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Abstract

Chronic obstructive pulmonary disease (COPD) is a progressive lung disease, and the
third leading cause of death globally. COPD is characterised by chronic inflammation,
small airway remodelling and irreversible lung damage (emphysema) that results in
impaired lung function. COPD is predominantly caused by cigarette smoke (CS)
however genetic factors such as alpha-1 antitrypsin (A1AT) deficiency also contribute.
A1AT protects lung tissues primarily by neutralising proteases, which when uninhibited
cause alveolar destruction. This project focuses on two specific A1AT gene mutations:
Z and null (which result in the complete absence of A1AT), in PiZ mice (carrying the Z
allele) and A1AT knockout (KO) mice.

A1AT deficiency is exacerbated by CS, which increases lung inflammation and
disrupts the already impaired A1AT-protease balance accelerating COPD disease
progression. This study examined the impact of CS on A1AT deficiency by assessing
A1AT gene and protein expression in an experimental model of CS-induced COPD in
WT mice. This revealed that CS caused fluctuating increases in A1AT protein in the
lung, most likely as a protective response due to CS.

Investigations into the mechanism of A1AT deficiency in CS induced COPD with A1AT
KO mice, showed increased inflammation after 2 weeks predominantly driven by
neutrophils and IL13 and CXCL15. Furthermore, there was increased alveolar
destruction after 8 weeks in A1AT KO CS compared to WT CS mice, highlighting
exacerbated lung damage in the absence of A1AT.

Upon investigating the Z mutation, functional, structural and inflammatory changes
were observed in PiZ mice, however these were attributed to CS and were not
significantly different to WT mice. Although increased alveolar destruction attributed
to Z toxicity was found, further experimentation is required to elucidate the
mechanism(s) of action.

Investigation of dendric cells (DC) found A1AT specific mechanisms may play a role
in the behaviour of DCs. Further studies showed that conventional DCs specifically,
accumulated in the lungs of A1AT KO CS mice. Additionally, increased migration was
found in A1AT KO compared to WT mice.

These studies have demonstrated novel findings contributing to the field of A1AT

deficiency and COPD. This thesis highlights the impact of A1AT, as an antiprotease

XiX



and a modulator of inflammation, specifically neutrophils, conventional DCs and
certain cytokines. Additionally, an improved mouse model of A1AT deficiency and
COPD (A1AT KO CS) was established to test future therapies.
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Chapter 1 — Introduction and review of literature

1. COPD and emphysema

1.1 Patient burden

Chronic obstructive pulmonary disease (COPD) is a progressive lung disease, and it
is the third leading cause of death globally with 3.23 million deaths in 2019 and 328
million people estimated to have COPD." As of 2017, 55% of the estimated 544.7
million people that had chronic respiratory disease had COPD.? In Australia COPD is
the 5th leading cause of death with 7,113 people having died directly from COPD in
2018.3 4 COPD was an underlying cause or a contributing factor to a further 18,498
deaths in Australia in 2018.3 4 COPD accounts for approximately half of the total
respiratory disease conditions and is the third leading specific cause of total disease
burden with 1 in 7 Australians aged 40 years and over having some form of COPD.
Estimates of hospital, non-hospital and pharmaceutical expenses Australia wide value
the cost of COPD at approximately $1 billion annually.* With NSW representing almost
a third of Australia’s population, this amounts to a significant community cost from this
disease. In the period 2016-17, 75 hospitals across NSW admitted over 44,580
patients with COPD totalling 407,530 bed days with an average length of stay of 9.14
days.® In terms of the global cost of COPD, over the next 30 years (2020-2050) the
total global cost of COPD has been estimated to be INT$4-326 trillion.® Currently, there
is no cure for COPD. Existing treatments can reduce exacerbations and improve

disease symptoms, however they do not halt or reverse disease progression.

1.2 Cause of COPD

COPD is characterised by chronic inflammation, small airway remodelling, and
irreversible lung damage (emphysema) that result in impaired lung function and
difficulty breathing. COPD can be caused by environmental, behavioural and genetic

factors.



Smoke exposure, particularly cigarette smoke (CS), is the main cause of COPD. This
can include active smoking in-utero and early-life exposure to tobacco smoke, passive
smoking, vaping or e-cigarette use and smoking cannabis. Environmental exposure
related COPD is also a significant risk factor, including bushfire smoke, air pollution,
indoor pollutants, and occupational exposures. For example, coal and other fuel
sources are common indoor pollutants in low-middle income countries, with exposures

contributing to accelerated development and progression of COPD in CS individuals.’
8

Another very important factor in COPD includes genetic factors with about 40% of the
variability in airflow limitation and up to 60% of the risk for COPD related to smoking
is attributable to genetics.® While there are links to many genetic factors the most
common one associated with COPD is alpha-1 antitrypsin (A1AT) deficiency. It has
also been suggested in the literature that A1AT deficiency is one of the only two
monogenetic variants that have been clearly shown to have a causative role in the

disease, with telomerase reverse transcriptase mutation being the other."°

Another risk factor is lung and systemic infections particularly in low-middle income
countries.'- 12 It has been estimated as high as 42% of people with tuberculosis, HIV
or early-life pneumonia develop COPD."® Finally, there are also links to childhood

asthma and premature birth i.e. impaired lungs early in life.% 14

1.3 Basic Pathogenesis of COPD

COPD is characterised by chronic inflammation, which leads to airway remodelling,
emphysema and impaired lung function (Figure 1.1). Chronic inflammation is
inflammation lasting for periods of several months to years. It involves accumulation
of tissue-infiltrating immune cells, particularly in the lungs and bronchoalveolar
space.'® 16 Chronic inflammation in the pulmonary tissue is also associated with
systemic effects ranging from cytokine induced priming of peripheral leukocytes, to
muscle wasting induced by cytokines such as tumour necrosis factor (TNF). 5 16

Aside from inflammation, COPD pathogenesis is also caused by oxidative stress.!”



An imbalance between oxidants and antioxidants is a result of increased oxidants,
such as from CS and from reactive oxygen and nitrogen species released from
inflammatory cells. Oxidative stress can also increase inflammation via complex
interactions with NF-kB. NF-kB once activated can increase production of cytokines,
chemokines and adhesion molecules, regulate cell functions including proliferation,
apoptosis, morphogenesis and differentiation as well as affect innate immune cells

and inflammatory T cell recruitment.’®

Airway remodelling includes any structural changes in the airways due to chronic
inflammation, most notably including chronic bronchitis, mucus hypersecretion and

changes to the epithelium and the extracellular matrix (ECM). 15 19

Emphysema is damage to the acinus, typically described as damage and enlargement
of alveoli but also includes the respiratory bronchiole, alveolar sacs, and alveolar
ducts.?%-21 This abnormal permanent dilatation of the airspaces and destruction of their
walls results in a decrease in the alveolar and capillary surface area, which decreases

the gas exchange.?'

Finally, impaired lung function results from all these changes to the lung. It is typically
measured in humans using FVC (forced vital capacity) or FEV1 the (Forced expiratory
volume in 1 second.?? 23 Interestingly, in mice there is an additional parameter in lung
function that is able to be measured - TLC (total lung capacity). TLC is the maximum
volume inspired into the lungs and the value is often higher due to air trapping in the

lungs.
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Figure 1.1: Development of COPD.

COPD is caused by chronic inflammation, which involved increased infiltration of
immune cells as well as increased inflammatory markers and cytokines. This
inflammation causes damage to the Ilung in the form of emphysema, airway
remodelling and impaired lung function (with measures such as FEV1, FVC, and for
mice also TLC). In COPD there is also a constant state of inflammation, described as
chronic inflammation. These features combined make up the pulmonary disease
COPD. Made with BioRender.



1.4 Clinical Features in diagnosis

Diagnosis of COPD involves an awareness of factors that predispose the patient to
developing COPD, for example, smoking, working in an environment with increased
risk of environmental exposures, or having A1AT deficiency. These risk factors
especially in combination with difficulty breathing/shortness of breath, persistent
cough or sputum production, recurrent pneumonia, or a family history of COPD are

very strong indicators to seek further testing. 2

Further testing, which leads to eventual diagnosis of COPD involves spirometry and a
lung scan (X-ray or CT scan). During chest and lung scans doctors can see evidence
of many structural changes to the lung including, emphysema, chronic bronchitis,
bronchial wall thickening and even gas trapping. Thus, a valuable and pivotal tool in

diagnosis. 24 2°

Lung function assessments are also crucial to diagnosis, with FEV1 and FVC being
two of the most important measures in human diagnosis.?? 23 In humans, lung function
is measured using FVC (forced vital capacity) or the maximum amount of air out of the
lungs in a single breath, as well as with FEV1 the (Forced expiratory volume in 1
second, that is the first one second of breathing out). If the FEV1/FVC ratio is less than
70% this indicates airflow limitation and the possibility of COPD.?® Thus, COPD is

associated with an accelerated decline in FEV1.

Hence, COPD diagnosis is based on a combination of risk factor evaluation, symptoms
of COPD, and spirometry showing decreased lung function and airflow obstruction.
Additionally, CT scans and lung function tests will determine the severity and

progression of COPD, which will aid in determining and tailoring specific treatments.



1.5 Current treatments

There is no current cure for COPD, ands as mentioned above, treatments have been
developed to reduce exacerbations and improve disease symptoms, however they do
not halt or reverse disease progression. The easiest and most effective treatment is
to stop smoking and limit environmental exposures, such as pollution and bushfire
smoke, that induce exacerbation and worsen symptoms. It is vital to reduce the
frequency and severity of exacerbations as they can lead to further decreases in lung

function. 26

Current pharmacological treatments include corticosteroids, bronchodilators,
antibiotics, and oxygen therapy. In more serious cases (progressed cases) lung
transplantation or reduction surgeries can only reduce exacerbations and improve

disease symptoms, however they do not halt or reverse disease progression.?’- 28

It is important to understand the cause of COPD to explore new therapeutic options
for COPD.

2. Inflammation and COPD

Inflammatory cells play a key role in COPD as inflammation in the lung is the first step
in developing COPD, and is also the main cause for all resulting damage, including
decreased lung function, emphysema and airway remodelling. Inflammation in
disease is complex and pathways and mechanisms of disease are constantly being
investigated. The cells most implicated in COPD are neutrophils and macrophages as
well as certain inflammatory cytokines/markers that are released upon immune cell

activation. 29 30

2.1. Macrophages

Macrophages play a pivotal, but dual role in chronic inflammation and the development
and progression of COPD. Pulmonary macrophages can be divided into two



populations found in anatomically distinct compartments. These are alveolar
macrophages (AM), which line the alveolar surface, and interstitial macrophages (IM),
which populate the space between the alveolar epithelium and vascular
endothelium?3.

Being the most prevalent immune cells in the lungs, macrophages normally play a
crucial role in the surveyance and clearance of cellular debris from the airways,
immune surveillance, resolving inflammation and maintaining tissue homeostasis in
healthy lungs. They achieve this by inducing phenotypic changes in response to
environmental stimuli induced in the surrounding tissue, usually described as M1/M2
macrophage polarization. However, these processes become dysfunctional in
COPD3".

As an example, the exposure to CS and particulate matter induces the macrophage
release of molecules, driving both innate and adaptive responses. This, in turn,
influences local lung inflammation, inducing the development and progression of
COPD. In addition, macrophages produce high levels of mediators, such as IL-8 and
granulocyte-macrophage stimulating growth factors (GM-CSF), which drive neutrophil
recruitment and macrophage maturation3'.

Importantly, macrophage numbers significantly increase in airways and lung tissue,
most often linked to disease severity. Macrophage increases in the sputum and lungs
of COPD patients have been widely acknowledged as proof of macrophage
involvement in COPD. Consequently, the M1/M2 macrophage polarisation shifts
towards the M1- proinflammatory phenotype, producing cytokines, chemokines and
proteases (such as elastase) attenuating macrophage function, promoting chronic
inflammation, tissue remodelling/destruction and damage to the lung tissue, leading
to emphysema. 31-33

Of key note is that a recent study by Takiguchi et al. 3* has shown the classical M1/M2
polarity of macrophages (with CD40 used as the M1 marker and CD163 used as the
M2 marker) may not be as applicable to COPD as initially believed due to the complex
lung microenvironment and macrophages plasticity. Macrophage M1/M2 double
negative cells have been shown to increase in the BALF of COPD patients.
Furthermore, the gene signature of these cells was pro-inflammatory and suggested
dysfunction in cellular homeostasis, thus leading to disease. The classical M1/M2

polarity of macrophages (even with inclusion of the M1/M2 double positive and double



negative classification) does not sufficiently explain the complexity of macrophages in
COPD.

The field of immunology is moving to more complex analysis of macrophages and
other immune cells. This is due to classification of these cells by single cell sequencing
and omics/multi-omics technologies, that enable classification of macrophages by
gene expression levels (i.e. identification of cell-types based on marker gene
expression of specific cell clusters). This allows the determination of specific gene
increase or decrease in particular subsets of immune cells i.e. neutrophils,
macrophages and monocytes, in diseases such as COPD. Thus, single cell
sequencing has enabled investigation of immune cells at an even greater complexity
and adds another aspect to the immune story in disease beyond cytokines released
and cell surface markers.

Takiguchi et al. 3% have identified 13 distinct macrophage/monocyte clusters in BALF
fluid of human COPD and healthy control patients and determined that macrophage
group 5 termed “monocyte-like” macrophages (characterised by high expression of
monocyte-associated genes VCAN and S100A8 together as well as monocyte
attractant CCL2 and the late monocyte-to-macrophage differentiation marker CHIT1)
and macrophage group 8 termed proliferating macrophages (characterised by
proliferation-associated genes MKI67, TOP2A, and NUSAP1, as well as increased
expression of histone genes HIST1H4C and HIST1H1D) exhibited the largest relative
increase in COPD.

This implies that in COPD it is not just a general increase in the number of
macrophages but an active recruitment of specific types of macrophages. Additionally,
Sauler et al. 3 have identified 8 macrophage clusters in their research on single cell
sequencing on explanted lung tissue from patients with advanced COPD or ‘healthy’
controls. The most notable cluster of macrophages was termed cluster-5 and was
characterised by metallothioneins (cysteine-rich metal-binding proteins), with
macrophages expressing elevated levels metallothioneins, and increased expression
of HMOX1 (Heme oxygenase 1), a target gene of the antioxidant transcription factor
NRF2 (Nuclear factor erythroid 2-related factor 2). This finding allows for further
investigation not only into metallothioneins, which have also been shown to have
protective roles in acute lung injury models, but also more broadly into the various

subsets of macrophages and the precise and tailored role these various subtypes or



clusters of macrophages, or even more broadly immune cells, play in the immune

response.

All of this is supported by cumulative findings showing the role played by macrophages
in the inflammatory process and tissue destruction triggered by COPD. Macrophages
can cause damage in a variety of ways, activated by several environmental factors,
most notably by CS, macrophages release pro-inflammatory mediators including TNF,
CXCL1, CXCL8 (IL-8), LTB4, IL-1B8, and ROS which amplify and drive the chronic
inflammatory environment, airway remodelling, and tissue destruction leading to
functional changes and the structural lung damage seen in COPD.3'-33 Hence, the
ability to produce most of the mediators highly expressed in the pulmonary tissue of
COPD patients is one of the key speculations about the orchestrating capacity of
macrophages in COPD. The damage induced by these proinflammatory factors is
amplified by impaired and reduced clearance of irritants (smoke and debris) and
pathogens (bacteria, apoptotic cells and inflammatory mediators (phagocytosis),
leading to persistent airway inflammation exacerbating lung damage. In addition,
metabolic changes such as mitochondrial dysfunction occurs (within the mitochondria)
resulting in their impaired function and worsening inflammation. This concomitated
release of inflammatory mediators leads to the recruitment of other immune cells like
neutrophils thus perpetuating inflammation. 3! Therefore, in parallel with impaired
clearance functions like phagocytosis in response to oxidative stress and
mitochondrial dysfunction these factors have made them key targets for the

development of future therapies.

As mentioned above, macrophage numbers in the lungs are significantly increased in
COPD, particularly in the alveolar space, with a 5-10 fold increase in BALF and
sputum compared to normal healthy counterparts.3¢ Macrophages often accumulate
at sites of alveolar wall destruction, where they can also release matrix
metalloproteases (MMPs) and proteases (e.g. elastase) which degrade the lung
tissue.®® In human patients, increased macrophages directly correlates to increased

emphysema.

Macrophages of COPD patients have been shown to have impairment of phagocytosis

and efferocytosis. The diminished phagocytotic ability of macrophages has also been



linked to more frequent COPD exacerbations. In essence the macrophages present in
COPD patients are not only increased but are more functionally defective, as cells
could not remove apoptotic epithelial cells. This diminished ability of macrophages
leads to tissue damage, chronic inflammation and various diseases including microbial
infection. This leads to the loss of tissue homeostasis and hence further contributing

to the vicious cycle of inflammation and tissue damage.3' 3¢

Aside from the roles of macrophages already discussed, there is also their influence
in the larger immune landscape, notably the impact on other immune cells and
subtypes, as well as inflammatory cytokines and other mediators, which will be

explored later in this study.

2.2. Neutrophils

Neutrophils are one of the other key features of inflammation in COPD, and are
responsible for a great deal of damage. Not only are neutrophils increased in the BALF
and sputum of COPD (5-10 fold), but so too are various neutrophil chemotactic factors
including CXCL1, CXCL5, CXCL8 and LTB4.3% 3" These chemotactic factors listed
cause further damage due to additional recruitment of more inflammatory cells (Figure
1.4).36. 37 Neutrophils also secrete several proteases including neutrophil elastase,
cathepsin G, myeloperoxidase, and MMPs, that can breakdown the ECM and damage

the alveolar wall, thus leading emphysema.38 39

Neutrophil elastase (and other mediators) are stored within neutrophil azurophil
granules. The area around a degranulating neutrophil has a significantly higher
concentration of neutrophil elastase causing the area of a degranulating neutrophil to
become significantly damaged.*° Thus, the more neutrophils degranulating in the lung,
the more direct damage from proteases as well as the more inflammatory mediators
released, and thus increased neutrophil chemotaxis.*® 4! Increased infiltration of
neutrophils in the lungs occurs in all people with COPD, irrespective of the cause or
severity of COPD.#!

10



2.3. Otherimmune cells

Lung structural cells, including airway and alveolar epithelial cells and endothelial
cells, as well as fibroblasts are also activated in COPD. They contribute to
pathogenesis as upon initial damage they are unable to effectively repair, thus the
structure is disrupted and hence, structural integrity lost. They also release
inflammatory cytokines, contributing to the high inflammatory environment that leads

to further damage. 37-42

Other specific inflammatory cells that are increased in COPD and particularly
detrimental in COPD including T lymphocytes, dendritic cells (DC) and in some cases
eosinophils. Specifically, DCs have been shown to be activated in the lungs of COPD
patients, and increased DCs are linked to increased disease severity.3” 43 This is a
pivotal finding as DCs also activate other immune cells including neutrophils,
macrophages, T cells and B cells. CD4+ (T helper) and CD8+ (suppressor/cytotoxic)
T cells are increased in the airways and lung parenchyma of patients with COPD, with
a predominance of CD8+ cells. In smokers who develop COPD there appears to be
activation of adaptive immunity, with the infiltration of CD8+ and CD4+ cells in the
alveolar walls and small airways. As well in COPD patients with the most severe
disease there is the presence of lymphoid follicles that contain a core of B lymphocytes

surrounded by T cells.37- 43 44

COPD severity was also found to correlate with increased B cell counts and the
number and size of B cell-rich lymphoid follicles in COPD lungs.*® In addition,
increased levels of mediators that promote activation, maturation and overall survival
were also found in the lungs of COPD patients. Furthermore, antibodies derived from
these B cells, also contribute to lung inflammation of COPD patients by targeting lung
cells, fragments of these cells and proteins associated with the extracellular matrix.*®
This was attributed to the formation of various immune complexes which activate
complement proteins. Although, studies involving B cell-deficient mice and human
COPD patients found a strong correlation to the emphysema phenotype, it should be
pointed out the B cells also offer protection during COPD aggravations by promoting
various adaptive immune responses that assist the patients defence systems against

pathogens.*®
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While eosinophils have been shown to increase in COPD, this finding is not consistent
across all patients with COPD,3” suggesting that there are additional factors and
conditions relating to increased eosinophils and hence more research on mechanisms
of disease is required. One key finding is that eosinic airway inflammation is strongly

linked to patient corticosteroid response.3” 43

A key point to remember regarding inflammation is the importance of the interplay
between various inflammatory cells, and inflammatory mediators which lead to
disease. That is, while some cells and mediators are particularly impactful in disease
pathogenesis, the combination of multiple complex inflammatory pathways leading to
chronic inflammation and disease, is what makes inflammatory diseases like COPD
particularly detrimental as well as difficult to treat, as targeting just one pathway can
be insufficient or ineffective in suppressing inflammation. However, treatments have

and can still show some improvements.

2.4. Inflammatory mediators

Inflammatory mediators are heavily implicated in COPD pathogenesis. These
mediators are small molecules and proteins which are released by both inflammatory
and structural cells.

Inflammatory mediators include: lipid mediators such as prostaglandins and
leukotrienes (e.g. LTB4), growth factors (e.g. EGF and TGFf), free radicals/ROS and
proteases, inflammasomes (which regulate the expression of proinflammatory
cytokines), and most notably cytokines and chemokines.33 46

Cytokines and chemokines are very heavily implicated and studied in COPD, with their
main function in COPD to signal and regulate immune cells and immune response.
Chemokines are chemotactic cytokines, which attract certain inflammatory cells to
move to a chemical gradient.*”- 48 The best example of this in COPD and particularly
A1AT deficiency related COPD is neutrophil chemotaxis into the lung. Where
specifically IL-8 (CXCL8) and LTB4, have been specifically implicated in neutrophil
chemotaxis.*”> 42 One reason this is specifically detrimental to A1AT deficiency is due
to the ability of A1AT to regulate human neutrophil chemotaxis induced by soluble

immune complexes and IL-8 (via direct binding of A1AT to IL-8).5° While there are
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many cytokines and chemokines implicated in COPD, a few key mediators include IL-
8, TNF and LTB4, which are also shown in Figure 1.4.

3. ECM structure and turnover

3.1.  Key components of the ECM

Lung ECM is a group of macromolecules including, glycoproteins and proteoglycans,
elastin, and collagen, which provide structural support and are essential in maintaining
healthy lung function.5'-%3 A1AT deficiency in humans leads to excess activity of
proteases, such as neutrophil elastase (NE) which induce abnormal deposition of
extracellular matrix (ECM) proteins resulting in tissue damage. °* % A1AT deficiency
is therefore associated with uncontrolled ECM protein degradation that eventually
leads to emphysema in COPD.28. %5, 56

In COPD, airway remodelling involves changes in the ECM affecting airway wall
thickness, resistance, and elasticity, resulting in the entrapping of gas and limiting
airflow. Specifically, ECM remodelling is implicated in alveolar destruction
(emphysema), and airway obstruction (airway remodelling) which are key
classifications of COPD.5%". %7

Although collagen and elastin are the main focus of the ECM in lung damage
associated with COPD, there are other components of the ECM such as fibronectin,
laminin, tenascin, integrins, growth factors and certain matrix metalloproteinases
(MMPs) that also contribute but are less explored.>'-53. 57

Specifically, and of particular importance to COPD is the changes that occur in
collagen and in elastin. Elastin is a key component in the ECM giving lungs their
elasticity, thus the ability of alveoli to contract i.e. breathe out. In COPD they are a
major target of disintegration, damage and thus lung remodelling, with the
decomposition of elastin leading to emphysema. Collagens are the main form of
structural proteins found in the ECM and are best known for providing tensile strength,
however they are also involved in cell adhesion and migration. Collagens are also
heavily implicated in remodelling however there are many subtypes of collagen in the
lung that serve slightly different roles for example collagen |, Il, Ill, V and Xl are

arranged into fibrils which provide structural integrity, while collagen IV is the core
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component of basement membranes of the ECM providing mechanical strength. 51 52
% Regarding COPD collagen degradation is upregulated and serum fragments of
collagen |, lll, IV and VI are associated with increased disease severity specifically
airflow limitation.>" Additionally, degradation of certain collagen fragments such as |
and IV as well as collagen V formation are increased during COPD exacerbation and
decreased to basal levels 4 weeks after exacerbation.5® Furthermore, collagen IV
turnover is predictive of mortality in COPD and affects key pathological processes in
COPD.%8 60 Thus, the importance of collagen, elastin and other ECM turnover products
to be used as serum biomarkers, as they are significantly associated with disease
severity and clinically relevant outcomes in patients with COPD, as well as their role
in disease pathogenesis.>" 6

This degradation in elastin and collagen fragments are a direct result of increased
inflammation, which for the majority of COPD cases is due to increased inflammation
from CS. In addition, with increased chronic inflammation there is also increased
fibroblasts and inflammatory cells including neutrophils, macrophages and T cells to
the airways. These cells then secrete matrix metalloproteases (MMPs) which degrade

the ECM of small airways and parenchyma.®’

3.2. Protease and anti-protease balance

3.1 outlined the ways in which proteases can degrade lung tissue in COPD patients.
In healthy tissue, these proteases are prevented from causing excess damage by the
activity of anti-proteases. The major pulmonary anti-proteases and their functions are
listed in Table 1.1. These include A1AT, cystatins, which inhibit cysteinyl cathepsins,
as well as TIMPS (tissue inhibitors of metalloproteases), which regulate MMPs and

ADAMs (a disintegrin and metalloproteinase). 30 38, 39,62, 63,64
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Table 1.1: List outlining common lung proteases, as well as antiproteases that inhibit

or regulate them. 30. 38. 39,62, 63,64

Anti-proteases Proteases

A1AT NE

secretory leukocyte protease inhibitor Cathepsin G

(SLPI)

tissue inhibitors of metalloproteinase Proteinase 3

(TIMP)

Elafin MMPs (notably MMP-1, -2, -8, -9, -12, -
13 and -14)

Alpha-1 antichymotrypsin ADAM (notably ADAM-17)

Cystains Dipeptidyl Peptidase IV
Tryptases
Chymases
Cysteine Proteases (e.g. Caspases and
Cathepsin S)
Aspartic Proteases (e.g. Cathepsin D
and Cathepsin E)

It is important to note that these proteases and antiproteases do not hold equal weight
in their contribution to the destruction of the lung, or in the case of anti-proteases, their
protective ability in the lung. For example, while SLPI and Elafin are inhibitors of NE,
as well as cathepsin G, chymase, trypsin and proteinase 3 (inhibited by Elafin), they
are present in much lower quantities in the lung compared to A1AT. 38 3° Hence, A1AT
is largely considered the primary inhibitor of NE. Additionally, other proteases such as
MMPs and ADAMs are largely regulated by TIMP, however there is still significant
research on the implication and effect of A1AT/ A1AT deficiency in this regulatory
pathway.38 3% 63 Thus, the complexity is not just in the protease anti-protease balance,
but also in their alternative functions e.g. the ability of A1AT to modulate immune
response. This includes, for example, the ability of A1AT to inhibit TNF and MMPs in
alveolar macrophages in response to CS extract, as well as to impair LPS-induced

monocyte activation and to block apoptosis.®
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4. A1AT Deficiency

A1AT deficiency is a genetic disorder that has a reduction or complete loss of A1AT
protein. A1AT deficiency in humans leads to excess activity of proteases, such as
neutrophil elastase (NE) that induces abnormal deposition of extracellular matrix
(ECM) proteins and tissue damage.® 55 A1AT deficiency is associated with
uncontrolled ECM protein degradation that eventually leads to emphysema in
COPD.28:%5.%6 (Figure 1.2).

Healthy Alveolus
with A1AT Neutrophll —4

\

Blood
vesse|

Damaged
No A1AT

Neutrophil
Elastase /4>

Elastin -

Alpha-1 |
Antitrypsin

Figure 1.2: Representation of the mechanism of disease in A1AT deficiency compared

to normal ‘healthy’ physiology.

