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Abstract

Synthetic messenger RNA (mRNA) presents a promising tool for transient expression of any
protein of interest, when efficiently delivered to target cells. Culturing primary human bronchial
epithelial cells (HBECs) at air-liquid interface (ALI) results in a pseudostratified differentiated
epithelium that closely resembles the cellular architecture found in the human airway. This
model provides a powerful tool for studying HBEC biology and manipulating gene expression
to modulate differentiation. However, the impact of synthetic mRNA delivery on epithelial
differentiation and barrier integrity remains unclear. This thesis first aimed to establish non-
viral mRNA transfection of primary HBECs and investigate the impact of reporter mRNA
delivery on HBEC differentiation and integrity at ALI. In Chapter 3, formulations of poly (B-
amino ester) (PBAE), a cationic polymer known for its gene delivery capabilities, were
optimised for efficient reporter mMRNA delivery to submerged primary HBECs. Transfection of
primary HBECs with reporter mRNA prior to air exposure did not hinder their differentiation or
barrier integrity at ALI. Building on these findings, Chapter 4 explored the impact of delivering
a physiologically relevant mRNA encoding the transcription factor (TF), Forkhead box J1
(FOXJ1), on HBEC integrity and differentiation at ALI. PBAE-mediated FOXJ1 mRNA delivery
successfully induced the expression of FOXJ1 downstream genes involved in ciliogenesis.
FOXJ1 mRNA transfected cells maintained at ALl for 28 days exhibited differentiation,
epithelial integrity, and cilia ultrastructure comparable to non-transfected controls. Finally,
Chapter 5 investigated PBAE modifications to enhance mRNA transfection efficiency in HBEC
ALI cultures. A novel peptide-modified PBAE, DD90-Gly-Sar, improved mRNA transfection of
day 7 and 14 HBEC ALI cultures. Overall, this thesis demonstrates the potential of PBAE-
mediated mMRNA delivery to primary HBECs and the utility of mRNA-encoded TF as a platform
technology for modulating HBEC differentiation in ALI, opening new avenues for investigating

gene function implicated in airway diseases.
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1.1 Human airway epithelium

1.1.1 Function

The human airway epithelium is a complex and dynamic tissue that serves as the first line of
defence in the respiratory system. It protects the lungs from inhaled pathogens, environmental
contaminants, and foreign particles by forming a physical barrier maintained by a network of
specialised cell junctions'™. These junctions, including tight junctions, adherens junctions, gap
junctions and desmosomes, selectively regulate the paracellular transport of ions and
molecules between cells, ensuring the integrity of the barrier®®. Beyond its physical barrier
function, the airway epithelium is equipped with a diverse array of defence mechanisms’,
including the expression of pattern recognition receptors (PRRs), such as Toll-like receptors
(TLRs)®®, and intracellular viral sensors [retinoic acid-inducible gene | (RIG-1) receptors, and

1'°"2. These receptors play a pivotal role

melanoma differentiation-associated gene 5 (MDADS)
in detecting pathogen-associated molecular patterns (PAMPs), which are molecules found on
the surface of pathogens. Recognition of PAMPs subsequently lead to epithelial cells initiating
an immune response. When activated, these receptors induce the production and release of
various pro-inflammatory cytokines and chemokines that orchestrate the recruitment and
activation of immune cells into the airways to combat pathogens'®='®. Additionally, the airway
epithelium produces antiviral substances, including interferons, nitric oxide, p-defensins, and
lactoferrin, which are important in immune responses'’~?°. The combined actions of these
innate immune receptors, pro-inflammatory cytokines, and antiviral substances underscore
the airway epithelium’s critical role in protecting the respiratory tract against pathogens and

other foreign particles.
1.1.2 Cellular composition and functional diversity

The respiratory tract is a complex system organised into distinct regions with specialised
function. The upper respiratory tract includes the nasal cavity, pharynx, and larynx, while the
lower respiratory tract consists of the trachea, bronchi, bronchioles, and the respiratory zone
(alveoli). The conducting airways, which extend from the trachea to the bronchioles, are lined
with a pseudostratified columnar epithelium. This epithelium, unlike its stratified counterparts
with distinct layers, creates the illusion of multiple layers due to the presence of tall, columnar
cells and shorter, basal cells?'. Although all cells are anchored to the basement membrane,
only the taller cells reach the apical surface, generating the appearance of a multi-layered
structure. This specialised arrangement allows for a diverse cellular population, including
basal cells, club cells, ciliated cells, and goblet cells, each with crucial roles in maintaining a

healthy respiratory system?2* (Figure 1.1). Importantly, the cellular composition of this
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epithelium differs between humans and mice, highlighting the need to consider species-

specific variations when studying lung function.

Ciliated cell Goblet cell
Q" ---------- | -- a g
A8 AN -
Club cell Basal cell

Figure 1.1 Cellular composition of the airway epithelium.

Snapshot of proximal airway epithelium’s cellular structure, highlighting the arrangement of
basal cells, ciliated cells, goblet cells and club cells. Figure created with Biorender.com.

1.1.2.1 Basal cells

Basal progenitor cells, recognised as cuboidal cells, are tightly anchored to the basement
membrane®. These cells reside throughout the human respiratory tract, from the trachea to
the small conducting airways, while in mice, they are primarily concentrated in the proximal
airways (trachea and main bronchi)*®?’. Characterised by the expression of proteins keratin 5
and 14 (KRT5, KRT14), and the transcription factor tumour protein 63 (TP63)?, they make up
6-30% of the airway epithelium®. They play a critical role in maintaining respiratory
homeostasis, especially by repairing damage to the epithelial lining?®. They act as the primary
stem cell population, capable of both self-renewal and differentiation into various epithelial cell

30,31

types, including ciliated, secretory and goblet cells*™*'. This ability to self-renew and

differentiate allows basal cells to perform two vital functions: maintaining the epithelial barrier’s

32-35  Recent research has unveiled the

homeostasis and facilitating its repair after injury
heterogeneity of basal progenitor cells, revealing at least two distinct transcriptional subgroups
within human airways?>¢. One group appears to function as stem cell progenitors, crucial for
renewal and regeneration, while the other may be more inclined towards Iluminal

differentiation, contributing to the functional diversity of the respiratory epithelium®’.

24



1.1.2.2 Club cells

Club cells, formerly known as Clara cells, are epithelial cells with a dome-shaped morphology.
In humans, they are predominantly found in the bronchioles, constituting around 10% of the
airway epithelium®-_ In contrast, mouse lungs have a broader distribution of club cells, lining
not only the bronchioles but also the trachea and bronchi?®®?’. Their differentiation is regulated
by the transforming growth factor-p (TGF-B) receptor, activin receptor-like kinase 5 (Alk5)*.
Similar to basal cells, club cells exhibit regenerative capabilities, playing a critical role in
epithelial repair*'. They can differentiate into both ciliated and goblet cells, helping to restore
the integrity of the airway epithelium after injury. Moreover, they demonstrate the unique ability
to dedifferentiate back into basal cells in response to basal cell loss or injury*?#®. This plasticity
highlights the dynamic nature of the respiratory epithelium and its capacity for regeneration
and repair. Beyond their role in cellular regeneration, club cells also have a secretory function.
They secrete surfactant proteins, along with a range of specific proteins essential for
maintaining the structural integrity and functional properties of the airway epithelial lining fluid.
This secretory activity is often characterised by the expression of secretoglobin family 1A
member 1 (SCGB1A1), which encodes uteroglobin, a protein abundantly present in the airway
epithelial lining fluid (ELF) and known for its anti-inflammatory and immunosuppressive

capabilities*+6.

1.1.2.3 Ciliated cells

Columnar ciliated cells, which are the most prevalent cell type in the airway epithelium, play a
crucial role in maintaining respiratory health. These cells are critical to airway homeostasis,
facilitating the removal of trapped particles and pathogens from the lungs. This function is
achieved through mucociliary clearance, a process whereby cilia located on the apical surface
of these cells beat in a coordinated manner to expel undesired substances*’. The
differentiation of ciliated cells from their progenitors (basal cells or club cells) is governed by
a complex transcriptional network. In the absence of Notch signalling, airway progenitors
differentiate into ciliated cells under the guidance of the master regulator geminin coiled-coil
domain containing protein 1 (GMNC)*. GMNC triggers a cascade involving various
components such as multicilin (MCIDAS), deuterosome assembly protein 1 (DEUPT), and
transcription factors E2F4/5 and myeloblastosis (MYB), which control centriole biogenesis and
assembly of cilia*®®2. Moreover, a transcriptional network led by forkhead box protein J1
(FOXJ1) transcription factor (TF) activates the transcription and assembly of ciliary proteins,
inducing basal cell progenitors to fully differentiate into ciliated cells®*>*. This will be discussed

in greater detail in Chapter 4.
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1.1.2.4 Goblet cells

Goblet cells, the primary mucus-producing cells in the airways, are crucial for maintaining
airway function. In humans, they are more prevalent in the proximal epithelium. In contrast,
mouse lungs have a sparser distribution of goblet cells throughout their airways®?’. They
synthesise and secrete a complex mixture of mucins, electrolytes, fluids, metabolites, and
antimicrobial proteins, collectively known as mucus*®. The most abundant mucins are mucin
5AC (MUC5AC) and mucin 5B (MUC5B). Mucus, in collaboration with cilia, forms a protective
barrier against inhaled pathogens and patrticles. It also supports mucociliary clearance, aiding
the removal of trapped particles through the action of cilia. Goblet cells originate from basal
and club cells. Their differentiation involves complex signalling pathways. Increased Notch
signalling suppresses the expression of TP63 and GMNC, while it activates Sam-pointed
domain-Ets-like factor (SPDEF)*. SPDEF along with the forkhead box A3 (FOXA3) TF
orchestrates a transcriptional network that drives goblet cell differentiation, mucin synthesis,

and packaging®®.
1.1.2.5 Rare epithelial cell types

Recent progress in cell biology and single-cell sequencing has unveiled rare epithelial cell
types within the respiratory tract. These cells are distinctive, each with unique functions, and
they represent less than 1% of all human airway epithelial cells***’. Among these, tuft cells,
previously referred to as brush cells, are characterised by their elongated microvilli and a
chemosensory tuft on their surface. They function as chemosensors, detecting environmental
irritants and pathogens through taste receptors like bitter taste receptor type 2 (TAS2R) and
transient receptor potential cation channel subfamily M member 5 (TRPM5)"*%%°, When
activated, tuft cells release various signalling molecules, including neurotransmitters such as
acetylcholine, and cytokines like interleukin-25 (IL-25) and thymic stromal lymphopoietin
(TSLP), thereby modulating immune responses, mucus production, and neural signalling in
the airways’°%%°. Another rare epithelial cell type is the ionocyte, crucial for regulating ion
transport and maintaining airway hydration®. These cells express the cystic fibrosis
transmembrane conductance regulator (CFTR)®. Additionally, pulmonary neuroendocrine
cells are vital for airway homeostasis and response to injury or infection, releasing

5364 These cells can also form

neuropeptides that modulate immune cell recruitmen
neuroepithelial bodies (NEBs), acting as progenitor cells for the airway epithelium and

contributing to epithelial repair and regeneration®®.
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1.1.3 Dysfunction of airway epithelium in chronic airway diseases

As discussed in sections 1.1.1 and 1.1.2, the airway epithelium is crucial for pulmonary
defence, where its structure, differentiation, and functional integrity play a key role in
maintaining lung health. Dysfunction of the airway epithelium is linked to various chronic
airway diseases, such as asthma, chronic obstructive pulmonary disease (COPD), and cystic
fibrosis (CF).

Asthma is a chronic respiratory disease characterised by airway inflammation, airway
hyperresponsiveness, and reversible airflow obstruction. In asthma, the airway epithelium
undergoes significant structural changes, known as remodelling. These include goblet cell

657 and excessive deposition of extracellular matrix®®°. Inflammation is a key

hyperplasia
feature of asthma, driven by both innate and adaptive type 2 immune responses. These
responses are activated following exposure of airways to various environmental factors such
as allergens, pollutants, and microbes’®. The airway epithelium is central to the pathogenesis
of asthma as it releases various cytokines and chemokines, often termed ‘alarmins’ following
inhalation of foreign particles and/or pathogens. These include 1L-33, TSLP and IL-25"".
Increased levels of IL-33 and TSLP have been identified in the bronchoalveolar lavage fluid of
asthma patients’. A key feature of asthma is the impaired function of the epithelial barrier,
often associated with abnormalities in the proteins that form tight junctions between cells. This
impairment enhances the susceptibility of asthmatic airways to allergens and other triggers,
exacerbating the condition”>7°. The interplay of these factors — structural changes in the
airways, activation of immune responses, and barrier dysfunction — collectively contribute to

the complexity and severity of asthma symptoms.

COPD, currently the third leading cause of death worldwide, is characterised by irreversible
airflow obstruction’®. COPD mainly arises from two conditions: chronic bronchitis, involving
long-term bronchial inflammation, and emphysema, marked by damage to the alveoli”.
Cigarette smoking is the primary cause of COPD, although genetic predisposition and
environmental factors also play significant roles’®. COPD induces changes in the cell
composition of the pseudostratified respiratory epithelium’. There is an increase in the
number of basal stem cells®®, which exhibit impaired functionality and altered gene
expression®'®3_ Additionally, COPD leads to an increase in the number of goblet cells and a

487 Inflammation plays a crucial role in the

decrease in the number of ciliated cells®
progression of COPD®8, Inhaled irritants, such as cigarette smoke, activate epithelial cells to
release various inflammatory mediators. These include tumour necrosis factor (TNF)-a, IL-1j3,
IL-6, IL-8, and granulocyte-macrophage colony-stimulating factor (GM-CSF)®. Elevated levels

of these mediators have been detected in the sputum of COPD patients®*2. Furthermore,
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COPD compromises the physical barrier function of the airway epithelium. This is
characterised by reduced expression of tight junction proteins, such as zonula occludens-1
(ZO-1) and occludin (OCLN), and adherens junction proteins like E-cadherin®®®. These
changes result in diminished junctional integrity and increased epithelial permeability, thereby

exacerbating the severity of the condition.

CF is a genetic disorder caused by mutations in the gene encoding the CFTR protein. This
protein functions as a chloride channel, vital for maintaining the balance of salt and water on
epithelial surfaces. Dysfunction of the CFTR protein leads to a cascade of pulmonary
complications, with the production of dehydrated mucus being a primary concern®9. This
arises due to reduced transport of water and chloride ions onto the airway surface, which
subsequently impairs the mucociliary clearance mechanism. The impaired mucociliary
clearance in CF facilitates bacterial colonization, resulting in recurrent lung infections®”%,
Additionally, the differentiation of the CF airway epithelium is altered, characterised by an
increase in goblet cells and a decrease in ciliated cells®'%°. Furthermore, the epithelial barrier
function is compromised in individuals with CF, as evidenced by abnormalities in tight junction
proteins''%?, These abnormalities lead to increased permeability, making the epithelium

more susceptible to external pathogens.

Bronchiectasis is a chronic condition characterised by the irreversible dilation and damage of

the bronchi and bronchioles™®*

. This damage leads to accumulation of mucus and
compromised mucociliary clearance, which can cause recurrent infections, coughing, and
shortness of breath. The condition can result from various underlying causes, including
infections, immune system disorders, and conditions that affect cilia function, such as CF'®,
Moreover, bronchiectasis can coexist with other chronic airway diseases like COPD and

asthma, complicating diagnosis, and management'%.

Chronic lung diseases pose a major health burden as they are among the leading causes of

severe iliness and mortality'”’

. A common driver across many of these conditions, irrespective
of age of onset or cause, is the dysfunction of the airway epithelium. This includes
dysregulated differentiation, compromised barrier function and impaired mucociliary
clearance. Current treatment strategies primarily focus on symptom management, using
steroids for airway inflammation and bronchodilators for obstruction. While these approaches
are effective, they do not address the underlying pathogenic processes. Targeting the
dysregulated differentiation of airway epithelial cells and manipulating gene expression in
pathways involved in airway epithelium dysfunction represents a ground-breaking shift in
research. This strategy lays the groundwork for exploring how candidate genes contribute to

the development of airway diseases and for developing therapeutic interventions aimed at
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repairing or reversing these dysfunctions. This approach holds promise for the development
of novel therapies that directly target the molecular causes of these diseases, potentially

preventing their onset, slowing their progression, and ultimately resolving airway diseases.

In addition to epithelial barrier dysfunction, ciliary dysfunction, characterised by a range of
defects that impair the functionality of cilia on ciliated cells is linked to many lung diseases.
This dysfunction contributes to impaired mucociliary clearance, resulting in secondary

infections, chronic cough, and compromised lung function.
1.2 Ciliogenesis and FOXJ1

1.2.1 Cilium structure and function

Cilia, resembling hair-like projections, are microtubule-based organelles that extend from the
surface of many eukaryotic cells. They are broadly classified into two types based on their
distinct structures and functions: motile and non-motile (primary) cilia. Motile cilia, found in the
respiratory tract, are essential for mucociliary clearance'®""? (section 1.1.2.3). They also play
a key role in moving cerebrospinal fluid through the brain’s ventricular system, aiding in the

transport of nutrients and waste'""

. In mammalian fallopian tubes, motile cilia assist in the
transport of egg cells from the ovary to the uterus, crucial for fertilisation''?. Furthermore,
motile cilia in embryonic nodal cells are vital for establishing left-right body asymmetry, an
important aspect of development in bilateral animals''®"'* |n contrast, non-motile cilia
primarily act as sensory organelles, functioning as antennas that collect information from the
surrounding environment''>'"®. Most vertebrate cells possess a single, non-motile primary
cilium that detects and responds to various stimuli, including chemical, thermal, and

"7=119 These signals are integrated into complex signalling pathways,

mechanical signals
influencing diverse cellular responses. For example, photoreceptor cells in the retina utilise

non-motile cilia to detect light and initiate the process of vision'?.

At the core of the cilium’s structure is the axoneme, a cylindrical arrangement of microtubules
extending from the base to the tip of the cilium. Motile cilia are characterised by a ‘9+2’
arrangement, consisting of nine pairs of double microtubules surrounding a central pair of
single microtubules (Figure 1.2). In contrast, non-motile cilia usually display a ‘9+0’
arrangement, which lacks the central pair of microtubules. Radial spokes, which extend from
the central pair of microtubules to the peripheral microtubule doublets, are critical for
maintaining the structural integrity of the axoneme and the coordinated movement of cilia. The
basal body, originating from the mother centriole, forms the foundation of the cilium. It features

a barrel-like structure composed of nine sets of triplet microtubules, along with subdistal
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appendages that anchor the basal body to the plasma membrane, and distal appendages that
aid in axoneme formation. During axoneme growth, two microtubules from each triplet extend
to create the doublet microtubules. The ciliary rootlet, an extension of the basal body, anchors
the cilium to the cytoskeleton. Within the axoneme of a motile cilium, inner and outer dynein
arms act as molecular motors, driving the beating motion of the cilium. These dynein motors,
along with kinesin motors, form tracks for the transport of other proteins within the cilium'?"12,
The dynein arms generate the force needed for microtubules to slide against each other,
causing the characteristic bending and whip-like motion of motile cilia. Intraflagellar transport
(IFT) is crucial for distributing components within the cilium, with kinesin facilitating forward
movement towards the ciliary tip (anterograde IFT) and dynein facilitating backward
movement towards the cell body (retrograde IFT). The cilium has its own membrane, which is

enveloped by the cell’s adjacent membrane'?.

Ciliogenesis, the formation of cilia, is controlled by a complex network of signalling pathways.
This process initiates when the mother centriole migrates to the cell periphery, transforming
into the basal body, which acts as the cilium’s structural anchor'®'?°. Once at the cell
periphery, the basal body forms a stable connection within the plasma membrane, laying the
groundwork for cilium development. The basal body serves as a microtubule organising
centre, guiding the growth of the axonemal microtubules by utilising tubulin subunits as
building blocks. The elongation of these microtubules is crucial for the expansion of cilium to
its appropriate length. IFT is vital for ciliogenesis. This bidirectional mechanism, involving
motor proteins complexes, is responsible for shuttling protein complexes to and from the tip of
the cilium. IFT is essential for the precise delivery and assembly of ciliary components,

ensuring the cilium’s structural and functional integrity.

The transcriptional network that regulates ciliated cell differentiation in the airways is
extensively discussed in Chapter 4. This network consists of a complex array of TFs and

signalling molecules, orchestrating the expression of proteins crucial for ciliogenesis.
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Figure 1.2 Simplified structural overview of motile cilia.

The schematic provides a guide to the architecture of motile cilia, starting from the basal body,
which serves as the foundational structure of the cilium. A cross-sectional view shows the
axonemal arrangement. Key features include the 9+2 arrangement, characterised by nine
microtubule doublets and a central pair of microtubule singlets. Motor proteins (outer and
inner dynein arms) together with radial spokes generate the wave-like beating of motile cilia.
Nexin linkers, connecting the microtubules doublets, are crucial for maintaining the structural
integrity and coordinated movement of cilium. Figure created with Biorender.com.

1.2.2 FOXJ1

FOXJ1, a member of the Forkhead box family of TFs, is characterised by its ‘forkhead box’ or
‘winged helixX’ DNA-binding domain. As a TF, FOXJ1 binds to specific DNA sequences,
regulating the transcription of various target genes. FOXJ1 activity plays a critical role in
various cellular functions, with ciliogenesis receiving the most extensive research attention'.
FOXJ1 is predominantly expressed in ciliated cells located in the respiratory tract'?’, central

nervous system'?, reproductive tract'®, and embryonic kidney'°.

FOXJ1 emerges as a key regulator in the development of motile cilia, driving the transcription
of genes crucial for motile ciliated cell differentiation™™'*"_ Its expression serves as a reliable
indicator of cells destined to become motile ciliated cells'2. The process of ciliogenesis begins

with a commitment phase prior to FOXJ1 activation. P73, a member of the p53 protein family,
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directly regulates FOXJ1 and is vital for ciliated cell formation™3. FOXJ1 activation facilitates
the trafficking of basal bodies to the apical membrane, setting the stage for axoneme
growth™.

The role of FOXJ1 in ciliogenesis is not limited to basal body anchoring. It orchestrates a
complex transcriptional network that directly or indirectly controls numerous genes involved in
ciliary formation, structure, and movement (Figure 1.3). FOXJ1 induces the expression of
basal body components, structural proteins, motor proteins, accessory axonemal proteins,
and IFT proteins™*. The transcriptional network regulated by FOXJ1 will be discussed in
Chapter 4.
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Figure 1.3 Predicted FOXJ1 transcriptional network.

The diagram illustrates the complex network regulated by Forkhead box J1 (FOXJ1), a key
transcription factor involved in ciliary assembly and moatility. It illustrates how FOXJ1 directly
or indirectly regulates several genes, each organised according to their specific functions.
The network map provides insights into the gene regulation pathways and interactions under
the influence of FOXJ1, highlighting its pivotal role in ciliary dynamics. Figure adapted from
Mukherjee et al.*®"

1.2.3 Ciliary dysfunction

1.2.3.1 Inherited disorders

Cilia play a crucial role in maintaining lung health by facilitating mucociliary clearance.
However, defects in ciliary structure or function can disrupt this process, leading to severe
lung disorders, including primary ciliary dyskinesia (PCD)"°. PCD is a genetic disorder
resulting from mutations in genes that encode ciliary proteins essential for the structure and
assembly of motile cilia’*®. These mutations can impact the axonemal structure, ciliary
assembly, or IFT. Often in PCD, the outer dynein arms, crucial for the rhythmic beating of cilia,
are impaired'’='*°, This can result in immotile cilia, disrupting mucociliary clearance and

hindering the removal of mucus and debris form the airways.

Malfunctioning cilia in the airways lead to impaired mucociliary clearance, a condition with
significant consequences. It causes chronic respiratory symptoms, severely reducing the
quality of life of affected individuals'°. Poor mucociliary clearance creates an environment
conducive to recurrent bacterial infections, increasing the risk of pneumonia, persistent cough,
and complications such as rhinosinusitis, nasal polyps, and congestion''='%°_ Over time, these
persistent airway challenges, coupled with mucus plugging and recurrent infections, can lead

to progressive airway obstruction and bronchiectasis'®%-'62,

Loss of the FOXJ1 gene causes situs inversus, a condition where internal organs are mirrored,
and impairs mucociliary clearance '°*'%* Mutations in FOXJ1 have been linked to motile
ciliopathies, a group of diseases characterised by hydrocephalus, chronic destructive airway
disease, and abnormal left/right body asymmetry, as reported in several studies'®*'®". CF is
not classified as a ciliopathy; nevertheless, individuals with CF often experience ciliary
dysfunction. This phenomenon arises from various factors, including dehydration of the
epithelial surface, increased mucus viscosity, and impaired mucociliary clearance, all linked

168 While the primary cause of compromised mucociliary

to dysfunctional chloride channels
clearance in CF is the abnormal viscosity of airway mucus, electron microscopy studies have
revealed various ciliary abnormalities in this context, including missing cilia regions and cilia

lacking inner dynein arms®°.
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1.2.3.2 Environmental factors

Respiratory tract infections can adversely affect ciliary function, leading to acquired, impaired
mucociliary clearance'’®"". Pathogens impair ciliary function through various mechanisms,
such as decreasing cilia beat frequency, disrupting cilia coordination, and inducing ciliary
dyskinesia'’®'"2. For example, lung samples from patients infected with respiratory syncytial
virus have shown epithelial damage, loss of cilia, and reduced expression of FOXJ1'7°,
findings that are also observed in mouse models'’®. Similarly, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection has been shown to cause ciliary damage,
characterised by loss of axoneme, disorientation of basal bodies, and diminished FOXJ1

expression'’.

Chronic exposure to cigarette smoke significantly affects the airway epithelium, causing basal
cell hyperplasia and excessive mucus production. It also leads to structural and functional
abnormalities in ciliated cells and increases the permeability of the airway epithelial barrier'’*
7 Cigarette smoke generates oxidative stress in the lungs, disrupting normal cellular
differentiation and function. This oxidative stress is linked to the activation of the epidermal

177180 Upon exposure to cigarette smoke,

growth factor receptor (EGFR) in human lung cells
ciliated cells release EGF, promoting the transformation of basal cells into a squamous
phenotype and inhibiting ciliated cell differentiation'’”. Cigarette smoke exposure damages
ciliated cells, resulting in various abnormalities such as reduced cilia count and irregular nuclei.
In healthy smokers, airways exhibit shorter motile cilia compared to non-smokers'’®'®". This
damage is more pronounced in smokers with respiratory diseases like COPD, where structural
ciliary defects are observed'®'® Smokers also experience impaired mucociliary clearance,
further affecting lung function®*. However, research on the impact of smoking on motile cilia
beating is inconclusive, with studies presenting conflicting evidence regarding cilia beat

frequency in healthy and diseased smokers compared to non-smokers'®?,
1.2.3.3 Chronic lung diseases associated with ciliary dysfunction

Ciliary dysfunction is a key feature of chronic lung diseases, including asthma'®. Electron
microscopy studies of epithelial samples obtained from both paediatric and adult asthma
patients reveal significant damage to ciliated cells, characterised by cilia loss and structural
abnormalities'®. This damage contributes to the decreased mucociliary clearance efficiency

observed in asthma patients compared healthy individuals'®

. The severity of asthma
correlates with the extent of these ciliary defects; those with moderate to severe asthma have
more dyskinetic and immotile cilia, as well as lower ciliary beat frequency than healthy

individuals'®'®_ Severe asthma cases show even more pronounced ciliary disorientation,
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depletion, and microtubule abnormalities, distinguishing them from both healthy controls and
mild asthma patients'®. In asthmatic airways, IL-13, a cytokine associated with T helper type
2 (Th2) immune response, is found at elevated levels'®’. This cytokine promotes goblet cell
differentiation while reducing the number of ciliated cells and the number of cilia per cell'®. IL-

187,189

13 also interacts with ezrin, affecting basal body numbers , and can reduce or halt ciliary

beat frequency by suppressing FOXJ1 expression'®°.

The mechanisms underlying COPD are complex and not fully understood. Key contributors
include the impaired function of airway epithelial cells due to cigarette smoke and
environmental pollutants. These factors lead to shortening of motile cilia, promotion of
epithelial cell death, and increased goblet cell count, resulting in elevated mucus

190-193

production These changes adversely affect the lung’s mucociliary clearance,

diminishing its ability to expel pathogens and particles, potentially leading to chronic or

recurrent infections that exacerbate the disease'®* "%,

Lung cancer, the leading cause of cancer-related deaths globally'®®

, often starts with changes
in the airway epithelium, influenced by environmental factors and genetic mutations. The role
of cilia in lung cancer is not yet fully understood. Initial findings suggest that individuals with
ciliopathies rarely develop lung cancer, indicating that cilia dysfunction may not increase the
risk of developing cancer'®. However, recent studies show downregulation of ciliated cell
differentiation genes like FOXJ71 and DNAI1 in basal cell-high adenocarcinoma, which may
contribute to epithelial-to-mesenchymal transition (EMT), enhancing cancer’s invasive and

metastatic potential'®’.

Ciliary defects, whether primary (as in PCD) or secondary (as in asthma, COPD or CF) have
significant health implications, particularly for respiratory health. Exploring ciliogenesis is
crucial for understanding the vital role of cilia in health and disease, potentially leading to new
therapeutic interventions for ciliopathies and their respiratory complications. Research on
ciliated cells and their functions is essential for advancing our knowledge and improving the

management of these complex respiratory conditions.
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1.2.4 Manipulating ciliogenesis and FOXJ1 expression

As highlighted in section 1.2.3, ciliary dysfunction is a key characteristic of several chronic
lung diseases, including asthma, COPD, CF. This dysfunction disrupts mucociliary clearance,
a crucial respiratory defence mechanism that removes inhaled irritants, pathogens, and
mucus. By delving into the complexities of ciliogenesis, we can better understand cilia
formation and development, paving the way for novel therapeutic strategies aimed at restoring

an optimal balance of functional ciliated cells.

The Notch pathway plays a crucial role in balancing ciliated and secretory cells, ensuring the
integrity and functionality of the airway epithelium. This signalling cascade begins when
JAGGED or DELTA ligands on one cell bind to the Notch receptor on a neighbouring cell,
triggering a series of enzymatic events that release the Notch intracellular domain'%®-2%, This
Notch intracellular domain translocates to the nucleus, where it modulates gene expression,
ultimately determining the fate of the cell. The y-secretase enzyme is essential in this process,

making y-secretase inhibitors powerful tools for blocking Notch activity®

. In the airway
epithelium, activation of the Notch pathway promotes the differentiation of secretory cells,
while cells that do not receive Notch signals become ciliated'®®'%. This dynamic interplay
ensures a balanced population of these cell types, crucial for maintaining mucociliary
clearance. Chronic lung diseases, such as COPD and asthma, often exhibit aberrant Notch
signalling, particularly with dysregulated Notch3 levels, leading to mucus cell hyperplasia and

further impairing mucociliary clearance and host defence?*?-2%,

Manipulating the Notch pathway to regulate ciliated cell populations is emerging as a
promising strategy to address ciliated cell loss in affected airways. Vladar et al. demonstrated
that inhibiting the Notch pathway with a y-secretase inhibitor can restore ciliated cell counts in
CF patient-derived epithelial cultures to levels seen in healthy individuals, enhancing epithelial
barrier function®®. This finding is supported by other studies showing that the y-secretase
inhibitor LY450139 promotes ciliated cell development in both differentiating and mature
airway epithelial cell cultures, suggesting its effectiveness at various stages of epithelial
development®®®. The influence of y-secretase inhibition on ciliated cell count appears to be
dose-dependent, allowing for controlled manipulation of cell numbers. Maintaining an optimal
balance of ciliated and secretory cells is critical for preventing mucociliary clearance
dysfunction and compromised host defence mechanisms. Interestingly, short-term
administration of the y-secretase inhibitor LY450139 in healthy adult mice increased ciliated
cell numbers without detectable toxicity. However, the long-term effects and potential off-

target effects of y-secretase inhibitors need further exploration. Additionally, LY450139 has
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been shown to increase ciliated cells and reduce excess mucus secretory cells in CF human
airway epithelial cell cultures and in IL-13 remodelled healthy human airway epithelial cell
cultures. These findings collectively underscore the potential of small molecule y-secretase
inhibitors in restoring the balance of ciliated cells in the airway epithelium. Nevertheless, the
precise molecular mechanism underlying these effects are still unclear and warrant further

investigation.

As discussed in section 1.2.2, FOXJ1, a key regulator of ciliogenesis, plays a crucial role in
the formation and function of motile cilia through a complex transcriptional network. Studies
employing murine models and transformed human cell lines have highlighted FOXJ1’s
essential role in the differentiation of ciliated cells in the airway epithelium'?7.13%.138.141.170,207-212
This research has provided valuable insights into the fundamental mechanisms of ciliogenesis
and mucociliary clearance'"'*?. However, significant differences exist between human and
murine airways, particularly in the regulatory networks that control cell commitment and
differentiation®'. These differences highlight the importance of developing and using human
models to study the differentiation of airway epithelial ciliated cells. The critical function of
FOXJ1 in ciliogenesis and its association with various diseases has sparked interest in
manipulating its expression, including strategies for both overexpression and downregulation.
This approach is a promising avenue for further exploration into ciliogenesis, understanding
the regulation of FOXJ1 and its downstream targets, and ultimately developing new

therapeutic strategies for ciliopathies and related lung disorders.

You et al. investigated the role of FOXJ1 in the differentiation of ciliated airway epithelial cells
by overexpressing FOXJ1 in polarised epithelial cell lines, rat alveolar epithelial cells and wild-
type airway epithelial cells in vitro''. Interestingly, cilia development upon FOXJ1
overexpression using stable transfection techniques was observed exclusively in FOXJ1 null
cells, which lacked FOXJ1 expression. This suggests that FOXJ1 may act as a master
regulator in ciliogenesis within these cells. Further investigation revealed that FOXJ1 null cells
contained precursor basal bodies for cilia, indicating a prior commitment to ciliogenesis.
However, these basal bodies were disorganised and failed to dock with the apical membrane,
preventing cilia formation. Delivery of FOXJ1 to these cells corrected basal body organisation
and stimulated axoneme growth, demonstrating FOXJ1’s capacity to fix these issues and
promote cilia development. This finding emphasises FOXJ1’s role in regulating the processes
of basal body docking and axoneme formation, particularly in cells already on the pathway to
ciliated cell differentiation. This study offered valuable insights into how FOXJ1 orchestrates

ciliogenesis, but it was limited to rodent airway epithelial cells, highlighting the need to extend
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this research to human models for a more comprehensive understanding of FOXJ1’s role in

human ciliogenesis.

Didon et al. investigated the regulatory mechanisms that control the differentiation of ciliated
cells in the human airway epithelium?'. By using a stable transfection method to introduce
FOXJ1 into basal cells, they found that FOXJ1 overexpression triggered the activation of
ciliated gene promoters, leading to a significant increase in the expression of genes associated
with cilia. Additionally, the regulatory factor X (RFX)-family of TFs, known to be vital in
ciliogenesis across various organisms, was also studied?'*2"°, While introducing RFX3 alone
did not stimulate ciliated cell gene expression, combining FOXJ1 and RFX3 gene transfers
showed a synergistic effect. This combination led to a greater increase in ciliated gene
promoter activity and the expression of ciliated cell genes than FOXJ1 alone.
Immunoprecipitation studies confirmed an interaction between FOXJ1 and RFX3, suggesting
that FOXJ1 is a crucial regulator of ciliated gene expression during the differentiation of
basal/progenitor cells into ciliated cells. This study, utilising primary human airway basal cells,
provides a more accurate model of the human airway epithelium compared to cell lines.
Employing a comprehensive methodology, including gene transfection, promoter activity
assays, mRNA expression analysis, and immunoprecipitation, the study thoroughly explored
the roles of FOXJ1 and RFX3 in ciliated cell differentiation. However, the precise molecular
mechanisms of how FOXJ1 and RFX3 work together to induce ciliated gene expression
remain to be further investigated. This study provides evidence that FOXJ1 and RFX3 act
together to enhance expression of ciliary genes during ciliated cell differentiation in the human

airway epithelium.

Research into the role of FOXJ1 in preventing the inhibition of cilia growth caused by cigarette
smoke was conducted using an in vitro model of the human airway epithelium??°. Exposure to
cigarette smoke extract (CSE) significantly reduced cilia length, mirroring the effects observed

221-224 CSE also suppressed the expression of genes

in the airway epithelium of smokers
related to ciliated cells, including those involved in transcriptional regulation, basal body
development, structural integrity, IFT, and cilia motility. This aligns with previous findings that
cigarette smoke reduces the expression of cilia-related genes?'?%. This led to the hypothesis
that components of cigarette smoke inhibit cilia growth by interfering with various aspects of
ciliogenesis at gene level. Overexpressing FOXJ1 through stable transfection effectively
reversed the suppression of cilia-related genes caused by CSE exposure, suggesting that
FOXJ1 overexpression might counteract the adverse effects of cigarette smoking on cilia

length. Further research is needed to fully understand the clinical relevance of these findings
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and their potential in developing therapeutic interventions to address the detrimental effects

of cigarette smoking on airway cilia and respiratory health.

The role of FOXJ1 in ciliogenesis was further explored using knockdown approaches.
Rapiteanu et al. established an efficient, scalable genome editing pipeline for an in vitro model
of the human airway epithelium?®. This method utilises transient, plasmid- and virus-free
delivery of clustered regularly interspaced short palindromic repeats-CRISPR- associated
protein 9 (CRISPR/Cas9), allowing for precise gene inactivation. This method was validated
by successfully reducing FOXJ1 expression, which decreased the number of ciliated cells.
This study provides the first evidence of FOXJ1’s crucial role in ciliogenesis within this in vitro

model.

Overall, the studies discussed above collectively suggest that manipulating FOXJ1 expression
can affect cilia formation, numbers, and function. However, there remains a significant gap in
research regarding the effects of FOXJ1 overexpression through transient overexpression
tools. These tools offer several advantages over conventional stable transfection methods.
Unlike stable transfection, which requires genomic integration, transient overexpression
allows for controlled and transient overexpression of target genes. This minimises the risk of
insertional mutagenesis, which can lead to unintended genetic modifications and potential off-
target effects. Additionally, transient overexpression enables precise regulation of gene
expression levels and duration, making it a vital tool for studying gene expression dynamics
over time. In contrast, small molecules often exhibit off-target effects due to non-specific
protein binding, which can lead to adverse side effects and limit their translational potential.
Employing transient overexpression tools to manipulate FOXJ1 expression could provide new
insights into FOXJ1 regulation, offering a fresh perspective that might enhance or differ from
findings obtained through stable transfection methods. Investigating this possibility was a key

objective of this thesis.
1.3 mRNA

1.3.1 General overview

Messenger ribonucleic acid (mRNA) is a single-stranded ribonucleic acid molecule that is
transcribed from deoxyribonucleic acid (DNA). It plays a crucial role in protein synthesis, as it
is translated by ribosomes to produce functional proteins that are vital for a variety of biological
functions. Synthetic mMRNA represents a promising tool for transient and dose-dependent
expression of any protein of interest when effectively delivered to the cytoplasm of target cells

(Figure 1.4). Synthetic mRNA functions exclusively within the cytoplasm, eliminating the risk
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of insertional mutagenesis, a concern often associated with genetic manipulation. This
cytoplasmic activity ensures that the encoded protein is expressed only transiently, providing

a controlled therapeutic window, and minimising the potential for adverse effects.

DNA DI

l Transcription

MRNA "N (o
MRNA "N N NN
Translation
i O
(’/ \ ,‘.‘5\.@5
Protein = ot
I"(_“ l
A

Figure 1.4 Exogenous mRNA as a tool for transient protein expression.

This diagram illustrates the process of genetic information transfer from DNA to protein via
mMRNA. The key feature of exogenous mRNA is its ability to function entirely in the cytoplasm.
This feature is crucial as it bypasses the need for nuclear entry, thereby reducing safety
concerns, including those related to insertional mutagenesis. Figure created with
Biorender.com.
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Since its initial demonstration of therapeutic potential in vivo*’, exogenous mRNA has
become a powerful and versatile tool, offering great promise for diverse medical applications.
Its remarkable versatility is evidenced in the development of vaccines against infectious

diseases??-24

, including the rapid approval of mRNA-based Coronavirus disease 2019
(COVID-19) vaccines by major regulatory bodies such as the United States Food and Drug
Administration (FDA) and the United Kingdom’s Medicines and Healthcare products
Regulatory Agency (MHRA)**2?% Beyond vaccines, mRNA has shown primise in cancer
immunotherapy, particularly in exploring mRNA vaccines to elicit immune responses against

247

tumour-specific antigens?2%°. The therapeutic applications of mRNA extend to protein

270-273 274-278
)

replacement therapies for various genetic disorders, including cardiac , lung

279-281 282-286

hematologic , metabolic , and neurogenic disorders®”2%  Additionally, mRNA is
pivotal in gene editing, where its transient nature makes it an ideal carrier for delivering gene-
editing tools like zinc finger nucleases (ZFNs), transcription activator-like effector nucleases
(TALENSs) and CRISPR-Cas9?%%2%. In regenerative medicine, mRNA'’s ability to direct cellular

reprogramming and differentiation shows promise for tissue repair and regeneration®7-3%,

The mRNA technology platform, highlighted by its worldwide success during the COVID-19
pandemic, offers potential that extends beyond therapeutic applications. Its versatility makes
it an effective tool for disease modelling, providing a platform to replicate and study various
diseases in controlled laboratory settings®'. This capability of mimicking disease processes
at a molecular level is invaluable for understanding disease mechanisms and testing potential
treatments. Additionally, mRNA technology can be used to manipulate biological pathways
related to development and differentiation®**3%*, By controlling the expression of specific
genes, it enables deeper insight into the complex processes of cell fate determination and
differentiation, potentially modifying cellular behaviour. The dual utility of mRNA as both a
therapeutic agent and a research tool opens new avenues for disease understanding and

treatment.
1.3.2 In vitro transcribed (IVT) mRNA

IVT mRNA, also known as synthetic mMRNA, is synthesised in laboratory settings to closely
resemble the naturally occurring mRNA in cells*®. This synthetic mMRNA comprises several
key components: a 5’ cap, a 5" untranslated region (UTR), an open reading frame, a 3’ UTR,
and a 3’ poly(A) tail, forming the fundamental structure of basic mMRNA (Figure 1.5). The &
cap is vital for mRNA stability and effective translation, protecting the mRNA from degradation
and aiding in the initiation of protein synthesis by ribosomes. Originally, IVT mRNA used a
natural eukaryotic mRNA cap structure, 7-methylguanosine (m’G) 5%, but advancements

have led to more efficient alternatives, such as the anti-reverse cap analogue (ARCA)3%6-310,
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The 3’ poly(A) tail also contributes to the stability of mMRNA and translation regulation®''. The
optimal poly(A) tail length ranges between 120 and 150 nucleotides®*®*'?. The open reading
frame encodes the desired protein, while UTRs at both ends regulate translation and stability
of synthetic mMRNA. These UTRs, often designed to mimic sequences from highly expressed
genes like a- and B-globin genes, are included in IVT mRNA to improve its stability and
translation efficiency®'*>'®. These structural elements enable the synthetic mRNA to be
efficiently translated into protein in cells. Moreover, these elements can be modified to improve
mRNA stability and translation efficiency, highlighting the versatility and potential of IVT
mRNA.

