induced stress and /or mitochondrial damage triggers donation of mitochondria. It has
been shown that oxidative stress, such as CS or hydrogen peroxide, increases transfer of
mitochondria from MSCs to ASMCs and to acute myeloma cells [143, 148]. Moreover, mi-
tochondria damage to the donor cell specifically, such as cardiomyocytes and adipocytes
leads to an increased secretion of mitochondria-containing extracellular vesicles that are
taken up by macrophages [124, 150]. In contrast, other studies have reported that im-
proved mitochondrial function of mitochondria-donating MSCs, as a result of anti-oxidant
treatment, can increase mitochondrial transfer [166]. In addition, contrary to my findings,
damaging recipient cells can induce transfer of mitochondria in other models. Specifically,

transfer of mitochondria from MSCs to epithelial cells increases when the latter is treated
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with ETC inhibitors, such as rotenone and antimycin A [125, 135]. The specific mech-
anisms that underpin the induction of mitochondrial transfer are not clear. Golan and
colleagues showed that mitochondrial transfer from hematopoietic stem cells to MSCs is
mediated by ATP levels via activation of the purinergic receptor P2RX7 and AMPK sig-
nalling [217]. However, the signalling pathways driving mitochondrial transfer in response
to stress and mitochondrial dysfunction are still elusive and may depend on many factors,
including cell type, quantity and duration of stress and severity of mitochondrial damage.

Mitochondrial transfer between healthy ASMCs leads to increased mitochondrial bio-
genesis and respiration, associated with augmented mitochondrial membrane potential
and ROS production. These findings suggest that mitochondrial transfer may have a
homeostatic role, modulating mitochondrial function in recipient cells. Other studies
have reported improved mitochondrial function in cells that receive mitochondria, such as
increased ATP production and decreased ROS [123, 125, 130, 141, 143]. Increased mtROS
production in mitochondria-recipient ASMCs appears to contradict the hypothesis that
mitochondrial transfer improves mitochondrial function. However, it is not known whether
the changes in mtROS are sustained as this was only measured at one time-point. In addi-
tion, whereas at high levels mtROS can cause damage, fluctuations at physiological levels
are required for cellular signalling. The induction of mtROS may be a protective mecha-
nism. For example, it may trigger a hormesis effect, as has been demonstrated in transfer
of mitochondria from adipocytes to cardiomyocytes, where increased ROS generation in
mitochondria-recipient cells induces anti-oxidant responses [150]. Mitochondria-recipient
ASMCs also show a decrease in cellular proliferation, though this is contradictory to other
studies that have reported an induction of proliferation in response to mitochondrial trans-
fer [151, 217]. Whether this response is linked to the changes in mitochondrial function
is not known. In Chapter 4, I showed that cells with increased A¢m show decreased
proliferation, and this correlation is also observed in cells that receive mitochondria. The
causal link between the two should be further investigated. Nevertheless, a reduction in
proliferation in response to mitochondrial transfer is an important finding as it suggests

that this process could be used to modulate cellular phenotypes that contribute to air-
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way remodelling in COPD, such as hyperproliferation of ASMCs [45]. In other cell types,
changes in other phenotypes associated with COPD, such as apoptosis [125, 153, 158] and
secretion of inflammatory mediators [130, 154] of mitochondria recipient cells have been
reported. Though beyond the scope of my study, investigating the effect of mitochondrial
transfer between ASMCs on these cellular mechanisms would bring further evidence to
the potential of this process in modulating disease phenotypes.

I hypothesised that COPD ASMCs have impaired mitochondrial transfer, which would
contribute to sustained stress-induced mitochondrial dysfunction, as observed in Chapter
3. However, when comparing healthy and COPD ASMCs, there was no difference in
their ability to exchange mitochondria. This was contrary to what other models have
reported, where mitochondrial transfer is impaired in disease. Transfer from adipocytes
to macrophages is decreased in a murine obesity model [145], and MSCs from patients
which rheumatoid arthritis have a lower ability to transfer mitochondria compared to
healthy controls [130]. This process might differ in ASMCs from non-smoker healthy
controls; unfortunately, I did not have access to these.

The effect of uptake of mitochondria in healthy ASMCs was similar regardless of
whether the mitochondria were donated by healthy or COPD ASMCs: there was an
increase in mitochondrial respiration, A¢m, mtDNA copy number and a decrease in pro-
liferation. However, the increase in mtROS, expression of PGC1-3 and fusion genes was
only observed when mitochondria were donated by healthy ASMCs. Hence, mitochondria
from COPD ASMCs can elicit some but not all responses associated with mitochondrial
transfer, suggesting this process is somewhat altered in disease. Why this occurs is not
known. It is possible that this is a result of the nature of mitochondria being trans-
ferred, as COPD ASMCs show some mitochondrial dysfunction at baseline (Chapter
3). Characterising the nature of transferred mitochondria would help understand these
discrepancies. Apart from transfer of intact and functional mitochondria [126, 154], dys-
functional mitochondria released by damaged cells can also be taken up by neighbouring
cells [124, 127, 150]. Studies have also shown that the effects of mitochondrial transfer are

impaired when the donated mitochondria are damaged. MSCs are unable to revert dis-
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ease phenotypes in epithelial cells (e.g. apoptosis) through mitochondrial transfer when
they are pre-treated with rotenone to induce mitochondrial dysfunction [125]. The effect
of uptake of MSCs mitochondria by epithelial cells (e.g. increase in alveolar ATP) is
abrogated when mitochondrial function of MSCs is impaired by siRNA knockdown of the
Rieske iron-sulfur protein (RISP) of complex III [123]. Interestingly, COPD cells show
a lower expression of complex III compared to healthy ASMCs (Figure 3.6), so it is
possible that this can affect the functional impact of mitochondrial transfer. One unad-
dressed question is whether this functional effect is also observed when COPD ASMCs
take up mitochondria. Are the responses to mitochondrial transfer impaired in COPD
cells? Transfer of mitochondria from MSCs to diseased cells rescues these from different
pathogenic phenotypes [123, 125, 130, 143], but we do not know if this also happens in
transfer between structural cells. In addition, whilst the impact of mitochondrial transfer
on the recipient cell has been widely described, the effect on the donor cell is not clear.
It has been shown that impairing the donation of mitochondria by cardiomyocytes, to be
taken up by macrophages, leads to the accumulation of damaged mitochondria in these
cells, suggesting this is also important in maintaining mitochondrial homeostasis in the
donor cell [124]. What happens in other cell types is not known.

