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Abstract

Today, lung disease and major airway trauma are a significant global healthcare
concern with limited treatment options. Incurable airway diseases such as asthma,
chronic obstructive pulmonary disease, cystic fibrosis and idiopathic pulmonary
fibrosis contribute to an enormous clinical and socioeconomic burden. At the core
of many of these debilitating conditions, epithelial cell dysfunction and persistent
inflammatory damage to respiratory tissue play a central role in their
pathophysiology. In order to identify new therapies that can cure these diseases
and repair or replace damaged tissue, physiologically-representative in vitro
models must be developed for improved drug development, in addition to new
surgical interventions for extensive lung tissue injury. Tissue engineering
strategies have the potential to provide such complex in vitro models as well as

next generation biocompatible tissue replacement treatments.

The overall goal of this PhD project was to develop a novel tissue-engineered 3D
in vitro model of the tracheobronchial region with potential applications in
respiratory drug development and respiratory tissue regeneration. Specifically, this
thesis sought to investigate the potential of collagen-glycosaminoglycan (CG)
scaffolds as a 3D substrate for the growth and differentiation of a bronchial
epithelial cell line and to develop a novel bilayered CG scaffold as an in vitro co-
culture model for both a bronchial epithelial cell line and primary tracheobronchial
epithelial cells. A final objective was to manufacture an all-trans retinoic acid-

eluting bilayered scaffold as a platform technology for tracheal tissue regeneration.

This thesis initially investigated the ability of a fully-porous collagen-chondroitin-6-
sulphate scaffold to support the growth and differentiation of the Calu-3 epithelial
cell line under two sets of respiratory culture conditions: air-liquid interface (ALI)
culture and liquid-liquid interface (LLI) culture. Scaffolds not only supported cell
growth, but also had a direct influence on increasing epithelial mucin secretion
when compared to culture on standard polymeric cell inserts at an ALI. The
scaffold was verified as a suitable substrate for a novel tracheobronchial in vitro
model, although the formation of a robust ciliated epithelial barrier was not
possible on the porous biomaterial. Accordingly, the thesis next focused on the

manufacture of a bilayered scaffold structure that mimicked tracheobronchial




tissue architecture and composition. This bilayered collagen-hyaluronate (CHyA-B)
scaffold was composed of a thin, densely-packed film top-layer for epithelial
monolayer culture and a porous submucosal layer for 3D co-culture with lung
fibroblasts. The scaffold design succeeded in resolving the major limitation of the
fully-porous biomaterial by facilitating the formation of a confluent and continuous
Calu-3 cell monolayer with suitable epithelial barrier integrity. Furthermore, this cell
barrier was ciliated, pseudostratified in morphology and maintained enhanced
mucin secretion, with organotypic localisation above a submucosal analogue of

co-cultured fibroblasts and scaffold.

This study validated the CHyA-B scaffold as an innovative platform technology to
generate a physiologically-representative 3D tracheobronchial in vitro model. In
order to apply this novel 3D culture system as an organotypic physiological
representation of the tracheobronchial region, the next stage of the project
progressed to using a primary tracheobronchial epithelial cell co-culture with lung
fibroblasts. As well as supporting Calu-3 epithelial cells, the CHyA-B scaffold also
supported the growth and differentiation of primary tracheobronchial epithelial cells
in the successful development of an organotypic 3D co-culture model with the
formation of a ciliated pseudostratified epithelium that secreted mucus and

exhibited a physiologically-relevant barrier integrity.

Having developed the CHyA-B scaffold as a 3D in vitro co-culture model with
primary epithelial cells and lung fibroblasts, the final study in this thesis
investigated the potential of the scaffold as a platform technology for tracheal
tissue regeneration. For this application, all-trans retinoic acid (atRA) was
incorporated into the film layer of the scaffold as a potential enhancer of rapid
functional epithelialisation of the CHyA-B scaffold that is critical for tracheal
implants. This atRA-CHyA-B scaffold was successfully manufactured and
displayed stable retention of the drug in the film layer prior to its release in
physiological buffer. The drug-loaded film layer of this scaffold enhanced
mucociliary gene expression of tracheobronchial epithelial cells and with future
studies, the atRA-CHyA-B scaffold can potentially pioneer the development of a
novel and biocompatible device to address a currently unmet clinical need in

tracheal replacement.




In conclusion, this thesis has successfully developed a bilayered collagen-
glycosaminoglycan scaffold with applications in both airway modelling and tissue
regeneration. This scaffold holds potential as a biofabricated template that
provides a physiologically-relevant 3D in vitro model to develop novel therapeutics,
perform toxicological analysis of inhalable formulations and generate more
sophisticated disease models for understanding and treating respiratory disease.
Finally, this scaffold can also be applied as a novel technology with enhanced
functional epithelialisation for tracheal tissue regeneration as an advanced medical

device that can potentially overcome the limitations of current tracheal implants.
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1.1. The respiratory system: respiratory disease and drug development

1.1.1. Overview: the burden of respiratory disease and injury

Today, lung disease and major airway trauma are a major global healthcare
concern with limited treatment options. Incurable airway diseases such as asthma,
chronic obstructive pulmonary disease (COPD), cystic fibrosis (CF) and idiopathic
pulmonary fibrosis (IPF) contribute significantly to an enormous clinical and
socioeconomic burden. COPD, in particular, has been identified as the fourth
leading cause of mortality worldwide [1]. Survival rates for CF decrease steadily
beyond forty years, primarily as a result of death from respiratory causes in 68% of
cases [2, 3], while for patients diagnosed with IPF, the median survival is
approximately 2.5-3.5 years post-diagnosis [4]. Additionally, tracheal, bronchial
and other lung cancers are predicted to become the sixth leading cause of
mortality by 2030 [5]. From an economic standpoint, these debilitating conditions
also bring with them a heavy toll: COPD alone costs an estimated €38.6 billion in
the European Union and has combined costs of approximately $50 billion in the
United States [1]. Indeed, chronic lung disease and major airway trauma constitute
a significant clinical problem that must be addressed to improve patient survival,
quality of life and reduce overloaded healthcare budgets. Unfortunately, treatment
options for such conditions are primarily palliative, focused mainly on symptomatic
inhalable treatments (Section 1.1.3); ultimately, restoration or replacement of
damaged lung tissue is required for success.

Epithelial cell dysfunction and persistent inflammatory damage to respiratory
tissue play a central role in the pathophysiology of these debilitating conditions.
The epithelium in the respiratory tract is of critical importance for the maintenance
of homeostasis, with key roles in lining the airways for protection, mediating
interaction with the external environment and in regulating innate immune
responses [6, 7]. In asthma, for example, the disruption of this homeostasis
contributes to a weakened epithelial barrier, impaired healing responses and
chronic release of growth factors (GFs) into the microenvironment that remodel the
airways and propagate tissue inflammation [8]. CF is rooted in defective ion
transport across epithelia that drives bacterial colonisation and inflammation in the
lungs [9], while a chronic injury response from alveolar epithelial cells leads to

dysregulation of epithelial-fibroblast communication, pathological fibroproliferation
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and collagen deposition in IPF [10]. Of course, the extracellular matrix (ECM) of
the larger airways can also be adversely altered in chronic asthma by fibrosis in
the submucosal region [8, 11] and degraded fragments from ECM itself can
actually augment the inflammatory cascade to worsen lung damage in cases of
COPD and CF [9]. Accordingly, in order to identify new therapies that can
successfully ameliorate and cure such respiratory diseases, effective drug
targeting of epithelial tissue and restoration of its normal function is a significant
factor in the design of therapeutics.

This thesis will seek to improve the identification and translation of new therapies
through the development of a novel three-dimensional (3D) in vitro model to
provide a physiologically-representative system for advanced drug development
and disease modelling. Additionally, the potential of this model to act as a platform
technology for respiratory tissue regeneration will also be investigated. To this
end, tissue engineering strategies that are described in Section 1.3 will be
employed in its fabrication. Before these can be outlined, however, it is crucial to
first consider the relevant cells, ECM composition and respiratory tract tissue
architecture in order to understand the tissue being modelled and to provide a
more complete understanding of the interplay between the epithelium and the
other components of the lungs (Section 1.1.2). Thereafter, Section 1.2 reviews
current treatments for respiratory disease and the models used to develop these
treatments to identify the limitations of current models and how this PhD project

can potentially provide an alternative solution for respiratory drug development.

1.1.2. Anatomy and physiology of the respiratory tract

The lungs are the essential organs of the respiratory tract that enable animals to
exchange oxygen and carbon dioxide with the environment to facilitate respiration
within cells and tissue. The human respiratory tract contains nearly 50 different cell
types along its hierarchical structure [12] in distinct proximal (conducting) and
distal (respiratory) zones [13]. The larger proximal airways include the trachea,
bronchi and bronchioles of greater than 2mm in diameter; these regions are
reinforced by cartilaginous rings to prevent collapse (Fig. 1.1; [14]). The distal
airways, composed of non-cartilaginous conducting airways with an internal
diameter of less than 2mm, include the bronchioles and the alveoli, the structural

units at the end of the respiratory tree that are responsible for gas exchange in the
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respiratory zone. The diverse range of cell types spread across the airways is

primarily separated into these defined regions as a reflection of their functionality.
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Figure 1.1: The respiratory tract. The tract contains nearly 50 different cell types in a three-

dimensional branching arrangement across two distinct zones. Adapted from [14].

1.1.2.1. Anatomy and physioloqgy of the conducting zone of the respiratory tract

Within the tracheobronchial region or conducting zone of the respiratory tract, a
pseudostratified epithelial layer composed of three main cell types- ciliated
epithelial cells, goblet cells and basal cells- is supported by the ECM of pulmonary
interstitium and cartilage in a specific 3D structure and branching patterns [15].
These cells perform an essential role in innate host defence by providing a
physical barrier and by producing mucus and serous secretions that allow the
body to clear environmental toxins and infectious agents entering the conducting
airways following inhalation. The respiratory epithelium operates as an interface
between the host and its external environment [6, 7]; in this regard, cells present
along the walls of the tract have a barrier function, preventing the easy passage of
potentially pathogenic substances. Mucus-producing cells assist in this defensive
activity, trapping foreign bodies so that they can be removed by the ciliary action of
the pseudostratified columnar epithelium. The presence of a mucus layer also acts
as a diffusional buffer to protect the cells from noxious gases that may be inhaled.
In addition to mucus expression, the epithelium can secrete a host of other

signalling molecules and inflammatory mediators to recruit immune cells that elicit
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an appropriate response to pathogen infection or invasion, including IL-1, IL-8 and
leukotrienes (reported in [6]). Descending further down the proximal region
through the branching bronchioles towards the alveoli, the pseudostratified
epithelial layer is replaced by a cell monolayer composed of Clara cells (also
known as club cells) and neuroendocrine cells with a concomitant reduction in the

density of mucus-secreting cells and ciliated epithelia.

The fibro-cartilaginous ECM found below the epithelium hosts a range of cellular
and non-cellular components. Smooth muscle cells, fibroblasts, chondrocytes and
inflammatory cells constitute the cellular content, mediating muscle contraction,
matrix composition and signalling processes. Non-cellular molecules such as
collagen, elastin and various glycosaminoglycans (GAGs) modulate structural
support and morphogenesis in tandem with GFs and morphogens such as
epidermal growth factor (EGF), bone morphogenetic proteins (BMPs) and
fibroblast growth factors (FGFs) [16-19], which can dictate cell differentiation. A
continuous network of fibrillar collagen | and Il supports the epithelium and airway
smooth muscle [17], reinforced by a series of C-shaped cartilage rings located
along the outside of the upper respiratory tract. This cartilage is hyaline in nature,
composed predominantly of type Il collagen and proteoglycans including
aggrecan, decorin, biglycan and fiboromodulin [20, 21]; it conveys increased
structural integrity to the trachea and bronchi, preventing airway collapse and
ensuring transit of inhaled air to the alveoli [16]. The ECM architectural design in
the conducting region allows for longitudinal flexibility but lateral rigidity [22], a

mechanical combination that preserves large airway patency and functionality.

1.1.2.2. Anatomy and physioloqy of the respiratory zone of the respiratory tract

Exchange of oxygen and carbon dioxide that is essential for survival occurs in the
respiratory zone in the distal airways. The alveolar sacs themselves are populated
by squamous type | pneumocytes (also known as alveolar epithelial cells) to
mediate gas exchange and surfactant-secreting cuboidal type Il pneumocytes [23].
Type | pneumocytes occupy approximately 93% of the surface area of the alveoli;
this cell population has adapted to maximise rapid gas transfer to and from the
bloodstream by adopting a thin squamoid shape and by residing at a close
proximity to capillaries, reducing the gaseous diffusion barrier to approximately

1um in thickness. The surfactant produced by type Il cells is critical for reducing
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surface tension within the alveolar sacs from 70mN/m to 22-23mN/m, preventing

their collapse during breathing [24, 25].

The ECM of the alveolar region complements the cellular functionality, consisting
of thin fused capillary and alveolar epithelial basement membranes to maximise
gas exchange between the respiratory tract and blood [17]. This membrane is rich
in fibronectin and the proteoglycan perlecan which can influence type Il
pneumocyte behaviour [26, 27]. The ECM protein composition changes in the
distal airways relative to the conducting region, with an increased elastin
component providing more recoll in the airway walls in response to influx and
efflux of air. Collagen, elastin and GAGs provide the lower parenchymal region of
the airways with viscoelastic behaviour to withstand expansion and contraction
during tidal ventilation [28, 29]. As elastin fibres are stretched during tidal
breathing, collagen fibres coiled around them uncrimp and reduce excessive strain
on the elastin, preventing excessive stretch during alveolar expansion and

ensuring elastic recoil following exhalation [30].

1.1.3. Treatment of respiratory disease

Current treatments for chronic respiratory conditions focus primarily on retarding
disease progression through lifestyle modification, pharmacotherapy and, in
severe cases, surgical intervention. While the mainstay of asthma and COPD
treatment is provided through inhaled medicines [31], CF requires a multi-faceted
approach using a plethora of inhaled and oral antibacterial agents, enzyme
supplementation and anti-inflammatory treatments for effective management [32].
Effective drug therapy for IPF, on the other hand, has only recently started to show
promise [33]. The principal surgical interventions for major airway trauma and
chronic lung disease are tracheal resection, lung volume reduction and lung
transplantation. Ideally, new therapeutics that can actually cure, rather than delay,
lung deterioration need to be developed as the prevalence and burden of such
diseases continue to grow; thus, in addition to a review of the pharmacological and
surgical management, this section also outlines the drug development process as
a prelude to an analysis of the current respiratory models available for developing
novel inhalable therapies.
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1.1.3.1. Pharmacotherapy

Broadly speaking, pharmacological management of asthma and COPD by
inhalable therapeutics can be classified under two categories: “relievers” and
“preventers” [31]. Drugs falling within the first set include B,-adrenoreceptor
agonists and muscarinic receptor antagonists that act as bronchodilators to relieve
symptoms of breathlessness, wheezing and coughing. Preventers, on the other
hand, do not provide immediate relief for patients but act as anti-inflammatory
agents to reduce tissue damage and remodelling within the respiratory tract in the
longer-term; prominent drug classes include inhaled corticosteroids and
leukotriene receptor antagonists. There is a lot of overlap between the medications
used for asthma and COPD, with clinical guidelines outlining various algorithms for
treatment regimens based on the severity of disease (e.g. see Fig. 1.2 for the UK

guidelines for asthma management; [34]).

Pharmacotherapy for CF and IPF involves different medicines in addition to the
classical relief/prevention dogma of asthma and COPD. As well as the various
therapeutics previously mentioned for CF (Section 1.1.3), an interesting
pharmacological intervention involves the use of nebulised hypertonic saline to
reverse the thinning of the tenacious mucus layer that impairs ciliary action in CF
[32]. This simple formulation of highly-concentrated salt draws out water into the
respiratory tract by osmosis and can aid in the restoration of mucociliary clearance
within the tracheobronchial region. A more recent breakthrough for a sub-
population of CF patients has been the approval of the oral drug ivacaftor that acts
to potentiate cystic fibrosis transmembrane conductance regulator (CFTR) activity
in airway epithelial cells [35, 36]; the enormous cost of this drug, however, limits its
widespread implementation [37]. The treatment of IPF has also experienced a
paradigm shift with the advent of the novel drugs pirfenidone and nintedanib that
antagonise excessive fibrosis and GF signalling [10, 33]. Notably, beyond
targeting CFTR activity with ivacaftor, almost none of the current pharmacological

treatments specifically target epithelial cell dysfunction.
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Figure 1.2: British guideline on the management of asthma in adults. The guideline lists the main
inhaled therapies available for treatment of respiratory disease. Adapted from [34]. BDP:

Beclomethasone dipropionate; SR: Slow-release.

1.1.3.2. Surgical intervention

For cases of extensive tracheobronchial injury due to cancer, stenosis, infection or
congenital abnormalities, resection of the maligned tissue with primary
anastomosis is indicated [38, 39]. This approach, however, is restricted by the size
of the segment that can be excised, rendering lesions greater than half the length
of the trachea in adults and one third in children inoperable. To date, these cases
have been treated primarily with autografts, allografts and artificial prosthetics [40].
Unfortunately, allograft transplantation is limited by the complications of
immunosuppressive treatment, while artificial prostheses are associated with
numerous issues, including device migration and dislodgement, material
degradation and failure, tissue granulation and tracheal stenosis [41].
Consequently, novel approaches inspired by tissue engineering have emerged in

the last decade that seek to address this unmet clinical need (Section 1.3).
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For patients with severe lung disease who meet the criteria for surgery, lung
volume reduction and transplantation are two possible interventions. The objective
of lung volume reduction is to remove regions of parenchymal respiratory tissue
that no longer contribute to gas exchange in hyper-inflated lungs so that the
remaining functional tissue can restore elasticity and engage in more efficient
oxygen uptake [42]. This has been conventionally performed by median
sternotomy and excision, video-assisted thoracoscopic surgery (VATS) or
endobronchial valves, though new procedures involving bronchoscopic thermal
vapour ablation and lung volume reduction coils show potential as less invasive
procedures. Transplantation of one or two of the lungs themselves is performed
most frequently in COPD patients, though elderly sufferers of CF and IPF can also
be candidates [32, 42]. Bilateral sequential lung transplantation is most commonly
indicated, where each lung is consecutively removed and replaced during the
course of the operation [43]. Sadly, lung transplantation is associated with a 5 year
mortality of approximately 50% post-transplantation, in addition to the iatrogenic
complications of post-operative immunosuppression [44]. Therefore, the
development of new therapeutics that can prevent patients from reaching this
stage of disease severity would be a better alternative to this high-risk procedure

that also requires a ready supply of donor lung tissue.

1.1.3.3. The development of novel treatments

The process for the development of novel respiratory drugs follows the same
convention as that of other drugs (Fig. 1.3; [45]). Thousands of candidate
molecules progress through stages of identification, optimisation, pre-clinical and
clinical steps prior to drug approval by the regulatory body. This process has an
enormous attrition rate, with 85% of investigational new drugs failing in early
clinical trials and only half of the remaining 15% obtaining approval after Phase IlI
trials [46]. Coupled with the average length of 12.5 years that it takes to
successfully bring a new drug to market, this process can cost upwards of $1
billion [47]. The major contributors to the failure of lead candidates include lack of
drug efficacy and toxicity issues [48]. The disconnect between pre-clinical in vitro
models, animal models and subsequent human trials is an important contributor to
this poor rate of clinical translation. More advanced tools for translation to address

this disparity could hold the answer to streamlining the drug development pipeline
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and to improving the successful translation of new therapeutics, including those for

currently incurable respiratory diseases.
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Figure 1.3: The drug development process timeline. Thousands of compounds progress through
stages of identification, optimisation, pre-clinical and clinical steps prior to drug approval by the

regulatory body. Adapted from [45]. FDA: Food and Drug Administration.

From an industrial perspective, the respiratory tract is not only an important
system to consider for the development of novel inhalable products for the local
treatment of chronic lung disease, but it is also a very attractive route for systemic
drug delivery to treat a range of non-respiratory diseases. This is due to a large
absorptive surface area, thin alveolar epithelium barrier, high blood flow and
relatively low drug-degrading metabolic activity [49]. Indeed, this route could be of
great interest for delivery of complex biotechnology medicines and advanced
therapeutic medicinal products (ATMPs). When considered with the potential of
epithelial dysfunction as a target for the treatment of respiratory disease, the
improvement of current preclinical models of respiratory epithelial tissue in healthy
and diseased states could reveal novel strategies to identify therapeutic targets
and maximise drug delivery through a route of administration that has invested
industrial interest. In order for this objective to be realised, an examination of the
current models for respiratory drug discovery is warranted to assess the

shortcomings that should be addressed in a new model system.
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1.2. Currentrespiratory drug development models

Current models for respiratory drug discovery and delivery consist of a range of in
vitro, ex vivo and in vivo approaches that aim to obtain valuable preclinical data on
aspects of drug deposition and absorption (Fig. 1.4; [50]), as well as efficacy and
toxicity. In vitro studies include analysis of aerosol deposition and cell culture
models to predict the anatomical regions to which the inhaled therapeutic travels,
in addition to drug transport and toxicological assessment, while the ex vivo
isolated perfused lung can provide the same readouts with relevance to a
physiologically intact architecture. Animal models are of course an essential
component of all preclinical testing and novel lung imaging techniques, coupled
with in silico computational methods, can be employed for further analysis of an
inhalable product in human patients at the clinical trial stage. Analysis of aerosol
deposition and the isolated perfused lung have been recently reviewed by Nahar
and colleagues and within the same research group, Patel et al. have published an
informative discussion of in silico computational approaches [50, 51]. For the
purposes of this thesis, the discussion of respiratory models focuses on cell
culture and animal models. Although each model has its own advantages and
disadvantages, an examination of their major limitations identifies the potential for

an innovative approach to develop novel and effective respiratory models.
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Figure 1.4: Models for inhalational drug discovery. Adapted from [50].
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1.2.1. Cell culture models

Respiratory cell culture models incorporate a range of immortalised cell lines or
primary epithelial cells for mechanistic, drug transport and toxicity studies. As is
the case with cell culture models for other organ tissues, immortalised cell lines
are useful as a supply of steadily proliferating and phenotypically stable cells. This
in turn facilitates consistency in assay design and a subsequent improvement in
comparison between respiratory drug candidates [52]. Respiratory cell lines have
chiefly been derived from either lung carcinoma or by virally-transformed
epithelium (Table 1.1). Bronchial cells feature predominantly, owing in general to
their propensity to form tight junctions and, particularly in the case of the Calu-3
epithelial cell line, the ability to secrete an apical mucus layer under certain

conditions akin to secretions present in vivo [53].

Of course, the inherent immortal nature of a cell line indicates that differences
exist between cell lines and native cells [54, 55]; the Calu-3 cell line, for example,
may exhibit features of bronchial epithelial cells, but it has been derived from a
pulmonary carcinoma [56]. Accordingly, there is a drive towards the increased
implementation of primary respiratory cells that can exhibit all of the organotypic
hallmarks of the in vivo epithelium. Indeed, the efficacy of ivacaftor on potentiating
chloride and sodium transport was analysed using primary tracheobronchial
epithelial cell culture with both normal and diseased primary bronchial epithelial
cells [35], ultimately contributing to its approval. The requirement for complex
culture conditions and the rapid dedifferentiation of these cells in vitro, however,
remain a challenge. Donor variability is an additional well-known issue with
primary cells. Furthermore, the artificial in vitro culture environment can limit

primary cell functionality, as described in Section 1.2.3.
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Table 1.1: Prominent epithelial cell sources for respiratory cell culture models.

Cell Type

Bronchial cell lines

16HBE140-

BEAS-2B

Calu-3

Bronchiolar cell lines

NCI-H441

Alveolar cell lines
A549

Primary cells
NHBE cells

MatTek EpiAirway®
Epithelix MucilAir®

Features Studies

[57-60]

Transformed bronchial cell line
Tight junction formation
Limited ciliation and mucus secretion

Transformed bronchial cell line
Cytochrome P450 metabolic activity
Lack tight junctions, ciliation and mucus secretion

Derived from adenocarcinoma of the lung
Tight junction formation and mucus secretion
Limited ciliation

Derived from adenocarcinoma of the lung
Tight junction formation post-dexamethasone stimulation
Limited ciliation

Derived from adenocarcinoma of the lung
Surfactant secretion
Potential for tight junction formation

Obtained from tracheobronchial tissue
Tight junction formation, mucus secretion and ciliation
Donor variability and limited passage number

Specialised primary cell culture models
Tight junction formation, mucus secretion and ciliation
Long lifespan

Expensive

[61]

[53, 56, 62]

[63-65]

[66-68]

[69, 70]

[71, 72]

Whatever the cell source, current cell-based in vitro models of the respiratory tract

typically consist of an epithelial monolayer cultured on a semipermeable
membrane insert at an air-liquid interface (ALI) to induce cell polarisation,

differentiation and mucus production (Fig. 1.5; [13, 54]). This model is referred to

as cell insert or “transwell” culture in reference to one of the main cell insert

products supplied. The semipermeable membranes are available in a range of

polymeric materials, including polycarbonate (PC) and polyethylene terephthalate

(PET) [71]. Other modifications to enhance epithelial differentiation with this model

includes the use of collagen coating [73] and co-culture with other cell types found

in the relevant region of the respiratory tract [60, 64, 68]. Overall, the cell insert

culture model is viewed as the principal cell culture model for respiratory drug

discovery and toxicology.
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Figure 1.5: Conventional cell insert culture of respiratory epithelial cells. Epithelial cells are initially
seeded onto a semipermeable membrane and exposed to air-liquid interface (ALI) conditions.
Adapted from [13].

1.2.2. Animal models

Animal models for respiratory drug discovery primarily consist of rodent models,
though larger animals are also employed. Mice, rats, and guinea pigs are
commonly used because of cheaper storage and handling costs compared to
larger animals, the capacity for larger sample size numbers in studies, and the
availability of beneficial imaging and molecular technologies that can be used with
such rodent species (reported in [74] and [75]). While the use of small animals is
pragmatic and cost-effective, issues related to the size of dose that can be
administered to animals can present a challenge, particularly in cases of drug
candidates with limited aqueous solubility or for those that require the inhalation of
a larger quantity of drug. Furthermore, blood, urine and other samples that are
taken for pharmacokinetic analyses have a limited extractable volume from small
creatures. In these cases, larger animals such as pigs, sheep or primates can be
more useful, though the use of such species will come at an additional cost and
will require acceptable ethical justification [76]. Thus, the rational selection of an
animal species warrants consideration of the disease or treatment that is being
modelled, study design and sampling, in addition to study endpoints.

The method of aerosol administration is a key factor in the design of animal
studies for drug delivery to the lungs and will impact on the accuracy of the results
obtained [74]. Inhalable agents can be administered to animals by passive
inhalation methods through the use of a whole-body exposure chamber, such as in

animal models of cigarette smoke exposure [77], or by nasal methods [78].

44

—
| —



Alternatively, intratracheal instillation of a drug solution and insufflation are
common techniques. The former method is regularly performed to deliver inhalable
agents in drug testing and can also be used to induce emphysema in rodent
disease models with elastase, as described by March and colleagues above, while
insufflation can be useful for the evaluation of dry powder formulations [79, 80]. In
summary, a range of animal models and means of drug administration to the
respiratory tract exist, but it is paramount to carefully design animal trials with due
consideration to the species and mode of inhalation for there to be any chance of
translatable outcomes to humans. Of course, due to differences between humans

and animal, this may not always be possible.

1.2.3. Limitations of current cell culture and animal models

ALI culture has played a significant role in the in vitro recapitulation of the in vivo
respiratory environment. This model positions the cells at the border of an apical
compartment reminiscent of the respiratory tract lumen and a basolateral side
representing vascular supply of nutrients [71]; as a result, it has facilitated
increased expression of cilia in primary cells and differences in barrier and mucus-
secreting properties of cell lines [53, 81]. However, the conducting and respiratory
regions both have a prominent extracellular component that is absent in cell insert
models (Fig. 1.6; [13]), which can result in an oversimplification of the airway
barrier that renders this drug development tool lacking in physiological relevance
[82, 83]. For example, culture on polymeric inserts can alter cell growth and
phenotype, with different proliferation rates, protein expression and cellular
differentiation observed when different compositions of natural and synthetic
substrates are utilised [73, 84-86]. Inadequate data obtained from the use of
synthetic cell substrates can increase the risk of drug candidate failure due to poor
in vitro-in vivo correlation between the apparent pharmacokinetic and
pharmacodynamic characteristics of the compound, culminating in great expense
and time lost that delay the development process of new medicines. With this in
mind, complex, physiologically-representative in vitro models must be developed

to address the inadequacies of current model platforms.
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Figure 1.6: The extracellular matrix component of the respiratory tract. Adapted from [13].

In vivo animal models also suffer from other significant limitations, in addition to
those alluded to in Section 1.2.2. While their use can provide toxicological
information that might not be currently attainable with in vitro models, some animal
species used in preclinical testing are not always suitable for human respiratory
drug research because of interspecies structural and physiological differences.
Firstly, despite the fact that aerosol deposition in lungs is influenced by particle
size, airflow patterns and the airway geometry [51], branching divisions within the
respiratory tract and the relative position of the right and left main bronchi are not
equivalent between humans and common animal models [87]. As a result, the
assessment of drug disposition in animals can inaccurately reflect that in humans
and have consequences for reliable estimation of tracheobronchial and alveolar
drug exposure. From a histological perspective, the differential distribution of
submucosal glands and cell types in mice could contribute to different lung healing
responses and mucus secretions [88]. Immunological differences between species
are perhaps of even more significance. Novel treatments for asthma that showed
promise in animal studies, for example, have failed when brought forward for
clinical trials [75], while extreme systemic inflammatory responses occurred in
human volunteers to novel agents that were originally safe in animals in the tragic
case of the phase | trial of TGN1412 [89]. Indeed, the discordance between
inflammatory pathways and the immune system between rodents and humans is

clearly evident in the lack of a model that efficiently demonstrates the respiratory
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pathophysiology of asthma and cystic fibrosis [32, 90]. Ultimately, the failure of
such novel drugs is due to an incomplete and/or ineffective preclinical assessment
in both animal and human tissues; the development of innovative methods for
creating effective human tissue models could therefore synergise with current
animal studies to successfully improve predictive validity of drug compounds in
humans and increase the number of successfully formulated inhalable

therapeutics.

Thus, combined with the drive to implement the reduction, refinement and
replacement of animal models in research [91, 92], more sophisticated models
based on 3D human normal and diseased tissue are required. Novel microfluidic
approaches have created a “lung-on-a-chip technology” to model the
bronchioalveolar region [93, 94]. Tissue engineering strategies, as discussed in
the following section, might greatly advance the realisation of in vitro models that
incorporate an ECM component into respiratory models, and this approach forms

the focus of this PhD project.

1.3. Tissue engineering and the respiratory system

1.3.1. Tissue engineering: an alternative approach to respiratory drug

development and the treatment respiratory disease

Advances in the field of tissue engineering (TE) have the potential to overcome the
shortcomings of current respiratory in vitro models and airway disease treatments.
TE is principally concerned with the reconstruction of tissue equivalents to replace
physiologic tissue function lost due to disease or injury for regenerative medicine
purposes [95]. Respiratory TE has recently flourished from the pioneering studies
of 3D cell culture substrates by Douglas and colleagues [96] to the landmark case
concerning a tissue-engineered tracheal transplant using acellular donor tissue re-
seeded with autologous epithelial cells and bone marrow-derived mesenchymal
stem cells (BM-MSCs; [97, 98]). The success of this ex vivo engineered
tracheobronchial tissue highlighted the potential of TE strategies for respiratory
tissue regeneration. Such strategies provide an opportunity for integrating the co-
culture of multiple airway cell types that can be seeded in the correct tissue
architecture to recapitulate the physiological environment, as well as facilitating the

vascularisation of new tissue formed to consolidate viable respiratory
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regeneration. Moreover, a TE approach can also be utilised to improve in vitro cell
culture models in respiratory drug development. TE-based in vitro models
incorporate the prominent extracellular component that is absent in current cell
insert models and can consequently induce the formation of an in vitro organotypic
epithelium through the use of ECM proteins as a substrate [99, 100]. Furthermore,
the ECM analogue architecture provides a 3D framework for submucosal cell
culture instead of flat two-dimensional (2D) surfaces. This can influence cell
behaviour through biomechanical signalling pathways and cytoskeletal
rearrangement [101]; as a result, paracrine factor release from embedded
fibroblasts or BM-MSCs can replicate epithelial-mesenchymal cell-cell
communication that occurs in the microenvironment of the native respiratory tract

within an in vitro setting.

In order to apply TE strategies towards the development of novel in vitro models
and innovative implants for tissue regeneration, it is crucial to implement the tissue
engineering triad in their design [102, 103]. Firstly, the appropriate cells of the
pertinent region of the respiratory tract must be present for acceptable in vitro
representation or in vivo regeneration of the tissue. Stem cells, cell lines and
primary cells can all be used depending on whether the final application is for in
vitro modelling or tissue restoration. Cell sources are reviewed in Section 1.3.2
and the cell types used throughout this PhD project are identified. Secondly, TE
strategies utilise biomechanical cues and growth factors (GFs) to provide signals
to these cells to induce functional tissue formation. For respiratory TE, several
GFs and drugs that can induce tissue repair and cellular differentiation are outlined
in Section 1.3.3, including the drug all-trans retinoic acid (atRA) that is investigated
in Chapter 5. Finally, in order for the cells to form correct respiratory tissue
architecture, the use of a 3D scaffold to act as a structural framework for tissue
formation is the cornerstone of successful airway TE. Given that the main goal of
this PhD is to develop a novel scaffold of the tracheobronchial region for potential
applications in respiratory drug development and respiratory tissue regeneration,
Sections 1.3.4 and 1.3.5 extensively review the types of biomaterials that have
been manufactured as scaffolds for respiratory TE. Through examination of these

biomaterials, the choice of scaffold for this thesis is identified and justified.
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1.3.2. Cell sources for respiratory tissue engineering and regeneration

In order to implement a successful respiratory tissue TE-based approach to heal
or replace physiological tissue, scaffolds should ideally include progenitor cell
populations for ex vivo culture or recruit them following implantation so that a
regenerative response can be recapitulated and enhanced in vivo. Recent
advances in our understanding of lung stem cell biology have identified potential
pools of cell types that could be utilised for regenerative purposes in line with
tissue engineered biomaterials [104]. Respiratory epithelial cells have a low rate of
cell turnover but following injury to the surface of the tract, a rapid response is
initiated to restore the epithelial barrier [105]. Distinct groups of progenitors appear
to marshal reparative processes in distinct regions of the lungs, while some
evidence also points to the recruitment of a universal stem cell population that can
assist in the repair along the entire respiratory tract [106]. Endogenous
mesenchymal progenitors include FGF10-releasing mesenchymal cells (reported
in [107]), but knowledge of these cells is limited and the literature is focused on
airway epithelial progenitors at present. All cell sources are of interest from a
tissue-engineering perspective because whether the desired cell population is
derived from a pool of stem cell progenitors, currently residing epithelia or a
combination of both, the result is the same: regeneration of respiratory tissue that
can perform adequate re-epithelialisation, and possible prevention of remodelling
at the site that contributes to fibrosis, loss of lung function and respiratory disease
[108].

1.3.2.1. Endogenous lung stem cell populations of the of the respiratory tract

Stem cells involved in airway development and repair processes can be broadly
divided into two classifications: endogenous progenitor cells specific to a
respiratory region and exogenous stem cells that arise from extrapulmonary tissue
or embryonic stem cells. Within the first set (Fig. 1.7), basal cells have been
identified as multipotent progenitors of the tracheal and bronchial epithelium [109,
110], a variant Clara cell subpopulation in the bronchus and bronchioles [111] and
type 1l alveolar cells in the alveolar regions [112]; the capacity to act as progenitors
appears to be an additional role along with the basic cellular functions outlined in
Section 1.1 and evidence suggests that following injury to the lung, mechanisms

are triggered to activate this regenerative capacity [113]. Basal cells occupy
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approximately 30% of the pseudostratified epithelium of the lung and facilitate
ciliated columnar epithelial attachment to the basement membrane [114], in
addition to other potential roles in inflammatory processes and neurogenic
signalling [115]. Different ratios of ciliated cells:Clara cells are derived from the
basal progenitors depending on the different type of insult to the upper respiratory
tract; for example, more basal cells differentiate into Clara cells following their
selective depletion with naphthalene [109, 110]. Clara cells in their own right, as
well as a subpopulation of naphthalene-resistant variant Clara cell, are capable of
renewing the tracheobronchial and bronchiolar epithelium [111]. It is hypothesised
that Clara cells provide a transiently amplifying population in response to injury

while basal cells are longer-term progenitors of ciliated, secretory and Clara cell

types.

DASC Distal progenitor BASC Basal cell

// ) \ <&@ X . D | "O

AT Il cell Clara cell
~
‘ l \ v
Ciliated cell Secretory cell
AT | cell :

Figure 1.7: Endogenous epithelial progenitor cells of the lung. Gray dashed lines indicate that
definitive in vivo evidence of lineage data is missing. Adapted from [116]. AT: Alveolar epithelial

cell; BASC: Bronchioalveolar stem cell; DASC: Distal alveolar stem cell.

In the alveolar region of the respiratory tract, type Il alveolar epithelial cells are
widely referred to as the progenitor for type | cells. It has been shown to be the
case that in addition to their surfactant-producing function, these cells can give rise
to type | pneumocytes both under homeostatic conditions and in response to
bleomycin-induced injury [117, 118]. Indeed, surfactant protein C+ (SPC+) type Il
cells have been recently confirmed as alveolar progenitors and as long-term stem

cells in the adult lung [119]. Additional progenitors of the respiratory zone include a
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putative bronchioalveolar stem cell niche population and two distinct distal

progenitor populations [120-122].

1.3.2.2. Other lung stem cell populations

Other sources of lung stem cell populations include a reported multipotent lung
stem, embryonic stem cells (ESCs), human amniotic fluid stem cells (hAFSCs)
and BM-MSCs. In contrast to the multitude of progenitor cells described above that
have regional restrictions, a report by Kajstura et al. has claimed to identify a
multipotent lung stem cell with not only the potential to differentiate into any cell of
epidermal origin, but also of mesodermal origin [106]. This study assessed a c-kit+
population for the properties of clonality, self-renewal and engraftment through
serial transplantation into mouse lungs. While of great interest from a respiratory
regeneration perspective as a universal lung stem cell, this work has been met
with some consternation over the choice of controls, lack of lineage tracing and the
choice of cellular markers [123], with further investigation warranted. Alternatively,
pluripotent ESCs have been tested for induction into tracheobronchial and alveolar
epithelial cells by various methods [124-127], while hAFSCs have been primarily
investigated for their potential to differentiate into alveolar epithelial cell

populations [128].

BM-MSCs are a widely investigated multipotent cell population that is a possible
source of cells for respiratory regeneration. Repopulation of alveolar regions with
bone marrow-derived stem cells has been demonstrated from analysis of sex-
mismatched transplant tissue in humans [129, 130], while surgeries using aortic
allografts as tracheal replacements provide evidence of MSC involvement [131].
Of course, the most successful tracheal TE transplants reported have also
employed BM-MSCs, either by pre-seeding the acellular tracheal tissue ex vivo
[97] or by recruiting them intraoperatively with pharmacological agents [132]. BM-
MSCs are an alternative cell source that is easier to obtain in larger numbers than
other stem cells, less difficult to culture in vitro and has a more favourable safety
profile. With improved standardisation of cell isolation and maintenance practice
(reviewed in [133]), MSCs could be a universally successful therapeutic option for

respiratory TE strategies.
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The local airway progenitors and stem cell populations reviewed above are not
investigated with the novel scaffold developed in this thesis, but it is nonetheless
important to understand their potential for the repair of lung tissue that has been
damaged by chronic respiratory disease. As our knowledge of the lineage
commitment mechanisms of these various stem cells increases, the techniques
and methods used to induce epithelial or mesenchymal commitment will improve
and could be combined with scaffolds (including that developed in this thesis) to
maximise in Vivo or ex vivo tissue regeneration strategies in future studies. For the
purposes of this PhD project, however, the Calu-3 cell line and primary
tracheobronchial epithelial cells outlined in Section 1.2.1 are investigated in culture

upon the scaffolds developed through the course of the thesis.

1.3.3. Signalling factors for respiratory tissue engineering and regeneration

Healing processes in the airways require complex coordination of a range of GFs
for processes such as proliferation, differentiation and vascularisation of tissue to
restore functionality [82]. Further delineation of specific GFs in the respiratory
tract, their mechanisms of action, as well as their temporal release in
morphogenesis, tissue development and responses to injury, could be
incorporated into tissue modelling or regenerative medicine strategies for the
airways. While not as extensively studied as in other regenerative medicine
applications, several GFs and other molecules have been identified that hold the
potential to progress the field of respiratory TE; these include hepatocyte growth
factor (HGF), BMP4, keratinocyte growth factor (KGF) and all-trans retinoic acid
(atRA).

1.3.3.1. Hepatocyte growth factor (HGF)

Of all the GFs with regenerative potential for lung tissue, HGF is of particular
interest as a therapeutic agent with clinical application for the treatment of
pulmonary fibrosis. This GF has been detected at higher levels in patients
suffering from pulmonary fibrosis [134], suggesting its role in the physiological
response to chronic injury, while other studies have revealed the presence of
defective HGF production by fibroblasts in COPD [135]. Within the respiratory
tract, HGF plays a role in the modulation of alveolar epithelial and endothelial
apoptosis, as well as fibroblast differentiation into pro-fibrotic myofibroblasts [136].

Increasing the levels of HGF, either by gene transfection or by intratracheal
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administration, has reduced lung fibrosis in models of pulmonary fibrosis and
emphysema [137-141]. Mechanisms of reparative action determined in these
studies confirmed an anti-apoptotic effect on alveolar epithelial cells, reduction of
pro-inflammatory molecules, decreases in transforming growth factor beta-1
(TGFB1)-mediated epithelial-mesenchymal transition (EMT) and reduction in
collagen deposition. Indeed, recognition of HGF’s role in regenerating respiratory
tissue has instigated several clinical trials for the use of small molecule HGF-
mimetics for the treatment of acute lung injury and pulmonary fibrosis (reviewed in
[142]). Recent evidence suggests that HGF can be supplied to the damaged
airways by BM-MSCs [143], suggesting that this is one mechanism of healing
through which such stem cells bring about their paracrine reparative effects.
Overall, HGF has been identified as a significant signalling GF in respiratory
epithelial-fibroblast crosstalk and is of interest from a tissue regeneration

perspective.

