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Abstract

Asthma is a chronic obstructive airway disease characterized by exaggerated contraction
of airway smooth muscle (ASM) and structural changes that modify the mechanical properties of
the airways. I hypothesized that 3D bioprinting technology can be used to construct a
physiologically-relevant model, explicitly designed to simulate airway narrowing in vitro.
Additionally, this model would be used to elucidate the consequences of altered mechanical loads

on ASM contractile phenotype and function.

The ASM model consisted of a ring-shaped bundle of muscle constrained within a
stiffness-modifiable acellular alginate support. ASM tissues bioprinted without acellular supports
generated excessive baseline tension and rapidly lost structural integrity. The inclusion of acellular
supports provided a mechanical preload that enabled baseline tone development, cellular
organization, and muscle maturation. Contractility, assessed as a reduction in lumen area of
constructs in response to various agonists, revealed differential contractile responses in ASM
tissues fabricated across a stiffness range. Finally, although relative mRNA abundance of relevant
contractile genes was modulated by structure, I was unable to detect statistically significant

differences between the acellular stiffness groups tested.

These results suggest that a 3D bioprinted model of ASM represents a suitable platform to
study changes in airway mechanics associated with asthma. The variable functional responses in
ASM tissues fabricated with different acellular stiffnesses support that mechanical cues profoundly
alter cellular function. Moving forward, the molecular effectors/mechanisms through which
aberrant mechanical loads produce putative defects in ASM would be characterized, potentially

unmasking novel therapeutic strategies to manage disease progression in asthma.

X1



Chapter one: Introduction

1.1 Literature review

Pathophysiology of asthma

Asthma is the most common chronic obstructive respiratory disease and the leading cause
of hospitalization in children and young adults in Canada (1). It affects an estimated 5 — 10% of
the population in many developed countries and up to 300 million people worldwide (2,3). Asthma
represents a large socio-economic burden, is associated with poor quality of life, and high risk of
comorbidities and disability in affected people (4). Yet despite significant research, our
understanding of the nature of asthma is still limited, with many researchers declaring it a
syndrome rather than a disease. Patients often exhibit a range of phenotypes/endotypes, including
differences in clinical markers and responses to therapy, such that it remains under-diagnosed and
poorly treated in a significant amount of people (5-8). As the prevalence of asthma is currently
increasing by up to 50% every decade (9), an improved understanding of the underlying causal

mechanisms is essential to potentially personalize therapies and alleviate the associated burden.

The principal functional abnormality in asthma is an excessive, but partially reversible,
closure of the airways in response to a wide range of irritants or contractile agonists, termed airway
hyper-responsiveness (AHR) (10). AHR presents clinically as an increase in airway sensitivity and
resistance, which causes the recurrent and variable symptomatic episodes of wheezing, dyspnea,
chest tightness and coughing (11). AHR is most definitively diagnosed by PCao testing, which
involves measuring the concentration of an inhaled bronchoconstrictor required to reduce the
forced expiratory volume in 1 second (FEV1) by 20% (12). While AHR has been identified in other
diseases including chronic obstructive bronchitis (13) and cystic fibrosis (14), PCzois widely used
as a conclusive diagnostic screener in patients with a high pre-test probability score for asthma.
This is because PCyo inversely correlates with disease severity (15) and has a high negative
predictive value for asthma (16). While the main effector of excessive airway narrowing is an
abnormal contraction of airway smooth muscle (ASM), and most features of AHR could be
brought about by alterations in normal muscle mechanics [manifesting either as an increase in
force generation (17), shortening velocity (18) or contractile sensitivity (19)], the pathogenesis of

AHR remains unclear. As the heterogenous nature of the disease suggests, it could potentially
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include complex interactions between genetic and environmental factors, as well as neural or

inflammatory pathways and/or other components of airway tissue.

Early observations have suggested that exposure to pro-inflammatory agents, including
allergens and other environmental stimuli, could trigger irreversible changes in airway structure
and ultimately lead to development of AHR in patients with or without asthma (16—18). This led
to the prevailing view that the disease is initiated as an allergic disorder. Chronic inflammation is
believed to alter airway function by shifting the immune system towards a T helper type 2 (Th2)
immune response, inducing the release and activation of several immune mediators including
interleukins 1L-3, IL-4, IL-5, and IL-13. These subsequently signal the production of
immunoglobulins (specifically, IgE) from plasma cells, as well as perpetuating recruitment of

eosinophils to the airways (20,21).

Although abnormal immune responses are indisputably a hallmark of asthma, a growing
body of literature has identified interactions between multiple and complex pathogenic
mechanisms that are not necessarily or uniquely related to airway inflammation (22). For instance,
anti-IgE therapy has been shown to reduce inflammation without changing AHR in asthmatic
patients (23). Evidence suggests most mild and moderate asthmatics do not have airway
eosinophilic infiltration (24) and even when eosinophils are present, anti-IL-5 therapy can greatly
diminish eosinophilic recruitment without altering AHR (25). Similarly, allergen-challenged
Cav1” mice had an increase in AHR greater than their wild type counterparts, which was largely
independent of lung inflammation (26). Further, while mouse models of allergic inflammation
have identified several cytokines and their downstream targets as key mediators in the
inflammatory process, drugs interfering with these pathways have yet to completely reverse AHR
clinically in humans (27-29). Finally, the compressive mechanical forces resulting from repeated
bronchoconstriction in asthmatic patients was sufficient to induce airway remodeling without
additional inflammation (30). Subsequently, mathematical models have found spatial correlations
in altered airway structure due to repeated cycles of bronchoconstriction (31). Such findings
suggest that excessive airway narrowing associated with asthma may be initiated as a result of
inflammatory-independent or synergistic mechanisms that become self-sustaining, even after the

underlying immune dysfunction has been managed.



Interestingly, changes in airway structure persist significantly longer than inflammation
and have been documented in all degrees of asthma severity in both large and small airways (32—
34). These structural changes, which are collectively referred to as airway wall remodeling, include
altered tight junction formation in airway epithelial cells (35), muco-ciliary dysfunction (36),
angiogenesis in bronchial mucosa (37), hypertrophy and hyperplasia of ASM (38), and increased
thickening of airway adventitia, lamina propria and subepithelial basement membrane layers (39),
caused by an elevated deposition of extracellular matrix (ECM) proteins and proteoglycans
(40,41). Intriguingly, there is strong evidence that these architectural changes originate during
prenatal development (42) and precede clinical symptoms of the disease (43). While the complete
pathophysiological consequences are still unclear, airway wall remodelling is associated with
reduced lung compliance (44,45), which alone could result in the development of AHR by altering

the balance of forces between the lung ECM and airways.

In vivo, airway calibre is regulated as a delicate balance between contractile forces
generated by ASM to close the airway, the pressure differential across the airway wall, and non-
muscle elements in the airways. Force generation and shortening of ASM, which circumferentially
surrounds and comprises a significant portion of the airway wall, is considered the main effector
of acute airway narrowing (46). In vitro, maximally stimulated ASM can shorten to less than 25%
of its initial length if there is no opposing mechanical load (47). In vivo, an equivalent contraction
would result in the complete occlusion of many large and small airways and a near complete loss
of airflow, since the Hagen—Poiseuille equation shows airflow is inversely proportional to the
fourth power of airway luminal radius (48). Non-muscle elements in the lungs that oppose ASM
shortening, and airway closure include the bulk modulus (a measure of the elasticity of lung and
airway tissues), tissues within the bounds of the muscle that becomes compressed, as well as the

outward physical tethering of lung parenchymal elements through elastic fibres to the airways (49).

In the normal lung, physical tethering creates an effective pressure that acts against ASM
narrowing and airway compression, by imposing a mechanical preload on the muscle and
transmitting the elastic recoil of parenchymal elements to the airways. However, in asthmatic
airways, based on the nature of airway remodeling-induced structural deformations, the elasticity
of the airways and parenchymal tethering forces may be decreased (50,51). Since airway patency

is so easily and dramatically affected by these non-muscle pulling forces, it was originally believed



that stiffer airways would disrupt the balance of forces, allowing the muscle to shorten much more
than normal (52,53). Nevertheless, several studies have argued that altered mechanical loads could
be beneficial, and remodeled airways may protect against exaggerated ASM shortening (54,55),
although a lack of consistent findings makes this hypothesis problematic (56). On the other hand,
repeated force generation in the asthmatic ASM layer may also play a major role in altering airway
mechanics with or without structural remodeling (57). Contractile activation of ASM increased the
stiffness of sheep (58) and human airways (59), which subsequently blunted the beneficial effects

of ASM strain on airway relaxation.

While there is still no consensus on the effects of specific structural alterations in the
airways, it is clear that neither inflammation nor the bulk mechanical properties of the airways can
explain all asthma endotypes/phenotypes and pathogenic mechanisms. Recent insights into ASM
contractile activities using computational modelling reveal mechanical cues could induce changes

in cellular signalling through ‘exquisitely mechano-sensitive’ pathways (60).

Cellular mechano-transduction

It has long been understood that soluble biochemical signals can affect cellular function.
More recently, the notion that cells can sense and respond to physical forces and mechanical cues
from their micro-environment, termed mechano-transduction, has been gaining an increasing
amount of traction. Since the nature of mechanical forces and cellular responses can vary
substantially between tissues, mechano-transduction is now largely viewed as a combination of
two central paradigms: 1) passive or ‘outside-in’ signalling and 2) active or ‘inside-out’ signalling.
Outside-in sensing involves cells responding to external forces including shear stress (61) and
extension/compression (62), while inside-out sensing comprises the generation of internal traction
forces that allow for a cell to evaluate the physical properties of the ECM, including geometry
(63), ligand density (64) and stiffness gradients (65). Despite sometimes being viewed as separate
processes, both outside-in and inside-out signalling operate through closely intertwined pathways
involving sensing elements that physically couple the external physical environment with the

underlying cytoskeleton.

The cytoskeleton is comprised of a network of actin filaments, microtubules and

intermediate filaments (mostly vimentin, desmin, and lamin in ASM), which are the main load-



bearing cellular structures involved in regulating bi-directional mechano-transduction signals
(66,67). This highly dynamic filament network extends throughout the entire cell, acting as a
physical link between organelles, which in turn are mechanically tethered to adhesion sites on the
ECM. These ‘focal adhesions’ consist of clusters of transmembrane integrin receptors and clusters
of adapter proteins (e.g., catenins, talin, paxillin, zyxin and vinculin) that link the intracellular and
extracellular environment (68). The arrangement of these filaments is adaptive, such that changes
in the mechanical milieu can cause dynamic assembly and/or disassembly of cytoskeletal elements,
allowing the cytoskeleton to transit through different phases in the absence of a biochemical
reaction (69). Given the high interconnectivity and plastic nature of the cytoskeletal filaments, any
small rearrangement or deformation of the ECM will inevitably and rapidly lead to a morphologic
change in nearly every aspect of the intracellular structure, which can in-turn regulate a diverse
range of cellular processes. Pioneering work by Pelham and Wang using fibroblasts and kidney
epithelial cells grown on collagen-coated polyacrylamide hydrogels allowed the mechanical
micro-environment to be tuned while maintaining a constant chemical environment. These studies
revealed a high propensity for cells grown on rigid substrates to develop high motility and
lamellipodial activity, increasing cell spreading and adherence (70). Subsequent studies have
highlighted vital roles played by physical forces in regulating a vast range of cellular activities,
including altering enzyme kinetics (71), phosphorylation/unfolding of proteins (72) and
arrangement of DNA within the nucleus (73). These impacts of the mechanical micro-environment
on cell biology can be incredibly profound. Substrate stiffness and matrix porosity were found to
drive differentiation of mesenchymal stem cells into different lineages (soft, neurogenic;
moderately stiff, myogenic; stiff, osteogenic). Importantly, the mechanical signalling was capable

of over-riding the effects of traditional soluble biochemical signalling pathways (74,75).

While disruptions to normal lung mechanics can profoundly alter the physiology of all lung
cell types, airway myocytes show a particularly pronounced and complex mechanical
responsiveness that has recently been identified as a potentially major player in the pathogenesis
of asthma. Applying acute (within 2 hours) and chronic (within 11 days) mechanical stresses to
ASM cells grown on collagen-coated flexible membranes revealed pro-contractile changes (76).
In response to a single uniaxial stretch (3s), ASM cells cultured on an elastic silicone membrane
showed a transient increase in intracellular calcium concentration that was largely independent of

intracellular messenger production (77). Previous work by Dr. West and colleagues demonstrated
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an acute increase in substrate stiffness can elevate baseline ASM stiffness, while chronically high
stiffness increased contractile protein content and contractile responses to potassium chloride (78).
Similar studies revealed changes in ECM stiffness can alter cell-cell coupling (79), proliferative
and secretory functions (80) in ASM tissue from the lungs of otherwise healthy participants. The
concept of mechanical plasticity suggests the muscle responds to different mechanical loads by
reorganizing its contractile and cytoskeletal machinery and/or differentially expressing a repertoire
of contractile genes or proteins [including myosin heavy chain (MHC), alpha-actin (-a-actin) and
desmin (81)]. This allows the force generating structures to adapt and contract with maximum

force over a large length range (82).

These findings clearly demonstrate the crucial role mechanical signals play in regulating
numerous aspects of ASM function. But such studies have yet to elucidate the specific molecular
sensors or transducers through which the cascade of events from mechanical stimulation to cellular
response occurs. For example, mathematical modelling of the airway wall as a nonlinear fibre-
reinforced elastic cylinder (83), demonstrates a theoretical synergistic pathway between
mechanical forces and biochemical signalling. Where this occurs, repeated ASM contractile
activation increases mechanical stresses in the airway wall, which subsequently drives activation
of latent pro-mitogenic and pro-contractile cytokines. Specifically, through transmembrane
integrin receptors (especially a5p5), strain-induced reorganization of ASM cytoskeletal filaments
results in the activation of latent transforming growth factor beta (TGF-B) complexes in the ECM.
In turn, activated TGF-f can act as a contractile agonist (84), increase ASM proliferation [through
phosphorylation of MAP kinases (85) as well as ERK, JNK and p38 (86)] or activate the small G
protein Gog/11, RhoA and ROCK (87). These multiple signalling intermediates may augment force
production and contractility in ASM by facilitating actin polymerization via N-WASP and Arpas3,
as well as through ROCK, mDial/profilin and calponin phosphorylation pathways. ROCK further
promotes MLCzo phosphorylation, which maintains cycling of actomyosin cross-bridges.
Collectively, this enhanced force production may contribute to a mechanically modulated positive

feedback loop (57).

Such observations on ASM mechano-transduction have mostly been limited by the
experimental techniques that are available to impose and measure mechanical stimulation at the

single cell or tissue levels. Thus, inferences about the precise effects/effectors of varying



mechanical cues rests in part on century-old studies and theoretical models that remain
inadequately characterized. Discerning the specific effects of structural changes induced by airway
remodeling requires reliable and high throughput models explicitly designed to study the
mechanical properties of tissues, while simultaneously allowing for direct assessment of tension
development in ASM (88). This is particularly relevant to asthma, where mechanical and

contractile dysfunction are major contributors to disease pathogenesis.