The mechanisms eliciting the functional effects observed in mitochondria-recipient
cells have yet to be investigated. Increased mitochondrial membrane potential can favour
mitochondrial respiration and consequent mtROS production [39], but what modulates
these in response to mitochondrial transfer is not known. I demonstrated that healthy
ASMCs that receive mitochondria have increased mtDNA and PGCI-a and - expression,
which suggests an increase in mitochondrial biogenesis and mass. Increased mitochondrial
content might account for the augmented mitochondrial respiration observed. It could
also account for the increased A¢m and mtROS observed, as a higher number of mito-
chondria would result in higher staining with the dyes used to measure these parameters.
Additional experiments, such as normalisation to the quantity of mitochondria, would be
required to confirm the changes in these parameters. Other studies have also shown that

mitochondria-recipient cells show increased mitochondrial content and biogenesis [128,
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145, 147, 217]. This could be due to incorporation of the transferred mitochondria into
the host network resulting in an increase in mitochondrial mass, as has been reported
in some systems [127, 146, 150]. Incorporation into the host network would require mi-
tochondrial fusion events and ASMCs that receive mitochondria from healthy cells show
increased expression of fusion genes. In contrast, studies have also reported that trans-
ferred mitochondria can be degraded in the recipient cell [124, 130, 134], in which case the
increase in mitochondrial mass would not be a direct consequence of the uptake of mito-
chondria. Instead, the recipient cells might respond to this by increasing the biogenesis of
their own mitochondrial network; the increase in PGCI-a and - in mitochondria-recipient
ASMCs suggests this is a possibility. Understanding the fate of transferred mitochondria
in ASMCs might help uncover how the responses to mitochondrial transfer are elicited.

My observations cannot exclude the possibility that the detected changes in mito-
chondrial function and proliferation are a cause and not a consequence of mitochondrial
transfer. Brestoff and colleagues showed that macrophage status can dictate their ability
to take up mitochondria from adipocytes [145]. In addition, as mentioned above, other
studies show that inhibiting ETC complex protein activity in recipient cells can alter
the rate of mitochondrial transfer [125, 135]. Hence, mitochondrial function might affect
the ability of cells to take up mitochondria. In ASMCs, it is possible that cells with an
improved mitochondrial function are more prone to receiving mitochondria. However,
treating ASMCs with CS, which causes damage to the mitochondria, does not affect their
ability to receive mitochondria, nor is it different in COPD ASMCs, which also show
mitochondrial dysfunction. This suggests that mitochondrial function does not dictate
the ability of ASMCs to take up mitochondria, as would be the case if the phenotype
of mitochondria-recipient cells was a “cause” of mitochondrial transfer. In addition, the
function of mitochondria-recipient cells differed when mitochondria were transferred from
COPD ASMCs instead of healthy ASMCs, suggesting that these phenotypes are depen-
dent on the origin of mitochondria.

The results from my study suggest that transfer of mitochondria between ASMCs is

important in maintaining bioenergetic homeostasis in the airways. This process might also
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occur in other cell types in the lungs. Ahmad and colleagues showed that, in addition to
MSCs, ASMCs and fibroblasts can also transfer their mitochondria to lung epithelial cells
[125]. Several studies have also reported the uptake of mitochondria from different cell
types by macrophages [124, 127, 145]. In the lungs, neutrophils can take up mitochondria
from epithelial cells [161]. The role of this cell-cell communication in maintaining lung
health and whether its impairment is associated to the development of disease should be
investigated.

In summary, ASMCs are capable of exchanging mitochondria and this leads to im-
proved bioenergetics and a decrease of cellular proliferation. This process may be a stress
response mechanism, as it is induced by CS and damage to the mitochondria. It is possible
that mitochondrial transfer acts as a quality control mechanism and participates in the re-
versal of mitochondrial and cellular dysfunction induced by CS. However, this process was
not significantly impaired in COPD, as hypothesised, and hence might not be involved
in increased susceptibility to CS-induced mitochondrial dysfunction. Nevertheless, mi-
tochondrial transfer appears to be an important cell-cell communication mechanism and
could still be exploited as an endogenous mechanism to reverse mitochondrial dysfunction
and hyperproliferation present in COPD. Elucidating the mechanisms of mitochondrial
transfer is essential to understand how this process can be modulated, and this is explored

in the following Chapter.
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Chapter 6

Mechanisms of mitochondrial transfer between ASMCs

6.1 Introduction

Mitochondrial transfer between cells is a form of cell-cell communication that regulates
mitochondrial and cellular homeostasis. In Chapter 5, I have shown that structural cells
in the lung, from both healthy and COPD subjects, can exchange mitochondria and this
leads to improved bioenergetics and reduced proliferation. Therefore, this process could
be exploited to reverse COPD disease phenotypes such as mitochondrial dysfunction and
hyperproliferation. One approach could be to modulate mitochondrial transfer by, for
example, further inducing this process in the airways of patients with COPD. In order to
achieve this, it is important to understand how mitochondrial transfer occurs.

Different mechanisms of mitochondrial transfer have been described. Tunnelling nan-
otubes are a type of cellular protrusions formed by microtubules or actin filaments that
temporarily join two cells [153, 156, 157]. Amongst other cargoes, mitochondria are
transported along TNTs from one cell to another. TNTs mediate mitochondrial transfer
from MSCs to epithelial [125, 135, 214, 218], acute myeloid lymphoma [148], endothe-
lial [219] and ASM cells [143], between pheochromocytoma 12 cells [153], and from car-
diac myofibroblasts to cardiomyocytes [158]. Another frequently described mechanism
of mitochondrial transfer are extracellular vesicles. These have been shown to mediate
transfer of mitochondria from MSCs [127] and neural stem cells [146] to macrophages,

from adipocytes to cardiomyocytes [150], from astrocytes to neurons [126], and from
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MSCs to cardiomyocytes, epithelial and endothelial cells [128, 213]. The nature of the
mitochondria-carrying EVs is less clear. The typical size of exosomes (40-100 nm) is un-
likely to allow for the transport of intact mitochondria, which normally exceed the size of
100 nm [220, 221]. However, studies have reported the presence of exosomal markers such
as ALIX, TSG101, and CD63 in mitochondria-carrying EVs [146, 150, 160], suggesting
that either the exosomes are larger or the mitochondria are smaller than the typical size.
Indeed, Crewe et al showed that mitochondria-derived vesicles as opposed to intact mito-
chondria are packaged in exosomes [150], while other studies reported that the exosomes
carrying mitochondria are large in size (0.04 to 1 pm) [146]. Microvesicles are typically
larger in size (0.1 to 1 pm) and EVs with microvesicle markers, such as caveolin-1 and
B-integrin, have been shown to carry mitochondria [126, 161]. In addition to TNTs and
EVs, other mechanisms of mitochondrial transfer have also been described, such as extra-
cellular free mitochondria [132, 146, 162], exospheres [124], gap junctions [123] and ring
canals [129].

Mechanisms of intracellular mitochondrial dynamics, such as movement and morphol-
ogy, may also be required for inter-cellular mitochondrial transfer. For example, blocking
microtubule-based transport of mitochondria, by inhibiting microtubule formation or re-
ducing the expression of proteins that participate in this process, such as MIRO1 and
KIF5B, abrogates TNT-mediated transfer [125, 158].