1.3.3.2. Bone morphogenetic protein 4 (BMP4)

In the airways, BMPs- notably, BMP4- have been identified for their roles in lung
development and airway healing following acute injury [144, 145]. BMPs regulate
proliferation, differentiation, angiogenesis, apoptosis and regeneration across the
body [146] and this has been exploited for tissue regeneration purposes, such as
the soak-loaded recombinant BMP2 commercial bone graft substitute, INFUSE®
[147]. BMP4 has been previously identified as a modulator of lung branching
morphogenesis and proximal-distal differentiation of ciliated and secretory
epithelial cells [148]; perhaps of greater interest from a tracheal tissue
regeneration perspective, however, BMP signalling is more active in the
conducting airways after parturition and is upregulated following asthmatic injury
[149]. The canonical signalling pathway of BMP has been attributed to EMT
processes in human bronchial cell lines and primary murine airway epithelial cells
that are temporarily activated during wound repair and epithelial damage [145,
150, 151]. Accordingly, the short-term induction of this pathway through the use of
BMPs by tissue-engineered constructs for tracheobronchial implantation could
herald a novel application for a family of GFs that has been traditionally associated

with osteogenesis [152].
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1.3.3.3. Keratinocyte growth factor (KGF)

KGF, also known as FGF7, mediates epithelial proliferation in the respiratory tract,
particularly during morphogenesis and repair in acute lung injury [153]. Increased
transcription and translation of KGF within fibroblasts occurs in response to pro-
inflammatory cytokines such as IL-1, and this increased expression could
stimulate epithelial repair following injury via paracrine action [154]. Moreover,
KGF-induced epithelial growth by autocrine release from tracheobronchial
epithelial cells might also contribute to the healing response [155]. The protein
appears to induce its restorative effects by stimulating epithelial cell growth,
inhibition of apoptosis, mobilisation and attraction of circulating progenitor cells, as
well as restoration of epithelial barrier integrity by cytoskeletal stabilisation and
protection of Clara cells [156-158]. Although this GF has not been considered in
the development of any tissue-engineered respiratory scaffold for tracheobronchial
regeneration to date, future studies incorporating KGF into scaffolds could

potentially yield an enhancement in epithelialisation of the implanted constructs.

1.3.3.4. All-trans retinoic acid (atRA)
Derived from vitamin A, atRA is a low molecular weight molecule that is employed

as an anti-cancer drug and as a media supplement for primary airway epithelial
cell culture [69, 159]. It is generated from retinol in vivo by several oxidative
reactions and operates in conjunction with FGF10 signalling to regulate
morphogenic branching processes in the developing lung [160]. In adults, atRA
has been investigated as a drug for the reversal of COPD-induced alveolar injury
with recorded reductions in alveolar enlargement; data in human and animal trials,
however, have been mixed [78, 161-165]. While investigations into alveolar tissue
regeneration have not been conclusive, the potential for atRA-induced
regeneration of the conducting airways has largely been unexplored and its
regenerative potential for tracheobronchial tissue could hold promise. From a TE
perspective, the application of atRA provides a significantly cheaper alternative to
macromolecular GF biomolecules and also has the advantage of targeting a
pathway that is not mediated by paracrine and autocrine peptides in the airways
[166, 167]. In this regard, an atRA-loaded regenerative implant could enhance
epithelial repair and functionalisation to synergise with GF release by cells in the

local milieu and provide a multimodal approach to targeting cell signals, rather
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than just “piggybacking” GF molecular pathways. The major challenge for such an
implant, however, is the unfavourable physicochemical properties of atRA that limit
its integration into a scaffold. This challenge is addressed in Chapter 5 of the
thesis.

1.3.4. Biomaterials for respiratory tissue engineering and regeneration

The majority of respiratory TE research has focused on the use of biomaterial
scaffolds for 3D airway in vitro modelling or for the fabrication of regenerative
implants. Scaffolds employed are typically composed of natural polymeric
materials (e.g. collagen), donor ECM (decellularised (DC) tissue), synthetic
polymeric materials (e.g. poly-e-caprolactone (PCL)) and composites of synthetic
and natural materials. All these categories have been employed in engineering
both the tracheobronchial region and alveolar region of the airways in a variety of
formulations, including hydrogels, porous polymeric sponges, and DC constructs.
The choice of scaffold type has often reflected the TE application in mind, with
most 3D in vitro modelling applications investigating hydrogel-based formulations
while ex vivo culture and other regenerative approaches favouring the use of

acellular ECM material and porous polymeric scaffolds.

1.3.4.1. Biomaterials for alveolar tissue engineering and regeneration

The first report concerned with biomaterials and respiratory TE investigated 3D
modelling of histotypic alveoli [96]. Since then, alveolar TE has seen a trend where
earlier studies focused on hydrogels with some porous polymeric scaffolds and
more recent research has expanded on the use of acellular whole lungs to
preserve alveolar architecture. This PhD is focused on TE of the tracheobronchial
region (Section 1.3.5) and consequently, biomaterials for alveolar TE are only
reviewed in brief to provide context to the entire field of respiratory TE. A summary
is provided in Table 1.2; for a more comprehensive review of these biomaterials,

the reader is referred to [168].
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Table 1.2: Biomaterials used in alveolar tissue engineering. FGF: Fibroblast growth factor;

GAG: Glycosaminoglycan.

Cell-Scaffold System | Notes

Hydrogels

Rabbit foetal lung cells on
Matrigel®-based hydrogel

Murine foetal lung cells on
Matrigel®-based hydrogel

Rat primary type Il
pneumocytes on collagen type |
hydrogel

Decellularised tissue: whole-
lung

Rat foetal lung cells, human
umbilical vein endothelial cells
and A549 alveolar epithelial
cells on acellular rat lung

Rat primary lung epithelial cells
and rat lung microvascular
endothelial cells on acellular rat
lung

Mouse foetal lung cells and
embryonic stem cells on
acellular mouse and rat lung

Rhesus primary bone marrow-
derived mesenchymal stem
cells and adipose-derived stem
cell on acellular primate lung

Murine embryonic stem cells,
human foetal lung cells, porcine
primary bone marrow-derived
mesenchymal stem cells and
human alveolar epithelial cells
on acellular porcine and human
lung

Human primary bronchial
epithelial cells, human primary
bone marrow-derived
mesenchymal stem cells,
human lung fibroblasts and
CBF12 human vascular
endothelial cells on acellular
human lung

Porous polymeric scaffolds

Rat foetal lung cells on gelatin
sponge disc

Rat foetal lung cells on
Gelfoam®

Rat foetal lung cells on
collagen-GAG scaffolds

Ovine somatic lung progenitor
cells on PGA mesh-pluronic
F127 hydrogel

Thick gel required for alveolar structures to form and persist
for 22 days; surfactant production

Foetal lung and alveolar histological features observed with
high seeding in Matrigel; surfactant gene expression;
combinations of FGF 2/7/10 induced epithelial cell budding
and endothelial network formation

Cellular aggregates developed into alveolar structures with
flattened and cuboidal cell morphology; surfactant production

Perfusion decellularisation preserved lung architecture;
ventilation of cell-seeded tissue performed in vitro; in vivo
orthotopic transplantation of pre-cultured construct
maintained without ventilation support for 6 hours

Perfusion decellularisation preserved lung architecture;
ventilation of cell-seeded tissue performed in vitro; epithelial
cells expressed alveolar markers by 8 days; transplantation
of pre-cultured construct maintained for up to 2 hours

Perfusion decellularisation preserved lung architecture and
extracellular matrix components; expression of markers for
type Il alveolar epithelial cells, endothelial cells, smooth

muscle cells and Clara cells observed in bioreactor culture

Perfusion decellularisation preserved lung architecture and
extracellular matrix components; cellular attachment,
elongation and proliferation observed over 7 days in culture

Perfusion decellularisation preserved lung architecture and
extracellular matrix components; cellular attachment and
proliferation observed after 7 days; alveolar epithelial cells
expressed alveolar markers

Decellularisation of fibrotic lungs was inefficient; coating
tissue sections with pleural mimic increased cellular retention
and adherence to scaffold

Cellular aggregates developed into alveolar structures with
microvilli and lamellar bodies

Pre-culture with cells prior to implantation necessary for
vascularisation and alveolar unit formation in scaffold in vivo

Alveolar structures formed with surfactant production in vitro;
extracellular matrix deposition around alveolar units

Cells expressed alveolar features in vitro on PGA scaffolds;
foreign body reaction in vivo prevented by combination with
hydrogel

[169]

[170, 171]

[172]

[173]

[174]

[175, 176]

[177]

[178]

[179]

[96, 180]

[181]

[182]

[183]
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Hydrogel scaffolds have been investigated as an environment for forming 3D
alveolar structures for distal airvay modelling, where epithelial cells have been
cultured within the gel matrix. One of the first studies reporting the use of a gel
scaffold for the support of airway cell culture by Blau et al. described the formation
of spherical clusters of foetal rabbit type 2 pneumocytes around a central lumen
within reconstituted basement membrane (Matrigel®) [169]. The propensity for
type 2 alveolar cells to form these alveolar-like structures in vitro has been
replicated with other species [170, 171] and with type | collagen gels [172].
Analysis of markers of differentiation indicated the transition from type Il alveolar
epithelial cells to flattened type | cells in 3D culture. However, encased alveolar
units described above are infeasible for in vivo tissue regeneration or replacement
as their successful integration with the surrounding airway branches is unlikely.
Therefore, the utility of hydrogel scaffolds of the alveolar region lies principally in
its role as a tool for basic research in the study of processes such as alveolar

morphogenesis and progression of disease.

Alternatively, DC whole lung is an interesting possibility for alveolar tissue
regeneration using acellular cadaveric donor tissue. Donor tissue can have its
antigenic components removed by various steps of detergent addition to leave a
natural scaffold maintaining tissue architecture and embedded signalling factors
[184], allowing for the re-seeding of the biomaterial with the recipient’s cells. Since
the publication of two studies outlining the preparation and transplantation of
acellular rat lungs using primary epithelial and vascular cells and foetal airway
cells [173, 174], parallel investigations have been conducted with murine [175,
176], primate [177] and more recently in human tissue [178, 179, 185], as well as
analysis with different stem cell populations such as BM-MSCs [186]. While these
studies highlight the potential of this TE strategy, the requirement for vast
guantities of multiple cell types and standardisation of tissue quality, storage and
DC methods [185, 187-190] makes this form of therapy far from clinic-worthy at
present. For now, a more plausible and beneficial clinical application for could be
as a sophisticated in vitro drug delivery platform that could provide information on
drug deposition fate in the lungs following pulmonary administration [191] and
analysis of systemic absorption, given that the vascular and airway systems

remain intact and independent of each other in the DC organ.
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Porous polymeric scaffolds, a third type of biomaterial, were utilised in the first
reports of respiratory TE [96, 180]. Since then, further research of foetal lung cell
culture on other materials such as the purified gelatin product Gelfoam® [181],
highly-porous lyophilised collagen-glycosaminoglycan (CG) scaffolds [182], and a
composite of polyglycolic acid (PGA) mesh and Pluronic F127 (PF127) gel [183]
have shown promise for alveolar modelling and regeneration applications. Overall,
porous polymeric scaffolds can remedy the regenerative limitations of hydrogel
scaffolds by providing a structure in which the struts of the pores can provide a
framework for alveolar cells to grow on and a hollow pore to develop in to the
luminal airway on the apical side of the cells, with the correct tailoring of pore size

and interconnectivity within the construct.

1.3.5. Biomaterials for tracheobronchial tissue engineering and regeneration

While it is relevant to consider the biomaterials used in alveolar TE because of the
overlap with the type of polymers and manufacturing methods with
tracheobronchial TE, the main goal of this PhD is to develop a novel scaffold of the
tracheobronchial region for potential applications in respiratory drug development
and respiratory tissue regeneration using a TE-based approach. Therefore, the
use of hydrogels, DC tissue and porous polymeric scaffolds for bioengineering the

conducting zone of the respiratory tract are reviewed in detail here.

1.3.5.1. Hydroqels

Hydrogels are the most investigated biomaterial for tracheobronchial TE. Primary

tracheobronchial epithelial cells cultured at an ALI upon a type | collagen gel,
either as a gel alone or as a set gel suspension containing fibroblasts, has been
shown to enhance cellular proliferation and differentiation to yield an organotypic
pseudostratified epithelium [100, 192-194]. The 3D multicellular environment,
including hydrogel composition and mechanical properties, can have a prominent
influence on respiratory epithelial cells. Pageau et al., for example, discovered that
a collagen concentration range of 2mg/ml-3mg/ml was optimal for the co-culture
model to prevent excessive fibroblast-induced contraction [100]. This study also
identified that the change of fibroblast cell type affected the epithelial cell
phenotype and contractile properties. Additionally, other studies have shown that
Matrigel®, a basement membrane analogue derived from mouse sarcoma cells

[195], induced the formation of spheroid-like structures from human bronchial

58

—
| —



epithelial cells within the gel and displayed alveolar and pulmonary acinar
characteristics when used as the cellular substrate, similar to its effects on type 2
pneumocytes [196, 197]. Further improvements have been made to hydrogel
models by introducing lateral physical strain with a customised culture plate and T-
cells from healthy and asthmatic donors to better mimic airway mechanical forces

and understand inflammatory disease, respectively [198, 199].

While collagen-based hydrogels are undoubtedly the most common choice of
biomaterial for in vitro respiratory TE applications to date, other natural polymers
and composites have been considered as gel structures. Risbud and colleagues,
for example, validated the immunocompatibility of a chitosan-gelatin hydrogel
through a 7-day culture period with macrophages and found that the biocompatible
material supported the growth of human primary respiratory epithelial cells [200].
Cornelissen et al. directly compared fibrin hydrogels to those made from collagen
in a bid to create a biomaterial that could be derived from autologous blood in a
patient [201]; fibrin was found to be equivalent to collagen as a material for
tracheal epithelial cell culture, highlighting its potential as a substrate for
engineering the tracheobronchial region. Overall, hydrogel models of the
conducting zone have demonstrated efficacy as an ECM mimic of the proximal
airways. Table 1.3 provides a summary of hydrogel biomaterials for

tracheobronchial TE.
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Table 1.3: Hydrogels used in tracheobronchial tissue engineering. PCL: Poly-¢-

caprolactone; PLGA, Polylactic(co-gylcolic) acid.

Cell-Scaffold System

Collagen hydrogels
Human primary bronchial epithelial | Serum-free medium supplemented with retinoic [192]
and fibroblastic cells acid was best for bronchial tissue culture
Immortalised human primary Keratinocyte feeder layer media used; multipotent | [193,
bronchial epithelial cells; IMR-90 immortalised cells achieved in culture 196]
fibroblasts
Canine and porcine primary Use of collagen enhanced ciliogenesis; [194]
tracheal-bronchial epithelial cells metachronal ciliary beating observed
Human primary bronchial epithelial | Higher concentration of collagen (3mg/ml) reduced | [100]
cells; IMR-90 and LUCAF gel contraction; fibroblast type influenced epithelial
fibroblasts cell features
Human bronchial epithelial cells; Combined 50% lateral strain and activated [198]
IMR-90 fibroblasts; human primary | eosinophils induced epithelial layer thickening
eosinophils
Human primary bronchial Co-culture system influenced the survival of T- [199]
epithelial, fibroblastic cells and T- | cells
cells
Human primary bronchial Gingival and tracheal fibroblasts induced [202]
epithelial cells; human primary normalised tracheal epithelium
tracheal, dermal, nasal and
gingival fibroblasts
Rat primary lung fibroblasts and Three-layered collagen-fibroblast hydrogel was [203]
bone marrow-derived reinforced with rings of osteogenically-induced
mesenchymal stem cells stem cells; animals survived approx. 24 hours
post-implantation
Other hydrogels
Matrigel®-based hydrogel; human | Culture on or within hydrogel induced pulmonary [197]
primary bronchial epithelial cells acinar formation
Chitosan-gelatin hydrogel; human | Cells cultured on hydrogel had similar viability and | [200]
primary tracheal epithelial cells; cell marker expression to culture on tissue culture
J774 macrophage cells plastic
Fibrin hydrogel; ovine primary Hydrogel was found to be non-inferior to a [201]
tracheal epithelial cells collagen gel for the culture and barrier formation of
respiratory cells
Fibrin-hyaluronan-PLGA gel; Pre-cultured gel showed integration with tissue in [204,
rabbit primary auricular and a partial tracheal defect; cartilage formation, 205]
articular chondrocytes epithelialisation and ciliary beating detected; PLGA
reinforced gel strength
Fibrin-PCL gel; rabbit primary Pre-cultured gel reinforced with a PCL mesh [206]
bone marrow-derived showed integration with tissue in a partial tracheal
mesenchymal stem cells defect; cartilage formation, epithelialisation and
ciliary beating detected
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In spite of their widespread use as an ECM mimic of the tracheobronchial region,
hydrogel scaffolds suffer from one major disadvantage- their high water content
[207]. As a result, the gel materials are viscoelastic in nature and are awkward to
handle; furthermore, they suffer from weak mechanical properties, requiring
extended ex vivo culture periods and combinations with synthetic polymers to
reduce scaffold collapse in vivo [203-206]. Thus, their role in the design of
tracheobronchial constructs for in vivo regeneration is quite limited and their use is
generally restricted to in vitro airway reconstruction for disease modelling. Indeed,
one of the reasons that the scaffolds in this thesis are investigated is due to their
superior mechanical and handling properties when compared to hydrogels. That
said, the employment of hydrogels as a cell delivery agent could be a promising
regenerative approach for the airways in the future. In this role, the material might
act to enhance delivery and retention of mesenchymal stem cells to the damaged
tissue [208-210], providing an in situ reservoir of GF-secreting cells that can repair

damaged respiratory tissue by paracrine action [211, 212].

1.3.5.2. Decellularised tissue

The use of DC tissue for tracheobronchial TE and regeneration has increased
significantly since the clinical report of Macchiarini et al. [97, 98]. A proof-of-
concept study of this method with a cell-seeded tissue-engineered patch of
porcine jejunal segment demonstrated that the presence of both epithelial cell and
mesenchymal cell types were necessary to prevent stenosis and infection in the
graft [213, 214]. More recent work has delivered success with intraoperative-based
seeding and eliminating the use of a bioreactor through use of pharmacological
cell boosting agents [215, 216]. Other notable approaches towards tracheal
regeneration using donor tissue include pre-vascularisation of donor tracheae
within the recipient patient’s forearm to allow autologous vessel growth prior to
tracheal implantation [217, 218] and the use of autogenous and allogeneic aortas
as a means to induce in situ tracheal regeneration [219-225]. Indeed, in the case
of the latter strategy, a clinical trial was completed in September 2015 using this
construct, though no study results have been released to date [226].

DC trachea is not without its drawbacks, however. Ultimately, the use of tissue-
based scaffolds suffers from the same major limitation as transplantation- the

requirement for donors. For widespread clinical application, mass-production of
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this type of material becomes an implausible challenge at present. Furthermore,
donor tissue segments may be limited in their dimensions, which may not fit all
recipients depending on the location and size of the injury. For acellular trachea,
the process of decellularisation can weaken the tissue mechanical properties in
spite of retention of architecture, increasing the risk of graft collapse following
implantation in vivo [227]. The ideal method of decellularisation also remains to be
determined, with differences seen in structural integrity and ECM composition
between the three most popular protocols [228]. Tissue heterogeneity due to long-
term storage prior to surgical implantation is another caveat that must be taken
into account [229]. Finally, there is the risk of disease transmission between donor
and recipient. Thus, although they show great promise, acellular material is not the
conclusive solution for tracheobronchial tissue regeneration just yet. Accordingly,
the novel scaffold developed in this thesis is investigated for its potential as an
alternative platform for tracheobronchial regeneration in Chapter 5. A summary of

DC tissue for tracheobronchial TE is provided in Table 1.4.
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Table 1.4: Decellularised tissue used in tracheobronchial tissue engineering.

Cell-Scaffold System

Decellularised tissue:
tracheobronchial

Human primary tracheal fibroblast and
muscle cells on porcine jejunum

Porcine primary tracheal epithelial cells
and bone marrow-derived mesenchymal
stem cells on trachea

Human primary tracheal epithelial cells
and bone marrow-derived mesenchymal
stem cells on trachea

Porcine primary mononuclear cells and
tracheal epithelial cells on trachea

Human primary mononuclear cells and
nasal epithelial cells on trachea

Unseeded tracheal allograft with
controlled immunosuppression

Unseeded allogeneic aorta

Autologous cells pre-cultured in a
decellularised porcine jejunal segment
integrated with host tissue with
epithelialisation of the luminal surface

Bioreactor pre-culture with both epithelial
cells and stem cells required to prevent
in vivo collapse of a decellularised
tracheal construct

Successful replacement of a damaged
bronchus with a pre-cultured
decellularised trachea; first human case
with a tissue-engineered airway
transplant

Intraoperative seeding of decellularised
trachea was boosted with post-operative
regenerative therapy led to cartilage
formation and epithelisation in vivo

First report of the intraoperative seeding
procedure of decellularised trachea used
in humans

Scaffold pre-vascularised in patient’s
forearm fascia and transferred to airway
to become the first vascularised tracheal
transplant

Implantation in airways induced in situ
tracheal regeneration; fresh and
cryopreserved aorta examined

[213]

[214]

[97, 98]

[215]

[216]

[217, 218]

[219-225]

1.3.5.3. Porous polymeric scaffolds

Porous polymeric scaffolds hold the potential to address the supply and

compatibility issues of donor tissue and to further improve the in vitro

representation of the tissue architecture and composition of the tracheobronchial

region, creating more fibrous structures that are reminiscent of the

tracheobronchial tissue architecture (Section 1.1.2). These scaffolds are typically

sponge-like materials that are composed of either naturally-occurring polymers,

synthetic polymers or a composite of natural and synthetic material [230].

Synthetic and composite polymeric materials have been explored as biomaterials

in TE because of their potential to produce constructs with more customisable

biocompatible and biodegradable properties than some natural substrates, with
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manufacturing techniques such as freeze-drying, electrospinning and 3D printing

involved in scaffold production, as discussed below.

Synthetic materials have been tested alone as the source material for
tracheobronchial scaffolds for both in vitro modelling and in vivo regeneration
applications. A novel approach of individually manufacturing electrospun layers of
PET for culture of epithelial, fibroblastic and dendritic cellular components of the
scaffold before stacking them to create a combined immunocompetent “triculture”
system with appropriate cell localisation has been designed [231]. Initial findings
have indicated that 3D co-culture with the fibroblasts has enhanced epithelial cell
functionality, while immune responses following allergen exposure showed
favourable dendritic cell migration. In vivo regeneration of a segmental tracheal
defect has shown potential with pre-vascularisation of a chondrocyte-seeded PGA-
silicone construct in the sternohyoid muscle prior to implantation in the trachea
[232], while a well-characterised electrospun PET-polyurethane scaffold pre-
cultured with MSCs demonstrated cell attachment and expression of markers of
epithelial differentiation in a rodent model [233]. In what has become a prominent
case in the media, a proof-of-concept study was conducted in a 36 year old male
with a polyhedral oligomericsilsesquioxane (POSS)-poly-(carbonate-urea)urethane
(PCU) scaffold processed by an extrusion-phase inversion method [234].
Computed tomography scans and virtual imaging of the patient’s airway were
employed to match the construct dimensions to the site of implant to ultimately
achieve the first in vivo implantation of a synthetic graft in man. The validity of this
study and indeed the true merits of this synthetic scaffold, however, have been
cast in doubt following recent investigations into potential misconduct and
negligence [235-239].

Synthetic materials are not without their limitations. Firstly, these polymers can
lack suitable ligands that are required for initial cell adherence and repopulation of
constructs, as well as subsequent growth and differentiation. This drawback can
typically be overcome through coating the material with ECM proteins to enhance
cell attachment, such as with the integrin ligand RGD peptide [240]. Of greater
concern, perhaps, are issues with the biocompatibility and biodegradability of
synthetic materials, where the presence of foreign material or its by- products can

induce damaging pro-inflammatory responses in vivo. Implantation of a synthetic

64

—
| —



scaffold can induce a foreign body reaction that encapsulates the biomaterial in a
fibrotic capsule, rendering it useless for tissue regeneration [241], while for
materials like poly(lactic-co-glycolic acid) (PLGA), acidic metabolic products can
elicit tissue damage in its local environment in the body [242]. Finally, prolonged or
absent rates of material degradation in tandem with replacement with host tissue

can be a challenge for implanted synthetic scaffolds.

The combination of synthetic materials with natural polymers can benefit from the
synergy of natural cell-binding ligands and robust synthetic mechanical properties.
PCL is an example of a polymer that can support respiratory cells with the
advantage of being suitable for a range of fabrication methods and different cell
types in conjunction with natural polymers. Electrospun mixtures of decorin, gelatin
and PCL, for example, created a highly fibrillar network that supported primary
human airway epithelial cells expressing markers and morphological features of a
differentiated airway epithelium [243]. Freeze-dried PCL-type Il collagen scaffolds
cultured with chondrocytes in a bioreactor were grafted into rabbits and maintained
for a mean period of 52 days [244]. Certain combinations of natural materials can
also reinforce the mechanical properties of one natural material alone, such as the
incorporation of electrospun silk fibroin into a dense collagen tubular construct
[245]. In this study, the inclusion of the silk mesh not only provided increased
mechanical strength, but also introduced a fibrous component that can mimic
tracheobronchial architecture; such a scaffold holds promise for future ex vivo

bioreactor culture for tracheobronchial tissue regeneration.

When natural materials have been used alone to produce porous polymeric
scaffolds for tracheobronchial TE, collagen has been the popular choice. Non-
woven collagen scaffolds have been shown to sustain growth of human nasal
epithelium in 3D in vitro culture [246], while other in vitro work by Pfenninger and
colleagues has also validated the use of collagen for tracheal engineering through
analysis of a collagen membrane [99]. Concerning the use of porous collagen
scaffolds for in vivo regeneration of partial tracheal defects, collagen sponges
coated with a type I collagen vitrigel can reproducibly induce in vivo formation of
rat tracheal epithelium, as well as supporting tissue repair by ex vivo culture of
epithelial cell and fibroblast co-culture prior to implantation [247-249]. Vitrification

of the hydrogel involves drying a “traditional” collagen hydrogel in order to form a
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more robust glass-like material that can be subsequently rehydrated and utilised
for TE applications [250]. Although these studies highlight the potential of collagen
as the principal component for a naturally-derived porous polymeric scaffold, it has
not been investigated in this physical form as extensively as hydrogels. Therefore,
the research in this thesis aims to improve our knowledge on the use of this form

of collagen biomaterial for tracheobronchial TE applications.

Overall, porous polymeric scaffolds can offer a balance between improved
handling and mechanical properties and the ability to tailor scaffolds to
customisable sizes and shapes to match different airway dimensions. Ultimately,
they can potentially surpass the limitations of hydrogels and DC tissue
encountered with TE of the conducting zone of the respiratory tract. For tracheal
tissue regeneration using biomaterials, the achievement of gradual replacement of
the biomaterial with functional neotissue that can integrate and grow with the
patient, particularly in cases of neonatal or paediatric tracheal injury [132, 251], is
the ideal objective for porous polymeric scaffolds. Natural porous polymeric
scaffolds have the capability to achieve this goal and are therefore an interesting
method to pursue for the development of novel scaffolds for tracheobronchial

tissue healing. A summary of porous polymeric scaffolds is provided in Table 1.5.
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Table 1.5: Porous polymeric scaffolds used in tracheobronchial tissue engineering. GAG:

Glycosaminoglycan; PCL: Poly-e-caprolactone; PET: Polyethylene terephthalate; PGA:
Polyglycolic acid; PLGA: Polylactic(co-gylcolic) acid; POSS-PCU: Polyhedral

oligomericsilsesquioxane- poly(carbonate-urea)urethane; PU: Polyurethane.

Cell-Scaffold System " Notes

Porous polymeric scaffolds

Calu-3 bronchial epithelial cells, MRC-5
fibroblasts and human primary dendritic
cells on an electrospun PET scaffold

Rabbit primary auricular chondrocytes on
PGA-silicone scaffold

Rat primary bone marrow-derived
mesenchymal stem cells on electrospun
PET-PU scaffolds

Human primary mononuclear cells on
electrospun POSS-PCU scaffold

Human primary tracheobronchial
epithelial cells on electrospun PCL-
gelatin-decorin scaffold

Rabbit primary articular chondrocytes on
freeze-dried PCL-type Il collagen tubular
scaffold

Mouse primary bone marrow-derived
mesenchymal stem cells seeded on silk
fibroin-collagen scaffold

Human primary nasal epithelial cells on
collagen sponge

Rat primary tracheal epithelial cells; rat
primary tracheal and gingival fibroblasts;
rat primary adipose-derived stem cells on
a vitrigel-coated collagen sponge with
polypropylene mesh

Inclusion of fibroblasts enhanced epithelial
barrier strength, mucus secretion and
healing; dendritic cells responded to
immunostimulation

Vascularisation of pre-cultured scaffold in
subcutaneous tissue before tracheal
implantation reduced tissue granulation
and improved cartilage strength

1:1 polymer ratio optimal for mechanical
properties; cell attachment dependent on
PET

Pre-cultured scaffold boosted with post-
operative regenerative therapy led to
cartilage formation and epithelialisation in
Vivo

Scaffolds supported adherence and
growth of epithelial cells; scaffolds did not
induce T-cell proliferation or cytokine
release

Dynamic culture improved cartilage cell
number, alignment and collagen and GAG
content on scaffold. Rabbits survived a
mean 52 days following in vivo
implantation

Pulsatile and laminar flow induced
differences in cell alignment and
differentiation on scaffold

Non-woven collagen scaffold supported
the growth of respiratory epithelium; a
hyaluronic acid derivative membrane was
found to be non-adherent for cells

Scaffolds integrated into tissue at a partial
tracheal defect site with reepithelialisation;
gingival fibroblasts, adipose cells and
basic fibroblast growth factor hastened
healing

[231]

[232]

[233]

[234]

[243]

[244]

[245]

[246]

[247-249]
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1.4. The Tissue Engineering Research Group (TERG): collagen-based

scaffolds for tissue engineering and regeneration

As can be inferred from the plethora of studies in Section 1.3 that utilise collagen
as a biomaterial substrate, this protein is one of the most popular natural polymers
within TE. As the most abundant structural protein in vivo, collagen is
biocompatible and bioresorbable in nature, along with extensive cell adhesive
properties [252]. Collagens form a large protein family containing more than 40
genes encoding various alpha chains which can form at least 29 members [253].
Within this family, type | collagen forms the bedrock of the ECM of many tissues,
including the tracheobronchial region [17]. Collagen I is fibrillar in structure,
composed of a distinctive heterotrimeric left-handed helix. The repeating Gly-X-Y
amino acid sequence in its primary structure is critical to the formation of the
polypeptide and resultant fibrils [27]. The inclusion of the small glycine residue in
every third position in the primary sequence facilitates the interaction between
adjacent collagen alpha subunits by reducing steric hindrance and permits the
formation of the collagen triple-helix with the glycine residues pointed inwards
towards the central axis. Furthermore, this conformation causes the other amino
acid side chains to project outwards which maximises their availability for
association with other collagen molecules and different ECM components. Overall,
this fibrillar structure confers stability and tensile strength to the molecule. Indeed,
as a natural polypeptide that is plentiful, more robust than other natural
biomolecules and rich with cell-adhesive regions such as the integrin-binding
GFOGER sequence [254], type | collagen exhibits excellent properties as the core

biomaterial for porous polymeric scaffolds of natural origin.

Accordingly, the Tissue Engineering Research Group (TERG) in the Royal College
of Surgeons in Ireland (RCSI) has utilised type | collagen as the principal
component in porous scaffolds for a range of TE applications (Fig. 1.8). Collagen-
glycosaminoglycan (CG) scaffolds manufactured by our group have consistently
demonstrated the ability to facilitate cell growth and differentiation [255-259] and
fully-porous constructs have enhanced the healing of bone and cartilage in both
small and large animal models [260-263]. Indeed, one of these scaffolds based on
a composite of collagen and hydroxyapatite, HydroxyColl®, has received CE

marking and human clinical trial approval and is being commercialised by
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SurgaColl® Technologies Ltd., a spin-out company from TERG. Such scaffolds
have since been further specialised through the addition of therapeutic nucleic
acids and proteins to enhance regeneration [264-269] and new organ systems
have been investigated [270, 271]. However, beyond the alveolar TE study
mentioned in Section 1.3.4.3 [182], CG scaffolds have not yet been widely

investigated for respiratory applications.

Figure 1.8: Macroscopic image of collagen scaffolds manufactured by the Tissue Engineering
Research Group (TERG). Image adapted from [272].

To summarise, the literature review in this chapter has outlined the potential for
respiratory TE to overcome the shortcomings of current respiratory in vitro models
and airway disease treatments. The development of scaffolds of the
tracheobronchial region of the respiratory tract could have applications for
assessing drug toxicity, efficacy and disease modelling using a 3D in vitro system,
as well as for tracheal tissue regeneration in cases of extensive damage to the
conducting zone of the airways. Naturally-derived porous polymeric biomaterials
can provide the ECM component lacking in current cell culture models and also a
3D framework for submucosal co-culture; in addition, they do not suffer from the
supply limitations of DC tissue or the mechanical frailty of hydrogels. In spite of
this, collagen-based porous scaffolds have not been extensively studied for such
applications to date. Therefore, this thesis will investigate the use of CG scaffolds
that shown great benefit in other TE applications and tailor them as a 3D analogue

of tracheobronchial tissue.
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1.5.

Thesis objectives

The overall goal of the research presented in this PhD project is to develop a novel

in vitro 3D model of the tracheobronchial region for potential applications in

respiratory drug development and respiratory tissue regeneration. The central

hypothesis of this thesis is that collagen-glycosaminoglycan (CG) scaffolds can be

used as a platform to create an improved and physiologically-relevant

tracheobronchial analogue that can be validated through in vitro characterisation

and comparative studies with conventional cell insert models. In order to

accomplish this goal, the following specific objectives were pursued:

1.

Investigation of the potential of a porous CG scaffold as a 3D substrate for

the growth and differentiation of a bronchial epithelial cell line (Chapter 2).

. The development of a bilayered CG scaffold as a substrate for a bronchial

epithelial cell line 3D in vitro co-culture model. This scaffold consisted of a
thin film top-layer for epithelial monolayer culture and a porous sub-mucosal
layer for 3D culture of fibroblasts (Chapter 3).

The development of a 3D primary tracheobronchial epithelial cell-derived
co-culture system for applications in respiratory in vitro modelling (Chapter
4).

The manufacture of an all-trans retinoic acid-eluting bilayered scaffold as a

platform technology for airway tissue regeneration (Chapter 5).
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Chapter 2: The assessment of CG scaffolds as a 3D substrate
for the growth and differentiation of a bronchial epithelial cell
line
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2.1. Introduction

To date, the majority of three-dimensional (3D) tracheobronchial culture systems
have capitalised on the favourable properties of natural polymers to fabricate
scaffolds that support respiratory epithelial proliferation and differentiation,
particularly in co-culture with other cell types (Section 1.3.2). Natural polymers
provide numerous cell-binding structural motifs to facilitate cell attachment that
support 3D cell and tissue culture growth in a biocompatible material with relatively
non-toxic biodegradability when compared to porous synthetic scaffolds [27, 102].
However, for the most part, hydrogels are the favoured form of scaffold substrate
in these studies, the selection of which presents limitations of their own. Hydrogels
have a high water content [207] and their resultant viscoelastic nature reduces
their ease of handling and in many cases, their mechanical strength. Alternatively,
the use of porous, sponge-like scaffolds can offer more robust and practical
constructs for more convenient and reproducible 3D culture, as well as further
improving upon the in vitro representation of the fibrous tissue architecture and
composition of the conducting region of the respiratory tract. Moreover, these
porous structures are not restricted by the supply and compatibility issues of donor
tissue-derived scaffolds. Thus, further development of naturally-derived porous
polymeric scaffolds for applications in tracheobronchial modelling should be
investigated with appropriate selection of the material source itself.

Collagen-glycosaminoglycan scaffolds (CG) are one set of naturally-derived
porous polymeric biomaterials that could be developed for 3D tracheobronchial
modelling (Section 1.4). These scaffolds, manufactured by our group, have
consistently demonstrated the ability to facilitate cell growth and differentiation,
particularly in the fields of bone and cartilage regeneration [255-258, 273]. They
have tuneable mechanical properties through implementation of different
crosslinking methods to reinforce intermolecular bonds [274] and their pore size
can be tailored by altering the freezing temperature of a controlled lyophilisation
process [275]. Previous reports have identified that CG scaffolds with mean pore
diameters of 325um and 120um can influence attachment, proliferation and
migration of a pre-osteoblastic cell line [276], but the influence of pore structure
has not yet been examined for tracheobronchial cell culture modelling.

Accordingly, one focus of the research presented in this chapter was to study the
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influence of these scaffold characteristics on airway cell behaviour in order to

identify the optimal properties for 3D tracheobronchial tissue culture.

Two other relevant scaffold characteristics that were considered in this chapter
were scaffold stiffness and the choice of glycosaminoglycan (GAG) in the CG
scaffold co-polymer. The stiffness of a cell substrate can significantly influence cell
activity, including cell spreading, migration, and in the case of stem cells, lineage
commitment [277]. CG scaffolds can be made mechanically stiffer through
chemical crosslinking with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDAC). EDAC crosslinking involves coupling reactions between
carboxylic and amine groups within the collagen molecule [278] and use of 6mM
EDAC per gram collagen has been previously shown to modulate cell numbers
and distribution within CG scaffolds [274]. Thus, the influence of EDAC
crosslinking on Calu-3 cell distribution within CG scaffolds was also investigated in
this chapter. Another consideration taken into account for this study was the
choice of GAG that composed the CG polymer. Chrondoitin-6-sulphate has
predominantly been the choice of GAG incorporated into CG scaffolds and has
demonstrated favourable outcomes in a number of applications, from pioneering
work by Yannas and colleagues in the field of skin regeneration [279] to bone
tissue engineering applications in our laboratory [255, 274, 280, 281]. Accordingly,
CG scaffolds composed of a co-polymer of type | collagen and chondroitin-6-
sulphate were chosen for use with a bronchial epithelial cell line in this chapter.

In order to evaluate the ability of CG scaffolds to support respiratory epithelium
and to identify the ideal scaffold culture parameters for a tracheobronchial culture
system, the Calu-3 cell line was selected as our cell type in Chapter 2. This
bronchial epithelial cell line is derived from an adenocarcinoma of the lung [56]
and was chosen as it is a well-established in vitro cell line that is used in
respiratory drug development models to represent the respiratory tract [54, 282].
Calu-3 cells are known to differentiate by forming tight junctions in both air-liquid
interface (ALI) conditions and in standard media-covered cell culture (liquid-liquid
interface; LLI) conditions, in addition to the expression of mucins and cilia at an
ALI. All of these features are key components of the differentiated respiratory
epithelial barrier [53]. It is currently unknown if 3D culture on a CG substrate will

have any effect on the functionality of this cell line.
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The central hypothesis of this thesis is that porous polymeric scaffolds derived
from natural sources have the potential to act as improved substrates for the
development of 3D tracheobronchial in vitro models. Accordingly, the major
objective of Chapter 2 was to assess the potential of CG scaffolds as a 3D
substrate for the growth and differentiation of a bronchial epithelial cell line.

Specifically, two aims were pursued:

1. To analyse Calu-3 growth and differentiation on CG scaffolds under ALl and
LLI culture conditions.
2. To examine the effect of mean pore size on cell growth, differentiation and

monolayer formation.

2.2. Materials and Methods

2.2.1. Collagen-chondroitin-6-sulphate (CCS) scaffold fabrication

2.2.1.1. Scaffold manufacture

CCS scaffolds were fabricated using a lyophilisation process as previously
described [255]. A suspension of 0.5% microfibrillar bovine tendon collagen
(Integra Life Sciences, Plainsboro, NJ) and 0.044% shark-derived chondroitin-6-
sulphate (Sigma-Aldrich, Arklow, Ireland) in 0.05M acetic acid (Sigma) was
blended at 15,000rpm and 4°C for 3.5 hours using an Ultra Turrax T18 Overhead
blender (IKA Works Inc., Wilmington, NC). It was subsequently degassed under a
vacuum to remove all air bubbles created from the homogenising process. This
suspension slurry was pipetted into a stainless steel grade 304 SS pan and frozen
(Virtis Genesis 25EL, Biopharma, Winchester, UK) at a constant cooling rate of
1°C/minute to a final freezing temperature of either -10°C or -40°C. The frozen
sheet was then sublimated under a vacuum for 17 hours at 0°C. These
temperatures yielded scaffolds with mean pore sizes of 325um and 120um,
respectively [275]. After freeze-drying, the scaffolds were crosslinked and
sterilised using a dehydrothermal (DHT) process at 105°C for 24 hours in a
vacuum oven at 50mTorr (VacuCell 22, MMM, Germany) [283].

2.2.1.2. Chemical crosslinking

DHT-crosslinked CCS scaffolds were chemically crosslinked using EDAC (Sigma)

for certain experiments in order to increase their mechanical strength. Scaffolds
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were cut into discs and pre-hydrated for 30 minutes in Dulbecco’s Phosphate
Buffered Saline (DPBS; Sigma) before they were added to a mixture of 6mM
EDAC per gram of CCS scaffold for 2 hours [274]. N-hydroxysuccinimide (NHS;
Sigma) was included as a catalyst at a molar ratio of 2.5M EDAC:1M NHS [278].
The scaffolds were then washed three times with DPBS to remove any residual
cytotoxic product and stored in DPBS at 4°C until use. All steps were performed

under sterile conditions.

2.2.2. Epithelial cell culture on CCS scaffolds

2.2.2.1. Cell line and culture medium

The Calu-3 bronchial epithelium cell line (ATCC, Middlesex, UK) was used for
scaffold culture experiments. The cells were cultured in a 1:1 mixture of
Dulbecco’s modified Eagle’s medium (DMEM; Sigma) and Ham’s F12 medium
(Sigma) supplemented with 10% foetal bovine serum (Biosera, Ringmer, UK),
2mM L-glutamine (Sigma), 14mM sodium bicarbonate (Sigma) and 100U/ml
penicillin/streptomycin (Sigma). Cells were used between passages 25-50 and
grown at 37°C and 5% CO, under a humidified atmosphere. Unless otherwise
stated, all cell culture incubation steps were also performed in these conditions. A
summary of the cell culture conditions for ALI and LLI culture outlined below
(Sections 2.2.2.2 and 2.2.2.3) is provided in Figure 2.1.

