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Abstract

Chronic obstructive pulmonary disease (COPD) is the fourth leading cause of death worldwide
and numbers are rising. Tissue engineering approaches have the potential to improve lung
function and treat diseases such as COPD. Our aim is to investigate a highly porous and elastic
gelatine scaffold, Surgispon®, for potential uses in cell-based lung tissue engineering by
generating an alveolar-like structure. Surgispon scaffolds were crosslinked for stability, and
their pore size, pore connectivity, and cytotoxicity were investigated. Human lung epithelial
(A549) and fibroblast (35FLH) cell lines and primary porcine lung cells were cultured on
Surgispon scaffolds, both separately and in co-cultures. Surgispon was used to create an air-
liguid interface (ALI) to differentiate primary lung cells, and migration studies were performed
in combination with decellularised lung tissue. Uncrosslinked Surgispon dissolved rapidly in
solution, crosslinking promoted stability beyond 60 days in cell culture conditions. Pore size
and interconnectivity were determined via imaging and pCT analysis, establishing similarity
to alveolar diameter. Surgispon scaffolds supported cell attachment and growth, with no
requirement for chemical coating. Primary lung epithelial cells differentiated into ciliated cells
and self-organised into bronchospheres/organoids when cultured on Surgispon with an ALI.
Cell migration occurred both from scaffold to tissue and vice versa, demonstrating the
potential use of Surgispon scaffolds in clinical COPD research. In summary, Surgispon®
scaffolds are an effective alveolar mimic due to being suitable for 3D cell culture,
differentiation, and featuring interconnective pores of a size approximate to alveolar
diameter. These features promote the prospect of Surgispon scaffolds as a potential scaffold
and/or cell delivery system for use in lung tissue engineering and to help combat respiratory

disease.
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1.0 Introduction

The respiratory system is one of the most important functional systems in any mammal, used
for gas exchange and to provide oxygen to the whole body. Anatomically, this system
comprises of the upper and lower respiratory tract; where the upper includes the nasal cavity,

pharynx and larynx, while the lower includes the trachea, bronchi and lungs (Fig 1.1).
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Figure 1.1: Upper and lower respiratory system. Respiratory system consists of two parts:
upper and lower respiratory tracts. Upper respiratory tract includes the nose and nasal
passages, the pharynx, tongue and the portion of the larynx. The lower respiratory tract

includes the portion of the larynx trachea, both lungs bronchi and bronchioles.

The respiratory system starts with the nose, the nasal cavity is a large space in the nose and
consists of two (right and left) parts (Harkema et al., 2016). Airflow starts from nose/mouth
and carries to pharynx (throat), which is part of both respiratory and digestive systems as it
carries both air and food. The bottom of the pharynx ends with the epiglottis; a small tissue
that covers the trachea, protects it and allows air to reach the lungs. The larynx (commonly

known as the voice box) is the last organ in the upper respiratory system, it is located in the



top part of the trachea, it helps breathing and protects the trachea against food aspiration

(Herbert et al., 2018).

This project is concerned with the lower respiratory system, most notably the lungs, which
are the primary respiratory organ of the human body. They receive deoxygenated blood from
the heart and supply oxygenated blood to the body. The lungs are part of the lower
respiratory system that begins with the trachea and leads to main bronchus, which then
branches out into sequentially smaller airway structures. The main bronchus further branches
into the lobar bronchus, segmental bronchus, subsegmental bronchus, conducting
bronchiole, terminal bronchiole, respiratory bronchiole, alveolar duct, alveolar sac and
alveolus (“Bronchial Anatomy: Overview, Gross Anatomy, Microscopic Anatomy,” n.d.). The
lung is not a static tissue, and has colour changes linked to age. In adults the lungs are mostly

dark grey and patchily mottled (Lowery et al., 2013)..

Lung tissue can be affected by a number of diseases including cancer, pneumonia, asthma,
and chronic obstructive pulmonary disease (COPD). Respiratory diseases in the UK represent
an enormous financial burden, estimated to cost the UK £11.1 billion annually, a huge burden
on the National Health Service (NHS), and being responsible for the loss of many lives. In the
UK around 12 million people are affected by respiratory disease, of which 8 million are
asthma, 1.2 million are COPD, and over 150,000 are interstitial lung diseases (such as
pulmonary fibrosis). The UK has the fourth highest lung disease mortality rate in Europe, and

there has been no marked improvement in the past 10 years(Burki, 2017).

Organ transplantation is still the main treatment for end stage respiratory disease patients.

This option is, however, limited by the shortage of organ donors. While advances in surgical



technique have improved early survival, the long term median survival time after

transplantation is only 6.5 years (Chambers et al., 2018).

Lungs are capable of regenerating and repairing themselves at the microscopic and cellular
levels. Unfortunately, at the macroscopic level damage by degeneration, infection or
surgically resected lung tissue cannot repair itself in vivo. Lung tissue engineering approaches
can investigate whether lung tissue can be generated in vitro (Kotton and Morrisey, 2014).
With lung tissue engineering it might be possible to grow lung cells, tissues or organs in in
vitro conditions and then replace the damaged lung tissue, allowing the body to repair itself

or to replace the damaged lung entirely (Rosenberg et al., 2017).

1.1 Lung Structure and Anatomy

In the human body the two lungs are located behind the rib cage, near the backbone on either
side of heart, and are surrounded by the pleural membrane (Hsia et al., 2016). The pleural
membrane consists of two layers of serous membrane which cover and protect each lung.
The outer layer (parietal pleura) attaches the lungs to the wall of the thoracic cavity and the
inner layer (visceral pleura) covers the lungs, with the thin space between the two pleural
layers known as the pleural cavity and normally contains a small amount of pleural fluid

(Charalampidis et al., 2015), as seen in Figure 1.2.
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Figure 1.2: The lung and surrounding pleura. The lungs are shown under the ribcage and
surrounded by the pleural sac. This sac consists of two layers of serous membrane: the outer
parietal pleura and the inner visceral pleura, with the pleural cavity in-between. The
diaphragm is also shown beneath the lungs (Image from Wikimedia Commons with Creative

Commons Licence).

The muscles of respiration and the diaphragm act together to increase the intrathoracic
volume, creating a negative pressure within the pleural space which surrounds the lung and
causes expansion of the lung. The resultant reduction in intra-alveolar pressure prompts the
conduction of air through the upper respiratory tract into the trachea and airways and then
into the alveoli, where gaseous exchange occurs (Charalampidis et al., 2015). The process of
breathing exposes the lung to noxious agents, including gases, dust particles, bacteria and
viruses. The mucous barrier, mucociliary escalator (Bustamante-Marin and Ostrowski, 2017),
branching pattern of the airways and the cough reflex (Dicpinigaitis, 2017) are all anatomical

defences against these insults.



The respiratory system can be divided into a conducting zone and a respiratory zone (Fig.1.3).
The conducting zone provides a route for incoming and outgoing air and consists of the
trachea and bronchial tree. The trachea is formed by 16 to 20 stacked, C-shaped pieces of
hyaline cartilage that are connected by dense connective tissue. The fibroelastic membrane
allows the trachea to stretch and expand slightly during inhalation and exhalation, whereas
the rings of cartilage provide structural support and prevent the trachea from collapsing. In
addition, the trachealis muscle can be contracted to force air through the trachea during
exhalation. The trachea branches into the right and left primary bronchi. The primary bronchi
enter the lungs at the hilum. The hilum is a concave region where blood vessels, lymphatic
vessels and nerves also enter the lungs. The bronchi continue to branch into the bronchial
tree (respiratory tree). The bronchial tree is the collective term used for these multiple

branched bronchi (Bizzintino et al., 2011).
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Figure 1.3: A diagram showing the lower respiratory system. The diagram features a lung (on
the left) with two magnified inserts, the top insert showing the conducting zone and the lower
insert showing the respiratory zone. The left hand lower insert shows deoxygenated (blue,
pulmonary arteriole) and oxygenated (red, pulmonary venule) blood supply to a magnified
single alveolus. The distribution of different cells is indicated by colour, with legends on the

left.

The respiratory zone begins where the terminal bronchioles join a respiratory bronchiole (the
smallest type of bronchiole), this zone includes structures that are directly involved in gas
exchange. The terminal bronchioles are divided into respiratory bronchioles and these
respiratory bronchioles subdivide into 2-11 alveolar ducts (atria). The area around each of the
alveolar ducts contains numerous alveoli and alveolar sacs. An alveolus (singular, plural is

alveoli) is a sphere lined with epithelium and supported by a thin elastic membrane. 90% of
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the alveolar surface is covered by type | pneumocytes, these specialized epithelial cells are
responsible for gas exchange. Type |l pneumocytes are also present, and secrete a mixture of
lipoproteins called surfactant. This fluid coats the inside of the respiratory membrane to
reduce surface tension and help diffusion of the gas. Therefore, surfactant helps prevent the

alveoli from collapsing or sticking shut as air moves (Rizzo, 2015).

1.1.1 Microstructure of Lung

Lungs have a complex microstructure with airways and alveolar sacs to make gas exchange
possible (Hsia et al., 2016). Starting from the trachea, there are mucosa and submucosa layers
(Brand-Saberi and Schéafer, 2014). The mucosa layer has a high number of mucus-secreting
goblet cells and ciliated pseudostratified columnar epithelium on the basement membrane
with a thin lamina propria. These contribute to the mucociliary elevator and keep foreign
bodies out of the lungs. In thinner bronchi, there are less goblet cells and the epithelium

become mainly ciliated with cuboidal cells.

1.1.2 Alveolar Microstructure

Alveoli are made up of numerous different cell types such as epithelial cells, fibroblasts,
macrophages, vascular cells and fibroblastic mesenchymal cells (Fig 1.4), as well as complex

microstructural niches, all highly designed in order to best allow for gas exchange.
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Figure 1.4: The cellular structure of an alveolus. There are two main types of epithelial cells
in alveoli: the gas exchanging AT1 (pneumocyte alveolar type 1) and surfactant producing AT2
(pneumocyte alveolar type 2). There are alveolar macrophages in the alveolar space and two
populations of mast cells. Fibroblast heterogeneity also exists in alveoli as mesenchymal cells:
lipofibroblasts, myofibroblasts, fiboromyocytes, and alveolar fibroblasts. (Adapted from Evans

et al., 2020).

1.1.2.1 Epithelial cells

Alveoli are mainly made up of two types of epithelial cells: pneumocytes type | and type Il,
also known as alveolar type | (AT1) and alveolar type Il (AT2) cells. (Evans and Lee, 2020). AT1s
are thin flat cells that cover ~95% of the alveolar surface area, allowing for optimal gas
exchange. There are nearly twice as many AT2s as AT1s, but AT2s only cover ~5% of the

alveolar surface area due to their cuboidal morphology (Chen and Liu, 2020). Both AT1 and 2



cells are derived from multipotent alveolar progenitor cells during lung development

(Barkauskas et al., 2017; Zacharias et al., 2018).

AT2 cells have a number of important characteristics: AT2s can differentiate into AT1s, secrete
surfactant proteins, transport sodium ions and alveolar fluid, and play an important role in

the lung immune response (Lee et al., 2018).

AT2 cells have been shown to exist in the lung as a heterogeneous population, with specific
subgroups of AT2 acting as adult tissue stem cells, having a role in repair and regeneration
(Zacharias et al., 2018). Under normal physiological conditions, only ~1% of AT2 cells
displayed this progenitor function, producing both AT1 cells through differentiation and AT2
cells through self-renewal (Chen and Liu, 2020; Desai et al., 2014). However, when under
pathological conditions or after lung injury, AT2 cells can be recruited and enter the
progenitor state depending on the type and extent of the injury. In one study, injury induced
by P. aeruginosa resulted in 30-70% of AT2 cells expressing stem cell antigen 1 markers in
repair phase (Liu et al., 2015). This shows that AT2 cells in the lung are a dynamic and

responsive cell population with an important role in repair.

Another vital role of AT2 cells is the synthesis, storage and secretion of the various
components of pulmonary surfactant. Surfactant is composed of about 90% lipid (mainly
phospholipids) and 10% proteins, most significantly the surfactant proteins (SP) A, B, Cand D.
Most surfactant components are assembled and stored within AT2 organelles known as
lamellar bodies (Knudsen and Ochs, 2018a). Surfactant is recycled by AT2 cells or degraded
by alveolar macrophages, but can also move into the upper airways and mucociliary escalator,

facilitating lower airway clearance (Watson et al., 2019).
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Surfactant is vital for the mechanical stability of the alveoli, allowing for expansion and
contraction of alveoli without collapse, as alveoli have a tendency to collapse due to their
spherical shape, small size and the contribution of water vapor to surface tension. Surfactant

helps to lower surface tension thus preventing collapse (Nkadi et al., 2010).

As well as having a role in mechanical stability, surfactant has further roles in the immune
response, specifically SPA and SPD. These two surfactant proteins are hydrophilic
calcium-dependent lectins, also termed collectins. SPA and SPD bind to and aggregate
pathogens (bacteria, fungi, viruses) and other small foreign substances such as pollen and
nanoparticles, having both a bactericidal role (Watson et al., 2019) and recruiting alveolar
macrophages to enhance pathogen uptake (Carreto-Binaghi et al., 2016). SPA and SPD also
bind to and promote the clearance of apoptotic cells, as well as having immunomodulatory

effects on dendritic cells and T cells (Watson et al., 2019).

Alongside the production of surfactant proteins, AT2 cells have further roles in innate local
immunity. The lungs are constantly assaulted by inhaled particulates, toxins and
microorganisms, despite this the lung doesn’t typically exhibit chronic inflammation. This is
due to innate immunity provided by AT2 cells (and potentially AT1 cells). AT2 cells secrete a
wide variety of anti-inflammatory and antimicrobial substances other than SPA and SPD,
including lysozymes, beta defensins, cathelicidin, lipocalin 2, antioxidants such as glutathione,
and components of the complement system (Mason, 2006; Nkadi et al., 2009; Qian et al.,
2013; Stegemann-Koniszewski et al., 2016). This variety of antimicrobial substances in the

alveolar fluid allows the lung to deal with inhaled substances throughout normal function.

Upon infection, AT2 cells markedly enhance the lung defences and increase production and

secretion of protective substances. Additional substances are also produced, including
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chemokines and cytokines (such as interleukin (IL) B, lla, IL-6, and tumour necrosis factor
(TNF)). Thanks to expression of toll-like receptors (TLRs), AT2 cells can recognise Gram-
positive/negative bacteria as well as some viruses, with secretion changing to adapt to the
infection (viral infections also involve secretion of IL-8 and some type | interferons). This
indicates that AT2 cells have a role in adaptive immunity and may even stimulate the adaptive
immune response (Mason, 2006; Nkadi et al., 2009; Qian et al., 2013; Stegemann-Koniszewski

et al., 2016).

Due to the clear importance of AT2 cells in the alveolar microenvironment, they are an
important cell type for study. However, there remain inabilities to culture and maintain
primary AT2 cells in a well differentiated state, and cell lines (such as A549 lung epithelial
cells) fail to reproduce all of the morphological, functional, molecular and genetic markers of
AT2 cells (Beers and Moodley, 2017). A potential avenue for AT2 cell study is stem cell biology

and reprogrammed progenitors.

Research has shown that AT2 cells can behave like stem cells in either 2D cultures of human
AT2s cells or 3D lung organoid culture, and these cells can self-renew and differentiate into
AT1 cells (Barkauskas et al., 2017; Fuchs et al., 2003). In addition, AT2 cells have an improved
proliferation and re-differentiation capacity to AT1 cells when cultured in cell-derived

organoid cultures (Zacharias et al., 2018).

1.1.2.2 Fibroblasts

There are a diverse range of fibroblast phenotypes in the alveoli, including alveolar
fibroblasts, lipofibroblasts, and myofibroblasts, with the lung displaying regional
heterogeneity (Evans and Lee, 2020; Kotaru et al., 2006). Lipofibroblasts are lipid-enriched

interstitial fibroblasts with an important role in lung development, homeostasis and repair

12



(Rehan and Torday, 2014). Myofibroblasts are not typically present in adult lung tissue, but
instead arise during injury repair processes through expression of smooth muscle actin in
typical fibroblasts resulting in specialisation (Phan, 2012). The remainder are alveolar

fibroblasts (Evans and Lee, 2020; C. Wang et al., 2018).

Fibroblasts in the alveoli have several important roles: producing and regulating lung
extracellular matrix (ECM) components, serving as effector cells during injury repair, and
regulating interstitial fluid volume/pressure. Typically, lung fibroblasts reside within the ECM
in the interstitial space until they are required for wound repair or there are changes in ECM

quality (White, 2015).

Fibroblasts and myofibroblasts are the main producers of ECM components (Bonnans et al.,
2014), with the ECM being is a dynamic and complex structure composed of fibrous proteins,
glycoproteins and proteoglycans that makes up the noncellular parts of tissues in the body.
In the lung the ECM is found in two main areas, the basement membranes (thin layers of ECM
under epithelial and endothelial cell layers, surrounding muscle, fat and nerves) and the
interstitial spaces (meshwork that connects structural cell types within tissues, maintaining
3D structure, where the majority of fibroblasts reside and produce additional ECM) (White,

2015).

Interstitial ECM of the alveoli is composed of type | and Ill collagen and elastin, along with
glycosaminoglycans, fibronectin, and proteoglycans, formed into a relaxed meshwork to
allow for expansion and contraction (Burgstaller et al., 2017). As well as collagen | and lll, lung
ECM also contains types IV and V, with the former being a key component of the basement
membrane. Elastin is responsible for the elastic recoil in lung tissue and the ability to respire,

and is highly flexible and resilient to allow for ventilation throughout life. Proteoglycans are
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scattered throughout the ECM, can store water and biochemical factors, and assist with
cellular movement. Fibronectin is essential for cell adhesion to the ECM, affecting cell
morphology, motility, and differentiation, while also having a role in ECM remodelling. These
components of the ECM are vital for continued respiration, with loss or damage to any

component potentially leading to lung dysfunction (Balestrini and Niklason, 2015).

An important characteristic of the ECM is the stiffness, as there is constant stress and strain
in the alveoli due to expansion and contraction during the respiratory cycle. The composition
and biomechanical properties of lung ECM can affect its stiffness and consequently the
stiffness of the lung and the ability to respire. Throughout the lung, ECM has different stiffness
depending on the local microenvironment, with alveolar wall ECM differing in stiffness to
airway wall and airway epithelium ECM. (White, 2015). ECM stiffness can change due to aging
and disease, with ECM stiffness being increased with fibrotic disorders (Liu et al., 2010) and
decreased with conditions such as emphysema (Parameswaran et al., 2011). A stiffer ECM
promotes profibrotic behaviour in fibroblasts, including myofibroblast differentiation and
additional ECM production, due to the way that fibroblasts prefer to adhere and proliferate

on stiffer ECM surfaces (White, 2015).

Due to the importance of ECM for lung structure and function, it has been the subject of study
across numerous organs. However, every organ has a unique ECM containing hundreds of
proteins and other components (known as the matrisome), with identification and study of
ECM components often presenting a challenge due to the need to remove all cellular and
nuclear material from a tissue sample in order to isolate the ECM remainder. These
decellularization techniques can affect the ECM, resulting in samples being damaged and

changes in matrix stiffness, so choice of technique is important (Melo et al., 2014).
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1.1.2.3 Macrophages

Macrophages are one of the most abundant immune cell types present in the lung under
normal conditions, ready to act to defend the lungs from toxins, particulates and
microorganisms inhaled from the outside world. At least two macrophage populations exist
in the lung, namely alveolar macrophages (AMs) and interstitial macrophages (IMs), each with
their own distinct locations, properties, functions, and integrin expression patterns (CD11c
expression is high and CD11b expression is low in AMs, vice versa in IMs) (Byrne et al., 2015;

Hussell and Bell, 2014; Schyns et al., 2018).

AMs are located in the airway lumen and on the epithelial surface of the alveoli, making up
90-95% of the cellular content in the alveoli under normal conditions (Morales-Nebreda et
al.,, 2015). They have a role in host defence and are generally suppressive, acting against
pathogens, removing apoptotic cells, and remove waste material from the epithelium such as
inhaled particles small enough to reach the alveoli (Allard et al., 2018). This is done via high
phagocytic ability, as well as secretion of antimicrobials, nitrous oxide, TNF-a and interferon
(Byrne et al., 2015). Maintenance of lung microstructure is vital with even minor structural or
functional changes serving as indicators for lung disease (Guilliams et al., 2013). IMs are
located in the lung parenchyma and have a more regulatory function, maintaining lung
homeostatic, preventingimmune-mediated allergic airway inflammation, (Schyns et al., 2018)
releasing specific cytokines associated with the adaptive immune response, such as

interleukin-10 (Byrne et al., 2015)

Macrophage phenotypes are highly diverse, forming a continuum of activation states
depending on the microenvironment and infection status. Whether AMs display certain

phenotypes depends on the tissue environment, but generally alveolar macrophages can be
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a challenge to characterise as the exist in a complex and unique environment (Hussell and
Bell, 2014). AMs are generally anti-inflammatory through phagocytosis of apoptotic cells, but
can also produce inflammatory cytokines in response to danger. In addition, some AMs are
derived from circulating monocytes recruited from bone marrow, and some AMs are resident
in the alveolus. Overall, a number of mechanisms surrounding AMs require further study, but

they remain a vital part of the alveoli microstructure (Allard et al., 2018).

1.1.2.4 Mast cells

Mast cells are multifunctional immune cells found across many different tissues but are highly
concentrated in the airways as these are exposed to foreign substances and toxins from the
outside world (Erjefdlt, 2014). Mast cells can both excite and inhibit inflammatory responses
(Metz et al., 2007) and have an important role in the immunopathology of a number of

respiratory diseases, including COPD (Ballarin et al., 2012).

Mast cells can also be involved in allergy, where surface IgE cross-linking leads to
degranulation, release of histamine/other mediators, and an acute allergic response, such as
airway closing. This is then followed by production of prostaglandins and release of cytokines,
resulting in chronic inflammation and the late phase reaction (Erjefdlt, 2014). In addition,
mast cells also detect infection and have a role in defence, again important for COPD where

respiratory infections are a major cause of exacerbation (Sethi, 2010).

Mast cells exist as a number of subtypes, classically connective (MCTC) and mucosal (MCT)
mast cells. However, there are further subpopulations in different tissues, including alveoli.
Alveolar MCT and MCTCs differ from other lung mast cells populations (including bronchi and
small airways) in expression of mast cell related molecules, potentially to prevent

anaphylactic degranulation (Andersson et al., 2009). Mast cells have a key role in asthma
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through expression of the high-affinity IgE receptor FceRl, however, alveolar mast cells are

characterized by low FceRI expression (Andersson et al., 2011).

1.1.2.5 Club cells

Club cells are cubical cells that do not have cilia and do not secrete mucus, also known as
bronchiolar cells. These cells mainly secrete uteroglobin/blastokinin and a number of
substances that provide protection for surfactant and small airways, serve as progenitor cells
for both themselves and ciliated cells, and can protect the airways from harmful/toxic

compounds inhaled into the lungs (Rokicki et al., 2016).

1.1.2.7 Goblet cells

The main function of goblet cells is the production and secretion of mucus, which serves as a
barrier to prevent water loss and to remove inhaled foreign substances from the lung. The
major components of mucus are mucin glycoproteins, of which over 20 types exist (Ma et al.,
2018). Changes in the number of goblet cells are typically a feature of lung disease, with an
increased number of goblet cells found in COPD (Kim et al., 2015) and asthma, and a

decreased number in cystic fibrosis (Ma et al., 2018)

1.1.2.8 Pores of Kohn

Interalveolar pores, termed pores of Kohn, are small channels between alveoli lined by
epithelium (typically AT2 cells), which cross interalveolar septa to link adjacent alveolar
airspaces, as seen in Fig. 1.5. Humans have up to seven pores per alveolus, ranging in size
from 2-13 um. There are several theorised roles for the pores of Kohn, such as collateral
ventilation. The interalveolar pores of Kohn (Fig.1.5A), along with bronchoalveolar Lambert’s
channels (Fig.1.5B) and interbronchiolar Martin’s channels (Fig.1.5C), all serve as collateral

ventilation pathways that can bypass standard ventilation (Terry and Traystman, 2016).
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Figure 1.5: Collateral ventilation pathways of the bronchioles and alveoli. A) interalveolar
pores of Kohn (3-13 um diameter), B) bronchoalveolar Lambert’s channels (120 um diameter),
C) interbronchiolar Martin’s channels (30 um diameter). Adapted from (Terry and Traystman,

2016).

Pores of Kohn develop at around 4 years of age, and collateral ventilation in general may
increase with age due to potential enlargement of the various collateral channels. This
collateral ventilation is also affected by diseases such as COPD and asthma, as well as the

composition of inhaled gases (Terry and Traystman, 2016).

Other potential roles for the pores of Kohn are: sustaining the flow of air in the event of
blockage of one of the alveolar ducts; provide routes of migration for alveolar macrophages
or other cells, acting as surfactant-filled reservoir connections between alveoli, and are likely

the structures that erode during the early stages of emphysema (Oldham and Moss, 2019).
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1.2 Lung Diseases

Lung disease refers to disorders that affect the lungs and lead to respiratory distress.
Breathing problems caused by lung disease may prevent the body from getting enough
oxygen. Asthma, chronic obstructive pulmonary disease (COPD), lung cancer, lower
respiratory tract infections, pulmonary fibrosis, and infections such as tuberculosis (TB),

influenza, and pneumonia are all examples of lung diseases (Robinson, 2016).

Lung diseases are some of the most common medical conditions in the world, with more than
1 billion people worldwide suffering from acute or chronic respiratory conditions (European
Respiratory Society, 2017). These lung diseases represent an immense worldwide health
burden, with an estimated 334 million cases of asthma (Global Asthma Report 2014), and 200
million cases of COPD (65 million of moderate to severe) (Burney et al., 2015). In terms of
mortality, lung diseases make up five of the 30 most common causes of death: COPD is third,
lower respiratory tract infection fourth, lung cancers sixth, TB twelfth, and asthma twenty-

eighth (GDB Mortality Collaborators, 2016).

The United Kingdom is an outlier in terms of lung disease, with higher mortality and morbidity
than other western countries, potentially due to smoking, pollution, or delivery of healthcare
(Salciccioli et al., 2018). The most common lung diseases in the UK are asthma and COPD, with
the latter affecting 4.5% of all people aged over 40 and being the fifth most common cause
of death (nearly 30,000 deaths every year) (NICE Guidelines: COPD 2018). Due to their
common prevalence in the population and/or impact on the NHS, lung cancer, asthma and

COPD are discussed in more detail.
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1.2.1 Lung cancer

Lung cancer is a disease in which abnormal (malignant) lung cells multiply and grow
uncontrollably. These cancerous cells can invade nearby tissues and potentially spread to
other parts of the body (metastasize). The two major kinds of lung cancer are named for the
way the cells look under a microscope (Herbst et al., 2008). These are small-cell lung cancer
and non-small lung cancer (Fig 1.6), with small-cell lung cancer tending to behave more
aggressively. Non-small cell lung cancer describes several types of lung cancers that act in a
similar way and generally spread more slowly (benign) than small cell lung cancer, this

category includes adenocarcinomas, squamous cell carcinomas and large-cell carcinomas.

Another distinction to be made with lung cancers is describing where the cancer originated:
when cancer starts in the lungs and is unrelated to previous cancers (and the tumour contains
lung cancer cells), it is known as primary lung cancer. If the cancer has spread to the lung from
another part of the body, and the tumour contains cancer cells from that area, it is known as

secondary lung cancer.
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® Adenocarcinoma (40%)

This is the most prevalent
form of lung cancer and
usually arises in the cells
lining the alveoli. It is a
commeon form of lung cancer
in people who have never
smoked, but is also seen in
smokers.

Small-cell lung cancer (15%)
Usually seen in cells near the
bronchi, small-cell lung cancer is
almost always caused by smoking
and is very aggressive. Only 6%, of US
patients with small-cell lung cancer
survive five years afler diagnosis,
compared with 21% of those with
non-small-cell lung cancer.

THE MAIN
TYPES OF
LUNG CANCER

® Squamous cell
carcinoma (30%)
These tumaours appear
in the flat cells that line
the inside of the
airways, usually near
Lhe brenchi. This form
of the disease is
usually caused by
smoking and is more
common in men than
women. The tumours
—— lend to grow slowly.
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Figure 1.6: Difference between lung cancer types. Non-small cell lung cancer can be large
carcinoma, squamous cell carcinoma, or adenocarcinoma. Most common non-small cell lung
cancer type is adenocarcinoma (%40). Small cell lung cancer is the 15% of the all lung cancers.
Treatments depend on the type of lung cancer, where the cancer is and if it has spread to
other parts of the body, age of the patient, and overall health (Hirsch et al., 2017). Surgery is
the standard approach to remove the lung tissue that has the cancerous tumour. Frequently
this can require removal of a large proportion of a lung including complete removal. Where
cancer spread has yet to occur, surgical removal can be sufficient to cure the patient.
Alternative approaches include radiation therapy where high-energy X-rays are focused onto
the tumour. The energy from the x-rays can be enough to induce cancer cell death helping
relieve pain and improving overall quality of life. Chemotherapy utilises medicinal approaches
to kill cancer cells where delivery can be either intravenous or orally (von Dincklage et al.,

2013).
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1.2.2 Asthma

Asthma is characterised by chronic inflammation of the airways, with a history of respiratory
symptoms that vary in intensity over time: cough, tightness in chest, wheezing, and shortness
of breath. Asthma is a heterogenous condition, including allergic, non-allergic and late-onset

phenotypes (Global Initiative for Asthma 2020; Rehman et al., 2018, Martinez 2007).

Asthma is caused by a combination of complex genetic and environmental factors that is not
fully understood. Environmental risk factors for asthma include: tobacco (including second
hand smoke), pollution (particulates, nitrogen dioxide), obesity, occupation, microbes and
stress (Toskala and Kennedy, 2015). Banning smoking in public areas was linked with a
reduction in the rate of respiratory diseases and asthma symptoms in Scotland (Mackay et al.,

2010).

Genetically, over 600 candidate genes have been identified, with genome-wide association
studies (GWASs) used to further explore the genome. More recently, epigenetic studies have
also been performed, but overall direct causative mechanisms of asthma remain mostly

unknown (Toskala and Kennedy, 2015).

Asthma is part of the atopic triad along with eczema and allergies, with some patients
progressing through life from eczema to asthma to allergic rhinitis. These conditions are
closely related, with up to 80% of children with eczema also having asthma or allergies to
pollen, mould, certain foods or dust mite proteins (Belgrave et al., 2015). Allergic reactions to
these allergens can trigger asthma, other triggers including viral infection, air pollution,
exercise, and physical/emotional stress (Rehman et al., 2018). In asthma the walls of the
bronchial tubes become inflamed and hypersensitive. During the asthmatic reaction the

airways constrict, limiting the flow of air into and out of the lungs and creating difficulties in
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breathing, resulting in the asthma symptoms of wheezing, coughing, and tightness of the
chest. These symptoms are generally reversible with treatment but some patients show poor

reversibility and these make the definition of asthma incomplete (Patel and Teach, 2019).

The inflammation in the lower airway in asthma is type 2 (chronic) inflammation, named for
the type 2 T helper (Th2) lymphocyte (Lambrecht and Hammad, 2013). Asthma exacerbations
have an early phase and a late phase, with the former initiated by IgE antibodies that respond
to environmental triggers. The IgE then binds to mast cells and basophils, with the mast cells
degranulating and releasing cytokines, histamine, prostaglandins and leukotrienes, which
lead to smooth muscle contraction, excess mucus production (due to goblet cell metaplasia),
and airway tightening. In addition, Th2 cells release interleukins (IL) 4, 5 and 13, which
sustains inflammation, activates eosinophils and is attributed to remodelling and fibrosis

(Sinyor and Concepcion Perez, 2020).

The late phase involves infiltration of eosinophils, basophils, neutrophils, macrophages and
helper/memory T-cells into the airway, simulated by the chemoattractants from mast cells.
These newcomers result in bronchoconstriction and further inflammation. Eosinophils in
particular have a significant role, causing airway epithelial cell damage/death, dysfunction of
airway cholinergic nerve receptors, airway hyperresponsiveness, mucus hypersecretion and
airway remodelling through fibrosis and collagen deposition (Possa et al., 2013). While active,
eosinophils release leukotrienes (similarly to mast cells), which acts as a potent

bronchoconstrictor and causes more eosinophils to migrate to the airways (Possa et al., 2013)

Sustained epithelial injury in asthma can lead to airway remodelling (Fig.1.7), where epithelial
cells transition to mesenchymal cells, resulting in an increase in smooth muscle content in the

airway. Eosinophils also have a role, by interacting with mast cells and causing release of TGF-
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B and cytokines. These remodelling mechanisms may worsen inflammation and aggravate

asthma over time (Holgate, 2013).

Mild Asthma (
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Figure 1.7: A schematic of asthma. Mild asthma causes a minimal level of fibrosis, muscle
thickening and mucus build up in the airways. Chronic asthma causes increased levels of
fibrosis, muscle thickening and mucus build up, as well as increased inflammatory cells (CD4

and eosinophils). Image adapted from NIH NIAID ‘Asthma: Mild and Chronic.

1.3 Chronic obstructive pulmonary disease (COPD)

Respiratory diseases are a global critical health issue and the third leading cause of death in

the UK and the United States of America (USA) (Gotts and Matthay, 2013). As of 2012, COPD
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was the fourth-ranked cause of death worldwide, affecting female and male patients equally

(Lozano et al., 2012).

The global initiative for COPD (GOLD) has defined COPD as “a common preventable and
treatable disease characterised by persistent and progressive airflow limitation, associated
with an enhanced chronic inflammatory response in the airways and lung to toxins or gases.
Exacerbations and comorbities contribute to overall severity in individual patients.” (GOLD

2020).

COPD comprises numerous disease processes, including: airway thickening/narrowing that
obstructs expiratory outflow; chronic mucus hypersecretion leading to chronic cough, excess
phlegm production and chronic bronchitis; and emphysema, where distal airspaces are
abnormally dilated and there is destruction of alveolar walls. (Forey et al., 2011) Chronic
bronchitis and emphysema often occur together, and COPD presents a number of different
clinical phenotypes, with differences in age of onset and frequency of exacerbations (Fig 1.8).

(Central, 2012; Qureshi et al., 2014).
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Figure 1.8: COPD: chronic bronchitis and emphysema. The difference between healthy and
unhealthy tissue can be seen in the image., with chronic bronchitis presenting thickened
inflamed airways, while emphysema presents destruction of alveolar airway membranes

(Image from Alila Medical Media).

1.3.1 Risk factors for COPD: Environmental

Tobacco smoking is the main environmental risk factor for COPD, as shown by meta-analysis
studies (Forey et al., 2011), but the pathogenesis remains unclear. Some studies have
demonstrated that non-smokers may also develop COPD and an estimated 20-40% of COPD
patients have never smoked tobacco (Kohansal et al., 2009). Second-hand smoking and

population-attributable effects of smoking should also be considered (Vijayan, 2013).

Other environmental risk factors include both indoor and outdoor air pollution. Indoor
pollution includes particulates, biomass smoke exposure, nitrogen dioxide, carbon monoxide,
volatile organic compounds and biological allergens (Hu et al., 2010; Vijayan, 2013). Outdoor
pollution includes ambient air pollution and pollutants from motor vehicles and industrial

factories (Ko and Hui, 2012; (Salvi and Barnes, 2009).
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In addition to pollutants, further COPD risk factors include exposure to dusts and fumes
(including occupational risk), previous cases of tuberculosis, maternal smoking, as well as

childhood conditions such as respiratory infections or asthma (Decramer et al., 2012).

Despite continued recent anti-smoking efforts in Western countries, the burden of COPD is
going to increase in the future due to increased exposure to environmental risk factors. The
global population is both increasing and aging, traffic density continues to rise, and certain
developing countries and Asia still have high rates of air pollution and smoking (Lopez-Campos

et al.,, 2016).

1.3.2 Risk factors for COPD: Genetic

COPD also has complex genetic risk factors, which are likely to interact with environmental
factors responsible for the disease. A severe deficiency in alplal-antitrypsin (AAT) is one of
the first proven and most established genetic risk factors, being responsible for around 1-2%
of COPD cases (Silverman, 2020; Vijayan, 2013). AAT is mainly produced in the liver and acts
as a plasma protease inhibitor of leukocyte elastase, an enzyme found in neutrophil granules.
AAT is encoded by the SERPINA1 gene (M allele) under normal conditions, but a mutation in
SERPINA1 (specifically a single base pair change leading to amino acid substitution) results in
the Z allele, this mutant AAT polymerises in liver hepatocytes and leads to a reduction in the
levels of circulating AAT. This substantially increases the risk for COPD as well as liver disease
and is heritable, with 1 in 3000 people in the USA inheriting severe AAT deficiency (Silverman,

2020).

Further genetic risk factors have more recently been identified by genome-wide association
studies (GWAS). The first GWAS of COPD identified the CHRNA3/CHRNA5/IREB2 region on

chromosome 1525 as involved in COPD susceptibility (Pillai et al., 2009), with subsequent
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studies identifying HHIP (Wilk et al., 2009), FAM13A (Hancock et al., 2010), RIN3, MMP12 and
TGFB2 (Cho et al., 2014). A number of interesting findings have emerged from COPD GWAS,
such as: some genomic regions are also associated with fibrosis but in the inverse, where the
risk allele for COPD protects from fibrosis, and vice versa; and that genetic determinants of
COPD and lung function have a substantial overlap These insights give important clues, as well
as identifying areas and targets for future study, but much of the heritability for COPD remains

unexplained (Silverman, 2020).

1.3.3 Clinical features of COPD

COPD symptoms include breathlessness (dyspnoea), chronic cough, sputum production, low
exercise capacity, wheezing, and long-lasting/more frequent bronchial infection. If one or
more of these symptoms manifest and there are risk factors present (such as tobacco
smoking), COPD is typically suspected. However, the early stages of COPD can be
asymptomatic and often misdiagnosed, or COPD can be diagnosed at a late stage (Burkhardt
and Pankow, 2014). Separating COPD patients based on clinical characteristics is difficult due
to the wide range of phenotypes, age of onset, rate of progression and overlap with similar

diseases such as asthma (Castaldi et al., 2014)

Breathlessness is often the most concerning early COPD symptom as it is persistent and
progressive, worsening with physical exertion. The severity of breathlessness can be
measured by the Medical Research Council breathlessness scale (Stenton, 2008), which
ranges from Grade 1 (Not troubled by breathlessness except on strenuous exercise) to Grade
5 (Too breathless to leave the house, or breathless when undressing) and can be used to

predict COPD mortality.
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Chronic cough is one of the earliest COPD symptoms and can be productive or unproductive.
The cough becomes more frequent as the disease progresses, but is often dismissed by

patients as a sign of aging or lack of physical fitness (Putcha et al., 2014).