Existing models for studving ASM in asthma

Due to ethical and logistic limitations only a handful of studies have assessed functional
properties of ASM using viable human asthmatic tissue, and even fewer have investigated key
mechano-transduction pathways (89,90). This has prompted researchers to turn to animal models,
which have contributed substantially to our knowledge about some mechanisms underpinning
ASM contractile dysfunction in asthmatic airways. While a variety of species have been used to
study ASM in asthma, including rats, cats, dogs, guinea pigs, horses, and primates, by far the most
used is the mouse model of allergic airway inflammation. This is mainly due to practical reasons
including high reproductive rates, low maintenance costs and availability of tools to study disease
pathogenesis and contractile mechanisms (91). In these models, mice are administered an inhaled
allergen over acute (<2 weeks) or chronic time periods (>6 weeks) to induce an asthma like
phenotype. This typically involves a Th2 immune response reminiscent of human allergic asthma
and airway hyper-responsiveness to inhaled bronchoconstrictors. In chronic exposure models,
mice display many signs of airway wall remodelling including ASM hyperplasia and hypertrophy,
epithelial metaplasia, goblet cell hyperplasia and ECM deposition (92). However, due to genetic
and physiologic differences between species, these models invariably lack elements that limit their
ability to adequately replicate human disease. Aside from differences in lung size and respiratory
rates, these models are only capable of simulating the allergic presentation of human asthma,
which may be less relevant for other endotypes/phenotypes of the disease (93). This is further
complicated by the fact that the observed airway dysfunction, including the inflammatory and

structural aspects, typically begin to recover soon after the cessation of allergen exposure (94,95).

Two-dimensional (2D) culture models using ASM cells grown as monolayers on hard
plastic or glass substrates are commonly used to study the molecular and cellular mechanisms

modulating ASM contraction. The cells are usually isolated by enzymatic or mechanical digestion
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of freshly excised pulmonary tissues obtained from patients undergoing surgical procedures or
from animal models. After isolation, cells can either be virally transfected to form stable cell lines
or used directly as primary cultures (96,97). Several studies using flat 2D culture plastics coated
with matrix proteins have reported that the ECM is capable of differentially regulating various
aspects of ASM function, including maturation (98), contractility (99), proliferation and
phenotypic modulation (100). However, the biological relevance of results obtained using an
artificial 2D geometry are somewhat questionable, as cells in vivo exist as part of a complex three-
dimensional (3D) network, receiving mechanical cues along three axes. By removing cells from
the remodelled asthmatic airway, these physical cues are lost. To buttress the role of
dimensionality and altered mechanical environment, numerous studies have demonstrated the
crucial effects that micro-geometries exert on cellular function, including regulating cytoskeletal
structure (101,102). Specifically, substrate geometry was shown to differentially modulate ASM
proliferation and organization when seeded in high serum media (103). Finally, manipulating
mechanical environments in 2D presents technical difficulties, as plastic substrates are extremely

stiff, and tuning the stiffness to simulate healthy or diseased airways may be especially herculean.

Isolated ASM strips or rings attached to force transducers in an organ bath provide a way
to measure muscle contraction and mechanics specifically in a 3D environment. ASM strips are
typically prepared by removing the connective tissue and mucosa layers from the airways of
‘asthmatic’ animal models or naive animals through microdissection (104). The key advantage of
these models is that they provide a way to directly assess indices of ASM contraction without the
modulating impact of confounding variables such as the interaction between multiple cell types
and mediators. Remarkably, increased airway wall stiffening achieved by photo-crosslinking
collagen fibres of freshly dissected bovine bronchial airway rings using riboflavin (vitamin B2)
and Ultraviolet-A radiation, was sufficient to cause ASM to contract at a faster rate and to a greater
degree when exposed to contractile agonists (105). However, the biological or disease relevance
of ASM strips is still unclear. Since the ASM bundle has been uncoupled from mechanical
elements in the normal airway wall, ASM strips fail to recreate vital features like parenchymal
tethering, the bulk of the airway wall, and the integrated response between multiple cell types.
Thomson et al., were unable to detect any significant relationship between in vivo airway

responsiveness and in vitro ASM sensitivity to methacholine, demonstrating an important role for



non-muscle factors (106). Thus, the oversimplified mechanical environment provided by ASM

strips might be insufficient to unmask vital disease mechanisms.

Precision Cut Lung Slices (PCLS) offer a potential solution to circumvent many of the
constraints with 2D models and ASM strips, since they faithfully preserve cell type diversity,
architecture, and mechanical microenvironment of native airways. In these models, lungs are
gently inflated with a liquid agarose solution followed by precise transverse cutting (100 — 300
um thick sections) to visualise airway lumens (107-109). Lung slices can be generated from
human tissue or animal models and have been shown to retain viability and structural integrity for
up to 14 days in culture (110). Meurs et al., used PCLS isolated from guinea pigs and patients with
COPD to demonstrate a reduction in parenchymal retraction forces and biomechanical changes in
the airway wall could contribute to the development of AHR in small airways (111). In a related
study, challenging mouse PCLS with methacholine revealed a variable increase in compressive
circumferential strain in parenchyma areas adjacent to stimulated airways. These strain patterns
may have profound implications on cellular function from a mechano-transduction perspective
(112). Although the idea of studying ASM function in a realistic matrix environment might seem
attractive, recapitulating asthmatic airway remodeling in PCLS may be somewhat challenging in
practice. Aside from the low availability of human asthmatic tissue, several studies have shown
that the method of animal death can affect the function and viability of PCLS. For example, the
characteristic thick mucus secretion from the lungs of fatal asthmatics makes them extremely

difficult to fill with agarose (113).

Ex vivo airway segments are somewhat similar to PCLS in the sense that they retain a
realistic micro-environment and offer the opportunity to study integrated multicellular responses.
These models are prepared by finely excising bronchial sections of whole airways and tightly
ligating side branches of the airway segments to prevent leaking (114). A critical benefit of airway
segments is they allow for invasive protocols that would be nearly impossible in an intact animal.
Nevertheless, routine use in research has been hampered by their relatively short lifespan (<1 day),

impeding long-term use for research on the chronic effects of airway remodeling on ASM function.



Tissue Engineering

Recently, a spotlight has been placed on tissue engineering techniques to develop custom-
built in vitro models of human tissue. The goal of these models is to specifically recreate and study
essential features linked to disease pathogenesis (115). The techniques used to create human tissue
have been broadly divided into two groups, scaffold-based and liquid-based, each of which show
potential for recreating the mechanical dysfunction seen in asthma. However, it should be noted
that both methods do not preclude one another and can be combined depending on the target
application. In scaffold-based models (e.g., electro-spun matrices, polyacrylamide hydrogels),
cells are seeded and cultured on a specially configured polymer capable of mimicking the
properties of natural ECM, and through cell proliferation/maturation and scaffold remodeling, an
engineered tissue is formed (116-118). Liquid-based models (e.g., bulk collagen gels,
microtissues, bioprinting) involve pre-mixing cells with one or several biomaterials and utilizing
various fabrication techniques to construct neo-tissues with specific micro-architectural features.
These neo-tissues are then directed into mature functional tissues by providing biophysical or

biochemical growth cues in the cellular micro-environment (119,120).

Common materials used in scaffold-based models include purified isolated ECM
components, decellularized matrices (DCM) and synthetic polymers. Scaffolds constructed out of
biopolymers (including polypeptide/protein based e.g., collagen, fibrin, gelatin or polysaccharide
based e.g., hyaluronic acid) are extremely appealing because they provide a realistic culture model
containing a host of signalling molecules easily recognized by cells (121). This intrinsic structural
resemblance to native ECM, in addition to their non-toxic products of biodegradation, have
resulted in a widespread adoption of these models. For DCM, the decellularization is designed to
remove all cellular components, allowing exploitation of all the components of natural ECM.
Booth et al., utilized decellularized lung matrices to show stiff lung tissue can drive myofibroblast
differentiation via a TGF-B-independent mechanism (122,123). Examples of synthetic materials
in scaffold-based tissue engineering, which may be classified as biodegradable and non-
biodegradable, include the aliphatic polyesters [including poly (glycolic acid) (PGA) and poly
(lactic acid) (PLA)], poly-phosphazenes and polyurethane (124). These materials are typically
modified with biological signalling factors and can provide a well-defined, mechanically robust,

and easy to reproduce model. Using a common scaffold fabrication technique called
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electrospinning, Morris et al., created a novel model of ASM with the polymer polyethylene
terephthalate (PET). ASM cells in this model demonstrated an elongated cell morphology with
variable contractile protein levels and distribution (125). However, regardless of the type of
material used, a major shortcoming with scaffold-based models is the inability to easily control
the mechanical properties of the 3D micro-environment. Even though researchers have developed
innovative techniques to tune the mechanical properties of some scaffolds (126), inherent technical
limitations hinder the range of stiffness modification, which is a vital consideration in
mechanobiology research. Another key consideration with these models is that heterogeneously
seeding cells at tissue-like densities on to scaffolds can be extremely difficult. As a workaround,
researchers typically start with low cellular densities and a non-uniform distribution of cells which,
apart from requiring incredibly long wait times for proliferation and maturation, might also impact

tissue function (127,128).

Liquid-based methods bypass some of these limitations and have been dominating current
tissue engineering trends. A ubiquitous liquid-based technique is to infuse cells in free-floating
bulk gels constructed out of native ECM proteins. By embedding ASM cells into a collagen gel
and subsequently attaching them to cast plates, McParland ef al. found an increased contractile
response to histamine in ASM cells isolated from asthmatic patients compared with control cells
(129). However, this method is typically characterized by poor cellular organization and densities.
To improve this, as well as to achieve some degree of biomechanical control, some researchers
have experimented with seeding bulk gels onto microfabricated platforms to create ‘microtissues’.
For example, pre-mixing ASM cells in a collagen-1 gel, followed by seeding on to a
microfabricated tissue gauge constructed out of a silicone-based substrate produced an innovative
model that allowed for simultaneous contractile force measurement and tunability of the
mechanical micro-environment (130). This technique demonstrated that tissue stiffening by
increasing cantilever stiffness and matrix crosslinking, enhances ASM contractile responses to
acetylcholine and potassium chloride. Nevertheless, this model is heavily reliant on cellular
activity to produce a final tissue, and it is highly susceptible to enzymatic degradation, limiting its
use in long-term research on airway remodeling. These drawbacks highlight a pressing need for a
technique that blends the mechanical robustness of scaffold-based models with the ease of cellular

seeding of liquid-based models. Such approaches would potentially satisfy a broad range of
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applications, including direct assessment of tension development in ASM, as well as mechanical

modifications that are especially pertinent to mechano-transduction research.

3D Bioprinting

Additive manufacturing, usually referred to as 3D printing, is a technological advancement
that is currently pushing the boundaries of manufacturing possibilities. This is due to its superior
ability to mass-produce individually customized products versus traditional manufacturing
techniques (131). A 3D printer creates a model structure by depositing materials in a layer-by-
layer manner, using a three-axis (X, Y, Z) mechanical platform that precisely follows inputs from
a computer design file (132). The most common type of 3D printers function by micro-extrusion,
which involves using pneumatic or mechanical pressure to extrude small strands of materials in
two dimensions, with each deposited layer serving as a foundation for the next (133). Additive
manufacturing with biological materials, biochemical factors and living cells is called 3D
bioprinting. In bioengineering, this concept is used to fabricate a reproducible 3D structure with
specific spatial arrangement of functional and supporting cell types. Bioprinted models have an
enormous potential to create customized human tissues on demand since the physical design of
constructs can be easily and rapidly manipulated with high fidelity, enabling a better replication
of the complex micro-architecture of in vivo environments. Typically, the bioprinting process starts
by first creating a 3D design of the model structure, which could be virtually any shape generated
by a computer design program (CAD). This 3D design is then analyzed by software that determines
how the object should be divided into printable layers and is used to control the motions of the

mechanical platforms (134).

To reduce shear stress in the extrusion system, which typically results in low cell viability,
tissue engineers often encapsulate cells in polymers that possess shear-thinning or thixotropic
properties. This involves alignment of the randomly distributed polymer chains and decreased
viscosity that allows these materials to flow easily and regain viscosity after deposition. This
mixture of biological materials that provide protection to the cells during printing and ultimately
creates the tissue structure is commonly referred to as ‘bio-ink’. In addition to favorable
rheological properties, an ideal biological material for extrusion bioprinting should possess

physicochemical properties such as rapid gelation, low adhesion, and surface tension
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characteristics. These properties allow the polymer to overcome various forces during material

extrusion and retain its shape without deforming after deposition (fidelity) (135,136).

Our laboratory is currently utilizing a proprietary ‘RX-1’ bioprinter from Aspect
Biosystems as a platform for building state-of-the-art models of structurally remodeled tissue.
Rather than using a simple syringe or drop extrusion system, this bioprinter uses a unique
microfluidic printhead that facilitates precise control of bio-ink flow using pneumatic pressures
and valves, providing extremely high accuracy for depositing materials. The printhead features a
set of microfluidic channels that support simultaneous printing with multiple materials and a
converging point that enables a technique called coaxial flow focusing. This means liquid bio-inks
are rapidly cross-linked into a solid fibre in a chaos-less manner by a crosslinking sheath solution.
The approach also protects the cells from shear stresses encountered at the printhead nozzle
(137,138). Flow focusing enables tight control over bio-ink crosslinking, so that the fidelity and
printing resolution of a wide array of materials (including low viscosity bio-inks) can be kept

consistent during dispensing.

The RX-1 bioprinter is nominally designed around alginate, a linear anionic copolymer of
L-guluronic (G) and D-mannuronic (M) monomers, commonly obtained from brown algae. These
monomers can appear in homogenous chains of consecutive G-subunits, consecutive M-subunits,
alternating M and G-subunits or randomly organized blocks. The relative amount of each subunit
type varies with the specific origin and processing, which subsequently influences the mechanical
properties of alginates. The physicochemical properties and printability of alginates are also
directly dependent on the method of gelation e.g., ionic, thermal and covalent (139). Ionic gelation
with divalent cations (such as Ca") is by far the most common method of alginate crosslinking.
In the egg-box model of crosslinking, the cations act as a bridge that electrostatically attract
negatively charged carboxylic acid groups from adjacent G subunits to form a 3D gel network that
structurally replicates the ECM of native tissues (140). Calcium chloride (CaCly) is the most
frequently used alginate crosslinking agent, because of its rapid action and mild crosslinking
properties at physiological conditions, which produces zero harmful by-products. However, this
fast and uncontrolled gelation typically creates an unorganized 3D network because of the high
solubility of CaCl; in aqueous media. Through real-time adjustments of microfluidic pressures and

the controlled gelation offered by flow focusing, alginate crosslinking with CaCl, can be
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dynamically regulated directly on the RX-1 printhead, leading to the formation of a highly

organized 3D gel network.

puo™
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Figure 1.01. Schematic of a microfluidic printhead from Aspect’s Biosystem’s RX-1 Bioprinter. As the printer moves
in X, Y and Z-axes, bio-ink flow is driven by pneumatic pressure and the opening/closing of valves. Coaxial flow
focusing is used to sheath the bio-ink in chemical crosslinker, to convert the liquid bio-ink to a solid fibre that is

deposited in high fidelity on the print surface.

Depending on the molecular weight (MW), concentration (141,142), and crosslinking
strategy (143,144), the mechanical properties of alginate can be fine-tuned to match the elasticity
of healthy and diseased airways, making alginate-based matrices an exceptional candidate for
ASM mechano-transduction research. Chemical modifications are often required to support cells,
as alginate is derived from non-animal sources and inherently lacks signalling molecules essential
for cellular differentiation or maturation, and cell adherence proteins are minimally adsorbed onto
the hydrophilic alginate residues. Integrating growth factors, biochemical and biophysical cues

into constructs is therefore essential to strengthen biocompatibility, foster cell viability and
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promote cell spreading, cell-cell and cell-matrix interactions. To provide a congenial micro-
environment for cells, alginate is often modified with cell attachment peptides. Using aqueous
carbodiimide chemistry, an amide linkage is formed between the amine groups in the peptide
sequence and the carboxylic acid groups in the alginate backbone (145). The tripeptide RGD
(arginine-glycine-aspartate) is a commonly used binding motif that mediates cell adhesion to the
ECM and is normally found within a wide range of ECM proteins including fibronectin, laminin
and vitronectin (146). Several integrins expressed by ASM bind to RGD motifs, potentially
providing excellent biocompatibility (147).