75

—
| —



(a) (b)

o Je]e]e[e]o]e]e]e]e]o]e
................... [eJe]e] o] e[e]e]e]e]o]e]

(c)

.=« u:Cell Insert Membrane

CCS Scaffold

[E] Calu-3 Cell

980000000008

Figure 2.1: Calu-3 epithelial cell culture conditions examined for in vitro experiments. (a) Calu-3 cell
culture on a collagen-chondroitin-6-sulpate (CCS) scaffold at an air-liquid interface (ALI). The
scaffold is inserted into a Transwell® insert prior to cell seeding and the cells are fed with culture
medium (pink) from the basolateral compartment following ALI induction. (b) Calu-3 cell culture on
a CCS scaffold at a liquid-liquid interface (LLI). The cell-seeded scaffolds are submerged in culture
medium. (c) Calu-3 cell culture on a cell insert polymeric membrane. The cells are seeded directly
into a Transwell® insert and cultured at an ALI under the same conditions as CCS scaffold culture
at an ALI.

2.2.2.2. Air-liquid interface (ALI) culture on CCS scaffolds
The ability of CCS scaffolds to support the growth and differentiation of the Calu-3

cell line was assessed under ALI conditions. 12mm-diameter cut scaffolds were
pre-hydrated in DPBS, inserted into Transwell® inserts (Corning Costar, NY) and
seeded with 2x10° cells on the apical side of the scaffold. Briefly, scaffolds were
preconditioned with culture medium and 50ul of a cell suspension containing the
desired number of cells was pipetted slowly onto the scaffold surface.
Subsequently, the scaffold was incubated for 15 minutes to allow for cell
attachment. Following this, 600ul of media was added to the apical compartment
of the insert and 1200ul to the basolateral compartment. 3 days later, media was
removed from the top layer to introduce an ALI and the cells were fed from the
basolateral compartment with 600ul media for the remainder of the culture period,

with media replaced every 2-3 days (Fig. 2.1a). For certain experiments, cells
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were also seeded directly onto the cell inserts at a density of 5x10° cells per cm?.
Cell insert culture was performed under ALI conditions as outlined above (Fig.
2.1c).

2.2.2.3. Liquid-liquid interface (LLI) culture on CCS scaffolds
The ability of CCS scaffolds to support the growth and differentiation of the Calu-3

cell line was assessed under LLI conditions. 12mm-diameter cut scaffolds were
seeded in 24-well plates as described above. Following incubation for cell
attachment, samples were covered in 2ml of media (Fig. 2.1b). Media was

replaced every 2-3 days.

2.2.3. Epithelial cell growth on CCS scaffolds
Cellular growth was quantified using a Quant-IT Picogreen® dsDNA assay kit

(Molecular Probes, Invitrogen, UK). Cell-seeded scaffolds were washed three
times with DPBS, flash frozen in liquid nitrogen and placed on ice. Each sample
was lysed in 550ul of 0.01% B-mercaptoethanol (Sigma) in RLT lysis buffer
(Qiagen, Crawley, UK) for 20 minutes, homogenised using an Ultra Turrax T18
Overhead blender and centrifuged at 12,000rpm for 2.5 minutes through a
homogeniser spin column (Omega Biotek, Norcross, GA) to remove any residual
scaffold. 50l of the lysate was assayed for double-stranded DNA (dsDNA)
content as a measure of cell viability and the remaining volume was stored at -
80°C for analysis of gene expression (Section 2.2.4.4). For dsDNA guantification,
the lysates were diluted 1/25 in tris-ethylenediaminetetraacetic acid (TE) solution
and incubated with the Picogreen reagent. Fluorescence excitation was read at
485nm and emission at 538nm.

2.2.4. Epithelial cell differentiation on CCS scaffolds

2.2.4.1. Mucin expression

Cell-seeded scaffolds were stained with alcian blue and safranin-O to assess
mucin expression, an essential feature of a functional respiratory epithelium [284],
by Calu-3 cells on CCS scaffolds. Samples were washed three times with DPBS
and fixed for 30 minutes in 10% neutral buffered formalin (Sigma). Subsequently,
they were processed using an automated tissue processor (ASP300, Leica,
Germany) overnight to dehydrate and paraffin wax-embed the samples. Scaffold

sections of 10um were obtained using a microtome (Leica RM 2255, Leica) and
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mounted on Polysine®-coated glass slides (Fisher Scientific, Dublin, Ireland) for
staining. The slides were deparaffinised with xylene and rehydrated in descending
grades of alcohol (100% to 50%). Following a wash step in tap water, samples
were incubated with a solution of 1% alcian blue 8GX (Sigma) in 3% acetic acid for
20 minutes to stain acidic mucins, followed by incubation with a solution of 0.2%
safranin-O in 1% acetic acid for 2 minutes to counterstain cells. A wash step with
tap water was performed between each stain. The slides were subsequently
dehydrated using ascending grades of ethanol and xylene before they were
mounted using DPX (Sigma). Images were captured analysed using an Eclipse 90i

microscope and DS Ril digital camera with NIS Elements software (Nikon, Japan).

2.2.4.2. Tight junction formation

Immunofluorescent analysis of cell-seeded CCS scaffolds was carried out to
detect the presence of tight junction protein 1 (zonula occludens-1; ZO-1), a
regulator of paracellular epithelial permeability and marker of a protective barrier
formation [53, 282]. Samples were washed three times with DPBS and fixed for 30
minutes in 10% neutral buffered formalin. Subsequently, they were processed
using an automated tissue processor overnight to dehydrate and paraffin wax-
embed the samples. Scaffold sections of 10um were obtained using a microtome
and mounted on Polysine®-coated glass slides for staining. The slides were
deparaffinised with xylene and rehydrated in descending grades of alcohol (100%
to 50%). After 2 washes in DPBS, samples were isolated using a PAP marking
pen (Sigma), transferred to a humidified chamber and an antigen retrieval step
was performed by incubation with 20ug/ml proteinase K (Sigma) in TE buffer (pH
8) at 37°C for 10 minutes. The sections were subsequently permeabilised with
0.1% triton x-100 (Sigma) in DPBS for 10 minutes. Non-specific binding of primary
antibody was inhibited by incubation with 1% bovine serum albumin (BSA; Sigma)
in DPBS for 30 minutes at room temperature before the samples were incubated
with 1/100 rabbit anti-ZO-1 polyclonal antibody (Invitrogen) in 1% BSA in DPBS in
a humidified chamber at 4°C overnight. On the following day, the samples were
incubated with 1/100 FITC-labelled anti-rabbit IgG (Medical Supply Company Ltd.,
Dublin, Ireland) in 1% BSA in DPBS for one hour at room temperature. Slides
were counterstained with 4’, 6-diamidino-2-phenylindole (DAPI, Sigma), mounted

in ibidi mounting medium (ibidi, Planegg, Germany) and analysed using an Eclipse
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90i microscope and DS Ril digital camera with NIS Elements software. Two DPBS

washes were performed between each step.

2.2.4.3. Epithelial ciliation

The detection of Calu-3 ciliation on CCS scaffolds, a hallmark of the
pseudostratified columnar tracheobronchial epithelium and critical component of
mucociliary clearance [285], was examined by scanning electron microscopy
(SEM). This was also performed to examine epithelial cell morphology and
monolayer formation. Cell-seeded samples were washed three times with DPBS
and fixed in 3% glutaraldehyde (Sigma) for 1 hour at room temperature. They were
then dehydrated in ascending grades of ethanol and dried using supercritical CO,
in a critical point dryer. The samples were subsequently mounted on aluminium
stubs, sputter-coated and imaged using a Tescan Mira XMU scanning electron
microscope. Images were captured at 5kV using secondary electron mode, taken

at a working distance between 12-18mm.

2.2.4.4. Expression of genetic markers of epithelial differentiation

The ability of CCS scaffolds to support the differentiation of the Calu-3 cell line
was further analysed by quantitative relative gene expression of MUC5AC, ZO-1,
and FOXJ1, genetic markers for mucus production, epithelial tight junction
formation and ciliation, respectively [282, 285, 286]. RNA was isolated from cell
lysates (Section 2.2.3) using an RNeasy kit (Qiagen) and quantified using a
NanoDrop 2000 spectrophotometer (Thermo Scientific, Dublin, Ireland), with
absorption read at 260nm. 200ng of total RNA was reverse transcribed to cDNA
using a QuantiTect reverse transcription kit (Qiagen). RT-polymerase chain
reactions were run on 7500 real-time PCR System (Applied Biosystems, UK) using
a QuantiTect SYBR Green PCR Kit (Qiagen) with QuantiTect primers (Qiagen).
The expression of MRNA was calculated by the delta-delta Ct (2 method
relative to the housekeeping gene 18S [287] and gene expression in CCS culture

was compared to that in cell insert culture at each respective time point.

2.2.5. Cell morphology and migration on CCS scaffolds

Cell-seeded scaffolds were stained with haematoxylin and eosin and fast green
(H&E&FG) to observe cell distribution and migration into the scaffold away from

the ALI. Samples were prepared for staining as described in Section 2.2.4.1.
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Following rehydration of the scaffold sections, the slides were incubated with
Harris haematoxylin (Sigma) for 5 minutes and washed in tap water for 5 minutes
to “blue” the stain. Differentiation of the samples was then performed with acidified
70% ethanol before they were further stained with 0.1% eosin Y (Sigma) in 95%
ethanol. Finally, the sections were incubated with 0.05% fast green FCF (Sigma)
to counterstain the scaffold prior to dehydration and mounting with DPX. Images

were captured using a microscope as described in Section 2.2.4.1.

2.2.6. Data analysis

Analysis of microscopy images, including the estimation of mucus layer thickness,
was performed using the ImageJ processing software. Quantitative data obtained
were analysed using Microsoft Excel and GraphPad Prism 4.0 Software
(GraphPad Software, San Diego, CA). In cases of analysis between two groups,
statistical difference was assessed by two-tailed Student t-test. In cases of
analysis between multiple groups, statistical difference between groups was
assessed by 2-way ANOVA with Bonferroni post hoc analysis. Each cell-based
experiment was performed a minimum of three times (n=3; three biological
replicates); the number of technical replicates performed within each experiment is

specified under the relevant figures.
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2.3. Results

2.3.1. Epithelial cell growth on CCS scaffolds
The ability of CCS scaffolds to support the growth of the Calu-3 bronchial epithelial

cell line was assessed by dsDNA quantification. Scaffolds with mean pore
diameters of 120um and 325um were analysed under both ALl and LLI conditions.
The cells were cultured successfully on the scaffolds and showed significantly
increased growth when cultured at an ALI (Fig. 2.2). Culture of Calu-3 cells on
scaffolds in this environment showed enhanced cell numbers on scaffolds with
both mean pore sizes relative to those submerged in media at a LLI from day 7 to
day 28. Additionally, at days 21 and 28, significantly higher cell numbers were
recorded with culture on 325um pore scaffolds at an ALI compared to those on
120um pore scaffolds (p<0.001 and p<0.05, respectively). In all cases, the CCS
scaffolds acted as a viable substrate for culture of the Calu-3 airway cell line.
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Figure 2.2: Calu-3 cell growth on collagen-chondroitin-6-sulphate scaffolds. Cells were cultured on
scaffolds with a mean pore diameter of (a) 120um or (b) 325um at either an air-liquid interface
(ALI) or liquid-liquid interface (LLI). Scaffolds were seeded with 2x10° cells. Results displayed as
mean = SEM. n=3; **p<0.001.




2.3.2. Mucin expression on CCS scaffolds

CCS scaffolds with mean pore diameters of 120um and 325um were assessed for
their ability to support the differentiation of Calu-3 cells cultured under ALI and LLI
conditions by examination of mucin glycoprotein expression. Alcian blue and
safranin-O staining revealed that cells cultured on the scaffolds expressed mucin
at an ALI after 14 days in culture, regardless of mean pore size (Fig. 2.3). Large
amounts of both secreted mucus and mucin bound to cellular surfaces were
visualised, indicating differentiation of the epithelial cell line; notably, this level of

secretion was absent in LLI conditions.
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Figure 2.3: Mucin expression by Calu-3 cells cultured on collagen-chondroitin-6-sulphate scaffolds.
Cells were cultured on scaffolds with a mean pore diameter of 120um or 325um at either an air-
liquid interface (ALI) or liquid-liquid interface (LLI). Alcian blue staining at day 14 visualised cell-
tethered acidic mucin (black arrows) and mucus as a blue-dark blue colour and scaffolds as blue
with a fibrous appearance. Safranin-O visualised cells as a light pink colour. n=3 (performed in

duplicate).
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2.3.3. Tight junction formation on CCS scaffolds

The ability of CCS scaffolds with mean pore diameters of 120um and 325um to
support the differentiation of Calu-3 cells cultured under ALI and LLI conditions
was also assessed by detection of the tight junction protein ZO-1. Cells expressed
Z0O-1 protein in all 3D cultures by day 14, regardless of mean pore size or culture
conditions (Fig. 2.4). Although the cellular distribution was different upon scaffolds
when compared to the cell insert ALI control due to the porous nature of the
former, the staining of ZO-1 intercellular bands between adjacent cells along the
struts of the scaffold matched that observed in the cell insert ALI control. This
indicated the formation of tight junctions between Calu-3 cells cultured on CCS

scaffolds.

120um LLI 325um ALl

325um LLI

Figure 2.4: Zonula occludens-1 (ZO-1) expression by Calu-3 cells cultured on collagen-chondroitin-
6-sulphate scaffolds. Cells were cultured on scaffolds with a mean pore diameter of 120um or
325um at either an air-liquid interface (ALI) or liquid-liquid interface (LLI). Expression of ZO-1
protein at day 14 is indicated by green fluorescence around blue cell nuclei. n=3 (performed in

duplicate).
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2.3.4. Ciliation on CCS scaffolds
The ability of CCS scaffolds with mean pore diameters of 120um and 325um to

support the differentiation of Calu-3 cells cultured under ALI conditions was
examined with SEM to assess epithelial cell morphology and cilia formation in 3D
culture. Irrespective of the mean pore diameter, Calu-3 cells lined the struts of the
CCS scaffold and grew into the porous structure (Fig. 2.5). The cells adopted
either a flattened shape or formed rounded clusters of cells, with no evidence of
ciliation or a confluent monolayer formation. This was in contrast to the cell insert
culture at an ALI, where such a monolayer of epithelial cells expressing small
microvilli extensions from their apical surface was observed. This indicated that
the porous scaffolds did not support the differentiation of Calu-3 cells to form a
ciliated cell monolayer at an ALLI.

120pm Mean Pore Size 325um Mean Pore Size

Figure 2.5: Scanning electron micrographs of Calu-3 cells cultured on collagen-chondroitin-6-
sulphate scaffolds. Cells were cultured on scaffolds with a mean pore diameter of 120pum or 325um
at an air-liquid interface (ALI). Cells were also cultured on cell inserts at an ALl as a comparison.
Upon scaffolds, cells adopted either a flattened morphology (circles) or were rounded in structure
(yellow arrows). On cell inserts, cells formed a monolayer with small microvilli structures (red

arrows). n=1; the image of the cell-free scaffold was provided by Dr Amos Matsiko, RCSI.
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2.3.5. Expression of genetic markers of cellular differentiation on CCS scaffolds

2.3.5.1. Expression of MUC5AC on CCS scaffolds

Analysis of the expression of MUC5AC, a canonical gene indicating mucus
expression [286], was performed on cells cultured on CCS scaffolds with mean
pore diameters of 120pum and 325um under ALI and LLI conditions. A significant
upregulation of MUC5AC was detected when cells were cultured on CCS scaffolds
at an ALI compared to both scaffold LLI culture and conventional cell insert ALI
culture (Fig. 2.6). This effect was time-dependent, occurring at days 7, 14, and 21
before returning to similar expression levels in all groups by day 28. A similar
pattern of expression was seen in scaffolds with mean pore diameters of both
120um (Fig. 2.6a) and 325um (Fig.2.6b). LLI culture had similar levels of
expression to cell insert groups at all time points with the exception of day 7,
where the 120um scaffold had almost a 6-fold increase in relative expression
(p<0.001). Furthermore, significantly higher MUC5AC expression for scaffolds with
a mean pore size of 325um at an ALI than for 120um scaffolds at an ALI was
observed on day 14 (p<0.05).
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Figure 2.6: MUC5AC mRNA expression by Calu-3 cells on collagen-chondroitin-6-sulphate
scaffolds. Cells were cultured on scaffolds with a mean pore diameter of (a) 120um or (b) 325um at
either an air-liquid interface (ALI) or liquid-liquid interface (LLI). Cells were also cultured on cell
inserts at an ALI as a comparison. Quantification of MUC5AC mRNA expression is displayed as
mean + SEM with expression relative to the cell insert group at each respective time point. n=3;
***n<0.001.

2.3.5.2. Expression of ZO-1 on CCS scaffolds

Analysis of the expression of ZO-1, the gene encoding for ZO-1 tight junction

protein [282], was performed on cells cultured on CCS scaffolds with mean pore
diameters of 120um and 325um under ALI and LLI conditions. Expression
remained consistently at similar levels for the culture period between all culture
groups, with the exception of day 3 (Fig. 2.7). At this time point, ZO-1 expression
appeared greater in LLI scaffold culture than in ALI conditions for both CCS
scaffold culture and for cell insert culture, with a statistically significant increase for
cells cultured on 120um scaffolds (Fig. 2.7a; p<0.001) and a non-significant
increase in 325um scaffolds (Fig. 2.7b; p>0.05). This higher level of expression,
however, had decreased by day 7. Overall, expression of ZO-1 on CCS scaffolds

matched that of conventional cell insert ALI culture.
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Figure 2.7: ZO-1 mRNA expression by Calu-3 cells on collagen-chondroitin-6-sulphate scaffolds.
Cells were cultured on scaffolds with a mean pore diameter of (a) 120um or (b) 325um at either an
air-liquid interface (ALI) or liquid-liquid interface (LLI). Cells were also cultured on cell inserts at an
ALI as a comparison. Quantification of ZO-1 mRNA expression is displayed as mean £ SEM with

expression relative to the cell insert group at each respective time point. n=3; ***p<0.001.

2.3.5.3. Expression of FOXJ1 on CCS scaffolds

Analysis of the expression of FOXJ1, a key gene regulating motile cilia expression

[285], was performed on cells cultured on CCS scaffolds with mean pore
diameters of 120um and 325um under ALI and LLI conditions. Expression
remained low and variable for the culture period for both scaffolds in both culture
conditions (Fig. 2.8). Overall, genetic expression of FOXJ1 in 3D matched that of

the cell insert positive control that was cultured at an ALI.
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Figure 2.8: FOXJ1 mRNA expression by Calu-3 cells on collagen-chondroitin-6-sulphate scaffolds.
Cells were cultured on scaffolds with a mean pore diameter of (a) 120um or (b) 325um at either an
air-liquid interface (ALI) or liquid-liquid interface (LLI). Cells were also cultured on cell inserts at an
ALI as a comparison. Quantification of FOXJ1 mRNA expression is displayed as mean £ SEM with

expression relative to the cell insert group at each respective time point. n=3.
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2.3.6. Cell morphology and migration on CCS scaffolds

Cell-seeded scaffolds of both mean pore sizes were stained with H&E&FG to
observe cell distribution and migration into the scaffold under ALI conditions. Cells
migrated into scaffolds of both mean pore sizes over time, preventing the
formation of a single epithelial layer on the apical surface exposed to the
atmosphere at the ALI (Fig. 2.9). Histological stains showed that reducing the
mean pore size of the scaffold from 325um to 120um decreased migration but did
not halt the process. Further modification of the substrate properties by chemical
crosslinking using EDAC also reduced the extent of inward migration, but not
completely. The stiffer scaffolds (+EDAC) had less clusters of cells in its core for
each scaffold pore size, relative to its less stiff counterpart (-EDAC), but isolated
cells could still be observed within the scaffold. Ultimately, although the porous
CCS scaffolds supported the growth and mucus secretion of the respiratory cell

line, they could not fully support the formation of an epithelial monolayer at an ALI.
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Figure 2.9: Migration of Calu-3 cells into collagen-chondroitin-6-sulphate scaffolds. Cells were
cultured on scaffolds with a mean pore diameter of 120um or 325pum at an air-liquid interface at
day 14 with or without crosslinking using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDAC). Haematoxylin & eosin and fast-green staining visualised scaffolds as a light-

blue colour and cells appeared as pink-purple with darker nuclei. n=3 (performed in triplicate).
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2.4. Discussion

The major objective of this chapter was to assess the potential of CG scaffolds as
a 3D substrate for the growth and differentiation of a bronchial epithelial cell line
with a view to develop a novel in vitro platform for respiratory drug delivery and
tissue regenerative applications. Specifically, two major goals were pursued:
firstly, to analyse Calu-3 growth and differentiation on CG scaffolds under ALl and
LLI culture conditions and secondly, to examine the effect of mean pore size on
cell growth, differentiation and monolayer formation. The results demonstrated that
the Calu-3 bronchial epithelial cell line proliferated successfully on CCS scaffolds
of mean pore diameters of both 120um and 325um and that ALI culture conditions
significantly increased cell proliferation on scaffolds. Furthermore, ALI culture on
CCS scaffolds induced mucin expression within the seeded cells that was superior
to LLI scaffold culture and to ALI cell insert culture. Calu-3 cells also formed
intercellular tight junctions along the struts of CCS scaffolds. However, while these
results are encouraging, it was noticeable that cilia formation was not observed
within the cell-seeded scaffolds and Calu-3 cells did not form a confluent epithelial
monolayer across the apical side due to the porous nature of the scaffold.
Scaffolds with smaller mean pore sizes reduced the extent of cellular migration
away from the ALI but could not entirely halt inward flux of cells. Taken together,
these data validate the CG scaffolds as a 3D substrate for the growth and
differentiation of a bronchial epithelial cell line, and with further scaffold
modification to improve cell monolayer retention at the ALI, suggest that these
scaffolds can function as suitable substrates for a novel in vitro tracheobronchial

model.

The Calu-3 bronchial epithelial cell line was cultured successfully on the CCS
scaffolds and showed significantly increased growth when cultured at an ALI (Fig
2.2). ALl culture is recognised as a useful technigue to promote airway cell
differentiation in cell insert culture by mimicking the cell’s natural environment
[288], and this characteristic was observed in airway epithelial culture on the CCS
scaffolds as well. The highly porous nature of the scaffold provided a large surface
area for the cells to adhere to and grow with the result that the cells had sufficient
space to achieve almost a 4-fold increase in cell number by day 21, as indicated

by the significant increase in dsDNA content. The increase in cell number between
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325um and 120um scaffolds at an ALI recorded at days 21 and 28 was likely due
to the larger pores facilitating cell migration (Fig. 2.9), nutrient uptake and waste
removal, as has been seen with a pre-osteoblastic cell line cultured on CCS
scaffolds [276]. This analysis confirmed that CCS scaffolds of both mean pore
diameters support the growth of the bronchial epithelial cell line in both ALI and LLI

conditions.

In addition to augmenting cell number, ALI conditions had a pronounced effect on
Calu-3 differentiation in 3D culture, as evident from increased mucin expression
(Fig 2.3). Alcian blue staining of cell-seeded scaffolds confirmed the presence of
mucin glycoproteins from day 14 with ALI culture that was not present with LLI.
The height of the mucus border observed with ALI conditions was approximately
150-200um; this was much greater than 15um in Calu-3 cells grown on cell inserts
and the physiological height of airway surface liquid which has been estimated to
range from 5-58um, depending on the method of measurement [289, 290].
Interestingly, the levels of mucus achieved in CG scaffolds might provide a closer
approximation to that in diseased lungs, where certain hypersecretory conditions
like chronic bronchitis, cystic fibrosis and asthma have a thicker mucus barrier [9,
11, 291]. On this matter, the ability to generate such thick levels of mucus using
CCS scaffolds could provide a useful in vitro disease model. Regardless, CCS
scaffolds clearly induced mucus secretion from Calu-3 cells when cultured at an
ALI and this indicates that they modulate the differentiation of the bronchial
epithelial cell line to exhibit an important feature of a differentiated

tracheobronchial epithelium.

Further analysis of the mechanism by which the CCS scaffolds induced mucus
secretion from Calu-3 cells revealed that transcription of MUC5AC, a principal
component of airway mucus [284, 286], increased significantly when cells were
cultured on scaffolds at an ALI at days 7, 14, and 21 (Fig. 2.6). Calu-3 cells are
known to initiate expression of mucins and secretion of mucus from day 10-14
when exposed to an ALI from day 2 and this expression has been sustained
beyond 21 days in cell insert culture [53, 292, 293]; thus, this temporal pattern of
MUCS5AC mRNA expression could represent the transcriptional upregulation that
occurs during this time period. The importance of ALI culture with this 3D model

was clearly demonstrated by comparison between scaffolds elevated to an ALI
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and those kept submerged at an LLI, whereby significantly higher expression of
MUCS5AC was found with cells grown at an ALI on the CCS scaffolds.

It might not be altogether surprising that ALI culture conditions increases Calu-3
MUCS5AC transcription and translation in 3D culture as it reflects the requirement
of an ALI for mucin expression in conventional cell insert culture; however, given
that an ALI environment was also used in the cell insert culture group to which
expression was normalised, it is very interesting to note that cells cultured on CCS
scaffolds of both mean pore diameters had elevated MUC5AC mRNA levels
relative to the cell insert culture. This large rise in mMRNA expression could be
attributed to the synergistic presence of an extracellular matrix (ECM) component
in the system; indeed, even when in LLI culture in 3D at day 7, 120um scaffolds
had significantly higher MUC5AC expression than cell insert ALI culture, adding
credence to this theory (Fig. 2.6a). Furthermore, elevated MUC5AC transcription
in the presence of ECM constituents has been noted elsewhere in the case of
primary human respiratory epithelial cells cultured on collagen [73] and the GAG
hyaluronate [167, 294], though no reports on chondroitin-6-sulphate were reported
to date. Thus, while the exact mechanism has not been delineated in this study,
we propose that the CCS scaffold composition induces enhanced MUC5AC
transcription and mucin expression through a yet to be determined ECM-cell

receptor-mediated signalling pathway.

Calu-3 cells cultured on CCS scaffolds expressed the tight junction protein ZO-1,
regardless of the scaffold mean pore diameter or culture conditions (Fig. 2.4). The
formation of such intercellular junctions between adjacent cells lining the struts of
the porous scaffolds indicated that a protective epithelial layer can potentially form
on these biomaterials where suitable substrate surface is available to do so. The
presence of an ALI was not found to be crucial here, but this is not altogether
surprising, given that Calu-3 cells form epithelial barriers in submerged liquid-
covered conditions that can be of a stronger integrity than at an ALI [53, 295]. Of
course, due to the porous nature of the CCS scaffolds, the cell distribution was
different upon scaffolds when compared to the cell insert ALI control. Thus, unlike
the cell insert culture groups, the formation of a single, confluent, interconnected
epithelial barrier along the entire interface between scaffold and the apical

environment was not achieved, which was a limitation of the CCS scaffold as a
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fully-porous substrate. This observation was confirmed by scanning electron

micrographs of cell-seeded scaffolds of both mean pore diameters (Fig. 2.5).

Analysis of ZO-1 gene expression indicated that the CCS scaffold substrate
induced a significant upregulation of transcription for 120um scaffolds at day 3
under LLI culture conditions (Fig. 2.7; p<0.001). However, the impact of this
expression was unclear, given that mRNA expression had returned to similar
levels between all groups by day 7 and that no major difference between scaffold
groups was observed from immunofluorescent detection of the protein. Of course,
due to the transient nature of the early peak in ZO-1 gene expression, altered
expression of ZO-1 protein could have been missed by day 14. Ultimately,
guantitative reverse transcriptase-polymerase chain reaction (QRT-PCR) analysis
and positive ZO-1 immunofluorescence indicate that the CCS scaffold can support
the differentiation of a bronchial epithelial cell line to form intercellular junctions
that regulate paracellular transport across epithelia and have the potential to
facilitate the formation of a functional epithelial barrier with modification of the

porous scaffold surface.

While two important indicators of bronchial epithelial cell differentiation, mucus
secretion and tight junction formations, were present in the 3D CCS culture model,
the third hallmark of a pseudostratified columnar tracheobronchial epithelium and
critical component of mucociliary clearance- cilia [285] - was not detected. Calu-3
cells lining the surface of the scaffold had no visible microvilli extensions to
suggest ciliogenesis within the cells (Fig. 2.5), in spite of the presence of the
crucial ALI environment [288]. This was in contrast to cell insert culture, where
numerous extensions were visible on top of the epithelial monolayer. Mucociliary
clearance removes particulates and excess mucus from the respiratory tract via
the coordinated metachronal beating of cilia and so their absence from CCS
scaffold culture was unfavourable. Furthermore, gRT-PCR data detected low or
variable levels of FOXJ1 expression in Calu-3 cells cultured on CCS scaffolds
when compared to cell insert culture (Fig. 2.8; p>0.05), indicating a trend of
reduced expression of the putative master regulator of ciliogenesis in primary
airway cells [285, 296].
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Ciliation of primary tracheobronchial epithelial cells cultured in vitro on cell inserts
typically occurs after 21-28 days [60, 194]; the appearance of microvilli on Calu-3
cells in ALI culture, however, has been reported from as early as day 11 [53], and
So examination of ciliation was undertaken at day 14 in this study for comparative
purposes with the literature. The microvilli structures formed on Calu-3 cells at this
time point are widely referred to as immature cilia and their presence or absence
can still indicate the potential for ciliation in a shorter timeframe. It is very possible
that the fully- porous nature of the CCS scaffold contributed to the lack of microvilli
formation observed in Calu-3 cells seeded onto the biomaterial due to the absence
of a complete and confluent epithelial barrier along the scaffold surface. The
development of such a barrier determines the resultant cell shape, apical-
basolateral polarisation, and junctional protein connections between epithelial cells
[297]; as reviewed by Paz and colleagues, the occurrence of tight junction
formation and cell-basement membrane tethering are followed by cilia formation in
respiratory cells. Moreover, the mechanisms of lateral planar polarization that
proceed as a confluent monolayer forms assist in the alignment and organisation
of cilia to facilitate coordinated beating. Thus, with this in mind, it can be
postulated that this lack of a single epithelial barrier along the scaffold surface has
contributed as a negative regulator of ciliation of Calu-3 cells cultured on CCS
scaffolds. Tight junctions can form between adjacent cells along the struts of the
scaffold (Fig. 2.4) and therefore, the modification of CCS scaffold architecture to
incorporate a continuous flat topography on the apical side of the scaffold could
encourage a resultant monolayer formation and potentially, the expression of

microvilli structures.

Histological analysis of scaffold cross-sections further emphasised the need for
this modification of scaffold structure to permit epithelial cell retention in a
monolayer at the ALI. Although the CCS scaffolds supported the growth of Calu-3
cells on a 3D substrate and their expression of two biomarkers of differentiation in
ALI culture conditions, H&E&FG staining showed that as time progressed, greater
numbers of cells grew into the centre of the scaffold over time (Fig. 2.9). This
reflects the highly porous design of these scaffolds for other tissue engineering
applications where cell influx into the scaffold is desired [255-258, 273], though in
the case of a tracheobronchial model, epithelial cell retention at the ALI with little
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scaffold infiltration is favoured. Inward cellular migration was reduced by
decreasing mean pore size and EDAC crosslinking to a certain extent, but this was
not sufficient to prevent Calu-3 cells travelling inwards and proliferating away from
the ALI.

Given that one of the specific objectives of the thesis is to create a model that
resembles the tissue architecture of the tracheobronchial region of the respiratory
tract, this finding reinforced the limitation highlighted by analyses of ZO-1 staining
and SEM: the 3D porous CCS scaffold cannot act as a tissue-engineered
submucosal analogue for the culture of fully-functional tracheobronchial epithelium
due to its highly porous surface. Therefore, these findings suggest that in order to
address this limitation and utilise the favourable properties of freeze-dried CG
scaffolds proven above with a concomitant epithelial monolayer formation,
adaptation of CCS scaffold structure is required. This requirement will form a
central objective in Chapter 3, whereby a CG scaffold is redesigned into a
bilayered form in order to introduce a dense film layer amenable for Calu-3
monolayer formation while still retaining the favourable porous character for 3D co-
culture of lung fibroblasts. Nevertheless, this chapter has served to validate the
use of the scaffold as a substrate for the development of a 3D tissue-engineered
model of the tracheobronchial region of the respiratory tract and provides the
opportunity to utilise the biomaterial’s beneficial composition along with the
advantages of its porous nature for co-culture, once modification of the apical

surface has been performed.

2.5. Conclusion

In conclusion, this chapter demonstrates that CG scaffolds support the growth and
differentiation of the Calu-3 bronchial epithelial cell line and are a suitable
substrate for a novel in vitro model, particularly when used with airway culture-
enhancing ALI conditions. With modification of CG scaffold structure to facilitate a
continuous cell monolayer formation to tailor it towards a better representation of
the tracheobronchial tissue architecture, these models can be potentially utilised

for drug delivery and respiratory tissue regenerative applications.
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Chapter 3: The development of a bilayered CG scaffold as a
substrate for a bronchial epithelial cell line3Di n vdoi r o
culture model

This chapter has been published as O’Leary et al., The development of a tissue-
engineered tracheobronchial epithelial model using a bilayered collagen-hyaluronate
scaffold, 2016, Biomaterials, 85: 111-127.
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3.1. Introduction

Collagen-glycosaminoglycan (CG) scaffolds have been verified as a suitable
substrate for the growth and differentiation of a bronchial epithelial cell line in
three-dimensional (3D) culture, but the results in Chapter 2 demonstrated that
scaffold structure should be optimised for tracheobronchial modelling. CG
scaffolds are highly porous due to their freeze-dry manufacture process and this
high porosity, coupled with excellent biocompatibility and cell adhesion properties,
can facilitate 3D culture of a variety of connective tissue and stromal cell types
within the structure for bone tissue engineering and in vitro vascularisation
applications [258, 280]. For respiratory epithelium, however, it is desired that cells
do not migrate into the core of the scaffold and maintain their presence instead
entirely on the scaffold surface at the air-liquid interface (ALI) as a continuous cell
layer. Retention of epithelial cells at this site would then allow the possibility of
using the highly porous core of the CG scaffold for co-culture with mesenchymal
cells to enhance the physiological representation of tracheobronchial tissue within

the in vitro model.

In order to tailor the CG scaffold to resemble the anatomical architecture of
tracheobronchial tissue more closely, two central modifications were proposed
from that described in Chapter 2. Firstly, using the same CG suspension for both
components, a bilayered scaffold structure would be manufactured that consisted
of a thin film top-layer and porous sub-layer. In this manner, the scaffold structure
would facilitate the culture of both bronchial epithelium on a two-dimensional (2D)
surface to form a confluent monolayer and also the 3D co-culture of fibroblasts in a
porous layer beneath the epithelium. Secondly, the GAG in the scaffold copolymer
was changed from chondroitin-6-sulphate to hyaluronate (HyA). Collagen
membranes and hyaluronan-derivative films have shown promise for respiratory
epithelial culture [99, 294] but they have not yet been investigated as a co-polymer
film to combine the benefits of each macromolecule alone. Regarding the sub-
layer, porous collagen-hyaluronate scaffolds, previously designed by our group for
cartilage regeneration, have been shown to facilitate cell growth and chondrogenic
differentiation with mesenchymal stem cells (MSCs; [298-300]). Accordingly, these
scaffolds were incorporated as the sub-layer of our epithelial in vitro substrate for

co-culture of fibroblasts and representation of a fibrocartilaginous submucosa.
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Finally, type | collagen and hyaluronate are the predominant extracellular
constituents of the tracheobronchial respiratory tract [17], and therefore the
bilayered collagen-hyaluronate scaffold can further recapitulate the ECM of the

tissue that is being modelled.

The inclusion of the film layer has the potential to alter the physical and
mechanical properties of the porous CHyA scaffold. As mentioned in Chapter 2,
the mean pore size of the scaffold and scaffold stiffness play a significant role in
modulating cell adhesion, viability and phenotype when cultured on the biomaterial
[276, 277]. Thus, one focus of the research presented in this chapter was to
quantify these properties in the bilayered scaffold in order to evaluate the effect of
the film layer on the lyophilisation and crosslinking procedures standardised by our
group for CG scaffolds. Additionally, these characteristics were also analysed to
relate them to resultant epithelial cell behaviour and to identify the optimal

properties for 3D tracheobronchial tissue culture.

In order to build on the initial in vitro studies from Chapter 2, the Calu-3 bronchial
cell line was once again selected as the respiratory epithelial cell type of choice in
this chapter. ALI culture conditions were used in all experiments, in line with the
findings from Chapter 2. This chapter also introduced another cell line for co-
culture experiments- the Wi38 fibroblast [301]. This fibroblast type has been
previously investigated in tracheobronchial cell insert co-culture systems [60] and
the cell is derived from lung tissue, an important factor that affects epithelial cell
phenotype [100, 202]. While fibroblasts have previously been shown to adhere to
and remain viable in CG scaffolds [302], the Wi38 fibroblast has not been used in

CG scaffold culture to date.

Thus, the major objective of Chapter 3 was to engineer a bilayered collagen-
hyaluronate (CHyA-B) scaffold as a tissue-engineered template for the
development of a physiologically-representative 3D in vitro tracheobronchial

epithelial co-culture model. Specifically, three aims were pursued:

1. To develop a reproducible manufacture process for the CHyA-B scaffold
with analysis of the effect of lyophilisation freezing temperature and
chemical crosslinking on scaffold ultrastructure, porosity and mechanical

properties.
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2. To assess the feasibility of the resultant lead scaffold to act as a 3D
substrate for the growth and differentiation of the Calu-3 bronchial epithelial
cell line.

3. To develop a co-culture system of Calu-3 epithelial cells and Wi38 lung
fibroblasts and validate this system by analysis of markers of differentiation

and epithelial barrier strength.

3.2. Materials and Methods

3.2.1. Bilayered collagen-hyaluronate (CHyA-B) scaffold manufacture

3.2.1.1. Collagen-hyaluronate (CHyA) film layer fabrication

CHyA films were fabricated using a modification of a method to dehydrate a
suspension of collagen and hyaluronate under airflow [303]. A suspension of 0.5%
microfibrillar bovine tendon collagen (Integra Life Sciences, Plainsboro, NJ) and
0.044% hyaluronate sodium salt derived from Streptococcus equi (Sigma-Aldrich,
Arklow, Ireland) in 0.5M acetic acid was blended at 15,000rpm and 4°C for 3.5
hours using an Ultra Turrax T18 Overhead blender (IKA Works Inc., Wilmington,
NC) and subsequently degassed under a vacuum to remove all air bubbles
created from the homogenising process, as described in Section 2.2.1.1. 50ml of
the slurry suspension was pipetted onto a 12.5x12.5cm? polytetrafluoroethylene
(PTFE) plate and left overnight under an air current in a fume hood to increase
dehydration of the solvent. This process produced a thin transparent CHyA

copolymer film.

3.2.1.2. Bilayered scaffold manufacture

A process was developed where CHyA-B scaffolds were fabricated by freeze-
drying CHyA films in combination with an overlying CHyA slurry. CHyA films were
rehydrated in 0.5M acetic acid for 2 hours and cut to fit onto the base of a 6x6cm?
stainless steel grade 304 SS pan. 4ml or 16ml of CHyA slurry was then pipetted
over the hydrated film layer to give an approximate scaffold thickness of 1mm or
4mm, respectively, and the combination was subsequently freeze-dried using two
lyophilisation methods designed by our group [255, 275]. In the first method, the
slurry-film combination was frozen at a constant cooling rate of 1°C/minute to a

final temperature of -10°C prior to sublimation, as outlined in Section 2.2.1.1. The
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second method utilised a customised anneal cycle where the slurry-film
combination was initially frozen to a temperature of -20°C before being heated to -
10°C and held at this temperature for 24 hours prior to sublimation [275]. For
characterisation studies, a comparative single-layer fully porous CHyA scaffold
was also fabricated using the anneal cycle (i.e. with no film layer present). After
freeze-drying, the scaffolds were crosslinked and sterilised using a
dehydrothermal (DHT) process at 105°C for 24 hours in a vacuum oven at
50mTorr (VacuCell 22, MMM, Germany) as described in Section 2.2.1.1 [283].

3.2.1.3. Chemical crosslinking

DHT-crosslinked CHyA-B scaffolds were chemically crosslinked using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDAC; Sigma) as described in
Section 2.2.1.2. Scaffolds were cut into discs and pre-hydrated for 30 minutes in
Dulbecco’s Phosphate Buffered Saline (DPBS; Sigma) before they were added to
a mixture of 6mM EDAC per gram of CHyA-B scaffold for 2 hours [274]. N-
hydroxysuccinimide (NHS; Sigma) was included as a catalyst at a molar ratio of
2.5M EDAC:1M NHS [278]. The scaffolds were then washed three times with
DPBS to remove any residual cytotoxic product and stored in DPBS at 4°C until

use. All steps were performed under sterile conditions.

3.2.2. CHyA-B scaffold characterisation

3.2.2.1. Scaffold ultrastructure

CHyA-B scaffolds were examined using scanning electron microscopy (SEM) in
order to evaluate their bilayered architecture and to estimate film thickness.
Samples were mounted to an aluminium stub using a carbon paste and sputter-
coated with gold. Imaging of the scaffolds was performed using a Tescan Mira
XMU scanning electron microscope (Tescan, Czech Republic). Images were
captured at 5kV using secondary electron mode, taken at a working distance

between 12-18mm. Two batches of CHyA-B scaffolds were used for analysis.

3.2.2.2. Interfacial adhesion strength

Interfacial adhesion strength between the film and porous layers of the CHyA-B
scaffolds was determined using a custom-designed interfacial strength test rig
fitted to a mechanical testing machine (Z050, Zwick-Roell, UIm, Germany) as

previously described [300]. Using an Araldite® high-viscosity adhesive (Radionics,
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Dublin, Ireland), 9.5mm diameter samples were glued to aluminium test stubs and
inserted into the test rig. They were then hydrated in DPBS in situ in the rig prior to
testing to failure using a 5N load cell under a tensile load applied at a strain rate of
10% per minute. Failure was expected to occur either at the ultimate tensile
strength of one of the component layers of the scaffold or as a result of
delamination at the layer interface. Two batches of CHyA-B scaffolds were used

for analysis.

