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Thesis Organization
This thesis is written and presented in a manuscript-based style divided into the following chapters.

Chapter 1 provides a high-level introduction to the thesis and details the motivations, rationale,

and philosophy behind the study design, including a summary of specific research aims.

Chapter 2 is a comprehensive review of literature related to upper airway organ-on-a-chip culture
models including an examination of their emerging applications. The importance of design
considerations and strategies are summarized. Future directions for expanding the applications of

upper airway organ-on-a-chip models are proposed.

Chapter 3 is an original research manuscript for submission. The goal was to develop a novel VF
mucosa organ-on-a-chip (VF-OOAC) via a systematic evaluation of small volume effects, 3D

tissue architecture, perfusion, and fluidic shear in the microengineering of VF mucosa constructs.

Chapter 4 is an original research manuscript for submission. The goal was to investigate the VF-
OOAC’s capacity to evaluate environmental irritant toxicity. As a case study, the VF-OOAC was
challenged with acute exposure to coarse particulate matter. Furthermore, induced pluripotent stem
cell technology was integrated into the VF-OOAC to improve physiological relevance of the VF

epithelium.

Chapter 5 provides a contextual discussion of the thesis, focusing on potential improvements and

future opportunities related to the in vitro model presented.

Chapter 6 comprises concluding remarks for research findings of this thesis and recommendations

for future work.
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Contribution to Original Knowledge

This thesis included several novelties related to the microengineering of a 3D vocal fold
(VF) mucosa construct using microfluidic technology, i.e., vocal-fold-organ-on-a-chip (VF-

OOAQ), as a reliable in vitro experimental model.

The first original research paper presented focused on developing a novel VF-OOAC
and evaluating culture parameters related to its structural and functional architecture. This VF
mucosa model represents the first example of a perfused microfluidic 3D co-culture relevant to
the upper airway, replicating cellular components of the mucosa’s epithelial (immortalized

laryngeal epithelial cells) and lamina propria (primary vocal fold fibroblasts) regions.

Through harnessing microfluidic technology, this microengineered VF mucosa model is
unique in its capacity to integrate physiological scaling, 3D co-culture, perfusion, and fluidic
shear into a single in vitro platform, offering a significant advantage over conventional
platforms. This study contributed to understanding the influence of culture parameters on VF
mucosa tissue development. The findings will aid future design of VF mucosa in vitro models
and provide a foundation for implementing microfluidic culturing technology in VF research.

The second original research paper focused on the utility evaluation of the VF-OOAC
by challenging the system with coarse particulate matter (PM10), a global environmental irritant
with clinical relevance to the VFs. The findings showed the VF-OOAC had a high resistance to
all PMyo doses tested. To validate the findings, the first instance of using induced pluripotent
stem cell (iPSC) technology in an upper airway organ-on-a-chip model was also reported. This
iIPSC model similarly demonstrated robust VF mucosa resilience to PM1o, confirming the
defensive mechanisms of stratified squamous epithelium are sufficient to protect the vulnerable
lamina propria from acute irritant exposure. To the best of my knowledge, no in vitro model

had replicated in vivo VF mucosa resilience to ambient environmental irritant acute exposure.

This thesis demonstrated the capacity of the proposed VF-OOAC to replicate in vivo
behaviour when exposed to environmental irritants. Overall, this novel in vitro platform may
accelerate basic and clinical research focused on deciphering the role of ambient irritants in voice
disorder pathophysiology. This may help advance scientific understanding for related therapeutics
development.
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Abstract

Human vocal folds (VFs) are layered, functional tissues of the larynx that are responsible
for voice production. Environmental irritants, such as ambient air pollutants, can induce
inflammation in the VF mucosa, with epidemiological data associating them with voice disorders
including vocal cord dysfunction, chronic laryngitis, and laryngeal cancer. Elucidating the
mechanisms controlling the interaction between the VF mucosa and environmental irritants may

therefore provide molecular targets for future therapeutics to treat VF or laryngeal inflammation.

In vitro culture models represent an initial platform for disease modelling and therapeutic
assessment. However, conventional cell culture cannot fully recapitulate the microenvironmental
complexity found in vivo, including biomechanical cues or paracrine signalling efficacy. This
mismatch can produce inaccurate simulations of clinical observations. Developing an in vitro
system that integrates further microenvironmental factors of native tissue could improve its
physiological relevance to help reveal how environmental irritants contribute to voice disorder

pathophysiology.

This thesis harnessed an advanced in vitro technology, organ-on-a-chip (OOAC), to
microengineer a VF mucosa construct. OOAC models are biomimetic, microfluidic culture
systems that can replicate structural and functional features of tissues and organs including tissue-
tissue interfaces, mechanical stimulation, fluid flow, and biochemical gradients. By integrating
these critical microenvironment elements, OOAC systems offer improved modelling efficacy to

reproduce clinical responses at a level not possible using conventional techniques.

Firstly, we propose a strategy to cultivate the epithelial, basement membrane, and lamina
propria components of the VF mucosa using organ-on-a-chip techniques (VF-OOAC). This model
investigated co-cultures of immortalized laryngeal epithelial cells and primary VF fibroblasts
using commercialized single- or double-microchannel microfluidic devices. Culture parameters
including small-volume effects, three-dimensional architecture, perfused culture, and fluidic shear,
were systematically evaluated to quantify their influence on tissue development. We demonstrated
our VF-OOAC model displayed structural and functional tissue development exceeding that of

conventional transwell culture controls.
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Next, we performed a utility evaluation of the VF-OOAC. Animal studies have reported
significant VF epithelial resilience when challenged with short-term exposure to ambient irritants
but this has yet to be replicated with existing in vitro models. In this study, the VF-OOAC was
subjected to a dose-response series of a global air pollutant, coarse particulate matter (PM1o) for
24 hr. The VF-OOAC was found to replicate the high resilience shown in vivo by the VF mucosa

to short-term exposure to environmental irritants.

Lastly, immortalized laryngeal epithelial cells were replaced by induced pluripotent stem
cell (iPSC)-derived VF epithelial cells to improve epithelial functionality and physiological
relevance. Compared to transwell controls, the VF-OOAC had increased epithelial functionality,
confirming the benefits of microfluidic culture observed for immortalized experiments were
translatable to iPSC-derived cultures. When challenged with PM1g, the iPSC-derived epithelium
also replicated the robust protection of the lamina propria observed in previous experiments, with

no significant inflammatory activity detected.

Overall, the proposed VF-OOAC model supported improved tissue development compared
to conventional transwell culture. The inclusion of an iPSC-derived epithelium in the VF-OOAC
provides an in vitro platform to help advance the personalized medicine initiative in VF research.
Furthermore, VF-OOAC models replicated the resilience of native VF epithelium to acute
environmental irritant challenges, demonstrating the system’s potential application as an early

preclinical tool in therapeutic and toxicant screening.
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Résumé

Les cordes vocales humaines sont des tissus fonctionnels en couches du larynx qui sont
responsables de la production vocale. Les irritants environnementaux, tels que les polluants de
I’air ambiant, peuvent conduire a une inflammation dans la muqueuse des cordes vocales, les
données épidémiologiques les associant a des troubles de la voix, y compris la dysfonction du
cordon vocal, la laryngite chronique et le cancer du larynx. L’¢lucidation des mécanismes
controlant I’interaction entre la muqueuse de la corde vocale et les irritants environnementaux peut
donc fournir des cibles moléculaires pour les futurs traitements visant a traiter la FV ou

I’inflammation du larynx.

Les modeéles in vitro représentent une plateforme initiale pour la modélisation des maladies
et I’évaluation thérapeutique. Cependant, la culture cellulaire conventionnelle ne peut pas
récapituler completement la complexité microenvironnementale trouvée in vivo, y compris les
indices biomécaniques ou I’efficacité de la signalisation paracrine. Ce décalage peut produire des
simulations inexactes des observations cliniques. La mise au point d’un systéme in vitro qui intégre
d’autres facteurs microenvironnementaux des tissus indigénes pourrait améliorer sa pertinence
physiologique pour aider a révéler comment les irritants environnementaux contribuent a la

pathophysiologie des troubles de la voix.

A cette fin, cette thése a utilisé une technologie in vitro avancée, organe sur puce (OSP),
pour micro-ingénier une construction de muqueuse des cordes vocales. Les modeles OSP sont des
systemes de cultures biomimétiques qui peuvent reproduire les caractéristiques structurelles et
fonctionnelles des tissus et des organes, y compris les interfaces tissu-tissu, la stimulation
mécanique, I’écoulement des fluides et les gradients biochimiques. En intégrant ces éléments
critiques du microenvironnement, les systemes OSP offrent une meilleure efficacité de
modeélisation pour reproduire les réponses cliniques a un niveau impossible en utilisant des

techniques conventionnelles.

Dans un premier temps, nous proposons une stratégie pour cultiver les composants
épithéliaux, de la membrane basale et de la lamina propria de la muqueuse des cordes vocales en
utilisant des techniques d’organe sur puce (cordes vocales OSP). Ce modele a étudié les co-cultures

de cellules épithéliales laryngées immortalisées et de fibroblastes de cordes vocales primaires a

XX



I’aide de dispositifs microfluidiques a microcanaux simples ou doubles commercialisés. Les
parametres de culture, y compris les effets de petit volume, 1’architecture tridimensionnelle, la
culture perfusee et le cisaillement fluidique, ont été évalués pour quantifier leur influence sur le
développement des tissus. Nous avons démontré que notre modele cordes vocales OSP présentait
un développement tissulaire structurel et fonctionnel supérieur a celui des contréles conventionnels

en culture Transwell.

Ensuite, nous avons effectué une évaluation de 1’utilité des cordes vocales OSP. Des études
sur des animaux ont fait état d’une résilience épithéliale importante de la corde vocale lorsqu’elle
est confrontée a une exposition a court terme a des irritants ambiants, mais cette résilience n’a pas
encore été reproduite avec les modéles in vitro existants. Dans cette étude, la corde vocale OSP a
été soumise a une série dose-réponse d’un polluant atmosphérique global, une matiére particulaire
grossiere (PM1o) pendant 24 hr. La corde vocale OSP a été utilisé pour reproduire la haute
résilience montrée in vivo par la muqueuse de corde vocale a 1’exposition a court terme aux irritants

environnementaux.

Enfin, les cellules épithéliales laryngées immortalisées ont été remplacées par des cellules
épithéliales corde vocales dérivées de cellules souches pluripotentes induites (CSPi) pour
améliorer la fonctionnalité épithéliale et la pertinence physiologique. Par rapport aux témoins
Transwell, la corde vocale OSP avait une fonctionnalité épithéliale accrue, confirmant que les
avantages de la culture microfluidique observés pour les expériences immortalisées étaient
traduisibles en cultures dérivées d’CSPi. Lorsqu’il a été confronté a des PMuo, I’épithélium dérivé
de I’CSPi a également reproduit la protection robuste de la lamina propria observée dans des

experiences précédentes, sans activité inflammatoire significative détectée.

Dans I’ensemble, le modele de corde vocale OSP proposé a permis d’améliorer le
développement des tissus par rapport a la culture Transwell conventionnelle. L’inclusion d’un
épithélium dérivé de I’CSPi dans la corde vocale OSP fournit une plateforme in vitro pour aider a
faire avancer I’initiative de médecine personnalisée dans la recherche sur la corde vocale. De plus,
les modéles de corde vocale OSP ont reproduit la résilience de 1’épithélium natif aux irritants
environnementaux aigus, démontrant [’application potentielle du systéme en tant qu’outil

préclinique précoce dans la modélisation thérapeutique et toxique.
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Chapter 1. Introduction

Thesis Motivation

The human VF mucosa is a biomechanically active, multicellular 3D structure responsible
for normal voice production. Dysfunction in VF mucosa tissue is a principal cause of voice
disorders, which have an estimated lifetime prevalence of 30% and incurred annual health costs

exceeding $11 billion in the United States alone.}

Existing in vitro models, including dishes, transwells, and bioreactors, often use culture
setups with a static microenvironment or a single cell type. In addition, these macroscale models
can suffer inhibited paracrine signalling efficacy, due to the diffusion distances and dilution effects

present in the culture.

Effective in vitro recapitulation of the VF mucosa microenvironment requires modelling
its principal components, i.e., epithelium, lamina propria, and basement membrane. Existing
models have achieved this by co-culturing the two major cell populations of the mucosa — epithelial
cells and fibroblasts — in transwell systems. Replicating the structure and functional native VF
mucosa tissue in preclinical in vitro models is of imminent significance in addressing the ongoing

healthcare and societal challenges posed by voice disorders.

Innovations in microfluidic technology have led to the rise of organ-on-a-chip (OOAC)
platforms. These microphysiological culture systems can exert mechanical stimulation on cells and
provide perfused conditions to simulate vascular and interstitial fluid flow. Fundamentally,
microfluidic culture provides opportunities to initiate greater biological complexity into VF

mucosa tissue constructs to stimulate superior tissue development.

An outstanding challenge for VVF in vitro modelling is the need to reliably imitate clinical
responses of native VF tissue. To help achieve this, microenvironmental parameters that regulate
and dictate tissue activities should be integrated into VF in vitro platforms. These parameters
include translatable media volumes, dynamic metabolite exchange, and mechanical stimulation.
For instance, introducing perfusion and small-volume effects into VF mucosa cultures provides
biomechanical cues, controlled concentration gradients, and enhanced paracrine signalling
efficacy. A VF mucosa organ-on-a-chip (VF-OOAC) could assemble these features into a single

in vitro testing platform to attain a more accurate representation of native VVF tissue behaviour.



Such a model could improve the capacity to quantify the relationship between environmental
irritants and vocal pathophysiology, advancing scientific understanding for related therapeutics
development. However, the use of OOAC methods for cultivating the VF mucosa has yet to be

validated and thus the potential benefits over conventional culture techniques are unknown.

Coarse particulate matter (PMzio) is an environmental irritant that represents an ideal
exploratory case study for validating the VF-OOAC’s tissue structure and functionality. PM1o
poses a direct threat to upper airway health and may contribute to voice disorders including VF

fibrosis, chronic laryngitis, and laryngeal cancer.*®

Thesis Rationale
To achieve the goal of developing a VF-OOAC, a bottom-up approach will first be adopted

to deconstruct design elements important for in vitro VF mucosa culture, and build a platform
optimized for structural and functional tissue growth. As opposed to primary VF epithelial cells,
immortalized laryngeal epithelial cells (iLECs) were initially used as their culture longevity and
expansion capacity benefited platform optimization and refinement. Conversely, the greater
compatibility of primary VF fibroblasts (pVFFs) with cell culture and their critical role in
regulating VF epithelium development via cellular crosstalk made them an ideal fibroblast cell

source.’

It has been posited VF stratified squamous epithelium is sufficiently robust to withstand
acute exposure (<24 hr) to environmental irritants in vivo, although this has yet to be effectively
replicated using in vitro cell culture.® As such, model validation was enacted by challenging the
VF-OOAC with PMyo for 24 hr to assess its capacity for replicating in vivo behaviour.

To further authenticate the VF-OOAC, induced pluripotent stem cell (iPSC) technology
was integrated into the platform. Immortalized airway epithelial cells have been associated with
restricted differentiation and inhibited barrier capacity compared to native tissue cells.®° The use
of iPSC-derived VF epithelial cells may overcome these limitations due to their capacity for
recapitulating tissue functional and producing in vivo-level cellular responses. This could enhance
the predictive efficacy and physiological relevance of the VF-OOAC and improve the clinical
translation of generated datasets.!*2



Research Objectives & Hypotheses

The overall goal of this thesis was to develop a VF-OOAC platform and test its
applicability for studying the response to environmental challenges. To achieve this, we integrated
principles of cell biology and microfluidic science to: (1) manipulate microenvironmental culture
parameters to microengineer an in vitro platform of the VF mucosa; (2) assess the platform’s
capacity to replicate in vivo behaviour when challenged with acute exposure to environmental
irritants; (3) integrate iPSC technology into the platform to enhance the clinical relevance of in

vitro observations.

Aim 1. Engineer an in vitro VF-OOAC Model

We hypothesized: (1) microscale culture would increase structural and functional tissue
development; (2) 3D culture would enhance cell polarization; (3) perfusion would stimulate
differentiation and proliferation; (4) fluidic shear would promote mechanosensitive gene
expression. The combined influence of these parameters was predicted to microengineer a VF
mucosa exhibiting tissue development surpassing that of transwell controls.

Aim 2a. Assess VF mucosa’s Response to PMio for VEF-OOAC Utility Evaluation

This experimental series served to assess the capacity of the VF-OOAC to replicate in vivo
VF mucosa resilience to short-term environmental irritant challenges. This strategy relied on
challenging the VF-OOAC with PMy for 24 hr and examining the outcome on structural,
functional, and inflammatory characteristics of the tissue. We hypothesized the VF-OOAC would
display high resilience to PMyo and incur no dose response due to the protective mechanisms

provided by stratified squamous epithelium.

Aim 2b. Strengthen Clinical Relevance of VF-OOAC Testing Platform

To improve VF mucosa tissue functionality and enhance clinical relevance of the platform,
we proposed integrating an iPSC-derived VF epithelium into our VF-OOAC and used a 24 hr PM1o
challenge to evaluate its resilience via similar outcome measurements to Aim 2a. We hypothesized
IPSC-derived VF epithelial cells would improve recapitulation of native VF epithelium’s defensive
mechanisms, including its barrier capacity and tissue functionality, leading to greater resilience to

irritants compared to iLECs.
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Abstract

The upper airway has critical roles in respiration, swallowing, and speech. In addition, it
serves as a filter to prevent inhaled and ingested matter from penetrating the tissues of the lower
airway. Hinderance of these functions can be life-threatening or significantly impair patient
quality-of-life. Access to effective preclinical models is essential for furthering our understanding
of the biological mechanisms involved in upper airway disease modelling, therapeutics
development, and precision medicine. With continued debate surrounding the practicality and
ethics of animal models, the need for biomimetic in vitro systems, such as organ-on-a-chip, is
growing to replicate more aspects of the native tissue microenvironment compared to conventional
techniques. With organ-on-a-chip technology successfully, and widely, applied in other organ
research fields, now is the time for upper airway researchers to harness this advanced technology

and create preclinical in vitro platforms with enhanced efficacy and fidelity.

This perspective paper examines the design principles of organ-on-a-chip models utilized
to produce upper airway microtissues. Following this, an assessment of opportunities and future
perspectives is presented as a guide to stimulate the advancement of organ-on-a-chip use in upper

airway culture models.

Introduction

The upper respiratory tract extends from the nose to the top of the trachea and has major

functions in respiration, swallowing, and communication. Each organ of the upper airway



possesses a specialized tissue composition and functionality. For example, the human vocal folds
(VFs) undergo constant microtrauma during phonation.! To compensate for this, VFs are covered
by a multilayered, non-keratinized stratified squamous epithelium which, as a highly robust
epithelia of the internal organs, provides structural support and resilience against excessive injury.
Conversely, the more delicate pseudostratified columnar epithelium of the nasal cavity has an
abundant population of ciliated cells for filtration of inhaled air and removal of trapped particulates

via mucociliary clearance.?

Epithelial tissue is one component of the upper airway mucosa which, alongside the
basement membrane and lamina propria, serves to provide humidification and protection to the
local tissue envrionment.® All upper airway mucosae contain a rich cellular architecture that
includes various epithelial, stromal, immune, and endothelial cells. The specific size and
composition of airway mucosa varies between different regions. For example, the average reported

thickness for nasal and oropharyngeal mucosae is 3.5 mm and 9.9 mm respectively.*

Although animal models remain the ‘gold standard’ of preclinical research, continued
scientific and ethical advances have intensified debate around the efficacy and application of their
use.>® Physiological differences between species lead to animal models frequently failing to
predict pathophysiological responses at a clinical level.”2° Moreover, the high cost of breeding,
housing, and performing lengthy protocols restricts animal model availability.* The United States
Food and Drug Administration has identified a need to enact the 3Rs (replacement, refinement,
reduction) of animal research through developing alternative models.'?> One proposed method to
achieve this is creating biomimetic in vitro systems to use for environmental and drug toxicology

screening.

Conventional in vitro models based on 2D cell culture display limited physiological
relevance. Cultivating cells in 2D impacts many in vivo cellular processes including
differentiation, proliferation, apoptosis, and mechano-responses (Figure 2.1).2® Specifically, 2D
culture restricts polarity and adhesion distribution, limiting the capacity of cells to interact with
the local environment.'* Furthermore, proliferation rates in 2D culture are typically higher than in
vivo due to the absence of structural architecture, such as intercellular junctions, that helps regulate

apoptosis mechanisms in epithelial cells.*>*®
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Figure 2.1. Comparison of 2D and 3D cell culture. Created with BioRender.com.

To obtain an improved representation of the complex, multicellular architecture found in
vivo, 3D culture systems have been utilized. The provision of a 3D cellular microenvironment
better replicates in vivo behaviour, including extracellular matrix (ECM) synthesis, apoptosis,
migration, proliferation, and differentiation.'® In addition, 3D cellular environments can replicate
signalling cascades not found in 2D culture, such the interaction between P1-integrin and
epidermal growth factor receptors.? A common approach for 3D culture setups uses transwell
inserts that has several advantages for cultivating upper airway tissues, including the use of an air-
liquid interface (ALI) and 3D co-culture (Table 2.1). ALI culture is particularly important for
mimicking in vivo conditions of the luminal airway when cultivating upper airway epithelial cells.
For instance, ALI culture was found necessary for the differentiation and development of a
multilayered nasal epithelium in vitro.2* Similarly, using co-culture setups is also significant as it
introduces cellular crosstalk and multicellular responses that underpin upper airway functionality

and immunology.?

Despite improvements over 2D culture, transwell 3D co-culture retains some significant
limitations. The static microenvironment restricts metabolite diffusion speed, which can produce
cellular morphology and proliferation rates divergent from those in vivo.? Moreover, the cell-

media ratio is unrepresentative of native tissues, which can lead to mischaracterizing irritant or



drug responses versus clinical observations.?*#?> More complex 3D culture models such as nasal
organoids have been developed using patient-derived epithelial cells and have displayed
characteristic structures of native tissues including cilia, mucins, and tight junctions.?® However,
ALLI absence in organoid models restricts epithelium differentiation and negates the possibility of
delivering aerosolized therapeutics or irritants to mimic in vivo exposure routes.?! In addition,
necrosis at the centre of tissue constructs due to mass transport limitations alongside the absence

of mechanical stimulation present further challenges for organoid cultures.?’