The purpose of this Chapter is to characterise the mechanisms of mitochondrial trans-

fer between ASMCs. The aims are to:

e Determine the participation of TNTs and extracellular vesicles in mitochondrial

transfer between ASMCs

e Assess the role of genes and proteins that participate in mitochondrial movement

and morphology in the transfer of mitochondria between ASMCs
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6.2 Results

6.2.1 Extracellular vesicles mediate transfer of mitochondria be-

tween ASMCs

Mitochondrial transfer has been shown to occur through TNTs and EVs. In ASMCs,
mitochondria were detected in both these structures, as shown in Figure 6.1A. Live-
imaging microscopy also showed mitochondria in EV-like structures and moving along
TNTs (data not shown). To further assess this, I treated co-cultures of Mitotracker-
stained and Celltrace-stained ASMCs with a dynamin-dependent endocytosis inhibitor
(dynasore) to inhibit EV-mediated transfer, and a microtubule (nocodazole) or an actin
(cytochalasin B) inhibitor to prevent TNT-mediated transfer. After 4 hours of treatment,
mitochondrial transfer was significantly inhibited by 70 and 100 pM dynasore but did not

change in response to nocodazole and cytochalasin B (Figure 6.1B).
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Figure 6.1: Mitochondria are found within TNTs and EVs. (A) Fluorescent microscopy
of co-cultures of MitoTracker- and CellTrace-stained healthy ASMCs showing the presence of
mitochondria in TNTs and EVs. N=1. (B) Quantification of mitochondrial transfer in co-
cultures treated with different concentrations of dynasore, nocodazole or cytochalasin B for 4
hours. Data presented as mean = SEM, normalised to untreated controls. Statistical analyses
performed on non-normalised data. *p<0.05, **p<0.01. N=5.
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Visually, nocodazole abrogated the formation of TN'Ts whereas cytochalasin B had no
visible effect on TNT formation (data not shown). Inhibition of dynamin-mediated endo-
cytosis by dynasore suggests that EVs may mediate transfer between ASMCs. However,
dynasore also inhibits the mitochondrial dynamin DRP1 [222], so it is possible that the
inhibition of mitochondrial transfer by dynasore is due to inhibition of DRP1-mediated
mitochondrial fission. Therefore, the role of EVs in mitochondrial transfer was further
assessed using alternative approaches.

Extracellular vesicles were isolated from the conditioned media (CdM) of healthy
ASMCs by differential centrifugation for a size-dependent separation. Dead cells and
apoptotic bodies were pelleted in initial centrifugations of 300¢ for 5 minutes and 3,000¢
for 10 minutes, respectively. A 20,000¢g centrifugation for 30 minutes was used to pellet
microvesicles, and exosomes were pelleted using a further 100,000¢g centrifugation for 2
hours. To assess the composition of the pellets, two extracellular vesicle markers were
used — ALIX and calnexin. ALIX is an endosomal sorting complexes required for trans-
port (ESCRT) protein and participates in endosomal pathways through which exosomes
are formed. Calnexin is an endoplasmic reticulum marker and should not be present in
EVs of exosomal origin but can be present in in larger vesicles, such as microvesicles
[223]. As expected, calnexin was not detected in the 100,000¢ pellet but was detected
in all the other pellets. Moreover, the exosomal marker ALIX was strongly expressed
in the 100,000g pellet and to a lesser extent in the 20,000¢ pellet, whilst it was absent
in the 3,000¢g pellet (Figure 6.2A). These findings suggest that the 100,000¢ pellet is
likely to contain exosomes, as expected, whereas the other fractions contain larger EVs,
which may be apoptotic bodies or microvesicles, though exosomes may also be present
in the 20,000¢g pellet. The presence of other EV markers, such as CD9 and CD40, was
also assessed, but no protein bands were detected by western blot, likely as a result of
low expression and/or poor antibody quality (data not shown). To evaluate whether the
isolated vesicles contain mitochondria, I assessed the presence of mitochondrial proteins in
the different fractions. I detected complex V (ATP synthase) in all fractions. The other

mitochondrial proteins measured (complexes I-IV of the ETC and TOM20) were only
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detected in the 300¢ and the 20,000¢g pellet, and at low levels in the 3,000¢g pellet. These
were not detected in the exosome fraction (100,000¢), suggesting these do not carry intact

mitochondria. Therefore, no further experiments were performed using this fraction.
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Figure 6.2: Presence of mitochondria in EVs from ASMCs. (A) EV markers in pellets
obtained by differential centrifugation (B) Detection of mitochondrial and autophagy-related
proteins in pellets isolated by differential centrifugation. (C) qPCR amplification plot for the
MT-CO2 mitochondrial gene in DNA extracts from pellets obtained by differential centrifuga-
tion. (D) Representative fluorescence microscopy image of EVs collected from Celltrace-stained
cells and probed for TOM20; white arrows show mitochondria within EVs or free mitochondria.
EVs were isolated from conditioned media of 1.5 million cells cultured for 24 hours. N=1.
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Immunoblotting also revealed the presence of autophagy-related proteins such as
LC3B-IT and ATG-12 in the 300g and the 20,000g pellet, suggesting these may be tar-
geted to degradation through autophagy-like pathways (Figure 6.2B). I investigated the
presence of mtDNA in the 300¢, 3,000¢g and 20,000¢ fractions by assessing amplification
of the mitochondrial gene MT-CO2 by qPCR. Whereas no amplification was detected
in the no template control (NTC), MT-CO2 was amplified in all the samples, indicating
the presence of mtDNA (Figure 6.2C). To visualise the presence of mitochondria in the
300¢g, 3,000¢9 and 20,000g pellet, these were also imaged by confocal microscopy. EVs
collected from CellTrace-stained cells were loaded onto a microscope slide and probed
for TOM20 using immunofluorescence. As expected, the size of the EVs decreased with
higher speeds of centrifugation, confirming an efficient size separation. In the 300¢g and
3,000¢ pellets, EVs were large and their appearance suggested that these may be cell de-
bris or large apoptotic bodies. The 20,000¢g centrifugation pelleted smaller sized vesicles.
TOM20 (red) was detected in all the pellets, indicating the presence of mitochondria.
Interestingly, in the 20,000¢g pellet, both EV-encapsulated and free mitochondria (not
within EVs) were observed (white arrows in Figure 6.2D). Together, these data indicate
that different sized pellets contain mitochondria.