However, IVT mRNA faces a significant challenge due to its innate immunogenicity, which,

while beneficial for vaccine development®'’38

, is undesirable in other therapeutic contexts.
The immune response to mMRNA involves PRRs. In immune cells, endosome-bound TLRs -
TLR3, TLR7 and TLR8 — recognise and respond to mRNA, triggering interferon secretion. In
non-immune cells, cytosolic PRRs like RIG-1 and MDA5 activate interferon production3'932°,
These receptors mediate immune stimulation and affect mRNA translation, leading to
translation inhibition, mMRNA decay, and antiviral actions. To mitigate this immunogenicity, a
chemically modified nucleosides, such as pseudouridine (¥), N6-methyladenosine (m6A), 5-
methylcytidine (m5C), and N1-methylguanosine (m1A)**'322 gre used. The W modification was
pivotal in the success of mMRNA COVID-19 vaccines, leading to the Nobel Prize award to
Katalin Karik6 and Drew Weissman for their work in this area®?%?*, However, excessive
modifications can disrupt the binding of other components and affect mRNA translation,
necessitating careful balance between reducing immunogenicity and maintaining translational

efficiency®®.
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Figure 1.5 Structural elements of IVT mRNA.

This schematic presents the key structural components of in vitro transcribed (IVT) mRNA,
crucial for its stability and functionality. It includes the 5’ cap, which enhances mRNA stability
and initiates translation, followed by the 5 untranslated region (UTR) that modulates
translational efficiency. The open reading frame (ORF) represents the coding region encoding
the gene of interest. This is flanked by the 3’ UTR, which influences mRNA stability, and ends
with the poly A tail, essential for stability and efficient translation. Figure created with
Blorender.com.

1.3.3 mRNA encoded TFs as a platform for understanding and directing cell fate

TFs are specialised proteins that bind to specific DNA sequences, playing an essential role in

826-328 Theijr interaction with DNA leads to either an enhancement

regulating gene transcription
of gene transcription by binding to an activation domain or a suppression of it by interacting
with a repression domain. Crucial in cell fate determination, overexpressing TFs can
significantly alter the differentiation pathways of pluripotent stem cells and other cell types®?°.
For instance, certain TFs have been key in directing pluripotent stem cells to differentiate into

330 neurons®', and other cell types®¥23*. The impact of TF overexpression is even

muscle cells
more pronounced when multiple TFs are used in combination®43%. A notable example is the
use of the four Yamanaka factors (Oct4, Sox2, Kif4, and c-Myc), which reprogram fibroblasts
into induced pluripotent stem cells®**"=3*°, This highlights the potential of TF overexpression in
unravelling complex gene expression networks involved in cell differentiation. TFs are also

gaining recognition as invaluable tools in tissue engineering and regenerative medicine,

340,341 342,343

including in bone , cartilage , and cardiac repair*****. However, the delivery of TFs
as recombinant proteins or small molecules is challenging due to poor bioavailability, short
half-life, and structural differences from endogenous proteins in terms of size and post-
translational modifications. Additionally, TFs need to enter the cell nucleus to function
effectively, which is difficult for proteins with high hydrophobicity and molecular weight, as they

struggle to cross cell membranes and reach target cells®%434¢,
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The use of exogenous mMRNA overcomes these challenges. By delivering mRNA to the
cytoplasm of target cells, it enables transient translation by the cell’s own ribosomes. This
method avoids the risks of insertional mutagenesis associated with viral vectors and plasmids,
while maintaining the functional integrity of the proteins. Proteins synthesised from exogenous
mRNA undergo the same post-translational modifications and processing as endogenously

304 'Moreover, mMRNA encoded TFs offer

expressed proteins, ensuring their natural functionality
a precise and targeted approach to gene expression regulation. By introducing specific mMRNA
sequences that encode TFs, it is possible to selectively manipulate the expression of targeted
genes without altering others. Delivery of exogenous mRNA allows for transient in-cell
production of proteins like TFs, which are otherwise challenging to deliver using conventional

recombinant proteins.
1.3.3.1 mRNA encoded TFs: versatile tools for cellular reprogramming

Cellular reprogramming involves transforming differentiated adult cells into pluripotent or
induced pluripotent stem cells by delivering specific TFs into cells. Initially, this was achieved

using methods like lentiviruses or retroviral vectors, which despite their effectiveness®3%,

351-3%4 gafer alternatives,

posed risks of insertional mutagenesis and potential tumorigenesis
such as plasmid DNA or direct TF delivery, were subsequently explored®*>% but these
methods showed low efficiency®*°3°93%°_ As mentioned previously, a major challenge in direct
TF delivery is the difficulty of penetrating the plasma membrane barrier. The use of mRNA

encoded TFs has emerged as a promising, safer approach to cellular reprogramming.

The delivery of synthetic mRNA encoding TFs represents a novel approach in cellular
reprogramming within developmental and cell-based regenerative biology. This concept was
first demonstrated by Yakubov et al., who successfully reprogrammed human foreskin
fibroblasts into induced pluripotent stem cells using synthetic mMRNA encoding TFs (Oct4,
Sox2, Lin28 and Nanog)®'. Warren et al. further advanced this approach by reprogramming
fibroblasts using synthetic mMRNA encoding the Yamanaka factors (Oct4, Sox2, Kif4, and
cMyc), incorporating modified nucleosides to avoid innate immune responses®®. They also
demonstrated the differentiation of induced pluripotent stem cells into myogenic cells using
mRNA encoding myoD. Poleganov et al. adapted this method to transform blood-derived
endothelial progenitor cells into induced pluripotent stem cells, using a combination of MRNA
encoded reprogramming factors (Oct4, Sox2, Kif4, c-Myc, Nanog and Lin28) and mRNAs

designed to circumvent immune responses (E3, K3 and B18R)*%.
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Numerous studies have shown the potential of mMRNA encoded TFs in guiding the

differentiation of induced pluripotent stem cells into specialised cell types, such as endothelial

363 364

cells®*®, myoblasts®**, cardiomyocytes®®, and neurons*®®. For instance, Wang et al. developed
a method using modified mMRNA to encode the TF ETV2%%3, This method successfully directed
induced pluripotent stem cells into endothelial cells capable of forming vascular networks in
vivo. Another study introduced a protocol for reprogramming induced pluripotent stem cells
into neurons using synthetic mMRNAs, generating dopaminergic neurons from both normal and
Parkinson’s disease induced pluripotent stem cells, through transfection with mRNAs
encoding TFs Afoh1 and NgnZ2. These neurons showed biochemical and electrophysiological
features characteristic of primary dopaminergic neurons. Overall, these studies highlight the
promise of synthetic mMRNA encoded TFs for efficient differentiation of induced pluripotent
stem cells into various cell types, with significant implications for personalised disease
modelling and the development of cell-replacement therapies. However, further research is
needed to understand the long-term stability, functionality, and potential side effects of these

cells in therapeutic contexts.
1.3.3.2 mRNA encoded TFs: versatile tools for transdifferentiation

Transdifferentiation, the process of directly converting one mature somatic cell type into
another, is a significant advancement in cellular reprogramming as it bypasses the need for

367389 This method involves introducing mRNA encoding

an intermediate pluripotent stage
specific TFs into somatic cells, allowing them to modify their phenotype and produce the
desired cell type®*'*°. The controlled expression of these TFs, induced through mRNA
transfection, is crucial. This technique has enabled the successful transdifferentiation of
various cell types into different lineages, including cardiomyocytes and insulin-secreting cells,

using tailored combinations of TFg%°371:372,

Lee et al. developed a novel method to directly transdifferentiate murine cardiac fibroblasts
into functional cardiomyocytes®®. The process involved repeated transfection over two weeks
with mRNA encoding for TFs Gata4, Mef2c, and Tbx5, resulting in the conversion of fibroblasts
into cardiomyocyte-like cells. These cells exhibited gene expression specific to
cardiomyocytes, confirming successful transdifferentiation. This study underscores the
potential of mMRNA in direct cardiac transdifferentiation and its role in precisely controlling
reprogramming factors. It lays the foundation for future advancements in developing in vivo

MRNA tools for targeting infarcted heart tissues.
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The advancement in mRNA-mediated transdifferentiation has also been demonstrated in
converting pancreatic exocrine cells into insulin-secreting cells. A recent study demonstrated
that pancreatic exocrine cells can be transdifferentiated into insulin-producing cells using
synthetic mRNA encoding three key pancreatic TFs (Neurogenin3, Pdx1, and MafA)*"".
Following 10 days of transfection, the cells were successfully converted into insulin-producing
cells. The synthetic mMRNAs enhanced the expression of genes crucial for optimal pancreatic
B-cell functionality. Although the reprogrammed cells’ insulin response to glucose was not as
strong as primary B-cells, this approach shows promise for cell-based diabetes treatments.
However, further optimisation of synthetic mRNAs, culture conditions, and TF combinations is

necessary for functionality equivalent to native B-cells.

Type 1 diabetes, an autoimmune disease where insulin-producing p-cells in the pancreas are
destroyed, necessitates external insulin for blood glucose regulation. B-cell replacement
therapy is a promising treatment for patients with type 1 diabetes, aiming to restore glucose

373375 Cell therapy research is focusing on creating personalised p-cells derived

homeostasis
from patients’ own cells to avoid transplant rejection®”®3""_ Corritore et al. developed a system
for large-scale production of B-like cells from human pancreatic duct-derived cells using
mRNA-based transdifferentiation®2. By introducing mRNA encoding the pancreatic TF MafA,
they drove these cells to transdifferentiate into B-cells. These cells not only displayed p-cell-
specific markers but also secreted insulin in response to glucose. Remarkably, when
transplanted into diabetic mice, these cells actively secreted insulin and significantly reduced
hyperglycaemia within a week post-transplantation, highlighting the potential of this approach

in diabetes treatment.
1.3.3.3 Emerging potential of mRNA encoded TFs in disease modulation

The potential of mMRNA encoded TFs to modulate cell behaviour opens promising avenues for
controlling various diseases, particularly those arising from dysfunctional or aberrant cellular
processes. For instance, mRNA encoding FOXP3, a crucial TF for regulatory T cell function,
has shown promise in controlling allergic asthma®’®. Delivery of FOXP3 encoded mRNA
effectively restored balance in pulmonary T helper cell responses and provided protection
against allergen-induced tissue inflammation, airway hyperresponsiveness, and goblet cell
metaplasia in a murine asthma model. Importantly, this protection was observed when the
mRNA was administered both before and after allergen exposure, demonstrating its potential

as both a preventive and therapeutic agent.
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A more recent study explored the therapeutic potential of mRNA encoding the cartilage-

anabolic TF RUNXT for cartilage tissue engineering®’®

. RUNX1 is essential in chondrogenesis,
enhancing cartilage tissue anabolism and decreasing catabolism. Delivering mRNA encoding
RUNX1 successfully slowed the progression of osteoarthritis in a mouse model of knee
osteoarthritis, with minimal toxicity and inflammatory responses. This study supports the use

of MRNA encoding TFs in controlling degenerative conditions.

MRNA encoded TFs represent a promising tool in gene expression manipulation and cell fate
modulation, offering several advantages over conventional methods. Their transient
expression, minimal risk of genomic integration, and precise control over activity allow for the
fine-tuning of cellular responses and pathways. An emerging area of research, and a central
focus of this PhD project, is the application of MRNA encoded TFs to study airway epithelial
cell differentiation in vitro. By manipulating the expression of specific pathways, such as
ciliogenesis, and key genes, including FOXJ1, using mRNA encoded TFs, we could gain a
deeper understanding of the mechanisms driving airway epithelial differentiation and related
pathologies. This approach, a key investigation of this PhD project, could lead to new insights
and therapeutic strategies for respiratory diseases and enhance our ability to model these

conditions.
1.4 Recapitulating the airway epithelium in vitro

The airway epithelium, a dynamic and essential part of the respiratory system, acts as the first
line of defence against inhaled pathogens and environmental insults. It is crucial for
maintaining airway homeostasis, mucociliary clearance, and regulating immune responses in
the respiratory tract. Dysfunction of airway epithelium can lead to various respiratory
conditions, such as asthma, COPD, CF. Therefore, understanding the biology and disease
processes of the airway epithelium is vital for enhancing our knowledge of respiratory diseases
and for the development of effective treatments. In vitro models that recapitulate the airway
epithelium have become invaluable in research. These models enable precise control over
cellular and molecular aspects, allowing researchers to unravel the mechanisms behind the
differentiation, functioning, and disease states of airway epithelium. Moreover, these models
are instrumental in testing large libraries of compounds or genetic manipulations for their

therapeutic potential, thus accelerating the discovery of novel treatments for airway diseases.

Several in vitro models have been developed to recapitulate the structure and functionality of
the airway epithelium. Each model presents its own strengths and limitations, and the selection

of a particular model depends on the specific research question being addressed.
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1.4.1 Traditional primary cell culture

Submerged culture of basal human bronchial epithelial cells (HBECs) from healthy individuals
and patients provides a simplified and widely used method for studying the human airway
epithelium. In this process, isolated cells are cultured in specialised medium containing
essential nutrients and growth factors, enabling the expansion and proliferation of HBECs.
One of the key benefits of using primary HBECs is their physiological relevance: they closely
resemble the cells in the human respiratory tract. However, when compared to immortalised
airway cell lines that are simpler to use, primary HBECs maintain a better ability to differentiate
and exhibit a wider range of physiological functions. Immortalised cell lines, altered to
proliferate indefinitely, often lose their capacity to differentiate, which may result in a lack of
important characteristics like mucociliary differentiation or barrier integrity*”>3°. This makes
them less suitable for certain research applications. Primary HBECs, despite their advantages,
face two primary challenges. First, their lifespan in vitro is limited, and they can undergo
senescence after multiple passages, which limits the duration and scale of experiments that
depend on them®'3%_ Second, there is often variability among cells from different donors,
leading to inconsistent results in experiments®°. Nevertheless, despite these challenges,
primary HBECs remain an important tool for understanding the biology of the human

respiratory epithelium.
1.4.2 Air-liquid interface (ALlI) culture

ALl cultures represent a more sophisticated method for replicating the three-dimensional (3D)
structure and cellular interactions of the native airway epithelium. This approach involves
seeding HBECs onto a transwell insert with a porous membrane and initially growing them in
a submerged state. In this phase, both the apical and basal chambers are supplied with
medium. Once the cells form a confluent monolayer, the culture is transitioned to a specialised
ALl differentiation medium, supplied only to the basal chamber®®. This step exposes the cell
layer and the apical chamber to air, crucial for inducing HBEC differentiation. Over time,
influenced by both air exposure and the nutrient-rich medium, HBECs differentiate into a
pseudostratified epithelium resembling the airway epithelium found in vivo®. This process
results in a diverse cellular composition, including basal, ciliated, and secretory cells. ALI
cultures are invaluable for studying bronchial epithelial differentiation and manipulating
expression of genes to modulate this process in vitro®®. They demonstrate the capacity to
form a functional epithelial barrier, indicated by tight junction protein expression and the
development of transepithelial electrical resistance®®. The suitability of ALl cultures to
recapitulate the in vivo airway environment is further supported by transcriptomic analyses

showing gene expression linked to airway function®°. Moreover, ALl cultures respond
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physiologically to various insults, including toxins and pathogens, making them highly relevant
for investigating airway physiology and diseases®'%. Notably, ALI cultures derived from
primary cells of individuals with respiratory diseases, such as asthma, CF, and COPD,

394395 - This underscores their

accurately recapitulate the in vivo disease characteristics
effectiveness as robust in vitro models for respiratory disease research. ALI cultures are also
suitable for evaluating inhalation drug delivery and nebulised mRNA delivery formulations for
the lungs®¥®*". However, establishing and maintaining ALI cultures is more complex than
submerged cultures, requiring specialised equipment and materials. While they offer
advanced physiological relevance, ALl cultures lack certain aspects of the in vivo environment,
such as vascularisation and immune cell interaction. Overcoming these limitations could

further enhance the translational potential of ALI cultures in respiratory research.
1.4.3 Organoids

Lung organoids are self-organising 3D structures that more accurately represent the complex
architecture and cellular organisation of lung tissues. This technique involves embedding
primary lung tissue or pluripotent stem cells into an extracellular matrix (ECM) scaffold. As the
cells settle into this supportive environment, they proliferate and cluster together, forming
spherical structures known as organoids®®. In these organoids, goblet and ciliated cells align
themselves toward the central lumen, whereas basal cells are oriented outward*. The self-
renewal capability of organoids, attributed to their embedded basal cells, extends their
lifespan, enabling prolonged research studies. This feature, combined with their capacity to
recapitulate the cellular diversity of lung epithelium, makes organoids versatile tools for various
applications. They are useful for investigating gene therapy approaches*®, studying the

9%%" and aiding in the discovery of new

development of complex lung diseases like COVID-1
drugs*’'. However, the creation and maintenance of lung organoid cultures are technically
complex. Moreover, these organoids do not fully replicate the physiological conditions of the
airways, primarily due to the absence of air exposure. This makes their practical application

more challenging compared to traditional cell culture methods.
1.4.4 Lung-on-a-chip

The lung-on-a-chip is an advanced in vitro model that effectively replicates the complexities of
the human lung within a compact chip. This platform reproduces respiratory mechanics by
allowing cell layers to expand and contract, thereby mimicking the breathing process. It also
mimics blood flow by circulating culture medium through microfluidic channels. Designed to
replicate the intricate environment of the lung, this system enables researchers to examine

the dynamic interactions of cells and their responses to various stimuli. Huh et al. created a
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lung-on-a-chip system using polydimethylsiloxane (PDMS), a flexible material that facilitated
the creation of two separate compartments divided by a membrane*®?. The upper
compartment supported ALI culture of lung epithelial cells (focusing on alveolar epithelial cells
rather than the diverse cell types in the airway epithelium), while the lower compartment
accommodated endothelial cells with a continuous flow of culture medium. Including immune
cells in the vascular compartment enabled bacterial phagocytosis and subsequent immune
responses within the model. The flexibility of the PDMS membrane enabled physiological
uptake of particles, making it a crucial tool for investigating particle toxicity. In the context of
disease modelling, Nawroth et al. designed a lung-on-a-chip model to replicate key features
of asthma“®®. By exposing lung cells to IL-13, a cytokine linked to chronic inflammation in
asthma, the model induced goblet cell hyperplasia and reduced ciliary beat frequency, which
are key indicators of the disease. This model, incorporating both epithelial cells and vascular
endothelial cells, provides a powerful tool for exploring the pathogenesis of asthma and
assessing potential treatments. Despite their promising capabilities, lung-on-a-chip models
face limitations, primarily their high cost, which has restricted their reliable implementation to

a small number of research groups.
1.5 Non-viral mRNA delivery systems

Delivery of mMRNA into target cells presents challenges due to its large size, negative charge,
and susceptibility to degradation by exonucleases and endonucleases. To address these
issues, robust delivery systems are essential both in vitro and in vivo, to protect exogenous
mRNA from degradation and improve its cellular uptake. Historically, viral vectors have been
the preferred method for gene delivery because of their high transduction efficiency***.
However, their use raises concerns related to immunogenicity, genomic integration risk,
limited payload capacity, and production complexities. Consequently, there is growing interest
in non-viral alternatives such as lipid-based, polymer-based, exosomes, and hybrid delivery
systems*®. These non-viral vectors offer several advantages over viral vectors, including
reduced immunogenicity, suitability for repeated administration, and customisable properties
for specific applications. Although generally less effective in gene delivery compared to viral
vectors, non-viral vectors are considered safer and more versatile, making them appealing for
certain applications. The choice between using viral and non-viral vectors should be based on
the specific requirements of the gene delivery applications, evaluating the efficiency and safety

concerns of each method.
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1.5.1 Lipid-based vectors

Liposomes are spherical vesicles composed of one or more layers of phospholipid bilayers
that envelop an aqueous core, ideal for protecting nucleic acids. Their formation is driven by
the interaction of hydrophobic and hydrophilic forces in materials with polar head groups and
non-polar tails*®. Early versions of liposomal systems used cationic lipids such as DOTMA
(1,2-di-O-octadecenyl-3-trimethylammonium-propane), which form complexes with anionic
nucleic acids, including mRNA*®47  However, concerns about their toxicity and
immunogenicity have been raised*®®*'°, especially considering the adverse effects such as

412413 following intravenous

liver damage*'’ and significant inflammatory responses
administration. These concerns highlight the importance of cautious application and

management of liposomal systems.

Lipid nanoparticles (LNPs) are at the forefront of non-viral vectors for mRNA delivery. They
protect MRNA from degradation, enhance cellular uptake, and facilitate endosomal escape.
LNPs consist of cationic/ionizable lipids, phospholipids, cholesterol, and polyethylene glycol
(PEG) lipids. Each component plays a vital role: cationic/ionizable lipids encapsulate mRNA,
phospholipids and cholesterol aid in structure and membrane fusion*'**'®, while PEG-lipids
help in evading immune recognition and prolong the circulating half-life*'>#17=*2° This
combination forms a nanoparticle with an aqueous core, protecting the mRNA from
degradation. Moreover, the flexibility in LNP design allows for specific modifications to target
different tissues or cell types. For instance, attaching immune cell receptors, such as mannose
receptor*?’, DC-SIGN*?2, DEC-205*%, and Langerin*** to LNPs has been effective in
enhancing the uptake of mMRNA by dendritic cells. Additionally, LNPs modified with anti-Ly6c
monoclonal antibodies have been successful in delivering mRNA that encodes /L-70 to Ly6c+
leukocytes in a mouse model of inflammatory bowel disease*?. In another study, LNPs were
engineered for efficient delivery of therapeutic mMRNA to the lungs via nebulisation*?®. This
study discovered that increasing the PEG content in LNPs significantly enhanced their
performance. This improvement was demonstrated by the protection of mice from a lethal
influenza A virus challenge using nebulised mRNA that encoded a broadly neutralizing
antibody targeting haemagglutinin. While this study thoroughly investigated LNP design
parameters, such as composition and structure, further studies are needed to understand the
long-term effects and potential toxicity of these optimised LNPs, especially when used in
higher doses or for prolonged periods. However, LNPs tend to accumulate in the liver*?’, a
phenomenon linked to their similarity to very-low-density lipoprotein and their ability to adsorb

apolipoprotein E in blood plasma, leading to liver accumulation and uptake by hepatocytes.
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Addressing this challenge is crucial for maximising the use of MRNA LNP technology in a wide

range of therapeutic applications.

Patisiran (Onpattro®), the first LNP-based (DLin-MC3-DMA/PEG2000-C-
DMG/DSPC/cholesterol) RNA therapeutic approved by the FDA*?®, was developed for treating
polyneuropathy in patients with hereditary transthyretin-mediated amyloidosis. The
development of LNP-mRNA formulations, including COVID-19 vaccines like mRNA-1273 by
Moderna?*¢4% and BNT162b2 by Pfizer/BioNTech,?** has been extensive. These vaccines
use LNPs to deliver nucleoside-modified mRNA encoding the spike protein of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Moderna’s vaccine (mRNA-1273)
consists of SM-102/DSPC/cholesterol/DMG-PEG2000*°**", while Pfizer/BioNTech’s vaccine
(BNT162b2) is formulated with ALC-0315/DSPC/cholesterol/ALC-0159(PEG-lipid)****%*2. Both
LNPs incorporate a combination of ionizable lipids (ALC-0315 and SM-102), PEG lipids (ALC-
0159 and PEG2000), cholesterol, and the phospholipid distearoyl-sn-glycero-3-
phosphocholine (DSPC)*3, demonstrating the effectiveness and potential of LNP technology

in clinical applications.
1.5.2 Polymers

Polymer-based nanoparticles are emerging as a highly promising class of non-viral vectors for
mRNA delivery, offering advantages such as large packaging capacity, customisable
physicochemical properties, and safety. Cationic polymers leverage their positive charge to
bind efficiently with negatively charged mRNA molecules, creating structures known as

polyplexes. This binding is essential for successful mMRNA delivery.

One of the most widely studied cationic polymers for mRNA delivery is polyethyleneimine
(PEI)**43%_ A critical aspect of PEI's efficacy in enhancing mRNA delivery is its ‘proton sponge’

t*%. This effect is pivotal in releasing mRNA from endosomes following cellular

effec
internalisation of the polyplexes. When cells take up PEI/mRNA polyplexes through
endocytosis, they initially trap them in endosomes. PEl’s ability to buffer protons leads to
chloride ions influx, maintaining osmotic balance but also increasing osmotic pressure. This
pressure causes the endosomes to swell and eventually rupture, releasing the mRNA into the
cytoplasm**’. However, the use of PEI in therapeutics is often limited by its cytotoxicity,
particularly with high molecular weight variants*®. To address these issues, researchers have
explored the use of lower molecular weight PEI. For instance, a 2kDa PEI conjugated with
cyclodextrin has been developed for the intranasal delivery of mRNA that encodes for the
human immunodeficiency virus (HIV) in mice**®. This system effectively penetrated the

epithelial barrier by transiently disrupting tight junctions, enhancing mRNA delivery to the nasal
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cavity. It also achieved excellent intracellular mMRNA delivery and prolonged retention in the
nasal cavity. Consequently, the translation of this exogenous mRNA facilitated strong mucosal
anti-HIV immune responses. This study highlights the potential of cationic polymers as

effective carriers for intranasal MRNA vaccines against infectious diseases.

Chitosan, a polysaccharide naturally derived from the exoskeleton of shellfish, has been
explored for mRNA delivery due to its biocompatibility, biodegradability, cationic nature and
mucoadhesive properties, making it an attractive choice for mucosal administration. Mahiny
et al. developed chitosan-coated nanoparticles for delivering endonucleases, encoded by
chemically modified mRNA, as a novel strategy to treat surfactant protein-B (SP-B)
deficiency**®. The use of chitosan in this context was crucial for precise genome editing.
Notably, this method significantly increased survival rates in SP-B deficient mice, highlighting
the potential of chitosan as an effective agent for in vivo precision genome editing. Despite its
benefits, chitosan’s application faces certain challenges. One primary concern is the variability
in its physical and chemical properties, which depends on its source and extraction method**'.
This variability can impact its effectiveness as a delivery vehicle. Additionally, chitosan
becomes insoluble at physiological pH*2. This solubility challenge requires either
modifications to its chemical structure or the incorporation of solubility-enhancing agents,
which may complicate its use and potentially affect its biocompatibility. These issues highlight
the importance of careful formulation and testing when using chitosan in mRNA delivery

applications.

Poly (B-amino esters) (PBAEs), a class of synthetic cationic polymers, have been recognised
for their potential as non-viral vectors in mRNA delivery. Introduced by Chiellini et al. in 1983
as biodegradable cationic polymers**, their use in DNA transfection was later pioneered by
Langer’s group in 20004, PBAEs are synthesised through Michael addition polymerisation,
which involves combining diacrylate and amine monomers. The presence of ester bonds in
their backbone makes them susceptible to hydrolysis, rendering the polymers biodegradable
and potentially reduces long-term toxicity concerns***. PBAEs effectively form nanoscale
complexes, or polyplexes, with mRNA through electrostatic interactions between their
positively charged amine groups and the negatively charged mRNA. These polyplexes
enhance the cellular uptake of mMRNA via endocytosis and may facilitate the release of mMRNA
from the endosomal compartment, possibly through a mechanism similar to the ‘proton sponge

effect’ seen with PEI*45,
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PBAEs stand out for their adaptability to chemical and structural modifications, which improves
their interaction with mRNA, solubility, stability, cellular uptake, and transfection efficiency**¢-
448 These aspects are elaborated in Chapters 3 and 5. Recently, Patel et al. highlighted the
benefits of structural manipulation in PBAEs, such as branching to improve solubility and
stability for nebulised mRNA delivery**®. Branched PBAEs demonstrated stability and
consistent size post-nebulisation, ensuring uniform distribution of mMRNA in the mouse lung
epithelium with minimal toxicity, unlike PEI. This platform was effective in delivering nebulised
Cas13a mRNA, demonstrating high levels of translation and gene editing efficiency against
SARS-CoV-2 and influenza infections in the respiratory tract of rodents*®. Despite these
advancements, the use of PBAEs for delivering mRNA to primary HBECs remains unexplored.
While PBAEs have shown promising results in delivering mRNA to lung epithelium in vivo,
their effectiveness in targeting primary HBECs has yet to be examined. Addressing this gap

in knowledge was a key objective of this PhD thesis.

PBAEs present significant benefits for various applications, but they also have limitations. A
major concern is their inherently cationic nature, marked by an excess positive charge, which
may lead to cytotoxic effects. To address this, Fields et al. developed a modification strategy
by combining PBAE with a solid polymer, poly (lactic-co-glycolic acid) (PLGA), and
functionalising the surface of the nanoparticles with a cell-penetrating peptide*®'. This
approach reduced the overall surface charge, thereby improving the safety profile of these
nanoparticles, without compromising their ability to enter cells, a process partially facilitated
by the positive charge of the cell-penetrating peptide. Moreover, PBAEs are noted for their
potential immunomodulatory properties. Andorko et al. observed that PBAEs are
immunologically inert in free solution but can activate antigen-presenting cells when they form
nanoparticles through complexation with a polyanion**?>. The degree of immunological
response generated by these PBAE particles depends on their polymer molecular weight. As
the polymer degrades through hydrolysis, its stimulatory effect on the immune system
decreases*®®. These findings highlight the importance of careful design and optimisation in the
use of PBAEs for mRNA delivery, balancing their advantageous properties against potential

risks. This balance is crucial for advancing their applications in a safe and effective manner.
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1.5.3 Exosomes

Exosomes, nano-sized extracellular vesicles ranging from 30-150 nm in diameter, are
secreted by various cell types and play a vital role in cellular communication by transporting
bioactive molecules, such as proteins, lipids, and nucleic acids***. Their ability to transfer
genetic material, coupled with their biocompatible nature, has made exosomes a promising

non-viral delivery system for mMRNA delivery.

A pioneering study by Skog et al. demonstrated that exosomes from glioblastoma cells,
carrying the reporter gene Gaussian luciferase (GLuc), could effectively deliver mRNA to
endothelial cells***. This resulted in a significant increase in GLuc activity in the treated cells,
highlighting the potential of exosomes in mRNA delivery and protein synthesis. Another study
by Bu et al. employed exosomes to deliver mMRNA encoding the anti-inflammatory agent /L-
10, targeting atherosclerosis, a chronic inflammatory disease characterised by arterial plaque
buildup**®. These mRNA-loaded exosomes effectively transfected macrophages in arterial
plaques of apolipoprotein E deficient (ApoE -/-) mice, leading to IL-10 production and
mitigation of atherosclerosis symptoms. Recent research has also explored the engineering
of exosomes, such as modifying them to display neuron-targeting rabies virus glycoprotein
(RVG) peptides. This was done to deliver nerve growth factor (NGF) mRNA to the ischemic
cortex*®”. This strategy led to the production of NGF protein, reducing inflammation and
enhancing cell survival, with the engineered exosomes demonstrating stability and prolonged
effectiveness in vivo. Despite these promising developments, several challenges remain in
the field of exosome-based mRNA delivery. These include standardizing exosome isolation,
ensuring consistent quality and efficacy of exosome preparations, and scaling up production
for clinical applications. Overcoming these challenges is essential for further advancement of

exosome applications in mRNA delivery studies.
1.5.4 Hybrid delivery materials

Beyond the non-viral vectors previously discussed, hybrid non-viral vectors are emerging as
a significant innovation in the field of mMRNA delivery applications. These vectors combine
features from various non-viral vectors, including lipids, polymers, and peptides, aiming to
maximize stability and mRNA protection, enhance cell-specific targeting and transfection
efficiency, and minimise cytotoxicity**®. By integrating diverse properties, hybrid systems offer

more versatile and effective solutions for mRNA delivery.
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A key development in this area is the creation of lipid-polymer hybrid nanoparticles for mRNA
delivery. These nanoparticles merge the protective and controlled-release properties of
polymers with the cell membrane fusion abilities of lipids, resulting in improved stability and
transfection efficiency compared to lipid-based nanoparticles alone. For example, Eltoukhy et
al. designed a hybrid system combining a PBAE terpolymer with alkyl side chains and PEG-
lipi
delivery to mouse lungs following systemic administration. These nanoparticles also

d**°, significantly enhancing transfection efficiency and ensuring more effective mRNA

demonstrated enhanced stability under physiological conditions. Another study showed that
nanoparticles comprising PBAEs and PEG-lipid had better serum stability and in vitro potency,
efficiently delivering mRNA to mouse lungs when injected intravenously*®. Incorporating
PEG-lipid into polymer structures appears to be crucial for optimising vector design for
improved serum stability and effective mRNA delivery. Furthermore, a novel hybrid system
that merged PBAE with liposomal components like 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), cholesterol, and PEG-lipid was developed, showing superior
stability in serum and mRNA transfection efficiency in both the lungs and spleen,

outperforming conventional systems**°.

Another promising direction is peptide-polymer hybrid nanoparticles, which combine the
biocompatibility and functionality of peptides with the stability of polymers. This synergy allows
for the development of nanoparticles with tailored properties and functions, such as targeted
cell delivery and efficient endosomal escape. For instance, a library of PBAEs combined with
specific terminal oligopeptides (OM-PBAE) was designed for selective accumulation and
mRNA transfection in the spleen*®. These modifications also enabled targeted transfection of
specific cell types, notably antigen-presenting cells*®°*%2 This oligopeptide modification
strategy effectively addresses the issue of non-specific liver accumulation common in many
nanoplatforms*®®. Chapter 5 will provide a more detailed discussion on the modifications of
PBAEs with peptides, exploring how these modifications can enhance transfection efficiency,

and cell-targeting capabilities of these hybrid nanoparticles.

In summary, exploring various mRNA delivery systems, including lipid-based, polymer-based,
exosomes, and hybrid delivery systems, highlights the diversity and complexity in the field of
mRNA delivery. Each system offers unique advantages and limitations, emphasising the need
for careful consideration in their application. The selection of a suitable non-viral vector for
mRNA delivery must be specifically tailored to meet the requirements of the application and

the target cell type, ensuring optimal efficacy and safety.
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1.6 Hypothesis and aims

Previous research has demonstrated the potential of mMRNA encoded TF tools in cellular
reprogramming and modulation of cell fate. However, the use of this technology in the context
of bronchial epithelial cell differentiation in vitro remains unexplored. This PhD project aimed
to address this gap by investigating the influence of nanoparticle-mediated delivery of mRNA
encoded FOXJ1 on the differentiation of HBECs at ALI.

Overall hypothesis

Nanoparticle-mediated delivery of mRNA encoding FOXJ1 can induce the expression of

downstream cilia-related genes and thereby promote ciliogenesis in an ALI model of HBECs.
Overall aims

1. Establish a method for efficiently delivering mRNA to primary HBECs using PBAEs.

2. Investigate the impact of non-viral reporter mRNA delivery on the differentiation and
integrity of primary HBECs in an ALl model.

3. Manipulate mucociliary differentiation of HBECs in an ALI model using nanoparticle-
mediated mRNA encoded FOXJ1 delivery.

57



2 Materials & Methods
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2.1 Primary HBECs

Primary HBECs used in this thesis were purchased from either Lonza (Basel, Switzerland) or
Epithelix Sarl (Geneva, Switzerland) (Table 2.1). Primary HBECs from Lonza were isolated
from the airway epithelial lining above the tracheal bifurcation of the lungs, while primary

HBECs from Epithelix Sarl’s were acquired from individuals undergoing surgical procedures.

Table 2.1 Donor information for primary human bronchial epithelial cells.

Donor ID Sex Age Smoking history Supplier
18TL052522 Female 66 No Lonza
18TL290281 Male 75 No Lonza

623950 Male 60 Yes Lonza
20TL266566 Male 52 No Lonza
02AB0839 Male 59 No Epithelix
02AB0834 Male 71 No Epithelix
2.2 Cell lines

16 human bronchial epithelial (16HBE) cell line (Sigma, SCC150) and A549 human alveolar

adenocarcinoma epithelial cell line (Sigma, 86012804) were used in this thesis.
2.3 Cell culture

2.3.1 Cell maintenance, passaging and cryopreservation

All cells were maintained in appropriate media as shown in Table 2.2 and cultured under sterile
conditions at 37°C in a humidified incubator with 5% CO.. Cells from cryovials stored in liquid
nitrogen were thawed in a 37°C water bath for 2 minutes. After thawing, the cell suspension
was transferred to T75 cell culture flask, coated for at least 30 minutes with 30 pg/mL
PureCol® bovine Type | Collagen Solution (Advanced BioMatrix, Carlsbad, USA), containing
12 mL of appropriate cell culture medium. The medium was replaced 24 hours after seeding.
Cells were provided with fresh culture medium every 48-72 hours and passaged upon
reaching 70-80% confluence. Cells were washed gently with 1X phosphate buffered saline
(PBS) (Gibco, 14190250), then treated with TrypLE™ Express Enzyme 1X (6 mL/T75 flask)
(Gibco, 12563029) and incubated at 37°C for 5-10 minutes to allow cell detachment. TrypLE
activity was neutralised using 1X PBS (12 mL/T75 flask) and the cell suspension was

centrifuged at 1500 rpm for 5 minutes. The supernatant was discarded, and the pelleted cells
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were resuspended in 1 mL of appropriate cell culture medium (Table 2.2) and counted using
Trypan Blue Solution (Gibco, 15250061) and a haemocytometer. For subculture, cells were
seeded at 500,000 cells/T75 flask in 12 mL of appropriate medium or seeded at appropriate
seeding density in plates, 8-well chamber slides or transwell inserts for downstream
experiments. For cryopreservation of cells, the pellet was resuspended in freezing medium,
consisting of the cell’s regular culture medium supplemented with 10% foetal bovine serum
(FBS) (Gibco, 11533387) and 10% Dimethyl sulfoxide (DMSO) (Sigma, D2650). Cell
suspension was aliquoted into cryovials (500,000 cells in 1 mL) which were placed in
isopropanol-filled Mr Frosty™ freezing container (Thermo Fisher Scientific, 5100-0001) for
storage at -80°C for 24 hours before permanent preservation in liquid nitrogen. Cell lines
thawed from liquid nitrogen were passaged at least twice before use in experiments. Primary

HBECs were not used beyond passage 5.

2.3.2 Air-liquid Interface culture of primary HBECs

For the establishment of ALI cultures, primary HBECs were seeded on collagen-coated (30
pug/mL) transwell inserts with polyethylene terephthalate membrane and 0.4 uym pore size
(Greiner Bio-One, 66264 1) at a seeding density of 30,000 cells per transwell insert. Cells were
initially cultured submerged in growth medium that was refreshed every 2-3 days (200 pl apical
chamber, 500 pl basal chamber). Once cells reached confluency, the medium was removed
from the apical chamber, exposing the cells directly to air, while the basal chamber remained
in contact with the differentiation medium. Medium on the basal chamber was refreshed every
2-3 days for 4 weeks until cells were fully differentiated, as demonstrated by cilia beating and
mucus production observed under a light microscope (Leica DMi1 microscope, camera

MC170). The composition of growth and basal differentiation medium is provided in Table 2.2.
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Table 2.2 Cell culture media for cell lines and primary HBECs (submerged & ALI).

medium)

7980)

- hydrocortisone (0.48 ug/mL)
(Stemcell, 7925)

- P/S (1%) (Gibco, 15140-122)

Supplier,
Cell type Media Supplements Catalog
number
Vo020 | -FBS (10%) (Gibeo, 11533387) |
A549 odinied tagie | . Penicillin/Streptomycin (P/S) 19¢0,
Medium | o, (Gibco, 15140-122) 41966029
(DMEM) ’
Minimum - FBS (10%) (Gibco, 11533387)
16HBE Essential - L-Glutamine (1%) (Gibco, Gibco,
Medium (MEM) 25030081) . 32360026
- P/S (1%) (Gibco, 15140-122)
- Bovine pituitary extract (0.004
mL/mL)
- Epidermal growth factor (10
ng/mL)
: - Insulin (5 pg/mL)
Airway :
Submerged culture of Epithelium i Ely_drocr?r.tlsonoeS(Oﬁ/pglme) Promocell,
primary HBECs Growth Medium Tpllnep rine ( -~ Hgm ) C-21160
kit - Triiodo-L-thyronine (6.7
ng/mL)
- Transferrin (10 pg/mL)
- Retinoic acid (0.1 ng/mL)
- P/S (1%) (Gibco, 15140-122)
- P/S (1%) (Gibco, 15140-122)
- HEPES (25 mM) (Gibco,
Seeding & 1:1 mixture of H0887) Promocell,
submerged | Airway Epithelial | - bovine serum albumin (BSA) C-21160
phase Growth Medium | (1.5 pg/ml) (Sigma, A9576)
(growth and DMEM with | - all supplements provided with Gibco,
medium) GlutaMAX™ the Airway Epithelial Growth 31966021
ALI culture Medium kit except for Triiodo-L-
of primary th1y 0X supplement (Stemcell
- supplement (Stemcell,
HBECs 5001)
Air-exposure - maintenance supplement
phase (basal | PneumaCult™ - E1h0e0);)ri(nszgrggglzll’°/5 §) ?S1t)emcell Stemcell,
differentiation | ALl Medium P ' ° ’ 5001
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2.4 Histology processing of ALI transwell inserts

2.4.1 Agarose-embedding of ALl inserts

Primary HBECs cultured on transwell inserts were fixed in 4% paraformaldehyde (PFA)
(Thermo Fisher Scientific, 29808) in PBS for 20 minutes at room temperature and washed
three times in PBS. A solution of low melting point agarose (Thermo Fisher Scientific,
16520050) diluted in PBS to a concentration of 4% was prepared. The solution was heated in
a microwave until the agarose completely dissolved, then allowed to cool to 37°C. Membranes
were excised from transwell inserts using a scalpel and embedded in 4% agarose solution in
a 24-well plate (one membrane/well), ensuring each membrane was fully submerged in the
agarose and remained flat. The plate was placed on ice until the agarose solidified. Post-
solidification, the agarose-embedded membrane was excised using a scalpel and placed in a
histology cassette. The cassettes were subjected to a graded dehydration process using
ethanol concentrations of 30%, 50% and 70%, immersing them for 15 minutes in each
solution. The samples were then transferred to Histology Core for subsequent histological

processing.

2.4.2 Paraffin embedding, sectioning and histological stains

Paraffin embedding, sectioning (4 ym thickness) as well as haematoxylin and eosin (H&E)
staining and periodic acid-Schiff (PAS) staining were performed by Lorraine Lawrence at the
Inflammation, Repair and Development (IRD) Histology Core Facility, Imperial College

London.