Table 2.1. Comparison of biological culture parameters across different upper airway in vitro models.

e o ¢ AN )
Organ on-a-chi Organoid Ulelnze el 2D Monoculture
9 P 9 Co-Culture
Phy5|ol?g|ca! Yes No No No
cell-media ratio
3D t Issue Yes Yes Yes No
architecture
Air-liquid Yes No Yes No
interface
Perfusion Yes Yes No No
- Circulating Yes No No No
immune cells
Mechanical . .
Stimulation High Medium Low Low

Organ-on-a-chip (OOAC) is an alternative, biomimetic platform that uses microfluidic
devices containing chambers inhabited by living cells to simulate tissue- and organ-level
physiology.?” OOACs, also known as microphysiological systems, are specifically designed to
model features of human biology using microscale culture setups with an increased capacity to

replicate in vivo behaviour.?® For instance, cultivating cells in microchannels provides an inherent



compatibility with dynamic air or culture medium flow to recapitulate breathing or perfusion

motions found in vivo.

This perspective review aims to inform researchers on the applications and advantages of
OOAC technology in upper airway research for modelling nasal, pharyngeal, and laryngeal tissues.
The versatility of OOAC approaches enables them to be tailored to replicate tissue architecture
and dynamism of the native microenvironment, which is vital for improving physiological
relevance of in vitro models. Here, key design considerations for upper airvay OOAC models are
identified, including both physical and biological parameters. Following this, notable research
topics of interest are highlighted, with a specific focus on the role of OOAC technology in

advancing personalized medicine and clinical translation of in vitro modelling.

Organ-on-a-Chip Technology

Modern OOAC technology originated from efforts in the electronics industry to develop
miniaturized total chemical analysis systems in the latter half of the twentieth century.?® These
later became ‘lab-on-a-chip’ tools incorporating fluidic microsystems into a single platform for
performing multiple steps of a chemical assay.>® Further advances led to the fabrication of
microscale fluidic channels for the addition of living cells.3! In particular, improvements in
polymer science and microfabrication techniques facilitated the development of increasingly
complex devices to model organ-level functions.?”*23* Microchannels with large surface areas and
high mass transfer rates enabled the use of micro- or nano-volumes, rapid mixing
speeds/responses, and precision control over physical and chemical properties.3*-3 For non-upper
airway tissues (lung®4, kidney*!, gut*? etc.), OOAC technology has already been successfully
applied to create perfused microsystems recapitulating tissue-tissue interfaces, mechanical

stimulation, and biochemical gradients found in vivo.3%4043

From January 2014 to August 2023, only eight microphysiological systems were published
that modelled functional upper airway biology (Table S2.1). Each of these was specifically
purposed for nasal tissue with no studies reported for other upper airway tissues such as the VFs
or epiglottis. Of note, a range of microfluidic platforms have also been developed for head and
neck cancer.***" However, whilst cancer models are an excellent resource, they offer limited

insight into healthy tissue homeostasis and cannot be applied to study therapeutics and



pathophysiology related to non-cancerous disorders such as pharyngitis, laryngitis, or vocal fold
scarring, or reactive upper airway dysfunction syndrome. As such, a major research gap exists for

developing OOAC models related to functional laryngeal and pharyngeal tissues in particular.

Utilizing Design Parameters of Organ-on-a-Chip Models

A principal goal of OOAC models is to minimize the degree of complexity needed to
represent a specific biological application and avoid introducing unnecessary factors that
complicate the system’s use or analysis.?® Hence, selecting the approach for forming functional
tissues within an OOAC is a significant initial consideration. For bottom-up approaches described
in this review, immortalized, primary, or stem-cell derived cells are cultivated in microfluidic
devices that support the development and formation of functional tissues. The tissue culture
strategy will influence the design of the microfluidic device due to its role in organizing and
supporting cells in specific configurations and routing fluids — such as culture medium or air —
through specific tissue channels or compartments.?® Whilst many OOAC designs are possible, a
multitude of microfluidic device and biological parameters have a significant influence on OOAC
functionality. Here, we explore their importance in creating physiologically relevant upper airway
OOACs.
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mimicry of the native tissue microenvironment. The influence of each specific parameter may vary across different
tissues and hence requires optimizing for each model. Created with BioRender.com.

Microfluidic Device Parameters

Conceptualization & Configuration

OOAC models have been stated to broadly fit into two major groups: solid organ chips or
barrier tissue chips.? Solid organ chip cultures create 3D tissues with the capacity to interact with
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each other and surrounding culture media. This setup has most commonly been used in non-airway
models such as for liver, cardiac, and adipose OOACSs. Barrier tissue chips are designed to support
the formation of cellular barriers between fluid compartments to study selective transport
processes. These systems have been utilized in airway OOACSs to mimic the epithelial-endothelial

barrier of lung tissues such as alveoli and small airways.3%4048

Within each overarching group, OOAC models can be further specified by their device
configuration. Although no standardized design is universally applicable for all OOACs, notable
setups for upper airway modelling include double-, or multi-channel/compartment setups (Figure
2.3). Each setup is compatible with ALI culture, which is crucial in the formation and
differentiation of functional upper airway epithelium.?>  However, the specific
microchannel/compartment arrangement can vary significantly across OOAC platforms. For
instance, a common approach in upper airway research has relied on a modified snapwell or
transwell separated from a microchannel by a porous membrane (Figure 2.3A).4°-! This setup has
the advantage of perfusion compatibility and also enables 3D culture, which has particular
relevance for stromal cells that require increased spatial and chemical complexity to form in vivo
tissue structures.> For the membrane separating the channel and compartment, pore size and
density can be tuned to control nutrient/waste exchange, paracrine signalling, and cell migration.
A drawback of this model is that epithelial cells are generally cultivated at a static ALI only,
although a more dynamic ALI is potentially obtainable using exposure technology (e.g. Cultex®

or Vitrocell®).5354
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Single-Channel Double-Channel Multi-Compartment

Figure 2.3. Microfluidic device configurations applicable to upper airway OOAC models. (A) A single microchannel
is separated from a compartment by a porous membrane. The compartment permits 3D co-culture of epithelial and
stromal cells whilst the microchannel can be used for endothelial cell culture under perfused conditions. (B) Double-
channel configurations can be used for barrier studies exploring epithelial-endothelial or epithelial-stromal interfaces.
Each microchannel can be used for dynamic fluid flow, including medium perfusion for endothelial cells and airflow
for epithelial cells. (C) Multi-compartment configurations allow 3D culture of stromal cells but also enable dynamic
flow through neighbouring microchannels, permitting dual dynamic flow found in double-channel models to culture
epithelial and endothelial cells in physiologically relevant conditions.

Double-channel designs consist of two overlapping microchannels separated by a porous
membrane in a sandwich or parallel configuration (Figure 2.3B). This design is useful for creating
a dynamic ALI, whereupon the endothelial channel is perfused with culture medium whilst an
airflow is passed through the epithelial channel.®® This example would produce a 2D co-culture
useful for studying basic cellular responses, such as the impact of drugs or irritants on barrier

permeability.>®>’

Multi-channel/compartment systems build on the double-channel model and are typically
designed with at least three distinct cell culture regions (Figure 2.3C). This design is advantageous
for better replicating the biological complexity of native upper airway mucosae due to its
compatibility with perfused 3D culture and a dynamic ALI, combining advantages from the
simpler designs. An example configuration of this would be a device with two microchannels
either side of a central compartment used for 3D hydrogel culture.®® This setup ensures epithelial,
stromal, and endothelial cells are cultivated in physiologically relevant surroundings, namely a

dynamic ALI, 3D environment, and perfused conditions respectively. One limitation of this
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approach occurs if porous plastic membranes are used to separate each compartment as this creates
an inorganic physical barrier between the lamina propria and epithelial tissue regions. However,

this could potentially be offset by adjusting membrane pore size to permit cell migration (>3 pm).

Dimensions & Geometry

An inherent advantage of OOACs over conventional models is the increasingly relevant
physiological scaling they provide due to the cell-media ratios used being more representative of
native tissue. Compared to macroscale models, cultivating tissues at the microscale enhances
paracrine signalling efficacy via small volume effects.?”5%¢ Microscale culture also inherently
provides decreased diffusion distances and increases the speed of cellular responses by minimizing
metabolite heterogeneity and dilution.®® Fundamentally, this permits tissue development in
OOAC:s to proceed at rates more closely aligned with those in vivo. For example, a nasal OOAC
was able to replicate gland-like structures observed in native tissues but never previously obtained

with conventional culture.®!

In addition to the general advantages of microscale culture, the specific dimensions and
geometry of the channels/compartments in OOACs can exert significant influence over the
functionality of cultivated tissues and, particularly for perfused cultures, operational efficiency of
the OOAC system.®? Microchannel dimensions can be adjusted to reflect the size of the luminal
airways or vasculature found in vivo. Altering microchannel size also has important implications
for the associated flow profile when culture medium or air is passed through the channel. Notably,
this includes wall shear stress and shear stress exerted on cells. For example, computational
simulations of a nasal OOAC revealed enlarging microchannel height from 0.275 mm to 4 mm
increased the Reynold’s Number beyond the laminar flow threshold (>2000).5-% Modelling
turbulent flow is important for replicating physiological airflow of the upper airway, which exerts
considerable shear stress on local cells. Using microchannel dimensions to control flow profiles is

a useful strategy for replicating flow-induced mechanical stimulation found in vivo.

Similarly, microchannel geometry can be controlled to produce airflow patterns
characteristic of those found in the upper airway. In one case, the geometry of a nasal OOAC was
developed based on the Carlton-Civic Standardized Nasal Model to replicate anatomical structures

of the nasal cavity including recirculation zones and winding streamlines.’* This enabled a flow
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pathway through the microfluidic device more representative of airflow streamlines in vivo.
Similar techniques could be adapted for the laryngeal and pharyngeal cavities to cultivate tissues

able to experience relevant airflow patterns and physiological shear stresses.

Materials & Fabrication

The materials used in a microfluidic device are influential factors for cell attachment,
biocompatibility, microfabrication compatibility, and intended characterization. OOACs can be
constructed with various material combinations, particularly for devices containing multiple
culture compartments. Common materials used in device assembly include poly(dimethylsiloxane)
(PDMS), thermoplastics such as polystyrene, poly(methyl methacrylate), polycarbonate, or cyclic
olefin copolymer, and glass. Each distinct material has associated advantages and disadvantages.
For example, PDMS offers ease-of-manipulation, high gas permeability, optical clarity for high-
quality microscopy read-outs, and biocompatibility.?”®> However, PDMS devices are susceptible
to fluid evaporation and leaching of uncured oligomers. In addition, PDMS suffers from non-
specific hydrophobic molecule adsorption, which renders it unsuitable for preclinical models
examining hydrophobic drugs.**%-"1 Alternatively, thermoplastic devices have high temperature
and pressure resistance, physical and chemical stability, and hydrophilic surfaces for improved cell
attachment.”"® Notably, they have high compatibility with low-cost, mass production, which has
helped facilitate their growing commercial availability. Drawbacks to thermoplastic devices

include their limited gas permeability and reduced optical clarity compared to PDMS. 27475

Ultimately, material selection is a compromise between desired functionality and the
availability of fabrication facilities. For example, thermoplastics (polycarbonate, polystyrene etc.)
are often used as porous membranes in OOACs due to their established biocompatibility, cell
attachment properties, and commercial availability as thin (<10 um), porous sheets. Depending on
the tissue modelled, material mechanical properties can be a key factor. For instance, the high
elasticity of PDMS has been exploited in lung OOAC models to allow mechanical stretching to

exert physiological strain on cells.*°

To fabricate the microfluidic device, a variety of microfabrication techniques are available
including soft lithography, injection moulding, 3D printing, and hot embossing.”>"® Whilst

fabrication methods are closely associated with the choice of material, experimental purpose is
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also an important consideration. Although thermoplastic polymers can be readily manipulated
using injection moulding, this technique is unsuitable for producing devices with complex designs
or operational features such as stretching. Alternatively, 3D printing can rapidly produce complex,
intricate prototypes but is limited by poor optical clarity and resin biocompatibility issues.
Ultimately, as microfabrication techniques continue to advance, expanding design possibilities and
device complexity will help spearhead efforts to recreate the complex architecture of the upper

airway in vitro.

Replicating Upper Airway Tissue Architecture

Cell Source

Assembling the biological elements of an OOAC is a crucial step in defining the model’s
recapitulation capacity. Consideration should be given to cell sources, tissue compositions, and
culture dimensionality, which all contribute to OOAC functionality. OOACs are often designed to
replicate specific physiological characteristics of tissues, such as epithelial or endothelial barrier
functionality, and thus may require a specific cell source to achieve this (Table 2.2). For example,
many immortalized cell lines and even certain induced pluripotent stem cell (iPSC)-derived cells
often express only a fraction of the functional capacity of primary cells found in native tissues.’’
In addition, the accumulation of karyotypic abnormalities in immortalized cell lines can produce

drug or toxicant responses divergent from native tissue.

Table 2.2. Characteristics related to the culture of immortalized, primary, or iPSC-derived upper airway cells.

Characteristic Cell Source
Immortalized Primary iPSC-derived
Ease-of-culture Simple Moderate Complex
Cost Low Medium High
Senescence Long-term self-renewal Limited self-renewal Long-term self-renewal
Replicability High Donor variability Donor variability
Morphology Polarity Ios§, absence of Health}/ _rr!orphology Healthy morphglogy
morphological features (initially) (maturity varies)
. Maintain native phenotype
Phenotype i:igﬁi‘;g :ES:;%E::’ for limited number of Display native phenotype
passages
Genome Altered genomic content Genetically stable Ur_1d|fferent|atfed_|PSC§ f:an
display genetic instability
Contamination risk Low Medium High
In vivo relevance Low High (initially) High
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Whilst primary cells may initially possess functional and metabolic properties similar to
those in vivo, they suffer protein and gene expression alterations within a few days of culture,
frequently display donor-specific behaviour, and have limited availability.” This can limit the time
window of the upper airway OOAC, especially for long-term studies. This has notable relevance
for certain upper airway primary cells that do not grow well in vitro such as VF epithelial cells,
which have a limited culture capacity before senescence occurs.” Specifically for transwell co-
cultures modelling the VF mucosa, this technical challenge has inspired the use of various
alternative epithelial cell sources (Table 2.3). Of these cell sources, iPSCs are of notable interest
for OOAC applications as they can be used to create patient-specific models without the
availability and purity concerns associated with primary cells.8%8 To fully realize this potential,
improvements in long-term efficacy, upscaled production, and reproducibility of iPSC-derived

tissues remain ongoing research challenges.

Table 2.3. Human cell sources used in transwell co-culture models of the vocal fold mucosa.

Epithelial Cells Vocal Fold Fibroblasts Reference
Embryonic stem cell-derived VF Primary Leydon et al. (2013)%

Primary VF Primary Ling et al. (2015)%

Primary bronchial/tracheal Immortalized Walimbe et al. (2016)%*

Induced pluripotent stem cell-derived VF Primary Lungova et al. (2019)%, (2022)%

Immortalized VF Primary Xiaet al. (2021)™°

Primary buccal Immortalized Grossman et al. (2023)%"

Tissue Types

The intended purpose of an OOAC will dictate the tissue composition cultivated within it.
For instance, the mucus-producing epithelium lining the luminal airway is a crucial tissue in innate
immunity and as a chemical and physical barrier to inhaled and ingested irritants, pathogens, or
allergens. Culturing tissue-specific epithelial cells in OOAC models provides a platform to study
the consequences of epithelial barrier disruption or altered mucus production for upper airway

health and functionality.38%

Incorporating subepithelial ECM and matrix-embedded stromal cells such as fibroblasts,
smooth muscle cells, or mesenchymal progenitor cells, alongside epithelial cells can significantly
improve mimicry of organ-level upper airway pathophysiology.®* In particular, fibroblasts have a

prominent role in tissue homeostasis, regulating proliferation, migration, and differentiation of
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local cells via the synthesis of ECM components.'*92°3 Indeed, for culturing some airway epithelia
in vitro, most notably VF epithelium, fibroblast presence is critical for inducing differentiation and
structural development of a multilayered epithelium.®? In addition to their role in supporting tissue
development, the stromal environment of tissues is of essential importance in disease due to it
being dramatically altered, particularly in systemic conditions such as fibrosis or cancer. As such,
integrating stromal cells in upper airway OOAC:S is key to producing disease models with greater

predictive efficacy.

Integrating endothelial tissue is another target for upper airway OOACs. As a vital
component of tissue homeostasis, endothelial barrier integrity regulates metabolite transfer and
immune cell migration.®* Incorporating vasculature into upper airway OOACSs can enable dynamic

permeability studies of therapeutics and toxicants.

Modelling the Dynamic In vivo Microenvironment

Perfusion Culture

In vivo, extensive vascular and interstitial networks throughout upper airway mucosae
provide constant nutrient renewal to maintain tissue viability and functionality whilst
simultaneously preventing the build-up of acidic waste products.®>% One method to replicate this
dynamic environment in vitro is to use perfusion culture, which can improve tissue viability®"°,
polarization'®, morphology®, differentiation'®, and ECM synthesis!®. Perfusion is an integral
feature of OOAC technology, functioning as an in vitro circulatory system that maintains

concentration gradients for nutrient and waste convective transport.2:102

OOACs can be connected to either a passive or active pumping system such as a peristaltic
pump, syringe pump, gravity, or surface tension. Although passive systems are typically more
straightforward to implement and operate, active systems afford much greater control over the
flow profile.® That said, culture length is a determining factor in the choice of pump used. For
example, as syringe pumps can only deliver a set volume of media loaded in the syringe, they may
be unsuitable for longer-term cultures requiring large volumes of perfused media. Furthermore,
the higher costs and technical complexity involved in assembling active pump systems can present

accessibility issues.
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Overall, the degree of automation and flow control provided by the pumping system are
primary considerations for mimicking in vivo flow conditions, which can vary significantly
between different vessels. For instance, whilst capillary flow ranges from 0.5-1.5 mm/s, interstitial
fluid velocities in the ECM of upper airway mucosae are an order of magnitude slower (~0.1-4.0
um/s).1%197 The combined effect of fluid velocity and vessel diameter creates distinct shear stress

levels and controls the mass transport regime of soluble factors in the culture.?®

Shear stress is an influential factor in OOAC cultures given its impact is tissue-dependent
and varies substantially. For example, high levels of shear stress (>8 dyn/cm?) in endothelial tissue
are thought to have protective effects on the endothelium and contribute to homeostasis and
functionality.1% Conversely, fibroblasts are significantly influenced by much lower shear stress
values, with 0.1-0.3 dyn/cm? inducing cellular alignment and 1-3 dyn/cm? associated with

fibroblast-myofibroblast transition.'®

Overall, perfusion-based culture represents a critically understudied area for upper airway
OOACs. The only model to use a perfused setup was a nasal OOAC, which supplied RPMI 2650
cells via a syringe pump set to flow media through the device at 200 pL/h.%° As more complex
models are developed that incorporate additional stromal and endothelial components, harnessing

the benefits of perfusion will be key in facilitating greater tissue development.

Airflow

In addition to mimicking vascular or interstitial fluid flow, upper airvay OOACS can also
replicate air movement across the luminal airway surface. Physiological airflow can be modelled
in OOAC microchannels, with a number of methods available to produce this phenomenon. In
pressurized systems, a compressed air source can be connected to an OOAC, with airflow velocity
carefully regulated via a mass flow controller.° In such setups, airflow must be filtered in-line
prior to entering the microfluidic device to minimize contamination risk. Furthermore, to mimic
physiological conditions, air reaching epithelial cells must be warmed and humidified. One method
to achieve this is by heating the tubing connected to the OOAC inlet and maintaining relative
humidity of the air at ~95% via a bubbler-type humidifier.*'° To prevent condensation forming in

tubing lines, the entire airflow system can be kept in a 5% CO; incubator.
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In vivo, airflow exerts mechanical stimulation on epithelial cells in the form of fluidic
shear. Airflow characteristics can be modified to replicate the velocity and direction found in the
upper airway. For example, bidirectional airflow can be applied through microchannels to mimic
the passage of air during breathing. This was utilized in a nasal model to better replicate fluidic
shear levels found in the native nasal cavity, with results suggesting increasing wall shear stress
from 0.1 to 1.0 dyne/cm? triggers increased mucus production.®® Fluidic shear is an important
regulator of other epithelial barrier functions too, with a different nasal model reporting decreased
cell viability and impeded barrier integrity when shear stress was increased from 0.23 Pa to 0.78

Pa.%

Airflow in OOACs is also valuable for studying exposure and barrier transport of
therapeutics or toxins. Aerosolized doses better replicate in vivo exposure experienced by cells
compared to submerged exposure techniques classically used in conventional culture.!* For
example, cilia beat frequency intensified over 1 hr in a nasal model exposed to 1.0 mg/m?® of

gaseous formaldehyde.*°

Mechanical Stimulation

Cells of the upper airway reside in a diverse biomechanical environment subject to a variety
of tissue-specific mechanical stimulation. During breathing, fluidic shear is exerted on epithelial
cells which also undergo minute amounts of expansion and contraction.*'? Stromal cells also
experience fluidic shear via interstitial fluid movement through connective tissues.'*® VF cells in
particular are subject to significant biomechanical forces during phonation when high frequency
vibrations (100-300 Hz) expose fibroblasts to tensile and shear deformations.*4118 Similarly, the
VF vascular network must also withstand this biomechanical activity. However, even when the
VFs are at rest, endothelial tissue experiences pulsatile stretch, fluidic shear, and hydrostatic
pressure during homeostasis maintenance.!'® Replicating this biomechanically active
microenvironment is difficult using conventional in vitro techniques as such static culture systems

cannot replicate the dynamism of native tissues.
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Prospects & Future Outlook

Although it remains in relative infancy within the field, the application of microfluidic
culture for upper airway research continues to demonstrate encouraging progress. The incoming
development wave should build on the foundations already provided to introduce increasingly
complex tissue models to better mimic the in vivo microenvironment. Here, we propose strategies
to exploit OOAC technology for enhancing cell microenvironments, incorporating real-time
culture monitoring, constructing advanced disease models, strengthening predictive power via

paired in silico models, and advancing personalized medicine (Figure 2.4).
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Enhancing Culture Microenvironments

Microsystems proposed for the upper airway have been dominated by epithelial cell
monocultures based on static media exchange. However, perfusion culture facilitates dynamic
media replenishment and is crucial for supporting higher order biological processes including
mimicking drug pharmacokinetics and supporting multiorgan coupling by fluidically linking
separate tissue components.’?® Modelling perfusion and other complex biological factors in
OOACs, such as 3D co-culture or mechanical stimulation, requires overcoming associated
technical challenges related to their implementation. Integrating these microenvironmental
parameters should be a key research focus given their importance to obtaining greater

physiological relevance and predictive efficacy of upper airway models.