I then investigated whether the mitochondria-containing EVs could be taken up by
other cells, thus mediating mitochondrial transfer. I assessed this using the EVs isolated
in the 20,000¢g pellet only as they were positive for all mitochondrial proteins and they
likely contain microvesicles, which have been shown to transport mitochondria between
cells in other systems [123, 127]. Uptake of mitochondria via EVs was assessed using
three different approaches. Firstly, EVs isolated from cells stained with MitoTracker and
CellTrace were added onto unstained cells for 4 hours. These cells were then collected and
uptake of the mitochondria-containing vesicles was measured by flow cytometry. As seen
in Figure 6.3A, a proportion of the EV-treated cells were positive for CellTrace (0.77% of
cells in quadrant 3) or CellTrace and MitoTracker (0.30% cells in quadrant 4), indicating
uptake of EVs and mitochondria-containing EVs, respectively. However, the percentage

of cells taking up mitochondria-containing EVs was low, especially in comparison to the
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amount of mitochondrial transfer detected in previous co-culture experiments (~30%,
Figure 5.1C). To exclude the possibility that the detected fluorescence was not a result of
background noise, nor dye leakage, the isolated pellets used to treat cells were filtered using
a 0.2 pm filter to remove EVs. Here, the percentage of MitoTracker and/or CellTrace-
positive cells was markedly reduced, suggesting EVs are required for fluorescence to be
detected in unstained treated cells (Figure 6.3A). It is possible that the sensitivity of
the flow cytometer is not sufficient to detect the uptake of small quantities of EVs, or

that the fluorescence of EVs is lost in the process of differential centrifugation.
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Figure 6.3: Mitochondria are transported between healthy ASMCs through EVs.
(A) Flow cytometry dot plots of unstained cells treated with EVs isolated from CellTrace- and
Mitotracker-stained cells, + 0.2 um filtration, for 4 hours . N=1. (B) Percentage of mtDNA
positive for the mitochondrial donor-specific variant (m.3531=G) in cells that do not carry this
variant treated with EVs from donor ASMCs for 4 and 24 hours. *p<0.05. N=3. (C) Represen-
tative confocal microscopy image of CellTracker Green-stained cells treated with EVs isolated
from CellTrace-stained cells for 4 hours and then probed with a fluorescent anti-TOM20 anti-
body (maximal intensity Z-stack projection with orthogonal views). N=1. For all experiments,
EVs were isolated from conditioned media of 1.5 million cells cultured for 24 hours, using a
20,000¢g centrifugation.
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Using a different approach, EVs were isolated from ASMCs bearing a specific mtDNA
mutation (m.3531=G) and added onto ASMCs from three different patients that do not
carry this mutation. The percentage of the mtDNA bearing the donor-specific mutation
increased from 0.2% in untreated cells to 0.6% in EV-treated cells. Though this change
was low in amplitude, it was statistically significant, indicating uptake of mtDNA via
EVs. Interestingly, after 24 hours the levels of the mutation appear to decrease and,
though this was not significant, it indicates that EVs may be degraded in the recipient
cells (Figure 6.3B). Finally, EV-mediated mitochondrial transfer was also visualised by
confocal microscopy. In this experiment, CellTracker Green-stained cells were treated
with EVs isolated from CellTrace-stained cells for 4 hours. Mitochondria were visualised
by immunostaining with TOM20. CellTrace-stained EVs containing mitochondria were
detected within CellTracker Green-stained cells, as shown in the orthogonal views in

Figure 6.3C.

6.2.2 Effect of CSM on the expression of mitochondrial move-

ment and morphology genes in ASMCs

Next, I investigated whether genes associated to mitochondrial movement and morphol-
ogy may participate in mitochondrial transfer between ASMCs. As shown in Chapter 5,
cigarette smoke treatment significantly increases the donation of mitochondria to other
cells. Therefore, to assess the involvement of mitochondrial dynamic genes in mitochon-
drial transfer, I measured how the expression of these was altered in response to CSM.
ASMCs from healthy subjects were treated with CSM for 4 hours and RNA was collected
either immediately after treatment or after 24 hours of culture in serum-free media. I
measured the mRNA levels of genes involved in intracellular mitochondrial movement
through microtubules, namely KIF5B, KIF1A, MIRO1, MIRO2, TRAK1, TRAK2 and
Dynein cytoplasmic 1 heavy chain 1 (DYNC1H1), or through actin filaments, MYO19
[97] (Figure 6.4). Of these, CSM treatment only affected the expression of MIRO1: at
24-hours post-treatment there was a significant increase in the mRNA levels of this gene

(~1.3-fold, p<0.05) (Figure 6.4D).
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Figure 6.4: Effect of CSM on the expression of mitochondrial transport genes.
Relative mRNA levels of mitochondrial transport genes in ASMCs from healthy subjects treated
with 10 or 25% CSM for 4 hours. RNA was collected immediately after treatment or 24 hours
after culture in serum-free media. Data presented as mean 2°22Ct relative to controls == SEM.
*p<0.05. N=6.

Cigarette smoke has been shown to modulate fusion and fission in ASMCs [121], and
these processes may be important in mitochondrial transfer. 1 therefore investigated
the effect of cigarette smoke on the expression of the fission gene DRPI and the fusion
genes MFN1, MFN2 and OPA1. Whilst no effect was seen on the expression of MFN1,
MFN2 and OPA1, at 4 hours post-treatment there was a trend towards a reduction in

the expression of DRP1 (Figure 6.5). This effect was, however, lost after 24 hours.
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6.2.3 MIRO1 does not participate in mitochondrial transfer be-
tween ASMCs

Given the effect of CSM treatment on the expression of MIRO1, which is known to be
involved in inter-cellular mitochondrial transfer [125, 141], I assessed whether depletion
of this protein had an effect on mitochondrial transfer between ASMCs. I first evaluated
the optimal conditions (time-point and siRNA concentration) for an effective knock-down
of MIRO1 in healthy ASMCs. This was assessed by quantifying the mRNA and protein
levels of MIRO1 in cells transfected with MIRO1 siRNA as well as in cells transfected with
a scramble siRNA, a mock control (i.e. transfection without RNA) and an untransfected
control. At 24 hours post-transfection there was a ~60% reduction of MIRO!I mRNA
levels in cells transfected with MIRO1 siRNA at different concentrations (10, 20 and 50
nM) compared to untransfected controls, though the expression of MIRO1 increased in
the mock and scramble siRNA controls (Figure 6.6A). At 48 hours post-transfection,
MIRO1 mRNA levels were reduced by ~80% in cells transfected with MIRO1 siRNA
at different concentrations compared to all three controls (Figure 6.6B). Protein levels
were reduced in the MIRO1 siRNA-transfected cells compared to the controls at 72 hours
post-transfection, whereas at 48 hours this effect was less noticeable (Figure 6.6C-E).
An ~80% reduction was observed in all three concentrations of MIRO1 siRNA (10, 20
and 50nM) compared to untransfected controls at 72 hours post-transfection. The protein
expression of MIRO1 was also reduced in the mock and scramble siRNA controls, indi-
cating that the experimental procedure can affect MIRO1 protein levels (Figure 6.6E).
Based on these results, I opted for using the 10nM concentration of MIRO1 siRNA for

further experiments, using the same concentration of scramble siRNA as a control.
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Cells were transfected with MIRO1 siRNA for 48 or 72 hours, after which they were
stained with MitoTracker Green and co-cultured with untransfected CellTrace-stained
cells, or vice-versa. This would provide information as to whether mitochondrial transfer
requires the expression of MIRO1 in either mitochondrial donor or recipient cells. There
was no significant difference in the percentage of MitoTracker-positive recipient cells in co-
cultures where MIRO1 was depleted (in either the donor or the recipient cells), compared
to controls transfected with scramble siRNA Figure 6.7. This suggests that MIRO1 may

not be involved in mitochondrial transfer between ASMCs.
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6.3 Discussion

ASMCs from both healthy and COPD subjects can exchange mitochondria, and this
is associated with improved bioenergetics and reduced proliferation. In this Chapter,
I demonstrate that this happens, at least partly, through extracellular vesicles. How-
ever, the molecular machinery that mediates the inter-cellular exchange of mitochondria
remains unknown.