When mucus is expelled from the respiratory system, typically coughed up, it is referred to as
phlegm or sputum. COPD patients typically produce excess sputum, if it is produced regularly
in three or more months over two consecutive years it defines the presence of chronic
bronchitis. However, this particular symptom in COPD typically varies in terms of quantity,
colour and differing patient habits (as some patients will swallow the sputum), but a change
in colour or volume is a sign of COPD exacerbation (“Global Initiative for Chronic Obstructive

Lung Disease,” 2020).

1.3.3.1 COPD diagnosis

A COPD diagnosis is considered when patients have one or more of the symptoms mentioned
above, as well as a risk factor (typically smoking) and are over the age of 35 (NICE COPD
Overview, 2010). The medical history and previous exposure to risk factors are also
considered. At the time of diagnosis, airflow is typically measured with spirometry to obtain
the following measures: FEV: (forced expiratory volume, the volume of air the patient can
expel in the first second), and FVC (forced vital capacity, the total volume of air the patient
can expel in one breath). Both FEV1 and FVC are expressed as litres and as a percentage of the
predicted value. If FEV1/FVC is less than 0.7 it confirms the presence of COPD. The FEV:
percentage value can then be used to further categorise the severity of COPD: >80% is GOLD
stage 1/mild, 50-79% is GOLD stage 2/moderate, 30-49% is GOLD stage 3/severe, and <30%

is GOLD stage 4/very severe (Burkhardt and Pankow, 2014).
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The FEV: value is also part of the BODE index, measured with the Body mass index,
Obstruction (using FEV1 value), Dyspnoea (using MRC scale) and Exercise tolerance (using a
six-minute walk test). This is a 10 point scoring system that NICE guidelines have

recommended for assessment of potential COPD patients (NICE COPD Overview, 2010).

1.3.3.2 COPD exacerbations

While COPD is chronic and progressive it can be frequently aggravated by exacerbations,
which are short periods (at least 48 hours) where symptoms worsen. These exacerbations can
be mild (typically treated with increased doses of medication such as bronchodilators),
moderate (requires treatment with corticosteroids and/or antibiotics) or severe (requires
hospitalisation) (Decramer et al., 2012). The severity and frequency of exacerbations varies
between COPD patients, but COPD severity has been linked to increased exacerbation

frequency (Hoogendoorn et al., 2010).

When exacerbations occur they speed up COPD disease progression and increase the risk of
death, which is why one aim of COPD treatment is to decrease the number of exacerbations
(Decramer et al., 2012). Exacerbations are most frequently caused by viral or bacterial
infection (60-80% of cases), with microbiology identifying several frequent species in sputum
culture, including H. influenzae, S. pneumoniae and M. catarrhalis (Papi et al., 2006). Other
causes of exacerbations include heart failure, pulmonary embolism and environmental
factors such as cold air, pollutants, allergens and smoking (Decramer et al., 2012; Vijayan,

2013).
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1.3.4 Pathophysiology of COPD

The persistent and progressive obstruction and airflow limitation in COPD is the result of two
major pathological processes, the first involving remodelling and narrowing of small airways
(chronic bronchitis), and the second involving destruction of the lung parenchyma and alveoli
of these airways (emphysema). Both processes are typically the consequence of chronic

inflammation, which increases in intensity as the disease progresses (Barnes, 2016).

1.3.4.1 Chronic Bronchitis

The foundation of chronic bronchitis is overproduction and hypersecretion of mucus from
goblet cells. Epithelial cells that line the airway respond to toxic or infectious stimuli (typically
smoking) by releasing inflammatory mediators such as TNF-a, IL-6 and IL-8, leading to ongoing
inflammation of the bronchial tube. In addition, mucus hypersecretion can be activated by
neutrophilic inflammation via neutrophil elastase secretion, which releases TGF- a and
activates epithelial growth factor receptors (EGFRs) (Barnes, 2016). Along with these pro-
inflammatory processes, there is decreased release of regulatory substances, such as

angiotensin-converting enzyme and neutral endopeptidase (Widysanto and Mathew, 2020).

As part of the ongoing inflammatory response, neutrophils are released into the airway where
they act in a pro-inflammatory manner. As well as releasing elastase and promoting mucus
hypersecretion, neutrophils also alter the function of the cilial epithelium, compromising the
ability to clear the excess mucus. This in turn makes the lungs more susceptible to infection,
which again prompts an immune response and results in a vicious circle of intense chronic
inflammation. In addition, neutrophils release other factors such as elastase, proteinase-3
and matrix metalloproteinases which can contribute to the destruction of bronchial elastin

and other lung structures (Kim and Criner, 2013a; Y. Wang et al., 2018). Airway walls become
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thickened due to a combination of fibrosis and oedema, further promoting the pooling of
excess mucus. Thickening can persist to a stage where airways become narrowed to the
extent that airway flow to and from the lungs is limited (Fig.1.8) (Barnes, 2016; Widysanto

and Mathew, 2020)

In summary, the combination of mucus hyperreaction, decreased ciliary function, thickened
airways and ineffective coughing leads to reduced expiration and shortness of breath.
However, the inflammatory mechanisms responsible for this excess mucus production are
poorly understood in humans, highlighting the need for further research and more effective

pre-clinical work and model of the lung and COPD (Kim and Criner, 2013b).

1.3.4.2 Emphysema

Emphysema is defined as dilatation and destruction of distal airspaces, which includes the
respiratory bronchioles, alveolar ducts and alveoli, also known as the pulmonary acinus
(Gharib et al., 2018). This breakdown of alveolar structure affects gas exchange, meaning
oxygen can no longer pass into the blood as effectively, leading to shortness of breath,
coughing, and wheezing (Sharafkhaneh et al., 2008). Alveoli are optimally structured for gas

exchange, but are delicate and easily damaged or destroyed.

After exposure to toxins and smoke, pro-inflammatory cells are recruited to the airways,
including macrophages, neutrophils and T lymphocytes. These cells release proteinases and
neutrophilic elastase and lead to mucus hypersecretion. Elastase and proteinase released
from neutrophils act against elastin, an important component of lung ECM which maintains
the integrity of the small airways. Increased levels of elastase and proteinase leads to
destruction of small airway components and airspace enlargement. In addition, cytotoxic T

cells release TNF-a and perforins, which leads to destruction of the alveolar epithelial cells
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and rupture of the alveolar wall (Barnes, 2016; Pahal et al., 2020). This cell death can cause
the release of further pro-inflammatory products from epithelial cells (Chen et al., 2010). The
alveoli are damaged, and over time the inner walls of air sacs weaken and rupture, creating

large air spaces instead of many small ones.

As well as activation of these pro-inflammatory pathways, smoking also inhibits anti-
proteolytic enzymes and alveolar macrophages. Another factor is AAT, which typically inhibits
neutrophil elastase, but in cases where the patient has an inherited AAT deficiency it can lead

to emphysema (Pahal et al., 2020).

The loss of cells and elastin from ECM results in the destruction of alveolar walls, which can
cause the lungs to expand within the chest, compressing small bronchi and leading to
resistance to airflow. This makes it difficult for contraction to occur and reduces the passage
of air through the airways. Reduced lung elasticity combined with limited expiration can lead

to lung hyperinflation due to trapped air, both at rest or during exercise (Gagnon et al., 2014).

This can be worsened by air spaces in the lungs, some damaged alveoli can distend and form
a large air space, otherwise known as a bullae. Bullous emphysema involves one or more of
these large air spaces, and if these spaces rupture and leak air into the pleural space, the lung

can collapse, known as pneumothorax (Siddiqui et al., 2020).

Emphysema has been subject to study with in vivo mouse models, but the overall mechanisms
in the human disease is less clear (Goldklang and Stockley, 2016) Further study into human
emphysema mechanisms is vital to limit the progression of the disease and to accelerate

potential treatments and therapies.
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1.3.5 Immunological Mechanisms of COPD

COPD features a characteristic pattern of inflammation, involving increased numbers of
neutrophils, macrophages, and lymphocytes in the airways. There is a complex inflammatory
response involving both innate and adaptive immune responses, but the role of these systems
in COPD development is not completely understood (Barnes, 2008; Brusselle et al., 2011,

Barnes, 2016).

The immune response is related to dendritic cell (DC) activation, but in general the function
and distribution of DCs in COPD development is not well described. It is theorised that DCs
can regulate effector CD8 T cell responses and might have a role in maintaining neutrophilic

airway inflammation via proinflammatory chemokine release (Givi et al., 2012).

Numerous cell types are involved in the innate and adaptive immune responses in COPD and
play key roles in disease progression, including macrophages, neutrophils, eosinophils, and

lymphocytes (Fig.1.9).
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Figure 1.9: Inflammatory response to irritants that have a causative nature in COPD. Irritants
first affect epithelial cells and macrophages, which start an inflammatory response by
releasing several chemotactic factors in emphysema and chronic bronchitis. Interleukin
(CXCL) 1, 8, 5, 9, 10 and 11 are produced by epithelial cells or macrophages to migrate
neutrophils to an infected area. These cells also produce interleukins and interferons (IFN vy,
IL-1B, IL-6, IL23), these factors then attract inflammatory cells (Th1, Tc1, Th17, helper cells) to
the lungs and different responses occur. Emphysema can occur with affecting the pore-
forming protein perforin or proteases, which both cause destruction of alveolar structure.
Chronic bronchitis can occur by excess proteases in bronchitis causing mucus hypersecretion,
it should be noted that fibrosis occurs through epithelial cell reaction only. Production of
excess tissue growth factors (TGF-B and FGF) can cause excess production of CTGF (connective
tissue growth factor), and this matricellular protein causes excess fibrous connective tissue

growth (fibrosis). Image adapted from (Barnes, 2017).
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1.3.5.1 Macrophages

Macrophages can be activated by toxins such as cigarette smoke to release inflammatory
biochemicals including TNF-a, chemokines and reactive oxygen species (ROS), with alveolar
macrophages also releasing matrix metalloproteases (MMPs), cathepsins and elastase
(previously released by neutrophils and taken up by macrophages) (Barnes, 2016). In COPD
there are many changes to macrophage activity, including: increased activation and secretion
of the pro-inflammatory markers mentioned above; activation of the transcription factor
NF-kB (inflammatory protein regulator); reduced phagocytic uptake of bacteria (50% of COPD
patients have chronic colonization of lower airways) (Taylor et al., 2010) and apoptotic cells
(resulting in continued inflammation); and increased numbers (5-10 times increased) of
macrophages in the airways, parenchyma, and sputum due to increased release of monocyte-
selective chemokines (CCL2 and CXCL1), resulting in recruitment of circulating monocytes

(Barnes, 2019, 2016; Singh et al., 2014).

Continued smoking causes continued activation of these macrophages and chronic
inflammation in the lungs as well as emphysema, with macrophages localised to sites of

alveolar wall destruction (Barnes, 2019, 2016)

1.3.5.2 Neutrophils

Smoking, infection and oxidative stress can stimulate granulocyte (neutrophil, eosinophil,
basophil) production and release from bone marrow, and secretion of granulocyte colony-
stimulating factor (CSF) from macrophages can also promote neutrophil survival in the
airways (Jasper et al.,, 2019). Neutrophils are recruited to the airways and adhere to
endothelial cells via E-selectin, where they migrate further due to guiding chemical factors

including CXCL1/5/8 chemokines (released by alveolar macrophages, epithelial cells or other
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neutrophils). Both E-selectin and chemokines are upregulated in COPD, resulting in more
neutrophils in the airways of COPD patients (Barnes, 2019, 2016). These neutrophils secrete
elastase and proteinase (including MMPs), contributing to emphysema and breakdown of
alveoli, as well as causing mucus hypersecretion (Fahy and Dickey, 2010). In addition,
neutrophils in COPD have increased migration speed but reduced accuracy, meaning there is
increased elastase release and damage throughout the airways, degrading lung ECM (Jasper
et al., 2019). Studies have even shown that inhibition of neutrophil elastase can result in
improved lung function and reduced airway inflammation (Thulborn et al., 2019). Overall,
neutrophilic airway inflammation is a characteristic feature of COPD and can be used to

measure disease severity (Barnes, 2019).

1.3.5.3 Eosinophils

While the increased numbers of macrophages and neutrophils in the airways and sputum are
well studied, along with their immunological mechanisms in COPD, the role of eosinophils in
COPD is less clear. Around 15% of patients have increased levels of eosinophils in the sputum
and blood, and this may be linked to more frequent exacerbations, but mechanisms are
uncertain (Barnes, 2019). The increased numbers of eosinophils may represent an overlap of
COPD with asthma, while the two are distinct diseases there are cases where patients exhibit
the features of both, known as asthma-COPD overlap (ACO) (Barnes, 2016). Asthma patients
with severe asthma or who smoke often have increased neutrophils along with increased

eosinophils (Barnes, 2019).

One potential mechanism for eosinophil inflammation in COPD involves the discovery of
increased sputum IL-5 in eosinophilic COPD (Barnes, 2019). In response to smoking and/or

infection, airway epithelial cells can release cytokines that recruit T helper-2 lymphocytes
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(Th2) and type 2 innate lymphoid cells (ILC2). These cells may then secrete CCL5 chemokines
to attract eosinophils to the airways, where they are maintained by IL-5 and CSF (Barnes,
2019; Possa et al., 2013). However, further research is needed in order to reveal the role of

eosinophils in COPD or ACO.

1.3.5.4 Lymphocytes

The levels of T lymphocytes (Barnes, 2019, 2016), B lymphocytes (Seys et al., 2015), and innate
lymphoid cells (ILCs) (De Grove et al., 2016) are all increased in the lungs of COPD patients.
The levels of CD8* cytotoxic T cells (Tcl) are also greater than CD4* helper T cells (Th1, Th17),
with the increased T cell numbers linked to increased COPD severity (both alveolar damage
and airway blockage). Tc1 cells can release perforins and TNF-a resulting in apoptosis, this is
linked to alveolar cell death in emphysema. (Barnes, 2016). These T cell types express
chemokine receptors that can attract and recruit blood monocytes in COPD, further
contributing towards increased numbers of macrophages and T cells in the lungs of COPD
patients (Costa et al., 2016). In addition, ILCs may also have a role in the increased neutrophilic
inflammation in COPD and the persistence of this inflammation after smoking cessation, due

to secretion of interleukins by ILC3s (Barnes, 2019, 2016).

While there is no cure for COPD and the ongoing damage to the lungs cannot be repaired,
COPD can be easily diagnosed and subsequently managed if identified early. The disease can
be slowed by avoiding exposure to certain substances, and by using some treatments that can

relieve symptoms.
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1.3.6 Treatment and Management of COPD

COPD is a progressive lung disease which is preventable but irreversible. There is no treatment
that can stop the ultimate failure in lung function, and available treatments are mainly aimed
at increasing the quality of life of the patients, their functional status, and to reduce the risk
of death (Mannino and Buist, 2007). The main management goals for COPD are to reduce the
overproduction of mucus, improve mucus elimination mechanisms (ciliary transport, etc.),

and controlling inflammation.

One of the best ways and likely first steps to improve the condition of a COPD patient should
be education and the cessation of smoking. This cessation reduces the decline of FEV and lung
function to the level of non-smokers, and quitters respond better to treatment (Jiménez-Ruiz
et al., 2015). Studies have shown that smoking cessation can improve ciliary function and
decrease goblet cell hyperplasia (Mullen et al., 1987), as well as decreasing mucus production
and airway injury (Swann et al., 1992), and even alter the immune mechanisms that lead to
inflammation due to the effects of tobacco smoke on epithelial gene expression (Burgel and
Nadel, 2004). Despite this, 40% of COPD patients remain smokers, with some features of
COPD making it harder to quit. COPD-smoking patients typically smoke far more than
standard smokers, are more nicotine dependant, inhale a greater volume of smoke deeper
into the lungs, and have little motivation to quit due to depression and self-esteem

prevalence (Jiménez-Ruiz et al., 2015).

While smoking cessation remains one of the best COPD interventions, there are numerous
commonly available COPD treatments, including bronchodilators, corticosteroids, antibiotics,

oxygen therapy and lung volume reduction surgery.
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1.3.6.1 Bronchodilators

Bronchodilators is a term used to describe the medications that increase lung function by
changing airway smooth muscle tone, such as [2-agonists, anticholinergics, and
methylxanthines. Metylxanthines and short-acting B-adrenergic agonists (SABAs such as
salbutamol) promote mucus clearance by increasing the airway luminal diameter, ciliary beat

frequency and mucus hydration (decreasing mucus viscosity) (Salathe, 2002).

As well as SABAs there are also long-acting B-adrenergic agonists (LABAs such as salmetreol),
use of LABAs has been shown to increase mucociliary function, reduce hyperinflation and

increase peak expiratory flow, leading to a more productive cough (van Noord et al., 2006).

Anticholinergics also act to increase luminal diameter and decrease mucus secretion, as well
as facilitate mucus clearance through cough. However, anticholinergics can deplete airway

surface liquid, making it more difficult to clear mucus (Kummer et al., 2008).

There are known side effects of bronchodilator treatments due to some non-specific effects
on adrenergic receptors around the body, such as heart palpitations and headaches. These
are controllable but unfortunately as most COPD patients are elderly, the side effects are

more likely to occur (Almadhoun and Sharma, 2020).

1.3.6.2 Corticosteroids

Corticosteroids (generally referring to glucocorticosteroids) have a role in regulating
inflammation and are very commonly used for inflammatory conditions such as COPD. These
steroids act on the glucocorticoid receptor (GR), activation of GR leads to rapid translocation
to the nucleus where it enhances or suppress specific gene expression, depending on the cell
type (Ramamoorthy and Cidlowski, 2016). Generally, pro-inflammatory gene expression is
suppressed by blocking NF-kB from entering the nucleus, and anti-inflammatory gene
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expression is enhanced through binding of glucocorticoid-response elements (GREs). In
addition, glucocorticoids also reduce expression of phospholipase A, which reduces levels of
arachidonic acid, which in turn inhibits synthesis of several pro-inflammatory biochemical
factors, including prostaglandins, leukotrienes and thromboxane, which leads to decreased

macrophage action (Janahi et al., 2018).

In mouse models corticosteroids have been shown to reduce inflammation and mucus
production (Innes et al., 2009), with dexamethasone shown to decrease mucin 5AC gene

expression in human epithelial cells, and hasten mucociliary clearance (Chen et al., 2005a).

Both systemic and inhaled corticosteroids are used in COPD treatment, often over the long
term as a maintenance therapy. Corticosteroids inhibit bronchoconstriction, suppress the
immune response, have an anti-inflammatory effect, and lessen the effects of exacerbations
(Janahi et al., 2018). In patients with GOLD 3-4 COPD (severe to very severe), inhaled
corticosteroids (ICS) are used in combination with other therapies such as LABAs (Rabe et al.,

2007).

While systemic corticosteroid use for COPD can reduce inflammation and the rate of
exacerbations, they have also been linked to mortality in the over 65’s, as well as significant
toxicity (Falk et al., 2008). ICS have long been used to treat COPD but there remains
controversy as to their effectiveness, with high ICS doses given that can result higher risk of

pneumonia, cataracts, or diabetes (Sharon R Rosenberg and Kalhan, 2017; Suissa et al., 2013).

1.3.6.3 Antibiotics

As COPD patients are more likely to have bacterial colonization in their airways due to the
dysfunctions in the mucocilliary system (Hodge et al., 2003), antibiotics can be used for COPD
patients. While antibiotics may not have direct improvements for COPD management,
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treatments with antibiotics such as erythromycin or azithromycin have been shown to result
in fewer acute exacerbations and increased quality of life (Albert et al., 2011; Seemungal et

al., 2008).

COPD exacerbations are a major contributor to morbidity, cost and mortality associated with
COPD, and antibiotics are useful for reducing the frequency of these exacerbations.
Neutrophil and eosinophil inflammation is present in COPD, this may be partly due to
migration in response to bacterial/viral infections. Studies have shown that COPD
exacerbations can be typically caused by certain bacteria (40-50%) or certain viruses (30-
40%). Typical bacterial infections involved in COPD exacerbations include: Haemophilus
influenza (30-50%), Streotococcus pneumoniae (15-20%), and Moraxella catarrhalis (15-20%),
and typical viral infections include: Rhinovirus (40-50%), Influenza (10-20%) and Coronavirus

(10-20%) (Papi et al., 2006; Siddiqi and Sethi, 2008; Vijayan, 2013).

1.3.6.4 Oxygen Therapy

In COPD there is impaired gas exchange, which can lead to insufficient oxygen levels. Oxygen
therapy is defined as oxygen given at any concentration greater than air. Typical oxygen
saturation in the blood is around 94-98%, and insufficient oxygen levels (hypoxemia) can be
defined as <80-90%, as this is the level at which hypoxic tissue damage can occur (O’Driscoll

et al., 2008).

Oxygen is typically delivered by a nasal cannula or oxygen mask, with long term oxygen
therapy (LTOT) representing a life-extending therapy in COPD (Cranston et al., 2005) and
reducing oxidative stress in diseased tissues (van Helvoort et al., 2006). Despite this, there are
conflicting studies as to whether LTOT can improve patient quality of life (Tsolaki et al., 2011).

Some alternative ways to deliver oxygen exist, including high flow oxygen therapy (HFOT),
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where a preheated and moistened (to prevent airway dehydration) air-oxygen mix is
delivered through the nose at high flow rates, this HFOT treatment has been shown to be safe
and effective for COPD patients (Vogelsinger et al., 2017). In general, oxygen therapy
delivered at moderate concentrations is sufficient to overcome hypoxia associated with COPD

exacerbations (Calverley et al., 2003).

It should be noted that gas exchange in COPD is disrupted (particularly due to alveolar damage
in emphysema) and blood can be poorly oxygenated (hypoxemia), or less carbon dioxide is
eliminated leading to high CO; levels in the blood (hypercapnia). Hypercapnia can lead to
chronic respiratory acidosis in COPD, where the excess carbon dioxide is hydrated to form
carbonic acid and the kidneys compensate by storing bicarbonate (Brill and Wedzicha, 2014).
Hypercapnia also affects alveolar epithelial cell function, proliferation and migration,

(Shigemura et al., 2017).

1.3.7 Surgical approaches for COPD

Even with medical treatment, a number of COPD patients continue to deteriorate, leading to
the use of surgery for management. This comes in two main forms, lung volume reduction
surgery (LVRS) and/or lung transplantation. These treatments are typically only performed on
patients with GOLD stage 3-4 COPD (severe or very severe), and even then very few
procedures are carried out due to concerns about high levels of associated morbidity and

mortality (Clark et al., 2014).

1.3.7.1 Lung volume reduction surgery
LVRS involves the removal of the most damaged areas of the lung. However, LVRS is only

performed if patients meet several stages of inclusion criteria. High risk patients are excluded,
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and patients with severely symptomatic COPD that are likely to recover with surgery are
favoured. Some of the criteria include cessation of smoking, body-mass index below 30, good
heart function, history of emphysema and no previous LVRS/lung surgeries (Minervini et al.,

2018).

The aim of LVRS is to remove tissue affected with emphysema and/or hyperinflation, this
decreases the dead air space in the lung and improves ventilation and perfusion (Aaron,
2014). After removing hyperinflated areas, a compressed lung will typically expand (Quezada
and Make, 2016). The fragile lung tissue makes LVRS technically challenging and prone to
complications, such as air leakage or total respiratory failure. Despite this, there is a general
improvement in lung function for LVRS patients, both at rest and exercising (Minervini et al.,

2018).

LVRS is rarely performed due to clinical concerns, in the UK there were only 96 procedures in
2009-10 and 90 in 2010-11, with studies showing that LVRS had a mortality rate of 5.5% 90
days post-surgery, and 24% of patients were still hospitalised (Clark et al.,, 2014). It is
recommended that LVRS is undertaken with a multidisciplinary team after appropriate

patient selection.

LVRS is typically only offered to patients with severe upper lobe emphysema (or heterogenous
emphysema), where there are clear areas that can be resected. For severe homogenous
emphysema LVRS is not suitable and alternatives are needed, especially when considering the
morbidity and mortality risks of LVRS. Alternative techniques include endoscopic
interventions, such as endobronchial valve (EBV) therapy and endoscopic lung volume

reduction (ELVR), where endoscopes are used to access specific areas of the lung.
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EBVs are one-way valves that are placed on hyperinflated lung regions, allowing air to escape
but preventing air refilling the space, this can help reduce the volume of dead/trapped air and
reduce pressure (Minervini et al., 2018). EBV in patients with severe homogeneous
emphysema has been demonstrated to result in improved lung function, exercise tolerance,
and quality of life (Valipour et al., 2016). This effect has also been tracked for 12 months post-
surgery, resulting in improved gas transfer capacity, potentially explained by the distribution
of air to other sites in the lung that are less affected by emphysema (Hsu et al., 2018). There
has also been success with endoscopic placement of coils in the lungs of COPD patients (Herth

et al., 2017).

Another example of ELVR includes thermal vapour ablation, where heated water is used to
destroy specific emphysematous parts of the lung by inducing an inflammatory response,
fibrosis, and scarring. Compared to standard medical treatments, thermal ablation has been
shown to result in clinically meaningful and significant improvements in lung function and

quality of life at 6 and 12 months (Herth et al., 2017).

Finally, biological sealants can be used, where expandable liquid-foam polymers (such as
AeriSeal) are targeted via a bronchoscope to block small airways, promoting collapse and
remodelling, with healthier lung tissue able to expand into the space (Herth et al., 2017). This
can reduce hyperinflation over the course of several months, but is irreversible and must be

used with care (Minervini et al., 2018).

1.3.7.2 Lung Transplantation
Lung transplantation offers an effective treatment for patients with end-stage COPD. LVRS is

considered independent of lung transplantation, but one can follow the other, where in some
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cases LVRS is merely delaying the need for a transplant. One option is to perform LVRS on one

lung and transplant the other lung in order to reduce hyperinflation (Reece et al., 2008).

Lung transplantation is potentially considered if patients have a BODE score of 5-6,
progressive disease, significant hypercapnia/hypoxemia, and a predicted FEV: of <25%.
Patients are also recommended for transplant if they have had at least three severe COPD
exacerbations in a year (or one severe exacerbation with acute hypercapnic respiratory
failure), as they have a significant mortality risk (Weill et al., 2015). Negative points to consider
when recommending patients for transplant include organ dysfunction, chronic infection
(especially TB), spinal deformity, obesity, noncompliance, malnutrition, or previous extensive

chest surgery (Kumar and Anjum, 2020).

There are a number of unclear factors when considering lung transplantation, including the
timings for listing, surgical modalities, and single vs bilateral transplantation (Siddiqui and
Diamond, 2018). COPD makes up a large portion of transplants, 36% of all transplants
between 1995 and 2007 were for COPD out of more than 7000 transplants. While many of
these transplants were for a single lung, bilateral transplants have become more frequent in

recent years (Todd and Palmer, 2010).

There are a number of complications and drawbacks to lung transplantation. Some
complications can occur immediately, such as acute rejection, donor-recipient mismatch,
bleeding, and primary graft dysfunction (most common cause of mortality post-operation or
rejection long-term). Any damage or complications to the donor lung itself have serious
negative effects, such as lung collapse or air leaking. Over the longer term, other
complications can arise such as infection, rejection, vascular or airway complications, and

even a recurrence of COPD (Kumar and Anjum, 2020). Other conditions associated with
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transplantation include acute native lung hyperinflation (single lung transplant only) and lung

cancer after transplantation (Siddiqui and Diamond, 2018).

The chances of a COPD patient getting a lung transplant are low, and even if the operation
goes ahead there are numerous risks and complications. Despite this, lung transplantation is
still the ultimate treatment for end-stage lung disease. Transplant patients have good short-
term survival, with <10% mortality after three months (Yusen et al., 2016), but it should be
noted that whether or not lung transplantation provides an overall mortality benefit is still
controversial (Siddiqui and Diamond, 2018). Demonstrating a survival advantage for COPD

patients is difficult, and improvements in quality of life need further study.

In general, COPD patients are referred to lung transplant only once all other options have
been exhausted, meaning that candidate selection is again performed strictly as the overall
benefit of transplantation is not as clear as other treatments and the surgery is extremely
risky. Further analysis of the benefits of lung transplantation are needed, but one issue is the
lack of healthy lung tissue for transplant. Lungs suitable for transplantation are harvested
from donors, but only a few of these donors are ideal for transplant and the lung tissue can
deteriorate quickly in transportation due to its fragility (Kumar and Anjum, 2020). One option
is the use of tissue engineering in order to generate more research and transplantable

materials.

1.4 Tissue Engineering Approaches

Tissue engineering aims at developing functional substitutes for damaged tissues and organs,
creating potential treatments of human diseases (including lung disease), with tissue
engineered materials it may be possible to replace diseased organs and tissue (Carletti et al.,

2011; O’Brien, 2011).
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Tissue engineering involves growing, and often modifying, cells of specific types in order to
engineer desired tissues. The cells of choice can be derived from a patient or model
(autologous), another patient or model with sufficient similarity (allogeneic) or from an
outside source such as cell lines from a different species (exogenous). Tissue engineering work
with such cells is performed both in vivo and in vitro and can be broadly split into two

categories, scaffold-free or scaffold-based.

The scaffold-free approach involves simply administering the cells directly, often with certain
growth factors and other biochemical factors that regulate cell survival, proliferation and

differentiation (Bakhshandeh et al., 2017).

Scaffold-based tissue engineering approaches involves loading cells onto a 3D scaffold as a
growth matrix. The choice of scaffold material (natural, synthetic, derived from decellularized
tissues, etc), morphology (porosity, stiffness, hydration, etc) and coating (adhesive, ECM
components, etc) are vital to ensure good cell attachment, viability, proliferation and
differentiation (Bakhshandeh et al., 2017), in addition, culturing cells in 3D is very different to
2D culture on tissue culture plastic, 3D culture is closer to the in vivo environment where the

ECM acts as a scaffold (Mansouri and Bagheri, 2016).

Cell seeding densities are important to optimise to ensure sufficient cell-cell and cell-matrix
interactions in 3D (Bakhshandeh et al., 2017). Typical choices of cell for scaffold-based tissue
engineering are cell lines or primary cells. Cell lines are typically immortalised (can be derived
from cancers or treated) cell cultures from different species and tissues, whereas primary
cells are taken directly from a specific tissue and grown without many modifications. While
primary cells are closer to the typical in vivo state and more biologically relevant as a model,

they are fragile and can be difficult to culture as opposed to cell lines, which are immortalised
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and will proliferate indefinitely. While they can be difficult to obtain, stem cells are also
popular for tissue engineering, due to their ability to both self-renew and differentiate into
other cell types. Endogenous adult stem cells (ASCs) are multipotent but have limited
proliferation capacity, while embryonic stem cells (ESCs) are pluripotent and have much
higher proliferation capacity. However, ESCs are subject to ethical concerns and are very
difficult to obtain, making pluripotent alternatives like induced pluripotent stem cells (iPSCs)
an attractive option (Bakhshandeh et al., 2017). iPSCs can be obtained from typical adult cells
by direct reprogramming of just four genes (Myc, Oct3/4, Sox2, KIf4) and can differentiate

into a wide variety of cell types (Takahashi and Yamanaka, 2006).

The scaffold can be implanted into a specific area of the body, where the physical and
biochemical environment takes over growth and maintenance of the cells until a functional
tissue has grown. Most tissues in the body demonstrate some form of endogenous
regeneration, with tissue-specific stem cells located in niche environments regenerating any
tissue damage (Miller and Kaplan, 2012; Wagers, 2012). An implanted scaffold often elicits an
immune response depending on the core material and implantation methods. Implantation
can result in triggering of a tissue injury or foreign material response, resulting in acute
inflammation, recruitment of macrophages, and potentially encapsulation or
degradation/reabsorption of the implant. Implant success is therefore influenced by scaffold
material and cell-cell interactions, both vital when designing an in vivo tissue engineered

scaffold (Crupi et al., 2015).

1.5 Tissue Engineering Approaches for Lung Diseases

Currently, lung diseases are a substantial health issue with only limited treatment options

available. To find alternative treatments for respiratory disease, lung tissue engineering
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approaches are required. With lung tissue engineering it might be possible to grow lung cells,
tissues or organs in in vitro conditions and then replace the damaged lung tissue, allowing the
body to repair itself or to replace the damaged lung entirely (Raredon et al., 2016). Lungs are
capable of regenerating and repairing themselves at the microscopic, cellular level.
Unfortunately, at the macroscopic level, damage by degeneration, infection or surgically
resected lung tissue cannot repair itself in vivo. Lung tissue engineering approaches can

investigate whether lung tissue can be generated in vitro (Calle et al., 2014).

Scaffolds are an essential structural support in all organs and tissues. For lung tissue
engineering, scaffolds must allow cell adhesion, proliferation and survival. In lung tissue
engineering hydrogels, decellularized tissue and porous polymeric scaffolds are commonly
used. Therefore, using a combination of synthetic materials and porous natural materials can
benefit from the synergy of natural cell-binding ligands and better synthetic mechanical
properties. Initial studies include human tracheal transplants (Delaere et al., 2010; Elliott et
al., 2012; Jungebluth et al., 2011; Macchiarini et al., 2008), leading to hope that the prospect
of a tissue engineered tracheal replacement device and possibly even a whole-lung construct
is not far off. Unfortunately, there are still many issues not yet resolved such as the need for

airway stents.

There are invivo studies involving the implantation of engineered scaffolds into model
organisms. One study implanted an engineered lung into rats, these lungs were perfused with
blood and inflated with air (but the level of inflation was less than the native lung) with gas
exchange taking place, but there was clotting, bleeding into the engineered lung, a lack of
surfactant production, and the lung did not survive long-term (Petersen et al., 2010a). Other

studies have implanted scaffolds into mice (Ling et al., 2014). Despite this, robust schemes for
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successful implantation and clinical use of synthetic lung scaffolds for COPD remains unknown

(Wagner et al., 2013).

1.5.1 Tissue engineered models

Lungs have a unique 3D structure and it is quite challenging to manufacture lung-similar
structures. There are many studies using different biomaterials to produce suitable scaffolds

that support lung cells and allow them to grow and function (Dang-Tan et al., 2017).

Scaffolds composed of lung ECM component fibres such as collagen, fibronectin and laminin
can be used to generate artificial scaffolds that mimic the native environment and 3D
microstructure. These structures allow for binding and adsorbing of other proteins and growth
factors and can be combined with endogenous/exogenous/induced stem cells for potential

lung repair (Kruk et al., 2018).

Collagen scaffolds have been widely used in tissue regeneration (Santis et al., 2018; Wang et
al., 2020), with collagen proteins being the major components of lung ECM (Wagner et al.,
2013). Collagen is also present in all major structures, including airways, blood vessels,
interstitium of the lung parenchyma, and basement membranes of epithelial and endothelial
cells (Reis et al., 2008a; Zhang et al., 2011a). Collagen scaffolds are biocompatible,
biodegradable, mechanically stable, and can guide cell growth, with studies making use of
collagen-based hydrogen sponges and porous foams (Chen et al., 2005a; Reis et al., 20083;

Wang et al., 2020; Zhang et al., 2011a).

By using collagen-based scaffolds loaded with tissue-specific cells, it may be possible to
promote lung repair and regeneration in lung diseases such as COPD, where such scaffolds

can accelerate endogenous repair or act as a vehicle for regenerative stem cells.



The lung is a complex organ that contains many distinct cell types with different
microenvironments, meaning that classification of active endogenous stem cells has been
challenging, but it is likely that populations of stem cells maintain their specific anatomic
regions of the lung. Studies in nonhuman primates (Plopper et al., 2007) and humans (Khoor
et al., 1996) have shown populations of airway epithelial progenitor cells, including basal, Club
and AT2 cells (Weiss et al., 2011). AT2 cells can function as tissue stem cells in the alveoli, but

more robust models for studying human AT2 cells are needed (Yamamoto et al., 2017).

More study is needed for evaluating whether stem/progenitor cells, exogenous or
endogenous, can form airway or alveolar-like structures when cultured on 3D scaffolds, either
decellularised lungs or other scaffold materials. An example study involving an ECM-protein
hydrogel seeded with lung mesenchymal cells from biopsies was tested both in vitro for cell
attachment and in vivo during transplant into sheep lung (Ingenito et al., 2010). Scaffolds of
this type will contribute to the development of cell-based therapies for patients with end-
stage pulmonary diseases. Lung tissue bioengineering with stem cells on 3D scaffolds is likely

to be an area of intense study due to the numerous benefits.

1.5.2 Decellularized lung tissue

Cells produce their own ECM in vivo with tissue-specific proteins that allow cells to grow on
the structure and interact with other cells and tissues (Petersen et al., 2010b).
Decellularisation is the process of isolating the ECM of a tissue from its inhabiting cells,
typically using detergents such Triton-X, sodium dodecyl sulphate (SDS), sodium deoxycholate
(SDC) or CHAPS to solubilise cell membranes, as well as detach cytoskeletal proteins and DNA

(Balestrini and Niklason, 2015). The resulting decellularised tissue retains essential proteins
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that were present in the original organ, in this case the lung. Decellularised lung tissue should
aim to retain major basement membranes made up of collagen types |, lll and IV, laminin, and
fibronectin (DeQuach et al., 2011), as well as adhesive proteins and growth factors for cell
survival, attachment, proliferation and differentiation (O’Neill et al., 2013a). Details on

decellularisation and recellularisation of lung tissue can be seen in Fig.1.10.
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Figure 1.10: Different approaches to decellularisation/recellularisation of lung tissue. 1:
Lung tissue can be sectioned and then decellularised to use as a decellularised tissue scaffold.
2: Decellularised lung tissue can be sectioned, then appropriate cells can be seeded onto slices
for in vitro recellularisation. After recellularisation of the whole lung tissue, 4: recellularised
tissue can be transplanted or 5: assessed ex vivo (Diagram made with Creative Commons

license images).

While decellularized lung tissue presents a useful bioactive scaffold for lung tissue engineering
due to the presence of lung ECM, there are issues with supply of clinical-grade scaffold

material, particularly with suitable lungs being used for lung transplantation. When making a
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decellularized lung scaffold the donor tissue does not have to be human in origin, porcine
sources feature less limitations than human sources and are a more reliable source of donor

material while remaining anatomically similar to human lungs (Santis et al., 2018).

1.6 Conclusion

COPD and other lung diseases are a huge burden on healthcare, society and the economy,
only projected to increase over time due to an aging population and lack of preventative
measures or effective cures. The lungs are a highly complex branching structure, composed
of many different distinct cell types and hierarchical structures, and damage to parts of this
structure can result in lung dysfunction and difficulty with respiration. While the lung can
regenerate microstructure, tissue damage repair is much more difficult; clinical approaches
to repair this damage are insufficient and damage tends to worsen with disease progression
or smoking. New approaches are needed to tackle the issue of lung disease, requiring a better
understanding of the lungs both structurally and functionally. One such approach is cell-based
lung tissue engineering therapies, using in vitro pre-clinical models to accelerate and promote
lung repair and regeneration. By using a 3D scaffold as a vehicle and for better cell
attachment, these cell-based therapies can be improved by organising into alveolar-like

structures.