From a perfusion perspective, using a pump and tubing setup can be demanding to
assemble aseptically. Furthermore, perfusion systems must be carefully monitored, as single-pass
circuits can diminish localized signalling molecule concentrations whilst recirculating setups
require a regular input of fresh medium. Failure to monitor these factors can inhibit tissue
development and decrease cell viability. A further challenge for microfluidic culture is air bubble
formation within the device or tubing lines, which can create significant stress on cells and alter
their functionality, causing a loss of adherence and cell death.*?! Finally, performing 3D co-culture
requires optimizing biological conditions such as the use of a universal medium conducive to tissue
development, and adapting the microfluidic device configuration. Inappropriate medium will
restrict cell proliferation and differentiation whilst an unsuitable device configuration can cause

3D co-culture incompatibility.*>1°

Innovations in other research fields offer valuable insight for improving microenvironment
recapitulation in upper airway OOACs.?833122123 For example, one approach combining perfused
microfluidic and organoid culture technologies found fluidic shear exerted on kidney microtissues
increased tissue vascularization and maturation.*®* Elsewhere, an established technique to avoid
air bubble introduction into cultures is to outfit perfusion systems with bubble traps.1?> Moreover,
hydrogel-based setups can address the need for 3D co-culture OOACs and are particularly useful

for modelling parenchymal tissues such as the lamina propria of upper airway mucosae.®

Ultimately, fully replicating the multicellular environment and ECM structure of native

upper airway tissues is not simple. The VF mucosa alone contains epithelial cells, fibroblasts,
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myofibroblasts, Langerhans cells, and macrophages, along with highly specialized ECM
architecture.®>1%8 Co-culturing that many cell types is unrealistic, as is incorporating all mechanical
forces experienced in vivo by cells and ECM fibres. Instead, a more obtainable goal is for
researchers to prioritize the specific biological architecture required for investigating their defined

research questions.

Real-time Monitoring & Paired Computational Modelling

Given the progressive application and complexity of OOAC platforms, there is an
expanding need for approaches integrating sensing systems to monitor microenvironmental
changes in real-time.®?" Access to a range of in situ data related to cell functions and
microenvironmental parameters provides vital information for characterizing toxicant or
pharmaceutical compound responses in a dynamic, non-invasive manner.?®> OOACs can be
outfitted with sensors (e.g. electric, electrochemical, mechanical, optical) to probe tissue
functionality, oxygen concentration, pH level, and molecular transport.*2¢-13! Each sensor type has
associated benefits and limitations. For instance, electrochemical sensors provide direct and rapid
detection of biological events via an electrical signal and can quantify metabolites in a culture. In
addition, the non-destructive assessment of epithelial and endothelial barrier integrity offered by
electrochemical sensors is of critical interest for drug permeability studies. This was recently
exploited in a nasal model that used a carbon nanofiber electrode for real-time monitoring of drug
permeation across the epithelial barrier.>>% In other research fields, optical sensors have gained
notable popularity for use in OOAC systems due to their high sensitivity, miniaturization capacity,

and reliable performance under a range of flow rates.'*?

Despite the importance of long-term in situ evaluation of biochemical and biophysical
parameters, effectively integrating sensors into OOAC systems remains a challenge. For example,
electrochemical sensor reliability can be compromised by electrode position, size, biofouling, or
biocompatibility.8! Meanwhile, optical sensors relying on dyes can influence cell metabolism,
whilst serial measurement can induce photobleaching and phototoxicity.’*® Moreover,
multiplexing with optical sensors is inherently limited by spectral overlap.** However, the
difficulty of integrating multiple sensors is not restricted to optical sensing techniques.
Fundamentally, the small fluid volumes of OOAC systems means interference between different

sensors presents a significant design challenge.*?’
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Overall, integrating biosensors in an OOAC platform offers the opportunity to significantly
increase the system throughput and complement conventional off-chip analytics such as
immunostaining, histology, protein assays, and gene expression. A major benefit of access to
expanded datasets is that they can be input into in silico models, which are powerful tools with
several key advantages over empirical in vitro approaches. This includes the capacity to
incorporate a wider range of experimental parameters, simulate long-term biological processes,
and perform a large number of replicates over a much shorter timeframe.3>% Using a combined
approach of in silico and in vitro methods has been gaining momentum in upper airway research,
principally as a method to study fluid flow interactions and patterns through OOAC setups to help
optimize flow patterns and shear stress profiles.>*5*% Fundamentally, increasing in vitro data
output via the use of biosensors can strengthen the fidelity of projected tissue responses in silico.
However, this also highlights a restriction of the approach as the complexity of the in vitro system

is a limiting factor in the predictive power and physiological relevance of in silico models.

Future approaches combining in silico and in vitro methods could be applied to model the
in vivo exposure route from the point of inhalation to cellular uptake.*®’ For example, computing
flow patterns of aerosolized drugs or airborne irritants within the upper airway could provide
valuable insight into their adsorption and deposition profiles related to specific airway tract size
and breathing rate.'*4 In turn, this could be used to inform an in vitro OOAC laryngeal model

of the appropriate exposure dose.

Clinical Translation & Therapeutic Research

The capacity of OOACs to recapitulate upper airway tissue microenvironments holds
considerable potential for patient-specific research on drug development for rare diseases and
clinical experiments.t21% For example, prospective therapies could be trialled in OOAC models
using patient-specific cells to evaluate treatment efficacy prior to prescription. This approach may
involve exploiting iIPSC technology to derive almost any cell type via reprogramming a patient’s
own cells or, alternatively, culturing biopsies and pathogenic cells to create individual diseased
tissue models.'*> However, it should be noted whilst several weeks of culture is possible in OOAC
models, there is a functional time window related to iPSC differentiation, which typically require
at least 2-3 weeks of differentiation to mature into specific cell lineages.?® As such, OOACs

utilizing iPSC-derived cells should be carefully planned to be compatible with longer-term culture,
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particularly if further iPSC differentiation and maturation is required after cell seeding in the

device.

The application of OOAC technology for disease modelling in upper airway research has
been dominated by head and neck cancer models thus far.***’ However, non-cancerous disorders
including laryngopharyngeal reflux, laryngitis, pharyngeal mucositis, VF scarring, allergic rhinitis,
sinusitis, chronic cough, obstructive sleep apnoea, and reactive upper airway dysfunction
syndrome represent just a few conditions possible to model in OOACs.1*3148 An expanded
repertoire of OOAC disease models could help elucidate the mechanisms related to the

pathophysiology of upper airway disorders.14°

OOAC models offer the opportunity to overcome limitations associated with conventional
disease models such as a static microenvironment or inaccurate dosages. Firstly, perfusion culture
would improve tissue viability and is necessary for accurately mimicking compound toxicity and
drug responses in vivo.!? In addition, the provision of self-replenishing, perfused conditions
enables OOAC cultures to be maintained for up to several weeks, allowing longer-term exposure
studies.’>%153 Notably, the study of ‘true’ chronic exposure (months to years) is beyond the current
capabilities of OOAC technology. Such investigations remain reliant on epidemiological studies
and animal experimentation. That said, implementing dynamic airflow in OOAC models grants
compatibility with aerosolized therapeutic or irritant exposure, increasing the clinical relevance of
the dose applied. This is of significant interest for airway research as nebulized drugs are the most

common delivery format for inhalable therapeutics.™>*

The benefits of OOAC technology in disease modelling applications has been effectively
demonstrated in lower airway research. For instance, a lung-alveolus OOAC model was able to
mimic lung pathogen-induced inflammation, including neutrophil migration and endothelium
permeability.*® Furthermore, a lung-airway OOAC model successfully simulated the cytokine
hypersecretion of COPD patients in response to pathogens and cigarette smoke.>**® These
successes in lower airwvay OOACs demonstrate techniques applicable to upper airway models. For
example, recirculating leukocytes through endothelial cell-lined microchannels would provide the

prospect of studying diapedesis in response to pathogens or environmental irritants.

Multiorgan OOACs offer a powerful tool for studying the absorption, distribution,

metabolism and excretion studies of pharmaceutical compounds, which could help streamline the
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early phases of preclinical modelling reduce the quantity of statistically insignificant animal
trials.*?® This is notable considering the exorbitant costs associated with drug development, with
recent 2020 figures suggesting the cost of bringing a drug to market can reach $2.8 billion USD.**®
Developing a multiorgan OOAC of the full respiratory airway tract (i.e. from nasal cavity to
alveoli) would offer potential for studying initial exposure through to biological effect for inhalable
nanomedicines targeting respiratory diseases such as pneumonia, lung cancer, and asthma.'3"154
To better understand drug toxicity, this prospective multiorgan model could be extended to include
liver and kidney tissues to incorporate their key functions in drug metabolism and
excretion.*-123156-158 Myltiorgan approaches represent a growing research area that has seen as
many as 10 coupled tissue components modelled.>® Ultimately, multiorgan systems will play a
prominent role in future upper airway OOAC research due to their impressive mimicry of complex
physiological and pathophysiological responses.'?

Conclusions

OOAC models constitute a growing form of in vitro human experimentation providing
physiologically relevant testing platforms for studying pathophysiological and pharmacological
responses. This emerging technology offers a wealth of opportunities for significantly improving
upon the repertoire of existing upper airway in vitro models applied for disease modeling,
therapeutics development, and precision medicine. Areas of interest in the immediate future will
likely address the scarcity of laryngeal and pharyngeal models, in addition to introducing greater
automation and tissue complexity to current platforms, such as through perfusion and 3D co-
culture respectively. Longer-term prospects should seek to combine multiple innovations, such as
iPSC technology and real-time microenvironmental monitoring, into OOAC platforms to drive the

expansion of personalized medicine approaches in the upper airway research field.
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Supporting Information

Table S2.1. Upper airway microphysiological systems.

A Culture - Culture Perfusion Mechanical -
Application Culture Cell Type Dimensionality ALI Airflow length Culture Stimulation Innovation Reference
S Syringe
Formal_dfehyde Monoculture Nasal epithelial stem 2D Yes pump: 35 days N/A N/A (§as_eous Wang et‘gl.
toxicity cells b irritant (2014)
200 pL/min
. Nasal epithelial cells Hydrostatic . .
AIIerg!c rhmlt.ls. / Co-culture Vascular endothelial 2D Yes N/A 4 days N/A pressure: Tissue-tissue Na et aﬁll.
Chronic sinusitis interface (2017)
cells 46.8 Pa
Nasal epithelial cells
Particulate matter . Lung fibroblasts® . Byun et al.
toxicity Tri-culture Vascular endothelial 2D No N/A 4 days N/A N/A Stromal tissue (2019)""
cells
N/A 21 days NIAS NIAS Gahlo'('zzggi;‘sft
Nasal epithelial cell On-chip )
Drug transport Monoculture line (RPMI 2650) 2D Yes Nebulizer: Shear stress sensing 7Gh0|izader1 o
0.5 L/min, 14 days N/A (airflow): al. (2023)%
1.7 L/min 0.23 Pa, 0.78 Pa )
S Pressure - Shear stress
Nasal epithelial cell . Syringe pump: - . Turbulent Shrestha et al.
Sleep apnea Monoculture - 2D Yes controller: 11 days (airflow): - 50
line (RPMI 2650) 5-20 cm H,0 200 pL/h Not reported airflow (2021)
- Mass flow Shear stress ——
Nasal physiology ~ Monoculture l\:?:gl(eR%m?“;g;(;" 2D Yes controller: 5-7 days N/A (airflow): Bl(llirfﬂcctllv(\)/nal Bré)zo()l(zsze):glal.
4L/min 1.0 dyn/cm?
Nasal epithelial cell
line (RPMI 2650) Peristaltic Shear stress
Respiratory . Bronchial epithelial pump: 21-28 ; . Multi-organ Nof et al.
infection Tri-culture cell line (Calu-3) 2D Yes 0.2-6.5 days NIA N(alrflow). system (2022)%
o ) ot reported
Alveolar epithelial mL/min

cell line (hAELVi)

aUsed lung fibroblast cell line (WI1-38) prior to primary lung fibroblasts
bAirflow applied only during formaldehyde exposure
‘Phosphate buffer was perfused through non-cellular device compartment at 0.5 mL/min during ibuprofen challenge only and generated a wall shear stress of

0.04 dyn/cm?
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Preface to Chapter 3: Replicating VVocal Fold Mucosa Anatomy
In Vitro

Human communication is an essential component of our social wellbeing and quality of
life. Voice disorders pose a growing global health problem due to their detrimental effect on
individual health, occupational function, and societal productivity. They affect nearly 30% of the
general population and 80% of occupational voice users worldwide.>*3° For instance, between
2004 and 2008, dysphonia reportedly impacted over 500,000 patients in a United States medical
claims database.*® The financial burden of voice disorders is substantial, with incurred healthcare

and workplace productivity costs estimated to exceed $11 billion in the United States alone.t

The overwhelming majority of voice disorders are attributed to detrimental changes in the
VF mucosa caused either by physical injury or inflammatory activity related to environmental
challenges.” Improved understanding of the molecular mechanisms underlying pathological
changes in the VF mucosa will facilitate the development of the next generation of therapeutics

for voice disorders.

Human Vocal Fold Mucosa

The human vocal fold (VF) mucosa is a layered structure composed of three distinct regions,
namely, the epithelium, basement membrane, and lamina propria (Figure 3.1).*® Mucosal tissue

forms the principal vibratory portion of the VFs and is thus fundamental to voice production.

Maintaining a homeostatic local microenvironment is key to preserving VF health and
function. In particular, protection of the vulnerable lamina propria is essential as disruption to its

tissue architecture can have serious consequences for the phonatory capacity of the VFs.
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Figure 3.1. Human VF anatomy and cellular composition. (A) Anatomical position of the larynx. (B) Location of true
VFs within the larynx. (C) Layered structure of true VVFs in coronal section. (D) Arrangement of epithelial cells and
fibroblasts within the VF mucosa. Figure adapted from '° and made using Servier Medical Art templates, which are
licensed under a Creative Commons Attribution 3.0 Unported License.

Vocal Fold Epithelium

The multilayered VF epithelium provides a protective barrier for the deeper VF tissue
layers against potential hazards.?®?' These can take many forms, primarily including
environmental challenges (e.g., irritants, allergens, pathogens), or systemic challenges (e.g. drying,
acid reflux).® VVF epithelium comprises an underlying basal layer supporting 5-10 suprabasal layers
of stratified, squamous cells (Figure 3.1D).8%22 The basement membrane lies below the basal
epithelium and is a thin, sheet-like layer of proteins connecting the epithelium and lamina propria
via collagenous structures.?%?*2 Upon injury to the VF epithelium, pores traversing the basement

membrane enable immune cell migration to facilitate debris clearance and tissue repair.2426:27

The luminal surface of the epithelium is covered by microvilli to increase surface area and
retain mucus to help maintain hydration and promote normal voice quality.?%28-30 Epithelial cell
junctions, including tight, anchoring, and communicating junctions, control cell-cell and cell-

basement membrane adherence.®?":3! These cell junctions are crucial in operating the transcellular
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and paracellular signalling pathways of the epithelium, which respectively regulate ion transport

and barrier integrity.%
Lamina Propria

Located under the basement membrane, the lamina propria confers tensile strength,
elasticity, and compressibility to VF tissue and contains polysaccharides, collagens, minerals, and
water.2%33% Whilst the lamina propria contains a more diverse cell population than the VF
epithelium, cellular distribution is sparse. The most prevalent cells are VF fibroblasts, which
maintain tissue homeostasis and regulate proliferation, migration, and differentiation of local cells
via synthesis of glycosaminoglycans, proteoglycans, elastin, and collagen.?%36:3" When activated,
VF fibroblasts undergo a transition to myofibroblasts that engage in wound contracture, scar tissue

formation, and fibrosis.?0®

The spatial arrangement of extracellular matrix (ECM) proteins in the lamina propria
underpins the highly specialized biomechanical properties of the VFs. Prominent ECM
components include collagen, elastin, and hyaluronic acid (HA), which impart tensile strength,

elasticity, and viscoelasticity to the VFs,343%40
In Vitro Vocal Fold Mucosa Models

In vitro models are a preclinical tool for investigating VF mucosa biology in health and
disease. Whilst animal models remain the ‘gold standard’, anatomical, economic, and ethical
obstacles persist regarding their use and efficacy in VF research.®4145 Conversely, in vitro models
offer an inexpensive alternate with the capacity to incorporate patient-specific cells and high-
throughput techniques.

A significant challenge for in vitro VF mucosa models is mimicking the native tissue
microenvironment. The simplest methods use VF fibroblast monocultures plated on plastic or glass
surfaces coated with collagen to improve cell attachment.*® 2D cell culture provides a rapid, user-
friendly method for quantifying cellular responses but is a substantial oversimplification of in vivo

conditions including cell signalling, concentration gradients, and biomechanical cues.*’

3D co-culture in transwell inserts provides an alternative in vitro VF mucosa model.

Typically, VF fibroblasts are embedded in a collagen gel with epithelial cells seeded atop the gel.
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After several days of co-culture, media is removed from the insert to initiate an air-liquid interface
(ALI) to stimulate epithelium differentiation. The introduction of paracellular signalling between
epithelial cells and fibroblasts stimulates tissue development and homeostasis regulation in
cultivated VF mucosae.”*® Furthermore, culturing cells in 3D provides chemical and spatial
complexity that better regulates cellular processes including apoptosis, migration, proliferation,

polarization and differentiation.*®

Despite their uses, transwell models have several inherent design limitations. Firstly, the
fluid volumes used significantly exceed those found in vivo causing inaccurate physiological
scaling that can contribute to erroneous simulations of drug or toxins responses.*®°! Secondly,
transwell VF mucosa models are incompatible with media perfusion. This creates a static
microenvironment with unstable concentration gradients and restricted mass transport, which
constrains tissue development.®? Finally, the absence of mechanical stimulation in transwell

models is unrepresentative of the biomechanically active native VF mucosa microenvironment.

Organ-on-a-Chip Platforms

Advances in microfluidic science and microfabrication technology have led to the creation
of in vitro models known as organ-on-a-chip (OOAC), which are biomimetic culture systems
housed in a microfluidic device. OOACs offer superior performance and clinical relevance versus
conventional methods due to better recapitulating the dynamism of the in vivo microenvironment.
This includes relevant cell-media ratios, perfusion-based media exchange, and mechanical

stimulation.®3

Thus far, OOAC technology has not been applied for cultivating the VF mucosa. However,
the successful development of OOACs modelling lower airway tissues (alveoli, lung, bronchi,
trachea) suggests the technology holds considerable potential for use in VF research.>* The
assembly of a VF mucosa OOAC (VF-OOAC) could provide a preclinical testing platform with
improved in vivo mimicry at cell, tissue, and organ levels than current VF mucosa in vitro systems.
Successful development of a VF-OOAC would provide the field of laryngology with a valuable

tool for disease modeling, therapeutics development, and precision medicine.*
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Abstract

The primary goal of this study was to engineer a human vocal fold mucosa organ-on-a-
chip (VF-OOAC) and identify culture parameters key to the microtissue’s growth. Innovations in
microfluidic technology have led to biomimetic OOAC culture systems that can reproduce aspects
of the native tissue microenvironment such as interstitial flow, paracrine signalling and
concentration gradients. OOAC design parameters including physiological scaling,

dimensionality, perfusion, and fluidic shear, require specifying when emulating individual organs.

This study performed a comprehensive VF-OOAC design evaluation by varying culture
dimensionality, controlling microfluidic flow in cell-lined microchannels, and contrasting tissue
growth against conventional transwell models. Primary vocal fold fibroblasts and immortalized
laryngeal epithelial cells were co-cultured in individual systems for up to 15 days.
Immunohistochemistry, immunocytochemistry, g°PCR, and TEM were applied for characterizing
the structure and functionality of derived vocal fold mucosae.

Compared to transwell controls, microfluidic cultures had higher functional gene
expression related to gap junctions and hyaluronic acid synthesis. Microfluidic 3D cultures also
expressed elevated tight junction and mucin expression whilst supporting greater epithelial
polarization. Perfusion importance in stimulating basal epithelia activity was also noted. Fibroblast

morphological changes and upregulation of mechanosensitive genes were observed in response to
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fluidic shear. Using advanced microfluidic technology, this study identified culturing parameters
fundamental to engineering VF mucosa microtissue. The proposed platform offers a versatile tool

for future use in basic research related to VF mucosa health and disease.

Introduction

Located in the larynx, human vocal folds (VFs) regulate multiple vital daily functions
including speaking, breathing and swallowing. VFs have a layered mucosal structure with
distinctive cell populations and extracellular matrix (ECM) constituents. VF mucosa consists of
squamous epithelium and lamina propria connected by a basement membrane.! The squamous
epithelium is stratified and composed of 5-10 layers of epithelial cells that provide a protective
barrier for the underlying lamina propria.?® The basal epithelial layer is anchored to the basement
membrane that connects the epithelium and lamina propria via collagenous structures.* Within the
lamina propria, VF fibroblasts are the most abundant cell population and control tissue
homeostasis, synthesize ECM, and modulate local inflammatory activity.>~" Collagen, elastin, and
hyaluronic acid (HA) are found throughout the ECM to confer tensile strength and elasticity to the

tissue.®

Pre-clinical studies, including animal and cell culture models, have been the primary
experimentation method in both basic and clinical research. However, animal models provide
limited information applicable to human tissues due to significant physiological differences.®!
Moreover, the high cost of breeding, housing, and performing lengthy protocols limits animal
model availability.'? Ethical concerns also persist, with organizations such as the National Centre
for the Replacement, Refinement, and Reduction of Animals in Research emphasizing the need to

develop biomimetic culture platforms.t34

Developing biomimetic in vitro models is a growing area in VF biology and pre-clinical
research.'® Bioengineering the human VF mucosa necessitates, at the minimum, cultivating its two
dominant cell populations, epithelial cells and fibroblasts.*® Previous VF mucosa models using
these cell types have relied on transwell systems that have shown particular promise for simulating
human responses to irritants.t~*° For instance, Lungova et al. developed a co-culture model of the

VF mucosa with morphological and genetic similarities to native VF tissue.’® This mucosa
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demonstrated a clinically relevant inflammatory response to cigarette smoke extract, including

IL6/IL8 upregulation and increased mucus production.

However, transwell models have a limited capacity for mimicking physiological tissue
microenvironments. They use unrepresentative cell-media ratios that provide cells with fluid
volumes that can exceed native tissue by up to 1000 times.?° This inaccurate physiological scaling
contributes to transwell models mischaracterizing irritant or drug responses versus clinical
observations.?> The static microenvironment of transwell cultures also restricts metabolite
diffusion speed, leading to cellular morphology and proliferation rates that may diverge from

native tissue.??

Bioreactors?® and magnetic nanoparticles®® have been proposed to engineer 3D VF
constructs but have yet to advance beyond VF fibroblast monocultures. Innovations in
microsystems engineering have led to organ on-a-chip (OOAC) platforms, which are biomimetic
culture systems housed in a microfluidic chip.2>2” OOAC models have been proposed for a range
of tissues including the lung®”?8, kidney?®, liver®®33, heart**%, and blood-brain barrier®®-3, The
success of these models in recapitulating tissue structure and functionality is attributable to the

advantages they offer over conventional culturing techniques.