The most commonly reported mechanisms of mitochondrial transfer are TNTs and
EVs. In ASMCs, mitochondria were frequently observed in TNTs, however, actin and
microtubule inhibitors failed to inhibit mitochondrial transfer. The actin inhibitor, cy-
tochalasin B, had no visible effect on TN'T formation, which may indicate that the concen-
trations used were not sufficient, or that actin does not participate in TNT formation. On
the other hand, nocodazole, a microtubule inhibitor, abrogated TNT's but did not atten-
uate mitochondrial transfer, indicating that TNTs may not be involved in this process. A
possible explanation is that the induction of compensatory mechanisms, such as increased
transfer through EVs or cell-cell adhesion, may compensate for the loss of TNTs. Alterna-
tively, the localisation of mitochondria in TN'Ts may serve another purpose. Depletion of
ATP impairs TNT-mediated cargo transfer between rat kidney cells [224], so it is possible
that mitochondria are required in TNTs to power the transport of other cargo. Another
important point is that despite numerous studies reporting TNT-mediated mitochondrial
transfer [125, 157, 225] it is still not clear whether these structures form in vivo. A few
studies have reported TNTSs in vivo in mice, in the cornea and in brain tumours [164,
226], but whether the in vitro observations of TNT-mediated mitochondrial transfer can
be replicated in vivo is not known.

The dynamin inhibitor dynasore, which inhibits endocytosis and vesicular trafficking,
led to a decrease in mitochondrial transfer. Despite other non-specific effects of dynasore,
such as inhibition of the mitochondrial dynamin DRP1 [222], this suggested a role for EVs
in mitochondrial transfer, which was confirmed using different approaches. EVs are an
important form of cell-cell communication in both health and disease. On the one hand,

EVs can contribute to disease propagation. For example, microvesicles from murine BALF
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and epithelial cells, secreted in response to hyperoxia-induced oxidative stress, lead to the
activation of macrophages in vitro and promotes the recruitment of immunomodulatory
cells in mice [227], contributing to pro-inflammatory responses. BALF from patients
with COPD contains neutrophil-derived exosomes that express surface neutrophil elastase.
These exosomes lead to collagen degradation and cause emphysema in mice [228]. On the
other hand, EVs can also be protective against disease phenotypes. Conditioned media
from MSCs protects against ASMCs and fibroblasts from cigarette smoke-induced damage
[143, 229]. EVs from MSCs also have regenerative capacities in murine models of stroke
and acute traumatic brain injury [230, 231]. In fact, recent studies suggest that the EVs
are equally or more effective than MSCs themselves in cell-based therapies [232]. EVs
might also mediate distal communication between different organs. In murine models,
EVs containing inflammatory cytokines can travel in the blood and reach different organs
[233].

Here, I show that EV-mediated mitochondrial transfer may also contribute to cell-
cell communication within the lung. Size and EV marker expression suggest that the
mitochondria-carrying EVs are possibly microvesicles. However, characterisation of sub-
groups of EVs is challenging as these can overlap in size and expression of surface mark-
ers [223, 234]. Understanding how these EVs are formed can help clarify their nature.
Blocking autophagy inhibits the release of mitochondria-containing exospheres from car-
diomyocytes [124]. Tt is therefore possible that mitochondria may be encapsulated in EVs
through autophagy-like pathways. Indeed, my findings show that the EVs isolated from
ASMCs express autophagy markers, an observation also reported in EVs from MSCs and
cardiomyocytes [124, 127]. Interestingly, the formation of autophagosomes can overlap
with the endosomal pathway, through which exosomes are formed. For example, ES-
CRT proteins, such as TSG101, typically involved in exosome formation, have also been
detected in autophagy processes [235]. The autophagy markers in the mitochondria-
containing EVs also suggest these may be targeted for degradation in recipient cells, as
has been reported in different systems [127, 134]. In line with these reports, I show

that mtDNA taken up by ASMCs through EVs decreased over time in culture, suggest-
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ing degradation of mitochondria after transfer. Therefore, EV-mediated mitochondrial
transfer may be a mechanism for outsourcing mitophagy, though the benefit of this is
unclear. Recycling of metabolites via autophagy supports respiration and cellular home-
ostasis [236, 237]. Degradation of transferred mitochondria may also provide metabolites
to support the increased mitochondrial bioenergetics observed in response to transfer,
and this may maybe be a mechanism to equalise energy status amongst neighbours. Al-
ternatively, donation of mitochondria by ASMCs may act as a compensatory mechanism
in response to impaired mitophagy in the donor cells. Cigarette smoke, which induces
the donation of mitochondria by ASMCs, impairs mitophagy in small airway epithelial
cells [112]. Whether this also occurs in ASMCs warrants further investigation. Donation
of mitochondria is triggered by damage to the mitochondria, as shown in Chapter 5,
where both CSM and CCCP induce mitochondrial transfer. Therefore, it is possible that
mitochondria within EVs are dysfunctional. Though the nature of mitochondria in EVs
from ASMCs is not known, mitochondria in exospheres from cardiomyocytes are damaged,
showing a loss of cristae integrity and membrane potential [124]. This would corroborate
the hypothesis of trans-cellular degradation of mitochondria.

Whilst EVs mediated mitochondrial transfer between ASMCs, they may not be the
only mechanism: the levels of mitochondrial transfer detected through EVs were much
lower than those observed in direct co-cultures, and inhibiting EV uptake with dynasore
did not fully ablate transfer. In addition to EV-encapsulated mitochondria, free mito-
chondria were also detected in the conditioned media from ASMCs. Functional intact free
mitochondria have been detected in blood [163] and uptake of free mitochondria by human
osteosarcoma cells through micropinocytosis has also been reported [162]. Whether these
free mitochondria are also taken up by ASMCs remains an unanswered question, but they
may contribute to inflammatory responses in the lung. Indeed, free mitochondria can re-
lease their contents, such as mtDNA, fatty acids and ATP, which are sensed by other cells
as DAMPs triggering inflammatory cascades [238]. Mitochondrial DAMPS may be im-
portant in COPD pathogenesis. For example, the levels of ATP are higher in BALF from

COPD patients, and this correlates with disease severity. Neutrophils and macrophages
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from COPD patients respond to ATP stimulation by secretion of pro-inflammatory and
tissue-degrading mediators [118]. Other means of inter-cellular movement of mitochon-
dria, such as cell-cell adhesion processes, may also be important in ASMCs, but were not
investigated in this study.