1.7 Aims and Objectives

The aim of this project is to study a novel scaffold material as part of a cell-based lung tissue
engineering approach for lung disease, specifically emphysema. The novel scaffold is
composed of a commercially-available gelatine-based porous sponge named Surgispon®,

which features a high level of porosity, elasticity and features a similar structure to alveoli of
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the lung. By seeding cells typically found in the lung (epithelial cells and fibroblasts) onto the
scaffold and performing various mechanical, structural and functional tests, Surgispon can be
assessed for a role as a cell-based therapy or platform for study of lung pathogenesis and

treatment.

The working hypothesis of this thesis is that Surgispon can be used as a scaffold for lung cells
in order to study alveolar structure, and the potential use of Surgispon as a cell-based therapy

for emphysema.

1.7.1 Key objectives

Ensuring that Surgispon is a suitable scaffold cell culture, both mechanically and in

terms of biocompatibility

e Testing the mechanical properties of Surgispon including pore size, ability to
expand/contract, pore interconnectivity and gas porosity, and any similarities to
alveoli in vivo

e Determining suitability of Surgispon with cell assays in order to assess cell attachment,
viability and proliferation on the scaffold

e Testing the effectiveness of ECM-based chemical coatings on Surgispon in terms of cell
attachment and proliferation

e Culturing both lung cell lines and lung primary cells on Surgispon scaffolds

e Culturing lung epithelial cells and lung fibroblasts on Surgispon scaffolds, both
separately and together in co-culture

e Testing differentiation of primary lung cells cultured on Surgispon scaffolds

e Use of decellularised lung tissue slices as scaffolds for lung tissue engineering
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e Use of Surgispon in combination with decellularised lung tissue slices in order to study
cell migration as a proof-of-concept study for the use of Surgispon as a transplant in

vivo for emphysema
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This chapter details the experimental methods used in this project, separated by type.

Materials and equipment used in this project are listed in Table 2.1 and Table 2.2 respectively.

2.0 Materials

Table 2.1: Reagents and materials used in this project, along with supplier and item

reference code.

Name Supplier Ref Number
Acetone Fisher Scientific | A/0560/17
Adenine Sigma-Aldrich A2786
alamarBlue™ Cell Viability Reagent Fisher Scientific | 10161053
Bovine serum albumin (BSA) Fisher Scientific | BP9703-100
Calcium magnesium salt (CaMg) Sigma-Aldrich C5149
Ciprofloxacin Fisher Scientific | 13541640
Collagen type |, high concentration, rat tail Corning 354249
Collagen type IV, mouse Corning 356233
4',6-Diamidino-2-phenylindole (DAPI) Sigma-Aldrich D9542
Deoxycholic Acid Sodium Salt Fisher Scientific | BP349-100
Dimethylsulphoxide (DMSO) Sigma-Aldrich D2650
Dulbecco's Modified Eagle Medium (DMEM)
4.5g/L. glucose w/ LG Lonza LZBE12-604F
Deoxyribonuclease (DNase) | Roche 11284932001
DNeasy Blood and Tissue Kit Qiagen 69504
Epidermal growth factor (EGF) Preprotech AF-100-15
Ethanol (absolute) Fisher Scientific | E0650/17
Ethylene diamine tetra-acetic acid (EDTA) Fisher Scientific | BP2482-1
Fibronectin Sigma-Aldrich F0895
Formalin Sigma-Aldrich F5554-4L
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Foetal bovine serum (FBS)

Lonza

DE14-801F

(Lot#1SB020)
Gentamicin sulphate 600 L/U/mg Fisher Scientific | 15435139
Glucose Sigma-Aldrich G7021
Glutaraldehyde (GTA) solution (25% in H,0) Sigma-Aldrich G5882
Hank’s Buffered Salt Solution Lonza 10-547F
HistoGel Fisher Scientific | HG-4000-012
Human Hepatocyte Growth Factor HGF Peprotech 100-39H-100UG
Hydrochloric acid (HCl) Sigma-Aldrich 320331
Hydrocortisone Sigma-Aldrich HO888
Industrial Methylated Spirit (IMS) Genta Medical 199050
Insulin, Transferrin, Selenium (ITS) Sigma-Aldrich 13146
L-glutamine (L-Glu) Lonza BE17-605E
LIVE/DEAD Viability/Cytotoxicity Kit Invitrogen 10237012
Matrigel® Matrix Corning 354234
Mitomycin C Fisher Scientific | BP2531-2
MTT (Thiazolyl Blue Tetrazolium Bromide) cell . .
viability assay Sigma-Aldrich M2128
Non-essential amino acids (NEAA) Lonza BE13-114E
Parafilm Sigma-Aldrich P7793
Penicillin/streptomycin/amphotericin B Lonza 17-745E
Phosphate-buffered saline (PBS) Lonza LZBE17-516F
Pluronic F-127 Invitrogen 6866
PneumaCult ALI iZ?::ngms 05003
Proteinase K Fisher Scientific | EO0491
Quant-iT™ PicoGreen™ dsDNA assay kit Fisher Scientific | P11496
Red Blood Cell (RBC) lysis buffer Roche 11814389001
Rho-associated protein kinase (ROCK) inhibitor Stemcell Y-27632

Technologies
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Sodium pyruvate Sigma-Aldrich S8636
Sodium deoxycholate (SDC) Fisher Scientific | 89904
Triiodothyronine Sigma-Aldrich T6397
Tris-buffered saline Calbiochem 648314

Tris Acetate-EDTA buffer Sigma-Aldrich T9650-4L
Triton X-100 Sigma-Aldrich X100-500ML
UltraPure DNase/RNase-Free Distilled Water Fisher Scientific 10977049
Vybrant Multicolor Cell-Labeling Kit Life technologies | V22889

Table 2.2: Equipment used in this project, along with supplier and item reference code.

Application

Product Name

Automated cell counter

Invitrogen Countess™ automated cell

counter

Freeze Dryer

Akribis Scientific Ltd Edwards Modulyo
Freeze Dryer

Laser scanning confocal microscope

Olympus FluoView 1200

Micro computed tomography (LCT) scanner

Scanco Medical uCT 40

Nanodrop (DNA quantification)

ThermoScientific Nanodrop 2000

Phase-contrast inverted microscope

Olympus CKX41

Plate reader

BioTek Synergy 2

UV Sterilisation Chamber

Bio-Rad GS Gene Linker UV Chamber
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2.1 General cell culture

To maintain sterility all cell procedures were handled in a class Il microbiology safety cabinet

using disposable sterile equipment in order to maintain sterility. Except where stated, all cells

and pellets were cultured and expanded in DMEM 4.5 g/L glucose supplemented with 10%

FBS, 2 mM L-Glu, 1%, NEAA and 1% 100 U/ml penicillin, 100 pug/ml streptomycin, 0.25 pg/ml

amphotericin B (PSA), referred to as DMEM+ media. All cells were expanded in a humidified

incubator at 37°C in the presence of 5% CO2 and 95% air. The cell lines and primary cells used

for experiments are detailed in Table 2.3.

Table 2.3: Cell lines and primary cells used for experiments in this project

Cell type Description Origin
AS49 Adenocarcinomic human alveolar basal epithelial ATCC
cells
Human lung fibroblasts originating from a 35- Coriell Institute for
35ELH year-old female lung. The cells have been Medical Research
retrovirally infected to express telomerasel (AGO2603) (Forsyth et al.,
rendering the cells immortal. 2003)
Primary porcine lung epithelial cells, obtained Extracted from pig lungs
PLEC from porcine lung tissue dissection provided by Staffordshire
Meat Packers Ltd
Primary porcine lung fibroblasts, obtained from | Extracted from pig lungs
PLF porcine lung tissue dissection provided by Staffordshire
Meat Packers Ltd

All cell types were cultured in standard DMEM+ media except PLECs, which were cultured in

CFAD media. CFAD media refers to 1:4 Ham’s F to DMEM 4.5 g/L glucose, supplemented with

10% FBS, 2 mM L-Glut, 1% NEAA, 1% PSA, 10 pg/ml Ciprofloxacin, 50 ug/ml Gentamicin, 0.13
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ug/ml triiodothyronine, 10 ng/ml epidermal growth factor (EGF), 0.4 pug/ml hydrocortisone,

5 pg/mlinsulin, 5 pg/ml transferrin, 24 ug/ml adenine and 1% sodium pyruvate.

CFAD+ indicates that 1 pg/ml Rho-associated protein kinase (ROCK) inhibitor Y-27632 (RI) was
added freshly upon use, when needed. Rl is used to promote expansion of PLECs in order to

facilitate research (Dale et al., 2019a)

2.1.1 Trypsinisation and sub-culture

Cells were cultured in the relevant cell culture media to a necessary confluency between
70-90%, using either a T25 or T75 cell culture flask. T75/T25 flasks were washed with PBS to
remove all traces of serum, then a solution of 0.05% trypsin and 0.02% EDTA (diluted 1 in 10
in PBS) was added (5 ml for T75, 2 ml for T25) and cells were incubated at 37°C until cells
began to detach from the flask. Trypsinisation was checked under a microscope to confirm
detachment before tapping the flasks to dislodge all cells. A similar volume of DMEM+ media
was added to the flask to halt trypsin activity, and the cell suspension was removed into an
appropriately-sized centrifuge tube and centrifuged at 1300 rpm for three minutes to form a
pellet. The supernatant was removed and cells were re-suspended in the relevant cell culture
media, and a small volume was taken for cell counting with a haemocytometer and/or in the
automated cell counter Countess, along with trypan blue, to measure the cell number and
viability. These counting methods are described in later sections. The appropriate cell

concentrations were then seeded, with the media changed every 2-3 days.

2.1.2 Cell cryopreservation

For cryopreservation cells were resuspended in freezing medium, FBS supplemented with

10% (v/v) DMSO, 1 ml per 1x10° cells. The cell suspension was immediately transferred into
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cryovials and placed in an isopropanol-filled Mr Frosty to control temperate change at a rate
of -1 °C per minute. Cells were placed in a -80 °C freezer for a minimum of 24 hours, and then

moved to liquid nitrogen for long term storage.

When necessary, cryopreserved cells were recovered by removing the cryovial from liquid
nitrogen and thawing in a water bath at 37 °C. Once thawed, cells were resuspended in cell
culture medium in T75 flasks. The cells were incubated at 37°C for 24 hours after which the

medium was replaced to remove any remaining DMSO.

2.1.3 Cell count with haemocytometer

For the count, 10 uL cell suspension was added to 10 uL trypan blue and mixed well with a
pipette, and this cell suspension was used for cell counting. 10 uL of cell suspension was
added under the adhered coverslip of a Neubauer haemocytometer and cells were counted
under a brightfield microscope. Cells were counted within four 1 mm? corner regions to
calculate the mean number of cells, which was multiplied by 10,000 to give cell number per
ml. The addition of trypan blue was used in order to determine cell viability during a count,

the dilution factor of this addition was taken into account in the calculation.

2.1.4 Cell count with Countess

Some counts did not use a Neubayer haemocytometer, instead adding the cell suspension
(10 pl cells with 10 pl trypan blue) to a Countess automated cell counter (Fig 2.1), which can
measure cell concentrations from 1x10% to 1x107 cells per ml. A cell suspension of 10 pL added
to one side of a single-use Countess chamber slide, which was inserted into the Countess.
When the image of the cells was appeared on the screen, the right dial on the machine would

be used to focus the cells and cell count would be completed by pressing the start button.
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After the cells were counted, the data appears on the screen including total count, live count,

dead count, and mean diameter.

Figure 2.1: Countess automated cell counter. A: automated cell counter, B: single use

Countess cell counting chamber slides (Image from Invitrogen).

2.1.5 Fibroblast deactivation

Fibroblasts were deactivated in order to form a feeder layer and promote epithelial cell
growth, as well as improve the biological relevance of the model. Mitomycin Cis an alkylating
antibiotic isolated from Streptomyces caespitosus and can covalently bind to DNA and induce
inter- and intrastrand crosslinks. The presence of such crosslinks results in inhibition of DNA
synthesis primarily during late G1 and S phases, although it is not cell-cycle specific.
Mitomycin C was used as it was freely available at low cost, easy to use, and other common

deactivation methods (such as gamma irradiation) were not available (Llames et al., 2015).
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Mitomycin C solution was prepared in a laminar flow cabinet, dissolving mitomycin C powder
in dH,0 to a concentration of 0.25 mg/ml and sterilising using 0.20 um filtration. Fibroblasts
were cultured in T75 flasks as described in section 2.1. When cultured cells reached 80%
confluency, the DMEM+ media was removed and 10 ml fresh DMEM+ media was added with
400 pl mitomycin C stock solution to achieve a final working concentration of 10 pg/ml
mitomycin C. Cells were incubated with this solution for up to 3 hours. After incubation, the
DMEM+ media with mitomycin C was removed and cells were washed twice with 10 ml PBS
before adding 10 ml of DMEM+ media. After mitomycin C treatment, cells were incubated

overnight in order to recover before experimentation.

2.2 Cell culture assays

A number of assays were applied to cells cultured on scaffolds, in order to characterise these
cells and gather data about scaffold culture. These assays are detailed in the next

sub-sections.
2.2.1 alamarBlue assay

The alamarBlue assay is designed to measure the metabolic activity of cells and indirectly
determine viability. alamarBlue consists of resazurin, a non-toxic, cell permeable,
non-fluorescent blue compound. Upon entering living cells, resazurin is reduced to resorufin,
which is red in colour and highly fluorescent. The fluorescence intensity is proportional to the
number of living and metabolising cells, meaning that alamarBlue is an indicator of cell
metabolism, number and viability. The alamarBlue reagent was added to culture media at a
1:10 dilution, and this solution was added directly to the cells and left in culture for 2 hours

in a 37 °C incubator and protected from light. 100 ul of alamarBlue solution was removed
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from each sample in duplicate and pipetted directly into a 96 well plate. Fluorescence was

measured on a plate reader at excitation wavelength of 530 nm.

2.2.2 MTT assay

The MTT cell metabolic assay was performed to estimate cell metabolic activity, as the
reagent reduces to insoluble formazan through the action of an NADH-dependent
oxidoreductase enzyme. Following the basic protocol, 500 uL of MTT reagent (5 mg/ml) was
mixed with 5 ml of relevant cell culture media. Media was removed from well plates and 300
UL MTT-media solution was added to each well followed by incubation for 2 hours at 37 °C.
MTT solution was then removed and 100 uL DMSO was added to each well and mixed
thoroughly by pipetting before incubating again at 37 °C for a further 45 minutes. The
absorption was measured with a plate reader at a wavelength of 570 nm with a reference

wavelength reading at 650 nm.

2.2.3 Proteinase K digestion

Proteinase K is a broad range protease that digests proteins and is used to break down
collagen/gelatine structures and lyse cells. Cells needed to be detached and digested for
PicoGreen DNA quantification assay, as normal trypsinisation was not sufficient to remove
the attached cells, proteinase K was used to digest the whole scaffold plus the attached cells,

in order to extract the DNA. Acellular scaffolds were used as control.

Proteinase K solution is provided at a concentration of 20 mg/ml and was diluted with dH,0
to a stock concentration of 2.5 mg/ml, aliquoted and stored at -20°C. Once ready for use, the
stock concentration is thawed at room temperature and diluted with dH;0 to a working

concentration of 50 pg/ml. When proteinase K was used for cells in monolayers, relevant cell
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culture media was aspirated from wells and 0.5 ml proteinase K working solution was pipetted
directly onto cell monolayer in wells. To prepare the scaffold samples for proteinase K
digestion, scaffolds were carefully placed into sterile microcentrifuge tubes by using sterile
tweezers. A volume of 0.5 ml proteinase K working solution was directly added onto scaffolds
and vortexed briefly. All proteinase K samples were placed in a 60 °C overnight. Following

digestion, all samples were stored at -20°C until use.

2.2.4 Quant-iT PicoGreen DNA quantification assay

The PicoGreen DNA quantification assay allows for the quantification of DNA from cell lysate.
Cell lysate from proteinase K digestion (section 2.2.3) was left to thaw on ice. DNA solution
was diluted 1:50 in 1x TE buffer to prepare a working DNA solution and a standard curve was
created using the working DNA solution, as shown in Table 2.4. The PicoGreen solution was
prepared by diluting the PicoGreen stock solution 1:200 with 1x TE buffer. 50 uL of standard
and cell lysate were pipetted into a 96 well plate in duplicate. Blanks were included which
consisted of an acellular scaffold digested using the same proteinase K digestion method.
50 uL of PicoGreen working solution was then added to each sample. The samples were
protected from light before measuring fluorescence at excitation 480 nm, emission 520 nm
on a BioTek Synergy 2 plate reader. Concentrations were determined by plotting fluorescence
emission intensity versus known DNA concentration using GraphPad Prism 7.0a, as seen in

Figure 2.2.
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Table 2.4: PicoGreen standard curve created to quantify DNA in unknown samples

Standard () Volume of 2ug/ml DNA working Volume of 1xTE buffer (ul)
solution (pl)

0 0 300
0.005 0.75 299.25
0.01 1.5 298.5
0.05 7.5 292.5

0.1 15 285
0.5 75 225
1.0 150 150
2.0 300 0
PicoGreen Standard Curve
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Figure 2.2: PicoGreen DNA standard curve. Serial dilutions of DNA were measured with

PicoGreen in order to establish a standard curve. A linear relationship between DNA

concentration and fluorescence intensity indicates that PicoGreen

experimentation. A standard curve such as this was generated before every use of PicoGreen

(R=0.9995).

68

is viable for



2.2.5 LIVE/DEAD viability/cytotoxicity assay

The LIVE/DEAD Viability/Cytotoxicity Kit (for mammalian cells) is a two-colour assay to
determine cell viability. Calcein-AM (green fluorescence) stains cells with intracellular
esterase activity, and ethidium homodimer-1 (EthD-1, red fluorescence) stains cells with a
loss of plasma membrane integrity. This means that live cells appear green and dead cells

appear red, allowing for easy assessment of cell viability.

Cells were prepared by removing the relevant cell culture media and washing samples twice
with PBS. The staining solution was prepared by diluting 2 puL of 2mM EthD-1 stock solution
and 0.5 pL of the 4 mM calcein AM stock solution into 1 ml of PBS. An appropriate volume of
the staining solution was added to cover samples. The samples were left at 37°C for 30-45
minutes and protected from light. Before imaging on either a confocal microscope or a
fluorescence microscopy, the staining solution was aspirated and samples were gently
washed with PBS. A small volume of PBS was left on the samples to prevent samples drying

out whilst imaging.

2.2.6 DNeasy Blood and Tissue Kit

The DNeasy Blood and Tissue Kit allows for purification of DNA from cells, and consists of a
number of proprietary buffers along with proteinase K. Tissue samples were cut into small
pieces and dried before weighingin a 1.5 ml microcentrifuge tube. 180 pl ATL buffer and 20 ul
proteinase K were added to the tube and mixed by vortex before incubating the samples at
56 °C until completely lysed, usually left overnight. After incubation, samples were vortexed
for 15 seconds and 200 pl AL buffer was added to samples, which were vortexed and

incubated for a further 10 minutes at 56°C. A 95% ethanol mixture was pipetted into a DNeasy
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mini spin column that was placed in a 2 ml collection tube and centrifuged at 6000g for 1
minute. Flow-through and the collection tube were discarded and placed in a new 2 ml
collection tube. 500 pL AW1 buffer was added to the tubes and centrifuged for 1 minute at
6000g. 500 pL AW2 buffer was added to the tubes and centrifuged for 3 minutes at 20000g.
DNA was eluted by adding 200 uL AE buffer to the centre of the spin column membrane.
Samples were incubated for 1 minute at room temperature before centrifuging for one

minute at 6000g.

2.2.7 DNA quantification with NanoDrop™ 2000

The NanoDrop 2000 is a UV-Vis spectrophotometer used to quantify DNA, RNA, protein and
more from samples down to 0.5 pl in volume. Nucleic acids absorb light at 260 nm, meaning
DNA concentration can be calculated from optical density measurements. Before measuring
DNA, blank samples were measured by using buffer. A 2 uL drop of buffer was directly
pipetted onto the optical measurement surface and the blank was read on the software. After
taking the blank sample, the DNA solution was mixed with a pipette and 2 uL DNA solution
was directly pipetted onto the optical measurement surface to measure the DNA quantity (Fig

2.3).

70



Huclex
e' >

-
I

o \

: .;\

|

|
o

Figure 2.3: NanoDrop 2000 spectrophotometer. Thermo Scientific NanoDrop 2000
spectrophotometer (A) was used to measure DNA quantity of samples that was prepared by
using DNeasy blood and tissue kit. NanoDrop 2000 software (C) was used, nucleic acid option
was chosen to measure DNA. To take the measurement of blank, blank option (1) was clicked,
measure nucleic acid (2) and DNA option (3) was chosen to set the system to DNA

measurement.
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2.3 Cell Imaging

Cells were imaged with microscopy in order to obtain qualitative images that could be
analysed in order to learn more about cell morphology in 3D culture and cell-cell/cell-scaffold

interactions.

2.3.1 DAPI staining

DAPI is a fluorescent dye that binds selectively to dsDNA and forms strongly fluorescent
DNA-DAPI complexes with high specificity. Before applying DAPI staining to cells, samples
were fixed using 10% formalin (approx. 4% formaldehyde) for 20 minutes at room
temperature, washed with PBS and stored at 4°C until staining. DAPI powder was dissolved in
dH;0 to a concentration of 10 mg/ml and stored at 4°C. Once ready for use, the stock
concentration was diluted with dH,0 to a working concentration of 10 pg/ml. Samples were
prepared by removing PBS and adding an appropriate volume of staining solution in order to
cover samples. The samples were left at room temperature for 5 minutes and protected from
light. Before imaging on a confocal microscope, the staining solution was aspirated and
samples were gently washed with PBS. A small volume of PBS was left on the samples to

prevent them drying out whilst imaging.
2.3.2 Vybrant™ multicolour cell-labelling kit

Using the Vybrant cell-labelling kit, cells were stained with either blue, green or red
fluorescence using fluorescent di-alkyl dyes DiO, Dil and DiD. These dyes bind to cell
membranes and fluoresce different colours, allowing for tracking of multiple cell types.
Vybrant can be used either with cells in suspension or adherent cells but for these

experiments, suspension cells were chosen for labelling. Cell suspension was prepared via
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trypsinisation of cells as described in section 2.1.1. The cell density was set to 1x10° cells/ml
in serum-free relevant cell culture media and 5 pL cell labelling solution was added to 1 ml of
cell suspension. The cell suspension was mixed well and incubated for 20 minutes at 37°C.
After 20 minutes incubation, cell suspension was centrifuged at 1500rpm for 5 minutes. The
supernatant was removed and the sample were re-suspended in relevant cell culture media
and centrifuged/re-suspended twice more. Cell suspension was allowed 10 minutes recovery

time before proceeding with imaging.

2.3.3 Immunocytochemical antibody staining

Primary antibody staining: Samples were fixed overnight in 10% formalin solution (approx.
4% formaldehyde) at 4°C and washed in PBS. PBS was removed from samples and 0.15%
Triton X-100 in PBS was added to samples for permeabilization and samples were incubated
for 15 minutes at room temperatures. After incubation, permeabilization solution was
removed and blocking buffer consisting 1% BSA, 22.52mg/ml glycine, 0.1% Tween 20 in PBS
was carefully added to each sample and incubated at room temperature for 1 hour. This
blocking step involves using a protein mix (in this case BSA) to coat the cells and block non-
specific antibody binding, this improves the signal-to-noise ratio and results in a clearer
fluorescent image. Samples were then washed in PBS, and the primary antibody was diluted

in PBS and then carefully added onto samples, which were incubated for overnight at 4°C.
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Table 2.5: Primary antibody list

The following primary antibodies were used in this project, as seen in Table 2.5.

Antibody Serial number Target
Anti-podoplanin ab10274 Alveolar type | cells
Anti-prosurfactant ab211326 Alveolar type Il cells
protein C (SPC)

Anti-p63 ab124762 Basal cells
Anti-vimentin ab92547 Fibroblasts
Anti-pan cytokeratin | ab86734 Epithelial cells
Anti-mucin 5AC ab212636 Ciliated cells

Secondary antibody staining: Following primary antibody staining, slides were washed
thoroughly with PBS three times and the appropriate biotinylated secondary antibody from
either an anti-mouse or anti-rabbit staining system kit, diluted as directed by the
manufacturer, was pipetted onto the sections and incubated at room temperature for 1 hour.
After 1 hour incubation, samples were washed 3 times in PBS and then kept in PBS for

imaging.

Staining experiments involved using pan-cytokeratin with vimentin and DAPI, in order to
locate, count and distinguish between fibroblasts and epithelial cells. Another experiment
involved using p63 and mucin 5AC with DAPI to identify differentiated or undifferentiated

cells, as well as using SPC and podoplanin to identify any AT1/2 cells.
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2.4 Surgispon® scaffold preparation

Commercially available sterile Surgispon was used as a scaffold. Surgispon is a gelatine-based
porous sponge, similar in structure to lung alveoli. Scaffolds were cut into 5 x5 x 2.5 mm?3
cubes for use as cell culture scaffolds in experiments. Native Surgispon dissolves in solution
and requires crosslinking to maintain structural integrity in solution over the long term, as it
was used to cell culture over several weeks. Glutaraldehyde (GTA) was used as a crosslinking
agent in order to improve Surgispon structural integrity, where the free lysine/hydroxylysine
amino acid groups in the gelatine polypeptide chains react with the aldehyde groups of GTA

to form imine bonds. This results in increased structural integrity and stabilisation.
2.4.1 Vapour crosslinking (VCL)

Scaffolds were placed in a sealed desiccator containing 4 ml of 25% aqueous GTA solution in
a petri dish. Scaffolds were placed onto another petri dish in the sealed desiccator and were

crosslinked in the glutaraldehyde vapour at room temperature for 2h, 4h, 6h or 24h.
2.4.2 Liquid crosslinking (LCL)

Scaffolds were placed in a sealed desiccator containing 4 ml of 2.5% aqueous GTA solution in
a glass 7 ml bijou. Scaffolds were placed directly into the bijou and the lid was sealed. The
sealed bijou was then placed into a sealed desiccator and crosslinked at room temperature

for 6h or 24h.
2.4.3 Scaffold Sterilization

After crosslinking, samples were exposed to air in a fume hood for three days and then

washed with 50% acetone five times, with samples kept in acetone solution for 15 minutes
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after each wash. After acetone washes, scaffolds were washed with PBS five times, with
samples kept in PBS solution for 30 mins after each wash, and then left in PBS until required.
When scaffolds were needed for experimentation, all sides of the scaffolds were exposed to

30 mJ UV light for 180 seconds.

2.5 Surgispon scaffold testing

2.5.1 Pore size analysis

Brightfield and confocal microscopy analysis of scaffolds was performed to investigate pore
size and connectivity. Image J was used to measure pore size by taking the scale bar as a
reference measurement in order to measure the diameter of 30 different pores and taking

the average.

Brightfield images were taken with an integrated scale bar and analysed with Image J
software. For analysis a replicate scale bar was superimposed onto the integrated scale bar

(Fig.2.4).
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Figure 2.4: Replicating the integrated scale bar using the line tool on Image J software. The
integrated scale bar allows for Imagel analysis and quantitative measurements of length,

converting from pixels to micrometres.
The superimposed scale bar was scaled to a known distance, the same unit of the length as

the integrated scale bar (Fig.2.5).
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Figure 2.5: Matching the scale of the scale bars. On a set scale window, a known distance

Changing the known distance and the unit

was changed to be the same as the scale bar (200) and the unit of length was changed (um).

This allows for measurement of features within the image in micrometres.

After setting the scale with the scale bars, the diagonal length was measured (CTRL+M) to get
the measurement result. This measurement was repeated on at least 10 pores for each image,
with at least 3 images for one type of scaffold, an average of 30 measurements. For each

measurement the median was used (Fig.2.6).
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Figure 2.6: Measuring pore size. After setting a scale, a line was drawn on a pore as shown
on the top left image and measured with CTRL+M). This measures the diameter of the pore

in micrometres.

2.5.2 Micro computed tomography

Samples were stored in PBS prior to scanning. For scanning, samples were blotted briefly to
remove excess liquid and placed on polystyrene packed into a 0.5 ml microcentrifuge tube.
The microcentrifuge tube was slotted into the smallest sample holder provided with the micro
computed tomography (UCT) scanner before being sealed with Parafilm. The sample holder

was then slotted into position in the uCT scanner and the door sealed.
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2.5.3 Mechanical durability testing

Untreated and crosslinked scaffolds were placed into various solutions and incubated at 37 °C
in a cell culture incubator for the desired length of time (up to 60 days) in order to test the
crosslinking process and the mechanical properties of the scaffolds in solution over the short
and long term. Brightfield images of incubated scaffolds were taken every 24h, with untreated
scaffolds used as a control to compare to crosslinked scaffolds (whether vapour or liquid
crosslinked). Scaffold images were taken with brightfield and confocal microscopy to
determine the pore diameter and to investigate the 3D structure before and after incubation.

Image J were used to measure scaffolds pore size as mentioned above.

Dry scaffolds were weighed and then incubated in 20 ml of either DMEM+ media, DMEM only
or distilled H20 in order to test scaffold durability in solution. At set time points, scaffolds
were removed, freeze-dried (as detailed in the next section) and then weighed and imaged

again to investigate any differences in weight or size through the incubation process.

2.5.4 Freeze-drying

If samples were dry, 100 pl dH,0 was added, with scaffolds blotted to remove excess liquid.
Samples were then placed directly into a -80°C freezer for one hour. After freezing, samples
were either placed inside the freeze-drying chamber, the glass cover was closed and sealed,
and the machine was turned on. Samples were left to freeze-dry overnight before being

removed and stored in sterile 50 ml Falcon tubes.
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2.6 Primary porcine lung cell extraction and culture

PLECs and PLFs were obtained from primary porcine lungs and used in experimentation as

primary cell cultures.
2.6.1 Porcine lung dissection

Dissection tools were first sterilised at 121°C using an autoclave steriliser. These tools were
as follows: large and small scissors, bracken forceps and Dumont forceps. The tools were

cooled in a sterile container and left under a UV light.

Porcine lungs were supplied from Staffordshire Meat Packers Ltd. up to 6 hours after sacrifice
(Fig.2.7-1). In a dissection hood, porcine lungs were washed with dH,O and the pleural
membrane was cut open and cleared from the lungs (Fig.2.7-2). Small samples (approximately
3 x3x3cm3) were cut from lower respiratory portion of the tissue, and moved to a cell
culture hood. These samples were placed into a washing solution (35 ml PBS, 10x PSA and
3x Gentamicin) for 5-10 minutes (Fig.2.7-3), the washing solution was replaced after this time
until the washing solution was clear (Fig.2.7-4). Samples were moved into a buffer solution
(HBSS, CaMg and 2x antibiotics) for three minutes and then placed into a pronase solution,
shaken well and left on a tube roller in a cold room overnight (Fig.2.7-5). This process is

displayed in Figure 2.7.
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Figure 2.7: Dissection of porcine lungs. 1) Lungs were washed with dH,0. 2) The pleural

5

Tube roller

membrane was cut open and separated from the lungs. 3) Small pieces were cut from lower
respiratory section. 4 Samples were washed in a washing solution until the washing solution
was relatively clean, and then moved to buffer solution (all solutions kept on ice). 5) Samples
were moved to 50 ml falcon tubes and topped with a pronase solution, then kept on a tube

roller in a cold room overnight.

After overnight incubation in pronase, the tissue solution was filtered into an empty tube
through an autoclaved gauze. The empty tubes were washed with HBSS and filtered again to
collect any remaining material. The resulting solution was strained into a sterile 50 ml tube
through a strainer. The strained solution was centrifuged for 20 min at 400G, the supernatant

removed and a solution of 1 ml HBSS and 3 ml ready RBC lysis buffer was added to pellet. The
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pellet was mixed well with solution and incubated at room temperature for 5-10 minutes.
After incubation, 5 ml DMEM was added to the samples, which were centrifuged again for
10 minutes at 400G. The supernatant was removed and 3 ml of 10X HBSS (50 ml HBSS,
5 ml PSA, 500 pl gentamicin and 500 pl ciprofloxacin) solution was added, with samples
centrifuged again for 5 minutes at 400G. After centrifuge, supernatant was removed and 3 ml
2X HBSS (50 ml HBSS, 1 ml PSA, 100 pl gentamicin and 100 ul ciprofloxacin) solution was
added and the samples were centrifuged for 5 minutes at 400G. The supernatant was
removed and the pellet was resuspended in the cell culture media, and a cell count was
performed. Cells were seeded into T75 flasks at a density of 100,000 cells/cm?. Cells isolated
from this protocol include porcine lung epithelial cells (PLECs) and porcine lung fibroblasts

(PLFs).

2.6.2 Porcine lung epithelial cell (PLEC) dfferentiation

This protocol was modified from a sphere culture method for differentiation of primary cells
(Stemcell™ Technologies), using PneumaCult™-ALI (air-liquid interface) media and Matrigel®
coating. PneumacCult-ALl is a serum-free media used for culture of airway epithelial cells at
Alls, encouraging these cells to undergo differentiation into an epithelium that bears
resemblance to the in vivo airways (PneumaCult-ALI Medium STEMCELL Technologies).
Matrigel is an ECM-based hydrogel containing many proteins and growth factors, and can be
used for attachment and differentiation of certain epithelial cell types (Matrigel Extracellular
Matrix, Corning). By coating Surgispon scaffolds with Matrigel and using PneumacCult-ALI
media, PLEC differentiation on a 3D scaffold can be explored. PLECs were cultured on

Surgispon as a co-culture with deactivated PLFs (D-PLFs).
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Scaffolds were placed into 48 well plates and kept at 4 °C until required. Matrigel was diluted
with the relevant cell culture media to 40% and the solution kept on ice. When ready,
scaffolds were taken from fridge and placed on ice, with 50 pl 40% Matrigel solution added
to each scaffold using refrigerated 200 pl pipette tips. Scaffolds were incubated at 37 °Cin a

humidified incubator for 30 minutes to allow for the Matrigel to solidify.

D-PLF cells were trypsinised and seeded onto Matrigel-coated scaffolds at a seeding
concentration of 1.5x10° cells/mL, with a seeding volume of 20 pl. D-PLFs were seeded
directly onto scaffolds and incubated for 2 hours to allow for cell attachment. 200 ul DMEM+
media was added to each well to create an air-liquid interface. This volume of 200 pl was
chosen based on the calculation that 230 pl of liquid would completely submerge the scaffolds
(scaffolds were in a well plate, the base had an area of 0.95 cm? and scaffolds were 2.5 mm

in height).

D-PLFs were cultured on Matrigel-coated scaffolds for a day and checked under brightfield
microscope before PLECs were seeded onto scaffolds. A cell suspension of PLECS was
prepared in relevant cell culture media with 5% Matrigel for cell seeding. The final cell seeding
concentration was the same as D-PLFs, 1500 cells/ul in 20 pl volume, giving 30,000
cells/scaffold. The 200 pl of media was removed and PLECs were seeded directly onto
Matrigel-coated scaffolds containing D-PLF cells. After cell seeding samples were kept in the
incubator for 2 hours to allow for cell attachment, and 200 ul relevant cell culture media was
added to each well to recreate the air-liquid interface. This process is further outlined in

Figure.2.8.
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Figure 2.8: Preparing the co-culture of primary porcine cells for lung epithelial cell
differentiation. 30000 D-PLF/scaffold was seeded onto 40% Matrigel coated scaffolds and
incubated 2 hours before adding 200ul DMEM+ media. Samples were incubated over night
before 30000 PLECs/scaffold were added onto them and after seeding these samples were
incubated for further 2 hours to allow cell attachment and then 200 pul cell culture media

added to create air liquid interface.

2.7 Decellularisation of lung tissue

Dissection tools were first sterilised at 121°C using an autoclave steriliser. These tools were
as follows: large knife, bracken forceps and Dumont forceps. The tools were cooled in a sterile

container and left under a UV light. While using 50 ml falcon tubes, all samples placed on ice.

Porcine lungs were supplied from Staffordshire Meat Packers Ltd. on the same day as
sacrifice. Porcine lungs were washed with dH,0 and kept at -80°C for at least 4 hours until the
whole lung was frozen thoroughly. Frozen lungs were taken to the dissection hood and sliced
to 5 mm thickness. Lung slices were washed with dH,0, dried on tissue paper and added to a
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digestion solution. Digestion solution consisted of dH,0, 1% triton X-100, sodium
deoxycholate and 10mM tris buffer. 2M HCl was used to adjust the pH of the digestion
solution to 7.6. Lung slices were kept in this digestion solution for three days, agitated using
a magnetic stirrer and heated at 37 °C, with the digestion solution changed daily. Lung
samples were then added to fresh digestion solution with 30 mg/L DNase and kept on a rocker
at 4°C overnight (Fig 2.9). Lung slice samples were then mounted onto glass slides and freeze-

dried as described in section 2.5.4.
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Figure 2.9: Decellularisation of porcine lungs. Fresh porcine lungs were obtained from
Staffordshire Meat Packers Ltd and frozen at -80°C for minimum 4 hours. Frozen lungs were
taken to dissection hood and sliced manually. Slices samples were placed in digestion solution
on a magnetic stirrer and kept at 37°C for 3 days. Digestion solution was changed with fresh
one every day and after 3 days, samples moved into DNase | solution for overnight. DNase |
solution was kept on rocker and at 4°C. Decellularised lungs were placed on a glass slides

before taking to freeze drier.
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3.1 Introduction

3.1.1 Pulmonary alveolus

Alveoli are made up of an epithelial layer which includes several cell types, mainly alveolar
type | (AT1) and type Il (AT2) pneumocytes, which are functional cells responsible for the
action of alveoli such as gas exchange and surfactant production. AT1s are thin, flat cells that
allow gas exchange at the alveoli membrane, and AT2s secrete surfactant into the alveolus to
lower surface tension, preventing alveolar collapse or the inner alveolar walls sticking
together upon compression. Each alveolus measures approximately ~200-500 um in
diameter, making them the smallest functional units in the pulmonary system (Schreiber et

al., 2005a).

When these alveoli suffer structural damage, such as in emphysema, they lose their efficiency
for gas exchange and this affects the respiration of the host organism. As such, the
development of effective lung tissue engineering research for lung diseases is vital, such as
the development of effective in vitro alveolar models for better pre-clinical research into lung

disease (Cazzola et al., 2007).

3.1.2 Lung Tissue Engineering

With lung tissue engineering it can be possible to grow lung cells/tissues in vitro in order to
replace damaged lung tissue, allowing the body to repair itself or to replace the damaged lung
entirely (Fig.3.1) (Raredon et al., 2016). As outlined in Chapter One (Section 1.4), it is vital to

be able to generate lung tissue in vitro, requiring the use of scaffolds in order to best mimic
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the complex 3D environment of the alveolus, including the ability to support the growth of

multiple cell types and the inclusion of pores ~200-500 um in diameter.
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Figure 3.1: Lung tissue engineering approaches. Lung tissue engineering includes cell
isolation, cultivation of cells in 2D and cell expansion and seeding cells onto 3D scaffolds. In
this stage it is possible to use other chemicals such as growth factors or to stimulate with
mechanical forces. After this stage in vitro cultured tissue can be transplanted for either to
assist the damage tissue to self-repair or to replace the damaged tissue entirely (Images

modified from Wikimedia Commons with Creative Commons Licence).