The left ‘healthy’ side of this figure shows a system with healthy alveoli with functional
A1AT and inhibition of proteases such as neutrophil elastase. In contrast, the side with
no A1AT shows uninhibited proteases (neutrophil elastase) which degrade ECM lung
structures leading to damage. Thus, highlighting a main mechanism in how A1AT
protein is protective in the lung, specifically against damage to the ECM and alveoli.
Made with BioRender.
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4.1. Prevalence of disease

A1AT deficiency is one of the world’s most prevalent and serious hereditary disorders
and the most common genetic factor contributing to COPD. Approximately 1 in 9
Australians carry a faulty A1AT gene.®® Furthermore, 90% of diseased individuals are
undiagnosed i.e. they don’t know they have A1AT deficiency. 66

Laboratory testing, such as testing genotyping and phenotyping (pathology) is the
most common way of A1AT deficiency diagnosis, however lack of diagnostic tools
remains a major issue of A1AT deficiency. A recent study by Nakanishi et al. (2020)%”
showed that only 9 out of 140 individuals with PiZZ genotype were diagnosed with
A1AT deficiency. Studies also showed that even among A1AT deficient (PiZZ)
individuals already diagnosed with COPD, 77% were not diagnosed with A1AT
deficiency.®” Diagnosis is often very slow, with an average of 5 to 8 years from first
symptom onset to diagnosis of A1AT deficiency. 87 This is particularly detrimental due
to the significant irreparable damage occurring over this time, and since there is no

cure for A1AT or COPD this damage is permanent.

This suggests that A1AT is not a rare disease but a rarely diagnosed disease. Hence,
there is an unmet need for more research into A1AT deficiency and potential

treatments and cures for patients with A1AT deficiency and COPD.

4.2. A1AT Gene and Mutations

Alpha-1 antitrypsin (A1AT) is a 52 kDa serine protease inhibitor (clade A member 1
encoded by the SERPINA1 gene located on chromosome 14. A1AT is primarily
produced by parenchymal cells in liver and is transported to the plasma where it is
circulated to the lungs.®® ©° |t is also produced in many other cells, including bronchial
epithelial cells, neutrophils, monocytes, macrophages - including alveolar
macrophages, and epithelial cells’® 7'. The A1AT gene has two separate promotors,
one liver specific and the other monocyte specific. 7
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To date, well over 100 mutant alleles of A1AT have been identified, with some
mutations resulting in an absence of A1AT protein.” The M allele is the normal, non-
mutated allele. Individuals with two copies of this allele, termed PiMM (protease
inhibitor MM), have 100% normal circulating A1AT protein with serum concentration
values of 20-53 uM. A1AT concentrations below a minimum serum A1AT threshold of
11 uM, are under the ‘protective threshold’. have a severe deficiency, and greatly
increased risk of lung disease. Intermediate A1AT deficiency ranges between 11-20
MM with serum ranges from 20-60% of the normal. A decreased A1AT serum
concentration or impaired, less functioning A1AT protein is dependent on the
genotype.®® 7476 This means depending on the severity of the mutated allele and if it
is homozygous or heterozygous, will influence how increased the risk of disease is,
which is supported by the correlation between different A1AT genotypes and
increased risk of COPD development. 7678 Some of these alleles are described in
Table 1.2.

Table 1.2: Characteristics of selected A1AT genes/alleles.

This shows the type of mutation, cellular defect, mutation, and effect of mutation. The
types of alleles are normal (M), deficiency (Z and S), null (alleles with no protein or no
mRNA) and dysfunctional alleles (Z and F).73 78 79

Allele Mutation Cellular Effect of Disease
defect mutation association
M None None None Normal (None)
V4 Glu342Lys Intracellular Polymerisation | Lung, Liver

accumulation | and low A1AT
serum levels
(10-20%)

S Glu264Val Intracellular Quantitatively | Lung

degradation and
functionally
deficient A1AT
(~50%) of
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normal serum

levels

Arg223Cys

Defective
neutrophil
elastase

inhibition

Protein is
functionally
impaired in

binding and

Lung

inhibiting
neutrophil
elastase
(quantitatively
normal)

I Arg39Cys mild

quantitative

Lung

deficiency

Null Numerous No mRNA, or | No functional

no protein

Lung
(numerous protein

alleles)

The most common mutation is the Z mutation, accounting for >95% of clinical A1AT
deficiency cases.? The Z mutation contains an amino acid substitution of lysine for
glutamic acid at position 342 i.e. (E342K) or (Glu342Lys mutation). The mutated Z-
A1AT protein is prone to self-aggregation and polymerisation, causing it to misfold and
accumulate in the endoplasmic reticulum of hepatocytes.8' 82 This results in a gain-of-
toxic function leading to inflammation, fibrosis, cirrhosis, and increased risk of
hepatocellular carcinoma.®® Since the protein is accumulated in the liver it cannot
travel to the serum and lungs, hence a lower concentration is measured in the serum
of Z heterozygous (MZ) and homozygous (ZZ) individuals, and less is present in the

lungs where it is protective.?': 8

Individuals with one normal copy (M) and one mutated Z copy are PiMZ and have on
average 60% circulating A1AT gene, however the PiZ genotype is presentin up to 5%
of the general population. Additionally, those with 2 mutated Z alleles have been

reported at between 10-20% circulating A1AT.8% 74.77. 80 7 allele homozygosity has
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severe A1AT deficiency and hence a high risk of disease, however those with
genotypes with intermediate A1AT deficiency, although at a greater risk compared to
healthy individuals, may not ever develop COPD if their environmental risk factors are
low.”” Individuals with A1AT deficiency who inhale cigarette smoke, increase their
chances of developing COPD. Cigarette smoke and other occupational and
environmental inhalants can further disrupt the protease-anti-protease imbalance in

A1AT deficiency patients and further increase the risk of COPD, as depicted in Figure
1 _3_76, 77,84

4.3. A1AT deficiency and COPD

The current paradigm for the association between A1AT deficiency and COPD risk is
represented graphically outlined in Figure 1.3, this shows the protease — antiprotease

balance as A1AT presence vs neutrophil elastase burden.

Correlation between A1AT and Neutrophil Elastase (NE) burden from
Cigarette Smoke (CS)

— 3 A1AT NE burd
* M allele = Normal A1AT production 50—  aiar NE burden in Healthy Shcke:
= Heal'{hv Healthy Non:moker A '..
-~ b ) A A
7 allele = P N accumulatec in — 0 A A A 0
”;‘%ldi = Pt n accumulates in % 40 ::;‘ / AAAA ...‘.
cells = A1l % M —A—
' ©
>
*Null allele = No A1AT protein is 3 30
made = Absence of A1AT g ATAT NE burden in
g A1AT NE burdeniin Deficiency Smoker
— 20— . Deficiency 'Non-Smoker . .
— < 44 @
P B b A L) 4 ...
V R NG AA oo S, %%
T, — O () ®
f No A1AT NE burden \
(null) Non-Smoker O
0 -
" Non-Smoker [ Smoker |

Cigarette Smoke (CS) burden

Figure 1.3: Conceptual model showing the correlation between alpha-1 antitrypsin

(A1AT) concentrations (levels) and neutrophil elastase, by genotype.

This shows the protease anti-protease balance as A1AT protection vs neutrophil
elastase. This figure shows the detriment of a lack of A1AT e.g. A1AT deficiency or

severe A1AT deficiency ‘no A1AT’ from null genotype individuals. The figure also
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shows how increased NE burden can also be a detriment, leading to an imbalance
and thus disease, as well as how A1AT deficiency further increases this imbalance.
Made with BioRender.

While neutrophil elastase burden can be increased due to many factors including
cigarette smoke, influenza, COVID-19 etc. this graph assumes a healthy environment
and the increased burden of neutrophil elastase from CS. In the top left (of Figure 1.3)
we have healthy individuals, who have lots of protective A1AT that can inhibit
neutrophil elastase and no disease. If these healthy individuals are exposed to
cigarette smoke however the neutrophil elastase burden is increased. This can still
lead to disease progression but since there are high levels of A1AT there is still some
protection from the A1AT as it will inhibit the neutrophil elastase.

With A1AT deficiency however, the A1AT level is already quite low and so the impact
of cigarette smoke is more severe as the neutrophil elastase is uninhibited and can
damage the lung. Furthermore, in patients with no A1AT, null individuals, as well as
very severe deficiencies (which can even include PiZZ) there is very little to no
protective A1AT and the neutrophil elastase impact is severe. This means that patients
with A1AT deficiency the neutrophil elastase burden from CS is even higher, and they
are at increased risk of developing COPD. In some cases, patients with A1AT
deficiency develop COPD without ever having smoked.

Those with genotypes with intermediate A1AT deficiency, although at a greater risk
compared to healthy individuals, may not ever develop COPD if their environmental
factors are low. Individuals with A1AT deficiency who inhale cigarette smoke, increase
their chances of developing COPD. Cigarette smoke and other occupational and
environmental inhalants can further throw off the protease-anti-protease imbalance in

A1AT deficiency patients and further increase risk of COPD.86

4.4. A1AT deficiency and macrophage function in COPD pathogenesis

A second critical role of A1AT is its anti-inflammatory properties attributed to A1AT’s
ability to suppress macrophage activation. Therefore, in systems without A1AT there
is increased inflammation, less ability to clear apoptotic cells and control infections

resulting in more damage to lung tissue.3?
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Macrophages typically produce/secrete A1AT, and this is a key source of A1AT
excluding the main source which is liver hepatocytes.”? In A1AT deficiency this
production is reduced, dysfunctional, or non-existent depending on the specific
mutated variant of the gene.”® Thus, in A1AT deficiency, the macrophages are already
inherently different in that there is less protective A1AT, even in the presence of
macrophages. Both, peripheral lung macrophages isolated from bronchoalveolar
lavage and monocyte-derived macrophages (MDM) transcribe the A1AT gene, and
secrete A1AT. Monocyte differentiation to macrophages increases the level of gene
expression 3-fold, though still 70 times less than hepatocytes,3? suggesting that
macrophages contribute a greater component of local A1AT in the lungs than
monocytes. However, monocytes still contribute to the local pool of A1AT in the
lungs and the overall anti-inflammatory system, but to a lesser extent than when

differentiated into macrophages.

A1AT has several other effects on macrophages unrelated to its direct anti-protease
activity. Neutrophil elastase binding to macrophages induces the release of LTB4, a
major neutrophil chemoattractant, but this pathway is inhibited by A1AT, leading to
reduced LTB4 release in vitro and in vivo. This includes the ability of A1AT to abrogate
IL-8 and LTB4 mediated neutrophil chemotaxis by up to 40%, as well as inhibition of
TNF secretion by A1AT induced inhibition of the TNF converting enzyme (TACE) on
the membrane surface. Thus, reducing neutrophils chemotaxis, and neutrophil
degranulation which leads to further protease release and further lung damage (Figure
1.4).87
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[Production note: This figure is not included in

this digital copy due to copyright restrictions.]

Figure 1.4: Main effects of A1AT on inflammatory pathways.

This shows the impact of key cytokines on neutrophil migration, degranulation and
neutrophil elastase release, as well the subsequent pathways and resulting damage

to the lungs. Reproduced from Smith D. J. et al 7.

4.5. Other diseases associated with A1AT deficiency

While this project primarily focuses on A1AT and COPD it must be noted that A1AT is

implicated in many other conditions.

Mutated A1AT can misfold in the liver and cause cirrhosis of the liver with further
complications leading to liver failure and liver cancer. Additionally, greater than 20%
of adult individuals with ZZ homozygous genotype have significant liver fibrosis and
10% have advanced fibrosis. 8 Lung fibrosis has also been loosely linked to a very
rare A1AT deficient variant, however this variant is not well studied or explored in this

thesis®d.
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A1AT can influence the immune system in multiple ways, many of which are still being
uncovered and require further exploration and investigation. For example, A1AT
deficiency can cause infectious lung diseases to be more severe, such as influenza,
pneumococcal disease, and COVID-19.%%: °1 Similarly, A1AT has been shown to be
protective in various autoimmune disease such as Type 1 Diabetes, Rheumatoid
Arthritis, Systemic Lupus Erythematosus.%? %3 A recent study showed that neutrophils
from A1AT deficient patients had increased chemotaxis towards IL-8 ex vivo.%° This
finding suggests that A1AT deficiency leads to inherent differences in immune cell

behaviour.

Typical pulmonary manifestations associated with A1AT deficiency include
emphysema and bronchiectasis, however other lung conditions are also implicated
including asthma.® The link between A1AT deficiency and asthma is associated with
the protease antiprotease imbalance mechanism of disease as well as the lack of

A1AT anti-inflammatory and immunomodulatory properties®.

Also of note is the link between A1AT deficiency and lung cancer, specifically
squamous and adenocarcinoma types — for which an increased risk of development
of lung cancer was increased with A1AT deficiency, but survival rate was not

impacted®®,

The vast range of diseases associated with A1AT deficiency emphasises the
importance for the creation of A1AT based therapeutics and also suggests that the
importance of A1AT is not limited to the protease anti-protease balance which is
highlighted as a main cause of COPD in A1AT deficient patients. Hence, the
importance of understanding the depth of the role that A1AT plays in inflammatory

response to CS and in disease.

4.6. Current Treatments

The only current treatment for A1AT deficiency is augmentation therapy. The patient
receives weekly to monthly intravenous (1V) infusions of A1AT protein, obtained from

blood donors, to raise levels of the protein in the serum.”® 80 This therapy aids slightly
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to slow down lung damage however the treatment is very transient and has risks of
allergic reaction and viral contamination. Gene therapy has been considered in the
treatment of A1AT deficiency patients. The benefit of gene therapy is the potential of
a single dose treatment or a longer time frame between treatments, stable A1AT levels
in the body as the body will be able to self-produce A1AT protein, and hence, A1AT
deficiency therapy will no longer be reliant on human blood donations.”® 8 There are
two major considerations for gene therapies: the vector used to deliver the gene and
the target site. Methods investigated for A1AT gene treatment include gene editing
techniques, including clustered regularly interspaced short palindromic repeats
(CRISPR) and zinc-finger nucleases, as well as methods of gene delivery including
retrovirus, adenovirus, adeno associated virus, plasmid and liposomal vectors, with
typical target sites including the lung, liver and muscle.8® However, most of gene

therapy has severe side effects or limited ability to deliver gene to target cells.®®

It is important to note that much of the field of genomic editing regarding the A1AT
gene and increasing A1AT production involves either using some version of viral
vector to deliver functional A1AT gene or by specifically targeting and manipulating
the A1AT regulatory region including the promoter and enhancer region. Thus
targeting or inserting specific DNA regions in the A1AT gene structure that when

activated leads to increased A1AT production’?.

5. Mouse models of COPD/A1AT deficiency

Many experimental mouse models have been established both for understanding the
mechanisms of A1AT deficiency and for testing potential treatments and therapies.
Like with most animal models there is some variation between the animal model and
the human disease. For A1AT deficiency something to note is that the Serpina1 gene
present in humans varies to that in mice. In humans A1AT protein is expressed by a
single gene (SERPINA1) however mice have 3-5 distinct protease-inhibiting genes
(Serpinala-e) depending on the strain, with C57BL/6 mice possessing genes
Serpinala-e.84 97,98

These genes are quite similar however only Serpinala and Serpina1b were found to
inhibit neutrophil elastase, which as mentioned earlier, is the major physiological target
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of human A1AT and hence, will be the main targets and focus of this study.®®
Interestingly, Serpinalc-e, have specificity for proteases other than neutrophil
elastase.®® Additionally, upon deletion of Serpinala in mice there was resultant
embryonic lethality, although this is not the case when Serpinala-e genes were
deleted. Serpinala and Serpina1b are present in all mice that have been investigated,
however, much is still unknown about murine Serpina1 genes, and some have been

investigated less than others.8+ 97, 98,100

Three major mouse models of A1AT deficiency are studied in the literature.

PiZ mice: The PiZ mice carry an insert of expressed sequence of the human A1AT
mutant Z gene on a C57BL/6 background. These mice present with the liver phenotype
of A1AT deficiency disease with reductions in circulating levels of A1AT protein.82
Previous studies have shown that these mice develop increased pulmonary
inflammation after acute (5 days) CS exposure.”®

A1AT KO mice: The A1AT KO mice have knock out of genes Serpinala-e on a
C57BL/6 background.®® They have undetectable levels of A1AT in serum and an
absence of A1AT in liver tissue. These mice spontaneously develop emphysema by
the time they reach ~1 year old.%®

Pallid mice: these mice possess a partial A1AT serum deficiency. Symptoms of lung

disease do not manifest until age 8-10 months. 0’

To date most of the experimental work with these models has looked at either acute
smoke exposure (which can only replicate CS induced inflammation) or the effects of
A1AT deficiency in isolation. Our lab has established an experimental model of
cigarette smoke (CS) induced COPD. The mice develop all characteristics of COPD,
including chronic inflammation, small airway remodelling, emphysema and impaired
lung function in 8 weeks. %2 Of particular note regarding this CS model is the use of a
custom apparatus that allows nose only inhalation of CS as opposed to full body CS
exposure which is present in most of the CS exposure models in the literature. This
model will allow me to investigate the intersection of A1AT deficiency and CS induced

disease in a true COPD model.

In this thesis | will be investigating the connection between cigarette smoke induced

emphysema and A1AT deficiency using two previously developed transgenic models
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of A1AT deficiency; PiZ mice and A1AT KO mice. This work will aid in creating a
suitable mouse model in order to test future therapies, particularly novel genomic
editing based therapies. By combining existing CS exposure mouse models with A1AT
deficient GMO mice and create a model that has both CS damage and A1AT related
damage as well as potentially a worsened model in A1AT deficiency compared to
control (non-A1AT deficient). Thus, these models not only allow investigation into the
many complex mechanisms leading to disease but also elucidate how these models

are similar or vary to human disease, and to existing models.

6. Aims and Hypotheses

Thesis Goal: To gain a greater understanding of the interaction between A1AT

deficiency and CS exposure.

Hypothesis: That the role of A1AT is pivotal as a key immunomodulator, as A1AT is

known to impact certain key inflammatory pathways, contributing to COPD.

Aim 1: To assess the gene and protein expression of A1AT in an experimental model
of CS-induced COPD in mice.

Hypothesis: We hypothesise that A1AT expression changes upon exposure to CS and
COPD.

Aim 2: To investigate the mechanisms of A1AT deficiency in CS induced COPD

Hypothesis: That A1AT KO mice will experience worsened COPD due to CS when
compared with WT controls.

Aim 3: To investigate the mechanism of human Z mutated A1AT toxicity in CS induced
COPD.

Hypothesis: That PiZ mice will experience more severe COPD due to CS when
compared to WT controls, as well as liver damage due to A1AT accumulation in the

liver.
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Aim 4: To elucidate the biology of dendritic cells in an A1AT deficient, CS-induced
COPD model.

Hypothesis: That there is a potential DC involvement in priming the immune system in
COPD that could lead to worsened disease outcomes.
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Chapter 2 — Methods

This chapter contains all the methods used throughout this thesis. This is due to
significant overlap in protocols across some chapters, for example all chapters involve

the use of CS exposed mice.

Mice

A1AT KO (C57BL/6J-Serpinalem3Chmu/J) mice used in this study were acquired
(breeder pairs) from The Jackson Laboratory (Harbor, Maine, United States). Mice
were created by using CRISPR/Cas9 to delete all of the mouse Serpinal genes®.
Imported mice were subsequently bred homozygous KO x homozygous KO at the
Centenary Institute. These mice have a C57BL/6 background and hence C57BL/6 is

used as the experimental control.

PiZ (B6.Cg-Tg(SERPINA1*E342K)Z11.03Slcw/Chmud) mice used in this study were
acquired (breeder pairs) from The Jackson Laboratory (Harbor, Maine, United States).
Mice express mutant human SERPINA1, from a knock in for the human Z mutation
which carries a glutamic acid to lysine substitution at residue 342 (E342K). These PiZ
mice accumulate a1-antitrypsin in hepatocytes and develop liver damage, and have a
C57BL/6 background with functional mouse A1AT. Imported mice were subsequently
bred at Australian BioResources (ABR), and imported as required to the Centenary

Institute.

Wild-type (WT) C57BL/6 mice were imported from ABR, Ozgene ARC, and WEHI.
Imported mice were acclimatised in the facility for a minimum of 7 days prior to
experimentation. All mice at Centenary were kept in 12h light/dark cycle and fed
standard irradiated chow. All experimental work was approved by the Sydney Local
Health District Animal Welfare Committee. Protocol numbers 2022-002 and 2022-009.
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Genotyping — A1AT KO mice

Homozygous A1AT KO breeder mice were obtained from The Jackson Laboratory.'%3
Ear clippings were taken from A1AT KO breeder parents and F1 generation. DNA was
extracted from the ear clippings using MyTaq Extract-PCR Kit (BIO-21127, Bioline) as

per manufacturer’s instructions (heat at 75°C for 5 mins, then 95°C for 10 mins).

PCR product was made by adding a master mix (9.5ul) to the extracted DNA from
mouse ear clippings (0.5ul) and thermocycling based on specifications from the
Jackson Laboratory (Table 1)'%4. The master mix included 10 uM forward primer
(0.5ul, A1AT KO sequence: 5’-TCA GAC TAT ACA GGG AGC TGG TC-3’), 10 uM
reverse primer (0.5 pl; A1AT KO sequence: 5’-CAC CAG CTT CAG GTC ATT GTT-
3’), My Taq HS Red Mix (2x, BIO-25047, Bioline) and dH20 (3.5 pl).

Table 2.1: Cycling conditions for creating PCR product.

The thermocycling protocol is based off specifications from Jackson Laboratory, for

genotyping ATAT KO mice.’%4

Step | Temperature (°C) Time Note

1 94 5 mins

2 94 30s

3 65 30s -0.5 C per cycle decrease

4 68 30s

5 repeat steps 2-4 for 10 cycles
6 94 30s

7 60 30s

8 72 30s

9 repeat steps 6-8 for 28 cycles
10 72 5s

11 10 oo hold
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PCR product or ladder (Bioline HyperLadder 50bp, BIO-33039, 1uL), GelRed (BIO-
41009 6X GelRed, 1uL) and H20 (4uL) was pipetted into the well of 2.2% agarose gel
in 1x TAE buffer (pH8). Gel was run at 90V, for 40 mins and imaged on a BioRad
ChemiDoc™MP Imaging System. Mice were confirmed to be A1AT KO mice by the
presence of characteristic KO band (at 200bp) compared to WT band (300bp).

Genotyping—PiZ mice

Hemizygous PiZ breeder mice were obtained from The Jackson Laboratory.'® Ear
clippings were taken from all mice. DNA was extracted from the ear clippings using
MyTaq Extract-PCR Kit (BIO-21127, Bioline) as per manufacturer’s instructions (heat
at 75°C for 5 mins, then 95°C for 10 mins).

gPCR product was made by adding a master mix (9.5ul) to the extracted DNA from
mouse ear clippings (0.5ul) and thermocycling based on specifications from the

Jackson Laboratory (Table 1).

The master mix included 5ul of KAPA PROBE FAST One-Step qRT-PCR Master Mix
(2X) Universal (Roche), 0.4ul of 10uM forward primer (transgene sequence: 5’- AGA
AAA GGG ACT GAA GCT GC -3’), 0.4 ul of 10uM reverse primer (transgene
sequence: 5- ACC ACT TTT CCC ATG AAG AGG -3’), 0.4ul of 10 uM forward primer
(internal positive control sequence: 5’- CAC GTG GGC TCC AGC ATT -3’), 0.4ul of
10 uM reverse primer (internal positive control sequence: 5- TCA CCA GTC ATT TCT
GCC TTT G -3’), 0.15ul of 10 uM Tg probe ([6FAM] CCC CCC GAG GTC AAG TTC
AAC AA [BHQ1]) for the transgene primers, and 0.15ul of 10 uM IC probe ([Cyanine5]
CCA ATG GTC GGG CAC TGC TCA A [BHQ3]) for the internal control primers, as

well as nuclease free (nf) H20 (3.5 pl) for each well/ mouse sample.

As the volume of ear clipping DNA required is only 0.5ul, and the required volume of
nf H20 2.6pl to make up the volume of 10ul, a mix of DNA and nf H20O was made to
reduce pipetting error. This involved adding 3ul of DNA, and 15.6ul of H20, and
pipetting 3.1l of this mix into each well, for each mouse sample. The master mix of
primers, probes and KAPA probe fast, was then pipetted into the well (6.9pl), for a

total volume of 10ul.
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Table 2.2: Cycling conditions for genotyping PiZ mice.

The thermocycling protocol is based off specifications from Jackson Laboratory, for

genotyping PiZ mice.

Step | Temperature (°C) Time Note

1 95 3 mins

2 95 3s

3 60 20s Repeat steps 2-3 for 40 cycles

Smoke model

Mice were simultaneously exposed to cigarette smoke (twelve 3R4F reference
cigarettes [University of Kentucky, Lexington, Ky] twice per day and 5 times per week
for 1 to 12 weeks Figure 1). Cigarette smoke was delivered by using a custom-
designed and purpose-built nose-only, directed-flow inhalation and smoke-exposure
system (CH Technologies, Westwood, NJ) housed in a fume and laminar flow hood
with each exposure lasting 75 minutes. To achieve nose-only smoke exposure, mice
were placed in specialised containment tubes where smoke could only enter directly
to the nose of the mouse. Mice were exposed to increasing amounts of CS to allow
for acclimatisation, exposure is as follows, first day 1 session of 6 cigarettes, second
day 2 sessions of 6 cigarettes, third day 2 sessions of 9 cigarettes and from then on 2
sessions of 12 cigarettes. Smoke was delivered in 2-second puffs, with 30 seconds of
normal air between each puff, each cigarette has 12 puffs. Following the 75 minutes
of smoke exposure mice are monitored for 10 minutes (or longer if required). Age-

matched control mice were exposed to room air.
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Figure 2.1: Experimental model of cigarette smoke (CS)-induced COPD.

Mice were exposed to air/CS for a variety of timepoints, i.e. 2, 4, 6, 8, 10 and 12 weeks.
Endpoint refers to the end of each timepoint, that is the conclusion of the model and
collection of samples for experiments.

For Chapter 3, Aim 1 (the COPD time course) WT mice samples were taken from mice
that were exposed to air/CS for 2, 4, 6, 8, 10 and 12 weeks.

For Chapter 4, Aim 2 (the ATAT KO model) ATAT KO and WT mice were exposed to
air/CS for 2, 4, 8, and 12 weeks.

For Chapter 5, Aim 3 (the PiZ model) PiZ and WT mice were exposed to air/CS for 8
weeks.

For Chapter 6, Aim 4 (Dendritic cells/BMDC model) ATAT KO and WT mice were

exposed to air/CS for 8 weeks.

DLCO (Diffusing capacity of the lungs for carbon monoxide)

DLCO is a measurement of the uptake of carbon monoxide (CO) measured as
CO/s/mm of Hg, with Neon as the control gas. DLCO is a parameter that determines
the lungs ability to transfer inspired gas throughout the bloodstream. Mice were
anesthetised with ketamine and xylazine made up in PBS. Tracheostomy was then
performed, followed by cannulation and ligation to secure. Three separate mixes were
created to give to the mix as various stages across the procedure, these are as follows:
mix 1 given prior to DLCO mice receive 130mg/kg of ketamine and 16mg/kg of
xylazine; mix 2 given after DLCO mice receive 300mg/kg of ketamine and 15mg/kg of

xylazine; mix 3 given during lung function 20mg/kg of xylazine.
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Mice receive 1ml of gas (0.299% CO, 0.499% Ne, 20.76% O, Nitrogen balance), left
for 9 seconds in the mouse, collected and diluted 1:1 with room air and measured in
the DLCO (Inficon Micro GC Fusion™ Gas Analyser). DLCO will record the output of
each gas component i.e. the peaks due to CO and Ne. Using equation 5.1 we
determined the DLCO of each mouse expressed as a value between 0 and 1; where

complete uptake of CO = 1, and no uptake =0.

( CO sample )
_ | \cCOcalibration l (2 1)

1 [( Ne sample )
Ne calibration

Equation 2.1: Calculation of DLCO, where CO calibration is the value of CO gas
during the machine calibration, Ne calibration is the value of Ne gas during the
machine calibration, CO sample is the value of CO gas output from the mouse and Ne

sample is the value of Ne gas output from the mouse.

Lung function

Mice were anesthetized (as per DLCO methods, with ketamine and xylazine) and
cannulated (tracheostomy with ligation) before being attached to the flexivent
apparatus. The flexiVent apparatus (Legacy System; SCIREQ, Montreal, Canada)
assesses a variety of parameters using various forced breathing manoeuvres or
scripts, including: inspiratory capacity (measured by deep inflation-35), lung
resistance, elastance and compliance (measured with Snapshot-150), Newtonian
(airway) resistance, tissue elastance and dampening (measured with Quick prime-3),
Area/Hysteresis (measured by PVs-P-35), forced expiratory volume (FEV) and forced
vital capacity (FVC) (measured by NPFE) and various lung volume parameters such
as total lung capacity (TLC), residual volume and functional residual capacity
(measured by lung volume scan). Ventilation of these mice is set to 450 breaths/min,
with tidal volume set to 10mg/kg.