2.4.3 Imaging

H&E and PAS-stained ALI cross-sections were imaged using the Aperio VERSA 8 slide
scanner microscope (Leica). Epithelial height was measured in H&E-stained sections, at ten
distinct points across the epithelial layer per section, using the Aperio ImageScope Software
(Leica, version 12.4.6.5003). The number of ciliated cells in H&E-stained sections and PAS-

positive goblet cells in PAS-stained sections were quantified using the same software.
2.5 Transmission Electron Microscopy (TEM)

Primary HBECs cultured at ALI were fixed in 2.5% glutaraldehyde (Merck, G5882) in 1X PBS
for 1 hour at room temperature. Fixed cultures were submitted to Dr Andrew Rogers, Electron
Microscopy Unit, Royal Brompton Hospital. Samples were immersed in 0.05M sodium
cacodylate (Agar Scientific, R1104) buffered at pH 7.4 and processed within two weeks. After

a 1-hour post-fixation with 1% osmium tetroxide (TAAB, O001/1) in cacodylate buffer at room
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temperature, samples were rinsed with purified water and then dehydrated through an
ascending ethanol series: 70%, 90%, and 100%. Samples were transitioned to 100% Araldite
CY212 (Agar Scientific, R1030) through an ethanol:Araldite gradient of 50:50, 25:75 mixtures
and then 100% Araldite overnight. Samples were then embedded in moulds filled with 100%
Araldite and polymerised at 60°C for 3 days in an oven. Araldite-embedded sample blocks
were ultramicrotome sectioned at 1 ym thickness and sections were stained with toluidine blue
(Agar Scientific, R1727) for the selection of regions of interest (ROI) by light microscopy.
Sample blocks were trimmed to the ROls, then ultrathin sectioned at 80 nm and sections
mounted on 200 mesh thin bar copper grids for TEM. The ultrathin sections were contrast-
stained with 1.5% uranyl acetate (Agar Scientific, R1260A) in methanol, followed by Reynolds
lead citrate solution (lead nitrate, Agar Scientific, R1217; sodium citrate, BDH, 3012846).
Sections were examined by transmission electron microscope at 120KV (1400+, JEOL UK
Ltd) and micrographs acquired at suitable magnifications for morphological assessments
(x10000 to x1000000) (AMT XR16 camera, Deben UK Ltd).

2.6 Functional assessment of primary HBECs in ALI culture

2.6.1 Transepithelial electrical resistance (TEER)

TEER of fully differentiated ALI cultures was measured using MILLICELL® ERS electrode
probes (Millipore, MERSSTX01) and a MILLICELL® ERS-2 Voltohmmeter (Millipore,
MERS00002) according to the supplier’s guidelines. Before measuring TEER, the electrodes
were sterilised using 70% ethanol and then rinsed with 1X sterile PBS. 100 pl of pre-warmed
sterile 1X PBS was added to the apical chamber of each transwell insert. To avoid TEER
fluctuations caused by the difference between the 37°C incubator temperature and room
temperature, the temperature was equilibrated before taking TEER measurements. The
electrodes were placed vertically in apical and basal chambers of the transwell insert. TEER
of blank insert (without cells) was measured as a background control. TEER value (Q * cm?)

was calculated using the following formula:

TEER = [Resistance (2) — Background resistance (2)]

x Surface area of the insert's membrane (cm?)
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2.6.2 Permeability assay

Permeability of fully differentiated ALl cultures was assessed using the fluorescein
isothiocyanate (FITC)-Dextran permeability assay. Before starting the assay, the apical
chamber was washed with 1X PBS (200 pl/transwell insert). FITC-Dextran 4kDa (Sigma,
46944) diluted in 1X sterile PBS at 1 mg/mL was added to the apical chamber of the transwell
insert (200 pl/transwell insert). The basal chamber contained 500 pl PBS. Paracellular flux of
FITC-Dextran from apical to basal chamber was assessed by taking 100 ul aliquots from the
basal chamber after 30 minutes incubation at 37°C in a humidified 5% CO. incubator. Aliquots
were transferred in a black-bottom 96-well plate and fluorescence was measured using the
SpectraMax® i3 plate reader (Molecular Devices) with excitation and emission at 490 nm and
520 nm, respectively. To calculate FITC-Dextran leakage from the apical to the basal chamber

relative to an empty transwell control, the following formula was used:

Leak %) Fluorescence of sample 100
= *
eaiage L7 Fluorescence of control

2.7 PBAE synthesis and characterisation

PBAEs were synthesised by Leigh-Anne Gavin as described by Patel et al. “®3. Monomers
used for PBAE synthesis are listed in Table 2.3.

2.7.1 Linear PBAE synthesis

Linear DD90-118 1.2 and DD90-118 1.05 polymers were synthesised at a ratio of 1.2:1 and
1.05:1 acrylate (DD) to backbone amine (90) monomers, respectively. Monomers were stirred
in 150 mg/mL anhydrous dimethylformamide (DMF) (Sigma, 227056) at 90°C for 48 hours.
Mixtures were allowed to cool to 30°C before adding the end cap amine (118) at a molar
equivalent to the excess acrylate and then stirring at 30°C for 24 hours. Polymers were purified
by precipitating them into cold diethyl ether (Sigma, 296082) spiked with glacial acetic acid
(Sigma, 338826). After vortexing to collect the polymer, the solvent was removed. The polymer
precipitates were rinsed twice with fresh diethyl ether, and then dried under vacuum for 48
hours at room temperature. Polymers were aliquoted into single-use aliquots and stored at
-80°C.
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2.7.2 Branched PBAE synthesis

Branched DD90-118 polymer was synthesised at a ratio of 1:0.5:0.2 acrylate (DD) to backbone
amine (90) to branching amine monomers. Monomers were stirred in 150 mg/mL DMF at 40°C
for 4 hours and then at 90°C for further 48 hours. After cooling the mixtures to 30°C, the end
cap amine (118) was added at one molar of the excess acrylate and stirred at 30°C for an
additional 24 hours. Polymer was purified by precipitating in cold diethyl ether spiked with
glacial acetic acid following by vortexing to aggregate the polymer. The remaining solvent was
discarded, and the precipitated polymer underwent two rinses with fresh diethyl ether. The
polymer was dried under vacuum for 48 hours at room temperature before being aliquoted

into single-use aliquots and stored at -80°C.

2.7.3 Peptide-modified PBAE synthesis
2.7.3.1 DD90-Ala-Lys & DD90-Ala-Ala

Linear DD90-Ala-Lys and DD90-Ala-Ala polymers were synthesised at a ratio of 1.2:1 acrylate
(DD) to backbone amine (90) monomers. Monomers were dissolved in anhydrous DMSO
(Sigma, 227056) at a concentration of 200 mg/mL and stirred at 90°C for 48 hours. After
cooling the mixtures to 30°C, either the Ala-Lys or Ala-Ala dipeptide was added, at a 0.44
molar equivalent to the excess acrylate, and the solution was subsequently stirred at 35°C for

another 24 hours. Polymers were used without further precipitation from DMSO.

2.7.3.2 DD90-Ala-Gly & DD90-Gly-Sar

Linear DD90-Ala-Gly and DD90-Gly-Sar polymers were synthesised at a ratio of 1.2:1 acrylate
(DD) to backbone amine (90) monomers. Monomers were stirred in 200 mg/mL DMF at 90°C
for 48 hours. After cooling the mixtures to 30°C, either the Ala-GIn or Gly-Sar dipeptide was
added at a molar equivalent corresponding to the excess acrylate. The solutions were then
stirred at 30°C for a subsequent 6 hours. Polymers were precipitated in cold diethyl ether
spiked with glacial acetic acid and then vortexed to aggregate the polymer. The excess solvent
was discarded. Following this, polymers were washed twice in fresh diethyl ether and allowed
to dry under vacuum for 24 hours at room temperature. Polymers were aliquoted into single-

use aliquots and stored at -80°C.
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Table 2.3 Monomers used for PBAE synthesis.

Monomers Supplier,
Cas number
Symbol Chemical name Catalog number
_ Bisphenol A Sigma, 411167
o Diacrylate (DD) 4687-94-9
9 glycerolate
s , 4-(2-Aminoethyl) Sigma, A55004
o Backbone amine (90) . 2038-03-1
5 morpholine
E. N-methyl 1,3- Sigma, 127027
o Branching amine o 6291-84-5
o diaminopropane
. 1,5 diamino 2 Sigma, 329665
End cap amine (118) 15520-10-2
methylpentane
§ Gly-Sar Glycyl-sarcosine | 29816-01-1 Sigma, G3127
o
= Alanyl-lysine Sigma, A2003
o Ala-Lys YRS 68973-27-3 2
S hydrochloride
2 L-alanyl-L- Sigma, A9502
w Ala-Ala . 1948-31-8
alanine
Ala-Gly Alanyl-glycine 687-69-4 Sigma, A0878

2.7.4 Proton Nuclear Magnetic Resonance ("H NMR)

Polymers were dissolved in deuterated dimethyl sulfoxide (d6-DMSO) (Sigma, 716731) at 100
mg/mL. Polymer solutions were transferred to 178 mm NMR tubes (Norell, 507-HP-7) and
spectra were acquired using the 500 MHz Avance III™ NMR Spectrometer (Bruker). Data
were processed using the MestReNova software (MestRelab Research, version 14.3.3). NMR

spectra acquisition and processing was performed by Leigh-Anne Gavin.

2.8 Non-viral mRNA transfection of cell lines, submerged and ALI

cultured primary HBECs

Twenty-four hours prior to transfection, cells were seeded in PureCol® bovine collagen (30
Mg/mL) coated 96-well plates/transwell inserts/8-well chamber slides using the appropriate cell
culture medium detailed in Table 2.2. Specifically, cells were seeded at 12,000 cells/well of a
96-well plate in 100 yL volume per well, 30,000 cells/transwell insert in 200 uL volume per
transwell insert, 50,000 cells/well of an 8-well chamber slide in 200 pL volume per well. Before

cell transfection, appropriate fresh media was added to the cells (Table 2.2). mMRNAs used in
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this thesis are listed in Table 2.4. Firefly Luciferase (FLuc) MRNA transfections were performed
in cells seeded in 96-well white bottom plates (Corning, 3917) and in transwell inserts. Cyanine
5-tagged mRNA encoding Green Fluorescent Protein (Cy5-GFP) and GFP mRNA
transfections were performed in cells seeded in 8-well chamber slides (Thermo Fisher
Scientific, 154534) and transwell inserts. FOXJ1 mRNA transfections were performed in cells
seeded in 96-well clear bottom plates (Corning, 3596), transwell inserts and 8-well chamber

slides.

For transfection experiments performed in peptide-supplemented media, Gly-Sar dipeptide
was prepared at a concentration of 3 ug/mL in appropriate cell culture media, whereas Ala-

Lys dipeptide was prepared at a concentration of 4 ug/mL in appropriate cell culture media.

Table 2.4 Commercial mRNAs used in transfection experiments.

Stock Supplier, Structural
mRNA
concentration Catalog number components
FLuc (1929 Cap1, polyadenylated,
_ 1 mg/mL TriLink, L-7202
nucleotides) 5moU
Cap1, polyadenylated,
FLuc 1 mg/mL OzBiosciences, MRNA12
5moU
. Cap0, polyadenylated,
FLuc 1 mg/mL RiboPro, RB-015
no modification
ARCA,
FLuc 1 mg/mL ApexBio, R1005
polyadenylated, 5SmoU
” Cap1, polyadenylated,
Cy5-GFP 1 mg/mL Trilink, 7701-100
5moU
GFP (996 Cap1, polyadenylated,
(_ 1 mg/mL TriLink, L-7201 P POl Y
nucleotides) 5moU
FOXJ1 (1709 OzBiosciencces, custom Cap1, polyadenylated,
. 1 mg/mL , SmoU
nucleotides) synthesised
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mRNA was diluted in nuclease-free water (Invitrogen, 11538646) to the desired concentration
(50/100/200 ng per well). For PBAE transfections, branched PBAE was used in transfection
experiments described in Chapters 3 and 4, whereas linear PBAEs and peptide-modified
PBAEs were used in Chapter 5. Unless specified, PBAE stock solutions, originally at 100
mg/mL in DMSO, were thawed at room temperature for 15 minutes and diluted to a
concentration of 50 mg/mL in DMSO (Sigma, 276855). Next, PBAEs were diluted in
appropriate buffer and concentration as shown in Table 2.5. PBAEs were further diluted at
appropriate polymer to mRNA mass ratio as demonstrated in Table 2.5, and then complexed
with diluted mRNA at 1:1 ratio. Formulations were mixed gently by pipetting up and down 5
times and incubated at room temperature for 10 minutes. For the 100 mM sodium acetate
buffer (NaOAc) (Sigma, S7899) formulation, branched PBAE was diluted in 100 mM NaOAc,
then complexed with mRNA (1:1) and polyplexes subsequently diluted in PBS at a 1:4 ratio,
resulting in a final NaOAc concentration of 25 mM.

Table 2.5 PBAE formulations.

Buffer formulation — PBAE:mRNA

Chapter PBAE
PBAE concentration mass ratio

e PBS - 10 mg/mL (Gibco, 14190250)
e NaCl - 10 mg/mL (Sigma, S8776)
Branched PBAE

3 e 25 mM NaOAc - 10 mg/mL (Sigma, 20:1, 50:1
(DD90-118)
S7899)

e 100 mM NaOAc/PBS - 10 mg/mL

Branched PBAE

4 100 mM NaOAc/PBS — 10 mg/mL 50:1
(DD90-118)
Linear PBAEs
5 (DD90-118 1.2, PBS — 1 mg/mL 50:1
DD90-118 1.05)
Peptide-

modified PBAEs
(DD90-Gly-Sar,
5 PBS — 1 mg/mL 50:1
DD90-Ala-Lys,
DD90-Ala-Ala,

DD90-Ala-Gly)
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For transfection experiments using the commercial transfection reagent jetMESSENGER®
(Polyplus, 101000005), the supplier's recommended protocol was followed. Briefly, mRNA
was diluted in mRNA buffer provided with the kit to the desired concentration, and then
jetMESSENGER reagent was added to the mixture and mixed gently by pipetting up and
down. The formulations were incubated at room temperature for 15 minutes before
transfection. jetMESSENGER formulations were prepared at a ratio of 0.5 : 50 : 1 [MRNA (pg)
: mRNA buffer (uL) : jetMESSENGER (pL)] according to the suppliers protocol.

Lipofectamine 2000 (Invitrogen, 11668030) was prepared at 4 to 1 ratio of Lipofectamine 2000
to mRNA in OptiMEM Reduced Serum Media (Gibco, 319850700). Subsequently, diluted
mRNA was combined equally with the diluted Lipofectamine 2000. After a gentle mix, the

formulations were incubated at room temperature for 5 minutes before transfection.

The commercial transfection reagent jetPEI® (Polyplus, 101000053) was prepared according
to the manufacturer’s guidelines. Briefly, mMRNA was diluted in an appropriate volume of 150
mM NaCl buffer provided with the kit. In another tube, jetPEI reagent was diluted in 150 mM
NaCl. The diluted jetPEI was then added to the diluted mMRNA and mixed gently by pipetting
up and down. The formulations were incubated for 30 minutes at room temperature before
transfection. jetPEI formulations were prepared at a ratio of 1 : 50 : 2 : 50 [MRNA (ug) : NaCl
buffer (uL) : jetPEI reagent (uL) : NaCl buffer (uL)] according to the suppliers protocol.

For transfections using naked mRNA, mRNA was diluted at the desired concentration in sterile
nuclease-free water and then added to the cells. Vector-only controls were prepared at the
appropriate mass ratio as shown in Table 2.5 and then combined in a 1:1 ratio with sterile

nuclease free water before adding to cells.

For transfections in 96-well plates, each transfection reagent was prepared at a concentration
of 50/100/200 ng mRNA/15 uL. 15 uL of complexes was then added to each well, bringing the
total medium volume to 150 L. For transfections in 8-well chamber slides or transwell inserts,
each transfection reagent was prepared at a concentration of 100/200 ng mRNA/30 uL. 30 uL

of complexes was then added to each well, bringing the total medium volume to 200 pL.

Four hours after transfection, the existing cell culture media with complexes was discarded
and replaced with fresh, pre-warmed media suitable for the specific cell type (Table 2.2). Cells
were returned to a humidified incubator at 37°C with 5% CO- until further post-transfection

assays.
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2.9 Non-viral vector/mRNA particles characterisation

2.9.1 Dynamic Light Scattering (DLS)

Particles were prepared as described in methods for non-viral mRNA transfections (section
2.8). The size and zeta potential of the particles was determined by DLS using a Zetasizer
NanoZSP (Malvern Instruments). For size measurements, particles were diluted 1 in 10 in
deionised water (final volume 100 uL) and added to disposable sizing cuvettes (VWR, 612-
5686) for analysis. For zeta potential measurements, particles were diluted 1in 10 in deionised
water (final volume 600 pL) and added to disposable zeta cuvettes (Malvern, DTS1070) for

analysis.

2.9.2 mRNA encapsulation efficiency assay

mMRNA encapsulation efficiency was determined using the Quant-iT™ RiboGreen™ RNA Kit
(Invitrogen, R11490) following the manufacturer’s protocol with slight modification. TE working
solution was prepared by diluting the concentrated buffer provided with the kit 20-fold with
nuclease-free water. Quant-iT™ RiboGreen™ RNA reagent was prepared by diluting the
concentrated stock solution 200-fold with TE working solution. Unformulated mRNA solution
at 2 yg/mL in TE working solution was further diluted to prepare the mRNA standard curve
according to the supplier’s instructions. Particles were prepared as described in section 2.8 to
a final mRNA concentration of 2 pg/mL. Particles were diluted in TE to a final volume of 500
uL, followed by 1:1 addition of Quant-iT™ RiboGreen™ RNA reagent working solution.
Thereafter, the mixture was centrifuged at 8000 x g for 5 minutes to pellet the particles and
100 uL of supernatant was transferred to a black bottom 96-well plate. Fluorescence of
samples and mRNA standard curve was measured using the SpectraMax® i3 plate reader
(Molecular Devices) at 480 nm excitation and 520 nm emission. The maximum fluorescence
signal came from the free non-encapsulated mRNA positive control (0% encapsulation

efficiency). Percentage encapsulation efficiency was calculated using the following formula:

mRNA encapsulation ef ficiency

1 (sample fluorescence — negative control fluorescence)
B positive control fluorescence
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2.9.3 Gel electrophoresis

Particles were formulated to a final MRNA concentration of 200 ng in 200 pL volume following
the method outlined in section 2.8. 20 uL of particles or naked mRNA was loaded into an E-
gel™ Ex 2 % Agarose Gel (Invitrogen, G401002). The Riboruler™ High RNA ladder
(ThermoFisher Scientific, SM1821) was also loaded as reference. The E-Gel™ Power Snap
Electrophoresis System (Invitrogen, G8300) was run for 15 minutes. The gels were imaged

using the iBright 1500 system (Invitrogen).
2.10 Biological assays

2.10.1 Luminescence assay & luciferase protein quantification

The BrightGlo™ Luciferase Assay System (Promega, E2620) was used to assay
luminescence in FLuc mRNA transfected primary HBECs. The BrightGlo™ reagent was
thawed at room temperature and mixed equally with 1X PBS. After preparing the
BrightGlo™/PBS mix, 100 uL was added to each well of a 96-well plate for submerged cultured
cells. The plate was covered and incubated at room temperature for 5 minutes to allow
complete cell lysis and stabilisation of the luminescent signal. Luminescence was then
measured using the SpectraMax® i3 plate reader (Molecular Devices), with an integration
duration of 10000 milliseconds. For luciferase protein quantification, a calibration curve was
generated using serially diluted QuantiLum® Recombinant Luciferase (Promega, E1701) in
BrightGlo™ reagent. The luminescence readings of both the samples and the standard curves
were taken simultaneously, and the luciferase protein quantities were interpolated from the

standard curve of the QuantiLum® Recombinant Luciferase.

FLuc mRNA transfected cells cultured at ALl were detached from transwell inserts using
TrypLE (section 2.3). The cell suspension was centrifuged at 1500 rpm for 5 minutes to pellet
the cells. The pellet was resuspended in 150 uL reporter lysis buffer (Promega, E3971). The
tubes with resuspended cells were frozen at -80°C and then thawed once. After a brief 10-15
second vortex, the tubes were centrifuged at 1500 rpm for 3 minutes. Post-centrifugation, cells
were lysed, releasing their intracellular proteins into the supernatant. 50 uL of supernatant was
transferred to a white-bottom 96-well plate for the BrightGlo™ assay described above. 50 pL
of BrightGlo™ reagent was added to each well and after 5 minutes of incubation luminescence
was measured. 25 uL of supernatant was used to quantify total protein concentration in lysates
(section 2.10.4).
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2.10.2 Cytotoxicity assay

The Lactate Dehydrogenase (LDH) assay (Roche, 11644793001) was used to assess cellular
cytotoxicity following the supplier’s protocol. Briefly, culture supernatants were collected, then
mixed with a reaction mixture, and incubated for 10 minutes at 37°C. Absorbance was
measured at 490 nm wavelength using the SpectraMax® i3 plate reader (Molecular Devices).
The following controls were included in each experiment; positive control: cells treated with
1% Triton-X-100 (Sigma, T8787) in the relevant cell culture medium for 4 hours to induce
maximum LDH release, negative control: relevant cell culture medium alone (without cells),
spontaneous LDH release control: untreated cells. The following modified formula was used
to calculate % LDH release in the samples relative to the positive control (100% cell death-

cytotoxicity):

(Sample absorbance — Negative control absorbance)
LDH release = — - * 100
(Positive control absorbance — Negative control absorbance)

2.10.3 Cell viability assay

Cell viability was assessed using the PrestoBlue cell viability reagent (Invitrogen, A13261)
according to the supplier’s protocol. A mixture of PrestoBlue reagent and appropriate pre-
warmed cell culture media was prepared at a 9:1 ratio. This diluted reagent was then added
into a 96-well plate containing the cells. The plate was incubated for 30 minutes at 37°C and
5% CO- in a humidified incubator. To minimise light interference, the plate was covered during
the incubation period. After incubation, fluorescence measurements were obtained using the
SpectraMax® i3 plate reader (Molecular Devices) at excitation and emission wavelengths of
560 nm and 590 nm, respectively. To account for background fluorescence, the measurements
obtained from the negative control wells containing only media (no cells) and reagent were
substracted from the fluorescence readings of each experimental well. The cell viability was
calculated as a percentage relative to the viability of non-transfected cells (100% cell viability),

using the following formula:

Cell viability

(Sample fluorescence — Negative control fluorescence)

= 100
(Non — transfected cell fluorescence — Negative control fluorescence) i
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2.10.4 Protein quantification

The Pierce™ BCA protein assay kit (Thermo Fisher Scientific, 23227) was used to determine
protein concentration in cell lysates according to the supplier’s protocol. The bicinchoninic acid
(BCA) working reagent was prepared by mixing reagent A and B in a ratio of 50:1. Next, a
protein standard curve was prepared by diluting the provided protein standard to produce a
series of known concentrations. 25 pL of each standard and sample was added to each well
of a 96-well plate. 200 pL of the prepared BCA working reagent was added to each standard
and sample. All standards and samples were run in ftriplicates. Solutions were mixed
thoroughly and incubated at 37°C for 30 minutes, allowed to cool to room temperature and
absorbance was measured at a wavelength of 562 nm using the SpectraMax® i3 plate reader
(Molecular Devices). The protein concentrations of the samples were interpolated from the

standard curve.
2.11 Gene expression analysis

2.11.1 Cell harvesting & RNA isolation

Cells were lysed in RLT Plus buffer with 1% 2-mercaptoethanol (100 uL/well of a 96-well plate
for submerged cultured cells, 200 pL/transwell insert for ALI cultured cells). RNA was extracted
using the RNeasy Micro Plus kit (Qiagen, 74034) according to the manufacturer’s protocol.
RNA concentration and purity were evaluated using the NanoDrop™ 1000 spectrophotometer

(Thermo Fisher Scientific). RNA samples were stored at -80°C.

2.11.2 cDNA synthesis

RNA (10 uL/reaction) was reverse transcribed into complementary DNA (cDNA) using the
High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, 4374966) according
to the supplier’s protocol. Table 2.6 shows the components needed to prepare the reverse
transcription master mix. The thermal cycler conditions are summarised in Table 2.7. cDNA

samples were diluted in nuclease-free water (1:4 dilution) and stored at -20°C.
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Table 2.6 cDNA synthesis reactions.

Component Volume/reaction (uL)
10X RT buffer 2

25X dNTP mix 0.8

10X RT random primers 2

Reverse transcriptase 1
Nuclease-free water 4.2

Total per reaction 10

Table 2.7 Thermal cycler conditions for cDNA synthesis.

Step 1 Step 2 Step 3 Step 4
Temperature (°C) 25 37 85 4
Time 10 minutes 120 minutes 5 minutes 0

2.11.3 Quantitative polymerase chain reaction (qQPCR)

gPCR reactions were prepared using TagMan™ FAM probes (Thermo Fisher Scientific) and
Fast Advanced Master Mix (Thermo Fisher Scientific, 4444557) (Table 2.8). TagMan™ assay
IDs used throughout the thesis are listed on Table 2.9. All conditions were run in duplicates in
a 384-well format using the ViiA™ 7 Real-Time PCR System (Thermo Fisher Scientific,
Software version 1.2.3) following the supplier’'s recommended settings (Table 2.10). The
QuantStudio™ Real-Time PCR software (Thermo Fisher Scientific, Software version 1.7.2)
was used to determine cycle threshold (CT) values. Relative expression of each gene was
calculated using the following formula. Actin beta (ACTB) was used as the housekeeping

gene.
Relative Expression = 274¢T

Where ACT = CT (gene of interest) — CT (housekeeping gene)
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Table 2.8 Reaction set-up for qPCR.

Component Volume per well (uL)
Fast Advanced Master Mix 3.0
TagMan™ FAM probe 0.3
Nuclease-free water 0.3
Diluted cDNA 24

Table 2.9 Human TagMan™ gene expression assays.

Gene symbol Gene name TagMan™ Assay ID
ACTB Actin beta Hs01060665_g1
SCGB1A1 Secretoglobin family 1A member 1 Hs00171092_m1
KRTS Keratin 5 Hs00361185_m1
FOXJ1 Forkhead box protein J1 Hs00230964_m1
MUCSAC Mucin 5AC Hs01365616_m1
MUC5B Mucin 5B Hs00861595_m1
TJP1 Tight junction protein 1 Hs01551861_m1
CDH1 Cadherin 1 Hs01023895_m1
OCLN Occludin Hs05465837_g1
SLC15A2 Solute carrier family 15 member 2 Hs01113665_m1
CETN2 Centrin 2 Hs00942570_g1
DNAH11 Dynein axonemal heavy chain 11 Hs00361951_m1
DNALI1 Dynein axonemal light intermediate chain 1 Hs00185750_m1
DYNC2H1 Dynein cytoplasmic 2 heavy chain 1 Hs00300261_m1
RFX2 Regulatory factor X2 Hs00172177_mA1
RFX3 Regulatory factor X3 Hs00231292_m1
RSPH9 Radial spoke head component 9 Hs01040988 m1
TUBA1A Tubulin alpha 1a Hs03045184_g1

Table 2.10 Thermal cycler conditions for qPCR.

PCR (40 cycles)

Hold Hold Denature Anneal/extend
Temperature 50°C 95°C 95°C 60°C
Time
02:00 00:20 00:01 00:20
(minutes:seconds)
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2.12 Characterisation of peptide transporter 2 in primary HBECs

2.12.1 Uptake of Ala-Lys-AMCA dipeptide

The fluorescence dipeptide Ala-Lys-AMCA (MedChemExpress, HY-111956B) was prepared at
concentrations of 50 yM, 100 uM and 200 uM in PBS. Primary HBECs were exposed to 3
different concentrations of Ala-Lyc-AMCA dipeptide (100 uL/well). After 1 hour incubation at
37°C, the uptake of dipeptide was terminated by washing the cells three times with ice-cold
PBS. Fluorescence was measured using the SpectraMax® i3 plate reader (Molecular

Devices) with excitation at 350 nm and emission at 455 nm.

2.12.2 Exposure to Cefadroxil

Cefadroxil (ApexBio, C3991-APE) was prepared at concentration of 1 mM in appropriate cell
culture medium (Table 2.2). Primary HBECs were pre-incubated with Cefadroxil (100 pL/well)
for 10-60 minutes at 37°C prior to exposure to Ala-Lys-AMCA dipeptide as described in section
2.12.1 above. Alternatively, primary HBECs were pre-incubated with 1 mM Cefadroxil for 20
minutes at 37°C prior to transfection with peptide-modified PBAEs or transfected with peptide-
modified PBAEs in media containing 1 mM Cefadroxil. Transfection of primary HBECs with
peptide-modified PBAEs is described in section 2.8.

2.13 Immunofluorescence

2.13.1 Fixation

Cells were fixed with 4% PFA in PBS (200 uL per well in 8-well chamber slides, 200 uL per
transwell insert) for 20 minutes at room temperature and washed three times with 1X PBS.

Fixed cells were stored in PBS at 4°C until staining.

2.13.2 Immunofluorescence staining
2.13.2.1 Submerged cells on 8-well chamber slides

Fixed cells were permeabilised and blocked with 10% appropriate serum (normal goat serum:
Abcam - ab7481, normal donkey serum: Abcam - ab7475) and 0.1% Triton X-100 (Sigma,
8787) in 1X PBS for 1 hour at room temperature. The serum of the species in which the
secondary antibody was raised in was utilised. Permeabilisation/blocking step was followed
by three five-minute washes in 1X PBS. Cells were incubated with primary antibodies diluted
in 1% BSA (Sigma Aldrich, A7030) in PBS overnight at 4°C. Cells were washed with 1X PBS
and icubated with secondary antibodies diluted in 1% BSA in 1X PBS for 1 hour at room

temperature and protected from light. Following secondary antibody staining, cells were
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washed three times in 1X PBS and counterstained with DAPI (Invitrogen, D1306) diluted
1:2000 in 1X PBS for 10 minutes at room temperature in the dark. Lastly, the chamber was
removed, and cells were mounted using ProLong™ Diamond Antifade Mountant (Invitrogen,
P36961) and a coverslip. Slides were allowed to cure at room temperature for 24 hours before
imaging or longer-term storage at 4°C and protected from light. A list of antibodies used for

immunofluorescence staining experiments in this thesis is shown in Table 2.11.

2.13.2.2 Primary HBECs cultured at ALI (wholemount)

Cells seeded on transwell inserts were permeabilised, blocked and stained as described in
section 2.13.2.1 above. Following DAPI staining, the membrane was cut from each transwell
insert using a scalpel and mounted on a glass slide using ProLong™ Diamond Antifade
Mountant and a coverslip. Slides were cured overnight in the dark at room temperature before

imaging or storage at 4°C and protected from light.
2.13.2.3 Primary HBECs cultured at ALI (cross-sections)

Prior to permeabilisation and blocking, paraffin-embedded sections were passed through two
changes of D-Limonene (Gentaclear, 433C) for 5 minutes each. Sections were rehydrated by
sequentially immersing them in ethanol solutions of diminishing concentration: 100%, 90%,
and 70%, each for a duration of 1 minute, and subsequently in PBS. For heat-induced antigen
retrieval, slides were immersed in a 90°C EDTA buffer solution (1mM EDTA, pH 8, Sigma,
3690) and were kept covered during the 30-minute incubation period. ALI cross-sections
underwent permeabilisation, blocking, and staining as detailed in section 2.13.2.1 above.
Sections were mounted using ProLong™ Diamond Antifade Mountant. Before imaging or

storage at 4°C, slides were given 24 hours to cure at room temperature protected from light.

2.13.3 Image acquisition and quantification

Fluorescence images were acquired using Leica SP5 inverted confocal microscope or Aperio
VERSA 8 slide scanner. Images were processed using Imaged software for cropping,
brightness and contrast adjustments and addition of scale bars. In addition, the counting
macro and automatic quantification setting of ImagedJ software was used to count the number
of positive cells for each marker of interest as well as the total number of cells (DAPI positive

nuclei) in each image.
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Table 2.11 Antibodies used for immunofluorescence staining experiments.

Marker Host/Clone Supplier, Fluorochrome | Dilution
Catalog number
Primary antibodies
Acetylated alpha Mouse/6-11B-1 |  Abcam, ab24610 unconjugated | 1:100
tubulin
Mucin 5AC (MUC5AC) | Rabbit/polyclonal Abcam, ab78660 unconjugated 1:100
. Rabbit / : :
Cytokeratin 5 (KRT5) EP1601Y Abcam, ab52635 unconjugated 1:100
Thermo Fisher
Zonula occludens 1 Mouse/Z0O1- o . .
(Z0-1) 1A12 Scientific, 33-9100 unconjugated 1:100
Forkhead box protein R&D systems, . ,
J1 (FOXJ1) Goat/polyclonal AF3619 unconjugated 1:100
Uteroglobulin/
Secretoglobin family R&D systems, . ,
1A member 1 Rat/394324 MAB4218 unconjugated 1:100
(SCGB1A1)
Peptide transporter 2 . Novus Biologicals, . .
(PEPT2) Rabbit/polyclonal NBP1-59626 unconjugated 1:250
Secondary antibodies
Goat anti-rabbit IgG Thermo Fisher Scientific, A21428 Alexa Fluor 555 1:500
Goat anti-rabbit IgG Thermo Fisher Scientific, A11008 Alexa Fluor 488 1:500
Goat anti-mouse IgG Thermo Fisher Scientific, A11001 Alexa Fluor 488 1:500
Goat anti-mouse IgG Thermo Fisher Scientific, A21422 Alexa Fluor 555 1:500
Goat anti-rat IgG Thermo Fisher Scientific, A11006 Alexa Fluor 488 1:500
Goat anti-rat IgG Thermo Fisher Scientific, A21434 Alexa Fluor 555 1:500
H ™
Donkey anti-goat IgG R&D systems, NLOO1 Northerhts 1:200
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2.14 Statistical Analysis

Data analyses and graph generation were performed using GraphPad Prism (software version
9.5.1). Data are primarily presented as mean + standard deviation (SD), with detailed data
representation provided in figure legends. Individual data points are shown where possible.
Data distribution was evaluated using the D-Agostino-Pearson normality test. Parametric
analyses, such as One-way ANOVA, were employed for data following a Gaussian distribution.
Non-parametric analyses, such as Kruskal-Wallis test, were used for data that did not adhere
to this distribution. The specific statistical test employed for each experiment is indicated in
the corresponding figure legend, with P values < 0.05 considered statistically significant. The
number of technical and biological replicates used for each experiment is specified in the figure

legend. Statistical analysis was not feasible for data with only three technical replicates.
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3 Results | - Evaluating reporter mRNA delivery to
primary HBECs using non-viral vectors and its impact
on epithelial integrity and differentiation
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3.1 Introduction

3.1.1 PBAEs for mRNA delivery to the lung

mRNA-mediated transgene overexpression is an emerging and powerful tool for
understanding gene function and developing novel therapies for a variety of diseases*®.
However, one of the significant challenges in its application is the inherent instability of mMRNA
and its susceptibility to degradation by RNases*®®. These obstacles hinder effective delivery
into cells. To address these challenges, advanced delivery methods are essential to protect
mRNA from degradation by RNases, promote cellular uptake, and facilitate endosomal

escape.

Among non-viral delivery methods, PBAEs have gained attention as effective vehicles for
mRNA delivery due to their unique properties*®. PBAEs are cationic polymers capable of
condensing mRNA into nanoparticles, which facilitates cellular uptake and protects mRNA
from degradation*®”¢8. PBAEs are also biodegradable and can be synthesised easily using
commercially available monomers*®’. Their application in pulmonary mRNA delivery has
shown significant results. For instance, intravenous injection of PBAE-mRNA complexes has
achieved mRNA delivery to mouse lungs*®®*"". PBAEs are also physically and chemically
versatile, allowing modifications in their structure, molecular weight, and end-cap
chemistry*’247®_ These modifications can influence key properties like solubility, stability, and
transfection efficiency. For example, Patel et al. demonstrated that structural manipulation of
PBAEs to create branched polymers enhanced their solubility, which is an important property
for nebulised delivery of mRNA to lung epithelium in mice*®*. These branched PBAEs
remained stable and achieved higher transfection efficiency with minimal toxicity following
inhalation, compared to linear PBAEs and the commercial vector PEI. However, the use of
branched PBAEs in mRNA delivery to primary HBECs has not been explored. This study
aimed to address this gap by evaluating the potential of branched PBAEs as mRNA delivery
vectors for HBECs.

3.1.2 Optimising formulations of non-viral vectors to improve in vitro

performance

Gene delivery efficacy is highly dependent on both the intrinsic characteristics of the delivery

474 A crucial factor in this process

vector and the careful optimisation of formulation parameters
is the mass ratio of PBAE to mRNA, which indicates the charge ratio between the positively
charged polymer and the negatively charged mRNA. The ratio influences various aspects of
gene delivery, including the binding strength between PBAE and mRNA, the stability and

cellular uptake of the polyplexes formed, and their cytotoxicity*’>*"8. A higher PBAE
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concentration may lead to increased polymer-related cytotoxicity, while a low PBAE
concentration may not be sufficient to form stable nanoparticles. Studies have shown that the
optimal PBAE to nucleic acid mass ratio varies depending on both the cell type and the nucleic
acid delivered. For example, Patel et al. found that a 50:1 PBAE to mRNA mass ratio was
most effective for gene delivery to A549 alveolar epithelial cell line*®®, whereas Fornaguera et
al., found a 25:1 ratio optimal for gene delivery to BEAS-2B and ARPE-19 cell lines*”®.
Therefore, it is crucial to optimise the PBAE to mRNA mass ratio for each gene delivery
application. This can be achieved by evaluating factors like mRNA encapsulation efficiency,
transfection efficiency, and cytotoxicity of polyplexes prepared with different PBAE to mRNA

mass ratios.

Buffer selection is another vital factor in formulating PBAE nanoparticles. The ionic strength
and pH of the buffer can affect the nanoparticles’ physicochemical properties, such as size,
charge, stability, which can impact transfection efficiency*®°. For instance, Chivu et al. showed
that nanoparticles formulated at pH 7.4 had higher zeta potential (surface charge) and cellular

uptake than those formulated at pH 12

. Given PBAEs’ susceptibility to degradation in
aqueous solution, they are often formulated in a low-salt, acidic pH 5 sodium acetate (NaOAc)
buffer to maintain the charge of the tertiary amines for complexation with mRNA**2, While this
buffer system is widely used, alternatives like magnesium and calcium acetate buffers have
also shown promising transfection efficiencies*®®. However, the effectiveness of PBAEs in

physiological pH 7.4 PBS or NaCl buffer remains unclear.

The physicochemical properties of polymeric nanoparticles, such as size and surface charge,
are crucial for successful mRNA transfection*®*%_ The optimal size for endocytosis and
cellular uptake is typically between 100-200 nm**°. The surface charge influences both the
stability of polyplexes and their interaction with negatively charged cellular membranes*®.
PBAE/mRNA polyplexes with a moderate positive charge facilitate electrostatic interactions
with cell membranes, promoting cellular uptake. However, an excessively high positive charge

491

can lead to cytotoxicity™'. Therefore, carefully balancing the size and charge of these

polyplexes is essential for maximizing transfection efficiency while minimizing cytotoxicity.

This project investigated the ability of branched PBAEs to deliver mRNA to primary HBECs
and optimise their formulations (PBAE to mRNA mass ratio and buffer formulation) to achieve
stable, positively charged nanoparticles below 200 nm in size for efficient delivery.
Nanoparticles were formulated in different buffers (NaOAc, PBS, NaCl, and NaOAc/PBS) at
20:1 or 50:1 PBAE to mRNA mass ratios. Critical parameters such as mRNA condensation,
polyplex size, surface charge, and stability were assessed to determine their collective impact

on transfection efficiency.
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3.1.3 ALI culture model

As previously mentioned in section 1.4.2, culturing primary HBECs at ALl leads to the
formation of a polarised, pseudostratified columnar epithelium, composed of ciliated and
secretory cells. ALl cultures address the limitations of traditional submerged monolayer
models for culturing HBEC. Monolayer models fail to replicate key features of a differentiated
airway epithelium, such as cellular composition, mucus production and secretion, and barrier
function*®. In contrast, ALI cultures effectively mimic these characteristics. Furthermore,
differentiated ALI cultures closely resemble the in vivo airway epithelium at transcriptional
level, making them a valuable in vitro tool for investigating the molecular mechanisms behind
HBEC differentiation and function*®*=*%°>. Additionally, they provide a platform for manipulating
gene expression, allowing researchers to model diseases or test potential therapeutic

applications.

3.1.4 Gene delivery to ALl cultures

Manipulating gene expression in primary HBECs provides a powerful tool for investigating
gene functions, understanding disease pathogenesis, and identifying potential therapeutic
targets. However, despite advancements in nucleic acid technologies, gene manipulation in
polarised, pseudostratified differentiated ALI epithelial cultures faces challenges due to

496,497

inefficient delivery of nucleic acid-based reagents (e.g. plasmids , double-stranded

498-501 498,499)

oligonucleotides , and single-stranded oligonucleotides

To overcome the challenges of delivering genes to polarised, pseudostratified, and
differentiated primary airway epithelia, researchers have developed several effective methods.
One such method, known as reverse transfection, involves adding the oligonucleotide
reagents to primary epithelial cells at the seeding stage®'. This method has successfully
reduced gene expression, such as CXCL8 and CFTR, for up to two weeks post-transfection,
without compromising cell viability or epithelial integrity. Another approach, small interfering
RNA (siRNA) passive transfection, relies on adding siRNAs to the basolateral side of ALI
cultures during differentiation®®. This method has been effective in decreasing the expression
of target genes for up to 21 days without affecting differentiation or epithelial barrier resistance.
Additionally, Rapiteanu et al. developed a transient, plasmid- and virus-free CRISPR/Cas9
delivery system for primary HBECs differentiated at ALI, which maintains high gene editing
efficiency and protein depletion for up to 28 days without impacting barrier formation or
differentiation®®. These advances in gene delivery and manipulation techniques have opened
new avenues for exploring the role of genes in biological processes and disease pathogenesis,
modelling airway diseases using the ALI model system, and identifying novel gene targets for

therapeutic interventions.
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Despite the increasing number of human clinical trials using therapeutic mMRNA>*, relatively
little is known about the impact of delivering and translating synthetic mRNA in the lung
epithelium. While many studies have explored the impact of loss-of-function gene approaches
on epithelial integrity and differentiation, there is a lack of research exploring the effects of
synthetic mRNA delivery on the integrity and differentiation of bronchial epithelium in the

published literature.