3.2.2.3. Mechanical testing

Uni-axial, unconfined compressive testing was carried out to determine the bulk
compressive elastic modulus of CHyA-B and CHyA scaffolds, a property that
affects cellular growth and differentiation [274, 299]. Scaffolds were cut into 9.5mm
discs with a height of 4mm and chemically crosslinked with EDAC where
appropriate. DHT-crosslinked scaffolds were pre-hydrated in DPBS for 30 minutes
prior to testing. A Z050 mechanical testing machine was fitted with a 5N load cell
and used in the procedure. The pre-hydrated samples were immersed in PBS
throughout the tests. The tests were conducted at a strain rate of 10% per minute
and each sample was tested three times. Stress was calculated from scaffold
surface area and applied force, whilst strain was calculated from displacement of
the scaffolds in relation to the original thickness. The compressive modulus was
defined based on the slope of a linear fit to the stress-strain curve over 2-5%
strain. Two batches of each scaffold were used for analysis.

3.2.2.4. Pore size analysis

Scaffold pore size analysis was performed to assess the effect of the lyophilisation
cycle on the mean pore diameter and porosity of CHyA-B scaffolds, two important
properties for cell adhesion and growth [276]. To calculate the mean pore size,
scaffold samples were cut from random locations on fabricated scaffold sheets
from two manufacturing batches and analysed using a technique described
previously [256, 275]. The samples were embedded in JB-4® glycolmethacrylate
(Polysciences Europe, Eppelheim, Germany). 10um sections were stained for 4
minutes in a 0.5% toluidine blue solution (Sigma). Digital images were captured at
10x magnification using an optical microscope and digital camera (Section
2.2.4.1). Mean pore size analysis of captured images was carried out on MATLAB

(MathWorks Inc, MA, USA) using a pore topology analyser developed by our
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group in conjunction with the Sigmedia Research Group in the Electrical
Engineering Department at Trinity College Dublin, Ireland [275]. The programme
transformed the images into binary form and calculated the average pore radii
based on best-fit elliptical lengths. For each sample, a minimum of eighteen
sections spanning the entire cross-section of the scaffold were analysed, resulting
in the calculation of diameter of more than one thousand pores from each scaffold

group. Two batches of each scaffold were used for analysis.

Scaffold porosity was quantified through analysis of the relative density of the
scaffold (r scaffold) 1O its theoretical dry solid composite (r sqiig; EqQuation 1). The
density of punched scaffold discs was calculated by measuring their mass,
diameter and height using a mass balance (Mettler Toledo MX5; Mason
Technology, Dublin) and digital Vernier callipers (Krunstoffwerke; Radionics). The
solid composite scaffold density was calculated using the known density of
collagen (r = 1.3g/cm®). The density of hyaluronate was assumed to be negligible.
A minimum of ten samples across four manufacturing batches was analysed for
each group.

Porosity (%) = (1 — %) X 100 (1)

3.2.3. Calu-3 epithelial cell culture on CHyA-B scaffolds

3.2.3.1. Cell source and culture medium
The Calu-3 bronchial epithelium cell line (ATCC, Middlesex, UK) was used for

monoculture and co-culture experiments. The cells were cultured in a 1:1 mixture
of Dulbecco’s modified Eagle’s medium (DMEM; Sigma) and Ham’s F12 medium
(Sigma) supplemented with 10% foetal bovine serum (Biosera, Ringmer, UK),
2mM L-glutamine (Sigma), 14mM sodium bicarbonate (Sigma) and 100U/ml
penicillin/streptomycin (Sigma). This was referred to as Calu-3 medium. Cells were
used between passages 20-50. The Wi38 human embryonic lung fibroblast cell
line (ATCC) was used for co-culture experiments. These cells were cultured in
Eagle’s minimal essential medium (Sigma) supplemented with 10% foetal bovine
serum, 2mM L-glutamine, 26mM sodium bicarbonate, 100U/ml
penicillin/streptomycin and 1mM sodium pyruvate (Sigma).This was referred to as
Wi38 medium. Cells were used between passages 21-26 and cultured at 37°C and
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5% CO2 in a humidified atmosphere. Unless otherwise stated, all cell culture
incubation steps were also performed in these conditions. A summary of the
monoculture and co-culture groups outlined below (Sections 3.2.3.2 and 3.2.3.3) is
provided in Figure 3.1.

(a) (b)
Drmererrermesrmseesmessaeerann, i [o]e]=]e]o]o[o] 2[2]=]°]= == Cell Insert Membrane
CHyA-B Scaffold
..... Snapwell® Frame
(=] calu-3cell
(c) (d) (&) Wi38 Fibroblast

Figure 3.1: Calu-3 epithelial cell and Wi38 fibroblast air-liquid interface (ALI) culture models
examined for in vitro experiments. In all cases, Calu-3 cells are grown at the ALI. (a) Epithelial cell
monoculture on a bilayered collagen-hyaluronate (CHyA-B) scaffold. The polymeric membrane is
removed from a Snapwell® cell insert and replaced with a CHyA-B scaffold fastened using the
plastic frame prior to Calu-3 seeding. (b) Epithelial cell monoculture on a cell insert polymeric
membrane. (c) Epithelial cell-fibroblast co-culture on a CHyA-B scaffold. The three-dimensional
porous sub-layer of the scaffolds is seeded with Wi38 fibroblasts prior to fastening the scaffold in
the Snapwell® frame and Calu-3 seeding. (d) Epithelial cell-fibroblast co-culture on a cell insert.

Wi38 fibroblasts are seeded onto the underside of the cell insert prior to Calu-3 seeding.

3.2.3.2. Epithelial cell monoculture

The ability of CHyA-B scaffolds to support the growth and differentiation of the
Calu-3 cell line in monoculture was assessed under ALI culture conditions. In
order to facilitate ALI culture on the scaffold, a customised cell culture system was
developed using the plastic frame of a Snapwell® cell insert (Corning Costar, NY).
15.6mm-diameter cut scaffolds were pre-hydrated in DPBS or chemically
crosslinked as appropriate (Section 3.2.1.3) and preconditioned in Wi38 medium
at 37°C. The polymeric membranes of the Snapwell® inserts were removed and
the plastic frame was used to pin the scaffold into place with the film top-layer

forming an apical compartment with an effective area of 12mm in diameter for
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epithelial cell seeding (Fig. 3.1a). The basolateral compartment was filled with 2ml
of Wi38 medium and the apical compartment with 400ul of Calu-3 medium. The
film top-layer was seeded with 5x10° Calu-3 cells/cm? into the apical compartment;
this equated to 100pl of a suspension that contained 5.6x10° cells. The media was
removed from the apical compartment 3 days later to introduce an ALl and the
cells were fed via the basolateral compartment for the remainder of the culture
period using a 1:1 mixture of Calu-3:Wi38 media. Media replaced every 2-3 days
for the duration of the experiments.

Calu-3 epithelial cells were also seeded onto 12mm Transwell® cell inserts
(Corning Costar) for comparison with scaffold culture (Fig. 3.1b). The cell inserts
were initially preconditioned by filling the basal compartment with 1ml of Wi38
medium and the apical compartment with 400pul of Calu-3 medium. The apical
compartment was seeded with 5.6x10° Calu-3 cells in 100pl of a suspension and
incubated for 3 days, similar to scaffold culture. Thereafter, the media was
removed from the apical compartment to introduce an ALI and the cells were fed
via the basolateral compartment for the remainder of the culture period using a 1:1
mixture of Calu-3:Wi38 media. Media replaced every 2-3 days for the duration of

the experiments.

3.2.3.3. Epithelial cell co-culture with fibroblasts

The ability of CHyA-B scaffolds to support the growth and differentiation of the
Calu-3 epithelial cell line in co-culture with Wi38 lung fibroblasts was assessed
under ALI culture conditions (Fig. 3.1c). CHyA-B scaffolds were seeded using a
modification of a previously described method [304]. 15.6mm-diameter scaffolds
were chemically crosslinked (Section 3.2.1.3) and preconditioned in Wi38 medium
at 37°C. The porous sublayer of each scaffold sample was then seeded with 50pl
of a cell suspension that contained 6x10° Wi38 cells and incubated for 2 hours to
allow for cell attachment. Thereafter, the scaffolds were covered in 2ml of Wi38
medium and grown for 3 days to allow for cell acclimatisation to the scaffold
environment. Subsequently, they were then inserted into the Snapwell® system
and the scaffold top-layer was seeded with Calu-3 cells as described in Section
3.2.3.2.
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Calu-3-Wi38 co-culture was also established on 12mm Transwell® cell inserts for
comparison with scaffold culture (Fig. 3.1d). Following the preconditioning step,
the cell inserts were inverted, seeded with fibroblasts at a density of 3x10*
cells/cm? and incubated for 2 hours to allow for fibroblast attachment; this equated
to 33,600 cells that were added in 50ul of a cell suspension. Afterwards, the
samples were returned to wells containing 1ml of Wi38 medium and grown for 3

days prior to Calu-3 seeding as outlined in Section 3.2.3.2.

3.2.4. Cell morphology and migration

3.2.4.1. Histology
Cell-seeded scaffolds were stained with haematoxylin and eosin and fast green
(H&E&FG) to observe Calu-3 epithelial cell distribution on the CHyA-B top-layer

and migration of Wi38 into the scaffold sublayer. Scaffold and cell insert samples
were washed three times with DPBS and fixed for 30 minutes in 10% neutral
buffered formalin (Sigma). The scaffolds were removed from the Snapwell®
system and processed using an automated tissue processor (ASP300, Leica,
Germany) overnight to dehydrate and paraffin wax-embed the samples. The

samples were then sectioned, stained and analysed as outlined in Section 2.2.5.

3.2.4.2. Scanning electron microscopy (SEM)

Calu-3 cells were examined by SEM to further analyse epithelial cell distribution on
the CHyA-B top-layer in monoculture. Cell-seeded samples were washed with
DPBS and fixed in 3% glutaraldehyde (Sigma) for 1 hour at room temperature.
They were then dehydrated in ascending grades of ethanol and dried using
supercritical carbon dioxide in a critical point dryer. The samples were
subsequently mounted on aluminium stubs, sputter-coated and imaged using a
Tescan Mira XMU scanning electron microscope. Images were captured at 5kV

using secondary electron mode, taken at a working distance between 12-18mm.
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3.2.5. Calu-3 epithelial cell differentiation on CHyA-B scaffolds

3.2.5.1. Immunofluorescence

Immunofluorescent staining was carried out to detect the presence of two markers
of tracheobronchial epithelial differentiation and functionality- MUC5AC and
zonula-occludens-1 (ZO-1). These markers represented mucus production by
Calu-3 cells and the formation of tight junctions, respectively [282, 286]. Cell-
seeded scaffolds and cell inserts were washed in DPBS and fixed in 10% neutral
buffered formalin for 20 minutes. The samples were permeabilised with 0.1% triton
x-100 (Sigma) and non-specific binding of primary antibody was inhibited by
incubation with 1% bovine serum albumin (BSA; Sigma) in DPBS. They were then
incubated with either 1/100 mouse anti-MUC5AC monoclonal antibody (Abcam,
Cambridge, UK) or 1/100 rabbit anti-ZO-1 polyclonal antibody (Molecular Probes,
Invitrogen, UK). All antibodies were prepared in 1% BSA in DPBS and incubated
for 2 hours at room temperature. A 1/500 goat anti-mouse Alexafluor®-594 or
1/500 goat anti-rabbit Alexafluor®-488 secondary antibody (Molecular Probes) in
1% BSA in DPBS was added for 1 hour at room temperature followed by
counterstaining with1/500 Alexafluor®-488- or 1/500 TRITC-labelled phalloidin
(Sigma) for F-actin, as appropriate. Finally, the samples were mounted in
Fluoroshield® with 4’, 6-diamidino-2-phenylindole (DAPI; Sigma). Images were
captured and analysed using an Axio Examiner.Z1 confocal microscope (Carl
Zeiss, Cambridge, UK).

3.2.5.2. Transmission electron microscopy (TEM)

Cell-seeded samples were analysed by TEM to identify the presence of cilia on
Calu-3 epithelial cells and to observe cell morphology. Scaffold and cell insert
samples were washed in DPBS and fixed in 10% neutral buffered formalin for 20
minutes prior to treatment. The samples were then stained with 1% osmium
tetroxide for 1 hour, followed by dehydration using descending grades of
methanol. They were subsequently immersed in a 1:1 100% Methanol/London
resin (LR) white and finally in pure LR white for 1 hour at room temperature. The
samples were then embedded in LR white and ultrathin sections were generated
using an EM UC6 ultramicrotome (Leica, Germany) and mounted on copper grids
prior to examination in a Hitachi H-7650 electron microscope (Hitachi, Leixlip,

Ireland) operating at 100kV.
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3.2.5.3. Expression of genetic markers of epithelial cell differentiation

Relative gene expression of Calu-3 cells seeded on scaffolds in monoculture was
quantified using quantitative reverse transcriptase-polymerase chain reaction
(QRT-PCR) as previously described [258]. Cell-seeded scaffolds were flash frozen
in liquid nitrogen and lysed in a solution containing 0.01% B-mercaptoethanol
(Sigma) in RLT lysis buffer (Qiagen, Crawley, UK) for 20 minutes. Subsequently,
they were homogenised using an Ultra Turrax T18 Overhead blender and
homogeniser spin columns (Omega Biotek, Norcross, GA) to remove any residual
scaffold. RNA was isolated from cell lysates using an RNeasy kit (Qiagen) and
quantified using a NanoDrop 2000 spectrophotometer (Thermo Scientific,
Cheshire, UK) with absorption read at 260nm. 200ng of total RNA was reverse
transcribed to cDNA using a QuantiTect reverse transcription kit (Qiagen). RT-
polymerase chain reactions were run on 7500 real-time PCR System (Applied
Biosystems, UK) using a QuantiTect SYBR Green PCR Kit (Qiagen) with
QuantiTect primers (Qiagen). The expression of MRNA was calculated by the
delta-delta Ct (2 ®") method relative to the housekeeping gene 18S [40].
Expression of three genetic markers was analysed: MUC5AC as a marker for
mucus production, ZO-1 as a marker for tight junctions, and FOXJ1 as a marker of
epithelial cell ciliation [282, 285, 286].

3.2.6. Evaluation of Calu-3 epithelial cell barrier integrity

3.2.6.1. Transepithelial electrical resistance (TEER) measurement

The integrity of the epithelial barrier formed by Calu-3 cells cultured on CHyA-B
scaffolds was quantified by the measurement of TEER in monoculture and co-
culture systems. Prior to measurement of TEER using an EVOM voltohmmeter
(World Precision Instruments, Stevenage, UK), cell culture medium was initially
added to the apical compartment of the ALI cultures and samples were incubated
for 1 hour. Electrical resistance was measured using STX-2 chopstick electrodes
(World Precision Instruments) immediately upon removal of cells from the
incubator. TEER was calculated by subtracting the resistance of a cell-free
scaffold or insert and correcting for the surface area available for epithelial cell
growth (1.12cm?). To compare TEER values between groups following a plateau
of the measurements [305], the average TEER values from day 11-14 were taken
for each group and compared.
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3.2.6.2. Fluorescein isothiocyanate (FITC)-labelled dextran permeability assay

The integrity of the epithelial barrier formed by Calu-3 cells on CHyA-B scaffolds
was further assessed through analysis of paracellular transport through the cell
layer [53]. The samples were initially washed and incubated with Hank’s buffered
salt solution (HBSS; Sigma) in both the apical and basolateral compartments for 1
hour. Subsequently, the HBSS in the apical compartment was replaced with a
500ug/ml solution of FITC-labelled dextran of an average molecular weight of
70kDa (FD70). Sampling from the basolateral compartment was performed every
30 minutes for 2 hours to quantify transported drug, with an equal volume of HBSS
used to replace the removed volume of basolateral solution at each time point.
Additionally, a sample of the initial apical FD70 content was taken for analysis and
TEER measurements were performed before and after the experiment to confirm
that the barrier integrity was unaltered during the transport assay. The
fluorescence of sampled time points was quantified by measuring excitation at

485nm and emission at 535nm.

Fluorescence values were converted to concentration of FD70 using a standard
curve and the apparent permeability coefficient (Papp) of FD70 was calculated
using Equation 2, where F is flux (rate of change in cumulative mass transported),
A is the surface area available for epithelial cell growth, and Cy is the initial FD70

concentration in donor chamber.

Papp=F><(1) 2)

AXCo

3.2.7. Data analysis

Analysis of histological, confocal and electron microscopy images were performed
using the Fiji processing software, including the measurement of length of ciliary
structures. Quantitative data obtained were analysed using Microsoft Excel and
GraphPad Prism 4.0 Software (GraphPad Software, San Diego, CA). In cases of
analysis between two groups, statistical difference was assessed by two-tailed
Student t test. In cases of analysis between multiple groups, statistical difference
between groups was assessed by 2-way ANOVA with Bonferroni post hoc
analysis. Scaffold characterisation experiments were performed using technical

replicates, with the number of batches outlined in the relevant Materials and
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Methods section above. Each cell-based experiment was performed a minimum of
three times (n=3; three biological replicates); the number of technical replicates

performed within each experiment is specified under the relevant figures.
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3.3. Results

3.3.1. CHyA-B scaffold characterisation

3.3.1.1. Scaffold ultrastructure

CHyA-B scaffolds were examined using SEM in order to evaluate their architecture
and to estimate film thickness (Fig. 3.2). The freeze-dry protocol was successfully
modified to facilitate the integration of the film component into the CHyA slurry to
yield a bilayered porous CHyA-B scaffold. The initial dehydration process
reproducibly produced a transparent co-polymer film that was incorporated
following rehydration and lyophilisation, irrespective of the freeze-dry cycle. From
analysis of the scanning electron micrographs, the film was approximately 20pum in
thickness with a smooth and uniform appearance. Below the film layer, an
integrated network of pores could be seen with high interconnectivity that

constituted the scaffold sub-layer.

 § sl
Porous Sub-layer

Figure 3.2: Bilayered collagen-hyaluronate scaffold ultrastructure. Representative scanning
electron micrograph images of a scaffold freeze-dried to a final temperature of -10°C show the

scaffold’s ultrastructure, film surface and thickness, and interconnected porous sub-layer. n=3.
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3.3.1.2. Interfacial adhesion strength

The interfacial adhesion strength between the film and porous layers of the CHyA-
B scaffolds was determined to quantify the degree of integration between the two
layers. In all cases, strain failure occurred as a result of delamination of the film
and porous layers, indicating that the strength of adhesion between layers was
weaker than that of the tensile strength of the individual layers (Fig. 3.3a). Overall,
EDAC crosslinking did not significantly weaken the maximum adhesive strength of
CHyA-B scaffolds prior to failure, despite observation of an apparent reduction
(p=0.07).

3.3.1.3. Mechanical testing

Uni-axial, unconfined compressive testing of CHyA-B scaffolds was carried out to
determine the bulk compressive elastic modulus, a property known to affect
cellular growth and differentiation [274, 299]. The inclusion of the film layer onto
porous CHyA scaffolds was found to increase substrate stiffness, particularly in
combination with EDAC crosslinking (Fig. 3.3b). When chemically crosslinked,
CHyA-B scaffolds had a significantly greater compressive modulus, irrespective of
the freeze-dry cycle. Furthermore, in the case of the scaffolds freeze-dried using
an anneal step, the inclusion of the film layer in the scaffold significantly raised the
compressive modulus in both the absence and presence of chemical crosslinking,
changing from 0.4kPa to 0.8kPa in the DHT-crosslinked group (p<0.05) and from
1.2kPa to 1.9kPa with additional EDAC crosslinking (p<0.001). Overall, the
chemical crosslinking with EDAC significantly increased the compressive modulus
relative to DHT crosslinking alone in all groups, as expected (p<0.001), and these

data demonstrated that the inclusion of a film layer resulted in a stiffer scaffold.
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Figure 3.3: Mechanical properties of bilayered collagen-hyaluronate scaffolds. (a) Layer adhesive
strength of bilayered scaffolds with or without crosslinking using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDAC). n=4; "p>0.05. (b) Compressive moduli
of scaffolds manufactured using an anneal cycle (Anneal) or a final freezing temperature of -10°C
(T¢ -10) with or without EDAC crosslinking. A single-layered fully porous collagen-hyaluronate
scaffold (CHyA) is included for comparison. n=6; **p<0.01; ***p<0.001. Results of both graphs

displayed as mean + SEM.
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3.3.1.4. Pore size analysis

Scaffold pore size analysis was performed to assess the effect of the film layer
and lyophilisation cycle on the mean pore diameter and porosity of the porous sub-
layer of CHyA-B scaffolds, two important properties for cell adhesion and growth
[276] (Fig. 3.4). CHyA-B scaffolds manufactured using an anneal cycle had a
mean pore size diameter of 80um, compared to 70um when lyophilised using a
final freezing temperature of -10°C (Fig. 3.4a; p>0.05). The inclusion of a film layer
did not influence the scaffold pore size, with no significant difference observed
between bilayered scaffolds and fully-porous scaffolds manufactured using the
same anneal cycle. Regarding the porosity of the CHyA-B sub-layer, both
fabrication processes produced highly porous materials, with a percentage
porosity of greater than 98% in both scaffold groups (Fig. 3.4b). The anneal cycle,
however, produced a porous biomaterial that was more homogenous in its pore
size distribution (Fig. 3.4c-3.4f). Ultimately, the manufacture of CHyA-B with an

anneal cycle resulted in a more uniformly porous scaffold with a larger pore size.
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Figure 3.4: Pore size analysis of bilayered collagen-hyaluronate scaffolds. Scaffolds were
manufactured using an anneal cycle (Anneal) or a final freezing temperature of -10°C (T;-10). (a)
Mean pore diameter of scaffold sub-layer. A single-layered fully porous collagen-hyaluronate
scaffold (CHyA) is included for comparison. n=3. (b) Percentage porosity of scaffold sub-layer.
n=10. (c-f) Sample toluidine blue sections of (c, e) anneal and (d, f) T -10 scaffolds used for

software analysis. Representative images visualise scaffolds as a dark blue colour. n =3.
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3.3.2. Calu-3 epithelial cell monoculture on CHyA-B scaffolds

3.3.2.1. Cell morphology and migration

Histological analysis and SEM were undertaken to examine Calu-3 morphology
and monolayer formation on the CHyA-B apical film layer. H&E&FG staining
revealed that Calu-3 cells cultured on EDAC-crosslinked CHyA-B scaffolds formed
an epithelial monolayer that was maintained over the culture period of 21 days
(Fig. 3.5). This was in contrast to cells cultured on scaffolds without EDAC
crosslinking, where the samples failed to maintain their structural integrity to the
extent that they had shrank and/or collapsed by day 21. Within this group, cells
formed clusters of cells on the scaffold surface instead of a monolayer (Fig. 3.5a).
On day 28, a confluent monolayer was seen on the film surface of EDAC-
crosslinked CHyA-B scaffolds using SEM, confirming the histological findings (Fig.
3.5b). A coating of small microvilli and clusters of cilia-like structures were also
observed in SEM images. Overall, these data indicated that EDAC-crosslinked
CHyA-B scaffolds are suitable for Calu-3 epithelial cell monolayer culture on a 3D
substrate that was still maintained after 4 weeks in culture; these scaffolds were
accordingly selected for cell culture studies.
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+ EDAC

- EDAC

(b)

Day 21

Figure 3.5: Calu-3 cell monoculture on bilayered collagen-hyaluronate scaffolds. (a) Scaffolds were
fabricated with or without crosslinking using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDAC). n=9. (b) Long-term Calu-3 culture on EDAC-crosslinked scaffolds. Only
EDAC-crosslinked scaffolds maintained their structure in cell culture beyond day 14.
Representative haematoxylin & eosin and fast green images visualised scaffolds as a light-blue
colour with a pink-purple film layer and cells appeared as pink-purple with darker nuclei (blue
arrows). n=9. Representative scanning electron micrographs at day 28 visualised a confluent

monolayer with cobblestone morphology on EDAC-crosslinked scaffolds. n=3.
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3.3.2.2. Mucin expression

The ability of the CHyA-B scaffolds to support Calu-3 cell differentiation in
monoculture was assessed by analysis of MUC5AC mucin expression.
Immunofluorescent staining of Calu-3 cells cultured on scaffolds showed a notable
increase in MUCS5AC glycoprotein secretion when compared to conventional cell
insert culture (Fig.3.6). Z-stack images detected the presence of MUC5AC on the
apical side of the Calu-3 cells at day 14 (Fig. 3.6a, 3.6b) with greater glycoprotein
fluorescence present in the scaffold cultures than in the cell insert cultures (Fig
3.6¢, 3.6d). This finding suggests that the CHyA-B scaffold stimulated mucus

secretion from the Calu-3 bronchial epithelial cell line.

o )

Figure 3.6: MUC5AC expression by Calu-3 cells in monoculture on bilayered collagen-hyaluronate
(CHyA-B) scaffolds. Calu-3 epithelial cells were cultured either on (a, b) CHyA-B scaffolds or on (c,
d) cell inserts at an air-liquid interface for 14 days. (a, ¢) Representative z-stack images display
apical MUC5AC secretion (red) on top of cells counterstained for nuclei (blue) and F-actin (green).
(b, d) Maximum intensity projections of MUC5AC expression reconstructed from z-stacks. n=3

(performed in duplicate).
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3.3.2.3. Tight junction formation

The ability of CHyA-B scaffolds to support the differentiation of Calu-3 cells in
monoculture was further assessed by analysis of ZO-1 as a marker of bronchial
epithelial tight junction formation. ZO-1 protein was detected in CHyA-B scaffolds,
with immunofluorescent images capturing the presence of the tight junction protein
between epithelial cells at days 14 on the CHyA-B film top-layer (Fig. 3.7). This
was characteristic of tight intercellular junctions that restrict paracellular transport
across the epithelium (Fig. 3.7a, 3.7c). Additionally, z-stack orthogonal views
highlighted that these junctional bands were concentrated on the apical side of
epithelial cells which further reflected epithelial polarisation and the typical
intracellular localisation of ZO-1 (Fig. 3.7a). CHyA-B and cell insert culture
systems displayed equivalence, with the presence and classical distribution of ZO-
1 also present in monoculture on Transwell® inserts (Fig. 3.7c, 3.7d). Overall,
these results indicate the Calu-3 cells formed tight intercellular junctions on the

apical side of CHyA-B scaffolds cultured at an ALI.
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(d)

Figure 3.7: ZO-1 expression by Calu-3 cells in monoculture on bilayered collagen-hyaluronate
(CHyA-B) scaffolds. Calu-3 epithelial cells were cultured either on (a, b) CHyA-B scaffolds or on (c,
d) cell inserts at an air-liquid interface for 14 days. (a, ¢) Representative z-stack images display
Z0-1 bands (green) with punctate apical concentrations at the borders of cells counterstained for
nuclei (blue). (b, d) Maximum intensity projections of ZO-1 expression reconstructed from z-stacks.

n=3 (performed in duplicate).
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3.3.2.4. Epithelial ciliation
The third assessment of the ability of CHyA-B scaffolds to support the

differentiation of Calu-3 cells in monoculture examined the formation of motile cilia
by TEM imaging. TEM analysis detected the presence of microvilli-like premature
cilia on the apical side of Calu-3 cells in both samples at day 14 of culture (Fig.
3.8). Notably, the ciliary structures formed in cells cultured on CHyA-B were longer
than those observed in cell insert culture (Fig. 3.8b, 3.8d). Additionally, the cells on
scaffolds adopted a pseudostratified columnar morphology along the film layer that
was not observed in culture on polymeric cell inserts (Fig. 3.8a, 3.8c). Thus, these
data suggested that the CHyA-B induced a more organotypic respiratory
epithelium with ciliation within Calu-3 cells.

~(b)

Figure 3.8: Transmission electron microscopy images of Calu-3 cells in monoculture on bilayered
collagen-hyaluronate (CHyA-B) scaffolds. Calu-3 epithelial cells were cultured either on (a, b)
CHyA-B scaffolds or on (c, d) cell inserts for 14 days at an air-liquid interface. (a, b) Cells cultured
on scaffolds adopted a pseudostratified columnar morphology with expression of cilia along the
epithelial layer (red arrows). (c, d) Cells cultured on cell inserts adopted a cuboidal morphology with
expression of shorter cilia (blue arrows). n=1; representative images were captured by Mr. Brenton
Cavanagh, RCSI.
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3.3.3. Expression of genetic markers of epithelial cell differentiation

3.3.3.1. The effect of CHyA-B scaffolds on epithelial cell gene expression

The effect of CHyA-B scaffold culture on the transcription of genes that support the
differentiation of Calu-3 cells in monoculture was analysed by quantitative relative
gene expression of MUC5AC, Z0O-1, and FOXJ1 to represent mucus production,
epithelial barrier formation and ciliation, respectively [282, 285, 286]. It was
revealed that the presence of the CHyA-B scaffold induced the upregulation of two
of these genes, MUC5AC and FOXJ1 (Fig. 3.9). Calu-3 cells cultured on scaffolds
showed a significant upregulation of MUC5AC gene expression compared to that
of conventional cell insert culture at days 7, 14, and 21 (Fig. 3.9a). A significant
upregulation of FOXJ1 was also observed when compared to that of cell insert
culture at day 7 (Fig. 3.9c; p<0.01), though equivalent expression levels were
detected between the culture systems at later time points. Regarding ZO-1 gene
expression, Calu-3 cells cultured on scaffolds exhibited a marginal upregulation
compared to those of the cell insert groups at days 7 and 14, though this trend
was non-significant (Fig. 3.9¢; p=0.21 and p=0.25, respectively), confirming that
Z0-1 expression on CHyA-B scaffolds matched that of conventional cell insert ALI
culture. Overall, these data emphasised the ability of the CHyA-B scaffold to
influence the phenotype of the bronchial epithelial cell line at the transcriptional
level and promote differentiation of the Calu-3 cells to secrete mucus and express

cilia.
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Figure 3.9: The effect of bilayered collagen-hyaluronate (CHyA-B) scaffolds on the relative mRNA
expression of Calu-3 cells in monoculture. Calu-3 epithelial cells were cultured on either scaffolds
or on cell inserts an air-liquid interface for 21 days. Quantification of (a) MUC5AC, (b) ZO-1 and (c)
FOXJ1 mRNA expression is displayed as mean + SEM with expression relative to the cell insert
group at the respective time point. n=3 (performed in duplicate for two experiments and with single

samples for one experiment); *p<0.05; **p<0.01; ***p<0.001.
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3.3.3.2. The effect of time on epithelial cell gene expression

The influence of the culture time period on the transcription of Calu-3 genes in
scaffold and cell insert monoculture models was also analysed by quantitative
relative gene expression of MUC5AC, ZO-1 and FOXJ1 (Fig. 3.10). MUC5AC
expression was observed to increase in cells cultured on CHyA-B scaffolds over
time (p<0.05), unlike in cells that were cultured on the polymeric cell inserts (Fig.
3.10a). In a similar pattern to the effect of the CHyA-B biomaterial on ZO-1
expression, prolonged time in culture over 21 days did not affect mRNA levels in
both cell culture systems either. Interestingly, Calu-3 cells cultured on cell inserts
showed a significant upregulation of FOXJ1 at days 14 and 21 relative to day 7
that did not occur in CHyA-B culture (Fig. 3.10c); when considered with the
previous FOXJ1 analysis in Fig. 3.9c, this indicated that FOXJ1 expression in cell
insert culture matched that of scaffold culture at later time points due to a time-
dependent increase in expression. Therefore, CHyA-B scaffold induced a
magnitude of FOXJ1 expression comparable to cell insert culture in half the
amount of time to the current standard. To summarise, this analysis demonstrated
that the CHyA-B scaffold promoted a sustained mucus-secreting epithelial
phenotype and more rapid ciliation that did not occur with conventional cell insert

culture.
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Figure 3.10: The effect of time on the relative mMRNA expression of Calu-3 cells in monoculture.
Calu-3 epithelial cells were cultured on either bilayered collagen-hyaluronate (CHyA-B) scaffolds or
on cell inserts an air-liquid interface for 21 days. Quantification of (a) MUC5AC, (b) ZO-1 and (c)
FOXJ1 expression is displayed as mean + SEM with expression relative to the day 7 time point for
each respective culture model. n=3 (performed in duplicate for two experiments and with single

samples for one experiment); *p<0.05; **p<0.01.

125

—
| —



3.3.4. Calu-3 epithelial cell co-culture with fibroblasts on CHyA-B scaffolds

3.3.4.1. Cell morphology and migration

Following the successful formation of a confluent and differentiated Calu-3
epithelial cell barrier on EDAC-crosslinked CHyA-B scaffolds in monoculture, a co-
culture system of Calu-3 epithelial cells and Wi38 lung fibroblasts was examined in
order to assess the scaffold’s capacity to act as a substrate for 3D in vitro co-
culture models (Fig. 3.11). Histological staining at day 14 confirmed that in addition
to the presence of the Calu-3 cell monolayer on CHyA-B scaffolds, Wi38 cells
populated the porous sub-layer, with evidence of inward cellular migration (Fig.
3.11a). Parallel monoculture of Calu-3 cells on CHyA-B scaffolds in tandem with
co-cultured samples displayed an absence of any cells in the porous scaffold sub-
layer but still exhibited retention of the epithelial cell barrier on the scaffold film
layer (Fig. 3.11b), indicating that any cells observed in the porous layer of co-
cultures were fibroblasts. Furthermore, these cells adopted a different morphology
in the 3D porous structure to that observed when Calu-3 cells are cultured in such
an environment (Chapter 2). Overall, bilayered CHyA-B scaffolds facilitated a
bronchial epithelial-fibroblast co-culture with distinct cellular localisation and

organisation of each cell type at the desired region on the 3D substrate.
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Figure 3.11: Co-culture on bilayered collagen-hyaluronate scaffolds. (a) Calu-3 cells and Wi38
fibroblasts cultured together were imaged at 14 days. Higher magnification images (boxes) showed
Calu-3 cells forming a monolayer along the film top-layer (blue arrows) and Wi38 fibroblasts
migrating into the porous sub-layer (black arrows). (b) Monoculture of Calu-3 cells on scaffolds
showed the formation of a matching epithelial cell monolayer to that on co-cultured scaffolds but a
notable absence of cells in the porous sub-layer. Representative haematoxylin & eosin and fast
green staining visualised scaffolds as a light-blue colour with a pink-purple film layer and cells

appeared as pink-purple with darker nuclei. n=3 (performed in triplicate).
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3.3.4.2. Mucin expression

The influence of Wi38 fibroblasts on the differentiation of Calu-3 epithelial cells to
secrete mucus was analysed by immunofluorescence of MUC5AC glycoprotein.
MUCS5AC was detected in Calu-3 scaffold co-cultures (Fig. 3.12), as seen
previously with scaffold monoculture samples. Notably, less MUC5AC was
secreted from epithelial cells on CHyA-B scaffolds in co-culture than in mono-
culture (Fig. 3.12b) but fluorescence was still greater than that observed from cell
insert co-culture samples (Fig. 3.12d). Thus, the stimulation of enhanced mucus

secretion by CHyA-B scaffolds was maintained in co-culture with lung fibroblasts.

(b)

(d)

Figure 3.12: MUC5AC expression by Calu-3 cells in co-culture on bilayered collagen-hyaluronate
(CHyA-B) scaffolds. Calu-3 epithelial cells were cultured with Wi38 fibroblasts either on (a, b)
CHyA-B scaffolds or on (c, d) cell inserts at an air-liquid interface for 14 days. (a, ¢) Representative
z-stack images display apical MUC5AC secretion (red) on top of cells counterstained for nuclei
(blue) and F-actin (green). (b, d) Maximum intensity projections of MUC5AC expression
reconstructed from Z-stacks. n=3 (performed in duplicate). Co-culture experiments were performed

concurrently with monoculture experiments (Fig. 3.6).
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3.3.4.3. Tight junction formation

The influence of Wi38 fibroblasts on the ability of Calu-3 epithelial cells to form
tight junctions was analysed by immunofluorescence of ZO-1. The protein was
detected in Calu-3 scaffold co-cultures as seen previously with scaffold
monoculture samples (Fig. 3.13). Clear bands were present in cell insert co-culture
as well as in CHyA-B samples (Fig. 3.13c, 3.13d). Therefore, the formation of an
epithelial barrier on the CHyA-B scaffold occurred in co-culture as well as in

monoculture.

(a)

Figure 3.13: ZO-1 expression by Calu-3 cells in co-culture on bilayered collagen-hyaluronate
(CHyA-B) scaffolds. Calu-3 epithelial cells were cultured with Wi38 fibroblasts either on (a, b)
CHyA-B scaffolds or on (c, d) cell inserts at an air-liquid interface for 14 days. (a, ¢) Representative
z-stack images display ZO-1 bands (green) with punctate apical concentrations at the borders of
cells counterstained for nuclei (blue). (b, d) Maximum intensity projections of ZO-1 expression
reconstructed from z-stacks. n=3 (performed induplicate). Co-culture experiments were performed

concurrently with monoculture experiments (Fig. 3.7).
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3.3.4.4. Epithelial ciliation

The influence of Wi38 fibroblasts on the ability of Calu-3 epithelial cells to express

cilia was analysed by TEM (Fig. 3.14). Calu-3 cells were less pseudostratified in
appearance on CHyA-B scaffolds in co-culture when compared to monoculture on
scaffolds (Fig. 3.14a). In spite of this observation, longer cilia were once again
present on cells cultured on CHyA-B relative to cell insert culture, as was the case
with epithelial cell monoculture. Accordingly, Calu-3 and Wi38 co-culture on CHyA-
B scaffolds maintained the principal feature of a ciliated tracheobronchial

epithelium.

Figure 3.14: Transmission electron microscopy (TEM) images of Calu-3 cells in co-culture on
bilayered collagen-hyaluronate (CHyA-B) scaffolds. Calu-3 epithelial cells were cultured with Wi38
fibroblasts either on (a, b) CHyA-B scaffolds or on (c, d) cell inserts for 14 days at an air-liquid
interface. (a, b) Cells cultured on scaffolds adopted a cuboidal morphology with expression of cilia
along the epithelial layer (red arrows). (c, d) Cells cultured on cell inserts adopted a cuboidal
morphology with expression of shorter cilia (blue arrows). n=1; representative TEM images were
captured by Mr. Brenton Cavanagh, RCSI. Co-culture experiments were performed concurrently

with monoculture experiments (Fig. 3.8).
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3.3.5. Evaluation of Calu-3 epithelial cell barrier integrity

3.3.5.1. TEER measurement

In order to confirm that the differentiated epithelial layer formed upon CHyA-B
scaffolds displayed an effective barrier function in both monoculture and co-
culture, the integrity of the epithelial barrier was quantified by the measurement of
TEER (Fig. 3.15). In both monoculture and co-culture systems, Calu-3 cells
cultured on scaffolds formed a barrier that was >500Qcm? with mean TEER values
on day 14 of 681Qcm? and 691Qcm?, respectively (Fig 3.15a). TEER values within
scaffold cultures were lower on average than those obtained from cell insert
cultures. This was evident when the average TEER values of each group following
day 11 were compared (Fig. 3.15b), where an increasing trend from CHyA-B
monoculture to cell insert co-culture was recorded. In both culture systems, the
inclusion of Wi38 fibroblasts increased TEER, although this trend was non-
significant (p>0.05). Fibroblasts seeded alone onto scaffolds or cell inserts did not

develop a functional TEER value, in line with previous studies [60].

3.3.5.2. FITC-labelled dextran permeability assay

Finally, in order to fully confirm that the differentiated epithelial layer formed upon
CHyA-B scaffolds displayed an effective barrier function in both monoculture and
co-culture, the integrity of the epithelial barrier was quantified by the assessment
of permeability to the large molecular weight compound FD70 (Fig. 3.15). The
ability of the epithelial barrier to impede the paracellular transport of FD70 was
observed in all samples, with low Pap, values recorded in scaffold cultures and no
transport detected in cell insert culture (Fig. 3.15c). Taken together with the TEER
data, these results collectively highlighted the presence of a functional epithelial

barrier in scaffold culture.
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Figure 3.15: Calu-3 epithelial cell barrier integrity in monoculture and co-culture on bilayered
collagen-hyaluronate (CHyA-B) scaffolds. Calu-3 cells were either cultured in monoculture or in co-
culture with Wi38 fibroblasts for 14 days at an air-liquid interface. Cells were also cultured on cell
inserts in monoculture and in co-culture. (a) Transepithelial electrical resistance (TEER) of Calu-3
cells. Results displayed as mean £ SEM. n=5 (performed in triplicate). (b) Average TEER values of
Calu-3 epithelial cell barriers following plateau of electrical resistance (>day 10). Results displayed

as mean = SEM. (c) Apparent permeability coefficient (P,pp) 0f fluorescein isothiocyanate-labelled

dextran 70 (FITC-dextran) through the Calu-3 cell barrier at Day 14. n=3 (performed in triplicate).
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3.4. Discussion

In order to tailor the CG scaffold to facilitate epithelial cell culture on a more
physiologically-representative alternative to current synthetic respiratory epithelial
cell insert culture systems, the major objective of this study was to manufacture a
tissue-engineered bilayered collagen-hyaluronate (CHyA-B) scaffold as a template
for a 3D tracheobronchial in vitro epithelial co-culture model. Specifically, we
sought to: (i) fabricate and characterise a CHyA-B scaffold, incorporating film and
porous layers for epithelial and fibroblast culture, respectively; (ii) assess Calu-3
bronchial epithelial cell growth and differentiation on the film layer; and (iii)
investigate whether the scaffold could support an epithelial-fibroblast co-culture
model with physiologically relevant tissue architecture in order to validate the
scaffold as a substrate for 3D tracheobronchial epithelial in vitro culture systems.
The results led to the development of a novel freeze-dried CHyA-B scaffold
consisting of a thin 2D film fused to a porous 3D scaffold on which Calu-3 cells
were able to grow, express mucin, cilia, and form an epithelial barrier with cell
retention at the ALI. Notably, EDAC crosslinking was found to be crucial for
maintenance of scaffold structure and epithelial monolayer formation. Finally, co-
culture of Calu-3 cells with Wi38 lung fibroblasts was achieved on the CHyA-B
scaffold, with fibroblast migration into the porous core to provide a submucosal
tissue analogue of the upper respiratory tract and potential for epithelial-fibroblast
crosstalk. Taken together, these data demonstrate the potential of the bilayered
CHyA-B scaffold as a suitable substrate for a 3D in vitro tracheobronchial epithelial
model that can be employed for drug discovery and disease-modelling purposes to
advance the successful development of novel therapies for the treatment of

chronic respiratory disease.