By cultivating cells at the microscale, OOACs provide cell-media ratios representative of
native tissue, which facilitates paracrine signalling at in vivo levels due to small-volume effects.3®-
*1 Integrating relevant physiological scaling also minimizes metabolite dilution, which increases
the speed of cellular responses compared to conventional macroscale culture.*! Although models
of other airway mucosa utilizing appropriate physiological scaling have reported improved tissue

development, the effects for the VF mucosa have yet to be studied.*? 4

Culture dimensionality is an important consideration for in vitro model development
because of the significant difference between cellular processes that occur in 2D vs 3D including
apoptosis, migration, proliferation, and differentiation.*® Transwell 3D culture currently offers the
most effective method for cultivating VF mucosa tissue with morphological and genetic features
of native tissue.1’-1946-4¢ Adapting these established culture protocols for use in an OOAC system
could merge the microfluidic advantages of small volumes and minimal dilution with the in vivo-

like behavior provided by 3D cell culture.*®
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Perfusion is a prominent feature of many OOAC models via the passage of culture medium
through the cell-lined microchannels of the chip using either active or passive pump systems.* In
OOACs, perfusion maintains a stable concentration gradient for oxygen, carbon dioxide, nutrients,
and waste convective transport.>®°! Perfusion of a VF fibroblast monoculture in a bioreactor setup
was found to aid pH and cell viability maintenance.> For other cell types such as osteoblasts®**,
gut epithelial cells®, and hepatocytes®, perfusion had beneficial effects on cell viability®*®,
polarization®®, morphology®®, proliferation®*>*, differentiation®®, and ECM synthesis®.
Empirically evaluating the effect of perfusion in a VF-OOAC could highlight its importance for
mucosal tissue development. At present, this information can only be inferred based on findings

from other human tissues.

OOAC systems offer the flexibility to include mechanical stimuli that can initiate cellular
mechanotransduction representative of the native tissue microenvironment.®” A prominent force
experienced by cells in vivo is fluidic shear, which occurs during the passage of bodily fluids or
airflow parallel to the surfaces of cells. Fluidic shear’s importance has been highlighted for
fibroblast-myofibroblast behaviour, where its regulation of TGF-B1 expression helps control the
transition.>® Shear effects have been examined in VF bioreactor setups via an airflow and media
perfusion®?, or rheometry®®. Although quantitative evidence was limited, shear stress appears to be
a key factor in collagen synthesis for VF fibroblasts.>> However, as these culture systems did not
include VF epithelial cells, the impact of fluidic shear on VF mucosa development has yet to be

fully elucidated.

Airway-related OOAC models have been shown to recapitulate tissue structure and
functionality surpassing that of transwell culture.5! For instance, a lung-alveolus OOAC was
able to mimic lung pathogen-induced inflammation, including neutrophil migration and
endothelium permeability.?® Separately, a lung-airway OOAC successfully simulated cytokine

hypersecretion of COPD patients in response to pathogens and cigarette smoke.?"%2

Despite success in modelling lower airway tissues, microfluidic technology has rarely been
applied for upper airway organs, including the nasal cavity, pharynx, and larynx. The limited
number of studies published have focused on simulating the nasopharyngeal response to

environmental irritants*3®3, allergens*, and drug thereapeutics®*. However, these models had a
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restricted capacity for replicating physiological responses as they were based on 2D monocultures

or lacked perfusion and thus may not be translatable to VVF applications.

The primary goal of this study was to microengineer a VF-OOAC platform to mimic
structural and functional features of native tissue. A range of microfluidic culture setups were
contrasted to investigate the effects of physiological scaling, culture dimensionality, perfusion, and
fluidic shear on VF mucosal development. The finalized VF-OOAC is anticipated to produce a VF

mucosa with tissue architecture exceeding that of conventional transwell culture.

Materials & Methods

Multiple culture setups were used to systematically compare the four parameters of interest,
namely, physiological scaling, dimensionality, perfusion, fluidic shear (Figure 4.1). These
comparisons were designed to isolate the individual effects of each parameter on VF mucosa tissue
development. It was hypothesized each parameter would stimulate increased structural and

functional development in the cultivated VF mucosa (Table 4.1).
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+ Fluidic Shear

Figure 4.1. Study design overview. The influence of multiple culture parameters on structural and functional
development of VF mucosae was systematically evaluated. (A) The effect on tissue development of cultivating VF
mucosae in microscale systems was assessed in 2D and 3D setups. (B) Prospective static VF-OOAC culture systems
were compared to determine how dimensionality influences VF mucosa growth. (C) Perfusion was integrated into the
3D VF-OOAC to determine tissue culture benefits. (D) By incorporating fluidic shear into the 3D VF-OOAC setup,
the effect of mechanical stimulation on tissue development was examined.

Table 4.1. Six unique setups were applied in this study. Physiological scaling was examined in the context of 2D or
3D culture by comparing two different VF-OOAC designs with relevant transwell controls. Dimensionality was
inspected by comparing both VF-OOAC designs. Perfusion was integrated into the VF-OOAC design that provided
the greatest tissue development up to this point. Finally, fluidic shear was added to the perfused model.

Parameter Model Comparison(s) Anticipated Outcomes
2D Transwell
Vs . . -
Physiological Static 2D VE-OOAC Microscale culture will f_aC|I|ta_te greater
Scaling 3D Transwell structural and functional tissue
Vs development®®

Static 3D VF-OOAC
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Static 2D VF-OOAC
Dimensionality S

Static 3D VF-OOAC

Static 3D VF-OOAC
Perfusion S

Perfused 3D VF-OOAC
Perfused 3D VF-OOAC

Fluidic Shear S

Perfused 3D VF-OOAC + Fluidic Shear

3D culture will enhance cell
polarization%66-68

Perfusion will stimulate differentiation and
proliferation3%°

Fluidic shear will promote
mechanosensitive gene expression”® 7’

Cell Culture Maintenance
Vocal Fold Fibroblast Culture

Human primary VF fibroblast (pVFF) 21T cells®, donated by the Thibeault laboratory
(University of Wisconsin-Madison) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma, #D6429) supplemented with 10% (v/v) FBS (ThermoFisher, #12484028), 1%
(v/v) penicillin streptomycin (ThermoFisher, #15140122) and 1% (v/v) non-essential amino acids
(ThermoFisher, #11140050). pVFF cultures were stored in a humidified incubator (37 °C, 5%

C02). Culture media was changed every other day.

At approximately 90% confluency, media was removed, and cells were rinsed with DPBS
without calcium or magnesium (Sigma, #D8537) before TrypLE Express (ThermoFisher,
#12604013) was applied and incubated at 37 °C for 3-5 min. A light microscope (Laxco, LMI-
3000) was used to confirm cell detachment. Cells were transferred to a centrifuge tube and counted
using trypan blue (ThermoFisher, #15250061) and a haemocytometer (Fisher Scientific,
#0267110). Cells were pelleted via centrifugation at 200 g for 5 min, re-suspended in 5 mL of
fresh media, and split at a 1:5 ratio. pVFFs were passaged at least once prior to use in experiments,

with passage number 4-6 used throughout this study.

Laryngeal Epithelial Cell Culture

The human immortalized laryngeal posterior commissure cell line (iLECs), HuLa-PC
(ATCC CRL-3342), was maintained in dermal cell basal medium (ATCC, #PCS-200-030)
supplemented with a keratinocyte growth kit (ATCC, #PCS-200-040) as recommended by the
manufacturer. Cells from the laryngeal posterior commissure were selected due to their high
exposure to environmental and systemic irritants.’® Immortalized epithelial cells have the benefit

of rapid expansion in culture, allowing multiple trials to optimize and refine experimental
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parameters.2”-"880 In contrast, primary VF epithelial cells cannot be reliably cultured beyond a few
passages.*®8! iLECs were seeded in 100 mm dishes at a density of 1x10° cells/mL and media

changes were performed every 2-3 days.

At approximately 70-80% confluency, iLECs were passaged. Media was removed and cells
were rinsed with DPBS before TrypLE Express was applied and incubated at 37 °C for 10 min.
Cell detachment was confirmed using a light microscope. Cells were collected, counted, and
pelleted via centrifugation at 300 g for 8 min. Cells were split to new vessels at a 1:5 ratio and

were passaged at least once prior to use in experiments.

Prior to use in co-culture models, iLECs were primed via exposure to stratified DMEM. A
stock of basal DMEM was prepared by supplementing DMEM/F12 with 2% B27 (ThermoFisher,
#17504044), 1% N2 (ThermoFisher, #17502048), and 1% pen strep. To obtain stratified DMEM,
0.4 pg/mL hydrocortisone (Stemcell Technologies, #07925) 8.4 ng/ mL cholera toxin (Sigma,
#C9903), 5 pg/mL insulin (Sigma, #91077C), 24 ug/mL adenine (Sigma, #A8626), and 20 ng/mL
EGF (Stemcell Technologies, #78006) were freshly added to basal DMEM.*®4® To induce iLECs,
media was removed, cells washed twice with DPBS, and stratified DMEM was applied to the cells,
with media refreshed after 48 hr. After 72 hr, cells were harvested and used in experimental

cultures.

Transwell Experimental Set-up
2D Transwell Co-Culture

pVFFs were pelleted and re-suspended in basal DMEM at a concentration of 0.5x10°
cells/mL. Transwell inserts from a 24-well plate (Corning, #3412) were flipped and 100 uL of cell
suspension added directly to the basal membrane. Inverted plates were incubated for 1 hr to permit
pVFF adherence. After incubation, plates were flipped back to normal orientation and 500 pL of
basal DMEM was applied to each well before an additional 100 pL was added to the apical

compartment of each insert. The transwell plate was then incubated for a further 48 hr.

To prepare co-cultures, primed iLECs were harvested, counted, pelleted, and re-suspended
in stratified DMEM at 1x10° cells/mL. All media was removed from the transwell plate and 100
pL of iLECs added to each insert’s apical membrane. 600 pL of stratified DMEM was added to
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the well. The transwell plate was incubated and media changed thereafter every 48 hr. Cells were

co-cultured in submerged conditions for 3 days to permit attachment and proliferation.

Three days post-iLEC cell seeding, an air-liquid interface (ALI) was established by
removing media from the insert. At this point, media in the well was changed to flavonoid adenine
dinucleotide (FAD) medium to initiate stratification. FAD media was prepared by first mixing
DMEM medium-high glucose (Sigma, #D6429) with Ham’s F12 (ThermoFisher, #11765054) in
a 1:3 ratio. This mix was supplemented with FBS (2.5%), pen strep (1%), hydrocortisone (0.4
pg/mL), cholera toxin (8.4 ng/mL), insulin (5 pg/mL) (Sigma, #91077C), adenine (24 pg/mL)
(Sigma, #A8626), and EGF (10 ng/mL).*® Media in the well was changed every 48 hr. Cells were
cultivated at the ALI for a further 10 days.

3D Transwell Co-Culture

Collagen gels were prepared according to the manufacturer’s instructions. Briefly, 6.7 mL
collagen I (ThermoFisher, #A10483-01), 1 mL 10x MEM (ThermoFisher, #11430030), and 2.13
mL of distilled water (ThermoFisher, #15230170) were combined on ice. The pH of the collagen
gel was adjusted to 7.2-7.4 using 1 N NaOH (ThermoFisher, #124260010) and verified with pH

strips.

pVFFs were pelleted and re-suspended in ice-cold FBS at 5x10° cells/mL. 1 mL of cell
suspension was added to the collagen gel on-ice to generate a final concentration of 0.5x10°
cells/mL.%2 110 pL of gel-cell mix was dispensed into the insert of a 24-well transwell plate and
incubated at 37 °C for 75 min to initiate gel formation. Following incubation, gels were gently
detached from the membrane and 600 pL of basal DMEM added to each well alongside 100 pL to

each insert. The plate was incubated a further 24 hr to allow gel contraction.

Induced iLECs were harvested, counted, pelleted, and re-suspended in stratified DMEM at
1x106 cells/mL. All media was removed from the transwell plate and 100 pL of iLECs added atop
each collagen gel. 600 pL of stratified DMEM was also added to the well. Media thereafter was
changed every 48 hr. Cells were co-cultured in submerged conditions for 3 days to allow

attachment and proliferation.
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Three days post-iLEC cell seeding, an ALI was established by removing media from the
insert. At this point, media in the well was changed to FAD. Well media was changed every 48 hr.

Cells were cultivated at the ALI for a further 10 days.

VF-OOAC Experimental Culture

Commercial microfluidic chip devices (ChipShop and BEONnChip) were used to develop
VF-OOAC models by co-culturing pVFFs and iLECs. The channel configuration and architecture
differed between the devices (Table 4.2). The ChipShop device had two overlapping
microchannels separated by a porous membrane for the adjacent monolayer culture of pVFFs and
ILECs, representing a 2D culture setup. The BEOnChip device had a culture well separated from
a microchannel by a porous membrane. The culture well permitted culture of pVVFFs embedded in
a collagen gel supporting iLECs, representing a 3D culture setup. Although the membrane material
of each device differed, these common tissue culture plastics have been widely applied in
biological research with minimal differences in biological behaviour.®® In addition, as each
membrane was coated with collagen, direct contact between cells and the membrane was limited.

As such, differences between cell cultures due to membrane material were assumed to be minimal.

Table 4.2. Comparison of microfluidic chip devices used for investigating the impact of different culture parameters
on VF mucosae in VF-OOAC setups.

ChipShop Device BEONChip Device
Cell Culture 2D 3D
Microchannels 2 1
Membrane Polyethylene Terephthalate Polycarbonate
Membrane Thickness 12 ym 10 ym
Pore Size 0.4 pm 0.4 pym
Pore Density 1x10° pores cm? 1x10° pores cm?
Inlets Slip Threaded
Device v
N
2D VF-OOAC

ChipShop Microfluidic Chip Design

Cross-Flow membrane microfluidic devices were manufactured by Microfluidic ChipShop
GmbH (Jena, Germany, #10001555) (Table 4.2). The device consisted of two chambers separated
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by a porous polyethylene terephthalate membrane.®* Including the inlet/outlet channels, the
respective volumes of the upper and lower chambers were 220 pL and 120 pL. The device was
covered by an optically clear cyclo-olefin-copolymer bonding foil. Additionally, the device was
hydrophilized to promote cell attachment within the channels. This device has previously been
utilized to recreate airway tissue-tissue interfaces, with its design well suited for co-culture barrier

studies.8>8

Static 2D VF-OOAC Co-culture

Channels of the sterile microfluidic device were filled with DMEM and incubated
overnight to equilibrate the device and minimize air bubble formation. Chip channels were then
coated with collagen to facilitate improved cell adherence. Collagen | coating solution was
prepared by adding 50 pL of collagen to 3 mL of DMEM and pipetting it into each channel. Coated
chips were incubated for 1 hr at 37 °C before the channel was washed to remove excess coating
solution. Channels were left filled with DMEM and incubated whilst cells were prepared for

seeding.

The lower channel was filled with pVFFs re-suspended in basal DMEM at 0.5x10°
cells/mL. The chip was inverted and incubated overnight to permit cell attachment. The next day,
media was refreshed and the chip incubated for 48 hr, with a media change after 24 hr to ensure
cells were supplied with fresh nutrients whilst minimizing waste and acidity build-up.

iILECs were seeded in the chip 48 hr after pVFF seeding. iLECs were re-suspended in
stratified DMEM at 1x10° cells/mL and applied to the upper channel. At this point, media in the
lower channel was also changed to stratified DMEM. Chips were incubated overnight and media
thereafter was changed at least every 24 hr via pipetting. Static 2D VF-OOAC co-cultures were

maintained in submerged culture conditions for 13 days before characterization.

3D VF-OOAC
BEONChip Microfluidic Chip Design

BE-Transflow microfluidic devices were manufactured by BEONnChip (Zaragoza, Spain)
(Table 4.2). The device consisted of a microchannel and culture well separated by a porous
polycarbonate membrane. The respective well and channel volumes were 195 uL and 44 pL. The
chip body was fabricated from cyclic-olefin-polymer. This device was selected because it enabled
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the use of a modified transwell 3D culture protocol that had successfully recapitulated some
structural and functional features of the VF mucosa.t’1%46-48 |n addition, the device design enabled
the effect of fluidic shear to be decoupled from perfusion by removing the fibroblast monolayer in
the microchannel. As pVFFs were still present in the collagen gel supporting the epithelium, this
removal had no impact on co-culture status. The 3D VF-OOAC was used for three distinct culture
setups: (1) static 3D VF-OOAC, (2) perfused 3D VF-OOAC, and (3) perfused 3D VF-OOAC +
fluidic shear.

Static 3D VF-OOAC Co-culture

The channel of the sterile microfluidic device was filled with DMEM and incubated
overnight to equilibrate the device and minimize air bubble formation. The channel was then
coated with collagen as described for 2D VF-OOAC.

pVFFs were seeded within the channel of the chip as performed for 2D VF-OOAC. 24 hr
after pVFF seeding, pVFF-collagen gels were prepared as described for transwell 3D culture. 110
ML of pVFF-collagen gel mixture was dispensed into the well of the microfluidic chip. Chips were
incubated at 37 °C for 75 min to initiate gel formation. At this point, gels were gently detached
from the chip membrane and fresh basal DMEM media was added to the well and channel. Chips

were incubated a further 24 hr.

The following day, iLECs were seeded atop collagen gels as described for 3D transwell.
Chips were cultured in submerged conditions for three days with media changed daily. After three
days, an ALI was established by media removal from the well. Static 3D VF-OOAC were
cultivated for a further 10 days, with FAD media changed daily in the channel via pipetting.

Perfused 3D VF-OOAC Co-culture

To investigate the impact of perfusion on VF mucosae, the pVFF monolayer was not
seeded in the microchannel. Instead, after establishing an ALI in 3D VF-OOAC cultures, the chip
was connected to a peristaltic pump (Ismatec, Wertheim, Germany, #1SM933) that continuously
drove media through the device at 40 pL/h via silicon tubing (A-M Systems, #807300) and
connectors (BEONnChip) (Figure 4.2). Cells were cultivated in this perfused setup for 10 days
before samples were prepared for biological characterization.
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evaporation

37°C, 5% CO,
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Figure 4.2. Perfusion-based culture system. (A) The setup enabled continuous perfusion of 3D VF-OOAC whilst
maintaining sterility within a biological safety cabinet. (B) During operation, the peristaltic pump pulls media from
media reservoirs, through the microchannel of the device before dispensing waste media into effluent collectors. (C)
Cultures are stored in a humidified, 37 °C, 5% CO; incubator. (D) Comparison of vessels applied for (I) transwell,
(1) 2D VF-OOAC, (111) 3D VF-OOAC culture. Centimetre ruler for scale.

Perfused 3D VF-OOAC + Fluidic Shear Co-culture

To study the effect of fluidic shear, the pVFF monolayer was again seeded in the device
microchannel as described for static 3D VF-OOAC. After ALI establishment, the channel was
perfused at 40 pL/h using the same system described for perfused 3D VF-OOAC. During
perfusion, the pVFF monolayer experienced fluidic shear. This perfused setup was also maintained

for 10 days before characterization.

Immunocytochemistry

Immunocytochemistry was used to evaluate protein expression related to epithelium
structure and barrier integrity. Epithelial stratification was assessed via staining for cytokeratin 5
and 14 (K5, K14).171°48 The presence of adherens junctions was determined using E-Cadherin (E-

Cad).!82787  Basement membrane development was examined with laminin alpha 5
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(LAMADS).1%488 v/imentin was used for monitoring intermediate filament expression.® Primary
antibodies and relevant secondary antibodies applied are indicated in Table 4.3. Slides stained

with secondary antibody only served as negative controls.

Table 4.3. Antibodies for immunocytochemistry evaluation of VF mucosae. AF = Alexa Fluor, K5 = Cytokeratin 5,
K14 = Cytokeratin 14, LAMADS = Laminin alpha 5, E-Cad = E-Cadherin.

Target Primary Ab Dilution Supplier (Cat #) Secondary Ab Dilution S(lép;p;l;e)r
Stratified AF 488 .
epithelium | Rabbittoks | 200 | Abcam (ab193894)
Stratified AF 532 , Novus Biologicals
epithelium Mouse to K14 1:100 (NBP2-
34675AF532)
Basement Mouse to . AF 647 . ThermoFisher
membrane LAMAS 1:100 | Abcam (ab77175) | &oat anti-mouse | 1000 (A-21236)
Intercellular AF 647
junction Rabbit to E- 1:100 Abcam (ab194982)
marker Cad
Intermediate Chicken to . AF 633 . ThermoFisher
filaments Vimentin 1:200 Abcam (ab24525) Goat anti-chicken 1:1000 (A-21103)
Nuclear DNA DAPI 1:5000 Abcam (ab228549) - - -

The immunostaining protocol used was adapted from that of the Thibeault
Laboratory.'81°48 Media was removed and samples washed three times with DPBS. Samples were
fixed in 4% paraformaldehyde (ThermoFisher, #J19943K2) for 30 min before washing twice. At
this point, samples were transferred to a cryomold (Ted Pella, #271471) filled with O.C.T.
Compound (Fisher, #4585). For 2D transwell and 2D VF-OOAC, the cell-seeded membrane was
harvested. For 3D transwell and 3D VF-OOAC, the collagen gel construct was extracted.

Samples were flash frozen using liquid nitrogen before being sectioned (10 pum thickness)
vertically using a cryostat (Leica CM1860). Sections were transferred to microscope slides (Fisher,
#1255015). Slides were dried for 1 hr at room temperature and stored at -80 °C until

immunostaining.

All staining was performed at room temperature. Slides were washed with PBS and
permeabilized with 0.1% Triton X-100 (Sigma, #X100-5ML) for 15 min. After three washes,
blocking buffer comprising 10% goat serum (Abcam, #ab7481), 1% Tween-20 (Abcam,
#ab128987) in PBS was applied for 45 min. After blocking, samples were incubated with relevant
primary antibodies in blocking buffer for 1 hr.

After washing with 0.05% Tween-20 in PBS, relevant fluorescence-conjugated secondary

antibodies in blocking buffer were applied and incubated for 1 hr. Slides were washed and
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counterstained with 1:5000 DAPI (Abcam, #ab228549) in PBS for 5 min to label cell nuclei.*
Samples were rinsed with PBS and mounted in Vectashield Antifade mounting medium (Vector
Labs, #H-1700) to prevent photobleaching.

Slides were imaged with an inverted LSM710 confocal fluorescence microscope (Zeiss)
and 20x objective. Images collected were the vertical cross-section depicting fibroblasts embedded
in the collagen gel below the epithelial layers (3D transwell and 3D VF-OOAC) or a fibroblast
monolayer below the epithelial cell layers (2D transwell and 2D VF-OOAC). Image acquisition
and analysis were performed using Zen System software (Zeiss) and Imaris version 7.5.6

(Bitplane) software.