To assess whether the intracellular mitochondrial motility machinery is required for
the exchange of mitochondria between ASMCs, I measured how these are altered at the
gene expression level in response to CSM, which induces the donation of mitochondria
by ASMCs. CSM led to an increase in the mRNA levels of MIROI1, an outer mito-
chondrial membrane receptor, that facilitates the binding of mitochondria to molecular
motor complexes and their movement along microtubules [97]. This protein is required for
movement of mitochondria from MSCs to epithelial cells and cardiomyocytes [125, 141].
However, in ASMCs, depletion of MIRO1 had no effect in the ability of cells to donate
or receive mitochondria. Therefore MIRO1-dependent movement of mitochondria along
microtubules might not be essential for mitochondrial transfer between ASMCs. This is
further corroborated by the fact that microtubule inhibition with nocodazole also had no
effect on mitochondrial transfer. However, though this was not assessed, it is possible that
expression of the isoform MIROZ2 is induced as a compensatory mechanism for the loss of
MIRO1, preventing a reduction in mitochondrial transfer. In addition, whereas MIRO1
does not appear to be required for this process in untreated cells, it is possible that this
changes under conditions of stress, such as upon exposure to CSM. Assessing the effect of
MIRO1 silencing on CSM-induced mitochondrial transfer would be important in future
studies.

I hypothesised that mitochondrial morphology may also be important in mitochondrial
transfer. For example, fragmentation of mitochondria may be required for encapsulation
in EVs and subsequent transfer. In addition, mitochondrial fission and fusion proteins also
participate in the movement of mitochondria within cells. The fusion protein MFN1 can
form complexes with MIRO1 and facilitates axonal movement [100] and mouse models tar-
geting MFN2 show impaired mitochondrial movement, though knockout of OPA1, another

fusion protein, has no effect in mitochondrial motility [93, 100]. DRP1 is also important
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in intracellular mitochondrial transport, where it is required for dendritic distribution of
mitochondria and enhances microtubule-based mitochondrial transport in skeletal muscle
[239, 240]. In this study, CSM led to a reduction in the expression of the mitochondrial
fission gene DRP1. This was unexpected given that CSM has been previously reported to
increase the expression of DRP1 and reduce the expression of MFN-1 and -2 in ASMCs,
leading to mitochondrial fragmentation [121]. However, whereas in this study cells were
treated with 0.5 — 2% CSM for 24 to 48 hours, in my model the treatment was acute,
which this can result in different effects. Nevertheless, given the requirement of DRP1 in
mitochondria fission and movement, it is not clear how a reduction in DRP1 can induce
mitochondrial transfer. It is important to note that despite CSM leading to a reduction
in DRP1, it is not known whether it affects mitochondrial fragmentation, movement or
transfer. In addition, it is not known whether the effect of CSM at a gene expression
level translates into changes in protein levels. CSM might also induce post-translational
modifications that can affect these proteins’ function. CSM can lead to modifications in
redox homeostasis, altering the function of mitochondrial morphology proteins via non-
transcriptional pathways [241]. For example, nitric oxide, induced in response to acute
exposure to CSM, can lead to S-nitrosylation of DRP1 which promotes mitochondrial
fragmentation [242, 243]. The results of these preliminary experiments are inconclusive,
and the role of intracellular mitochondrial dynamics processes in mitochondrial transfer
remains unclear.

Cigarette smoke induces the secretion of EVs by epithelial and basal airway cells [244,
245]. The effect of CSM on the secretion of EVs and formation of TNTs in ASMCs
should be further investigated. Furthermore, CSM is not the only modulator of mito-
chondrial transfer. Other disease-relevant stimuli such as hydrogen peroxide and the
pro-inflammatory cytokines TNF-a and IL-13, can modulate transfer in other systems
[125, 219]. A high throughput assessment of transcriptional changes in response to CSM
and other modulators of mitochondrial transfer would therefore provide a better insight
into the mechanisms by which cells exchange mitochondria.

Whilst the molecular machinery that regulates mitochondrial transfer between ASMCs
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remains unclear, the results from this Chapter begin to uncover the mechanisms by which
this happens. The main observation is that ASMCs can exchange mitochondria through
EVs. Extracellular vesicle-mediated mitochondrial transfer may be as effective in mod-
ulating recipient cell phenotypes, such as mitochondrial function and proliferation, as
observed in mitochondrial transfer in direct co-cultures. Though this was not experimen-
tally tested here, similar observations have been reported in MSC-mediated cell-based
therapy models. EVs can be easily isolated from cell culture conditioned media and can
be instilled in the lungs through the airways. Therefore, mitochondrial transfer via EVs
could be exploited in clinical applications to reverse disease phenotypes in airway smooth

muscle in COPD.
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Chapter 7

General Discussion

COPD remains one of the leading causes of death globally and there are currently no
treatments to reverse disease progression. It is therefore important to further elucidate
the different molecular and cellular mechanisms driving COPD pathogenesis. Specifically,
understanding the underpinnings of increased susceptibility to cigarette smoke, the main
cause of COPD, can help identify new therapeutic targets. One important pathological
aspect of COPD is airway remodelling, which involves thickening of the airway walls and
narrowing of the airway lumen leading to airflow obstruction. Airway smooth muscle
dysfunction, such as hyperplasia and increased ECM deposition, contributes to airway
remodelling, and could be driven by CS-induced changes in mitochondrial function. In
my thesis, I hypothesised that mitochondrial transfer between ASMCs is an important
homeostatic mechanism to preserve mitochondrial function, and that this is impaired in
COPD leading to sustained mitochondrial and cellular dysfunction in response to stress.
I show that primary human ASMCs from COPD patients have increased susceptibility
to CS-induced mitochondrial dysfunction, though this does not translate to differences in
cell function, such as proliferation and cytokine release. ASMCs are capable of exchang-
ing mitochondria, a process that is induced by stress and occurs, at least partly, via EVs.
Contrary to my hypothesis, I did not detect differences in the ability of COPD ASMCs
to exchange mitochondria, indicating this process may not underpin the increased sus-
ceptibility to CS. However, it may be exploited as an endogenous protective mechanism

as it is associated with an up-regulation of mitochondrial biogenesis and respiration, and
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a reduction in proliferation.