A common addition to alginate-based matrices is collagen-I, the predominant structural
protein in connective tissues. Due to its high tensile strength, it mechanically supports and gives
cells structure from the outside (148) making collagen ubiquitous in tissue engineering research
where it is usually obtained from sustainable animal sources (e.g., rat tail or porcine skin). In
addition to providing structural integrity, it also facilitates cell adhesion and growth, due to an
abundance of integrin binding domains. Nevertheless, gelation of collagen is an entropy driven
process, meaning it remains a liquid at low temperatures, and as the temperature rises (at neutral
pH), individual fibrils undergo self-assembly to form a fibrous gel (149). This potentially limits
the use of collagen-I as the primary bio-ink component because complete polymerization can take
up to 30 minutes, reducing fidelity. Further, the structure may be subject to enzymatic degradation

by a wide array of matrix metalloproteinases (150), necessitating the use of supportive materials.

Fibrin is a fibrous and complex polymer commonly used as a support material for collagen.
Thrombin forms an insoluble fibrin polymer by cleaving fibrinopeptides in the central region of
the soluble fibrinogen glycoprotein. Fibrin is a component of the blood clotting cascade and
following tissue injury, it provides the initial scaffold that cells invade to rebuild the damaged
tissue (151). This scaffold plays a vital role in supporting adherence, migration, and biochemical
interactions for the invading cells. Indeed, by incorporating fibrin into alginate/collagen-based bio-
inks, cell viabilities and functionalities of more than 90 percent have been reported (152).
However, due to the non-shear-thinning properties of fibrin, it is rarely extruded and results in
clogging problems in extrusion bioprinters. Most fibrin-based bio-inks often involve printing with
the precursor fibrinogen at low concentrations (<5mg/ml), then performing

cleaving/polymerization reactions post-printing (153).
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In foundational work, Dickman ef al., harnessed the unique microfluidic capabilities of the
RX-1 to create a functional 3D tissue using primary human ASM cells. Airway myocytes in this
model demonstrated a high viability (>90% after 17 days), expressed relevant markers of a
‘mature’ muscle phenotype, and had pronounced unstimulated reduction in lumen area (i.e.,
baseline tone) similar to in vivo airways. Intriguingly, these tissues displayed acute contractile
responses to histamine that were subsequently reversed by the P2-agonist salbutamol. These
physiological responses were comparable to human and guinea pig PCLS. Further, adding TGF-f
to bioprinted ASM tissues enhanced baseline tone and decreased relaxation responses to the [32-
agonist, reminiscent of chronic airway remodeling in asthma, highlighting the relevance of this
model in studying vital disease processes (154). However, this model was designed as a simple
free-floating ring structure without a biologically relevant mechanical load to oppose muscle
contraction and is printed using a fixed proprietary bio-ink. To recapitulate asthmatic airway
remodeling and adequately study ASM mechano-transduction pathways, incorporating easily
modifiable mechanical loads would be required to create a model with compressive and elastic

properties that closely match healthy and diseased airways.
1.2 Knowledge gap and Hypothesis

Asthma is characterized by an aberrant contraction of airway smooth muscle (ASM), which
contributes to clinical symptoms by restricting airflow. Numerous studies have demonstrated that
characteristic airway remodeling events increase the stiffness properties of airway tissues.
However, the precise effects of these mechanical alterations on ASM contractility remain elusive
because ASM cell biology is routinely studied in experimental models that fail to properly replicate
mechanical factors contributing to excessive airway narrowing. In this regard, I hypothesize that
3D bioprinting technology using an alginate-based bio-ink can be used to create a realistic model
of ASM, which would be useful for studying asthma pathogenesis. Moreover, I hypothesize that

this model will demonstrate that tissue stiffening enhances ASM contractility.
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1.3 Specific objectives
The basic approach I adopted to test this hypothesis was to:

e Optimize the physical design of a three-dimensional construct and the biochemical
constituents of an alginate-based bio-ink to support maximal ASM cell maturation,
baseline tension development and allow for easy measurement of ASM contraction,

e Modify the biomechanical environment of 3D ASM tissue to simulate the increased
stiffening associated with asthmatic airway remodeling,

e Assess ASM morphology, phenotype, and functional responses to a range of

contractile and relaxant agents across a stiffness range.
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Chapter two: Methodology
2.1 Cell Culture

ASM

Human airway smooth muscle cells immortalized by stable transfection with human
telomerase reverse transcriptase were obtained from multiple donors (Table 2.01). The cells had
been generated and characterized as described by Burgess et al., (155) and were donated to our
laboratory as a generous gift from Dr. Andrew Halayko (Department of Physiology &
Pathophysiology, University of Manitoba). Cells were seeded in a 75 cm? tissue culture flask (T75;
Sarstedt Inc, Niimbrecht, Germany) and maintained in a feeder medium consisting of 89%
Dulbecco’s Modified Eagle’s Medium, Nutrient mixture F-12 (DMEM/F12; #1130-032, Life
Technologies, Burlington, ON) supplemented with 10% heat-inactivated fetal bovine serum (FBS;
#12483-020, Life Technologies, Burlington, ON) and 1% penicillin-streptomycin (Pen-Strep;
#15140-122, Life Technologies, Burlington, ON) adjusted to a pH of 7.3 to 7.5 with a calibrated
Orion Star A111 pH meter (ThermoFisher Scientific, Beverly, MA). Cells were maintained in an
incubator at 37°C, 5% CO; and 85% relative humidity (RH) until approximately 90% confluent.
At confluence, cells were rinsed with 1x phosphate buffered saline (PBS; #70011-044, Life
Technologies, Burlington, ON) and treated with a TryplE cell dissociation reagent (#12605036,
Life Technologies, Burlington, ON) for 5 minutes at 37°C to create a single cell suspension. The
suspension was then diluted with an equal volume of feeder media and was either reseeded in new

flasks, used for experiments, or cryogenically frozen.

Cell Line Age Sex Status Tissue hTert
2691MA 25 M Asthmatic Biopsy 27-Sep-12
2728M 21 F NHV Biopsy (RLL) 28-Mar-13
2929M 69 M NHV Biopsy 28-Mar-13
3002MA 33 M Asthmatic Biopsy 27-Sep-12
3376MA 44 M Asthmatic N/A 14-Mar-13
D12 N/A N/A N/A N/A N/A

Table 2.01. Characteristics of human airway smooth muscle cell lines used. The hTert column represents the date
cells underwent immortalization with human Telomerase reverse transcriptase. NHV and RLL denote normal healthy

volunteers and right lower lobe respectively.
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Growth curves

ASM cells were seeded at 5x10° cells/cm? in a 25 cm? culture flask (T25; Sarstedt Inc,
Niimbrecht, Germany) containing feeder media supplemented with 200pg/mL geneticin (G418;
#10131035). After 24 hours, cells were dissociated with TrypLE and diluted with a 1:1 feeder
volume, after which a small volume (~50 pL) was taken, mounted on a hemocytometer (#267154,
ThermoFisher Scientific, Waltham, MA) and counted using the EVOS imaging system (EVOS®
FL, ThermoFisher Scientific, Waltham, MA). Cell counts were repeated daily for up to 10 days.

2.2 Alginate hydrogels

Ultrapure sterile alginates were selected to comprise the base component of a new
customizable bio-ink. By selecting different G/M ratios and molecular weights, the viscosity for
bioprinting and stiffness of the final hydrogel can be modulated. Before the beginning of each
experiment, 3 % (w/v) stock alginate solutions were made by dissolving 100% freeze-dried sterile
sodium alginate (SLM-20; #4202221, SLM-100; # 4202301, SLG-20; #4202001 and SLG-100;
#4202101, Novamatrix, Sandvika, Norway) in alginate diluent buffer (145mM NaCl, 5SmM
NaHCO;3, pH 7.0-7.4).

To identify candidate bio-inks that supported maximal cell viability and function, I
performed initial biocompatibility testing using thin hydrogels, which were prepared via external
gelation with our alginate-based matrices and AG-10 (Aspect Biosystems, Vancouver, Canada).
Stock alginate solutions were diluted to desired working concentrations, functionalized by adding
1 mg/mL collagen-I (#354236, Corning, NY) and buffered as needed to achieve a physiological
pH of 7.4 (tested using a 6.0 — 8.0 pH paper). AG-10 was reconstituted as per the manufacturer’s
instructions. To prepare hydrogels, ~150ul of each alginate mixture was spread on 0.4 pm
ThinCert membranes and was then transferred to a proprietary calcium-based crosslinking solution
(CAT-2, Aspect Biosystems, Vancouver, Canada) at 37°C and 85% RH for 10 minutes. This high
temperature facilitates collagen gelation, while calcium diffusion into the alginate creates a
functionalized hydrogel ~200pum thick. Cells were then seeded onto the hydrogels at a range of

cell densities (1x10% to 4x10* cells/cm?) and maintained in standard culture conditions.
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Alginate Appr. Mw [kDa] G/M Ratio Viscosity (mPa)s | Expected Hydrogel
Stiffness
(Arbitrary)

SLM-20 75-150 <1 20-99 *
SLM-100 150-250 <1 100-300 ok

SLG-20 75-150 >1.5 20-99 TRk
SLG-100 150-250 >1.5 100-300 ko
AG-10* - - - -

Table 2.02. Panel of alginates used. The mechanical properties of alginate matrices are expected to be significantly
influenced by alginate concentration, guluronate residue content, and molecular weight of the copolymer chains.

*Biochemical properties of AG-10 are uncharacterized.

2.3 3D Bioprinting

Tissue Design

3D models were created within the Aspect Studio software or TinkerCAD
(https://www.tinkercad.com) and saved in stereolithography file format (.STL). The STL file was
imported into Aspect Studio, print parameters set (infill density, infill pattern, number of
perimeters, layer height, print speed) and a tissue design assembly (.tda) file generated. Figure 2.01
shows the standard Aspect Biosystems 15 mm bio-ring design replicated using a cylinder (15 mm

diameter, 1.5 mm high), printed with no infill, 1 perimeter and a 0.1 mm layer height.
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Figure 2.01. Standard bio-ring design. (A) 3D STL model (15mm diameter hollow cylinder) describes the raw,
unlayered and triangulated external surface of the object. (B) Schematic of tda model file, which carries information

about how the construct is to be divided into printable layers.

Bio-ink Preparation

A bio-ink needs to be formulated to support cell survival during and after the bioprinting
process. This includes the usage of bio-compatible matrix components, balancing pH, and
maintaining consistent salt/water content to create an isotonic solution. Moreover, it is essential to
be able to flexibly mix components from concentrated stock solutions to create bio-inks with
different properties. Cellular bio-inks were prepared either by preparing AG-10 as per the
manufacturer’s instructions, or by using our own custom bio-ink formulations. The three core
components of our bio-ink are alginate, collagen, and fibrinogen. Lyophilized alginates were
reconstituted in alginate diluent buffer as described in section 2.2. Collagen-I was purchased as a
commercial product at >3 mg/mL in 0.02N acetic acid. Fibrinogen (#8630, Sigma-Aldrich, Saint-
Louis, MO) stock solution was created by dissolving >20 mg/mL fibrinogen in alginate diluent
buffer and subsequently diluted to working concentrations as needed. An Excel based calculator
was developed and used to calculate volumes of each component in the bio-ink. The inputs for the
calculator were the desired final volume of bio-ink, and the stock and final concentrations of each
matrix component. The calculator then calculated the volume of 7.5% NaHCOs3, 1.5 M NacCl, and
ddH>O to precisely neutralise the acid from the collagen and achieve final salt concentrations of
145 mM NaCl and 5 mM NaHCOs. The dilution calculator also corrected for micro-volume errors
associated with pipetting viscous alginates by recalculating total volumes based on actual pipetted

volumes. This ensured standardization and significantly minimized variations between print runs.
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Figure 2.02 Alginate dilution calculator. Excel-based dilution calculator estimates precise volumes of buffers required
to neutralize excess hydrogen ions from collagen stock solution, ensuring tonicity and pH of bio-inks were within

physiological levels.

To create homogenous mixtures, each ingredient was added dropwise with continual
mixing over ice to prevent early gelation of collagen. Fibrinogen was added last as we found it
formed insoluble precipitates if it was added to the bio-ink before collagen. After mixing, the pH
of the mixture was confirmed to be in the range of 7.0 to 7.4 with a 6.0 to 8.0 pH paper. For bio-
inks containing cells, cells were detached from culture flasks using TryplE, resuspended, and cell
concentration calculated using a hemocytometer. An aliquot of cells was then centrifuged at 150
x RCF for 5 minutes (v5804R, Eppendorf, AG, Germany). After centrifugation the supernatant

was removed, and cells were resuspended in ice-cold bio-ink at a density of 2.5x107 cells/mL.
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Printing

The bioprinter was set up as per the manufacturer instructions. In brief, a DUO (two bio-
ink channels) or QUAD (four bio-ink channels) microfluidic printhead was mounted on the Aspect
Biosystems RX-1 Bioprinter. Tubes containing bio-inks and bottles containing alginate diluent
buffer and CAT-2 crosslinker were sealed with a pneumatic cap and tubing before the tubing was
connected to separate material channels on the bioprinter. The pneumatic tubing and printhead
were then primed with bio-ink, buffer or crosslinker to remove air bubbles. Tissues were printed
onto porous Thincert membranes (PET, 24 mm diameter, 8.0 pm pore size) mounted on a vacuum
chuck to capture the printed material and allow excess crosslinker and buffer to flow through.
Printed constructs were deposited layer by layer as per the specified tda file, and material pressures
and print speeds were varied to account for the different rheological properties of different bio-
inks (Table 2.03). All print runs were completed within 30 minutes of adding cells to bio-inks, to
minimize variance throughout the print run that can arise from cell sedimentation/clumping and

premature precipitation/gelation of bio-ink components.

Material Print Pressure (mBar) Print Speed
(mm/sec)

AGC-10 25 —30 25
0.25% VLVG 18 —22 32
0.375% VLVG 20 —28 32
0.5% VLVG 25 —30 32
0.75% VLVG 30 —50 30
0.75% SLG-20 55— 60 23
1% SLG-20 80 — 100 20
1.25% SLG-20 125 — 140 18
1.5% SLG-20 200 — 300 15
2% SLG-20 300 — 500 10

Crosslinker 60— 70 N/A

Buffer 100 N/A

Table 2.03. Approximate print pressures and speeds. Since fidelity and resolution of constructs are dominated by print

pressures and speeds (156), these were monitored constantly to ensure consistency.
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Figure 2.03. Representative image of ASM tissue at day 0. Printed using a one-step bioprinting process following the
standard bio-ring design. (A) Gross morphology indicates excellent printing fidelity that closely matches the 3D tda
design. (B) DAPI stained 1.25% image of bio-ring shows homogenous distribution of cell nuclei above and below axis

of focus, indicating formation of a true 3D structure. Scale bar = 2000 pm

Post-printing

Immediately after printing, Thincert inserts containing tissues were placed into a 6-well
plate containing feeder media and maintained under standard culture conditions. For tissues
containing fibrinogen, the feeder media was supplemented with 1.25 U/mL thrombin (#T4648,
Sigma-Aldrich, Saint-Louis, MO) to cleave and polymerise fibrinogen to fibrin, before switching
tissues to regular feeder media after 30 minutes. Culture plates were gently agitated to ensure
constructs detached from the inserts and floated freely in the feeder media. Cell health, viability
and morphology were tracked daily by live cell microscopy and contractile function was assessed

on day 6.
2.4 Cell viability

Live/dead cell counting

On designated days, feeder media was removed, and cells were washed once with 1x
Hank's Balanced Salt Solution (HBSS, # 14185052, Life Technologies, Burlington, ON)
containing calcium to prevent alginate decrosslinking. ASM tissues were then placed in a 1%
serum feeder media containing 1 pg/mL propidium iodide (PI304MP, ThermoFisher Scientific,
Waltham, MA) and 1 pg/mL Hoechst 33342 (#H1399, ThermoFisher Scientific, Burlington, ON).