Immunohistochemistry

To verify the presence and distribution of cells and collagen in developed mucosae, 10 pum-
thick sections were subjected to hematoxylin-eosin (H&E) staining (Abcam, #ab245880) using the
manufacturer’s protocol. Slides were dipped in Hematoxylin and incubated 5 min. Sections were
rinsed twice in distilled water then dipped in bluing reagent for 15 sec. Sections were rinsed twice
in distilled water and dipped in absolute alcohol, with the excess blotted off. Sections were
immersed in Eosin and incubated for 2 min. Slides were rinsed, dehydrated in an absolute alcohol
series, and mounted with Permount media (Fisher Scientific, #SP15100). Image acquisition was
performed using an Axiovert 3 Widefield Microscope with 40x objectives equipped with Zen

System software. Images were analyzed with Imaris.

Transmission Electron Microscopy

A Talos F200X STEM transmission electron microscope was used to assess the subcellular
structure of the VF mucosa including tight junctions, adherens junctions, desmosomes, and gap
junctions in perfused 3D VF-OOAC + fluidic shear cultures.}” Mucosae were washed twice with
DPBS and immersion fixed overnight at 4 °C in 2.5% glutaraldehyde, 2% paraformaldehyde in a
0.1 M sodium cacodylate buffer (pH 7.4). After washing with sodium cacodylate buffer, samples
were post-fixed in 1% osmium tetroxide in buffer for 2 hr at room temperature. Sample
dehydration was achieved via a graded ethanol series. Samples were washed twice in propylene
oxide and embedded in an Epon 812 epoxy resin under a vacuum. Samples were thin sectioned

(70 nm thickness) using a Leica Microsystems EM UC6 Ultramicrotome for transmission electron

54



microscopy and stained with Reynolds lead citrate and 8% uranyl acetate in 50% ethanol to

increase contrast.

Gene Expression

Real-time quantitative PCR (gPCR) was applied to assess up- or downregulation of
structural and functional genes relative to controls. Cultures were washed twice with DPBS
without calcium and magnesium. For 3D transwell and 3D VF-OOAC, 100 U/mL of collagenase
type | (Gibco, #17018029) in HBSS (ThermoFisher, #14175095) was applied to samples and
incubated at 37 °C for 2-3 h or until gel dissolution. For 2D transwell and 2D VF-OOAC, cells
were harvested using TrypLE as described earlier for regular cell passaging. For all cultures, cells
were collected, transferred to 1.5 mL microtubes, and centrifuged for 5 min at 10,000 rpm. Samples
were resuspended in DPBS and centrifuged again. Supernatants were aspirated, and cell pellets

snap frozen using liquid nitrogen before storage at -80 °C until RNA extraction.

Total RNA extraction was performed using the rNeasy Micro Kit (Qiagen, #74004) in
accordance with the manufacturer’s instructions. RNA was incubated with dNase | (Qiagen) for
15 min at room temperature to remove residual contaminating genomic DNA. Extracted RNA was
assessed using a NanoDrop (ThermoScientific, NanoDrop 2000 Spectrophotometer) to determine
RNA quantity and purity prior to cDNA synthesis. RNA was evaluated for quality and degradation
using an Agilent 2100 Bioanalyzer (Agilent Technologies) (Figure S1). 500 ng of RNA was
reverse transcribed to cDNA using a SuperScript VILO cDNA Synthesis Kit (ThermoFisher,
#11754050) as per the manufacturer’s protocol.

TagMan assays (ThermoFisher, #4453320) for genes corresponding to K5, K14, tumor
protein 63 (p63), tight junction protein 1 (ZO-1), gap junction alpha-1 protein (GJA1), mucin 1
(MUC1), mucin 4 (MUC4), hyaluronan synthase 2 (HAS2), hyaluronan synthase 3 (HAS3), and
piezo 1 (PIEZO1) were used for assessment (Table 4.4).1848%% To perform qPCR, 96-well fast
plates (ThermoFisher, #4483485) with 1 uL of cDNA per 10 pL reaction mix were used. Plates
were run in triplicates for 40 cycles using a ViiA 7 Real-Time PCR System (ThermoFisher).
Relative gene expression was normalized to Glyceraldehyde-3-Phosphate Dehydrogenase
(GAPDH) (ACt) and results were quantified using the 24 method.%
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Table 4.4. TagMan assays for gPCR evaluation.

Target Gene TagMan Assay ID
Stratified epithelium K5 Hs00361185 ml
Stratified epithelium K14 Hs00265033 ml

Basal epithelium p63 Hs00978340 _ml
Intercellular junctions Z0-1 Hs01551871 ml
Intercellular junctions GJAl Hs00748445 s1

Mucus production MUC1 Hs00159357 m1

Mucus production MUC4 Hs00366414 m1

ECM synthesis HAS2 Hs00193435 ml
ECM synthesis HAS3 Hs00193436_m1
Mechanotransduction PIEZO1 Hs00207230_m1
Housekeeping GAPDH Hs02786624 gl

Statistical Analysis

Gene expression data were evaluated using one-way between-subjects ANOVAS to
determine the effect of physiological scaling, culture dimensionality, perfusion, and fluidic shear

on VF mucosa culture. Differences were considered significant at p < .05.

Results & Discussion

Microscale culture supported functional gene upregulation

The initial step of VF-OOAC development investigated whether VF mucosa development
benefited from microscale culture compared to transwell culture. This effect was assessed by

contrasting static VF-OOAC systems with transwell models within either 2D or 3D culture setups.

Minimal effect of microscale culture on epithelium basal structure

Our results suggest physiological scaling had little impact on basal epithelium and
basement membrane development. H&E staining showed 2D transwell had a multilayered,
stratified epithelium with polarized cells throughout its structure (Figure 4.3A: a). Conversely,
static 2D VF-OOAC had a thin epithelium, 1-2 cells thick, that lacked cellular polarization (Figure
4.3A: b).% Although presenting a thin structure, the epithelium of 2D VF-OOAC was confirmed
to achieve confluency (Figure S4.2C). It is speculated the ALI was the dominant factor in these
differences because its absence constrains epithelial differentiation and hinders stratification,
leading to monolayer-like structures seen in static 2D VF-OOAC. Similar thin, flattened epithelia

were reported for nasal epithelial cells cultured in the absence of an ALI.%
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Stratified epithelium of static 3D VF-OOAC was multilayered and approximately 7-8 cells
thick, matching in vivo descriptions (Figure 4.3A: d).%> This epithelium had cuboidal basal and
suprabasal cell layers under a flattened, terminally differentiated top layer.!8 3D transwell culture

displayed similar morphology, but with 2-3 fewer cell layers (Figure 4.3A: c).

A 2D Transwell 2D VF-00AC 3D Transwell 3D VF-00AC B

K5 H&E

abueyy plo4

K14

E-Cad

LAMAS

Figure 4.3. Effect of physiological scaling on VF mucosa culture in static VF-OOAC and transwell setups. (A) H&E
[a-d], K5, [e-h], K14 [i-1], E-Cad [m-p], and LAMAGS [g-t] evaluated morphological features. DAPI (blue) indicates
cell nuclei. H&E magnification 40x%, scale bar = 15 um. Immunostaining magnification 20x, scale bar = 30 um. (B)
Relative gene expression in 2D transwell, static 2D VF-OOAC, 3D transwell, static 3D VF-OOAC setups. All data
presented as the fold change relative to 2D transwell. Significant differences for 2D transwell vs 2D VF-OOAC, and
3D transwell vs 3D VF-OOAC are denoted by * and # respectively.

K5 (Figure 4.3A: e-h) and K14 (Figure 4.3A: i-l) were detected in the epithelium of all
cultures. Strong expression of basal cytokeratins are a feature of VF epithelium, which requires
constant self-renewal to maintain tissue homeostasis.**” Our findings suggest basal epithelium in
all setups displayed this self-renewal capacity. g°PCR examined K5, K14, and p63 gene expression
to determine epithelial stratification and differentiation.’’ Static 2D VF-OOAC expressed
significantly lower K14 and p63 compared to 2D transwell (p < .05; Figure 4.3B). All other K5,
K14, p63 comparisons were non-significant. Decreased p63 and K14 in static 2D VF-OOAC was

likely associated with ALI absence restricting epithelial development and maturation.*®
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The basal epithelial layer is anchored to the VF basement membrane, which is an important
structure to recapitulate due to its functional role in regulating biochemical cellular signals,
facilitating immune cell migration, and tissue repair.1®18%% Each of the four culture models
displayed relatively non-specific staining for LAMADS, which in vivo is localized below the basal
epithelial layer. This may indicate anchorage of iLECs to the collagen matrix could be impaired
or immature as has been reported elsewhere for immortalized VVF epithelial cells (Figure 4.3A: g-
t).*8 In particular, absence of LAMAS staining in static 2D VF-OOAC may be a consequence of
ALLI absence hindering cellular ECM deposition.

Microscale culture enhanced intercellular junction capacity

E-Cad is a marker of adherens junctions, which are cell-cell anchoring junctions that help
stabilise epithelial sheets during VF vibration and regulate tight junction assembly.1%% For static
2D VF-OOAC and 2D transwell, E-Cad was found in the epithelium of 2D transwell only (Figure
4.3A m, n). The lack of E-Cad in static 2D VF-OOAC may indicate an underdeveloped epithelium
with infrequent adherens junctions a consequence of limited cell polarization. For static 3D VF-
OOAC and 3D transwell, E-Cad was detected throughout the epithelium of both cultures (Figure
4.3A: o, p). Intense E-Cad staining in static 3D VF-OOAC suggests a robust barrier capacity

attributable to the strong adhesive bonds between epithelial cells.

Tight junctions maintain barrier integrity and regulate epithelial permeability to prevent
the infiltration of noxious insults into VF tissue. No significant difference in ZO-1 was detected
between static 2D VF-OOAC and 2D transwell. Conversely, static 3D VF-OOAC had significantly
higher ZO-1 expression than 3D transwell (p < .05, Figure 4.3B), indicating increased epithelial
integrity and barrier capacity. Paracrine signalling is fundamental for tight junction development
in the VVF epithelium. %2 Upregulated ZO-1 in 3D VF-OOC could be the small-volume effects of

microfluidic culture increasing paracrine signalling efficacy compared to 3D transwell.

Gap junctions are communicating junctions responsible for cell-cell signalling and small
molecule transport.’%*1% Gap junction frequency and functionality can be regulated by adhesion
proteins and the ECM.1%10 Both VF-OOAC models displayed significantly higher GJA1
expression than their respective transwell controls (p < .05; Figure 4.3B). Increased GJAl

expression suggests microscale culture increased intercellular communication capacity.
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Greater epithelial functionality in microscale culture

The mucus barrier traps irritants for airway removal as part of VF innate immunity.102107

Mucus also lubricates the VF epithelium to protect it against the damaging consequences of
drying.1%® Static 2D VF-OOAC had significantly lower MUC1 and MUC4 expression compared
to 2D transwell (p < .05; Figure 4.3B). Conversely, static 3D VF-OOAC had significantly higher
MUC1 and MUC4 versus 3D transwell (p < .05; Figure 4.3B). Downregulated mucin expression
in static 2D VF-OOAC was likely ALI absence constraining epithelial differentiation and synthesis
of membrane-bound mucins (MUC1, MUC4) on the apical surface of epithelial cells.'®1% In
contrast, microscale culture may have induced upregulated mucin expression in static 3D VF-

OOAC by promoting greater epithelial differentiation via autocrine and paracrine effects.

Elevated tissue remodelling capacity in microscale culture

HA is synthesized by VF fibroblasts and is an important element of VF ECM for its role in
regulating biomechanical properties, vibratory function, and homeostasis.'®** HAS2 and HAS3
are enzymes that respectively synthesize high and low molecular weight HA. Both VF-OOAC
models had significantly higher HAS2 and HAS3 expression compared to relevant transwells (p <
.05; Figure 4.3B). Upregulated HAS suggests tissue modelling and ECM synthesis were increased
in VF-OOAC models. This may indicate that increased paracrine signalling efficacy produced
elevated fibroblast activity, including HA synthesis.*#? In contrast, the larger diffusion distances
in transwell culture may have inhibited cellular communication and functionality. To complement
HA synthesis data, future work should measure hyaluronidase activity to gain insight into whether

HA degradation is also influenced by small volume effects.

Collectively, our results highlight the importance of relevant physiological scaling for
stimulating higher tissue development via small-volume effects, which increase the concentrations
of autocrine and paracrine factors.*>®® The VF-OOAC systems provided greater volume densities
than transwells, a factor notably important in static culture where small volume densities eliminate
local concentration gradients and restrict tissue development.5569112113 Both VVF-OOAC models
had upregulated functional genes related to the lamina propria (HAS2, HAS3) and epithelial gap
junctions (GJA1) compared to transwells. Static 3D VF-OOAC further demonstrated increased
structural integrity and epithelial functionality through increased tight junction (ZO-1) and mucin
(MUC1, MUC4) expression. Notably, static 2D VF-OOAC had downregulation of genes
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characteristic of a differentiated epithelium (p63, MUC1, MUC4), which was likely associated

with ALI absence rather than physiological scaling.

Increased dimensionality improved tissue functionality

Our investigation of physiological scaling confirmed implementing a microscale culturing
environment was beneficial for VF mucosal growth. The next step was to determine the impact of
culture dimensionality by comparing static 2D VF-OOAC and static 3D VF-OOAC. In this
specific analysis, results revealed culture dimensionality affected both epithelial polarization and
fibroblast behaviour. Further, the 3D VF-OOAC controlled cellular proliferation and produced a

tissue morphology more closely aligned with native VF mucosa reported in the literature.

Static 3D VF-OOAC had a densely-packed, multilayered epithelium (Figure 4.3A: d)
considerably thicker than the 1-2 cell layers found in static 2D VF-OOAC (Figure 4.3A: b). Static
2D VF-OOAC displayed significantly higher K5 gene expression than static 3D VF-OOAC (p <
.05; Figure 4.4A). 2D culture induces cytoskeleton reassembly, stimulating increased proliferation
and migration in epithelial cells.}'*11> K5 expression in airway epithelia has been shown to
positively correlate with proliferation rate.!'® As such, upregulated K5 in 2D VF-OOAC is likely
a manifestation of the increased proliferation occurring in the basal cell layer.
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Figure 4.4. Effect of dimensionality on VF mucosae cultivated in VF-OOAC models. (A) Heatmap of relative gene
expression in static 2D VF-OOAC and static 3D VF-OOAC setups. Data displayed as the fold change relative to static
2D VF-OOAC. Significant differences denoted by *. (B) Dimensionality influences mesenchymal cell morphology in
each respective VF-OOAC model as seen by vimentin (green) and DAPI (blue) staining. Cells in static 2D VF-OOAC
adhere to the collagen-coated membrane as a monolayer, restricting their capacity for cell-cell and cell-ECM
interactions (). Cells embedded in collagen gels in static 3D VF-OOAC spread and engage in more complex biological
activity than possible in 2D culture (11). Magnification 20x, scale bar = 30 um.

Both ZO-1 and GJA1 were significantly higher in static 3D VF-OOAC implying greater
epithelial barrier integrity and a denser network of communicating junctions compared to static
2D VF-OOAC (p < .05; Figure 4.4A). In 2D culture, epithelial cells lack apical-basal polarity
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which causes a loss of intercellular junctions.!**!5 Increased intercellular junction presence in 3D
culture offers greater control over proliferation by providing epithelial cells with apoptosis

resistance.'’

Regarding ECM-related genes, static 3D VF-OOAC expressed significantly higher HAS2
than static 2D VF-OOAC (p < .05; Figure 4.4A).* Increasing the density and spatial arrangement
of ECM surrounding cells (2D — 3D) can stimulate increased mechano-responses and cell

viability.4566-68

In static 2D VF-OOAC, pVFFs are limited to a monolayer on a collagen-coated plastic
substrate, inhibiting their capacity to engage in cell-cell and cell-ECM interactions (Figure 4.4B:
). This system restricts pVFF polarity and constrains cell adhesion distribution to 2D, creating a
microenvironment unrepresentative of the native VF mucosa.® The spread, spindle-shaped
structure is characteristic of VF fibroblast behaviour in 2D culture that typically produces higher
proliferation rates than 3D environments.!!® As fibroblast distribution is sparse in native VF

mucosa, excessive proliferation constitutes an unrepresentative depiction of the tissue. 1

Static 3D VF-OOAC provided gel-embedded pVFFs with a microenvironment containing
soluble gradients, discrete matrix fibrils, sterically regulated spreading and migration, and a
substrate stiffness closer to native tissue (Figure 4.4B: 11).*> VF fibroblast morphology in 3D gel
culture has been reported to vary over 4 weeks, with cells initially presenting a rounded, cluster-
like appearance before spreading and displaying spindle-like shape as ECM synthesis occurs. 8
Fibroblast morphology in adult VF mucosa is dominated by spindle shaped cells (>80%) with the
remaining population oval-shaped. The inverse pattern has been identified in newborn VF
mucosa.*?® Mesenchymal cell morphology in 3D VF-OOAC cultures appears to be trending

towards a population representative of that found interspersed throughout native adult VF mucosa.

Perfusion stimulated basal epithelium activity

Our investigation of dimensionality confirmed the importance of 3D culture for cultivating
the VF mucosa, which is congruent with the literature.!”184¢ Perfusion was the next parameter
integrated into the culture platform. Our results showed that by stabilizing concentration gradients,

perfusion improved metabolite regulation thereby creating a microenvironment beneficial for
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epithelial tissue development. This manifested as increased basal activity and higher mucin

expression.

Perfused 3D VF-OOAC retained the densely-packed, polarized, multilayered epithelium
previously observed in static culture (Figure 4.5A: 1). Confocal microscopy showed the
epithelium also retained positive staining for K5 (Figure 4.5A: 11) and K14 (Figure 4.5A: 111).
gPCR comparisons revealed all basal genes assessed (K5, K14, p63) were significantly higher in
perfused 3D VF-OOAC versus static 3D VF-OOAC (p < .05; Figure 4.5B). In vivo, basal
epithelial cells have a high turnover and the increased basal marker expression in perfused 3D VF-
OOAC could indicate a recapitulation of this proliferative capacity.>*1%0121122 nterstitial fluid
flow can reach velocities between 0.1 and 4.0 um/s within the ECM of soft tissues such as the VF
mucosa.’?>1?% In this study, we approximated this microenvironmental feature by perfusing
cultures at the slowest available pump setting, ~11 pum/s. Perfusion has been suggested to stimulate
proliferation by improving the supply of nutrients and dissolved oxygen, whilst simultaneously

removing inhibitory metabolites such as ammonium ions, methylglyoxal, and lactate.>2

The epithelium of perfused 3D VF-OOAC had extensive positive staining for E-Cadherin,
indicative of an established cell-cell adhesion network (Figure 4.5A: 1V). Maintaining stable
concentration gradients for nutrient and waste diffusion via perfusion may have controlled the
development of this robust intercellular junction network.>%"212":128 However, staining for LAMAS

was again non-specific, suggesting an immature basement membrane structure (Figure 4.5A: V).

Upregulated MUC1 suggests perfused 3D VF-OOAC had a higher capacity for mucus
production in comparison to static 3D VF-OOAC (p < .05; Figure 4.5B).*2*%0 Perfusion has been
reported to stimulate differentiation in primary bronchial epithelial cells leading to increased
mucus production.t3* Accelerated differentiation highlights the impact of perfusion on improving
spatiotemporal distributions of nutrients and metabolites to create a microenvironment conducive

to tissue development.*3?
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<«Figure 4.5. Effect of perfusion on VF mucosa culture in 3D VF-OOAC. (A) H&E [1], K5, [II], K14 [I11], E-Cad
[IV], and LAMAS [V] were evaluated using confocal microscopy to assess epithelial morphological features. DAPI
(blue) indicates cell nuclei. H&E magnification 40x%, scale bar = 15 um. Immunostaining magnification 20x, scale bar
=30 um. (B) Relative gene expression in perfused 3D VF-OOAC versus static 3D VF-OOAC. Data displayed as the
fold change relative to static 3D VF-OOAC. Significant differences denoted by *.

Fluidic shear induced mechanosensitive gene upregulation

Having demonstrated the benefits of perfusion for VF mucosa culture in 3D VF-OOAC,
our final step was to evaluate the impact of fluidic shear on culture. To achieve this, a pVFF
monolayer was included in the microchannel of 3D VF-OOAC and experienced fluidic shear

during perfusion.

3D VF-OOAC with fluidic shear present had a stratified, multilayered (5-10 cells thick)
epithelia that contained basal cuboidal cells, cellular polarization, and a terminally differentiated
flattened suprabasal layer (Figure 4.6A: 1).1399 Confocal microscopy showed VF mucosae in
3D VF-OOAC with fluidic shear present retained basal cytokeratin (K5, K14) (Figure 4.6A: 1l,
I11) and E-Cadherin (Figure 4.6A: 1V) in the epithelium. Consistent with earlier models, LAMAS5
staining remained broad and relatively non-specific suggesting basement membrane immaturity
(Figure 4.6A: V).

PIEZOL1 is a mechanically activated ion channel involved in epithelium remodelling,
differentiation, and cell cycle regulation.®1*3-1% PIEZO1 has also been found to modulate the
mechanical properties of atrial fibroblasts enabling them to adapt to the stiffness of their
surrounding matrix.**® Both HAS2 and PIEZO1 expression have been reported as shear-sensitive
in VF epithelial cells and fibroblasts, and this was confirmed by the significantly higher gene
expression for each in 3D VF-OOAC with fluidic shear (p < .05; Figure 4.6B).2313"138 p\/FFs are
highly mechanosensitive and experience high levels of shear in the biomechanically active
laryngeal microenvironment during phonation.®13%-14! Elevated HAS2 expression could be related
to shear-mediated activation of the NF-xB pathway in pVFFs, which can induce HA synthesis.”
Bioreactor studies of VVF fibroblasts have previously reported HAS2 upregulation in response to
mechanical stimulation.342143 Similarly, fluidic shear likely induced PIEZO1 upregulation via
activation of PIEZO1 channel receptors on the surface of pVFFs.!*1% The mechanosensitive
response of pVFFs to fluidic shear was furthered demonstrated via observations of cell orientation
in the flow direction of perfusion in 3D VF-OOAC, a behaviour consistent with the literature
(Figure 4.6C)."+""
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<«Figure 4.6. Effect of fluidic shear on VF mucosae cultivated in perfused 3D VF-OOAC. (A) H&E [1], K5, [I1], K14
[I1], E-Cad [IV], and LAMAS [V] evaluated morphological features. DAPI (blue) indicates cell nuclei. H&E
magnification 40x, scale bar = 15 pm. Immunostaining magnification 20x, scale bar = 30 pum. (B) Relative gene
expression in perfused 3D VF-OOAC cultures with or without fluidic shear. Data displayed as the fold change relative
to perfused 3D VF-OOAC without fluidic shear. (C) Vimentin staining showed fluidic shear induced mesenchymal
cell alignment in the direction of fluid flow (40 pL/h) under perfused conditions versus static controls. Magnification
20x%, scale bar = 50 pum.