In COPD, CS-induced pathological features, such as oxidative stress and inflamma-
tion, persist after smoking cessation [21]. However, it is not known what drives this
increased susceptibility to CS-induced damage. Cigarette smoke induces mitochondrial
dysfunction in different cell types in the lung, including in ASMCs [107, 109, 121, 143,
246]. In this study, I show that CS-induced mitochondrial dysfunction in ASMCs is sus-
tained after removal of the stressor, an effect which is more pronounced in ASMCs from
COPD subjects. Therefore, mitochondrial dysfunction might also persist after smoking
cessation and contribute to the pathological features of COPD. Increased susceptibility to
CS-induced mitochondrial damage may be driven by inherent differences in mitochondrial
function in COPD. For example, it has been shown that differences in mtDNA determine
susceptibility to damage caused by CS-induced ROS [179]. In this study, I show that
COPD ASMCs have lower Agm and expression of complex III under baseline conditions
compared to healthy ASMCs, and this may be linked to increased sensitivity to CS. It is
also possible that homeostatic responses to stress are impaired in COPD. For example,
defective anti-oxidant responses and impaired mitochondrial quality control processes,
such as mitophagy, have been reported in COPD [47, 49, 111, 112]. Mitochondrial trans-
fer between cells may be another mechanism of stress adaptation, and impairment of
this process could contribute to sustained mitochondrial and cellular dysfunction seen in
COPD.

Mitochondrial transfer has been reported in different organs including the lung, but
also the heart, the liver and the brain [123, 124, 126, 145]. In the lung, specifically, trans-
fer of mitochondria has been reported mainly in models of cell-based therapy, from MSCs
to epithelial cells [123, 125, 140, 213], endothelial cells [213], macrophages [154, 165] and
ASMCs [143]. Here, I show that this process also occurs endogenously, between structural
cells in the lung: ASMCs can exchange mitochondria, a process that regulates bioener-
getics and cellular function. Mitochondrial transfer between ASMCs is mediated, at least
partly, by EVs, which have been widely described as important mediators of cell com-

munication [247, 248]. Importantly, this process is induced by CS and/or mitochondrial
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damage, suggesting it is indeed a stress adaptation mechanism and may be important in
preserving mitochondrial function in response to stress. However, mitochondrial transfer
also occurred under baseline conditions, suggesting it is also important in normal cell
homeostasis. Inside the cell, a proportion of mitochondria are under constant movement,
and this is dictated by homeostatic changes in, for example, calcium, ADP and glucose
levels [97, 101, 249]. Similar stimuli may drive mitochondrial transfer in the absence of
stressors.

Cell-cell communication is important in preserving lung homeostasis but can also
contribute to disease pathogenesis. In COPD, alveolar macrophages orchestrate inflam-
matory responses by secreting cytokines and chemokines that recruit and activate other
immune cells in the lung [250]. ASMCs themselves interact with other cell types, such
as eosinophils, neutrophils and epithelial cells, through direct or indirect contact [251—
254]. Importantly, these interactions can modulate ASMC phenotypes involved in disease,
such as proliferation and contraction [69, 255]. EVs are an important mediator of cell
communication and can spread or alleviate disease phenotypes. For example, oxidative
stress-induced EVs secreted from epithelial cells can promote pro-inflammatory pheno-
types in macrophages [227]. In contrast, the uptake of EVs from alveolar macrophages,
containing suppressor of cytokine signalling (SOCS) proteins, reduces pro-inflammatory
signalling in epithelial cells [256].

Here, I describe mitochondrial transfer, via EVs, as a novel form of cell-cell communi-
cation in the lungs. However, its role in disease pathogenesis is still not clear. Contrary
to my hypothesis, I did not detect differences in the ability of COPD ASMCs to exchange
mitochondria, nor in the response to stressors such as CS. Still, this does not completely
exclude the possibility of this process being impaired in disease. For example, I show that,
in some respects, healthy ASMCs respond differently to the uptake of mitochondria from
COPD ASMCs, suggesting these may induce different metabolic effects in mitochondria
recipient cells. In addition, I did not assess whether COPD ASMCs have the same abil-
ity to respond to the uptake of mitochondria as healthy ASMCs. Finally, it is also not

known whether other endogenous cell types in the lung can also exchange mitochondria,
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nor the physiological and pathological implications of this process. While transfer of mi-
tochondria between ASMCs seems to be protective, this might not be the case in other
cell types. For example, macrophages that take up mitochondria from adipocytes show
a worsening of mitochondrial function [145], which could contribute to cellular dysfunc-
tion. In addition, mitochondrial transfer might be impaired in other cells types in COPD.
Macrophages from COPD patients show impaired phagocytosis [25]; so it is possible that
they also have an impaired ability to take up EVs containing mitochondria. There are also
reports of mitochondrial transfer between different organs, such as between the liver and
the heart [150]. This form of inter-organ communication may modulate the development
of co-morbidities in COPD.

Mitochondrial transfer can be exploited as a therapeutic target for lung disorders.
Several studies have shown that transfer of mitochondria from MSCs to other cell types
is protective [123, 125, 143], suggesting that this process can be explored as a cell-
based therapy. Moreover, here, I show that endogenous transfer of mitochondria in the
lungs may reverse phenotypes associated with disease, such as mitochondrial dysfunc-
tion and hyper-proliferation, and could therefore also be targeted therapeutically. One
approach to do so is to induce the mechanisms mediating this process. Chemother-
apy drugs induce the release of EVs [257], but are there other pharmacological agents
that can modulate this? Another approach is to target the protective pathways acti-
vated in response to transfer, instead of mitochondrial transfer itself. However, while
different protective responses to transfer have been described, how these are elicited is
not known. One common feature seen in response to transfer is an increase in mito-
chondrial biogenesis, which may contribute to the improved bioenergetics observed in
mitochondria-recipient cells. Mitochondrial biogenesis is regulated by several transcrip-
tion factors and transcriptional co-activators that can be induced pharmacologically. For
example, PGC1-a is up-regulated by AMP-activated protein kinase (AMPK) agonists,
such as 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR), and the transcription
factor peroxisome proliferator-activated receptor (PPAR)y is activated directly by the

anti-diabetic drugs pioglitazone and rosiglitazone [258]. Targeting mitochondrial trans-
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fer, or mimicking its effects, in the lungs might have an effect not only in ASMCs, but also
in other cell types that show mitochondrial dysfunction and may exchange mitochondria.

It is important to note that if we are to target mitochondria for therapy, it is im-
perative to understand how mitochondrial dysfunction drives pathogenic phenotypes in
COPD. Mitochondrial function has been shown to influence phenotypes associated with
COPD, such as inflammation and senescence [112, 118, 259]. In this study, changes in
mitochondrial function, in response to CS exposure, were accompanied by changes in
cellular function, such as proliferation and secretion of inflammatory mediators, but the
link between these responses has yet to be established. Moreover, no remarkable dif-
ferences were observed in the phenotypes assessed between healthy and COPD ASMCs.
While this may be due to limitations of the experimental set-up, it also raises questions
about the implication of ASM in COPD pathogenesis. The current literature describing
the phenotype of ASM in COPD is sometimes contradictory. For example, some studies
report no change in ECM proteins in COPD ASM, whereas others indicate that there
is a negative correlation between ECM volume and airflow limitation [74, 79]. In addi-
tion, current therapies for COPD, such as bronchodilators, target the ASM, leading to
relaxation of ASM tone, but have little impact on reversing airflow limitation [79]. It is
therefore crucial to further study the changes in ASM that are associated with COPD.
These observations, however, do not reduce the importance of my findings of mitochon-
drial transfer as a form of cell-cell communication between ASMCs. Studying this process
is important for extending our understanding of ASMC biology, and cellular metabolism
in general, both under physiological conditions, as well as in a disease context. This is
important not only for COPD, but also in other lung conditions where mitochondrial

dysfunction plays a role, such as asthma and lung fibrosis [260, 261].
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7.1 Limitations of the study