A number of lung tissue engineering studies in vitro have used sponges due to their inherently

porous structure, with the pores often a similar diameter to individual alveoli. By culturing
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epithelial or pneumocytic cells in these sponges, a clinically-relevant lung tissue model can be

developed (Chen et al., 2005b; Reis et al., 2008b; Zhang et al., 2011b).

3.1.3 Scaffolds

Scaffolds are useful for in vitro lung tissue engineering as cells need a scaffold to provide
structure and elasticity, a base for cells to proliferate on in 3D to promote cell-cell interaction,
as well as help direct cells upon implantation. Scaffolds are a vital part of in vitro tissue
engineering (Kubo, 2012). Several materials have had success as lung models, including
naturally-occurring substances made up of lung ECM components, such as collagen- or

gelatine-based scaffolds including Gelfoam® (gelatine) and Matrigel® (collagen, laminin).

Gelfoam is a gelatine sponge, featuring good flexibility and biocompatibility for in vitro lung
osteosarcoma (Tome et al. 2014) and adipose stem cells (Damous et al., 2015), but most
importantly supports pulmonary cell proliferation and features pore sizes similar to alveoli
(Andrade et al., 2007a). Gelfoam has been in use for almost 30 years, with early studies
culturing foetal rat lung cells on Gelfoam scaffolds, observing the development of alveolar-

like structures lined with epithelial cells (Liu et al., 1992).

During long-term (40-60 days) in vivo engraftment into adult rat lungs rodents, Gelfoam
formed alveolar-like structures at the border between the sponge and the lung tissue that
expressed pulmonary markers, but these only formed at the implant border and not within
the sponge itself, which degraded after several months. Furthermore, vascularisation was an
issue with few capillaries or even endothelial cells growing into or within the Gelfoam (Bhatia,

2010).
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Cell migration into Gelfoam implants was also observed to not be of sufficient magnitude to
be useful for tissue regeneration, with Gelfoam implants needing to be exceedingly small in

order for homogenous cell growth throughout the 3D structure (Andrade et al., 2007b).

Based on the success of naturally occurring sponge-like scaffolds for in vitro lung tissue
engineering, alternatives to Gelfoam were sought in order to accelerate pre-clinical research.

In this thesis, we use such an alternative, named Surgispon®.

3.1.4 Surgispon

Surgispon is a low-density gelatine sponge, originally designed as a haemostatic sponge, due
to its ability to absorb 40-50x its own weight of liquid. Surgispon would adhere easily to the
site of a wound or surgery, absorbing blood and preventing/stopping bleeding. Surgispon is
used as a haemostatic in surgery of all kinds including dentistry, where it is applied to a
bleeding site and absorbs blood. In addition, Surgispon has a porous structure which activates
thrombocytes and promotes aggregation, catalysing fibrin formation and stopping the

bleeding (Aegis Lifesciences)

Surgispon is made by lyophilizing (freeze-drying) hydrolysed porcine collagen, forming a
highly purified gelatine sponge. These sponges feature uniform porosity and a low molecular
structure, making them suitable as an alveolar model in a similar manner to Gelfoam. The use
of Surgispon in dentistry and surgery has shown that the sponge is non-toxic, non-allergenic,
non-immunogenic, non-pyrogenic, pH neutral, fully absorbed in vivo within 3-4 weeks, and
liguefies in 2-5 days when immersed in liquid (Anser Medical). In this study, dental cubes of

Surgispon are used, which measure 10x10x10 mm in X, Y and Z (a volume of 1000 mm3).
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This chapter details the characterisation of Surgispon for suitability as an in vitro lung tissue

engineering approach to lung diseases, modelling the niche micro-environment of the alveoli.

3.2 Aim

The aims of this study are to evaluate the current candidate scaffold Surgispon for prospective

future cell-based lung therapies and research:

a. Determine whether Surgispon has a structure similar to that of an alveolus

b. Determining if the mechanical stability of Surgispon can be increased through
crosslinking, and if the scaffold is suitable for cell culture after crosslinking

c. Investigating the mechanical properties of Surgispon, namely the ability to

expand and contract, range of pore sizes and gas porosity

3.3 Method

The diagram of the experiment is summarised in Schematic 3.1 and all materials and methods

are described in full in Chapter 2.
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Schematic 3.1: A schematic to show the experimental design for chapter 3. These
experimental steps involve the optimization of preparation, sterilisation and mechanical
testing of Surgispon scaffolds. These optimised preparation procedures are then used

throughout this project whenever Surgispon is used.

3.3.1 Optimising scaffold crosslinking

Commercially available sterile Surgispon was used as a scaffold. Surgispon is a gelatine-based
porous structure that comes in sterile packaging as 10 x 10 x 10 mm?3 cubes. These cubes were
cut into 5 x 5 x 2.5 mm? cubes crosslinked with vapour and liquid glutaraldehyde (GTA) as
described in section 2.4. Samples were crosslinked for 2h, 4h, 6h and 24hand then left in the

fume hood to remove the excess glutaraldehyde.

3.3.2 Investigating scaffold stability

To optimise crosslinking time and phase of crosslinking agent, crosslinked samples were
tested for mechanical durability as described in section 2.5.3. Untreated samples were used
as a control and incubated in DMEM+ media for seven days with crosslinked samples. Sample

stability was checked under the brightfield microscope.
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3.3.4 Pore size investigation

To investigate scaffold pore size, scaffolds were kept in DMEM+ media to mimic cell culture
conditions. Scaffold images were taken with brightfield microscopy and scaffold pore size was

calculated as described in section 2.5.1.

3.3.3 Sterilisation of scaffolds

After samples were sterilised as described in section 2.4.3, sample sterility was evaluated.
A549 human lung epithelial cells were cultured and then trypsinised as described in section
2.1 and 2.1.1. Cells were seeded onto 48 well tissue culture plastic (TCP) and 100,000
cells/cm? were used per well. Cells were cultured for 3 days, maintaining 70-80% confluency
before crosslinked scaffolds were placed on top of the confluent cell monolayer, with cell
culture continued for 3 days as shown as in Figure.3.2. Cell-only wells and cells with untreated
scaffolds were used as a control for normal cell growth. Cells were observed with brightfield
microscopy and then the alamarBlue™ assay was applied to all samples as described in section

2.2.1 to determine cell viability via metabolic activity.

Scaffold
—) —)
3 days 3 days
Cell seeded well 70-80%confluency

®: Cell

Figure 3.2: Cytotoxicity testing of crosslinked scaffolds. This cytotoxicity testing was designed to
investigate the toxicity of any possible GTA residue by culturing cells in a standard 2D cell culture plate
and placing a prepared and sterilised Surgispon scaffold onto the monolayer and observing any effects

the scaffold had on the cell monolayer.
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3.3.5 Expansion of scaffolds

To test scaffold expansion, scaffold dry weight was measured and scaffolds were transferred
into one of three different solutions: DMEM with FBS and supplements (DMEM+ media),
DMEM only and dH,0. Scaffolds were placed into solution in 48 well plates and kept in the
cell culture incubator for up to 60 days. Scaffolds were then freeze-dried as described in
section 2.5.4 in order to remove solution, and then scaffold weight was measured. Images of
samples were taken on the same days as weighing in order to determine scaffold and pore

size, with these data analysed in image J.

3.3.6 Gas porosity

To investigate the gas porosity of scaffolds, micro computed tomography (LCT) and confocal
microscopy used in Z were used to create a porosity map of scaffolds structure as described

in section 2.5.2. This was also used to determine pore interconnectivity.

3.3.7 Comparing Surgispon with lung tissue

24h VCL scaffolds were imaged with brightfield microscopy. In addition, after culturing A549
cells (60,000 cells/scaffold) on Surgispon scaffolds for 7 days (section 2.1) samples were
stained with the LIVE/DEAD assay and imaged via confocal microscopy (section 2.2.5). These
images were visually compared with fixed porcine lung slices which were stained with DAPI
and imaged via fluorescence microscopy (section 2.3.1). Porcine lungs are widely used as an

alternative to human tissue (O’Neill et al., 2013b).
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3.4 Results

3.4.1 Surgispon structure analysis

Brightfield and confocal images of untreated Surgispon scaffolds were taken to investigate
pore structure, size and connectivity (Fig.3.3). Inherent autofluorescence of gelatine allowed
us to take 3D confocal images to investigate interconnectivity of pores. The 3D
autofluorescence image is represented in 2D. Confocal 3D images were taken to demonstrate
that untreated Surgispon scaffolds have an interconnected porous structure, but due to the

complexity of the structure it wasn’t initially possible to determine the interconnectivity of

the pores from 3D images alone.

3176469.00n

Figure 3.3: Untreated scaffold images. The left image shows a dry untreated scaffold, which
resulted in poor image quality. Scaffolds were imaged again after 30 minutes in media,
resulting in the middle image, a much clearer representation. The image on the right-hand
side represents a 2D image of a 3D confocal microscopy auto fluorescence (gelatine) image

(scale bars in all images are 500 um).

Pore size of untreated scaffolds were measured via analysis of brightfield images with Image

J. Each individual scaffold is unique in structure, with differences in pore location, pore size
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and distribution of pore size. In order to determine the variation between scaffold pore sizes,
three different scaffolds were imaged and measured. Pore size ranged from 44.83 um to
493.97 um with overall mean pore size being 223.92 um (Fig.3.4). There was no significant

difference in pore size distribution between the three scaffolds (p: 0.206).

Scaffold Pore Size
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Figure 3.4: Pore sizes of three different untreated scaffolds. A box and whisker plot showing
the distribution of pore sizes for three scaffolds, A (red), B (green) and C (blue). Minimum

pore size 45-65 pum, average pore size: 220-231 pm, maximum pore size: 462-493 pum, n=28.

3.4.2 Surgispon crosslinking

As Surgispon is composed of a porous gelatine sponge, it is highly water-soluble and has a
tendency to dissolve or disintegrate in liquid (Chae et al. 2018). Untreated Surgispon was kept
in cell culture conditions (DMEM+ media and 37° C) for 5 days and brightfield images were
taking to investigate the stability of Surgispon (Fig.3.5) Results showed that Surgispon was

disintegrated/dissolved after 3 days in cell culture condition. Only small parts of disintegrated
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Surgispon was viable on day 5. This makes untreated Surgispon unsuitable for cell culture
beyond five days, but Surgispon can be crosslinked to increase stability. This crosslinking is
done with glutaraldehyde (GTA) in either a gaseous or liquid form. In this section the effect

of GTA crosslinking on Surgispon scaffolds is investigated.

Untreated Surgispon® in culture conditions; DMEM+ media and 37° C

Day 3 Day 5

Figure 3.5: Untreated Surgispon in cell culture conditions over 5 days. Surgispon is viable on
day O but started to lose structural integrity by day 3. Only disintegrated parts of Surgispon

are visible by day 5.

3.4.2.1 Effect of crosslinking on mechanical stability in culture conditions

Surgispon scaffolds were crosslinked using GTA in vapour or liquid form. Free aldehyde groups
react with the lysine/hydroxylysine residues of the gelatine and form GTA polymers (Olde
Damink et al., 1995; Peng et al., 2017). Vapour crosslinked (VCL) scaffolds were crosslinked
for 2, 4, 6, or 24 hours, while liquid crosslinked (LCL) scaffolds were crosslinked for 6 or 24
hours only, due to the GTA being at a lower concentration. Untreated, VCL and LCL scaffolds
were incubated in DMEM+ media at 37°C for up to seven days, in order to test the scaffold
mechanical stability as seen in Figure 3.6. After day 3, it became difficult to observe untreated

scaffolds, 2h or 4h VCL scaffolds due to these scaffolds completely disintegrating in media.

99



This indicates that 2h and 4h VCL scaffolds were not mechanically stable and longer
crosslinking is required. Greater stability was observed for scaffolds with 6h and 24h VCL and
LCL scaffolds throughout incubation. For these reasons, effect of crosslinking was investigated

on only 6h and 24h VCL and LCL scaffolds.

Day 3 Day 5 Day 7

Untreated x
scaffolds

Dissolved Dissolved

2h VCL

Dissolved Dissolved
scaffolds

4h VCL

scaffolds Dissolved Dissolved

6h VCL
scaffolds

24h VCL
scaffolds

6h LCL
scaffolds

24h LCL
scaffolds

Figure 3.6: Brightfield images showing untreated (control) scaffolds and scaffolds VCL for
various times, while incubating in media. Images were taken on day one, three, five and

seven of incubation. Scale bars indicate 200 um, n=9.
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3.4.2.2 Effect of crosslinking on pore size

Difference in pore size between VCL and LCL was determined through brightfield imaging,
shown in Figure.3.7. These images showed no visual difference between pore size of these
scaffolds, after VCL or LCL the scaffolds were similar regardless of the length of crosslinking,

or the type of crosslinking (liquid or vapour), this data is quantified in Figure.3.8.

ours LCL scaffold

$“\ ¢ s o W

Figure 3.7: Brightfield images of scaffolds subject to different crosslinking treatments.
Scaffolds shown are: untreated (control), 6h and 24h vapour crosslinked (VCL), and 6h and
12h liquid crosslinked (LCL). Images were taken after crosslinking and freeze-drying the

scaffolds. Scale bar 200 um, n=9.

Pore sizes of scaffolds from different lengths of VCL (6h and 24h) and LCL (6h and 24h) were
qguantified from images with Image J. There was no significant difference in scaffold pore size

between crosslinking type and length of crosslinking when compared to the untreated control
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(p: 0.78). This indicates that crosslinking may have no effect on pore size and the variation is

retained.

Scaffold pore size after crosslinking
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Figure 3.8: Pore sizes of scaffolds after different crosslinking methods. A box and whisker
plot showing the distribution of pore sizes for scaffolds subject to VCL (6h and 24h) or LCL (6h
and 24h), with an untreated scaffold serving as control. Average pore sizes: 200, 191, 232,

199, 200, n=24

3.4.3 Effect of crosslinking on cytotoxicity

Before any cell culture experiments, the cytotoxicity of VCL and LCL scaffolds was measured
after crosslinking for 6 hours and 24 hours. To test scaffold cytotoxicity, scaffolds were placed

onto confluent cell monolayers (previously cultured for three days) in a 48 well plate, and
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incubated for two days with scaffolds and then imaged with brightfield microscopy.

Untreated scaffolds and cells on TCP were also cultured as control groups (Fig.3.9).

Wells with LCL scaffolds had a large number of dead cells which detached from the culture
surface, with other attached cells adopting a stressed rounded morphology. For VCL scaffolds,

the majority of cells were still viable after three days, still attached and retained confluency.

The samples seen in Figure 3.9 were tested with the alamarBlue cell viability assay to quantify
any changes in cell viability. Results showed that there were changes in cell viability when
exposed to LCL scaffolds, this data is shown in Figure 3.10. Cells exposed to LCL scaffolds (both
6h and 24h crosslinking) had significantly decreased viability than all other conditions (the
two controls and VCL scaffolds), tested with two-way ANOVA (p: <0.0001). There was no
significant change in cell viability when exposed to VCL scaffolds when compared to control

(p: >0.5).
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Cells on TCP Cells on TCP with untreated Surgispon

wit

Cellson TCP

g

h 6h VCL Surgispon Cells on TCP with 24h VCL Surgispon

Cells on TCP with 6h LCL Surgispon

Figure 3.9: Cytotoxicity testing of VCL and LCL Surgispon scaffolds. To investigate the toxicity
of any possible residual GTA, 6h and 12h VCL and LCL scaffolds were compared with TCP and
untreated scaffolds used as control. After three days cell culture, scaffolds were placed onto

cells and cells were cultured 2 more day and images were taken after scaffolds removed.

(untreated scaffolds had dissolved), n=9.

Due to the high level of cytotoxicity of LCL scaffolds and the lack of a significant effect when

using VCL scaffolds, VCL crosslinking was chosen as the prefereable Surgispon crosslinking

method for the rest of the project.
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Scaffold Cytotoxicity
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Figure 3.10: Effect of different scaffold crosslinking methods on cell viability activity. The
viability data from alamarBlue assays was normalised, with crosslinking methods compared
to tissue culture plastic (TCP, black bar) and untreated scaffold (grey bar) as controls. *:

p<0.0001, n=9

3.4.4 Effect of VCL on scaffolds

3.4.4 1 Effect of crosslinking on relative scaffold weight

VCL scaffolds were crosslinked for 6h or 24h and were weighed before, during and after
incubation in water (Fig.3.11) or standard cell culture media (DMEM+ media) (Fig.3.12) for 3,
5 and 10 days. Untreated scaffolds were used as a control group, but disintegrated after 3

days incubation.

In water, both 6h and 24h VCL scaffolds were stable over the 10 days incubation. This

demonstrates significantly greater structural integrity than untreated scaffolds, which
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dissolved into solution by day 3 (p: <0.0001). 6h and 24h VCL scaffolds initially decreased in
weight by day 3, and then either gradually increased in weight (6h VCL) or stabilised (24h VCL),
but this is a trend and overall, there was no significant weight change for 6h or 24h VCL
scaffolds over the course of incubation (p: >0.5). However, 6h VCL scaffold weight was
significantly lower on day 3 (p: <0.0001) compared to 24h VCL scaffolds, indicating that the
24h VCL protocol may exhibit improved structural integrity with the least change in weight

over time.

Overall, VCL scaffolds demonstrated structural integrity in solution, as opposed to untreated
scaffolds that dissolve within a few days. To test VCL scaffold suitability for cell culture these

scaffolds were also incubated in DMEM+ media (Fig.3.12).
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Figure 3.11: Change in VCL scaffold weight after incubation in water. Untreated scaffolds
were used as a control group and dissolved into solution by day 3. 6h VCL and 24h VCL

scaffolds are compared over days 3, 5 and 10 of incubation in water. *: p<0.0001, n=4.
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Both 6h and 24h VCL scaffolds were stable in DMEM+ media conditions, unlike untreated
scaffolds which again dissolved into solution by day 3. Both 6h and 24h VCL scaffolds

increased in weight from day 3, potentially due to serum proteins adsorbing to the scaffolds.

24h VCL scaffolds displayed a significantly greater increase in weight when compared to
6h VCL scaffolds on day 10 (p: <0.0028). Both VCL conditions have demonstrated mechanical
stability in DMEM+ media, the solution they will be incubated in across the long term in order

for cell culture to occur, making this a relevant comparison.

Relative Scaffold Weight Change In Media
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Figure 3.12: Change in VCL scaffold weight after incubation in DMEM+ media (containing
serum). Untreated scaffolds were used as a control group and dissolved into solution by day
3. 6h VCL and 24h VCL scaffolds are compared over days 3, 5 and 10 of incubation in DMEM+
media. *: p<0.0001, **: p<0.01, n=4.

After 24 VCL crosslinking, Surgispon scaffolds maintained structural integrity for over 10 days

in both water and serum-containing cell culture media. Longer incubation times, up to 60
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days, were tested with 24h VCL scaffolds. This long-term mechanical stability experiment was
tested with incubation of scaffolds in water (same conditions as Fig.3.11), DMEM or DMEM+

media (same conditions as Fig.3.12), as seen in Figure.3.13.

The 24h VCL scaffolds were stable in solution for the whole 60 days. In water scaffolds
generally lost ~5% of their weight, but these changes were not significant (p: >0.1 for all
comparisons) over the 60 days. In DMEM, scaffolds generally increased in weight by 2-4%, but
again these changes were not significant and represented a trend over the 60 days (p: >0.1
for all comparisons). In DMEM+ (full cell culture media), scaffolds generally increased in
weight by 5-9%, these increases in weight were significant from days 10-60 (p: <0.01 for these
cases). This significant increase in DMEM+ is again most likely to serum proteins adsorbing to

the scaffold.

Scaffolds incubated in either DMEM or DMEM+ solutions exhibited significant increases in
weight when compared to scaffolds incubated in water, for days 1-60 (p: <0.001 for all
comparisons). Scaffolds incubated in DMEM+ solutions exhibited significant increases in
weight compared to DMEM-incubated scaffolds from days 10-60 (p: <0.05 for these cases).
Overall, it is clear that the VCL protocol allows Surgispon scaffolds to maintain structural

integrity over the long term (shown up to 60 days).
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Figure 3.13: Effects of long-term scaffold incubation in water, DMEM or DMEM+ media
(DMEM+FBS) over 60 days. 24h VCL scaffolds had previously been tested over 10 days, a
longer time frame of 60 days is more realistic for potential future applications. The largest

change in weight was observed in DMEM+ media conditions.

3.4.4.2 Effect of crosslinking on relative scaffold diagonal length

As well as scaffold weight, scaffold diagonal length was measured for both 6h and 24h VCL
before, during, and after incubation in DMEM+ for 10 days to investigate the effect of
crosslinking on scaffold expansion in solution (Fig.3.14). Both 6h and 24h VCL scaffolds
decreased in size by day 1 and then increased in size thereafter (days 3, 5 and 10). There was
no significant difference in scaffold diagonal length change between 6h and 24h VCL scaffolds
(p: 0.164), but both scaffolds were significantly larger by days 5 and 10 when compared to
day 0 (p: <0.0001 for all cases). 6h VCL scaffolds increased in size by 18.6% and 24h VCL
scaffolds increased in size by 13.8%. This difference may be due to the longer crosslinking

protocol leading to a tighter scaffold and more resistance to expansion in solution.
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Scaffold diagonal length change in media
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Figure 3.14: Change in diameter of 6h and 24h VCL scaffolds during incubation in DMEM+.
Incubation time shown on x axis (days) and scaffold diameter is shown on y axis (mm). Both
6h (blue) and 24h (orange) VCL scaffolds showed a decrease first and then an increase in
diameter but 6h scaffolds showed a larger end diameter size when compared to 24h scaffolds

over 10 days.

3.4.4.3 Effect of crosslinking on scaffold pore diameter after incubation

Untreated scaffolds and 24h VCL were incubated in DMEM+ media for 24h, 36h or 48h, and
the pore diameter was measured through analysis of brightfield images with Image)
(Fig.3.15). A dry 24h VCL scaffold was included as a control. The effect of incubation time on
the scaffold pore size was borderline not significant (p: 0.06), with the mean pore size across
each condition as follows: 196 um (untreated), 192 um (24h VCL, dry), 197 um (24h VCL, 24h

DMEM+ incubation), 205 um (24h VCL, 36h DMEM+ incubation), 219 um (24h VCL, 48h
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DMEM+ incubation). This data shows that untreated scaffold pore size is consistently ~200

um (as in Fig.3.4), and 24h VCL does not significantly affect pore size (as in Fig.3.8).

Scaffold pore size after incubation in media
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Figure 3.15: Scaffold pore size distribution after 24h VCL and different lengths of incubation
(24-48h). Pore sizes ranged from 50 um to greater than 400 um, with the frequency of these
pore sizes shown for uncrosslinked, 24h VCL (dry), and 24h VCL after various lengths of

incubation in media.
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3.4.5 Surgispon pore interconnectivity/gas porosity analysis

The average pore size and the distribution of pore was analysed by applying direct 3D analysis
with the Scanco uCT (micro computed tomography) package. This imaging package took many
2D slice images (tomographs) of a 3D Surgispon sample and produced 3D images, as seen in

Fig.3.16.

Figure 3.16: 3D uCT scan images of Surgispon scaffolds. Images were taken after 3D analysis

was performed, showing the porosity and interconnectivity of pores.

The porosity of Surgispon was also calculated through the Scanco package. Firstly, the total
volume (volume of Surgispon as a non-porous solid cube) and object volume (actual volume
of Surgispon, not measuring the airspaces) were measured. The porosity of Surgipon was
calculated by subtracting the object volume from the total volume, obtaining the unoccupied
volume (the airspace), and dividing this unoccupied volume by the total volume. This analysis
also calculated average pore size and whether or not pores are interconnected. Results from
this analysis showed that Surgispon has a porosity of 93% and an average pore sizes were

231.35 um, with these pores being interconnected.

Surgispon scaffolds were also imaged with confocal microscopy to investigate 3D structure
and pore interconnectivity. No fluorescent labels were needed due to scaffold
autofluorescence. Optical sections of Surgispon were taken and 3D images generated as seen
in (Fig 3.17). These images show the high porosity of Surgispon.
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Figure 3.17: 3D confocal microscopy images of Surgispon scaffolds. Images show XYZ in
different orientations and different optical sections from the z plane. Images clearly indicate

a high level of porosity and pore interconnectivity.

3.4.5 Comparing Surgispon with primary lung tissue

24h VCL scaffolds were cultured with A549 cells for 7 days, and then stained with LIVE/DEAD
assay. Scaffolds with cells were visually compared to porcine lung tissue slices, labelled with
DAPI (Fig 3.18). This comparison showed visual similarity between Surgispon and lung tissue

in terms of pore size and cell attachment around the pore perimeter in 3D.
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Figure 3.18: Images of Surgispon scaffolds vs fixed porcine lung slices Dry scaffold images
and fluorescence images of scaffolds after 7 days of A549 cell culture are compared with fixed

porcine lung tissue images to show the similarity between the scaffold and the lung tissue.
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3.5 Discussion

The diameter of a single alveolus is ~200 um on average (Ochs et al., 2004), pores in Surgispon
scaffolds are similar in diameter to a single alveolus, measuring 223.92 um on average. There
is a range of pore sizes available in Surgispon, similar to the range of diameters (~200-500
um) (“Berne & Levy Physiology) and range of alveolar geometric shapes (Hyde et al., 2004) in
vivo, this supports the role of Surgispon as an alveolar mimic. These pores in Surgispon are
also interconnected (Figs 3.16 and 3.17), meaning Surgispon could potentially create alveolar-
like structures for lung cells. Previous studies using porous scaffolds have shown that pore
size between 150-500 um is preferable for cell attachment. However, 150-250 um pore size
showed higher tissue regeneration (Zhang et al., 2011a). The overall preference for pore size
for a cell-based alveolar-like scaffold is therefore 150-250 um, meaning that Surgispon
scaffolds with the average pore size of ~223 um has the potential to make an ideal model at

this scale.

Native untreated Surgispon lacks stability, as seen in Figure 3.5. After three days of incubation
in solution, it loses its structural integrity and dissolves/disintegrates, this period of time is
not sufficient for cells to replace the scaffold with their extracellular matrix. Synthetic
crosslinking improves the stability of the scaffold (Ahmed, 2015), and crosslinking Surgispon
with GTA vapour resulted in much improved structural integrity (Fig.3.6), allowing incubation
in solution for over 60 days. This crosslinking process is therefore performed on all
subsequent scaffolds used in this project. Liquid crosslinking also displayed promising stability
but cytotoxicity tests indicated the likely presence of residual GTA and its accompanying
toxicity (Figs 3.9 and 3.10). GTA is widely used for crosslinking collagen-based materials such

as gelatine sponges like Surgispon, but use of GTA as a liquid solution is linked to potential
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cytotoxicity, and as scaffolds are absorbent some residual GTA solution (for LCL) may remain
even after the washing stage. However, when using GTA in vapour phase for VCL, it is both
easier to clear from the scaffolds, and more effective with working with structures such as
sponges (Peng et al., 2017). Based on this, only vapour crosslinked scaffolds were used for

future experiments.

The crosslinking process did not affect the average pore size, as seen in Figure 3.8, where the
average pore size after VCL was 192-232 um, similar to untreated scaffolds. Images from
brightfield microscopy show that after crosslinking, the microstructure is the same as
untreated scaffolds, and both conditions are still similar to the structure of the alveolus, as

seen in Figure 3.17.

The minimum time for VCL was 6 hours, with crosslinking for less time resulting in degradation
in solution (Fig.3.6). Crosslinking for 24 hours with GTA vapour allowed scaffolds to retain
structural integrity over the long term, up to 60 days of incubation in cell culture conditions
(Fig.3.13). During these incubations in cell culture media, an increase in weight was observed,
this is most likely related to proteins contained within the FBS component of DMEM+ media
adsorbing to the scaffold surface. This could be tested with some future work, by incubating
the scaffolds in just FBS and measuring the weight gain over the long term compared to
DMEM+. Alternatively, electron microscopy could be used to look for surface changes on the
Surgispon before and after incubation, or the scaffolds could be broken down and tested via
spectroscopy to determine the presence of different proteins (other than gelatine and

collagen).

Surgispon is made from collagen-derived materials, with collagen shown to promote adhesion

of serum proteins in vitro, potentially due to a similarity to the ECM in vivo (Koblinski et al.,
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2005). Scaffolds incubated in serum-free DMEM also underwent a ~5% change in weight, the
scaffolds weigh approx. 1-3 mg and this 5% corresponds to a change of 50-150 pg. It is possible
that the salts, sugars, amino acids and other components of DMEM may contribute to this
weight gain, but otherwise the reason is unknown. Degradation tests were also performed in

water, and no weight gain was observed (Figs 3.11 and 3.13).

Scaffolds crosslinked for 24 hours had reduced levels of expansion than 6 hours (Fig 3.14,
although an observed trend as this was non-significant). This is most likely due to increased
crosslinking causing additional structural rigidity and less ability to expand/contract, as seen
in previous studies (Hutchins et al.,, 2017). However, as this reduced expansion was not
significantly different to 6h VCL scaffolds, and 24h crosslinking was used for future
experiments due to the increased convenience for experimental design. Highly crosslinked
sponges exhibit less swelling due to less water absorption, but also exhibit high material
hardness, suitable for bone models but not for a soft tissue alveolar model. Further
crosslinking of Surgispon would have led to less expansion during incubation in solution, but
would have decreased the relevance of the scaffold as a lung model due to the stiffer matrix
composition (Yang et al., 2018). In order to test the mechanical properties of Surgispon
further, the Young’s modulus and stiffness of the scaffold should also be measured and
compared to the lung microenvironment, and also to see if there are any differences between

6 and 24 hour VCL in terms of Surgispon stiffness.

3.5.1 Limitations

GTA was chosen for crosslinking as it is easy to use and effective. Other options for
crosslinking could have been investigated, gelatine sponges such as Surgispon could also be

crosslinked using UV radiation, dehydrothermal methods, and using other chemicals as an
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alternative to GTA such as genipin (GP, a planet-derived substance that crosslinks in a similar
manner to GTA but stains scaffolds a dark blue pigment), 1-ethyl-3-(3-dimethyl aminopropyl)
carbodiimide (EDC, free carboxylic and amine groups react to form amide bonds), and
microbial transglutaminase (mTG, an enzyme that catalyses acyl transfer reactions and links
glutamine and lysine residues) (Yang et al., 2018). GTA was chosen due to its widespread use,
cost-effectiveness, previous use in the lab and general ease of use. However, exploring other

crosslinking options may have been beneficial.

As crosslinking can increase the stiffness of scaffolds, more thorough mechanical testing of
scaffolds would be advantageous in order to determine the Young’s modulus of uncrosslinked
scaffolds, and to see any changes in matrix stiffness with different crosslinking methods and
durations. This would in turn be best linked to lung alveolar microenvironent stiffness in vivo
to ensure that the Surgispon is a suitable mimic, as cells react to the stiffness of the growth

surface (Liu et al., 2010; Melo et al., 2014)

Pore interconnectivity was investigated via uCT, however gas permeability assays were not
explored on scaffolds. Gas permeability could be tested with devices such as a syringe pump
in order to quantify the gas permeability through a layer of Surgispon (Kasai et al. 2016). Gas
permeability is an important characteristic of porous scaffolds and is linked to pore size (Han

et al., 2020), and should be investigated and quantified for Surgispon scaffolds.

Surgispon morphology should be investigated with scanning electron microscopy (SEM),
especially visualising the pore size, area, morphology and distribution throughout each
Surgispon scaffold in slices from top to bottom, in order to determine if the pores are uniform
throughout each scaffold and how they can change throughout the 3D space. This could also

be done to investigate the effects of different crosslinking methods, and the effect of
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incubation in different solutions (water, DMEM, DMEM+) after crosslinking. However, it
should be noted that Surgispon samples are challenging to slice in order to take images
throughout the 3D structure, the Surgispon porosity is high and the gelatine walls are thin.
When slicing was attempted in both frozen scaffolds on a microtome or wax embedded
scaffolds, the scaffolds broke down, in addition the pressure of slicing would likely damage or
change the pore structure. Access to SEM and other high-resolution imaging equipment was

also limited during this project.

Other imaging techniques could be used to increase the contrast when imaging Surgispon
scaffolds, such as phase contrast imaging or experimenting with different non-toxic contrast
agents. Throughout this chapter most images were taken with a brightfield microscope and it
can be challenging to see scaffold microstructure, cells, and different planes. When imaging
in 3D without a confocal microscope, there is always the effect from out-of-focus light from
above and below the imaging plane, this can affect image quality. Use of a confocal
microscope would result in clearer images, but there was limited access and technical issues

(such as filters and hardware reliability) with confocal microscopy throughout this project.

3.5.2 Conclusion

The main aim in tissue engineering is creating a scaffold that can mimic the body’s own
extracellular matrix (ECM) which would allow cells to attach, proliferate and function.
Collagen-based porous scaffolds are used for regeneration of skin, cartilage, bone, nerve,
liver, and lungs (Freyman et al.,, 2001). GTA crosslinking has been shown to increase the
biostability of such collagen-based porous scaffolds, as collagen is a water-soluble material
(Ma et al., 2003). GTA-treated scaffolds have shown good cytocompatibility, with effective

cell attachment and cell proliferation on scaffolds. Further in vivo animal study also showed
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that these scaffolds support and accelerate cell migration from the surrounding tissue (Ma et

al., 2003).

We have demonstrated that the porous gelatine-based Surgispon is a good potential
candidate for a tissue engineering scaffold for cell-based research into lung structure,
function and disease (such as COPD). Surgispon scaffolds showed good response to
crosslinking, with the 24h VCL protocol allowing for a robust scaffold for long-term cell culture
experiments while remaining non-toxic and having high structural integrity in solution, along
with the ability to expand in size over time in solution. This work highlights Surgispon as a

candidate material for future tissue engineering work.
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4.1 Introduction

4.1.1 Lung Anatomy

The lungs are the primary organs of respiration in the human body. They are responsible for
taking oxygen into the blood and removing carbon dioxide. The lungs are situated on either
side of the heart and other mediastinal contents (Abel et al., 2006). Each lung is free in its
pleural cavity, except for its attachment to the heart and trachea at the hilum and pulmonary
ligament respectively. When removed from the thorax, a fresh lung is spongy, can float in
water, and crepitates when handled, because of the air within its alveoli. It is also highly elastic
and so it retracts on removal from the thorax. Its surface is smooth and shiny and is separated
by fine, dark lines into numerous small polyhedral domains, each crossed by numerous finer
lines, indicating the areas of contact between its most peripheral lobules and the pleural

surface (Mehta et al., 2015).

4.1.2 Alveolar Structure

Alveoli are thin-walled respiratory surfaces that are distributed as isolated patches within the
walls of respiratory bronchioles, as tube-like alveolar ducts and as groups of adjacent

balloon-like alveolar sacs (Kurz et al., 2015).

The alveoli provide the respiratory surface for gaseous exchange (Fig. 4.1). Their walls contain
two types of epithelial cell (pneumocytes) and cover a delicate connective tissue within which
a network of capillaries spreads out. Since the walls are extremely thin, they present a
minimal barrier to gaseous exchange between the atmosphere and the blood in the
capillaries. Adjacent alveoli are frequently in close contact, and the intervening connective

tissue forms the central part of an interalveolar septum. The human respiratory tract contains

122



nearly 50 different cell types along its hierarchical structure (Breeze and Wheeldon, 1977) in

distinct proximal (conducting) and distal (respiratory) zones (Klein et al., 2011).
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Figure 4.1: A diagram showing the lower respiratory system. A) A collection of alveoli,
showing how each are surrounded by capillaries from the pulmonary system. B) A cross-
section diagram of a single pulmonary alveolus. Alveoli are the site of gas exchange, giving
oxygen and removing carbon dioxide from capillaries that surround each alveolus. These

structures are made up of type | and Il pneumocytes.

The alveolar epithelium is a mosaic of types | and Il pneumocytes. Type | pneumocytes are
simple squamous epithelial cells and form over 90% of the alveolar area (Fig. 4.2). Their basal

laminae fuse with the basal laminae of the adjacent capillary endothelium to form the thin
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portions of interalveolar septa. Their cytoplasm is thin (0.05-0.2 um) which facilitates gaseous
diffusion between the lumen of the alveolus and its capillaries. The edges of adjacent cells
overlap; they are joined by tight junctions, creating a strict diffusion barrier between the
alveolar surface and underlying tissues. Together with a similar endothelial barrier, this
arrangement limits the movement of fluid from blood and interstitial spaces into the alveolar
lumen (the blood-air barrier). If damaged, type | cells, which do not divide, are replaced by
type Il cells, which proliferate and differentiate into type | pneumocytes. The smaller type |l
cells are often more numerous than type | cells, but they contribute less than 10% of the
alveolar surface area. They are rounded cells and protrude from the alveolar surface,
particularly at the angles between alveolar profiles. In the human lung they are often
associated with interalveolar pores of Kohn. Their cytoplasm contains numerous
characteristic secretory lamellar bodies consisting of concentric whorls of phospholipid-rich
membrane, the precursors of alveolar surfactant, which they can recycle (Schreiber et al.,

2005b).
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Figure 4.2: Cross-section of the alveolar region. Continuous layer of epithelial cells (type |
and type |l) form the alveolar surface. Fibroblasts are the main structural cells and produce

the extracellular matrix (modified from (Hollenhorst et al., 2011).

The alveoli structure must be resistant to collapse, therefore alveoli feature inherent
stabilizing factors such as surfactant, which protects alveoli structure and is the secretory
product of type Il alveolar epithelial cells. The other stabilizing mechanism is the connective
tissue network system that consists of axial, peripheral and septal fibres (Knudsen and Ochs,
2018b). Cells, an extracellular network of elastic fibres, and bundles of banded collagen fibrils
forming fibres are located in the bounded space between the capillary endothelial basal
laminae and alveolar epithelial (Weibel, 1999). This space is called the interstitium and the
main cell types that exist in this area are fibroblasts and myofibroblasts. While fibroblasts

produce and maintain the extracellular matrix, myofibroblasts contain filaments oriented

125



across the interior of the alveolus, which not only connects the two epithelial walls of the

alveolus, it also assists in bracing the interstitial space (Knudsen and Ochs, 2018b).

This intricate structure and balance of different cell types should be reflected and utilized in
an in vitro model of the alveoli. This means that a successful in vitro therapy for alveolar
replacement should involve multiple relevant cell types (including lung fibroblasts and
epithelial cells) that can be cultured both in isolation and together; and a porous 3D structure
that can serve as a scaffold for cells and is a physiologically relevant size to alveoli. In this
chapter Surgispon® is used as such a scaffold, and is tested as a culture scaffold for lung

epithelial and lung fibroblast cells.