Note the order of these programs is vital as some manoeuvres are more taxing on the
lungs and can cause issues in recording values and data. This order is deep inflation-

35, snapshot-150, quick prime-3 and PVs-P-35 (run 4 times, last 3 values accepted
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and averaged), NPFE (4 times, last 3 accepted and averaged), lung volume scan (1

value per mouse).

Blood Collection

Blood was collected immediately upon death via cardiac puncture and collected in an
EDTA coated tube. The blood was centrifuged at 2000 rpm at room temperature (21
°C) for 10 mins after which plasma, was collected and stored at -80 °C for later use.

This applied to all mouse models unless otherwise specified.

Bronchoalveolar Lavage Fluid (BALF)

BALF was collected by inflating the single lobe with 0.5 mL of Hanks buffer via the
trachea, and collecting the resulting fluid. The other four lung lobes were tied off to
prevent fluid entering. This procedure was repeated twice with a typical yield of 1-0.8
mL of BALF collected. BALF was collected differently in the third flow cytometry
experiment (Chapter 6, Aim 4, endpoint), for this experiment to have enough BALF for
flow cytometry, all lung lobes were washed with Hanks buffer, thus two lots of 1ml (2ml

total) were used to inflate the lung lobes.

Airway inflammation was assessed by counting total leukocytes (x104 mL-" BALF)
using trypan blue stain (0.4%) and a hemocytometer, as well as differential

enumeration of inflammatory cells in bronchoalveolar lavage fluid (BALF).

For differential enumeration of inflammatory cells, BALF was performed and cells
affixed onto the slide by cytospin. BALF (70 pL) was set on a glass slide (Livingstone
76.2 X 25.4 mm, thickness 1.0-1.2 mm) using Thermo Scientific Cytospin 4, run at 300
rpm for 7 mins and dried overnight. Slides were stained with May Grunwald’s solution
(5 min) wash (distilled water, 1 min) Giemsa’s solution (1:20 Giemsa: pH 6.4 Buffer,
20 min) wash (distilled water, 5 min) twice and dried overnight and cover slipped.
Differential count was conducted on a Zeiss Microscope (Zen software) - 200 cells
were counted and differentiated morphologically as macrophages, neutrophils,
eosinophils, lymphocytes. Macrophages were differentiated from epithelial cells by the
position of the nucleus, lack of adherence to other cells, and lack of apical brush

border.
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Organ Collection

Lungs lobes (excluding the left lung lobe which was taken for histology) did not
undergo the BALF procedure, and were tied off, collected, and immediately
snapfrozen in liquid nitrogen. The liver was collected and snapfrozen in liquid nitrogen
and the spleen was collected, placed on ice, weighed, and snapfrozen in liquid

nitrogen. This applied to all mouse models unless otherwise specified.

Protein Quantification (Detergent Compatible Protein Assay)

Detergent Compatible protein assay was used to quantify protein of homogenised lung
samples (for both A1TAT ELISA and Elastase Activity Assay). Lung samples were
further diluted 1/10 in nf H20 (2 pL in 20 pL total).

Bovine Serum Albumen (BSA) stock was made of 4.0 mg/mL (20 mg in 5 mL nf H20),
was completely dissolved and filtered, and was further serially diluted (1/2 dilution i.e.
100 yL + 100 pL) to create standard curve of 4.0, 2.0, 1.0, 0.5, 0.25, 0.125, 0.0625

mg/mL as well as a blank of 0 mg/mL.

In a 96-well clear round bottom plate 5 uL of standards and sample was added to each
well, with standards run in triplicates and samples in duplicates. To each well, 25 uL
of mixed Protein Assay Reagent A (an alkaline copper tartrate solution from BIORAD
5000113) and Protein Assay Reagent S (a surfactant solution from BIORAD 5000115)
was added in a ratio of 1:50, S:A, (20 pL of S per 1000 pL of A). Following this 200 pL
of Protein Assay Reagent B (dilute Folin reagent for colorimetric assays from BIORAD
5000114) was added to each well and incubated in the dark for 15 mins. The
absorbance was then measured at 750 nm in a BMG LABTECH POLARstar Omega

plate reader, with shaking at 500 rpm for 5 seconds.

The data was analysed as a linear trend was plotted with standards and the protein

concentration of the unknown samples calculated in mg/mL.

Elastase Activity Assay
Elastase activity assay was completed using the Thermofisher, Invitrogen™, EnzChek

kit. Kit components were first rehydrated and made to appropriate concentrations.
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First 1X reaction buffer was prepared but diluting 10X in 1/10 with dH20. Then DQ
elastin substrate 1.0 mg/mL solution was made by rehydrating with 1ml of 2 mM
sodium azide in PBS. DQ elastin working solution 100 ug/mL, was then prepared by
diluting 1/10 in 1X reaction buffer. Our final kit component was made up by

reconstituting porcine pancreatic elastase with 0.5 mL of dH20 to make a 100 U/mL.

Standards of porcine pancreatic elastase was made at concentration 0.2 U/mL and
serially diluted for concentrations 0.1, 0.05, 0.025, 0.0125, 0.0065, and 0 U/mL with

1X reaction buffer.

To a 96 well black clear bottom plate the following was added, 50 yL of 1X reaction
buffer, followed by 50 pL of 100 ug/mL DQ elastin working solution (final concentration
of 25 pg/mL) and then mixed. To sample wells 10 uL of lung homogenate was added
with 90 pL of 1X reaction buffer (100 pL total). Note that lungs were homogenised in
200 pL of PBS with a 5mm stainless steel bead in a Qiagen TissuelLyser LT at 50
oscillations per second, for 3 mins, twice. To standard wells 100 uL of porcine elastase
working solution was added, concentrations of 0.2, 0.1, 0.05, 0.025, 0.0125, 0.0065,
and 0 U/mL. Fluorescence intensity was measured with excitation at 485-12 nm and
emission 510-10 nm over time every 10 mins for 2 h on the BMG LABTECH

POLARstar Omega microplate reader.

For each time point measured, background fluorescence was accounted for and
removed by subtracting the value derived from the no-enzyme control ) i.e. 0 U/mL.
Fluorescence was plotted over time (fluorescence vs time graph), and change in
fluorescence between two timepoints (taken from linear portion of fluorescence vs time

plot) was also calculated.

A1AT ELISA

A1AT ELISA colorimetric kit was used (Mouse Alpha-1 Antitrypsin ELISA Kit
ab205088) to measure the quantity of A1AT protein. This kit was used on blood plasma
samples and homogenised lung samples. To prepare lung tissue samples for the
ELISA they were first homogenised. Samples were homogenised in 150 uL of PBS
with a 5 mm stainless steel bead (Qiagen) and homogenised in a Qiagen TissueLyser
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LT at 50 oscillations per second, for 3 mins with a 5 min break and then another 3

mins of homogenisation.

Samples were then diluted in 1x diluent as per manufactures instructions, that is a
dilution of 1/80,000 for plasma samples (2 uL of sample diluted in 200 pL (1/100
dilution), then further diluted as 10 pL in a total of 200 pL, (1/20 dilution) then finally 5
ML in 200 pL (1/40 dilution) that is 1/80,000 from the stock. Lung tissue samples were
further diluted in 1X diluent as 1/2000 from the stock. To achieve this there was first a
1/100 dilution (2 pL lung homogenate sample in 200 pL) and then 1/20 dilution (10 uL
in 200 pL total).

Standards (prepared as per manufacturer’s instructions using mouse A1AT calibrator
at0, 6.25, 12.5, 25, 50, 100, 200 ng/mL) and samples were added (100 pL) to the pre-
coated anti-mouse A1AT ELISA microplate and incubated at room temperature for 60
mins. Following this the wells were aspirated and then washed four times with 1X wash
buffer (200 uL, that is empty wells, add wash, aspirate, and repeat). After the final
wash, 1X Enzyme-Antibody Conjugate (100 uL) was added to each well and incubated
for 60 mins in the dark. Again, after this the wells were aspirated, and washed four
times with wash buffer. TMB Substrate Solution (100 uL) was added into each well
and incubate in the dark at room temperature for precisely 10 mins before adding Stop
Solution (100 uL) to each well and immediately measuring the absorbance on the BMG
LABTECH POLARstar Omega microplate reader at 450 nm.

Data analysis was done on GraphPad Prism 9, but first the background absorbance
was removed from all standards and samples. A standard curve was then created and
plotted exponentially and the unknown values interpolated. For the blood samples the

dilution factor was applied and a concentration of A1AT obtained in mg/ml

For the A1AT protein in the lung this value was divided by the total protein to account
for any protein loading discrepancies from slight variation in lung size and total protein
quantity, hence lung was measured as mg/ml of A1AT per mg of protein.
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RNA extraction

RNA extraction was performed on one lung multilobe (superior lobe) and a portion of
one liver lobe, using TRI Reagent® (T9424 Sigma-Aldrich) as per manufacturer's
instructions. For homogenisation of samples, 1 mL of TRl Reagent was added to each
sample with a 5 mm stainless steel bead (Qiagen) and homogenised in a Qiagen
TissuelLyser LT at 50 oscillations per second, for 3 mins with a 5 min break and then
another 3 mins of homogenisation. Samples were then centrifuged (12,000 g for 10
mins at 3°C). To purify, the supernatant was transferred to fresh tubes and 250 pL of
chloroform added, then vortexed (8 s), incubated (10 mins at room temperature) and
centrifuged (12,000 g for 15 mins at 3°C). Post centrifugation 3 distinct layers were
visible, the top clear layer collected to which 500 L isopropyl alcohol (4°C) was added.
Samples were vortexed (8 s), incubated (room temp for 10 mins), vortex again (8 s)
and centrifuged (12,000 g for 10 mins at 3°C). The resulting supernatant was
discarded to leave behind pellet. The pellet was then washed with 75% EtOH (1 mL),
vortexed to mix (8 s), centrifuge (8,000 g for 5 mins at 3°C) and the supernatant
removed. This was repeated one more time and the resultant pellet rehydrated with
30 uL of H20.

The purity and concentration of the RNA samples was measured on a Thermo
Scientific Nanodrop One with samples accepted with the condition that there is only
one peak, A260/A280 must be above 1.8 and A260/A230 must be above 2.

cDNA synthesis

Nanodrop readings (ng/uL) were used to prepare total RNA in nuclease-free (nf)-H20
at a concentration of 100 ng/ pL which allowed consistent loading of 1000 ng of total
RNA (with a total volume of 8 pL of RNA and H20 per well). To the RNA, 10X DNAse
Reaction Buffer (1 yL) and DNase | ‘amplification grade’ (1 pL) (Sigma-Aldrich), mixed
and incubated at room temperature (15 mins). Following this DNAse | STOP Solution
(1 uL, 25 mM EDTA, from Sigma-Aldrich) was added and gently mixed (chemical
inactivation of DNAse 1) followed by incubation (65°C, 10 mins using thermal cycler
(Bio-Rad T100™). Random Primers (1pl, hexamers at 50 ng/uL) and 10 mM dNTPs
(1 L, 2.5 mM for each A, T, C, G) (Meridian Bioscience) was added, spun down and
incubated (65°C, 5 mins). The reaction was put on ice and 5X Reaction Buffer (4 uL,
MMLYV reaction buffer, 1st strand buffer, Invitrogen/Thermo Fisher), 100 mM DTT (2
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uL, Sigma-Aldrich) and nf-H20 (1 pL) was added, then mixed, spun down and
incubated (37°C, 2 mins). Finally, MMLV reverse transcriptase (1 pL, 200U,
Invitrogen/Thermo Fisher) was added, mixed spun down and incubated at 25°C for 10
mins, then 37°C for 50 mins and finally at 70°C for 15 mins. Nf H20 was then added
(79 pL) to make a total 100 pL of cDNA.

CDNA was also synthesised with a different kit, the Applied Biosystems™ High-
Capacity cDNA Reverse Transcription Kit by Thermo Fisher Scientific. The kit
components were first thawed on ice and to each sample (10 uL) an equal amount (10
ML) of reaction mix was added. The reaction master mix was 10X RT buffer (2 uL),
25X dNTP mix (100 pM, 0.8 L), 10X RT Random Primers (2 uL),
MultiScribeTMReverse Transcriptase (1 uL), and RNase Inhibitor (1 yL) and nf H20
(3.2 uL). The plate was then sealed, spun down, and incubated for 10 mins at 25°C,
then 120 mins at 37°C, and finally 85°C for 5 mins before being held at 4°C till removed
(using thermal cycler Bio-Rad T100™). The samples were made up to volume with nf
H20 (100 L total hence 100 pL total of cDNA).

Quantitative Polymerase Chain Reaction (qPCR)

The gene levels of Serpina1, IL1B, IL-13, KC (CXCL1), CXCL15, TNF, Marco and YM-
1 were assessed by qPCR, with the primers described in Table 2, and Hprt as a
housekeeper gene. The intercalating dye used was Kapa SYBR, for 40 cycles on the
Bio-Rad CFX96™ and CFX384™ Real-Time PCR Detection Systems (C1000
Touch™ thermo cycler). Plate running temperature 50°C for 2 mins, 95°C for 2 mins,
then 40 cycles of 95°C for 15 s, annealing temperature (60°C unless otherwise
specified) for 30 s, followed by 95°C for 10 s, and then slowly increase temperature

0.5°C every 5 s starting from 60°C to 95°C after which the plate is read.
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Table 2.3: Mouse RT-qPCR primers for transcript analyses. Primer sequences of each

gene are included, 5’-3..

Gene Forward sequence Reverse sequence
IL13 TGGGATCCTCTCCAGCCAAGC | AGCCCTTCATCTTTTGGGGTCCG
KC (CXCL1) | GCT GGG ATT CAC CTCAAGAA | CTT GGG GAC ACC TTT TAG CA
CXCL15 AAGGAAGTGATAGCAGTCCCAAA | GCCAACAGTAGCCTTCACCC
TNF TCTGTCTACTGAACTTCGGGGTGA | TTGTCTTTGAGATCCATGCCGTT
Marco GCACTGCTGCTGATTCAAGTTC AGTTGCTCCTGGCTGGTATG
Hprt AGGCCAGACTTTGTTGGATTTGAA | CAACTTGCGCTCATCTTAGGCTTT
SerpinalA GTGGTCGAAGCGCAGGATA CTCCACCAGCTTCAGGTCAT
Serpinal1B CCTGAAGCTCAGCCAGGCT CTCCACCAGCTTCAGGTCAT
SerpinalA-E CCCTGAAGCTCAGCAAGGC CTCCACCAGCTTCAGGTCAT

Histology

The lung lobe used in histology was first perfused via heart puncture with
needle/syringe (5 mL syringe, injected very slowly at a constant rate, with no greater
than 5 mL of solution, until lung lobe turned pale white) with 0.9% NaCl solution.
Formalin, 0.5 mL 10% Formalin, was then supplied to the lung lobe via injection from
the hole in trachea, to inflate the lung. The trachea was then tied off to ensure the lung
lobe remained inflated, and both lung lobe and trachea were removed. This lung lobe
along with a liver lobe sample were collected fresh and stored in 10% Formalin for 2
days, after which the trachea and connecting tissue was removed and discarded, and
the inflated lung lobe and liver lobe were stored in 70% ethanol (EtOH). Samples are
then paraffinized in wax, that is lung and liver sections were placed in a cassette in
75% ethanol and placed into the processor (Leica HistoCore PEARL) and washed with
70% EtOH (x3), 80% EtOH, 95% EtOH, 100% EtOH (x3), xylene (x3) and paraffin (x3).
The sample was then embedded (using Leica HistoCore ArcadiaH). To section, the
samples are first cooled on the HistoCore Arcadia C cold plate, then sections of 3.5
microns were cut using the Leica RM2125 RTS microtome and placed on a glass slide
(Livingstone 76.2 x 25.4 mm, thickness 1.0-1.2 mm).
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Immunohistochemistry (IHC)

Sections were deparaffinised and rehydrated (heat (15 mins) then xylene (x2), then
gradient of 100-50% ethanol (EtOH) i.e. 100% EtOH (x2), 95% EtOH, 75% EtOH, 50%
EtOH with each wash 3 mins long).

Slides then underwent antigen retrieval where they were submerged in sodium citrate
buffer (ph-6.0) in a steamer (95-100°C, 20 mins). Slide wash step (all wash steps in
Tris-buffered saline (TBS) plus 0.025% Triton X-100 with gentle agitation) twice
followed by blocking step (5% BSA, 1h, room temperature) and primary antibody
staining (4°C overnight). Primary antibody used was A1AT Antibody (ab231093)
stained 1:2000 and secondary antibody used was goat pAb to Rb IgG (ab205718)
stained 1:4000 which were both obtained from abcam and made up in 5% BSA in TBS.
Slides underwent wash step twice then stained with secondary antibody (1h room
temperature) after which a further 3 wash steps with TBS were performed before
staining with DAB stain as per kit instructions (40 uL, 5 mins). Slides were rinsed with
water (2 x 3 mins) and stained with haematoxylin (3 mins) then rinsed (2 x 3 mins
water) and dehydrated (gradient of 50-100% ethanol — 50, 75, 90, 100%, then xylene,
3 mins each). Slides were mounted with Entellan®new (Millipore) mounting medium
and cover slipped (Series 1 No.1 Coverslips Trajan 24 mm x 50 mm). Images were
taken on Zeiss AXIO Microscope (using Zen pro software) at 40x magnification with
20.769 ms exposure time and exported as tiff images. Image analysis was conducted
on Imaged. For IHC, the specifications for analysis were: colour deconvolution 1,
threshold 150, channel 2 (brown H DAB stain), to calculate the area of A1AT which
was then converted to % A1AT by equation 2.2.

Area A1AT
Total Area

X 100 = % A1AT (2.2)

Equation 2.2: Area A1AT is the total stained area from DAB stain measured in pixels
on a single image and total area is the total number of pixels present in the image
(6076416 pixels).
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Sirius Red Staining

The Sirius Red Staining used throughout this thesis was a picro-sirius stain with the
addition of 0.1% fast green FCF to the solution and was made with Sirius Red F3B
(CI35782) (0.59), fast green FCF (0.5g) (F7252-5G, Sigma Aldrich) and saturated
aqueous picric acid (500ml) (P6744-1GA, Sigma Aldrich (Merck)).

Weigerts Haematoxolyin was made and used on the day and was made by mixing
equal parts of two solutions, solution A (150ml) and solution B (150ml) to make up a
total of 300ml. Solution A is made with Haematoxylin dye (1g) (ADH.100G, Australian
Biostain) dissolved in absolute alcohol (100ml). Solution B is made with 29% ferric
chloride (29g in 100mI dH20, 4ml) (157740-1KG, Sigma Aldrich (Merck)), dH20 (95ml)
and 32%M HCI (1ml).

Following standard histology preparation, the sections were deparaffinised and
rehydrated with heat (20 mins) then xylene (x2), 100% EtOH (x2), and H20 (x1), with
each wash 5 mins long. The sections were then stained with Weigerts Haematoxolyin
(8 mins) followed by a wash in H20 (10 mins) and then stained in Picro Sirius (1 h).

Following the Picro Sirius stain the samples are dipped 4 times in each, acidified water
(10ml glacial acetic acid made up to 2 L in MilliQ H20) (x2), tap water (x1). Samples
were left to dry completely (1 h) and mounted with Entellan®new (Millipore) mounting

medium and cover slipped (Series 1 No.1 Coverslips Trajan 24 mm x 50 mm).

Collagen Deposition Around Small Airways

Collagen deposition was measured by histological analysis of Sirius Red stained lung
sections. Images (6-8 images of small airways) were taken on Zeiss AXIO Microscope
(using Zen pro software) at 40x magnification with 20 ms exposure time and exported
as tiff images. Image analysis was conducted on Imaged. For collagen deposition, the
inner and outer perimeter of the red stained collagen around the airway was traced
with the polygonal tool and copied to the colour deconvoluted image: Sirius red + fast
green, and measured at threshold 180, channel 1 (red channel). Collagen was

measured using equation 2.3.
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Outer Area (um) — Inner Area (um)

= Coll
Inner Perimeter (um?) ollagen (um)

(2.3)

Equation 2.3: Calculation of Collagen deposition in the airway measured in ym where
inner perimeter was obtained by tracing the inner side of the collagen (the visible red
stain around the airway). The inner area was measured as per the inner perimeter and

the outer area was obtained by tracing the outer side of the collagen.

Epithelial Thickness

Epithelial thickness was measured by histological analysis of Sirius Red stained lung
sections. Images (6-8 images of small airways) were taken of Sirius Red stained slides
on Zeiss AXIO Microscope (using Zen pro software) at 40x magnification with 20 ms
exposure time and exported as tiffimages. Image analysis was conducted on ImageJ.
Epithelial thickness was calculated using equation 2.4, by measuring the inner and
outer perimeter of the green stained airway epithelium (with the polygonal tool), to find

the perimeters and areas.

Outer Area (um) — Inner Area (um)

= Epithelial Thick
Inner Perimeter (um?) pithelial Thickness (um)

(2.4)

Equation 2.4: Calculation of Epithelial Thickness measured in ym where inner
perimeter was obtained by tracing the inner side of the epithelium (the visible green
stain of the airway). The inner area was measured as per the inner perimeter and the
outer area was obtained by tracing the outer side of the epithelium (near the visible

red stain of the collagen).
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Haematoxylin and Eosin

First stock and working solutions of Gill's haematoxylin and of eosin were made.

Gill's haematoxylin No. 3 was made by first dissolving 4g of haematoxylin (anhydrous
certified haematoxylin) and 110g of aluminium sulphate.16H20 (aluminium sulphate
16 hydrate hexadecahydrate, CAS No0.16828-11-8, FSBA/2520/61, Thermo Fisher) in
500 mL of hot H20. 750 mL of ethylene glycol was added and then made up to volume
of 2 L with H20, and then 50 mL of glacial acetic acid was then added and mixed well.
Separately, 1 g of sodium iodate was dissolved in 450 mL of H20, vortexed on high,
and added down the side of the of the container and mixed well. After at least 2 days,

the solution was filtered and strained.

Eosin stock was made, per 100 mL of stock, 1 g of Eosin Y Certified (eosin gelblich)
(ADEY.100GM, Australian Biostain) dissolved in 20 mL of dH20 after which 80 mL of
95% EtOH is added. For working stock, 50 mL of Eosin stock solution, 120 mL of

absolute alcohol, 30 mL dH20 and 1 mL glacial acetic acid are combined.

Following standard histology preparation, the sections were deparaffinised and
rehydrated with heat (20 mins) then xylene (x2), 100% EtOH (x2), and H20 (x1), with
each wash 5 mins long. Sections were then stained in Gill's Haematoxylin (1 min),
wash in dH20 (3 mins), Eosin (4 mins), then 100% Ethanol (x3) for 1 s each and finally
in xylene (4 mins). Before being left to dry completely (1 h) and mounted with
Entellan®new (Millipore) mounting medium and cover slipped (Series 1 No.1

Coverslips Trajan 24 mm x 50 mm).

Mean Linear Intercept (MLI)

Images were taken on haemotoxolin and eosin stained slides using a Zeiss AXIO
Microscope (using Zen pro software) at 40x magnification with 20 ms exposure time
and exported as jpeg images. 90-110 images were taken at random (randomised on
Zen pro software) and images of the parenchyma were selected while images with

blood vessels, excessive blood cells, airways, or images that were cut off were
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immediately excluded. From the remaining images, 10 were selected and image
analysis then conducted.

A standard grid (of 11 lines running horizontally across with a total length of 3435.85
pMm) was then burnt/overlayed over the selected images, and the number of intercepts
of the parenchyma with the grid were counted on imageJ. To obtain the mean linear

intercept (MLI) equation 2.5 was used and an average of these 10 images is taken.

# Intercepts

= MLI
Total length of grid lines (um) (hm)

(2.5)

Equation 2.5: Calculation of MLI measured in ym where # intercepts is the number of
times the standard grid and the lung parenchyma intercepted, and the total length of
grid lines is the total length (horizontally) of the 11 lines of the standard grid, which
totals to 3435.85 um.

Parenchymal inflammation

The images used for MLI analysis were further analysed for parenchymal
inflammation. All visible leukocytes (identified by morphology) were counted in each
image. The average count of 10 images was used to calculate the score for each
individual mouse. The count is presented as cells/field of view, where the field of view
is 78,278 ym?>.

Flow cytometry

Lung Collection

Flow cytometry was run on lung tissue and blood. At the time of mouse endpoint, blood
was first collected by cardiac puncture and left in EDTA coated tube till the time for
processing. BALF was then collected from lungs, as per BALF methods section for
flow cytometry (Chapter 6, Aim 4), and then the whole lung was perfused via cardiac
puncture with a continuous steady state flow of PBS, till lung appeared white (as white
as possible), and PBS leaving the mouse did not visibly show blood. The multilobes
were cut off and superior, middle and inferior lung lobes were collected and placed

into a C tube containing 4.7 mL of HEPES buffer and kept on ice till processing.
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Isolation of Lung Immune Cells (lung processing)

To the lungs (in the C tube) Collagenase D (100 uL of 100 mg/ pyL) and DNase | (50
uL of 20,000 U/mL) were added and homogenised in the GentleMACS™ Octo
Dissociator (MACS Miltenyi Biotec) for 7 seconds at 297 rpr. Samples were then
incubated for 30 mins at room temperature (21-23°C) on a larger rocker at 150 rpm.
Samples were again homogenised in the GentleMACS™ Octo Dissociator for 37 s at
2079 rpr and then centrifuged for 3 mins at 300g. They were then filtered (70 pm filter)
then rinsed with 5 mL HEPES buffer, and filtered again, and finally centrifuged at 4°C
for 5 mins at 300 g. The supernatant was then discarded and the sample placed on
ice and 1 mL of eBioscience™ 1X RBC Lysis Buffer added, then 4 mL FACs buffer
(FACs buffer is made up of 1% BSA, 2 mM EDTA in PBS) added 5 mins later to
neutralise the reaction, before centrifuged (4°C for 5 mins at 300 g). The supernatant

was again discarded and 500 yL FACS buffer added to the remaining cells.

The lung cells were then counted on a haemocytometer. An aliquot (10 uL) was taken
from each sample and diluted 1:20 in FACS buffer (190 uL), and then diluted a further
1:10 in FACS (90 pL). An aliquot of 10 uL was taken and diluted with 10 yL of trypan
blue. Live cells were counted on a haemocytometer (10 uL), and additional FACS
buffer added to ensure that the number of cells per sample were relatively consistent.
That is in 200 uL of sample there were 4 million cells, for the 4 week model, and 1.8

million cells, for the 8 week model.

Isolation of Blood Immune Cells

From the blood collected, 100 pL is taken and placed on ice, to which 7 mL of
eBioscience™ 1X RBC Lysis Buffer added and then neutralised after 7 mins with 7.5
mL of FACS buffer. The samples are centrifuged for 7 mins at 350 g before the
supernatant is discarded and then blood cells resuspended in 200 pL of FACS buffer.

Isolation of Bronchoalveolar Immune Cells

BALF was collected and centrifuged at 300 g at 4°C for 5 mins and the supernatant
was collected and stored at -80°C. To the remaining sample (pellet), 250 yL RBC lysis
buffer was added and left on ice for 5 mins, after which 1 mL of cRPMI (complete

RPMI) medium was added to neutralise the reaction. cRPMI medium was made with
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RPMI 1640 supplemented with 10% foetal bovine serum (FBS), 100 U/ml B-
mercaptoethanol (2ME), 100 U/ml penicillin and 100 pg/ml streptomycin. The sample

was centrifuged at 300 g at 4°C for 5 mins and the supernatant discarded. The cells

were then resuspended with 220 yL cRPMI. From this 200 uL was used for flow

cytometry and 10 pL for cell counting.

Staining for Fluorophore-conjugated Cell Markers

Table 2.4: Fluorophore-conjugated Cell Markers used in flow cytometry in Chapter 4,
Aim 2, (WT and KO mice received 4 and 8 weeks of Air/CS).

Table shows, the Cell marker, and fluorophore used with dilutions of each fluorophore.

Cell marker Fluorochrome/ Dilution factor
Fluorophore
Live Dead Near infra-red 1/800
CD45 BV786 1/400
F4/80 BV605 1/200
CD11b BUV395 1/200
CD11c BVv480 1/200
Ly6G APC 1/200
Ly6C PerCP-Ly5.5 1/200
CD4 BV711 1/400
CD8a PE-Cy7 1/200
CD19 FITC 1/400
SiglecF BV421 1/400
MHCII AF700 1/400
CD115 PE 1/200
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Table 2.5: Fluorophore-conjugated Cell Markers used in flow cytometry in Chapter 6,
Aim 4, for lung, blood and BALF cells.

Table shows, the Cell marker, and fluorophore used with dilutions of each fluorophore.