Constructs were incubated at 37°C for 30 minutes, after which they were washed once again with
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HBSS and imaged on the Cytation 5 Cell Imaging Multi-Mode Reader and Gen5 Software (Biotek
Instruments Inc, Winooski, VT) using DAPI (#1225100, Biotek Instruments Inc, Winooski, VT)
and Texas Red (#1225102, Biotek Instruments Inc, Winooski, VT) imaging cubes and 4%, 10x,
20x objective lenses at 37°C and 5% CO». Images were captured at multiple focal lengths to

visualise live/dead cells at multiple depths through the tissues.

Lactate dehvdrogenase (LDH) release assays

At specific time points, culture media was removed from printed constructs and centrifuged
at 250 x RCF for 5 minutes. Cell free supernatant was collected and stored at 2 to 8°C until use.
Two controls were established, a 1% serum media (media control) and a 100 percent lysis control,
obtained by lysing cells with 1% Triton X-100 (#H5141, Promega Corporation, Madison, WI).
Roche’s Cytotoxicity detection kit (#11644793001, Sigma-Aldrich, Saint-Louis, MO) consisting
of a diaphorase and NAD" catalyst, as well as an iodotetrazolium chloride (INT) and sodium lactate
dye in 1:45 dilution was used for all LDH release experiments. For each experiment, working
solutions of the test kits were freshly prepared by mixing the catalyst and dye solutions thoroughly.
This was then transferred to an optically clear flat-bottomed 96-well plate containing previously
collected supernatant and incubated in the dark for up to 30 minutes. Absorbance readings were
taken at 490nm and 620nm (reference wavelength) using the Cytation 5 and the Gen 5 software.

Cellular cytotoxicity was calculated using the following equation:

o Experimental sample — Media control
% Cytotoxicity = 100 X - -
100 percent lysis control — Media control

Equation 2.01. Percent Cytotoxicity.

2.5 Immunofluorescence

3D tissues and 2D coverslips were rinsed once with HBSS, then fixed with 4%
paraformaldehyde (#P6148, Sigma-Aldrich, Saint-Louis, MO) in HBSS for 10 minutes.
Subsequently, tissues and coverslips were permeabilized with 0.1% triton X-100 and 4%
paraformaldehyde in HBSS for 5 minutes, after which they were washed three times with HBSS
and stored at 4°C prior to staining. Actin filaments were stained with 1U phalloidin (#A12379,
ThermoFisher Scientific, Waltham, MA) in HBSS for 1 hour in the dark. Next, constructs and
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coverslips were rinsed three times with HBSS, and counterstained for nuclei with 0.1 pg/mL
Hoechst 33342 in HBSS for 30 minutes in the dark. 3D tissues and coverslips were imaged with
Cytation 5 and Gen5 software using the GFP (#1225101, Biotek Instruments Inc, Winooski, VT)
and DAPI light cubes for phalloidin and Hoechst respectively.

2.6 3D Contractile Function

Image and video capture

Macroscopic images of printed tissues were captured daily using an Olympus Tough TG-
1 iHS digital camera (Olympus Imaging Corp., Tokyo, Japan), equipped with a 12-megapixel lens
and mounted on a tripod stand. Camera height and focus were optimized using 6-well plates with
Thincert inserts such that the entire plate was in the field of view. Videos of muscle responses to
contractile agonists, relaxant agents and alginate decrosslinking/load removal were obtained under
a high-quality video mode (1920 x 1080p, 30 fps). I performed all image and video capture on an
isolated table to prevent any deflection artifacts. The videos were processed by ffmpegTool to

create single image sequences, which were analyzed to determine changes in lumen area.

Image processing

Lumen area reduction was quantified from processed image sequences using Fiji Imaging
software. Images were uniformly adjusted for brightness and contrast only, ensuring no details
were obscured, and the Canny edge detector plugin (for ImageJ) was used to highlight borders of
the construct. The internal area of each ASM tissue was then measured using the manual tracing
feature. Measured pixel distance between lines on a millimeter ruler was used to calculate a
calibration factor of 0.018 pm? per square pixel. Percentage change in lumen area was then

calculated with the following formula:

Initial Lumen Area — Final Lumen Area)

% decrease = 100 X (
7 Initial Lumen Area

Equation 2.02. Lumen area reduction calculation.

26



Drug testing

ASM tissues were serum deprived 48 hours after printing using low serum media consisting
of DMEM/F12 supplemented with 1% insulin transferrin selenium (ITS; #41400045, Life
Technologies, Burlington, ON), and 0.5% FBS. Tissue health and gross morphology were
qualitatively assessed, and one representative ASM tissue from each stiffness range was selected
and placed in fresh low serum media. Before the start of each experiment, selected tissues were
allowed to adjust to room temperature by placing them on an isolated table for 10 minutes. Video
recording was initiated to capture images representing baseline tone, which was used to normalise
the contraction data. Supramaximal doses of contractile and tension ablating drugs were prepared
and administered as described previously (130). In brief, treatments included 100 pM acetylcholine
chloride (#A6625, Sigma-Aldrich, Saint-Louis, MO), isotonic 80 mM KCl and 10uM cytochalasin
D (#SC201442, Santa Cruz Biotechnology, Dallas, TX), each prepared in low serum media and
added sequentially to ASM tissues for 10-minute treatments. To ensure even drug distribution,
approximately one third of the drug dose was added to the interior of the Thincert insert and two-
thirds added to the exterior well. Drugs were administered carefully to limit agitation of the muscle

tissues.

Alginate decrosslinking

To remove the mechanical load contributed by the acellular alginate layers and characterize
shortening dynamics of the unloaded cellular layer, calcium chelation was used to decrosslink
alginate (157). Three chelation solutions were trialed; S0mM tri-sodium citrate (#111037,
Millipore-Sigma, Oakville, ON), 40mM tri-sodium citrate + 15mM ethylenediaminetetraacetic
acid (EDTA; #324503, Millipore-Sigma, Oakville, ON) and 300mM NaCl (#S3014, Sigma-
Aldrich, Oakville, ON). These solutions were adapted from Wu et al/ (158) and adjusted where
possible to achieve physiological tonicity. Solutions were prepared in DMEM/F-12, buffered to
pH 7.3 — 7.4 using 1M NaOH (#CC38215-1, Sigma-Aldrich, Saint-Louis, MO) or 6N HCI (#7647-
01-0 Fisher Scientific, Fair Lawn, NJ) and filter sterilized with a 0.22 pm membrane filter (#
635387, Millipore, Oakville ON). On day 6, serum deprived ASM tissues were rinsed once with
HBSS, decrosslinking solutions were administered for 10 minutes, and videos captured as

described above.
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Figure 2.04. Alginate decrosslinking. Citrate + EDTA solution caused a reduction in lumen area by more than 50%

within 5 minutes. Thus, it was deemed most potent and used for subsequent experiments.

Concentration-response assays

A dose response curve to acetylcholine was constructed by preparing serial dilutions of a
10mM stock solution in low serum media, to achieve final concentrations of 10nM, 100nM, 1uM,
10uM and 100uM. Working solutions were administered sequentially for 10 minutes, from lowest
to highest concentration, while videos were captured. Data were fitted to the Hill equation to

calculate ECso values.
2.7 RNA isolation

Alginate is a polysaccharide that forms poorly soluble ionic complexes with nucleic acids,
which compromise RNA quality and interfere with the isolation process. Thus, conventional RNA
extraction techniques used for mammalian 2D cell cultures that utilize chaotropic agents (e.g.,
guanidine isothiocyanate) and thiols (e.g., f-mercaptoethanol) are not appropriate (159-161). Due
to the structural similarity of alginate to plant polysaccharides, we trialed several commercially
available plant-based RNA extraction kits and compared them with conventional mammalian cell
methods (Table 2.04) by assessing RNA yield, concentration, and purity. For a detailed description
of each technique tested, please refer to table B in the appendix (p. 99).
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Kit tested Principle
PureLink RNA Mini Kit (#12183025, Life Cells are first lysed and homogenized in a buffer

Technologies, Burlington, ON) containing guanidine thiocyanate. Lysates are then
mixed with ethanol, which in conjunction with the
chaotropic salt facilitates RNA binding to a silica-
based spin-cartridge. Impurities are washed out and

pure RNA is eluted with nuclease free water.

Tri Reagent (TRIzol; #93289, Sigma-Aldrich, | Liquid-liquid extraction involving homogenizing

Oakville, ON) cells in a mono-phasic TRIzol solution. Subsequent
addition of chloroform and centrifugation separates
the solution into organic and aqueous (which
contains the RNA) phases. Pure RNA is recovered
by precipitation with isopropanol.

CTAB (#D44026, Millipore-Sigma, Oakville, | An extraction buffer composed of

ON) hexadecyltrimethyl ammonium bromide,
polyvinylpyrrolidone, and B-mercaptoethanol is
used to breakdown polysaccharides and prevent the
oxidation of phenolic compounds. Homogenates are
then separated into two phases with chloroform and

pure RNA is precipitated with isopropanol.

GeneJET Plant RNA Purification Mini Kit Utilizes a solid-phase extraction similar to PureLink

(#K 0802, ThermoFisher Scientific, Waltham, | but optimized for high-polysaccharide plant tissues.

MA)
Plant RNA Reagent (#12322012, Life A proprietary RNA isolation reagent that uses phase
Technologies, Burlington, ON) separation with NaCl and chloroform. RNA is

precipitated with isopropanol.

Table 2.04. RNA Isolation Methods.

RNA purity and concentration were measured using a 2 pL. sample volume and a Take3
microvolume microplate (#11-120-571, Biotek Instruments Inc, Winooski, VT) coupled with the
Cytation 5 spectrophotometer. For the CTAB samples, a UV-Vis spectrophotometer (NanoDrop-
2000, ThermoFisher Scientific, Waltham, MA) was used. RNA purity was assessed using
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absorbance ratios (A260/A2s0 and Azso/A230) and concentration assessed from Azeo using the Beer-

Lambert Law. Total yield was determined by concentration multiplied by elution volume.
2.8 Reverse transcription and mRNA abundance

RNA was reverse transcribed to complementary DNA (cDNA) using iScript Reverse
Transcription Supermix (#1708841, Bio-Rad, Hercules, CA). Samples were prepared following
the kit vendor’s protocol. In brief, 0.3-0.5 pg total RNA was added to 4 pL of 5x iScript supermix
and an appropriate volume of nuclease free water (#10977023, Sigma-Aldrich, Oakville, ON) for
a 20 pL reaction volume. Reverse transcription was then carried out by incubating the mix at 25°C
for 5 minutes, 42°C for 30 minutes and at 95°C for 1 minute using the Techne Touchgene
Programmable Thermal Cycler (#FTGO5TP, Conquer Scientific, San Diego, CA). cDNA was
diluted with TE-Buffer (TE, pH: 8, AM9849, ThermoFisher Scientific, Waltham, MA) to an
equivalent of 10 ng/uLL RNA and stored at -20°C.

Relative mRNA abundance was determined using semi-quantitative real time polymerase
chain reactions (QPCR). A reaction mix consisting of 10 uL 2x SYBR Green supermix (#1725274,
Bio-Rad, Hercules, CA), 300 uM of each forward and reverse primers, 2 uL. cDNA template
(equivalent to 20 ng RNA) and nuclease free water in a 20 pL reaction volume. Primers for

housekeeping and test genes are detailed in table 2.05.

Gene Accession No.
F Pri , 57 -3 R Pri , 5737 ] )
code orward Primer Sequence, 5’ — 3 everse Primer Sequence, 5 (Amplicon Location)
GAPDH CTGACTTCAACAGCGACACC CGTTGTCATACCAGGAAATGAG 1\11;11)3(;0?(1);13)5
YHWAZ TCCCCAGAGAAAGCCTGCTC ATCCGATGTCCACAATGTCAAG Nlé—gzogg?f 3
ATCTGCATTGTCAA! NM_021009.
UBC TGGCACAGCTAGTTCCGTC CACGAAGATCTGC GTCAAG 0210096
TG (382-473)
MHC CTGCAGAGACAGCTTCACGA CTCCCCTTGATGGCAGAGTC I\(Iﬁg(;(izs?);‘é)z
o-actin AGCCAAGCACTGTCAGGAATC CAGAGCCATTGTCACACACC NN(I;;) 011 6651)3'2
NM 001001522.1
SM22a. | AGAACTTCCAAGGAGCTTTCCC GCCACACTGCACTATGATCC EA?SZ?S» 55)
NM 002422
MMP-3 | ACAAAGGATACAACAGGGACC TGGCTGAGTGAAAGAGACCC ( 67_5 756)
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NM_001927.3

DES CCAACAAGAACAACGACGCC ATCAGGGAATCGTTAGTGCCC (1006-1123)

NM_003380.3

VIM ATCCAAGTTTGCTGACCTCTC TCAGTGGACTCCTGCTTTGC (1289-1366)

NM_000088.3 (215-

COL-1 CACCCCACGCTCAGATACAG ATCACATCCACACGGTAGCC 347)

NM_001306129.1

FN-1 CCAAGACGAAGACATCCCACC GTCATCGCACAACACCTTGC (2968-3093)

Table 2.05. Primers used for PCR gene expression analysis. Primers were selected using the Primer-BLAST tool
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) to span exon-exon junctions, which prevented amplification of

genomic DNA.