Based on the work in Chapter 3, all Surgispon scaffolds in subsequent work are crosslinked
for 24 hours with glutaraldehyde (GTA) vapour. These scaffolds showed no cytotoxicity
towards A549 cells, and are stable in cell culture conditions for up to 60 days. These scaffolds
are a promising material for cell-based lung tissue engineering studies as they have a similar
pore size to alveoli. By culturing various biologically relevant cell types onto these Surgispon

scaffolds, they can be further validated as a cell scaffold.
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4.2 Aim

The aim of this study was to investigate 3D cell culture on Surgispon scaffolds, culturing lung

epithelial A549 cells and lung fibroblast 35FLH cells in isolation and together as co-cultures.

a. Optimise cell seeding number on scaffold

b. Optimise cell metabolic activity assay(s) in order to determine cell attachment,
proliferation and viability

c. Investigate possible chemical coatings that may affect cell attachment

d. Investigate co-culture of deactivated lung fibroblasts with lung epithelial cells
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4.3 Method

The experiments in this chapter are summarised in Schematic 4.1, with all materials and

methods for each experiment described in full in Chapter 2.

A549 cell

| 35FLH cell Co-culture
culture on —_— culture on  —— on scaffolds
scaffolds scaffolds
% % ‘\7,
Optimising Optimising cell Deactivating
alamarBlue seeding 35FLH cell
incubation number cem

time
S~ - N~

N/

Investigating
the cell growth
with different
coatings

Schematic 4.1: A schematic to show the experimental design for chapter 4. This chapter
involves culture of the A549 lung epithelial cell line and the 35FLH lung fibroblast cell line on
Surgispon scaffolds, and the optimization of various cell metabolic activity assays in order to
test cell growth and viability. Culture of A549 and 35FLH was done separately and as

co-cultures in order to optimise cell seeding onto Surgispon scaffolds.

Unless otherwise stated, Surgispon scaffolds used in all cell culture experiments measured
5x5x2.5 mm?, were crosslinked for 24 hours with GTA vapour and were sterilised. Crosslinking
and sterilisation were done as described in section 2.4. Sterile scaffolds were placed into the

wells of 48 well plates before seeding with cells.
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4.3.1 alamarBlue™ standard curve

Before using alamarBlue in experiments, a standard curve was prepared. Cell suspensions of
600 cells/ul were prepared in DMEM+ media. Cells were seeded onto 48 well plates (tissue
culture plastic or TCP) starting with 50 pl cell suspension in the first well and increasing by
50 pl until 500 pl, creating a range of cell numbers in different wells from 30,000-300,000
cells/cm?. All samples were topped up to 500 ul DMEM+ media before incubation. After
incubating the cells for 2 hours to allow cells to attach, the alamarBlue cell metabolic activity
assay was applied to samples as previously described in section 2.2.1 with suggested

incubation time of 3 hours.

Another standard curve was also created, with cell numbers ranging from
1,500-150,000 cells/cm?. After incubating the cells for 2 hours to allow cells to attach,
alamarBlue cell metabolic activity assay applied to samples on day 0 and day 1 as previously

described with suggested incubation time 3 hours.

4.3.2 Optimising cell seeding number for alamarBlue cell metabolic activity

assay

In order to optimise the cell number for the alamarBlue assay a lower cell number range was
prepared, from 1000-60,000 cells/cm?. After seeding, all samples were topped up to 500 pl
DMEM+ media and incubated for a minimum of 2 hours before starting any experiments to
allow cells to attach. alamarBlue cell metabolic activity assay was applied to samples in

triplicate every other day for up to seven days as previously described.
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4.3.3 Optimising incubation time for alamarBlue cell metabolic activity assay

A cell suspension was prepared and cells were seeded as described in section 4.3.1. After cell
seeding, cells were incubated for seven days. alamarBlue assays were applied to all samples
on day seven. The first samples were incubated for 30 minutes, and every other sample was
incubated for increasing time in 30 minute increments, with the longest incubation time being

3 hours.

4.3.4 Comparison of alamarBlue assay with MTT assay and trypsin cell count

To analyse the oversaturation of alamarBlue assays, samples were prepared as described in
section 4.3.2 and cultured for up to seven days. MTT assays were applied to samples on day
0 (seeding day), 1, 4 and 7 as described in section 2.2.2. These results were compared with
alamarBlue assay results. Cell confluency was investigated by trypsinising the samples as
described in section 2.1.1, and a cell count was performed by using the automated cell

counter Countess™ (Invitrogen) as described in section 2.1.4.

4.3.5 Optimising cell seeding number for PicoGreen™ dsDNA assay

A cell suspension was prepared and cells were seeded as described in section 4.3.1 and these
samples were used to prepare a PicoGreen standard curve on the same day of cell seeding.
Other samples were cultured for up to seven days. PicoGreen assays were applied to samples

on day O (seeding day), 1, 4, and 7 as described in section 2.2.4.

4.3.6 A549 cell culture on scaffolds

A549 cells were cultured in T25 culture flasks, trypsinised and counted with haemocytometer

as described in section 2.1. After cell count, cells were seeded directly onto each scaffold,
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either at an initial cell density of 960 cells/mm?3 (60,000 cells per scaffold) or 32 cells/mm3

(2000 cells per scaffold).

Before adding 500 ul DMEM+ media, all scaffolds were moved to empty sterile TCP to
eliminate any seeding errors. Samples were incubated for up to 21 days in 500 pl media, with
the media changed every three days. To determine cell attachment, viability and proliferation,
scaffolds were moved to a new well with sterile tweezers, and alamarBlue, PicoGreen,
LIVE/DEAD and DAPI assays were applied as described in section 2.2, 2.2.5 and 2.3.1 every 7
days. 1 hour incubation time was used for alamarBlue assays, as previously optimised

(Fig.4.3).

Minimum of 3 replica
| |

1- Cells seeded
onto  scaffold 2- After 2 hours
frow A) and scaffolds  transferred

incubated for 2 A to an empty well (row
hours B) with 500 pl media
and cultured up to 21
B days
3- Scaffolds moved to
an empty well (row D)
C before starting any
@ @ h

[:] Scaffold O Empty well O Well with media

Figure 4.3: Cell seeding onto scaffolds along with cell analysis assays. Scaffolds were placed

into a sterile well on row A and cells were seeded onto the scaffolds. These samples were
incubated for 2 hours before being carefully relocated to empty wells on row B. Samples were
cultured in these wells until further testing. Samples were then carefully relocated to empty

wells on row D before applying any cell analysis assay.
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4.3.7 Surgispon chemical coating

Surgispon scaffolds were coated with either 10 ug/ml collagen type | (COL), fibronectin (FIB)
or collagen type | and fibronectin (COL+FIB) solutions to explore any impact on cell
attachment to scaffolds. This concentration is based off previous work from our lab (Dale et
al., 2019) but this is the first example of the protocol being used for Surgispon scaffold coating.
Each type of collagen and fibronectin was diluted from its original concentration to the
working concentration using PBS. Scaffolds were left in coating solution overnight, with a

minimum of three replicates. Uncoated scaffolds were used as a control.

4.3.8 35FLH fibroblast cell culture on scaffolds

Cell seeding onto scaffolds was performed as described in section 4.3.6 and 35FLH cells were
seeded onto chemically-coated (or uncoated control) scaffolds with an initial seeding density
of 32 cells/mm?3 (2000 cells per scaffold). Before adding 500 ul DMEM+ media, all samples
were moved to an empty sterile TCP to eliminate the seeding mistakes. Samples were
incubated for 21 days in 500 pl media and every three days media was changed. To determine
cell viability alamarBlue and PicoGreen were applied on days 7, 14 and 21, while LIVE/DEAD
and DAPI assays were applied on day 7 and 21 as described in section 2.2, 2.2.5 and 2.3.1 and
1 hour incubation time was used for alamarBlue assays as previously optimised in section

4.3.3.

4.3.9 Deactivating 35FLH fibroblast cells

35FLH cells were deactivated as described in section 2.1.5, this was done in order to create a

feeder layer on the scaffold for the epithelial cells, and in order to make the model more
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biologically relevant. To investigate the mitomycin C deactivation process, deactivated 35FLH
(D-35FLH) cells were seeded onto TCP as described in section 4.3.6 (60,000 cells/cm?), with
alamarBlue and PicoGreen assays applied to measure cell metabolic activity over 7 days. D-
35FLH cells were imaged using brightfield microscopy, stained with LIVE/DEAD assay for

imaging with fluorescence microscopy, on days 1 and 7.

4.3.10 Co-culture of A549 and D-35FLH fibroblast cells on scaffold

35FLH fibroblasts were deactivated before seeding onto uncoated scaffolds for co-culture.
D 35FLH cells were labelled with blue Vybrant™ cell tracker as described in section 2.3.2.

D-35FLH cells were seeded onto scaffolds at an initial seeding density of 32 cells/mm?3 (2000
cells per scaffold) and incubated for 2 hours for cell attachment. After incubation, A549 cells
were seeded onto the same scaffolds at an initial seeding density of 32 cells/mm?3 (2000 cells
per scaffold) to create a co-culture, which was further incubated for 2 hours for cell
attachment (Fig.4.4), with 500 ul DMEM+ media added to each well. These co-cultures on
scaffolds were imaged using the LIVE/DEAD assay and Vybrant-labelled cells for fluorescence

microscopy.

As well as co-culture on scaffolds, co-cultures and isolated cell cultures were also seeded onto
TCP at an initial cell density of 2000 cells/cm?. Brightfield images of TCP and scaffolds were

taken on days 1 and 7 for analysis of A549, D-35FLH and co-culture cell proliferation.
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Figure 4.4: Cell seeding onto scaffolds to prepare a co-culture. 35FLH cells were deactivated
(D-35FLH) by adding mitomycin C to DMEM+ media (final concentration of 10 pg/ml) and
incubated for 3 hours at 37°C with 5% CO,. After the deactivation process, cells were prepared
for culture and D-35FLH cells were seeded onto scaffolds. Samples were incubated for 2 hours
to allow cell attachment. After incubation, A549 cells were prepared and seeded onto the
same scaffolds with D-35FLH cells. Samples were incubated for another 2 hours, before

adding 500 pl DMEM+ media to each well.

4.3.11 Imaging with CellTracker™ Blue CMAC Dye

CellTracker Blue CMAC (7-amino-4-chloromethylcourmarin) is a fluorescent dye designed for
monitoring cell movement and location, as it penetrates the membrane and is converted to
a membrane-impermanent intracellular probe. D-PLF cells were labelled with CellTracker and
seeded onto a scaffold for co-culture with A549 cells. After 21 days co-culture, the LIVE/DEAD
assay was applied to samples, with the blue fluorescent channel used to image CellTracker,

localising and tracking D-35FLH samples (Fig.4.28).
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4.4 Results

4.4.1 Optimising alamarBlue metabolic assay

An alamarBlue standard curve was prepared by seeding between 0-300,000 A549 cells/cm?
onto TCP. The alamarBlue assay was applied to samples 2 hours after cell seeding (Fig.4.5)
with a 3 hour incubation time. The alamarBlue assay showed oversaturation when cell
numbers were in excess of 90,000 cell/cm? initial seeding density, meaning that cell numbers
above this could not have their metabolism readily quantified as different, and their viability
determined. The correlation coefficient is 0.66, a standard curve should have a strong linear

relationship, meaning this curve is insufficient.
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Figure 4.5: alamarBlue standard curve (0-300,000 cells/cm?). A549 cells were seeded onto
48 well plates for the alamarBlue standard curve, which showed oversaturation when the

initial cell seeding density was over 90,000 cells/cm?, (n=6).
Based on these results, a second alamarBlue standard curve was prepared with a lower cell

concentration, ranging from 0-150,000 cells/cm?. alamarBlue reagent was applied to the
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samples on the seeding day (day 0) and after overnight culture (day 1) to observe the effects
of cell proliferation on the standard curve (Fig.4.6). Similarly to the original higher cell density

standard curve (Fig.4.5), there is oversaturation at higher cell numbers.

alam arBIue‘“ Standard Curve
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Figure 4.6: alamarBlue standard curve (0-150,000 cells/cm?). These standard curves show
the metabolic activity of A549 cells on day 0 and day 1. By day 1, alamarBlue showed
oversaturation from 45,000 cells/cm? initial seeding density and above. *: p<0.0001, **:

p<0.001, n=4, some error bars are negligible and not visible.

The day 0 standard curve showed increased metabolic activity from 0-115,000 cells/cm?. The
correlation coefficient for day 0 is 0.97, showing strong positive correlation and a useful
standard curve at this lower cell number. However, day 1 results showed oversaturation after
45,000 cells/cm? initial seeding density, most likely due to cell proliferation overnight,
resulting in a reduced correlation coefficient of 0.74. This shows that using a high initial cell
seeding number limits the effectiveness of alamarBlue at quantifying cell metabolic activity,

and therefore inferring cell viability and proliferation. Cell growth overnight had a significant
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effect on the fluorescence intensity (p: <0.0001), and at each cell seeding number (except 0),
there was significantly more fluorescence intensity by day 1 (p: <0.001 for all comparisons).
As cells are expected to be cultured for far longer than one day, the alamarBlue assay needed

optimisation in order to stop oversaturation and be effective for weeks of cell culture.

4.4.2 Optimising cell seeding number for alamarBlue cell metabolic activity

assay

alamarBlue standard curves were prepared using lower cell densities, from
0-60,000 cells/cm?, to investigate the effect of the initial cell seeding density on alamarBlue
assays after up to 7 days of cell culture. Cells were cultured on TCP and the alamarBlue assay
was applied to samples every other day including the seeding day (day 0) until day 7. For each
measurement, new samples were used to avoid any effect of previous alamarBlue assay.

These results can be seen in Fig.4.7.

Correlation coefficients decreased as the cells proliferated in culture, with day 0 having
near-perfect 0.99 correlation and decreasing to 0.31 by day 7, showing how limited this would

be as a standard curve.

From days 0-1 the standard curve did not oversaturate, but oversaturation was observed from
day 3. The day 3 results showed oversaturation from 10,000 cells/cm? initial seeding density
and above, day 5 from 5000 cells/cm?.initial seeding density and day 7 across all samples
(Fig 4.7). The cell culture time had a significant effect on the fluorescence intensity
(p<0.0001), with days 3-7 having significantly greater fluorescence intensity from

10000-60000 cells/cm? when compared to days 0-1 (p<0.01 for all comparisons).
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These alamarBlue standard curves show that this assay can only be used with less than 60,000
cells/cm? initial seeding density if cells are going to be cultured for more than three days. In
addition to optimising the cell number, the alamarBlue incubation time was also optimised,

as seen in Figure 4.8.
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Figure 4.7: The effect of cell proliferation on alamarBlue standard curves. The alamarBlue
standard curves show an increase in metabolic activity with increased cell number, and this
increased further as cells were incubated. With cell culture lasting over 14 days in
experimental conditions, it is important to optimise this assay and avoid oversaturation. Some

error bars are negligible and not visible, n=4.
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4.4.3 Optimising incubation time for alamarBlue cell metabolic activity assay

As well as the initial cell seeding number, the alamarBlue incubation time was another
variable to optimise, as all previous assays had used the standard 3 hours incubation time,

and this may be responsible for oversaturation.

A standard curve was prepared by using between 0-60,000 cells/cm? initial cell seeding
density to investigate the effect of alamarBlue incubation time. For this test, cells were
incubated for 7 days before applying the assay in order to achieve higher confluency, which
is the main cause of oversaturation. When the alamarBlue assay was applied, the first sample
was incubated for 30 minutes and incubation time was increased by in 30 minute increments

to 3 hours maximum incubation time, as shown in Fig.4.8.

The correlation coefficient decreased with longer incubation times, starting at 0.63 with
0.5 hours and decreasing to 0.3 for >2 hours. Any incubation time beyond 1 hour resulted in

an unreliable standard curve.

With 30 minute alamarBlue incubation, oversaturation was observed beyond
10,000 cells/cm? initial cell seeding density. At longer incubation times, oversaturation was
observed at lower initial cell densities: 5000 cells/cm?2for 1 hour and 2000 cells/cm?for 1.5
hours and beyond. The alamarBlue incubation time had a significant effect on the
fluorescence intensity (p<0.0001), with 1.5-3 hour incubation having significantly greater

fluorescence intensity when compared to 0.5-1 hour incubation (p<0.001 for all comparisons).

The overall results show that the alamarBlue assay should be used with an initial cell seeding
density of 2000 cells/cm?, along with a 1 hour incubation time. These variables will stop

oversaturation over longer (up to 21 day) cell culture experiments on both 2D tissue culture
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plastic and 3D Surgispon scaffolds, and allow for alamarBlue to be used as a measure for cell

viability and proliferation.

alamarBlue™ Incubation Optimisation
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Figure 4.8: The effect of alamarBlue incubation on standard curves. Increased alamarBlue
incubation results in increased fluorescence intensity with increased cell number. Some error

bars are negligible and not visible, n=4.
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4.4.4 Comparison of alamarBlue assay with MTT assay and trypsin cell count

As a potential alternative to alamarBlue, the MTT cell metabolic assay was explored, as well
as a trypsinization method to remove cells from the scaffold and stain with trypan blue in

order to determine the viability and number of cells.

A MTT standard curve was prepared by using between 2,000-60,000 cells/cm? initial cell
seeding density. Cells were incubated for up to 7 days and the MTT assay was applied on days

0, 1, 4 and 7, with results shown in Figure 4.9.

The correlation coefficient decreased as the cells proliferated, with perfect positive
correlation at day O (r: 1.0) and less correlation by day 7 (r: 0.57). Only the standard curves

from day 0-1 would be suitable for experimentation.

MTT graphs showed oversaturation by day 1 at 20,000 cells/cm? initial cell seeding density,
similarly on day 4 and reduced to 5000 cells/cm? initial cell seeding density by day 7. The
effect of cell proliferation on the MTT assay was significant (p<0.0001), with days 4-7 being
unsuitable for determining cell viability and proliferation through quantifying cell metabolic

activity.
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Figure 4.9: Effect of cell proliferation on MTT metabolic assay standard curves. Similarly to

alamarBlue, increased culture times lead to oversaturation. (n=4).

This experiment was repeated with alamarBlue in order to more directly compare with MTT,
these results are shown in Figure.4.10. As previously optimized, alamarBlue samples were

incubated for 1 hour.
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MTT and alamarBlue standard curves both showed oversaturation on day 7 at around 5000
cells/cm? initial cell seeding density. Correlation analysis for the alamarBlue results on days 0,
1, 4 and 7 give r values of 0.99, 0.97, 0.75 and 0.53 respectively, showing that the cell number
was significantly positively correlated to the alamarBlue fluorescence intensity for days 0-1,

with decreasing correlation to day 7 as the plateau forms.

It should be noted that MTT assay samples cannot be used after assay due to MTT requiring
DMSO which is cytotoxic, while alamarBlue samples can be successfully cultured after
analysis. Due to this, the alamarBlue assay was used to measure cell metabolic activity and
cell proliferation on scaffolds, due to alamarBlue and MTT otherwise showing similar results

(Fig.4.10).
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Figure 4.10: MTT and alamarBlue standard curves over 7 days culture period. MTT standard
curve shows oversaturation similarly to alamarBlue samples on D 7. On D 1 and D 4, MTT
samples showed oversaturation with smaller cell numbers than alamarBlue™ samples (20,000

cells). alamarBlue (n=7).
Cell counting was also investigated alongside MTT. Cell confluency was investigated by

trypsinisation and then counting cells using the automated cell counter Countess. Samples

144



ranged from 2,000-60,000 cells/cm? initial cell seeding density (Fig.4.11), and counts were

doneondays0,1,4and7.

Cell counts performed on days 0-4 resulted in perfect positive correlation (coefficients shown
on Fig.4.11), showing that cell counts were accurate and changed with cell number seeded.
However, by day 7 cells had reached confluency and could not proliferate at the same rate,
resulting in a plateau. Cells seeded at an initial density greater than 10,000 cells/cm? could

not be accurately counted due to confluence.

Cell Count

1000 -

Day 0 (r: 1.0)
Day 1 (r:1.0)
Day 4 (r: 0.99)
Day 7 (r: 0.69)

e g

Counted Cell Number x103

0 20 40 60

Initial Cell Number x103

Figure 4.11: Cell number count over 7 days culture period. Cell counting graphs showed that
when 10,000 or greater number of cells was seeded onto a 48 well plate, samples reach
confluency by day 7. When 60,000 cell seeding number was used, confluency was reached on

D4 and the cell number on the plate did not change after D4.(n=4).

4.4.5 Optimising cell seeding number for PicoGreen dsDNA assay

A complementary cell analysis assay to alamarBlue is the double stranded DNA (dsDNA)

guantification assay, PicoGreen. A standard curve was prepared with initial cell seeding
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densities from 2000-60,000 cell/cm?. Cells were incubated for up to 7 days and the PicoGreen

assay was applied on days 0, 1, 4 and 7, results shown on Fig.4.12.

PicoGreen results showed significantly increased fluorescence intensity with increasing cell
number from days 0-4 (p<0.0001). However, day 7 results show oversaturation from 10,000
cell/cm?initial cell seeding density and greater. Correlation analysis of this data showed that
at days 0, 1, 4 and 7 the r values were 0.99, 0.97, 0.89, 0.57, indicating that the correlation

drops off as the plateau forms at day 7.
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Figure 4.12: PicoGreen standard curves over 7 days culture period. PicoGreen standard curve
shows increase in fluorescence intensity with increased cell number until day 7. By day 7
>10,000 cell/cm? initial cell seeding showed oversaturation which also states that those

samples have same number of cells on the wells, (n=8).

From these experiments the optimized A549 cell seeding number was determined to be

2000 cells per scaffold in order to not oversaturate cell metabolic assays and to achieve an
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accurate measure of cell culture and proliferation rate on Surgispon scaffolds. These

Surgispon scaffolds were vapour crosslinked (VCL) for 24 hours as optimised in Chapter 3.
4.4.6 A549 cell culture on scaffolds

A549 cells were cultured on Surgispon scaffolds in 48 well plates, and brightfield images of
cells seeded on these scaffolds were taken in order to perform preliminary investigations of
cell attachment at days 7, 14 and 21 (Fig.4.13). 960 cells/cm?3 (60,000 cells per scaffolds) were
seeded onto each scaffold. Brightfield images showed A549 cell attachment and growth on

scaffolds at all three time points.

20x magnification Zoomed insert 4x Live/Dead

Figure 4.13: A549 cell culture on Surgispon scaffolds. Brightfield images of A549 cells on

Cell seeded scaffold (day 21)

Acellular scaffold

scaffolds were taken after 21 days of culture at different magnifications, and compared with
acellular scaffolds. Fluorescent LIVE/DEAD stain is also used, green indicates live cells but is

also subject to autofluorescence.
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Brightfield images were also taken of A549 cells on the TCP well plate underneath and near
the scaffolds to determine whether A549 cells continued to grow on TCP after being seeded
onto the scaffold (Fig.4.14). Cell growth under the scaffolds on the TCP was observed, which
suggests cell migration from scaffolds or a lack of attachment during the initial seeding stage.
Based on this population of cells growing under scaffolds, for accurate cell culture analysis
scaffolds were always moved to new wells before applying assays, to ensure that only cells

attached to scaffolds were being analysed.

Figure 4.14: A549 cell culture on 2D TCP. Image shows cells on TCP, these cells grew
underneath a scaffold for 7 days of culture, and the scaffold was removed prior to taking the

image for clarity.
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4.4.7 A549 cell metabolic activity

The alamarBlue cell metabolic activity assay was applied to scaffolds seeded with either 2000
or 60,000 A549 cells (32 vs 960 cells/mm? respectively) in order to investigate cell growth on

scaffolds over a 21 day period (Fig.4.15).

For scaffolds seeded with 2000 cells, the cell proliferation over time had a significant effect
on the fluorescence intensity, with both the 7-14 and 14-21 increases in fluorescence intensity
being significant (p<0.0001). These increases indicate that A549 cells attached, metabolised

and proliferated on uncoated VCL Surgispon scaffolds.

Scaffolds seeded with 60,000 cells showed a significant change in fluorescence intensity from
days 7-14 (p<0.001) due to cell proliferation, but the change from days 14-21 was not

significant (p: 0.27) due to alamarBlue™ saturation by day 14 due to cell proliferation.

These experiments show that for scaffolds, 2000 cells should be the initial cell seeding number

in order for alamarBlue to measure cell metabolism over longer cell culture experiments.
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Figure 4.15: Metabolic activity of A549 cells seeded onto scaffolds Cell metabolic activity
was monitored by measuring with alamarBlue assay over a 21 day period. Significiance is
displayed with regards to the previous data point (14 compared to 7, 21 compared to 14). *:
p<0.0001, **: p<0.001, (n=4).

4.4.8 Effect of scaffold chemical coating on A549 cell culture.

Surgispon scaffolds were coated either 10 pg/ml collagen type | (COL), fibronectin (FIB) or
collagen and fibronectin (COL+FIB) solution to investigate the effect of scaffold coating on cell

attachment.

In order to determine the success of the coating protocol and the binding of chemicals to the
Surgispon, scaffolds were weighed after coating with 100 pg/ml solution (as 10 pg/ml change
was too small to observe with scales) and compared to an uncoated control, in order to

demonstrate a weight gain after coating. This data is shown in Fig. 4.16.
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Figure 4.16: Scaffold weight after chemical coating. Scaffolds coated with 100 ug/ml collagen
type |, fibronectin, or both, are compared in weight to an uncoated scaffold. Significance is

shown compared to the uncoated control, *: p<0.0001

Cell attachment on the coated scaffolds was compared to cell attachment on uncoated
control scaffolds to determine the effect of coating. 2000 A549 cells (32 cells/mm?3) were
seeded onto each scaffold and cultured for up to 21 days. alamarBlue and PicoGreen assays

were applied to samples on days 7, 14 and 21, as seen in Figure.4.16.

Both assays significantly increased in fluorescence intensity from days 7-14 and 14-21 due to
A549 proliferation (p<0.0001 for all cases). There was no significant effect of chemical coating
on either alamarBlue or PicoGreen results (p>0.05), COL, FIB and COL+FIB scaffolds did not
have significantly different assay results when compared to uncoated scaffolds (p: 0.12 for

alamarBlue, p: 0.19 for PicoGreen).
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Figure 4.17: The effect of chemical coating on A549 cells cultured on Surgispon scaffolds.
Scaffolds were coated with either collagen type | (COL), fibronectin (FIB), collagen and
fibronectin solution (COL+FIB) or uncoated. Assays were applied on day 7, day 14 and day 21.
(n=9).

4.4.9 Fluorescent imaging of scaffolds and A549 cell culture

Uncoated acellular Surgispon scaffolds were imaged in the blue, green and red fluorescent

channels on a fluorescence microscope, and demonstrated autofluorescence in every
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emission channel, as seen in Figure 4.17. This natural autofluorescence of Surgispon gelatine
sponges is a limiting factor for fluorescent imaging as it generates substantial image
background and could interfere with signal from cells, this should be taken into account for

future fluorescence imaging of any condition (coating, presence of cells) on these scaffolds.

Empty scaffolds

Blue
4X/10X

Red
4X/10X

Figure 4.18: Fluorescent imaging of uncoated, acellular Surgispon scaffolds. These scaffolds
were not stained with any fluorescent markers, all fluorescence observed is from gelatine

autofluorescence.

The same scaffolds from Figure 4.17 were also fluorescently imaged using DAPI and the
LIVE/DEAD fluorescent viability assay. Acellular uncoated scaffolds were imaged in the blue
(DAPI, 358ex/461em nm), green (calcein AM live, 494¢x/517em nm) and red (ethidium
homodimer dead, 528ex/617e.m NmM) spectra. DAPI images are shown in Figure 4.18, with

LIVE/DEAD images shown in Figure 4.19.
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Day 7 DAPI and LIVE/DEAD images showed cells attached to scaffolds, with increased cell
numbers observed by day 21. Across all chemical coatings, attachment was observed, this is
supported by A549 cell proliferation as shown in alamarBlue and PicoGreen graphs from the
previous experiment with these same scaffolds (see Figure 4.16). No cells were noted in the
red DEAD channel, potentially due to dead cells detaching from the scaffold and not being

available for imaging, or due to more intense autofluorescence in the red channel.
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DAY 21

Acellular scaffold

Collagen Coated Scaffold Fibronectin Coated Scaffold

Collagen and Fibronectin Coated Scaffold No Coating Scaffold

Figure 4.19: Monochrome images of Surgispon scaffolds seeded with A549 cells and labelled
with DAPI. Scaffolds were coated with COL, FIB, COL+FIB or uncoated, and imaged with DAPI

stain. Cells can be observed growing on the scaffolds across all conditions.
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Figure 4.20: Images of Surgispon scaffolds seeded with A549 cells and labelled with
LIVE/DEAD assay. Scaffolds were coated with COL, FIB, COL+FIB or uncoated, and imaged

using LIVE/DEAD stains. Cells can be observed growing on the scaffolds across all conditions.
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4.4.10 35FLH fibroblast cell culture on scaffolds

As well as epithelial cells, fibroblasts were also tested with Surgispon scaffolds. 2000 35FLH
cells were seeded onto coated and uncoated Surgispon scaffolds, an initial cell density of
32 cells/mm?3, (see 4.3.7) and cultured for up to 21 days. alamarBlue and PicoGreen assays

were applied to samples on day 7, 14 and 21 (Fig.4.20).

Similarly to results from A529 cells (Fig.4.16), there were significant increases in fluorescent
intensity due to cell proliferation from days 7-14 and 14-21 (p<0.0001). Also similarly to A549
results, there was no significant effect of chemical coating on either alamarBlue or PicoGreen
results: COL, FIB and COL+FIB scaffolds did not have significantly different assay results when

compared to uncoated scaffolds (p: 0.66 for alamarBlue, p: 0.34 for PicoGreen).
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Figure 4.21: The effect of chemical coating on 35FLH cells cultured on Surgispon scaffolds.

Scaffolds were coated with either collagen type | (COL), fibronectin (FIB), collagen and

fibronectin solution (COL+FIB) or uncoated. Assays were applied on day 7, day 14 and day 21.

(n=9).
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Surgispon scaffolds were seeded with 2000 35FLH cells (an initial cell density of 32 cells/mm?3)

and were fluorescently imaged with DAPI and LIVE/DEAD as seen in Figures 4.21 and 4.22.

Day 7 DAPI and LIVE/DEAD images showed cell attachment on scaffolds from all conditions.
Day 21 DAPI and LIVE/DEAD images showed more cells attached to scaffolds than day 7
whether scaffolds were coated or not, this all supports 35FLH cell proliferation as shown in
alamarBlue and PicoGreen results (Fig.4.20). These experiments have demonstrated
successful epithelial and fibroblast cell attachment and proliferation on scaffolds, and both
showed that there is no significant difference between coating types or between coated

scaffolds and uncoated scaffolds.
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Collagen Coated Scaffold Fibronectin Coated Scaffold
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Figure 4.22: Monochrome images of Surgispon scaffolds seeded with 35FLH cells and
labelled with DAPI. Scaffolds were coated with COL, FIB, COL+FIB or uncoated, and imaged

with DAPI stain. Cells can be observed growing on the scaffolds across all conditions.
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Figure 4.23: Images of Surgispon scaffolds seeded with 35FLH cells and labelled with
LIVE/DEAD assay. Scaffolds were coated with COL, FIB, COL+FIB or uncoated, and imaged

using LIVE/DEAD stains. Cells can be observed growing on the scaffolds across all conditions.

Based on these experiments, it was clear that chemical coating of the Surgispon scaffolds with

collagen type |, fibronectin, or a combination of the two, had no significant effect when
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compared to an uncoated scaffold. Having optimised the chemical coating, future

experimentation was performed on uncoated scaffolds.

4.4.11 Deactivating 35FLH fibroblast cells

Before co-culturing epithelial (A549) and fibroblast (35FLH) cells, fibroblast cells were
deactivated with mitomycin C as described in section 2.1.5. Fibroblasts were deactivated
(halting of proliferation) in order to create a feeder layer for epithelial cells. The feeder layer
is used to increase epithelial cell attachment and proliferation, as well as increasing the
similarity to the in vivo lung microstructure where basal layers are present (Dale et al., 2019;

Hynds et al., 2018).

Deactivating fibroblasts is necessary in order to maintain cultures over a long period of time,
with deactivation halting proliferation without impairing the ability of fibroblast to produce
ECM and act as a feeder layer and support epithelial cell growth. Without deactivation, excess
proliferation would lead to overcrowding and apoptotic cell death (Hegab et al., 2015). The
method of deactivation was use of the antibiotic mitomycin C, as this is a proven, reliable and
economical method. An alternative would have been the use of x-ray or gamma irradiation,

but we did not have access to these sources (Jiang et al., 2016).

Deactivated 35FLH (D-35FLH) cells were seeded onto TCP (60,000 cells/cm?) and cultured up
to 7 days. alamarBlue and PicoGreen assays were applied on samples on days 0, 1, 4 and 7
and untreated 35FLH cells were used as a control. While 35FLH cells showed increased
metabolic activity over time, D-35FLH cells showed no change in either alamarBlue or

PicoGreen assays, which confirmed the mitomycin C deactivation process (Fig.4.23).
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It is clear that deactivation has a significant effect on proliferation of 35FLH cells (p<0.0001
for alamarBlue and PicoGreen). At days 1, 4 and 7 there is significantly more cell proliferation

in 35FLH cultures than D-35FLH cultures, for both alamarBlue or PicoGreen.
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Figure 4.24: Metabolic analysis of 35FLH and D-35FLH cells. alamarBlue and PicoGreen assays
were applied on samples to investigate the cell proliferation of active and deactivated cells.
Both alamarBlue and PicoGreen assays showed increased activity with 35FLH cells and none

with D-35FLH. p < 0.0001 (*), (n=4).

Brightfield and fluorescent images of D-35FLH showed similar cell concentrations both on day
1 and day 7 (Fig.4.24). LIVE/DEAD images of D-35FLH and 35FLH showed that D-35FLH cells
were alive and but did not proliferate, unlike 35FLH cells. Both imaging and metabolic assays

showed no increased cell number for D-35FLH.
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Figure 4.25: DAPI Imaging D-35FLH cells. Brightfield images of D-35FLH cells on day 1 and day
7 did not show cell proliferation on wells. DAPI images also did not show difference between

day 1 and day7. Red arrowheads indicate the locations of cells.
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Day 7
D-35FL 35FL

Figure 4.26: LIVE/DEAD imaging of D-35FLH cells and 35FLH cells. Live images of D-35 FL
showed that deactivated cells did not proliferate meanwhile 35FLH cells proliferated and
became confluent on the wells. Magnified insert contains 15 cells for D35FLH vs 100 cells for

35FLH.

4.4.12 Co-culture of A549 and D-35FLH cells on scaffold

A549 cells and D-35FLH cells were co-cultured on uncoated scaffolds. A549 cells, 35FLH cells
and D-35FLH cells were also separately seeded onto additional uncoated scaffolds for control.

alamarBlue and PicoGreen assays were applied to samples on days 7, 14 and 21 (Fig.4.26).

Firstly, A549, 35FLH and A549 from co-cultures all significantly increased in fluorescence
intensity from days 7-14 and 14-21 for either alamarBlue or PicoGreen (p<0.001 for all
comparisons). D-35FLH did not significantly increase at any stage (p>0.9 for both), showing

that the deactivation protocol was successful.

Secondly, for alamarBlue results, co-culturing the cells had a significant effect on the cell
proliferation over time (p<0.0001), with A549 + D-35FLH co-cultures having a significantly

greater cell proliferation for days 7, 14 and 21 compared to other conditions. A549 also had
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significantly greater proliferation over time compared to 35FLH (p<0.001) from alamarBlue

results.

Lastly, for PicoGreen, conditions containing A549 cells (A549 and A549+D-35FLH) had
significantly greater cell proliferation than 35-FLH cells (p<0.001). However, there was no
significant difference between the cell proliferation of A549 and the co-culture A549+D-35FLH

from PicoGreen results of days 14-21 (p>0.05).

A549 cells on uncoated scaffolds showed similar results to section 4.3.7 and 35FLH cells

showed similar results to section 4.3.8 as expected.
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Figure 4.27: Viability analysis of cultures and co-cultures on uncoated Surgispon scaffolds.
Single cell type cultures of A549 cells, 35FLH cells and D-35FLH cells on uncoated scaffolds

were used as control. *: p<0.001, n=6.

D-35FLH cells were labelled with CellTracker Blue CMAC Dye, which penetrates the
membrane and is converted to a membrane-impermanent fluorescent probe inside the cell.
The process of conversion is detailed in 4.3.11. These labelled cells were seeded onto a

scaffold for co-culture with A549 cells. After 21 days co-culture, the LIVE/DEAD assay was
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applied to samples, with the blue fluorescent channel used to localise and track D-35FLH

samples (Fig.4.28).

Fluorescence images show D-35FLH cells in blue and viable, proliferating A549 cells in green.

Tracking the deactivated cells in this manner shows that fibroblast and epithelial cells are

localised and attached together on the scaffolds, as they are in the alveoli.

D-35FL cells (4X)

Co-culture (4X)

Co-culture (20X)

Figure 4.28: Tracking D-35FLH in co-cultures on scaffolds. Blue fluorescence shows D-35FLH,

green fluorescence from LIVE/DEAD shows A549. Both cells can be seen attached around the

perimeter and localised to each other. Red arrowheads indicate the locations of A549 cells

and white arrowheads indicate the location of D-35FLH cells. Scale bars shown.
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4.5 Discussion

In this chapter Surgispon scaffolds were shown to support the culture of human lung epithelial
(A549) and lung fibroblast (35FLH) cell lines, both separate and together as co-cultures. These
cells attach to scaffolds and proliferate over the long term (up to 21 days), and are shown to
remain viable throughout (Figs 4.15, 4.18, 4.19, 4.21, 4.22, 4.26, 4.28). This is an important
step for Surgispon as a scaffold as part of a cell-based approach for lung tissue engineering.
Deactivated fibroblasts (D-35FLH) had an effect on the metabolic activity and proliferation of
epithelial cells in co-culture. For epithelial and fibroblast co-culture, fibroblasts were
deactivated in order to halt their proliferation (the fibroblasts are rendered mitotically
inactive) and create a feeder layer for epithelial cells. The feeder layer is used to increase
epithelial cell attachment and proliferation, as well as increasing the similarity to the in vivo
lung microstructure where basal layers are present (Dale et al., 2019; Hynds et al., 2018).
Deactivating fibroblasts is necessary in order to maintain cultures over a long period of time,
with deactivation halting proliferation without impairing the ability of fibroblast to produce
ECM and act as a feeder layer and support epithelial cell growth. Without deactivation, excess

proliferation would lead to overcrowding and apoptotic cell death (Hegab et al., 2015).