Figure 4.7. Transmission electron micrograph of engineered epithelium in 3D VF-OOAC with fluidic shear. (A) The
cells of the epithelium near the superficial layer have a flattened morphology. (B) Cells in the deeper suprabasal layers
display more square-like morphology. (C) Intercellular junctions present between neighbouring cells of the
epithelium. (D) The basal cell layer is anchored to the basement membrane.
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Transmission electron microscopy was used to validate subcellular features of VF mucosae
in 3D VF-OOAC with fluidic shear. The apical cell membrane at the epithelium surface had
microvilli, as found in vivo, that participate in mucus distribution and retention (Figure 4.7A).14
The appearance and distribution of intercellular spaces aligned with adult human VF tissue
reported in the literature (Figure 4.7B).%® Tight junctions were observed in the superficial layers
of the epithelium at the apical aspects of adjacent cells, with adherens junctions and desmosomes
in close proximity (Figure 4.7C). The basement membrane was located under the basal cell layer
(Figure 4.7D).

Limitations & Future Prospects

OOAC research has historically been challenged by a lack of standardization across the
many different models proposed by individual laboratories, which can create replicability and
scale-up difficulties.}*® By using commercial devices in this study, we created an OOAC model
that provides an increasingly standardized procedure by removing in-house microfabrication
variability of the device used. A drawback to this approach is that the design configuration is

restricted to the manufacturer’s template, and changes are not easily implemented.'#°

For instance, although the BEONChip microfluidic device used for 3D VF-OOAC
produced the greatest tissue development, its current design is incompatible with exposing
epithelial cells to a dynamic airflow parallel to the luminal epithelial surface. The static ALI
provided is unrepresentative of in vivo breathing conditions. Conversely, ALI culture was not used
for the ChipShop microfluidic device used for 2D VF-OOAC in this study, which provides a
compounding factor in mucosal differences observed. Although this device is theoretically
compatible with providing a dynamic airflow, it presents a trade-off between technical difficulty
and physiological relevance given that 2D culture was shown to severely impact stromal cell

behaviour in VF mucosa culture.

Future design modifications of the VF-OOAC should focus on incorporating an airflow
channel to expose epithelial cells to physiologically relevant conditions whilst retaining a 3D tissue
environment. Additionally, the fluid channel could be utilized for endothelial cells, given their

important role in controlling vascular permeability and therapeutic efficacy of drugs.t°%15!
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Conclusion

The presented VF-OOAC represents the first application of microfluidic technology for
engineering the VF mucosa. By incorporating relevant physiological scaling, increased
dimensionality, perfusion, and fluidic shear, microfluidic devices supported improved tissue
development compared to transwell culture. In particular, epithelium functionality and fibroblast
ECM synthesis benefited from our perfused microscale culture system, displaying elevated
expression related to intercellular junctions, mucin synthesis, and mechanosensitive activity. This
versatile in vitro platform will aid basic research discoveries of the biological mechanisms

underlying VF health and disease.
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Figure S4.1. Bioanalyzer results for perfused 3D VF-OOAC samples with fluidic shear. All samples tested had a RIN
>7, indicating no significant RNA degradation occurred during sample storage or processing.
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Impact of Fluidic Shear in Perfused 2D VF-OOAC Culture
A B
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Figure S4.2. Effect of perfusion and fluidic shear on VF mucosae cultivated in 2D VF-OOAC. In perfused cultures,
both the upper and lower channel are perfused for 10 days after connecting to a peristaltic pump. During perfusion of
the lower channel, the pVFF monolayer experiences fluidic shear. (A) H&E [1], K5, [I1], K14 [111], E-Cad [IV], and
LAMAS [V] were evaluated using confocal microscopy to assess epithelial morphological features. DAPI (blue)
indicates cell nuclei. Magnification 20x%, scale bar = 30 um. (B) Heatmap of relative gene expression in perfused 2D
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VF-OOAC with fluidic shear compared to static 2D VF-OOAC. Data displayed as the fold change relative to static
2D VF-OOAC. Significant differences (p < .05) denoted by *. (C) Overhead imaging of the epithelial layer using K5
staining demonstrated that despite the absence of an AL, the epithelial cells still formed a fully confluent layer with

strong basal cytokeratin expression in both static 2D VF-OOAC and perfused 2D VF-OOAC with fluidic shear.
Perfusion Magnification 10x, scale bar = 50 um.
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Preface to Chapter 4: Air Pollution Threat to the Vocal Fold

Mucosa

Air Pollution

Ambient air pollutants constitute a number of inhalable toxins originating from a range of
anthropogenic and natural activities including vehicular and industrial combustion, road wear,
forest fires, dust storms, and pollen.>® The World Health Organization estimated in 2022 that 99%
of the global population live in regions where air quality exceeds safety limits.>” In Canada,
Montréal has been established as a principal contributor to air pollution, exceeding Toronto and

Vancouver levels by 50% and 300% respectively.%8>°

Health consequences of air pollution have been studied across a broad range of human
tissues, with the respiratory, cardiovascular, and nervous systems garnering notable attention.%-6°
However, the effect of air pollutants on the VF mucosa has seldom been explored despite the
potential contribution to voice disorders such as laryngitis, laryngeal cancer, and vocal cord

dysfunction.>©86667

Air pollutants can damage the VF mucosa by inducing inflammatory activity that disrupts
the layered structure of the mucosa, inhibiting vibratory function.?® Irritant-induced VF damage
can be a combination of biophysical and biochemical effects including epithelial drying, DNA

damage, and alterations in junction protein expression.%8

Systematic investigations of specific air pollutants will help define the concentration and
exposure limit associated with deleterious effects on voice production. In turn, this will enhance

the understanding of the contribution of air pollutants to the pathology of voice disorders.

Particulate Matter

Environmental agencies have designated certain air pollutants as ‘criteria pollutants’ based
on their prevalence and threat to human health or the environment. Criteria pollutants are subject
to strict monitoring and include particulate matter (PM), sulphur dioxide, nitrogen oxides, ozone,

carbon monoxide, and lead.5%"
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In particular, PM presents a serious threat to human health and has been associated with 9
million deaths per annum.”*"2 Both acute and chronic exposure to PM have demonstrated a dose-
response relationship for inducing adverse health effects.>® Unlike other air pollutants, PM is a
heterogeneous mix of suspended micro- or nano-sized particles and droplets that includes heavy
metal ions, dust, polycyclic aromatic hydrocarbons, pollen, and bacteria. Each component can
generate inflammatory activity in human tissues. For instance, transition metals have been
associated with increased oxidative stress and polyaromatic hydrocarbons may induce mutagenic
activity, cell toxicity, and inflammatory cytokine release.”® The composition of PM will vary
significantly depending on factors such as temperature, weather conditions, particle origins, and

particle interactions.

PM is regulated by mass concentration and particle number with several major categories
specified. Coarse (PM1o), fine (PM2s5), and ultrafine (PMo.1) fractions are defined as particles with
an average aerodynamic equivalent diameter of <10 pm, <2.5 pm, and <0.1 um respectively.’
These categories are of clinical importance as particle penetration depth into the respiratory system
IS size-dependent.

Association between Voice Disorders & Coarse Particulate Matter

In the upper airway, turbulent, high velocity airflow coupled with the aerodynamic
properties of large particles results in significant PM1o deposition in the upper airway.”> "8 As the
narrowest point in the airway, the larynx may have a particular vulnerability to PM1o deposition
due to its turbulent airflow, filter function restricting particulate movement to the lower airway,

and the regions of non-ciliated squamous epithelia it contains.?-67:7

PMyo presents a notable environmental challenge to the VF mucosa due to the hazardous
particles it comprises. Exposure to PM has been associated with multiple voice disorders including
vocal cord dysfunction and fibrosis, chronic laryngitis, and laryngeal cancer.*® However, further
experimental studies and long-term epidemiological data are required to fully elucidate the

mechanisms by which PM1o contributes to the pathophysiology of these conditions.

With around 8 billion people exposed to air that exceeds World Health Organization
guidelines, it is increasingly necessary to characterize the effect of specific air pollutants on human

tissues and organs.2® For the field of laryngology, revealing the molecular mechanisms underlying
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the interaction of PM1o with the VF mucosa is important given its global prevalence, threat to
human health, and high deposition in the upper airway. Understanding how air pollutants influence
signalling pathways and cellular processes in the VF mucosa will provide therapeutic treatment
targets for resolving voice disorders related to, or exacerbated by, pollution exposure.
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Abstract

The primary goal of this study was to quantify the biological effect of particulate matter on
the vocal fold mucosa. Particulate matter is a significant component of environmental air pollution
with serious public health consequences. Notably, coarse particulate matter (PM1o) tends to deposit
on the surface of the vocal folds in the upper airway. VVocal fold epithelium has an intrinsic capacity
to endure and adapt to irritant challenges, but the threshold limit is unknown for PM1o exposure.
Identifying the potential dose-response relationship between PM1o and the vocal fold mucosa will
contribute to a better understanding of PM-related upper airway conditions such as chronic cough

and laryngitis.

Our team previously developed a vocal fold mucosa organ-on-a-chip (VF-OOAC) for
toxicity assessment. Here, a dose response study (0, 50, 100, 400 pg/mL) was performed on VF-
OOACiLec, which comprises primary vocal fold fibroblasts and immortalized laryngeal epithelial
cells, for an acute exposure of 24 hr. In addition, a separate version of VF-OOAC using the same
fibroblast source but with an iPSC-derived vocal fold epithelium, namely VF-OOACipsc, was
included to assess if different epithelial cell sources produce divergent responses to pollutant
challenges. Tissue morphology, gene expression of epithelial and inflammatory markers, and

secreted cytokines were assessed via confocal microscopy, gPCR, and immunoassays respectively.
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Both VF-OOACiLec and VF-OOACipsc models demonstrated high resistance to acute PM1o
exposure for all concentrations tested. For VF-OOACiLec, no dose response was detected in any
outcome measurement. VF-OOACipsc displayed a significant increase in cytokeratin 13 gene
expression when challenged with 100 pg/mL PMaio. Our results demonstrate the resilience of
stratified squamous epithelium of the vocal folds, highlighting its robust defences against
environmental irritants. Future investigations should focus on investigating how chronic, repeated

exposure to PM1o may lead to pathological changes in VF mucosa.

Introduction

In 2022, the World Health Organization estimated that 99% of the global population live
in areas where air quality exceeds safety limits.! Air pollution presents a serious public health risk
as it reportedly impacts every human organ and contributes to 9 million premature deaths per
annum.2* Specifically for respiratory health, particulate matter (PM) has been associated with
exacerbations of asthma and chronic obstructive pulmonary disease, idiopathic pulmonary fibrosis,

and lung cancer.*”’

PM also presents a significant health-related economic impact due to healthcare costs and
lost labour productivity.® In 2013, the World Bank estimated a global economic impact of US$
143 billion in lost labour income and US$ 3.55 trillion in welfare losses from PM exposure.®

The considerable health and economic impact of PM have led to its strict monitoring by
environmental agencies.>'%12 PM exists as a heterogeneous mix of micro- and nano-sized particles
and droplets originating from anthropogenic or natural activities including automobile exhausts,
industrial operations, and forest fires.®*!* The prevalence of PM attributed to forest fires in
particular continues to intensify, with Canada subject to record wildfires in 2023, the European
Union reporting peak landmass burned in 2022, Australia experiencing catastrophic bushfires in
2020, and California State suffering historic wildfires in 2020.15-18

PM is categorized based on its physical properties, with coarse (PM1o), fine (PM25s), and
ultrafine (PMo.) fractions describing particles of <10 pm, <2.5 um, and <0.1 pm respectively.®
The depth a particle penetrates the respiratory airway is size-dependent, with PM1o deposition

dominant in the upper airway and PMo 1-25 travelling deeper into the lungs.”2%%
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The World Health Organization recently updated its guidelines for short- and long-term
exposure to PM1o, suggesting an association with increased mortality at lower concentrations than
previously reported.® In the larynx, high airflow velocity coupled with the airway narrowing
creates turbulence that promotes PM1o deposition.??24 In this manner, the larynx acts as a filter to
limit particles reaching the lower airway, although this function may be inhibited by irritant-
induced inflammatory activity.>>?® However, laryngeal retention of PM poses a potential

inflammatory challenge to local mucosal tissues, notably for the vocal folds (VFs).

VF mucosa comprises squamous epithelium and lamina propria tissues separated by a
basement membrane.?” This tissue faces a daily barrage of challenges from inhaled irritants,
including PM, that can damage the mucosa and inhibit vocal function. Based on epidemiological
data and clinical findings, PM exposure has been associated with multiple voice disorders
including vocal cord dysfunction and fibrosis, chronic laryngitis, and laryngeal cancer.?®-%° Despite
the potential serious consequences for vocal health, biological mechanisms underlying the
interaction between PMyo and VF mucosae are yet to be fully elucidated partly due to the lack of

reliable and predictive experimental models.

In vivo animal models have been used to investigate the VF mucosa’s response to several
environmental irritants and allergens. For instance, rodent VF mucosae have displayed
hyperplasia®, oedema®, cell death®, immune cell infiltration®***, and mucin upregulation® in
response to cigarette smoke31:3, acrolein®, dust mites®®, and chalk dust®*. However, anatomical®>-
37 economic®®, and ethical®>*° obstacles persist regarding animal model use and efficacy in VF

research.

Ex vivo studies using porcine larynges have collectively indicated the VF mucosa has a
robust resilience to acute exposure to cigarette smoke condensate*!, hydrogen peroxide*?, and
nanoparticles*®. However, these models also highlight the importance of irritant exposure time.
For instance, one study indicated 1 hr exposure to 400 um acrolein caused no change in cell
viability or metabolism, which differed from findings elsewhere reporting altered barrier function

at only 100 pm when exposure time was increased to 3 hr. 444

Acute exposure to environmental irritants has also been studied using in vitro modelling

systems, specifically VF fibroblast monocultures. In response to 24 hr exposure to PM”48, cigarette
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smoke*#" 5! or e-cigarette smoke®!, researchers reported elevated inflammatory marker

expression” 464749 oxidative stress’4¢43%0 DNA damage®, and cell death®.

Although these in vitro studies have provided some insight into irritant-induced VVF cellular
responses, they cannot replicate the VF’s robust defences against environmental irritants. In
particular, stratified squamous VF epithelium provides the first line of defence against irritant
challenges. Stratified squamous epithelium has defensive structures and mechanisms specifically
adapted for protecting stromal cells, mainly fibroblasts, of the lamina propria.?® For instance, the
multilayered structure of VVF epithelium provides a robust obstacle to external irritants compared
to the thinner, more delicate respiratory epithelia found elsewhere in the laryngeal cavity.? As
such, it is important to incorporate epithelial cells into in vitro VF models to replicate the in vivo
defences against irritants. However, culture conditions used are key to replicating native epithelial
structures in vitro, with cultivation at an air-liquid interface (ALI) necessary to achieve a

multilayered, stratified epithelium.>54

Previously, our group proposed a vocal fold organ-on-a-chip (VF-OOAC) based on a co-
culture of primary VF fibroblasts and immortalized laryngeal epithelial cells. This VF-OOACiLec
displayed structural and functional architecture exceeding that of comparable transwell controls.>
However, immortalized airway epithelial cells may have restricted differentiation and inhibited
barrier capacities compared to native tissue cells.*® Induced pluripotent stem cells (iPSCs) offer an
attractive alternative for deriving VF epithelial cells that better represent the morphology and
functionality of native tissue.>* Thus, we cultivated an iPSC-derived epithelium in a VF-OOACipsc
to evaluate potential differences between each epithelial cell source in response to environmental

challenges.

The primary goal of this study was to evaluate the resilience of the VF mucosa to an acute
PMyo exposure series (0, 50, 100, 400 pg/mL) using VF-OOACiLec. We hypothesized VF-
OOACiLec would demonstrate resistance to PM1o due to the inherent protective mechanisms of
stratified squamous epithelium. The secondary goal was to compare the response to PM1o exposure
of VF-OOACiLec and VF-OOACipsc for result validation. We first benchmarked VF-OOACipsc

against transwell controls to verify its mucosal structure prior to challenging it with PM1o. It was
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anticipated VF-OOACipsc would display higher resilience than VF-OOACi_ec due to the improved
tissue functionality provided by iPSC-derived VF epithelial cells.>*

Materials & Methods

Cell Culture Maintenance

Vocal Fold Fibroblast Culture

Human primary vocal fold fibroblast (pVVFF) 21T cells, donated by the Thibeault laboratory
(University of Wisconsin-Madison) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma, #D6429) supplemented with 10% (v/v) FBS (ThermoFisher, #12484028), 1%
(v/v) pen strep (ThermoFisher, #15140122) and 1% (v/v) non-essential amino acids
(ThermoFisher, #11140050). pVFF cultures were stored in a humidified incubator (37 °C, 5%
CO:»). Culture media was changed every other day and cells passaged at least once prior to use in

experiments. pVFFs with passage number 4-6 used throughout this study.

Laryngeal Epithelial Cell Culture

Human immortalized laryngeal epithelial cells (iLECs) (ATCC CRL-3342, HuLa-PC)
were maintained in dermal cell basal medium (ATCC, #PCS-200-030) supplemented with a
keratinocyte growth kit (ATCC, #PCS-200-040) as per manufacturer recommendations. iLECs
were stored in a humidified incubator (37 °C, 5% CO>) and media changes performed every 2-3

days. iLECs were passaged at least once before priming them for stratification.

Prior to experimental use, iLECs were cultured in stratified DMEM for 72 hr. To obtain
stratified DMEM, a basal DMEM solution was first prepared by supplementing DMEM/F12
(ThermoFisher, #10565018) with 2% B27 (ThermoFisher, #17504044), 1% N2 (ThermoFisher,
#17502048), and 1% pen strep. Stratified DMEM was formed by adding 0.4 pg/mL hydrocortisone
(Stemcell Technologies, #07925) 8.4 ng/ mL cholera toxin (Sigma, #C9903), 5 pug/mL insulin
(Sigma, #91077C), 24 pg/mL adenine (Sigma, #A8626), and 20 ng/mL EGF (Stemcell
Technologies, #78006).
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Induced Pluripotent Stem Cell Culture

Protocols from the Montreal Neurological Institute were followed for maintaining iPSCs
in an undifferentiated state.>” Matrigel coating was prepared on-ice by adding 100 pL of Matrigel
(100x) (Corning, #354277) to 10 mL of DMEM/F12 supplemented with Antibiotic-Antimycotic
(1x) (ThermoFisher, #15240096). Coating was added to a 60 mm petri dish (Eppendorf,
#0030701119) and incubated 1 hr at 37 °C.

IPSCs (GM25256, Coriell Institute) in complete mTeSR Plus (Stemcell Technologies,
#100-0276) supplemented with 10 uM ROCK inhibitor (Stemcell Technologies, #72302) were
seeded in a prepared Matrigel-coated dish and incubated 20 h. ROCK inhibitor media was then
removed and cells were washed before complete mTeSR Plus was added.

Media was changed daily and iPSCs were routinely passaged using ReLeSR (Stemcell
Technologies, #05872) when confluency was ~60-70%, in accordance with the manufacturer’s

instructions. iPSCs were passaged at least once prior to initiating differentiation.

VF Basal Progenitor Cell Differentiation

At 80% confluency, iPSCs were subjected to a differentiation protocol developed by the
Thibeault laboratory to generate VF basal progenitor cells.>* On day 1, definitive endoderm
differentiation was initiated by adding RPMI media with Glutamax (ThermoFisher, # 61870-036)
supplemented with 100 ng/mL Activin A (Stemcell Technologies, #78001), 25 ng/mL Wnt 3a
(R&D Systems, #5036-WN-010), and 10 uM ROCK inhibitor to iPSCs for 24 hr. On day 2, media
was changed to RPMI with Glutamax supplemented with 100 ng/mL Activin A and 0.2% FBS.

Cells were incubated 48 hr with a media replenishment after 24 hr.

On day 4, anterior foregut endoderm induction commenced using Basal DMEM
supplemented with 200 ng/mL noggin (Stemcell Technologies, #78060), 10 uM SB431542
(Stemcell Technologies, #72232), 50 pg/mL ascorbic acid (Stemcell Technologies, #72132), and
0.4 mM 1-Thioglycerol (Sigma, #M6165). Cells were incubated 96 hr with media refreshed daily.

On day 8, VF basal progenitor differentiation was induced by adding basal DMEM
supplemented with 50 pg/mL ascorbic acid, 250 ng/mL FGF-2 (Stemcell Technologies, #78003),
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100 ng/mL FGF-7 (Stemcell Technologies, #78046), and 100 ng/mL FGF-10 (Stemcell
Technologies, #78037) to cells for 48 hr.

At day 10, VF basal progenitor culture quality was assessed under a light microscope. If
strong growth, high confluency, and limited cell stacking were observed, progenitors were used in

experiments.

Particulate Matter Preparation

Cultures were exposed to the environmental irritant PMyo (ERM CZ100, European
Commission; Table S1, Figure S3: PM1o Composition) for 24 hr. 10 mg/mL stock concentration
of PMz1o was prepared by adding 100 mg of PM1o to 10 mL of FAD media and vortexing for 5 min.
The working concentrations prepared for individual experiments represented the potential dose of
this study.>®

VF-OOAC Culture
VF-OOACiLec Culture

BE-Transflow microfluidic chips (BEONnChip) were applied for VF-OOACiLec culture
using a previously developed protocol.>® The chip design was compatible with 3D culture whilst

enabling perfusion through its microchannel (Table S2: Culture vessel physical parameters).

The microchannel was coated with collagen (50 pg/mL) prior to seeding pVFFs as a
monolayer and incubating for 24 hr. Collagen gels (2.5 mg/mL) (ThermoFisher, #A10483-01)
were fabricated on-ice in accordance with the manufacturer’s instructions and adjusted to pH 7.2-
7.4 using 1 N NaOH (ThermoFisher, #124260010). pVFFs in FBS were added to produce a final
concentration of 0.5x10° cells/mL. 110 pL of pVFF-collagen gel mix was added to the well of the
microfluidic chip and incubated 75 min to initiate gel formation. Gels were detached from the
membrane and basal DMEM was added to the well and channel. Chips were incubated 24 hr to
facilitate gel contraction. This pVVFF-gel was used to represent the lamina propria region of the VF

mucosa.
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The next day, iLECs were seeded atop gels at a concentration of 1x108 cells/mL. Plates
were incubated to allow cell attachment. Cells were co-cultured under submerged conditions for

three days before an ALI was established by removing media from the well.

At this point, the microfluidic chip was connected to a peristaltic pump and FAD media
was perfused through the microchannel at 40 pL/h for 10 days. FAD media was prepared from
DMEM medium-high glucose (Sigma, #D6429) and Ham’s F12 (ThermoFisher, #11765054)
mixed in a 1:3 ratio, supplemented with FBS (2.5%), pen strep (1%), hydrocortisone (0.4 pg/mL),
cholera toxin (8.4 ng/mL), insulin (5 pg/mL) (Sigma, #91077C), adenine (24 pg/mL) (Sigma,
#A8626), and EGF (10 ng/mL).>

TranswelliLec co-culture controls were prepared via a protocol previously reported.>®

Preparation was similar to VF-OOACiLec with the exception of microchannel and perfusion steps.