The CHyA-B scaffold was successfully constructed through modification of a
lyophilisation technique [255, 275], whereby a CHyA film was manufactured
separately, rehydrated and lyophilised with an overlying CHyA suspension to
create fusion of the film layer with an interconnected porous 3D sub-layer. This
process was reproducible for two different freeze-dry cycles involving a final
freezing temperature of -10°C and a custom anneal cycle. The use of different
freezing temperatures is known to influence the final pore size in scaffolds [255,

275] and thus the scaffolds were manufactured with two different freezing
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temperatures to verify the reproducibility of the fusion process for a range of
temperatures. Successful fabrication with both cycles confirmed this reproducibility
and highlighted the versatility of the manufacture process to make bilayered
scaffolds using different freezing parameters. Ultrastructural analysis of the
scaffold confirmed the bilayered architecture, complete with an intact film top-layer
spread across a porous sublayer (Fig. 3.2). The two layers of the scaffold adhered
to each other during lyophilisation and maintained this connection during physical
manipulation and handling in experiments, although analysis of interfacial
adhesion strength highlighted that this junction was the weakest structural point
within the scaffold (Fig. 3.3a). Regardless, the manufacture process successfully
yielded a bilayered scaffold of adequate durability that could act as a blueprint to
produce a 3D iteration of the tracheobronchial tissue structure.

Further analysis of the mechanical properties of the CHyA-B scaffold showed that
the inclusion of the film layer increased substrate stiffness, particularly in
combination with EDAC crosslinking (Fig. 3.3b). Uni-axial, unconfined
compressive analysis of CHyA-B and single-layer fully porous CHyA scaffolds
revealed that the presence of the film layer increased the compressive modulus
from 1.2kPa in CHyA scaffolds to 1.7-1.9kPa in CHyA-B scaffolds, with non-
significant variations seen between the methods of CHyA-B freeze-drying.
Previous studies have indicated that compressive mechanical properties modulate
cellular responses and lineage specification in stem cells through mechanical
feedback [274, 277], and research within our own group has indicated that the
scaffold stiffness can influence the osteogenic and chondrogenic potential of rat
MSCs cultured on CHyA scaffolds [299]. In the case of this study, however,
fibroblasts were used as the secondary cell type for co-culture as opposed to a
multipotent stem cell population, due to their prominent use in other respiratory
models [60, 100]; thus, the risk of osteogenic induction as a result of a significantly
stiffer scaffold was not relevant. Indeed, given the contractile behaviour of
fibroblasts in CG matrices [302], stiffer scaffolds could be of greater benefit as they
are more resistant to cell-mediated contraction [306].

The third phase of CHyA-B scaffold characterisation analysed the mean pore size
and porosity of the porous sub-layer (Fig. 3.4). Two lyophilisation cycles were

performed in CHyA-B manufacture to examine the effect, if any, of the film layer on
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pore size and porosity. The results indicated that the sub-layer had a homogenous
porous structure that was amenable as a framework for 3D co-culture with
epithelia. Inclusion of the film layer gave mean pore diameters of 80um and 70um
with anneal and -10°C cycles, respectively (Fig. 3.4a). The inclusion of a film layer
did not significantly alter the scaffold pore size, with no significant difference
observed between bilayered scaffolds and fully-porous scaffolds manufactured
using the same anneal cycle. Previous work carried out by our group has indicated
that the optimal mean pore size of a porous biomaterial depends on a compromise
between sufficiently small enough pores to increase the surface area for cell
attachment [256] and sufficiently large enough pores to allow for cell migration and
nutrient flow [276]. This ideal pore size can vary from one cell type to another, and
the optimal pore diameter for this fibroblast cell line has not been reported to date.
Therefore, the anneal cycle was selected as the fabrication method for CHyA-B
co-culture studies as data with a pre-osteoblast cell line indicated that larger pores
increase cell viability and migration as culture time periods progress [276].
Moreover, while both cycles produced highly porous materials (Fig. 3.4b), the
anneal cycle gave a more homogenous distribution of pores (Fig. 3.4c-3.4f),
reinforcing the decision to manufacture scaffolds by this method for co-culture

experiments with fibroblasts.

Following the characterisation of the CHyA-B scaffold and the identification of
suitable fabrication parameters, the second objective of this study focused on the
analysis of the ability of the scaffold to support the growth and differentiation of the
Calu-3 bronchial epithelial cell line. Histological analysis showed that EDAC
crosslinking of CHyA-B scaffolds was necessary for epithelial monolayer formation
and cell retention at the ALI. The formation of an epithelial monolayer was only
observed in the stiffer scaffolds. In the absence of EDAC crosslinking, cells tended
to stay in clusters on the film layer (Fig. 3.5a). The Calu-3 monolayer observed at
day 14 on stiffer CHyA-B scaffolds persisted through longer culture periods of 21
and 28 days (Fig. 3.5b), complete with a cobblestone morphology at the latter time
point that is the hallmark of a confluent epithelial monolayer. It has been previously
shown that EDAC crosslinking improves osteoblast cell numbers and distribution
within collagen-GAG scaffolds [274], though at present, the cellular mechanism

behind why a stiffer film facilitates epithelial monolayer formation is unknown. On
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the other hand, in the absence of EDAC crosslinking, the porous underside of
CHyA-B samples contracted following prolonged incubation in cell culture medium,
leading to gradual dissociation from the film layer and loss of biomaterial integrity
by day 21. EDAC crosslinking did not increase the strength of connection between
the two scaffold layers, as indicated by interfacial adhesion strength analysis (Fig.
3.3a); on the contrary, the stiffer scaffold appeared to exhibit lower adhesion
strength prior to failure than in non-EDAC-crosslinked CHyA-B scaffolds, although
this was non-significant (p=0.07). Therefore, this finding suggests that the EDAC
crosslinking step maintains CHyA-B scaffold integrity by reducing contraction of
the porous layer, rather than by increasing the strength of interaction between
scaffold layers. Taken together, these data collectively show that EDAC
crosslinking is pivotal for the maintenance of the bilayered structure of CHyA-B in
cell culture and contributes to epithelial monolayer formation, validating the EDAC-
crosslinked CHyA-B scaffold as an effective substrate for the culture of a viable

bronchial cell line as part of an in vitro model.

Having established EDAC-crosslinked CHyA-B scaffolds as the substrate of
choice for Calu-3 epithelial culture, the study subsequently assessed Calu-3
differentiation prior to co-culture. The first differentiation marker analysed was the
glycoprotein MUC5AC, a substantial component of the respiratory mucus coating
and an important indicator of mucociliary epithelial cell differentiation [286, 307].
Culture on the CHyA-B scaffold had a direct effect in increasing and maintaining
elevated MUC5AC gene transcription at days 7, 14 and 21 relative to the standard
cell insert culture (Fig. 3.9a). Importantly, the CHyA-B scaffold directly increased
MUCS5AC gene expression relative to the standard cell insert culture that is
normally used to induce mucus secretion from Calu-3 cells, highlighting the effect
of ECM components on epithelial cell response. In line with findings from Calu-3
culture on CG scaffolds in Chapter 2, this increase in expression in MUC5AC was
also observed to increase over time on CHyA-B scaffolds between days 7 and 21
(Fig. 3.10a). The presence of hyaluronate might be responsible for these effects,
as has been observed elsewhere with culture on hyaluronan-derivative films [167].
Of course, collagen also increases mucus secretion from tracheobronchial
epithelial cells [73] and thus the CHyA co-polymer scaffold is a useful substrate for

such airway epithelial cultures.
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The increased expression of MUC5AC mRNA translated through to greater
secretion of the glycoprotein in scaffold monoculture at day 14 than that from cell
insert monoculture (Fig. 3.6). Respiratory mucus has a prominent role in forming a
defensive barrier in the respiratory tract and can hinder the delivery of aerosolised
therapeutics to both the tracheobronchial epithelium itself and their transit down
the airways to the alveolar region for systemic drug delivery [308]. Indeed, the
effect of secreted mucins on efficacious respiratory drug delivery has become
even more pertinent in chronic disorders that have a hypersecretory phenotype
like asthma, bronchitis and CF [9, 11, 291]. In this regard, the ability of CHyA-B
scaffolds to induce greater mucus secretion could therefore be of great value for
drug transport assays and disease modelling. Overall, CHyA-B scaffolds were
validated as a substrate to support functional mucus expression from an airway

epithelium.

Calu-3 cells cultured on CHyA-B scaffolds also expressed the tight junction protein
Z0-1, indicating the formation of an epithelial barrier layer on the scaffold
substrate and differentiation of the Calu-3 cells. Scaffold culture exhibited a non-
significant upregulation of ZO-1 gene expression compared to that of the
conventional cell insert culture at days 7 and 14, suggesting a trend of increased
expression of this barrier protein (Fig. 3.9b). Immunofluorescent detection of ZO-1
visualised the intercellular mesh-like network of the protein that is characteristic of
its distribution in epithelial monolayers (Fig. 3.7; [53]). Furthermore, the distribution
of the F-actin counterstain observed on the cell’s circumference reinforced the
hypothesis of an epithelial barrier formation (Fig. 3.6a); such localisation to the cell
periphery and affiliation with ZO-1 is recognised as a core component of barrier
integrity [309].These data, coupled with the SEM images of the confluent
monolayer (Fig. 3.5b), emphasise the ability of the CHyA-B scaffolds to facilitate
the expression of tight junctions typical of a functional tracheobronchial epithelial
barrier and contribute to its validation as a model containing an organotypic

epithelium.

In addition to displaying a propensity for the induction of mucus secretion and
formation of intercellular barrier junctions, the CHyA-B scaffold also had a
beneficial effect on the expression of cilia in Calu-3 cells. Cilia are an integral

component of the mucociliary escalator in the respiratory tract, extending from the
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apical epithelial surface to beat in a metachronal pattern and remove particulates
and debris from the airways [285], and are thus an important feature of a fully-
functional tracheobronchial epithelium. Analysis of expression of FOXJ1, a master
regulator of motile ciliogenesis [285, 296], revealed that CHyA-B scaffolds
upregulated this gene by a similar order of magnitude to that in Calu-3 cells on cell
inserts, but in half the amount of time (Fig. 3.9c, 3.10c). Ciliogenesis is one feature
of respiratory epithelial cell culture that typically takes between 21-28 days [60]
and so the finding of an early upregulation of FOXJ1 is noteworthy. The
upregulation suggests an earlier promotion of ciliogenesis in bronchial epithelial
cells cultured on CHyA-B scaffolds and therefore, more rapid development of an in
vitro model for subsequent toxicity testing or disease studies. In the case of Calu-3
cells, the ciliation was assessed after 14 days in culture in line with the literature
[53] and at this time point, the microvilli structures observed in scaffold
monoculture were longer than those in cell insert monoculture (1um vs 0.5um) and
thinner in shape (Fig. 3.8). Neither culture system produced fully-elongated cilia,
though this might be due in part to the inherent limited ciliary potential of the Calu-
3 cell line. Discrepancies between primary tracheobronchial and Calu-3
transcriptional profiles have been reported [310] which could culminate in the
absence of other co-factors needed for complete ciliation. Nevertheless, in this
chapter, the improved inductive effect provided by CHyA-B scaffolds in

comparison to cell insert culture was clearly demonstrated.

This chapter sought to not only investigate whether the scaffold could support a
bronchial epithelial cell line in monoculture, but also to develop an epithelial-
fibroblast co-culture model with improved physiological tissue architecture and
validate the scaffold as a substrate for 3D airway epithelial in vitro culture. To this
end, Calu-3 cells were cultured together with Wi38 fibroblasts on CHyA-B
scaffolds in order to establish whether the fibroblasts could migrate into the porous
scaffold towards the epithelial monolayer. Histological analysis provided evidence
of Wi38 attachment and cellular migration into the scaffold towards the epithelial
monolayer (Fig. 3.11). While the native ECM of the trachea and bronchi is more
densely packed than the submucosal framework present in CHyA-B in its cell-free
form, the CHyA-B scaffold provides an improved 3D representation of the native

ECM for 3D co-culture than the flat 2D nature of cell inserts and holds greater
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potential for recapitulation of the native tissue. CG scaffolds have consistently
demonstrated their ability to support the attachment, proliferation and
functionalisation of such cells in a 3D environment [276, 298-300, 302], combined
with suitable porosity to allow for cellular migration into the scaffold and nutrient
flow [276]. Moreover, the porous nature can provide suitable void space for
fibroblasts to fill with their own deposited ECM matrix following anchorage to the
scaffold struts [311]. In summary, the CHyA-B scaffold’s architecture can
potentially facilitate epithelial-fibroblast crosstalk in addition to mimicking the in
vivo tracheobronchial arrangement of mesenchymal cells embedded in the ECM

beneath the epithelial monolayer.

Having developed an epithelial-fibroblast co-culture model using CHyA-B scaffolds
with favourable cell distribution, analysis of the three markers of Calu-3
differentiation was also performed in scaffold co-cultures to validate the
maintenance, or potentially the improvement, of expression of functional
biomarkers. This analysis demonstrated that the three principal hallmarks of a
functional tracheobronchial barrier- mucus secretion, barrier formation and
ciliation- continued to be exhibited by Calu-3 cells (Fig. 3.12-3.14). Of particular
note, MUC5AC glycoprotein expression was lower than that observed in scaffold
monoculture (Fig. 3.12), although still greater in intensity than that observed in cell
insert mono-culture and co-culture. This result indicates that both the scaffold
biomaterial and the Wi38 fibroblasts modulate epithelial mucin expression in the
CHyA-B co-culture system, with the resultant MUC5AC levels representing a
culmination of signalling events regulated by material and cell factors. The addition
of fibroblasts to cell insert culture, on the other hand, did not alter MUC5AC
expression by Calu-3 cells. A recent study by Harrington at al. reported that the
inclusion of lung fibroblasts to Calu-3 culture on an electrospun polyethylene
terephthalate scaffold (PET) scaffold induced apical MUC5AC expression [231].
Interestingly, no MUC5AC secretion was detected in Calu-3 monoculture on
electrospun PET which contrasts with the data presented here of PET cell inserts
(Fig. 3.6¢, 3.12c). This difference could be a result of the substrate topography of
the electrospun material. Nevertheless, the CHyA-B data show that both the
natural polymeric scaffold and fibroblast factors influence mucus secretion in our

model.
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Immunofluorescent staining of ZO-1 did not discern any difference in ZO-1 staining
in CHyA-B mono- and co-culture systems (Fig. 3.13). This was reflected in the
quantitative barrier analysis using TEER (Fig. 3.15a, 3.15b). Scaffold TEER values
were lower than those obtained for cell insert cultures, albeit non-significantly. Co-
culture increased the TEER with scaffolds and cell inserts relative to monoculture,
as has been regularly observed in the literature [60, 231, 305]. Data on TEER
values from ex vivo human lung tissue have not been reported to date but analysis
of rabbit tissue and human primary epithelial cell cultures indicate a range of 300-
650Qcm? (reviewed in [54]). Thus, the lower TEER values obtained from cell
barriers following plateau on CHyA-B in mono-culture and co-culture (662Qcm?
and 694Qcm?, respectively) offer a closer physiological reflection than those from
cell insert mono- and co-culture (756Qcm? and 902Qcm?, respectively). In all
cases, analysis of paracellular permeability using FD70 confirmed that all epithelial
barriers formed were suitably robust (Fig. 3.15c¢) and further justified the
hypothesis that CHyA-B scaffolds displayed a positive effect on the organotypic

culture of a physiologically relevant in vitro tracheobronchial epithelium.

While this chapter has successfully achieved its objectives and developed a novel
scaffold and co-culture system for 3D in vitro modelling of the upper respiratory
tract, it suffers from one principal limitation- the use of a bronchial epithelial cell
line instead of primary human tracheobronchial epithelial cells. It is well-known that
current bronchial cell lines do not exhibit the exact phenotypic traits to that of
pseudostratified columnar epithelium in vivo [54]. Differences have also been
noted between cell line and primary cell cultures in toxicological response to
known carcinogens [55]. Accordingly, Chapter 4 investigates the development of a
primary tracheobronchial cell co-culture system with the CHyA-B scaffold to further
recapitulate the in vivo anatomy and physiology in this 3D model. Nevertheless, it
is advantageous to use a standardised cell line for the development of a novel
tissue-engineered scaffold design with a new application. Firstly, the risk of
confounding results related to donor variability is avoided at the early stages of
development; this recommendation is in line with guidance for the development of
novel assays with respiratory cells [52]. Secondly, respiratory cell lines such as
Calu-3 cells remain of great interest for respiratory drug development [54, 312]

and have previously been investigated for other synthetic constructs [231]. It is
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therefore of interest as the choice of epithelial cell in its own right and this study
has added to our understanding by evaluating the positive influence of a naturally-
derived polymeric scaffold on the differentiation of the Calu-3 cell line towards a
more pseudostratified tracheobronchial epithelium with the associated hallmark in

vivo functional features.

3.5. Conclusion

In conclusion, this chapter has developed a bilayered collagen-hyaluronate
scaffold as a 3D in vitro model of the tracheobronchial region of the respiratory
tract. This scaffold combines a film layer for epithelial cell culture and a porous 3D
sub-layer for co-culture with other cell types. The scaffold demonstrated the ability
to support the growth and differentiation of a bronchial cell line in addition to
epithelial-fibroblast co-culture. This biomaterial can act as a customisable platform
technology to generate a physiologically-representative 3D system and will be
utilised for the development of a primary tracheobronchial epithelial-fibroblast in
vitro model in Chapter 4. Overall, CHyA-B scaffolds are a promising tool that can
open new avenues to advance our understanding of airway epithelial regulation,
dysregulation in disease and subsequent drug discovery and delivery for effective

treatment.
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4.1. Introduction

A bilayered collagen-hyaluronate (CHyA-B) scaffold has been successfully
developed as a three-dimensional (3D) substrate for an in vitro co-culture model
using a bronchial epithelial cell line (Chapter 3). However, in order to provide a
more complete physiological iteration of the tracheobronchial region of the
respiratory tract, primary epithelial cells should ideally be utilised in scaffold culture
[313]. Calu-3 cells were a useful cell line to analyse on CHyA-B scaffolds in the
first instance due to their wide use in pharmaceutical industry and academia for
respiratory drug development, as well as their similarity to the in vivo upper
respiratory epithelium [54, 312], but inherent differences inevitably exist between
these immortalised cells and primary cells. For example, Pezzulo et al. have
reported differences in Calu-3 cell transcriptional profiles compared to in vivo
airway epithelium, while another toxicological study by Balharry and colleagues
has highlighted discrepancies between cell line and primary cell cultures in
toxicological response to known carcinogens [55, 310]. Accordingly, the inclusion
of primary tracheobronchial epithelial cells on CHyA-B scaffolds in combination
with co-cultured lung fibroblasts has the potential to provide the most organotypic

in vitro model.

The native tracheobronchial epithelium is a pseudostratified cell layer of three
main cell types- ciliated epithelial cells, goblet cells and basal cells [15]. Columnar
ciliated cells account for greater than 50% of the epithelial cells and are the most
predominant cell type [6]. In addition to contributing to the protective epithelial
barrier in the respiratory tract, these cells are responsible for the clearance of
mucus secretions towards the throat by the metachronal beating of cilia [285]. The
mucus secretions are provided primarily by the goblet cells and submucosal
glands; they serve to provide an extra physical, diffusional and antibacterial layer
of protection to the airways [307, 314]. The function of the basal cell has
conventionally been to facilitate anchorage of the columnar epithelial cells to the
basement membrane [115], though more recent research has characterised it as a
major progenitor cell of the tracheobronchial region of the airways [109, 110, 315].
From the perspective of developing an organotypic in vitro model of the conducting
region of the respiratory tract, the presence of these three cell types would be

ideal for representation of the physiological milieu. Of course, as highlighted in
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previous chapters with the Calu-3 cell line, the generation of a robust epithelial
barrier of suitable integrity is essential from a respiratory drug development or
disease modelling perspective and must also be considered with primary
tracheobronchial epithelial cell culture.

In this study, normal human bronchial epithelial (NHBE) cells were selected as the
primary tracheobronchial epithelial cell for evaluation of 3D culture on CHyA-B
scaffolds. Primary airway cells are typically isolated from lung tissue [70, 316] or
nasal turbinates [246, 317]. The cells sourced from a commercial supplier in this
chapter were obtained from the epithelial lining of airways above the bifurcation of
the trachea. These cells can provide a mixed ciliated and goblet cell culture model
of the airway (reviewed in [54]) and as such are a suitable choice of primary cell to
investigate the principal features of the pseudostratified epithelium in monoculture
on CHyA-B scaffolds.

This chapter also investigated an epithelial-fibroblast co-culture model on CHyA-B
scaffolds. Several respiratory co-culture methods have been established using cell
inserts that have demonstrated a more organotypic epithelial phenotype [60, 68,
318]. However, there is an overall consensus in the literature that the introduction
of an extracellular matrix (ECM) analogue into the co-culture environment could
further enhance cell culture, cell-cell signalling and functionality [83]. Tissue-
engineered co-culture models of primary tracheobronchial epithelial cells with
fibroblasts have almost exclusively focused on the use of type | collagen hydrogels
as the ECM mimic [100, 192, 193, 198, 199, 202]. CHyA-B scaffolds, on the other
hand, are a co-polymer of type | collagen and hyaluronate- two components that
have been shown to individually boost primary respiratory epithelial differentiation
[73, 294]- and the bilayered structure demonstrates more robust mechanical and
handling properties than relatively weak hydrogels (Chapter 3; [207]). Therefore,
this substrate has the potential to improve upon the current cell insert and tissue-

engineered standards for in vitro models.

Thus, the overall objective of Chapter 4 was to develop a 3D primary
tracheobronchial epithelial cell-derived co-culture system for application in
respiratory in vitro modelling using CHyA-B scaffolds. Specifically, two aims were

pursued:
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1. To assess the feasibility of the CHyA-B scaffold to act as a 3D substrate for
the growth and differentiation of NHBE primary respiratory epithelial cells in
monoculture.

2. To develop a 3D co-culture system of NHBE epithelial cells and Wi38 lung
fibroblasts and to validate this system by analysis of markers of

differentiation and epithelial barrier integrity.

4.2. Materials and Methods

4.2.1. Bilayered collagen-hyaluronate (CHyA-B) scaffold fabrication

4.2.1.1. CHyA-B scaffold manufacture
CHyA-B scaffolds were fabricated by freeze-drying CHyA films in combination with

a CHyA suspension as described in Section 3.2.1. [255]. A suspension of 0.5%
microfibrillar bovine tendon collagen (Integra Life Sciences, Plainsboro, NJ) and
0.044% hyaluronate sodium salt derived from Streptococcus equi (Sigma-Aldrich,
Arklow, Ireland) in 0.5M acetic acid was blended, degassed and cast onto a
12.5x12.5cm? polytetrafluoroethylene (PTFE) plate overnight to produce a thin
transparent CHyA copolymer film. The film was subsequently rehydrated in 0.5M
acetic acid for two hours, cut to fit onto the base of a 6x6cm? stainless steel grade
304 SS pan and covered with 4ml of CHyA slurry before the combination was
freeze-dried using a customised lyophilisation method [275]. After freeze-drying,
the scaffolds were crosslinked and sterilised using a dehydrothermal (DHT)
process at 105°C for 24 hours in a vacuum oven at 50mTorr (VacuCell 22, MMM,
Germany) [283].

4.2.1.2. Chemical crosslinking

DHT-crosslinked CHyA-B scaffolds were chemically crosslinked using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDAC; Sigma) in combination
with N-hydroxysuccinimide (NHS; Sigma) as described in Section 2.2.1.2 [274,
278]. The scaffolds were then washed three times with Dulbecco’s phosphate
buffered saline (DPBS; Sigma) to remove any residual cytotoxic product and

stored in DPBS at 4°C until use. All steps were performed under sterile conditions.
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4.2.2. Primary tracheobronchial epithelial cell culture on CHyA-B scaffolds

4.2.2.1. Cell source and culture medium

NHBE cells were used as the source of primary tracheobronchial epithelial cells
(Lonza, Basel, Switzerland). The cells were cultured in bronchial epithelial growth
medium (BEGM; Lonza) which consisted of bronchial epithelial basal medium
(BEBM) supplemented with bovine pituitary extract (BPE), hydrocortisone,
epidermal growth factor (EGF), adrenaline, transferrin, insulin, all-trans retinoic
acid (atRA), triiodothyronine (T3), gentamicin and amphotericin-B. Concentrations
of the supplements in the supplement were withheld by Lonza. NHBE cells were
sourced from two donors for experiments (Lot numbers 0000312626 and
0000326160) except for the electron microscopy experiments, where donor
0000326160 was used only. Cells were used at passage 3. The Wi38 human
embryonic lung fibroblast cell line (ATCC, Middlesex, UK) was used for co-culture
experiments. These cells were cultured in Eagle’s minimal essential medium
(Sigma) supplemented with 10% foetal bovine serum (Biosera, Ringmer, UK),
2mM L-glutamine (Sigma), 26mM sodium bicarbonate (Sigma), 100U/ml
penicillin/streptomycin (Sigma) and 1mM sodium pyruvate (Sigma).This was
referred to as Wi38 medium. Cells were used between passages 21-26. All cells
were cultured at 37°C and 5% CO, under a humidified atmosphere. Unless
otherwise stated, all cell culture incubation steps were also performed in these

conditions.

4.2.2.2. Epithelial cell monoculture

The ability of CHyA-B scaffolds to support the growth and differentiation of the
NHBE primary cells in monoculture was assessed under air-liquid interface (ALI)
culture conditions. A customised cell culture system was developed using the
frame of a Snapwell® cell insert (Corning Costar, NY) as described in Section
3.2.3.2. The scaffold samples were seeded with 2.5x10°> NHBE cells/cm? into the
apical compartment and an ALI was introduced 3 days later with subsequent
basolateral feeding for the remainder of the culture period using a 1:1 mixture of
BEGM:Wi38 media.

NHBE primary cells were also seeded onto 12mm Transwell® cell inserts (Corning
Costar) for comparison with scaffold culture. On the day before NHBE cell
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seeding, the cell inserts were coated with rat-tail type | collagen (Sigma) at a
density of 10pg/cm?. On the following day, the cell inserts were seeded with

2.5x10° NHBE cells/cm? as outlined in Section 3.2.3.2 using a 1:1 mixture of
BEGM:Wi38 media.

4.2.2.3. Epithelial cell co-culture with fibroblasts

The ability of CHyA-B scaffolds to support the growth and differentiation of the
NHBE primary cells in co-culture with Wi38 lung fibroblasts was assessed under
ALI culture conditions. CHyA-B scaffolds were seeded using a modification of a
previously described method [304], as described in Section 3.2.3.3. The porous
sublayer of each scaffold sample was seeded with 6x10° Wi38 cells followed by
insertion into the Snapwell® system and subsequent seeding with NHBE cells as
described in Section 4.2.2.2.

NHBE-Wi38 co-culture was also established on 12mm Transwell® cell inserts for
comparison with scaffold culture. Following the collagen-coating of the apical side
of the cell insert, they were seeded on the basolateral and apical sides with
fibroblasts at a density of 3x10* cells/cm? and NHBE cells at a density of 2x10°

cells/cm?, respectively, as outlined in Section 3.2.3.3.

4.2.3. Cell morphology and migration

Cell-seeded scaffolds were stained with haematoxylin and eosin and fast green
(H&E&FG) to observe NHBE epithelial cell distribution on the CHyA-B top-layer
and migration of Wi38 into the scaffold sublayer. This was performed as described
in Section 3.2.4.1. Briefly, the samples were fixed, processed overnight using an
automated tissue processor (ASP300, Leica, Germany) and sectioned using a
microtome (Leica RM 2255, Leica). The sections were deparaffinised and stained
with H&E&FG prior to dehydration and mounting with DPX (Sigma). Images were
captured using an Eclipse 90i microscope and DSRIl digital camera with NIS

Elements Software (Nikon, Japan).
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4.2.4. Primary tracheobronchial epithelial cell differentiation on CHyA-B scaffolds

4.2.4.1. Immunofluorescence

Immunofluorescent staining was carried out to detect the presence of three
markers of tracheobronchial epithelial differentiation and functionality- MUC5AC,
zonula occludens-1 (ZO-1), and B-tubulin IV (BIV). These markers represented
mucus production by goblet cells, the formation of tight junctions and ciliation of
the epithelial cells, respectively [282, 286, 319]. Immunofluorescence was
performed as outlined in Section 3.2.5.1. Briefly, cell-seeded samples were fixed,
permeabilised and incubated with 1% bovine serum albumin (BSA; Sigma) in
DPBS to preclude non-specific binding of primary antibody. They were then
incubated with either 1/100 mouse anti-MUC5AC monoclonal antibody (Abcam,
Cambridge, UK), 1/100 rabbit anti-ZO-1 polyclonal antibody (Molecular Probes,
Invitrogen, UK), or 1/400 mouse anti-BIV monoclonal antibody (Sigma), followed
by incubation with a 1/500 goat anti-mouse Alexafluor®-594 or 1/500 goat anti-
rabbit Alexafluor® 488 secondary antibody (Molecular Probes) and counterstaining
with 1/500 Alexafluor®-488-labelled or 1/500 TRITC-labelled phalloidin (Sigma) for
F-actin, as appropriate. Finally, the samples were mounted in Fluoroshield® with
4’, 6-diamidino-2-phenylindole (DAPI; Sigma). Images were captured and
analysed using an Axio Examiner.Z1 confocal microscope (Carl Zeiss, Cambridge,
UK).

4.2.4.2. Scanning electron microscopy (SEM)

NHBE cells were examined by SEM to analyse the effects of CHyA-B scaffolds
and Wi38 co-culture on epithelial barrier formation and ciliation. Cell-seeded
scaffolds were fixed in 3% glutaraldehyde, dehydrated in ascending grades of
ethanol and dried using supercritical CO; in a critical point dryer as outlined in
Section 2.2.4.3. The samples were subsequently mounted on aluminium stubs,
sputter-coated and imaged using a Tescan Mira XMU scanning electron
microscope at 5kV using secondary electron mode, taken at a working distance

between 12-18mm.

4.2.4.3. Transmission electron microscopy (TEM)

Analysis of NHBE ciliation on CHyA-B scaffolds was performed by TEM. This was

also performed to examine pseudostratification of the epithelial cell layer. Scaffold
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samples were fixed, dehydrated, embedded in London Resin (LR) white and
sectioned as outlined in Section 3.2.5.2. Images were captured with a Hitachi H-

7650 electron microscope (Hitachi, Leixlip, Ireland) operating at 100kV.

4.2.4.4. Expression of genetic markers of epithelial differentiation

The ability of CHyA-B scaffolds to support the differentiation of NHBE primary cells
was analysed by quantitative relative gene expression of MUC5AC, ZO-1, and
FOXJ1, genetic markers for mucus production, epithelial tight junction formation
and ciliation, respectively [282, 285, 286]. Cell-seeded samples were washed with
DPBS and the cells in the apical compartment (i.e. the NHBE cells) were lysed in
550pl of 0.01% B-mercaptoethanol (Sigma) in RLT lysis buffer (Qiagen, Crawley,
UK). 200ng of isolated RNA was reverse transcribed to cDNA and RT-polymerase
chain reactions were run as described in Section 2.2.4.4. The expression of mRNA
was calculated by the delta-delta Ct (2°°°“") method relative to the housekeeping
gene GAPDH [287].

4.2.5. Evaluation of primary tracheobronchial epithelial cell barrier integrity

4.2.5.1. Transepithelial electrical resistance (TEER) measurement

The integrity of the epithelial barrier formed by NHBE cells cultured on CHyA-B
scaffolds was quantified by the measurement of TEER in monoculture and co-
culture systems. TEER measurement was performed as described in Section
3.2.6.1. To compare TEER values between groups following a plateau of the
measurements [305], the average TEER values from day 11-21 were taken for
each group and compared.

4.2.5.2. Fluorescein isothiocyanate (FITC)-labelled dextran permeability assay

The integrity of the epithelial barrier formed by NHBE cells on CHyA-B scaffolds
was further assessed through analysis of paracellular transport through the cell
layer [53], as outlined in Section 3.2.6.2. Briefly, the samples were incubated with
a 500pg/ml solution of FITC-labelled dextran of an average molecular weight of
70kDa (FD70) and the apparent permeability coefficient (Papp) was calculated
using Equation 2, where F is flux (rate of change in cumulative mass transported),
A is the surface area available for epithelial cell growth, and Cy is the initial FD70

concentration in the donor chamber.
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Papp=F><(1) (2)

AXCo

4.2.6. Data analysis

Analysis of histological and electron microscopy images, including the
measurement of the length of ciliary structures, was performed using the Fiji
processing software. Quantitative data obtained were analysed using Microsoft
Excel and GraphPad Prism 4.0 Software (GraphPad Software, San Diego, CA).
Statistical difference between groups was assessed by 2-way ANOVA with
Bonferroni post hoc analysis. Each cell-based experiment was performed a
minimum of three times (n=3; three biological replicates); the number of technical
replicates performed within each experiment is specified under the relevant

figures.
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4.3. Results

4.3.1. Primary tracheobronchial epithelial cell monoculture on CHyA-B scaffolds

4.3.1.1. Cell morphology and migration

CHyA-B scaffolds and cell inserts were seeded with NHBE cells, cultured for 28
days and subsequently stained with H&E&FG to observe NHBE cell distribution.
Histological analysis revealed that NHBE cells formed an epithelial layer along the
film top-layer that was maintained over the culture period, with no cellular
migration into the porous sublayer (Fig. 4.1a). Cell morphology was the same as
that of NHBE cells cultured on cell inserts (Fig. 4.1b), with all cells adopting a flat,
spread and squamoid morphology on both substrates. These data indicated that
CHyA-B scaffolds supported NHBE adhesion and growth in monoculture over the

culture period, albeit with the absence of a pseudostratified columnar morphology.

Figure 4.1: Primary tracheobronchial epithelial cell monoculture on bilayered collagen-hyaluronate
(CHyA-B) scaffolds. NHBE cells were cultured either on (a) CHyA-B scaffolds or on (b) cell inserts
at an air-liquid interface for 28 days. Higher magnification images (boxes) showed the formation of
a squamous monolayer along the film top-layer or cell insert membrane (blue arrows).

Representative haematoxylin and eosin and fast green staining visualised scaffolds as a light-blue

colour with a pink-purple film layer and cells appeared as pink-purple with darker nuclei. n=3.
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4.3.1.2. Mucin expression

The ability of the CHyA-B scaffolds to support primary tracheobronchial epithelial
cell differentiation was assessed by analysis of MUC5AC glycoprotein expression,
a marker of mucus-secreting goblet cells [320]. Immunofluorescent z-stack images
detected the presence of MUC5AC on the apical side of the NHBE cells at day 28
in both scaffold and cell insert monoculture (Fig. 4.2). MUC5AC distribution was
patchy across the epithelial layer in both groups (Fig. 4.2a, Fig. 4.2c) with no
discernible increase in the presence of glycoprotein between them, as emphasised
by maximum intensity projection analysis (Fig. 4.2b, 4.2d). These data indicated
that a sub-population of NHBE cells matured into goblet cells on CHyA-B scaffolds
and that the degree of differentiation was equivalent to conventional cell insert

culture.

Figure 4.2: MUC5AC expression on primary tracheobronchial epithelial cells in monoculture on
bilayered collagen-hyaluronate (CHyA-B) scaffolds. NHBE cells were cultured either on (a, b)
CHyA-B scaffolds or on (c, d) cell inserts at an air-liquid interface for 28 days. (a, ¢) Representative
z-stack images display apical MUCS5AC secretion (red) on top of cells counterstained for nuclei
(blue) and F-actin (green). (b, d) Maximum intensity projections of MUC5AC expression

reconstructed from z-stacks. n=3.
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4.3.1.3. Tight junction formation

The ability of the CHyA-B scaffolds to support primary tracheobronchial epithelial
cell tight junction formation was assessed by analysis of ZO-1 expression, a
protein regulating paracellular permeability in epithelia [282]. Bands of ZO-1 were
detected across the entire cell layer on CHyA-B scaffolds that were concentrated
on the apical side of epithelial cells, reflecting epithelial polarisation and correct
intracellular localisation (Fig. 4.3a). ZO-1 expression on CHyA-B scaffolds
matched that of cell insert culture (Fig. 4.3b, 4.3d); interestingly, the more widely
distributed ZO-1 borders on CHyA-B scaffolds indicated that the adhered NHBE
cells were stretched on the film top-layer more than on the collagen-coated
polymeric membrane. Nevertheless, the positive detection of ZO-1 suggested that
CHyA-B facilitated the formation of tight junctions between primary NHBE cells.

(b)

(d)

Figure 4.3: ZO-1 expression on primary tracheobronchial epithelial cells in monoculture on
bilayered collagen-hyaluronate (CHyA-B) scaffolds. NHBE cells were cultured either on (a, b)
CHyA-B scaffolds or on (c, d) cell inserts at an air-liquid interface for 28 days. (a, ¢) Representative
z-stack images display ZO-1 bands (green) with punctate apical concentrations around the borders
of cells counterstained for nuclei (blue). (b, d) Maximum intensity projections of ZO-1 expression

reconstructed from z-stacks. n=3.
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4.3.1.4. Epithelial ciliation

The third assessment of primary tracheobronchial epithelial cell differentiation on
CHyA-B scaffolds examined the expression of BIV, a cytoskeletal protein present
in motile cilia [60]. Immunofluorescent analysis did not detect BIV in NHBE cells on
either CHyA-B scaffolds or cell inserts, indicating the absence of ciliation (Fig. 4.4).
Faint punctate expression of yellow fluorescence was rarely observed in cell insert
culture (Fig. 4.4.c), though these spots were very small to represent cilia and were
not located on the apical side of cells. The phalloidin counterstain for F-actin
microfilaments revealed that the epithelial cells were stretched across both
substrates, suggesting that they did not adopt a columnar morphology that is
typical of ciliated cells. In summary, these data indicate that NHBE differentiation
towards a pseudostratified ciliated phenotype did not occur in monoculture.

(b)

(d)

Figure 4.4: 3-tubulin IV (BIV) expression on primary tracheobronchial epithelial cells in monoculture
on bilayered collagen-hyaluronate (CHyA-B) scaffolds. NHBE cells were cultured either on (a, b)
CHyA-B scaffolds or on (c, d) cell inserts at an air-liquid interface for 28 days. (a, ¢) Representative
z-stack images display an absence of apical expression of BIV (yellow) on top of cells
counterstained for nuclei (blue) and F-actin (red). (b, d) Maximum intensity projections of BIV

expression reconstructed from z-stacks. n=3.
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4.3.1.5. Epithelial ultrastructure- SEM

NHBE cells were examined by SEM to capture epithelial barrier formation and

ciliation, if present, at high magnification. Image analysis confirmed that the
primary epithelial cell layer did not adopt a cobblestone conformation typical of the
in vivo tracheobronchial region (Fig. 4.5). Instead, NHBE cells were widely spread
across the CHyA-B scaffold with occasional overlapping of the confluent epithelial
layer (Fig. 4.5a). While intercellular connections had formed, the cell surfaces
were smooth with no ciliation (Fig.4.5b). A similar cell shape and distribution was
seen with cell insert culture (Fig. 4.5c, 4.5d). This analysis indicated that NHBE

cell commitment to a pseudostratified ciliated lineage did not occur in monoculture.

R
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Figure 4.5: Ultrastructural analysis of primary tracheobronchial epithelial cells in monoculture on
bilayered collagen-hyaluronate (CHyA-B) scaffolds using scanning electron microscopy. NHBE
cells were cultured for 28 days at an air-liquid interface. (a, b) On CHyA-B scaffolds, representative
images visualised cells as squamous and extended (red circles) in a confluent layer with
occasional overlapping (red arrows). (c, d) On cell inserts, cells were also visualised as squamous
and extended in shape (yellow circles) in a confluent layer. Overlapping of cells (yellow arrows)

was less than that observed on CHyA-B scaffolds. n=1.
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4.3.1.6. Epithelial ultrastructure- TEM

The final assessment of pseudostratification and ciliation of NHBE cells in
monoculture on CHyA-B scaffolds and cell inserts was performed by TEM. In a
similar result to BIV immunofluorescence and SEM, cilia were notably absent in
both culture models and no pseudostratification of the epithelia was observed (Fig.
4.6). Ultimately, these findings confirmed that monoculture of NHBE cells was
insufficient for full differentiation of the primary tracheobronchial epithelial cells in
both of these in vitro models and that further addition of other stimulators of

differentiation, such as signalling factors from co-cultured fibroblasts, were

warranted.
(a) (b) 5
(c) B (d) |

Figure 4.6: Ultrastructural analysis of primary tracheobronchial epithelial cells in monoculture on
bilayered collagen-hyaluronate (CHyA-B) scaffolds using transmission electron microscopy. NHBE
cells were cultured for 28 days at an air-liquid interface. (a, b) Cells cultured on scaffolds adopted a
flattened morphology with no expression of cilia. (c, d) Cells cultured on cell inserts adopted a
flattened morphology and with no expression of cilia. n=1; representative images were captured by
Mr. Brenton Cavanagh, RCSI.
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4.3.2. Primary tracheobronchial epithelial cell co-culture with fibroblasts on CHyA-

B scaffolds

4.3.2.1. Cell morphology and migration

Having completed the assessment of NHBE primary cell monoculture on CHyA-B
scaffolds, the epithelial cells were next evaluated in co-culture with Wi38
fibroblasts. In comparison to monoculture (Fig. 4.1), H&E&FG staining showed
that the inclusion of Wi38 cells into the culture systems resulted in the generation
of a thicker respiratory epithelium (Fig. 4.7). Notably, on CHyA-B scaffolds, NHBE
cells were visualised as layered in structure, complete with an orientation
reminiscent of pseudostratified epithelium (Fig. 4.7a). Fibroblasts migrated into the
porous sublayer of CHyA-B and populated the submucosal region in close
proximity to the epithelial cell layer. The epithelial layer on cell inserts was also
thicker and more columnar than that observed in monoculture, but less
stratification of epithelia was observed than in scaffold culture (Fig.4.7b);
fibroblasts were thinly stretched in a two-dimensional (2D) conformation along the
underside of the polymeric membrane. Overall, histological analysis showed that a
more physiologically-representative tracheobronchial epithelium was present in co-

culture groups, particularly on CHyA-B scaffolds.
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Figure 4.7: Primary tracheobronchial epithelial cell co-culture on bilayered collagen-hyaluronate
scaffolds. NHBE cells were co-cultured with Wi38 fibroblasts either on (a) CHyA-B scaffolds or on
(b) cell inserts at an air-liquid interface for 28 days. (a) NHBE cells and Wi38 fibroblasts populated
the CHyA-B scaffold. Higher magnification images (dotted box) showed the formation of a stratified
NHBE cell layer along the film top-layer (blue arrows) and Wi38 fibroblasts migrating into the
porous sublayer (black arrows). (b) NHBE cells formed a thinner layer on cell inserts (dashed box;
green arrows) with fibroblasts thinly spread on the underside of the insert (red arrows).
Representative haematoxylin & eosin and fast green staining visualised scaffolds as a light-blue

colour with a pink-purple film layer and cells appeared as pink-purple with darker nuclei. n=3.
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4.3.2.2. Mucin expression
The influence of Wi38 fibroblasts on the ability of NHBE epithelial cells to

differentiate into mucus-secreting goblet cells was also analysed by MUC5AC
immunofluorescence. The presence of fibroblasts in co-culture did not appear to
alter the expression levels of MUC5AC, irrespective of the choice of cell substrate
(Fig. 4.8). Apical secretions reflecting a patchy distribution of goblet cells were
visualised in both CHyA-B (Fig. 4.8a, 4.8b) and cell insert (Fig. 4.8c, 4.8d)
cultures; this distribution was the same as that observed in monoculture (Fig. 4.2).
Therefore, the presence of goblet cells in the primary tracheobronchial epithelial

layer was maintained in the CHyA-B 3D co-culture in vitro model.