The addition of a feeder layer of D-35FLH cells affected the proliferation of A549 cells, this
may be due to fibroblasts producing extracellular matrix (ECM) proteins and creating a better
microenvironment for the lung epithelial cells. This could be investigated in more detail with
additional experiments imaging scaffolds with EM before and after fibroblast seeding to
observe any protein deposition. Scaffold mechanical properties after fibroblast culture could

also be investigated, looking at stiffness and elasticity through the Young’s modulus.
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This model is also a better mimic of the in vivo alveoli (seen in Fig.4.2), which features co-
localization of both fibroblasts and epithelial cells, as shown in Figure 4.28. Cell analysis assays
alamarBlue and PicoGreen have successfully been applied to 3D cell cultures on scaffolds but

required optimisation in order to be effective over the long term (Figs.4.5-4.12).

Fluorescent assays such as LIVE/DEAD, Vybrant cell tracker or DAPI labelling can be effective
but are limited due to the native Surgispon autofluorescence in most channels (Fig.4.17). This
autofluorescence is an issue across most visible wavelengths, with collagen exhibiting
fluorescence from approximately 370-700 nm (Yova et al., 2001), most of the visible spectrum
and covering all fluorescent dyes used in this project, from DAPI to LIVE/DEAD. There are
some potential solutions to lessen the effects of autofluorescence, including: using a
fluorophore beyond 700 nm in wavelength such as a far red/infrared probe such as Cy5/Cy7,
bleaching the scaffold of autofluorescence using long exposures to a high powered light
source (ideally a laser), or using non-fluorescent imaging such as brightfield or EM. The most
feasible solution would be to test with some far-red dyes for future experiments. Bleaching
scaffolds would require regular and long-term access to a high-powered light source for every
scaffold experiment, there is limited access to these both in terms of power and booking time,
and it may affect the structure of the scaffold. The last option of EM is also limited in terms
of access, brightfield imaging was done but lacked contrast, it would be useful to try phase-
contrast imaging in order to introduce contrast and avoid fluorescence. However, both EM
and brightfield would be challenging to use with fluorescent probes in order to characterise
live cells and look at specific proteins, but could at least observe morphology and compare

different experimental conditions.
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As a gelatine sponge, Surgispon did not require any chemical coating in order to be effective
as a 3D cell culture scaffold, this is another advantage for Surgispon as little processing is
needed to prepare them for experimentation with cells. Surgispon is composed of gelatin,
which is derived from collagen. With collagen being the most abundant protein in ECM,
Surgispon already presents an ECM-like microenvironment to cells. By coating with additional
ECM proteins such as fibronectin and elastin the biological relevance may increase, but
experiments with fibronectin coating did not show any increased in cell viability or
proliferation for A549 or 35FLH cells (Fig.4.16 and Fig.4.20), despite the microenvironment
being closer to in vivo ECM. It may be that the presence of collagen has the most effect, it
would be challenging to test these scaffolds in the absence of collagen as they are composed
of gelatin, if a similar non-collagen-based scaffold could be identified it would work well to
test how the presence of collagen in native Surgispon assists cell attachment, viability and

proliferation.

The alamarBlue cell metabolic activity assay was chosen to track cell proliferation and viability
through their metabolic activity. This assay is a resazurin base, photosensitive solution that
can quantitatively measure cell viability based on use of the indicator by healthy cells. This
assay has been used to determine cell viability for many cell types, but it requires optimising

for each application and cell model (Rampersad, 2012).

The initial alamarBlue standard curve in Figure.4.5 showed strong linear correlation from 0 to
90,000 cells/cm?, indicating increased cell metabolic activity in association with increased cell
number. However, when the cell number was higher than 90,000 cells/cm?, the alamarBlue
assay reached a plateau due to equalised reduction level of resazurin. Resazurin reduction

increases with increased cell metabolic activity, which can increase with increased cell
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number (Borra et al., 2009). When the same experiment was repeated after culturing cells for
a day, the alamarBlue assay reached plateau with an initial cell seeding number of
45,000 cells/cm?, even lower than the previous result (Fig.4.6). This shows that the cell
number increased due to overnight proliferation, and the standard curve plateaued
(saturated) even earlier. If this occurred after just one day, cell culture experiments over
several weeks would most likely only show saturated results, limiting the use of the assay in

displaying how cells have proliferated on the scaffold.

With a smaller initial cell seeding density, the alamarBlue standard curve showed increased
metabolic activity strongly correlating with increased cell number at day 0 (r:0.99, Fig.4.7).
However, when these samples were cultured, the graphs started to plateau by day 3, and by
on day 7 a plateau had been reached for all samples. Due to this oversaturation, results
indicate that to be able to assess cell proliferation in cultures that have been cultured for
longer than 7 days, it will be necessary to optimise the initial cell seeding number and the

alamarBlue™ incubation time (Al-Nasiry et al., 2007).

alamarBlue is a non-toxic solution for cells even with a long incubation time. However,
increased incubation time allows cells to reduce resazurin to highly fluorescent resorufin
(Mikus and Steverding, 2000). When 1000-60,000 cells/cm? were seeded onto TCP and
cultured for 7 days, 3 hour alamarBlue incubation time still showed oversaturation due to cell
proliferation. However, when this incubation time was reduced, the level of saturation
changed. However, as this was done at day 7, most results were oversaturated and had low
linear associations. Based on the cell number and incubation time optimization, 2000 cells

was chosen as the initial seeding number for scaffolds in order to investigate cell proliferation
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on 3D cell culture over the long term without assay saturation, if the assay was incubated for

1 hour or less.

The MTT cell metabolic assay determines the mitochondrial activity of living cells by the
conversion of MTT into formazan crystals. The MTT assay is broadly used for measuring cell
viability thanks to the correlation between cell population and total cell metabolic activity,
similarly to alamarBlue (Hamid et al., 2004). MTT results showed a similar linear increase in
fluorescence intensity with increased cell number during early days of cell culture, but MTT
reached a plateau on day 1, earlier than alamarBlue. Detached but not fragmented cells would
continue transforming MTT to formazan which would result in false positives and
overestimation. It is suggested that both alamarBlue and MTT assays are effective to measure
cell viability (Hamid et al., 2004), but based on these results, the alamarBlue assay was chosen
to determine cell proliferation on scaffolds. Another reason the MTT assay was not desirable
was the fact that the formazan crystals need to be dissolved in a strong organic solvent,
DMSO, in order to take the fluorescence reading. DMSO is highly cytotoxic and not suitable
for repeated use, unlike the alamarBlue assay which does not affect cell viability when
applied. The alamarBlue assay is simple, rapid, efficient, reliable, sensitive, safe and cost-

effective cell viability assay (O’Brien et al., 2000).

PicoGreen™ is a very sensitive double stranded DNA (dsDNA) quantification assay that can
detect as little as 25 pg/ml of dsDNA in the presence of single stranded DNA (ssDNA), RNA,
and free nucleotides (lkeda et al., 2009). When cell proliferation was assessed with the
alamarBlue assay, it is possible to compare the results with DNA quantification assays such as
PicoGreen (Quent et al., 2010). Before cell cultures reached confluency on day 4, PicoGreen

results showed increased dsDNA quantity with increased initial cell seeding density, based on
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these results the PicoGreen assay was chosen for study of cell proliferation on scaffolds as
well as the alamarBlue assays. Using two assays that complement each other allows for more

robust data and tracking of cell proliferation and viability.

While cell culture is commonly done on 2D surfaces, it gives insufficient data for direct clinical
applications on 3D samples, such as the complex 3D structure of the alveoli and lung. 3D
scaffolds provide a similar structure to in vivo natural systems (Ravi et al., 2015). In order to
support cell growth on 3D structures, scaffolds must offer a similar surface to native in vivo
ECM (Carletti et al., 2011)). Microscopy and cell assay results together showed that Surgispon
scaffolds support cell growth. However, brightfield images show cells growing on the scaffold
as well as the TCP underneath the scaffold, suggesting possible cell migration from scaffolds
to the plate, or poor initial attachment (Figs.4.13-4.14). This suggested that Surgispon

scaffolds may benefit from a coating that improves cell attachment.

The nature of the Surgispon scaffold surface has an important role for cell attachment,
proliferation and function. Cells are more likely to attach and proliferate on surfaces similar
to extracellular matrix (ECM), and the main protein types in the ECM are fibronectin, collagen
and laminin (Kleinman et al., 1987). Collagens are the major proteins in the lung and create
the base membrane for epithelial and endothelial cells (Lang et al., 1994), with collagen type |
being one of the major types of collagens in lung alveolar wall (Seyer et al., 1976). By coating
the Surgispon scaffolds with collagen and/or fibronectin, improvements in cell attachment
and viability were expected as the microenvironment would be more similar to that of the
lung. However, no significant difference in cell proliferation or metabolic activity was
observed between scaffold coating types or uncoated scaffolds (Figs.4.16 and 4.20).

Surgispon scaffolds are made of pure pharmaceutical gelatine foam. This gelatine is
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hydrolysed collagen, being derived from collagen means Surgispon is itself a good structure
for mimicking the lung microenvironment and the ECM. Gelatine-based scaffolds have been
used as 3D scaffolds for cell culture and supported good cell proliferation (Liand Wang, 2012).
This feature of Surgispon means that additional chemical coatings are unnecessary, and

future experiments involve uncoated scaffolds.

Alveolar fibroblasts produce ECM proteins that supports the lung alveolar structure which is
critical for gas exchange, cell proliferation and metabolic functions (Herzog et al., 2008).
35FLH fibroblasts were successfully cultured on scaffolds for 21 days, with LIVE/DEAD
(Fig.4.22) and DAPI (Fig.4.21) images showing cell attachment, and alamarBlue and PicoGreen
assays showing cell proliferation over time up to 21 days (Fig.4.20). Surgispon scaffolds can

support fibroblast cell growth with or without chemical coating.

Although fibroblast cells produce ECM proteins, when they differentiate to myofibroblasts
these cells are the major contributor to the fibrotic lung disease (Hinz et al., 2007). Fibroblast
cells are therefore deactivated before culturing with epithelial cells in a co-culture that is a
good in vitro mimic of the in vivo alveoli. Deactivation of cells were checked by using
alamarBlue and PicoGreen assays. Both assays showed no increase in cell metabolic activity
nor dsDNA quantity over 7 days (Fig.4.23). Images of samples also showed higher cell
concentration on fibroblast samples then deactivated samples which also confirms
deactivation of fibroblast cells (Fig.4.25). These deactivated cells are now a good feeder layer
for the epithelial cells, the fibroblasts can put down ECM and prepare the scaffold surface

without any risk of fibrosis.

Epithelial cells (type | and type IlI) are the main and major cells in lung alveoli as well as

fibroblast cells for the structure of the alveolus (Pottier et al., 2009). A549 epithelial cells were
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cultured on uncoated Surgispon scaffolds with deactivated 35FLH (D-35FLH) fibroblast cells
for 21 days. The combination of these two cells types represents a rudimentary alveolus. By
combining them and co-localizing on the same scaffold, a better model of the alveoli is
produced in vitro. alamarBlue and PicoGreen graphs showed cell proliferation on scaffolds
while there is no increase for D-35FLH only samples on scaffolds (Fig.4.26). Cell proliferation
was observed for A549 cells or 35FLH cells in separate cultures on scaffolds, as well as for
A549+D-35FLH co-cultures, based on metabolic analysis. Fluorescent imaging also showed

viable cell attachment (Fig.4.28).

When specifically labelling and tracking D-35FLH cells, they were shown to be localized with
A549 cells on the scaffold (Fig.4.28), similarly to the structure of the alveoli in vivo. Interaction
between epithelial cells and fibroblast cell plays a critical role in lung tissues. 3D co-culture
systems represent a more accurate in vivo mimic, demonstrating the architecture of the

alveolus and cell-to-cell communication as well as cell to ECM interaction (Horie et al., 2012).

We have demonstrated that porous Surgispon scaffolds are an excellent candidate material
for lung cell culture, having been shown to support attachment and proliferation of both lung
epithelial and lung fibroblast cell lines, either separately or together in co-cultures. This is
promising for the next stage of primary lung cell culture in order to create a more clinically

relevant model of the alveoli for COPD pre-clinical research.
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5.1 Introduction

5.1.1 Porcine Lung Models

Porcine lung models have been used in many studies and have made a significant contribution
to lung research over the decades. Porcine lung models have been used as disease models to
help increase the understanding of pathogenesis and to develop novel treatment strategies.
For example, Bruun and colleagues studied emphysema using a porcine model, revealing the
role of metalloproteinases in the pathogenesis of emphysema, showing that the porcine
model is comparable to human emphysema patients in both morphology and functionality
(Bruun et al., 2013). Other examples used porcine lung models to study cystic fibrosis (Rogers
et al., 2008), bile aspiration (Porembka et al., 1993) and infection with Pseudomonas

aeruginosa (Harrison et al., 2014).

Porcine lungs are similar in size and anatomy to human lungs, with similarimmunology (Pabst,
2020) and showed that they can be used as successful lung models, particularly for
translational research (Judge et al., 2014; Lu et al. 2020; Ohata and Ott, 2020). Rodents are
not preferred as, unlike pigs, rodents do not have lobe division on the left lung, their lungs
are far smaller, and their respiratory rate is approximately 5x than an adult human (Perinel et
al., 2017). In addition, some disease models showed a higher similarity comparing pigs to
humans than mouse to humans. However, scientific literature related to porcine lungs is still

limited (Judge et al., 2014).

5.1.2 Importance of Cell Attachment

In tissues, cell attachment is important for repair, organisation and maintenance (Khalili and

Ahmad, 2015). Tissue repair is even more important within the perspective of lung disease,
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especially in chronic obstructive pulmonary disease (COPD) and related conditions, as the lung
cells of COPD patients are not able to complete repair functions. The first step of epithelium
repair requires cell migration and proliferation followed by de-differentiation of epithelial

cells, it has been shown that cell attachment and proliferation play a key role in COPD (Perotin

et al,, 2014).
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Figure 5.1: Model systems in life science vs organisations of the body. In life science many
models start with simple 2D monolayer cell culture, then complexity and scale increases while
availability decreases due to the need for tools and biochemical compounds. When compared

to tissue explants, organoid systems can mimic similar cell-cell and cell-matrix interactions.

The lung epithelium has a complex structure with numerous functions and different cell types.
These cells include basal, secretory and ciliated cells in the conducting airways, and type I/II
pneumocytes lining the alveoli. These lung epithelial cells can be cultured in 3D structures and
in the right conditions they can self-organise into structures knows as organoids (Fig 5.1)

(Barkauskas et al., 2017). Recent studies showed that air-liquid interface (ALI) cultures most
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closely resemble the microenvironment of the in vivo lung epithelia (Fig 5.2) (Pezzulo et al.,

2010).
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Figure 5.2: Models for respiratory research. Some available respiratory models are shown,
increasing in cost, complexity and relevance from left to right. Models range from 2D cell

culture of one cell type to full in vivo animal models and ex vivo organs.

5.1.3 Decellularised Lung Tissue

Decellularised tissues present an opportunity to perform more research into ex vivo organ
generation and in vitro lung extracellular matrix (ECM), particularly cell-ECM interactions
(Wagner et al., 2014). Decellularised tissues can be used as an implantable organ graft that
can be transplanted via surgeries in rodent models. Using decellularised tissues as an
implantable acellular scaffold can increase the potential number of treatments for end stage
lung disease. Unfortunately, lung transplantation is still the only potential cure for end-stage
lung diseases patients, and this option is very limited due to organ shortage (Zhou et al.,
2018). Increased research into ex vivo lung models and 3D lung tissue engineering can result

in many benefits for COPD patients and those who need transplants.
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The ECM plays an important role for cell attachment, proliferation and differentiation. After
decellularisation of a tissue, the ECM is the main structure remaining and has a crucial effect
on the recellularisation process (Brown and Badylak, 2014). The decellularisation process can
be very harsh for the ECM due to the use of detergent, and this process can result in poor
decellularised tissues that can have negative outcomes when attempting to culture cells on
them, such as reduced cell attachment, increased cell death and increased inflammation
(Reing et al., 2010). Successful decellularisation would allow for cell attachment and
proliferation on decellularised tissues (Balestrini et al., 2015), resulting in recellularised

tissues that can be powerful models for the lung.

Successful decellularisation of small lung segments or slices has been successfully established
(Bonvillain et al., 2012). Alongside this, recellularisation of decellularised lung tissues with
epithelial and endothelial cells has shown that it is possible to achieve bioengineered lungs
that are capable of gas exchange in rodents (Petersen et al., 2010b), this is a huge opportunity
for lung tissue engineering research. Scaling this work to human cells and grafts is the next
important step for clinically relevant studies. Using porcine lungs represents a great chance
to increase our knowledge in this area and to create human-like lung models, due to porcine

lung tissue having such anatomical similarity to human lungs.

Some research has used acellular ECM-like scaffolds that can act as a tissue-specific template
and help constructive remodelling of the lung (Brown and Badylak, 2014). Tissue-specific 3D
scaffolds are capable of control and directing cell migration in order to help cell organisation
(Ovsianikov et al., 2010). Cell migration has an important role in lung injuries as the epithelium
must be repaired to restore lung function (Lesur et al., 1996). As well as repair, airway

epithelial cell migration is responsible of lung development and growth. Several lung diseases

181



such as COPD, characterised with absent of repair of damaged respiratory tissue, lowered

epithelial migration to the site (Xiao et al., 2012).

As previous chapter results have shown, 3D porous gelatine sponge Surgispon® can provide a
3D scaffold that is suitable for cell culture and contains pores that can mimic the structure of
alveoli. This cell culture was performed on epithelial and fibroblast human lung cell lines, in
order to establish a more biologically relevant model, human lung primary cells would be a
desirable cell type to culture on our scaffold, but due to the lack of human tissue and the
previously explained similarity between porcine and human lung anatomy and functionality,

porcine lung primary cells are a suitable substitute.

In this chapter, primary porcine lung cells are cultured on 3D Surgispon scaffolds in order to
establish an alveolar model. These scaffolds are also used in combination with decellularised
primary porcine lung tissue, in order to study migration and the use of Surgispon as a

transplant in vivo, as a platform for lung tissue engineering.

5.2 Aim

The aim of this chapter was to investigate 3D cell culture of primary porcine lung epithelial
and fibroblast cells on Surgispon scaffolds and decellularised porcine lung tissue. Migration of
lung cells from scaffolds to tissue and vice versa was also tested to determine Surgispon

scaffold suitability for in vivo studies.

5.3 Method

The diagram of the experiment is summarised in Schematic 5.1 and all materials and methods

are described in full in Chapter 2.
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Schematic 5.1: A schematic to show the flow of experimental design for chapter 5. Porcine
lung primary cells and decellularised porcine lung tissue is used in combination with Surgispon
scaffolds in order to study 3D cell culture on different materials and migration between these

materials.

5.3.1 Primary porcine lung cell culture on scaffolds

Porcine lungs were dissected and processed as described in section 2.6.1 in order to isolate
lung distal airway cells, these cells were cultured in specific conditions in order to isolate
porcine lung epithelial cells (PLECs) or porcine lung fibroblasts (PLFs). For PLECs, the cell
suspension was seeded onto collagen coated (10 pg/cm?) T75 flasks and cultured with cFAD+
media to confluency (as described in section 2.6). For PLFs, cell suspension was seeded into
uncoated T75s and cultured with DMEM+. A high antibiotic (50 ml ready media, 50 ul
gentamycin, and 50 ul ciprofloxacin) concentration was used in all media until cells were

passaged up to three times in order to prevent any possible contamination.
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For all Surgispon scaffold culture experiments, cells with passage numbers 3-6 were used.
Cells were trypsinised as described in section 2.1.1 and prepared for seeding onto uncoated
scaffolds. 2000 cells were seeded onto each scaffold at an initial seeding density of 32
cells/mm?3 as described in section 4.3.6 and cultured in 48 well plates up to 21 days. To
determine primary cell growth and viability on scaffolds, alamarBlue™, PicoGreen™,
LIVE/DEAD and DAPI assays were applied on as described in section 2.2. Scaffolds were
carefully moved to sterile 48 well plates using sterile tweezers. alamarBlue and PicoGreen
assays were applied to samples on days 7, 14 and 21. LIVE/DEAD and DAPI assays were applied

to samples on days 7 and 21 to confirm cell viability and proliferation.

5.3.2 Deactivating porcine lung fibroblasts

When PLFs reached 80% confluency in T75 flasks, cells were deactivated using mitomycin C
as described in section 2.1.5. Deactivated PLFs (D-PLFs) were trypsinised and 2000 cells/cm?
were and seeded onto 48-well plates. Cells were cultured up to 7 days and alamarBlue and
PicoGreen assays were applied on days 0, 1, 4 and 7 to investigate the deactivation process.
The same density of active PLF cells were used as a control. LIVE/DEAD cell viability staining
was applied to both D-PLF and PLF samples on day 1 and 7 to observe the difference in cell

numbers between D-PLF and PLF cells over time.

5.3.3 Differentiation of primary lung epithelial cells

D-PLFs and PLECs were seeded onto scaffolds coated with 40% Matrigel® as described in
section 2.6.2, based on the sphere culture differentiation protocol from StemCell
technologies which uses PneumaCult-ALl medium (STEMCELL Technologies, 2019). As well as

using PneumacCult-ALI medium, we also used our in-house medium cFAD (Dale et al., 2019b)
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to determine if it would also support cell growth and differentiation. The following

supplements were used:

Table 5.1: Different media used for PLEC differentiation.

Name of media Contents (further described in section 2.1)

CFAD+ CFAD media with ROCK inhibitor (1 pg/ml) added fresh.

CFAD+++ CFAD media with ROCK inhibitor (1 ug/ml), FGF (0.05 ug/ml), HGF (0.03
ug/ml) and EGF (10 ng/ml) added fresh.

Pneumacult+ Pneumacult-ALlI media with hydrocortisone (0.32 pl/ml) and heparin
(2 pl/ml) added fresh.

Pneumacult +++ | Pneumacult-ALI media with hydrocortisone (0.32 ul/ml), heparin (2
pl/ml), FGF (0.05 ug/ml), HGF (0.03 ug/ml) and EGF (10 ng/ml) added
fresh.

ROCK inhibitor was added to CFAD to promote epithelial growth based on work in (Dale et al.,
2019b), and hydrocortisone/heparin were added to Pneumacult media in line with the
protocol from StemCell. Growth factor supplements HGF, EGF and FGF were added based on
work by our collaborators in China, (Wang et al., 2019)). All samples were cultured for 14 days

and the morphology of cells were observed using brightfield microscopy.

5.3.4 Immunohistochemical staining

PLECs and D-PLFs were co-cultured on 40% Matrigel coated scaffolds and cultured in cFAD+
media for 21 days. After 21 days samples were fixed with 10% formalin solution (approx.
4% formaldehyde) overnight and washed with PBS. Washed samples were first imaged under
a brightfield microscope and then stained with DAPI and imaged with a fluorescence

microscope.

To characterise each cell type, PLECs were stained with antibodies for pan-Cytokeratin and

PLFs were stained with antibodies for vimentin. In order to confirm the presence of stem cells,
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antibodies for p63 were used as a keratinocyte stem cell marker. To determine the
differentiation of cells on scaffolds, samples were stained with podoplanin (AT1 marker), anti-
prosurfactant protein C (SPC) (AT2 marker) and mucin 5AC (ciliated cell marker). Details of
primary and secondary antibodies and dilutions are given in table 5.1. All of the stainings were

accompanied with DAPI (section 2.2).

Table 5.2 Primary and secondary antibodies and dilutions for immunocytochemical staining

Primary Antibody Secondary Dilution for primary | Dilution for secondary

Pan Cytokeratin Mouse Mono - 1:100 1:250

Alexa Fluor 594

Vimentin Rabbit Mono - 1:100 1:500

Alexa Fluor 488

Podoplanin Rabbit Mono - 1:100 1:250

Alexa Fluor 488

SPC Rabbit Mono - 1:100 1:500

Alexa Fluor 488

p63 Rabbit Mono - 1:300 1:300

Alexa Fluor 488

Mucin 5AC Mouse Mono — 1:100 1:500

Alexa Fluor 594
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5.3.5 Decellularisation of lung tissue

Porcine lungs were sliced and decellularised as described in section 2.7. Decellularised tissues
were stained with DAPI to investigate for any possible residual nuclei or cells. Sliced lung
samples were also fixed and stained with DAPI as described in section 2.3.1 and used as a

control group. DAPI stained samples were imaged with a fluorescence microscope.

After DAPI staining, decellularised tissues were prepared for DNA analysis by using DNeasy
blood and tissue kit as described in section 2.2.6. DNeasy was used to extract DNA from
samples. Extracted DNA solutions were quantified with a NanoDrop™ spectrophotometer as
described in section 2.2.7. As well measuring DNA quantity with the NanoDrop, samples were
also prepared for PicoGreen DNA assay with proteinase K digestion of samples as described

in section 2.2.3.

5.3.6 Recellularisation of decellularised lung tissues

Decellularised lung tissues slices were prepared for recellularisation by washing with PBS
three times and cut to create pieces with a 1 cm? surface area. Decellularised lung tissues
were reseeded with either A549 cells or PLECs to investigate the structure of decellularised

tissue structure.

Cells were fluorescently tagged with Vybrant™ multicolour cell-labelling kit as described in
section 2.3.2. A549 cells were stained with red and primary porcine lung epithelial cells were
stained with green fluorescence before seeding onto decellularised tissues. Cells were
prepared for cell culture as described in section 2.1 and 100,000 cells were seeded onto each
decellularised tissue sample with 20 pl of the appropriate media. After cell seeding all samples

were incubated in cell culture incubator for 2 hours before adding 200 ul of appropriate cell
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culture media. Samples were cultured for 3 days and imaged with a fluorescence microscope
to investigate cell attachment. Fixed and DAPI stained lung tissue slices were used as a

control.

5.3.7 Cell migration in decellularised lung tissue

A549/35FLH cell lines or PLF/PLEC primary cells were prepared and 30,000 cells were seeded
either onto uncoated scaffolds (initial seeding density of 480 cells/mm?3) or decellularised lung
tissue pieces (initial seeding density of 30,000 cells/cm?) as described in section 2.1. Cells

were cultured for 7 days to investigate cell migration.

Scaffolds and decellularised lung tissues were stained with LIVE/DEAD and imaged with a
fluorescence microscope to investigate cell viability, attachment onto scaffolds/decellularised
tissue and migration to/from scaffolds/decellularised lung tissue. PicoGreen was applied to
scaffolds (cells seeded onto), decellularised tissue (scaffolds with cells cultured on).
recellularised tissue (cells seeded onto) and empty scaffolds (cultured on recellularised tissue)
as described in section 2.2.4. The format of the migration assay experiments is highlighted in

Schematic 5.2.
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Schematic 5.2: Viability and proliferation analysis of PLECs cultured on uncoated scaffolds.
Both graphs showed significant increases in assay results from days 7-14 and 14-21, as shown

by asterisks, (*): p< 0.05, n=7.

Cells seeded onto scaffolds/standard lung tissue cultured alone in 48 well plates were used
as positive controls while decellularised tissue and sterile uncoated scaffolds were used as
negative controls. As well as PicoGreen, samples were also treated DNeasy Blood and Tissue
Kit as described in section 2.2.6 and DNA quantity measure by using NanoDrop as in section

2.2.7.
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5.3.8 Primary cell co-culture migration

D-PLFs were stained with Vybrant for green fluorescence as described in section 2.3.2 and
30,000 cells were seeded onto either scaffolds (initial seeding density of 480 cells/mm3) or
decellularised lung tissue pieces (initial seeding density of 30,000 cells/cm?). Before PLECs
were seeded onto samples, PLECs were stained with Vybrant for red fluorescence as
described in section 2.3.2, and 30,000 PLECS were seeded onto D-PLF scaffolds/tissue pieces.
These Co-culture samples were cultured for 7 days and fluorescence images were taken to
investigate cell migration. PicoGreen and NanoDrop was applied to the same group of

samples as described in section 2.2.4 and 2.2.5.
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5.4 Results

5.4.1 Assessment of PLEC culture on scaffolds

Porcine lung epithelial cells (PLECs) were cultured on uncoated Surgispon scaffolds and the
cells were assessed with alamarBlue and PicoGreen assays, as shown in Figure 5.3. Both
assays showed significantly greater fluorescence intensity over time (p<0.0001 for both), with
a significant increase from days 7-14 and 14-21 (p<0.05 for all), suggesting PLEC attachment

and proliferation on uncoated scaffolds over a 21 day culture period.

PLEC alamarBlue™ PLEC PicoGreen™

S 150001 1500 7
<
2
»
S 100001 1000 %
= I
o * *
c * ==
G 50001 500
[8)
2]
It
o
=}
T 0- 0-

Day 7 Day 14 Day 21 Day 7 Day 14 Day 21

Figure 5.3: Viability and proliferation analysis of PLECs cultured on uncoated scaffolds. Both
graphs showed significant increases in assay results from days 7-14 and 14-21, as shown by

asterisks, (*): p< 0.05, n=7.

LIVE/DEAD and DAPI assays were applied to samples on days 7 and 21 to investigate cell
attachment onto scaffolds and cell viability. Images from these assays are shown in Figure
5.4. All fluorescent channels are subject to autofluorescence from Surgispon, empty scaffolds

were imaged as a control group.
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The images show that the attached cells are viable and proliferated on the scaffolds. No dead
cells were observed, which could indicate either a lack of cell death during culture time or
that dead cells did not remain attached to scaffolds. This indicates that only live cells were
attached to scaffolds and confirms that PicoGreen detected dsDNA from live cells and not

from dead cells on scaffolds.

DAY 7 DAY 21

Acellular

Figure 5.4: Fluorescent image analysis of PLECs cultured on scaffolds. The LIVE/DEAD assay
showed living, attached cells on scaffolds, both on day 7 and 21 with increased cell density by

day 21. Few dead cells were observed. Acellular scaffolds were imaged as a control group.
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5.4.2 Assessment of PLF cell culture on scaffolds

PLFs were cultured onto uncoated scaffolds and assessed with alamarBlue and PicoGreen, as
seen in Figure 5.5. Both results showed significantly greater fluorescence intensity over time
(p<0.0001), with significant increases from day 7-14 and 14-21 (p<0.05 for all cases). Both
results confirm that PLFs attached, were viable and proliferate on uncoated scaffolds over a

21 day culture period.
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Figure 5.5: Viability and proliferation analysis of PLFs cultured on uncoated scaffolds. Both
graphs showed significant increases in assay results from days 7-14 and 14-21, as shown by

asterisks, (*): p< 0.05, n=7.

LIVE/DEAD and DAPI assays were also applied to samples on day 7 and day 21 to investigate
cell attachment onto scaffolds and cell viability. Images from these assays are shown in Figure

5.6.

LIVE/DEAD and DAPI imaging showed cell attachment to scaffolds, these attached cells
stained for LIVE, reinforcing the results received from the previous assays. For DEAD, there

were no dead cells on scaffolds, which could indicate either a lack of cell death during culture
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time or that dead cells did not remain attached to scaffolds. All fluorescent channels are

subject to autofluorescence from Surgispon.

While DAPI stains all the nuclei on scaffolds, when applied with LIVE/DEAD viability assay, it
gives the opportunity to see all the cells on scaffolds. LIVE and DAPI images both showed cells
on scaffolds, these cells are attached and from days 7-21 have proliferated on the scaffolds.
Both alamarBlue and PicoGreen results are supported by LIVE and DAPI images. DEAD images
did not show cells on scaffolds, indicating that only live cells are attached on scaffolds,

confirming that PicoGreen detected DNA from live cells and not from dead cells on scaffolds.

DAY 7 DAY 21

Acellular

Figure 5.6: Fluorescent image analysis of PLFs cultured on scaffolds. Similar to PLEC results,
the LIVE/DEAD assay showed living, attached cells on scaffolds, both on day 7 and 21 with
increased cell density by day 21. Few dead cells were observed. Acellular scaffolds imaged as

control group.
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5.4.3 PLF Deactivation

PLFs were deactivated in order to prepare for co-culture with PLECs. D-PLFs were cultured for
7 days and alamarBlue/PicoGreen assays were applied to samples on days 0, 1, 4 and 7, with
untreated PLFs used as a control, as seen in Figure 5.7. While PLFs showed increased
metabolic activity over time as cells proliferated, D-PLF cells showed significantly less
fluorescence intensity over time (p<0.0001 for both assays). Both assays indicate that

deactivation had a significant effect on PLF cells, and the protocol is robust.
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Figure 5.7: Viability and DNA quantity analysis of PLF cells vs D-PLF cells. alamarBlue and
PicoGreen were applied to samples to investigate the cell proliferation of active and
deactivated cells. There is a clear effect from deactivation seen on the graph. (*): p<0.001,

n=11.

Fluorescence images of PLF and D-PLF cultures were taken on day 1 and 7 after the LIVE/DEAD
cell viability assay was applied, with the resulting images shown in Figure 5.8. On day 1, PLFs
were viable and attached onto cell culture plates, after 7 days culture the cells continued to
proliferate and were imaged in increased cell concentrations on the plate. D-PLFs showed

similar cell concentrations on day 1 and 7, indicating that the deactivation process stopped
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cells proliferating. This confirms the results from the assays, with all results supporting the

deactivation process.

Figure 5.8: Comparing PLFs and D-PLFs on TCP. PLF images show increased cell concentration
from day 1-7, the attached cells continued to proliferate, while D-PLFs did not proliferate. D-

PLF insert contains 7 cells, PLF insert contains 24 cells.’

5.4.4 Differentiation of PLECs

Here, D-PLFs and PLECs were seeded onto 40% Matrigel-coated Surgispon scaffolds as a
co-culture in order to test differentiation of PLECs into bronchospheres. While the previous
protocol suggested the use of PneumacCult-ALI media, in-house CFAD media were also tested

to determine the effect of different cell culture media on the differentiation process.

PLEC cell morphology was investigated through brightfield images taken ondays 1, 2, 4, 7 and
14. Images of samples cultured with CFAD+, CFAD+++, PneumaCult-ALI+ and PneumacCult-
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ALl+++ are shown in Figure 5.9. On day 1, cells were small and rounded, organising into small
spherical morphologies by day 2. From day 4 cells were showing both bronchosphere and
small organoid morphologies, and by day 14 the bronchospheres were bigger and an
increased number of spheres were observed on scaffolds. Organoid merging was also
observed, decreasing the number of organoids overall but increasing the range and maximum

sizes seen.

CFAD +++ PneumaCult ALI + PneumaCult ALl +++

Empty Scaffold Scaffold cells D14

ﬁ“ o

Figure 5.9: Imaging PLEC differentiation on Surgispon scaffolds. Brightfield images of PLEC
differentiation on scaffolds are shown at days 1, 7 and 21 of culture. Scaffolds were incubated with
one of four media types: CFAD+, CFAD+++, PneumaCult-ALl+ and PneumacCult-ALI+++, and are shown
alongside an empty scaffold (cell control) and a scaffold seeded with the same cell concentration but
with no sphere culture protocol (differentiation protocol). The presence of organoids when using

sphere culture indicates some effect from PLEC differentiation.
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Organoid diameters over time for each media type is shown in Figure 5.10. The effect of time
on organoid diameter was significant (p<0.0001), but the effect of different media types was
not significant (p: 0.48). Looking at average organoid diameter, organoids were 103-130 um
on day 2, 162-202 um on day 4, 134-169 um on day 7 and 140-224 um on day 14. While
average organoid size did not increase beyond ~250 um, it is clear from Figure 5.9 that the
range of organoid sizes increased markedly. This is due to there being many smaller organoids
around day 2, which grow in size by day 4 either by proliferation or potentially by combining,
with lung organoid and bronchosphere fusion being previously documented (Hild and Jaffe,

2016; Sachs et al., 2019), but the mechanism remaining a mystery.

If these organoids are combining, the organoid number would drop but the average size
would increase. However, by days 7-14, there are many larger organoids and new smaller
organoids are forming, hence the large range in organoid sizes from 100-400 um. The
standard deviation of organoid sizes increases with culture time, from ~50 to ~140, indicating
the change in organoid size range. Despite these changes in organoid size over time, the

different media used did not have a significant effect on these changes.
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Figure 5.10: Organoid diameter from PLEC differentiation over time in different media.
Organoids formed from the differentiation of PLECs on a Matrigel-coated scaffolds were
measured in diameter from days 2-14, in CFAD, CFAD+, PneumaCult and PneumacCult+
medias, where + indicates the use of supplements. The box and whisker plots show the range

of organoid sizes measured at each stage, n=11.

Due to the lack of a significant difference between media types, CFAD in-house was chosen

for future experiments rather than PneumaCult-ALl. There were high levels of variation in
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CFAD organoids diameters over time, demonstrating a dynamic system where differentiation

and proliferation are occurring.

The differentiation experiment was repeated with a D-PLF/PLEC co-culture on 40%
Matrigel-coated Surgispon scaffolds for 21 days in CFAD+ media. Brightfield and DAPI images
were taken and are shown in Figure 5.11. Both brightfield and DAPI images show cells on

scaffolds that had self-organised into organoid structures.
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Figure 5.11: Imaging D-PLF and PLEC co-cultures on Surgispon scaffolds. Many organoids and
surrounding attached cells were observed on scaffolds. 4X showed multiple organoids on
scaffolds, 10X focused on attached cells on organoids and 20X showed individual cells on
organoids and surrounding cells. DAPI images confirm what is seen in brightfield and shows

individual cells on organoids as well as cells on multiple organoid structures.

The changes in spheroid and organoid-like structures changes throughout culture, as shown
in Figure 5.12. From days 1-2 the cell aggregates are spheroid-like in structure, where the

entire spherical mass is composed of cells. These spheroids typically gather together, as seen
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in the example from day 2. By day 3 a more complex structure is forming, where the cells
make a perimeter around an empty air space within the structure, this can be more clearly
seen in day 4, where cells form around an empty central space. By days 5-6, these organoids
can be seen merging into larger organoids, by day 6 especially there are many observable

organoids in the Surgispon scaffolds.

Experiments in this section show that scaffolds with a 40% Matrigel coating can be suitable
for PLEC differentiation into organoid-like bronchospheres. This differentiation process may
only be possible due to the combination of Matrigel coating and culturing the scaffolds half-
submerged in media, forming an air-liquid interface (ALl), indicating that Surgispon may be a
suitable environment to support an ALl in 3D. Cells are exposed to both air and liquid (culture
media), the oxygenation of the media could be tested, otherwise Surgispon appears similar

in function to transwell and other related ALl models (Cao et al., 2020).

5.4.5 Immunocytochemical staining

Antibody staining was performed, both to characterise PLFs and PLECs (confirming the
accuracy of cell isolation from the dissection protocol) and to investigate PLEC differentiation

on Surgsipon scaffolds.

For characterisation, scaffolds were stained with Pan-Cytokeratin (an epithelial marker for
PLECs, red), Vimentin (a fibroblast marker for PLFs, green) and DAPI (general cell marker, blue)
(Fig 5.12). Staining showed D-PLFs and PLECs attached to scaffolds and staining positive for
their respective markers, confirming the accuracy of cell isolation during porcine lung

dissection, as the cell types stain as expected.
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In addition, DAPI staining mostly highlights organoids, the lack of co-staining indicates that
these cells in organoid structures are no longer epithelial cells and have most likely

differentiated.