VF-OOACipsc Culture

VF-OOACipsc required the same initial collagen-pVFF gel preparation used for VF-
OOACiLec. VF basal progenitors were harvested using TrypLE Express, re-suspended in 200 pL
of stratified DMEM supplemented with FGFs, and seeded atop gels as a 10 pL drop as detailed
elsewhere.>* After progenitor seeding, microfluidic chips were incubated 2 hr to allow attachment.
At this point, stratified DMEM with FGFs was added to the well and microchannel. Media was

changed daily to prevent acidity and waste build-up in the microfluidic system.

Two days after VF basal progenitor seeding, all media was changed to conditional FAD
media supplemented with FGFs. To prepare conditional FAD, FAD media was applied to a stock
pVFF culture at 60-70% confluency and incubated overnight.>* Media was collected, sterile-
filtered, and frozen at -20 °C until required. These stored aliquots were mixed with FAD media in
a 30:70 ratio to generate conditional FAD media. Submerged culture was maintained for 2-4 days
to allow cells to proliferate to cover the gel.

After epithelial confluency was reached, an ALI was established by removing media from
the well containing the gel. The microfluidic chip was then connected to a peristaltic pump and
FAD media was perfused through the channel at 40 pL/h. Cells were cultivated in this perfused,
ALl setup for a further 10 days to facilitate epithelial stratification.
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Transwell co-culture has been reported to facilitate the successful development of an iPSC-
derived VF epithelium.>* As such, transwellipsc co-culture was used for experimental controls.
Preparation VF mucosa constructs was similar to VF-OOACipsc with the exception of

microchannel and perfusion steps.

PM3o Exposure Experiments
PM1o Toxicity Screening

A screen test of PMyo toxicity to laryngeal cells was performed for subsequent dose-
response experiments. Monocultures of pVFFs and iLECs were seeded in a 24-well plate
(Eppendorf, #0030741021) at a concentration of 0.5x10° cells/mL and cultured to confluency with
media changes every 2-3 days. Upon confluency, PMyo in media (0, 25, 50, 100, 200, 400, 800,
1600 pg/mL) was applied to cells and incubated for 24 hr. PM1o exposure length (i.e., 24 hr) and
concentration range (0-1,600 pg/mL) were selected to align with literature standards used for acute

pollutant response studies in the literature.’-20:59.60

After 24 hr, cells were prepared for cytotoxicity analysis using live/dead assays (Figure
6.1A). 24-well plate cultures were washed with DPBS and stained using a LIVE/DEAD
cytotoxicity assay (Invitrogen, #1932445) in accordance with the manufacturer’s instructions. The
plate was incubated for 30 min in darkness at room temperature before being washed with DPBS.
Samples were imaged using an inverted LSM710 confocal fluorescence microscope with a 20x

objective. Image analysis and viability counts were performed using Imaris.
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Figure 6.1. Evaluating the VF mucosa response to PMio. (A) PMuo toxicity screening was performed for pVFF and iLEC
monocultures by applying a range of PMao concentrations (0-1600 pg/mL) to cells for 24 hr. (B) VF-OOACiLec were challenged
with a PM1o dose-response series (0, 50, 100, 400 pg/mL) for 24 hr, with structural, functional, and inflammatory changes
evaluated. (C) A VF-OOACirsc Was developed using iPSC-derived VF epithelial cells before challenging it with 100 pg/mL PMio
for 24 hr.5*

VF-OOAC PMyo Exposure

PM1o was applied to the chip well of VF-OOAC cultures and incubated for 24 hr. PM1o
exposure length and concentration range were based on toxicological screening tests. For VF-
OOACiLec experiments, a PM1g dose response series was performed using 0, 50, 100, 400 pg/mL
(Figure 6.1B). Toxicological screening had identified 400 pug/mL as the cytotoxic dose for iLECs.
For VF-OOACipsc validation experiments, 100 pg/mL PMio was used as the test dose. This
concentration enabled an investigation of epithelium’s capacity to protect the lamina propria as

toxicological screening identified this as the cytotoxic dose for pVFFs (Figure 6.1C).

During incubation, FAD media continued to be perfused through the channel. After 24 hr,
samples were prepared for biological characterization. For all experiments, 0 pg/mL was utilized
as a negative control and transwell culture served as experimental controls. All samples were

performed in at least biological triplicate.
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Immunocytochemistry Characterization

Immunocytochemistry was used to evaluate the expression of proteins related to epithelial
barrier integrity and fibroblast activity in response to PM1o exposure. Epithelial stratification was
assessed via staining for cytokeratins 5, 13, 14 (K5, K13, K14). Adherens junctions and basement
membrane presence were evaluated via E-Cadherin and laminin alpha 5 (LAMADS). Vimentin was
used to monitor changes in expression of intermediate filaments. Alpha smooth muscle actin
(aSMA) staining assessed myofibroblast activation and actin filament over-expression. Primary
monoclonal antibodies and relevant secondary antibodies are indicated in Table 6.1. Slides stained

with secondary antibody only served as negative controls.

Table 6.1. Summary of antibodies applied for immunocytochemistry.

Target Primary Ab Dilution Supplier (Cat#) Secondary Ab Dilution Supplier (Cat#)
Stratified AF 488 1:200 Abcam
epithelium Rabbit to K5 ) (ab193894)
Stratified Rabbit to K13 1:200 (alﬁ%czlaﬂs) AF 594 1:500 ThermoFisher
epithelium ab133340 Goat anti-rabbit (A-11037)
Stratified AF 532 . Novus Biologicals
epithelium Mouse to K14 1:100 (NBP2-
34675AF532)
Basement . Abcam AF 647 . ThermoFisher
membrane Mouse to LAMAS 1:100 (ab77175) Goat anti-mouse 1:1000 (A-21236)
Intercellular AF 647 1:100 Abcam
junction marker Rabbit to E-Cad ) (ab194982)
Myofibroblasts, AF 555 1:200 Abcam
actin filaments Rabbit to aSMA ) (ab202509)
Intermediate . . . . AF 633 . ThermoFisher
filaments Chicken to Vimentin 1:300 Abcam (ab24525) Goat anti-chicken 1:1000 (A-21103)
. Abcam
Nuclear DNA DAPI 1:5000 (ab228549)

Immunostaining followed a previously reported protocol.>® Samples were washed three
times in DPBS and fixed in 4% paraformaldehyde (ThermoFisher, #J19943K2) for 30 min. After
washing twice in DPBS, collagen constructs were harvested from VF-OOAC cultures or transwell
controls and transferred to cryomolds (Ted Pella, #271471) filled with O.C.T. Compound (Fisher,
#4585).

Samples were flash frozen using liquid nitrogen and sectioned vertically with a cryostat
(Leica CM1860). Sections were transferred to microscope slides (Fisher, #1255015), dried for 1
hr at room temperature, and stored at -80 °C until immunostaining. All staining was performed at
room temperature. Slides were washed in PBS and permeabilized using 0.1% Triton X-100
(Sigma, #X100-5ML) for 15 min. After three washes, blocking buffer (10% goat serum (Abcam,
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#ab7481), 1% Tween-20 (Abcam, #ab128987), in PBS) was applied for 45 min. Samples were

then incubated with relevant primary antibodies in blocking buffer for 1 hr.

After washing with .05% Tween-20, relevant fluorescence-conjugated secondary
antibodies in blocking buffer were applied and incubated for 1 hr. Slides were washed and
counterstained with 1:5000 DAPI (Abcam, #ab228549) for 5 min to label cell nuclei. Samples
were rinsed and mounted with Vectashield Antifade mounting medium (Vector Labs, #H-1700).
Slides were imaged with an inverted LSM710 confocal fluorescence microscope (Zeiss) using a
10x or 20x objective. Image acquisition and analysis were performed using Zen System (Zeiss)

and Imaris version 7.5.6 (Bitplane) software.

Immunohistochemistry

To verify tissue morphology of iPSC-derived VF mucosae, 10 um-thick sections were
subjected to hematoxylin-ecosin (H&E) staining (Abcam, #ab245880) using the manufacturer’s
protocol. Slides were dipped in Hematoxylin and incubated 5 min. Sections were rinsed twice in
distilled water then dipped in bluing reagent for 15 sec. Sections were rinsed twice in distilled
water and dipped in absolute alcohol, with the excess blotted off. Sections were immersed in Eosin
and incubated for 2 min. Slides were rinsed, dehydrated in an absolute alcohol series, and mounted
with Permount media (Fisher Scientific, #SP15100). Image acquisition was performed using an
Axiovert 3 Widefield Microscope with 40x objectives equipped with Zen System software. Images

were analyzed with Imaris.

Gene Expression Characterization

Real-time quantitative PCR (gPCR) assessed up- or downregulation of structural,
functional, and inflammatory genes in VF-OOAC cultures relevant to transwell controls. Cultures
were washed twice with DPBS before collagen constructs were submerged in 100 U/mL of
collagenase type | (Gibco, #17018029) in HBSS (ThermoFisher, #14175095). Samples were
incubated at 37 °C for 2-3 hr or until gel dissolution. Cells were collected and washed via
centrifugation. The supernatant was aspirated, and pellets were snap frozen using liquid nitrogen
and stored at -80 °C until RNA extraction.

Total RNA extraction was performed using the RNeasy Micro Kit (Qiagen, #74004) in

accordance with the manufacturer’s instructions. Extracted RNA was assessed using a NanoDrop
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(ThermoScientific, NanoDrop 2000 Spectrophotometer) to determine quantity and purity prior to
cDNA synthesis. 500 ng of RNA was reverse transcribed to cDNA using a SuperScript VILO
cDNA Synthesis Kit (ThermoFisher, #11754050) as per the manufacturer’s protocol.

TagMan assays (ThermoFisher, #4453320) for genes corresponding to K5, K13, K14,
tumor protein 63 (p63), tight junction protein 1 (ZO-1), gap junction alpha-1 protein (GJAL),
mucin 1 (MUC1), mucin 4 (MUC4), hyaluronan synthase 2 (HAS2), hyaluronan synthase 3
(HAS3), piezo 1 (PIEZO1), tumor necrosis factor alpha (TNFa), interleukin 6 (IL6), interleukin 8
(ILB), interleukin 1 alpha (IL1a), and interleukin 1 beta (IL1B) were used for assessment (Table
6.2).

To perform RT-gPCR, 96-well fast plates (ThermoFisher, #4483485) with 1 uL of cDNA
per 10 pL reaction mix were used. Plates were run for 40 cycles using a ViiA 7 Real-Time PCR
System (ThermoFisher). Relative gene expression was normalized to Glyceraldehyde-3-Phosphate
Dehydrogenase (GAPDH) (ACt) and results were quantified using the 2724t method.5!

Table 6.2. TagMan assays for gPCR evaluation.

Gene Association TagMan Assay ID
K5 Stratified epithelium Hs00361185 m1l
K13 Stratified epithelium Hs02558881 sl
K14 Stratified epithelium Hs00265033_m1
p63 Stratified epithelium Hs00978340_m1
Z0-1 Tight junctions Hs01551871 ml
GJAl Gap junctions Hs00748445 sl
MUC1 Mucus production Hs00159357 _m1
MUC4 Mucus production Hs00366414 ml
HAS2 Extracellular matrix synthesis Hs00193435 m1l
HAS3 Extracellular matrix synthesis Hs00193436_m1
PIEZO1 Mechanotransduction Hs00207230 m1
TNFa Inflammatory response Hs00174128 m1l
IL6 Inflammatory response Hs00174131 m1l
IL8 Inflammatory response Hs00174103 ml
IL1a Inflammatory response Hs00174092 m1l
IL1B Inflammatory response Hs01555410 _m1
GAPDH Housekeeping Hs02786624 gl

Enzyme-linked Immunosorbent Assays

Enzyme-linked immunosorbent assays (ELISA) were used to quantify the concentration of
the inflammatory cytokines TNFa (Abcam, #ab181421) and IL1p (Abcam, #ab214025) in VF-
OOAC;_ec following PM1o exposure.
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Total supernatant (chip well and perfused effluent) was collected and stored at -80 °C.
After thawing samples on ice, vials were briefly centrifuged to remove debris prior to loading into
ELISA plates. Standard curves were applied to measure the quantity of analyte present in each
sample. ELISA data was normalized to total protein content obtained via the Bradford Protein
Assay (Bio-Rad Labs, #5000002). All assays were performed according to the manufacturer's

requirements.

Statistical Analysis

Cytotoxicity, gene expression, and ELISA data were evaluated using one-way or two-way
between subjects ANOVAs depending on the study design. Simple effects for two-way ANOVAs
were assessed using Bonferroni tests. Differences were considered significant at p < .05.

Results & Discussion

PMjo Induces Cytotoxicity in VF Cell Monocultures

Cytotoxicity screening indicated both pVFFs and iLECs resisted PMio effects at <50
pag/mL, with no significant loss of cell viability compared to negative controls (0 pg/mL) (Figure
6.2A). Both cell types demonstrated an overall dose response, with cell viability decreasing as
PMyo concentration increased (p < .05; Figure 6.2A). iLECs first displayed a significant cell
viability decrease at 400 pg/mL (p < .05; 90.79+0.67%, Figure 6.2B). Conversely, pVFFs
displayed a significant decrease in cell viability at 100 pg/mL (p < .05; 90.94+0.81%, Figure
6.2C). iLECs had significantly higher viability than pVFFs at 200 pg/mL and 400 pg/mL PMyo (p
<.05; Figure 6.2A).
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Figure 6.2. Effect of 24 hr exposure to PMio on the viability of iLEC and pVFF monocultures. (A) Cell viability of pVFF and iLEC
cultures. Significant difference in cell viability versus respective 0 pg/mL controls indicated by # (iLEC) or * (pVFF). (B)
LIVE/DEAD assays indicated live (green) and dead (red) cells. Red-bordered images represent the lowest PM1o dose that induced
significant cell death in each respective cell type. Scale bar = 50 pm.

This screen test demonstrated iLECs resisted cytotoxic effects of PMig at higher
concentrations than pVFFs. Laryngeal epithelial cells have a primary role in protecting the lamina
propria against environmental irritants.?3%2 Stromal cells of the lamina propria such as pVFFs are
not directly exposed to external irritants and hence do not possess the structural, defensive
mechanisms of epithelial cells. Our findings highlight the defensive characteristics of iLECs and
confirm they are better adapted for enduring environmental challenges compared to stromal cells

of the lamina propria such as pVFFs.%

VF-OOAC;_ec Demonstrates High Resilience to PM;g

Our toxicity screen tests confirmed VF fibroblasts are more vulnerable than epithelial cells
to the damaging effects of environmental irritants. Given its critical defensive role in vivo, it has
been posited VF epithelium may be sufficiently robust to withstand acute exposures to
environmental irritants.?®>*' To determine whether the resilience iLEC displayed in toxicity
screening translated to effective protection of pVFFs, we investigated a PM1o dose-response in a

VF mucosa 3D co-culture using VF-OOACiLkc.

No PMz1o was observed in the lamina propria of VF mucosae at all concentrations tested.
Accumulated particles were localized to the suprabasal layers of the epithelium (Figure 6.3A).
This phenomenon is similar to observations in a rat model, which retained particles in the VFs

after chronic exposure to chalk dust.** For VF-OOACiLec, PMio absence beyond the basement
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membrane suggests epithelial barrier integrity withstood the acute exposure challenge and
protected the lamina propria from damage. This resilience may be attributable to the protective
mechanisms of stratified squamous epithelium and basement membrane zone. For instance, VF
epithelium experiences complete turnover approximately every 96 hr, with the outermost layers
sloughed off and replaced by cells of the basal layer.?® This constant renewal aids irritant removal

from the luminal surface of the epithelium.®

The resilience to acute exposure of PMzg displayed by VF mucosae was further confirmed
by the absence of significant changes in tissue morphology, gene expression, and inflammatory
cytokine levels. K5, K14, and p63 are stratified VF epithelium markers typically localized to the
proliferative basal and parabasal layers.>*®4¢> Confocal microscopy detected similar epithelial K5
and K14 expression at all PMz1o concentrations (Figure 6.3B). Correspondingly, no dose response
for K5, K14, and p63 gene expression was found, indicating stable epithelial turnover and
suggesting high VF mucosa resilience to PM1o (Figure 6.3C).%¢ The epithelial cell source used in
VF-OOACiLec may have contributed to this observed resistance. iLECs originate from the
laryngeal posterior commissure, which is a laryngeal mucosa region highly adapted to enduring
irritant challenges.®” Elevated carbonic anhydrase isoenzyme Il expression in the posterior
commissure may provide an additional defence as this enzyme converts carbon dioxide and water

into carbonic acid, protons, and bicarbonate ions to regulate pH and fluid balance.®®

K13 is a marker of terminally differentiated, stratified VF epithelium but displayed
minimal expression in iLECs. VF mucosa exhibits some differences in cytokeratin composition
compared to other regions of the larynx covered by intermediate epithelia.®® An alternative
explanation for K13 absence may be the inability of iLECs to reach terminal differentiation. This
has been noted as a general constraint of airway epithelial cell lines and highlights a limitation of

using iLECs to model the VF mucosa.*®

The VF basement membrane presents an additional protective barrier for the lamina propria
against environmental irritants and can be identified via LAMAS staining.®* Increasing PMio
concentration did not induce any changes in LAMADS staining (Figure 6.3B), which aligns with
findings elsewhere for transwell VF mucosae challenged with cigarette smoke extract for 7 days.>*
Of note, LAMAS staining was relatively broad and non-specific for all samples, possibly

indicating immaturity of the basement membrane structure.
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Cell junctions are integral to epithelial barrier integrity and functionality. Chronic exposure
to PM has been suggested as necessary to induce major changes in adherens junctions of E-Cad
expression.®® In this study, acute PMio exposure seemed to slightly increase E-Cad staining
intensity at 100 pg/mL and 400 pg/mL (Figure 6.3B). No dose-response was detected for tight
junction (ZO-1) and gap junction (GJAL) gene expression (Figure 6.3C). Overall, acute PM1o

exposure had a minimal impact on intercellular junction expression.

Membrane-bound mucins enable stratified squamous epithelium to generate a mucus layer
which functions as a viscoelastic physical barrier to protect underlying tissue from exposure to
environmental irritants. The mucus layer can also initiate defence mechanisms when challenged
with microorganisms, a component of real-world PMyo, such as increasing epithelial turnover and
mucin densities.®® No dose response was detected for MUC1 or MUC4 expression, which aligns
with literature findings demonstrating the VF mucosa is generally resistant to irritant-induced

mucin changes when challenged with acute irritant exposure.’®"2

Changes in intermediate and actin filament expression related to fibroblast activation and
myofibroblast transition were monitored via vimentin and aSMA staining.”>"® Vimentin indicated
pVFFs displayed a spread, spindle-like morphology and expression did not vary with PM1o dose
(Figure 6.3B). The weak staining of aSMA indicated pVFFs were not activated to undergo
myofibroblast transition (Figure 6.3B). These findings support the assumption that epithelial

barrier integrity was maintained and protected pVFFs from PM1o exposure.

Human VF in vitro investigations of acute exposure to environmental irritants have
generally reported significant increases in inflammatory activity.”*146-51 However, these findings
have relied on 2D fibroblast monocultures that likely overestimate the magnitude of the in vivo
response as they do not include epithelial defences or epithelial-fibroblast crosstalk. Our VF-
OOACiLec demonstrated no dose-response for inflammatory gene expression (TNFa, IL6, ILS,
IL1a, IL1B; Figure 6.3D). In addition, culture supernatants were also assayed via ELISA methods
to quantify secreted inflammatory cytokines as both airway epithelial cells and fibroblasts have
the capacity to secrete TNFa and IL1B.7%"8 No dose response was detected for either TNFa or
IL1B (Figure 6.3E). ELISA results supported gene expression data demonstrating the absence of
an inflammatory response, highlighting the epithelium’s capacity to protect pVFFs from PMio

exposure.
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Figure 6.3. Dose response study of 24 hr PMio exposure. (A) Transmitted light visualized PMuo distribution at the epithelium surface (black particles). Yellow arrows indicate the
basement membrane. Red arrows indicate PMo particles. (B) Morphological features of VF-OOACiLec cultures. K5, K13, K14, and E-Cad evaluated epithelium structure. LAMAS
assessed basement membrane. Vimentin and aSMA evaluated epithelial-to-mesenchymal transition presence. Samples counterstained with DAPI (blue). Magnification 20x, scale
bar = 30 um. (C) Functional and structural gene expression. (D) Inflammatory gene expression. All gene expression data displayed relative to transwelliLec (0 pg/mL) controls. (E)
Average inflammatory cytokine secretion and standard deviation in response to PMao. Data normalized to total protein content.
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VF-OOACipsc Increased Tissue Functionality versus Transwell Controls

To potentially improve the predictive efficacy of our VF-OOAC platform, we developed a
further model with an iPSC-derived VF epithelium. The structure and functionality of the VF-
OOACipsc was benchmarked against transwell controls, which have been applied in the literature

for cultivating iPSC-derived VF mucosae.>*

Morphological evaluation of VF-OOACipsc epithelium detected 5-10 cell layers, which
approximates the thickness of native VF epithelium.”®®° The iPSC-derived epithelium contained
mostly cuboidal-shaped cells and a flattened, terminally differentiated top cell layer (Figure 6.4A:

). Transwell controls were also observed to have a multilayered epithelium (Figure 6.4B: 1).

In human VF epithelium, K13 is typically localized to suprabasal cell layers.548! K13 was
observed in the stratified epithelium of VF-OOACipsc (Figure 6.4A: 11) whilst LAMADS staining
confirmed basement membrane presence (Figure 6.4A: 111). The thinner epithelium of transwell
controls also displayed K13 (Figure 6.4B: I1) and a basement membrane (Figure 6.4B: 111).

For gene expression comparisons VF-OOACipsc displayed significantly higher ZO-1,
GJA1, MUCI1, PIEZO1, and significantly lower HAS2 compared to transwell controls (p < .05%
Figure 6.4C). No significant difference was detected in K5, K13, p63, HAS3 expression.