(b)

Figure 4.8: MUC5AC expression on primary tracheobronchial epithelial cells in co-culture on
bilayered collagen-hyaluronate (CHyA-B) scaffolds. NHBE cells were co-cultured with Wi38
fibroblasts either on (a, b) CHyA-B scaffolds or on (c, d) cell inserts at an air-liquid interface for 28
days. (a, c) Representative z-stack images display apical MUC5AC secretion (red) on top of cells
counterstained for nuclei (blue) and F-actin (green). (b, d) Maximum intensity projections of
MUCS5AC expression reconstructed from z-stacks. n=3. Co-culture experiments were performed

concurrently with monoculture experiments (Fig. 4.2).
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4.3.2.3. Tight junction formation

The effect of Wi38 fibroblasts on the expression of ZO-1 in NHBE cells was also
performed. The inclusion of Wi38 cells resulted in a clearer expression of ZO-1
bands in both CHyA-B scaffolds and cell insert culture groups (Fig. 4.9) than those
detected in monoculture (Fig. 4.3). Notably, clearer polarisation of the protein
towards the apical side of cell-cell junctions occurred in CHyA-B co-culture than
that observed in scaffold monoculture and the cells were not as widely spread on
the film surface, suggesting a more columnar morphology (Fig. 4.9a, Fig. 4.9b).
Z0-1 expression was similarly present in cell insert co-culture, though z-stack
images indicated that the cell layer was thinner (Fig. 4.9c, 4.9d). These data
indicated that the CHyA-B scaffold supported the formation of a thick, polarised
epithelial barrier by facilitating 3D co-culture of lung fibroblasts.
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Figure 4.9: ZO-1 expression on primary tracheobronchial epithelial cells in co-culture on bilayered
collagen-hyaluronate (CHyA-B) scaffolds. NHBE cells were co-cultured with Wi38 fibroblasts either
on (a, b) CHyA-B scaffolds or on (c, d) cell inserts at an air-liquid interface for 28 days. (a, ¢)
Representative z-stack images display ZO-1 bands (green) on the periphery of cells counterstained
for nuclei (blue). (b, d) Maximum intensity projections of ZO-1 expression reconstructed from Z-

stacks. n=3. Co-culture experiments were performed concurrently with monoculture experiments

(Fig. 4.3).
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4.3.2.4. Epithelial ciliation

The influence of Wi38 fibroblasts on the expression of BIV by NHBE cells was also

examined (Fig. 4.10). Positive detection of BIV only occurred in NHBE-Wi38 co-
culture on CHyA-B scaffolds (Fig. 4.10a, 4.10b). Clusters of BIV were observed on
the apical surface of NHBE cells at the ALI that were distributed along the cell
layer of a thick, polarised epithelium. Of critical note, apical expression of BIV was
not detected in either cell insert co-culture (Fig. 4.10c, 4.10d) or any monoculture
systems (Fig. 4.4). Thus, only the CHyA-B scaffold 3D co-culture model supported
the ciliation of NHBE cells and resultantly, their differentiation into a

physiologically-representative tracheobronchial epithelium.

2 G

(d)

Figure 4.10: B-tubulin IV (BIV) expression on primary tracheobronchial epithelial cells in co-culture
on bilayered collagen-hyaluronate (CHyA-B) scaffolds. NHBE cells were co-cultured with Wi38
fibroblasts either on (a, b) CHyA-B scaffolds or on (c, d) cell inserts at an air-liquid interface for 28
days. (a, c) Representative z-stack images display apical expression of BIV (yellow) on top of cells
counterstained for nuclei (blue) and F-actin (red). (b, d) Maximum intensity projections of BIV
expression reconstructed from z-stacks. n=3. Co-culture experiments were performed concurrently

with monoculture experiments (Fig. 4.4).

163

—
| —



4.3.2.5. Epithelial ultrastructure- SEM

Further examination of NHBE cells in co-culture on CHyA-B scaffolds was
conducted using SEM to investigate epithelial ciliation and tight junction formation.
The analysis confirmed that primary cells formed a ciliated columnar cell layer with
the presence of a cobblestone morphology that reflected tight cell-cell junctions
(Fig. 4.11). Specifically, ciliary extensions were seen along the confluent
cobblestone layer and higher magnification images captured the presence of
visible connections between adjacent NHBE cells (Fig. 4.11a, 4.11b). Although the
NHBE-WIi38 co-culture with cell inserts provided a similar cell barrier with tight
cellular connections, ciliation was far less prominent, with only very small
elevations observed on the apical surface (Fig. 4.11c, 4.11d). Thus, the presence
of a more organotypic tracheobronchial epithelium with CHyA-B co-culture was

reaffirmed.
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Figure 4.11: Ultrastructural analysis of primary tracheobronchial epithelial cells in co-culture on
bilayered collagen-hyaluronate (CHyA-B) scaffolds using scanning electron microscopy. NHBE
cells were co-cultured with Wi38 fibroblasts for 28 days at an air-liquid interface. (a, b) On
scaffolds, representative images visualised cells as a confluent, cobblestone monolayer with cell-
cell junctions (red arrows) and ciliated cells (red circles) present. (c, d) On cell inserts, the
confluent, cobblestone cell monolayer with cell-cell junctions (yellow arrows) had limited expression
of small microvilli (yellow circles). n=1. Co-culture experiments were performed concurrently with

monoculture experiments (Fig. 4.5).
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4.3.2.6. Epithelial ultrastructure- TEM

In order to fully investigate the formation of a pseudostratified tracheobronchial
epithelium on CHyA-B scaffolds in co-culture, TEM imaging of sample cross-
sections was undertaken. In accordance with histology, immunofluorescence and
SEM data, the epithelial barrier visualised was thicker, pseudostratified and
ciliated in morphology (Fig. 4.12a). A thicker cell layer was also seen in cell insert
co-culture (Fig. 4.12c) compared to those present in monoculture groups (Fig.
4.6), but this layer was more multi-layered in structure and lacked the clear,
protruding clusters of cilia observed in scaffold co-culture (Fig. 4.12b, 4.12d). In
summary, TEM analysis once again illustrated the ability of the CHyA-B 3D co-
culture model to provide the most organotypic in vitro iteration of the in vivo

respiratory epithelium.

(b)

Figure 4.12: Ultrastructural analysis of primary tracheobronchial epithelial cells in co-culture on
bilayered collagen-hyaluronate (CHyA-B) scaffolds using transmission electron microscopy. NHBE
cells were co-cultured with Wi38 fibroblasts for 28 days at an air-liquid interface. (a, b) Cells
cultured on scaffolds adopted a pseudostratified columnar morphology with expression of cilia
along the epithelial layer (red arrows). (c, d) Cells cultured on cell inserts adopted a multi-layered
morphology and expression of cilia was either absent or limited in shape and height (blue arrows).
n=1; representative images were captured by Mr. Brenton Cavanagh, RCSI. Co-culture

experiments were performed concurrently with monoculture experiments (Fig. 4.6).
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4.3.3. Expression of genetic markers of epithelial differentiation
The effect of CHyA-B scaffolds and Wi38 fibroblasts on NHBE primary cell gene

expression of MUC5AC, ZO-1 and FOXJ1 was analysed to evaluate
transcriptional regulation of mucus production, tight junction formation and
ciliation, respectively [282, 285, 286]. While neither factor significantly altered the
expression of MUC5AC (Fig. 4.13a), the presence of the CHyA-B scaffold and
fibroblasts significantly upregulated the expression of FOXJ1 compared to that in
conventional cell insert co-culture, with an approximate 35-fold increase in gene
expression (Fig. 4.13c; p<0.05). Furthermore, CHyA-B scaffolds were also a
positive regulator of ZO-1 transcription in co-culture, although this finding was non-
significant (Fig. 4.13b; p>0.05). Of note, the stimulatory effects of the scaffold
substrate did not occur in NHBE monoculture groups. Therefore, it was observed
that a combination of the biomaterial and culture of lung fibroblasts in the porous
sublayer was required to increase the transcription of genes regulating barrier

formation and ciliation of NHBE primary cells.

a) « b -
(a) 5 2.8- (b) < 4
z :
o 217 £ 31
g <
8 1.4+ 8 24
= $
© [7]
¢ 0.0- % — .
Monoculture Co-Culture Monoculture Co-Culture
(c)
<« 80 *
Z 60 —
E 404
52 204 CCell Insert
8 24 Bl CHyA-B
g
g . Ill
) | |
@
x o0 T T
Monoculture Co-Culture

Figure 4.13: Expression of genetic markers of primary tracheobronchial epithelial differentiation in
co-culture on bilayered collagen-hyaluronate (CHyA-B) scaffolds. NHBE cells were co-cultured with
Wi38 fibroblasts on either scaffolds or cell inserts at an air-liquid interface for 21 days.
Quantification of (a) MUC5AC, (b) ZO-1 and (c) FOXJ1 mRNA expression is displayed as mean +
SEM with expression relative to the cell insert group grown in monoculture or co-culture, as

appropriate. n=2; *p<0.05.
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4.3.4. Evaluation of primary tracheobronchial epithelial cell barrier integrity

4.3.4.1. TEER measurement

In order to confirm that the differentiated epithelial barrier formed upon CHyA-B
scaffolds was of sufficient integrity, TEER measurement was assessed in all
monoculture and co-culture groups (Fig. 4.14). The TEER values for NHBE cells
depended on both the use of CHyA-B scaffold as the culture substrate and also on
the inclusion of Wi38 in co-culture (Fig. 4.14a). This was particularly evident when
the average peak TEER values of each group (day 11-21) were compared (Fig.
4.14b), where an increasing trend from cell insert and scaffold monoculture to
scaffold and cell insert co-culture was recorded. At peak values, cell insert co-
culture had a mean TEER of 1829Qcm?, which was significantly larger than all
other groups, including the mean TEER of 858Qcm? detected in scaffold co-culture
(p<0.001). Notably, by day 28, the TEER of the CHyA-B co-culture model was
maintained at 423Qcm?, compared to values of 46Qcm?, 80Qcm?, and 1239Qcm?
recorded with cell insert monoculture, scaffold monoculture, and cell insert co-
culture, respectively. Physiological TEER values of the tracheobronchial region are
reported to be in the range of 300-650Qcm? (reviewed in [54]) and therefore, only
the scaffold co-culture group was in the physiological range at this time point.
Fibroblasts seeded alone onto scaffolds or cell inserts did not develop a functional

TEER value, in line with previous studies [60].

4.3.4.2. FITC-labelled dextran permeability assay

Finally, in order to fully confirm that the differentiated epithelial barrier formed upon
CHyA-B scaffolds was of sufficient integrity, paracellular permeability was
assessed in all monoculture and co-culture groups (Fig. 4.14). The ability of the
NHBE cell barrier to impede the paracellular transport of FD70 at day 21 was
observed in both monoculture and co-culture on CHyA-B scaffold culture models,
with low P4y, values recorded (Fig. 4.15c). In conjunction with the TEER data,
these results collectively highlighted the presence of a functional epithelial barrier

in scaffold culture that is of suitable integrity for physiological modelling.
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Figure 4.14: Primary tracheobronchial epithelial cell barrier integrity in monoculture and co-culture
on bilayered collagen-hyaluronate (CHyA-B) scaffolds. NHBE cells were cultured on either CHyA-B
scaffolds or cell inserts at an air-liquid interface for 21-28 days. (a) Transepithelial electrical
resistance (TEER) of NHBE cells. n=1-8 (performed in triplicate). (b) Average TEER values of
NHBE epithelial cell barriers following plateau of electrical resistance (days 11-21). Results
displayed as mean + SEM. **p<0.01; **p<0.001. (c) Apparent permeability coefficient (P,pp) Of
fluorescein isothiocyanate-labelled dextran 70 (FITC-dextran) through the NHBE cell barrier on

CHyA-B scaffolds at Day 21. n=3.
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4.4. Discussion

In order to provide a more complete in vitro physiological representation of the
conducting region of the respiratory tract, the major objective of Chapter 4 was to
develop a 3D primary tracheobronchial epithelial cell-derived co-culture system for
application in respiratory in vitro modelling using CHyA-B scaffolds. Specifically,
we sought to: (i) assess the feasibility of the CHyA-B scaffold to act as a 3D
substrate for the growth and differentiation of NHBE primary respiratory epithelial
cells in monoculture, and (ii) develop a 3D co-culture system of NHBE epithelial
cells and Wi38 lung fibroblasts and validate this system by analysis of markers of
differentiation and epithelial barrier function. The results demonstrated that the
NHBE cells attached to and grew on CHyA-B scaffolds over the 28 day culture
period. They expressed two markers of epithelial differentiation, though the
adoption of a flattened squamous morphology and lack of ciliation indicated that
full differentiation of the primary cells did not occur in monoculture on CHyA-B
scaffolds. However, the inclusion of Wi38 fibroblasts in a 3D scaffold co-culture
induced pseudostratification of the epithelium and the expression of additional
biomarkers that were absent in monoculture. Notably, the presence of cilia only
occurred in co-culture on CHyA-B scaffolds, suggesting that the synergistic effect
of lung fibroblasts and a 3D CHyA-B scaffold substrate contributed to
differentiation, which was corroborated by analysis of gene expression. Finally,
analysis of epithelial barrier integrity revealed that the TEER in scaffold co-culture
was closest to physiological reference levels. Taken together, these data confirm
that the CHyA-B scaffold co-culture system is an improved iteration of the
tracheobronchial region with primary epithelial culture and this organotypic model
can be brought forward in the future as a physiologically-relevant platform tool to

evaluate novel therapies or disease pathophysiology.

The examination of NHBE epithelial cell morphology revealed that the cells did not
exhibit the phenotype of a native tracheobronchial epithelium in monoculture,
despite maintenance of a viable cell layer on the CHyA-B scaffold over the 28 day
culture period. Instead of a pseudostratified columnar epithelial conformation,
NHBE cells flattened and spread along the CHyA-B film top-layer to coat the
scaffold in a squamous-like epithelium (Fig. 4.1). This morphology was seen

repeatedly in histological analysis, immunofluorescent z-stack images of F-actin
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counterstaining (Fig. 4.2, 4.4) and, most notably, in scanning and transmission
electron micrographs (Fig. 4.5, 4.6). Of course, squamous epithelium still performs
a barrier function in other tubular organs such as the oesophagus [321], but in the
respiratory tract, squamoid metaplasia is associated with the loss of ciliary function
in the tracheobronchial region, impaired clearance of mucus, and the exacerbation
of chronic diseases such as chronic obstructive pulmonary disease (COPD) and
pulmonary carcinoma [322]. Therefore, while serendipitous in nature, this finding
could be of interest for pursuing an in vitro disease model of squamous metaplasia
in combination with a 3D ECM analogue [323]. For the purposes of this study,
however, the presence of such morphology was not in line with the objectives
hitherto outlined. It is important to note, however, that the NHBE morphology on
CHyA-B scaffolds matched that of cells cultured on collagen-coated inserts,
indicating that the scaffold itself was not responsible for the induction of this cell
morphology. Furthermore, NHBE cells also remained viable in scaffold culture
over the period of 28 days; this positive finding highlighted that, at a minimum,
CHyA-B scaffolds had the capacity to support viable primary tracheobronchial

epithelial cell growth in monoculture.

In addition to supporting their viability, the CHyA-B scaffold also facilitated the
culture of a mucin-secreting goblet cell population and tight junction formation
between epithelial cells in monoculture (Fig 4.2, 4.3). The detection of MUC5AC, a
biomarker for goblet cells [307, 324], confirmed their presence and highlighted that
one important aspect of epithelial mucociliary differentiation had occurred (Fig.
4.2). In the Calu-3 cell line, MUC5AC secretions were dramatically increased by
scaffold monoculture (Chapter 3; see Fig. 3.6), while an inductive effect was not
observed in the case of NHBEs. This might be due to the fact that primary
tracheobronchial epithelial cells encompass a more heterogeneous population of
cell subtypes than the Calu-3 cell line, where all of the epithelial cells do not serve
a secretory function in vivo; indeed most tracheobronchial epithelial cells in vivo
are ciliated columnar epithelial cells [6]. Conversely, Calu-3 cells are derived from
a cancerous submucosal gland [56] and secrete mucins, including MUC5AC,;
accordingly, this would result in greater detection levels. The presence of ZO-1
protein bands along the cell monolayer on CHyA-B scaffolds indicated that the cell

layer had the potential to create a continuous epithelial barrier at the ALI (Fig. 4.4).
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With a similar distribution to that observed in Calu-3 cell culture on CHyA-B
scaffolds (Chapter 3), the mesh-like chain of junctions between the cells is
characteristic of a well-differentiated epithelial monolayer and indicates
functionalisation of the NHBE cells [53, 60]. It is worth noting that this network was
stretched in appearance in NHBE scaffold monoculture, reflecting wider cellular
spreading across the CHyA film layer (Fig. 4.4a); this observation is in line with the
evidence of a flat, squamous cell morphology previously discussed. In addition, z-
stack images validated these data through the visualisation of a thin cell layer in
the 3D projections. Nevertheless, the very presence of ZO-1 and its localisation to
the apical region of cell junctions is advantageous for a 3D in vitro epithelial model
because it is the hallmark of tight junction formation. Irrespective of cell
morphology, these results show the NHBE cells expressed two important features
of an in vivo tracheobronchial epithelium when in an in vitro CHyA-B scaffold

monoculture model.

One important physiological feature of the tracheobronchial epithelium that was
absent in CHyA-B scaffold monoculture, however, were ciliated cells. BIV, a
cytoskeletal protein present in the axoneme of the ciliary apparatus [319], is
localised to the apical side of epithelial cells and is visualised in respiratory
epithelia as thin extensions that gather in clusters of cilia [60]. Such extensions
were absent from NHBE cells that were cultured alone upon both CHyA-B
scaffolds and cell inserts (Fig. 4.4). Ultrastructural analysis corroborated the
immunofluorescence data with a clear absence of ciliary structures observed on
cultured cells (Fig. 4.5, 4.6). Accordingly, the completion of the first study objective
confirmed that the CHyA-B scaffold could feasibly support NHBE cell growth,
goblet cell differentiation and tight junction formation in monoculture, but not the
full commitment to a mucociliary phenotype. In order to achieve such ciliation
within in vitro primary tracheobronchial epithelial culture systems, a multitude of
culture conditions (e.g. ALI; [99]), ECM components (e.g. collagen, hyaluronate
[73, 99, 294]), and media supplements (e.g. atRA [69]) have been reported.
Fibroblast factors provided from co-culture, however, have also been shown to
induce ciliation in primary tracheobronchial epithelial cells [60, 100, 198].
Therefore, in line with the potential for lung fibroblasts to stimulate the expression

of this third marker of epithelial differentiation and also with the objective to
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develop a co-culture model with physiologically-relevant tissue architecture and
composition, this Chapter proceeded to investigate a CHyA-B scaffold NHBE-Wi38
co-culture model as a means of fully recapitulating the ciliated epithelium in a 3D

in vitro model.

The inclusion of Wi38 fibroblasts into the porous sublayer of the CHyA-B scaffold
was found to have a major effect on the differentiation of NHBE cells into a
pseudostratified ciliated epithelium. Histological analysis revealed that both
scaffold and cell insert co-cultures experienced thickening of the epithelial layer
when compared to the corresponding monoculture (Fig. 4.7). This thickening was
more prominent in peripheral regions with the CHyA-B co-culture model than in the
cell insert co-culture. While some areas on the scaffold were multi-layered in
appearance, subsequent TEM imaging indicated that the epithelial layer was
pseudostratified in structure along the majority of the film layer (Fig 4.12). The
NHBE cells in cell insert co-culture, on the other hand, did not adopt this
morphology, despite exhibiting a similar epithelial thickness in TEM sections. The
greatest advantage of the scaffold co-culture, however, was the detection of cilia
that was not present in any of the other three in vitro models in this chapter,
including the cell insert co-culture model. Immunofluorescent analysis of BIV
revealed characteristic clusters of cilia on the apical side of the scaffold that were
diffusively spread across the primary tracheobronchial epithelial layer (Fig. 4.10).
Cilia-like microvilli were also observed along the pseudostratified layer captured by
TEM (Fig. 4.12), while ultrastructural analysis with SEM served to re-emphasise
the ubiquitous coating of cells with ciliary extensions (Fig. 4.11). Taken together,
these data demonstrate that the 3D CHyA-B substrate holds a clear advantage
over the conventional co-culture cell insert substrate and can enhance the
recapitulation of a pseudostratified epithelium with production of an integral
component of the mucociliary clearance mechanism within the upper respiratory

tract, in conjunction with fibroblasts in the submucosal porous layer [285].

Of course, as well as stimulating ciliogenesis within the novel 3D in vitro model, it
was important that the Wi38 fibroblasts also maintained the two other
characteristics of native tracheobronchial epithelium in scaffold co-culture-
specifically, the differentiation into goblet cells and the formation of tight junctions.

Immunofluorescent analysis of MUC5AC and ZO-1 confirmed that these
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biomarkers were also present in co-culture groups (Fig. 4.8, 4.9). The presence of
Wi38 fibroblasts in culture did not alter the sparse distribution of goblet cells,
regardless of the use of a scaffold or cell insert substrate (Fig. 4.8). The fibroblasts
did influence the pattern of ZO-1 staining on CHyA-B scaffolds, however. A
narrowing of the distance between the protein bands on the periphery was
observed in co-culture when compared to monoculture (Fig. 4.9a). This resulted in
a more refined cobblestone pattern between ZO-1 that was less stretched and
more reminiscent of previous observations of cell line and primary culture [53, 60].
This pattern also reflected the adoption of a columnar morphology by the NHBE
cells, particularly when examined with the corresponding confocal z-stack images
that depicted a thicker epithelium and localisation of nuclei along the xz and yz
axes that was typical of pseudostratification. Cell insert co-culture, by contrast,
exhibited the same distribution of tight junction protein, but the cell layer was much
thinner (Fig. 4.9c). SEM of scaffold co-culture samples also corroborated the
presence of tight junctions between cobblestone-shaped cells (Fig. 4.11b). In
summary, these results confirm that NHBE mature into goblet cells and there is
extensive cobblestone patterning of ZO-1 expression in CHyA-B co-cultures, in
addition to the previous findings of epithelial layer thickening and
pseudostratification observed on the scaffold from histological and ultrastructural

analyses and co-cultures.

Thus, having developed a primary epithelial-fibroblast scaffold co-culture model
with favourable cell distribution that expressed key markers of tracheobronchial
differentiation, analysis of epithelial gene expression was subsequently
undertaken in order to examine the effect of the CHyA-B scaffold and Wi38
fibroblasts on key genes that contribute to the regulation of NHBE differentiation
(Fig. 4.13). The expression of two genes, ZO-1 and FOXJ1, were upregulated
through a combination of the presence of fibroblasts and the 3D culture conditions
provided by the CHyA-B scaffold. The introduction of fibroblasts per se was
insufficient to bring about gene upregulation, as indicated by the comparison of
cell insert monoculture to cell insert co-culture samples, while the relative
comparison of CHyA-B scaffolds to cell inserts in monoculture highlighted that the
scaffold substrate did not upregulate these genes by direct interaction with the

NHBE cell. Biomechanical cues from 3D matrices can trigger different signalling
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cues and molecular pathways in fibroblasts [101, 325], and a recent study has
identified hepatocyte growth factor (HGF) secretion from lung fibroblasts as an
important paracrine factor for bronchial epithelial growth [326]. With this in mind,
we postulate that the 3D microenvironment of the CHyA-B porous sublayer
promotes the inductive effect of Wi38 lung fibroblasts on the co-cultured NHBE

cells through the secretion of growth factors and other signalling molecules.

CHyA-B scaffolds have previously exhibited different effects on the upregulation of
MUCS5AC and FOXJ1 genes in Calu-3 cells (Chapter 3; see Fig. 3.9 and 3.10).
Calu-3 cell populations exhibit a predominantly mucus-secreting phenotype when
cultured at an ALI [53]; accordingly, stimulation by scaffolds to increase mucus
secretion would be observed in the majority of seeded cells. In contrast, any
possible stimulation of MUC5AC expression by CHyA-B scaffolds in the goblet cell
sub-population of the primary epithelial cell layer might have been masked by the
presence of greater numbers of ciliated cells. CHyA-B scaffolds also induced
FOXJ1 gene transcription at a faster rate in Calu-3 cells than cell insert substrates.
In this chapter, however, such effects on the rate of transcription are unknown.
Relative mRNA expression was analysed at day 21 alone for comparison with a
previously published study that demonstrated the ability of a hyaluronan-derivative
membrane to increase mucociliary gene expression in a similar manner to CHyA-B
scaffolds [294]. Moreover, a single time point was also chosen because a primary
focus of the study was the influence of co-culture, rather than time, on NHBE

MRNA expression.

The final stage of the validation of the CHyA-B 3D co-culture model involved the
assessment of primary epithelial barrier integrity (Fig. 4.14). The TEER values for
NHBE cells depended on both the use of CHyA-B as the culture substrate and
also on the inclusion of Wi38 co-culture. Peak TEER values of both scaffold and
cell insert co-culture systems were significantly higher than both monoculture
systems, in agreement with the literature [60, 231, 305]. Additionally, peak values
of the cell insert co-culture (1829Qcm?) were double those of the scaffold co-
culture groups (858Qcm?), indicating that the strongest barrier formed in the case
of the former. However, while the presence of a higher TEER might initially appear
advantageous for modelling an epithelial barrier, it is important to have a

magnitude of barrier integrity that is reflective of the target tissue when performing
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drug permeation and transport studies. Different delivery routes of drugs will
involve different levels of barrier permeability, ranging from the relatively
permeable capillaries in the peripheral circulation (3-30 Qcm?) to the strong barrier
of the skin (9703Qcm?; [327]); while TEER values from ex vivo human lung tissue
have not been reported to date, analysis of rabbit tissue and human primary
epithelial cell cultures indicate a range of 300-650Qcm? (reviewed in [54]). Thus,
while still greater than 650Qcm?, the peak TEER obtained by the CHyA-B scaffold
co-culture might offer a suitable compromise between the presence of a
physiologically-relevant composition and the achievement of a TEER that is closer
to the physiological range than cell insert co-culture. Indeed, by day 28, the TEER
in the CHyA-B scaffold co-culture had reduced to 423Qcm?, rendering it the only
culture group that was within the physiological range at this time point. Analysis of
paracellular permeability using FD70 confirmed that the primary epithelial barrier
was less robust in scaffold monoculture than in scaffold co-culture, with an
average Papp Value that was ten times lower in the case of the latter. The transport
of a range of other molecules and FITC-dextran of other molecular weights has
been described in other studies [328-331], but although information on FD70 is not
abundant, a P,p, value in the range of 10° to 10" indicates minimal paracellular
transport. To summarise, the CHyA-B scaffold co-culture model provided the most
organotypic quantitation of functional epithelial barrier integrity after 28 days of

culture.

Despite the achievement of the objective to develop a 3D primary tracheobronchial
epithelial cell-derived co-culture system for application in respiratory in vitro
modelling using CHyA-B scaffolds, this chapter is not without its limitations. The
principal limitation within this chapter was the absence of confirmation of basal cell
presence to complete the complement of primary tracheobronchial epithelial cell
types within the CHyA-B 3D in vitro model. Immunofluorescent detection using an
anti-cytokeratin 14 antibody is planned for future work but it can be hypothesised
at present that the cell sub-type is likely to be present in the scaffold co-culture to
safeguard ciliated cell adherence to the substrate [6]. Additionally, the data in this
chapter could also be further enriched with quantitative data of the relative
proportions of ciliated cells and goblet cells that were identified in CHyA-B co-

culture; such histomorphometric or flow cytometric data for native tracheobronchial
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tissue, however, is scant at present and no current study of tissue-engineered
models of the upper respiratory tract has reported such detailed data for
comparison. Finally, while it was clear that NHBE cell differentiation towards
ciliated columnar cells required a combination of the novel CHyA-B scaffold and
the presence of co-cultured fibroblasts, it can be argued that the cilia formed were
not fully mature in structure. Motile cilia in the respiratory tract are typically 7um in
length [332] and longer cilia have been visualised in other studies than the cilia
observed here [60, 100, 294]. Future optimisation of the co-culture media
composition- in particular, the concentration of atRA [69, 333]- has the potential to
even further enhance ciliation within the 3D CHyA-B co-culture model.
Nevertheless, the beneficial effect of inducing ciliation in NHBE epithelial cells
through a combination of fibroblasts and the scaffold was clearly demonstrated in
this study and validated the CHyA-B scaffold as an effective tracheobronchial
model for the development of novel translational therapeutics and disease

modelling.

45. Conclusion

In conclusion, this chapter has successfully developed a 3D primary
tracheobronchial epithelial cell-derived co-culture system using CHyA-B scaffolds
previously optimised with Calu-3 epithelial cells. This organotypic in vitro model
contains the phenotypic features of the native pseudostratified epithelium and co-
cultured submucosal fibroblasts that are all arranged in an ECM architecture
composed of natural polymers found in abundance in the upper region of the
airways. This scaffold co-culture has great potential to be brought forward as an
innovative and physiologically-representative platform to develop novel
therapeutics, perform toxicological analysis of inhalable formulations and generate
more sophisticated disease models.
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Chapter 5: The manufacture of an all-t r ametsnoic acid-eluting
bilayered scaffold as a platform technology for airway tissue
regeneration
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5.1. Introduction

Bilayered collagen-hyaluronate (CHyA-B) scaffolds have been successfully
developed as a three-dimensional (3D) substrate for an in vitro co-culture model
using both a bronchial epithelial cell line (Chapter 3) and primary tracheobronchial
epithelial cells (Chapter 4), but their potential for tissue regeneration has not been
investigated. As reviewed in Chapter 1, the treatment of extensive
tracheobronchial injury through resection of the damaged tissue with primary
anastomosis is restricted by the size of the segment. When lesions caused by
cancer, stenosis, infections or congenital abnormalities are greater than half the
length of the adult trachea or one third the length in children, allografts or
prosthetic devices are required. Unfortunately, allograft transplantation is severely
limited by the complications of immunosuppressive treatment such as
cardiovascular and renal toxicity, while artificial prosthesis is associated with
numerous issues, including device migration and dislodgement, material
degradation and failure, tissue granulation and tracheal stenosis [41]. While the
much-publicised tissue engineering approach to develop biocompatible
alternatives using decellularised (DC) tracheae has shown potential as a novel
intervention [97, 98, 251], an overall high patient mortality rate has provoked calls
for additional in vitro studies before widespread clinical trials are initiated [334].
Moreover, the true clinical benefit of bioengineered synthetic scaffolds has been
cast in doubt following recent investigations into potential misconduct and
negligence [235-239]. With this in mind, as well as the general supply and
compatibility issues of DC tissue (Section 1.3.5.2), investigation into the
development of a natural polymeric implant using CHyA-B scaffolds as a different
strategy is certainly warranted. It is paramount, however, that rapid
epithelialisation of the film top-layer with mucociliary function occurs for efficacious

tissue regeneration.

In this chapter, we hypothesise that all-trans retinoic acid (atRA) has the potential
to improve the epithelialisation of CHyA-B scaffolds with enhanced mucociliary
function. atRA, a small molecule drug, is often added to primary airway epithelial
cell cultures as a supplement to enhance mucociliary differentiation [69]. Indeed,
atRA has been identified as a putative therapeutic for lung regeneration, albeit with

mixed outcomes in human and animal trials for the reversal of alveolar injury due
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to pulmonary emphysema [78, 161-165]. The drug increases mucus secretion and
cilia expression in tracheobronchial epithelium through interaction with retinoid
receptors and the receptor for hyaluronan-mediated motility (RHAMM; [166, 167]).
As discussed in Chapter 4, increasing the exposure of primary tracheobronchial
epithelial cells seeded onto CHyA-B scaffolds to atRA could increase the formation
of longer, more mature motile cilia. From a tracheal tissue regeneration
perspective, an atRA-loaded CHyA-B scaffold could enhance epithelial repair to
restore an epithelium that both provides a mucus defensive barrier and ciliary

clearance to prevent plugging of the airways.

The incorporation of atRA into a hydrophilic polymeric material such as the CHyA-
B scaffold, however, presents a challenge from a manufacturing perspective. atRA
is very hydrophobic in nature (LogP 6.3; [335]) and labile to heat, light and oxygen-
mediated degradation [336]. Accordingly, most studies involving atRA-loaded
particles and scaffolds have used synthetic polymers or modified
glycosaminoglycans to accommodate the molecule’s poor aqueous solubility [337-
341]. Itis currently unknown if it is possible to blend such a molecule into a
collagen-based scaffold.

Therefore, the overall objective of Chapter 5 was to manufacture an atRA-loaded
bilayered collagen-hyaluronate (atRA-CHyA-B) scaffold as a platform technology

for tracheal tissue regeneration. Specifically, three aims were pursued:

1. To fabricate and characterise an atRA-loaded collagen-hyaluronate (atRA-
CHyA) film layer as a novel drug-eluting biomaterial.

2. To assess the potential of atRA to enhance the differentiation of primary
tracheobronchial epithelial cells cultured on the atRA-CHyA films.

3. To incorporate the atRA-loaded film layer into the CHyA-B scaffold to
fabricate an atRA-CHyA-B scaffold and to evaluate its potential as a

biomaterial to enhance functional epithelialisation of the scaffold.
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5.2. Materials and Methods

5.2.1. All-trans retinoic acid-loaded bilayered collagen-hyaluronate (atRA-CHyA-

B) scaffold fabrication

5.2.1.1. All-trans retinoic acid-loaded collagen-hyaluronate (atRA-CHyA) film

manufacture

atRA-CHYyA films were manufactured by a modification of the CHyA film fabrication
process outlined in Section 3.2.1.1. A suspension of 0.5% microfibrillar bovine
tendon collagen (Integra Life Sciences, Plainsboro, NJ) and 0.044% hyaluronate
sodium salt derived from Streptococcus equi (Sigma-Aldrich, Arklow, Ireland) in
0.5M acetic acid was blended at 15,000rpm and 4°C for 3.5 hours using an Ultra
Turrax T18 Overhead blender (IKA Works Inc., Wilmington, NC) and subsequently
degassed under a vacuum to remove all air bubbles created from the
homogenising process. A 2mg/ml stock solution of atRA (Sigma) in
dimethylsulphoxide (DMSO) was prepared and a sufficient volume was blended
into the degassed CHyA suspension at 15,000rpm for 15 minutes to produce a
final concentration of atRA of 0.1ug/ml, 1ug/ml or 10ug/ml. The atRA-CHyA
suspension was degassed and 50ml of the slurry suspension was pipetted onto a
12.5x12.5cm? polytetrafluoroethylene (PTFE) plate and left overnight under an air
current in a fume hood to produce a thin atRA-CHyA copolymer film. Due to the
light-sensitive nature of atRA, all steps following its addition were performed in the
dark.

5.2.1.2. atRA-CHyA-B scaffold manufacture
atRA-CHyA-B scaffolds were manufactured by freeze-drying atRA-CHyA films in

combination with CHyA slurry as outlined in Section 3.2.1.2. atRA-CHyA films
fabricated from a CHyA suspension containing 10ug/ml atRA were rehydrated in
0.5M acetic acid for 2 hours and lyophilised using a customised anneal cycle
[275]. After freeze-drying, the scaffolds were crosslinked and sterilised using a
dehydrothermal (DHT) process at 105°C for 24 hours in a vacuum oven at
50mTorr (VacuCell 22, MMM, Germany) [283].

5.2.1.3. Chemical crosslinking

DHT-crosslinked atRA-CHyA-B scaffolds were chemically crosslinked using 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC; Sigma) in
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combination with N-hydroxysuccinimide (NHS; Sigma) as described in Section
2.2.1.2 [274, 278]. The scaffolds were then washed three times with Dulbecco’s
phosphate buffered saline (DPBS; Sigma) to remove any residual cytotoxic
product and used immediately afterwards for cell culture experiments. All steps

were performed under sterile conditions.

5.2.2. atRA-CHyvA film and atRA-CHyA-B scaffold characterisation

5.2.2.1. Fourier transform infrared spectroscopy (FTIR)

The effect of the incorporation of atRA on the macromolecular structure of CHyA
films was determined by Fourier transform infrared spectroscopy (FTIR). 1x1cm?
pieces of films fabricated from suspensions containing Opug/ml, 10ug/mi or 10pg/mi
with DHT crosslinking were milled with potassium bromide to create a
homogenous solid dispersion that was subsequently compressed into a
transparent disc. FTIR analysis was carried out using a Tensor Il FTIR instrument
(Bruker, Coventry, UK) and Opus Software. The spectra were collected over a
wavenumber range of 400-4000cm™ with a correction for background run before
each reading. Two separate batches of atRA-CHyA films were used for the

analysis.

5.2.2.2. atRA encapsulation efficiency

The quantity of atRA in atRA-CHyA films was assessed to determine both the
encapsulation efficiency of atRA in the co-polymer film and also the effect of the
DHT process on atRA stability. atRA-CHyA films fabricated from suspensions
containing 0.1pg/ml, 1ug/ml or 10pg/ml atRA were cut into 36¢cm? sections and
digested using a bacterial collagenase from Clostridium histolyticum (Sigma). The
film pieces were hydrated in a buffer containing 0.1M Tris-HCL and 0.05M CacCl,
at pH 7.4 and 37°C. They were then incubated for 2 hours at 37°C with a
collagenase solution with an activity of 200U/ml. Following film digestion, the
enzymatic reaction was stopped by adding 0.25M EDTA (pH 9) at a ratio of 1:6
EDTA:buffer and placing the samples on ice for 10 minutes. Blank atRA-free
CHyA films and a 1pg/ml atRA solution were also included as negative and
positive controls in the digestion assay, respectively. The samples were diluted 1:1
in methanol and analysed for atRA content using high-performance liquid
chromatographic (HPLC) analysis (Section 5.2.2.4), with atRA concentration
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normalised to mass per cm?. A minimum of two separate batches of atRA-CHyA

films at each concentration were used for the analysis.

The guantification of atRA in atRA-CHyA-B scaffolds was assessed to determine
both the encapsulation efficiency of atRA in the bilayered scaffold and also the
effect of the lyophilisation process on atRA stability. 6x6cm? scaffolds were cut into
pieces with each containing 7.5cm? of the film layer. The sample pieces were
subsequently hydrated, digested and analysed with HPLC as outlined above. Two

batches of atRA-CHyA-B scaffolds were used for analysis.

5.2.2.3. atRA in vitro release

The in vitro release profile of atRA from atRA-CHyA films was determined to both
ascertain the kinetics of drug elution from the biomaterial and also to determine
the effect of the DHT process on the release kinetics. A release buffer of a 1:1
mixture of Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma) and Ham’s F12
medium (Sigma) containing 100U/ml penicillin/streptomycin (Sigma) was prepared
for the study. atRA-CHyA films were cut into equal pieces of 12cm? and incubated
in 5ml of release buffer at 37°C within a 15ml falcon tube with gentle agitation to
facilitate sink conditions. The release medium was removed for analysis over the
course of 48 hours and replaced with fresh, pre-warmed release buffer. Sampling
was performed every 2 hours for the first 10 hours, every 2 hours from 24-34
hours inclusive, and at 48 hours. The removed samples were diluted 1:1 in
methanol and analysed for atRA content using HPLC analysis (Section 5.2.2.4),
with atRA concentration normalised to mass per cm?. After 48 hours, the films
were digested using a collagenase solution as described in Section 5.2.2.1 to
assess the remaining atRA within the film. Two batches of atRA-CHyA films were

used for analysis.

The in vitro release of atRA from atRA-CHyA-B scaffolds was determined to both
ascertain the kinetic profile of drug elution from the biomaterial and also to
determine the effect of EDAC crosslinking on the release kinetics. 6x6cm?
scaffolds were cut into equal pieces containing 6.75cm? of the film layer and
crosslinked using EDAC as outlined in Section 5.2.1.3 following the calculation of
their mass, where appropriate. The samples were then incubated in release buffer

and sampled as outlined above for atRA-CHyA films.
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5.2.2.4. High performance liguid chromatographic (HPLC) analysis

HPLC analysis was performed using an Agilent Technologies 1120 Compact LC
with a Kinetex 5u C18 100A (250 x 4.6mm) column (Phenomenex, Cheshire, UK).
The mobile phase used in the analysis consisted of
methanol:acetonitrile:water:acetic acid (8:1:1:0.05) and was set to a flow rate of
1ml/min, as adapted from Cirpanli et al. [338]. UV detection carried out at 356nm.
The concentration of atRA in each sample was determined using an atRA
calibration curve which was constructed using standard solutions ranging from
10pg/ml to 0.00056ug/ml (Appendix 1).