Cell marker Fluorochrome/ Dilution factor
Fluorophore
Live Dead Blue UV 1/800
CD45 BUV395 1/400
TCRb BUV661 1/200
CD4 PerCP 1/200
CD8a BUV805 1/200
CD19 APC/Fire750 1/200
F4/80 BUV737 1/100
CD11b BV650 1/400
CD11c FITC 1/200
Ly6G BV711 1/200
LyeC PE-Cy7 1/200
SiglecF AF647 1/400
MHCII AF700 1/400
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Table 2.6: Fluorophore-conjugated cell markers used in flow cytometry in Chapter 6,
Aim 4, for BMDCs.

Table shows, the Cell marker, and fluorophore used with dilutions of each fluorophore.

Cell marker Fluorochrome/ Dilution factor
Fluorophore
Live Dead Blue UV 1/800
CD45 BUV395 1/400
CD11c FITC 1/200
MHCII AF700 1/400
Ly6C PE-Cy7 1/200
CD103 BV786 1/200
F4/80 BUV737 1/100
CD172 PerCP Cy5.5 1/200
XCR1 Spark Blue 574 1/200
CCRY7 RB780 1/200

The following samples (lung, blood, BALF and BMDC) and control stains were:
sample, unstained sample, single stained (that is with just one fluorescent antibody),
FMOs (Fluorophore minus one, for lung, blood, and BALF), single stain on beads, and

unstained beads.

To some samples additional FACs was added to aid processing. The plate was spun
at 300g for 5 mins and supernatant removed. The cells were resuspended in 100 pL
of either live dead and Fc block (BD Pharmingen ™ — Purified Rat Anti-Mouse
CD16/CD32, Mouse BD Fc Block ™) or just Fc block, before being incubated in the
dark for 20 mins, after which 50 yL FACS is added and the plate centrifuged at 300g

for 5 mins and supernatant removed.

For the single stain on beads BD™ CompBeads negative control and BD™

CompBeads Anti-Rat and Anti-Hamster Ig K, were combined in equal parts and 100
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ML and added to each well. To each well 50 yL FACS was added and the plate

centrifuged at 300 g for 5 mins and supernatant removed.

Both cells and beads were then resuspended in 100 pL in their appropriate stains that

is FMOs, single stain, unstained, etc. The plate was again incubated in the dark for 20

mins and 50 pL of FACS was added to each sample. The plate was centrifuged for 5

mins at 300 g and the supernatant removed, and then the samples were fixed in 150

uL of 4% PFA, and incubated in the dark for 15 mins. The plate was centrifuged again

(3009 for 5 mins), the supernatant removed and the cells resuspended in FACS.

Flow Cytometric Analysis

The experiment was run on a Cytek™ Aurora 5L (5 laser). The controls used were the

single stain on the beads and this was set as a positive control for each fluorophore.

Flow cytometry results were analysed as per Figure 2.2.
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Figure 2.2: Gating strategy of flow cytometry samples for Chapter 4 Aim 2.

Both A1AT KO and WT mice were exposed to air/CS for 4 and 8 weeks. Both lung

and blood samples from this model were analysed using this gating strategy. N=5-6

for each sample.
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Figure 2.3: Gating strategy of flow cytometry samples for Chapter 6, Aim 4.

A1AT KO and WT mice were exposed to air/CS for 8 weeks, after which mice were

end pointed. Lung, BALF and blood were collected and processed for flow cytometry

were analysed using this gating strategy. Note: blood and BALF do not have as many
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Macrophage and DC gates, and blood samples have a circulating macrophages gate

(not resident macrophages). N=8 for each sample.

Single Cells Single Cells
™ s
< T T
Q Q (=]
8 § g o
108 o 1ou
o T T T T o
FSC-A
Wi
\GE' 4 H i 1
Live Cells o
—_—
- 1n5':
o 1D;' ms‘ !
s o
g ; bGs
2 8 o
3. 3 I o
g " S ' 3 i.
3 = LA
T 1
g g g |
£ 5
S © © ,,i . .
o]
| ‘CD103+
Macrophages
. i
" ot a0t
o e e e e T )
Comp-BUV73T7-A ::F4_80 Comp-Alexa Fluor 700-A - MHCIl Comp-BV786-A :: CD103

Figure 2.4: Gating strategy of flow cytometry samples for Chapter 6, Aim 4, BMDC

experiment, cells are pre stimulation and pre migration assay.

BMDCs were analysed using this gating strategy. N=8 for each sample.
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Figure 2.5: Gating strategy of flow cytometry samples for Chapter 6, Aim 4, BMDC

experiment, cells are post stimulation and post migration.

BMDCs were analysed using this gating strategy. N=3-4 for each sample.

Bone marrow derived dendritic cells (BMDC)
BMDC methods were based off of two main protocols, Abcam'’ and STAR

protocols'%® BMDC isolation protocols.

Bone Marrow Harvest

For each mouse, four leg bones, two tibias and two femurs were collected into a 50
mL falcon tube containing 20 mL hanks buffer. Leg muscle and tissue was carefully
removed from the bone and both ends of the bone cut to expose the bone marrow.
The bone marrow was flushed out into a clean 50 mL falcon tube using a 26G needle
and 10 mL of Hanks buffer. All four bones of the same mouse were flushed into the
same 50 mL tube, which were agitated by pipetting up and down gently, to minimise
clumps. The cells were filtered into a clean 50 mL falcon tube using a 70 um strainer,
with an additional 10 mL of Hanks buffer added from rinsing the previous falcon tube.
The cells were centrifuges at 300 g for 5 mins at room temperature, after which the
supernatant was removed. The cells then underwent RBC lysis where they were
resuspended in 2 mL RBC lysis buffer, incubated on ice for 5 mins, and quenched by
adding 10 mL cRPMI. The cells were again centrifuged at room temperature at 300 g
for 5 mins. The supernatant was again removed, and the pellet resuspended in 1 mL

cRPMI. From this 10 puL was used for cell counting and the rest was plated.

Cells were counted on a haemocytometer using trypan blue in order to plate 2.4 x 108
cells seeded per well of a 6 well plate. Each mouse had a slightly different total cell
yield and hence 1-2 6 well plates were used per mouse. To each well, 2-3 mL of cRPMI
+ GM-CSF (20 ng/mL) was added. Plates were then placed in an incubator at 37°C

with 5% CO2 environment.
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The medium was changed on days 2, 4 and 6 by first gently aspirating the old medium
and removing it, then gently washing the cells with 2 mL of warmed (approximately
37°C) PBS, then removing the PBS and adding 2 mL of fresh, warmed cRPMI + GM-
CSF (20 ng/mL) to each well. On days 2 and 4, the old medium was centrifuged for 5
mins at 300 g, the supernatant removed, the cells rehydrated in 200 pyL and divided

equally among the wells for that mouse.

On day 7 the cells were collected. The old medium was very gently swirled in the plate
and removed from the well (to collect dead non adherent cells). To collect the bone
marrow derived dendritic cells (BMDC), and avoid collecting bone marrow derived
macrophages (BMDM), the following steps were done gently to remove loosely
adherent BMDCs and leave behind the majority of BMDMs on the plate. cRPMI (1 mL)
was gently washed over the cells on the well, collected and re-washed over the cells,
an additional 1 mL of cRPMI was added and again collected and pipetted over the
cells, twice. The medium containing DCs was transferred to a 50 mL falcon tube, with
one tube per mouse. The cells were centrifuged at room temperature at 300 g for 5
mins, and the supernatant discarded. The cells were resuspended in 1 mL of cRPMI
and 10 yL was taken for cell counting using a haemocytometer (cells stained with
trypan blue). For each mouse 5x10° cells were taken for flow plating and staining and

6x10° was taken for stimulation and migration assay (6x10° cells/well).

BMDC stimulation and migration (day 8)

Trans wells size 5 ym, were washed by adding 100 yL of PBS and removing after 5
mins. The following stocks of stimulation were then made: cRPMI medium (no
stimulation), cRPMI medium with 1% CSE (100% CSE was made by smoking one
3R4F cigarette in 10 mL RPMI), and cRPMI medium with 100 ng LPS. Cells were
placed in the upper compartment and relevant medium with stimulation added (500 pL
to the lower compartment and 100 pL to the upper compartment. The trans wells were

placed for 18h in an incubator at 37°C with 5% CO2 environment.

After 18h, the medium in the lower compartment was removed, and medium from the
top compartment (50-100 uL) was collected and stored (-80°C) for CBA. To the lower
chamber 600 uL one of the following was added: RPMI, RPMI with 200 ng/mL of
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CXCL19, or RPMI with 200 ng/mL of CXCL21. The trans wells/plate was incubated for
2 h at 37°C with 5% CO2 environment. After 2 h, the cells in the upper chamber
underwent LDH assay, and the cells in the lower compartment were plated and stained

for flow cytometry using markers from Table 2.6.

For flow cytometry 6x10° cells were seeded per well with plating and staining

conducted as previously described using markers from Table 2.6.

LDH cytotoxicity assay
Promega CytoTox 96® Non-Radioactive Cytotoxic Assay was used to measure cell

viability in the upper compartment of transwell post stimulation and migration.

To the upper compartment 10 uL of 10x lysis buffer was added to yield maximal LDH
release and hence inferring 100% mortality. The plate was incubated at 37.5°C for 45
mins after which 50 uL media/supernatant was collected from the upper compartment
and transferred to a fresh 96 well flat bottom plate. To the plate, 50 yL was added of
kit negative controls (50 uL media) and positive controls (1 pL positive control in 5 mL
1%BSA in PBS). Finally, 50 uL of reagent buffer was added to each well followed by
15 mins incubation and absorbance was read at 490 nm on the BMG LABTECH

POLARstar Omega microplate reader.

Cytometric Bead Array (CBA)
10 uL of either lung homogenate (1 lobe in 200 uL of PBS described previously) or
cell supernatant was used. And the Cytometric Bead Array kit from BD Biosciences

was used.

The stock standards were made by rehydrating with 400 uL of diluent buffer. The top
standard was made by mixing 30 uL of each analyte and making up to volume (300
ML) with assay diluent. The top standard (2500 pg/mL) was then serially diluted, V2

dilution factor, 7 times to make standards.

To prep a 96-round bottom plate, 100 puL of wash buffer was added and removed.
Capture bead stock was mixed by pipetting up and down at least 20 times, with 10 uyL

diluted beads added per well i.e. 0.2 uL of each analyte bead, made to volume with
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capture bead dilution. Standards and sample were then added to the appropriate
wells, and the plate incubated at room temperature, in the dark for 1 h. After which 10
WL of the mixed diluted PE detection reagent was added, made by thoroughly mixing
the stock of each analyte, and taking 0.2 pL of each analyte used, and making up to
10 pL volume with diluent. The plate was then incubated at room temperature, in the
dark for 2 h, after which 100 pL of 4% PFA was added to fix the cells. Samples were

then run on the BD Bioscience FACSCanto-II flow cytometer.
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Chapter 3 — Aim 1

Introduction

The prevalence, pathogenesis, and severity of COPD in humans and the importance
and limitations of animal studies have been previously discussed in Chapter 1.
Furthermore, the availability of in vivo models enables the evaluation of the entire
complex living system including inflammation, targeted organs and off target effects.
They are also a good indicator in assessing drug candidates, efficacy of treatments,

toxicity and safety.

The importance of understanding and elucidating the complex mechanisms of how
A1AT deficiency related disease develops in humans has previously been highlighted.
To aid in this research, many experimental models have been established for
understanding the mechanisms and for evaluating potential treatments and therapies.
However, as with most animal models there are variations between the animal models
and the human disease. In A1AT deficiency the Serpinal gene present in humans
varies to that in mice, which is expected. In humans, A1AT protein is expressed by a
single gene (SERPINA1), however, mice have 3-5 distinct proteinase-inhibiting genes
(Serpina1a-e) depending on the strain.84 °7. 98

These genes are quite similar however, only Serpinala and Serpina1b were found to
inhibit elastase, particularly neutrophil elastase, which, as mentioned earlier, is the
major physiological target of human A1AT and hence will be a main target and focus
of this study. Additionally, upon deletion of Serpinala in mice there was a resultant
embryonic lethality. Serpinala and Serpina1b are present in all mice that have been
investigated, however, much is still unknown about the mouse Serpinal genes, and

some have been investigated less than others.84 97 98,100

There is an established experimental model of cigarette smoke (CS) induced COPD,
which will be utilised in this chapter. These mice develop many characteristics of
COPD, including chronic inflammation, small airway remodelling, emphysema and

impaired lung function in 8 weeks'%2.
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This chapter aims to describe the changes, or lack thereof, that occur to the Serpina1
gene, or subsequent encoded A1AT protein, upon disease i.e. in a mouse model of
COPD. Specifically, a model that exposes mice to CS via the nose and mouth only
and causes changes and damage from increased inflammation, decreased lung
function, and increased lung damage. These specific indicators of lung damage and
COPD will be discussed in detail and will explore how A1AT is affected or effects these
models. This will provide a basis for future chapters, most notably, should A1AT
change upon CS exposure, would mice with less or no A1AT be expected to show

different or increased indicators of disease and disease progression.

This model utilises a previously established cigarette smoke model, which mimics key
hallmarks of human COPD, including increased number of leukocytes in the
bronchoalveolar lavage fluid (BALF); collagen deposition around the small airways;

alveolar destruction; and changes to lung volume and compliance'®?.

Therefore, the aim of this chapter is to investigate how A1AT expression changes in
CS-induced COPD mouse model.

Results

Serpina1 expression decreased in CS mice

To understand the effect of CS exposure in C57BL/6 (WT) mice, Serpina1 expression
was analysed after 4, 6, 8, 10 and 12 weeks of CS exposure. Gene expression was
measured by gPCR of whole lung and liver homogenates from WT CS exposed mice
and air controls. Specific primers for Serpinala, Serpinalb were used alongside a
pan-Serpina primer that amplified Serpinala-e simultaneously. Expression was
calculated relative to the housekeeper HPRT. CS exposure did not induce any
significant differences in Serpina1 expression in the liver at 4, 6, or 12 weeks (Figure
3.1 A-C). A slight but significant decrease in Serpinala and Serpina1b was observed
in the liver after 8 weeks of CS exposure (Figures 3.1A and3.1B respectively). In the
lungs, Serpinal expression decreased with progressive smoke exposure. For
Serpinaia, a significant decrease in expression was observed at both 6 and 12 weeks

of CS compared to air (Figure 3.1D). For Serpina1b, a significant decrease in
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expression was observed at 8 and 12 weeks (Figure 3.1E) and for Serpinala-e a

significant decrease in expression was observed at 12 weeks (Figure 3.1F).
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Figure 3.1: Serpinal gene expression in mouse livers and lungs in experimental

model of cigarette smoke induced COPD.

Wild type (WT) mice were exposed to CS for up to 12 weeks, and mouse liver and
lungs were collected at different time points (4, 6, 8 and 12 weeks) post CS exposure.
Serpinata (A), Serpina1b (B) and Serpinala-e (C) in mouse livers were measured by
qPCR. Serpinala (D), Serpinalb (E) and Serpinala-e (F) in mouse lungs were
measured by qPCR. Relative expression to HPRT (housekeeping gene). N=6-9.
Results are means + SEM. * p<0.05, ** p<0.01 compared to air controls. Statistical

difference was determined with unpaired two tailed t test, (95% confidence interval).
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A1AT protein increased in the lungs of CS exposed mice

To determine whether the CS induced reduction in Serpina1 expression resulted in

reduced A1AT, blood, lung and liver samples from CS mice were analysed.

A1AT ELISA was used to determine quantity of circulating A1AT from blood plasma,
and from lung homogenate. Abundance of circulating A1AT was lower in CS mice and

this was significant at 2 and 12 weeks of CS exposure (Figure 3.2 A-D).

Additionally, A1AT protein in blood plasma was measured, as this can indicate the
amount of protein that is leaving from the liver and entering the blood stream to
circulate in the body and hence to get to the lungs. This is where the lungs get the

majority of A1AT protein from, however some is produced locally (in the lungs).

Analysis of lung homogenate by ELISA showed a trend of increased A1AT in WT CS
mice after 8 weeks, but this was only statistically significant at 12 weeks of CS (Figure
3.2 E-H). The samples of lung homogenate were taken from lung samples that did not
have BALF taken or had been perfused, hence the A1AT is a measure of lung tissue
and A1AT found in the bronchoalveolar space, that includes any A1AT from
inflammatory cells (e.g. macrophages). Hence, A1AT protein in lungs that have had
BALF taken was also measured, removing most of these inflammatory cells. For this
lung and liver histology sections were taken and stained by IHC using an antibody
against A1AT (representative images in Figure 3.4). No significant differences in A1AT
abundance were observed between air and CS exposed mice in the liver (Figure 3.3
A-C), matching the gPCR data on Serpinal expression. In the lungs however, CS
exposed mice had significantly increased A1AT at weeks 2, 4 and 12 (Figure 3.3 E-I).
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Figure 3.2: A1AT protein levels in mouse blood plasma and lung homogenates in
experimental model of CS induced COPD (measured by ELISA).

WT mice were exposed to CS up to 12 weeks, and mouse liver and lungs were
collected at different time points after CS exposure. Mouse plasma A1AT protein was
measured at 2 weeks (A), 4 weeks (B) 8 weeks (C) and 12 weeks (D) by A1AT ELISA
assay. Similarly, mouse lung protein was measured at 2 weeks (E), 4 weeks (F) 8
weeks (G) 12 weeks (H) by A1AT ELISA assay. N=8. Results are means + SEM. ns =
p>0.05, * p<0.05, ** p<0.01, **** p<0.0001 compared to air controls. Statistical

difference was determined with unpaired two tailed t test, (95% confidence interval).

62



A 2 weeks B 4 weeks C 8 weeks D 12 weeks

ns
_ 100~ R 100 - .I_| _ 100 - ns _ 100 -
) 1] 3] 2]
S g S g0 © g0 | 2 80~
5 80 s 5 80 Egn = 80 . l. = 80
® = [ =
=2 60 Eg g0 =2 6o =2 god
25 | .. o4 EE T 3 =t
=< 40 s =T 40 =32 40 =T 40 ns
<< LS < =L "L =L
3 ?I]- g 20 3 20- S 2 . |
B 5 = = *
04 0- o . 0
Air  Smoke Air  Smoke Air  Smoke Air  Smoke
E 2 weeks F 4 weeks G 8 weeks H 12 weeks
ns
- * 3.0 I | - _
3.0 * % % %k 1.0+ . 1.0 40 * %
..a... [ ]
. 2.5+
g * g 08 087 30 .
_— ik LI ]
- & 2.0 2.0+ e
] . 064 ¢ T 06 "
T E 157 + 154 ¢ e ns 20
g L ] . [ ] 0_4_
= Z 1.0 1] 1] . 04 - | . .
© . . . 104 .
% 0.5- . a 0.5 0.2+ [ ] 0.2+
o_n——_ I 0.0- I 0.0- I 0.0- 0- _
Air  Smoke Air  Smoke Air Smoke Air  Smoke Air  Smoke

Figure 3.3: A1AT protein levels in mouse livers and lungs in experimental model of
CS induced COPD (measured by IHC).

WT mice were exposed to CS up to 12 weeks, and mouse liver and lungs were
collected at different time points after CS exposure. Mouse liver A1AT protein was
measured at 4 weeks (A), 6 weeks (B) 8 weeks (C) and 12 weeks (D) by IHC. Similarly,
mouse lung protein was measured at 2 weeks (E), 4 weeks (F) 6 weeks (G) 8 weeks
(H) and 12 weeks (I) by IHC. N=6-8. Results are means + SEM. ns = p>0.05, * p<0.05,
** p<0.01, **** p<0.0001 compared to air controls. Statistical difference was

determined with unpaired two tailed t test, (95% confidence interval).
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Figure 3.4: Representative image of DAB (brown) stain for A1AT protein in mouse

lungs in experimental model of CS induced COPD.

WT mice were exposed to CS up to 12 weeks, and mouse lungs were collected at
different time points after CS exposure. This is a representative image taken from the
4 week timepoint, and shows the WT Air sample (A) compared to the WT CS sample
(B). Additionally, representative DAB stained macrophages have been highlighted
(clearly shown circled in red) for easier identification showing presence of A1AT
protein. It must be noted that the WT CS sample (B) had substantially more

macrophages and thus only a few have been circled in red, not all of them.

Discussion

This chapter aimed to determine how cigarette smoke exposure affects A1AT
expression and localisation in C57BL/6 mice. A1AT is predominantly produced in the
liver to be transported around the body via the bloodstream.”" In humans, the liver
produces 70-80% of the body’s A1AT.”! It is also produced in many other cells,
including bronchial epithelial cells, neutrophils, monocytes, macrophages — including
alveolar macrophages, and epithelial cells’® 7. Additionally, in response to
inflammation, neutrophils will release A1AT'%. Therefore, the liver, lungs and blood of
mice exposed to 2-12 weeks of cigarette smoke were examined. Analysis of these
organs gave a representation of the following: the site at which the majority of the
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protein is produced i.e. the liver; the circulation of A1AT in the blood plasma; and the

site of damage i.e. the lung.

Overall, analysis of gene and protein expression in the liver indicated that there were
no significant changes between air and CS, aside from the minor gene change at 8
weeks (Figure 3.1 and 3.3). A possible explanation is that exposing mice to CS via
inhalation predominately affects the lung and not the liver. Alternatively, as A1AT is
predominately produced in the liver’!, A1AT protein production may be increasing in
the liver as a result of increased CS, but that protein is immediately exported to the
lung as a protective response and hence, constant levels of A1AT protein are
observed in the liver. It is also possible that the CS challenge to the mice is not

sufficiently intense to activate changes in the liver.

Changes to A1AT expression in the mouse lung occurred both in gene expression and
in protein levels. Gene expression, as measured via qPCR (Figure 3.1) and while
some timepoints did not vary between the air and CS groups, others showed a
significant decrease in CS samples. There was a significant decrease in Serpinaia
gene expression at 6 weeks and at 12 weeks in CS compared to air. Similarly, a
significant decrease was found in Serpina1b at 8 weeks and at 12 weeks. Mice have
3-5 distinct protease-inhibiting genes, and elastase inhibitory activity appears to be
limited to Serpinala and Serpina1b®. Hence, the significant decrease in Serpinata or
Serpinaib at time points 6, 8 and 12 weeks show there is a decrease in the local
expression of the antiprotease gene that is shown to be protective against damage in

the lung°.

In contrast to the reduction in gene expression, the amount of A1AT protein in the lung
(measured by ELISA, Figure 3.2) was significantly increased with CS exposure at 12
weeks. At first glance the lung protein amount and gene expression seem to
contradict, however The Serpinal gene has been shown in the literature to self-
regulate, for example Serpinal expression is downregulated in human hepatocytes
upon treatment with A1AT"2 92 11 In mice exposed to smoke the circulating protein
was decreased suggesting liver-produced A1AT is being taken up in the lung to act
protectively due to the presence of smoke and increased inflammation and damage

from the smoke. Therefore, a possible explanation for the discrepancy between the
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mMRNA and protein responses, as more liver-produced protein enters the lung due to
increased inflammation and irritants from CS, there is less need for A1AT to be

produced locally in the lung.

Interestingly, the literature has shown that the A1AT production from the monocyte
specific A1AT promoter is heavily controlled by IL-6, but also by LPS, IL-13 and TNF
which cause 2-3 fold increase in A1AT production by peripheral blood monocytes’?
"2 LPS and elastase have also been shown to increase Serpinal expression,
specifically bronchoalveolar macrophages and peripheral blood monocytes3.114,

Since increased inflammatory cells infiltration, including from monocytes and
macrophages, are increased in the lungs of COPD/CS, it is highly likely that the
increased A1AT protein observed in the lung results from A1AT in monocytes and
macrophages. This is also highlighted visually in Figure 3.4 where significantly more

A1AT positive (brown) macrophages and monocytes are depicted.

Serpina1 gene expression and regulation is affected by inflammation and the presence
of A1AT. In humans it has also been shown that there are liver specific and monocyte
specific promoters for A1AT.”2 92 Additionally, in mice (including C57BI/6 mice) there
is the Serpina1f homologue that is liver specific, as mice can have Serpinala-f genes
compared to human SERPINA1 gene®. Hence, there may be changes in some organs
but not others.

Additionally, Serpina1 gene regulation is also affected by gene transcription enhancers
and repressors.’? 9 Furthermore, regarding A1AT enhancers, promoters and gene
self-regulation, there are hepatocyte (liver) and monocyte specific promoters, as well
as a tissue specific enhancer, which is a specific DNA region in the A1AT gene
structure that when activated leads to increased A1AT production.”? Hence both
hepatocytes and monocytes are critical cell types for A1AT production and changes in
these specific regions would impact A1AT production in the liver and blood (circulation)

respectively.

Interestingly, a significant increase in A1AT protein was observed at early timepoints
when using IHC, but not ELISA. IHC showed a significant increase in smoke exposed
mice at 2, 4 and 12 weeks, whereas ELISA only showed a significant increase at 12

weeks. The ELISA was carried out on lung homogenate of the post caval lobe, which
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was not perfused, and which was not rinsed with Hanks buffer to collect BALF. In
contrast IHC was carried out on a sample that had BALF collected and were perfused.
This means that quantification by ELISA contains mixed results that may be

confounded by the drop in blood A1AT levels, as well as any infiltrating immune cells.

The fact that A1AT is significantly increased in the lung at both early and late
timepoints (2, 4, 12 weeks), but not at middle timepoints (6 and 8 weeks), suggests
that the A1AT response fluctuates over the course of chronic exposure.

A1AT function works on a feedback system, such that in acute inflammation, the A1AT
gene upregulates in response to inflammatory mediators, and A1AT protein works to
suppress inflammatory cytokine gene expression. As a consequence, this system
works quite effectively at controlling inflammation. However, in chronic inflammation
and autoimmune disease this may not be the case as the upregulated A1AT can be
exhausted due to chronic inflammation, while cytokines and other inflammatory
molecules further increase expression of inflammatory genes, thus offsetting the effect
of A1AT to inhibit cytokines.

In summary, as there were no changes in A1AT due to CS in the liver, this suggests it
is still produced and present in the liver at approximately the same amounts. At first
glance the protein amount and gene expression seem to contradict in the lungs,
however the A1AT protein may be self-regulating. That is, as more protein enters the
lung due to increased inflammation and irritants from CS, there is less need for A1AT
to be produced locally in the lung. Additionally, A1AT protein in blood plasma was
measured as this typically shows what protein is leaving from the liver into the blood

stream where it circulates the body to get to the lung where it is protective.

In mice exposed to smoke the circulating protein was decreased, one possible
explanation could be because it is being taken up in the lung to act protectively due to

the presence of smoke and increased inflammation and damage from the smoke.
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Conclusion

In this chapter it was shown that chronic CS exposure leads to changes in Serpina1
expression, and fluctuating increases in A1AT in the lung. However, this does not
provide an accurate account of the capability of A1AT to bind and inhibit elastases that
are causing damage in the lung. The A1AT protein may be increasing as a protective
response due to the increased inflammation to the lung, however in order to be
protective it must be active A1AT. A1AT protein may be inactivated by the environment
produced from cigarette smoke, and the relevant disease pathways. It has been
suggested in the literature that A1AT is inactivated by cigarette smoke, in particular,
the oxidation of methionine 358, 351, and potentially others in A1AT which decrease
A1AT."5 In order to fully understand the impact of this increased protein expression,
future experiments will measure the activity of A1AT and/or elastase in these samples
to confirm whether the increased A1AT in the lung is able to inhibit elastin, or otherwise
change the protease/anti-protease balance. Further analysis of the activity and

protectiveness of A1AT is conducted in chapters 2 and 3.
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Chapter 4 — Aim 2

Introduction

Alpha-1 Antitrypsin (A1AT) deficiency is a genetic disease with at least 100 mutated
alleles of A1AT (SERPINA) identified.”® These alleles belong to one of 4 main
subcategories that are characterised by function; normal, deficient, null, and
dysfunctional.®® 116 This chapter focuses on the null category, where there is an

absence of detectable A1AT protein in the plasma.