The aim of this chapter was to optimise branched PBAE formulations (buffer formulation,
PBAE to mRNA mass ratio) to establish mRNA delivery to primary HBECs and determine the
ability of HBECs from healthy individuals to generate protein from synthetic mRNA.
Furthermore, this chapter explored the impact of reporter mRNA delivery on the integrity and

differentiation of primary HBECs cultured at ALI.

3.1.5 Hypothesis and aims

Hypothesis
See page 100.
Aims

1. Optimise branched PBAE formulation (buffer, PBAE to mRNA mass ratio) for efficient

mRNA delivery to primary HBECs, and characterise their mRNA encapsulation
efficiency, size, charge, transfection efficiency and cytotoxicity.
Develop an ALI model of differentiated bronchial epithelium using primary HBECs.
Compare mRNA transfection efficiency of submerged and ALI cultures of primary
HBECSs using branched PBAE.

4. Assess the impact of reporter mRNA transfection on primary HBEC integrity and

differentiation in ALI cultures of primary HBECs.
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3.2. Results

3.2.1 Synthesis of branched DD90-118 based PBAE

Branched PBAE polymers were synthesised by Leigh-Anne Gavin as previously described*®?.
Briefly, PBAEs were synthesised via Michael addition of diacrylate (DD) with primary amine
monomers (90) and end-capped with terminal amines (118). A trifunctional amine was
introduced into the reaction to generate branched PBAE (branched DD90-118) (Figure 3.1A-
B). '"HNMR was performed by Leigh-Anne Gavin to confirm the polymer’s chemical structure

(section 2.7.4, data not shown).

Monomers

DD (acrylate) ‘BB (branching amine) 90 (amine) 118 (end-cap amine)
AL AL |
o o o o ey N HaNo A~ NH;
|

Branched PBAE (branched DD90-118)

o]

% v

0.0

OH

N,,
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Figure 3.1 Synthesis schematic of branched poly (B-amino ester) (PBAE).

(A) Monomers used for branched PBAE (DD90-118) synthesis. (B) Chemical structure of
branched PBAE. Synthesised by Leigh-Anne Gavin (Patel Group).
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3.2.2 Branched PBAE mediates effective delivery of FLuc mRNA to 16HBE and
A549 cell lines

To evaluate the ability of the newly synthesised branched PBAEs in delivering mRNA to airway
epithelial cells, an initial assessment was conducted using the 16HBE cell line and reporter
FLuc mRNA. Previous work by Patel et al. has shown that branched PBAEs are effective in
facilitating the translation of IVT FLuc mRNA in the A549 cell line>*®. Consequently, alongside
16HBE cells, A549 cells were also transfected to serve as a comparator and positive control

in this experiment. Luminescence and cytotoxicity were assessed 24 hours post-transfection.

Transfection efficiency as measured by luminescence is shown in Figure 3.2A and 3.2C.
16HBE and A549 cells were successfully transfected with FLuc mRNA complexed with
branched PBAE (16HBE: 3.1x10° RLU + 6.9x10%, A549: 3.4x10* RLU + 8.6x10%). In both cell

types, naked FLuc mRNA transfection was inefficient.

To evaluate the cytotoxicity of FLuc mRNA transfection in both 16HBE and A549 cells, an
LDH release assay was performed on cell culture supernatants at 24 hours post-transfection
(Figure 3.2B, 3.2D respectively). Both 16HBE and A549 cells showed a slight increase in LDH

release following transfection with branched PBAE.

This data indicated that branched PBAE polymers effectively facilitated the translation of FLuc
mMRNA in both the A549 cell line, consistent with previous studies, and the 16HBE cell line.
Data generated also showed that branched PBAE/FLuc mRNA transfection was well-tolerated
in both cell lines. Given the project’s aim to investigate mRNA delivery in bronchial epithelial

cells, all subsequent optimisation experiments were focused exclusively in 16HBE cells.
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Figure 3.2 Transfection efficiency of branched poly (B-amino ester) (PBAE) on 16 human
bronchial epithelial (16HBE) and A549 lung alveolar epithelial cell lines.

Firefly luciferase (FLuc) mRNA was complexed with branched PBAE or delivered naked to
16HBE and A549 cells. Luminescence was assessed 24 hours post-transfection in (A) 16HBE
and (C) A549. Cytotoxicity measured by percentage lactate dehydrogenase (LDH) release in
supernatants was assessed 24 hours post-transfection in (B) 16HBE and (D) A549. Dotted line
indicates 100% LDH release of positive control cells treated with 1% Triton-X-100 and cytotoxicity
was calculated relative to this control. Data represents mean + SD. n = 3 technical replicates.
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3.2.3 Determining the optimal DMSO concentration of dissolved PBAEs for

transfection of 16HBE cells

To determine the optimal concentration of DMSO that ensures both high transfection efficiency
and viability in 16HBE cells, branched PBAEs were prepared in concentrations of 25 mg/mL,
50 mg/mL, and 100 mg/mL DMSO. These solutions were then complexed with FLuc mRNA
for transfection into 16HBE cells. While DMSO is essential for dissolving the polymer and thus
enhancing transfection efficiency, its high concentrations can be toxic to cells®®.
Luminescence and cell viability were monitored over a 72-hour period following transfection.

The commercial transfection reagent Lipofectamine 2000 was used as a positive control.

Transfection efficiency, as determined by luminescence, is shown in Figure 3.3A. Peak
luminescence was observed at 24 hours post-transfection across all DMSO concentrations
tested in cells transfected with PBAE. Naked FLuc mRNA transfection was ineffective. In
contrast, cells transfected with Lipofectamine 2000, reached peak luminescence at 6 hours

post-transfection.

This experiment also evaluated the effect of non-viral FLuc mRNA transfection on cell viability
(Figure 3.3B). Lipofectamine 2000 transfection resulted in a reduction in cell viability from 24-
72 hours post-transfection (>50%) compared to non-transfected cells. PBAE transfection led
to a lesser decrease in cell viability (<50%) within the same timeframe (Figure 3.3B).
Interestingly, transfection with PBAEs alone or naked mRNA maintained relatively stable
viability levels, suggesting that the observed decline in cell viability might be due to the entry
of MRNA/PBAE or mRNA/Lipofectamine 2000 polyplexes into the cells, or possibly due to the

exogenous protein expression.

In summary, DMSO concentrations ranging from 25-100 mg/mL were found to be well-
tolerated with comparable cell viability and transfection efficiency. Therefore, a concentration
of 50 mg/mL DMSO was selected for subsequent experiments. This flexibility in DMSO
concentration is valuable, as it can be adjusted to address potential solubility or toxicity

challenges in future experiments.
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Figure 3.3 Optimal dimethyl sulfoxide (DMSO) concentration of dissolved branched
poly (B-amino ester) (PBAE).

Firefly luciferase (FLuc) mMRNA was complexed with branched PBAE formulated at three
different DMSO concentrations (25, 50, 100 mg/mL), or commercial transfection reagent
Lipofectamine 2000 (L2000), or delivered naked to 16 human bronchial epithelial (16HBE)
cells. (A) Luminescence was assessed over 72 hours post-transfection. (B) Cell viability over
72 hours post-transfection was assessed using the Presto Blue cell viability assay. Data
represents mean + SD. n = 3 technical replicates.
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3.2.4 Reporter mRNA transfection does not affect tight junction integrity in

16HBE confluent monolayers

16HBE cell line is a widely used model for studying epithelial barrier function due to its ability
to form a polarised cell layer with tight junctions®"°%, To determine whether reporter mRNA
delivery affects the permeability of 16HBE confluent monolayers, a FITC-dextran permeability
assay was performed comparing mRNA transfected cells to non-transfected controls. The
paracellular flux of FITC-dextran from the apical to the basal chamber was similar across both
groups 24 hours post-transfection, indicating that mMRNA transfection does not adversely affect

the permeability of the cell monolayers (Figure 3.4A).

Upon establishing tight junction formation in confluent 16HBE monolayers,
immunofluorescence staining for the tight junction protein ZO-1 was performed, revealing no
differences in the localisation of ZO-1 in mMRNA transfected cells compared to non-transfected
controls (Figure 3.4B). This indicates that mMRNA transfection does not disrupt tight junctions

in 16HBE monolayers.

Previous findings established that 16HBE cells can be effectively transfected with mRNA
encoding FLuc using non-viral vectors, with no detrimental effects to the cells. While 16HBE
cells are advantageous for optimising transfection conditions due to their ease of growth and
extended lifespan, they lack physiological relevance as they do not fully differentiate into
bronchial epithelium. Consequently, subsequent experiments shifted focus to transfecting
primary HBECs with reporter mMRNA and optimising branched PBAE formulations to establish
mRNA delivery to these cells.
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Figure 3.4 Impact of reporter mRNA transfection on permeability and tight junction
integrity of 16 human bronchial epithelial (16HBE) confluent monolayers.

(A) Permeability was examined by 4 kDA Fluorescein isothiocyanate FITC-Dextran
penetration through 16HBE confluent monolayers following mRNA transfection. Green
fluorescent protein (GFP) mRNA was complexed with branched poly (B-amino ester)
(PBAE) or Lipofectamine 2000 (L2000) and delivered to 16HBE cells. FITC-Dextran
permeability assay was performed 24 hours post-transfection. No-cell control served as a
positive control. Data represents mean + SD. n = 3 technical replicates. (B)
Immunofluorescence staining for tight junction protein, zonula occludens-1 (ZO-1), in non-
transfected and mRNA transfected 16HBE cells. Scale bar: 50 um.
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3.2.5 Branched PBAE formulation affects mMRNA condensation and

encapsulation efficiency

The polymer to mRNA mass ratio, which reflects the charge ratio between negatively charged
mRNA and positively charged polymer, influences mRNA encapsulation efficiency, stability,
cellular uptake, and cytotoxicity of the resulting polyplex*’>*"®. While PBAEs are traditionally
prepared in acidic pH 5 NaOAc buffer to ensure amine charging and facilitate complexation
with anionic mRNA, their susceptibility to degradation in aqueous solution raises concerns
about their sensitivity to storage and nanoparticle preparation conditions*®?. To address this, |
explored alternative buffer systems to the traditional NaOAc buffer for PBAE formulation. |
aimed to optimise branched PBAE formulations (branched PBAE to mRNA mass ratio, buffer
formulation) to achieve stable, positively charged nanoparticles below 200 nm to enable

effective mRNA delivery to primary HBECs.

To confirm the ability of each formulation to complex FLuc mRNA, branched PBAE was
formulated in different buffers (NaOAc, PBS, NaCl, NaOAc/PBS) at various mass ratios (1:1,
10:1, 20:1, 50:1). These formulations were then subjected to agarose gel electrophoresis. As
shown in Figure 3.5, while naked FLuc mRNA migrated through the gel, most PBAE
formulations effectively condensed mRNA, indicated by its reduced migration. mRNA
condensation increased with the polymer-to-mRNA mass ratio, regardless of buffer used
(Figure 3.5A+B).

Branched PBAE formulations at 20:1 and 50:1 mass ratio, which exhibited efficient mRNA
condensation, were selected for further characterisation using the RiboGreen mRNA
encapsulation efficiency assay. As shown in Figure 3.6, most branched PBAE formulations
achieved mRNA encapsulation efficiencies greater than 90%. Notably, the NaCl and
NaOAc/PBS formulations at 50:1 mass ratio showed higher mRNA encapsulation efficiencies
compared to their 20:1 counterpart (NaCl 20:1: 38.6% + 1.5, NaOAc/PBS 20:1: 52.1% + 0.9).
After evaluating the mRNA protection and encapsulation efficiency of various branched PBAE
formulations, their ability to transfect primary HBECs was then assessed. The 20:1 and 50:1
formulations, chosen for their superior mRNA protection, were selected for further

characterisation.
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A Branched PBAE

B Branched PBAE

Na(i)Ac NaOAc/PBS

Figure 3.5 Agarose gel electrophoresis retardation assay.

(A) Branched poly (B-amino ester) (PBAE) formulated in PBS or NaCl buffers at different
PBAE to mRNA mass ratios (1:1,10:1, 20:1, 50:1) was complexed with Firefly luciferase
(FLuc) mRNA and run through gel electrophoresis. (B) Branched PBAE formulated in NaOAc
or NaOAc/PBS buffers at different PBAE to mRNA mass ratios (1:1,10:1, 20:1, 50:1) was
complexed with Firefly luciferase (FLuc) mMRNA and run through gel electrophoresis.
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Figure 3.6 mRNA encapsulation efficiency of branched poly (B-amino ester) PBAE
formulations.

Branched PBAE formulated in PBS, NaCl, NaOAc, NaOAc/PBS buffers at 20:1 or 50:1 PBAE
to mRNA mass ratio was complexed with Firefly luciferase mRNA (FLuc). mRNA
encapsulation efficiency was measured using the RiboGreen assay. Data represents mean
+ SD. n = 3 technical replicates.

3.2.6 Branched PBAE polymer mediates effective delivery of FLuc mRNA to
primary HBECs

In addition to evaluating mRNA condensation and encapsulation efficiency, the study also
assessed the transfection efficiency and toxicity of branched PBAE formulations.
Nanoparticles were formed by complexing branched PBAE complexed with FLuc mRNA at
mass ratios of 20:1 or 50:1 using different buffers: NaOAc, NaCl, PBS, or NaOAc/PBS and
were used to transfect submerged primary HBECs. Luminescence and cytotoxicity were
assayed 24 hours post-transfection. Due to concerns about reduced cell viability following
Lipofectamine 2000 transfection (section 3.2.3), JetMessenger, another commercial

transfection reagent, was employed as a positive control for comparison.

As shown in Figure 3.7A, branched PBAE formulations were effective in transfecting primary
HBECs with FLuc mRNA, with transfection efficiency varying based on the buffer and PBAE
to mRNA mass ratio. PBAE formulated in PBS at 20:1 mass ratio and in NaOAc/PBS at 50:1
mass ratio achieved significantly higher luminescence compared to the other formulations
tested (P<0.0001) (PBS 20:1: 4.1x10° + 1.7x10°, NaOAc/PBS 50:1: 5.1x10°+ 2.5 x10°). Naked
mMRNA failed to produce any detectable luminescence, corroborating the gel electrophoresis
results from section 3.2.5, which showed efficient mRNA condensation by PBAE at these

specific mass ratios.
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The cytotoxicity of FLuc mRNA transfection in primary HBECs was evaluated using an LDH
release assay on cell culture supernatants at 24 hours post-transfection (Figure 3.7B). A
significant increase in LDH release was observed with NaCl formulations (P<0.0001)
compared to non-transfected control cells. In contrast, other formulations did not elevate LDH

release.

Having confirmed successful transfection of primary HBECs with these branched PBAE

formulations, the next step was to characterise their physicochemical properties.
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Figure 3.7 Transfection efficiency and cytotoxicity of branched poly (B-amino ester)
(PBAE) formulations on submerged primary human bronchial epithelial cells (HBECs).

Branched PBAE formulated in PBS, NaCl, NaOAc, NaOAc/PBS buffers at 20:1 or 50:1 PBAE
to mRNA mass ratio was complexed with Firefly luciferase (FLuc) mRNA (50 ng per well) and
delivered to submerged primary HBECs. The commercial transfection reagent JetMessenger
was used as a control. (A) Luminescence was assessed 24 hours post-transfection. (B)
Cytotoxicity measured as percentage lactate dehydrogenase (LDH) release in supernatants
was assessed 24 hours post-transfection. Dotted line indicates 100% LDH release of positive
control cells treated with 1% Triton-X-100 and cytotoxicity was calculated relative to this
control. Data represents mean + SD. N = 2 primary cell donors, with 3 technical replicates
each. Each symbol represents a different donor. Statistics: One-way ANOVA followed by
Dunnett’s multiple comparisons test. **** P<0.0001.
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3.2.7 Branched PBAE formulation affects PBAE/mRNA polyplexes size and zeta
potential

Following the assessment of transfection efficiency and cytotoxicity, the study delved deeper
into the ability of branched PBAE to complex with and condense mRNA by analysing their size
and surface charge. Branched PBAE, formulated in PBS, NaCl, NaOAc, or NaOAc/PBS, was
complexed with FLuc mRNA at mass ratios of 20:1 or 50:1 PBAE to mRNA. DLS was utilised

to determine the size of these polyplexes.

All branched PBAE formulations formed nano-sized polyplexes under 200 nm (Figure 3.8A-
H). Figure 3.8 summarises the detectable sizes of branched PBAE/mRNA polyplexes.
Specifically, polyplexes formulated in PBS and NaCl were larger compared to those in NaOAc
at both tested PBAE to mRNA mass ratios (PBS 20:1 = 87.4 nm, PBS 50:1 = 137.8 nm, NaCl
20:1 = 169.5 nm, NaCl 50:1 = 147.4 nm, NaOAc 20:1 = 51.9 nm, NaOAc 50:1 = 77.1 nm).
Polyplexes formulated in NaOAc/PBS were more compact than those in PBS, resulting in
smaller particle sizes (NaOAc/PBS 20:1 = 72.8 nm, NaOAc/PBS 50:1 = 61.1 nm). PBS or
NaCl formulated polyplexes were unstable, leading to larger particles, whereas those
formulated in NaOAc or NaOAc/PBS were stable.

The surface charge, which is crucial for cellular uptake due to the need for cationic polymer-
based polyplexes to maintain a positive charge for interaction with cell membranes, was also
analysed using DLS. As shown in Figure 3.9, all formulations resulted in the formation of
positively charged nanoparticles, with PBS and PBS/NaOAc formulations showing the highest
zeta potential (PBS 20:1 =38.1 + 3.9 mV, PBS 50:1 =42.6 + 4.2 mV, NaOAc/PBS 20:1 = 35.5
+26.9 mV, NaOAc/PBS = 28.7 + 6.1 mV).

Based on these findings, the NaOAc/PBS formulation at 50:1 PBAE to mRNA mass ratio was
chosen for subsequent studies. This formulation demonstrated superior performance in terms

of size, stability, charge, transfection efficiency and cytotoxicity.
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Figure 3.8 Size characterisation of branched poly (B-amino ester) (PBAE)
formulations complexed with mRNA.

The size in nm of branched PBAE formulations complexed with Firefly luciferase (FLuc)
mRNA was characterised using dynamic light scattering (DLS). Size distribution by number
of (A) PBS formulation at 20:1 PBAE to mRNA mass ratio, (B) PBS formulation at 50:1
PBAE to mRNA mass ratio (C) NaCl formulation at 20:1 PBAE to mRNA mass ratio, (D)
NaCl formulation at 50:1 PBAE to mMRNA mass ratio, (E) NaOAc formulation at 20:1 PBAE
to mRNA mass ratio, (F) NaOAc formulation at 50:1 PBAE to mRNA mass ratio, (G)
NaOAc/PBS formulation at 20:1 PBAE to mRNA mass ratio, (H) NaOAc/PBS formulation at
50:1 PBAE to mRNA mass ratio, (I) Average size of branched PBAE formulations. Triplicate
readings were obtained for each nanoparticle sample.
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Figure 3.9 Zeta potential characterisation of branched poly (B-amino ester) (PBAE)
formulations complexed with mRNA.

The zeta potential in mV of branched PBAE formulations complexed with Firefly luciferase
(FLuc) mRNA was characterised using dynamic light scattering (DLS). Triplicate readings
were obtained for each nanoparticle sample.
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3.2.8 Assessing the consistency of optimised branched PBAE formulation
across two different PBAE batches

After establishing the superior characteristics of the branched PBAE formulation prepared in
NaOAc/PBS at 50:1 PBAE to mRNA mass ratio - including high mRNA encapsulation
efficiency, optimal polyplex size, stability, charge, and enhanced transfection efficiency — its
batch-to-batch consistency was evaluated. FLuc mMRNA was complexed with branched PBAEs
from two different batches, using the same NaOAc/PBS formulation at 50:1 PBAE to mRNA
mass ratio. These complexes were then used to transfect submerged primary HBECs, with

luminescence and cytotoxicity evaluated 24 hours post-transfection.

The results indicated consistency between the two PBAE batches. Luminescence readings
across the batches were similar, indicating comparable levels of MRNA transfection in HBECs
(Figure 3.10A). However, there was variation in luminescence among donors, reflecting
differences in their transfection efficiency (Figure 3.10A). Furthermore, no significant increase
in cytotoxicity was observed in HBECs transfected with the branched PBAE formulations

(Figure 3.10B), suggesting that the cells tolerated the PBAE polyplexes.

Overall, the data presented in this section confirmed that the optimal branched PBAE
formulation demonstrates reliable batch-to-batch consistency. This consistency, coupled with
the formulation’s high transfection efficiency and low cytotoxicity, highlights its potential as an

effective vehicle for mMRNA delivery to primary HBECs.
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Figure 3.10 Batch-to batch consistency of the optimal branched PBAE formulation.

Two different batches of branched poly (b-amino esters) (PBAEs) formulated in NaOAc/PBS
at 50:1 PBAE to mRNA mass ratio were complexed with Firefly luciferase (FLuc) mRNA (50
ng per well) and delivered to submerged primary human bronchial epithelial cells (HBECs).
(A) Luminescence at 24 hours post-transfection. (B) Cytotoxicity measured as percentage
lactate dehydrogenase (LDH) release in supernatants was measured 24 hours post-
transfection. Dotted line indicates 100% LDH release of positive control cells treated with 1%
Triton-X-100 and cytotoxicity was calculated relative to this control. Data represents mean +
SD. N = 2 primary cell donors, with 3 technical replicates each. Each symbol represents a
different donor. Statistics: One-way ANOVA followed by Tukey’s multiple comparisons test.
** P=0.0002, P=0.9911 ns: non-significant.

3.2.9 Primary HBECSs retain their basal cell phenotype 24 hours after transfection
with reporter mRNA

Basal cells are epithelial progenitor cells in the airways, capable of self-renewal after injury
and differentiating into various types of epithelial cells such as club cells, ciliated cells, and
goblet cells®*®?1°, To assess the impact of reporter mMRNA transfection on the basal phenotype
of primary HBECs, immunofluorescence staining was performed for the basal progenitor
HBEC marker KRT5%'° on both mRNA transfected and non-transfected control cells (Figure
3.11). The study confirmed that primary HBECs transfected with mRNA retained expression
of KRT5 24 hours post-transfection (non-transfected cells: 96.4% + 2.9, naked mRNA: 96.3%
+ 1.4, PBAE/mRNA: 91.6% + 2.5, JetMessenger/mRNA: 96.7% + 1.5). Based on this finding,
| further hypothesised that reporter mRNA transfection will not impact primary HBEC
differentiation at ALI.
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Figure 3.11 Expression of keratin 5 (KRT5) in submerged primary human bronchial
epithelial cells (HBECs) following reporter mRNA transfection.

Reporter mRNA was complexed with branched poly (B-amino ester) PBAE, commercial
transfection reagent JetMessenger or delivered naked to submerged primary HBECs. Cells
were fixed 24 hours post-transfection and stained for KRT5. KRT5 positive cells were
quantified in the total cell population and expressed as % KRT5 positive cells. Data represent
mean + SD. n = 3 technical replicates.

3.2.10 Differentiation of primary HBECs at ALI

ALI cultures of HBECs have emerged as a valuable tool for modelling the airway epithelium
in vitro. These cultures aim to recapitulate the in vivo phenotypic and functional characteristics
of the human airway epithelium. To achieve this, primary HBECs were cultured on transwell
inserts and air-exposed once a confluent monolayer was formed (Figure 3.12A). After 28 days
of air exposure, primary HBEC ALI cultures were fixed and processed for histological
examination to analyse the structure of the differentiated epithelium. H&E and PAS staining of
ALI cross-sections demonstrated the successful formation of a pseudostratified, fully
differentiated bronchial epithelium (Figure 3.12B). However, obtaining good quality sections
from agarose blocks was challenging due to the detachment of ALI cells from the transwell

membranes. To address this, | included three replicates to increase the likelihood of success.

ALI cultures were further characterised by immunofluorescence staining to identify the
presence of the three main cell types of the respiratory epithelium (basal cells, ciliated cells,
goblet cells) in the differentiated HBEC ALI cultures. Confocal microscopy showed that these
cultures contained basal cells (KRT5), cilia (acetylated alpha tubulin), and goblet cells
(MUCS5AC) (Figure 3.12C). Furthermore, the presence of ZO-1, a tight junction protein, in

these cultures indicated the formation of epithelial barrier (Figure 3.12C).

TEM analysis confirmed that the fully differentiated HBEC ALI cultures had a pseudostratified
mucociliary epithelium characterised by basal cells at the basal surface, ciliated cells at the
apical surface, and secretory cells containing secretory granules (Figure 3.13). The analysis

also showed tight junctional complexes between adjacent epithelial cells (Figure 3.13).
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Figure 3.12 Culture of primary human bronchial epithelial cells (HBECs) at air-liquid
interface (ALI).

(A) Diagram of the experimental set up of ALI model. Primary HBECs are seeded on a
porous membrane transwell insert. Initially the cells were grown submerged and once they
formed a confluent monolayer, they were air exposed (basal side of cells is in contact with
the culture medium through a porous membrane and the apical side is exposed to the air)
and grown at ALI for 28 days. (B) Representative Hematoxylin and eosin (H&E) (top) and
Periodic acid-Schiff (PAS) (bottom) stained ALI sections showing well differentiated and
pseudostratified bronchial epithelia cell cultures. (C) Representative top-down
immunofluorescence staining images of HBEC cultured at ALI for 28 days, showing
expression of KRT5 (basal cells), ZO-1 (tight junctions), acetylated alpha tubulin (cilia), and
MUCS5AC (goblet cells). Scale bar: 50 mm.

Figure 3.13 Ultrastructural analysis of primary human bronchial epithelial cell (HBEC)

air liquid interface (ALI) cultures through transmission electron microscopy (TEM).

TEM image of primary HBECs cultured at ALI for 28 days. The image shows a differentiated
epithelium with cilia (arrow) on the apical surface, secretory cells (arrowhead) with secretory

granules, and basal cells (asterisk) on the basal surface. Scale bar: 6 um.
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3.2.11 Submerged primary HBECs demonstrate higher mRNA transfection
efficiency than HBECs cultured at ALI for 7 days

Transfecting a fully differentiated epithelium is more complex than a single monolayer due to
its barrier-like, differentiated characteristics, which restrict the penetration of transfection
reagents. Despite these challenges, employing fully differentiated epithelial cells offers a more
robust model for studying gene delivery barriers. | aimed to evaluate reporter mRNA
transfection efficiency in submerged primary HBECs compared to those cultured at ALL.
Submerged primary HBECs were transfected with Cy5-tagged GFP mRNA 24 hours after
seeding on transwell inserts, while ALI-cultured HBECs were transfected with Cy5-tagged
GFP mRNA 7 days post-ALI. For ALI cultures, mRNA was delivered either to apical or
basolateral chamber. mMRNA was complexed with the optimised branched PBAE or the
commercial transfection reagent JetMessenger, as a positive control. Transfection efficiency
was assessed by quantifying Cy5-positive cells (indicating mRNA uptake) and GFP-positive

cells (indicating mRNA translation) at 24- and 48-hours post-transfection.

Figure 3.14A+D illustrates that both PBAE and JetMessenger mediated comparable mRNA
uptake levels in submerged primary HBECs at both 24- and 48-hours post-transfection (Table
3.1). Specifically, PBAE/mRNA complexes led to 37% Cy5-positive cells at 24 hours post-
transfection compared to 41% with JetMessengger/mRNA complexes. By 48 hours post-
transfection, these percentages decreased to 32% and 29%, respectively. Despite similar
uptake, PBAE transfection resulted in higher mRNA translation, with 11% GFP-positive cells
at 24 hours and 19% at 48 hours post-transfection, as shown in Figure 3.14B+D (Table 3.1).
However, HBECs cultured at ALI for 7 days and were transfected with either PBAE/mRNA or
JetMessenger/mRNA complexes (applied apically or basolaterally) showed inefficient

transfection, evidenced by a lack of Cy5-positive and GFP-positive cells (Figure 3.15).

Cell cytotoxicity was also evaluated using the LDH release assay. Both PBAE/mRNA and
JetMessenger/mRNA transfections exhibited minimal cytotoxic effects, as indicated by the

LDH levels measured at 24- and 48-hours post-transfection (Figure 3.14C and Figure 3.15C).

In summary, primary HBECs under submerged culture displayed enhanced mRNA
transfection efficiency, marked by increased counts of Cy5- and GFP-positive cells, in
comparison to HBECs cultured at ALI for 7 days. Furthermore, these cells tolerated PBAE and

JetMessenger transfections with negligible cytotoxicity.
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Figure 3.14 Cy5-tagged GFP mRNA transfection of submerged primary human
bronchial epithelial cells (HBECs).

Cy5-tagged GFP mRNA was complexed with branched poly (b-amino ester) (PBAE) or
commercial transfection reagent JetMessenger or delivered naked to submerged primary
HBECs. (A) Percentage of Cy5-postive cells indicating successful mMRNA uptake at 24- and
48-hours post-transfection. (B) Percentage of GFP-positive cells, reflecting mRNA
translation at 24- and 48-hours post-transfection. (C) Cytotoxic assessment via lactate
dehydrogenase (LDH) release assay at 24- and 48-hours post-transfection. Dotted line
indicates 100% LDH release of positive control cells treated with 1% Triton-X-100 and
cytotoxicity was calculated relative to this control. (D) Representative fluorescent
microscopy images at 24 hours post-transfection, showing GFP expression, Cy5 signal, and
DAPI-stained nuclei, corroborating the quantitative data presented in panels A and B. Data
represents mean + SD. N = 2 primary cell donors, with 3 technical replicates each. Statistics:
2way ANOVA followed by Tukey’s multiple comparisons test. Statistical analysis results are
summarised in Table 3.1.
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Table 3.1 Summary of statistical analysis of mMRNA uptake and mRNA translation in
submerged primary HBECs following reporter mRNA transfection.

s Adjusted P
ummary

value
mMRNA uptake
24h post-transfection: Non-transfected vs Branched PBAE i <0.0001
24h post-transfection: Non-transfected vs JetMessenger il <0.0001
24h post-transfection: Branched PBAE vs JetMessenger ns 0.4677
48h post-transfection: Non-transfected vs Branched PBAE i <0.0001
48h post-transfection: Non-transfected vs JetMessenger i <0.0001
48h post-transfection: Branched PBAE vs JetMessenger i 0.6921
mRNA translation
24h post-transfection: Non-transfected vs Branched PBAE i <0.0001
24h post-transfection: Non-transfected vs JetMessenger ** 0.0026
24h post-transfection: Branched PBAE vs JetMessenger ns 0.4459
48h post-transfection: Non-transfected vs Branched PBAE i <0.0001
48h post-transfection: Non-transfected vs JetMessenger i <0.0001
48h post-transfection: Branched PBAE vs JetMessenger ns 0.0884
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Figure 3.15 Cy5-tagged GFP mRNA transfection of primary human bronchial epithelial
cells (HBECs) cultured at air liquid interface (ALI) for 7 days.

Cyb5-tagged GFP mRNA was complexed with branched poly (b-amino ester) (PBAE) or
commercial transfection reagent JetMessenger or delivered naked to primary HBECs 7 days
post air exposure, to either apical chamber or basolateral chamber. (A) Percentage of Cy5-
postive cells 24- and 48-hours post-transfection. (B) Percentage of GFP-positive cells at 24-
and 48-hours post-transfection. (C) Cytotoxic assessment via lactate dehydrogenase (LDH)
release assay at 24- and 48-hours post-transfection. (D) Representative fluorescent
microscopy images at 24- and 48-hours post-transfection, showing a lack of GFP expression
and Cy5 signal, and DAPI-stained nuclei. Data represents mean + SD. N = 2 primary cell
donors, with 3 technical replicates each.

3.2.12 Integrity of HBECs cultured at ALl remains intact after reporter mRNA

transfection

To evaluate the impact of reporter mRNA transfection on the integrity of primary HBECs
cultured at ALI, HBECs were transfected with reporter mRNA either complexed with branched
PBAE in its optimised formulation (as detailed in section 3.2.6) or the commercial transfection
reagent JetMessenger 24 hours post-seeding on transwell inserts. Following confluence, both
mRNA transfected HBECs and non-transfected controls were air-exposed and cultured at ALI

for 28 days.

TEER was measured on day 28 post-ALl to evaluate the barrier integrity among three groups:
non-transfected control HBECs, PBAE/mRNA transfected HBECs, and JetMessenger/mRNA
transfected HBECs. Figure 3.16A demonstrates that all groups successfully developed TEER,
indicating barrier formation. Notably, there were no significant differences in TEER values
between non-transfected (298.3 Qxcm? + 44.4), PBAE/mRNA (292.2 Qxcm? + 25.8) or
JetMessenger/mRNA (298.2 Qxcm? + 50.6) transfected groups.

Additionally, the study measured the passive diffusion of FITC-Dextran across the
differentiated HBEC cultures 28 days post-ALl. This assessment aimed to compare the
permeability differences between non-transfected HBECs, HBECs transfected with
PBAE/mRNA, and those transfected with JetMessenger/mRNA. The results indicated a

comparable rate of apical to basal diffusion of FITC-Dextran across all groups (Figure 3.16B).
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The integrity of the epithelial barrier was further corroborated through gene expression
analysis. This involved assessing the expression of tight junction (TJP1, OCLN) and adherens
junction (CDH1) markers via qPCR in non-transfected HBECs, HBECs transfected with
PBAE/mRNA, and those transfected with JetMessenger/mRNA, all cultured at ALI for 28 days.
The analysis revealed no variation in the gene expression of these junctional markers between

mRNA transfected and non-transfected ALI cultures (Figure 3.16C).

Additionally, the study investigated the impact of reporter mRNA transfection on the
morphology of tight junctions through immunofluorescence staining for the tight junction
protein ZO-1. Both mRNA transfected and non-transfected HBEC day 28 post-ALI cultures
showed positive ZO-1 staining, with no observed differences in ZO-1 cellular localisation

among the groups (Figure 3.16D).

Collectively, these findings indicate that reporter mMRNA transfection prior to air-exposure does

not compromise the barrier integrity of HBECs cultured at ALI.
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Figure 3.16 Assessment of epithelial barrier integrity and tight junction morphology in
human bronchial epithelial cells (HBECs) cultured at air liquid interface (ALI) following
reporter mRNA transfection.

Cyb5-tagged GFP mRNA was complexed with branched poly (b-amino ester) (PBAE) or
commercial transfection reagent JetMessenger and delivered to submerged primary HBECs.
Once a confluent monolayer was formed, both mRNA transfected and non-transfected HBECs
were grown at ALI for 28 days. (A) Transepithelial electrical resistance (TEER) measurements
for non-transfected HBECs, PBAE/mRNA transfected HBECs, and JetMessenger/mRNA
transfected HBECs, all cultured at ALI for 28 days. TEER is expressed as Q x cm?, which is
the product of resistance in Ohms and the surface are of the membrane. N = 2 primary cell
donors, with 3 technical replicates each. Each symbol represents a different donor. Statistics:
Kruskal-Wallis test followed by Dunn’s multiple comparisons test. P=0.9582 ns: non-
significant. (B) Permeability of HBEC ALI cultures to 4kDa Fluorescein isothiocyanate FITC-
Dextran. No-cell control served as a positive control. N = 2 primary cell donors, with 3 technical
replicates each. Each symbol represents a different donor. Statistics: One-way ANOVA
followed by Dunnett's multiple comparisons test. P>0.9999 ns: non-significant, ** P=0.0080.
(C) gPCR analysis for tight junction markers (TJP1, OCLN) and adherens junction marker
(CDH1) in the three groups of HBEC ALl cultures. Results are quantified relative to
housekeeping gene ACTB. N = 2 primary cell donors. Each symbol represents a different
donor. Statistics: 2way ANOVA followed by Dunnett’s multiple comparisons test. P>0.9999 ns:
non-significant, *P=0.0208. (D) Representative immunofluorescence staining for ZO-1 in non-
transfected, PBAE/mRNA transfected, and JetMessenger/mRNA transfected HBEC day 28
post-ALlI cultures.

3.2.13 Epithelial differentiation at ALl is successful following reporter mMRNA

transfection

To investigate the impact of reporter mMRNA transfection on the differentiation of primary
HBECs at ALI, primary HBECs were transfected with reporter mRNA using branched PBAE
in its optimised formulation (as detailed in section 3.2.6) or the commercial transfection
reagent JetMessenger. Transfection was performed 24 hours after seeding the cells on
transwell inserts. Once a confluent monolayer was formed, both mRNA transfected and non-

transfected control HBECs were air-exposed and cultured at ALI for 28 days.

The expression of genes indicative of epithelial cell subtypes was assessed through qPCR.
This included a comparison of submerged (representing undifferentiated) HBECs to cells at
day 28 post-ALI across three groups: non-transfected, PBAE/mRNA transfected, and
JetMessenger/mRNA transfected HBECs. The expression levels of secretory cell markers
(MUCS5AC, MUC5B, SCGB1A1) and a ciliated cell marker (FOXJ1) were elevated in both non-
transfected and mRNA transfected HBEC day 28 post-ALl cultures, suggesting successful
differentiation at ALI culture (Figure 3.17A). Importantly, there was no difference in the

expression of these markers between non-transfected and mRNA transfected groups.
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The gene expression data were further validated through immunofluorescence staining. Both
non-transfected and mRNA transfected HBECs at day 28 post-ALI demonstrated
characteristics of a fully differentiated epithelium. This was evidenced by the presence of
goblet cells (MUC5AC-positive) and cilia (acetylated alpha-tubulin-positive) (Figure 3.17B).

In summary, these findings indicate that transfecting HBECs with reporter mRNA prior to air-

exposure does not impede their differentiation at ALI.
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Figure 3.17 Assessment of epithelial differentiation in human bronchial epithelial cells
(HBECSs) cultured at air liquid interface (ALI) following reporter mRNA transfection.

Cy5-tagged GFP mRNA was complexed with branched poly (b-amino ester) (PBAE) or
commercial transfection reagent JetMessenger and delivered to submerged primary HBECs.
Once a confluent monolayer was formed, both mRNA transfected and non-transfected HBECs
were grown at ALI for 28 days. (A) gPCR analysis for secretory cell markers (MUC5AC,
MUCS5B, SCGB1A1) and a ciliated cell marker (FOXJ7) in submerged HBECs and in the three
groups of HBEC ALI cultures. Results are quantified relative to housekeeping gene ACTB. Data
represents mean + SD. N = 2 primary cell donors. Each symbol represents a different donor.
Statistics: 2way ANOVA followed by Dunnett’s multiple comparisons test. P=0.6155 ns: non-
significant. (B) Representative immunofluorescence staining for MUC5AC and acetylated alpha
tubulin in non-transfected, PBAE/mRNA transfected, and JetMessenger/mRNA transfected
HBEC day 28 post-ALlI cultures.
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3.3 Discussion

In this chapter, | evaluated reporter mMRNA delivery to primary HBECs using non-viral vectors
and investigated its impact on the integrity and differentiation of HBECs cultured at ALI. | have
demonstrated that 1) Primary HBECs can successfully translate exogenous reporter mRNA
following non-viral transfection; 2) Branched PBAE prepared in NaOAc/PBS at 50:1 PBAE to
mMRNA mass ratio was identified as the top performing formulation in terms of size, charge,
stability, and transfection efficiency; 3) Reporter mRNA transfection does not compromise the

integrity or differentiation capacity of HBECs at ALI.

The potential of MRNA as a transient tool for transgene overexpression to study gene function
is significant*®*. However, the negative charge of mMRNA and its susceptibility to enzymatic
degradation can impede its effective cellular uptake*®®. Non-viral vectors, such as polymers,
offer a promising solution to these challenges by protecting mRNA from degradation while
facilitating its delivery into target cells®''. PBAEs have emerged as a promising class of non-
viral vectors for mRNA delivery due to their biodegradability and ease of synthesis*®. The
cationic nature of PBAEs allows for complexation with negatively charged mRNA, forming
polyplexes that can be internalised by cells*®®=*® In this study, branched PBAE formulations
were optimised to establish effective delivery of mRNA into primary HBECs. The effect of
buffer formulation and PBAE to mRNA mass ratio on mRNA protection, size, charge, and
stability of resulting polyplexes, as well as transfection efficiency were investigated. Three
different buffers were tested: NaOAc, PBS, and NaCl. NaOAc (pH 5) was selected due to its
ability to stabilise polyplexes and facilitate endosomal escape*®*4¥2°%¢_ PBS was chosen as a
physiologically relevant buffer with a pH 7.4. NaCl is commonly used to formulate PEI, a
commercial cationic polymer®?. The combination of NaOAc and PBS (NaOAc/PBS) was
evaluated for its potential synergistic effect on polyplex stability. Five different PBAE to mRNA
mass ratios were explored: 1:1, 10:1, 20:1, and 50:1. The PBAE to mRNA mass ratio is a
pivotal factor in achieving an optimal balance between effectively protecting mRNA and
minimising cytotoxicity*’>*%°. Lower ratios may fail to provide adequate protection for mRNA,
potentially leading to its degradation. Conversely, excessively high ratios might result in

cytotoxic effects or impede the release of mMRNA within the cell.

Gel electrophoresis and the RiboGreen assay were used to evaluate the efficacy of various
branched PBAE formulations in protecting mRNA. Gel electrophoresis offers a rapid and
straightforward visual evaluation of complexation, as indicated by the retardation in mRNA
migration. In contrast, the RiboGreen assay provides a more sensitive and quantitative

assessment, measuring the extent of mRNA protection within the vector, termed as
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encapsulation efficiency. The study found that increasing the PBAE to mRNA mass ratio
across all buffer formulations resulted in enhanced protection of mRNA. This finding aligns
with previous studies that identified improved protective effects at higher polymer to nucleic
acid mass ratios*®*5'3, This increased protection is attributed to the formation of more stable
and compact polyplexes at higher polymer concentrations. Notably, the 20:1 and 50:1 PBAE
to mRNA mass ratios exhibited superior mRNA protection capabilities. At the 50:1 ratio, all
buffer formulations achieved high mRNA encapsulation efficiency, exceeding 90%. However,
only the PBS and NaOAc buffer formulations at the 20:1 ratio maintained similar levels of high
mRNA encapsulation efficiency. This study underscores the critical role of both gel
electrophoresis and the RiboGreen assay in evaluating mRNA protection and encapsulation
efficiency. These methods provide complementary insights into the protection and
encapsulation efficiency of mRNA. Furthermore, the buffer formulation was observed to
significantly influence mRNA encapsulation efficiency. The ionic composition of buffers can
modulate the electrostatic interactions between the cationic polymer and the negatively
charged mRNA, thereby influencing the encapsulation efficiency. Both gel electrophoresis and
RiboGreen assays demonstrated the effectiveness of branched PBAE formulations in
protecting mMRNA. Based on their superior mRNA protection, the 20:1 and 50:1 formulations

were chosen for further characterisation.