Samples were pipetted in duplicate into 96-well qPCR plates (#HSP9655, Bio-Rad,
Hercules, CA), and amplified with the CFX96 Touch Real-Time PCR Detection System
(#1855195, Bio-Rad, Hercules, CA). No template controls confirmed an absence of contaminating
cDNA in the PCR master mix. Thermal cycling conditions involved an initial 10-minute
incubation at 95°C for Taq activation and cDNA template denaturing, followed by 40 cycles of
primer annealing and extension at 58°C for 30 seconds and melting at 95°C for 10 seconds. Cycle
thresholds (Cq) were determined using Bio-Rad CFX Maestro software, (v4.1.2433.1219, Bio-
Rad, Hercules, CA) and reaction efficiency was determined by LinRegPCR (v 2018.0, Academic
Medical Center, Amsterdam)(162). Primer specificity was continually assessed by melt curve
analysis. Cq inputs for Bestkeeper software (v1, www.wzw.tum.de/genequantification/bestkeeper)
and E*“9 inputs for NormFinder (v5 for R, MOMA, Aarhus, Denmark) were used to determine
stably expressed housekeeping genes. To achieve linear relative values, the data were analyzed
such that the sample with the lowest Cq was used as the calibrator. Relative gene expression was
determined by calculating the fold change ratio of efficiency-corrected 2Cq of target genes to

internal control genes with the following equation:

-minCz—sampleC
E¢ a pleca) target

Relative mRNA abundance = (-minC—sampiecq) '
housekeeping

Equation 2.03. Formular for calculating relative mRNA abundance.
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2.9 Statistical analysis

All statistical tests were performed with the GraphPad Prism 8.4.3.686 software package.
Unless otherwise specified, all numerical data are reported as mean + standard error of mean
(SEM). t-tests, one- and two-way ANOVA followed by a Tukey’s correction for multiple
comparisons, were computed to detect significant differences between tested groups. P <0.05 was

considered statistically significant.
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Chapter three: Results — Optimization of Bio-ink and 3D design

3.1 Cell selection

Bioprinting requires a large number of cells (>2.5x107 cells/mL) to closely mimic tissue-
like densities and significantly minimize gaps between cells in printed constructs. To better predict
timelines and select a cell line capable of reliably generating the large quantities of cells required

for this project, I prepared growth curves of several human ASM cell lines (Figure 3.01).
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Figure 3.01. Human ASM Growth Curves. Representative images of selected cell lines. Cell counts were transformed
to In (cell count) and results were fitted with linear regression. Early lag and late plateau points that did not correspond

to exponential growth were excluded from analysis (R? approaching 1 was used as a guide).
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Cell line Doubling time Doubling time Estimated time to generate
(Days) (Hours) 1.0 x 10 cells from 5.0 x
10° cell input (Hours)

D12 2.19 52.5 228.4
2929M 2.51 59.9 257.0
2728M 3.88 93.1 402.9
3002MA 3.18 76.2 329.9
2691MA 2.36 56.8 2433
3376MA 5.80 139.2 602.2

Table 3.01. Doubling times of candidate ASM cell lines. Computed as In (2)/K, where K is the slope of the regression

line. The ‘time to generate’ calculation was based on producing 400 pL of bio-ink at 2.5x107 cells/mL

Initially, for bio-ink development and 3D design optimization strategies, I alternated
between 2929M, 2728M and 2691MA cell lines based on their growth rates. Ultimately, these
cells were supplanted by D12, which consistently and rapidly produced the large number of cells
required for bioprinting iterations due to their relatively short doubling times (Table 3.01). Further,
since a previous model of ASM (3D microtissues) was developed and characterized using the D12,
these cells were chosen to better determine whether the bioprinted model was a direct

improvement.
3.2 Alginate pre-screening and bio-ink optimization

The quality of bioprinted constructs is defined by the accuracy of the spatial distribution of
materials within deposited layers, termed resolution. The resolution in the x and y axis (lateral
resolution), combined with the resolution at z axis (dimensionality) determines the overall shape
fidelity of the printed structure (163). While several bioprinter factors such as nozzle diameter and
printing toolpath can alter resolution in printed models, intrinsic biomaterial properties including
shear-thinning properties, contraction/swelling and crosslinking dynamics are by far the most
important determinants of the final shape of constructs (164). To develop an optimal bio-ink
formulation that was easy to prepare, easy to print and supported cell survival and maturation in
3D, I created thin alginate hydrogels of varying compositions, determined their practical handling

capabilities, and characterized cellular morphology.
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Generation of a mature muscle tissue involves multiple distinct steps that require precursor
cells to establish significant cell-cell, cell-matrix networks, locally align and fuse to form a
functional unit. This process is driven by formation of specialized junctions, containing cell
adhesion molecules, which are linked intracellularly by condensed actin fibres. These actin
filaments then polymerize to form prominent filamentous networks (f-actin), which maintains and
strengthens the contact between cells (165). Visualizing f-actin fibres in ASM cells seeded at
10x10° cells/cm? using on polymerized AG-10, revealed a rounded cellular morphology and a
failure to develop significant cell-cell connections (Figure 3.02). In an attempt to foster cellular
crosstalk and promote maturation, I increased cell densities to as high as 40x10° cells/cm?.
However, this had no effect on the observed morphology of f-actin. Strikingly, there were no
significant changes in cellular proliferation, spreading and alignment (all <10%) after more than 7

days in culture using AG-10 matrix.

Figure 3.02. 2691MA Human ASM cells seeded on thin AG-10 hydrogels at varying densities (A) and (B) 10x10°,
(C) 20x10° and (D) 40x103 cells/cm?. Rounded morphology and an absence of muscle-like filamentous actin network

was observed in all cells. Magnification = 10x. Green = F-actin, Blue = Nuclei. Scale bar = 200 um.
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Comparatively, ASM seeded on our custom matrices, formulated using Novamatrix
alginates of varying concentrations with 1 mg/mL collagen and 50 uM RGD-coupled-alginate to
confer biocompatibility exhibited substantially improved morphology. Cells seeded at a density of
10x103 cells/cm? displayed conspicuous f-actin fibres, marked cell-cell connections, and a rapid
increase in cell number. Further, there was a positive association between increasing collagen (2
mg/mL) and RGD-coupled-alginate (100uM) concentrations on cell-cell network formation (data
not shown). Finally, on the stiffer alginates (2% SLG-20 and SLG-100), actin filaments appeared
thicker, more prominent and reinforced, demonstrating a mechanical adaptation of subcellular

structures to the composition of hydrogels (Figure 3.03).

Figure 3.03. 2728M Human ASM cells on thin alginates from Novamatrix. Cells proliferated and spread out rapidly
on both soft 0.5% SLM-20 (A & B) and stiff 2% SLG-100 (C & D) alginates. Magnification = 10x, scale bar = 200

pm.
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Initial bio-ink characterization

After the initial pre-screening, I sought to characterize the bioprinting properties of
different alginates. This was achieved by qualitative visual assessment of printing resolution,
mechanical robustness, and fibre diameter of printed structures. I expected the manufacturer-
supplied AG-10 matrix to print exceptionally well and/or be used as a supplement in our custom
bio-ink formulation. However, consistent with the thin hydrogel results, I found the AG-10 matrix
to perform poorly compared with alginates from Novamatrix (Figure 3.04 and 3.05). Specifically,
AG-10 based constructs were exceedingly fragile, unravelled as soon as they were deposited on to
the Thincert inserts, and exhibited no gross signs of a functional contractile tissue even after 7 days
in culture. Microscopically, we observed an uneven distribution of cells and large clumps of matrix
material in printed fibres. In addition, Hoeschst (All) and Propidium Iodide (Dead) staining
revealed a very low percentage of viable cells (<10%). Finally, f-actin fibres displayed a rounded
morphology several days after printing, indicating a lack of cellular maturation in these constructs.
It was later discovered that we received several bad vials of AG-10, which are not representative

of the typical commercial product (personal communication with Dr. West).

Figure 3.04. 2728M Human ASM cells printed with AG-10 matrix. Highly unorganized distribution of cells after
printing. (A) Composite live/dead imaging 24 hours after printing. (B) F-actin staining reveals a lack of development
of significant cell-cell connections. Clumps of matrix material and cellular aggregates can be observed. F-actin =

Green, Live cell nuclei = Blue, Dead cell nuclei = Purple. Magnification = 4%, scale bar = 1000 pm.
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Figure 3.05. Macroscopic morphology of 2728M Human ASM cells printed using the AG-10 matrix. Constructs

exhibited poor physical handling characteristics, failed to maintain shape fidelity and rapidly lost structural integrity,

sometimes within minutes after printing. Fibre diameter was inconsistent between and within print runs.

Using alginate formulations from Novamatrix, [ was able to successfully fabricate cell-free
structures. Constructs printed using soft and stiff alginates displayed excellent printing resolution
and maintained high material and shape fidelity after deposition. Importantly, the stiffer high-G
alginates (SLG-20 and SLG-100) were mechanically robust and easily handled using forceps
(Figure 3.06). These features, in conjunction with the promising results from the thin hydrogels,
established the alginates from Novamatrix as a suitable platform for subsequent experiments and
bio-ink optimization. However, high molecular weight alginates (SLG-100 & SLM-100) were
excluded because their ultra-high viscosity made routine print runs problematic. Although the
SLM-20 alginate had optimal viscosity properties for printing, it was also ruled out based on its
low mechanical strength. Due to fewer crosslinked moieties, the low-G formulations require a very
high alginate content to achieve similar mechanical properties as the high-G ones and are less
likely to preserve structural integrity over long-term cultures. The SLG-20 alginate became a

natural choice for all optimization experiments because of its printability and strength-to-
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concentration ratio. Further, we confirmed this alginate could easily be substituted by RGD-

coupled-alginate to provide a more congenial micro-environment for the cells.

Figure 3.06. Acellular constructs printed using alginates from Novamatrix. (A) 0.5% SLM-20 (very soft), (B) and (C)
2% SLG-100 (very stiff). High resolution structures could be printed with both soft and stiff alginates.

Cellular constructs printed using 1% SLG-20 alginate supplemented with 1 mg/mL
collagen exhibited robust mechanical properties and consistent fibre diameters (Figure 3.07).
When viewed by brightfield microscopy, cells were organized in a solid and well-defined
homogenous 3D ring structure, precisely following the computer aided design, with the profound
absence of clumps or cellular aggregates. Dual fluorescent labelling 24 hours after printing with
Hoechst/Propidium Iodide revealed a very high percentage of viable cells (>80%) (Figure 3.08A-
B). This high cellular viability and mechanical stability was maintained for several weeks in

culture.
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Figure 3.07. Macroscopic morphology of 2691MA HASM cells printed with 1% SLG-20 alginate supplemented with
Img/mL collagen. Structures exhibited excellent printing resolution, high shape fidelity and maintained structural

integrity for weeks in culture.

Microscopic visualization at day 0 displayed evenly distributed cell nuclei, which were
qualitatively present throughout a wide z-axis range, demonstrating the formation of a true 3D
structure. Cells assumed a rounded or amorphous morphology, similar to that observed during the
trypsinization and subculturing step performed prior to printing. During culture, only a few cells
at the edges of constructs showed any morphological changes consistent with smooth muscle
differentiation. This was confirmed by immunostaining at day 7, which revealed a highly
organized, yet immature tissue (Figure 3.08C-D). F-actin staining revealed cells that appeared
rounded and undifferentiated, in stark contrast to the thin hydrogels where extensive cell-cell

network formation was observed using the same bio-ink formulation.
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Figure 3.08. Representative microscopic (4x) features of a section of bio-ring printed using 2691MA HASM cells
and 1% SLG-20 with 1 mg/mL collagen-I. (A) Brightfield imaging reveals a uniform distribution of cells in a three-
dimensional axis (Background noise is 8.0 um pores of ThinCert membrane). (B) Composite Live/dead imaging 24
hours after printing. (C) F-actin staining at day 0, show cells with a rounded morphology characteristic of smooth
muscle after undergoing trypsinization and subculturing. (D) F-actin staining at day 7, cells retain round morphology

and do not establish significant cell-cell contacts. Scale bar = 1000 pm.

Serum deprivation is known to induce cell-cycle arrest and drive ASM differentiation to a
more contractile phenotype (166). To encourage phenotypic maturation in constructs, I substituted
regular feeder with low-serum HEPES free media, with little effect on morphology and
differentiation (data not shown). Moreover, we observed very little gross signs of compaction or
matrix remodelling, with a notable absence of baseline tension development after several weeks
in culture using 1% SLG-20 alginate. Thus, while Novamatrix alginates were capable of generating
physically stable constructs that supported cell survival, the bio-ink formulation needed to be

optimized to promote cell spreading, phenotypic maturation and contractile tone development.
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Bio-ink optimization for ASM maturation in bare rings

High alginate concentrations are known to directly inhibit the ability of cells to spread out
and remodel their micro-environment (167). Additionally, proliferation and differentiation of
mesenchyme-derived cells has been directly linked to RGD content in alginate based matrices
(168). Since I found a correlation between increasing collagen and RGD-coupled-alginate
concentrations on cellular differentiation in the thin alginate hydrogels, I optimized our bio-ink
formulations further by reducing the total alginate content, increasing the collagen concentration

and substituting SLG-20 alginate with an RGD-coupled very low molecular weight alginate.

This strategy improved cell spreading considerably, albeit at the expense of mechanical
stability (Figure 3.09). After a few days in culture all ASM tissues exhibited an inward collapse of
the ring structure that was distinct from the unravelling and breaking of the ring seen with AG-10.
Substantial expression of f-actin fibres was observed, however these were highly disorganized,
with ASM cells seemingly remodelling the matrix in all directions without any signs of uniformity
or alignment. This is typical of ASM cells developing contractile tone in a soft 3D environment

without an opposing mechanical load (Figure 3.10).

Figure 3.09. Evolution of 2691MA HASM cells printed with 0.75% alginate (100uM RGD-alginate + 0.25% SLG-
20) + 2mg/mL collagen. (A) After printing. (B) After 7 days.
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Figure 3.10. F-actin staining at day 7 of a section of 2691MA HASM cells printed with 100uM RGD-alginate +
0.25% SLG-20 + 2mg/mL collagen (A) 10x (B) 4x. Highly misaligned actin filaments can be observed. Scale bar =
200 pm (A) and 1000 um (B).

3.3 Incorporating mechanical loads into the 3D tissue design

Several strategies were trialed to increase the structural stability of bioprinted constructs
and to create a mechanical preload opposing muscle contraction, reminiscent of airway and
parenchymal elements in native airways. /n vivo, these mechanical loads have been implicated in
the differentiation and maturation on normal ASM (169). This was achieved using the multi-
material printing properties of our microfluidic bioprinter to alternately deposit cellular and

acellular structural bio-inks.

The first attempt involved printing with a ‘Janus’ fibre where the cellular and acellular
channels in the printhead are opened simultaneously to create a single continuous fibre. Each
printed fibre becomes finely compartmentalized into distinct cellular and acellular sections, with
the latter intended to provide structural support to the cells. The cellular layers were composed of
0.5% SLG-20, 0.25% RGD-alginate and 1 mg/mL collagen, while the acellular layers were
composed of 1% SLG-20 with 1 mg/mL collagen. Aside from being extremely challenging to
print, cells constructed with the Janus design did not show any typical signs of ASM maturation
(data not shown). The second 'alternating ring’ approach involved optimization of the standard
bio-ring design to include layers of acellular alginate fibres interspersed between the cellular
layers. Although alternating ring constructs demonstrated enhanced structural integrity compared
with bare rings and retained even distribution of cells and a high cell viability, cell maturation was

very sparse (Figure 3.11). ASM cells failed to establish significant cell-cell connections with each
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other, f-actin fibres assumed a rounded morphology and were disorganized, and I found no signs

of intrinsic tone development, lumen compaction or matrix remodeling.

A third strategy involved modifying the aspect ratio of the standard bio-ring. Instead of the
design comprising 15 concentric layers stacked upwards along the Z-axis (15:1), I tested 5
concentric layers spread around three-axis (5:3). This was intended to make the construct wider
and flatter, to give the cells more room to spread out and remodel the matrix, and to increase the
compressive load as muscle cells pull inward. In theory, this would also curb any issues with
nutrient diffusion to the cells at the innermost portions of the structure. However, this approach
yielded similar results to the alternating ring design, with little evidence of cell spreading or

network formation in these constructs (data not shown).