Null mutations represent the extreme end of A1AT deficiency and while these alleles
only encompass a small proportion of A1AT deficient patients, their impact is severe.
To date there are at least 26 different null variants discovered,!"” and patients with
Null mutations are considered a subgroup at particularly high risk of emphysema within
the spectrum of A1AT deficiency. °% 16 Null alleles result from different molecular
mechanisms, including large gene deletions, intron mutations, nonsense mutations,
frameshift mutations due to small insertions or deletions, and missense mutations
associated with amino acid substitutions in potentially critical structural elements. Of
the 26 known null alleles, 2 have large deletions, 5 have intron mutations, 6 have
nonsense mutations, 9 have frameshift mutations, and 4 have missense mutations. 17
The one common trait considered in all null mutations is the complete absence of

circulating A1AT in the blood serum. 0 116

Patients suspected of having an A1AT null mutation will undergo an initial evaluation
which can include an evaluation of the patient's medical history and a physical
examination, a liver function test, complete pulmonary function tests — spirometry and
diffusing capacity of the lungs for carbon monoxide (DLCO), chest radiography (chest
x-ray), and a blood serum test of circulating A1AT protein levels. If low serum levels
of A1AT are detected there must be further testing not only for the severity of the
deficiency but also to conclude if there are additional risks associated with that
genotype® 116,
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Smoking is an important risk factor in COPD development, particularly in A1AT null
individuals.''® For these patients, lung damage is believed to result from protease anti-
protease imbalance, where the lack of A1AT to inactivate neutrophil elastase, leads to
high quantities of active neutrophil elastase which along with other elastases, breaks
down elastin in the lungs and causes alveolar damage and emphysema.®® This is
exacerbated when cigarette smoke induces neutrophil recruitment to the lung,
increasing the total burden of neutrophil elastase. Studies on people with severe A1AT
deficiency showed that even passive smoking and various occupational inhalants were
found to negatively impact respiratory health, but in moderate A1AT deficiency cases
this finding was not always statistically significant.’’® This highlights the severity of

these more severe mutations such as the null mutation.

Interestingly, there is great variability in A1AT disease progression. Some of this
variation can be explained by the severity of specific genotypes, for example a person
with two copies of the null allele (Pinull/null) is more susceptible to lung damage than
a person with one copy (PiMnull), or even two copies of a less severe mutation like
the S mutation. Even when considering just genotype for example PiZZ (two copies of
the Z mutated allele), there is still significant variation in disease progression and
severity in individuals. Some patients with the exact same genotype suffer from a
significantly more severe lung disease than others, even when environmental and
smoking habits are consistent. This suggest that there may be other mechanisms of

disease progression that are not being accounted for at this stage. % 116

In addition to its role as an antiprotease, A1AT has other functions which may
contribute to the pathogenesis of COPD. It can reduce free radical production and
associated damage, can bind to IL-8 and LTB4 and thus reducing neutrophil migration
towards inflammation, and can reduce cytokine release by neutrophils, macrophages
and monocytes.3° Finally, A1AT also affects B and T cell function as A1AT has anti-
viral and anti-microbial properties. Even though the impact of neutrophils is severe in
A1AT deficiency, so too are other inflammatory cells, suggesting unexplored effects

and a need for further study on all inflammatory cells.3°

70



It has been shown that an increased neutrophilic environment negatively correlated to
baseline FEV1.'"® As COPD is characterised by chronic inflammation, airway
remodelling, emphysema and impaired lung function, FEV1 is one of the most
important measures in human diagnosis.?> 2 In humans, lung function is measured
using FVC (forced vital capacity) or the maximum amount of air out of the lungs in a
single breath, as well as with FEV1 the (Forced expiratory volume in 1 second, that is
the first one second of breathing out). If the FEV1/FVC ratio is less than 70% this
indicates airflow limitation and the possibility of COPD.?® Thus, COPD is associated
with an accelerated decline in FEV1, and hence a negative correlation of baseline
FEV1 with significant increases in cytokine levels, neutrophil counts and neutrophil
elastase levels suggesting early instances of a neutrophil led inflammatory
environment. In most instances this is a long-lasting environment that will lead to the
development of lung injury prior to A1ATD lung function impairment.'"® This is not the
only paper that suggests the implication of neutrophils is more than just the proposed

neutrophil elastase vs A1AT, protease anti protease balance.

The overall aim of this chapter is to understand the interaction of A1AT deficiency and
cigarette smoke (CS) exposure using an animal model equivalent to the human A1AT
null allele, with mice that have a knock out (KO) of the A1AT gene. These A1AT KO
mice have no detectable A1AT and also progress to develop emphysema at 50 weeks
of age. Mice will be exposed to CS as per the established cigarette smoke model,
which reflects key hallmarks of human COPD, including increased number of
leukocytes in the bronchoalveolar lavage fluid (BALF); collagen deposition around the

small airways; alveolar destruction; and changes to lung volume and compliance.'?

The primary objective of this chapter is to investigate the inflammatory, structural and
functional changes in A1AT KO mice across a time course of cigarette smoke
exposure from early (stage 1) to very severe (stage 4) COPD. It is hypothesised that
A1AT KO mice will experience accelerated and deteriorated COPD due to CS when

compared with WT controls.
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The secondary objective is to establish this combined A1AT null and cigarette smoke
exposure model as a platform that can be used in future to test therapies for A1AT null

patients.

Results

Cigarette smoke induces more severe inflammation in A1AT KO mice

A crucial hallmark of CS induced COPD is chronic inflammation. Therefore, to
determine whether A1AT KO mice responded differently to cigarette smoke than WT
mice, first lung inflammation was measured in both the BALF and the lung tissue with

2,4, 8 and 12 weeks of smoke exposure.

Enumeration of leukocytes in the bronchoalveolar lavage fluid (BALF) showed that
cigarette smoke exposure caused a significant increase in total leukocyte number in
all groups and at all timepoints (Figure 4.1A-D). For WT mice this inflammation peaked
at just below 10 x 10* cells/mL at 4 weeks of smoke exposure (Figure 5.3B), and
reduced to 5 x 10* cells/mL by 12 weeks of exposure (Figure 4.1D). Interestingly, A1AT
KO mice had a similar peak of inflammation (10 x 10* cells/mL), but this peak was
delayed compared to WT mice. This resulted in significantly fewer cells that WT mice
at 4 weeks (Figure 4.1B), and significantly more cells that WT at both 8 and 12 weeks
(Figure 4.1C-D).

Interestingly, total leukocytes were also increased in A1AT KO CS compared to WT
CS with both 8 and 12 weeks of smoke exposure (Figure 4.1C and 2D). Additionally,
at the 4 week timepoint, there was an increase in total leukocytes in the WT CS mice
when compared to the A1AT KO CS (Figure 4.1B).
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Figure 4.1: Cigarette smoke induces increased airways inflammation in A1AT KO

mice.

Measure of airway inflammation from BALF of WT and KO mice in a 12 week
experimental model of CS induced COPD. Changes were observed in total leukocytes
at 2 weeks (A), 4 weeks (B), 8 weeks (C) and 12 weeks (D). Parenchymal inflammation
measured the number of inflammatory cells in the parenchymal space, where the field
of view is 78,278 um2, measured as cells per field of view. Parenchymal inflammation
was measured at 2 week (E), 4 week (F), 8 week and (G) 12 week (H) mouse model.
N=8. Results are means + SEM. ns = p>0.05, * p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001. Statistical significance was determined with Ordinary One-Way ANOVA

with Bonferroni’s multiple comparisons.

Parenchymal inflammation is a measure of total leukocytes in the parenchyma of the
lung. Parenchymal inflammation increased due to CS in the KO mice at all four

timepoints measured, for the WT mice this was significant at 2, 8, and 12 weeks
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(Figure 4.1E-H). With 2 weeks of exposure, KO mice had significantly more
inflammatory cells in the lung than WT (Figure 4.1E), however at all other timepoints,
there was no difference between WT and KO mice. Together these results suggest
that A1AT primarily affects inflammatory cell migration into the alveolar space. Thus,
A1AT increases leukocyte migration into the bronchoalveolar space in the early phase

of disease, and reduces migration in the chronic phase of disease.

To determine whether A1AT affects specific cell types migrating into the alveolar
space, BALF cell types were enumerated by morphological analysis. A peak in
inflammatory cells was observed in A1AT KO mice at 8 weeks, which was primarily
driven by a significant increase in neutrophils (Figure 4.2G and H). Regarding the peak
in inflammatory cells observed in WT mice at 4 weeks, macrophages are the
predominant driving factor (Figure 4.2B) and neutrophils are only a small contributor

to the inflammation but also not significantly different to the A1AT KO mice (Figure
4.2F).
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Figure 4.2: Cigarette smoke induced increased total leukocytes was primarily driven
by neutrophils in ATAT KO mice. Cells differentiated from total leukocytes in the BALF
of WT and KO mice in an 8 week experimental model of CS induced COPD. Changes
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were observed in macrophages (A-D), and neutrophils (E-H). Results are means +
SEM. ns = p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Statistical
difference was determined with Ordinary One-Way ANOVA with Bonferroni’s multiple

comparisons.

To investigate if a significant increase in neutrophils in A1AT KO mice at 8 weeks in
the BALF was also reflected in the lung or in circulation, lung tissue and blood samples
were analysed by flow cytometry. There was an increased proportion of neutrophils in
circulation in A1AT KO mice at 4 weeks (Figure 4.3B), but interestingly no significant

increase in the lung, at 4 or 8 weeks (Figure 4.3A and C).
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Figure 4.3: A1AT KO mice have increased Neutrophils compared to WT mice.

Analysis of neutrophils showed an increased proportion against all CD45+ cells, in
A1AT KO CS mice compared to WT CS mice. At 4 weeks in the lung (A) and blood
(B), and 8 weeks in the lung (C) and blood (D). N=6 Results are mean + SEM. ns =
p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Statistical difference was

determined with Ordinary One-Way ANOVA with Bonferroni’s multiple comparisons.

Another interesting finding from our initial airway inflammation findings in our BALF,
was increased total alveolar macrophages in WT CS mice when compared to A1AT

KO mice. Hence, it was pivotal to look at the 4 week timepoint in particular. From the
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analysis of the flow cytometry findings there was an increase in recruited macrophages
(both MHCII high and MHCII low) in the lung at 4 weeks (Figure 4.4 A and E) due to
CS, particularly WT mice. Interestingly this same increase was also observed at 8
weeks (Figure 4.4 C and G). This is consistent with the previous findings in the BALF
and suggests increased macrophages to be a driving factor in CS inflammation in WT
at 4 weeks. From the flow cytometry analysis, an increase in dendritic cells due to CS

was also observed in the lung at 8 weeks, and in the blood at 4 weeks (Figure 4.5).
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Figure 4.4: WT mice have increased Macrophages compared to ATAT KO mice.

There was an increased proportion of recruited macrophages against all CD45+ cells,
in WT CS mice compared to ATAT KO CS mice. Recruited (macs) macrophages
(MHCII high) at 4 weeks in the lung (A) and blood (B), and 8 weeks in the lung (C) and
blood (D). Recruited (macs) macrophages (MHCII low) at 4 weeks in the lung (E) and
blood (F), and 8 weeks in the lung (G) and blood (H). N=6. Results are mean + SEM.
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ns = p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Statistical difference was

determined with Ordinary One-Way ANOVA with Bonferroni’s multiple comparisons.
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Figure 4.5: WT mice have increased Dendritic Cells compared to A1AT KO mice.

Dendritic cells showed an increased proportion of dendritic cells against all CD45+
cells, in WT CS mice compared to ATAT KO CS mice. At 4 weeks in the lung (A) and
blood (B), and 8 weeks in the lung (C) and blood (D). N=6. Results are mean + SEM.
ns = p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Statistical difference was

determined with Ordinary One-Way ANOVA with Bonferroni’s multiple comparisons.

Cigarette smoke induces more severe alveolar destruction in A1AT KO mice

To investigate whether the observed increase in neutrophils in A1AT KO mice
correlated with an increase in alveolar destruction, histological analysis of the lung
was performed. To determine if there was alveolar damage present in this model,
mean linear intercept (MLI) analysis was conducted on lung sections. In this analysis,
a low number of intersections between the grid (shown in Figure 4.6) and alveolar
walls, indicates fewer, larger alveolar spaces, which is consistent with alveolar
destruction and emphysema. That is the distance between the alveolar walls are
larger, larger ‘gaps’. Conversely, if there are more intersections, it would indicate more
smaller alveoli, and a smaller distance between alveoli, consistent with normal, healthy
tissue. It is evident that exposure to CS significantly increased MLI in both WT and KO
mice, but alveolar damage was exacerbated in KO mice, highlighting the impact of

A1AT absence on damage to the lung in mice exposed to smoke (Figure 4.6).
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Figure 4.6: Cigarette smoke induces increased alveolar destruction in ATAT KO mice.
Increased alveolar damage in A1AT KO mice is evident by increased mean linear
intercept (MLI) at 8 weeks (C) and 12 weeks (D), but not in 2 weeks (A) and 4 weeks
(B). N=8. Results are means + SEM. ns = p>0.05, * p<0.05, ** p<0.01, *** p<0.001,
**** p<0.0001. Statistical difference was determined with Ordinary One-Way ANOVA

with Bonferroni’s multiple comparisons.

A1AT KO does not exacerbate CS induced changes to lung function

To determine whether the increased inflammation and alveolar destruction in A1AT
KO smoke mice caused more significant lung damage, lung function was assessed by
plethysmography, using a Flexivent system. Additionally, with increased alveolar
destruction observed in the MLI results, it is expected this would translate to increased
lung volume. Lung function measures a variety of parameters pertaining to damage of
the lung. Two measures of lung volume are total lung capacity (TLC) and forced vital
capacity (FVC). TLC and FVC both show increased lung volume in mice exposed to
smoke (Figure 4.7), hence increased damage. However, they did not show an
increase in lung volume in A1TAT KO mice compared to WT (Figure 4.7). This shows
that there are structural changes in A1AT KO mice, however this did not translate into

deteriorated lung function.

There are additional lung function parameters that are measured, in particular changes
to lung compliance. Measures of compliance include dynamic compliance, resistance
and elastance. Changes to dynamic compliance, resistance, and elastance remained
unchanged in WT and in A1AT KO mice until the 12 week timepoint (Figure 4.8 H). At
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12 weeks of CS dynamic compliance was lower in the A1AT KO CS mice compared
to the A1AT KO air mice (Figure 4.8 L). In addition, elastance, which is considered the
reciprocal of compliance, was significantly higher in the KO CS mice at this time
(Figure 4.8). Resistance, a measure of the level of constriction in the lungs increased
in KO mice upon CS exposure after 12 weeks, both when compared to air and

interestingly, also compared to WT CS mice.
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Figure 4.7: A1TAT KO mice do not have increased lung volume and worsened lung

function compared to WT mice.

WT and KO mice were exposed to CS with lung function performed and lung volume
assessed by forced vital capacity (FVC) (A-D), and total lung capacity (TLC) (E-H).
N=8. Results are mean + SEM. ns = p>0.05, * p<0.05, ** p<0.01, *** p<0.001, ****

p<0.0001. Statistical difference was determined with Ordinary One-Way ANOVA with
Bonferroni’s multiple comparisons.
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Figure 4.8: A1TAT KO mice do not have worsened increased compliance and

decreased resistance compared to WT mice.

WT and KO mice were exposed to CS and Ilung function was performed, with

8. Results are mean + SEM. ns

resistance, elastance and compliance assessed. N
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p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Statistical difference was

determined with Ordinary One-Way ANOVA with Bonferroni’s multiple comparisons.
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Figure 4.9: A1AT KO mice do not have decreased DLCO.

WT and KO mice were exposed to CS and DLCO was performed (A-D). N=8. Results
are mean+ SEM. ns = p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
Statistical difference was determined with Ordinary One-Way ANOVA with

Bonferroni’s multiple comparisons.

Deteriorated disease is not associated with elastase activity

An important mechanism of structural damage in the lung is due to increased
elastase/protease activity. There is no A1AT present in the A1AT KO mice, evident in
Figure 5.12 A-H) where there is no circulating A1AT protein and no A1AT lung protein.
As there is no A1AT present to inhibit elastase activity, investigation of elastase activity
in lung homogenates was undertaken to determine if there would be increased
elastase activity in the lung. Interestingly there were no changes in elastase activity
between any groups (Figure 5.12 I-L). Thus, there was no change in elastase activity

upon CS exposure or in A1AT deficiency.

81



A 2 week B 4 week C 8 week D 12 week

8 8 8 ILI 8 * %
6
4% o ﬂ_ §E|_ §E|_ I !
2 2 lututal Fkkk Ekkk *kkk
— 20 — 20 — 20 = 20
E d E E . E
£ 15 215 215 ® 245 .
- - - . -
<10 < 10 10 =10
<< <t < <t
0.5 0.5 0.5 0.5
0.0 = 0.0 0.0 0.0
& K3 @ @ & & @ @ & K L] «® & -5 «® W@
S, PSP, ® of S ® o' S
&€ F S &€ E F &€ o &€ S
& e & e $ &€
E 2 week F 4 week G 8 week H 12 week
= = S =
g H a £
s ] ] =
g 2 E g
] @
H H £ H
: z : :
< =< = =
s s = 5
£ E £ £
(=] = E =
£

change in fluorescence
per mg of total lung protein

change in fluorescence
per mg of total lung protein

change in fluorescence
per mg of total lung protein

change in fluoresence
per mg of total lung protein

Figure 4.10: A1AT KO mice don’t have increased lung elastase activity

A1AT KO mice contain no detectable circulating A1AT (A-D), no detectable A1AT in
lung homogenates (E-H), and elastase activity in lung homogenates measured as
change in fluorescence (I-L). Results are mean £+ SEM. ns = p>0.05, * p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001. Statistical difference was determined with
Ordinary One-Way ANOVA with Bonferroni’'s multiple comparisons.
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Elastases/proteases are typically linked to structural damage. To investigate any
changes to the structure of the airways and epithelium, collagen deposition around the

small airways and epithelial thickness were measured (Figure 4.11).
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Figure 4.11: A1AT KO mice shown no signs of structural changes to small airways.

Small airways of mice exposed to 8 and 12 weeks of CS were analysed histologically
for additional lung structural changes. Collagen deposition (area of collagen) around
the small airways were measured for 8 week (A) and 12 week (B) mouse models.
Additionally, epithelial thickness was analysed after 12 weeks of CS (C). Results are
mean + SEM. ns = p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Statistical
difference was determined with Ordinary One-Way ANOVA with Bonferroni’s multiple

comparisons.

Worsened disease is associated with increased gene expression of

inflammatory mediators

To determine whether the increase in neutrophil infiltrate in A1AT KO mice was
associated with any inflammatory changes within the lung tissue, the expression of
several key cytokines was assessed by qPCR of lung homogenates. A significant
increase expression of IL13, CXCL15 in A1AT KO CS mice compared to WT CS mice
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was observed (Figure 4.12). IL18, CXCL15, and KC are all cytokines that are strongly
associated with neutrophilic inflammation. There is no change in KC in A1AT KO CS
mice compared to WT CS mice (Figure 4.12 and 15). There was also a significant
increase in KC, Marco and TNF due to cigarette smoke, suggesting increased
inflammation and increased cytokines due to CS. Interestingly, there was also an
observed increase in TNF and Marco at 4 weeks of CS in WT mice compared to A1AT
KO mice. (Figure 4.13).
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Figure 4.12: A1AT KO mice have increased gene expression of IL13 and CXCL15.

Gene expression by qpcr of lung homogenates of various neutrophil associated
markers including Cxcl15 (A-D), IL1B (E-H), and KC (I-L). Gene expression relative to
housekeeping gene HPRT. N=4-8. Results are mean + SEM. ns = p>0.05, * p<0.05,
** p<0.01, *** p<0.001, **** p<0.0001. Statistical difference was determined with

Ordinary One-Way ANOVA with Bonferroni’'s multiple comparisons.
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Figure 4.13: WT mice have increased gene expression of Marco and TNF compared
to A1AT KO mice.

Gene expression by gpcr of lung homogenates of macrophage marker Marco (A-D),
and TNF (E-H). Gene expression relative to housekeeping gene HPRT. N=4-8.
Results are mean + SEM. ns = p>0.05, *p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
Statistical difference was determined with Ordinary One-Way ANOVA with

Bonferroni’s multiple comparisons.
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Additionally, protein quantity of inflammatory markers was also quantified, most
notably KC, which was increased in CS in both A1AT KO and WT mice (Figure 5.16).
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Figure 4.14: CS mice have increased protein quantity of KC.

Protein quantity of lung homogenates by CBA of KC (A-D). N=4-8. Results are mean +
SEM. ns = p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Statistical
difference was determined with Ordinary One-Way ANOVA with Bonferroni’s multiple

comparisons.

Discussion

Cigarette smoke induces more severe inflammation in A1AT KO mice

A1AT knockout (KO)/WT mice were exposed to CS for 2, 4, 8 and 12 weeks. An
important outcome of this is the observed changes in inflammation in A1AT KO mice
over time and over disease progression. Through this method, coincident changes can

be observed in time.

An increase in infiltration of total leukocytes, was observed in A1AT KO CS as
compared to WT CS mice at 8 and 12 weeks, that is the two later timepoints that were

analysed.
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An observed increase in neutrophils was observed in A1AT KO CS compared to WT
CS mice at this same time, at 8 and 12 weeks, suggesting this increase in airway

inflammation is predominantly driven by neutrophils.

In addition to the increase in the BALF, there is also increased parenchymal
inflammation in the A1AT KO mice when compared to WT mice, at 2 and 12 weeks of
CS. Interestingly this neutrophil increase in the BALF after 8 weeks, which peaked at
8 weeks of CS, did not translate to increased proportion of neutrophils in lung
homogenates at 8 weeks or at 4 weeks in the flow cytometry analysis. There was
however an increased proportion of neutrophils relative to CD45* cells in the blood, in
circulation, at 4 weeks. Since this model was repeated for flow cytometric analysis, it
is possible that neutrophils are increased in the lung homogenates, but the timepoint
was missed from the previous run of the mouse model. There may be an overall
increase in the total number of neutrophils rather than in proportion to CD45+, however
this has not been calculated. This is possible as there was an increased proportion in
circulating neutrophils at 4 weeks and hence it is expected to see the neutrophils travel

to the lung.

Correlating this to human disease, neutrophil mobilisation from the bone marrow is
tightly controlled with neutrophil CXCL4 and bone marrow stromal cell (CXCL12)
interactions causing cell retention or cell return to the bone marrow and increasing
surface expression of neutrophil CXCR2 causing neutrophil release into the
circulation.®® Once in the circulation, neutrophils are able to navigate towards the
source of inflammation using only small gradients in inflammatory cytokines. 3° To
enable migration through dense extracellular matrices, neutrophils utilize granules
containing high concentrations of proteinases such as NE and proteinase 3. Once at
the site of inflammation, which regarding COPD is the lung, these neutrophils cause
damage, recruit more neutrophils, and produce more proteases (such as neutrophil
elastase), myeloperoxidase, defensins, and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase which form ROS, which all leads to further damage.*°

The role of A1AT in inhibiting neutrophil elastase activity in the lung and protecting the
lung against elastolytic activity which is caused by elastase, in particular that released
by neutrophils, has been described.’ However, neutrophils have been further
implicated in A1AT deficiency pathogenesis. There has always been an observed

increase in neutrophils in A1AT deficiency. This is even true for individuals with normal
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lung function, without COPD. One such study shows a 3 fold higher neutrophil count,
2 fold increase in protease levels, and 2—4 fold higher levels of IL-8, IL-6, IL-13 and
LTB4 in the lung epithelial lining fluid compared to controls, as well as increased

neutrophil elastase."®

While increased neutrophils have been implicated in disease burden, so to has the
function of these neutrophils. Initially, it was thought that neutrophil function was
normal in A1AT deficient patients (i.e. comparable to non A1AT deficient patients),
however there is increasing evidence to suggest otherwise, which can also be
suggested from the results of this chapter. Specifically, regarding the observed

increase in neutrophils, which can be attributed to two main reasons.

The first is that the neutrophils themselves are inherently different in A1AT deficiency
(A1AT KO mice) to non-deficient (WT mice). This excessive mobilisation of neutrophils
in the lungs is consistent with what is observed in human COPD patients®. A study by
Bergin et al.?® found a link between A1AT and neutrophil chemotaxis. They found that
A1ATD human patients showed increased inflammation and increased neutrophil
chemotaxis ex vivo, particularly from IL-8. It has been shown that neutrophils isolated
from A1AT deficient patients had increased chemotaxis in response to IL-8 and soluble
immune complex (sIC) receptor (which was shown to mediate chemotaxis by divergent
pathways). Interestingly, upon A1AT augmentation therapy the A1AT deficient
patients had increased A1AT binding to IL-8, and increased A1AT binding to the
neutrophil membrane, resulting in normalisation of chemotaxis. °° It was found that
A1AT modulated neutrophil chemotaxis in response to sIC by controlling membrane
expression of the glycosylphosphatidylinositol-anchored (GPIl-anchored) Fc receptor
FcyRIlIb. This process was mediated through inhibition of ADAM-17 enzymatic
activity. Neutrophils isolated from clinically stable A1AT-deficient patients were
characterized by low membrane expression of FcyRIIIb and increased chemotaxis in
response to IL-8 and sIC.%° Additionally, a study from Murphy et al. showed that
isolated neutrophils from A1AT deficient individuals have increased activity and
increased number of neutrophil primary granule proteins in the membrane proteome
when compared to control COPD. Upon stimulation these neutrophils had greater
ROS and neutrophil elastase response when compared to the COPD controls. Also,
these controls were matched regarding lung function damage, that is they had similar

FEV1.87. 122 Furthermore, while further investigation is required, one cannot discount
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the studies that have observed accelerated neutrophil apoptosis and reduced
phagocytic ability of neutrophils in A1AT deficiency.3® This suggests two things of
particular relevance to the findings of this chapter, first that neutrophil turnover may be
higher in A1AT deficiency, and this may make it harder to consistently detect
neutrophils, and second, that the neutrophils are inherently different. To compliment
these findings and see if the neutrophils in A1AT KO mice are inherently different,
future directions should include in-vitro studies exposed to smoke, to determine if
these neutrophils respond differently to those taken from WT mice. Thus, neutrophil

viability and metabolic activity can be determined with an LHD or MTT assay.

The second reason that can be attributed to the increased neutrophils is due to
increased signalling of neutrophils. It is suggested that A1AT regulates neutrophil
chemotaxis via more than one pathway, 5° however an important consistent finding is
the implication of IL8 as one of the main neutrophilic chemoattractants. One
mechanism that has been briefly discussed is that the neutrophils in A1AT deficiency
have increased migratory ability to the sputum (compared to BALF in these mice
studies) which not only reflects the increased chemoattractant burden but is amplified
by the deficiency of functional A1AT. A1AT can bind directly to IL8 deterring neutrophil
recruitment. By doing this, it prevents binding of IL8 to neutrophil CXCR1 and
ADAM17. Where ADAM17 binding leads to the process previously described, that is,
Fc receptor FcyRIlIb interactions (neutrophil surface), thus usually leading to
downstream chemotaxis signalling.3% % There is also the implication of increased
LTB4 which increases swarming of neutrophils in inflamed tissues. Furthermore, LTB4
and IL-8 are significantly higher in COPD exacerbations of A1AT deficient patients
than non A1AT deficient COPD patients. It has also, been suggested that A1AT
abrogates IL8 and LTB4 mediated neutrophil chemotaxis by up to 40% via direct

binding and inhibition. This is independent of A1ATs antiprotease activity.8”

Since mice do not have IL8, changes in KC (CXCL1) and CXCL15 were investigated,
which are both mouse homologues of IL8. Inflammatory cytokine CXCL15 significantly
increased in KO mice compared to WT at 8, 12 and also 2 weeks (Figure 4.12 A-D).
Hence a mechanism similar to those described could also be occurring in mice, as the
increased CXCL15 could be a contributing factor to the increased neutrophil burden

in A1AT KO mice observed in the airways from BALF cell enumeration i.e. mice without

89



A1AT have increased neutrophil burden which may be due to increased chemotaxis
in response to CXCL15. KC significantly increased in CS compared to air but not
between WT and A1AT KO mice (Figure 4.12 I-L). Additionally, KC protein quantity
was also assessed (Figure 4.13), and similar to gene expression, increased due to
CS. This suggests that A1AT reduces CS induced neutrophilic infiltration via CXCL15
but KC does not, thus the mechanism may be specific to CXCL15. To gain a better
understanding of the mechanisms, additional experiments are required targeting in-

vivo or in-vitro studies on neutrophil burden in the lung.

There is also the implication of pro inflammatory cytokines TNF and IL1[3. Studies have
shown that A1AT inhibits TNF and IL1B release from activated neutrophils.'?® A1AT
modulates the release of TNF, and TNF facilitates neutrophil migration to the bronchial
mucosa, stimulates degranulation of neutrophils and also upregulates IL8 release,
which then leads to more inflammation and more damage. Active TNF is a principle
driver of inflammation in COPD, and this is reflected by increased TNF in the sputum.&’
Results showed increased TNF with the presence of CS (Figure 4.13 E-H) as would
be expected from the literature. Of even greater interest is the observed increase in

TNF in WT mice at 4 weeks compared to A1AT KO mice which will be discussed later.