Upon confirming the efficient mMRNA protection provided by the 20:1 and 50:1 PBAE to mRNA
mass ratio formulations, their transfection efficiency in primary HBECs was evaluated using
FLuc mRNA. The results revealed that branched PBAE formulations were effective in
mediating the translation of FLuc mRNA into HBECs, with the PBS 20:1 and NaOAc/PBS 50:1
formulations exhibiting the highest luminescence readings. These findings demonstrate the
potential of branched PBAE as an effective non-viral vector for mRNA delivery to primary
HBECs, a cell type that is notoriously challenging to transfect®™. The high transfection
efficiency achieved by the PBS 20:1 and NaOAc/PBS 50:1 formulations is particularly
encouraging, considering their demonstrated high mRNA encapsulation efficiency. Overall,
the results suggest that branched PBAE holds promise as a non-viral vector for mRNA delivery

to primary HBECs.

The size and charge of the polyplexes were characterised using DLS, as these properties are
crucial for transfection efficiency. Smaller, uniformly sized particles generally exhibit better
cellular uptake, while an optimal charge can enhance interaction with the cell membrane
without causing significant cytotoxicity*®3849_ All formulations resulted in the formation of
positively charged particles. However, the size and stability of the particles varied depending

on the buffer formulation and mass ratio. Particles formulated in NaCl buffer at 20:1 or 50:1
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PBAE to mRNA mass ratio were the largest in size and unstable. This aligns with their low
transfection efficiency observed in HBECs and their significantly higher cytotoxicity.
Interestingly, the particles formulated in PBS buffer at 20:1 mass ratio were larger and less
stable than the particles formulated in NaOAc/PBS formulation at 50:1 mass ratio.
Nevertheless, the PBS-formulated particles were still able to achieve comparable transfection
efficiency to the NaOAc/PBS-formulated particles at 50:1 mass ratio. NaOAc formulations at
20:1 and 50:1 mass ratio resulted in similar-sized particles that were stable. This corroborates
with Patel et al., who reported that NaOAc formulations produced stable polyplexes of similar
size*®3. Additionally, these formulations were comparable to the particles formulated in
NaOAc/PBS at 20:1 and 50:1 mass ratio. Overall, the results suggest that the buffer
formulation and PBAE to mRNA mass ratio have a significant impact on the size, stability,
transfection efficiency, and cytotoxicity of branched PBAE/mRNA polyplexes. Future studies
could explore the mechanisms underlying the superior transfection efficiency of the
NaOAc/PBS at 50:1 mass ratio, such as cellular uptake, buffering capacity, and endosomal

escape.

The formulation with NaOAc/PBS at 50:1 PBAE to mRNA mass ratio emerged as the optimal
formulation for mRNA transfection in primary HBECs. This formulation exhibited a superior
combination of particle size, charge, stability, mMRNA encapsulation efficiency, transfection
efficiency, and low cytotoxicity. Its superior performance over NaOAc alone is likely due to its
synergistic buffering capacity and ionic strength offered by NaOAc/PBS mixture. PBAEs are
recognised for their high buffering capacity in neutral to basic environments, which is crucial
for enhancing transfection efficiency®'®. This buffering effect supports the proton sponge
hypothesis, leading to an osmotic pressure gradient within endosomes, causing them to burst
and release nucleic acids into the cell cytoplasm. Additionally, polyplex stability is influenced
by the ionic strength of the surrounding environment®'®. In general, polyplexes are more stable
in low ionic strength conditions. This stability is because low ionic strength weakens the
interactions between polymer and nucleic acids and reduces electrostatic repulsion, which is
essential in preventing aggregation®’. On the other hand, higher salt concentrations can
enhance these interactions and repulsions. Importantly, the 50:1 NaOAc/PBS formulation
demonstrated consistent results across different batches, underscoring its reliability and
consistency for mRNA transfection. This thorough exploration of branched PBAE-mediated
mRNA transfection highlights the complex relationship between vector formulation and its
biological effectiveness. The NaOAc/PBS formulation at 50:1 PBAE to mRNA with its effective
mMRNA protection, and improved transfection efficiency, emerges as a promising option for

downstream transfection experiments.
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Basal cells play a critical role in repairing and regenerating the lining of the airways following

°18-520  Their unique ability to self-renew and differentiate into various cell types is

injury
essential for maintaining the structural and functional integrity of the airway epithelium®?'. It is
crucial to maintain the basal cell phenotype when employing gene manipulation techniques
on these cells. mMRNA transfection offers a promising approach to deliver genes of interest to
basal cells and promote the expression of target proteins. This technique is valuable for
exploring gene functions, studying disease mechanisms, and developing novel therapeutic
strategies. However, it is essential to ensure that the transfection process itself does not alter
the basal cell phenotype, as this could lead to adverse effects on the function of the bronchial

epithelium.

This study focused on examining whether the basal cell phenotype remains unchanged
following reporter mRNA transfection. To evaluate this, immunofluorescence was used to

522 1t was

detect the expression of KRT5, a well-established marker for basal cells
demonstrated that KRT5 expression was maintained in HBECs 24 hours-post transfection
using both branched PBAE and the commercial transfection reagent JetMessenger. This
outcome indicates that the basal phenotype of HBECs remained intact. Consequently, this
finding supports the notion that non-viral MRNA transfection, under the conditions used in this
thesis, is a safe method for mRNA delivery into basal HBECs. In addition, this suggests that
any observed changes in cell behaviour or function in subsequent assays are likely due to the
action of the encoded protein, rather than being non-specific effects of the transfection process
itself. This methodology holds promise as a valuable tool for studying the function of genes
involved in bronchial epithelial function and disease pathogenesis, modelling respiratory
diseases in vitro, and developing novel therapeutic approaches. Exploring the long-term
impact of mRNA transfection on HBEC ability to proliferate and differentiate will enhance our
understanding of its broader implications for basal cell biology. The preservation of the basal
cell phenotype in HBECs following reporter mRNA transfection led to the hypothesis that this
approach would not impede the ability of primary HBECs to form a differentiated epithelium in

ALI cultures.

HBEC ALI culture model was established to investigate the long-term impact of mRNA
transfection on HBEC integrity and differentiation. ALI cultures recapitulate key features of the
in vivo airway, including cellular composition, mucus production, and barrier function to enable
investigation into the effects of mMRNA transfection on HBEC integrity and differentiation over
time*9492352¢ HBEC ALI cultures were characterised using histology, immunofluorescence
staining, and TEM. Histological analysis revealed that day 28 post-ALI cultures formed a well-

differentiated epithelium, with a distinct basal cell layer, ciliated columnar cells, and secretory
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cells. Immunofluorescence staining confirmed the presence of markers of epithelial

differentiation, such as MUC5AC®% (goblet cells), acetylated alpha tubulin®?®

(cilia), and a
marker of tight junctions®?’ (ZO-1). TEM analysis of HBEC day 28 post-ALI cultures revealed
a well-differentiated pseudostratified epithelium with ciliated cells, goblet cells, and basal cells.
The TEM analysis also revealed the presence of tight junctions between adjacent cells, which

are essential for barrier function.

Having established and characterised HBEC ALI cultures, | aimed to compare mRNA
transfection efficiency between submerged HBECs and those cultured at ALI for 7 days. Due
to the formation of robust barrier properties and cell-cell junctions within the ALI system, it was
anticipated that primary HBECs cultured in submerged conditions would show higher
transfection efficiency compared to those in ALI culture. To investigate this, both submerged
HBECs and HBECs cultured at ALl for 7 days were transfected with reporter mRNA
complexed with the optimised branched PBAE formulation and commercial transfection
reagent JetMessenger. Submerged HBECs demonstrated effective uptake and translation of
reporter mRNA. In contrast, HBECs cultured at ALI for 7 days showed no detectable mMRNA
transfection. This difference in transfection efficiency between the submerged and ALI HBECs
is likely due to the development of robust barrier properties in the ALI culture system. In this
system, cells undergo differentiation and polarisation, leading to the formation of tight junctions
and a more complex, pseudostratified epithelium. This enhanced barrier function in ALI

HBECSs presents a significant challenge to mRNA transfection.

To evaluate whether reporter mRNA transfection would affect the integrity and differentiation
of HBECs in the ALI culture system, HBECs were transfected prior to air exposure (submerged
24 hours post-seeding) and allowed to grow at ALI for 28 days. TEER, a quantitative method
that evaluates the electrical resistance across a cell monolayer and provides an indication of
barrier function and integrity of cellular tight junctions®®®, was used in this study. TEER
measurements showed no differences between the non-transfected and mRNA transfected
cells, indicating that mRNA transfection does not impair the structural integrity of the
epithelium. To further strengthen this conclusion, it would have been useful to include a
positive control group where cells were treated with a reagent known to disrupt the epithelial
barrier. Measuring TEER in this group would have established a baseline for a compromised
barrier and provided a clearer comparison to the TEER values of the transfected and non-
transfected cells. Non-transfected HBEC ALI cultures had lower TEER levels than those
reported in previous studies®?*°%, but these levels remained unaltered in mRNA transfected
HBEC ALI cultures. TEER measurements can be influenced by various factors, including

temperature, the composition of the culture medium, the passage number of cells, the
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supporting material for the cell layer (transwell insert)>*'. Due to these potential variables,
relying solely on the TEER assay may not provide a complete understanding of barrier
permeability or the integrity of tight junctions. To further assess the impact of mRNA
transfection on epithelial integrity, the FITC-Dextran permeability assay was used. This assay
evaluates the movement of a fluorescently labelled dextran molecule across the epithelial
monolayer and complements TEER measurements by offering a direct assessment of
paracellular transport®?. The absence of a difference in FITC-Dextran permeability between
non-transfected and mRNA transfected HBEC ALl cultures confirms that epithelial
permeability remained unaltered in mMRNA transfected cells. Additionally, gPCR was used to
quantify the expression of key barrier function markers, including CDH1 (E-cadherin), TJP1
(ZO-1), OCLN (occludin)®*®. The consistent/unaltered expression of these genes between
non-transfected and mRNA transfected HBEC ALI cultures provided molecular evidence that
MRNA transfection did not disrupt the transcriptional landscape governing epithelial barrier
function. Immunofluorescence staining for ZO-1, a key tight junction protein that plays a critical
role in maintaining epithelial barrier function®**, was used to visualise its localisation. Staining
results further confirmed the preservation of tight junction architecture post-transfection, as
demonstrated by comparable staining patterns in non-transfected and mRNA transfected
HBEC ALI cultures. Collectively, the results from the TEER measurements, FITC-Dextran
permeability assay, qPCR, and immunofluorescence staining demonstrated that mRNA
transfection, under the conditions tested in this thesis, does not impair epithelial integrity or

barrier function.

The impact of reporter mRNA transfection on the differentiation of HBECs cultured at ALl was
examined. The transcriptional levels of key epithelial differentiation markers, including
MUC5AC®®, MUC5B°*, SCGB1A1°%, and FOXJ1°*" were quantified using qPCR. Data
revealed no difference in the expression of these markers between mRNA transfected and
non-transfected control cultures at day 28 post-ALl. These findings indicated that mRNA
transfection, under the conditions applied, did not adversely affect the differentiation trajectory
of HBECs. To further validate these findings, immunofluorescence staining was used to
visualise the protein expression of TUBA1A (for cilia)**® and MUC5AC (for goblet cells)>?®.
Consistent with the gPCR data, immunofluorescence staining demonstrated the presence of
goblet cells and cilia in both mRNA transfected and non-transfected control HBEC cultures at
day 28 post-ALl cultures. These findings further confirmed that the differentiation capacity of

HBECs was unaltered by mRNA transfection.
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It is important to acknowledge that these experiments were performed using two primary cell
donors. The relatively small sample size limits the statistical power of the study, and this
necessitates cautious interpretation of the findings. For future work, it will be essential to

expand the donor pool to reinforce the validity of these results.

3.4 Conclusion

In conclusion, this chapter has demonstrated that primary HBECs in submerged culture can
be efficiently transfected with reporter mRNA using non-viral vectors. Branched PBAE
formulated with NaOAc/PBS at 50:1 PBAE to mRNA mass ratio exhibited superior mRNA
encapsulation, physicochemical properties, transfection efficiency, and cytotoxicity profile,
making it the preferred choice for subsequent transfection experiments. In addition, this study
demonstrated that HBECs cultured at ALI for 7 days cannot be transfected with mRNA.
Furthermore, | have provided evidence that transfection of primary HBECs with reporter
mRNA prior to air exposure did not compromise the integrity or differentiation potential of
HBECs cultured ALIl. These findings provide a foundation for the subsequent investigation
detailed in Chapter 4, where the impact of delivering a physiologically relevant mMRNA, FOXJ1,

on the integrity and differentiation of HBECs at ALI was explored.
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4 Results Il - Investigating the influence of mMRNA
encoded FOXJ1 delivery on differentiation of human
bronchial epithelial cells
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4.1 Introduction

4.1.1 Motile cilia in airway epithelium

Multiciliated cells are specialised airway epithelial cells with multiple cilia on their apical
surface. These cells are important for maintaining airway homeostasis by trapping and
expelling pathogens, mucus, and other debris through the rhythmic beating of their motile cilia,
known as mucociliary clearance®*®. Each multiciliated cell has 200-300 cilia, which are 6-7 um
long and 0.2-0.3 um in diameter®***%, Motile cilia are microtubule-based hair-like organelles
with a central axoneme containing nine pairs of microtubules surrounding two single
microtubules (‘9+2’ arrangement, Figure 1.2)°*®. The axoneme extends from a basal body
containing microtubule triplets in a nine-fold symmetrical arrangement, similar to centrioles in
the centrosome, and is anchored to the plasma membrane®¥. The structural arrangement and

function of cilia are described in more detail in section 1.2.1 of Chapter 1.

Section 1.2.3 of Chapter 1 highlights that ciliary dysfunction is a feature in several airway
diseases. This dysfunction can severely compromise mucociliary clearance, thereby
increasing the risk of respiratory infections. Conditions such as CF and PCD are characterised
by impaired mucociliary clearance, leading to frequent and recurrent lung infections®*-°*3, n
vitro ALI cultures of differentiated primary airway epithelial cells have proven effective in
diagnosing PCD. These cultures accurately mimic the ciliary phenotype associated with
PCD>**5%°_ Furthermore, secondary, acquired non-genetic defects in ciliary function can arise
due to factors such as cigarette smoke and inflammation in diseases such as asthma and

534.546-548 Asthmatic airways, for instance, exhibit

COPD, further increasing lung infections risks
reduced cilia motility, disoriented beat direction, and structural damage to cilia®*>°'. In COPD,
there are morphological changes in the airway epithelium, such as a transition from
pseudostratified to squamous epithelium, a decrease in ciliated cells, and shorter cilia. ALI
cultures derived from bronchial epithelial cells of COPD patients show similar ciliary changes,
including fewer multiciliated cells and shorter cilia, reflecting the in vivo phenotype®®2. ALI
cultures have become invaluable tools for investigating ciliogenesis, cilia-related diseases,
and the biology of ciliated cells. They offer a more representative model than traditional
submerged cultures, especially in their ability to replicate the ciliary phenotype of PCD and

other cilia-related diseases.
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4.1.2 Multiciliated cell differentiation

Mutliciliated cells in the airways originate from progenitor cells, which express the TFs TP63
and SOX2. These TFs are essential for the development and regeneration of ciliated cells®**-
%55, During post-natal growth and in adulthood, multiciliated cells can originate from either
basal cells or secretory cells®®. The process of ciliogenesis, which involves the formation of
cilia, is complex and tightly regulated. It requires the activation of a transcriptional program
and a network of proteins. For basal progenitor cells to differentiate into mutliciliated cells, the

inhibition of Notch signalling is necessary®®"%¢.

The early steps of multiciliated cell differentiation involve a network of protein interactions,
including GEMININ (encoded by GMNN), GEMC1 (geminin coiled-coil-domain-containing
protein 1, encoded by GMNC), MCIDAS (multi-ciliate differentiation and DNA synthesis),
E2F4/5, DEUP1. Protein expression analysis has shown high levels of GEMININ in progenitor
cells. GEMININ plays a role in inhibiting the transcriptional activation of MCIDAS and
GEMC1%°-%¢" delaying the onset of mutliciliogenesis until dividing cells exit the cell cycle559.
GEMCH1, in collaboration with E2F4/5 and DEUP1 TFs, aids in the transcriptional activation of
MCIDAS®®. MCIDAS then forms complexes with E2F4/5 and DEUP1, triggering the activation
of genes critical for centriole amplification (¢cMYB, CCNO) and cilia formation (FOXJ1, RFX),
thereby promoting multiciliogenesis®®°2%%  Moreover, MCIDAS acts upstream of p73, a
crucial regulator of motile ciliogenesis in the airways. p73 also controls the expression of
genes involved in centriole amplification (MYB, CCNO) and cilia formation (FOXJ1,
RFX2/3)%64:56%

Following the initial phases of multiciliated cell differentiation, the process can be categorised
into four distinct stages, each characterised by specific TFs and protein localisations crucial
for cilia formation. These stages are: 1) basal body biogenesis protein synthesis, 2) basal body
biogenesis, 3) migration and docking of basal bodies on the apical membrane, and 4)
generation of motile cilia from basal bodies. Alongside the previously mentioned p73 TF, c-
MYB is another TF instrumental in the first two stages of multiciliated cell differentiation®->¢".
It activates post-cell cycle exit, contributes to centriole amplification, and is downregulated
following the docking of centrioles and the maturation of multiciliated cells. CCNO, another

factor involved in the early stages of multiciliogenesis, also aids in centriole amplification®®®.

FOXJ1 and RFX TFs are critical during the later stages (3 and 4) of multiciliated cell
differentiation, particularly in apical docking and cilium maturation. FOXJ1 is regulated by p73,
GEMC1, and MCIDAS®*?. RFX2/3 function as co-activators of FOXJ1%%9%9-%2 gnd form a

transcriptional complex that enhances the expression of genes involved in multiciliated cell
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differentiation570. FOXJ1 can also induce the expression of RFX2 and RFX3 in the human

airway epithelium, indicating their role in multiciliated cell differentiation®°.

Overall, a collaborative effort of multiple TFs regulates the complex transcriptional network
responsible for multiciliated cell differentiation. This network encompasses basal body
biogenesis, their migration, docking, and the generation of cilia. A deeper understanding of
this differentiation process from basal cells, and the potential impact of gene manipulation on

these programs, could provide insights into respiratory health and disease.

4.1.3 FOXJ1 is a master regulator of ciliogenesis

FOXJ1 is a TF that is pivotal in the differentiation of ciliated cells in the airway epithelium. The
expression of FOXJ1 is linked with the development of motile cilia. This connection is clearly
demonstrated in FOXJ1 knockout mice, which lack motile cilia in the airways, choroid plexus,
and oviducts, and exhibit defects in left-right asymmetry®”>5’*. TEM analysis of airway cells
from FOXJ1 mutant mice has shown disrupted ‘9+2’ microtubule arrangements and impaired
docking of basal bodies to the apical cell membrane®”. In vitro studies of airway cells from
FOXJ1 mutant mouse embryos indicate that while basal bodies are formed normally, they are
unable to dock at the apical membrane®°°®. The role of FOXJ1 in regulating motile
ciliogenesis is conserved across vertebrates, as evidenced by findings in Xenopus and

zebrafish%7:578,

FOXJ1 has been shown to induce the formation of ectopic functional motile cilia in various
tissues of zebrafish and Xenopus embryos®’®°"®. While the ciliogenic potential of FOXJ1 in
higher vertebrates is less clearly established, evidence suggests its conversation across
species. For example, in murine lung development, FOXJ1 expression precedes the
appearance of cilia in airway epithelial cells*®. During respiratory virus-induced injury, a
correlation has been observed between the loss of cilia and FOXJ1 expression; FOXJ1 re-
expression is associated with the appearance of ultrastructural components necessary for
ciliogenesis during airway repair’®'°®2. Transgenic mice expressing FOXJ1 under the control
of the surfactant protein C promoter exhibited the formation of ciliated cells in alveolar

spaces®®

. Additionally, overexpression of FOXJ1 induced the formation of cilia in chick neural
tube and NIH3T3 mouse embryonic fibroblastic cell line®®. However, this effect was not
replicated in MDCK canine kidney epithelial cells, BEAS2B non-ciliated human airway
epithelial cells, or mouse tracheal epithelial cells®”®. This variability in outcomes may result
from differences in expression strategies, FOXJ1’s reliance on specific co-factors, limitations
of in vitro culture systems, or it may reflect species-specific differences in the ability of FOXJ1

to induce ectopic cilia. These findings collectively underscore the pivotal role of FOXJ1 as a
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regulator of motile cilia biogenesis. Investigating FOXJ1-mediated ciliogenesis could provide
valuable insights into the processes of ciliogenesis and ciliopathies, which are conditions

linked with abnormal ciliary differentiation and function.

FOXJ1, recognised as a master regulator of motile ciliogenesis, plays a crucial role in
orchestrating the docking of basal bodies at the apical membrane and in inducing the
assembly of axonemes. These actions are fundamental to the process of ciliogenesis in
mutliciliated cells and to the expression of proteins that enable ciliary motility®®. FOXJ1
achieves this by either directly or indirectly activating the transcription of a variety of genes.
These genes are involved in various aspects of ciliary development, including centrosome and
cilium assembly (CETNZ2), axonome assembly (DNAH11, DNALI1, RSPH9, TUBA1A), IFT
processes (IFT172, DYNC2H1), and other TFs (RFX2, RFX3) among others®®.

4.1.4 Manipulation of FOXJ1 expression in primary HBECs in vitro

In vitro studies manipulating FOXJ1 expression have been instrumental in understanding its
role in ciliogenesis. For instance, Rapiteanu et al. utilised a CRISPR/Cas9-based system to
deplete FOXJ1, which significantly reduced the number of ciliated cells in human ALI cultures.
This study provided the first evidence that FOXJ1 is essential for ciliation in ALI-differentiated
primary HBECs in vitro®®". Similarly, Zahid et al. found that using siRNA to knockdown FOXJ1
in tracheal epithelial cultures inhibited ciliation, further confirming its role as a central regulator
of motile cilia®®. Didon et al. also contributed to this area of research by showing that FOXJ1
expression, induced by plasmid-mediated gene transfer, can induce the expression of ciliated
cell genes in primary human airway basal cells®®°. This discovery led to subsequent research
investigating whether FOXJ1 overexpression via lentivirus in basal cells differentiated in ALI
cultures could prevent cigarette smoke extract (CSE)-mediated inhibition of cilia growth®*,
FOXJ1 overexpression reversed the CSE-induced cilia growth inhibition and partially
prevented the downregulation of IFT genes and a basal body development gene. This
suggests that stimulating ciliogenesis through FOXJ1 overexpression could preserve normal
cilia length even under the stress of cigarette smoke exposure. Therefore, gene-based
manipulation of FOXJ1 expression offers valuable insights into its role in ciliogenesis and its

potential as a therapeutic target for diseases associated with impared ciliary function.

Despite the interest in the role of FOXJ1 as a key regulator of ciliated cell differentiation,
research efforts in primary HBECs have been limited to overexpression studies using DNA-
based approaches. Unlike DNA, exogenous mRNA is delivered to the cytoplasm of target cells
for transient translation using the cell’s own ribosomal machinery without the same risk of

insertional mutagenesis. A significant advantage of exogenous mRNA is that the translated
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protein is functionally identical to the endogenous protein, as it undergoes the same post-
translational modifications and processing®®. The potential of using exogenous FOXJ1 mRNA
to manipulate FOXJ1 expression in primary HBECs remains unexplored and represents a

promising avenue for research.

4.1.5 Hypothesis and aims

This chapter characterises exogenous FOXJ1 mRNA translation in primary HBECs and the
effect of exogenous translated FOXJ1 protein on inducing the transcriptional program of
ciliated cell differentiation. Moreover, this chapter investigates the influence of exogenous
FOXJ1 mRNA translation on primary HBEC differentiation cultured at ALI.

Hypothesis

Transient FOXJ1 protein expression induced by non-viral delivery of FOXJ1 mRNA to primary

HBECs will accelerate ciliogenesis.
Aims

1. Establish non-viral transfection of FOXJ1 encoded mRNA in primary HBECs and
characterise exogenous FOXJ1 mRNA translation.

2. Check functionality of synthetic FOXJ1 mRNA after non-viral delivery to primary
HBECs.

3. Investigate the influence of synthetic FOXJ1 mRNA delivery on the differentiation of
primary HBECs in ALI culture.

4. Assess the impact of synthetic FOXJ1 mRNA delivery on the organisation, morphology,
and integrity of primary HBECs cultured at ALI.
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4.2 Results

4.2.1 Selection of supplier for ordering synthetic FOXJ1 mRNA

To identify the optimal source of synthetic FOXJ1 mRNA, the performance of reporter FLuc
mRNAs from four different commercial suppliers (Trilink, Stratech/ApexBio, RiboPro,
OzBiosciences) was evaluated on submerged 16HBE cells. FLuc mRNAs were complexed
with branched PBAE (optimised formulation from Chapter 3), the selected commercial
transfection reagent JetMessenger or delivered without a transfection reagent termed ‘naked
MRNA'. To assess the cytotoxicity of FLuc mRNA transfection in 16HBE cells, an LDH release
assay was performed on cell culture supernatants 24 hours post-transfection. All FLuc mRNAs
were well tolerated (Figure 4.1D-F), successfully translated, and achieved luminescence
above the naked mRNA control 24 hours post-transfection (Figure 4.1A-C). However, the
performance of FLuc mRNAs varied, and this could be attributed to differences in IVT mRNA
structural elements, such as type of cap, poly A tail length, and base modification (Table 2.4).
The OzBiosciences’ FLuc mRNA achieved the highest luminescence with both delivery

vectors. Therefore, synthetic FOXJ1 mRNA was purchased from OzBiosciences commercial

supplier.
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Figure 4.1 Performance of reporter FLuc mRNA from four different commercial
suppliers following non-viral transfection in 16HBE cells.

Submerged 16 human bronchial epithelial (16HBE) cells were transfected with reporter Firefly
Luciferase (FLuc) mRNA (50 ng) from four different commercial suppliers. (A-C)
Luminescence (relative light units) at 24 hours post-transfection with FLuc mRNA delivered
(A) naked, complexed with (B) branched poly B-amino ester (PBAE) or (C) commercial
transfection reagent JetMessenger. (D-F) Lactate dehydrogenase (LDH) release (%) from
16HBE cells at 24 hours post-transfection with FLuc mRNA delivered (D) naked, formulated
with (E) branched PBAE or (F) commercial transfection reagent JetMessenger. Dotted line
indicate 100% LDH release of positive control cells treated with 1% Triton-X-100 and LDH
release of samples was calculated relative to this control. Data represents mean + SD.n=3
technical replicates.

4.2.2 Functionality of synthetic FOXJ1 mRNA on 16HBE cells

Prior to initiating primary HBEC transfection experiments with FOXJ1 mRNA, | used 16HBE
cells to test the functionality of synthetic FOXJ1 mRNA. FOXJ1 mRNA was complexed with
branched PBAE (optimised formulation from Chapter 3), selected commercial transfection
reagent JetMessenger or delivered naked to submerged 16HBE cells to determine whether
16HBE cells can be transfected with FOXJ1 mRNA. Control transfections with vectors
(PBAE/JetMessenger) formulated with reporter mRNA (GFP) were also performed to
determine if reporter mRNA transfection can induce FOXJ1 expression. Cells were fixed and
immunofluorescence stained with FOXJ1 over 48 hours post-transfection, and transfection

efficiency (% FOXJ1 positive cells) was quantified.

FOXJ1 expression was detected in cells transfected with FOXJ1 mRNA complexed with non-
viral vectors (PBAE or JetMessenger) (Figure 4.2A). No expression of FOXJ1 was observed
in non-transfected cells, naked FOXJ1 mRNA transfected cells or GFP mRNA transfected cells
(Figure 4.2A). FOXJ1 protein, as a TF, is expressed in the nuclei of cells591,592. This assay
confirmed the correct localisation of FOXJ1 protein after transfection. Quantification of
transfection efficiency, shown in Figure 4.2B, demonstrated that FOXJ1 expression levels
peak 12 hours post-transfection with PBAE transfected cells reaching 20.6% + 0.8 FOXJ1
positive cells while JetMessenger transfected cells reaching 48.9% + 0.9 FOXJ1 positive cells
(Figure 4.2B). Cytotoxicity as measured by LDH release was assessed over 48 hours post-
transfection. 16HBE cells tolerated FOXJ1 mRNA transfection as demonstrated by no

elevation in LDH release compared to non-transfected control cells (Figure 4.2C).
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The functionality of synthetic FOXJ1 mRNA was evaluated by assessing the expression of
FOXJ1-downstream genes involved in ciliogenesis following successful FOXJ1 mRNA
translation using qPCR. Upregulation of FOXJ1 downstream genes (RFX2, DNAH11) was
observed in conditions that received FOXJ1 mRNA transfection compared to non-transfected
and naked FOXJ1 mRNA transfected cells (Figure 4.3).

Together this data confirmed that 16HBE cells can be successfully transfected with mRNA
encoded FOXJ1 complexed with non-viral vectors and supported future FOXJ1 mRNA

transfection experiments in primary HBECs.
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Figure 4.2 Transfection efficiency of synthetic FOXJ1 mRNA in 16HBE cells.

(A) Representative images of 16 human bronchial epithelial (16HBE) cells at 12 hours post-
transfection with synthetic FOXJ1 mRNA or control green fluorescent protein (GFP) mRNA (100
ng/well) delivered naked or complexed with poly B-amino ester (PBAE) or commercial
transfection reagent JetMessenger. Cells were fixed with 4% paraformaldehyde (PFA), stained
with anti-FOXJ1 antibody and cell nuclei were counter stained with DAPI. (B) FOXJ1
transfection efficiency measured by determining the percentage of FOXJ1 positive cells (%
FOXJ1+ cells) in 16HBE cells over 48 hours post-transfection. (C) Lactate dehydrogenase
release (LDH) release (%) in 16HBE cells over 48 hours post-transfection. Dotted line indicates
100% LDH release of positive control cells treated with 1% Triton-X-100 and LDH release of
samples was calculated relative to this control. Data represents mean + SD. n = 3 technical
replicates.
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Figure 4.3 Expression of FOXJ1 and two downstream genes following FOXJ1 mRNA
transfection in 16HBE cells.

16 human bronchial epithelial (16HBE) cells were transfected with FOXJ1 mRNA (100 ng/well)
delivered naked or complexed with poly B-amino ester (PBAE) or commercial transfection
reagent JetMessenger. Cells were harvested 12 hours post-transfection and gPCR was used
to quantify A) FOXJ1, (B) RFX2, (C) DNAH11 fold change from non-transfected control. n = 3
technical replicates, each dot represents a pooled technical triplicate.
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4.2.3 Submerged primary HBECs can be transfected with mRNA-encoded
FOXJ1

The confirmation that 16HBE cells can be transfected with FOXJ1 mRNA in section 4.2.2 of
this chapter supported the application of exogenous FOXJ1-encoded mRNA in primary
HBECs. 16HBE cells are immortalised cells that do not fully recapitulate the characteristics of
normal differentiated bronchial epithelium®®. Therefore, a switch to primary HBECs, which are
more physiological relevant, was essential to investigate the influence of FOXJ1 mRNA
transfection on bronchial epithelial differentiation. To establish non-viral transfection and
characterise FOXJ1 mRNA expression profile in primary HBECs, increasing doses of FOXJ1
encoded mRNA (50/100/200 ng per well) were formulated with branched PBAE (optimised

formulation Chapter 3) or JetMessenger non-viral vectors.

Expression of FOXJ1 mRNA was assessed in cell lysates via qPCR and a dose-dependent
relationship between the amount of transfected mRNA (50/100/200 ng) and the detected
mRNA levels of FOXJ1 was demonstrated across all time-points after transfection (6-48 hours)
(Figure 4.4A-D). Control transfections with naked FOXJ1 mRNA and non-viral vectors
(PBAE/JetMessenger) formulated with reporter mMRNA (GFP), and vector-only conditions were
also performed to determine whether vectors or reporter transfection can induce FOXJ1
MRNA expression. No induction of FOXJ1 expression in these control conditions was

observed (Figure 4.5).

Similar to the 16HBE FOXJ1 mRNA transfection efficiency described in section 4.2.2 above,
primary HBEC FOXJ1 transfection efficiency was evaluated over 48 hours post-transfection.
Immunofluorescence staining for FOXJ1 confirmed a robust FOXJ1 expression in FOXJ1
mMRNA transfected cells only (Figure 4.6A). FOXJ1 was localised in the nuclei of cells as
anticipated®'**2, No FOXJ1 expression was observed in control transfection conditions
(naked FOXJ1 mRNA, non-viral vectors formulated with GFP mRNA, non-viral vectors only)
(Figures 4.6A and 4.7). PBAE transfection with 50 ng of FOXJ1 mRNA resulted in peak FOXJ1
transfection efficiency (14.8% + 4.9) at 12 hours post-transfection, while JetMessenger
transfection with 50 ng of FOXJ1 mRNA resulted in peak FOXJ1 transfection efficiency
between 6- and 12-hours post-transfection (6 hours: 7.1% + 3.6, 12h: 7.9% + 5.2) (Figure
4.6B). PBAE or JetMessenger transfection with 100 ng of FOXJ1 mRNA resulted in peak of
FOXJ1 transfection efficiency at 12 hours post-transfection, with PBAE transfection yielding
50.9% + 19.2 FOXJ1 positive cells, whereas JetMessenger transfection yielded 30.6% + 4.5
FOXJ1 positive cells (Figure 4.6C). PBAE transfection with 200 ng of FOXJ1 mRNA resulted
in peak FOXJ1 transfection efficiency (5.9% + 1.3) at 24 hours post-transfection, while

JetMessenger transfection with 200 ng of FOXJ1 mRNA resulted in peak FOXJ1 transfection
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efficiency (13.4% + 6.9) at 12 hours post-transfection (Figure 4.6D). PBAE transfection with
100 ng of FOXJ1 mRNA exhibited a more prolonged duration of FOXJ1 expression compared
to JetMessenger transfection with the same dose of FOXJ1 mRNA (PBAE transfection 24
hours: 37.9% + 19.9, PBAE transfection 48 hours: 5.4% + 4.7, JetMessenger transfection 24
hours: 6.7% + 2.3, JetMessenger transfection 48 hours: 1% + 0.1) (Figure 4.6C, Table 4.1).

In addition, naked and PBAE transfections with 50 ng, 100 ng and 200 ng of FOXJ1 mRNA as
well as JetMessenger transfection with 50 ng of FOXJ1 mRNA did not result in significant
elevation of LDH release at 6-48 hours post-transfection compared to non-transfected primary
HBECs (Figure 4.8A-C). However, naked transfection with 200 ng of FOXJ1 mRNA and
JetMessenger transfections with 100 ng and 200 ng of FOXJ1 mRNA significantly elevated
LDH release compared to non-transfected primary HBECs (100 ng: non-transfected vs
JetMessenger+FOXJ1 mRNA *P=0.0354, 200 ng: non-transfected vs naked FOXJ1 mRNA
***P=0.0003, non-transfected vs JetMessenger+FOXJ1 mRNA ****P<0.0001) (Figure 4.8B-C,
Table 4.2).

These data demonstrated successful transfection of primary HBECs with FOXJ1 mRNA at an
optimal dose of 100 ng. This dose was chosen based on its high transfection efficiency and
low cytotoxicity. When the dose of FOXJ1 mRNA was increased from 100 ng to 200 ng, no
further benefits were observed. The higher dose led to lower transfection efficiency and

increased cytotoxicity. Therefore, the 100 ng dose was selected for subsequent investigations.
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Figure 4.4 Expression of FOXJ1 following FOXJ1 mRNA transfection in submerged

primary HBECs.

Submerged primary human bronchial epithelial cells (HBECs) were transfected with
increasing doses of FOXJ1 mRNA (50/100/200 ng) delivered naked or complexed with
branched poly B-amino ester (PBAE) or commercial transfection reagent JetMessenger. Cells
were harvested between 6-48 hours post-transfection and gPCR was used to quantify FOXJ1
fold change from non-transfected controls at (A) 6 hours post-transfection, (B) 12 hours post-
transfection, (C) 24 hours post-transfection, (D) 48 hours post-transfection. Data represents
mean + SD. N = 3 primary cell donors with 3 technical replicates each.
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Figure 4.5 Expression of FOXJ1 following FOXJ1 mRNA and reporter mRNA
transfection in submerged primary HBECs.

Submerged primary human bronchial epithelial cells (HBECs) were transfected with 100
ng FOXJ1 mRNA delivered naked or complexed with branched poly B-amino ester (PBAE)
or commercial transfection reagent JetMessenger. Cells were also transfected with reporter
green fluorescent protein (GFP) mRNA complexed with branched PBAE or JetMessenger
or vector only-controls. Cells were harvested between 6-48 hours post-transfection and
gPCR was used to quantify FOXJ7 mRNA expression. Data represents log, fold change
from non-transfected control. N = 3 primary cell donors with 3 technical replicates each.
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Figure 4.6 Transfection efficiency of synthetic FOXJ1 mRNA in submerged primary HBECs.

Submerged primary human bronchial epithelial cells (HBECs) were transfected with increasing
doses of FOXJ1 mRNA (50/100/200 ng) delivered naked or complexed with branched poly B-
amino ester (PBAE) or commercial transfection reagent JetMessenger. (A) Representative images
of non-transfected control cells and FOXJ1 mRNA transfected cells stained with anti-FOXJ1
antibody and cell nuclei counter stained with DAPI at 12 hours post-transfection. FOXJ1
transfection efficiency was measured at 6, 12, 24, and 48 hours post-transfection and expressed
as percentage of FOXJ1 positive cells with (B) 50 ng mRNA dose, (C) 100 ng mRNA dose, (D)
200 ng mRNA dose. Data represents mean + SD. N = 3 primary cell donors with 3 technical
replicates each. Statistics: 2way ANOVA followed by Dunnett's multiple comparisons test.
Statistical analysis results are summarised in Table 4.1.

Table 4.1 Summary of statistical analysis of FOXJ1 transfection efficiency in
submerged primary HBECs.

Summary Adjusted P
value

50 ng FOXJ1 mRNA

6h post-transfection: Non-transfected vs JetMessenger + rrxk <0.0001

FOXJ1 mRNA .

12h post-transfection: Non-transfected vs PBAE + FOXJ1 rrxk

mRNA <0.0001

12h post-transfsection: Non-transfected vs JetMessenger + rrxk <0.0001

FOXJ1 mRNA .

24h post-transfection: Non-transfected vs PBAE + FOXJ1 .

mRNA <0.0001

100 ng FOXJ1 mRNA

6h post-transfection: Non-transfected vs PBAE + FOXJ1 .

MRNA 0.0135

6h post-transfection: Non-transfected vs JetMessenger + o 0.0099

FOXJ1 mRNA :

12h post-transfection: Non-transfected vs PBAE + FOXJ1 .

mRNA <0.0001

12h post-transfection: Non-transfected vs JetMessenger + rrxk <0.0001

FOXJ1 mRNA :

24h post-transfection: Non-transfected vs PBAE + FOXJ1 Sk

mRNA <0.0001

200 ng FOXJ1 mRNA

6h post-transfection: Non-transfected vs JetMessenger + . <0.0001

FOXJ1 mRNA .

12h post-transfection: Non-transfected vs PBAE + FOXJ1 *

MRNA 0.0226

12h post-transfection: Non-transfected vs JetMessenger + rrxk <0.0001

FOXJ1 mRNA .

24h post-transfection: Non-transfected vs PBAE + FOXJ1 .

mRNA <0.0001

48h post-transfection: Non-transfected vs PBAE + FOXJ1 rrxk

mRNA <0.0001
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Figure 4.7 FOXJ1 expression following control mRNA transfections in submerged
primary HBECs.

Submerged primary human bronchial epithelial cells (HBECs) were transfected with reporter
green fluorescent protein (GFP) mRNA complexed with (A) branched poly B-amino ester
(PBAE) or (B) commercial transfection reagent JetMessenger or vector-only controls; (C)
PBAE, (D) JetMessenger. Representative images of transfected cells stained with anti-
FOXJ1 antibody and cell nuclei counter stained with DAPI at 12 hours post-transfection.
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Figure 4.8 Cytotoxicity of FOXJ1 mRNA transfected submerged primary HBECs.

Submerged primary human bronchial epithelial cells (HBECs) were transfected with
increasing doses of FOXJ1 mRNA (50/100/200 ng) delivered naked or complexed with
branched poly B-amino ester (PBAE) or commercial transfection reagent JetMessenger.
Cytotoxicity at 6, 12, 24, and 48 hours post-transfection with (A) 50 ng FOXJ1 mRNA, (B) 100
ng FOXJ1 mRNA, (C) 200 ng FOXJ1 mRNA was quantified by lactate dehydrogenase (LDH)
release (%) relative to LDH release from positive control cells treated with 1% Triton-X-100.
Data represents mean + SD. N = 3 primary cell donors with 3 technical replicates each.
Statistics: 2way ANOVA followed by Dunnett's multiple comparisons test. Statistical analysis

results are summarised in Table 4.2.

Table 4.2 Summary of statistical analysis of cytotoxicity in submerged primary HBECs

following FOXJ1 mRNA transfection.

s Adjusted P
ummary

value
50 ng FOXJ1 mRNA
12h post-transfection: Non-transfected vs JetMessenger + " 0.0471
FOXJ1 mRNA :
100 ng FOXJ1 mRNA
24h post-transfection: Non-transfected vs JetMessenger + " 0.0273
FOXJ1 mRNA :
200 ng FOXJ1 mRNA
6h post-transfection: Non-transfected vs JetMessenger + ok 0.0002
FOXJ1 mRNA .
12h post-transfection: Non-transfected vs JetMessenger + ok 0.0003
FOXJ1 mRNA :
24h post-transfection: Non-transfected vs JetMessenger + ok 0.0005
FOXJ1 mRNA .
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4.2.4 FOXJ1 mRNA transfection induces ciliogenesis transcriptional program
in submerged primary HBECs

In section 4.2.3 | demonstrated that primary HBECs can translate exogenous FOXJ1 mRNA
complexed with non-viral vectors for up to 48 hours, with the highest transfection efficiency
observed with the 100 ng FOXJ1 mRNA dose per well. Next, | aimed to investigate whether
FOXJ1 mRNA transfection of basal submerged primary HBECs with 100 ng dose, under
conditions that normally prevent mucociliary differentiation, was sufficient to induce
differentiation towards the ciliated cell lineage. The expression of FOXJ1 downstream genes
associated with ciliated cell differentiation was assessed via qPCR. FOXJ1 supplementation
in basal submerged primary HBECs induced the expression of a panel of cilia-associated
genes including CETN2, DNAH11, DNALI1, RFX3, RFX2, TUBA1A, RSPH9, DYNC2H1,
IFT172 (Figure 4.9). A notable increase in the expression of FOXJ1-downstream genes was
observed at 24 hours-post FOXJ1 mRNA transfection with DNAL/ (**P=0.0038, *P=0.0365),
RSPH9 (****P<0.0001) and DYNC2H1 (*P=0.0111) showing significant upregulation
compared to non-transfected HBECs. To control for the effects of FOXJ1 mRNA transfection,
naked FOXJ1 mRNA, vector-formulated reporter mRNA encoding GFP, and vector-only
conditions were used as negative controls. Control transfections with naked FOXJ1 mRNA,
vector-formulated reporter mRNA, and vector-only conditions did not induce expression of

FOXJ1 downstream genes (Figure 4.9).