A T

Figure 3.11. 2691MA HASM printed using the alternating ring design. (A) Schemic of tda file of alternating ring
design with acellular layers (red) alternated between cellular layers (blue). (B) Brightfield imaging after printing
showing cell dense layers visibly separated from acellular, demonstrating high fidelity of printed constructs. (C)
Visualizing live/dead cells 24 hours after printing reveals a relatively good cell viability. (D) F-actin fibres had a round
morphology after 7 days indicating a lack of cell spreading and poor formation of cell-cell contacts. Magnification =

4x, scale bar = 1000 um
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3D Sandwich

My next approach was to attempt uncoupling the muscle bundle from the structural
component, by encapsulating the muscle entirely within an acellular structure. This would allow
creation of a muscle bundle with lower concentrations of alginate that may promote tissue
remodelling and cell spreading, while creating a strong mechanical framework. This ‘sandwich’
design consisted of 15 concentric cellular layers as per the original bio-ring, constrained by five
top and five bottom layers of acellular alginate. The acellular layers extended beyond the edges of
the muscle and were set to have alternating rectilinear and concentric infill patterns to generate a
crosshatch pattern to increase contact points on the muscle and allow for easy diffusion of nutrients

and waste products (Figure 3.12).

A

Figure 3.12. The sandwich model. Acellular layers are depicted red and cellular layers blue. (A) side and (B) top view
of tda design. (C) Gross morphology of representative sanwiched ASM tissue after printing.

The sandwich design successfully enabled printing of cellular and acellular layers with
widely different alginate stiffnesses, while maintaining excellent structural integrity in culture.
With an acellular layer fixed at 1% SLG-20, cellular layers of 0.25 to 1.0% RGD-alginate were
easily printable. With a cellular layer fixed at 0.25%, acellular layers of 0.5 to 2.0% SLG-20 could
be used. Based on the significant mechanical stability and practical flexibility provided by the

sandwich, it was used as the basis for all future bio-ink optimizations.
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3D design Objectives Outcomes
Bare ring Create a viable and mechanical stable High cell spreading and baseline
ASM tissue with maximal cell tone, poor structural integrity
spreading
Janus Increase mechanical strength of ASM Good cell viability, lack of ASM
rings maturation
Alternating rings Implement a mechanical pre-load High cell viability, enhanced
opposing ASM contraction structural integrity, lack of ASM
maturation
5:3 rings Increase mechanical preload and curb Good cell viability and structural
nutrient diffusion issues integrity, lack of ASM maturation
Sandwich Encapsulate cellular layers with top Increased cell viability and
and bottom structural components spreading. Baseline tone and markers
of mature ASM phenotype

Table 3.02 Summary comparison of various iterations of the 3D physical design. An ideal design requires a delicate

balance between viability, cell-cell network formation and structural integrity.

Sandwich bio-ink optimization

Within the practical constraints of the sandwich design an iterative design process was
started to systematically optimize the composition of the cellular and acellular bio-inks (table 3.03
and 3.04). Including the stiff SLG-20 alginate (at any concentration) or high RGD-alginate
concentrations (> 0.5%) in the cellular layer yielded results similar to the bare ring design, with an
absence of cell spreading and tissue maturation (data not shown). However, using lower
concentrations of 0.25 to 0.5% RGD-alginate enabled by the sandwich yielded dramatic
improvements. Collagen at 0.5 to 2.0 mg/mL was an essential addition to the bio-ink; thermal
gelling of collagen was essential in preventing unravelling of the constructs immediately after
printing, improved cell spreading, and was deemed a necessary inclusion to match the natural

composition of muscle.

To improve long-term stability of the constructs, inclusion of fibrin was investigated.

While many ECM components can be degraded by MMPs secreted by ASM, fibrin breakdown is
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initiated by plasminogen and tissue plasminogen activator, which are not typically secreted by
airway smooth muscle (170) or included in our bio-ink formulation. We systematically trialed
fibrinogen concentrations up to 10 mg/mL and found an optimal concentration of 5 mg/mL, which
was followed by post-printing treatment with 1.25 U/mL thrombin. Finally, the stiffness range of
the acellular layers was set based on the practical limitations of printability. High alginate
concentrations increased the viscosity of bio-inks, inevitably requiring higher pressures during the
extrusion process than the bioprinter was capable of. Conversely, printing with lower alginate
concentrations produced structures with poor resolution and were insufficient in supporting ASM

tension development (not shown).

Cellular bio-ink Optimal Effect of higher Effect of lower
component concentration concentration concentration
AG-10 None; unsuitable N/A N/A
SLG-20 0% > 0.1%, reduced cell N/A
spreading
RGD-alginate 0.375% > 0.5%, reduced cell <0.25% Reduced cell
spreading viability, poor
printability
Collagen 1.0 mg/mL > 1.5 mg/mL; no additional | 0 mg/mL; increased
benefit, takes up ‘space’ in unravelling of
bio-ink constructs after
printing
Fibrinogen with 5 mg/mL > 10 mg/mL; no benefit, 0 mg/mL reduced
thrombin post- takes up ‘space’ in bio-ink | long-term structural
treatment integrity

Table 3.03. Summary of tested cellular bio-ink components, and optimal concentration when used within the sandwich

design. The standard cellular bio-ink contained 0.375% RGD-alginate, 1.0 mg/mL collagen and 5.0 mg/mL fibrinogen.

Constructs were post-treated with thrombin for fibrinogen polymerization to fibrin.

47




Acellular bio-ink Optimal Effect of higher Effect of lower
component concentration concentration concentration
AG-10 None; unsuitable N/A N/A
SLG-100 None, poor printability N/A N/A
SLG-20 0.75-1.25% > 1.5% usable, but < 0.50%, poor printability,
difficult to print poor structural integrity
SLM-100 None, poor printability N/A N/A
SLM-20 None, poor strength to N/A N/A
concentration ratio
Collagen 1.0 mg/mL > 1.5 mg/mL; no benefit, 0 mg/mL; increased
takes up ‘space’ in bio- unravelling of constructs
ink after printing
Fibrinogen with 5 mg/mL > 10 mg/mL; no benefit, 0 mg/mL reduced long-

thrombin post-

treatment

takes up ‘space’ in bio-

ink

term structural integrity

Table 3.04. Summary of tested acellular bio-ink components, and optimal concentration when used within the
sandwich design. The standard acellular bio-ink contained 0.75% to 1.25% SLG-20 alginate, 1.0 mg/mL collagen and

5.0 mg/mL fibrinogen and was post-treated with thrombin for fibrinogen polymerization to fibrin.

ASM characteristics within basal bio-ink formulation

After all optimization steps, the default ASM tissue was comprised of: 1) a 3D Sandwich
design; 2) Cellular bio-ink: 0.375% RGD-alginate, 1.0 mg/mL collagen, 5.0 mg/mL fibrinogen; 3)
Acellular bio-ink: 1.0% SLG-20 alginate, 1.0 mg/mL collagen, 5.0 mg/mL fibrinogen and 4)

Thrombin post-treatment.

Using this default tissue design, I characterized ASM behavior and observed spontaneous
compaction of constructs, manifesting as an unstimulated reduction in lumen area, beginning a

few hours after printing and proceeding over several days. This is suggestive of the development
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of baseline tension. The top and bottom acellular layers of the sandwich successfully opposed this
increasing tension. ASM tissues were switched to low serum ITS media 48 hours after printing,
structural integrity was maintained for more than a week in culture. During this time cells markedly
remodelled the matrix and established significant cell-cell connections (Figure 3.13). Over time,
cells tended to elongate at an almost perfect alignment, parallel to the axis of printing deposition
and tension devlopment. The degree of alignment of f-actin fibres was quantified with the
directionality plugin for ImageJ, which revealed an exceptionally uniform orientation in filaments.
This high degree of alignment was also maintained at different layer-heights in the interior of
constructs. LDH assays performed 48 hours after printing suggested a low cellular cytotoxicity,
with cells cumulatively releasing an average of 34.3% of the LDH activity of Triton X-100 100%
lysis controls (Figure 3.14). Live/dead visualization confirmed a majority of cells (>80%)

remained viable for up to 7 days after printing (Figure 3.15).

Figure 3.13. Temporal evolution of D12s in 3D sandwich. No significant cell-cell contacts after printing at day 0
(A) 4% (B) 20x. In contrast, after 4 days, prominent and highly organized f-actin expression with homogeneous
nuclei distribution can be observed. This syncytial arrangement is essential for force generation (C) 10x and (D)
20x%. Scale bar = 1000 pm (A), 200 pm (B-C) and 100 pm (D).
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Figure 3.14. Cellular Cytotoxicity. One-way ANOVA revealed statistically significant elevated levels of LDH
activity in the 100% lysis control compared with media control and 3D sandwiches (p = 0.0075).

Figure 3.15. Cell viability in sandwich. Representative image of Live (Hoechst, blue) and dead (propidium iodide,
red) cell staining at 24 hours indicating most cells remained viable. D12 cells were printed using the basal sandwich

design and ink components. Magnification = 4%, scale bar = 1000 um.
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Figure 3.16. mRNA quantification of select genes in 3D sandwich vs 2D cell cultures using 2691MA HASM cells.
RNA samples were isolated using the CTAB (3D) and Purelink (2D) techniques, 24 hours after printing or seeding.
Data are normalized to the housekeeping gene GAPDH, as mathematical algorithms found it to be the most stable in
these cells. Relative mRNA for (A) MHC, (B) DES, (C) MMP-3 and (D) VIM were calculated using Equation 2.03.
Statistically significant elevated levels of contractile genes in 3D, however pro-synthetic genes trended lower

compared to 2D (n = 2).

Compared with standard 2D cultures, cells in the 3D sandwich had a higher mRNA
abundance of pro-contractile genes, including myosin heavy chain (MHC) (p = 0.0008) and desmin

(DES) (p = 0.0203). There was a consistent trend towards lower mRNA levels of pro-remodeling
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genes vimentin (VIM) (p = 0.0875) and matrix metalloproteinase-3 (MMP-3) (p = 0.1057) in 3D,
although the differences were not statistically significant (Figure 3.16). Collectively, these data
suggest ASM phenotype is regulated by substrate geometry, consistent with previous studies

(103,130).

Based on these promising results, the sandwich design and optimal bio-ink formulation
were deemed suitable for ongoing experimentation to determine the effect of tissue stiffness on

ASM function.
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Chapter four: Results — Evaluating ASM contractile function in 3D

In asthma, airway remodeling triggers structural and mechanical changes that may
contribute to disease pathogenesis/exacerbations by altering ASM contractile function. However,
only a few studies have directly examined the precise effects of mechanical factors using viable
human tissue. To simulate the mechanical changes seen in asthma, I fabricated realistic ASM
tissues of varying stiffnesses by controlling alginate concentrations in acellular layers of 3D
sandwiches. ASM physiological responses were evaluated based on baseline tone,

contraction/relaxation responses to pharmacological agents, and contractile gene expression.
4.1 Baseline tension

As a measure of baseline tension development, I tracked unstimulated reduction in lumen
area in ASM tissues fabricated across a stiffness range (Figure 4.01). Within 24 hours in feeder
media, D12 ASM tissues printed with 0.75% acellular alginate contracted without stimulus to an
average of 80.0% (£ 1.3%) of initial area, while those printed with 1% and 1.25% contracted to an
average of 86.7% (£ 1.2%) and 86.8% (= 1.5%) respectively. Conversely, ASM tissues printed
without acellular supports were excluded from contraction experiments and statistical analysis as
they compacted to an average of 22.8% (£ 5.6%) after 24 hours and shrunk excessively after that,

making accurate lumen area measurements impossible.

In these experiments, regular feeder media was changed to low serum ITS media 48 hours
after bioprinting, and the cells were cultured for an additional 4 days. By day 6, the 0.75%, 1%
and 1.25% constructs had contracted further without stimulation to 72.3% (£ 2.6%), 78.4% (+
1.8%) and 74.0% (= 4.4%) of their initial lumen areas, respectively. Such spontaneous
development of baseline tone during ASM maturation is a distinct phenomenon from the agonist-
induced contraction seen in mature muscle (171). Two-way ANOVA revealed statistically
significant differences in the row (time) and column (stiffness) factors, however Tukey's multiple

comparisons test was unable to determine which groups differed specifically.
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Figure 4.01. ASM tissues fabricated with varying acellular stiffnesses. Constructs with acellular supports maintain
structural integrity more than a week after printing: 0.75% (A) After printing, (B) Day 6, 1% (C) After printing, (D)
Day 6, 1.25% (E) After printing, (F) Day 6. In contrast, excessive tension development in the bare rings results in a
significant reduction in lumen area (>75% after 24 hours) and loss of mechanical stability: Bare ring (G) After printing,

(H) 48 hours.
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Figure 4.02. Unstimulated contraction of muscle rings from day 0 to day 6 post printing. Two-way ANOVA
interaction p = 0.7504, stiffness p <0.0005, time p <0.0001 (n = 12). Tukey-Kramer post-hoc test did not find any
statistically significant differences between the stiffness groups trialed. *Bare rings are included for comparative

purposes only but are excluded from statistical analysis.
4.2 Drug testing

To assess functionality of ASM tissues and characterize the dynamics of agonist-induced
stimulation, a dose-response curve to acetylcholine chloride (10 nM — 100 uM) was created and
measured as percent reduction in internal lumen area from pre-treated baseline. Acetylcholine is a
well-known bronchoconstrictor that induces ASM contraction by activating M3 muscarinic
receptors on the cell surface, leading to an intracellular flux of calcium ions, which subsequently
activates the muscle’s contractile apparatus (172). Agonist-concentration-response curves were
constructed and analyzed using non-linear regression (curve-fit) in GraphPad Prism. I found a
concentration-dependent reduction in lumen area in day 7 ASM tissues bioprinted with the basal
sandwich design (1% acellular alginate), which contracted to a mean value of 93.9% of pre-treated
lumen area after the final 100 uM dose of acetylcholine was administered. This dose was chosen
based on previous reported values from mice, guinea pig and human PCLS, which showed
maximal ASM stimulation by acetylcholine to occur in the range of 0.1-1 pM (173,174). The

reduction in lumen area started at a dose of about 100 nM and best-fit value for the ECso calculated
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using the Hill’s equation was 15.26 uM, demonstrating a lower but comparable sensitivity to
reported values from ASM strips isolated from rats and rabbits (175,176). However, it is quite
clear that the calculated ECso value would likely be higher since a larger dose would be required
to achieve a maximal plateau of ASM contraction in 3D sandwiches. The observed lower

sensitivity could also result from the large diffusion barrier constituted by the acellular layers.
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Figure 4.03. Log concentration-response curve for acetylcholine (n =2, logECso = -4.816 M).

The physiological responses of ASM tissues to a panel of contractile and relaxant agents
were determined by recording lumen area values before and after drug treatments. ASM tissues
printed across a stiffness range (n = 10) responded to all drugs tested (two-way ANOVA
interaction p = 0.5524, drug responses p < 0.0001, stiffness p = 0.0438). An assumed maximal
dose of acetylcholine (100 pM) gave a mild contractile response, decreasing lumen areas to an
average of 91.5% (£ 2.3%), 97.4% (£ 1.5%) and 94.8% (£ 2.0%) of 100% initial pre-contracted
baseline values in ASM tissues printed with 0.75%, 1% and 1.25% acellular layers respectively.
KCl caused a much stronger contractile response, decreasing lumen areas of tissues printed with
0.75% to an average of 86.7% (£ 3.0%), while the 1% and 1.25% tissues shrunk to 93.0% (£ 2.0%)
and 86.4% (£ 3.2%) of initial area, respectively.
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Interestingly, cytochalasin D was able to cause a sharp decrease in lumen area after KCl1
treatment to 96.1% (= 2.1%), 97.2% (£ 1.8%) and 95.7% (+ 2.9%) in 0.75%, 1% and 1.25%
constructs respectively. However, the failure to completely reverse contraction-linked decreases
in lumen area is surprising. Cytochalasin D is known to disrupt the actin cytoskeleton and should
cause maximal tension ablation (177), but this was not observed. It may be possible that alternate
relaxation agents such as beta-agonists (e.g., formoterol and albuterol), forskolin or ROCK
inhibitors may help induce additional relaxation to elucidate the mechanisms underpinning tone
development. That said, cytochalasin D data could also indicate that while the mechanical load
presented by the acellular matrix can prevent excessive compaction during maturation, it only

provides a weak elastic load with limited ability to ‘pull back’ on tissues.