5.2.3. Primary tracheobronchial epithelial cell culture

5.2.3.1. Cell source and culture medium

Human primary bronchial/tracheal epithelial cells (ATCC, Middlesex, UK) that were
not previously exposed to atRA were used for scaffold culture experiments. The
cells were cultured in airway epithelial cell basal medium (ATCC) supplemented
with a bronchial epithelial cell growth kit (ATCC), 10U/ml penicillin/streptomycin
(Sigma), and 33uM phenol red (Sigma), as per the manufacturer’s guidelines.
Fully-supplemented medium contained 500ug/ml human serum albumin, 0.6uM
linoleic acid, 0.6pg/ml lecithin, 6mM L-glutamine, 0.4% extract P, 1uM adrenaline,
5pg/ml transferrin, 10nM triiodothyronine, 5ug/ml hydrocortisone, 5ng/ml
recombinant human epidermal growth factor and 5ug/ml recombinant human
insulin. Primary cells were sourced from one donor for experiments (Lot number
58704922) and they were used at passage 4. All cells were cultured at 37°C and
5% CO, under a humidified atmosphere. Unless otherwise stated, all cell culture
incubation steps were also performed in these conditions. A summary of the cell
culture systems outlined below (Sections 5.2.3.2 and 5.2.3.3) is provided in Figure
5.1.
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Figure 5.1: Primary tracheobronchial epithelial cell air-liquid interface (ALI) culture models
examined for in vitro experiments. (a, b) Cell culture on all-trans retinoic acid-loaded collagen-
hyaluronate (atRA-CHyA) films. The film was initially fastened in submerged culture using a
CellCrown® insert and later transferred onto a cell insert membrane for culture at an ALI. (c) Cell
culture on all-trans retinoic acid-loaded bilayered collagen-hyaluronate (atRA-CHyA-B) scaffolds.
The polymeric membrane is removed from a Snapwell® cell insert and replaced with an atRA-
CHyA-B scaffold that is fastened using the plastic frame prior to cell seeding. (d) Cell culture on an

atRA-free bilayered collagen-hyaluronate (CHyA-B) scaffold.

5.2.3.2. Primary tracheobronchial epithelial cell culture on atRA-CHyA films

The effect of atRA incorporation on the growth and differentiation of primary
tracheobronchial epithelial cells on CHyA films was assessed under air-liquid
interface (ALI) conditions. Films fabricated from CHyA suspensions containing
0.1pg/ml, 1pg/ml and 10pg/ml atRA were prepared, DHT-crosslinked and pre-
hydrated in DPBS. 12mm discs were punched from each film and transferred to a
24-well plate for an initial period of submerged culture (Fig. 5.1a), during which the
films were immobilised at the bottom of the well plates using CellCrown® inserts
(Scaffdex, Tampere, Finland). The wells were filled with 900ul of media and the
films were seeded with 2.5x10° cells/cm?, equating to 100p! of a suspension that
contained 2.8x10° cells. The films were carefully transferred into Transwell®
inserts (Corning Costar, NY) 3 days later for ALI culture (Fig. 5.1b). The
basolateral compartment was filled with 600ul of media for the remainder of the
culture period, with media replaced every 2-3 days. CHyA films containing no atRA

were also included in experiments, with cell-seeded films cultured in airway
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medium with or without 0.3pg/ml atRA (equivalent to1x10’M) as a supplement;

these represented positive and negative controls, respectively.

5.2.3.3. Primary tracheobronchial epithelial cell culture on atRA-CHyA-B scaffolds

The ability of atRA-CHyA-B scaffolds to support the growth and differentiation of
the primary tracheobronchial epithelial cells was assessed under ALI culture
conditions. A customised cell culture system was developed using the frame of a
Snapwell® cell insert (Corning Costar, NY) as described in Section 3.2.3.2. The
scaffold samples were seeded with 2.5x10° primary tracheobronchial cells/cm? into
the apical compartment and an ALI was introduced 3 days later with subsequent
basolateral feeding for the remainder of the culture period. CHyA-B scaffolds

containing no atRA were also included as a negative control.

5.2.4. Epithelial cell viability on atRA-CHyA films and atRA-CHyA-B scaffolds

5.2.4.1. Cell growth on atRA-CHyA films and atRA-CHyA-B scaffolds
Cellular growth was quantified using a Quant-IT Picogreen® dsDNA assay kit

(Molecular Probes, Invitrogen, UK) as outlined in Section 2.2.3. Cell-seeded
biomaterials were flash frozen in liquid nitrogen, incubated in lysis buffer and
homogenised to extract nucleic acids. 50yl of the lysate was assayed for double-
stranded DNA (dsDNA) content as a measure of cell viability and the remaining

volume was stored at -80°C for analysis of gene expression (Section 5.2.5.2).

5.2.4.2. Cell morphology and migration on atRA-CHyA-B scaffolds

Cell-seeded scaffolds were stained with haematoxylin and eosin and fast green
(H&E&FG) to observe primary epithelial cell distribution on the atRA-CHyA-B
scaffold top-layer. Scaffold samples were prepared as outlined in Section 3.2.4.1.
Briefly, the samples were fixed, processed overnight using an automated tissue
processor (ASP300, Leica, Germany) and sectioned using a microtome (Leica RM
2255, Leica). The sections were deparaffinised and stained with H&E&FG prior to
dehydration and mounting with DPX (Sigma). Images were captured using an
Eclipse 90i microscope and DSRIil digital camera with NIS Elements Software

(Nikon, Japan).

187

—
| —



5.2.5. Primary tracheobronchial epithelial cell differentiation on atRA-CHyA films
and atRA-CHyA-B scaffolds

5.2.5.1. Immunofluorescence

Immunofluorescent staining of MUC5AC and B-tubulin IV (BIV) was carried out to
assess the effect of atRA on inducing and maintaining mucociliary differentiation in
primary tracheobronchial epithelial cells cultured on atRA-CHyA films and atRA-
CHyA-B scaffolds. These markers represented mucus production by goblet cells
and ciliation of the epithelial cells, respectively [60, 284]. Immunofluorescence was
performed as outlined in Section 3.2.5.1. Briefly, cell-seeded biomaterials were
fixed, permeabilised and incubated with 1% bovine serum albumin (BSA; Sigma)
in DPBS to preclude non-specific binding of primary antibody. They were then
incubated with either 1/100 mouse anti-MUC5AC monoclonal antibody (Abcam,
Cambridge, UK) or 1/400 mouse anti-BIV monoclonal antibody (Sigma) followed
by incubation with a 1/500 goat anti-mouse Alexafluor®-594 secondary antibody
(Molecular Probes). In the case of atRA-CHyA-B scaffold samples, an additional
counterstain with 1/500 Alexafluor®-488-phalloidin for F-actin was performed.
Finally, the samples were mounted in Fluoroshield® with 4’, 6-diamidino-2-
phenylindole (DAPI; Sigma). Images were captured and analysed using an Axio

Examiner.Z1 confocal microscope (Carl Zeiss, Cambridge, UK).

5.2.5.2. Expression of genetic markers of epithelial differentiation
The ability of atRA-CHyA films and atRA-CHyA-B scaffolds to support the
differentiation of primary tracheobronchial epithelial cells was analysed by

quantitative relative gene expression of MUC5AC and FOXJ1, genetic markers for
mucus production and ciliation, respectively [285, 286]. Quantitative reverse
transcriptase-polymerase chain reaction (QRT-PCR) was performed as outlined in
Section 2.2.4.4. 200ng of isolated RNA (Section 5.2.4.1) was reverse transcribed
to cDNA and RT-polymerase chain reactions were run on 7500 real-time PCR
System (Applied Biosystems, UK) using a QuantiTect SYBR Green PCR Kit
(Qiagen) with QuantiTect primers (Qiagen). The expression of mMRNA was
calculated by the delta-delta Ct (2™°") method relative to the housekeeping gene
18S [287], with gene expression compared to that on atRA-free CHyA films or
CHyA-B scaffolds, as appropriate.
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5.2.5.3. Scanning electron microscopy (SEM)

The ability of atRA-CHyA-B scaffolds to support the ciliation of primary
tracheobronchial epithelial cells was examined by scanning electron microscopy
(SEM). Cell-seeded scaffolds were fixed in 3% glutaraldehyde, dehydrated in
ascending grades of ethanol and dried using supercritical CO, in a critical point
dryer as outlined in Section 2.2.4.3. The samples were subsequently mounted on
aluminium stubs, sputter-coated and imaged using a Tescan Mira XMU scanning
electron microscope at 5kV using secondary electron mode, taken at a working

distance between 12-18mm.

5.2.5.4. Transmission electron microscopy (TEM)

Analysis of primary tracheobronchial epithelial ciliation on atRA-CHyA-B scaffolds
was also performed by transmission electron microscopy (TEM). Scaffold samples
were fixed, dehydrated, embedded in London Resin (LR) white and sectioned as
outlined in Section 3.2.5.2. Images were captured with a Hitachi H-7650 electron

microscope operating at 100kV.

5.2.6. Data analysis

Analysis of microscopy images was performed using the Fiji processing software.
Quantitative data obtained were analysed using Microsoft Excel and GraphPad
Prism 4.0 Software (GraphPad Software, San Diego, CA). In cases of analysis
between two groups, statistical difference was assessed by two-tailed Student t-
test. For multiple groups, statistical difference between groups was assessed by 1-
way ANOVA at one time point or 2-way ANOVA for multiple time points, as
appropriate. Bonferroni post hoc analysis was performed in all ANOVA
assessments. Scaffold characterisation experiments were performed using
technical replicates, with the number of batches outlined in the relevant Materials
and Methods section. Each cell-based experiment was performed a minimum of
three times (n=3; three biological replicates); the number of technical replicates

performed within each experiment is specified under the relevant figures.
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5.3. Results

5.3.1. atRA-CHyVA film characterisation

5.3.1.1. atRA-CHVA film manufacture and stability

The incorporation of atRA into CHyA films was successfully achieved for a range
of concentrations. A biofabrication process was designed that reproducibly yielded
atRA-CHYyA films that were stable in structure (Fig. 5.2). The addition of the
hydrophobic drug to an aqueous suspension through the use of a blender granted
immediate dispersal into a large aqueous volume with constant agitation,
preventing precipitation following the initial addition. The dehydration process
produced co-polymer films loaded with several concentrations of atRA, between
which a clear emergence of a canary yellow hue was observed as the suspension
concentration increased from Oug/ml to 10ug/ml (Fig. 5.2a). Thus, this
manufacturing process appeared to successfully incorporate the highly
hydrophobic molecule into a natural biomaterial for a range of concentrations in a

consistent and repeatable manner.

The effect of the incorporation of atRA on the macromolecular structure of CHyA
films was determined by FTIR to assess the stability of the co-polymer film.
Spectral data confirmed that the presence of atRA at the higher concentration of
10pg/ml did not alter the distribution or shape of the characteristic amide bands of
collagen [342-344]; the amide A band at 3418cm™, amide | band at ~1645cm™ and
amide Il band at ~1250cm™ were all unaffected by both the presence of atRA (Fig.
5.2c) and by the presence of atRA with DHT crosslinking (Fig. 5.2d). These data
indicated that the biocompatible CHyA co-polymer secondary and tertiary structure
had been unchanged by the presence of the hydrophobic atRA molecule and thus

reflected macromolecular stability in the atRA-CHyA film.
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Figure 5.2: The manufacture of stable all-trans retinoic acid-loaded collagen-hyaluronate (atRA-
CHyA) films for a range of concentrations. (a) atRA-CHyA films fabricated from suspensions of
CHyA containing Opg/ml, 1ug/ml or 10pug/ml atRA. (b-d) Representative Fourier transform infrared
spectrometric (FTIR) analysis of (b) Oug/ml CHyA films and (c) 10pg/ml atRA-CHYA films without or
(d) with dehydrothermal crosslinking (DHT). (e) A summary of the three FTIR spectra. Y-axis,
absorbance; X-axis, wavenumber (cm'l); n=3.
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5.3.1.2. atRA-CHYVA film encapsulation efficiency

The guantity of atRA in atRA-CHyA films was assessed to determine both its
encapsulation efficiency of in the co-polymer film and also the effect of the DHT
process on atRA stability. HPLC analysis revealed that the encapsulation
efficiency was generally low and that both the initial loading concentration of atRA
and the DHT process influenced the quantity of atRA entrapped in the CHyA co-
polymer matrix (Table 5.1). The atRA-CHyA films fabricated from a 10ug/ml
suspension increased the encapsulation efficiency by 6% when compared to films
prepared from CHyA suspensions containing 1ug/ml atRA (Table 5.2). In films
fabricated from a CHyA suspension containing 0.1ug/ml atRA, however, no atRA
could be detected before or after DHT crosslinking, suggesting that the atRA was
lost during the homogenisation and drying processes in manufacture. As a result,

no further examination of 0.1ug/ml films was performed.

DHT crosslinking reduced the concentration of atRA in all films by approximately
0.35pg/cm?, irrespective of the loading concentration. As a result, greater
variability was detected in the final concentration of atRA per cm? within DHT-
crosslinked 1pg/ml samples than within 10pg/ml films due to different amounts of
drug loading. This was seen most clearly by expression of the data as percentage
encapsulation efficiency (Table 5.2), where the DHT-crosslinked 10ug/ml films had
a standard deviation = 4.3% compared to a deviation of + 11.4% in the 1ug/ml
films. Overall, for films that were DHT-crosslinked to ensure sterility, the 10pug/ml
atRA-CHYyA film had the highest levels and least variable degree of atRA

encapsulation, albeit 13.2% of the initial loading concentration.
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Table 5.1: Concentration of all-trans retinoic acid (atRA) loading in collagen-hyaluronate (CHyA)
films. The films were fabricated from CHyA suspensions containing atRA at concentrations of
0.1pg/ml, 1pg/ml or 10pg/ml with or without dehydrothermal (DHT) crosslinking. Results displayed
as mean * standard deviation. n=6-11.

atRA cm?
Film [atRA]
- DHT + DHT
0.1pg/ml 0 0
1pg/ml 0.07 (+0.01) 0.07 (0.04)
10pg/ml 0.82 (+0.30) 0.46 (+0.15)

Table 5.2: Encapsulation efficiency of all-trans retinoic acid (atRA) loading in collagen-hyaluronate
(CHyA) films. The films were fabricated from CHyA suspensions containing atRA at concentrations
of 0.1ug/ml, 1pug/ml or 10ug/ml with or without dehydrothermal (DHT) crosslinking. Results
displayed as mean + standard deviation. n=6-11.

Encapsulation Efficiency (%)
Film [atRA]
- DHT + DHT
0.1pg/ml 0 0
1pg/ml 14.1 (£2.3) 18.8 (£ 11.4)
10pg/ml 20.1 (+ 4.4) 13.2 (+4.3)
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5.3.1.3. In vitro release of atRA from atRA-CHyVA films
The in vitro release profile of atRA from atRA-CHYyA films was determined to both

ascertain the kinetics of drug elution from the biomaterial and also to determine
the effect of the DHT process on the release kinetics. In the case of films prepared
from both 1ug/ml and 10pg/ml atRA-CHYA suspensions, an early release peak
was recorded after which a reduction in detected atRA occurred (Fig. 5.3). The
release of atRA peaked at 2 hours from 1pg/ml films and no further atRA could be
detected thereafter, irrespective of DHT crosslinking (Fig.5.3a). For 10ug/ml films,
peak atRA levels were reached at 6 hours without DHT crosslinking and at 4 hours
with DHT, followed by a gradual decline in detection over the course of 30 hours
(Fig. 5.3b). While the resultant cumulative release ranged from 4-11% and 52-53%
for 1pg/ml (Fig. 5.3c) and 10pg/ml (Fig. 5.3d) formulations, respectively, no
residual atRA was detected in the films after the 48 hour period; this indicated that
the atRA had degraded over time at 37°C following film hydration. Regardless, the
10pg/ml atRA-CHyA film provided both a higher quantity of atRA release and a
longer duration of release than the 1pg/ml atRA-CHyA film.
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Figure 5.3: All-trans retinoic acid (atRA) release from atRA-loaded collagen-hyaluronate (atRA-
CHyA) films. Films were fabricated from CHyA suspensions containing 1pg/ml or 10pg/ml atRA. (a,
b) atRA release (ug) over time from (a) 1ug/ml or (b) 10pg/ml atRA-CHyA films with or without
dehydrothermal (DHT) crosslinking. Results displayed as mean + SEM. n=3. (c, d) Cumulative
percentage release of atRA from (c) 1pg/ml or (d) 10ug/ml films with or without DHT crosslinking.

Results displayed as a mean percentage of original atRA quantity present in the film. n=3.
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5.3.2. Primary tracheobronchial epithelial cell culture on atRA-CHyA films

5.3.2.1. Epithelial cell growth

Analysis of cellular growth on atRA-CHyA films was performed in order to
determine whether the quantity of atRA incorporation into the biomaterial did not
inhibit the growth of seeded primary tracheobronchial epithelial cells.
Quantification of dsSDNA showed that there was no significant difference in the
number of cells present on atRA-CHyA films and atRA-free CHyA films (Fig. 5.4).
Indeed, the lowest dsDNA content was observed in the atRA media positive
control, where the primary cells were cultured on CHyA films in media that was
supplemented with a commonly reported concentration of 0.3ug/ml atRA. Overall,
the incorporation of atRA did not inhibit primary tracheobronchial epithelial cell
growth and therefore did not adversely affect the biocompatible nature of the

CHyA copolymer.

1.00+ ns

- | |
0.754

0.504

DNA (ug)
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0.00

atRA(0)  atRA (1)

Figure 5.4: Primary tracheobronchial epithelial cell viability on all-trans retinoic acid-loaded
collagen-hyaluronate (atRA-CHyA) films. Cells were cultured on atRA-CHYA films fabricated from
CHyA suspensions containing Opug/ml (atRA (0)), 1pg/ml (atRA (1)) or 10ug/ml (atRA (10)) atRA for
21 days at an air-liquid interface. Opug/ml CHyA films were also cultured in airway medium
containing 0.3ug/ml atRA (atRA (Media)). Results displayed as mean + SEM. n=3; "p>0.05.
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5.3.2.2. Mucin expression

Immunofluorescent staining of MUC5AC was carried out to assess the effect of the
incorporation of atRA into CHyA films on inducing and maintaining primary
tracheobronchial epithelial cell differentiation into mucus-secreting goblet cells
[284]. Positive staining was observed for cells cultured on atRA-free CHyA and
atRA-CHyA films, with no apparent difference seen in the fluorescence intensity
between the two different concentrations of atRA (Fig. 5.5b, 5.5¢). The distribution
of the red fluorescence, however, was different in appearance on the 10ug/ml
atRA-CHYyA film samples, with larger clusters of MUC5AC (Fig. 5.5c). Overall, the
observed staining pattern indicated that atRA-CHyA films facilitated primary

epithelial cell functionalisation into MUC5AC-secreting goblet cells.
(a) (b)
(c) (d)

Figure 5.5: MUC5AC expression in primary tracheobronchial epithelial cells on all-trans retinoic
acid-loaded collagen-hyaluronate (atRA-CHyA) films. Cells were cultured on films fabricated from
suspensions containing (a) Oug/ml, (b) 1ug/ml or (c) 10ug/ml atRA for 21 days at an air-liquid
interface. (d) Oug/ml CHyA films were also cultured in airway medium containing 0.3ug/ml atRA.
Representative maximum intensity projections reconstructed from z-stacks display expression of
MUCS5AC (red) with cells counterstained for nuclei (blue). n=3.
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5.3.2.3. Epithelial ciliation

Immunofluorescent staining of BIV was carried out to assess the effect of the
incorporation of atRA into CHyA films on inducing and maintaining the ciliation of
primary tracheobronchial epithelial cells [60]. Positive staining was observed for
cells cultured on atRA-free and atRA-CHyA films (Fig. 5.6), with an increase in BIV
fluorescence detected in cells cultured on atRA-CHyA films made using 10ug/ml
atRA-CHyA suspensions (Fig. 5.6¢). This level closely matched that of cell-seeded
CHyA films supplemented with atRA throughout the culture period (Fig. 5.6d).
Although the cytoskeletal protein was not concentrated on the apical side of the
cell at the ALI, it was clear overall that inclusion of atRA at a concentration of
10pg/ml into CHYA films induced a greater production of the structural protein of
motile cilia in primary tracheobronchial epithelial cells.

(a) (b)

(c) (d)

Figure 5.6: B-tubulin IV (BIV) expression in primary tracheobronchial epithelial cells on all-trans
retinoic acid-loaded collagen-hyaluronate (atRA-CHyA) films. Cells were cultured on films
fabricated from suspensions containing (a) Opug/ml, (b) 1pg/ml or (c) 10ug/ml atRA for 21 days at an
air-liquid interface. (d) Opg/ml CHyA films were also cultured in airway medium containing 0.3pg/ml
atRA. Representative maximum intensity projections reconstructed from z-stacks display

expression of BIV (yellow) with cells counterstained for nuclei (blue). n=3.
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5.3.2.4. Expression of genetic markers of epithelial differentiation

gRT-PCR analysis was undertaken to examine the ability of incorporated atRA to
induce the upregulation of two genes of mucociliary differentiation within primary
tracheobronchial epithelial cells cultured on films- MUC5AC and FOXJ1 [285,
286]. Overall, the incorporation of atRA was found to upregulate the expression of
both genes within cultured cells (Fig. 5.7). Increased levels of expression were
detected with higher concentrations of atRA incorporation, indicating a dose-
response effect.

In particular, the cells cultured on 10pug/ml atRA-CHYA films experienced a
statistically significant increase in expression. An approximate 17-fold increase
was detected in MUC5AC mRNA expression over cells cultured on CHyA films in
atRA-free conditions (Fig. 5.7a; p<0.05), in addition to an approximate 60-fold
increase in FOXJ1 mRNA over Opg/ml CHyA films (p<0.001) and 1pg/ml atRA-
CHyA films (p<0.05; Fig. 5.7b). Taken together with the immunofluorescent
analysis, these data suggested that atRA orchestrated the induction of mucociliary

differentiation through upregulation of MUC5AC and FOXJ1 genes.

(a) ®)
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atRA (0) atRA (1) atRA (10) atRA (Media) atRA(0) atRA(1) atRA(10) atRA (Media)

Figure 5.7: The effect of all-trans retinoic acid (atRA) incorporation into CHyA films on the relative
MRNA expression of primary tracheobronchial epithelial cells. Cells were cultured on films
fabricated from collagen-hyaluronate (CHyA) suspensions containing Opg/ml (atRA (0)), 1pg/mi
(atRA (1)) or 10ug/ml (atRA (10)) atRA for 21 days at an air-liquid interface. Oug/ml CHyA films
were also cultured in airway medium containing 0.3ug/ml atRA (atRA (Media)). Quantification of (a)
MUCS5AC and (b) FOXJ1 mRNA expression is displayed as mean + SEM with expression relative
to culture on Oug/ml CHyA films. n=3; *p<0.05; ***p<0.001.
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5.3.3. atRA-CHyA-B scaffold characterisation

5.3.3.1. atRA-CHyA-B scaffold manufacture and atRA encapsulation efficiency

Therefore, based on the pharmaceutical and in vitro analyses of the manufactured
atRA-CHYyA films, the atRA-CHyA film formulated from a 10pg/ml stock
suspension was selected as the film of choice to bring forward for incorporation
into a bilayered CHyA scaffold. The films were successfully incorporated into the
previously optimised freeze-dry process (Chapter 3) to yield a bilayered atRA-
CHyA-B scaffold with a visible yellow film top-layer that indicated the presence of
the loaded drug (Fig. 5.8a). This was confirmed by analysis of the encapsulation
efficiency of atRA within the atRA-CHyA-B scaffold. This demonstrated that there
was no further loss in atRA as a result of the lyophilisation process required for
scaffold manufacture, with no significant difference between the DHT-crosslinked
10pg/ml atRA-CHyA films (Table 5.2) and the DHT-crosslinked atRA-CHyA-B
scaffolds (Fig 5.8b; 13.2% vs 11.0%, p=0.3). Furthermore, HPLC analysis of the
0.5M acetic acid solvent used to hydrate the atRA-CHyA film prior to freeze-drying
did not contain any traces of atRA (not shown). Taken together, these results
indicated that the atRA-CHyA-B scaffold fabrication procedure consistently

produced a bilayered material with stable retention of the hydrophobic compound.

5.3.3.2. In vitro release of atRA from atRA-CHyA-B scaffolds
The release of atRA from atRA-CHyA-B scaffolds was determined to both

ascertain the kinetics of drug elution from the biomaterial and also to determine
the effect of EDAC crosslinking on the release kinetics. HPLC analysis of the
sampled time points revealed a peak release of atRA at 4 hours, followed by a
rapid reduction in atRA released over the following 6 hours with none detected by
24 hours (Fig. 5.8c). Thus, the pattern of atRA release from the bilayered scaffold
mirrored that of atRA-CHYyA films, indicating that the lyophilisation process did not
alter the mechanism of atRA incorporation into the thin co-polymer biomaterial.
The cumulative release of atRA, however, was greater from atRA-CHyA-B scaffold
samples, with approximately 72% of the incorporated atRA released by 24 hours
(Fig. 5.8d) compared to 52% from atRA-CHyA films (Fig. 5.3d). EDAC crosslinking
reduced the cumulative release from atRA-CHyA-B scaffolds to 64%. As in the
case of atRA-CHYA films, digestion of the atRA-CHyA-B scaffold samples after the

release detected no residual atRA, indicating that atRA degradation occurred
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following hydration at 37°C. Overall, the atRA-CHyA-B scaffold provided a local
elution of the airway epithelial mucociliary factor for 24 hours following hydration in

physiological media.

(a) (b)
“ atRA (pg/cm?) EE (%)
atRA-CHyA-B| 0.38 (+/- 0.09)  11.0% (+/- 2.6)
0.8-
(c) (d) —
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Figure 5.8: Bilayered all-trans retinoic acid-loaded collagen-hyaluronate (atRA-CHyA-B) scaffold
characterisation. (a) Macroscopic image of atRA-CHyA-B scaffold. A CHyA film prepared from a
CHyA suspension containing 10ug/ml atRA (yellow) is incorporated into a porous CHyA layer. (b)
Encapsulation efficiency of dehydrothermal-crosslinked atRA-CHyA-B scaffolds. Results displayed
as mean + standard deviation. n=6. (c) atRA release (ug) over time from atRA-CHyA-B scaffolds
with or without crosslinking using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDAC). Results displayed as mean + SEM. n=3. (d) Cumulative percentage release of atRA over
time. Results displayed as a mean percentage of original atRA quantity present in the scaffold film

layer. n=3.
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5.3.4. Primary tracheobronchial epithelial cell culture on atRA-CHyA-B scaffolds

5.3.4.1. Epithelial cell growth

Analysis of cellular growth on atRA-CHyA-B scaffolds was performed in order to

initially determine the scaffold’s ability to support primary tracheobronchial
epithelial cell growth. Quantification of dsSDNA revealed that the cellular viability on
atRA-CHyA-B scaffold samples was significantly lower than that on CHyA-B
scaffolds at day 7 (Fig. 5.9a; p<0.01), but by the end of the culture period, no
significant difference in dsDNA quantity was observed between the two groups. At
day 7, the dsDNA content on CHyA-B (atRA-free) scaffolds was twice the amount
present on atRA-CHyA-B scaffolds, reflecting a lower cell number when atRA was
present in the film. By day 21, however, the dsDNA content had dropped from
1.13ug to 0.31pg on CHyA-B scaffolds (p<0.01), while a reduction from 0.54ug to
0.29ug occurred on atRA-CHyA-B scaffolds (p>0.05); this finding highlighted that
from day 7 onwards, the cells remaining on the atRA-CHyA-B scaffolds were still
viable over the culture period. Moreover, the difference in dsDNA content at day
21 was not statistically significant between CHyA-B and atRA-CHyA-B groups
(p>0.05). Overall, following an initial period of reduced cellular growth on the atRA-
CHyA-B scaffold, the biomaterial was a viable substrate for the remaining primary

epithelial cells in culture.

5.3.4.2. Cell morphology and migration

In conjunction with the quantification of dSDNA content on atRA-CHyA-B scaffolds,
cell-seeded scaffolds were stained with H&E&FG to observe primary
tracheobronchial epithelial cell growth and distribution on the scaffold top-layer.
Histological analysis highlighted that the cells present on the atRA-CHyA-B
scaffolds exhibited a more organotypic morphology than those grown on CHyA-B
(atRA-free) scaffolds, although an epithelial monolayer was not present in either
sample groups (Fig. 5.9b, 5.9¢). Cells upon atRA-CHyA-B scaffolds adopted a
multi-layered columnar morphology and were arranged in clusters interspersed
with squamous cells (Fig. 5.9b). On CHyA-B scaffolds, by contrast, only collections
of squamoid epithelial cells were visible (Fig. 5.9¢). Overall, the data corroborated
the reduced dsDNA content detected in both samples at day 21, with a sparse
presence of cells visualised in all groups. In summary, in spite of the general

reduced numbers of cells, the morphology on atRA-CHyA-B scaffolds highlighted
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their potential to prevent squamous metaplasia and support a pseudostratified

epithelium.
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Figure 5.9: Primary tracheobronchial epithelial cell viability on bilayered all-trans retinoic acid-
loaded collagen-hyaluronate (atRA-CHyA-B) scaffolds. Epithelial cells were cultured either on
atRA-CHyA-B scaffolds or on atRA-free CHyA-B scaffolds at an air-liquid interface for 21 days. (a)
DNA content on atRA-CHyA-B scaffolds. Results displayed as mean + SEM. n=3; **p<0.01. (b) On
atRA-loaded scaffolds, epithelial cells formed clusters of columnar cells (blue arrows) with
interspersed squamous cells (black arrows). (c) On atRA-free scaffolds, cells adopted a squamous
morphology only (black arrows). Representative haematoxylin & eosin and fast green staining
visualised scaffolds as a light-blue colour with a pink-purple film layer and cells appeared as pink-

purple with darker nuclei. n=1.
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5.3.4.3. Mucin expression

Having observed a sparse but viable population of primary tracheobronchial
epithelial cells on atRA-CHyA-B scaffolds, immunofluorescent staining of
MUCS5AC was carried out to assess the effect of the incorporation of atRA on
inducing and maintaining cell differentiation into mucus-secreting goblet cells
[284]. Positive detection of MUC5AC was observed within the clusters of layered
cells on atRA-CHyA-B scaffolds, with apical localisation of the mucin observed
from analysis of z-stack constructions (Fig. 5.10a). While maximum intensity
projections of the confocal images did not discern any greater levels of red
fluorescence between groups (Fig. 5.10b, 5.10d), this apical localisation was not
apparent within the CHyA-B (atRA-free) culture groups (Fig. 5.10c). A small
degree of red fluorescence overlapping with the nuclear DAPI stain was observed
in one image, but this observation was not synonymous with the typical staining
pattern of MUCS5AC and the faint pink colour most likely represented interference
with the blue fluorescent emission. Thus, the atRA-CHyA-B scaffold enhanced the
differentiation of the primary tracheobronchial epithelial cells into goblet cells when

compared to the culture of the same cells on atRA-free CHyA-B scaffolds.
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Figure 5.10: MUC5AC expression in primary tracheobronchial epithelial cells on bilayered all-trans
retinoic acid-loaded collagen-hyaluronate (atRA-CHyA-B) scaffolds. Epithelial cells were cultured
either on (a, b) atRA-CHyA-B scaffolds or on (c, d) atRA-free CHyA-B scaffolds at an air-liquid
interface for 21 days. (a, ¢) Representative z-stack images display apical MUC5AC secretion (red)
on top of cells counterstained for nuclei (blue) and F-actin (green). (b, d) Maximum intensity

projections of MUC5AC expression reconstructed from z-stacks. n=3.
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5.3.4.4. Epithelial ciliation

The ability of atRA-CHyA-B scaffolds to support the ciliation of primary
tracheobronchial epithelial cells in addition to mucus secretion was examined by
immunofluorescent staining of BIV, a cytoskeletal protein within the axoneme of
cilia [60]. Confocal microscopic analysis revealed an absence of BIV in the primary
cells cultured on scaffolds, irrespective of whether atRA was loaded or not into the
film top-layer (Fig. 5.11). The localisation of BIV clusters to the apical region of the
cells that is representative of mature motile cilia was not visible (Fig. 5.11a, 5.11c),
although the maximum intensity projection of atRA-CHyA-B scaffold samples
visualised a faint signal of BIV fluorescence within the cytoskeletal framework of
the epithelial cells that was not visible within cells on CHyA-B (atRA-free) scaffolds
(Fig. 5.11b, 5.11d). Nevertheless, the prevailing finding from these data was that
ciliation did not occur within the primary tracheobronchial epithelial cells in atRA-
CHyA-B scaffold culture.
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Figure 5.11: B-tubulin IV (BIV) expression in primary tracheobronchial epithelial cells on bilayered
all-trans retinoic acid-loaded collagen-hyaluronate (atRA-CHyA-B) scaffolds. Epithelial cells were
cultured either on (a, b) atRA-CHyA-B scaffolds or on (c, d) atRA-free CHyA-B scaffolds at an air-

liquid interface for 21 days. (a, ¢) Representative z-stack images display apical BIV expression

(yellow) on top of cells counterstained for nuclei (blue) and F-actin (red). (b, d) Maximum intensity

projections of BIV expression reconstructed from z-stacks. n=3.
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5.3.4.5. Epithelial ultrastructure- SEM

Primary tracheobronchial epithelial cells on atRA-CHyA-B scaffolds were also
examined by SEM to detect epithelial barrier formation and ciliation. The analysis
confirmed that the cells formed clusters of cells without evidence of ciliation
(Fig.5.12). In accordance with the histological data (Fig. 5.9b), cells on atRA-
CHyA-B scaffolds were raised and multi-layered in morphology with interspersed
flattened cells of a squamous nature (Fig. 5.12a); neither ciliated structures on the
cell surface nor intercellular barrier junctions were present (Fig. 5.12b). Of course,
the cobblestone conformation typical of the in vivo tracheobronchial region was
also absent from the atRA-free CHyA-B scaffold samples, upon which isolated
regions of spread cells were detected on a film top-layer that was largely barren of
a respiratory epithelium (Fig. 5.12c, 5.12d). Overall, the tracheobronchial cells did
not adopt an organotypic epithelium with mucociliary differentiation on both types

of scaffold assessed.
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Figure 5.12: Ultrastructural analysis of primary tracheobronchial epithelial cells on bilayered all-
trans retinoic acid-loaded collagen-hyaluronate (atRA-CHyA-B) scaffolds using scanning electron
microscopy. Epithelial cells were cultured at an air-liquid interface for 21 days. (a) On atRA-CHyA-
B scaffolds, representative images visualised cells as clusters of cells (red circles) with
interspersed flattened cells (red arrows). (b) Higher magnification images of cells displayed an
absence of cilia. (c) On atRA-free CHyA scaffolds, cells were sparser across the film layer and
were visualised as raised and extended in shape (yellow circles) and with flattened morphology

(yellow arrows). (d) A confluent cell layer and evidence of cilia were absent. n=1.
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5.3.4.6. Epithelial ultrastructure- TEM

The final assessment of the effect of atRA-CHyA-B scaffolds on the ciliation of
primary tracheobronchial epithelial cells was performed by TEM. In a similar result
to BIV immunofluorescence and SEM, cilia were notably absent in both culture
models (Fig. 5.13). Multi-layered cell clusters were again visible on atRA-CHyA-B
scaffolds (Fig. 5.13a) while cells on CHyA-B scaffolds were more isolated and
squamous (Fig. 5.13b). Ultimately, these findings confirmed that ciliated epithelial
cells of the upper respiratory tract were absent on atRA-CHyA-B and CHyA-B

samples.

(a) " (b)

Figure 5.13: Ultrastructural analysis of primary tracheobronchial epithelial cells on bilayered all-
trans retinoic acid-loaded collagen-hyaluronate (atRA-CHyA-B) scaffolds using transmission
electron microscopy. Epithelial cells were cultured at an air-liquid interface for 21 days. (a, b) On
atRA-CHyA-B scaffolds, cells grew in clusters with no expression of cilia. (¢, d) On atRA-free
CHyA-B scaffolds, cells adopted a squamous morphology and with no expression of cilia. n=1;

representative images were captured by Mr. Brenton Cavanagh, RCSI.
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5.3.4.7. Expression of genetic markers of epithelial differentiation

Despite the evident lack of differentiation of the cultured primary tracheobronchial
epithelial cells towards a fully functional epithelium with ciliated cells, gqRT-PCR
analysis of MUCS5AC and FOXJ1 was performed in order to ascertain the ability of
atRA-CHyA-B scaffolds to modulate the expression of genetic markers that were
previously upregulated on atRA-CHyA films. Interestingly, a large increase in
relative mRNA expression was detected for both MUC5AC and FOXJ1 in cells
cultured on atRA-CHyA-B scaffolds when compared to atRA-free scaffolds (Fig.
5.14). Expression of MUC5AC, a canonical gene for mucus expression [286],
exhibited an approximate 43-fold increase in transcription, and FOXJ1, a critical
gene for ciliogenesis [285] (Fig. 5.14a; p<0.05), exhibited a significant 605-fold
increase in the atRA-CHyA-B scaffold model (Fig. 5.14b; p<0.01). Thus, in spite of
the lack of translation of the ciliary protein BIV observed in in vitro culture, the
incorporation of atRA significantly upregulated the expression of a key ciliary gene
in primary tracheobronchial epithelial cells. Accordingly, these data suggest that
the atRA-CHyA-B scaffolds have the potential to enhance the ciliation of the

respiratory epithelium under certain conditions.
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Figure 5.14: The effect of bilayered all-trans retinoic acid-loaded collagen-hyaluronate (atRA-
CHyA-B) scaffolds on the relative mRNA expression of primary tracheobronchial epithelial cells.
Epithelial cells were cultured either on atRA-CHyA-B scaffolds or on atRA-free CHyA-B scaffolds at
an air-liquid interface for 21 days. Quantification of (a) MUC5AC mRNA expression and (b) FOXJ1
MRNA expression is displayed as mean + SEM with expression relative to culture on CHyA-B
scaffolds. n=3; *p<0.05; **p<0.01.
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5.4. Discussion

In order to develop the CHyA-B scaffold as an implant with the potential to support
functional epithelialisation for tissue regeneration, the major objective of this
chapter was to manufacture an atRA-CHyA-B scaffold as a platform technology for
tracheal tissue regeneration. Specifically, we sought to: (i) fabricate and
characterise an atRA-CHyA film layer as a novel drug-eluting biomaterial; (ii)
assess the potential of atRA to enhance the differentiation of primary
tracheobronchial epithelial cells cultured on the atRA-CHyA films; and (iii)
incorporate the atRA-loaded film layer into the CHyA-B scaffold to successfully
develop the atRA-CHyA-B scaffold and to evaluate its potential as a biomaterial to
enhance functional epithelialisation of the scaffold. The results led to the
development of a reproducible process that successfully incorporated the
hydrophobic drug into CHyA films for a range of concentrations without disruption
of the copolymer structure. While the encapsulation efficiency of atRA was
generally low in the atRA-CHyA films and the rate of in vitro release was rapid, a
film fabricated from a stock CHyA suspension containing 10pug/ml atRA was
identified as the lead biomaterial. The film had the highest and most consistent
level of atRA incorporation, in addition to a favourable release pattern that induced
the expression of mucus and BIV protein expression in primary tracheobronchial
epithelial cells cultured upon it. This atRA-CHyA film was integrated into the
bilayered scaffold fabrication process (Chapter 3) to yield an atRA-CHyA-B
scaffold without any loss of atRA-loading from the film manufacture procedure.
Despite limited cell attachment and a lack of ciliation on the atRA-CHyA-B
scaffold, the presence of the drug significantly upregulated the expression of two
genetic markers of mucociliary differentiation within cultured epithelial cells. Taken
together, these data demonstrate the feasibility of manufacture of an atRA-CHyA-
B scaffold and its potential for functional epithelialisation and tracheal tissue

regeneration.

atRA was successfully integrated into the CHyA film fabrication process through
the use of a homogenising blender prior to solvent casting (Fig. 5.2). The
physicochemical properties of atRA presented a challenge for integration into a
hydrophilic natural polymer scaffold. Firstly, the aqueous solubility of atRA is

reported to be less than 1mg/ml at 25°C [335], which could even be further
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reduced at the colder 4°C temperature used during slurry preparation. Additionally,
the pKa of atRA is an estimated 4.2 (reported in [335]), meaning that the drug
would be primarily unionised at the pH of the CHyA slurry (pH 3.2) and as a result,
less soluble. Therefore, the blender was utilised to rapidly disperse atRA through a
large volume of aqueous vehicle following its addition to prevent both precipitation
and agglomeration. Most pharmaceutical suspensions require the use of a
suspending agent to stabilise less-soluble drugs in the disperse phase of the
formulation [345], and thus it is possible that the collagen and hyaluronate co-
polymer suspension similarly stabilises the atRA dispersion through a combination
of steric hindrance and its viscous nature. Upon the formation of the atRA-CHyA
films by solvent casting, no residual atRA or evidence of crystallisation was
observed, suggesting integration of the hydrophobic molecule into the co-
polymeric structure (Fig. 5.2a). The mechanism by which atRA associates with the
CHyA co-polymer has not been investigated, but as no chemical coupling agent
was used in atRA-CHyA film formation, non-covalent hydrophobic interactions
could predominate between atRA and the CHyA copolymer. The inclusion of a
hydrophobic drug did not destabilise the macromolecular structure of the film, as
confirmed by the characteristic FTIR amide bands of the collagen macromolecule
and linkage to hyaluronate observed even at the at the higher atRA concentration
of 10pg/ml [298, 342-344]. This qualitative analysis of secondary and tertiary
structure served to reaffirm the stable incorporation of atRA into the biocompatible
CHyA substrate.

Although the fabrication process appeared to produce atRA-CHyA films in a
reproducible and homogenous manner, HPLC analysis revealed that the
encapsulation efficiency of atRA was generally low and the DHT process further
reduced the quantity of atRA entrapped in the CHyA co-polymer matrix (Tables
5.1, 5.2). atRA is labile to heat, light and oxygen-mediated degradation [336], and
as a result, losses during the blending and dehydration steps were very likely.
Indeed, even prior to DHT sterilisation, no atRA was detected in films fabricated
from 0.1pg/ml atRA-CHyA stock suspensions, leading to its early exclusion from
the study. In spite of these drug losses, however, the resultant concentration of
atRA in the DHT-sterilised 10pg/ml atRA-CHyA formulation was approximately
0.46pg/cm?, a concentration proximate to that of an atRA-loaded hyaluronan-
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derivative membrane that acted as a substrate for improved ciliation and mucus
secretion of respiratory epithelial cells [341]. Through derivation from the
experimental steps of the published protocol within this report, the atRA present in
the hyaluronan-derivative film was calculated to be 0.45ug/cm?. Consequently, the
concentration of atRA remaining within the atRA-CHyA film in this study contains
an absolute quantity of the drug in the concentration range amenable for
differentiation of respiratory epithelial cells, irrespective of low percentage
encapsulation efficiency relative to the original loading concentration.