Together these data suggests that FOXJ1 protein following successful FOXJ1 mRNA
transfection in submerged primary HBECs can induce the expression of several FOXJ1-
downstream genes involved in different stages of ciliogenesis. The submerged FOXJ1 mRNA
transfection experiments formed the basis of further investigation of FOXJ1 mRNA

supplementation in ALI-cultured HBECs, presented in sections 4.2.6 — 4.2.11.
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Figure 4.9 FOXJ1-mediated expression of ciliogenesis genes in submerged primary
HBECs following non-viral FOXJ1 mRNA transfection.

(A) Subset of genes directly regulated by FOXJ1. Figure created with Biorender.com.
Submerged primary human bronchial epithelial cells (HBECs) were transfected with 100 ng
FOXJ1 mRNA delivered naked or complexed with branched poly B-amino ester (PBAE) or
commercial transfection reagent JetMessenger. Cells were also transfected with reporter green
fluorescent protein (GFP) mRNA complexed with branched PBAE or JetMessenger or vector
only-controls. Cells were harvested between 6-48 hours post-transfection and quantitative PCR
(gPCR) was used to quantify expression of ciliated cell associated genes at (B) 6 hours post-
transfection, (C) 12 hours post-transfection, (D) 24 hours post-transfection, and (E) 48 hours
post-transfection. Data represents log2 fold change from non-transfected control. N = 3 primary
cell donors with 3 technical replicates each. Statistics: 2way ANOVA followed by Dunnett’s
multiple comparisons test. *P=0.0111, **P=0.0011, ****P< 0.0001.

4.2.5 Characterisation of FOXJ1 mRNA/non-viral vector formulations

In section 4.2.3, | established that primary HBECs can translate exogenous FOXJ1 mRNA
complexed with non-viral vectors for up to 48 hours post-transfection, with peak expression at
12 hours post-transfection. After observing that PBAE transfection resulted in a higher and
more sustained FOXJ1 expression compared to JetMessenger transfection, | sought to
characterise further FOXJ1 mRNA/PBAE and FOXJ1 mRNA/JetMessenger formulations.

First, the complexation of FOXJ1 mRNA to PBAE or JetMessenger was evaluated by gel
electrophoresis. The gel retardation assay demonstrated that PBAE was able to completely
protect FOXJ1 mRNA as evidenced by the lack of mMRNA migration through the gel (Figure
4.10A). JetMessenger was not able to efficiently protect FOXJ1 mRNA as evidenced by mRNA
migration through the gel (Figure 4.10A). Next, FOXJ1 mRNA encapsulation efficiency was
quantified using the Ribogreen assay. PBAE encapsulated the FOXJ1 mRNA efficiently,
yielding almost 100% encapsulation efficiency, while only ~60% of FOXJ1 mRNA was
encapsulated by JetMessenger (Figure 4.10B). DLS was then used to characterise the size,
stability, and zeta potential of PBAE/FOXJ1 mRNA and JetMessenger/FOXJ1 mRNA
nanoparticles. The DLS results showed that PBAE formed stable nanoparticles around 60 nm
in size and positively charged when complexed with FOXJ1 mRNA (Figure 4.10C, E, F).
However, JetMessenger condensed FOXJ1 mRNA into larger nanoparticles (400 nm) which

were less stable and negatively charged (Figure 4.10D-F).

The observed differences in encapsulation efficiency, size, stability, and zeta potential of
FOXJ1 mRNA polyplexes between PBAE and JetMessenger could be linked to the lower
FOXJ1 transfection efficiency with JetMessenger. Therefore, it was decided to proceed with
the PBAE/FOXJ1 mRNA formulation to assess the impact of FOXJ1 supplementation on the
differentiation of HBECs cultured at ALI.
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Figure 4.10 Characterisation of FOXJ1 mRNA/non-viral vector formulations.

(A) Gel retardation assay of poly B-amino ester (PBAE)/FOXJ1 mRNA and commercial
transfection reagent JetMessenger/FOXJ1 mRNA nanoparticles run through a 2% agarose gel.
200 ng of mRNA was loaded in each well. (B) Encapsulation efficiency of FOXJ1 mRNA
complexed with PBAE or JetMessenger using the RiboGreen assay. Measurements were
performed in triplicates for each condition and data are shown as mean + SD. (C) Size analysis
of PBAE particles formulated with FOXJ1 mRNA using dynamic light scattering (DLS). (D) Size
analysis of JetMessenger transfection reagent formulated with FOXJ1 mRNA using DLS. (E)
Summary size analysis in nanometres (nm) of PBAE/FOXJ1 mRNA and JetMessenger/FOXJ1
mRNA particles. (F) Zeta Potential measurements of PBAE/FOXJ1 mRNA and
JetMessenger/FOXJ1 mRNA particles. Size and zeta potential measurements taken in
triplicate.

4.2.6 Primary HBECs transfected with FOXJ1 encoded mRNA formed a confluent

monolayer and were maintained at ALI culture for 28 days

The confirmation that exogenous FOXJ1 encoded mRNA can induce the expression of cilia
associated FOXJ1 downstream genes in submerged primary HBECs (section 4.2.4)
supported the investigation of FOXJ1 mRNA delivery to primary HBEC ALI cultures. | sought
to investigate the influence of FOXJ1 supplementation on the differentiation of primary HBECs
cultured at ALI compared to non-transfected control primary HBECs. Primary HBECs were
transfected with FOXJ1 encoded mRNA formulated with PBAE (100 ng per well, optimised
condition determined in sections 4.2.3, 4.2.4, 4.2.5 above) 24 hours post-seeding on transwell
inserts. Experimental design of FOXJ1 mRNA transfection in HBECs is shown in Figure 4.11A.
Expression of FOXJ1 mRNA in cells transfected with FOXJ1 mRNA complexed with PBAE
was confirmed via qPCR at 6, 12, 24, and 48 hours post-transfection (Figure 4.11B).

Cytotoxicity measured by LDH release was assessed after transfection comparing FOXJ1
mRNA transfected and non-transfected primary HBECs. Figure 4.11C indicates that LDH
release was low in both non-transfected (below 6%) and FOXJ1 mRNA transfected groups
and was not significantly different. In addition, Figure 4.11D shows that both conditions formed
a confluent monolayer 48 hours post-transfection. After reaching confluence (Day 0 ALl), the
apical medium was removed and FOXJ1 mRNA transfected and non-transfected HBECs were

maintained in ALI culture for 28 days.
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Figure 4.11 Primary HBECs transfected with FOXJ1 mRNA formed a confluent
monolayer and cultured at ALI.

(A) Schematic showing experimental design of FOXJ1 mRNA transfection. Primary human
bronchial epithelial cells (HBECs) were seeded on transwell inserts and 24 hours after
seeding were transfected with FOXJ1 mRNA (100 ng per transwell) complexed with
branched poly B-amino ester (PBAE). Cells were harvested at 6, 12, 24, 48 hours post-
transfection to assess expression of FOXJ1 downstream genes using gqPCR. Once FOXJ1
mRNA transfected cells and non-transfected control cells formed a confluent monolayer they
were air-exposed and cultured at ALI for 28 days. Cells were harvested for gPCR, fixed for
histology, immunofluorescence staining, and transmission electron microscopy at day 7, 14,
21, and 28 post-ALl. (B) Expression of FOXJ1 at 6, 12, 24, 48 hours following FOXJ1 mRNA
transfection plotted as fold change from non-transfected cells. Data represents mean + SD.
N = 3 primary cell donors. Statistics: 2way ANOVA followed by Dunnett's multiple
comparisons test. **P= 0.0024. (C) Cytotoxicity at 6, 12, 24, 48 hours post-FOXJ1 mRNA
transfection was quantified by lactate dehydrogenase (LDH) release (%) relative to LDH
release from positive control cells treated with 1% Triton-X-100. Data represents mean + SD.
N = 3 primary cell donors. Statistics: 2way ANOVA followed by Dunnett's multiple
comparisons test. (D) Representative images of non-transfected primary HBECs and FOXJ1
mMRNA transfected cells once they formed a confluent monolayer before air exposure.

4.2.7 FOXJ1 supplementation mediates induction of FOXJ1-downstream genes

involved in ciliogenesis before air-exposure

After confirmation of successful transfection of primary HBECs seeded on transwell inserts
with FOXJ1 encoded mRNA (Figure 4.11B), the expression of FOXJ1-downstream genes was
assessed via qPCR at 6, 12, 24, and 48 hours post-transfection. Cilia-associated genes
(RFX3, RFX2, CETN2, DNAH11, DNALI1, RSPH9, DYNC2H1, IFT172, TUBA1A) were
upregulated following FOXJ1 mRNA transfection (Figure 4.12). However, donor-dependent
variability in the expression of FOXJ1-downstream genes in cultures derived from 3
independent donors was observed. Gene expression changes were more pronounced in
donors 1 and 3 than in donor 2. Together these data indicate that FOXJ1 supplementation
induces expression of FOXJ1 downstream genes in primary HBECs prior to air exposure at

ALI culture compared to non-transfected cells.
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Figure 4.12 Induction of FOXJ1 downstream genes following FOXJ1 mRNA transfection
in primary HBECs before air-exposure.

Primary human bronchial epithelial cells (HBECs) were transfected with FOXJ1 mRNA (100 ng
per transwell insert) complexed with branched poly B-amino ester (PBAE). Cells were harvested
following FOXJ1 mRNA transfection to assess expression of FOXJ1 downstream genes using
gPCR. Expression of FOXJ1 downstream genes was quantified at (A) 6 hours post-transfection,
(B) 12 hours post-transfection, (C) 24 hours post-transfection, and (D) 48 hours post-
transfection. Data represents log2 fold change from non-transfected control. N = 3 primary cell

donors.
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4.2.8 Impact of FOXJ1 supplementation on epithelial morphology

Primary HBECs transfected with FOXJ1 encoded mRNA and non-transfected primary HBECs
were maintained at ALI for 28 days. To explore the impact of FOXJ1 supplementation on the
epithelial morphology, morphological evaluations of the epithelial structure were conducted at
7-day intervals from day 7 to day 28 post-ALlI, using histological sections stained with H&E.
Representative H&E-stained sections are shown in Figure 4.13A. Initially, at day 7 post-ALlI,
both FOXJ1 mRNA transfected and non-transfected primary HBECs displayed a squamous
morphology. By day 14 post-ALl, cells in both groups had differentiated into a double-layered
structure with more cuboidal morphology. Progressing to day 21, the cultures in both
conditions nearly tripled in depth, developing into an increasingly columnar and
pseudostratified. By day 28, both FOXJ1 mRNA transfected and non-transfected HBECs
exhibited a pseudostratified morphology with mucociliary differentiation. Measurements of
epithelial thickness demonstrated a gradual increase in both groups, with the maximum
thickness reaching 17. 9 + 1.2 ym in non-transfected HBECs and 19.8 + 9.8 um between day
7 and 28 post-ALl (Figure 4.13B). Notably, there were no differences in thickness between the
two groups. These data suggests that FOXJ1 supplementation does not influence the overall

morphology or thickness of the epithelial layers.

The study further investigated the differentiation changes in HBEC ALI cultures, both in non-
transfected and transfected with FOXJ1 mRNA, using TEM at 7-day intervals. At day 7 post-
ALL, epithelial cells in both groups showed a uniform cuboidal morphology without any signs
of differentiation or cilia formation, although some secretory granules were present (Figure
4.14A). By day 14 post-ALl, the initial stages of ciliogenesis were evident, with the emergence
of short cilia (Figure 4.14B). This process was more pronounced by day 21 post-ALI, where
ciliation was well-established (Figure 4.15A), reaching its peak development and coverage by
day 28 post-ALl (Figure 4.15B). In addition, secretory cells were observed either individually
or in clusters among the ciliated cells. Cross-sectional views of the cell layer at day 28 post-
ALI displayed a pseudostratified morphology (Figure 4.15B). ALI cultures from both non-
transfected and FOXJ1 mRNA transfected HBECs remained well-preserved and organised
throughout the four-week period, showing no evidence of degradation or de-differentiation. No
differences were noted in the overall epithelial morphology between non-transfected and
FOXJ1 mRNA transfected HBECs. However, an exception was observed in the case of donor
3, who uniquely exhibited early signs of ciliogenesis, such as the formation of basal bodies at
day 7 post-ALl (Figure 4.16). This phenomenon was not seen in the non-transfected

counterpart or in any of the other two donors transfected with FOXJ1 mRNA.
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Figure 4.13 Overall morphology and thickness of epithelial layers remain unaffected
following FOXJ1 mRNA transfection in primary HBECs cultured at ALI.

Primary human bronchial epithelial cells (HBECs) were transfected with FOXJ1 mRNA (100
ng per transwell insert) complexed with branched poly B-amino ester (PBAE) before air
exposure. Once they formed a confluent monolayer, cells were air-exposed and cultured at
air-liquid interface (ALI) for 28 days. Non-transfected control cells and FOXJ1 mRNA
transfected cells were fixed at day 7, 14, 21, and 28 post-ALI for histology characterisation.
(A) Representative images of Hematoxylin and eosin (H&E) staining of sections from non-
transfected and FOXJ1 mRNA transfected HBECs at Day 7, 14, 21, 28 post-ALl. (B)
Thickness of epithelial cell layer as measured in H&E-stained cross-sections from Day 7,
14, 21, 28 post-ALl. Data represents mean + SD. N = 3 primary cell donors. Statistics: 2way
ANOVA followed by Dunnett’'s multiple comparisons test. Not-significant (ns) P>0.9999
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Figure 4.14 Transmission electron microscopic (TEM) assessment of ultrastructural
changes in non-transfected and FOXJ1 mRNA transfected human bronchial
epithelial cell air-liquid interface cultures over time.

Primary human bronchial epithelial cells (HBECs) were transfected with FOXJ1 mRNA
complexed with branched poly B-amino ester (PBAE) before air exposure. Once they
formed a confluent monolayer, cells were air-exposed and cultured at air-liquid interface
(ALLI) for 28 days. Non-transfected control and FOXJ1 mRNA transfected HBEC ALI cultures
were fixed at seven-day intervals and processed for TEM. Representative micrographs
show (A) day 7 post-ALl cultures and (B) day 14 post-ALI cultures.
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Figure 4.15 Transmission electron microscopic (TEM) assessment of ultrastructural
changes in non-transfected and FOXJ1 mRNA transfected human bronchial
epithelial cell air-liquid interface cultures over time.

Primary human bronchial epithelial cells (HBECs) were transfected with FOXJ1 mRNA
complexed with branched poly B-amino ester (PBAE) before air exposure. Once they
formed a confluent monolayer, cells were air-exposed and cultured at air-liquid interface
(ALI) for 28 days. Non-transfected control and FOXJ1 mRNA transfected HBEC ALI cultures
were fixed at seven-day intervals and processed for TEM. Representative micrographs
show (A) day 21 post-ALl cultures and (B) day 28 post-ALI cultures.
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Figure 4.16 Transmission electron microscopic (TEM) assessment of ultrastructural
changes in FOXJ1 mRNA transfected human bronchial epithelial cell air-liquid
interface culture at day 7 post-ALlI.

Primary human bronchial epithelial cells (HBECs) (donor 3) were transfected with FOXJ1
mRNA complexed with branched poly B-amino ester (PBAE) before air exposure. Once
they formed a confluent monolayer, cells were air-exposed and cultured at air-liquid
interface (ALI) for 28 days. FOXJ1 mRNA transfected HBEC ALI cultures were fixed at
seven-day intervals and processed for TEM. Representative micrographs show FOXJ1
mMRNA transfected HBEC ALI culture at day 7 post-ALI from donor 3.

4.2.9 Impact of FOXJ1 supplementation on epithelial integrity

To investigate the influence of FOXJ1 supplementation on epithelial integrity, the expression
of cell adhesion markers including CDH1 (E-cadherin for adherens junctions), TJP1 (ZO-1 for
tight junctions) and OCLN (Ocludin for tight junctions) was assessed using gPCR. The study
found that the levels of CDH1, TJP1 and OCLN were comparable in both FOXJ1 mRNA
transfected and non-transfected cultures at 6, 12, 24, and 48 hours post-transfection and days
7,14, 21, and 28 post-ALI (Figure 4.17A-C). In addition to gene expression analysis, the study
utilised TEM to visually confirm the presence of tight junctions. TEM identified tight junctions
and desmosomes in both FOXJ1 mRNA transfected and non-transfected ALI cultures (Figure
4.17D). This visual evidence further confirmed the presence of junctional complexes and the
maintenance of barrier integrity in HBEC ALI cultures. Collectively, these findings suggest that
epithelial integrity remains unaltered following transfection with FOXJ1 mRNA.
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Figure 4.17 Epithelial integrity is unaffected following FOXJ1 mRNA transfection in
primary HBECs cultured at ALL.

Primary human bronchial epithelial cells (HBECs) were transfected with FOXJ1 mRNA (100
ng per transwell insert) complexed with branched poly B-amino ester (PBAE) before air
exposure. Non-transfected control cells and FOXJ1 mRNA transfected cells were harvested
at 6, 12, 24, and 48 hours post-transfection to assess expression of epithelial integrity genes
using qPCR. Once they formed a confluent monolayer, cells were air-exposed and cultured
at air-liquid interface (ALI) for 28 days. Non-transfected control cells and FOXJ1 mRNA
transfected cells were harvested at Day 7, 14, 21, and 28 post-ALI to assess expression of
epithelial integrity genes using gPCR. Expression of (A) CDH1, (B) TJP1, and (C) OCLN
genes was quantified relative to housekeeping gene ACTB. Data represents mean + SD. N
= 3 primary cell donors. Statistics: 2way ANOVA followed by Dunnett’'s multiple comparisons
test. Not-significant (ns) P>0.9999. (D) Junctional complexes (yellow arrows) of non-
transfected and FOXJ1 mRNA transfected HBEC ALl cultures was assessed using
transmission electron microscopy (TEM). Scale bar: 6 ym.

4.2.10 Impact of FOXJ1 supplementation on epithelial differentiation

To investigate the impact of FOXJ1 supplementation on epithelial differentiation, the
expression of key genes in differentiated HBEC ALI cultures was assessed using qPCR (KRT5
for basal cells594, MUC5AC and MUCS5B for goblet cells595,596, SCGB1A1 for club cells®’,
FOXJ1 for ciliated cells®®). The findings revealed that, except for KRT5, all genes showed
increased expression during ALI differentiation (Figure 4.18). This enhancement was most
notable between day 0 post-ALI (48 hours post-transfection) and day 14 post-ALl, after which
gene expression generally stabilised. KRT5, a basal cell marker, exhibited a minor decrease
in FOXJ1 mRNA transfected HBECs compared to non-transfected HBECs at 6, 12, 24, and
48 hours post-transfection and day 14, 21 and 28 post- ALI (Figure 4.18A). In contrast, genes
associated with club and goblet cell differentiation were upregulated following air exposure in
both groups. SCGB1A1, expressed by club cells597, which are progenitors to both goblet and
ciliated cells, showed a significant upregulation between day 0 post-ALI and day 14 post-ALl
(Figure 4.18B). However, the increase in SCGB1A1 expression in FOXJ1 mRNA transfected
HBECs compared to non-transfected HBECs was minor and statistically insignificant (Figure
4.18B). MUCSAC and MUCS5B, encoding mucus components in goblet cells, followed a similar
expression pattern. Their upregulation commenced between day 0 and day 7 post-ALl,
peaking at day 14 post-ALl (Figure 4.18C+D). FOXJ1 supplementation did not trigger early
expression of these genes (6-48 hours post-transfection), and at later stages (day 14, 21, and
28 post-ALl), their expression was lower in FOXJ1 mRNA transfected HBECs compared to
controls (Figure 4.18C+D). As expected, FOXJ1 expression increased in FOXJ1 mRNA
transfected cells between 6- and 48-hours post-transfection (Figure 4.18E). Expression of
FOXJ1 in non-transfected cells commenced at day 7 post-ALl, reached a plateau by day 14
post-ALl, and remained lower than in FOXJ1 mRNA transfected HBECs throughout the study
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(Figure 4.18E). These observations suggest that FOXJ1 supplementation does not impact the

expression of epithelial cell differentiation markers during ALI differentiation.

The differentiation of FOXJ1 mRNA transfected and non-transfected ALI cultures was further
explored at day 28 post-ALI using histological analysis to quantify the proportion of ciliated
cells, PAS positive cells and non-ciliated PAS negative cells. Representative images of PAS-
stained cross-sections of HBECs grown at ALI for 28 days are shown in Figure 4.19A. FOXJ1
mRNA transfected and non-transfected HBEC ALI cultures displayed similar pseudostratified
morphology and mucociliary differentiation. Through manual cell counting, the proportions of
different cell types were determined. The percentage of ciliated cells in non-transfected (79.3%
+ 1.2) and FOXJ1 mRNA transfected cultures (79.3% + 3.1) were nearly identical, with no
statistically significant difference (P>0.99). Similarly, the proportions of PAS-positive cells (9%
+ 2.7 in non-transfected vs 16% + 6.3 in transfected, P=0.0886) and non-ciliated, PAS-
negative cells (11.7 % *+ 2.5 in non-transfected vs 4.7 % + 3.2 in transfected, P=0.0886) were

comparable between the two groups (Figure 4.19B).

To further confirm these findings, end-point immunofluorescence analyses were performed on
Day 28 post-ALl. This analysis aimed to verify the presence of differentiation markers in both
groups: MUCS5AC for goblet cells, acetylated alpha tubulin for cilia, KRT5 for basal cells, and
SCGB1A1 for club cells (Figure 4.19C). Together, these data reinforce the conclusion that
FOXJ1 mRNA supplementation does not alter the proportion of ciliated cells, PAS-positive

cells, and non-ciliated, PAS-negative cells in differentiated ALI cultures.
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Figure 4.18 Expression of epithelial differentiation markers is unaffected following
FOXJ1 mRNA transfection in primary HBECs cultured at ALI.

Primary human bronchial epithelial cells (HBECs) were transfected with FOXJ1 mRNA (100 ng
per transwell insert) complexed with branched poly -amino ester (PBAE) before air exposure.
Non-transfected control cells and FOXJ1 mRNA transfected cells were harvested at 6, 12, 24,
and 48 hours post-transfection to assess expression of epithelial differentiation genes using
gPCR. Once they formed a confluent monolayer, cells were air-exposed and cultured at air-
liquid interface (ALI) for 28 days. Non-transfected control cells and FOXJ1 mRNA transfected
cells were harvested at Day 7, 14, 21, and 28 post-ALl to assess expression of epithelial
differentiation genes using gPCR. Expression of (A) KRTS, (B) SCGB1A1, (C) MUC5AC, (D)
MUCS5B and (E) FOXJ1 genes was quantified relative to housekeeping gene ACTB. Data
represents mean + SD. N = 3 primary cell donors. Statistics: 2way ANOVA followed by Dunnett’s
multiple comparisons test. Non-significant (ns)P>0.9999, ****P< 0.0001.
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Figure 4.19 Epithelial differentiation is not influenced following FOXJ1 mRNA
transfection in primary HBECs cultured at ALI.

Primary human bronchial epithelial cells (HBECs) were transfected with FOXJ1 mRNA (100
ng per transwell insert) complexed with branched poly B-amino ester (PBAE) before air
exposure. Once they formed a confluent monolayer, cells were air-exposed and cultured at
air-liquid interface (ALI) for 28 days. Non-transfected control cells and FOXJ1 mRNA
transfected cells were fixed at Day 28 post-ALl for histology and immunofluorescence
characterisation. (A) Representative images of periodic acid-Schiff (PAS) staining of
sections from non-transfected and FOXJ1 mRNA transfected HBECs at 28 post-ALl. (B)
Proportions of ciliated, PAS positive and non-ciliated PAS negative cells were manually
counted from PAS-stained sections of Day 28 post-ALl cultures and expressed as
percentage of total cells. Data represents mean + SD. N = 3 primary cell donors. Statistics:
2way ANOVA followed by Dunnett’'s multiple comparisons test. Non-significant (ns)
P>0.9999. (C) Representative images of immunofluorescence staining for goblet cells
(MUCS5AC), cilia (acetylated alpha tubulin), basal cells (KRT5), and club cells (SCGB1A1).

4.2.11 Impact of FOXJ1 supplementation on transcriptional network of ciliated
cell differentiation and cilia ultrastructure

To investigate the impact of FOXJ1 supplementation on ciliogenesis, the expression of FOXJ1-
downstream genes associated with cilia formation was assessed using qPCR. Three of the
analysed genes encode key structural components of cilia: radial spoke (RSPH9), and inner
and outer dynein arms (DNALI1 and DNAH11, respectively) (Figure 4.20A-C). These genes
exhibited early upregulation between 6-48 hours post transfection in FOXJ1 mRNA
transfected HBECs compared to non-transfected HBECs. Their maximum expression was
observed at 14 days post-ALl, after which it plateaued. CETN2, a gene encoding a structural
component of the centrosome, showed early induction in FOXJ1 mRNA transfected HBECs
before air exposure, within 6-48 hours post-transfection (Figure 4.20D). In non-transfected
cells, CETNZ2 expression first increased on day 7 post- ALI, reaching a plateau between days
21 and 28 post-ALIl. The expression profile of CETN2 in FOXJ1 mRNA transfected cells was
comparable to non-transfected HBECs from day 7 to 28 post-ALI (Figure 4.20D).
Furthermore, RFX2 and RFX3, which encode TFs regulating cilia gene expression, showed
an increased in expression from 6-48 hours post-transfection in FOXJ1 mRNA transfected
HBECs, remaining elevated throughout the culture period (Figure 4.20E+F). In contrast,
upregulation of RFX2 and RFX3 in non-transfected HBECs was first noted on day 7 post-ALl,
peaking on day 21 post-ALI (Figure 4.20E+F). Genes involved in IFT, specifically DYNC2H1
and IFT172, were also analysed. These genes were upregulated in FOXJ1 mRNA transfected
cells between 6-48 hours post-transfection (Figure 4.20G+H). In non-transfected cells,
increased expression was detected starting day 7 post-ALl, reaching maximum values at day
21 post-ALl. The expression patterns of DYNC2H1 and IFT172 in FOXJ1 mRNA transfected
cells were similar to those in non-transfected HBECs (Figure 4.20G+H). The expression of

TUBA1A, which encodes microtubule constituents of the tubulin superfamily, showed
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negligible increase in FOXJ1 mRNA transfected cells during the initial 6-48 hours post-
transfection (Figure 4.201). A notable increase in TUBA1A expression in both FOXJ1 mRNA
transfected and non-transfected HBECs commenced from day 7 post-ALIl, with maximum
MRNA levels reached at day 21 post-ALl (Figure 4.20I).

The ultrastructure of cilia in day 28 post-ALI non-transfected and FOXJ1 mRNA transfected
HBEC cultures was compared using TEM (Figure 4.21). The ultrastructure of the cilia in non-
transfected and FOXJ1 mRNA transfected HBEC cultures was very similar. The configurations
of the cilia basal bodies (Figure 4.21) and the 9+2 axonemes, characterised by their distinct
arrangement of microtubules, radial spokes, and dynein arms arrangements (Figure 4.21)
were highly consistent across both groups. No signs of cilia malformation in differentiated
HBEC cultures were observed. Together, these data suggest that FOXJ1 supplementation
induces the expression of cilia-associated genes before air exposure, but it does not appear
to affect their expression during ALI differentiation. In addition, FOXJ1 supplementation does

not alter the ultrastructure of cilia.
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Figure 4.20 Impact of FOXJ1 supplementation on ciliogenesis transcriptional
network following FOXJ1 mRNA transfection in primary HBECs cultured at ALI.

Primary human bronchial epithelial cells (HBECs) were transfected with FOXJ1 mRNA (100
ng per transwell insert) complexed with branched poly B-amino ester (PBAE) before air
exposure. Non-transfected control cells and FOXJ1 mRNA transfected cells were harvested
at 6, 12, 24, and 48 hours post-transfection to assess expression of ciliogenesis genes
using gPCR. Once they formed a confluent monolayer, cells were air-exposed and cultured
at air-liquid interface (ALI) for 28 days. Non-transfected control cells and FOXJ1 mRNA
transfected cells were harvested at Day 7, 14, 21, and 28 post-ALI to assess expression of
ciliogenesis genes using qPCR. Expression of (A) RSPH9, (B) DNALI1, (C) DNAH11, (D)
CETN2, (E) RFX2, (F) RFX3, (G) DYNC2H1, (H) IFT172, and (I) TUBA1A genes was
quantified relative to housekeeping gene ACTB. Data represents mean + SD. N = 3 primary
cell donors. Statistics: 2way ANOVA followed by Dunnett’'s multiple comparisons test. Non-
significant (ns) P>0.9999.

Non-transfected PBAE + FOXJ1 mRNA

Figure 4.21 Transmission electron microscopic (TEM) assessment of cilia
ultrastructure in non-transfected and FOXJ1 mRNA transfected human bronchial
epithelial cell air-liquid interface cultures.

Primary human bronchial epithelial cells (HBECs) were transfected with FOXJ1 mRNA
complexed with branched poly B-amino ester (PBAE) before air exposure. Once they
formed a confluent monolayer, cells were air-exposed and cultured at air-liquid interface
(ALI) for 28 days. Non-transfected control and FOXJ1 mRNA transfected HBEC ALI cultures
were fixed at seven-day intervals and processed for TEM. Representative micrographs
show transverse sections of cilia showing ‘9+2’ axoneme arrangement in day 28 post-ALl
cultures. Scale bar: 200 nm.
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4.3 Discussion

In this chapter, | investigated the influence of mMRNA encoded FOXJ1 delivery on the
differentiation of primary HBECs. | have demonstrated that 1) Primary HBECs can
successfully translate exogenous FOXJ1 mRNA following non-viral transfection; 2) Translated
exogenous FOXJ1 mRNA induces the expression of FOXJ1 downstream genes involved in
ciliogenesis; 3) FOXJ1 supplementation maintains the morphology, integrity, and mucociliary
differentiation of primary HBECs in ALI culture; 4) FOXJ1 mRNA transfected primary HBECs

cultured at ALI for 28 days have normal cilia ultrastructure.

In the study presented in this chapter, submerged primary HBECs were transfected with
FOXJ1 encoded mRNA complexed with non-viral vectors (branched PBAE and commercial
transfection reagent JetMessenger). Synthetic FOXJ1 mRNA was custom synthesised by
OzBiosciences with a Cap 1 structure and poly-A tail incorporated as per request.
Furthermore, the nucleoside uridine was replaced with pseudouridine. Collectively, these
modifications contribute to diminishing inflammation, which is caused by the activation of
innate immune system following mRNA delivery. Moreover, these modifications enhance both

the stability and translation efficiency of IVT mRNA molecules®%%",

Initially, gPCR was performed to confirm FOXJ1 mRNA transfection of primary HBECs before
proceeding to downstream assays. Immunofluorescence staining for FOXJ1, followed by
fluorescent microscopy, was used to assess transfection efficiency. Unlike Western Blot or
enzyme-linked immunosorbent (ELISA), which measure the total protein in a population of
cells, immunofluorescence staining allows for the direct visualisation of transfected cells and
the subcellular localisation of the translated protein. This is important for intracellular targets
like FOXJ1, as it can be used to confirm that mRNA is being translated into protein and it is
being trafficked to the correct location within the cell. However, immunofluorescence staining
is prone to artifacts, such as non-specific antibody binding. To overcome this challenge,
additional controls were used, including non-transfected cells, naked FOXJ1 mRNA, reporter
mRNA formulated with non-viral vectors, and non-viral vectors only. These controls ensured
that the detection of FOXJ1 was specific only to cells transfected with FOXJ1 mRNA
complexed with non-viral vectors. Flow cytometry, a quantitative method that measures the
expression of proteins, is an alternative method for quantifying transfection efficiency®°2-%%,
However, it was less suitable for assessing transfection efficiency in primary HBECs following
FOXJ1 mRNA transfection due to the requirement for a relatively large number of cells to be
analysed. Therefore, immunofluorescence staining was chosen as the preferred method for

assessing FOXJ1 transfection efficiency in this study. To the best of my knowledge, this is the
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first demonstration that primary HBECs can be transfected with exogenous FOXJ1 mRNA
without detrimental elevation in cytotoxicity, and the translated FOXJ1 protein is localised in

the nuclei as expected®'°%,

The observed increase in FOXJ1 transfection efficiency in primary HBECs transfected with
PBAE compared to the commercial transfection reagent JetMessenger may be due to
differences in the physicochemical properties of the vectors, such as size and charge. The
optimised branched PBAE formulation, established in Chapter 3 of this thesis, encapsulated
FOXJ1 mRNA more efficiently and facilitated the formation of smaller, more stable, and more
positively charged particles. As reported in the literature, smaller, positively charged particles
generally facilitate higher transfection efficiency than larger, negatively charged particles due

to enhanced cellular uptake and endosomal escape®>57.

The mRNA's transient and dose-dependent properties provide precise control over protein
production. This aspect is particularly valuable in applications where exact regulation of protein
expression is essential®®®. Interestingly, in this study, the relationship between FOXJ1 mRNA
dose escalation (50/100/200 ng) and FOXJ1 transfection efficiency was non-linear.
Transfection efficiency did not increase proportionally with increasing mRNA dose, and the
maximum efficiency was achieved with 100 ng of FOXJ1 mRNA. This is likely due to either
the cytotoxic effects associated with the highest dose of FOXJ1 mRNA (200 ng), or the
extended time needed for mMRNA to be released from the endosome and translated. While
increasing the mMRNA dose can enhance transfection efficiency, it can also lead to increased
cytotoxicity, counteracting the desired effect and resulting in a plateau or even a decline in
transfection efficiency. Therefore, it is crucial to carefully consider the dose of mRNA when
optimising transfection efficiency while minimising cytotoxicity. Previous studies have shown
that the dose of mRNA-encoded TFs can have a significant impact on TF-driven
differentiation®®-"2. For instance, Ledo et al. found that reducing SOX9 mRNA dose by four
times decreased SOX9 expression (cartilage) but had only a slight effect on the expression of
a chondrogenic marker named aggrecan®'?. Similarly, reducing the dose of mMRNA encoded
myogenic determination protein 1 (MYOD) by half resulted in a 1000-fold drop in MYOD
expression, whereas the maximum expression of myogenic differentiation marker Myogenin
(MYOG) remained consistent®'?. These findings suggest that excessive upregulation of TFs
may hinder cell phenotype maturation, likely due to negative feedback on their target gene
expression. Therefore, maintaining elevated TF levels is not always beneficial for
differentiation. Overall, these studies highlight the importance of considering mRNA encoded

TF dose as a key design parameter in the context of TF mRNA differentiation, especially since
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increasing mRNA dose may negatively affect transfection efficiency and block cell

differentiation.

Exogenous FOXJ1 mRNA was translated over 48 hours, with peak expression at 12 hours
post-transfection. However, the percentage of FOXJ1 positive cells declined by 48 hours post-
transfection. These results demonstrate the transient nature of mMRNA mediated FOXJ1
overexpression and suggest that repeated mRNA transfections may be needed to maintain
higher levels of protein expression. Consistent with the findings presented in this thesis, other
studies have also shown that mRNA-encoded TFs are rapidly expressed following non-viral
transfection. For example, Qabrati et al. showed that 60-70% of mouse embryonic fibroblasts
expressed MYOD within 5 hours of transfection with mRNA encoded MYOD, but expression
declined to about 20% after 24 hours®"". Similarly, Ma et al. confirmed protein expression of
four mRNA-encoded TFs in hepatocytes 12 hours post-transfection®®. In another study
investigating the role of FOXJ1 in human airway epithelial ciliated cell differentiation, FOXJ1
expression was induced in primary human airway basal cells using a FOXJ1-expression
plasmid®®®. The authors reported that 1000 ng of DNA were needed to achieve 55-65%
transfection efficiency. In contrast, the data presented in this thesis demonstrated that only
100 ng of mRNA formulated with PBAE is needed to achieve a similar 50% transfection

efficiency 12 hours post-transfection.

While FOXJ1 overexpression has been studied in murine models and transformed human cell
lines, showing that FOXJ1 is a key regulator of airway epithelial ciliated cell differentiation, the
effect of exogenous mMRNA encoded FOXJ1 on primary HBECs remains unexplored. This
chapter investigated the effect of mMRNA encoded FOXJ1 on submerged primary HBECs,
focusing on its ability to induce cilia-associated gene expression. Given the complexity of the
FOXJ1 cilia-associated gene signalling network, it was impractical to evaluate the expression
of all genes directly or indirectly regulated by FOXJ1 using qPCR. Therefore, a subset of genes
representing different categories was selected. Three categories of ciliated cell-related genes
were examined, including 1) cilia-related TFs: RFX3, RFX2; 2) genes encoding ciliary
structural components and microtubule-based movement proteins: CETN2, DNAH11,
DNALI1, RSPH9, TUBA1A; and 3) cilia IFT genes: DYNC2H1, IFT172. Transfection of primary
HBECs with 100 ng FOXJ1 mRNA formulated with PBAE or commercial transfection reagent
JetMessenger upregulated FOXJ1 downstream cilia-associated genes, especially 24 hours
post-transfection. PBAE transfection resulted in a more potent induction of FOXJ1
downstream genes, likely due to its higher transfection efficiency compared to commercial
transfection reagent JetMessenger. Importantly, naked FOXJ1 mRNA, non-viral vector-only

controls, and reporter mRNA formulated with non-viral vectors did not induce FOXJ1 or
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downstream genes. This finding strongly suggests that the observed gene expression
changes are specifically attributable to FOXJ1 expression. While this data offers insights into
the temporal dynamics of gene regulation following mRNA encoded FOXJ1 transfection,
changes beyond 48 hours may be missed, necessitating an extended observation period to
capture the full spectrum of gene expression dynamics. These findings are consistent with
those of Didon et al., who showed that plasmid-mediated FOXJ1 transfer in basal cells induced
cilia-associated genes, including CETN2, DNAH11, dynein axonemal intermediate chain 1
(DNAIT1), DNALI1, EF-hand domain C-terminal containing 1 (EFHC1), sperm associated
antigen 6 (SPAG6), Tektin 1 (TEKT1), TEKT2, and TUBA1A?®. The work presented in this
chapter represents the first demonstration that FOXJ1 mRNA transfection induces the
expression of FOXJ1 downstream genes involved in ciliogenesis in submerged primary
HBECs.

While submerged transfection data has shown that FOXJ1 mRNA transfection can induce the
expression of a subset of FOXJ1 downstream cilia-associated genes, it does not provide a
complete understanding of its long-term impact on bronchial epithelial differentiation or
whether it is sufficient to induce ciliogenesis. It has been demonstrated that ciliated cell
differentiation is prevented in submerged airway epithelial cell cultures, suggesting that an ALI
is essential for this process®'*®'*. Gerovac et al. investigated the molecular mechanisms
underlying the inhibition of ciliated cell differentiation in submerged cultures and showed that
submersion creates a hypoxic environment that enhances Notch signalling and represses the

615 ALI cultures are a valuable tool

expression of genes essential for ciliated cell differentiation
for studying the differentiation of airway epithelial cells, as they more closely resemble the in
vivo environment than submerged cultures®®**¢'®. FOXJ1 mRNA transfected HBECs were
cultured at ALI to study the long-term impact of FOXJ1 mRNA transfection on HBEC
differentiation. To comprehensively assess the impact of FOXJ1 mRNA transfection on HBEC
differentiation, a detailed 28-day analysis of temporal differentiation at 7-day intervals post-
ALI was conducted. While it was possible to study the differentiation of ALI cultures for longer,
it was decided to limit observations to 28 days post-AL| to ensure the health, integrity, and
ciliation of the samples. Prytherch et al. showed that normal HBEC ALI cultures remained fully
differentiated and stable for up to day 33 post-ALIl. HBECs cultured beyond 33 days post-ALl

developed squamous and vacuolated epithelium®'’.

167



FOXJ1 mRNA transfection was non-toxic to primary HBECs, as evidenced by the formation of
a confluent monolayer post-transfection. This implies that the cells maintained their
proliferative and adhesive capabilities in the presence of exogenous FOXJ1 mRNA. In
addition, FOXJ1 mRNA transfection induced expression of downstream genes in primary
HBECs before air exposure. Traditionally, the establishment of an ALI is required for the
induction of ciiliogenesis genes to initiate differentiation of HBECs towards a ciliated cell
fate®'®. This is because the ALI configuration, with the basal surface of cells in contact with
medium and the apical surface exposed to air, mimics conditions in the human airway and
drives differentiation towards a mucociliary phenotype®". In addition to the ALI environment,
factors present in the media, such as retinoic acid and growth factors, also play a role in
triggering HBEC differentiation. However, FOXJ1 mRNA transfection bypassed the
requirement for ALI-mediated induction of ciliogenesis and activated the associated
downstream cascade. This observation highlights FOXJ1 as a central regulator of ciliogenesis,
showing that FOXJ1 mRNA transfection can prime HBECs for subsequent differentiation into

ciliated cells, even without air exposure.

Preserving HBEC morphology post-gene overexpression is essential, as the bronchial
epithelium is the primary defence against inhaled pathogens and particles®'®. Morphological
disruptions could compromise barrier function and disrupt the balanced interplay between
ciliated, secretory, and basal cells. The effect of FOXJ1 supplementation on the morphology
of HBECs cultured at ALl was assessed through histological analysis. H&E staining of HBEC
ALl culture sections demonstrated that cultures derived from both non-transfected and FOXJ1
mMRNA transfected HBECs develop a polarised pseudostratified epithelium with ciliated cells
facing the apical side. It was observed that FOXJ1 mRNA transfection did not alter the
morphology of HBECs cultured at ALI for 28 days compared to non-transfected controls. The
mean epithelial thickness of FOXJ1 mRNA transfected HBEC cultures and non-transfected
HBEC cultures after 28 days culture at ALl was similar to that of normal human bronchial
epithelium in vivo (28 um)®%. It is important to note that while cilia were captured (6 um long),
tissue processing can introduce shrinkage, potentially leading to underestimation of the true

epithelial thickness.