This study has a few unaddressed questions, as a consequence of time-constrains, experi-
mental limitations, or hindsight realisations. The main limitations of this study pertain to
the in vitro culture system. Firstly, the healthy ASMCs used in this study were not “true”
healthy as they were isolated from ex-smoker patients that had a diagnosis of adenocar-
cinoma. Though tissue was isolated from non-cancerous regions in the lung, it is possible
that their function is affected by the cancer environment as well as by previous exposure
to cigarette smoke. It would be important to include ASMCs from healthy never smokers
in this study, but I did not have access to these. Secondly, the cell culture conditions (e.g.
presence of serum) used may mask differences in the cellular phenotypes. Studies show
contradicting results depending on the culture or specific treatment conditions. In lung
epithelial cells, toxic doses of CS lead to reduced mitochondrial respiration whereas the
opposite is observed with non-toxic doses of CS [260]. Understanding how best to mimic
i vivo situations is important. Additions to the in vitro model could include the use of
co-cultures with other cell types, such as epithelial cells and fibroblasts, or the use of lung
organoids with ASMCs [262, 263].

I did not measure the acute effect of CSM on healthy and COPD ASMCs, and this is
important as the acute effect of CSM in COPD ASMCs might be more pronounced and
could explain the sustained mitochondrial dysfunction observed. Transcriptomics data
suggested that ECM genes are differentially regulated in COPD ASMCs, but differences
in ECM function were not further explored. The link between mitochondrial function and
cellular phenotypes was also not extensively investigated, and this is a pivotal question
to determine the functional consequences of mitochondrial dysfunction in COPD ASM.

With regards to mitochondrial transfer, there are many questions to be addressed,
some of which would be particularly important to complement the findings of my study.
Firstly, it is not clear whether the functional effect observed in mitochondria-recipient
cells is a cause or consequence of this process. Though my data and the current literature
suggests it is likely to be the latter, further experimental evidence is required to confidently

confirm this. The effect of mitochondrial transfer was not assessed in CS-treated cells or in
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COPD ASMCs. This would provide information as to the role of this process as a rescue
mechanism, as well as a possible impairment in disease. EV-mediated mitochondrial
transfer can also be further studied. I did not assess the effect of CS on the secretion or
uptake of EVs, nor did I determine the specific contribution of mitochondria-containing

EVs towards the functional impact elicited by mitochondrial transfer.

7.2 Future perspectives

Apart from the proposed work highlighted above, the results of my study open several
new lines of investigation. I am the first to show that structural cells in the lung can
exchange mitochondria, but many questions regarding this process remain unanswered.
The precise mechanisms by which cells exchange mitochondria are not known. While EVs
are a route for mitochondrial transfer, other routes, such as TNTs and other direct cell
contact mechanisms might also participate in this process. In addition, the molecular
machinery involved in this process is not known. A few proteins have been implicated
in EV-mediated transport, such as the CD200 and Merkt receptors [124, 264]. Whether
these are also important in ASMCs should be studied. Elucidating the mechanisms of mi-
tochondrial transfer can also help understand the physiological relevance of this process.
If we understand how transfer occurs, we can block it and assess the effects on cell func-
tion. Is it essential for maintaining cellular homeostasis in physiological conditions? To
address this question, we can also investigate what drives mitochondrial function under
normal conditions, such as physiological levels of ROS and changes in energy substrate
levels. Another important question is what happens to the mitochondria in the recipient
cell, and how is the functional impact of mitochondrial transfer elicited. These questions
could be investigated using immortalised cell lines, rather than primary cells, as they are
more easily manipulated and can be used for high throughput studies. For example, ge-
netic screens would allow us to identify the molecular machinery mediating mitochondrial
transfer and the uptake and processing of mitochondria by the recipient cells. Alterna-
tively, studying the transcriptional responses of mitochondrial donor and recipient cells

in response to known modulators of transfer, such as CS, would also provide clues in this
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regard. Immortalised cell lines can be stably transfected, and this is another important
advantage. This would allow, for example, for the stable expression of mitochondrial tar-
geted GFP, circumventing the issues raised by the possibility of leakage of MitoTracker
dyes. The findings in immortalised cell lines could then be confirmed in primary cells
including cells from COPD patients.

In this study, I hypothesised that impaired mitochondrial transfer contributes to in-
creased susceptibility of COPD ASMCs to CS-induced mitochondrial dysfunction. How-
ever, my findings did not support this hypothesis. Therefore, elucidating the mechanisms
of increased susceptibility to CS is still required and could help identify new therapeutic
targets in COPD. For example, differences in mtDNA repair or antioxidant protection
can affect susceptibility to CS [108, 265, 266]. The regulation of these responses, and how
these are affected by genetic or epigenetic mechanisms, should be investigated in COPD
ASMCs.

While my study focused on ASMCs, other cell types, such as epithelial cells, fibrob-
lasts and macrophages, are involved in COPD, but it is not known whether these cells
can exchange mitochondria in the lungs. Recent studies have suggested an important role
of uptake of mitochondria by macrophages in protecting against metabolic stress [124,
145, 146]. Macrophages play a pivotal role in COPD and also show mitochondrial dys-
function, so studying mitochondrial transfer in these cells would be of interest. Finally,
it is currently unknown whether mitochondrial transfer between structural cells occurs in
vivo. As it is not possible to study this mechanism in humans in vivo, a possibility would
be to use established mouse models of COPD, where COPD-like phenotypes are induced
by, for example, exposure to CS or intranasal administration of elastase [267, 268]. These

models, however, do not accurately represent all clinical aspects of COPD.
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7.3 Concluding remarks

Mitochondrial dysfunction is a prominent feature of COPD. In this thesis, I demonstrate
mitochondrial transfer as a novel form of cell communication between structural cells in
the lung that occurs in both normal homeostasis and under stress. Contrary to what I
hypothesised, this process is not impaired in disease and therefore may not be implicated in
the increased susceptibility of COPD patients to CS. However, given its role in preserving
mitochondrial function in the lungs, it can still be exploited for future clinical applications.
This thesis brings novel data and importantly, it is a foundation for several new avenues

of research to be pursued.
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Appendix

Permission to re-use figures from publicly available sources was obtained. The source and

license of these items is summarised in Table A1l.

Licensed Material Licensor License Source of Material

Figure 1.4 Springer Nature Customer Link to license [93]
Service Centre GmbH

Table A1: Source and copyright license of items included in the thesis.
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