Nevertheless, the observed relaxation demonstrates a considerable level of actino-myosin
dependent force generation after acetylcholine and KCI treatment. Although the maximal
responses to acetylcholine were noticeably less than KCl, this is still remarkable because ASM
cells are known to express reduced levels of muscarinic receptors in vitro, ultimately reducing
their responses to acetylcholine (178). The rapid time course of contraction and relaxation is also
noteworthy, as bioprinted tissues were able to respond to administered drugs significantly faster
than contraction assays using bulk collagen gels that usually take up to 60 minutes to reach

maximal contraction (179,180).

Although, post-hoc comparisons did not reveal which stiffness group pairs exhibited the
most discrepancy in contractile responses, tissues fabricated with 0.75% and 1.25% acellular layers
consistently contracted similarly to and substantially more than those printed with 1% acellular
layers. This difference in contractile responses across the stiffness range trialed may provide the
first evidence for mechanical regulation of ASM cellular function by the mechanical environment
in a 3D model. However, it is important to consider that these results are calculated from baseline
levels immediately prior to contraction which are different, and do not account for differential

levels of tissue compaction that may have occurred during tissue maturation.
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Figure 4.04. Contraction of day 6 ASM tissues. ASM tissues printed across a stiffness range exhibited a mild
contractile response to acetylcholine from pre-contracted baseline levels, and a substantially stronger response to KCI.
Whereas disruption of the actin cytoskeleton with cytochalasin D increased lumen areas near baseline levels. Stiffness
modulation of contraction was statistically significant, although post-tests did not reveal individual group differences
(two-way ANOVA interaction p = 0.5524, drug responses p < 0.0001, stiffness p = 0.0438, n=10). *Some error bars

overlap due to icon sizes.

4.3 Acellular load removal

The initial length of smooth muscle contractile filaments and consequently its ability to
shorten are highly dependent on the mechanical preload (47). In 3D bioprinted tissues, preload is
represented by the forces exerted by the acellular structure as it opposes muscle contraction. To
evaluate the strength of the preload relative to the baseline tone generated during tissue maturation,
I exposed constructs printed with 0.75%, 1% and 1.25% acellular layers to a citrate + EDTA
alginate decrosslinking solution. Within the first 5 minutes, I observed a sharp reduction of lumen
area in constructs fabricated with 0.75%, 1% and 1.25% alginate. Shortening proceeded slowly

thereafter, and by 10 minutes, the 0.75%, 1% and 1.25% tissues had contracted to 44.9% (=

58



11.8%), 45.3% (£ 12.5%) and 51.5% (+ 14.0%) of initial lumen areas, respectively. This may be
indicative of a typical logarithmic plateau for contraction. It may also represent a biphasic
shortening response consistent with previous studies that have identified two subsets of ASM
cross-bridges regulating unloaded shortening velocity. These are fast cross-bridges that cycle
rapidly and characterize the early phase of muscle contraction, followed by slow cross-bridges,
which develop due to latch mechanisms in the muscle and cycle much more slowly (181). Two-
way ANOVA revealed significant contraction in the time statistic, however there was no
significant difference in the magnitude of contraction between different tissue stiffnesses
(interaction p > 0.9999, time p < 0.0001, stiffness p = 0.1529). Collectively with cytochalasin D
results from above, this indicates that the acellular structure provides an extremely strong
mechanical preload opposing contraction, but the structure is only partially elastic when contractile

force 1s removed.
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Figure 4.05. Unloaded shortening of ASM tissues. 0.75% ASM tissues shortened consistently faster than those printed
with 1% and 1.25% acellular layers at every time point measured, although this effect was not statistically significant.
Any increased contraction in the 0.75% constructs may be a result of the acellular layers being able to depolymerise
faster, or an intrinsic property of the muscle (two-way ANOVA interaction p > 0.9999, time p < 0.0001, stiffness p =

0.1529 n =3). *Some error bars overlap due to icon sizes.
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4.4 RNA isolation

To characterize the phenotype of airway myocytes in bioprinted constructs, extraction of
sufficient quantities of high-quality RNA from the alginate-based matrix was required. This is
typically challenging, because alginate can be co-isolated with the RNA, which ultimately affects
the quality of the sample. I evaluated recovered RNA from several commercially available

isolation techniques in terms of purity (from A60/A2s0), and total RNA yield (from Axe).

Overall, the TRIzol extraction technique yielded the highest apparent total RNA yield (38.7
+ 10.1pg, n = 12). However, RNA purity assessed by Azeo/Azg0 ratios was poor (1.4 + 0.1),
indicating high contamination with either alginate, residual phenol, or other organic solvents
associated with the extraction, so yield was likely over-estimated (Figure 4.06). The Plant RNA
Isolation Reagent returned a good yield (5.3 £ 0.9ug, n = 12) and purity (2.1 £ 0.2) but was
excluded based on its cumbersome method and because recovered RNA exhibited a significant
amount of variance, with only about 50% of samples having A2s0/A2g0 ratios at acceptable levels.
RNA yield was lowest (0.5 + 0.1ug) using the Purelink technique. Although purity was slightly
better than the previous methods (1.9 = 0.1), this technique was also excluded because it
consistently failed to return enough RNA material required for downstream qRT-PCR reactions.
Importantly, the GeneJET Kit and CTAB techniques yielded ratios in the desired range (2.0 +0.1),

suggesting these samples were consistently less contaminated by salts and/or polysaccharides.
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Figure 4.06. Summary of various RNA isolation techniques trialed. (A) RNA yield. RNA was extracted from samples
48 hours after bioprinting with various isolation techniques. RNA yield was calculated by multiplying RNA
concentration with total eluted volume. (B) Purity of isolated RNA. One-way ANOVA revealed significant differences
in RNA yield between TRIzol and the other methods trialed (p < 0.0001) (n=12).

It is worth mentioning that the inclusion of a purification step using Purelink spin columns
after the TRIzol protocol was able to increase sample purity, but with compromised yields (data
not shown) and increased complexity and cost. Collectively, these results show that GeneJET and
CTAB methods perform well on our alginate-based samples, with similar or better outcomes than
conventional 3D-RNA isolation techniques (182). However, due to the laborious and time-
consuming nature of the CTAB technique, I ultimately chose to isolate RNA samples using the
GeneJET kit for evaluating ASM contractile phenotype. In addition to consistency, the latter

method offered an easy-to-use spin column format.
4.5 Phenotypic assessment

To evaluate the phenotype of D12 cells within bare rings and across the stiffness range of
3D bioprinted constructs, I quantified the relative mRNA abundance for several phenotypic marker
genes. All three of our candidate housekeeping genes (GAPDH, YWHAZ, UBC) were
mathematically stable, however, UBC was chosen for data normalization based on a higher

Bestkeeper Pearson correlation coefficient and a stronger Normfinder stability value (Table 4.01).
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GAPDH YWHAZ UBC
Cq Arithmetic Mean (= SD) 17.25+0.65 20.15+0.42 24.77 + 1.05
Bestkeeper Pearson correlation coefficient 0.967 0.904 0.978
Bestkeeper p-value 0.001 0.001 0.001
NormPFinder stability value 0.369 0.466 0.180

Table 4.01. Selection of housekeeping genes in D12 sandwiches. Candidate housekeeping control genes exhibited
consistent mRNA levels across the various conditions tested. Pooled data analyzed using Bestkeeper and Normfinder

ranked UBC as the most stably expressed candidate, thus it was selected as the reference gene for data analysis.

I observed significant differences in MHC mRNA levels between ASM tissues constructed
with 0.75% acellular and bare rings (2.21 times higher, one way-ANOVA p = 0.0231), however,
no significant differences were found between 1% and 1.25% tissues versus the bare rings (all p >
0.05). Acellular matrix stiffness had no statistically significant impact on mRNA levels of SM22a,
but it was found to be significantly higher in ASM tissues fabricated with 1.25% compared with
bare rings (2.5 times higher, one-way ANOVA p =0.0165). Although COL-1 and A-ACT mRNA
levels trended higher in bare rings, there were no statistically significant differences (One-way
ANOVA p = 0.1153 and p= 0.7127) across the conditions tested. Finally, relative mRNA
abundance of fibronectin was not significantly different in 0.75%, 1% and 1.25% ASM tissues
(One-way ANOVA p = 0.8073). Bare rings were excluded in the qPCR reactions for fibronectin
because they did not generate the required amount of RNA samples. These combined data indicate
a mild phenotypic modulation of ASM by the different acellular stiffnesses within 3D bioprinted

constructs.
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Figure 4.07. Comparison of relative mRNA abundance (n = 8). Data are reported as fold change difference between
target genes and the housekeeping gene UBC. Significantly higher levels of (A) MHC and (B) SM22a were detected
in the 0.75% and 1.25% ASM tissues compared with bare rings. However, no significant differences were found across
the 3D stiffness range trialed. (C) Collagen-1, (D) Alpha Actin and (E) Fibronectin-1 mRNA abundance was not
significantly different in all conditions tested (all p > 0.05).
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Chapter five: Discussion, conclusion, and relevance
5.1 Discussion

Development of 3D bioprinted model

A major pathological feature of asthma is airway wall remodelling, which may contribute
to excessive contraction of airway smooth muscle through altered extracellular matrix signalling
and mechano-transduction events. However, as ASM physiology has traditionally been studied in
flat and rigid 2D plastic models that inadequately recreate in vivo micro-environments, the precise
effects of mechanical factors are still poorly understood. Even though ex vivo ASM tissues and
decellularized lung matrices provide biologically relevant 3D structures, difficulties with sourcing
these tissues and fine tuning them to recreate the chronic effects of airway remodeling invariably

hampers their routine use in research.

The development of various tissue engineering techniques has enabled the creation of
experimental models to study cellular function in a more physiologically relevant mechanical
environment. Specifically, 3D bioprinting technology with precision extrusion systems can
precisely control the physical architecture of fabricated constructs to mimic the structural
complexity of in vivo tissues more closely. This enables high-throughput production of
organotypic models that can be easily and rapidly customized. In this thesis, I utilized 3D
bioprinting to develop a novel, stiffness-modifiable, cell culture model of ASM and characterized

its suitability for studying the effects of airway biomechanics on ASM phenotype and function.

Optimization of a 3D bioprinted tissue design and bio-ink formulation is essential to drive
tissue maturation and support maximal cellular function (183). It was also essential to design our
model to allow tissue stiffness to be modified and contractile function to be measured, while
creating a construct that could be easily manufactured and handled for routine experimentation.
Alginate was chosen as the core component of our custom bio-ink formulation because the RX-1
bioprinter is nominally designed to work with this polysaccharide. Further, since the stiffness of
alginates can easily be tuned based on concentration, MW and G:M ratio, it became an ideal choice
for our target ASM mechanobiology application. I excluded high MW alginates from print runs

because their high viscosities resulted in slow print speeds with inconsistent extrusion quality. Low
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G:M alginates were also excluded for their low strength to weight ratio. A low MW, high G:M
alginate offered the ideal balance between the two extremes and was ultimately selected for its
high printing fidelity at both very high and low concentrations, producing an extremely wide

qualitative stiffness range.

The alginate composition of the cellular bio-ink proved to be critical, with alginate
concentrations of >0.5% ultimately preventing the formation of cell-cell networks and tissue
maturation. This may be expected, as previous studies have reported that increasing alginate
concentrations negatively impact cell functionality due to poor diffusivity, low porosity and non-
recognizability of standard alginate by cellular receptors (139,167,184). However, I experienced
practical limitations when printing with low alginate concentrations of <0.75%. Although these
fostered cell-cell network formation, tissues rapidly generated baseline tone, which caused ring
structures to collapse. Several strategies were unsuccessfully trialed to increase the structural
integrity of the ring, including Janus fibres, alternating cellular and acellular rings, and altering the
aspect ratio of the construct. Ultimately, only the sandwich physical design, which encapsulates
the cellular muscle bundle within a stiff acellular frame, was able to successfully prevent ring
collapse. This allowed the alginate concentration of the cellular layers to be set at an intermediate
level of 0.375% alginate, while reinforcing this with acellular layers printed at much higher
alginate concentrations. Further, the use of collagen-I to make the tissue more realistic and
incorporating fibrinogen as an extra layer of biochemical and mechanical support created a model

that was highly printable and suitable for ongoing experimentation.

Assessment of vital morphological and functional properties including f-actin expression,
cell viability and generation of baseline tone, revealed the sandwich provided an optimal structure
that supported ASM survivability. These printed tissues exhibited many features consistent with a
well-organized 3D structure, including a homogenous distribution of cell nuclei across a range of
z-heights, alignment of f-actin fibres along the axis of tension development and superior
mechanical stability for up to 7 days after printing. This tissue-level arrangement is a stark
improvement over free-floating rings and bulk hydrogels, which are characterized by poor cellular
organization, insufficient structural integrity and a lack of biologically relevant mechanical load
opposing muscle contraction (129,154,180,185). When compared with 2D cultures, cells in 3D

sandwiches demonstrated a higher abundance of ‘mature’ contractile markers including MHC and
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Desmin, confirming the adoption of a physiologically relevant phenotype (Figure 3.16, p. 51).
ASM cells were able to remodel their 3D micro-environment and generate substantial baseline
tension, evident as an unstimulated reduction in lumen areas beginning just a few hours after
printing and continuing over several days. Baseline tension development was matched by an
opposing force provided by the acellular layers, effectively limiting excessive compaction and loss
of structural integrity. The sandwich design also allowed us to easily control the composition and
physical properties of the micro-environment surrounding the cells, establishing the 3D sandwich
model as a suitable platform to simulate the effects of chronic airway remodeling on ASM
contractility. In addition to mimicking the elastic attachments of parenchymal tethers and
compressive luminal elements of native airways, the improved mechanical loads are also a
plausible mechanism for the improved cell differentiation and fibre alignment observed in our
sandwich model, as bare ASM rings generated f-actin fibres with no signs of uniformity. This
finding is in line with previous studies that have identified the crucial roles mechanical cues play
in regulating focal adhesion, adherens junction formation, cell alignment and maturation of both

smooth (130) and cardiac muscle tissues (186).

An alternative approach that may enable usage of bare cellular rings without an acellular
structural component would be the use of very low MW alginates in which the co-polymer chain
is further shortened by treatment with alginate lyases (187). In discussions with other Aspect
Biosystems RX-1 users, these extremely low MW alginates can be used at concentrations as high
as 5% and may facilitate both mechanical stability and cell spreading. The idea that alginate chain
length may specifically regulate cell spreading is consistent with previous studies (188) and
unpublished observations from our laboratory, where low and high MW alginate, even at very low
concentrations (0.1%) in the cellular layers, can completely inhibit spreading of smooth, cardiac
and skeletal muscle cells. The use of extremely low molecular weight alginates in bare rings was
not pursued in this thesis, due to the capability of the sandwich to completely uncouple the cellular

and acellular components, which provides a greater freedom for tissue optimization.