TEM was used to study the differentiation of HBECs cultured at ALI over time. TEM is a
powerful tool that provides high-resolution images of cellular structures, allowing for the direct
observation of morphological changes associated with differentiation that are not easily
detectable with other methods, such as histology analysis. TEM results showed that both
FOXJ1 mRNA transfected and non-transfected HBECs cultured at ALI were able to form a

stable, well-differentiated, mucociliary bronchial epithelium. Extensive morphological
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characterisation of non-transfected HBEC ALI cultures through histology and TEM was
essential to determine the baseline morphology over the course of ALI differentiation (day 7,
14, 21, and 28 post-ALl) and better understand the morphological modifications that may have
occurred in HBEC ALI cultures transfected with FOXJ mRNA. The results of this study
demonstrated that FOXJ1 mRNA transfection does not alter the overall morphology of HBEC
ALl cultures. Interestingly, TEM analysis revealed early signs of ciliation, such as basal body
formation, in FOXJ1 mRNA transfected HBECs from donor 3 as early as day 7 post-ALl. This
was earlier than the typical onset of ciliation in HBEC ALI cultures, which is typically observed
between day 14 and 21 post-ALI®"". This observation suggests that FOXJ1 mRNA transfection
may accelerate HBEC differentiation into ciliated cells, a finding supported by the pre-airlift
gene expression data from the same donor, which showed higher changes in FOXJ1
downstream genes involved in ciliogenesis. However, it is important to acknowledge that this
study was limited by a small sample size, and future studies with a larger number of donors
are needed to validate the TEM results and confirm whether FOXJ1 mRNA transfection can

accelerate HBEC differentiation into ciliated cells.

Junctional complexes, compromising tight junctions, adherens junctions, and desmosomes,
play a significant role in maintaining the overall integrity and barrier function of bronchial

621

epithelium®'2* Tight junctions physically hold epithelial cells together and regulate the

paracellular movement of ions, water, and macromolecules across epithelia, restricting the
entry of potential pathogens and maintaining a stable environment in the airways®?'62°62
Adherens junctions and desmosomes play crucial roles in promoting cell-to-cell attachment

621627-629 | the context of

and preserving the structural integrity of the respiratory epithelium
respiratory diseases, disruptions to these junctional complexes have been associated with
increased susceptibility to infections, altered epithelial repair mechanisms, and exacerbation
of inflammatory responses®®. Thus, maintaining bronchial epithelial integrity post gene
manipulation studies is crucial. To evaluate the effect of FOXJ1 mRNA transfection on
bronchial epithelial integrity, gene expression analysis was employed to assess the expression
of tight (TJP1, OCLN) and adherens junction (CDH1) markers 6, 12, 24, and 48 hours post-
FOXJ1 mRNA transfection (short-term impact) and day 7, 14, 21, 28 post-ALI (long-term
impact). The findings of this study showed no significant difference between FOXJ1 mRNA
transfected cells and non-transfected cells in terms of the expression of tight and adherens
junction markers. To further investigate this, TEM was used which allowed direct observation
of the formation and organisation of junctional complexes. TEM revealed the formation of tight
junctions and desmosomes in both FOXJ1 mRNA transfected HBEC ALI cultures and non-
transfected HBEC ALl cultures. Overall, the data from this study showed that epithelial integrity

is unaffected following FOXJ1 mRNA transfection. The unaltered gene expression of junctional
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markers coupled with the TEM observations suggest that FOXJ1 mRNA transfection does not
alter the expression of these markers or compromise the ultrastructural integrity of the

bronchial epithelium.

Proper differentiation of bronchial epithelium is essential for the respiratory system to function
properly®®. It ensures the respiratory epithelium can perform its important barrier function,
mucociliary clearance, and host defence mechanisms. This study aimed to assess the
expression of key differentiation genes (KRTS5 for basal cells, SCGB1A1 for club cells,
MUCS5AC and MUCS5B for goblet cells, FOXJ1 for ciliated cells) in HBECs following FOXJ1
mRNA transfection and over the course of ALI differentiation in both non-transfected and
FOXJ1 mRNA transfected HBECs. The findings of this study showed that FOXJ1
supplementation did not induce the expression of MUC5AC and MUC5B within 6-48 hours
post-FOXJ1 mRNA transfection. Over the first 7 days of ALI differentiation, the expression of
genes involved in epithelial differentiation gradually increased, reaching a peak between days
14 and 21 post-ALl. This increase was accompanied by a decrease in the expression of the
stemness marker KRT5. There were no significant differences in the expression of any of the
genes between non-transfected and FOXJ1 mRNA transfected cells. Bukowy-Bleryllo et al.
previously reported that the expression of differentiation genes SCGB1A71 and MUCS5AC in
human nasal epithelial cell ALI cultures was most strongly upregulated between days 3 and 6
post-ALl, followed by a decrease®®'. These differences may be due to differences in
experimental setup, or innate differences between epithelial cells from distinct anatomical
compartments. As expected, FOXJ1 expression was induced in FOXJ1 mRNA transfected
HBECs. However, it declined by 48 hours post-transfection and then increased again, reaching
a peak at day 14 post-ALl. Interestingly, FOXJ1 expression in FOXJ1 mRNA transfected cells
up to 24 hours post-transfection was higher than FOXJ1 expression induced by air-exposure

in non-transfected cells during ALI differentiation.

PAS staining is a common method used to identify mucus-producing cells in histological
sections®®2. Previous studies showed that PAS-positive mucus-producing cells start to appear
in human airway ALI cultures around 6 days post-ALl and their numbers increase up to day
21 post-ALI®®3, The number of PAS-positive cells was correlated with increased expression of
MUCS5AC and MUCS5B during the same period®®. In contrast, Prytherch et al. observed that
HBEC ALI sections showed PAS positive goblet cells from day 12-15 post-ALI®"". In this study,
PAS staining demonstrated the presence of secretory cells and intracellular mucins at day 28
post-ALl in both non-transfected and FOXJ1 mRNA transfected HBEC ALI cultures. The
increased expression of MUC5AC and MUC5B during HBEC ALI differentiation, as measured

170



by gPCR, correlated with the appearance of secretory granules and goblet cells, as observed
by TEM, in both FOXJ1mRNA transfected and non-transfected HBECs.

Bronchial epithelial differentiation was also assessed at protein level, in addition to the insight
provided into its regulation at transcriptional level. Immunofluorescence microscopy confirmed
the presence of basal cells (KRT5), club cells (SCGB1A1), goblet cells (MUC5AC) and cilia
(acetylated alpha tubulin) in both non-transfected and FOXJ1 mRNA transfected HBEC ALI
cultures. Quantitative analysis revealed that the proportions of differentiated cell types
remained consistent, regardless of whether the HBECs were non-transfected or FOXJ1 mRNA
transfected. Specifically, ciliated cells comprised approximately 80% of the population at day
28 post-ALI cultures, PAS positive goblet cells approximately 10%, and non-ciliated PAS
negative cells made up the remaining 10%. This uniformity in differentiation proportions post-
transfection suggests that FOXJ1 mRNA transfection does not compromise the intrinsic
differentiation capability of HBECs. It is important to note that these proportions are only a
snapshot of the cellular composition at a specific time-point. Assessing the cellular
composition at earlier time points could provide insights into the progression of differentiation
and dynamics of cellular interactions, highlighting any transient variations in cell proportions
and capturing potential shifts in cell fate during ALI differentiation mediated by FOXJ1 mRNA
transfection. The observed proportions of differentiated cell types are consistent with the
published literature, which shows that ciliated cells are the predominant cell type in
differentiated HBEC ALI cultures®*. For instance, Leung et al. showed that primary HBECs
cultured at ALI differentiate into a pseudostratified mucociliary phenotype, with relative
proportions of apical cell types in ALI cultures grown in Pneumacult media similar to those
observed in vivo (approximately 70% ciliated cells, 28% goblet cells, 2% non-ciliated PAS
negative cells)®**%%. Other studies have reported varying proportions of cell types in HBEC
ALl cultures, likely due to differences in methodologies, cell sources, or experimental
conditions®'®%%_ Overall, the findings of this study suggest that FOXJ1 mRNA transfection

does not compromise the intrinsic differentiation capability of primary HBECs cultured at ALI.

Ciliogenesis is a complex and tightly regulated process that involves the coordinated
expression of a network of genes to generate the structural and regulatory components of
cilia®”®%, The expression of subset FOXJ1 downstream genes involved in ciliogenesis was
assessed at day 7, 14, 21, and 28 post-ALIl in both non-transfected and FOXJ1 mRNA
transfected HBEC ALI cultures. The transcriptional regulators of ciliogenesis, RFX2 and RFX3,
were maximally expressed at day 21 post-ALI, while IFT genes, DYNC2H1 and IFT172, were
upregulated from day 7 post-ALl, peaking between days 21 and 28 post-ALIl. Accordingly,

genes encoding ciliary structural components and microtubule-based movement proteins
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were also upregulated, reaching a peak between days 21 and 28 post-ALl. The data of this
study showed that the temporal expression profile of FOXJ1 downstream genes was similar
between non-transfected and FOXJ1 mRNA transfected HBECs. This suggests that FOXJ1
mMRNA transfection did not accelerate the expression of FOXJ1 downstream genes during
HBEC ALI differentiation. The profile of ciliogenesis genes observed in this study were
generally consistent with the results reported in other studies, where airway epithelial cells

)23-841 " Differentiation

were differentiated under similar conditions (Pneumacult ALI medium
media composition has been shown to have a strong impact on the level of gene expression
changes during ciliogenesis, with Pneumacult ALI medium promoting ciliogenesis and gene
expression changes to a greater extent than other commercially available media®'9:640:642643,
Variability in the expression of genes between donors has been previously reported in the
literature, with studies showing donor-to-donor variability in the expression of ciliogenesis
genes during ALI differentiation®3%3%64° For example, Bukowy-Blerytto et al. showed that
inter-donor differences in the expression of ciliogenesis genes are likely due to external
factors, such as the epigenetic memory of primary airway epithelial cells from different
donors®?. This may lead to donor-specific differences in cell-type composition in ALI cultures,

which may in turn contribute to inter-donor variability in gene expression.

TEM revealed ciliated cells with cilia anchored into the ciliated cell via basal bodies®** in both
non-transfected and FOXJ1 mRNA transfected HBEC ALI cultures by day 14 post-ALl. Early
gene expression changes at day 0 to 7 post-ALI likely relate to active cell differentiation, with
ciliation itself occurring rapidly between days 7 to 14 post-ALI when cilia-related genes
become expressed. Ultrastructural analysis of ciliated cells by TEM demonstrated that cilia of
differentiated FOXJ1 mRNA transfected HBECs were morphologically comparable to non-
transfected HBECs, in terms of both basal body structure and 9+2 axoneme arrangement.
Overall, this study demonstrated that FOXJ1 mRNA transfection of HBECs induces the
expression of FOXJ1 downstream cilia-associated genes before air exposure but does not
accelerate the expression of these genes during ALI differentiation. FOXJ1 supplementation
does not impair the ciliogenesis potential of HBECs, and their cilia ultrastructure is similar to

that of non-transfected cells.
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4.4 Conclusion

In conclusion, this study demonstrated that efficacy of PBAE in delivering exogenous FOXJ1
mMRNA to primary HBECs, resulting in the induction of a subset FOXJ1 downstream genes
involved in ciliogenesis. FOXJ1 mRNA transfected cells formed a confluent monolayer and
were successfully cultured at ALI for 28 days, without any impairment in the integrity of the
epithelium or the ability of HBECs to differentiate into a pseudostratified epithelium with club,
ciliated, and goblet cells. Furthermore, the cilia ultrastructure of FOXJ1 mRNA transfected
HBECs was comparable to non-transfected controls. Overall, these findings demonstrate the
potential of FOXJ1 encoded mRNA as a powerful tool for studying ciliated cell differentiation

of HBECs at ALI and advancing our understanding of ciliogenesis.
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5 Results Il - Investigating PBAE design for improved
MRNA delivery to bronchial epithelium

174



5.1 Introduction

5.1.1 Barriers in gene delivery to ALI-cultured HBECs

Primary HBECs cultured under ALI conditions undergo differentiation, forming a
pseudostratified columnar epithelium with tight junctions, cilia, and mucin production®4,
Gene delivery in these well-differentiated ALl-cultured HBECs remains a significant
challenge®’. As demonstrated in Chapter 3 of this thesis, HBECs grown at ALl cannot be
transfected with mRNA. This reduced transfection efficiency is likely attributed to a
combination of factors, including the robust barrier function, mucus production, cilia-mediated
clearance mechanisms, and complex interactions between differentiation and

proliferation®48:64°,

Despite these barriers, studies have shown that viral vectors can successfully transduce fully

differentiated human ALI cultures®°-

%52 However, virus-based gene transfer faces several
limitations, including complex manufacturing process, inherent safety concerns, potential for
insertional mutagenesis, limited cargo capacity, and difficulties in transducing non-dividing
cells®®®. Non-viral vectors, such as PBAEs, emerge as a promising alternative, addressing
some of these issues with their reduced immunogenicity, improved scalability, high gene
capacity, and versatile chemical design. This chapter explored PBAE modifications to improve

MRNA transfection efficiency in HBEC ALI cultures.

5.1.2 Modifying PBAEs

As discussed previously in Chapters 1 and 3, PBAEs have emerged as a promising class of
non-viral vectors due to their unique combination of properties, including: 1) straightforward
synthesis using commercially available monomers, 2) biodegradability through hydrolytic
cleavage of their ester bonds, 3) capacity for electrostatic interactions with negatively charged
nucleic acids, such as mMRNA, leading to the formation of polyplexes, 4) minimal cytotoxicity,
5) structural diversity and 6) potential for varied chemical modification, making them highly

versatile for different applications®*

%62 PBAEs are synthesised via the Michael addition
polymerisation reaction and are composed of diacrylate monomers, primary amine monomers

and an end-modified group.

5.1.2.1 Molecular weight/chain length modification

The chain length or molecular weight of cationic polymers plays a crucial role in their gene
delivery efficiency. Studies have shown that PBAEs with higher molecular weights generally

663-666

exhibit enhanced transfection efficiency . This enhanced transfection efficiency is

attributed to the ability of higher molecular weight PBAEs to form more stable polyplexes with
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nucleic acids, thereby protecting nucleic acids from degradation and facilitating their cellular
uptake. The desired molecular weight of PBAEs can be controlled by adjusting the monomer
stoichiometry during synthesis. Eltoukhy et al. demonstrated that PBAEs with intermediate
length were most effective in delivering DNA into HeLa cells, due to their optimal nanoparticle

€7 Cordeiro et al. further explored the impact of varying

size and DNA complexation efficiency
the molecular weight of PBAE segments within copolymers composed of poly[2-
(dimethylamino) ethyl methacrylate] and poly(B-amino ester) (PDMAEMA-b-PBAE-b-
PDMAEMA) on biological activity®®. Their comprehensive evaluation, encompassing
physicochemical characterisation (agarose gel electrophoresis, DLS, zeta potential) and
biological assessments (luciferase, GFP expression in HeLa and COS-7 cell lines and
cytotoxicity) indicated that copolymers with larger molecular weight PBAEs show enhanced
activity in HeLa and COS-7 cell lines. These findings underscore the importance of tailoring
the molecular weight/chain length of PBAEs through modulation of monomer selection,

reaction conditions, and polymerization parameters to optimise gene delivery efficiency®®®*"2,

5.1.2.2 End group modification

Recent studies have shed light on the critical role of terminal functional groups in polymer
chains, particularly for PBAEs, in determining their gene delivery efficiency®°¢1674681 Thege
end-groups impart distinct chemical properties that modulate the physicochemical
characteristics of the resulting nanoparticles, consequently influencing their cellular uptake

and gene delivery efficiency.

PBAEs can be tailored for cell-type-specific interactions by incorporating ligands that

682-684 This can be achieved by

specifically bind to designated cell membrane receptors
utilising peptides as end-cap groups in PBAE design. Peptides, short chains of amino acids,
possess a wide range of biological functions and can be designed to bind selectively to certain
cell types, enabling targeted gene delivery®®>®%. For instance, Fornaguera et al. demonstrated
the potential of PBAEs end-modified with specific oligopeptides, CH3 (NH2-Cys-His-His-His-
COOH) and CK3 (NH>-Cys-Lys-Lys-Lys-COOH) to target antigen-presenting cells in the
spleen following intravenous administration in vivo. These modified PBAEs effectively directed
MRNA transfection to these target cells while reducing their accumulation in the liver, making
them promising candidates for immunotherapy strategies®®’. Recently, Nufiez-Toldra et al.
demonstrated the ability of oligopeptide end-modified PBAEs to simultaneously deliver anti-
OCT3/4 siRNA, anti-NANOG siRNA, and RUNX2 plasmid to dental pulp stem cells, effectively

inducing their osteogenic differentiation, and expressing osteogenic markers®?.
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The impact of oligopeptides as terminal groups on the gene transfection capabilities of PBAEs
was investigated®®. It was found that PBAEs end-capped with arginine or lysine oligopeptides
exhibited superior transfection efficiency compared to those with histidine or diamine
oligopeptides. Interestingly, the efficacy of these modifications varied across distinct cell types.
Arginine-modified PBAEs successfully transfected human immortalised keratinocytes and
normal human dermal fibroblasts, while histidine-terminated PBAEs transfected A549 alveolar
epithelial cell line. Notably, a synergistic combination of PBAE polymers modified with both
arginine and histidine resulted in significant transfection of HelLa cells®®. These findings
highlight the potential of tailoring specific oligopeptides as terminal groups to enhance
transfection efficiency of PBAEs, enabling a customizable approach to gene delivery tailored

to the target cell type.

Oligopeptide end-modification of PBAEs holds promise for enhancing their specificity and
efficiency as gene delivery vectors. Strategic peptide selection enables tailoring of PBAEs for
specific applications or targeting distinct cell types. While significant progress has been made,
the potential of peptide-modified PBAEs for mRNA delivery to HBECs remains unexplored.
This unexplored area presents an exciting opportunity for future research and development of
novel, functionalised vectors with enhanced gene delivery capabilities. This PhD project

investigated the potential of peptide-modified PBAEs for mRNA delivery to HBECs.

5.1.3 Harnessing peptide transporter for targeted polyplex internalisation and
mRNA transfection

Solute carrier family 15 (SLC15) transporters are proteins that play a crucial role in cellular
nutrient uptake and drug absorption, utilising the proton motive force for their function®®.
Within this diverse family of transporters, organic anion/cation transporters and oligopeptide
transporters are essential for the transport of a wide range of molecules, including xenobiotics,
and therapeutic agents®*°%, Among these, PEPT2 is a high-affinity, low-capacity transporter,
predominantly expressed in the kidney, brain, and lung®®*-%%. PEPT2 facilitates the uptake of

695.697-700 The presence

di- and tripeptides along with a diverse array of peptidomimetics drugs
of PEPT2 in the lung holds particular significance for combating respiratory infections and
developing novel pulmonary drug delivery stategies’'’%2, Studies have shown that PEPT2
significantly influences drug deposition and distribution within the respiratory tract, suggesting
its potential for targeted inhaled drug delivery of peptide-based therapeutics’®"%. While
PEPT2 has been extensively investigated for its role in small molecule drug transport, its

potential to facilitate nanoparticle internalisation remains unexplored.
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5.1.4 Hypothesis and aims

Patel et al. developed stable and scalable PBAEs*t®

. These materials facilitate gene
transfection in lung epithelium in vivo through either systemic or inhaled delivery
routes*42444445 A yet-to-be-explored advantage of these materials is their capacity to modify
end-group functionality without altering the core structure. This property presents a novel
opportunity to investigate how the introduction of biological ligands, such as peptides, may
influence mRNA delivery to primary HBECs. While the core provides stability for nucleic acid

condensation, the end groups play a crucial role in cellular uptake.

In this chapter, | investigated the impact of PBAE modifications on the transfection efficiency
of primary HBECs. The use of peptides as targeting ligands to enhance mRNA transfection of
primary HBECs cultured at ALl was explored. Transfection efficiency, cytotoxicity and

physicochemical properties of peptide-modified PBAEs were characterised.
Hypothesis

Modifying PBAE end-groups with peptides will improve mRNA transfection of ALI-cultured
primary HBECs compared to the simple amine monomers that have traditionally been used to
end-cap PBAEs.

Aims

1. Explore the impact of PBAE chain length modification on mRNA transfection in primary
HBECs.

2. Determine the expression and functional activity of PEPT2 in submerged and ALI-
cultured primary HBECs.

3. Characterise the physicochemical properties and transfection efficiency of novel
peptide-modified PBAEs in primary HBECs.

4. Investigate whether peptide-modified PBAEs interact and function through PEPT2-
mediated cellular uptake.

5. Assess the ability of peptide-modified PBAEs to enhance mRNA transfection of
primary HBECs cultured at ALI.
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5.2 Results

5.2.1 Synthesis of linear PBAEs

This project explored the application of linear PBAEs to evaluate potential enhancements in
mMRNA transfection efficiency in HBEC ALI cultures. The choice of linear PBAEs was driven
by their simpler synthesis and characterisation processes using methods such as '"H NMR.
PBAEs were synthesised through Michael addition of amines (DD) to diacrylate groups (90)
and end-capped with terminal amines (118) (DD90-118) (Figure 5.1)444,708,709. The
polymer’s chain length was manipulated by altering the amine to diacrylate monomer ratio as

shown previously®¢¢71.677

. To investigate the impact of polymer chain length on the
transfection of primary HBECs, linear PBAEs with two distinct chain lengths were synthesised
employing ratios of 1.2:1 (DD90-118 1.2) and 1.05:1 (DD90-118 1.05) diacrylate:amine®”’. The
chemical structure of the polymers was confirmed by 'H NMR (data not shown). The chain
lengths were estimated to be approximately 10 and 23 repeat units for DD90-118 1.2 and
DD90-118 1.05, respectively. The polymer synthesis, NMR characterisation, and chain length

estimation were performed by Leigh-Anne Gavin.
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Figure 5.1 Synthesis schematic of linear poly (B-amino ester) (PBAE).

(A) Monomers used for linear PBAE synthesis (DD90-118). It was synthesised via Michael
addition of diacrylate (DD) with primary amine monomers (90) and end-capped with terminal
amines (118). The polymer chain length was controlled by varying the amine/diacrylate
monomer ratios. Linear PBAEs were synthesised by reacting together diacrylate (DD) and
amine (90) monomers at 1.05:1.0 and 1.2:1.0 diacrylate:amine molar ratios (DD90-118 1.05,
DD90-118 1.2). (B) Chemical structure of linear PBAE. Synthesised by Leigh-Anne Gavin
(Patel group).
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5.2.2 Evaluation of transfection efficiency and cytotoxicity of linear PBAEs in
submerged primary HBECs

To determine whether linear PBAEs DD90-118 1.05 and DD90-118 1.2 were capable of
functional reporter mRNA delivery to primary HBECs their transfection efficiency was
assessed in vitro. mRNA encoding for FLuc was complexed with either DD90-118 1.05
polymer, DD90-118 1.2 polymer, or delivered naked to submerged primary HBECs.
Commercial transfection reagent JetMessenger was also included as a positive control.

Transfection efficiency was assessed by measuring luminescence 24 hours post-transfection.

Results indicated that both linear polymers were effective in facilitating the translation of FLuc
mRNA, with DD90-118 1.2 polymer achieving higher luminescence (4.3x10° RLU + 1.3x10°)
than DD90-118 1.05 polymer (2.5x10° RLU + 6.9 x10°) (Figure 5.2A). To confirm these
findings and assess particle uptake, the polymers were complexed with Cy5-tagged GFP
mRNA. Cy5 expression was observed in submerged primary HBECs, indicating that the
particles were successfully taken up by cells and the mRNA was translated (GFP) (Figure
5.2C).

To quantify the cytotoxic effects associated with the transfection process, LDH release was
measured 24 hours post-transfection. The data showed an increase in LDH levels for cells
transfected with DD90-118 1.2/mRNA, DD90-118 1.05/mRNA, and JetMessenger/mRNA,

compared to non-transfected control HBECs (Figure 5.2B).
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Figure 5.2 Transfection efficiency and cytotoxicity of linear poly (B-amino esters) (PBAEs),
DD90-118 1.2 and DD90-118 1.05, in primary human bronchial epithelial cells (HBECs).

Firefly luciferase (FLuc) mRNA was complexed with either DD90-118 1.2 polymer, DD90-118
1.05 polymer, commercial transfection reagent JetMessenger or delivered naked to submerged
primary HBECs (A) Transfection efficiency was assessed by measuring luminescence at 24 hours
post-transfection. Data represents mean + SD. N = 2 primary cell donors with 3 technical
replicates each. Each symbol represents a different donor. Statistics: One-way ANOVA followed
by Dunnett’'s multiple comparisons test. ***P=0.0002, *****P<0.0001. (B) Cytotoxicity was
assessed by measuring lactate dehydrogenase (LDH) release 24 hours post-transfection. Dotted
line indicates 100% LDH release of positive control cells treated with 1% Triton-X-100 and
cytotoxicity was calculated relative to this control. Data represents mean + SD. N = 2 primary cell
donors, with 3 technical replicates each. Each symbol represents a different donor. Statistics:
One-way ANOVA followed by Dunnett's multiple comparisons test. * P=0.0159, **P=0.0051,
***P=0.0002. (C) Particle uptake (Cy5) and mRNA ftranslation (GFP) were assessed by
transfecting HBECs with Cy5-tagged GFP mRNA complexed with either DD90-118 1.2 polymer
or DD90-118 1.05 polymer. Cy5 and GFP expression was visualised by confocal microscopy 24
hours post-transfection.
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5.2.3 Size characterisation of linear PBAE/mRNA polyplexes

To investigate the effect of polymer chain length on the physicochemical properties of the
polymer/mRNA complexes, linear PBAEs DD90-118 1.05 and DD90-118 1.2 were complexed
with FLuc mRNA, and the size of the complexes formed was measured using DLS. The same
mRNA concentrations and polymer/mRNA complexing methods as in the transfection
experiment described in section 5.2.2 were used. This ensured that the nanoparticle
physicochemical properties measured in this experiment reflected the particle properties in

the transfection experiment.

The results showed that the polymers condensed mRNA into nanometre-sized particles, with
DD90-118 1.05/mRNA polyplexes having an average size of 539.4 nm and DD90-118
1.2/mRNA polyplexes having an average size of 344.9 nm (Figure 5.3A-C). Despite their large
size, these complexes were able to deliver mRNA (Figure 5.2). However, the difference in
transfection efficiency between DD90-118 1.2 polymer and DD90-118 1.05 polymer observed
in the previous section is likely due to the difference in polyplex size, as smaller particle sizes
are important for achieving maximal transfection efficiency710. Based on the transfection and
size characterisation data, the linear DD90-118 1.2 polymer was selected as a base polymer

for further modification with peptides.
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Figure 5.3 Size of linear poly (B-amino esters) (PBAE)/mRNA polyplexes formed by
complexing linear PBAEs DD90-118 1.2 and DD90-118 1.5 with Firefly Luciferase (FLuc)

mRNA.

(A) Size distribution by number of DD90-118 1.2/mRNA polyplexes. (B) Size distribution by
number of DD90-118 1.05/mRNA polyplexes. (C) Average size of DD90-118 1.2/mRNA and
DD90-118 1.05/mRNA polyplexes. Triplicate readings were obtained for each nanoparticle

sample.

Number (%)

-
=
1

304

L]
o
1

DD90-118 1.05

— Run1
— Run2
— Run3

0.1

1 1 1 1 I
1 10 100 1000 10000100000

Size (d.nm)

183



5.2.4 Expression of PEPT2 in submerged and ALIl-cultured primary HBECs

To confirm that PEPT2 is expressed in bronchial epithelial cells, submerged primary HBECs
were stained with PEPT2 and KRT5, a basal cell epithelial marker®'. Primary HBECs stained
positive for KRT5 (Figure 5.4B). Positive staining of PEPT2 was also observed in submerged
primary HBECs, indicating that the cells express PEPT2 (Figure 5.4B). In addition, expression
of SLC15A2, which encodes PEPT2, was validated in submerged and ALI-cultured primary
HBECs through qPCR (Figure 5.4A). Interestingly, expression of SLC15A2 was upregulated
in Day 7, Day 14, and Day 28 ALIl-cultured primary HBECs compared to submerged primary
HBECs. These findings supported the modification of PBAEs with peptides to explore whether
peptide-modified PBAEs can improve mRNA transfection efficiency in HBEC ALI cultures.
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Figure 5.4 Expression of peptide transporter (PEPT2) in primary human bronchial
epithelial cells (HBECs).

(A) Relative expression of SLC15A2, which encodes PEPT2, in submerged and air liquid
interface (ALI)-cultured primary HBECs, as measured by qPCR. Data are shown as box-and-
whisker plots with the whiskers ranging from minimum to maximum, the box indicating the
interquartile range, and the line denoting the median. N = 3-5 primary cell donors. Statistics:
Kruskal-Wallis test followed by Dunn’s multiple comparisons test. *P=0.0238. (B)
Immunofluorescence staining of submerged primary HBECs for PEPT2 and KRT5, a basal
cell epithelial marker. Nuclei were stained with DAPI. Scale bar: 50 um.

5.2.5 Functional activity of peptide transporter (PEPT2) in submerged and ALI-
cultured primary HBECs

To assess the functional activity of PEPT2, the uptake of Ala-Lys-AMCA, a fluorescent
dipeptide, under increasing concentrations ranging from 0 to 200 uM in submerged HBECs
and ALlI-cultured HBECs at days 7 and 14 post-AL| was investigated. Several studies have
used the Ala-Lys-AMCA dipeptide to visualise and characterise dipeptide transport by peptide
transporters in different cells and tissues’'~"'*. As shown in Figure 5.5, Ala-Lys-AMCA was
taken up by both submerged and ALI-cultured HBECs in a concentration-dependent manner,
confirming the functionality of PEPT2 transporter in both culture conditions. The uptake of Ala-
Lys-AMCA was more pronounced in ALl-cultured HBECs than in submerged HBECSs,
suggesting that PEPT2 activity may be increased in ALI-cultured HBECs. Overall, these data
confirmed the presence and functional activity of PEPT2 transporter in submerged and ALI-

cultured primary HBECs.
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Figure 5.5 Concentration-dependent uptake of Ala-Lys-AMCA dipeptide by submerged
and air liquid interface (ALI)-cultured primary human bronchial epithelial cells (HBECs).
(A) Submerged, (B) Day 7 HBEC ALI cultures, and (C) Day 14 HBEC ALI cultures were
incubated with Ala-Lys-AMCA at different concentrations (0 to 200 uM) for 1 hour at 37°C. The
uptake of Ala-Lys-AMCA was measured using a fluorescence plate reader. The data are
presented as mean + SD. N = 3 primary cell donors. Statistics: One-way ANOVA followed by
Dunnett’s multiple comparisons test. *P=0.0255, **P=0.002, ***P=0.0007, ****P< 0.0001.
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5.2.6 Synthesis of peptide-modified PBAEs

Having confirmed that primary HBECs express PEPT2 at both gene and protein levels,

peptide-modified linear polymers were synthesised. Dipeptides (Gly-Sar, Ala-Lys, Ala-Ala,

Ala-Gly) were used to end-cap linear PBAEs (Figure 5.6). These di-peptides were chosen

based on their structural diversity, solubility in DMSO, and ability to act as substrates for
PEPT269715-720 PBAE synthesis was performed by Leigh-Anne Gavin.
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Figure 5.6 Modification of linear poly (B-amino esters) (PBAEs) with dipeptides.

(A) Linear PBAE backbone composed of diacrylate (DD) and amine groups (90). (B) Dipeptides
used to end-cap linear PBAEs: glycyl-sarcosine (Gly-Sar), alanyl-lysine (Ala-Lys), alanyl-alanine
(Ala-Ala), alanyl-glycine (Ala-Gly). Synthesised by Leigh-Anne Gavin (Patel group).

5.2.7 Screening of peptide-modified polymers on 16HBE cells

Initial screening of peptide-modified polymers was performed on 16HBE cells to assess their

potential for delivering reporter mRNA to cells. Although 16HBE cannot fully recapitulate the

barriers to mMRNA delivery faced in primary HBEC ALI cultures, 16HBE cells divide rapidly and

can be used to exclude ineffective polymers. mMRNA encoding for FLuc was complexed with
peptide-modified PBAEs (DD90-Gly-Sar, DD90-Ala-Lys, DD90-Ala-Ala, DD90-Ala-Gly),
PBAE without end-cap group (DD90), jetPEI or delivered naked to 16HBE cells. jetPEl is a

well-characterised commercial transfection reagent for which the chemical structure is fully

elucidated. In contrast, the composition of the proprietary JetMessenger is not publicly

available. Therefore, jetPEI was chosen as a positive control for the transfection experiments
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in this chapter. Transfection efficiency measured by luminescence was assessed 24 hours

post-transfection.

Data shown in Figure 5.7A demonstrate that peptide-modified polymers containing either Ala-
Lys (DD90-Ala-Lys) or Gly-Sar (DD90-Gly-Sar) achieved higher transfection efficiency
compared to other peptide-modified PBAEs tested (DD90-Ala-Ala and DD90-Ala-Gly). DD90-
Gly-Sar and DD90-Ala-Lys polymers showed 1.9x10* + 605 RLU and 7.0x10* + 1.0x10* RLU,
respectively. In contrast, other peptide-modified PBAEs, DD90-Ala-Ala and DD90-Ala-Gly,
were less effective in transfecting 16HBE cells, showing 7.2x10° + 551 RLU and 8.1x10° +
520 RLU, respectively. Transfection with PBAE without end-cap group (DD90) was not
effective in delivering FLuc mRNA to 16HBE cells, suggesting that the end-cap group is

important for efficient transfection.

To evaluate the effect of dipeptide modification on the biocompatibility of these polymers,
cytotoxicity was assessed using the LDH release assay 24 hours post-transfection. LDH was
not significantly increased 24 hours after transfection, indicating that the peptide-modified
PBAEs are not cytotoxic to 16HBE cells (Figure 5.7B).

Overall, the results of this initial screening suggested that peptide-modified PBAEs,
particularly DD90-Gly-Sar and DD90-Ala-Lys polymers, are promising candidates for mRNA

delivery and were selected for further characterisation.
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Figure 5.7 Transfection efficiency and cytotoxicity of peptide-modified peptide-modified
poly (B-amino esters) (PBAEs) in 16 human bronchial epithelial (16HBE) cells.

(A) Transfection efficiency of peptide-modified PBAEs (DD90-Gly-Sar, DD90-Ala-Lys, DD90-
Ala-Ala, DD90-Ala-Gly), PBAE without end-cap (DD90) and commercial transfection reagent
jetPEI complexed with Firefly luciferase (FLuc) mRNA in 16HBE cells. Luminescence was
measured 24 hours post-transfection. (B) Cytotoxicity of peptide-modified PBAEs in 16HBE
cells, assessed by lactate dehydrogenase (LDH) release assay 24 hours post-transfection.
Dotted line indicates 100% LDH release of positive control cells treated with 1% Triton-X-100
and cytotoxicity was calculated relative to this control. Data are presented as mean + SD. n =3
technical replicates.

5.2.8 Characterisation of DD90-Gly-Sar and DD90-Ala-Lys polymers

The two top-performing peptide-modified PBAEs (DD90-Gly-Sar, DD90-Ala-Lys) identified
from screening on 16HBE cells were taken forward alongside control PBAEs (DD90-118,
DD90, jetPEl) for further characterisation.

5.2.8.1 mRNA binding and encapsulation efficiency

To assess the mRNA binding capability of the peptide-modified PBAEs, agarose gel
electrophoresis was performed. FLuc mRNA/PBAE complexes were prepared using DD90
(PBAE without end-cap group), peptide-modified PBAEs (DD90-Gly-Sar, DD90-Ala-Lys),
DD90-118 (PBAE end-capped with traditional amine group), and jetPEI commercial
transfection reagent. The migration of these complexes was compared to naked mRNA. As
shown in Figure 5.8A, naked mRNA migrated through the gel evidenced by the formation of
one distinct band. Complexation of mMRNA with peptide-modified PBAEs and DD90-118
retarded its movement through the gel, indicating successful mMRNA complexation. In contrast,
when mRNA was complexed with DD90, a significant amount of free, non-complexed mRNA
was observed, suggesting inefficient mMRNA complexation with this polymer. This observation
implies the inability of DD90 polymer to form stable complexes with mRNA, which could be a
factor in its lack of transfection efficiency. Surprisingly, jetPEI polymer did not display effective

mMRNA binding as indicated by migration of mMRNA through the gel.

To quantitatively assess PBAE/mRNA interactions, the Ribogreen assay was performed to
quantify mRNA encapsulation efficiency by vectors. As shown in Figure 5.8B, peptide-
modified PBAEs (DD90-Gly-Sar, DD90-Ala-Lys) and DD90-118 displayed high mRNA
encapsulation efficiencies of almost 100%, whereas DD90 polymer demonstrated low mRNA
encapsulation efficiency around 60%. These data correlate with the gel electrophoresis assay

data mentioned previously. However, the mRNA encapsulation efficiency data of jetPEl were
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not in agreement with the gel electrophoresis data, since jetPEl showed almost 100% mRNA

encapsulation efficiency but not efficient mRNA protection on the gel retardation assay.

Overall, the results of mRNA binding and encapsulation efficiency assays suggest that
peptide-modified PBAEs (DD90-Gly-Sar, DD90-Ala-Lys) are capable of efficiently binding and

encapsulating mRNA.
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Figure 5.8 mRNA binding and encapsulation efficiency of peptide-modified poly (B-
amino esters) (PBAEs).

(A) Agarose gel electrophoresis of Firefly luciferase (FLuc)/polymer complexes. FLuc mRNA
was complexed with DD90 (PBAE without end-cap group), peptide-modified PBAEs (DD90-
Gly-Sar, DD90-Ala-Lys), DD90-118 (PBAE end-capped with traditional amine group) or jetPEI
commercial transfection reagent. The migration of these complexes was compared to naked
mRNA. (B) mMRNA encapsulation efficiency of PBAEs quantified by the Ribogreen assay. Data
are presented as mean + SD. n = 3 technical replicates.
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5.2.8.2 Size and zeta potential measurements

The size and zeta potential of PBAE/mRNA complexes are important factors that can influence
transfection efficiency. To evaluate these parameters, DLS was utilised. FLuc mRNA was
complexed with peptide-modified PBAEs (DD90-Gly-Sar, DD90-Ala-Lys) using the same
mMRNA concentration and polymer/mRNA complexation methods as those employed in the
transfection experiments. This ensured that the physicochemical properties of nanoparticles

being assessed accurately represented those in the transfection experiments.

DLS measurements revealed that peptide-modified PBAEs formed large and unstable
complexes with FLuc mRNA. Complexes prepared with DD90-Ala-Lys polymer and FLuc
mMRNA had a size of 635.3 nm and a zeta potential of -0.03 mV (Figure 5.9A,C,D). Particles
obtained from DD90-Gly-Sar polymer and FLuc mRNA were smaller, with a size of 533.7 nm
and a zeta potential of 0.08 mV (Figure 5.9B-D). Despite their large size and neutral zeta
potential, peptide-modified PBAEs were able to deliver mRNA into cells, as shown in Figure
5.7.
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Figure 5.9 Size and zeta potential of peptide-modified PBAE/mRNA polyplexes.

Dynamic light scattering (DLS) was used to measure the size and zeta potential of peptide-
modified PBAE/mMRNA complexes. (A) Size distribution by number of DD90-Ala-Lys/mRNA
polyplexes. (B) Size distribution by number of DD90-Gly-Sar/mRNA polyplexes. (C) Average
size of DD90-Ala-Lys/mRNA and DD90-Gly-Sar/mRNA polyplexes. (D) Average zeta potential
of DD90-Ala-Lys/mRNA and DD90-Gly-Sar/mRNA polyplexes. Triplicate readings were
obtained for each nanoparticle sample.

5.2.9 Transfection efficiency and cytotoxicity of peptide-modified polymers on

submerged primary HBECs

The two top-performing peptide-modified PBAEs, DD90-Gly-Sar and DD90-Ala-Lys were
evaluated for their ability to deliver FLuc mRNA to submerged primary HBECs. Additionally,
PBAE end-capped with traditional amine group (DD90-118) and PBAE lacking an end-cap
group (DD90) were tested along with the commercial transfection reagent jetPEI. Transfection

efficiency was assessed by luminescence 24 hours post-transfection.

As shown in Figure 5.10A-C, DD90-Gly-Sar achieved the highest transfection efficiency,
among all HBECs donors tested, compared to DD90-Ala-Lys, DD90-118 and the commercial
transfection reagent jetPEI. These findings highlight the influence of terminal end-groups on
the transfection efficiency of polymers. Transfections with PBAE without end-cap group
(DD90) or naked mRNA were inefficient.

To assess the cytotoxicity of peptide-modified PBAEs on primary HBECs, an LDH release
assay was performed on cell culture supernatants 24 hours post-transfection (Figure 5.10D).
No significant elevation in LDH release was observed in most conditions compared to non-
transfected cells. However, a significant increase in LDH release was observed following

transfection with DD90-Ala-Lys polymer.

Overall, these data demonstrated that primary HBECs can be transfected with FLuc mRNA
complexed with peptide-modified PBAEs, specifically DD90-Gly-Sar and DD90-Ala-Lys.
Among these, DD90-Gly-Sar was identified as the most effective option, demonstrating

superior transfection efficiency compared to DD90-Ala-Lys polymer.
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Figure 5.10 Transfection efficiency and cytotoxicity of peptide-modified poly (B-amino
esters) (PBAEs) in submerged primary human bronchial epithelial cells (HBECs).

(A-C) Transfection efficiency of peptide-modified PBAEs (DD90-Gly-Sar, DD90-Ala-Lys),
PBAE without end-cap (DD90) and commercial transfection reagent jetPEl complexed with
Firefly luciferase (FLuc) mRNA in three different donors of primary HBECs. Luminescence was
measured 24 hours post-transfection. Data are presented as mean + SD. N = 1 primary cell
donor per graph with 3 technical replicates each. (B) Cytotoxicity of peptide-modified PBAEs in
HBECs, assessed by lactate dehydrogenase (LDH) release assay 24 hours post-transfection.
Dotted line indicates 100% LDH release of positive control cells treated with 1% Triton-X-100
and cytotoxicity was calculated relative to this control. Data are presented as mean + SD. N =
3 primary cell donors with 3 technical replicates each. Statistics: One-way ANOVA followed by
Dunnett’s multiple comparisons test. *P=0.0460.
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5.2.10 Chemically conjugated dipeptides on PBAEs facilitate functional delivery
of reporter mRNA to submerged primary HBECs

It was demonstrated that submerged primary HBECs can be transfected with peptide-modified
PBAEs (section 5.2.9). Building on this, it was then explored whether adding dipeptides to the
culture media could enhance transfection efficiency. To investigate this, two approaches were
compared: firstly, transfection using FLuc mRNA complexed with chemically conjugated
dipeptide-modified PBAEs (DD90-Gly-Sar, DD90-Ala-Lys), and secondly, transfection using
non-end-capped PBAEs (DD90) in media that was supplemented with the same dipeptides

(DD90 + Gly-Sar, DD90 + Ala-Lys). Luminescence was measured 24 hours post-transfection.