Pan Cytokeratin (Red)-Vimentin (Green)-DAPI (Blue)
4x 10X 20X

Figure 5.12: Characterization and differentiation staining of D-PLF and PLECs on Surgispon
scaffold. Primary antibody staining showed red epithelial cells (yellow arrowhead) and green
D-PLFs (white arrowhead) on scaffolds. DAPI stained nuclei and showed cells that had

organised into organoid structures (blue arrowhead) on scaffolds.

In order to further investigate the identity of differentiated cells, samples were further
stained with additional antibody markers. D-PLF and PLEC co-cultures on scaffolds were
stained with mucin 5AC (mucus cell/airway ciliated cell marker), p63 (transcription factor
expressed in airway stem/progenitor cells), podoplanin (stromal cell AT1) and prosurfactant
protein C (SPC, hydrophobic surfactant protein secreted by AT2). All primary antibody staining

was accompanied with DAPI staining.

The results of this staining are seen in Figure 5.13, which indicates positive staining results for
mucin 5AC and p63, suggesting that PLECs had populations of stem/progenitor cells that had

potentially differentiated into airway ciliated cells. Cells stained negative for SPC and
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podoplanin, indicating that they did not differentiate into pneumocyte type cells, or these

cells were not present in these cultures from the start.

SPC (Green) Podoplanin (Green)

Mucin 5AC (Red) p63 (Green)

Figure 5.13: PLEC differentiation antibody staining. PLEC cultures were stained with SPC
(pneumocyte type Il marker), podoplanin (pneumocyte type | marker), mucin 5AC (ciliated
cell marker) and p63 (basal cell marker). SPC and podoplanin had negative staining, while

mucin 5AC and p63 had positive staining.

Based on these positive mucin 5AC and p63 results, this staining was repeated with both
stains used at once: differentiated PLECs were stained for mucin 5AC (red), p63 (green) and
DAPI (blue). In addition, PLECs were grown on tissue culture plastic (TCP) and also stained
with mucin 5AC and p63, in order to determine if these populations were present in PLECs
without a differentiation protocol. Fluorescent images from these staining is seen in Figure

5.14.
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Mucin 5AC and p63 again stain positively, indicating that after the differentiation protocol on
Matrigel-coated Surgispon scaffolds a population of PLEC stem/progenitor cells have
potentially differentiated into ciliated airway cells. The TCP experiment indicates that there is
a p63-postive population of stem/progenitor cells in PLEC cultures, but there were no mucin
5AC-positive cells, suggesting that it may only be through the successful differentiation on

Surgispon scaffolds that ciliated cells were produced.

Mucin 5AC (Red), DAPI (Blue)
P63 (Green)

D-PLF/PLEC
co-culture on
Matrigel-coated
scaffolds

PLEC on TCP

Figure 5.14: PLEC differentiation on scaffold vs TCP. Fluorescence images show mucin 5AC
(red, ciliated cell marker), p63 (green, stem/progenitor cell marker) and DAPI (blue, nuclei)
stains on 21 day co-cultures of PLECs with D-PLFs, using CFAD+++ media. While scaffold

culture results in positive mucin-5AC staining (red), TCP culture does not.
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5.4.6 Decellularised porcine lung tissue

Decellularised and untreated lung tissue samples were imaged with DAPI to determine if all
cells (and therefore genetic material) had been removed through the decellularisation
process (Fig 5.15). While untreated lung slices featured alveolar structures and clear pores
from DAPI-stained cell nuclei, these structures and DAPI-stained nuclei were absent in the
decellularised tissue, showing that the decellularisation protocol had successfully removed
cells from the lung tissue, with no residual nuclei remaining. Photographs of both untreated

and decellularised lung slices are also shown in Figure 5.15.

Lung slice Decellularized lung slice Scaffold

Figure 5.15: Native lung tissue vs decellularised lung tissue vs Surgispon scaffold. All three
conditions stained with DAPI (monochrome for clarity). Cells observed on native tissue, but

only autofluorescence from the ECM observed for decellularised tissue and scaffolds.
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In order to quantify the extent of decellularisation, lung slices were prepared and used for
DNA quantification with NanoDrop and PicoGreen, as shown in Fig 5.16. Both DNA quantity
assays showed a significant decrease in genetic material between untreated lung tissue and
decellularised lung tissue (p<0.0001), showing that the decellularisation process successfully
removed cells, residual nuclei, and free genetic material from lung slices. NanoDrop and
PicoGreen showed a 98.47% and 96.56% reduction in DNA concentration from native to
decellularised tissue slices respectively. These decellularised tissue slices were used for cell

migration experiments and recellularisation in combination with Surgispon scaffolds.
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Figure 5.16: DNA quantification analysis of decellularised lung tissues. Both NanoDrop and
PicoGreen assays were used to test native lung tissue slices and decellularised lung tissue

slices, in order to see if the decellularisation process was functional. (*): p<0.0001, n=9.

5.4.6.1 Recellularisation of lung tissues with epithelial cells
With successful decellularisation, recellularisation of lung slices with epithelial cells was
explored in order to test the viability of the remaining ECM for cell attachment and

proliferation. A549 epithelial cell line and PLECs were fluorescently tagged using Vybrant cell
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labelling kit, red for A549 or green for PLECs, before seeding separately onto decellularised
tissues. Samples were cultured for 3 days and imaged with untreated lung tissue slices as a

control (Fig 5.17).

Fluorescence images showed a high level of A549 and PLEC attachment on decellularised
tissues, these A549-/PLEC-recellularised tissues showed a similar structure to the DAPI-
stained untreated lung tissues, indicating that the lung ECM was likely not damaged by the
decellularisation protocol. This result means that decellularised porcine lung tissue can
support cell culture and is suitable for experimentation in combination with Surgsipon

scaffolds.
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Recellularised tissue with A549 (Red) Decellularised tissue (Red)

Recellularised tissue with pig
lung epithelial cells (Green)

Decellularised tissue (Green)

Lung tissue slice(DAPI) Decellularised tissue (Blue)

Figure 5.17: Recellularisation of decellularised porcine lung tissue slices. A549s or PLECs
were seeded onto decellularised lung slices and compared to native lung tissue (positive

control, stained with DAPI) and decellularised tissues (negative control).
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5.4.7 Cell migration: scaffold to tissue

In order to test Surgispon scaffolds suitability for potential in vivo implantation, migration
assays were performed with decellularised tissue slices. Cells were seeded onto scaffolds, and
these scaffolds were placed onto decellularised porcine lung tissue in order to determine if
cells would migrate from the scaffold to the tissue. This was done with all available cell types:

A549 epithelial cell line, 35FLH fibroblast cell line, PLECs, PLFs and a D-PLF/PLEC co-culture.

5.4.7.1 A549
30,000 A549 cells were seeded onto scaffolds and cultured for 7 days, then stained with
LIVE/DEAD to investigate cell migration from the scaffold into decellularised lung tissue

(Fig 5.18).

LIVE/DEAD staining showed that A549 cells on scaffolds were attached and viable. The
decellularised tissue in contact with the scaffolds also showed attached and viable cells after
7 days, showing that A549 cells migrated from the scaffold into the tissue and attached, and
proliferated in the tissue successfully after attachment. As well as live cells, dead cells were
also observed on the decellularised tissue, suggesting that either A549s had died on scaffolds,
become detached and relocated to decellularised tissue, or that A549s had migrated into
tissue and then died. However, there were only a small proportion of dead cells on the

decellularised tissue.
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Scaffold with A549 cells cultured on decellularised lung tissue (LIVE/DEAD)

Scaffold Acellular scaffold

-

Tissue Decellularised Tissue

Figure 5.18: Assessing A549 migration from scaffold to tissue. LIVE/DEAD images show viable
cells on both scaffolds and tissue, indicating migration from scaffold to tissue after 7 days of

culture. Acellular scaffolds and decellularised tissue used as negative controls.

Alongside LIVE/DEAD images, DNA quantification assays NanoDrop and PicoGreen were also
used on the same scaffolds in order to quantify DNA in both Surgispon scaffolds and lung
tissue (Fig 5.19). For both assays, seeded scaffolds had a significant increase in DNA quantity
compared to control empty scaffolds (p< 0.001 for both), and lung tissues had a significant

increase in DNA quantity compared to control decellularised lung tissue (p<0.001 for both).
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The latter result shows that cells had migrated into lung tissue from Surgispon scaffolds in

significant numbers.

A549 Scaffold to Tissue Migration
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Figure 5.19: A549 migration from seeded scaffolds to decellularised tissue. NanoDrop and
PicoGreen assays used on negative controls (empty scaffolds and decellularised tissue), on
A549 scaffolds placed on tissues (RED), and on the tissues themselves to see if cells migrated

(BLUE). (*): p<0.001

5.4.7.2 35FLH
30,000 35FLH cells were seeded onto scaffolds and cultured for 7 days, then stained with
LIVE/DEAD® to investigate cell migration from the scaffold into decellularised lung tissue

(Fig 5.20).

LIVE/DEAD staining showed that 35FLH cells on scaffolds were attached and viable.
Decellularised tissue in contact with scaffolds showed a very low number of attached and
viable cells after 7 days, suggesting that only small number of 35FLH cells migrated from the

scaffold into the tissue and attached.
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Scaffold with 35FLH cells cultured on decellularised lung tissue (LIVE/DEAD)

Scaffold Acellular scaffold
Tissue Decellularised Tissue

Figure 5.20: Assessing 35FLH migration from scaffold to tissue. LIVE/DEAD images show
viable cells on both scaffolds and tissue, indicating migration from scaffold to tissue after 7

days of culture. Acellular scaffolds and decellularised tissue used as negative controls.

DNA quantification assays showed that seeded scaffolds had a significant increase in DNA
guantity compared to control empty scaffolds (p< 0.0001 for both), but only PicoGreen data
showed a significant increase in DNA quantity compared to control decellularised lung tissue

(Fig 5.21) (p<0.01). 35FLH migration was not as extensive as A549 migration.
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35FLH Scaffold to Tissue Migration
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Figure 2.21: 35FLH migration from seeded scaffolds to decellularised tissue. NanoDrop and
PicoGreen assays ran on controls (empty scaffolds and decellularised tissue), on 35FLH
scaffolds placed on tissues (RED), and on the tissues themselves to see if cells migrated

(BLUE). (*): p<0.0001, (**): p<0.01

5.4.7.3 PLECs
30,000 PLECs were seeded onto scaffolds and cultured for 7 days, then stained with

LIVE/DEAD to investigate cell migration from the scaffold into decellularised lung tissue

(Fig 5.22).

LIVE/DEAD staining showed that PLECs on scaffolds were attached and viable. The
decellularised tissue in contact with the scaffolds also showed attached and viable cells on
after 7 days, showing migration of PLECs from the scaffold into the tissue and attached, and

were cultured there successfully after attachment.
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Scaffold with PLEC cells cultured on decellularised lung tissue (LIVE/DEAD)
Scaffold Acellular scaffold

Tissue Decellularised Tissue

Figure 5.22: Assessing PLEC migration from scaffold to tissue. LIVE/DEAD images show viable
cells on both scaffolds and tissue, indicating migration from scaffold to tissue after 7 days of

culture. Acellular scaffolds and decellularised tissue used as negative controls.

DNA quantification assays showed that seeded scaffolds had a significant increase in DNA
guantity compared to control empty scaffolds (p< 0.0001 for both), and a significant increase
in DNA quantity compared to control decellularised lung tissue (p<0.01 for PicoGreen,
p<0.001 for NanoDrop) (Fig 5.23). These results show that a significant number of PLECs

migrated into decellularised lung tissue from Surgispon scaffolds.
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PLEC Scaffold to Tissue Migration
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Figure 5.23: PLEC migration from seeded scaffolds to decellularised tissue. NanoDrop and
PicoGreen assays ran on controls (empty scaffolds and decellularised tissue), on PLEC
scaffolds placed on tissues (GREEN), and on the tissues themselves to see if cells migrated

(ORANGE).

5.4.7.4 PLFs

30,000 PLFs were seeded onto Surgispon scaffolds and scaffolds were placed onto
decellularised lung tissue, this was cultured for 7 days. After 7 days of cell culture samples
were stained with the LIVE/DEAD to investigate cell migration from the scaffold into

decellularised lung tissue (Fig 5.24).

LIVE/DEAD staining showed that PLFs on scaffolds were attached and viable. However, the
decellularised tissue in contact with the scaffolds showed only small number of cells attached
and viable cells on after 7 days, showing possible migration of PLFs from the scaffold into the
tissue and attached. However, attached cells would be expected to proliferate and there was
not enough evidence of cell proliferation of migrated cells on decellularised tissues. This is

similar to data seen from 35FLH fibroblasts, which also did not migrate to a great extent.
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Scaffold with PLF cells cultured on decellularised lung tissue (LIVE/DEAD)

Scaffold Acellular scaffold
Tissue Decellularised Tissue

Figure 5.24: Assessing PLF migration from scaffold to tissue. LIVE/DEAD images show viable
cells on both scaffolds and tissue, indicating migration from scaffold to tissue after 7 days of

culture. Acellular scaffolds and decellularised tissue used as negative controls.

DNA quantification assays showed that seeded scaffolds had a significant increase in DNA
guantity compared to control empty scaffolds (p< 0.0001 for both), but there was not a
significant difference in DNA quantity compared to control decellularised lung tissue (p>0.05
for both) (Fig 5.25). These results show that PLFs migrated least out of the four cell types,
despite growing well on Surgispon scaffolds.
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PLF Scaffold to Tissue Migration
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Figure 5.25: PLF migration from seeded scaffolds to decellularised tissue. NanoDrop and
PicoGreen assays were performed on controls (empty scaffolds and decellularised tissue), on
PLF scaffolds placed on tissues (GREEN), and on the tissues themselves to see if cells migrated

(ORANGE).

5.4.7.5 D-PLF/PLEC co-cultures

30,000 D-PLFs were seeded onto Surgispon scaffolds followed by 30,000 PLECs, these cells
were fluorescently labelled: PLECs with red fluorescence and D-PLFs with green fluorescence.
After 7 days of cell culture, scaffolds were imaged in order to investigate cell migration from

scaffold into decellularised lung tissue (Fig 5.26).

Fluorescent images showed that both PLECs and D-PLFs were attached to scaffolds and
featured a healthy morphology. A higher number of PLECs were observed on the scaffolds
when compared to D-PLFs, this is most likely due to D-PLFs no longer proliferating.
Decellularised tissue in contact with the scaffolds also showed PLECs with a healthy

morphology after 7 days, showing migration of PLECs from the scaffold into the tissue and
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successful proliferation after migration. However, no D-PLFs were observed on decellularised
tissue.

Scaffold with PLEC/D-PLF co-cultured on decellularised lung tissue(PLECs Red,
PLFs Green fluorescence labelled)

Scaffold Acellular Scaffold

Tissue Decellularised Tissue

B

Figure 5.26: Assessing PLEC/D-PLF co-culture migration from scaffold to tissue. Cells are
fluorescently labelled, PLECs in red, D-PLFs in green. Fluorescent images show PLEC and D-PLF
successfully cultured on scaffolds, with PLECs migrating to tissue, no migration seen for D-

PLFs.

The NanoDrop and PicoGreen assays could only quantify the amount of DNA on tissues and

scaffolds, showing migration (Fig 5.27). They could not characterize the cell type that had
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migrated, but from observing the images in Figure 5.26, it is clear that any migration seen can

be attributed to PLECs. A significant increase in DNA quantity was seen from the empty

scaffold control when compared to D-PLF/PLEC co-culture scaffolds (p<0.0001 for both), and

a significant increase was also seen from decellularised tissue control when compared to

tissue next to seeded Surgispon scaffold (p<0.0001 for both), indicating that migration had

occurred.
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Figure 5.27: D-PLF+PLEC co-culture migration from seeded scaffolds to decellularised tissue.

NanoDrop and PicoGreen assays ran on controls (empty scaffolds and decellularised tissue),

on D-PLF+PLEC scaffolds placed on tissues (ORANGE/GREEN), and on the tissues themselves

to see if cells migrated (ORANGE).
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5.4.8 Cell migration: tissue to scaffold

These migration experiments are inverse of the previous section, cells were seeded onto
decellularised lung tissue slices and empty acellular Surgispon scaffolds were placed onto
these recellularised tissues, in order to determine if cells would migrate from porcine lung
tissue into the Surgispon scaffold, the reverse direction to the experiments above. This was
done with all available cell types: A549 epithelial cell line, 35FLH fibroblast cell line, PLECs,

PLFs and a D-PLF/PLEC co-culture.

5.4.8.1 A549
30,000 A549 cells were seeded onto decellularised porcine lung tissue slices and an empty
Surgispon scaffold was placed onto the seeding site. At the end of 7 days culture, samples

were stained with LIVE/DEAD kit (Fig 5.28).

LIVE/DEAD staining showed that A549 cells on recellularised lung tissue were attached, viable
and proliferating. By comparing images to the previous scaffold to tissue migration, it

appeared as though a smaller number of cells attached to tissue compare to scaffolds.

A549 cells were observed on the Surgispon scaffolds placed onto the recellularised tissue,
these cells were viable and attached, indicating that A549 cells migrated from the
recellularised tissue into the scaffold and attached. Unlike the previous experiment, these
cells were migrating against gravity, meaning that they were unlikely to end up growing on
the scaffold unless deliberate migration had taken place. As well as live cells, dead cells were
also observed on the scaffold, suggesting that some cells migrated cells then died. Compared

to this, there were only a small number of dead cells on the decellularised tissue.
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Recellularised tissue Decellularised Tissue
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Scaffolds Acellular scaffold

Figure 5.28: Assessing A549 migration from tissue to scaffold. LIVE/DEAD images show viable

cells on both recellularised tissue and scaffold, indicating migration from tissue to scaffold

after 7 days of culture. Decellularised tissue and acellular scaffolds used as negative controls.

DNA quantification assays NanoDrop and PicoGreen were used on the same scaffolds in order
to quantify DNA in both Surgispon scaffolds and lung tissue (Fig 5.29). For both assays,
recellularised tissues had a significant increase in DNA quantity compared to control
decellularised tissues (p< 0.001 for both), and scaffolds placed on tissues had a significant

increase in DNA quantity compared to control empty scaffolds (p<0.001 for PicoGreen, p<0.01
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for NanoDrop). The latter results show that A549s had migrated into Surgispon scaffolds from

lung tissue in significant numbers.

A549 Tissue to Scaffold Migration

NanoDrop™ DNA Quantity PicoGreen™ Assay
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Figure 5.29: A549 migration from recellularised tissue to empty scaffolds. NanoDrop and
PicoGreen assays ran on controls (empty scaffolds and decellularised tissue), on tissue
recellularised with A549 cells (BLUE), and on empty scaffolds placed on these tissues (RED).
(*): p<0.001, (**): p<0.01.

5.4.8.2 35FLH
30,000 35FLH cells were seeded onto decellularised porcine lung tissue slices and an empty
Surgispon scaffold was placed onto the seeding site. At the end of 7 days culture, samples

were stained with LIVE/DEAD® kit (Fig 5.30).

LIVE/DEAD staining showed large numbers of attached, viable 35FLHs on recellularised lung
tissue. However, the scaffold in contact with the recellularised tissue showed a very low
number of viable attached cells after the 7 days. Migrated and attached cells would be

expected to proliferate on scaffold and no sign of cell culture on scaffolds was observed. The
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similar lack of red staining shows that these cells did not migrate and then die, but more likely

did not migrate at all.

Recellularised tissue with 35FLH cells cultured under scaffolds (LIVE/DEAD)

Recellularised Tissue Decellularised Tissue

el

Scaffold Acellular scaffold

Figure 5.30: Assessing 35FLH migration from tissue to scaffold. LIVE/DEAD images show

viable cells on recellularised tissues, but none on scaffolds, suggesting a lack of migration.

Decellularised tissue and acellular scaffolds were used as negative controls.

NanoDrop and PicoGreen results show that recellularised tissues had a significant increase in
DNA quantity compared to control decellularised tissues (p< 0.0001 for both), greater than
that for A549 cells (Fig 5.31). However, scaffolds placed on tissues had no significant increase
in DNA quantity compared to control empty scaffolds (p>0.05 for both). This indicates that

35FLH cells did not migrate from lung tissue to Surgispon, but grew well on lung tissues.
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35FLH Tissue to Scaffold Migration
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Figure 5.31: 35FLH migration from recellularised tissue to empty scaffolds. NanoDrop and
PicoGreen assays ran on controls (empty scaffolds and decellularised tissue), on tissue

recellularised with 35FLH cells (BLUE), and on empty scaffolds placed on these tissues (RED).

5.4.8.3 PLECs
30,000 PLECs were seeded onto decellularised porcine lung tissue slices and an empty
Surgispon scaffold was placed onto the seeding site. At the end of 7 days culture, samples

were stained with LIVE/DEAD kit (Fig 5.32).

LIVE/DEAD staining showed that PLECs on decellularised lung tissue were attached and viable.
Similarly to A549 results, Surgispon scaffolds in contact with the recellularised tissue showed
attached and viable cells on after 7 days, showing that PLECs cells migrated from the
recellularised tissue into the scaffold and attached. Dead cells were also observed on the

scaffold, but only in low numbers.

224



Recellularised lung tissue with PLEC cells cultured on scaffold (LIVE/DEAD)

Recellularised tissue Decellularised Tissue

Scaffolds Acellular scaffold

Figure 5.32: Assessing PLEC migration from tissue to scaffold. LIVE/DEAD images show viable

cells on both recellularised tissue and scaffold, indicating migration from tissue to scaffold

after 7 days of culture. Decellularised tissue and acellular scaffolds used as negative controls.
NanoDrop and PicoGreen results show that recellularised tissues had a significant increase in
DNA quantity compared to control decellularised tissues (p< 0.001 for both), and scaffolds
placed on tissues had a significant increase in DNA quantity compared to control empty
scaffolds (p<0.001 for NanoDrop, p<0.01 for PicoGreen) (Fig 5.33). This indicates that PLECs

successfully migrated from lung tissue to Surgispon® scaffolds.
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PLEC Tissue to Scaffold Migration
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Figure 5.33: PLEC migration from recellularised tissue to empty scaffolds. NanoDrop and
PicoGreen assays ran on controls (empty scaffolds and decellularised tissue), on tissue
recellularised with PLEC cells (ORANGE), and on empty scaffolds placed on these tissues
(GREEN).

5.4.8.5 PLFs
30,000 PLFs were seeded onto decellularised porcine lung tissue slices and an empty
Surgispon scaffold was placed onto the seeding site. At the end of 7 days culture, samples

were stained with LIVE/DEAD kit (Fig 5.34).

LIVE/DEAD staining showed that PLFs on recellularised lung tissue were attached and viable.
However, the Surgispon scaffold in contact with the recellularised tissue did not show enough
evidence of cell migration from recellularised tissue into the scaffold. Similar to live cells, dead
cells were also not observed on the scaffold. Similarly to 35FLH cells, there was a lack of

migration.
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Recellularised lung tissue with PLF cells cultured on scaffold (LIVE/DEAD)

Recellularised Tissue Decellularised Tissue
Scaffold Acellular scaffold

Figure 5.34: Assessing PLF migration from tissue to scaffold. LIVE/DEAD images show viable
cells on recellularised tissues, but very few on scaffolds, suggesting low levels of migration.

Decellularised tissue and acellular scaffolds were used as negative controls.

NanoDrop and PicoGreen results show that recellularised tissues had a significant increase in
DNA quantity compared to control decellularised tissues (p< 0.001 for both), but scaffolds
placed on tissues had no significant difference in DNA quantity compared to control empty
scaffolds (p>0.05 for both) (Fig 5.35). This indicates that PLFs did not migrate to Surgispon

scaffolds in significant numbers, similarly to35FLH experiments.
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PLF Tissue to Scaffold Migration
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Figure 5.35: PLF migration from recellularised tissue to empty scaffolds. NanoDrop and
PicoGreen assays ran on controls (empty scaffolds and decellularised tissue), on tissue
recellularised with PLF cells (ORANGE), and on empty scaffolds placed on these tissues

(GREEN). (*): p<0.001.

5.4.8.5 D-PLF/PLEC co-cultures

30,000 D-PLFs were seeded onto decellularised lung tissue followed by 30,000 PLECs, these
cells were fluorescently labelled: PLECs with red fluorescence and D-PLFs with green
fluorescence. A Surgispon scaffold was placed onto the seeding site, and after 7 days of
culture the tissues and scaffolds were imaged in order to investigate cell migration from the

recellularised lung tissue to the scaffold (Fig 5.36).

Fluorescent images showed that both PLECs and D-PLFs were attached to tissue and featured
a healthy morphology. A higher number of PLECs were observed on the scaffolds when
compared to D-PLFs, this is most likely due to D-PLFs no longer proliferating. Similarly to the

reverse situation (scaffold to tissue), migration occurred but only for PLECs. The Surgispon
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scaffold in contact with recellularised tissue showed attached and viable PLECs after 7 days.

However, there were no D-PLFs observed on scaffolds, indicating no D-PLF migration.

Recellularised lung tissue with PLEC/D-PLF co-cultured on scaffolds (PLECs
Red, PLFs Green fluorescence labelled)

Recellularised Tissue Decellularised Tissue

Scaffold Acellular scaffold

Figure 5.36: Assessing PLEC/D-PLF co-culture migration from tissue to scaffold. Cells are
fluorescently labelled, PLECs in red, D-PLFs in green. Fluorescent images show PLEC and D-PLF
successfully cultured on scaffolds, with PLECs migrating to tissue, no migration seen for D-

PLFs.
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The NanoDrop and PicoGreen assays could only quantify the amount of DNA on tissues and
scaffolds, showing migration (Fig 5.37). They could not characterize the cell type that had
migrated, but from observing the images in Figure.5.36, it is clear that any migration seen can
be attributed to PLECs. A significant increase in DNA quantity was seen from the empty
scaffold control when compared to D-PLF/PLEC co-culture scaffolds (p<0.0001 for both), and
a significant increase was also seen from decellularised tissue control when compared to

tissue next to seeded Surgispon scaffold (p<0.0001 for both), indicating that migration had

occurred.
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Figure 5.37: D-PLF+PLEC co-culture migration from recellularised tissue to scaffold.
NanoDrop and PicoGreen assays ran for controls (empty scaffolds and decellularised tissue),
on D-PLF+PLEC recellularised tissue (ORANGE/GREEN), and on empty scaffolds placed on
these tissues (GREEN). Migration was observed only for PLECs, (*): p>0.001.
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5.4.6 Cell Migration Comparison

As well as showing PicoGreen and NanoDrop assay results for DNA quantity for each
experiment, the results are aggregated in Figure 5.38 in order to compare migration between
cell types. For scaffold to tissue migration, epithelial cell types (A549 and PLEC) migrated
significantly more than fibroblast cell types (35FLH and PLF), (p<0.001 for NanoDrop, ns for
PicoGreen), but demonstrated the greatest extent of migration when in a D-PLF/PLEC
co-culture, significantly greater than migration seen with just PLEC cells (p<0.001 for both).
Less migration was seen in the inverse situation, namely cell migration from tissue to scaffold.
However, the trends are similar, with epithelial cells migrating more than fibroblasts, and the
co-cultured PLECs migrating significantly more than other situations (p<0.01 for NanoDrop,

ns for PicoGreen).
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Figure 5.38: Summary of DNA quantification of cell migration, both from scaffold to tissue
and from tissue to scaffold. For the scaffold to tissue migration, seeded scaffolds were placed
onto decellularised tissue, for the tissue to scaffold migration, empty scaffolds were placed
onto recellularised tissue. For cell lines, tissue is blue and scaffold is red. For primary cells,

tissue is orange and scaffold is green.
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5.5 Discussion

5.5.1 Primary Porcine Cell Culture on Surgispon

Cell attachment studies are important for understanding cell signalling pathways, biomaterial
studies, development of tissue-on-a-chip/organ-on-a-chip models, effects of biochemical
treatments/environmental stimuli on cell adhesion, and the potential of drug treatments. Cell
adhesion has a critical role in cell communication and regulation as well as development and
maintenance of tissue (Khalili and Ahmad, 2015). 3D cell culture gives us a better
understanding of in vivo cellular behaviour and is important in order to produce in vivo-like

data (Justice et al., 2009).

Both pan-cytokeratin (epithelial marker) and vimentin (fibroblast marker) markers indicated
that epithelial and fibroblast cells were respectively isolated from dissection of porcine lungs,
and the designation of PLEC and PLF were accurate. Data from alamarBlue and LIVE/DEAD
viability assays as well as PicoGreen DNA quantification assay all indicated that PLECs were
successfully cultured on Surgispon scaffolds over 21 days and were viable, proliferating and
attached to Surgispon scaffolds (Fig 5.4). Surgispon scaffolds have a similar structure to lung
tissue and they show potential as a lung model, with the ability to successfully culture primary
lung cells using these scaffolds. PLFs were also cultured on Surgispon scaffolds, as alveolar
fibroblasts contribute to alveoli structure and epithelial cell growth, and are part of the ECM
protein production process (Chaubey et al., 2008). Results were similar to PLEC results, with
increased cell density from days 7-14 and 14-21 (Figs 5.5, 5.6), indicating that PLFs are viable
and proliferating. The ability to culture both lung epithelial cells and lung fibroblasts adds to

the potential of Surgispon as a lung model.
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With Surgispon supporting culture of PLECs and PLFs individually, co-cultures of D-PLFs and
PLECs together were tested, with the deactivated PLFs serving as a feeder layer, similar to in
vivo. It is important to create these 3D co-culture systems to mimic in vivo cell growth
environment. Research showed that 3D co-culture of lung fibroblasts and epithelial cells
demonstrated the importance of underlying mechanisms of cell-cell communication, with
Horie and colleagues co-culturing stromal cancer-associated fibroblasts with A549 cells on 3D
collagen gels, showing that fibroblasts had increased invasion of A549 cells in cell-cell
interactions and resulted in increased gel contraction (Horie et al., 2012). Successful co-
culture of PLECs and D-PLFs on Surgispon indicate how this scaffold can potentially be used

for 3D co-culture systems as a preclinical platform for study.

5.5.2 PLEC Differentiation on Surgispon

Lung epithelial cells are specialized for different functions. These are: basal cells, secretory
cells, ciliated cells and alveolar type I/Il (AT1/2). Lung airway basal cells can generate
differentiated cells in adults during both steady and epithelial repair states (Rock et al., 2011).
Lung epithelial cell repair requires rapid cell proliferation, evidence suggests that basal cells
function as stem cells for this repair (Rawlins et al., 2007). Basal cells and AT2 cells have been
grown in 3D culture systems and have created self-organising structures and organoids
(Barkauskas et al., 2017). Epithelial-fibroblast co-cultures in air-liquid interface (ALI) culture
systems improve the differentiation of respiratory epithelial cells and promotes organoid
structural formation (Albers et al., 2016). These studies allow the study of epithelial cells and

their differentiation pathways in 3D.

Surgispon has been shown to be a suitable 3D cell culture scaffold for primary porcine cells,

namely PLECs and PLFs, with these cells attaching and proliferating on Surgispon for up to 21
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days cell culture. Surgispon scaffolds also have the potential to support an air-liquid interface
(ALI) and sphere culture as shown by PLEC differentiation, forming spheroids and organoids
over time when cultured, while this was not observed with other scaffold experiments.
Transwell inserts can be used to form an ALl (with cells grown on a porous membrane
suspended partly in media) these are limited to 2D culture. A porous 3D sponge presents the
potential for a 3D ALl and more biologically relevant differentiation and spheroid formation,
in line with the sphere culture protocol that this differentiation protocol was based on

(STEMCELL Technologies, 2019).

By only submerging half the Surgispon scaffold in media, these differentiation experiments
allowed a 3D ALl to form, with the liquid media feeding the scaffold bottom half while the top
half was exposed to air. Only these differentiation experiments were cultured in this manner,
which does raise the question of whether the format of using half the usual media promotes
differentiation, or if the use of Matrigel and sphere culture is the driver of differentiation, or
if successful differentiation of PLECs into spheroids requires both. Further study is required
to break down this process and determine what factors are necessary for differentiation, as
only this experimental format resulted in the formation of spheroids from PLECs cultured on

Surgispon.

Both PneumaCult-ALl commercial media and CFAD in-house media were shown to
successfully result in spheroid formation with this differentiation protocol, meaning CFAD can
be used for future experiments due to the ease of access and cost effectiveness. There was
variation in spheroid size between each media type (both with and without supplements) and
over time, but these differences were not significant and represent more of a trend. Mean

spheroid diameter remained between 100-200 um from days 2-14 for all media types, but the
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range in diameters increased for all media types over time. Three main factors to investigate
further would be the effect of spheroid diameter (is it better to have smaller or larger
spheroids, would they still develop into functional bronchospheres?), how larger spheroids
develop (do smaller spheres grow over time or is it a fusion between multiple smaller
spheres?), and the effect of media supplements on spheroid formation and development
(what are the differences between CFAD and CFAD+ in terms of bronchospheres, are the
added growth factors having any measurable effect?) Overall, the variation between
diameters for each media is not significant, may simply be biological variation, but should still

be subject to further study.

Antibody staining and characterisation experiments revealed that a population of PLECs
stained positive for p63 (stem/progenitor cells), and when under sphere culture conditions
on Surgispon scaffolds, PLECs differentiated into cells that stained positive for mucin 5AC,
potentially indicating the presence of ciliated cells or goblet cells (Figs 5.12-5.14).
Broncospheres often feature ciliated/goblet cell types (Sprott et al., 2020), meaning that the
spheroids formed from PLEC differentiation may be similar to bronchospheres. More should
be done to identify these differentiated PLEC populations, while some cells stained positive
for mucin 5AC, additional staining and gene expression work should be done, as well as higher

resolution imaging to observe the presence of cilia, and how these cilia move.

Negative staining for SPC (surfactant protein C, AT2 cell marker) and podoplanin (AT1 cell
marker) indicated there were no populations of AT1 or AT2 cells (Fig.5.13) but further
characterisation work should be done in order to identify cell subpopulations within PLECs,
both before and after differentiation protocol, performing further staining and gene

expression analysis.
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5.5.3 Porcine Lung Tissue Decellularisation

The porcine lung tissue decellularisation protocol was checked using DNA quantification
assays NanoDrop and PicoGreen, as well as DAPI fluorescent staining (Fig 5.15-5.16). There is
no universally accepted definition for tissue decellularisation but there are three main issues
that need to be addressed: decellularised tissue should not contain more than 50 ng of DNA
per mg dry weight, DNA fragments should not be longer than 200 bp, and there should not
be any visible nuclear components in the ECM (Hillebrandt et al., 2019). If these factors can
be observed through this decellularisation protocol, it can be determined to be successful and
the tissue is decellularised and ready for experimentation. The average dry weight of
decellularised tissue pieces was 228 mg with to DNA content of 485 ng (data from NanoDrop),
resulting in ~2 ng of DNA per mg dry weight, well below the 50 ng stated above. Alongside
this, DAPl imaging was used to determine that no nuclear components were visible (Fig.5.15).
The only factor that isn’t addressed is the DNA base pair length as there were no experiments
done to determine DNA length on decellularised tissue, this should be addressed in future
experiments to reinforce the decellularisation procedure. Despite this, the DNA per dry
weight and DAPI imaging still both solidify the decellularisation procedure as effective on

porcine lung tissue.

Compared to native control tissue, the decellularised samples showed a significant 98.47%
reduction in DNA concentration (DNeasy assay, Fig 5.16), compared to 96.56% from
PicoGreen. Additional DAPI imaging also only indicated that background autofluorescence
was the only signal from decellularised lung tissue (Fig 5.15), with the vast majority of cells
stripped from the tissue and only the ECM remaining. These results indicate the effective

decellularisation of porcine lungs compared with native lung tissue, previous research
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showed that decellularisation of tissues can provide up to 99% reduction in DNA

concentration from decellularised tissue compared to native tissue (Simsa et al., 2018).

Decellularisation of lung tissue with detergent showed great potential to lyse/remove cells
and to create 3D scaffolds for ex vivo lung tissue engineering. However, when detergent was
used for the decellularisation process, it can be damaging to the ECM due to activation of
metalloproteinases that can degrade ECM proteins. These ECM proteins are important for cell
attachment and growth of cells on decellularised tissue (Wallis et al., 2011). The condition of
decellularised porcine lung tissue ECM should be investigated in future work to ensure that

major ECM proteins are retained after the decellularisation process.

The remaining tissue ECM after decellularisation was shown to support culture of A549,
35FLH, PLEC, PLF and D-PLF/PLEC co-cultures (Fig. 5.17), indicating that the ECM was
potentially not damaged to the point where it cannot support cells, meaning that this protocol
is robust for producing decellularised tissue for cell culture, providing an ideal biological
scaffold for lung cell culture (O’Neill et al., 2013c), as recellularised tissue can show organ
specific functions for short period of time and present a promise for future in vivo
experiments (Tsuchiya et al., 2014). Recellularised tissues showed a similar cell structure
compared to control porcine lung tissue when imaged with DAPI (Fig 5.17). These porcine
lung tissues are used for the recellularisation process and function as a proof of concept study
in combination with Surgispon, namely to test how cells would migrate to or from Surgispon
in vivo if implanted to an injury site in the lung. However, it should be noted that the density,
shape and composition of decellularised tissue cannot be easily controlled which limits use in

tissue engineering (Zitnay et al., 2018).

238



5.5.4 Cell migration

A combination of Surgispon scaffolds and de/recellularised lung tissues were used to study
migration, with an aim to investigate the use of Surgispon as a transplant vehicle for cells to
access damaged sites, such as in emphysema. Epithelial cells A549 and PLEC were shown to
migrate from Surgispon scaffolds to decellularised tissues, and from recellularised tissues to
Surgispon scaffolds (Figs 5.18, 5.19, 5.22, 5.23), indicating they may be able to migrate to
disease sites from cell-seeded Surgipon, or if Surgispon is placed onto a disease site it may
attract cells, giving potential for Surgispon as an in vivo therapy for emphysema as well as an
alveolar model. This cell migration from scaffold to tissue and proliferation of the migrated
cells on tissue helps these cells to create their own ECM and eventually would become the
bond between tissue and scaffolds (O’Brien, 2011). In addition, there was an increased
number of migrated of PLECs observed in D-PLF/PLEC co-cultures, potentially either due to
the D-PLF feeder layer resulting in more PLEC proliferation and therefore more migrated cells,
or due to the D-PLF feeder layer increasing the rate or percentage of epithelial migration, the
cause of which is not clear and requires further study. For transplant scaffolds, it would be
more biologically relevant to include both fibroblasts and epithelial cells, meaning these

co-cultures warrant further study, especially to determine if D-PLF migration is possible.