IL1B, is a potent activator of alveolar macrophages'* and also stimulates the
production of neutrophilic chemoattractants'?®, therefore increased neutrophilic
inflammation. The results showed a significant increase in expression of IL1[3 in the
lung (Figure 4.12 E-H), which is increased due to smoke but in particular increased in
A1AT KO mice compared to WT at 2 and 8 weeks, which as described, plays an

important role in initiating and maintaining airway inflammation.

As IL1B and CXCL15 increased in A1AT KO compared to WT mice, this shows that
the increase in these particular inflammatory markers may play a crucial role in A1AT
deficiency induced COPD. Furthermore, this increased signalling and production of
inflammatory cytokines not only leads to increased neutrophil chemotaxis but also to
increased damage from increased inflammatory cells, and also increased cytokines,

which lead to further damage and destruction.
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Impact of other inflammatory cells, differences in A1AT KO and WT mice

While neutrophils are the main inflammatory cells implicated in A1AT deficiency, they
are not the only ones implicated. In COPD, macrophages are heavily implicated in
disease, specifically in inflammatory response, oxidative stress and tissue destruction
associated with COPD.26

In the BALF results there was an increase in total leukocytes at 4 weeks in the WT
mice compared to the A1AT KO mice and an increase in macrophages was the main
contributor. There was also increased macrophages and total leukocytes in WT CS
mice compared to A1AT KO. At this timepoint neutrophils are only a small contributor
to inflammation, i.e. to total leukocytes. Additionally, this is the only timepoint that

neutrophils were not significantly different between WT and A1AT KO mice.

Macrophage associated inflammatory markers have been shown to increase upon
exposure to CS. This was reflected in Figure 4.12, which showed increase in TNF and
Marco expression in mRNA. Additionally, TNF also plays a crucial role in inflammatory
cell recruitment and tissue remodelling in COPD reflected by increased TNF mRNA
and protein levels present in COPD patients. '?° Increased Marco suggests increased
recruitment of macrophages to the airways as well as increased inflammation. Marco
belongs to a class A scavenger receptor family which are known for their ability to bind
and internalise a variety of molecules including particles like CS, thus important in
phagocytosis in CS."?’ Interestingly, both TNF and Marco increased in 4 week WT CS
lung samples when compared to A1AT KO mice. This seems to complement the
increased macrophage finding in the BALF.

In COPD, although macrophages are essential in pulmonary protective mechanisms,
they also promote a dysregulated inflammatory response which contributes to lung
damage and the pathogenesis of COPD. It is hence pivotal to explore this observed
inflammatory profile in greater depth, particularly at 4 and 8 weeks, which was done
with flow cytometry. However recruited macrophages (both MHCII high and MHCII
low) were examined in lung homogenates, not the BALF. The macrophages in WT CS
mice increased due to smoke in the lung at 4 weeks, which was consistent with the
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previous findings in the BALF and suggests increased macrophages to be a driving

factor in CS induced damage at 4 weeks.

Analysis of flow cytometry showed an increase in dendritic cells due to CS in the lung
at 4 and 8 weeks. Interestingly, A1AT KO mice had a significantly reduced proportion
of DCs at 4 weeks in the blood, and 8 weeks in the lung. While dendritic cells have
previously been shown to increase in COPD,'? this is the first data to suggest that
A1AT helps facilitate this recruitment. While no other studies were found linking DCs
and A1AT in COPD, there have been studies that showed human A1AT is able to
inhibit DC activation and function in models of lupus.®? Hence, the hypothesis that
A1AT may increase DC migration. In order to investigate this hypothesis, DC migration
towards the lung and accumulation in the lung and bronchoalveolar space needs to

be investigated as a future direction (investigated in Chapter 6 Aim 4).

Dendritic cells serve as innate lung sentinels and as orchestrators of adaptive
immunity and are well equipped to drive pathological processes from the earliest
stages of COPD pathogenesis to end-stage disease.'?® Additionally, dendritic cells
(DC) can be further categorised into three main subtypes: type 1 classical or
conventional DC, type 2 classical or conventional DC and plasmacytoid DC.128 129 As
a future direction it would be helpful to further classify the dendritic cells analysed into
these subtypes, as for example, type 2 conventional DCs are major producers of
proinflammatory cytokines, thus promoting further recruitment of inflammatory cells.'?®
It would be interesting to conduct further research to see which of the 3 main subtypes
of DCs is driving this change and if this finding is reproducible in humans, i.e. does

this finding also translate to human research.30

Furthermore, studies have suggested the effects of A1AT on other cell types, including
neutrophils and macrophages, are important for therapeutic benefits, and that there
may be cross-talk among the aforementioned findings and mechanisms. One example
is the blocking of TNF signalling by the interaction of A1AT with TNF receptors, which

leads to the inhibition of downstream gene expression in DCs. %2
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As this particular finding in COPD has not been previously shown or explored, future
studies would be beneficial, and it would be pivotal to see if these same findings are

present in human studies or human samples.

Cigarette smoke induces more severe alveolar destruction in A1AT KO mice and yet

does not worsen CS induced changes to lung function

Analysis of histologically apparent changes to the lung and to lung function were
conducted to see if they accompanied the increased inflammation observed in A1AT
KO mice. To achieve this, MLI analysis was performed on lung sections to measure
alveolar destruction. In this analysis, the bigger the alveolar space, the larger distance
between intersections on the grid, correlates to greater alveolar destruction and
emphysema. This increased MLI| was observed in CS mice after 8 weeks when
compared to those exposed to air. Air mice had smaller distances between alveoli,
indicating a larger number of smaller alveoli, consistent with normal, healthy tissue.
MLI was also increased in the absence of A1AT, thus alveolar damage was
exacerbated in A1AT KO mice, evident from a significantly greater MLI in A1AT KO
mice at 8 and 12 weeks compared to WT mice (Figure 4.6). This finding highlights the
impact of A1AT absence on damage to the lung in mice exposed to smoke. To place
this in the context of human COPD, smoking, regardless of A1AT gene status, causes

lung damage, but in those deficient in A1AT, smoking-related damage is exacerbated.

Increased alveolar destruction was observed, and hence it was expected that there
would be increased lung volume, as alveolar destruction leads to loss of elastic recoil
and air trapping and thus lung hyperinflation, i.e. emphysema. Lung function measures
a variety of parameters pertaining to the damage of the lung. Two measures of lung
volume are TLC (total lung capacity) and FVC (forced vital capacity). TLC and FVC
both show increased lung volume in mice exposed to smoke, hence increased
damage. However, they did not show an increase in lung volume in A1AT KO mice
compared to WT. This shows that although there are structural changes in KO mice,
this did not translate into functional changes at this time point. This is actually not all
that inconsistent with literature, as some moderate A1AT deficiency cases that have

been exposed to passive smoking and various occupational inhalants, did not always
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have significantly decreased respiratory health. However, in severe A1AT deficiency
cases there was significant decreased respiratory health’'8. Additionally, in humans
with A1AT deficiency, there is an environment of high inflammation, that is increased
cytokine levels, neutrophil counts and neutrophil elastase levels, even before any
development of lung injury or lung function impairment.’® Considering this, and that
these mice are still young compared to other studies that have used A1AT KO mice %
where mice are aged to almost a year old, lung function differences between A1AT
KO mice and WT mice may not be seen at this earlier timepoint, only the worsening

of lung function from CS.

As previously mentioned, lung function can measure a variety of parameters. Of
particular interest are parameters that measure the effects from A1AT deficiency, i.e.
the loss of elastin. While CS alone will cause some loss of elastin, which gives lungs
their elasticity and strength, this impact is expected to be more severe in systems with
no A1AT as there is no A1AT to inhibit neutrophil elastase. The loss of elastase in
lungs makes them more compliant, which interestingly was not observed. Similar
measures of resistance and elastance are affected by decreased elastin in the lung.
Resistance specifically measures the level of constriction in the lungs while elastance
measures the elastic stiffness of the respiratory system at the ventilation frequency,
and is considered the reciprocal of compliance and vice versa. After 12 weeks
however, there is a slight yet significant change in these parameters in the A1AT KO
mice, and this shows the converse of what is expected. There is a decrease in lung
compliance and an increase in lung elastance. With more damage, it is expected that
there would be less elastase in the lung, therefore decreased elastance and increased
compliance as there is less elasticity and resistance, making the lungs more compliant.
There is, however, also more resistance in A1AT KO CS compared to A1AT KO air,
and to WT CS, which is unexpected in this model. While this could suggest increased
fibrosis of the lung, since there were no significant changes to gas exchange in DLCO,
and nothing yet indicative of fibrotic changes, this is unlikely. It would also be beneficial
to measure elastin in A1AT KO and WT mice as this may be indicative of why there is
no difference in compliance. To see if this may be the case, elastase activity and
elastin protein in the lung need to be investigated.
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Deteriorated disease is not associated with elastase activity

In this chapter the impact of CS in mice with no A1AT was explored. The absence of
A1AT is evident from Figure 4.9. This allows exploration of the protease anti protease
balance in a system of no A1AT where it is expected that there would be increased

neutrophil elastase and thus increased lung damage.

There were no significant changes in elastase activity (Figure 4.10 I-L). This was an
unexpected finding as increased presence and activity of elastases and other
proteases have been considered in the literature to be a main mechanism of damage
to the lung. Damage from neutrophil elastase is caused by multiple mechanisms. It is
the main, but not the only protease related to lung damage, there is also protease 3,
cathepsin G as well as metalloproteinases. 3" However, neutrophil elastase is the
main contributor, particularly in the small airways. Typically, when neutrophil elastase
is implicated in A1AT deficiency related damage, much emphasis is placed on its role
in protease activity which is associated with almost all facets of COPD, that is,
emphysema, airway remodelling — particularly destruction and damage to the small
airway, as well as chronic bronchitis, and even bacterial infections and colonisation.3°
Neutrophil elastase degrades key features of the extracellular matrix. Neutrophil
elastase is responsible for degradation and key cleavage of many features of the
extracellular matrix, such as elastin, collagen, fibronectin and many others, which
provide structural support, strength, elasticity, cell adhesion, cell migration, cell

differentiation, among other things.3°

Additionally, analysis of both collagen deposition around the small airways and
epithelial thickness were unchanged in A1AT KO mice compared to WT mice (Figure
4.11). Thus, there were no remodelling changes other than alveolar destruction, and
this may be due to the lack of change in elastase activity. A1AT is not the only inhibitor
of elastases, such as neutrophil elastase, as SLPI and elafin also inhibit neutrophil
elastase. These other antiproteases may be the reason for the lack of change in
elastase activity. A more comprehensive list of proteases and antiproteases is
described in Table 1.2. To confirm this, it would be beneficial to investigate the
individual effects of key proteases including NE, proteinase 3, cathepsin G, ADAM-17
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and MMPs, perhaps by immunofluorescent staining or proteomics. Neutrophil elastase
also activates matrix metalloproteinases (2, 3, and 9) and cathepsin B, which are
heavily implicated in disease progression in COPD in humans and in mice. (MMP-9 is
abundant in asthma, IPF, and COPD). 32

In this particular model, these findings suggest that the main cause of damage is from
the high inflammatory environment and related mechanisms of increased
inflammatory cells, increased cytokines and possibly increased chemotaxis. There is
also the implication of the absence of A1AT in these pathways, mainly A1AT anti-
inflammatory and immunomodulatory effects (e.g. the ability of A1AT to regulate

cytokine production), as opposed to the protease antiproteases balance.

The ability of neutrophils to modulate inflammation has been discussed previously,
however neutrophil elastase also has immunomodulatory effects. Neutrophil elastase
enhances endothelial and epithelial cell secretion of inflammatory mediators (such as
IL 8), and enhances macrophage secretion of pro-inflammatory cytokines. Additionally,
it plays a role in cell death by increasing cell apoptosis (epithelial and endothelial cells),
and cell function, in particular cellular oxidative stress, and neutrophil/A1AT complexes

are chemotactic for neutrophils.

Conclusion

This chapter sought to understand the interaction of A1AT deficiency and cigarette
smoke exposure in an animal model equivalent to the human A1AT null allele with
mice that have a knock out (KO) of the A1AT gene.

Investigation of inflammatory, structural and functional changes in A1AT KO mice
across a time course of cigarette smoke exposure found increased inflammation at 2,
8 and 12 weeks of cigarette smoke which was predominantly driven by neutrophils,
and increased cytokines related to neutrophil chemotaxis (IL13 and CXCL15). There
were interesting inflammatory profiles of both A1AT KO mice but also WT mice, which

showed increased macrophages and dendritic cells, particularly at 4 weeks of smoke.
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The inflammatory profile fluctuates over time and the increased inflammatory markers
also compliment this change. This highlights that the inflammatory story is pivotal to
A1AT deficiency related damage and should be investigated further. There was
increased alveolar destruction in A1AT KO mice compared to WT mice after 8 weeks

(8 and 12 week timepoint) and decreased lung function due to CS.

These changes led to the second goal, which was to establish a combined A1AT null
and cigarette smoke exposure model as a platform that can be used in future to test
therapies for A1AT null patients. Since this model has shown increased airway
inflammation, alveolar damage, and decreased lung function compared to air mice,
this mouse model can now be used as a basis for further treatments. In particular, the

8 week model, which is the earliest timepoint where alveolar damage was detected.
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Chapter 5 — Aim 3

Introduction

The aim of this chapter was to understand the interaction of A1AT toxicity and cigarette
smoke (CS) exposure. This chapter utlises an animal model that can be considered
equivalent to the human PiZ allele, as the mice have a knock in of the human mutated
Z allele. These PiZ mice develop liver damage due to the accumulation of A1AT in

hepatocytes.82 105

As discussed in the previous chapter, this established cigarette smoke model exhibits
key hallmarks of human COPD, including increased number of leukocytes in the
bronchoalveolar lavage fluid (BALF), alveolar destruction, and changes to lung volume

and compliance.'??

This chapter has two primary aims; the first is to investigate the changes in PiZ mice
due to CS which anticipates that PiZ mice will experience deteriorated COPD due to
CS compared to WT controls. This hypothesis is not due to A1AT deficiency in mice,
as these mice retain functional mouse A1AT, but instead due to the presence of toxic
Z ATAT accumulation in mice which has been previously reported in the literature to
cause liver damage.®? The second aim is to establish an experimental model of CS
induced A1AT deficiency/toxicity related lung damage. Hence, to investigate if these
PiZ mice have Z toxicity related damage, and also if this is a suitable model for testing

future therapies.
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Results

Cigarette smoke induces inflammation and increases inflammatory cell counts in PiZ

mice

Chronic inflammation specifically increased infiltration of inflammatory cells into the
airways and lung parenchyma, is a significant hallmark of CS induced COPD. Hence,
to elucidate changes to the inflammatory environment of PiZ mice due to CS, BALF

was collected and enumeration of leukocytes was conducted.

Results showed increased total leukocytes due to CS, reflected in both the PiZ mice
and the WT control mice (Figure 5.1A). Differentiation of inflammatory cells showed
that the predominate cell contributor in PiZ mice was neutrophils (Figure 5.1C), while
in WT mice both macrophages and neutrophils were significantly increased in CS
(Figure 5.1B-C).

Furthermore, there was an increase in parenchymal inflammatory counts due to CS,
evident in both WT and PiZ mice (Figure 5.1D). This shows that overall there were
increased inflammatory cells in the lung due to CS. However, there was an absence
of changes in total leukocytes, macrophages or neutrophils between PiZ and WT mice.
Hence, the contributor to inflammation is most likely due to CS, even if inflammation
in PiZ mice appears to be neutrophil driven (evident from increased neutrophils in
BALF of PiZ CS mice compared to air).
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Figure 5.1: Cigarette smoke induces increased airway inflammation in PiZ and WT

mice.

Measure of airway inflammation from BALF of WT and PiZ mice in an 8 week
experimental model of CS induced COPD. Inflammatory changes in BALF were
observed in total leukocytes (A), macrophages (B), and neutrophils (C). Parenchymal
inflammation was also measured as the number of inflammatory cells in the
parenchymal space, where the field of view is 78,278 um?, measured as cells per field
of view (D). N=8. Results are means + SEM. ns = p>0.05, * p<0.05, ** p<0.01, ***
p<0.001, ****p<0.0001. Ordinary One-Way ANOVA determined statistical significance

with Bonferroni’s multiple comparisons.
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Cigarette smoke induces more severe alveolar destruction in PiZ mice

Alveolar destruction was measured to determine if there was structural damage to the
lung, specifically the alveoli. For this the mean linear intercept (MLI) was calculated.
This quantifies damage by measuring the distance between alveolar walls, where an
increased distance corresponds to fewer and larger alveolar spaces consistent with
emphysema. Figure 5.2 shows increased distance and hence damage due to CS, as
well as increased damage in PiZ mice compared to WT mice. Hence, alveolar

destruction is exacerbated in PiZ mice compared to WT.
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Figure 5.2: Cigarette smoke induces increased alveolar destruction in PiZ mice.
Increased alveolar damage in PiZ mice is evident by increased mean linear intercept
(MLI) at 8 weeks. N=8. Results are means + SEM. ns = p>0.05, * p<0.05, ** p<0.01,
*** p<0.001, **** p<0.0001. Statistical difference was determined with Ordinary One-

Way ANOVA with Bonferroni’s multiple comparisons.

CS does not cause deteriorated lung function in PiZ mice compared to WT

Lung function was also measured to elucidate any functional changes to the lung
volume, elasticity and strength. There was an increase in lung volume shown as
increased total lung capacity (TLC, Figure 5.3A) and forced vital capacity (FVC, Figure
5.3B) due to CS. Interestingly, measures of resistance, compliance, and elastance
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showed no change between PiZ and control or between CS and air control (Figure
5.3C-E).
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Figure 5.3: PiZ mice do not have worsened lung function compared to WT mice.

WT and PiZ mice were exposed to CS. Lung function was performed and lung volume
assessed by forced vital capacity (FVC) (A), and total lung capacity (TLC) (B).
Resistance (C), Dynamic compliance (D) and Elastance (E), were also measured.
N=8. Results are mean + SEM. ns = p>0.05, * p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001. Statistical difference was determined with Ordinary One-Way ANOVA with

Bonferroni’s multiple comparisons.
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Aggravated disease is not associated with elastase activity

PiZ mice do not have the mouse Serpinal genes knocked out and hence would be
expected to be able to produce A1AT. Hence it was pivotal to measure A1AT. A1AT
quantity in blood plasma showed a decrease in A1AT protein in PiZ CS compared to
PiZ air mice as well as to WT CS mice (Figure 5.4A). Lung protein however, shows an
increase in A1AT in CS mice in both PiZ and WT (Figure 5.4B).

A1AT is an inhibitor of elastase, and hence elastase activity was measured.
Interestingly, elastase activity was decreased in all groups compared to the control,
WT air (Figure 5.4). This initially seemed counterintuitive to literature reports, as
increased elastase activity would suggest an increased presence or availability of

elastase, or less active A1AT present for it to bind.
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Figure 5.4: A1AT KO mice relationship between A1AT protein and elastase activity.

WT and PiZ mice were exposed to CS. A1AT protein was measured in blood plasma
(A) and lung sample homogenates (B). Elastase activity was also measured in lung
homogenate samples with multiple measurements of fluorescence over time
(Fluorescence vs Time) (C) as well as standards of purified porcine pancreatic
elastase (0.2, 0.1, 0.05, 0.025, 0.0125, 0.0625 and 0) were measured as appropriate
controls (D). Lung samples were calculated as change in fluorescence over time
(measured in AU) which equates to elastase activity (E). This was achieved by
selecting the values of graph C which are positive and the slope linear, which was
between t=20 to t=100. N=8. Results are mean + SEM. ns = p>0.05, * p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001. Statistical difference was determined with

Ordinary One-Way ANOVA with Bonferroni’s multiple comparisons.

Aggravated disease due to CS is associated with increased inflammatory markers

To determine whether the increased inflammatory cell infiltrate in the lung of CS PIZ
mice was associated with any increases in inflammatory markers within the lung
tissue, the gene expression of several key cytokines (and inflammatory markers) by
gPCR of lung homogenates was assessed. There was a significant increase in gene
expression of markers IL13, KC and TNF in PIZ and WT CS mice compared to Air

mice (Figure 5.5B-D), hence, increased inflammation and increased cytokines due to
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CS. There were no changes in Cxcl/15 (Figure 5.5A). Marco was also increased due
to CS in PiZ and WT mice (Figure 5.5E). The protein quantity of various cytokine
markers was also measured by CBA, namely /IL18 and TNF. While it showed
increased RNA expression due to CS, it did not show an increase in protein quantity
in the lungs at this time (Figure 5.6A and C). KC and Mcp1 were increased in CS mice,

however there were no change between WT and PiZ mice (Figure 5.6B and D).
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Figure 5.5: CS PiZ mice have increased mRNA expression of inflammatory markers

compared to Air.

Gene expression by qpcr of lung homogenates of various inflammatory markers
including Cxcl15 (A), IL1B (B), and KC (C), TNF (D) and Marco (E). N=8. Results are
mean + SEM. ns = p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Statistical
difference was determined with Ordinary One-Way ANOVA with Bonferroni’s multiple

comparisons.
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Figure 5.6: PiZ and WT CS mice have increased protein quantity of KC and Mcp1

compared to Air mice.

Presence and quantity of inflammatory markers were measured by Cytometric bead
array (CBA) of lung homogenates. Lung homogenate was tested and key cytokines
IL1B (A), KC (B), TNF (C) and Mcp1 (D) measured. N=8. Results are mean + SEM. ns
= p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Statistical difference was
determined with Ordinary One-Way ANOVA with Bonferroni’s multiple comparisons.
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Discussion

This chapter aimed to investigate the relationship between Z mutated A1AT toxicity in
CS induced COPD. Mice expressing human Z misfolded A1AT proteins were exposed
to CS for 8 weeks. Results after CS showed firstly a similar degree of chronic
inflammation in bronchoalveolar space, and functional pulmonary parameters
between PiZ and WT mice post CS exposure. Secondly, increased structural damage
in PiZ mice. Thirdly, further analysis showed a significant low level of mouse A1AT

protein observed in PiZ CS mice compared to PiZ air mice or WT CS mice.

PiZ and WT mice displayed similar disease presentation for COPD

Inflammatory cell infiltrate into the bronchoalveolar space is a key feature in COPD
and was assessed in PiZ mice. There was an increase in total leukocytes and
neutrophils in the BALF and an increase in parenchymal inflammation due to CS
(Figure 5.1-5.2). Additionally, gene expression and protein quantity were determined
in lung homogenates to determine if there was an increase in inflammatory markers
to support the increased cell infiltrate in the lung due to CS. Inflammatory mediators
IL1B, TNF, KC and Marco showed increased gene expression in PiZ and WT CS mice
compared to Air mice (Figure 5.5). Additionally, there was increased levels of Mcp-1
and KC protein in PiZ and WT mice exposed to CS (Figure 5.6). There were no
increases observed between PiZ and WT mice regarding these specific inflammatory

cells and inflammatory markers, thus implying these changes are all a result of CS.

The chronic inflammatory environment characteristic of COPD was however present
in both PiZ and WT mice, and thus it was also key to investigate if this led to any
differences in lung function between PiZ and WT mice. Regarding lung function
changes, the main focus was to show any changes in lung volume, and of lung
resistance and compliance. Two such measures of lung volume measured, include
total lung capacity (TLC) and forced vital capacity (FVC) which both increased in PiZ
and WT mice due to CS (Figure 5.3A-B). While there was no increase in TLC or FVC
in CS PiZ compared to CS WT mice, this finding does still show that PiZ mice are
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susceptible to lung damage due to CS, and that this does translate to functional

changes.

Included are measurements that show dynamic compliance, resistance and elastance
(Figure 5.3 C-E). While these parameters are useful in describing overall the potential
deterioration of various lung function parameters in mice, these are of particular
interest as they represent and describe the ease at which the lungs can expand and
contract, which is particularly useful considering the importance of elastin in the lungs
and the relationship between A1AT deficiency and increased elastase, which leads to
decreased elastin and increased damage. Since elastin in the lung would be the key
reason for any differences in these measurements, it is pivotal that elastase activity as

well as A1AT quantity are measured.

With respect to lung function translation to humans, while there is a significant link
between A1AT deficiency and COPD, differences may not be statistically significant
between all versions or severities of A1AT deficiency, particularly when CS is also a
contributing factor. There have been numerous studies that have reported patients
with PIMZ (one of the less severe forms of A1AT deficiency as only one gene produced
mutated less functional A1AT while the other is fully functional) genotype and PiMM
genotype, and there are some varying results. When CS is removed from the equation,
comparing PiMM and PiMZ individuals, there is evidence that shows that there is a
steeper lung function decline in non-smoking PiMZ patients than in non-smoking PiMM
subjects’3.While some measures of spirometry varied in significance between
publications, one that was relatively consistent was the decline of the FEV1/FVC ratio.
It was also found that the PiMZ genotype was associated with lower FEV1/FVC ratio
which correlates in humans with decreased lung function, confirmed in patients by
chest CT as having exacerbated emphysema'*. Hence, the importance of the
FEV1/FVC ratio, and thus the importance of measuring FEV1 and FVC. Hence, when
discussing these COPD models, it was pivotal to look into FVC. In mice TLC was also
measured, which is not possible in humans. It should also be noted that
measurements in mice sometimes oppose that in human disease. This is due to
differences in spirometry and forced breathing manoeuvres. While there are
differences in lung volume and thus deteriorated lung function due to CS, based on

the lack of consistent statistic differences in humans with both functional (M) and
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dysfunctional (Z) gene, it is not surprising to see no changes in lung function between
our Z and WT mice, especially considering our Z mice have some functional mouse
A1AT to be protective.

Z A1AT gene resulted in exacerbated emphysema
Canonically in the literature, PiZ mice have been shown to not develop pulmonary
pathology owing to the intact functional mouse Serpina? genes.’® However,

particularly due to CS, there is a development of some pulmonary pathology.

To analyse alveolar destruction MLI analysis was performed on lung sections. In 8
week PiZ mice there was a significant visual increase in alveolar space. This was
quantified by MLI where the bigger the alveolar space, the larger distance between
intersections on the grid, correlates to greater alveolar destruction and emphysema.
MLI was statistically increased due to CS in PiZ and WT mice, however, there was
also a significant increase in PiZ CS mice compared to WT CS mice (Figure 5.2). MLI
was pivotal to quantify in this study, as measures of lung structure, particularly alveolar
destruction have not been investigated in the CS models in the literature. There has
been a study that investigated collagen deposition, in particular collagen |, deposition
throughout the lungs, including alveolar septal walls and around airways. There was
an increase in collagen deposition in PiZ (PiZ x GFP-LC3 mice) compared to control
(GFP-LC3).13¢ In our previous chapter collagen deposition around the small airways
was analysed, using collagen IV (collagen 4) with no changes found. However, it would
be beneficial in future to determine if collagen IV is increased in PiZ mice, as well as

collagen | as shown in the literature.

Since increased alveolar destruction was observed in PiZ CS mice, this suggests that
the model exhibits increased lung damage in PiZ mice compared to WT. Thus, it can
be used as a potential model of A1AT toxicity and CS induced COPD. Hence, it has
been shown that alveolar damage is worsened due to the presence of the Z mutation.
However, the mechanism of action as to why there is increased emphysema in PiZ
mice is somewhat unknown as analysis of certain inflammatory cells, inflammatory

markers or lung function parameters were not worsened in PiZ. To confirm this in
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future it would be beneficial to conduct a more in depth study on inflammation i.e. flow
cytometry panel of basic inflammatory cells e.g. macrophages, neutrophils, B and T

cells, DC, eosinophils etc. as well as investigating other inflammatory markers.

PiZ and WT mice showed comparable level of inflammasomes

Regarding inflammatory markers, IL13 and TNF showed increased gene expression
in PIZ and WT CS mice compared to air mice (Figure 5.5 B and D), hence, increased
inflammation and increased cytokines due to CS. While the protein quantity of these
same markers was analysed, there was no increase in these mice (Figure 5.6A and
C). This could be due to some samples fitting below the standard curve, hence
readings of zero. It would be beneficial to repeat these findings with high sensitivity
CBA kits for these two markers in the future, particularly due to the lack of lung
inflammatory data in PiZ mice in the literature. Additionally, there was an increase in
both KC quantity (Fig 5.6B) as well as gene expression (Figure 5.5C) in the lungs of
PiZ and WT CS mice compared to air. This increase due to CS, highlights KC as a key
inflammatory cytokine in CS disease. Interestingly, CXCL15 showed no changes due
to CS or PiZ genotype (Figure 5.5A), which was different to the A1AT KO model. This
difference between PiZ and A1AT KO cytokine expression was particularly interesting
to note. While CXCL15 and KC have both been associated and linked to human IL-8,
which is strongly associated with A1AT increased disease pathology via increasing
neutrophil chemotaxis, it is interesting to see the potential for a slightly different
mechanism being hinted at in this study. There is also a significant increase in mcpt-
1 protein in CS mice (Figure 5.6D). The increase in TNF, mcpt-1 shown in our model,
seem to be linked to the same mechanism, which also involves IL-6 and NF-kB.
However, these increases were present in both PiZ and WT mice exposed to CS,
compared to air, and this is not a change specific to the Z genotype. Hence, further

investigation into the mechanisms of action are required.