Evaluations of cell viability did reveal some evidence of cell stress (LDH release) and cell
death (propidium iodide staining) in the sandwich model. This may indicate a lower degree of cell
survival compared with very high cell viabilities of up to 95% that have previously been reported

using 3D bioprinting technology (189). However, these constructs are usually fabricated with more
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complex components including decellularized matrices (190), addition of stem cells (191) and a
cocktail of several ECM proteins (152) that are exceptionally expensive, potentially limiting their
use in routine research. Further, as these extra components are known to modulate the cellular
phenotype (100), including them as a core component of our methodology would inevitably
introduce confounding variables. While this might not be an issue when integrated responses are
being evaluated, it would make characterizing ASM response(s) to a specific disease-relevant
ECM component problematic. Conversely, the reported cell viability in this study is significantly
higher than those reported by Berg et al (192) and Mestre et al (193) using simple bio-inks
formulated with 50% Matrigel.

It is also worth noting that cell mortality in our constructs was likely over-estimated using
Hoechst/Propidium lodide staining. Our creation of dense tissues with a significant structural
component means that dead cells are retained within the matrix for a significant but indeterminate
time. The fluorophores used have been shown to induce phototoxicity in cells and these could also
be entrapped in the alginate matrix and cause background fluorescence that interferes with the
evaluation of fluorescent signals (194). The laboratory is presently working on establishing
protocols to confirm absolute cell viability in our constructs, including dissociating the structure
to a single cell suspension that would allow analysis with flow cytometry. Ultimately, when
producing a mature contractile tissue, the best metric for success is contractile function rather than

the absolute value of cell viability.

Contractile phenotype and function

The overarching goal of this thesis was to produce a contractile ASM tissue and use this to
determine if changes in tissue stiffness associated with airway wall remodelling enhances the
contractile phenotype and function of ASM. This would allow me to address the hypothesis that
increased tissue stiffness is a mechanism for developing airway hyper-responsiveness in asthma. |
found that ASM tissues fabricated across a range of acellular stiffnesses displayed significantly
different levels of baseline shortening and differentially responded to biologically relevant
contractile/relaxant mediators. Although there were statistically significant differences in the
physiologic responses across stiffness groups, post-tests were unable to determine which group

comparisons showed the most disparity.
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Inferences about the effects of increasing tissue stiffness on ASM contractility were
complex due to our inability to precisely estimate the Young’s moduli (a measure of the tensile
and compressive stiffness properties of a material in response to uniaxial forces) of the different
acellular mechanical loads. To quantify cellular and acellular stiffness, constructing quasi-static
length-tension curves using a wire myograph was considered. However, the size of our bioprinted
structures far exceeded the dimensions of what the myograph was capable of measuring and there
were practical difficulties with handling and mounting tissues. Attempts to reduce the size of
constructs were confounded by bioprinter capabilities and physical handling characteristics.
Presently, rheometry is being investigated as a method to quantify alginate stiffness, which would
enable measurement of the compressive and shear properties of the sandwich constructs without
size, mounting or handling concerns. If the mechanical properties of the alginate can be accurately
quantified, this will allow for muscle shortening to become a direct measure of active force
generation by the muscle cells, enabling a more direct comparison of physiological responses with
other models of ASM, including ex vivo tissues and microtissues. Until these experiments are
completed, the magnitude of the stiffness differences, the biological relevance of the acellular
loads, and how they translate to asthmatic airways, remains an open question. Nevertheless,
numerous studies have correlated the Young’s moduli of alginate hydrogels to increasing alginate
concentrations (195,196), and the variance in contractile responses observed provides strong

evidence for the regulation of cellular function by the mechanical micro-environment.

It was expected that any enhancement of contractile function would be modulated through
an altered contractile phenotype. Although varying degrees of mRNA abundance were observed
in some target genes, there were no statistically significant differences between the sandwich
stiffness groups tested. However, there were significantly higher mRNA levels of contractile
proteins MHC and SM22a in ASM tissues fabricated with 0.75% and 1.25% acellular alginate
compared with bare ASM rings. Since these genes are known to be upregulated specifically in
adult smooth muscle, this further lends credence to the idea that appropriate mechanical loads

opposing contraction are essential for tissue maturation.

Caution should be exercised when interpreting these results, as statistical significance does
not necessarily translate to biological significance, and there may still be stiffness regulation

occurring that remains undetectable at this time. A post-hoc statistical power calculation performed
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using the ‘pwr’ package for R studio, revealed my experiments had an 80% power in detecting
significant differences only if the effect sizes were greater than 55% with the sample size used (see
Appendix A p. 98). This would mean the probability of detecting medium or small statistically
significant changes in mRNA abundance between groups was low. Similarly, mRNA abundance
may not be an accurate representation of the cell phenotype as many studies have demonstrated
the functional properties of ASM are regulated at levels beyond gene expression, namely protein
expression and phosphorylation (197). Even more so, the time point at which RNA samples were
isolated could be a confounding factor in correlating mRNA abundance to contractility. Contractile
function was assessed at day 6, because at this time the cells had fully compacted and remodelled
the matrix into a mature functional tissue. In contrast, RNA was collected 48 hours after printing
because RNA yields were highest at this time point, and it was assumed that this stage would be
most representative of the molecular processes underpinning tissue maturation and phenotype.
However, it is unlikely that mRNA abundance measurements taken at a single timepoint can

completely capture processes related to chronic phenotypic regulation, warranting further inquiry.
5.2 Limitations and Mitigations

In this thesis, I have used a physical design that ‘uncouples’ the muscle bundle from
acellular structural components and I have relied exclusively on stiffness modification by tuning
the mechanical properties of these acellular layers. In asthma however, airway remodeling events
result in mechanical changes in each of the ASM bundles, lung parenchymal elements and the bulk
of the airway wall. Although keeping the stiffness of the muscle bundle constant was an inherent
methodological limitation in creating a functional tissue, it precludes us from replicating structural
remodeling events occurring within the muscle layers, and as a result, the disease implications of
our approach remain unclear. Despite this, the acellular stiffness does create a mechanical load
that simulates increased density of the airway wall from parenchymal tethers, or increased bulk
within the luminal layers. There are several additional strategies that could augment the disease
relevance of our constructs. For example, ASM tissues can be crosslinked post-printing by
glycation with non-reducing sugars like p-ribose and ultraviolet light exposure (198,199). Another
strategy would be to partly or completely substitute the collagen and fibrinogen components of our
bio-inks with pathological matrix proteins or decellularized matrices. It would also be possible to

treat these tissues with TGF-f to stimulate ECM secretion by the ASM cells. In these contexts,
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this model would be a valuable tool in comparing and contrasting the specific effects of different

ECM and fibrotic mediators in regulating ASM function.

Another important consideration with the sandwich design is that the mechanical load
constituted by the acellular alginate layers holds the muscle bundle in such a way that it behaves
like an imperfect spring. Even though this load is enough to limit excessive compaction and can
hold a significant amount of tension (evidenced by the citrate/EDTA results), a true elastic
structure would allow the muscle layers to ‘spring back’ to baseline levels after the tension ablation
experiments with cytochalasin D, as observed in ASM microtissues. Our laboratory is currently
working on an evolution of the sandwich design that increases the elastic properties of constructs.
From personal communications with Dr. West, it does appear that a more elastic design is able to
revert lumen areas back to baseline levels after cytochalasin D treatment. An additional concern
with the sandwich design is that the physical size and free-floating nature of the constructs limited
my ability to perform live cell microscopy during all contraction experiments. This introduces the
possibility of artefactual observations from evaluating cellular responses outside a non-
physiological environment. The most likely effect of measuring contraction at room temperature
versus 37°C would be a slower and less complete contraction, which might also be a plausible
explanation for the tension ablation results (cytochalasin D was the last drug administered after
the cells had been at room temperature for about 20 minutes). As part of the sandwich evolution
process, tissues can be held firmly in place, allowing for rapid montage imaging of the whole

structure at physiological conditions in the Cytation 5.

Finally, in this thesis I have first focused on re-creating tissue mechanics, mainly due to
the limitations of other experimental models, and because it is the disease-relevant component
most needed to be solved by a 3D model. Moving forward, the ease with which the model can be
made multicellular will be exploited to fabricate a more physiologically relevant construct. Such
a multicellular 3D bioprinted tissue would be a significant improvement over common techniques
including Transwell co-culture systems, conditioned media, and microfluidic organ-on-chip
models, as it allows physical interaction between cells that may be especially important to cellular
function. Since the 3D micro-environment naturally supresses proliferation to the more realistic in
vivo condition (200), 3D models dramatically reduce the risk of one fast-growing cell type ‘taking

over’ the culture in the timespan of a normal experiment. Our laboratory has already proven
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fibroblasts can survive when co-cultured with printed smooth, cardiac and skeletal muscle tissues
(unpublished data). However, unlike the microtissue model, fibroblasts are not a necessary
requirement for bioprinted tissue formation. Separate bioprinting projects have also proven the
feasibility of epithelial cell bioprinting, with A549 and Calu-3 cells both working at optimal
capacities. Next, an emphasis will be placed on evaluating the fundamental mechanisms of tissue
remodeling by incorporating immune cells and immune modulators in our constructs with a goal
to highlight the synergistic relationship between these inflammatory mediators and mechanical

factors driving asthma pathogenesis.
5.3 Conclusions and Significance

I have used novel 3D bioprinting technology to create a flagship research model of ASM
that has been optimized and validated for mechano-transduction and contraction research. My
model exhibited the essential features of a physiologically relevant mature ASM tissue. These
include cells compacting and remodeling the matrix, cells arranging into a well-patterned and
highly organized 3D tissue construct, and cells expressing higher levels of contractile genes
compared with those in standard 2D cultures. Critically, the tissues generated substantial baseline
tension during maturation, and responded appropriately to contractile and relaxant stimuli. This
represents a high-throughput and convenient alternative to current 3D models with improved

physiological relevance versus standard 2D cell cultures.

Further, stiffness modulation of ASM tissues using the sandwich design resulted in a
differential display of functional responses to contractile and relaxant agents. This supports the
idea that mechanical cues may have profound effects on cellular function, although direct disease
relevance to asthma has not yet been established. Thus, I have created an important tool that will
help unmask factors driving disease pathogenesis, which will be essential for the ongoing
development and pre-clinical screening of next generation therapeutic strategies targeting the

structural defects found in asthma.
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Appendix A: Statistical Power Analysis

Post hoc balanced one-way analysis of variance power calculations were performed using
the ‘pwr’ package 1.3-0 for R studio (version 3.6.2).

Balanced one-way analysis of variance power calculation:

k=4
n=10
£=0.5513278

significance level = 0.05
power = 0.8
Where k is the number of groups and n is the common sample size in each group.

For a one-way ANOVA, effect size is measured by the f value, which is calculated using:

f= \[ K pi* (U — p)?

o2

Where pi=n; /N

ni = number of observations in group i
N = total number of observations

Wi = mean of group i

1 = population mean

o? = error variance within groups
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Appendix B: RNA isolation methods

600p1 of freshly
prepared lysis
bufter
supplemented with
1% B-ME was

added to tissues

adding ImL of
Trizol reagent.
This was
homogenized by
mixing up and
down and
incubated for 5
minutes at room

temperature

added to each
sample, this was
mixed thoroughly
and incubated for

5 minutes at 65°C

500ul of Plant
RNA lysis
solution
supplemented
with 2% DTT
was added to the

tissues

Purelink TRIzol CTAB GeneJET Plant RNA
1. Culture media 1. ASM tissues 1. I mL of the 1. After removing | 1. RNase free
was discarded and were lysed by CTAB buffer was | culture media, microcentrifuges

were cooled in ice
before adding
ASM tissues and
0.5 mL cold (4°C)
Plant RNA
Reagent

2. Lysates were
transferred to
RNase free tubes
and homogenized

by vigorous

2.200ul of
chloroform per
mL of Trizol
reagent was

added to lysates.

2. An equal
volume of 24:1
chloroform-
isoamyl alcohol

mixture was

2. Lysates were
incubated for 5
minutes at 56°C,
after which they

were spun at

2. Samples were
mixed by briefly
vortexing and
incubated for 5

minutes at room

70% ethanol was
added to each
volume of cell
homogenate and

mixed thoroughly to

phase was mixed
with an equal
volume of 70%
ethanol then
mixed thoroughly
by vortexing

aqueous phase
was mixed with
an equal volume
of 24:1
chloroform-

isoamyl alcohol,

supernatant was
collected and
added to 250pul of
96% Ethanol, this

was mixed

pipetting Mixed vigorously | added and 20,000 x g for 5 temperature, after
and incubated at | vortexed minutes which they were
room temperature | thoroughly. This centrifuged for
for 3 minutes was centrifuged 12,000 x g for 2
at room minutes
temperature for 5
minutes at 15,000
Xg
3. One volume of 3. Colorless upper | 3. The upper 3. The 3. 100ul of SM

NaCl and 300pul
of chloroform was
added to the
supernatant. This

was mixed
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disperse visible

precipitates

mixed thoroughly
and centrifuged
for 15,000 x g for

5 minutes

thoroughly by

vortexing

thoroughly by
inverting the tube

4. Samples were
centrifuged at
12,000 x g for 15
seconds at room

temperature

4. Samples were
centrifuged for
12,000 x g for 15
seconds at room
temperature and
steps 5 -7 in the
Purelink column

was repeated.

4. An equal
volume 0f 99.9%
isopropanol was
added and
centrifuged as

above

4. The mixture
was transferred to
a purification
column inserted
in a collection
tube and
centrifuged for 1
min at 12,000 x g

4. Samples were
centrifuged for
12,000 x g for 10
minutes at 4°C
and the aqueous
upper phase was
mixed with an
equal volume of

isopropyl alcohol

5. Flow-through
was discarded and
700l of wash
buffer 1 was added
and centrifuged as
above, after which
500 pl of wash
buffer 2 was added

5. Supernatant
was discarded,
and pellet was
resuspended in
50ul RNase free

water

5. Flow-through
was discarded and
700l of wash
buffer 1 was
added to the
purification
column and

centrifuged at

5. After
incubating for 10
minutes at room
temperature,
samples were
centrifuged for
another 10
minutes at 12,000

and centrifuged 12,000 x g for 1 x gat4°C
twice minute
6. The spin 6. Samples were | 6. After 6. Supernatant

cartridge membrane
was dried by
centrifuging for 2
minutes at 12,000 x

g

cleaned up using
the protocol in
the Purelink

column

discarding flow-
through, 500ul of
wash buffer 2 was
added and
centrifuged as
above, this step
was repeated
twice, and the
spin membrane

was dried by

was discarded and
ImL of 75%
Ethanol was
added to the
pellet, this was
centrifuged for 1
minute at 12,000
X g at room

temperature
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centrifuging at
12,000 x g for 2

min

7. 50ul of RNase
free water was
added to the
membrane and was
spun for 12,000 x g
for 2 minutes to
elute RNA. RNA
was stored in -80°C

until use.

7. 50ul of RNase
free water was
added to the
membrane which
was spun for
12,000 x g for 2
minutes to elute
RNA. RNA was
stored in -80°C

until use.

7. Supernatant
was discarded and
30ul of RNase
free water was
added to the
pellet. Mixed
thoroughly and
stored in -80°C

until use.

Table A. RNA isolation methods. Methods were adapted from the manufacturer’s recommendations.
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