Far less migration was seen for fibroblasts 35FLH and PLF (Figs 5.20, 5.21, 5.24. 5.25). This
may be due to the low stiffness of Surgispon, as fibroblast migration is linked to matrix
stiffness and softer surfaces have been shown to inhibit lung fibroblast migration (Asano et
al.,, 2017), to the collagen composition (particularly collagen VI) of Surgispon affecting
fibroblast migration and adhesion (Theocharidis et al., 2016), or to the presence of

populations of myofibroblasts, as these adhere to ECM with increased strength compared to
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other fibroblast types (Kniippel et al., 2018). It may also be due to the fibroblasts depositing
ECM on the scaffold and increasing their adherence, this is the original purpose of using PLFs
and D-PLFs on Surgispon in combination with epithelial cells. Due to the importance of lung
fibroblast migration in conditions such as fibrosis, it would be valuable for further work to
examine fibroblast migration by studying Surgispon material properties, stiffness, and

35FLH/PLF identity.

Scaffolds must provide a suitable environment for cell-cell interaction, cell migration, cell
proliferation and cell differentiation for a successful application in tissue engineering.
Migration of cells along and/or across the tissue is an important part of tissue formation and
tissue regeneration (BruZauskaité et al., 2016). COPD causes irritated/injured areas in the
airway, and the repair process for this injured tissue is initiated through epithelial cell
migration, proliferation and progressive differentiation (Grainge and Davies, 2013), making
migration a vital part of lung tissue engineering, and something that any successful lung tissue

model should be capable of.

When cells migrate to scaffolds, scaffolds can provide directional migration and can promote
and guide cell growth in vivo (Berns et al., 2014). Cell migration to scaffolds is crucial to
achieve functional vascularisation following the implantation of scaffolds for in vivo studies
(Ko et. al., 2013). Recent studies showed the importance of using acellular scaffolds
(decellularised tissue) for proof of concept studies as it can be recellularised with epithelial
cells and can be maintained ex vivo for several days (Gilpin and Wagner, 2018). To this end,
migration should be investigated further, particularly the lack of fibroblast migration, and the
activity/functionality of cells after migration over the long term. Time lapse imaging should

be performed to get a clearer picture of how migration is occurring, in what locations, and at
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what rates. LIVE/DEAD staining revealed that a small number of cells were dead on scaffolds,

suggesting that either these cells had migrated and then died on scaffolds.

Co-culture systems can assist in cell differentiation, promote tissue homeostasis, metabolism,
growth and repair (Paschos et al.,, 2015). Epithelial-fibroblast communication plays an
important role for healthy lungs as dysfunctional communication is usually observed in COPD
(Osei et al., 2016). Co-culture of D-PLFs and PLECs resulted in significant PLEC migration from
scaffold to tissue, but no D-PLFs migration. As PLFs did not migrate, it was unlikely that
deactivated PLFs would have the ability to migrate as deactivation only halts their position in

the cell cycle.

There are many parameters that can affect cell migration. Key physical influences are
adhesion, stiffness and topology of the extracellular environment (Charras and Sahai, 2014).
ECM is a meshwork of both structural and functional proteins assembled in unique tissue-
specific architectures that provides a cell-specific microenvironment. Numerous studies have
confirmed the potential effects of ECM ultrastructure and mechanics upon cell behaviour,
migration, and differentiation (Brown and Badylak, 2014). Even with the numerous
similarities of Surgispon scaffolds to lung tissue, decellularised tissue provides the closest
microenvironment to lung tissue, this is shown by migration to decellularised tissue being
greater than migration to acellular scaffolds. This migration from scaffold to tissue highlights

the ability of Surgispon scaffolds and a potential role in cell delivery to lung tissue.

Scaffolds with ECM-similar structures can promote cell attachment and proliferation,
especially in the case of collagen-based scaffolds. Collagen is typically fabricated into porous
spongy scaffolds (like Surgispon) or nanofibrous scaffolds, both of which have different effects

on cell migration due to the pore diameter and interconnectivity, and even isotropy of pore
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arrangement. These scaffold types are beneficial for tissue engineering across many different
tissue types, including lung (Lee and Kim, 2018). The microstructure of Surgispon and the pore
interconnectivity and alignment should be investigated further to see what effect it has on
migration. Aligned collagen scaffolds can guide cell migration faster than a scaffold with a
random structure, while also elongating the cells. While porous scaffolds are often
characterised through the pore diameter measurement, it is also important to extract pore
network structure and interconnectivity. This was attempted with uCT measurements but
more should be done in terms of 3D measurements to track pores through the scaffold in
slices and determine interconnectivity. Other scaffold factors to study include pore size, pore
wall alignment and pore transport pathways, on both the migration of individual cells or bulk
invasion. Pore sizes above 100 um has been shown to be necessary to evenly distribute cells
across a scaffold. This is dependent on high alignment of pores in the direction of travel, if
Surgispon is to be used for cell delivery or recruitment then pore wall alignment should be
carefully optimised. Cell elongation is also stated as a factor to measure due to the effect on
migration, this should also be further tested in Surgispon to see if migrated cells have an
elongated morphology (Ashworth et al., 2018). Particularly in fibre based collagen scaffolds,
alignment and pore diameter can significantly change the pore network structure as well as
direction of cell migration (Park et al., 2020). Cell proliferation and migration are affected by
alignment of scaffold architecture and the addition of other factors such as fibrin (Pawelec et

al., 2014).

The effects of these on lung epithelial cells and lung fibroblasts is unknown and should be
tested in order to optimise migration, especially for lung fibroblasts (Seong et al., 2017).
Surgispon scaffolds feature natural variation in pore diameter, arrangement and alignment,

ideally different scaffolds can be tested to determine what effect each of these factors have
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on cell alignment, in order to promote fibroblast migration. It is possible that experiments
with epithelial cells used scaffolds with a favourable pore structure for migration, while
experiments with fibroblasts used scaffolds with unfavourable pore structure, this is unlikely
due to the numerous biological and technical repeats but scaffold structure should still be

analysed for these experiments.

Scaffold chemical coating should also be investigated, namely the effect of
collagen/fibronectin coating on migration. Coating was only tested in terms of attachment
and viability in the previous experimental chapters, it should also be tested in terms of
migration as the addition of collagen to scaffolds modulates migration to tissue, as shown by
a study that compared alginate with alginate-collagen porous scaffolds. Alginate-only
scaffolds featured cell agglomeration and limited migration, while alginate-collagen scaffolds
had increased migration from scaffold to tissue, supporting fibroblast proliferation, ECM
deposition, and local growth factor secretion. Surgispon is already composed of collagen, but
a mixture of different collagen types may affect migration. In addition, it should be
investigated whether or not cells cultured on Surgispon or tissue have local growth factor

section, as this can amplify other local cellular events (Guillaume et al., 2015).

Another approach for modifying Surgispon scaffolds is through compression, with studies
aiming to construct denser collagen scaffolds through plastic compression and creating a far
denser structural network within the scaffold. However, the alignment of collagen fibres and
pores is random in this approach and the result is not always an aligned structure; as well as
the fact that a denser network within the scaffold may affect cell migration (Zitnay et al.,

2018).

243



5.5.5 Future Work

Surgispon and decellularised lung tissue present a potential system for effective in vitro study
of primary lung cell attachment, proliferation, metabolism, and migration. However, further
work is needed in order to properly characterize each step of this process and reinforce

subsequent experiments.

Due to the effects of autofluorescence, other imaging modalities should be explored, such as
multiphoton (can image deep into Surgispon and uses infrared wavelengths which avoids
overlap peak autofluorescence wavelengths), scanning electron microscopy (SEM, can
investigate single cell morphology and attachment without the effect of autofluorescence)
and additional puCT imaging, imaging an entire scaffold in 2D slices and following pores
through the structure to determine pore interconnectivity, diameter and alignment, all of

which are important factors for cell growth and migration.

Surgispon should also be subject to further mechanical testing, tensile testing at a constant
strain along different axes (transverse, longitudinal), in order to determine stiffness and other
important factors for cell culture. These factors should also be tested for different pore
alignments, to see if different pore structures affect the overall mechanical properties, as well
as whether Surgispon compression will result in a more favorable pore density without
adverse effects on migration. If Surgispon is too stiff, coatings and other treatments (further
investigation of crosslinking protocol) should be considered to ensure it is as close as possible

to the stiffness of lung ECM.

The effect of chemical coatings on stiffness should also be investigated, along with the effects
on cell migration, as chemical coatings were only tested with regards to cell attachment,

proliferation and viability.
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In addition, the structure of Surgispon and the decellularised lung tissue ECM should both be
tested using protein analysis methods such as SDS-PAGE or Western blotting, both to
determine the chemical composition of these structures, as well as to see if fibroblast culture
produces additional ECM materials, and in general how cell culture affects the chemical
composition of these structures over the long term. It is necessary to ensure that there are
no negative biological effects such as inflammation or reduced ECM production, especially if

these scaffolds are to be used in vivo.

Overall, while Surgispon scaffolds present a potentially promising platform for translational
lung research, it is vital to perform more studies with primary cells to reveal more about

Surgispon as a scaffold, as well as interactions with cells and tissues.
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6.1 Discussion

6.1.1 COPD

Chronic obstructive pulmonary disease (COPD) is characterized by limitation of airflow and
reduced lung function (Britton, 2003). It is progressive, irreversible (Alshabanat et al., 2015)
and a major public health issue, costing the NHS over £850 million and causing over 30,000
deaths every year (NICE report, 2018). Cigarette smoking is the main cause of COPD and the
majority of smokers are at risk of developing significant airflow obstruction (Ryu et al., 2001;

Rennard and Vestbo, 2006)

Exposure to noxious particles or gas causes alveolar abnormalities (emphysema) and air flow
limitation (chronic bronchitis), which are the characteristics of COPD (Vogelmeier et al., 2017),
but emphysema and chronic bronchitis usually occur together. Chronic bronchitis is the
inflammation of the lining of the bronchial tubes, characterized by a daily cough and excess

mucus production, while in emphysema the alveoli are damaged/destroyed (Poh et al., 2017).

There is currently no cure for COPD. Treatment usually depends on the symptoms and
requires different treatments for individuals (Poh et al., 2017). In COPD, lung tissue cannot
regenerate the damaged tissue which results in organ dysfunction. Recent studies into lung
stem cell biology and tissue-engineered biomaterials led to advances in lung tissue
engineering research (Hogan et al.,, 2014). Tissue-specific stem cells may increase the
regeneration of lung tissue, however, COPD treatment with mesenchymal stem cells (MSCs)
showed neither any adverse effects nor any differences in pulmonary function tests or quality
of life indicators (Akram et al., 2016). If stem cells were injected directly into lung tissue, there

would be no control over where cells would be directed. It is more likely that cells would be
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led to existing alveolar walls instead of the areas where normal tissues have been lost due to
COPD, which shows the importance of using scaffolds in lung tissue engineering. With a
scaffold, a higher concentration of cells can be localized to the damaged area by using the 3D

structure as a vehicle (Andrade et al., 2007).

6.1.2 Lung tissue engineering solutions

Lung tissue has a complex structure and 3D scaffolds are commonly used for in vitro
modelling. Lung tissue scaffolds can be composed of a number of different materials, such as
natural polymers (e.g. collagen, gelatine), donor extracellular matrix (ECM) (e.g.
decellularised tissue), synthetic polymers (e.g. poly-E-caprolactone (PCL)) and composites of
synthetic and natural materials (e.g. decorin-gelatin-PCL). These materials can be used to
create alveolar-like structures with high porosity and elasticity (O’Leary et al., 2015). Of these
scaffold materials some of the most commonly used are hydrogels, decellularised tissue and

porous natural polymers.

Collagen-based hydrogels are widely used for in vitro respiratory tissue engineering
applications, but the high water content makes them difficult to work with and they have a
tendency to collapse in vivo due to their weak mechanical properties (Naito et al., 2011).
Decellularised tissue provides a natural scaffold which maintains the tissue-specific
architecture and signalling factors (Macchiarini et al., 2008; Crapo et al., 2011; Gonfiotti at el.,
2014). However, decellularised scaffolds presents their own challenges, such as the
requirement for donors and the limits on mass-production, as well as the decellularisation

processes posing some risk to the existing ECM structure (Haykal et al., 2012).

Porous natural polymer scaffolds can address some issues encountered with both

decellularised tissues and hydrogels. Porous scaffolds can be mass-produced and therefore
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are suitable for high-throughput, are compatible with lung tissue due to their natural source
material, and feature suitable mechanical properties, similar to those of lung tissue (Lyons et

al., 2008).

In this study a porous natural polymer is used as a scaffold for lung tissue engineering.
Surgispon® gelatine haemostatic sponge is commercially available, has the potential to mimic
the alveolar structure and can be used for cell growth/differentiation in order to generate an

alveolar-like structure, for both in vitro research and in vivo implantation.

6.1.3 Using a porous gelatine scaffold

Lungs have a complex 3D structure that is constantly mechanically stimulated by ventilation
(expansion and compression), and features a complex combination of unique cell types.
Simple 2D cell monolayers are not suitable for the replacement of lost lung tissue, as opposed
to studies in other organs and tissues such as skin, cartilage, heart, and muscle, which used
either biological or synthetic 3D scaffolds to increase the efficiency of complex tissue

regeneration (Price et al., 2010; Petersenet al., 2010; Ott et al., 2010).

Collagen-based porous sponges are used as a 3D scaffold to enhance lung regeneration
and/or repair lung defects (ltoi et al, 2001; Neuringer and Randell, 2004;
Andrade et al., 2007). As collagen is the main protein type in the lung ECM, it is thought to be
a suitable candidate as a natural polymer scaffold for lung tissue engineering studies
(Nakamura et al., 2000). In addition, 3D porous scaffolds share many similar characteristics

with in vivo pulmonary alveoli (Sun et al., 2012).

Using a 3D porous sponge scaffold composed of lung ECM proteins (collagen/gelatine) would

mimic the 3D microenvironment of lung tissue, and the pores would resemble in vivo alveoli.
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This kind of scaffold may give more insight on cellular behaviours in the in vivo lung

microenvironment.

Lung alveoli have a porous structure with an average pore size diameter of 200-300 um.
However, there are smaller pores between alveoli called Pores of Kohn, which creates a bigger
range of pore sizes in the in vivo lung. As well as this range of pore sizes, alveoli also have an
elastic structure in order to expand and contract, and have a Young’s modulus of approx. 1-6
kPa (Asano et al., 2017; Bou Jawde et al., 2020; Liu and Tschumperlin, 2011; Polio et al., 2018).
Stiffness is an important factor to consider as lung disease often affects tissue stiffness, with
fibrosis increasing stiffness (15-100 kPa) and emphysema decreasing it, as well as lung tissue
also increasing in stiffness with age (Asano et al., 2017). It is vital to use a scaffold or material
which has a similar stiffness to the in vivo lung, commonly used research materials such as
glass (50-90 GPa) or tissue culture plastic (1.8-3.1 GPa) have a high stiffness and are limited
in their accuracy of mimicking lung tissue in vivo. Porous scaffolds such as Surgispon generally
have a lower stiffness (3-10 kPa) and can function as a better mimic of the in vivo alveoli
compared to standard lab ware (Buckley et al., 2008). However, the Young’s modulus and
mechanical stiffness of Surgispon was not measured during this project, it would be useful to
do further work to determine Surgispon Young’s modulus with more accuracy and to see how
it varies between batches, as well as whether or not it changes after crosslinking or time

submerged in solution.

6.1.4 Surgispon suitability as material

Surgispon is cheap, easy to obtain, commercially mass-produced and easy to handle during
experimentation. The presence of pores that are similar in size to alveoli, the complex 3D

shape, and a similar stiffness, all point to Surgispon as a potential candidate for a 3D cell
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scaffold for lung tissue engineering studies. Surgispon pore size ranged from 50-400 um (as
seen in Figs 3.4, 3.8, and 3.15) mimicking both standard alveoli and the intra-alveolar pores
of Kohn. These pores were interconnected (see Fig.3.16-17), allowing for potential gas
exchange throughout the whole scaffold as well as potential cell-cell interactions through

adjacent pores.

However, Surgispon is composed of water-soluble dehydrated collagen (gelatine) and would
not survive long-term in a cell culture environment or in vivo, untreated scaffolds
disintegrated after three days in liquid at cell culture conditions (see Figs3.5-6). Through
crosslinking with gluteraldehyde (GTA) vapour the structural integrity of Surgispon was
maintained while in solution, and the scaffolds were stable in cell culture media over the long
term (>60 days, see Fig.3.13), regardless of serum content. Scaffolds also demonstrated their
viscoelasticity by expanding when incubated in liquid, and contracting when dried (see
Fig.3.14). This indicates that under mechanical stresses in the in vivo lung, Surgispon could
potentially survive and expand/contract. Surgispon also changed weight depending on the
presence of serum in the incubated liquid (see Fig.3.12), indicating that serum proteins may
adsorb to Surgispon scaffolds, presenting a more favourable microenvironment for cell
culture as it indicates that Surgispon may be able to take up native lung ECM proteins in vivo,
increasing biocompatibility. In addition, despite the crosslinking with toxic GTA vapour,
Surgispon did not exhibit any cytotoxicity due to an effective washing process, meaning that
crosslinked Surgispon was suitable for cell culture. However, testing with liquid GTA did result

in cytotoxic scaffolds (see Fig.3.10), so only vapour GTA was used throughout this project.
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6.1.5 Lung cell line culture on Surgispon

Epithelial cells are the main cell type in the lung alveoli, and fibroblasts are the main cell type
of lung connective tissue. In addition, epithelial cells showed greater proliferation in the
presence of fibroblasts, as previously discussed in Section 4.1. Due to this, both epithelial and
fibroblast cell lines were used with Surgispon in order to optimize cell seeding on the scaffold
before moving onto more biologically-relevant primary cells. However, as both A549
epithelial and 35FLH fibroblasts are human in origin, they present ideal cell lines in order to
test Surgispon as a mimic for the human alveoli microenvironment and potential testing of

cell-based lung tissue engineering approaches towards COPD.

Both A549 and 35FLH cells were successfully cultured in 3D on Surgispon scaffolds,
demonstrating attachment (Fig.4.13), metabolic activity (Fig.4.15) and proliferation on the 3D
structure. In order to successfully assess cell proliferation and viability, the cell metabolic
assay alamarBlue was used, after several optimisation steps. In combination with the dsDNA
guantification assay PicoGreen, alamrBlue was used throughout the project in order to

determine if cells were viable and proliferating on Surgispon scaffolds.

Chemical coatings were also tested in order to investigate their effect on cell attachment and
proliferation. These coatings were made up of the lung connective tissue/ECM proteins
collagen and/or fibronectin. However, as Surgispon itself is made up of gelatine, it was already
a suitable platform for cell culture, meaning that a chemical coating was not required for
effective cell culture, and experiments with coated and uncoated scaffolds resulted in no
significant differences (Figs 4.16 and 4.20). These results all indicate that Surgispon is suitable
for use as a cell scaffold due to successfully cell culture and ease of use, both for in vitro and

in vivo work.
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However, one drawback of Surgispon in scientific research is that collagen/gelatine are
autofluorescent, producing signal across most wavelengths of visible light as fluorescence
(Fig.4.17). This makes it challenging to image these scaffolds with fluorescence, such as when
using fluorescent labels DAPI, LIVE/DEAD assays, or secondary antibodies. Fluorescent signals
from these labels have to compete with background autofluorescence, meaning that the
effectiveness of standard imaging is decreased. Decreasing the effect of autofluorescence
would improve Surgispon as a scaffold as it would be easier to image the 3D structure, some
methods include using an intense light source (such as a laser) to bleach the fluorescence or

using an imaging wavelength outside of the autofluorescence range (such as infrared).

While A549 and 35FLH were both successfully cultured separately as single cell types on
Surgispon scaffolds, it was more biologically relevant to co-culture these cells when
attempting to create a microenvironment similar to that of the alveoli, where both cell types
are found in close proximity and make up the alveolar structure. Surgispon was also suitable
for co-culture of A549 and deactivated 35FLH (Fig.4.26), further increasing the accuracy of
this scaffold as an in vivo mimic of a basic alveoli. 35FLH cells were deactivated for co-culture
with A549 for a number of reasons: firstly, these fibroblasts could still produce ECM proteins
when deactivated which coats Surgispon in preparation for A549 cells to grow on; secondly,
fibroblasts make up a small portion of the alveoli, without deactivation these cells would
proliferate and grow to unrealistic numbers on the scaffold; lastly, excessive fibroblast
proliferation in vivo is a causative factor in fibrosis, and would create a pathological model
rather than a physiological model (McAnulty 2007; Wang et al. 2018). For these reasons,

35FLH cells were deactivated for co-culture with A549 cells on Surgispon.
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A549 cells grown on Surgispon had a tendency to grow around the perimeter of pores
(Figs.4.13, 4.18, 4.21), this mimics the alveolar structure in vivo, where a thin wall surrounds
an air space, meaning that Surgispon has the potential to culture compact groups of cells
located around pores, which would be a more effective transplant than suspended cells or
cell monolayers. This shows the further potential of Surgispon as a transplant material or for
use with ex vivo lung materials, as well as for pre-clinical study of cell-cell or cell-ECM

interactions across multiple cell types in a 3D microenvironment.

6.1.6 Primary lung cell culture on Surgispon

Advancing in biological complexity from cell lines to primary lung cells was a natural next step.
Rodent models would not have been suitable as a comparison to humans due to their
different lobe division and far faster respiratory rate. Pigs presented a more accurate model
due to their similar lung size, lung anatomy and incidence of lung disease to humans. Porcine
lung epithelial cells (PLECs) and porcine lung fibroblasts (PLFs) were obtained and also used

to test Surgispon as a candidate scaffold material for a more clinically-relevant cell type.

Both PLECs and PLFs attached (Figs.5.4, 5.6) metabolised (Figs.5.3, 5.5) and proliferated on
Surgispon scaffolds, similarly to previous cell line experiments. This shows that Surgispon can
culture both immortalized cell lines and lung primary cells, with the latter being directly
obtained from a lung structure. This further reinforces the idea that Surgispon can function

as a scaffold in vivo, as they successfully cultured ex vivo primary cells.

In addition to passive proliferation, PLECs were differentiated on Surgispon scaffolds
(Fig.5.14-5.15), indicating more cellular in vivo processes that can be performed on a porous
3D scaffold in vitro. PLECs were shown to have populations of p63-positive stem/progenitor

cells, meaning they could potentially be characterised as distal airway stem cells. When
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differentiated, populations of PLECs stained positive for mucin 5AC, indicating differentiation
into ciliated cells, as this population was not present when cultured under normal conditons
in 2D. However, these results were only determined with antibody staining, further
characterisation is necessary to investigate PLEC differentiation on Surgispon, including
protein/gene expression analysis (Western blot, flow cytometry) and functional assays (do

the mucin 5AC-positive cells have cilia, are the other cells functional).

PLEC differentiation via spheroid culture resulted in the formation of spheroids/organoids.
This is something that has been observed in previous studies, where basal cells and
pneumocyte type Il cells have self-organised into organoid structures (Barkauskas et. al.,
2017). The fact that PLECs also self-organised into organoid structures on Surgispon suggests
that they may contain a population of basal progenitor cells. These basal cells are important
as they have been shown to function as stem cells for lung regeneration/repair (Rawlins et.
al., 2007). With Surgispon supporting some degree of cell differentiation, it has a potential
role as a vehicle for differentiated cells that have a role in lung regeneration, which is lacking

in the lung tissue of COPD patients.

The differentiation protocol should be investigated, as both Matrigel and Pneumacult-ALI
media were used with Surgispon to initiate differentiation, but it is unclear which one (or
both) contributes to the differentiation process, and if it would occur with just one of these
factors. The organoids were mainly observed with brightfield and fluorescence microscopy
and would benefit from further analysis, especially if they can be extracted from the scaffold
and sliced, in order to perform histology and cross-sectional staining to characterise the

morphology and cell types. Determining any changes from PLECs to spheroids would be
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beneficial, as well as culturing spheroids over the long term and checking for functional

changes.

In order to test Surgispon as a vehicle for cells to rescue areas of damaged lung tissue,
migration of cells to and from Surgispon was tested in combination with decellularised lung
tissue. Areas affected by emphysema in COPD are destroyed and contain few to no cells,
meaning that a decellularised lung environment is also a mimic of a pathological environment.
A better mimic would be a sample with no ECM, featuring a hole in an alveoli with a
surrounding 3D microenvironment containing cells. Holes in alveoli caused by emphysema
could be potentially rescued by Surgispon in one of two ways. Surgispon could be cultured
with biologically-relevant cells and then used as a vehicle to deliver these cells directly to the
damaged site, with the cells migrating from the scaffold to the damaged and surrounding
tissue, potentially initiating repair, plugging the hole or fusing the Surgispon to the tissue. The
other option is that empty Surgispon scaffolds could be implanted onto the damaged site,
encouraging surrounding cells to migrate to the scaffold and potentially fuse the Surgispon to
the tissue or begin to plug the hole. However, there were limitations to the migration
experiments, with little migration observed for fibroblast cells and from tissue to scaffold.
Further work is still needed to increase fibroblast migration and obtain a greater degree of
migration overall but there is still evidence for the possibility of using Surgispon as a platform

for migration in vivo.

Regardless of method, if Surgispon can be localized to the damaged area and partially or fully
fill in the hole or repair damaged sites, it would be beneficial to the lung tissue, as the hole
results in trapped air in the alveoli, which damages the surrounding structure more due to

the disruption to normal ventilation. Surrounding cells are also inflamed, meaning the
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damage is widespread. A limitation is the lack of a clinically-accurate disease model, in the
absence of alveolar-like structures containing holes and adjacent inflamed tissue, the
alternative was decellularised lung tissue, which contains the microstructures and ECM
organization of the lung while containing no functional cells. A permit to obtain
COPD-affected lung tissue was applied for during this project, but ethical and Health Research

Authority approval was not obtained within the timeframe of this project.

As mentioned earlier there were two experimental methodologies that were investigated:
either Surgispon scaffolds containing cultured cells (cell lines or primary cells) were implanted
on decellularised porcine lung tissue; or empty Surgispon scaffolds were implanted on
recellularised (cell lines or primary cells) porcine lung tissue. The aim of the former was to
investigate cell migration from scaffold to tissue (Figs 5.19-5.28), and the aim of the latter
was to investigate cell migration from tissue to scaffold (Figs 5.29-5.38). There was
significantly more migration seen from epithelial A549 and PLECs in both directions when
compared to fibroblast 35FL and PLFs (Fig.5.39). There may be a number of reasons for the
decreased fibroblast migration, such as fibroblasts attaching with greater strength to
substrates, and producing ECM proteins that further increase their attachment strength.
These cells also have a larger surface area for attachment when compared to epithelial cells
(Nothdurft et al., 2015). Any number of these reasons may have decreased their ability to

detach and migrate to the adjacent substrate.

These migration experiments were limited and could be improved, as migration is an
important aspect that requires further study. Firstly, scaffolds and tissue were only analysed
after 7 days, and this only gives one time point of data, it would be more relevant to track cell

migration over time using time lapse imaging, and to observe cell activity over a longer period
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of time, such as 21 days, in order to see how the cells attach and proliferate, and if there are
changes in morphology or functionality. In addition, the scaffold and tissue should be
separated after a certain time (7, 14 or 21 days) to see how the migrated cells react and if
they can remain viable over the long term. While human tissue was applied for during this
project, | also recognise that one way to make this migration experiment more
comprehensive would be to use human tissue, especially emphysematous COPD tissue with
existing damage so the scaffolds can be applied directly to the damage site. Finally, simply
tracking cells with microscopy isn’t sufficient, and the gene/protein expression of cells should

also be determined, both before and after migration and culture.

Migration from Surgispon to decellularised tissue demonstrates the potential of Surgispon as
a vehicle for cells to localise to a damaged site within the lung, and as an experimental
methodology for cell-based lung repair/regeneration therapies. However, different cell
seeding densities should be explored, as the current methodology using 30,000 cells may not
be sufficient to elicit change in the tissue after migration, ideally this should be repeated with
100,000 and 500,000 cells as these preliminary experiments indicate the need for future

work.

Migration from recellularised tissue into empty Surgispon scaffolds indicates that may be able
to attract cells from adjacent tissues and be used as a focusing point for cells onto areas of
damaged tissue for potential self-repair, this is an avenue of research worth exploring due to
COPD-affected lungs having limited self-repair due to damaged and missing ECM (Castaldi et
al. 2014), meaning that any contribution Surgispon may be able to make to the repair process

would be valuable. But as described in previous paragraphs, these migration experiments
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require further and more comprehensive study, as understanding cell migration and repair

mechanisms can help accelerate research into lung disease.

6.2 Limitations

6.2.1 Surgispon Properties

There were a number of limiting factors concerning Surgispon as a material. Firstly, the use
of glutaraldehyde (GTA) as a crosslinking agent for Surgispon was a necessary choice, but GTA
is toxic both to cells and researchers and alternative crosslinking methods may reduce risk in
experimentation. GTA use was still tolerated due to the effectiveness of GTA vapour as a
crosslinking agent on the mechanical properties of Surgispon. Other options for crosslinking
include UV and gamma radiation, while we had access to UV there was no access to gamma
rays. Surgispon is already UV-crosslinked and UV-sterilised by the manufacturer Aegis
Lifesciences, and in the native state is not suitable as it dissolves in solution. Further options
included genipin (GP, a planet-derived substance that crosslinks in a similar manner to GTA
but stains scaffolds a dark blue pigment), 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide
(EDC, free carboxylic and amine groups react to form amide bonds), and microbial
transglutaminase (mTG, an enzyme that catalyses acyl transfer reactions and links glutamine
and lysine residues) (Yang et al., 2018), but overall GTA was chosen due to its previous use in
our lab, widespread use in the literature, cost effectiveness, and effective crosslinking that

allows scaffolds to maintain their integrity in solution over the long term.

Of Surgispon itself, further mechanical testing is required, to determine stiffness and Young’s
modulus (in order to compare this to native lung and decellularised tissues), shear strength

and ability for repeated compression/expansion cycles, if this is to be used with alveoli it

259



should match these tissues as closely as possible, or at least be suitable for culturing cells from
these tissues, as stiffness alone is an important metric for cell growth (Liu et al., 2010; Melo
et al., 2014). Changes in mechanical properties could also be tracked throughout major stages
of this project, including crosslinking, incubation in solution, cell culture, and when fused with

decellularised tissues.

Concerning Surgispon porosity, pore interconnectivity needs further study, particularly to
determine gas permeability through a layer of Surgispon (Kasai et al. 2016) and to see if there
is variation in permeability, as this is linked to pore size (Han et al., 2020). Pore size should be
investigated further with advanced imaging applications, especially scanning electron
microscopy (SEM), measuring pore size, area, morphology and distribution, both across a 2D
plane and throughout a 3D volume. Again, it would be beneficial to track these results with
different stages of Surgispon treatment, namely crosslinking and incubation in solution, as
well as determining if there is a preference for certain pore sizes when culturing cell
lines/primary cells. Slicing of Surgispon was attempted in order to obtain this 3D image data,
but scaffolds broke down before a slice could be obtained, whether using a microtome or wax

embedding, and noting that pressure would likely depress the pores and decrease their size.

One of the main negative characteristics of Surgispon as a scaffold for lung tissue engineering
studies was the autofluorescence (D et al., 2001). This autofluorescence was observed in blue,
green and red channels with fluorescent microscopy, increasing image background and
resulting in a lower signal-to-noise ratio when imaging fluorescently labelled cells. Techniques
to reduce autofluorescence could be used as previously mentioned, including use of an
intense light source (such as a laser) to bleach the fluorescence or using an imaging

wavelength outside of the autofluorescence range (such as infrared). However these
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technigues must not affect the ability of Surgispon to act as a scaffold for cell growth after
treatment, so fixatives and irreversible procedures would not be useful. Other imaging
modalities that avoided fluorescence could also be explored, including SEM and phase-

contrast microscopy.

6.2.2 Cell culture with Surgispon and decellularised tissues

When using primary cells, porcine tissue was chosen due to the lack of healthy or diseased
human tissue. Ideally, human primary lung cells, including human distal airway stem cells and
populations of cells from human alveoli would be used for culture experiments, as these
would create the most accurate in vitro model when the objective is to create an alveolar-like
structure. Attempts were made to secure human lung tissue but the timeframe for approval

was beyond the scope of this project.

Decellularised porcine lung tissue was also used for experimentation, this was done with thick
2D lung tissue slices. Chunks of porcine lung tissue with a more 3D structure would be more
biologically relevant as the in vivo lung structure is a complex 3D space. However,
decellularising a 3D chunk of tissue would be more time-consuming and challenging, as the
detergent would have to reach the centre, potentially resulting in longer incubation times
which risks damage to all ECM in the lung sample (van Steenberghe et al., 2018). In addition,

observing migration through a 3D chunk of tissue would also be more challenging.

The effects of chemical coatings on stiffness and other mechanical properties of Surgispon
and decellularised tissue should also be investigated, along with the effects on cell migration,
as chemical coatings were only tested with regards to cell attachment, proliferation and

viability.
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In addition, the structure of Surgispon and the decellularised lung tissue ECM should both be
tested using protein analysis methods such as SDS-PAGE or Western blotting, both to
determine the chemical composition of these structures, as well as to see if fibroblast culture
produces additional ECM materials, and in general how cell culture affects the chemical
composition of these structures over the long term. It is necessary to ensure that there are
no negative biological effects such as inflammation or reduced ECM production, especially if

these scaffolds are to be used in vivo.

While Pneumacult-ALI media was used during the differentiation of PLECs, the protocol
followed used Matrigel to establish sphere culture conditions. It is unclear whether or not the
Pneuamcult-ALl media or the Matrigel were the chief factors in differentiation, this should be
investigated in order to optimise PLEC differentiation. In addition, it is important to establish
if Surgispon can support an air-liquid interface (ALI) for the development of a functional
model. Airflow is very important for alveoli and the lung, airflow through Surgispon should be
tested. During PLEC differentiation, Surgispon was half submerged in media to mimic an AL,
but it is unclear whether or not the cells were at the interface, as the bottom half were in
media as usual but the top half were exposed to air with no media. The ALl protocol should
be optimised so that cells are exposed to both air and liquid, in order to see if this affects PLEC
differentiation and results in functional cells. Further functional airflow or gas exchange
testing would also be useful, for example using a lung-similar bioreactor to generate an ALl

and airflow.

A major limitation was the lack of analytical techniques used, as through the course of this

project the main techniques were fluorescence imaging and antibody staining. Other
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techniques should be used, such as gene/protein expression analysis (such as PCR, flow

cytometry or Western blot), mechanical testing, time-lapse imaging,

6.3 Future Work

Potential future work for this project would essentially involve either humanising aspects of
the model or increasing the complexity of the model, both in order to increase the clinical

relevance and increase the accuracy of the Surgispon scaffold as an alveolar-like structure.

In terms of humanisation, human primary lung cells would be used, both from healthy and
COPD-affected donors. Other aspects of cell culture such as media and Matrigel would need
to be replaced with human protein substitutes in order to best humanise the model, but this
would increase the cost and make the model less easy to access. Human lung tissue could also

be used for decellularisation experiments.

In terms of complexity, aspects from the lung microenvironment could be incorporated into
the Surgispon model, such as vascularisation (including endothelial cells in models, testing
their attachment and ability to grow capillary-like structures and co-culture with lung-relevant
cell types), gas exchange (including differentiated and functional pneumocyte type | in
models), mechanical ventilation (using a bioreactor to put biologically-relevant
stresses/pressures onto Surgispon scaffolds in order to imitate inspiration and expiration
through compression and expansion) and the use of different functional alveolar cell types
(further differentiating primary cells into functional populations of AT1s, mucus-producing

goblet cells, surfactant-producing AT2s, and macrophages).

Other additional experiments to run include investigating the Surgispon structure alongside

the decellularised tissue ECM, using both protein and gene analysis before and after cell
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culture. The ECM is a vital component in this lung tissue engineering approach and it is
important to analyse it using methods other than imaging. Mechanical studies should also be
performed, looking at the mechanical properties of native Surgispon, as well as the
mechanical effect of expansion and contraction as these are the conditions encountered in

vivo.

In addition, long-term experiments could be performed to see the maximum limits of
Surgispon in vivo or cell culture conditions, in order to see if vapour crosslinked Surgispon has
a limit after which it will begin to dissolve into solution. This would be relevant for in vivo
implantation of Surgispon in order to see if/when it disintegrates and what remains. In vivo
animal work implanting Surgispon would allow for clinically-relevant data to be obtained,
firstly implanting either empty or cell-seeded Surgispon under the skin to check for an
immune response, then moving to the lungs of health and diseased models and tracking the
effects over the long term. Migration in vivo should also be assessed, investigating Surgispon
in vivo as a vehicle for cells/growth factors or as a physical aid for punctured alveoli in
emphysema. Does Surgispon dissolve or is it accepted by the tissue, and what are the effects
on this part of the tissue? Cells that migrate to or from the Surgispon should also be

investigated.

6.4 Potential Clinical Applications

Surgispon shows promise for a role in research of lung physiology and pathology, acting as a
possible model for alveoli, accelerating pre-clinical work towards cell therapies and
treatments for various lung diseases, including asthma and COPD. However, Surgispon also
has potential clinical applications, namely when applied directly to diseased COPD lung tissue
in vivo.
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One role for Surgispon is as a vehicle for cell therapies, relevant lung cells can be cultured on
a Surgispon scaffold as a tissue engineering approach towards COPD, and the whole scaffold
can be implanted onto a disease site, such as emphysematous tissue or inflamed areas. These
cells may then migrate to the implant site and reduce the local symptoms, potentially
repairing damage to the tissue. The alternate role is for Surgispon to attract cells to itself in
vivo: by implanting just Surgispon (with no cells) to a disease site, it may promote cell growth
and migration at the damaged site. Surgispon presents a structured matrix for cell growth, is
composed of a suitable material (gelatine) and contains alveolar-scale pores for cell
attachment and growth. The presence of Surgispon scaffolds at damaged sites in the lung may

promote healing via encouraging cell growth and attracting biochemical factors.

However, there are many steps to go and this project presents early work in presenting

Surgispon at a pre-clinical and clinical level.

6.5 Final Conclusion/Summary

Lung disease is the third highest cause of death worldwide, and the second highest cause of
readmission to hospitals in the UK. This causes major social and financial burdens on
healthcare and the NHS, meaning that research into lung diseases such as COPD is a necessity.
We demonstrated here that the porous gelatine sponge Surgispon is cheap and easy to
obtain, yet has the potential to be a powerful experimental platform into studying lung
microstructure and potential cell-based therapies towards COPD and other lung diseases.
While Surgispon is mainly used as a haemostatic sponge for clinical use, we demonstrate that
it has applications in research and lung tissue engineering. Surgispon has been made available
as a 3D scaffold for culture of many types of lung cell, whether immortalized or primary, and

has showed potential for differentiation, migration and interactions with lung tissue. Further
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research into Surgispon as a scaffold for cell-based therapies into lung disease is
recommended. By accelerating research into these diseases, cell-based therapies are a

prospective therapy or cure for the millions of people affected by lung diseases worldwide.
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