The increase in mcpt-1 is also of particular interest. There was increased mcpt-1
protein due to CS in PiZ and WT mice, however this was not significantly more

increased in PiZ compared to WT. It has previously been shown that there was
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increased gene expression of mcpt-1in WT mice after 8 weeks of CS."20 The literature
has shown that this increase in mcpt-1 and TNF could be indicative of the damage
caused by Z-A1AT, as the toxic gain-of-function effect of intracellular Z-A1AT not only
in hepatocytes, but also in the endoplasmic reticulum of monocytes, as well as
neutrophils and alveolar macrophages'’-'3°, thus activating endoplasmic reticulum
(ER) stress, has been previously described’. This results in increased levels of
inflammatory cytokines and activation of NF-kB signalling’3® as well as a cascade of
issues resulting in increased inflammation particularly due to TNF, mcp-1 and IL-6.7°
Additionally, increased Z-A1AT accumulation in neutrophils leads to increased ER
stress marker CHOP and TNF, which is responsible for enhanced neutrophil
apoptosis'¥’. This could even play a role in the neutrophil cell counts (Figure 5.1C), as
increased neutrophil apoptosis could explain the less than expected neutrophil
infiltration detected in lungs of PiZ mice i.e. less neutrophils to count due to increased
death.

PiZ mice show unexpected A1AT protein levels compared to WT mice
Having shown increased alveolar destruction in PiZ mice, the next step was to
determine whether this was associated with a difference in elastase activity, as well

as a difference in A1AT quantity.

Initially, the observed decrease in elastase activity in all groups except WT air was
surprising, as it was expected there would be increased elastase in mice with no or
less A1AT as well as in mice with CS. This is because mice with less total A1AT in the
lung would have less A1AT to inhibit elastase. It could be due to the increased A1AT
present in the lungs that there is no increase in elastase activity. Since this A1AT is
most likely to be functional mouse A1AT that is inhibiting the elastase. While a great
portion of the study has assumed and described damage as a result of increased
neutrophil elastase, all elastase activity was measured, and specific kits or proteomics
may shed more light on the behaviour of neutrophil elastase and other specific
elastases individually. Based on this finding this may explain the lack of changes in
lung function, specifically, elastance, resistance and compliance. While the PiZ mice

had increased inflammation and decreased lung function due to CS, the only change
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worsened by the presence of the Z genotype was increased alveolar destruction
(structural histology changes). This suggests a strong possibility that there are

additional mechanisms of action (specific to Z toxicity).

In Chapter 4, it was discussed how no A1AT (A1AT KO) affected elastase. There was
a dramatic decrease in A1AT protein in blood samples in PiZ smoke mice comparative
to PiZ air mice and also to WT smoke mice (Figure 5.4 A). This shows that in PiZ mice
only, there is a significant effect due to smoke but also due to genotype, this result
could be due to a combination of both factors. In the lung however (Figure 5.4 B), an
increase in A1AT quantity in CS mice was observed. Additional analysis was done to
compare the baseline quantity of A1AT in WT and PiZ (air) mice, as a difference to
this could be a direct influence of the genetic modification of these mice. It was found
there was a significant decrease (p<0.05, comparison not shown) in A1AT in the lungs
of Air PiZ mice, compared to Air WT mice. Hence, at a baseline at approximately 16
weeks of age, there is less A1AT found in PiZ mice. In CS mice there was no significant
difference in A1AT between PiZ and WT mice in the lung, however the circulating
A1AT was significantly decreased in PiZ mice, which may link to our initial hypothesis
in aim 1, where again it was found that less A1AT in circulation in the blood/blood
plasma may result from a greater need for protective A1AT in the lung and hence
increased transportation of A1AT to the lungs. Active A1AT readily inhibits elastases
in the lung, which cause damage. WT CS, PiZ Air and PiZ CS all had less elastase
activity compared to WT Air control group (Figure 5.4 F). Studies have previously

shown that exposure to CS decreases A1AT activity in the lungs™?.

Future directions and considerations

While there are not many other published studies on these mice, and even less that
include exposure to CS, there are some key findings that shed light to inflammatory
changes in the lung. First it is pivotal to compare base differences between the mice.
Here, it is important to note that these studies use PiM mice (where PiM mice are
genetically modified mice containing a ‘knock in’ of the human M gene — which has
human functional A1AT) as a control and not C57BL/6 WT. Regarding studies that

describe these significant increases inflammation in PiZ mice comparative to PiM
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mice, these findings are comparing a different control group and some discrepancies
are expected, as these mice have human A1AT as well as mouse A1AT. They may
have other differences, particularly due to genetic modification in the creation of the
line, have not been explored, and are beyond the scope of this study, however should

not be discounted.

One study showed at baseline intracellular accumulation of misfolded a1-antitrypsin Z
in respiratory epithelial cells of the PiZ model resulted in activation of autophagy, and
increased leukocyte infiltration compared to WT mice.'3¢ It must be noted that this was
done by measuring CD45+ cells infiltrating the lungs. Additionally, macrophages
(F4/80*) were not increased, hence the increased infiltration is likely to be from

neutrophils, lymphocytes, or other inflammatory cells.36

Interestingly, models of smoking regarding PiZ mice do seem somewhat inconsistent,
however there are differences in the models, particularly mouse backgrounds, length
of time the mice are exposed to CS and methods for analysis. One study where mice
received 2 cigarettes/day, 6 days/week over 6 months showed PiZ (heterozygous)
mice were not susceptible to emphysema by histological examination.'*2 However, PiZ
mice (C57BI/6 background) exposed to just four 1R3F cigarettes daily for 5 days
showed lungs exposed to cigarette smoke had a greater influx of pulmonary cytokines,
total cells, neutrophils, and macrophages, increased in neutrophil elastase and an
exaggerated ER stress compared to PiM mice.'*? Previous studies from this same
group showed increased leukocytes in the BALF of both PiZ and PiM (heterozygous)
mice (CBA background) exposed to CS, compared to non-smoked controls, which is
consistent with our findings. Where this study deviates from our findings is the
significant increase in neutrophils in BALF of CS PiZ mice compared with CS PiM
mice.’® This suggests a similar mechanisms to that explored in Chapter 4 on A1AT
KO mice, as neutrophil elastase released by degranulated neutrophils is believed to
be a main contributor to the pathogenesis of alveolar destruction and emphysema.
Hence, it does seem unusual that while there was no statistically significant increase
in neutrophil infiltration in the BALF (Figure 5.1), it can still be confidently inferred that
findings regarding increased infiltration due to CS, are not only clearly evident in Figure

5.1, but consistent with literature.”0. 136, 142

The final possibility as to the increased alveolar destruction in PiZ mice in the absence

of increase in inflammation in PiZ relative to WT controls, is that 8 weeks of CS may
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be too long a time period to see inflammatory changes. Previous studies used mice of
comparable age to those used in this study, and yet only smoked mice for 5 days,
using significantly less cigarettes (4 cigarettes per day, compared to 24/day). This
leads us to hypothesise that perhaps this was too long of an exposure, as A1AT
deficiency related COPD is suggested to cause a more rapid decline of the lungs (than
systems with A1AT). This suggests that PiZ mice may have experienced an early
‘peak’ in inflammation, e.g. an earlier timepoint of 1 or 2 weeks, and that WT mice may
have less inflammation than PiZ mice at this earlier timepoint. This would not be too
unusual as in Chapter 4, where A1AT KO and WT C57BI/6 mice were studied it was
noted that inflammation varied between timepoints. Specifically, total leukocytes in the
BALF peaked at 8 weeks for ATAT KO mice exposed to CS, compared to a somewhat
delayed peak observed in WT control mice exposed to CS, which peaked at 4 weeks.

Hence, it may be beneficial to run a shorter 1 or 2 week model in the future.

It should also be noted that while the changes observed in this model while quite
interesting, the disease progression of A1AT KO mice (Chapter 4) was more consistent
and hence those mice were analysed further and deemed a better model overall to
investigate A1AT deficiency and CS for this thesis. It was also deemed that the A1AT
KO mice were the optimum for any future drug or genetic treatments, particularly due
to the fact that the PiZ mice seemed more complex, and more appropriate in studies
of A1AT toxicity. However, it is pivotal not to discount the usefulness of the PiZ mice,
given more time and resources, it would be beneficial to continue to study these mice

as explored in future directions.

Conclusion

The aim of this chapter was to understand the behaviours of the Z mutation of A1AT
deficiency as well as cigarette smoke exposure. To achieve this, an animal model was
utilised. While PiZ mice and short term models of CS exposure have previously been
conducted, this model sought to use PiZ mice (two copies of the Z mutation) as well

as a longer term model of 8 weeks of exposure to CS.
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The aim was to describe inflammatory, functional and structural changes after 8 weeks
of CS. It was discovered that while there were functional, structural and inflammatory
changes to the PiZ mice, this was due to the CS and not significantly different to WT

mice, aside from increased alveolar destruction by MLI.

Additional changes were recorded to A1AT protein and elastase activity, which
showed PiZ CS mice had decreased circulating A1AT and increased lung A1AT,
suggesting increased migration of A1AT to the lung. Elastase over-activity and lack of
inhibition by A1AT has been shown to be relevant to disease progression, i.e.
emphysema, particularly in A1AT deficiency. Interestingly, this was not seen in this
project, and elastase is not responsible for the damage observed in this model. At this
timepoint at least, elastase damage was a minimal contributor to lung damage in this
model, and this may be confirmed by the lack of lung function changes in measures

of resistance, compliance and elastance, as these are linked to lung elastin.

Additionally, another goal of this chapter and the previous on A1AT KO mice, was to
establish a combined A1AT deficiency PiZ model and cigarette smoke exposure model
as a platform that can be used in future to test therapies that included the most
common mutation in human patients, being the Z mutation. While the Z mice alone
show liver issues indicative of that occurring in humans, the lung issues were non-
existent until CS exposure to these mice. While it was initially hoped that prolonged
exposure would lead to more damage with time, this was unfortunately not the case,
compared to the literature. This in itself is an interesting if slightly unexpected finding,
and led to the suggestion that while the PiZ mice may get worsened disease with
prolonged CS, this is not significantly different to WT mice that are exposed to CS,
most likely due to the still active mouse A1AT the mice still produce, as while A1AT
quantity varied between PiZ air and PiZ CS mice, interestingly elastase activity did

not.

However, as a mouse model for the lung phenotype it is still considered somewhat
effective. While there is only increased alveolar destruction due to the Z genotype,
with the addition of CS exposure, PiZ mice had increased inflammation and decreased
lung function compared to PiZ air, or WT air.

116



Chapter 6 — Aim 4

Introduction

Chronic inflammation is an important characteristic of COPD that causes lung damage
and impaired lung function in patients. Increased number of dendritic cells (DCs) is a
critical factor contributing to the development of COPD. While this increase in DCs
could initially be thought of as beneficial, they actually initiate and contribute to the
chronic inflammatory state of COPD by activating other inflammatory cells including
macrophages, neutrophils, and T and B lymphocytes, as well as cytokines, leading to

damage. 43 143

Details of the A1AT KO mice were previously reported in chapter 4, Aim 2, which
provided an additional rationale for this chapter. One such finding was that involving
inflammation and DCs (summarised in this paragraph). Previous investigations and
characterisation of the inflammatory profile in A1AT KO mice exposed to CS
highlighted a dynamic inflammatory profile over time. While A1AT KO inflammation
was determined to be predominantly neutrophil driven, there was an interesting and
unexpected finding involving DCs. When exposed to CS, DCs increased WT mice
compared to A1AT KO mice, specifically, increased circulating DCs after 4 weeks, and
increased DCs in the lung at 8 weeks of CS exposure. Of particular interest however
was the increase in WT CS mice compared to A1AT KO CS mice. This suggests a

potential mechanism involving A1AT, i.e. A1AT specific effect of DCs.

DCs are antigen-presenting cells that are pivotal to the detection of pathogens and
initiating and regulating the immune response. While DCs are typically associated with
T lymphocytes, due to their ability to capture, process and present antigens to
lymphocytes, and thus initiating their adaptive immune response, their immune
regulating role is not only limited to T cells.’* Airway and lung DCs can activate a
number of inflammatory and immune cells such as neutrophils, macrophages, and T

and B lymphocytes, in response to inhaled irritants.3’
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DCs are not well understood as their development and maturation is complex. When
studying and discussing DCs, it is essential to understand the subcategories of DCs.
Conventional dendritic cells (cDC) are antigen presenting cells located in the lymph
nodes and the majority of tissues where they regulate the innate and adaptive immune
response.’™5 Within this category are cDC1 and cDC2 dendritic cells, with cDC1
expressing XCR1 and cDC2 expressing CD11b and CD172a (as less specific defining
markers).'2° 145 Additionally, cDC1 are predominantly associated with priming NK cells
and cytotoxic T cells, and regulating immune response, whereas cDC2 is
predominantly associated with priming helper T cells.'#*>'4” Plasmacytoid dendritic
cells (pDC) secrete type 1 interferons (IFNs) and are important in the immune
response. They can also become antigen presenting cells, as they promote an
immune response due to viruses.'#> 148 Finally, there are also the DC3 subset of DC
which show a phenotypic relation to monocytes and cDC2s but are developmentally
different.'#® cDCs have been more commonly linked to COPD and are hence the focus

of this study.

There are also various states of cDC referring to their different phenotypic activation
i.e. mature (activated) or immature (resting/non activated) DC states. DC maturation
is different but often confused (or used synonymously) with DC differentiation. While
differentiation refers to the developmental transition from DC progenitors (common DC
precursor, pre-DC) to fully differentiated immature DC in the periphery, that reside in
lungs, brain, etc., or in the lymph nodes as resident immature DC.'?° DC maturation is
an activation process that happens after differentiation. During this process fully
developed yet immature DC switches from an antigen sampling sentinel mode to

antigen presenting and transmitting.'2°

Of particularly interest, is the increase in DCs in WT CS mice compared to A1AT KO
CS mice, which suggests a potential effect of A1AT specific to DCs. While there have
been some studies regarding the impact of A1AT on DC function and activation, the
change in DC population pertaining to A1AT deficiency and COPD is severely under
investigated. Hence, the need for a basic characterisation of DCs regarding changes
in DC concentration in circulation, lung and BALF, as well as changes in differentiation,

mortality and migration.
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In order to achieve this, both in vivo and in vitro (ex vivo) methods were utilised to
allow to directly link the findings of DCs in the cell culture to in vivo immune responses.
An 8 week CS mouse experiment was repeated using WT and A1AT KO mice.
Inflammatory cells retrieved in BALF, isolated lung cells, and blood cells were
analysed in flow cytometry. From this model, bone marrow was collected and BMDCs
cultured, and subsequently tested to investigate differentiation, mortality and

migration.

Results

Increased inflammatory response was observed in BALF following CS exposure

In this chapter, A1AT KO mice and WT controls were again exposed to air/CS for 8
weeks in an experimental model of A1AT deficiency and CS induced COPD.
Inflammation was assessed in BALF, lung and blood. To assess inflammation in the
bronchoalveolar space, BALF was once again collected and total leukocytes
enumerated. Figure 6.1 shows enumeration by hemocytometer (Figure 6.1 A) and by

flow cytometry using live dead stain to determine total live cells (Figure 6.1B).
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Figure 6.1: Enumeration of total leukocytes in the BALF.

BALF was collected from WT and ATAT KO mice exposed to CS/Air for 8 weeks. Total
Leukocytes were enumerated using a hemocytometer and displayed as A) Total
leukocytes in the BALF in cells/mL and as B) Total leukocytes were also measured
using flow cytometry, as a measure of total live cells. N=8. Results are mean + SEM.
ns = p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Statistical difference was

determined with Ordinary One-Way ANOVA with Bonferroni’s multiple comparisons.

Inflammatory cell infiltrate into the lung bronchoalveolar space is a key indicator of
inflammation in COPD. This increase in total leukocytes was also shown previously
(Chapter 4, Aim 2) in that inflammatory cells increased in the BALF i.e. increased total
leukocytes due to CS exposure in WT and A1AT KO mice as well as increased total
leukocytes in A1AT KO CS mice compared to WT CS mice at 8 weeks. This was
reproduced in this model, evident in Figure 6.1 A-B which showed increased total
leukocytes due to CS, in both WT and A1AT KO mice. Interestingly, when cells were
enumerated using flow cytometry, an increase in A1AT KO smoke mice was observed

compared to WT smoke mice (Figure 6.1B).

In addition to this increase in total leukocytes in response to CS, there were also

increased neutrophils, eosinophils, cytotoxic T cells and helper T cells (Figure 6.2).
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Interestingly, and potentially contradictory to previous findings (chapter 4 Aim 2),

alveolar macrophages were decreased in both A1AT KO and WT CS samples.
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Figure 6.2: Percentage of inflammatory cells increased in BALF due to CS.

BALF was collected from WT and ATAT KO mice exposed to CS/Air for 8 weeks.
Inflammatory cells were assessed by flow cytometry and plotted as percentages of
total CD45+ cells. A) Alveolar macrophages were decreased in CS samples. However,
all other key inflammatory cells increased in A1TAT KO CS samples, notably: B)
Neutrophils, C) Eosinophils, D) Cytotoxic T cells and E) Helper T cells. N=8. Results
are mean + SEM. ns = p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
Statistical difference was determined with Ordinary One-Way ANOVA with

Bonferroni’s multiple comparisons.
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DC increased in BALF and lung following CS exposure

DCs were characterised, including circulating, lung and BALF infiltration. Circulating
DC (in the blood) were for the most part, unchanged due to CS, with both A1AT KO
and WT CS mice comparable to air. The only increases in DCs was due to CS, and
were in the percentage of cDC1 (in both A1AT KO and WT) and cDC2 increase in WT
CS (Figure 6.3 B-C). On the other hand, changes due to CS in the lung and BALF
were much more significant. Dendritic cells were increased in the lungs and BALF of
CS mice, specifically, cDC1 and cDC2 (Figure 6.4 and 6.5). There was also a visible
increase in cDC1 and cDC2 migratory (CD103%) cells in the lungs of CS mice. The
most interesting and elucidating finding however, was the increase in cDC1 and
migratory cDC1 cells in response to A1AT KO CS mice comparative to WT CS mice.
This finding is of particular interest as cDC1 cells are associated with cytotoxic T cells

and regulating immune response.
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Figure 6.3: No change in circulating DCs in the blood following eight weeks of cigarette

smoke.

DC were measured in blood samples collected from WT and ATAT KO mice exposed
to CS/Air for 8 weeks. A) DC were assessed by flow cytometry and plotted as
percentages of total CD45+ cells. B) cDC1, and C) cDC2 were also assessed and
plotted as a percentage of total DCs. D) The number of DC (#DC), E) cDC1, and F)
cDC?2 calculated and graphed. N=8. Results are mean + SEM. ns = p>0.05, * p<0.05,
** p<0.01, *** p<0.001, **** p<0.0001. Statistical difference was determined with
Ordinary One-Way ANOVA with Bonferroni’s multiple comparisons.
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Figure 6.4: Increase of DCs in the lung tissue following eight weeks of cigarette smoke.

DC were measured in lung tissue collected from WT and A1AT KO mice exposed to
CS/Air for 8 weeks. A) DC were assessed by flow cytometry and plotted as
percentages of total CD45+ cells, B) and as total number. Additionally, C-D) cDC1, E-
F) Migratory ¢cDC1, G-H) cDC2, I-J) Migratory cDC2. N=8. Results are mean + SEM.

ns = p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Statistical difference was
determined with Ordinary One-Way ANOVA with Bonferroni’s multiple comparisons.
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Figure 6.5: Increase of DCs in bronchoalveolar space following eight weeks of

cigarette smoke.

DC were measured in BALF collected from WT and A1AT KO mice exposed to CS/Air
for 8 weeks. A) DC were assessed by flow cytometry and plotted as percentages of
total CD45+ cells. B) ¢cDC1, and C) cDC2 were also assessed and plotted as
percentages of total DCs. E) Calculated and graphed number of DC (#DC), F) cDC1
and G) cDC2 . N=8. Results are mean + SEM. ns = p>0.05, * p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001. Statistical difference was determined with Ordinary One-Way

ANOVA with Bonferroni’s multiple comparisons.
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BMDCs derived from A1AT KO CS mice showed similar ability to differentiate

compared to controls

To better explore the changes in DC, bone marrow was collected, processed and
supplied with GM-CSF for differentiation into DC, i.e. bone marrow derived dendritic
cells. Bone marrow cells were harvested from all four mouse groups, WT Air, A1AT
KO Air, WT Smoke and A1AT KO Smoke. This was done to determine if bone marrow
derived dendritic cells from the four mouse groups demonstrated similar ability to

differentiate and/or develop.
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Figure 6.6: Differentiation of DC, ex vivo i.e. BMDC differentiation following eight

weeks of cigarette smoke.

Bone marrow was collected from WT and ATAT KO mice exposed to CS/Air for 8
weeks, and differentiated ex vivo with GM-CSF. A) DC, B) CD103+ DC and C) Ly6C+
DC, were assessed by flow cytometry and plotted as percentages of total Live cells.
D) Calculated and graphed number of DC, E) CD103+ DC and F) Ly6C+ DC were
also. N=8. Results are mean + SEM. ns = p>0.05, * p<0.05, ** p<0.01, *** p<0.001,
**** p<0.0001. Statistical difference was determined with Ordinary One-Way ANOVA

with Bonferroni’s multiple comparisons.

The abundance of DCs, after 8 days of GM-CSF stimulated culture from bone marrow
cells, remained constant across all groups. There were no changes to DC across
genotype or CS exposure. This was also observed in CD103* and Ly6C* subsets of
DC.

BMDCs showed similar viability in response to LPS or CSE treatment but increased

migration following LPS.

BMDC mortality in response to LPS and CSE exposure was also investigated using a
lactate dehydrogenase (LDH) assay. There were no statistically significant changes in
mortality due to CSE or LPS evident in Figure 6.7.
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Figure 6.7: Mortality of BMDC upon exposure to LPS and CSE.

Post 18h stimulation with CSE or LPS, and migration assay with relevant chemokine
(in this case with no chemokine in the lower compartment), the cells remaining in the
upper compartment were used to calculate mortality. There were no significant
changes due to stimulation or mouse group. N=3-4. Results are mean + SEM. ns =

p>0.05, Statistical difference was determined by Ordinary two-way ANOVA, full model.

BMDC were also used to determine differences in the migration of DCs due to the
mouse group (WT/A1AT KO and Air/CS) as well as those due to treatment that BMDCs
were exposed to prior to the migration assay (untreated, LPS, CSE). LPS is used as
a positive control as it has been consistently shown in the literature to stimulate

immune cells thus triggering an inflammatory response.

In LPS stimulated cells there was a significant variation due to the chemokine and
mouse BM donor group. Specifically, when Ccl19 was used as the chemokine to
induce migration to the lower chamber there was a visible decrease compared to the

Ccl21 and even to the migration with no chemokine (Figure 6.8 A-C)

To show this more clearly, these values were also plotted by chemokine. In all three
Chemokine graphs, i.e. no chemokine, Ccl19, and Ccl21 (Figure 6.8 D, E and F
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respectively) there is a significant variation due to stimulation, specifically significant
increases in LPS relative to untreated and CSE treated samples.

Interestingly, in the no chemokine samples, there was also significant variance

attributed to mouse group, as there was increased migration in cells of smoke mice
exposed to LPS compared to air mice exposed to LPS.
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Figure 6.8: Migratory ability of BMDC, specifically DC upon exposure to LPS and CSE.

Post 18h stimulation with no treatment (untreated), CSE or LPS, and migration assay
with relevant chemokine, the cells that migrated to the lower compartment were

collected, stained, and analysed by flow cytometry.

Percent migrated DC. To clearly outline the source of significant variation in groups as
a response to Chemokine and donor mouse i.e. genotype and presence or absence
of CS, values were plotted with A)Non stimulated cells, which showed no source
variation B) LPS stimulated cells which showed Significant variation attributed to
Chemokine (34.38% of total variation p <0.0001), and by Mouse Group (14.36% of
total variation p=0.0232), C) and CSE stimulated cells, which showed no source

variation by Ordinary two-way ANOVA, full model.

To clearly see and compare any changes due to stimulation, and donor mouse, values
were also graphed by chemokine. D) Shows the migrated DC from non- chemokine
samples, in order to clearly see and compare any changes due to stimulation, and
donor mouse group. There was significant variation between groups due to Stimulation
(responsible for 54.58% of total variation p <0.0001) by mouse group (responsible for
7.518% of total variation p=0.0098) as well as due to the combined interaction of
Stimulation and mouse group (21.77% of total variation p=0.0002), E) Ccl19, where
the only significant source of variation was from the different Stimulations (50.72% of
the total variation p<0.0001), and F) Ccl21 where again the only significant source of
variation was attributed to Stimulation (62.58% p<0.0001). N=3-4. Results are mean +
SEM. Statistical difference was determined by Ordinary two-way ANOVA, full model,

with Bonferroni’s multiple comparisons.

BMDCs showed increased inflammatory markers in response to LPS

Investigation of inflammatory cytokines showed an increase in TNF, IL1B, KC, and IL6
due to LPS (Figure 6.9). There were also changes in mouse group, notably, an
increase in TNF in LPS CS mice particularly in A1AT KO which was significantly higher
than WT.
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Figure 6.9: Migratory ability of BMDC, specifically DC upon exposure to LPS and CSE.

Post 18 h stimulation with no treatment (untreated), CSE or LPS, and migration assay
with relevant chemokine, the cells that migrated to the lower compartment were
collected, stained, and analysed by flow cytometry. Protein quantities of A) TNF, B)
IL1B8, C) KC and D) IL6 were assessed by CBA. N=3-4. Results are mean + SEM.
Statistical difference was determined by Ordinary two-way ANOVA, full model, with

Bonferroni’s multiple comparisons.

Discussion

Increased inflammatory response was observed in BALF following CS exposure

While the immune cell profile of A1AT KO mice exposed to air/CS compared to WT
mice has previously been discussed and investigated (notably in Chapter 4, Aim 2), in
this chapter additional immune cells in the BALF were investigated. It was discovered
that generally, these findings are consistent with the literature, however, there are

some interesting differences.

One such finding that is consistent with the literature is the increased, total leukocytes
in the BALF. From enumeration by both haemocytometer (Figure 6.1 A-B) and by flow
cytometry (Figure 6.1 C), there was an increase in total leukocytes due to CS.
Furthermore, by flow cytometry, there was a significant increase in total leukocytes in
A1AT KO CS mice compared to WT CS, thus, showing increased inflammatory cells
due to CS and due to A1AT KO. This is consistent with previous findings, where
increased total leukocytes was observed in A1AT KO mice after 8 weeks of CS
compared to WT CS mice. This was also observed previously at 2 and 12 weeks of
CS. Additionally, increases in total leukocytes in BALF of CS has been well reported.
However, increases in A1AT KO mice in response to CS is not as well documented
regarding total leukocytes whereas increased neutrophils in BALF has been reported
previously in A1AT KO CS mice compared to WT CS. %0
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Neutrophilic increase in the BALF was observed in samples exposed to CS (Figure
6.2A), which is a crucial hallmark of increased inflammation in CS and feature in
COPD, as well as a cause of lung damage. Regarding A1AT deficiency, it is arguably
of even greater importance as neutrophilic inflammation is reportedly higher in A1AT
deficiency due to a number of factors. A1AT deficiency predisposes the lung to
unchecked proteolytic activity due to the absence or decreased A1AT that can bind
and inhibit predominantly neutrophil-derived proteases, most notably neutrophil
elastase. There is also an inherently different ability of neutrophils from A1AT deficient
subjects, which have been shown to have increased neutrophil chemotaxis. There is
also increased neutrophils, increased neutrophil driven inflammation and thus
increased inflammation, driven by A1AT related mechanisms.?? %0 |t is interesting to
note however, that while previously, increased neutrophils in the BALF of A1AT KO
CS mice were observed compared to WT CS mice at this timepoint, this was not

observed by flow cytometric analysis at this time.