The elution of atRA from atRA-CHyA films was rapid. Following film hydration, a
burst release of atRA was observed from the 1ug/ml and 10ug/ml films within the
first 2-8 hours, followed by a rapid decline in atRA concentration in the release
buffer (Fig. 5.3). Indeed, within the 1pg/ml atRA-CHyA film samples, only the early
time point sample of 2 hours contained atRA (Fig. 5.3a). Although only 11% of the
incorporated atRA was cumulatively detected in release buffer at this time point
(Fig. 5.3c), no further atRA was found within the film sample at 48 hours; this
indicated that the atRA present had degraded. In a similar trend, the rapid release
from the 10pg/ml atRA-CHYA films tailed off after 8 hours (Fig. 5.3b); notably, the
qguantity of atRA released over this time period was much higher for the 10ug/mi
atRA-CHYyA films. Unlike the other reported delivery systems for atRA that encase
the drug within a synthetic polymeric shell or matrix to regulate exposure to media,
dissolution and sustained release [337-341], atRA would quickly be exposed to the
agueous environment in the atRA-CHyA film following rehydration and polymer
swelling in the physiological buffer. This in turn could trigger the loss of
hydrophobic interactions in a polar environment and dissociation of the atRA
molecule, resulting in its burst release. On the other hand, atRA degradation in this
environment at 37°C would reduce the high atRA concentrations so that if the
quantity of atRA loading is insufficient, any released drug would be cleared in a
short period of time. Therefore, the 10ug/ml atRA-CHyA film provides the
necessary level of atRA-loading to provide the adequate temporal and spatial
control of atRA release to facilitate a short exposure period for epithelial cells

cultured thereon.

When primary respiratory epithelial cells were cultured on the atRA-CHyA films,

this early release of atRA from the 10ug/ml atRA-CHyA films was found to induce
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the expression of two markers of mucociliary differentiation within cultured primary
tracheobronchial epithelial cells with no undesired cytotoxic effect. Quantification
of dsDNA confirmed that drug incorporation into CHyA films did not adversely
affect the viability of seeded cells for both concentrations of atRA-CHyA films (Fig.
5.4), negating concerns about the growth-suppressive effect of atRA that is utilised
in other therapies as an oncologic therapeutic [159]. Indeed, the lowest number of
cells was detected in the 0.3pg/ml atRA-supplemented media positive control, a
concentration conventionally used to increase ciliation in primary airway culture
and to prevent squamous epithelium formation in vitro [69, 341], although this
decrease was non-significant (p>0.05). Immunofluorescent analysis of primary
respiratory epithelial cells cultured on the atRA-CHyA films showed that the
expression of BIV, a structural protein present in motile cilia [60, 319], matched
that of cells cultured in the presence of 0.3ug/ml atRA-supplemented media (Fig.
5.6). This finding was reflected in the significant increase in FOXJ1 gene
expression detected in cells cultured on the 10pug/ml atRA-CHyA films, indicating
that atRA released from the film stimulated the transcription of the key regulator of
ciliation within primary cells (Fig. 5.7a). While the incorporation of atRA did not
appear to have a major effect on MUC5AC glycoprotein expression within cells
cultured on CHyA films despite the significant increase in MUC5AC mRNA
expression in 10ug/ml atRA-CHyA culture (Fig. 5.7), mucin was present in all in
vitro culture samples (Fig. 5.5). Earlier studies have demonstrated that the CHyA
material can induce mucin secretion in its own capacity in the Calu-3 cell line
(Chapter 3) and support goblet cell differentiation in primary culture (Chapter 4).
The effect of atRA on MUC5AC expression might therefore be partially masked by
the stimulatory effect of the biomaterial, as has been noted with ciliation of cells on
other hyaluronan-containing materials [167]. Regardless, the combination of the
CHyA film and atRA at a loading concentration of 10ug/ml primary epithelial cells
enhance the functionalisation of tracheobronchial epithelial cells into a mucociliary
phenotype compared to atRA-free CHyA films without any atRA supplementation.

When these results were considered in combination with the characterisation of
the atRA-CHYA film encapsulation and release, the decision was subsequently
made to select the 10pg/ml atRA-CHyA film as the lead film formulation for the

modification of the CHyA-B scaffold fabrication process to produce a bilayered
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atRA-CHyA-B scaffold. These films were successfully incorporated into porous
scaffolds using the previously optimised freeze-dry process (Chapter 3) to yield a
bilayered atRA-CHyA-B scaffold with a visible yellow film top-layer, indicating the
presence of the loaded drug (Fig. 5.8a). The freeze-drying process did not reduce
the concentration of atRA loaded in the film layer significantly (0.46ug/cm? prior to
lyophilisation versus 0.38pg/cm? afterwards; p>0.05) and HPLC analysis of the
acetic acid solvent used to re-hydrate the atRA-CHyA films prior to lyophilisation
showed that it did not contain any atRA. As mentioned above, the atRA molecule
exists in a primarily unionised form at a pH of 3.2 and thus, this probably
contributed to its association with the CHyA copolymer matrix. Given that
lyophilisation is a suitable manufacturing process for preserving sensitive drugs
[345], no detrimental effects on atRA were expected. The freeze-drying process
also did not alter the drug release kinetics from the film layer in atRA-CHyA-B
samples, as inferred from the early burst release of >50% of encapsulated atRA
(Fig. 5.8c, 5.8d). EDAC crosslinking has previously been shown to dramatically
reduce the rate of release of an osteogenic peptide from other collagen-based
scaffolds designed by our group [269], but while an 8% reduction in cumulative
release was seen in the atRA-CHyA-B scaffold following the chemical crosslinking
step, the temporal pattern of rapid release indicates that EDAC-mediated covalent
linkage of atRA to the amine residues in the film was negligible. Instead, it is likely
that the chemical crosslinking step reduced the layer of polymer swelling and
infiltration of release buffer into the scaffold top-layer which in turn lowered the rate
of release. Regardless, the release profile of 10pg/ml atRA-CHyA films that
induced the mucociliary differentiation of seeded cells was mirrored by atRA-
CHyA-B scaffolds, highlighting its promise to induce similar functionalisation of

epithelium.

Despite the presence of similar atRA-loading and release kinetics between
10pg/ml atRA-CHYA films and atRA-CHyA-B scaffolds, analysis of cellular growth
and distribution on the scaffold culture group revealed that the growth of cells had
decreased (Fig. 5.9). The quantities of dsDNA in both atRA-free CHyA-B scaffolds
and atRA-CHyA-B scaffolds was lower at day 21 (Fig. 5.9a) than on corresponding
films (Fig. 5.4), with recorded reductions from 0.74ug to 0.31ug (p<0.05) for atRA-
free samples and from 0.61ug to 0.29ug (p>0.05) in atRA-loaded biomaterials.

216

—
| —



This drop was confirmed by H&E&FG imaging (Fig. 5.9b, Fig. 5.9¢) and SEM (Fig.
5.12), whereby a sparse distribution of cells was seen along the film layer.
Examination of an earlier time point at day 7, however, showed that a statistically
significant drop in cell numbers occurred on the CHyA-B scaffolds over time while
the level of viability on atRA-CHyA-B scaffolds was consistent at days 7 and 21.
This finding is noteworthy as it suggests that the low dsDNA content on the atRA-
CHyA-B scaffolds might be due to reduced cell attachment to the scaffold rather
than due to a toxicological effect of atRA. Furthermore, the morphology of cells on
atRA-CHyA-B scaffolds was less squamous than that on CHyA-B scaffolds, with
interspersed clusters that were columnar in appearance (Fig. 5.9b). This suggests
that the atRA-CHyA-B scaffolds have the potential to induce a physiologically-
relevant cell shape and orientation in primary tracheobronchial epithelial cells that

attach to the film layer.

In addition to adopting a more columnar morphology, the clusters of cells seen on
atRA-CHyA-B scaffolds also displayed an increase in apical secretion of
MUCS5AC, when compared to the cells on CHyA-B (atRA-free) scaffolds (Fig.
5.10). The lack of red fluorescence in the CHyA-B scaffold culture group, coupled
with the visualisation of squamous morphology, confirmed that a subpopulation of
the seeded primary tracheobronchial epithelial cells only differentiated into mucus-
secreting goblet cells when atRA was present in the bilayered scaffold. This
finding was also confirmed by the dramatic increase in MUC5AC gene expression
within the cell-seeded atRA-CHyA-B samples (Fig. 5.14a; p<0.05), highlighting an
intracellular target gene by which atRA brings about increased mucin expression

and epithelial functionalisation on atRA-CHyA-B scaffolds.

On the other hand, the expression of the other marker of mucociliary differentiation
studied, cilia, was absent in both atRA-CHyA-B and CHyA-B scaffold culture.
Confocal and electron microscopy failed to detect a ciliated epithelial cell
phenotype in either group (Fig. 5.11-5.13). This was in contrast to the upregulation
of FOXJ1 transcription within atRA-CHyA-B scaffold culture that was quantified by
RT-PCR analysis at day 21 (Fig. 5.14b; p<0.01). As described in Chapter 2, the
absence of a complete and confluent epithelial barrier along the scaffold surface
could have contributed to the lack of visible microvilli or cilia. The development of

such a barrier determines the resultant cell shape, apical-basolateral polarisation,
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and junctional protein connections between epithelial cells [297]; as reviewed by
Paz and colleagues, the occurrence of tight junction formation and cell-basement
membrane tethering are followed by cilia formation in respiratory cells. Moreover,
the mechanisms of lateral planar polarization that proceed as a confluent
monolayer forms assist in the alignment and organisation of cilia to facilitate
coordinated beating. Accordingly, additional signalling events in addition to FOXJ1
upregulation could be required for full cellular commitment to a ciliary phenotype,
which would explain these paradoxical results. In summary, improved cellular
attachment to the atRA-CHyA-B scaffold could subsequently synergise with atRA
to enhance the ciliogenesis of primary tracheobronchial epithelial cells in addition

to the enhancement of mucus secretion.

Indeed, it is this lack of cellular adhesion that highlights the principal limitation of
this study- the use of only one donor. In order to utilise primary cells that had not
been yet exposed to atRA at any stage in in vitro culture following the cell
isolation, the ATCC was selected as a supplier for primary tracheobronchial
epithelial cells for the study in this chapter. Although it was clear that the
attachment of cells on atRA-CHyA-B scaffolds was low, it is important to note that
histological and electron microscopic analyses also captured a lack of cell
attachment and the absence of a confluent epithelial layer on CHyA-B scaffolds at
day 21. This is in stark contrast to the findings of multiple experiments using two
donors in Chapter 4 that visualised cell layers across the CHyA-B scaffolds at an
even later time point of day 28. atRA is not essential for primary epithelial cells to
maintain viable in culture [69, 333] and thus, the only major difference between the
scaffold cultures in Chapters 4 and 5 is the source of the primary cells.
Accordingly, future studies with a newly identified source of NHBESs that have not
been exposed to atRA (Lonza, catalogue CC-2541) could provide clarity on the
effects of atRA incorporation on cell adhesion and monolayer formation. Of
course, while the batch of cells actually used in this study may have had poor
adherence and growth characteristics, they still served to highlight the significant
inductive effect of the atRA-CHyA-B scaffold on goblet cell differentiation and most
notably, its significantly inductive effect on genes for both mucus secretion and

ciliation that was superior to an atRA-free biomaterial.
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5.5. Conclusion

In conclusion, the results presented in this chapter have described the
development and characterisation of a novel all-trans retinoic acid-eluting
bilayered scaffold with potential for tracheal tissue regeneration. The drug-loaded
film layer of this scaffold can enhance the mucociliary differentiation of
tracheobronchial epithelial cells which could contribute to the provision of a
protective and functional cellular barrier along the scaffold surface. While future
studies are required to fully confirm its applicability as a novel in vivo implant, this
drug-loaded scaffold can potentially pioneer the development of a novel and
biocompatible device to address a currently unmet clinical need in tracheal

replacement.
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6.1. Overview

Current therapies for chronic respiratory disease serve to modify disease
progression, provide symptomatic relief and reduce the incidence of
exacerbations. However, incurable airway conditions such as chronic obstructive
pulmonary disease (COPD), cystic fibrosis (CF) and idiopathic pulmonary fibrosis
(IPF) remain associated with a high mortality worldwide, in addition to the
economic burden that their clinical management puts on healthcare systems [1-4].
In cases where these diseases or other trauma cause extensive tracheobronchial
injury, surgical treatment by lesion removal and use of prosthetic implants is
limited by a number of complications, including device failure and inadequate
epithelialisation [41]. Epithelial cell dysfunction and persistent inflammatory
damage to respiratory tissue play a central role in the pathophysiology of
respiratory disease and .therefore the development of novel therapeutics that
target epithelial tissue to restore its normal function could lead to the generation of
curative drugs. However, while current in vitro and in vivo respiratory drug
development and disease models have greatly assisted in providing the
treatments that are available to respiratory medicine, the simplistic nature of
current cell culture models, combined with the inherent differences of disease
phenotype and treatment response between humans and animals [32, 75, 313],
can increase the risk of drug candidate failure due to inadequate data on the
safety and efficacy of the candidate. Ultimately, this culminates in great expense
and time lost that impedes the development of new medicines. With this in mind,
complex, physiologically-representative in vitro models must be developed to
address the inadequacies of current model platforms. Accordingly, the overall
objective in this PhD project was to develop a novel in vitro 3D model of the
tracheobronchial region for applications both in respiratory drug development and

as a potential therapeutic in respiratory tissue regeneration.

Tissue engineering (TE), a field generally concerned with the reconstruction of
tissue equivalents to replace or restore physiologic tissue through the use of
biomaterial scaffold templates, cells and signalling mechanisms [95], has the
potential to overcome the shortcomings of current respiratory in vitro models. This
thesis investigated the biofabrication of a three-dimensional (3D) scaffold that can

integrate tracheobronchial tissue architecture and co-culture of multiple cell types,
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in the desired spatial pattern, to form an organotypic in vitro model with native
tissue composition and structure. In order to address the limitations of
mechanically weak collagen hydrogels that have been extensively investigated as
tissue-engineered models, as well as the supply limitations of donor tissue-derived
scaffold models, Chapter 2 evaluated the ability of collagen-chondroitin-6-sulphate
(CCS) scaffolds, a well-characterised type of collagen-glycosaminoglycan (CG)
scaffold [255-259], to support the growth and differentiation of tracheobronchial
respiratory epithelial cells. In the first instance, the Calu-3 bronchial epithelial cell
line was used because it is well-established for respiratory drug development
models. Scaffolds not only supported cell line growth, but also had a direct
influence on increasing epithelial mucin secretion when compared to their culture
on standard on polymeric cell inserts at an air-liquid interface (ALI). This
highlighted that the scaffold could induce a different phenotype within bronchial
cells, but the key barrier function that an intact respiratory epithelium provides was
absent on the porous scaffolds, prompting the decision to tailor a novel scaffold
that could better facilitate such monolayer formation at the ALI.

Thus, in order to design a novel type of CG scaffold to resemble the anatomical
architecture of tracheobronchial tissue more accurately, Chapter 3 focused on the
manufacture of a bilayered scaffold structure. This bilayered collagen-hyaluronate
(CHyA-B) scaffold was composed of a thin film top-layer for epithelial monolayer
culture and a porous submucosal layer for 3D co-culture with lung fibroblasts. The
novel design succeeded in resolving the major limitation of the CCS scaffold from
Chapter 2 by facilitating the formation of a pseudostratified, confluent and
continuous Calu-3 cell monolayer with suitable barrier integrity. Overall, the 3D
CHyA-B model was validated as a 3D substrate for in vitro modelling and in
Chapter 4 it was then used as a template to co-culture primary tracheobronchial
epithelial cells with lung fibroblasts using this scaffold in Chapter 4. While complex
culture conditions and the rapid in vitro dedifferentiation of these primary cells is
challenging, the CHyA-B scaffold was found to be a favourable substrate for
organotypic primary epithelium culture. Interestingly, while the scaffold
composition had a greater influence on Calu-3 epithelial cell phenotype than co-
cultured fibroblasts did, the CHyA-B scaffold and fibroblasts were both required to

maximise the differentiation of primary epithelial cells towards a phenotype
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representative of the in vivo epithelium. Ultimately, a 3D primary tracheobronchial
epithelial cell-derived co-culture system using CHyA-B scaffolds was successfully
developed that has the capacity to act as a physiologically-representative drug
discovery platform.

The final objective of this thesis, the assessment of the potential of the CHyA-B
scaffold for tracheal tissue regeneration, involved the incorporation of all-trans
retinoic acid (atRA) into the scaffold as a potential enhancer of mucociliary
epithelialisation on a cell-free scaffold implant [69, 341]. Primary tracheobronchial
epithelial cells cultured on atRA-CHyA films exhibited greater ciliary protein
expression and elevated mucociliary gene expression compared to atRA-free
films. When the atRA-loaded film was incorporated into the bilayered scaffold,
however, no increase in BIV expression was detected, despite the continued
upregulation of key ciliation and mucin genes. Regardless, the atRA-loaded CHyA-
B scaffold exhibited potential as a novel medical device for tracheal tissue

regeneration.

In summary, this thesis has adapted a porous biomaterial previously optimised for
other tissue engineering applications, resulting in a versatile new technology with

potential for both in vitro modelling and tissue regeneration. The remainder of this
chapter summarises the key findings and implications from each individual results
chapter within this thesis and reviews outstanding questions and possible future

directions which have arisen from this research.

6.2. Chapter 2: The assessment of CG scaffolds as a 3D substrate for the

growth and differentiation of a bronchial epithelial cell line

Collagen-chondroitin-6-sulphate (CCS) scaffolds, an extensively-characterised
type of CG scaffold [255, 256], have consistently demonstrated the ability to
facilitate cell growth and differentiation of osteoblasts [276], mesenchymal stem
cells (MSCs; [258, 259, 281] and endothelial cells [346], but they had not yet been
examined for tracheobronchial cell culture. Therefore, the major aim of Chapter 2
was to evaluate their ability to support the growth and differentiation of
tracheobronchial epithelial cells under two sets of respiratory culture conditions:
air-liquid interface (ALI) culture and liquid-liquid interface (LLI) culture. Additionally,

CCS scaffolds with two mean pore sizes were examined in order to assess
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whether smaller and larger pores, as well as the resultant surface area for cell

attachment, influenced Calu-3 culture on the biomaterial.

When seeded on CCS scaffolds, Calu-3 cells exhibited significant proliferation in
ALI culture when compared to LLI culture over a 28-day period. This occurred in
scaffolds with mean pore size diameters of both 120um and 325um, indicating that
the most important factor affecting cellular viability and growth on the scaffold was
the presence of an ALI. Of even more interest was the finding that the CCS
scaffold had a direct influence on increasing epithelial mucin secretion under ALl
conditions. A mucus barrier of approximately 150-200um in height was detected in
ALI culture that was absent in LLI culture on the CCS scaffolds. ALI conditions
have previously been shown to improve Calu-3 expression of mucin [53], but this
height was much greater than reports of 15um in Calu-3 cells grown on cell inserts
and the physiological height of airway surface liquid which has been estimated to
range from 5-58um, depending on the method of measurement [289, 290]. While
the argument could be made that this thicker mucus layer could be a function of a
greater cell number on CCS scaffolds than on cell inserts, analysis of normalised
mucin gene expression showed that cells cultured on CCS scaffolds of both mean
pore diameters had elevated MUC5AC mRNA levels relative to the cell insert
culture. This highlighted that the scaffold could induce a greater degree of mucus
secretion within bronchial cells than cell insert culture, whether representative of
the physiological environment or reflective of a hypersecretory pathology, and that
this phenotype could be of interest for improving respiratory epithelial

differentiation or for assessing inhaled drug transport.

The formation of a contiguous Calu-3 epithelial layer across the entire apical
scaffold surface and epithelial ciliation, however, did not occur on the porous CCS
scaffolds, even when cultured at an ALIl. While bands of ZO-1, the tight junction
protein that signifies strong intercellular connections, were detected between
adjacent Calu-3 cells along the scaffold struts, microscopic analysis confirmed that
the cells were incapable of forming a consistent barrier along the porous scaffold
surface. Given that the basic prerequisite for any epithelial cell coating of tissue is
to provide a protective barrier function [6], it was clear that the scaffold substrate
could not facilitate this essential property as long as it remained fully porous in

architecture. Furthermore, ciliation of Calu-3 cells at the ALI was not observed on
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CCS scaffolds but microvilli extensions were detected in cells cultured on cell
inserts. We hypothesised that the lack of signalling mechanisms induced by a

tightly formed barrier contributed to this finding [297].

Thus, this chapter confirmed that CG scaffolds supported the growth and
differentiation of the Calu-3 bronchial epithelial cell line, particularly with ALI
culture conditions, and were a suitable substrate to bring forward as a scaffold
template for a novel tracheobronchial in vitro model. However, the porous nature
of the CCS scaffold demonstrated the requirement for a new structural form of the
CG scaffold that could better facilitate epithelial monolayer formation at the ALI.

This was the subject of Chapter 3.

6.3. Chapter 3: The development of a bilayered CG scaffold as a substrate

for a bronchial epithelial cell line 3D in vitro co-culture model

In order to mimic the anatomical architecture of tracheobronchial tissue more
accurately, the major objective of Chapter 3 was to engineer a bilayered collagen-
hyaluronate (CHyA-B) scaffold as a tissue-engineered template for the
development of a physiologically-representative 3D in vitro tracheobronchial
epithelial co-culture model. Two central modifications from the scaffold used in
Chapter 2 were considered. Firstly, a bilayered scaffold structure was proposed
that consisted of a thin film top-layer for epithelial monolayer culture and a porous
sub-layer to represent the submucosal extracellular matrix (ECM) and allow 3D co-
culture with lung fibroblasts. Secondly, the glycosaminoglycan used in the scaffold,
chondroitin-6-sulphate, was switched to hyaluronate (HyA) to better emulate the
native tracheobronchial ECM composition.

The CHyA-B scaffold was successfully constructed through modification of a
lyophilisation technique whereby a CHyA film was manufactured separately,
rehydrated and lyophilised with an overlying CHyA suspension to create fusion of
the film layer with an interconnected porous 3D sub-layer. The two layers of the
scaffold adhered to each other during lyophilisation and maintained this
connection during physical manipulation and handling in experiments.
Furthermore, a carbodiimide crosslinking step to mechanically strengthen the
scaffold was identified as a critical requirement for formation of a confluent,

continuous monolayer by Calu-3 cells. As a result, this chemically-crosslinked
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CHyA-B scaffold succeeded in resolving the major design limitation of the CCS
scaffold for respiratory culture identified in Chapter 2 but still contained the porous
and cartilaginous CHyA sub-layer [298, 299] that can enhance 3D co-culture
beneath the epithelium. Accordingly, the CHyA-B scaffold was brought forward for
further Calu-3 cell studies in monoculture and in co-culture with the Wi38 lung

fibroblast cell line.

Having modified the CG scaffold substrate for epithelial cell culture to achieve the
desired cell localisation and morphology across the film top-layer, the next stage
was to ascertain the scaffold effect on mucin secretion and also to investigate
whether the new scaffold had a positive influence on epithelial barrier formation
and ciliation. Analysis of MUC5AC gene and glycoprotein expression confirmed
that the bilayered scaffold maintained a stimulatory effect on Calu-3 mucus
secretion that aligned with data from CCS scaffold culture in Chapter 2. Unlike the
CCS scaffold, however, an interconnected mesh-like distribution of ZO-1 protein
between the cells showed universal intercellular junctions across the apical side of
the CHyA-B scaffold, while ultrastructural analysis visualised a pseudostratified
epithelial monolayer that had a cobblestone morphology and longer cilia than that
observed in cell insert culture. The robust integrity of the barrier was verified by
transepithelial electrical resistance (TEER) and by paracellular transport of
fluorescein isothiocyanate (FITC)-labelled dextran. Moreover, analysis of FOXJ1,
a genetic regulator of ciliation, found that the CHyA-B scaffold induced ciliation at
a faster rate in cells than synthetic polymeric membranes did. Therefore, not only
did the CHyA-B scaffold address the limitations of the CCS scaffold design in
Chapter 2, but it also stimulated the differentiation of Calu-3 cells into an
organotypic representation of the tracheobronchial epithelium to a degree that was
not observed in a standard respiratory culture model.

The third objective of this chapter was to develop an epithelial-fibroblast co-culture
model with improved physiological tissue architecture. To this end, Calu-3 cells
were cultured together with Wi38 fibroblasts on CHyA-B scaffolds with the latter
cell population seeded into the porous sublayer of the scaffold to permit 3D
culture. The fibroblasts remained viable in culture with the Calu-3 cells and served
to add another layer of physiological complexity to the tissue engineered-model.

Mucus secretion, barrier formation and ciliation continued to be exhibited by Calu-
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3 cells in scaffold co-culture, though reduced MUC5AC glycoprotein expression
was noted. Interestingly, TEER readings in both monoculture and co-culture on
CHyA-B scaffolds were closer to the estimated range of 300-650Qcm? of native
tracheobronchial tissue [54] than for those observed in cell insert culture, once

again indicating a more physiologically-relevant epithelium in scaffold culture.

The results in this chapter have interesting implications for the use of CHyA-B
scaffolds with Calu-3 cells as a respiratory drug development in vitro model.
Depending on whether monoculture with the scaffold biomaterial is performed or
fibroblasts are co-cultured in the scaffold sublayer, different barrier phenotypes
can potentially be represented, facilitating in vitro investigations of different
environments in the respiratory tract. For instance, the use of Calu-3 cells in
monoculture on CHyA-B scaffolds could be useful for examining drug permeation
through thicker mucus barriers as a putative disease model to bring analyses
beyond non-diseased models [308]. On the other hand, introducing fibroblasts
reduces the levels of MUC5AC and might provide a more accurate representation
of the healthy tracheobronchial tract with physiological TEER that could be useful
for toxicological studies. Indeed, the CHyA-B scaffold model provides a versatile
means of utilising a well-established bronchial epithelial cell line to obtain valuable

data for drug discovery and toxicology.

This study has validated the 3D CHyA-B scaffold as a 3D substrate for in vitro
modelling using Calu-3 cells. However, the use of primary cells, without the
inherent abnormalities of immortalised cells [310], holds the potential to further
improve this novel 3D culture system as a true representation of the conducting
respiratory region and to improve the primary cell culture environment to prevent
dedifferentiation. Therefore, the decision was made to progress to primary
tracheobronchial epithelial cell co-culture with lung fibroblasts using this scaffold in
Chapter 4.

6.4. Chapter 4: The development of a 3D primary tracheobronchial

epithelial cell-derived co-culture system for application in respiratory in vitro

modelling
The major objective of Chapter 4 was, using CHyA-B scaffolds, to develop a 3D

primary tracheobronchial epithelial cell-derived co-culture system for applications
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in respiratory in vitro modelling. To this end, normal human bronchial epithelial
(NHBE) cells derived from two donors were sourced commercially for evaluation of
3D culture on CHyA-B scaffolds. In contrast to the Calu-3 cell line, the use of the
CHyA-B scaffold in monoculture was insufficient to induce the formation of a
pseudostratified ciliated epithelium from seeded NHBE cells. The NHBE cells
adopted a flattened and squamous morphology in monoculture on scaffolds, with
no ciliation of the epithelial cells evident. In fact, the squamoid respiratory epithelial
cell morphology present on the CHyA-B scaffold more closely resembled an in
vitro representation of squamous metaplasia [322, 323]. Although ZO-1 bands
were present and peak TEER values were observed on scaffolds that were greater
than in cell insert monoculture, the barrier integrity was negligible by day 28. Thus,
in the case of the transition from a cell line to primary cells, scaffold culture was
not superior to cell insert culture and the action was taken to investigate the

inclusion of fibroblasts.

Following the addition of Wi38 fibroblasts, the benefit of the CHyA-B scaffold as a
culture substrate became evident. In short, a major effect on the development of a
pseudostratified ciliated epithelium was observed when the fibroblasts were co-
cultured in the porous scaffold region underneath the epithelial layer. The epithelial
layer thickened and became pseudostratified in morphology, and cilia were also
expressed across the cell monolayer on CHyA-B samples. Most significantly, this
ciliation did not occur in cell insert culture, even when Wi38 cells were co-cultured
on the underside of the polymeric membrane. In addition to enhancing ciliation, the
CHyA-B co-culture model exhibited an average TEER value within physiological
ranges on day 28 (423Qcm?), rendering it the only culture group that was in the
physiological range at the final time point when compared to cell insert
monoculture, cell insert co-culture and scaffold monoculture. These results were
reinforced by the analysis of gene expression, where upregulation of genes for
tight junctions and ciliation were seen in scaffold co-culture. Taken together, these
data confirmed that the 3D CHyA-B substrate holds a clear advantage over the

standard cell insert conditions for primary tracheobronchial epithelial co-culture.

While Calu-3 cell culture on CHyA-B scaffolds has been discussed for improved
drug transport analysis and for toxicological analysis, the use of NHBE 3D co-

culture models using the tissue-engineered scaffold could be even more useful.
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Discrepancies in the magnitude of toxicological response of cell lines and primary
cell cultures [55] could have far-reaching implications in the analysis of safety of
investigational new drugs or nanoparticulate materials and poor in vitro-in vivo
correlation. On the other hand, physiologically-relevant in vitro iterations of the
tracheobronchial region, such as the primary epithelial CHyA-B scaffold co-culture
model in this study, could be invaluable early in the drug development process to
provide accurate in vitro data and improve successful clinical translation of
worthwhile drug candidates. The response of co-cultured cells to drug exposure
can also be obtained from the CHyA-B scaffold co-culture system, further
enhancing data output from this model. Indeed, the establishment of this model is
the first step in the application of a tissue engineering approach to address the
current inadequacies of respiratory drug development and drug discovery models.
In summary, Chapters 3 and 4 have developed a bilayered collagen-
glycosaminoglycan scaffold which, as a 3D substrate for in vitro modelling,
provides a physiologically relevant composition, architecture and organotypic
mucosal and submucosal co-culture of the tracheobronchial region that has not
been comprehensively modelled in vitro to date. This novel scaffold can therefore
provide a new platform for applications in respiratory drug development and

disease modelling.

6.5. Chapter 5: The manufacture of an all-trans retinoic acid-eluting

bilayered scaffold as a platform technoloqy for airway tissue regeneration

Having established the CHyA-B scaffold as a novel 3D in vitro model for
applications in respiratory drug development, the final chapter of this thesis
investigated the scaffold’s potential for respiratory tissue regeneration. CHyA-B
scaffolds can support the respiratory epithelial cell and fibroblast co-culture, once
the cells are seeded on the scaffold in an in vitro setting (Chapter 4). However, the
epithelialisation of tracheal medical devices in vivo is an important factor for
clinical success. As discussed by Delaere and van Raemdonck [347], the luminal
side of the respiratory tract belongs to the external environment and healing at the
anastomotic sites between implants and tissue will not occur if bacterial
colonisation takes place. The use of a medical device that can rapidly support the
formation of an epithelium with mucociliary function could prevent such

colonisation. To this end, all-trans retinoic acid (atRA), a small molecule drug

229

—
| —



known to stimulate mucociliary differentiation of tracheobronchial epithelial cells
[69], was incorporated into the film layer of the scaffold as a potential enhancer of
functional epithelialisation of the CHyA-B scaffold. The film layer was loaded with a
range of concentrations of the drug through the use of a homogenising blender
prior film drying, though losses of 80-85% of loaded atRA occurred. While these
losses appeared high as a percentage of the initial suspensions used in
fabrication, the absolute quantity of atRA in the resultant film was similar to
biomaterials in another successful study of atRA-loaded membranes [341].
Furthermore, atRA-loaded materials were stable after manufacture and contained

the drug until hydration in physiological fluids, when rapid release would occur.

Following extensive characterisation of atRA encapsulation and release from drug-
loaded films, the bioactive effects on primary tracheobronchial epithelial cells
cultured on atRA-CHyA films were analysed. The presence of atRA was found to
increase the expression of the ciliary protein B-tubulin IV (BIV) and mucus
secretion, in addition to increasing mucociliary gene expression. These effects
were dose-dependent and accordingly, atRA loading of a specific concentration
(10pg/ml) gave the greatest enhancement of mucociliary expression and
maintenance of epithelial cell viability. Thereafter, this 10ug/ml concentration was
carried forward for incorporation of the atRA-loaded films into the bilayered

scaffold manufacture process.

These atRA-CHyA films were integrated into the optimised freeze-dry process
established in Chapter 3 to successfully yield an atRA-loaded bilayered collagen-
hyaluronate (atRA-CHyA-B) scaffold. The freeze-drying process did not reduce the
concentration of atRA loaded in the film layer significantly and these scaffolds
were stable in cold storage as dry materials. As an “off-the-shelf” medical device,
this stable storage would be of great advantage in the future, particularly when
compared to decellularised tissue that is more challenging to preserve over time
[229]. However, despite the fact that the atRA-CHyA-B scaffold and 10ug/ml atRA-
CHyA films had equivalent composition and atRA content, cellular attachment and
distribution was reduced when primary cells were cultured on scaffold samples.
Clusters of attached cells expressed more mucin when atRA was loaded into the
bilayered scaffold, but a continuous cell layer was not observed along the film

layer. Furthermore, no cilia were detected, despite the continued upregulation of
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the key ciliation gene FOXJ1. As observed within Chapter 2 and Chapter 3, the
lack of cell signalling induced by a tightly formed barrier could have contributed to
the absence of ciliation [297]. The poor cell attachment on the scaffold in this study
could be simply a result of the quality of primary cells that were used for these
experiments, given that attachment was also sparse on atRA-free CHyA-B scaffold
controls that were consistently shown in Chapter 4 to form a continuous monolayer
on the film top-layer. Irrespective of this possibility, the tracheobronchial epithelial
cell culture on atRA-CHyA-B scaffolds did demonstrate enhanced mucociliary
signalling and mucin secretion, albeit with an incomplete cell monolayer. Thus,
while an incomplete epithelial layer formed on the atRA-CHyA-B scaffold, this
biomaterial has the key characteristics that could potentially pioneer the
development of a novel device to address a currently unmet clinical need in

tracheal replacement.

Moreover, as found in Chapter 4, fibroblast factors from co-cultured cells could
also be required to achieve full ciliation of the cells. Regarding how this could
affect the potential of atRA-CHyA-B scaffolds as a future regenerative implant, the
porous sub-layer of the atRA-CHyA-B scaffold facilitates epithelial wound healing
in its own right [279] and has previously demonstrated the ability to support in vivo
mesenchymal cell recruitment and bone tissue regeneration as a cell-free scaffold
[260]; therefore, in this implantation scenario, such cell recruitment could ultimately
provide stem cells and fibroblasts whose paracrine signalling could work
synergistically with local atRA release and maximise functional epithelialisation.
Cell recruitment could also be boosted through the intraoperative addition of
pharmacological agents [215]. In this regard, the atRA-loaded CHyA-B scaffold
displays potential as a novel cell-free medical device for tracheal tissue
regeneration. Taken together with the evidence of its ability to culture a 3D in vitro
tracheobronchial model that resembles native tissue, the bilayered collagen-
hyaluronate scaffold developed in this PhD thesis can also be applied to
respiratory tissue regeneration in addition to operating as a novel biofabricated

template for applications in respiratory drug development.

6.6. Future work

1 This thesis has demonstrated that the CHyA-B scaffold enhanced the formation

of a pseudostratified epithelium in a 3D co-culture in vitro model, particularly
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with the expression of cilia that only occurred when both the scaffold and
fibroblasts were utilised. It can be argued, however, that the cilia formed were
not fully mature in structure. Motile cilia in the respiratory tract are typically 7um
in length [332] and longer cilia have been visualised in other studies than the
cilia observed in Chapter 4 [60, 100, 294]. The exact concentration of atRA
used for the NHBE cells is withheld by the supplier, but future optimisation of
its concentration in the co-culture media has the potential to even further

enhance ciliation within the 3D CHyA-B co-culture model.

The CHyA-B scaffold primary 3D co-culture in vitro model was successfully
validated in this thesis by analysis of markers of differentiation, quantification of
TEER and analysis of fluorescein isothiocyanate (FITC)-labelled dextran of an
average weight of 70,000 Daltons. The use of a paracellular marker of this
molecular weight is a very useful indicator of epithelial barrier integrity in its
own right, but it would be interesting in the future to expand on this work and
characterise a battery of paracellular and transcellular transport markers and
drug molecules across this novel co-culture model. For example, a recent
publication by Reus et al. has examined the transport of a range of aqueous-
soluble and lipophilic drugs in the MucilAir® primary culture system [72], and
similar analyses of such drug compounds and dextrans of other molecular
weights [53] would be a worthwhile next step with this model to attain

comprehensive validation of drug absorption.

The CHyA-B scaffold primary 3D co-culture in vitro model was established in
this thesis using tracheobronchial epithelial cells from healthy donors. Future
studies involving the culture of cells obtained from diseased tissue or sufferers
of chronic respiratory conditions are two applications where this respiratory
model, complete with a prominent extracellular component and other cell types,
could excel as a disease model. The increased mucus secretion that has been
induced in Calu-3 cells, for instance, could translate through to primary
asthmatic epithelial cells and propagate the hypersecretory phenotype
observed in large airway obstruction [8, 11], while for fibrotic conditions like
IPF, examination of how diseased fibroblasts responses affect remodelling of
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the local tissue matrix and aberrant epithelial signalling [4, 100, 202] could
advance our understanding of disease progression. This in turn could lead to
the identification of new pathways for reversing the progression of such
diseases, or even to their eradication.

While more focus was given in this thesis to the development of a 3D in vitro
tracheobronchial model for respiratory drug development, the concluding
chapter has highlighted the opportunity to investigate CHyA-B scaffolds for
tracheal tissue regeneration. An important first step towards this goal would be
to fabricate the CHyA-B scaffold as a tubular scaffold. This could then be
cultured ex vivo to form a cell-seeded construct for in vivo implantation, or
fabricated as a tubular atRA-CHyA-B scaffold for implantation as a cell-free
biomedical device. Within our laboratory, bilayered scaffolds composed of
collagen and elastin were developed in tandem with the CHyA-B biomaterial for
applications in cardiovascular blood vessel modelling; these scaffolds, of
course, are of a much smaller dimension than what would be required for a
human trachea, but with rescaling, as well as the use of a bioreactor, epithelial
cells and mesenchymal stem cells (MSCs; [97, 348]), could pave the way for
an “off-the-shelf” variant of the CHyA-B scaffold that can be customised and

seeded with autologous cells for the regeneration of damaged tracheal tissue.

Finally, while this thesis has developed the CHyA-B scaffold for applications in
tracheobronchial tissue engineering and regenerative medicine, this bilayered
scaffold has the potential to be a springboard platform technology for other
epithelial co-culture systems. The development of a system for gastrointestinal
drug development or disease modelling, for instance, could be of interest for
the formulation of novel drugs that can be orally administered for patient
convenience or used to treat chronic inflammatory conditions of the intestine.
Recent studies have investigated the use of decellularised tissue [349], but as
with the case of respiratory tissue, bilayered collagen-based scaffolds can

provide a more readily available and scalable biomaterial for such purposes.
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6.7. Thesis conclusions

In conclusion, this thesis has successfully developed a bilayered collagen-
glycosaminoglycan scaffold with applications in airway modelling and tissue
regeneration. This CHyA-B scaffold can be applied as a novel biofabricated
template that provides a physiologically-relevant 3D in vitro model with the
potential to develop novel therapeutics, perform toxicological analysis of inhalable
formulations and generate more sophisticated disease models for understanding
and treating respiratory disease. Ultimately, this innovative platform can overcome
the simplistic nature of current respiratory cell culture models and improve in vitro-
in vivo correlations in respiratory drug development and disease modelling.
Additionally, this scaffold can also be applied as a novel technology with enhanced
functional epithelialisation for tracheal tissue regeneration, As an advanced
medical device, the atRA-CHyA-B scaffold can potentially overcome the limitations
of current synthetic tracheal implants and tissue engineering approaches with

decellularised tissue.

The specific conclusions from this study are as follows:

1 The research in this thesis initially demonstrated the potential of a fully-porous
collagen-chondroitin-6-sulphate scaffold as a 3D substrate for the growth and
differentiation of the Calu-3 bronchial epithelial cell line. This confirmed the
biomaterial’s potential as a core substrate component of a novel in vitro model,
particularly when used with airway culture-enhancing ALI conditions. In
particular, the use of this natural scaffold increased the ability of these cells to
express mucin when compared to standard cell insert culture which is an

integral feature of the tracheobronchial epithelium in native tissue.

1 The research presented has also led to the development of a bilayered
collagen-hyaluronate scaffold that surpassed the fully-porous scaffolds as a 3D
in vitro model of the tracheobronchial region of the respiratory tract. The novel
bilayered scaffold combines a film layer for the epithelial cell culture and a
porous 3D sub-layer for co-culture with other cell types with effective mimicry of
the tracheobronchial ECM composition and tissue architecture. This scaffold
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has demonstrated the ability to support the growth and differentiation of the
Calu-3 bronchial cell line in addition to epithelial-fibroblast co-culture. Most
notably, this novel material has maintained the mucin-secreting effect
mentioned above and also enhanced ciliation and pseudostratification of Calu-
3 cells at an ALI. It has therefore acted as an adequate submucosal analogue
upon which a ciliated and robust epithelial barrier layer has formed with

organotypic features of the native tracheobronchial epithelium.

As well as supporting a bronchial epithelial cell line, the bilayered collagen-
hyaluronate scaffold also supported the growth and differentiation of primary
tracheobronchial epithelial cells in the successful development of an
organotypic 3D co-culture model. The use of primary cells circumvented the
inherent abnormalities of immortalised cell lines and provided an even more
physiologically-representative in vitro model that can provide improved data for
in vitro-in vivo correlation in drug development and disease modelling. Of
critical importance, the formation of a pseudostratified epithelium with
organotypic markers of differentiation and a barrier strength matching that of
native tissue was achieved through the synergistic combination of the
biomaterial scaffold and 3D co-culture of lung fibroblasts.

Finally, this thesis also developed a novel all-trans retinoic acid-eluting
bilayered scaffold with potential for tracheal tissue regeneration. Incorporation
of this drug can enhance the epithelialisation of the scaffold with mucociliary
function and advances its potential as an in vivo scaffold implant for tracheal
regeneration. With future studies, this scaffold can potentially pioneer the
development of a novel and biocompatible “off-the-shelf” medical device for

implantation to address a currently unmet clinical need in tracheal replacement.
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Appendices

Appendix 1:
AtRA Calibration Curve
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Sample calibration curve used in the high performance liquid chromatographic (HPLC) analysis of
all-trans retinoic acid (atRA). Standard solutions of atRA were serially diluted to provide a
concentration range of 10ug/ml to 0.00056ug/ml for resultant analysis of samples for atRA in vitro
release and encapsulation efficiency studies. Preparation of standard curves was performed with

occasional contributions from Ms. Gemma O’Connor and Ms. Christina Payne, RCSI.
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