Upregulated ZO-1 and GJA1 in VF-OOACipsc suggests an increased barrier integrity and
functionality 8284 By limiting metabolite dilution and diffusion distances in VF-OOACipsc, small
volume effects enhance paracrine signalling efficacy, which underpins intercellular junction
development in VF epithelium.>®® Also, MUC1 upregulation in VF-OOACipsc implies greater
epithelial differentiation and the establishment of a mucus barrier, which is an important defence
mechanism for trapping and removing irritants.2%® Increased mucin synthesis may be related to
small-volume effects and perfusion, both of which stimulated MUCL expression in our previous
work developing VF-OOACiLec.>®

Moreover, PIEZOL1 is a shear-sensitive, mechanically activated ion channel that helps
regulate epithelial remodelling and fibroblast mechanosensitivity.8”-°! Its upregulation in VF-
OOACipsc may be a response to increased fluidic shear compared to transwellipsc.>® On the other
hand, decreased HAS2 expression in VF-OOACipsc could indicate low mesenchymal presence in
the epithelium, which suggests increased IPSC differentiation efficiency compared to
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transwellipsc.%2% As fibroblast-epithelial crosstalk is critical to VF mucosa development in vivo,
this result may indicate fibroblasts in VF-OOACipsc better supported epithelial development due

to improved paracrine signalling.%*

For a functionality check, we compared the morphological and genetic response between
mucosae cultivated in VF-OOACipsc and transwell controls following 24 hr exposure to 100
pg/mL PMyo. Interestingly, for VF-OOACipsc epithelium, thickness appeared to increase whilst
compactness decreased after PM1o exposure (Figure 6.4A: 1V). This observation was further
supported by a significant increase in K13 gene expression in response to PMz1o exposure (p <.05%;
Figure 6.4C). Increased K13 may be an early indicator of laryngeal hyperplasia, a clinical
condition related to excessive proliferation associated with exposure to environmental irritants.%
% A divergent response to PMzo exposure occurred between VF-OOACipsc and transwell setups
as no significant changes in morphology or gene expression were detected in transwell controls
(Figure 6.4B).

Observable changes in VF-OOACipsc appeared to be confined to the suprabasal
epithelium, with no changes detected in basement membrane morphology (Figure 6.4A VI) or
stromal-related HAS gene expression (Figure 6.4B) following PM1o exposure. Indeed, other than
K13, no significant differences were detected for all other structural and functional genes (Figure
6.4B) or inflammatory genes (Figure 6.4C) in response to PMio. These results indicate VF-
OOACipsc demonstrated comparable resilience to PM1o as reported for VF-OOACiLec culture,

although some differences were noted.
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(C) Structural and functional gene expression. (D) Inflammatory gene expression. All gene expression data presented as fold-
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change relative to transwellipsc (0 ug/mL). Significant differences (p < .05) between VF-OOACipsc and transwellipsc (0 pg/mL)
indicated by #. Significant differences (p < .05) induced by 100 pg/mL PM1o within VF-OOAC group indicated by *.

Minimal impact of epithelial cell source on high resilience displayed by VF-OOAC
to PMyg challenge

No literature exists comparing genetic and morphological differences between iLECs and
IPSC-derived VF epithelial cells. However, the comparison here is important in evaluating their
capacity to recapitulate the resilience native VF epithelium displays to environmental irritants. A
deeper analysis was therefore performed to directly compare the responses observed in each VF-
OOAC model when challenged by PM,.

In general, both VF-OOACiLec and VF-OOACipsc had little change in basement membrane
staining in response to PM1o (Figure 6.3B, Figure 6.4A VI). Functional and inflammatory gene

expression changes were also insignificant for each model’s respective PM1o challenge.

One observable difference between VF-OOACiLec and VF-OOACipsc was K13 staining.
The stain was only intense for VF-OOACipsc, potentially indicating the model’s higher capacity
for epithelial differentiation. K13 absence in VF-OOACiLec may be related to the limited terminal
differentiation of immortalized epithelial cells noted in the general airway literature.>®

In addition, some differences in the genetic response were noted when comparing the
response of VF-OOACiLec and VF-OOACipsc to 100 pg/mL PMyo (Table 6.3). VF-OOACiLec had
a significant increase in MUC1 expression and a significant decrease in HAS2, IL6, and IL8

expression (p < .05). VF-OOACipsc experienced no significant changes in expression.

Table 6.3. Comparison of functional and inflammatory gene expression in VF-OOACiLec and VF-OOACiesc challenged with 100
pg/mL PMao for 24 hr. Significant differences (* p < .05) and effect size are displayed compared to negative controls (0 pg/mL)
within each model group. 1 = upregulated. | = downregulated. N.S. = Non-significant.

- VF-OOACiLec VF-OOACipsc
Significance Effect size Significance Effect size

Z0-1 N.S. .033 N.S. 438
GJAL N.S. 284 N.S. .360
MUC1 .006* 1 873 N.S. 219
PIEZO1 N.S. .040 N.S. .051
HAS?2 .005* | .887 N.S. 343
HAS3 N.S. 351 N.S. 236
TNFa N.S. .398 N.S. 192
IL6 <.001* | .985 N.S. .010
IL8 <.001* | 996 N.S. .048
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ILla N.S. .339 N.S. 027
IL1B N.S. 404 N.S. .044

We further performed two-way between subject ANOVAs for gene expression data to
determine whether the PM1o response differed in magnitude between VF-OOACiLec and VF-
OOACipsc. A significant interaction effect was found between epithelial cell type and PMuo
exposure for MUC1, HAS2, and IL6 (p < .05). Further analyses indicated significant main effects
of cell type and PMyo exposure for MUCL, a significant main effect of cell type for HAS2, and a
significant main effect of PMio exposure for IL6 (Figure 6.5). Bonferroni tests indicated a
significant difference in the magnitude of changes detected for MUC1, IL6, and HAS2 expression
in each model. VF-OOACiLec had larger changes in MUCL and IL6 expression (p <.05) whereas
VF-OOACipsc experienced greater changes in HAS2 expression (p < .05).

The exact mechanisms underlying the differences between each cell type are unknown and
will require further investigation. That said, it is likely the VF-OOACipsc provides the most reliable
depiction of the in vivo VF mucosal response to PMzo given the phenotypical and morphological
limitations of iLECs. Further development of VF-OOACipsc will target increasing the maturity of
the epithelium derived. This could potentially be achieved by increasing the length of culture at an
air-liquid interface to more closely align with transwell models in the literature that reach maturity
only after a 32-day protocol.>*"*
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Figure 6.5. Average gene expression and standard deviation for VF-OOACiLec and VF-OOACirsc cultures challenged with 100
pg/mL PMio for 24 hr. Significant interaction effects indicated by * (p <.05).

Limitations, Future Prospects, & Conclusion

The VF-OOAC displayed a high resilience to PMio acute exposure when using either
immortalized or iPSC-derived epithelia. Our findings highlight the robustness of stratified
squamous VF epithelium in dealing with the short-term environmental irritant challenges. From

clinical observations and animal model findings, chronic exposure to PMip may induce more
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severe and damaging effects in VF mucosal tissue.?®7%%" |onger-term studies are therefore

necessary to validate our findings.

This study used a standardized material of selected polycyclic aromatic hydrocarbons
(PAHSs) found in PMyo to challenge cells. PAH cytotoxicity in other human tissues led us to isolate
this PMyo fraction and monitor its impact on VF mucosal biology. However, other components of
real-world PM1o may induce chemical-dependent (or specific) toxicity in the VF mucosa. For
instance, heavy metals have been linked to oxidative stress, whilst microorganisms have been
associated with elevated inflammation. Additional studies are therefore necessary to explore how

these fractions may impact the VF mucosa.

To further enhance VF-OOAC’s physiological relevance, endothelial cells and neutrophils
can be included in future model expansion. Seeding endothelial cells in the microchannel of the
VF-OOAC would simulate the VF vascular network and permit exploration of the impact of PM1o
on endothelial barrier permeability.®®%® Subsequent recirculation of neutrophils through the
endothelial-lined channel could be used to simulate diapedesis and leukocyte-driven inflammatory

activity of the VF mucosa.%0-103

Our future focus will also seek to integrate complementary in silico models to mimic PM
deposition and adsorption profiles in the upper airway as well as subsequent VF biological
effects.1%4-1% This approach will provide valuable insight into potential changes to the VF-OOAC
device configuration that could improve PM1g exposure and dose accuracy.

In this investigation, our VF-OOAC presented a reliable platform for studying the genetic
and molecular behaviour of the VF mucosa’s interaction with PM1o. In vitro models with improved
predictive efficacy are a crucial tool for revealing the mechanisms by which environmental and
systemic irritants contribute to the pathophysiology of voice disorders.
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Supporting Information

PM;o Composition

The PMyo in this study was a standardized, reference material prepared from road tunnel dust by
the European Institute for Reference Materials and Measurements. A certification report for the
Mass Fractions of Selected Polycyclic Aromatic Hydrocarbons present in the material is available
online at https://crm.jrc.ec.europa.eu/p/40455/40459/By-material-matrix/Soils-sludges-sediment-
dust/ERM-CZ100-FINE-DUST-PM10-LIKE-PAHS/ERM-CZ100.1% The tables and figure below

are extracted from the report and detail the fractions and particle size present.

Table S6.1. Certified fraction values present in ERM-CZ PMyo-like dust from 109

Mass Fraction
PAH Certified value ” Uncertainty @
[ma/kg] [mg/kg]

Benzo[4lanthracene 0.91 0.07
Benzo[alpyrene 072 0.05
Benzo[b]fluoranthene 1.42 0.14
Benzo[j[fluoranthene 0.75 0.14
Benzo[k]fluoranthene 0.67 0.06
Dibenzo[a,hlanthracene 0.18 0.04
Indeno[1,2,3-c,d]pyrene 1.07 0.10
Sum of benzo[blfluoranthene,

benzo[kfluoranthene and benzo[j]fluoranthene® 2.84 0.21

" The value is the unweighted mean of accepied sets of data, each set being obtained in a different laboratory

and/or with a different method. The certified values are reported on the mass of the sample after conditioning

the sample using conditions as described in EN12341 and are traceable to the SI.

2) E . . _ . : : : .
¥panded uncertainty with a coverage factor k = 2 according to the Guide to the Expression of Uncertainty in

Measurement (GUM), corresponding to a level of confidence of about 95 %.

¥ The sum of the compounds was calculated as the sum of the individual certified values. The uncertainty was

calculated as the combined expanded uncertainty of the uncertainties of the individual compounds.
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Figure S6.1. Particle size distribution (in vol. %) present in ERM-CZ PMg-like dust from 1%°,

Culture Vessel Parameters

Table S6.2. Parameters of the VF-OOAC and transwell controls used for VF mucosa culture.

VE-OOAC Transwell Control
Culture System BEONChip Microfluidic Chip Corning Transwell Insert
Culture Dimensionality 3D 3D
Perfusion Yes No
Microchannels 1 0
Media Volume 44 uL 600 pL
Membrane Material Polycarbonate Polycarbonate
Membrane Thickness 10 um 10 um
Membrane Pore Size 0.4 um 0.4 um

Membrane Pore Density

1x10° pores cm?

1x108 pores cm?

Device
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Figure S6.2. Dose response to 24 hr PMio exposure for transwelliLec. Transmitted light visualized PMo distribution
at the epithelium surface (black particles). K5, K14, and E-Cad evaluated epithelium structure. LAMAGS assessed
basement membrane. Vimentin and aSMA evaluated epithelial-to-mesenchymal transition presence. Samples
counterstained with DAPI (blue). Magnification 20x, scale bar = 30 um.
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Chapter 5. Discussion

This thesis aimed to evaluate the impact of PMio on structural, functional, and
inflammatory characteristics of the VF mucosa. To investigate this, a microfluidic perfused culture
system was proposed with the capacity to enhance VF mucosa tissue development compared to
conventional techniques. This VF-OOAC model provided a reliable platform for studying the
interaction of environmental irritants (i.e. PM1o) with the VF mucosa. Overall, the presented work
has enriched the repertoire of in vitro systems available to the voice research field and built a
foundation for further model expansion. That said, opportunities to further improve upon the

proposed VF-OOAC exist and are outlined here.

Microfluidic Chip Configuration

The BEONChip device utilized as the principal microfluidic culture vessel in this thesis
was effectively demonstrated to benefit VF mucosa tissue development. However, although the
benefits of perfused, microscale culture were validated, the current device configuration is
incompatible with cultivating epithelial cells at a dynamic ALI to mimic physiological breathing.
To retain the advantages of using commercialized devices, namely minimizing batch-to-batch
variability and improving protocol standardization, alternative devices can be procured. For
example, SynVivo (Alabama, U.S.) offers a device with two microchannels either side of a central
compartment applicable for 3D hydrogel culture.®! This setup would therefore retain the benefits
of cultivating VF fibroblasts in a 3D environment and permit media perfusion through one
microchannel and airflow through the other. This configuration ensures fibroblasts and epithelial

cells are cultivated in physiologically relevant conditions.

Notably, limitations are attached to this modified setup. Firstly, physically separating the
VF epithelium from lamina propria tissue via a porous plastic membrane is not a representative
model of native tissue and will diminish cell-basement membrane interactions. A potential method
to overcome this would be using ECM hydrogels as walls to divide each device compartment. This
concept has been explored in several airway OOAC models to separate epithelial monocultures
from medium compartments or to partition epithelial and endothelial tissue components.®28* These
ECM structures could function as a scaffold to guide tissue development whilst slowly being
degraded and replaced by cell-synthesized ECM. As this design would require robust barrier
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integrity to maintain a functional ALL, it is better suited to iPSC-derived VF epithelial cells due to
their increased functionality and barrier capacity.!* However, it should be noted that the use of
such a setup would necessitate in-house fabrication of the device. Whilst this would provide greater
design flexibility, it will also lengthen model optimization due to fabrication failures lowering the
yield of successful experiments. This can be caused by misalignment of microchannel walls or
incomplete bonding between device layers.?® Potentially, open collaborative strategies alongside

commercial suppliers could overcome these limitations.

Particulate Matter Toxicity & Exposure

The VF-OOAC displayed a robust resilience to acute PMio exposure as presented in this
thesis. Future investigation of the aryl hydrocarbon receptor is warranted to potentially reveal
specific molecular mechanisms controlling the interaction between VF mucosa tissue and PMyo.
For instance, this receptor has been suggested to stimulate reactive oxygen species production in
VF fibroblasts in vitro via the CYPAL1 pathway.'® Quantifying oxidative stress in cultivated VF
mucosae is particularly useful for longer-term studies as a marker of wound healing or disease
development. For example, controlled regulation of reactive oxygen species was found to be
crucial for tissue repair and inflammatory resolution in an injured VVF rat model.X® Fundamentally,
monitoring aryl hydrocarbon receptor activity could be used to explore how specific PM1o

compositions relate to pollutant-induced injuries.

In addition, the physiological relevance of the exposure method employed can be markedly
improved. In the native human airways, PMig travels through the upper airway as an airborne
suspension of particles. As such, replicating the true doses experienced by the VF mucosa in vivo

requires PMyo to be delivered as an aerosolized challenge.

Two different methods are possible to achieve this. The first, as described above, involves
reconfiguring the microfluidic device to integrate a microchannel for airflow. In this setup,
aerosolized PMyo could then be driven through the OOAC using a pneumatic pump, vacuum
pressure pump, or an equivalent device.®® Overall, this setup would provide much tighter

regulation of PMyo doses delivered to cells and constitute a more realistic exposure.

The second method could utilize the VF-OOAC configuration presented in this thesis and
combine it with existing exposure technology, such as that offered by Cultex® or Vitrocell® to
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challenge the VF epithelium with realistic, aerosolized PM1o doses.®”# These chamber systems
permit exposure of cell cultures to aerosolized material, vapours, and gases. Such instruments
could provide the VF-OOAC with relevant exposure. However, this strategy would require a
collaborative effort with commercial suppliers to adapt the system to suit the dimensions and needs

of the VF-OOAC exposure experiment.

Overall, improving the physiological relevance of the VF-OOAC’s exposure to airborne
irritants and therapeutics should be a key goal for future iterations of the model. The solutions
proposed here are reasonable and practical approaches that could utilize many of the experimental
protocols established in this thesis. Ultimately, achieving a dynamic, airborne exposure will
provide even greater physiological relevance whilst increasing the platform’s versatility and

reliability as a preclinical model.

IPSC Applications for Health & Disease Modelling

OOAC models integrating iPSC-derived cells remains a severely understudied area of
upper airway research, especially given the significant benefits of each technology. OOAC culture
offers significant benefits for tissue functionality and iPSC culture models provide increased

clinical translation power.>

Advances in iPSC technology have overcome ethical and technical challenges associated
with personalized medicine approaches. For example, although embryonic stem cells offer a
pluripotent cell source with the capacity to derive any human cell type, the use of these cells is
strictly regulated and controversial. Alternatively, obtaining primary VF epithelial cells from a
healthy larynx involves a highly invasive procedure that is challenging to perform and presents a
significant risk of VF scarring.!! In contrast to these methods, iPSCs obtained via reprogramming
an individual’s accessible somatic cells offer a pluripotent cell source without the associated
ethical constraints. As such, iPSCs offer the opportunity to create patient-specific models for

personal drug, treatment response and toxicology screening.>

This thesis reports the first iPSC-derived OOAC in VF biological research. Whilst this
model represents a significant advancement for upper airway research, limitations are attached to
this engineered VF microtissue. As for many iPSC differentiation protocols, the differentiation

efficacy and homogeneity of the progenitor population could be improved to increase the yield of
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target cells. Progenitor culture in the VF-OOAC setup will require further optimization. In this
thesis, the advantages of microscale culture for increasing tissue development speed were enacted
by cultivating VF basal progenitor cells at the ALI for approximately 1 week less than used in the
original transwell protocols.!#%% However, those transwell protocols only reported significant
cytokeratin production (K5, K13, K14) after 32 days.** To improve structural composition and
maturity of our VF-OOAC iPSC-derived epithelium, it is recommended to extend ALI culture

time to further explore its influence on tissue development.

Future Directions

Now the initial VF-OOAC platform has been established, a number of research avenues
are available to pursue. This notably includes improving the cellular architecture or studying
immune responses. For example, pVVFFs were cultured in the microchannel to investigate how
fluidic shear imparted by interstitial fluid flow regulates fibroblast behaviour and controls VF
mucosa tissue development. However, an alternative approach to advance cellular architecture
complexity is to incorporate endothelial cells in the perfused microchannel. Endothelial cells have
an important role in controlling vascular permeability and therapeutic drug efficacy.”* Their
inclusion in the VF-OOAC would enable the platform to model the response to drug therapeutics
with increased precision.® In addition, including endothelial tissue in the VF-OOAC can mimic
the rich, vascular network of the VFs and assess how PMjg impacts endothelial barrier
integrity.®*** Finally, incorporating luminal vasculature is an integral feature of multiorgan OOAC
systems, where endothelial cell-lined channels are used to connect individual organs.> As such,
integrating an endothelium in the VF-OOAC increases the number of research opportunities

available for future exploration.

Immune cells are a further notable absent component from the VF-OOAC. Their inclusion
could significantly improve the physiological relevance of inflammatory activity observed in
response to environmental irritants. For example, the VF mucosa contains a significant population
of tissue-resident macrophages that regulate inflammatory activity and the response to
environmental irritants.® Incorporating macrophages into the VF-OOAC would require
embedding them in the collagen gel alongside the pVFFs. From this location, they would be able

to migrate towards threats present at the luminal epithelial surface and respond accordingly.
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An alternative use of immune cells could be to recirculate leukocytes, such as neutrophils,
through endothelial-lined microchannels in a modified VF-OOAC. This would allow the study of
neutrophil-driven inflammatory activity in the VF mucosa and, providing membrane pore size was
increased from 0.4 pum to >3 um, permit the recapitulation of diapedesis in response to pathogens
or environmental irritants.®>°8 Recirculating neutrophils has been achieved in lower airway OOAC
models using a peristaltic pump.®®*° The VF-OOAC is highly compatible with integrating this
technique, although the addition of further cell types will require re-optimization of culture media

conditions.

Finally, as a longer-term goal, the VF-OOAC could be connected with other OOAC models
to study organ-level crosstalk and build an important screening tool for use in therapeutics
development.® For instance, to investigate drug toxicity related to voice disorder treatments, the
VF-OOAC could be fluidically linked to liver and kidney tissues to monitor drug metabolism and

excretion,5+100-103
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Chapter 6. Conclusions

The overall objective of the presented research was to develop a VF-OOAC and evaluate
its capacity to model the in vivo response of the VF mucosa to environmental irritants. By
recapitulating more aspects of native tissue, the VF-OOAC was intended to reproduce higher-level

functions exceeding conventional culture models such as transwell systems.

The first aim investigated the influence of various culture parameters (culture scale,
dimensionality, perfusion, fluidic shear) on VF mucosa tissue development. It was hypothesized
culture scale would enhance tissue functionality, 3D culture would stimulate cell polarization,
perfusion would increase differentiation and proliferation, and fluidic shear would promote
mechanosensitive activity. Transitioning from macroscale to microscale culture was indeed found
to increase tissue functionality, which was highlighted by upregulated gene expression related to
intercellular junctions, mucin synthesis, and ECM production. Increasing culture dimensionality
from 2D to 3D was confirmed to enhance epithelium polarization and produce in vivo-like
fibroblast morphology. Integrating perfusion was observed to stimulate basal epithelial
proliferation. Finally, fluidic shear induced an upregulation of mechanosensitive genes and
initiated fibroblast realignment. Overall, VF mucosae cultivated using VF-OOAC culture
displayed higher structural and functional tissue development compared to transwell controls.

The second aim evaluated resilience of the VF-OOACi.ec to acute irritant exposure by
challenging it with increasing concentrations of PMao. It was hypothesized VF-OOACiLec would
display a high resilience to PM1o due to the protective mechanisms provided by stratified squamous
epithelium. When challenged with PM1, VF-OOACiLec exhibited a high resilience to PMyy,
resisting any dose-response effects. This behaviour mimics in vivo observations in the literature
suggesting VF epithelium is well-adapted to resisting acute exposure (<24 hr) to environmental
irritants. This had not previously been replicated using in vitro culture due to a reliance on simple
VF fibroblast monocultures. To better imitate the VF mucosa’s defensive capabilities, an iPSC-
derived epithelium was successfully cultivated in the VF-OOAC setup. It was further hypothesized
that this model would better recapitulate the defensive mechanisms of native epithelial tissue,
including its barrier capacity and tissue functionality. As such, the VF-OOACipsc was anticipated

to demonstrate greater resilience to PMyo than VF-OOACiLec. Compared to transwell controls,
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VF-OOACipsc displayed upregulated gene expression relate to intercellular junctions, mucin
synthesis, and mechanosensitivity. VF-OOACipsc also displayed a high resilience to the challenge
of PMyo exposure, with only structural gene expression (K13) in the stratified suprabasal epithelial
layers impacted. Furthermore, when contrasting functional and inflammatory gene expression in
VF-OOACiLec and VF-OOACipsc, only VF-OOACipsc resisted any significant changes following

PMio exposure.

Overall, I developed and validated a novel in vitro microfluidic platform of the VF mucosa.
The VF-OOAC model demonstrates performance surpassing that of the current ‘gold standard’ in
vitro system in VF mucosa research, namely transwell culture. As such, the VF-OOAC could offer
deeper insight into the cellular and molecular mechanisms that regulate VF mucosal health and
disease. Future work with this model should build on the foundations provided by this thesis and
continue to improve in vivo conditions by integrating further aspects of the native tissue

microenvironment.
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