One unexpected finding, was the substantial and significant decrease in alveolar

macrophages following CS, observed in A1AT KO and WT mice (Figure 6.2F).

According to the literature, immune cells typically increase in the BALF by 3-5 fold,
which is mostly driven by alveolar macrophage cellularity. Additionally, this increased

cellularity is typically attributed to chemotactic factors generated in the lung. %'

The observed decrease in alveolar macrophages is hence unexpected, as typically a

decrease in the airway of the lung is an immediate response shortly after infection.%2

It is a possibility this decrease in alveolar macrophages is attributed to the
methodology and processing, specifically the flow cytometry processing of BALF. This
is a consideration as the results of this thesis has previously consistently shown
macrophages to increase in the alveolar space (BALF) in immune cell differential
counts in five different mouse models of CS (over multiple timepoints 2, 4, 8 and 12
weeks of CS, including WT and A1AT KO mice). The other possibility for this observed
decrease in alveolar macrophages may be attributed to peripheral blood monocytes
replenishing the lung macrophages'®® that are being depleted upon increased
phagocytosis caused by CS. This would support the increase in total monocytes that
have previously been observed in the BALF as these macrophages are not classified
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by expression of surface markers, as alveolar macrophages have been classified in
mice as Siglec F*, CD11c*, CD64*, F4/80*, and CD11b". While this is an interesting
observation, and possible basis for future experiments, specifically including the
involvement of A1AT deficiency, the focus of this chapter is on dendritic cells and
possible exploration into bone marrow derived macrophages would be outside the
scope of this current project, particularly as DCs are much less explored in A1AT

deficiency and COPD than macrophages. %4

Eosinophils are also implicated in COPD however markedly less so then in asthma,
and their role in COPD is much less certain. There was an increase in eosinophils in
BALF due to CS in A1AT KO mice which did not occur in WT mice. Additionally, there
was an increase in eosinophils in A1AT KO CS mice compared to WT CS mice (Figure
6.2 E). Thus, eosinophils were increased due to the absence of A1AT (A1AT KO) and
due to CS. This is of particular interest, as eosinophils are not consistently increased
in COPD, as some studies have shown, suggesting additional conditions and factors
in eosinophilic increase. Furthermore, eosinophilic airway inflammation is associated
with worsened COPD outcomes and differences in eosinophil counts may determine
patient response to corticosteroid therapy. Regardless of this, the increase in

eosinophils suggests increased inflammation.

T-lymphocytes play a pivotal role in the mechanism of COPD. As described earlier,
DCs play a key role in initiating immune response, including activating T-cells. There
was a significant increase in helper T and cytotoxic T cells in the BALF due to CS
(Figure 6.2 C-D). This is consistent with the literature, which shows an increased total
number of T cells in the lung parenchyma and peripheral and central airways of COPD

patients, in particular with increases in CD8+, namely cytotoxic T cells.’%®

DC increased in BALF and lung following CS exposure

DC were characterised by flow cytometry. In the blood, there were no changes to DC

and thus a steady level of DCs circulating in the body following eight weeks of cigarette
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smoke exposure (Figure 6.3). When this was broken down into DC subcategories, a
slight increase in the percentage of cDC1 cells, relative to total DC, in CS exposed
mice was observed. However, the total number of cDC1 cells did not increase upon

CS exposure.

There was also an observed increased in DC in the lung following CS. That is the
percentage of DC increased in CS samples, additionally there was an increased
quantity of DC in A1AT KO CS mice compared to air, but this was not statistically
significant in WT. There was also an observed increase in A1AT KO CS compared to

WT CS, however this was also not statistically significant (p= 0.0677).

Previous findings (chapter 4, aim 2) showed increased DCs in WT CS mice compared
to A1AT KO CS mice, specifically circulating (blood) at 4 weeks, and lung at 8 weeks.
Thus, A1AT KO CS mice had slightly less total DCs. This is contrasting to the current
inflammatory condition in the lung at 8 weeks, as total DCs are consistent between
A1AT KO and WT. This is most likely due to the dynamic inflammatory environment,
which has been observed in date described in previous chapters. While there were no
differences in the lung regarding total DCs in this current experiment, specific subsets
of DCs were gated in order to gain additional knowledge on the specific differences in
subsets between A1AT KO and WT mice, as well as due to CS, and thus which subset
is specifically responsible for changes in DCs and thus the inflammatory environment
as a whole. This will also help elucidate which function the DCs are serving as various

DC subsets have different functions.

Regarding the specific subtypes of DC investigated, an increased percentage of cDC1
due to CS and interestingly, also increased number of cDC1 in A1AT KO CS mice was
observed, compared to A1AT KO air and also to WT CS, thus A1AT KO CS mice
showing the greatest increase in cDC1 cells (Figure 6.4). Additionally, cDC2 cell
numbers were also increased in A1AT KO CS mice compared to air (Figure 6.4).

This finding is of particular interest as cDC1 play a pivotal role in COPD, in a process
specific to cDC1 and not mediated by cDC2, which is priming natural killer (NK) cells.
This process results in increased cytotoxicity of NK cells towards lung epithelial cells

(in vitro).146 156
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This is particularly interesting as NK cells have been shown in the literature to be
modulated by A1AT. Specifically, A1AT can inhibit the proteases (such as granzyme
B — a key protein released by NK cells) and thus dampen NK cytotoxic function. Hence,
A1AT can also modulate NK cell function, and decrease tissue damage, thus A1AT
deficient individuals can also experience lung damage due to protease activity via this
mechanism also.'® 1% This would hence be interesting to include additional flow
cytometry markers in future to gate out NK cells and enumerate possible changes
between A1AT KO and WT mice. Additionally, this mechanism could also be a reason
for the previously observed increase in emphysema in the histology by MLI in A1AT
KO mice, as since there were previously no evidence of increased proteases or
decreased lung function, the main cause of damage and structural change specific to
this model is most likely due to specific inflammatory changes between A1AT KO and
WT mice.

Migratory DC were also investigated. From the literature, it has been found that
CD103+ DC are the primary migratory DC subset present in the lung, however there
is a smaller subpopulation of CD11b" DC that also possesses migratory ability."®”
Thus, for this chapter, DC103+ cells were used as the classification of migratory DCs.
There was an observed increase in the percentage of migratory cDC1 cells due to CS,
and an increased number of migratory cDC1 in A1AT KO CS mice compared to A1AT
KO air and to WT CS (Figure 6.4 E-F). Migratory cDC2 show a slightly different story
in that migratory cDC2 are increased in CS (increased percentage for A1AT KO and

WT, and increased number in A1AT KO samples, Figure 6.4 |-J).

The data shows increased DCs in the lung, specifically increased cDCs of A1AT KO
CS mice compared to any other group i.e. WT CS and A1AT KO air. This alone
suggests increased accumulation of cDCs in the lungs of A1AT KO CS mice. This is
further highlighted by the lack of change/increase in circulating DCs (DCs in the blood).
This shows that there is a constant presence and supply of DCs to be supplied to the
lung, implying a constant signal for DCs to be produced. Finally, there is also an
increase in CD103* cDCs also termed migratory cDCs due to this population being the
most implicated in migration. Hence, overall, strong evidence to support increased

accumulation of DCs and also their implication in damage.
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This is also consistent with the literature, which suggests an accumulation of DC in
COPD pathogenesis, specifically, increased DCs accumulating within the lung after
continuous recruitment from the bone marrow.'?® Additionally, the most common
chemokine receptors implicated in DC recruitment and migration are CCR6 and
CCRY. It has been shown that in mice exposed to CS, CCR6 attenuated recruitment
of DCs and also partially protected against emphysema (lower MLI and destructive
index). Thus, a strong correlation between DCs and emphysema, specifically
implicating DC recruitment (CCR6). Additionally, Ccl21 is the ligand that binds to
CCR6 and mRNA has been shown to be significantly higher in COPD patients

compared to both smoker and non-smoker individuals that did not have COPD. 128

Changes to DC in BALF was also observed upon CS, notably a decreased percentage
of total DC, however, increase number of DC (Figure 6.5 A and D). Regarding
subcategories, the percentage of cDC2 (Figure 6.5 C) was the only percentage
increase while cDC1 (Figure 6.5 B) and other DC subsets, namely pDC (not shown)
were decreased relative to total DC. Of greater interest however is the increase in the
number of DC, cDC1, and cDC2 with CS, evident in both A1AT KO and WT mice. This
suggests increased infiltration of DC into bronchoalveolar space following eight weeks
of cigarette smoke. DC have been shown to play an important role in COPD
pathogenesis, and accumulation has previously been reported in the bronchial

mucosa of CS patients and COPD patients.*3

BMDCs derived from A1AT KO CS mice showed similar ability to differentiate

compared to controls

Certain cell types notably neutrophils and macrophages, have been suggested in the
literature to behave inherently different in A1AT deficiency and in CS. Hence, it was
decided to investigate DCs and determine if DCs are inherently different due to A1AT
deficiency and also CS. To test if DCs were inherently different in their ability to
differentiate, BMDCs from WT and A1AT KO mice exposed to Air and CS, were
cultured and evaluated by flow cytometry. The bone marrow from each mouse was
differentiated ex vivo with GM-CSF. Here, there was no differences in either the
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percentage of dendritic cells relative to live cells, or in the total number of dendritic
cells (Figure 6.6 A and D). CD103+ and Ly6C+ DC were also consistent across mouse
groups (Figure 6.6 B,C,E and F). Thus, bone marrow derived dendritic cells from four
mouse groups demonstrated similar ability to differentiate/develop. The smoked mice
did not show any differences in the ability to generate immature DC in the bone
marrow, however, it may also be useful in the future to expose immature DC to CS
alongside GM-CSF which is used to differentiate DC, thus exposing immature DC to
CS during differentiation. Previous studies have shown that short term (18-24 h,
consistent with the timeframe of exposure) coculture with CSE stimulated immature
DCs towards more mature cells as evident due to upregulation of DC activation
markers (MHCII, CD83, CD86, CD40) as well as increased inflammatory markers (IL-
12, IL-6 and TNF) which are released upon DC activation. It was also stipulated that
CSE may drive DCs towards full maturation.'® While DC maturation was not tested
experimentally through specific activation markers in this chapter, literature reports the

effect of CS on dendritic cells, and its importance in COPD.

The lack of changes in DC differentiation across genotype is somewhat surprising
however, as in mouse models of lupus, treatment of BMDCs with human A1AT
significantly reduced BM-derived DC differentiation.®® This in addition to the ability of
A1AT to inhibit DC (specifically cDC maturation and cytokine production led us to think
there may be changes due to the absence of A1AT (A1AT KO). However, lupus is a
disease that is heavily implicated by DCs where they have profound alterations that
contribute to damage. While cDCs in A1AT KO mice are increased (Figure 6.4)
compared to WT mice which possess circulating functional A1AT and there is strong
scientific merit to the impact of A1AT on DC function, this does not seem to be true for
differentiation of DCs. That is the converse of this finding that A1AT reduced BMDC

differentiation does not have to be true i.e. that no A1AT will impact DC differentiation.

The in vitro finding is particularly interesting when examined alongside the in vivo DC
findings for each mouse group. In vivo, mice across all groups showed comparable
levels of DC circulating the body, following 8 weeks of air/CS irrespective of genotype

(Figure 6.3). This suggests that any changes that may be seen later in DCs are most

142



likely not occurring as a result of differentiation or of increased generation of DCs in
the bone marrow, and thus circulating, as the recorded levels of circulation are
consistent across mouse groups. This is however based on the possibly incorrect
assumption that the number of DCs are consistent, or at least consistent across mouse
groups over time and not just after eight weeks of air/CS. Based on the fluctuation in
inflammatory cells discussed in Chapter 4 Aim 2, total leukocytes, neutrophils and
macrophages change over the time course of CS (2, 4, 8 and 12 weeks of CS), the

assumption that DCs do not fluctuate over time may not hold true.

Hence, we will amend it as following eight weeks of CS exposure there is no change
in blood DCs or differentiation across mouse groups and due to CS exposure, and
hence at this time, any increases in DCs in the lung are most likely due to accumulation

of DCs in the lung.

BMDCs derived from A1AT KO CS mice showed similar viability compared to controls,

in response to LPS or CSE treatment.

Viability of the BMDC in response to LPS and CSE was also investigated by lactate
dehydrogenase (LDH) assay. LDH is an enzyme in the cell membrane, that upon cells
death is released after the cell membrane becomes permeable. Regarding these
samples, this was plotted as percentage mortality. In the non-chemokine samples, the
effect of treatment, mouse group, and a combination of the two variables were
measured. Within all groups and across all variables there were no statistically
significant changes in mortality observed (Figure 6.7). As mentioned earlier, it was
previously observed (data not shown) that there was significant cell death in culture of
lung epithelial type Il cell line when exposed to 5% CSE, and thus a lower dose of 1%
was used in this study as it was important that a yield/survival number large enough
for sufficient cells to conduct a migration assay. While others have used 5% CSE for
longer periods of time (72h) without triggering LDH release from cells, other studies
have shown doses of 1% to be sufficient for some effects, whilst doses of 10% to led

to significant cell death. %°

Hence, in this experiment a conservative dose of CSE was given to cells to ensure
there were sufficient cells to run migration assays. Hence a limitation of this study is
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that the dose of CSE given may have been too low for any significant changes to

occur, and LPS was used as a positive control to attempt to gauge this.

Viability was pivotal to record in this experiment as it could also be a contributing factor
to any changes in the migration assay. Increased death in some samples may result
in decreased migration as there are less live cells to migrate or less live cells detected
by flow cytometry. Since BMDC taken from the four mouse groups demonstrated
similar viability following LPS and CSE exposure, it can be inferred that any changes

reported in BMDC are not a result of changes in cell death.

To place this in the context of in vivo studies, when the mice were exposed to CS there
was an increase in the number of DC in the BALF of CS mice compared to air (Figure
6.5 D), and thus exposure to CS increases infiltration of DC in the bronchoalveolar
space. Additionally, DC were also increased in the lung of AMAT KO CS mice
compared to air (Figure 6.4 B). DC infiltration in BALF, accumulation in the lung, and
no increases in circulating DC were observed in vivo after eight weeks of CS. When
combined with the ex vivo findings from BMDCs, which show no significant change in
cell survival/mortality due to CS, this suggests that increased DC apoptosis due to CS

is not likely.

BMDCs showed increased migration following LPS exposure.

Migration of DCs was also assessed. BMDC from four mouse groups were exposed
to three different treatments, and chemokines were placed in the lower compartment
of transwells to encourage migration of DC. There were two main points for this
experiment, the first was to determine if there were any migratory changes in response
to CSE exposure. To determine the effect of the CSE treatment, it was also decided
to compare this to an LPS treated group, as LPS is known to activate BMDC, as well
as to determine the ability of DC to mature in response to inflammatory stimuli.’6°

The second point was to see if there were any changes in migration in the presence
of chemokine added to the lower compartment, as well as the type of chemokine used.

Some previously reported chemokines of particular interest to this study include Ccl19
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and Ccl21. DC migration is a tightly regulated process controlled by a large variety of

chemotactic factors, of which chemokines play an important role.

The migration of DCs to the lymph nodes is a complex process that relies on two main
chemokines, namely Ccl19 and Ccl21.'%" While Ccl19 and Ccl21 both interact with,
bind with and regulate the same chemokine receptor CCRY7, they are structurally and
functionally quite different. Ccl19 is secreted by activated (otherwise known as mature)
DCs, whereas Ccl21 is secreted by afferent lymphatic vessels.'2 163 However they
are both expressed by the stromal cells of lymph nodes and lumen of high endothelial
venules (HEVs). Ccl19 has also been suggested to be 10-100 times more potent than
Ccl21 in inducing migration of DCs."%? 183 Hence, it could also be determined if
migration was Ccl19 or Ccl21 specific, or if either chemokine showed increased

migration compared to the other.

Migratory ability of BMDC were analysed specifically from the four mouse groups
following LPS and CSE exposure. While there were some significant changes in
certain graphs regarding migrated DCs and subsets of DC, one variable that remained
relatively consistent was the donor mouse groups. While it was originally thought that
BMDCs derived from various mouse genotypes may have some inherent differences,
as neutrophils from A1AT deficiency have shown this, there was insufficient evidence
of this in this study with BMDCs. While there is still a possibility that this occurs, the
evidence from this study suggests any changes may be more nuanced, or may involve
processes not explored in this thesis. While there were some increases in DC in some
CS samples, this change is not consistent across treatment or chemokine and
therefore no concrete conclusions can be made. However, of particular interest were
the no chemokine samples (Figure 6.7), as there was significant variance attributed to
mouse group most likely attributed to the increased migration in cells of smoke mice
exposed to LPS compared to air mice exposed to LPS. LPS is a known stimulant in
activation of DC, and this pathway and process has been studied. CS has been shown
both in the literature and in this study, to lead to increased DCs in the lung. While this
increase in DCs may initially seem beneficial, it has been shown in the literature that
the DCs produced are often dysfunctional and are inflammatory DCs, meaning they
contribute to the inflammatory environment. While this has been shown in the

literature, this had not been investigated in cases of A1AT deficiency.
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The effects of A1AT or A1AT deficiency on DCs is a topic that requires further study.
While the importance of A1AT has been highlighted in autoimmune disease such as
rheumatoid arthritis and lupus, there are still significant gaps in research. What is
known from the literature however, is the importance of A1AT in reducing inflammatory
response. Specifically, for DC this is either by A1AT inhibiting DC activation and
function, or by reducing inflammatory response by altering inflammatory gene
expressions in DC. This is in addition to the typical immune system regulating

properties of DCs.

There were significant changes observed in migration in BMDCs as a result of
treatment, in particular from LPS, as well as due to chemokine. DCs were significantly
increased in response to LPS, evident in Figure 6.7 D, E and F where LPS samples
were increased independent of migratory stimulus i.e. no chemokine, Ccl19, and Ccl21
respectively. Additionally, the variance from treatment had statistical significance of

greater than 50% of total variation in the data.

Variation due to chemokine was also observed, however, in samples where Ccl19 was
used to induce migration to the lower chamber, there was significantly less migration
compared to Ccl21 and no chemokine. (Figure 6.8 A-C). Thus, Ccl21 may be preferred
or is specific to this finding. Unfortunately, as Ccl21 is not significantly different to no
chemokine, there is a reluctance to draw conclusions based on chemokine specific
findings. However, this does still show a particularly interesting story regarding
migration, particularly when linked with the increased CD103+ ‘migratory’ DCs present
in the lungs of A1AT KO CS mice. There was a significant increase in migratory cDC1
in response to CS, migratory cDC1 in response to A1AT KO genotype, and an increase
in cDC2 in A1AT KO CS mice compared to A1AT KO air (Figure 6.4 E, F, | and J).
This could suggest a mechanism regarding cDC migration that is A1AT specific. While
there were no significant changes to cytotoxic T cells (which are heavily implicated in
cDC1) it is believed that there should be further investigation into the relationship
between A1AT, cDC1, NK cells and cytotoxic T cells.
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To summarise DC migration was increased in vivo in A1AT KO CS and the quantity of
migrated cells from BMDC were sometimes increased in CS groups, however this may
change upon examination of specific subsets of DC e.g. migratory cDC1 vs migratory
cDC2. An interesting counterpoint however is that the literature has previously
suggested that DC migration is not inhibited by A1AT. However, this does not
necessarily mean the opposite is true and the absence of A1AT does not affect DCs,
especially considering the role of A1AT on inflammation and the role of DCs in immune

response.

BMDCs showed increased inflammatory markers in response to LPS

Inflammatory cytokines were measured to determine if BMDCs were activated. There
was an increase in TNF, IL1B3, KC, and IL6 due to LPS (Figure 6.9). This however is
due to a combination of activated DCs and activated macrophages. There were also
changes in mouse group, notably an increase in TNF in LPS CS mice, particularly in
A1AT KO which was significantly higher than WT.

Future directions should focus on DC activation, most likely through DC activation
markers. As A1AT has been reported to affect DC activation specifically to inhibits DC
activation (in a mouse model of lupus).®® Thus, it would be critical to explore these

findings in combination.

Pro-inflammatory cytokines such as IL-183, IL-6, and TNF are produced by DCs via
TLR4. LPS treatments were hence particularly useful as LPS is an agonist to TLR4.
As mentioned human A1AT inhibits cDC maturation, however human A1AT also
significantly decreased IL-13 and TNF secretion from DCs, as well as inhibits IFN-I
production from DCs. Thus, it is expected that mice with circulating A1AT protein i.e.
WT mice, have decreased IL-13 and TNF relative to the A1AT KO mice which have no
circulating A1AT. While previously observed (Chapter 4, Aim 2), increased IL-1( in
A1AT KO mice (significant at 2 and 8 weeks CS), it must be acknowledged that DCs

are not the only cells that produce IL-13. Similarly, in BMDCs there is also the presence
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of macrophages (BMDMs — bone marrow derived macrophages), which also produce
IL-18 and TNF. 93

DC maturation/activation — limitations and future directions

While many facets of DCs and CS/COPD were investigated, notably DC accumulation
and circulation in vivo, differentiation, mortality, and migration, DC activation was not
investigated. This would therefore be a very useful next step for this study, however
there are a limited number of studies in the literature that have investigated DC

activation pertaining to CS or to A1AT deficiency.

Regarding A1AT it has previously been discussed that human A1AT treatment inhibited
cDC activation and cytokine production.®® However, there is also an impact of CS. DC
have been reported to be increased in CS and COPD. This has been compounded in
CS induced damage as CS has been shown to differentially modulate dendritic cell
maturation and function. CSE was shown to stimulate activation of DCs as well as
increased pro-inflammatory cytokines. Both of which would contribute to increased
inflammation and further damage.'®® Hence, it is pivotal to investigate DC and
specifically cDC activation as they seem to play a key role in CS exacerbated A1AT

deficient related pathogenesis.

Given the effects of A1AT and CS separately, it would be beneficial to study this finding
in this mice/model where the combined effects of genotype and CS exposure on DC
activation can be investigated. One potential avenue that could be explored
experimentally, that also looks into DC differentiation, is by exposing BMDCs during
differentiation to CS and to A1AT. While it has been explored in literature that A1AT
inhibits maturation and CSE drives maturation, this does not mean that the absence
of A1AT will also drive DCs towards maturation, however this is heavily suggested.
Additionally, the quantity or presence of A1AT in WT BMDCs was not measured, hence
the presence or quantity of A1AT also requires exploration. Finally, as mentioned
earlier BM differentiation to DCs should also be explored with stimulation/treatment

during the differentiation stage.
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Conclusion

While the involvement of DCs pertaining to CS and A1AT specifically is quite
understudied and inconclusive, a start has been made to explore avenues to elucidate
potential differences in A1AT KO mice (A1AT deficiency). Specifically, to characterise
changes in DC quantities in circulation, lung and BALF, as well as changes in

differentiation, mortality and migration.

No change in BMDC differentiation due to mouse group, and no change in the amount
of circulating DCs (blood) in vivo was observed. There was however an accumulation
of DCs in the lung upon CS. There was also increased cDC1 in response to CS, which
was significantly amplified in A1AT KO CS compared to WT CS, thus, increased cDC1
accumulation in A1AT KO CS mice. As there was no increase in circulating DCs, this
finding is quite interesting and concludes there is an increased accumulation in the

lung.

There appears to be an interesting mechanism regarding A1AT, however, the findings
on DC migration were somewhat inconclusive. There was increased inflammation in
CS and particularly in A1AT KO CS evident by increased cDC1 migratory cells in A1AT
KO CS (compared to A1AT KO air and WT CS) and even increased cDC2 in A1AT

KO compared to air, in vivo, as well as some increases in migration with CS.

DCs play a pivotal role in activating a number of inflammatory and immune cells, that
have been shown to increase in A1AT deficiency and COPD, and hence further
investigation into these concepts could elucidate key information in A1AT deficiency

disease progression.
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Chapter 7: Thesis Summary, concluding statements and future
directions.

This work examined the impact of CS on A1AT deficiency. Specifically, in Chapter 3,
gene and protein expression of A1AT were assessed in an experimental model of CS-
induced COPD in WT mice, and was discovered that CS caused fluctuating increases
in A1AT protein in the lung; most likely a protective response due to CS.

The mechanisms of A1AT deficiency in CS induced COPD with A1AT KO mice were
investigated in Chapter 4. Results showed increased inflammation in these mice as
early as 2 weeks with inflammation predominantly driven by neutrophils and also
possibly by IL18 and CXCL15. There was also increased alveolar destruction (after 8
weeks) in ATAT KO CS compared to WT CS mice, highlighting exacerbated lung
damage in the absence of A1AT. This model, particularly the 8 week timepoint, was
also determined to be suitable for testing future treatments and therapies.

Upon investigating the Z mutation, (Chapter 5), functional, structural and inflammatory
changes were observed in PiZ mice, however these were attributed to CS and were
not significantly different to WT mice. Although increased alveolar destruction was
attributed to Z toxicity, further experimentation is required to elucidate the
mechanism(s) of action.

Finally, investigation of dendric cells (DC) (Chapter 2) suggests there may be A1AT
specific mechanisms involved in the behaviour and biology of DCs. Further
investigation (Chapter 4) showed that conventional DCs specifically accumulated in
the lungs of A1AT KO CS mice with increased migration in A1AT KO compared to WT.
These studies have demonstrated novel potential findings contributing to the field of
A1AT deficiency and COPD. This thesis highlights the impact of A1AT, not only as an
antiprotease but as a modulator of inflammation, specifically neutrophils, cDCs and
certain cytokines. Additionally, an improved model of A1AT deficiency and COPD was

established to evaluate future therapies.
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| would like to continue to research DCs and the impact of A1AT and CS. Specifically,
to elucidate the mechanisms of action and investigate the activation of DCs particularly
cDCs, using the mouse models established in this thesis.

Additionally, DCs and A1AT deficiency in COPD are severely understudied both in
mice and humans. It would be very useful to see if these findings are also consistent
in human patients. An interesting next step would be to stain (e.g., with OPAL staining)
lung histology sections from human patients. Tissue samples for both smoke and
A1AT deficient patients are located at St Vincents hospital, and | was in the process
of obtaining and staining these human samples with a DC panel. This may support
and confirm my DC findings and also show if this is applicable and reproducible in

human patients, which is the main goal of this mouse work.

This thesis has highlighted the importance and detriment of chronic inflammation in
alveolar damage. In these mouse models specifically, the absence of A1AT (A1AT
KO) showed a stronger impact on inflammation evident by increased inflammatory
cells and inflammasomes, than the protease-antiprotease balance. This was
somewhat unexpected as the protease-antiprotease imbalance is often highlighted as
the main cause of A1AT related damage. This research highlights both the complexity
and significance of inflammation and inflammatory cells in disease progression. In
studies focusing on the contribution of CS in causing COPD, the influence of increased
immune cells in particular increased alveolar macrophage cellularity is considered a
significant cause and contributor, both directly and indirectly in disease progression
and worsened COPD. This increased cellularity is typically attributed to chemotactic
factors generated in the lung. " In A1AT the inflammatory profile is frequently
overlooked, in lieu of the simpler protease-antiprotease imbalance as the main cause
for disease progression. By investigating both the role of A1TAT and CS smoke
concurrently in this thesis, through the use of WT air, WT CS, A1AT KO air, A1AT KO
CS mice, not only has the influence of A1AT been assessed on disease progression,
but also we have established a clear story of inflammation over time and the effect of
this in the overall story of A1AT deficiency and COPD. We have highlighted the
importance of A1AT as a key immunomodulator against inflammation, and the
importance of investigating and treating inflammation in A1AT deficiency. We have
explored the role of immune cells with particular emphasis to neutrophils,

macrophages, and in Chapter 6 in particular the role of DCs, which were greatly
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understudied in A1AT and even more so in A1AT and COPD combined. We
discovered that there was increased inflammation in CS mice and in particularly in
A1AT KO CS mice, evident by increased cDC1 migratory cells in A1AT KO CS
(compared to A1AT KO air and WT CS mice) and even increased cDC2 in A1AT KO
compared to air, in vivo, as well as some increases in migration with CS.

On this note, the greatest potential to treat A1AT and COPD may lie in anti-
inflammatory/immunomodulatory treatments either alone or in combination with the

standard transient A1AT augmentation |V therapy used to increase A1AT.

This model is hence particularly useful in probing the immunomodulatory effects of
A1AT. Utilising this model, future treatments based on A1AT deficient, and
inflammation led mechanisms could be explored. Other promising treatments that
could be explored in the future include novel genomic editing, such as exploiting
lentiviral, plasmid and liposomal vectors to target and induce permanent expression
of A1AT.
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