As shown in Figure 5.11 only peptide-modified PBAEs with chemically conjugated dipeptides
(DD90-Gly-Sar, DD90-Ala-Lys) facilitated transfection of submerged primary HBECs. DD90-
Gly-Sar polymer achieved higher transfection efficiency than DD90-Ala-Lys polymer.
Transfection using DD90 in media supplemented with dipeptides was inefficient. These results
suggested that chemical conjugation of dipeptides to PBAEs is necessary for functional

delivery of mRNA to cells, rather than simply adding dipeptides to the formulation.
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Figure 5.11 Chemically conjugated dipeptides on poly (B-amino esters) (PBAES)
facilitate delivery of mRNA to primary human bronchial epithelial cells (HBECs).
Transfection efficiency of Firefly luciferase (FLuc) mRNA was assessed 24 hours post-
transfection using non-end-capped PBAEs in peptide-supplemented media (DD90 + Gly-Sar,
DD90 + Ala-Lys) and peptide-modified PBAEs (DD90-Gly-Sar, DD90-Ala-Lys). Data are
presented as mean + SD. N = 1 primary cell donor with 3 technical replicates.
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5.2.11 Investigation of peptide-modified PBAE-mediated reporter mRNA uptake

and translation in submerged primary HBECs

The efficacy of peptide-modified PBAEs in mediating cellular uptake and subsequent
translation of reporter mMRNA in submerged primary HBECs was examined. Cy5-tagged GFP
mMRNA was used to evaluate the transfection efficiency of two peptide-modified PBAEs: DD90-
Gly-Sar, DD90-Ala-Lys. As a control, the commercial transfection reagent jetPEl was included,
along with a naked mRNA where mRNA was introduced without any vector. Cells were fixed

24 hours post-transfection and imaged using an SP5 Leica confocal microscope.

The results demonstrated successful Cy5 expression, indicating mRNA uptake in cells
transfected with both peptide-modified PBAEs (Figure 5.12A). Moreover, these cells displayed
GFP expression, a sign of mRNA being translated into protein. Quantitative analysis showed
that the DD90-Gly-Sar polymer achieved mRNA uptake efficiency of 86.6% + 0.2, which was
comparable to that of jetPEI (89.3% + 1.7) and DD90-Ala-Lys (95.5% + 0.3) (Figure 5.12B).
In contrast, cells transfected with naked mRNA showed no transfection signs, underscoring
the necessity of non-viral vectors for effective mRNA uptake. Examination of GFP expression
levels showed differences in translation efficiency between the two peptide-modified PBAEs.
Transfection with DD90-Gly-Sar resulted in 61.2% + 4.6 GFP-positive cells, markedly higher
than DD90-Ala-Lys (44.9% + 1.1 GFP-positive cells). This rate was significantly higher than
the 16.2% + 8.3 GFP-positive cells resulting from jetPEl-mediated transfection (Figure 5.12C).

Overall, the findings from this study identified DD90-Gly-Sar as the most effective peptide-
modified PBAE for transfecting submerged primary HBECs. Consequently, this polymer was

chosen for further testing.
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Figure 5.12 Reporter mRNA uptake and translation in submerged primary human
bronchial epithelial cells (HBECs) using peptide-modified poly (B-amino esters) (PBAES).

(A) Representative confocal microscopy images of submerged primary HBECs transfected with
peptide-modified PBAEs (DD90-Gly-Sar, DD90-Ala-Lys), jetPEIl, or naked mRNA. Cells were
fixed 24 hours post-transfection and stained with nuclear stain DAPI. (B) Quantitative analysis
of Cy5 expression, expressed as % Cy5-positive cells. (C) Quantitative analysis of GFP
expression, expressed as % GFP-positive cells. Data are presented as mean + SD. N = 1
primary cell donor with 2 technical replicates. Scale bar: 50 pm.

5.2.12 Investigating the effect of PEPT2 transporter blockage on peptide-
modified PBAEs uptake

5.2.12.1 Effect of cefadroxil pre-incubation on Ala-Lys-AMCA uptake

Cefadroxil is a cephalosporin antibiotic which serves as a PEPT2 substrate721,722 and has
been shown to inhibit dipeptide transport in murine bronchial and type Il pneumocyte models
through competitive binding’®7%5717.720 |t was hypothesised that if peptide-modified PBAEs
were interacting with PEPT2 transporter, particle uptake would be reduced in cells pre-treated
with cefadroxil. Primary HBECs were pre-incubated with 1 mM cefadroxil for 10-60 minutes at
37°C, following protocols adapted from published literature’®>’"". Subsequently, cells were
exposed to a fluorescent dipeptide Ala-Lys-AMCA, a known PEPT2 substrate723,724, at a
concentration of 25 uM for 1 hour at the same temperature. This dipeptide served as a positive
control for transporter activity, with fluorescence readings serving as a direct indicator of its

cellular uptake.

Figure 5.13 demonstrates a reduction in the internalisation of Ala-Lys-AMCA following
Cefadroxil pre-incubation. This is evident from the decrease in fluorescence intensity
compared to the control group without Cefadroxil. This reduction exhibited a clear time-
dependence pattern, suggesting a temporal aspect to the inhibitory mechanism of Cefadroxil
on PEPT2. Nevertheless, it is important to note that while Cefadroxil pre-treatment resulted in
decreased Ala-Lys-AMCA uptake, it did not completely abolish the activity of PEPT2, as
evidenced by the measurable fluorescence. This partial inhibition highlights the potential for

residual transporter activity even in the presence of a competitive substrate.
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Figure 5.13 Inhibition of Ala-Lys-AMCA uptake by Cefadroxil in submerged primary
human bronchial epithelial cells (HBECs).

Cells were pre-incubated with 1 mM Cefadroxil for durations ranging from 10 to 60 minutes at
37°C, followed by exposure to 25 yM Ala-Lys-AMCA for 1 hour. Fluorescence intensity,
indicative of Ala-Lys-AMCA uptake, was measured post-incubation. Control samples without
Cefadroxil are shown for comparison. Data are presented as mean + SD. N = 1 primary cell
donor with 3 technical replicates.

5.2.12.2 Impact of cefadroxil pre-incubation on peptide-modified PBAE

transfection efficiency in primary HBECs

To investigate whether peptide-modified PBAEs utilise the PEPT2 transporter for cellular
entry, primary HBECs were pre-incubated with Cefadroxil for 60 minutes. This incubation
aimed to saturate the PEPT2 transporters and potentially inhibit the uptake of the peptide-
modified PBAEs. Subsequently, HBECs were transfected with FLuc mRNA, complexed with
two peptide-modified PBAEs (DD90-Gly-Sar, DD90-Ala-Lys), alongside several controls.
These controls included PBAE end-capped with an amine group (DD90-118), PBAE without
an end-cap group (DD90), the commercial transfection reagent jetPEl, and naked mRNA.

Luminescence was measured 24 hours post-transfection.

Luminescence data revealed that Cefadroxil pre-incubation did not alter the transfection
efficiency of the peptide-modified PBAEs (Figure 5.14A). To assess the cytotoxicity of this
approach, an LDH release assay was performed 24 hours post-transfection. As shown in
Figure 5.14B, primary HBECs tolerated the Cefadroxil pre-incubation, with no significant

cytotoxic response observed.
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Figure 5.14 Assessing the impact of Cefadroxil pre-incubation on transfection efficiency
and cytotoxicity of peptide-modified poly (B-amino esters) (PBAEs) in submerged
primary human bronchial epithelial cells (HBECs).

(A) Transfection efficiency following Cefadroxil pre-incubation. Luminescence readings taken
24 hours after transfection with Firefly luciferase (FLuc) mRNA complexed with peptide-
modified PBAEs (DD90-Gly-Sar, DD90-Ala-Lys), and controls (DD90-118, DD90, jetPEIl, and
naked mRNA). (B) Cytotoxic evaluation via lactate dehydrogenase release (LDH) assay 24
hours post-transfection. Dotted line indicates 100% LDH release of positive control cells treated
with 1% Triton-X-100 and cytotoxicity was calculated relative to this control. Data are presented
as mean + SD. N = 1 primary cell donor with 3 technical replicates. (Cef: cefadroxil, NT: non-
transfected).
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5.2.12.3 Transfection efficiency of peptide-modified PBAEs in cefadroxil-

containing media

Initial experiments showed that pre-incubating primary HBECs with cefadroxil did not impact
the transfection efficiency of peptide-modified PBAEs. Consequently, a different approach was
pursued, examining the effects of cefadroxil when present during the transfection process.
Transfection was carried out in either standard culture media or media supplemented with 1
mM cefadroxil. Transfection efficiency was quantified by measuring luminescence 24 hours

post-transfection.

Figure 5.15A shows a significant decrease in luminescence when cefadroxil was included in
the media at the same time as transfection. Interestingly, this inhibitory effect of cefadroxil was
also evident in control vectors, suggesting that its impact is not vector-specific. Further
analysis demonstrated an elevated release of LDH in all conditions containing cefadroxil,
compared to those without it (Figure 5.15B). This increase in LDH release suggests that the
observed reduction in luminescence is likely due to increased cytotoxicity from cefadroxil
exposure. These results indicate that the reduced transfection efficiency in the presence of
cefadroxil might be due to its cytotoxic effects, rather than an inhibition of the PEPT2

transporter.
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Figure 5.15 Impact of Cefadroxil on transfection efficiency and cytotoxicity in submerged primary
bronchial epithelial cells (HBECs) using peptide-modified poly (8-amino esters) (PBAEs).

(A) Transfection efficiency of primary HBECs 24 hours post-transfection with Firefly luciferase (FLuc)
mRNA complexed with peptide-modified PBAEs (DD90-Gly-Sar, DD90-Ala-Lys) and control vectors
(DD90-118, DD90, jetPEl), either with or without 1 mM Cefadroxil supplementation. (B) Cytotoxicity post-
transfection as indicated by lactate dehydrogenase (LDH) release assay. Comparisons were made
against no-Cefadroxil control conditions. Dotted line indicates 100% LDH release of positive control cells
treated with 1% Triton-X-100 and cytotoxicity was calculated relative to this control. Data are presented
as mean + SD. N =1 primary cell donor with 3 technical replicates. (Cef: cefadroxil, NT: non-transfected)
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5.2.12.4 Impact of pre-transfection with peptide-modified PBAEs on Ala-Lys-
AMCA dipeptide uptake by submerged primary HBECs

To elucidate how peptide-modified PBAEs enter cells, a competitive binding assay targeting
the PEPT2 transporter was employed. This assay aimed to determine whether these peptide-
modified PBAEs use the same transporter as the Ala-Lys-AMCA dipeptide. Primary HBECs
were transfected with peptide-modified PBAEs (DD90-Gly-Sar, DD90-Ala-Lys), along with
control vectors as detailed in section 5.2.12.2. After allowing 30 minutes for complexes to bind,
the Ala-Lys-AMCA dipeptide was introduced, followed by another hour of incubation. The
subsequent cellular uptake of the dipeptide was assessed by measuring fluorescence levels.
If the PEPT2 transporter acts as the entry route for both the peptide-modified PBAEs and the
Ala-Lys-AMCA, competition between them would lead to a lower uptake of the dipeptide in

cells transfected with the peptide-modified PBAEs compared to controls.

Figure 5.16 demonstrates a notable decrease in Ala-Lys-AMCA uptake in cells transfected
with peptide-modified PBAEs, supporting the theory that PEPT2-mediated endocytosis plays
a role in the process. Interestingly, cells transfected with non-peptide-modified polymers also
showed decreased uptake of Ala-Lys-AMCA. While these results provided evidence for the
role of PEPT2 in the cellular uptake of peptide-modified PBAEs, they do not rule out the
possibility that PEPT2 might interact with other polymers as well. Consequently, further
investigations are needed to fully understand the specificity of PEPT2 and its potential

interactions with various polymeric materials in epithelial cells.
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Figure 5.16 Competitive binding assay of PEPT2 transporter with peptide-modified
poly (B-amino esters) (PBAEs).

This assay compared the uptake of the fluorescent dipeptide Ala-Lys-AMCA in primary
human bronchial epithelial cells (HBECs) after transfection with different transfection
reagents: peptide-modified PBAEs (DD90-Gly-Sar, DD90-Ala-Lys), amine end-capped PBAE
(DD90-118), non-end-capped PBAE (DD90), jetPEIl, and naked Firefly luciferase (FLuc)
mRNA. The graph represents the fluorescence intensity measured, which is proportional to
the uptake of Ala-Lys-AMCA by the cells. Data are presented as mean + SD. N = 1 primary
cell donor with 3 technical replicates.

5.2.13 Analysis of transfection efficiency and cytotoxicity across two different

DD90-Gly-Sar polymer batches

Sections 5.2.9 and 5.2.11 of this chapter highlighted that the peptide-modified PBAE polymer,
DD90-Gly-Sar, was the most promising candidate based on transfection data. Building on this,
the next objective was to assess the consistency of this polymer’s transfection performance
across different batches. FLuc mRNA was complexed with two distinct batches of DD90-Gly-
Sar polymers and delivered to submerged primary HBECs, alongside a control group
transfected with mRNA without any complexing agent (‘naked’). Transfection efficiency was

quantified by measuring luminescence 24 hours post-transfection.

Figure 5.17A revealed that the two batches of DD90-Gly-Sar performed similarly, as there was
no statistically significant difference in luminescence between them. However, variability in
luminescence was observed among different donors, indicating that the transfection efficiency
might vary depending on the donor. The use of naked mRNA did not result in effective

transfection.

Furthermore, the cytotoxicity of the two polymer batches was evaluated using an LDH release
assay on cultured supernatants 24 hours post-transfection. As shown in Figure 5.17B, neither
batch of the DD90-Gly-Sar polymers, whether complexed with FLuc or used as vector-only

controls, caused significant LDH release.

In summary, the data confirmed that both batches of the DD90-Gly-Sar demonstrated
comparable transfection efficiencies and maintained a low cytotoxic profile, highlighting their

reliability and potential for safe use in primary HBECs.
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Figure 5.17 Comparison of transfection efficiency and cytotoxicity between two batches
of DD90-Gly-Sar polymers in primary human bronchial epithelial cells (HBECs).

(A) Luminescence-based transfection efficiency of Firefly Luciferase (FLuc) mRNA when
complexed with two different batches of DD90-Gly-Sar polymers (batch 1 and batch 2) in
submerged primary HBECs. Luminescence was assessed 24 hours post-transfection. (B)
Lactate dehydrogenase (LDH) release assay to assess the cytotoxicity of the two different
batches of DD90-Gly-Sar polymers 24 hours post-transfection. Dotted line indicates 100% LDH
release of positive control cells treated with 1% Triton-X-100 and cytotoxicity was calculated
relative to this control. Data are presented as mean + SD. N = 2 primary cell donors with 3
technical replicates each. Each symbol represents a different donor. Statistics: One-way
ANOVA followed by Tukey’s multiple comparisons test. ** P=0.003, ns: non-significant P=0.99.

5.2.14 Transfection efficiency of DD90-Gly-Sar in primary HBEC ALI cultures

The previously discussed transfection data highlighted the potential of the peptide-modified
polymer DD90-Gly-Sar as a promising agent for reporter mRNA delivery to primary HBECs in
submerged cultures. Notably, it was also observed that the expression of the peptide
transporter PEPT2 at gene level was higher in HBECs cultured at ALI compared to submerged
cultures. This finding led to the hypothesis that DD90-Gly-Sar could enhance mRNA
transfection in ALI-cultured HBECs.
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In the initial experiments, primary HBECs cultured at ALI for 7 days were transfected with FLuc
mRNA (100 ng/well) using DD90-Gly-Sar. This was compared to controls including naked
mRNA, a PBAE end-capped with a traditional amine group (DD90-118), and the commercial
transfection reagent jetPEIl. Luminescence measured 24 hours post-transfection revealed that
DD90-Gly-Sar induced a 10-fold increase in luminescence compared to the controls,
confirming its effectiveness (Figure 5.18A). However, variability across different donors was
noted. Transfection with naked mRNA was ineffective. To evaluate cytotoxicity, LDH release
was monitored 24 hours post-transfection. The results, as shown in Figure 5.18D, indicated

no significant increase in LDH release in DD90-Gly-Sar transfected compared to controls.

Building on these findings, the study extended to HBECs cultured at ALI for 14 days. In this
experiment, the naked mRNA condition was omitted, and the FLuc mRNA dose was increased
to 200 ng/well. This aimed to determine if a higher dose could improve transfection efficiency.
Transfection efficiency was assessed 24 and 48 hours post-transfection, considering the
robust barrier formed by HBECs in ALI culture. Results showed that DD90-Gly-Sar led to a
significant increase in luminescence compared to DD90-118 and jetPEI (Figure 5.18B+C).
The higher mRNA dose did not enhance transfection efficiency at 24 hours post-transfection
(Figure 5.18B) but did result in higher luminescence at 48 hours post-transfection, suggesting
a delayed yet enhanced transfection efficiency (Figure 5.18C). Furthermore, the 200 ng mRNA
dose outperformed the 100 ng dose at 48 hours. LDH levels remained stable over 48 hours,

indicating good tolerance of DD90-Gly-Sar transfection (Figure 5.18E+F).

Overall, these results demonstrated the effectiveness of DD90-Gly-Sar as an mRNA delivery
vector for primary HBECs cultured at ALI. DD90-Gly-Sar-mediated transfection resulted in
significantly higher luminescence compared to controls at both 24 and 48 hours post-
transfection. Furthermore, the DD90-Gly-Sar transfection was well-tolerated by HBECs with
no significant increase in LDH release. These findings suggest that DD90-Gly-Sar holds

promise as a vector for mRNA delivery in HBEC ALI cultures.
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Figure 5.18 Transfection of primary human bronchial epithelial cells (HBECs) grown at air
liquid interface (ALI) with peptide-modified poly (B-amino ester) (PBAE) DD-90-Gly-Sar.

(A) HBECs cultured at ALI for 7 days were transfected with Firefly luciferase (FLuc) mRNA (100
ng/well) using DD90-Gly-Sar and compared to control groups including naked mRNA, DD90-
118, and jetPEI. The efficiency of transfections was measured by luminescence 24 hours post-
transfection. (B) HBECs cultured at ALI for 14 days were transfected with FLuc) mRNA (100
ng/well or 200 ng/well) using DD90-Gly-Sar, DD90-118, and jetPEIl. The efficiency of
transfections was measured by luminescence 24 hours post-transfection. (C) The same
experiment as in (B) was performed, but the transfection efficiency was measured 48 hours post-
transfection instead. (D) Cytotoxicity of transfections on HBECs cultured at ALI for 7 days was
assessed by measuring lactate dehydrogenase (LDH) release 24 hours post-transfection. (E)
Cytotoxicity of transfections on HBECs cultured at ALI for 14 days was assessed by measuring
LDH release 24 hours post-transfection. (F) Cytotoxicity of transfections on HBECs cultured at
ALl for 14 days was assessed by measuring LDH release 48 hours post-transfection. Dotted line
indicates 100% LDH release of positive control cells treated with 1% Triton-X-100 and
cytotoxicity was calculated relative to this control. Luminescence data are presented as median
and range. Cytotoxicity data are presented as mean + SD. N = 3 primary cell donors with 3
technical replicates each. Each shape represents a different donor. Statistics: Kruskal-Wallis test
followed by Dunn’s multiple comparisons test. **P=0015, ***P = 0.0001, ****P<0.0001.
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5.3 Discussion

In this chapter, | investigated the impact of PBAE modifications on mRNA transfection
efficiency in primary HBECs. | have demonstrated that 1) linear PBAE with shorter chain length
(DD90-118 1.2) was effective in transfecting submerged primary HBECs; 2) Expression of
PEPT2 was characterised in HBECs, revealing higher gene expression levels in ALI cultured
HBECs compared to submerged HBECs. Additionally, the functional activity of PEPT2 was
confirmed in submerged and ALI cultured HBECs; 3) Novel peptide-modified PBAEs (DD90-
Gly-Sar and DD90-Ala-Lys) facilitated mRNA transfection of submerged primary HBECs; 4)
DD90-Gly-Sar polymer effectively transfected day 7 and 14 HBEC ALI cultures, indicating its
promising potential for mRNA delivery to HBEC ALI cultures, which have traditionally been

challenging to transfect.

This study explored the impact of chain length modification in linear PBAEs on the transfection
efficiency of primary HBECs. Two linear PBAEs with distinct chain lengths (DD90-118 1.2,
DD90-118 1.05) were synthesised using two different molar ratios of diacrylate to amine
monomers (1.2:1 and 1.05:1). The molecular weight and chain length of PBAEs are directly
influenced by the diacrylate to amine ratio. PBAEs with molecular weights exceeding 10 kDa
are generally considered most effective, which can be achieved using a diacrylate to amine
molar ratio of 1.2:1°7°. The findings of this study revealed that DD90-118 1.2 polymer, with an
estimated shorter chain length, exhibited enhanced transfection efficiency in primary HBECs
compared to DD90-118 1.05 polymer. This observation aligns with previous studies that have
reported an inverse relationship between polymer chain length and transfection
efficiency®”#7%8725  Polymers with shorter chain lengths may promote improved transfection
capabilities due to enhanced mRNA encapsulation efficiency, cellular uptake, endosomal
escape, or solubility. Further investigation into the size of polyplexes revealed that both
polyplexes exceeded 200 nm. However, the polyplexes formulated with the DD90-118 1.2
polymer were smaller in size than those formulated with the DD90-118 1.05 polymer. This
reduction in size might have contributed to their higher transfection efficiency. This aligns with
existing literature, which highlights the critical role of nanoparticle size in cellular uptake and
gene delivery efficiency®®*%84726 Thjs finding enhances our understanding of the key design
principles for effective gene delivery systems, especially the influence of polymer chain length.
Future research should focus on elucidating the relationship between polymer chain length
and other cellular processes, such as endosomal escape or degradation, to gain a deeper

understanding of the mechanisms underlying transfection efficiency.
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One limitation of this study relies on the use of only two primary cell donors for the transfection
experiment using DD90-118 1.2 and DD90-118 1.05 polymers. This small sample size restricts
the ability to generalise the findings, considering the potential variability in how cells from
different donors might react to the transfection process. Furthermore, as reported in the
literature, linear PBAEs tend to be larger in size and less stable compared to their branched
counterparts*®®’2’ Despite these limitations, the use of linear PBAEs in this study was driven

by their simpler synthesis and characterisation process.

While acknowledging the limitations of linear PBAEs, their application in this study serves as
a valuable foundation for further research into novel peptide-modified PBAEs. These studies
aimed to explore the impact of peptide modifications on PBAE transfection efficiency. Given
its superior transfection efficiency and smaller polyplex size, the DD90-118 1.2 polymer was

selected as the preferred starting point for the design of peptide-modified PBAEs.

This study investigated the expression of PEPT2 in primary HBECs grown under both
submerged and ALI culture conditions. The data revealed that PEPT2 mRNA expression was
upregulated in HBEC ALI cultures. However, PEPT2 protein expression was only assessed
and confirmed in submerged primary HBECs. To evaluate the functional activity of PEPT2 in
submerged and ALI-cultured HBECs, the uptake of the fluorescent dipeptide Ala-Lys-AMCA
over time was measured. Ala-Lys-AMCA is a well-established substrate for PEPT2 and is
extensively used to study its function’?"?*, The data demonstrated that both submerged and
ALl-cultured HBECs transported Ala-Lys-AMCA, indicating that PEPT2 is functionally active
in these cells. These findings established HBEC ALI cultures as a suitable model for
investigating the efficiency of peptide-modified PBAEs for mRNA transfection. It was
hypothesised that peptide-modified PBAEs will exhibit enhanced mRNA transfection efficiency
in HBEC ALI cultures compared to unmodified PBAEs. The incorporation of peptides into
PBAEs that specifically bind to PEPT2 could enhance their cellular uptake, resulting in
improved mRNA delivery to HBEC ALI cultures.

Du et al. investigated the potential of peptide transporters to enhance drug delivery by
examining the role of PEPT1 in the oral absorption of nanoparticles. They modified Poly (lactic-
co-glycolic acid) (PLGA) nanoparticles with dipeptide conjugates (L-valine-valine, L-valine-
phenylalanine) and polyoxymethylene to deliver docetaxel, a hydrophobic drug with low
bioavailability’?®. Their findings demonstrated that dipeptide-modified nanoparticles exhibited
enhanced cellular uptake compared to unmodified nanoparticles in stably transfected PEPT1-
Hela and Caco-2 cell lines, indicating the involvement of PEPT1 in nanoparticle endocytosis.
Additionally, the internalisation of these nanoparticles was proton-dependent, and L-valine-

valine modified nanoparticles demonstrated superior intestinal permeability and oral
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absorption, significantly improving docetaxel’s oral bioavailability. These findings highlight the
potential of peptide transporters as targets for enhancing drug delivery to various tissues.
Peptide-modified nanoparticles offer a viable strategy for improving the oral delivery of
hydrophobic drugs, while targeting PEPT2 could facilitate efficient mRNA transfection to
HBEC ALI cultures.

In this study, a series of linear PBAEs end-capped with dipeptides instead of amine groups
were synthesised. The selected dipeptides, Gly-Sar, Ala-Lys, Ala-Ala, and Ala-Gly were

715.716.718-720.729.730 |nitia| screening on 16HBE cells

chosen for their role as PEPT2 substrates
identified two promising candidates: DD90-Gly-Sar and DD90-Ala-Lys, exhibiting enhanced
luminescence compared to other polymers. Notably, the DD90 polymer without end-cap

groups was ineffective for cell transfection, consistent with previous studies®®*58,

Further characterisation using DLS revealed that these two top-performing polymers were
large, even exceeding the size of unmodified DD90-118 1.2 polymer. This size increase could
be attributed to the additional peptide molecular weight or changes in polymer conformation.
Interestingly, despite their larger size, subsequent gel retardation and Ribogreen mRNA
encapsulation efficiency assays demonstrated their ability to encapsulate mRNA effectively.
This finding suggests that peptides as end-cap groups do not impede mRNA complexation,
allowing particles to condense mRNA as efficiently as PBAE end-capped with amine groups
(DD90-118 1.2).

Zeta potential measurements indicated a neutral charge for the peptide-modified PBAEs.
While a neutral charge can lower cellular uptake compared to positively charged polymers, it
can also minimise non-specific interactions with cells, potentially reducing toxicity and
enhancing biocompatibility. This is supported by studies demonstrating the transfection
efficiency of neutral or slightly negatively charged nanoparticles. For example, Segovia et al.
reported that complexes derived from mixtures of histidine- and either lysine- or arginine-
modified PBAEs, despite their large size (>400 nm) and neutral or slightly negative zeta

potential, exhibited efficient transfection of COS-7 cells®®.

Similarly, Green et al.
demonstrated that neutral nanoparticles self-assembled with anionic peptide coats containing
targeting ligands effectively transfected human endothelial cells, outperforming the negative
control by an order of magnitude®*. The neutral charge of nanoparticles can be advantageous
in certain applications by mitigating non-specific gene delivery and minimising interactions with

serum”™',
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Gel electrophoresis and Ribogreen assays yielded inconsistent results, with the former
suggesting poor mRNA protection by jetPEI and the latter indicating high mRNA encapsulation
efficiency. This discrepancy could arise from the varying sensitivities and detection
mechanisms of the two assays. Gel electrophoresis may not be as sensitive as the Ribogreen
assay in detecting small quantities of mMRNA encapsulated within the polymers. Additionally,
the Ribogreen assay measures the total amount of MRNA bound to the polymers, but it cannot
determine whether the nucleic acid is degraded. It is possible that the jetPEI/mRNA polyplexes
were more susceptible to degradation during the gel electrophoresis process, resulting in an

underestimation of mMRNA protection.

To further characterise these novel peptide-modified PBAEs, additional assays could be
conducted. TEM could unveil the morphology and structural features of nanoparticles,
providing insights into their internal organisation and how they interact with encapsulated
mRNA"®2, Zeta potential measurements at varying pH conditions could further enhance our
understanding of the surface charge properties of the nanoparticles and their potential
interactions with cell membranes. Gel permeation chromatography could be utilised to
characterise the molecular weight of the peptide-modified PBAEs, offering a more
comprehensive profile of the molecular weight distribution™?. Correlation between the
structural aspects of the polymers and their functional outcomes, such as mMmRNA
encapsulation efficiency, cellular uptake, and transfection efficiency, is essential for further

development of these gene delivery vectors.

The two top-performing peptide-modified PBAEs identified from the 16HBE screening, DD90-
Gly-Sar and DD90-Ala-Lys, were employed to transfect primary HBECs. The DD90-Gly-Sar
polymer exhibited superior transfection efficiency, as evidenced by enhanced luminescence
compared to unmodified PBAE end-capped with amine groups. This improvement highlights
the potential benefits of peptide modification over traditional amine end-capping, particularly
in enhancing transfection efficiency. To further elucidate the role of peptides in promoting
transfection, it was explored whether the presence of free peptides in the media could facilitate
improved transfection using non-end-capped polymers. The findings revealed that the
presence of free peptides in the media was not sufficient to enhance transfection, suggesting
that chemical conjugation of peptides to the polymers is crucial for their transfection-promoting
activity. This observation aligns with previous studies that have demonstrated the importance

of peptide-polymer conjugation in achieving efficient gene delivery”*.
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To assess the efficiency of mRNA uptake and translation facilitated by peptide-modified
PBAEs, Cy5-tagged GFP mRNA was utilised. The percentage of Cy5 expression served as
an indicator of successful mMRNA uptake mediated by both peptide-modified PBAEs and the
commercial transfection reagent jetPEl. It has been reported that larger particles (>400 nm in
size), such as the peptide-modified PBAEs investigated here, can undergo sedimentation,
leading to increased cellular uptake in vitro due to their increased local concentration near the
cell surface’®. However, it is crucial to acknowledge that the unmodified DD90-118 1.2
polymer was not included in this comparison, making it challenging to determine whether the
enhanced transfection efficiency observed with the peptide-modified PBAE DD90-Gly-Sar can
be attributed solely to its PEPT2-mediated cellular uptake.

Following cellular uptake, PBAE/mRNA polyplexes navigate through the cell’s acidic
compartments, transitioning from early endosomes (pH 6-6.5) to late-stage endosomes (pH
5-5.5), and ultimately reaching lysosomes (pH 4.5-5). For efficient translation, mMRNA requires
release from endosomes and lysosomes into the cytoplasm, preventing its enzymatic
degradation within the endosome. Introducing pH-buffering polymers or functional groups
such as peptides can facilitate endosomal escape of polymer/mRNA complexes. The acid
dissociation constant (pKa) of the cationic polymer within the pH range of 6.2-6.5 influences
nucleic acid transfection efficiency by regulating endosomal escape’®. Polymers with superior
pH buffering capacity can enhance endosomal escape efficiency through the proton sponge
effect, as elaborated in Chapter 1. The final step in mRNA delivery process involves the
release of mMRNA from the polymer and subsequent translation into protein within the

cytoplasm.

The observed differences in GFP expression between the peptide-modified PBAEs and jetPEI
control suggest distinct modes of endosomal escape or mRNA release by the two transfection
methods. It is possible that the peptide-modified PBAEs promote mRNA release more
effectively, potentially due to improved endosomal escape. Furthermore, the transfection
differences observed between peptide-modified PBAEs are largely attributed to their
differences in mRNA translation. This highlights the impact of a single functional group, in this
case a terminal peptide, on endosomal escape and mRNA release into the cytoplasm for
translation. A limitation of the Cy5-GFP mRNA transfection experiment lies in its reliance on a
single primary cell donor, necessitating repeat in a larger cohort of primary cell donors to

ensure the reproducibility of the findings.
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Overall, mRNA transfection experiments with submerged primary HBECs demonstrated the
potential of peptide-modified PBAEs as effective transfection agents for these cells. The
DD90-Gly-Sar polymer demonstrated superior transfection efficiency compared to unmodified
PBAE and jetPEl. To investigate the underlying mechanism of enhanced transfection
efficiency of peptide-modified PBAEs, various strategies were employed to block PEPT2.
Cefadroxil, a well-established PEPT2 inhibitor, was utilised to block PEPT2-mediated uptake
of peptide-modified PBAEs’?"722, However, no significant reduction in transfection efficiency
was observed, suggesting that PEPT2 blockage alone might not fully account for the
enhanced transfection. Competitive binding assays also did not provide conclusive evidence
supporting direct competition between the chemically conjugated peptides and the competitive
PEPT2 inhibitor (Ala-Lys-AMCA dipeptide). Nevertheless, we cannot exclude the possibility
that PEPT2 may still participate in other aspects of the transfection process, particularly given
its presence in primary HBECs. Additionally, the neutral charge of peptide-modified PBAEs
might facilitate cellular uptake via non-specific endocytosis, potentially contributing to the
enhanced transfection efficiency. This hypothesis is supported by previous studies
demonstrating that neutrally charged nanoparticles readily enter cells through non-specific

737139 While the precise mechanism underlying the transfection-enhancing effects

endocytosis
of peptide-modified PBAEs remains to be fully elucidated, the current findings suggest that
PEPT2 may play a role, but other mechanisms may also contribute to their enhanced

transfection efficiency.

This study delved into the potential of peptide-modified PBAE (DD90-Gly-Sar) for mRNA
delivery in HBEC ALI cultures. The findings demonstrated that DD90-Gly-Sar outperformed
other vectors tested (DD90-118 and jetPEl) in transfection efficiency at both day 7 and 14
HBEC ALI cultures. To the best of my knowledge, this study is the first to demonstrate
successful transfection of HBEC ALI cultures with reporter mRNA using peptide-modified
PBAEs. Luciferase mRNA was essential for evaluating transfection efficiency; however, it
cannot be used to visualise MRNA distribution and its cellular uptake. To overcome this, future
studies could benefit from including Cy5-tagged GFP mRNA. This would provide valuable
insights into the uptake and translation of mRNA at single-cell level, thereby further clarifying

the mechanism behind the improved ALI transfection observed with DD90-Gly-Sar.
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During writing of this thesis, a study by Jiang et al. was published, which used ALI cultures to
deliver LNPs encapsulated with FLuc mRNA for up to two weeks after airlift**'. Their findings
showed a significant decrease in transfection efficiency over time. This decline is likely due to
cellular changes such as differentiation, polarisation, and the formation of tight junctions.
These changes hinder uptake through the apical surface and limit access to the cell’'s more

endocytically active basolateral side®’:74°.

The observed improvement in transfection efficiency with the DD90-Gly-Sar polymer in day 7
and 14 HBEC ALI cultures is likely due to a combination of factors. The chemical conjugation
of the Gly-Sar dipeptide as an end-cap group to the PBAE backbone might have strengthened
its interaction with PEPT2, facilitating improved cellular uptake. Although there is an observed
increase in PEPT2 gene expression in ALI cultured cells, which suggests its involvement in
facilitating DD90-Gly-Sar transfection, it is crucial to note that gene expression does not
always correlate with protein expression. Therefore, confirming these findings at protein level
through methods such as immunofluorescence staining, or Western blot is essential.
Immunofluorescence staining would offer direct evidence of PEPT2 protein expression and its

subcellular localisation within HBEC ALI cultures.

Additionally, the DD90-Gly-Sar polymer may promote better endosomal escape of the
encapsulated mRNA, enabling its release into the cytoplasm for translation. Previous research
has shown that incorporating peptides into polymer-based delivery systems can significantly
improve endosomal escape, a crucial step in effective nucleic acid delivery. For instance,
Dosta et al. demonstrated that altering the terminal oligopeptide can fine-tune the pKa of
polyplexes while maintaining effective gene silencing’'. Polyplexes with lysine-bearing
oligopeptides formed particles with positive surface charge, whereas polyplexes prepared with
arginine-bearing oligopeptides formed particles with negative surface charge. Moreover, Kato
et al. developed cationic pH-responsive polymers conjugated to an arginine-rich cell-
penetrating peptide, forming stable DNA complexes’?. These modified polyplexes showed
superior cellular uptake, efficient intracellular transport, and enhanced endosomal escape
compared to unmodified polyplexes. These findings underscore the effectiveness of polymer
peptide modifications in overcoming endosomal barriers and enhancing gene transfection

efficiency.
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5.4 Conclusion

In conclusion, this chapter presents evidence that PBAE modifications influence mRNA
transfection efficiency in primary HBECs. Linear PBAE with shorter chain length exhibited
superior transfection efficiency compared to its longer chain counterpart, highlighting the
crucial role of polymer architecture in transfection efficiency. Furthermore, novel peptide-
modified PBAEs (DD90-Gly-Sar and DD90-Ala-Lys) were synthesised and were effective in
transfecting submerged primary HBECs. Importantly, this study demonstrated the successful
transfection of day 7 and 14 HBEC ALI cultures using DD90-Gly-Sar polymer, suggesting its
potential for mRNA delivery to HBEC ALI cultures, which are notoriously challenging to
transfect. While further research is required to elucidate the precise mechanism underlying
the enhanced transfection efficiency of DD90-Gly-Sar polymer in HBEC ALI cultures, its
demonstrated transfection capabilities hold significant promise for mRNA delivery

applications.
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6 Final discussion
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6.1 Synopsis of thesis outcomes

This thesis had 4 overarching aims: 1) Optimising PBAE formulations to establish efficient
reporter mRNA transfection of submerged primary HBECs; 2) Evaluating the impact of
reporter MRNA transfection on the differentiation and integrity of HBECs cultured at ALI; 3)
Investigating the influence of exogenous FOXJ1 mRNA delivery on the differentiation of
HBECs cultured at ALI; and 4) Exploring PBAE modifications to enhance mRNA transfection
efficiency in HBEC ALI cultures.

Chapter 3 established a robust transfection protocol for submerged primary HBECs using
PBAE. This was achieved by formulating PBAE in NaOAc/PBS buffers at 50:1 PBAE to mMRNA
mass ratio. This formulation resulted in the formation of stable, positively charged polyplexes,
smaller than 200 nm in size. These polyplexes significantly enhanced reporter mRNA
transfection efficiency in HBECs without affecting their basal cell phenotype. Moreover, this
chapter showed that ALIl-cultured HBECs resist reporter mRNA transfection. Importantly,
transfecting HBECs with reporter mRNA before air exposure was shown to preserve their
differentiation and integrity at ALI, validating the utility of this approach for downstream
investigations exploring the impact of physiologically relevant mRNA delivery on epithelial

differentiation and integrity.

Chapter 4 demonstrated the efficient transfection and translation of exogenous FOXJ1 mRNA
in submerged primary HBECs, leading to activation of downstream genes involved in
ciliogenesis. FOXJ1 mRNA transfected cells formed a confluent monolayer and were
successfully maintained at ALl for 28 days without compromising epithelial integrity or
differentiation into a pseudostratified epithelium composed of club, ciliated, and goblet cells.
Furthermore, the cilia ultrastructure of FOXJ1 mRNA transfected HBECs was comparable to
that of non-transfected controls. These findings demonstrate the potential of mMRNA-encoded
TF delivery as a powerful tool for manipulating gene expression in a physiologically relevant

model while maintaining HBEC differentiation and integrity.

Chapter 5 investigated novel peptide-modified PBAEs to enhance mRNA transfection
efficiency in HBECs grown under AL| conditions. Peptide-modified PBAEs (DD90-Gly-Sar,
DD90-Ala-Lys) successfully transfected submerged primary HBECs, and the DD90-Gly-Sar
polymer enhanced transfection efficiency in both day 7 and 14 HBEC ALI cultures. This
success highlights the promising potential of peptide-modified PBAEs for transfecting HBEC

ALI cultures.
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6.2 Optimised PBAE formulation enables efficient mRNA

transfection of submerged primary HBECs

PBAE has emerged as a promising non-viral platform for mRNA delivery due to its
biodegradability, ease of synthesis, and ability to encapsulate mRNA for enhanced cellular
uptake and endosomal escape*®®®2. Previous studies have demonstrated the efficacy of
branched PBAE for effective mRNA delivery to lung epithelium in vivo*°4%. Building upon
these findings, this study aimed to optimise branched PBAE formulations for efficient mRNA

delivery to primary HBECs.

The optimisation process focused on buffer formulation and PBAE to mRNA mass ratio.
Previous studies have demonstrated that this ratio influences the size and charge of the
resulting polyplexes, which in turn affect cellular uptake and endosomal escape — crucial steps

for efficient gene deliver*" 75743

. Smaller, positively charged polyplexes are generally
considered more favourable for cellular uptake and endosomal escape, leading to enhanced
transfection efficiency*’®8*4% |n this study, NaOAc/PBS buffer formulation at PBAE to mRNA
mass ratio of 50:1 emerged as the optimal formulation. This formulation resulted in polyplexes
with optimal size and charge characteristics, effectively encapsulating mRNA and improving
transfection efficiency in submerged primary HBECs. A possible explanation for the superior
performance of NaOAc/PBS formulation at 50:1 PBAE to mRNA mass ratio could be attributed
to its ability to form well-defined, compact polyplexes with a positive surface charge that
facilitates cellular uptake and endosomal escape. While FLuc mRNA transfection served as a
valuable indicator of mMRNA translation efficiency, it does not fully capture the mRNA delivery
process. To fully understand the mechanisms underlying the superior performance of the
optimised branched PBAE formulation (NaOAc/PBS 50:1 PBAE to mRNA mass ratio)
compared to other formulations tested, future studies should delve deeper into mMRNA uptake,

translation, and endosomal escape.

The approximate 20% mRNA translation observed following reporter mMRNA transfection might
be due to factors including the non-physiological nature of the reporter mRNA, such as GFP.
Additionally, the size of the mRNA molecule (e.g. GFP vs FOXJ1) could affect its efficiency of
uptake or even cause cytotoxicity. Higher transfection efficiency was observed with the
physiologically relevant FOXJ1 mRNA, supporting this hypothesis. Furthermore, the study
only investigated the effects of a single reporter mMRNA dose. Exploring the impact of different
mRNA doses could provide valuable insights into maximising transfection efficiency while
minimising cytotoxicity. Moreover, the utilisation of HBECs from only two primary cell donors

in this study necessitates cautious interpretation of the results. The conclusions drawn are
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specific to the transfection conditions and the cellular characteristics of the two donors tested.
To enhance the robustness and applicability of the findings, future studies should incorporate

a larger set of donors.

6.3 HBEC integrity and differentiation is unaffected following

reporter mRNA transfection

ALl cultures of primary HBECs were established to provide a more accurate model of the
human airway epithelium compared to submerged cultures. This allowed evaluation of mMRNA
delivery and its effects on differentiation and barrier integrity in a more physiologically relevant
environment. Histological and ultrastructural analyses confirmed the formation of a well-
differentiated pseudostratified epithelium with basal, goblet, and ciliated cells. However,
reporter mRNA transfection of HBEC ALI cultures proved to be more challenging compared
to submerged cultures. This is in line with published data demonstrating epithelial cells grown
at ALI develop a robust barrier with established tight junctions and mucin secretion®7=%4°, This
highlights the need for tailored mRNA delivery strategies specifically designed for HBEC ALI
cultures. Establishing and characterising HBEC ALI cultures laid the groundwork for further
investigations into the impact of mRNA delivery on HBEC differentiation and barrier integrity,

and for exploring PBAE modification to improve mRNA delivery.

While previous research has evaluated the effects of siRNA transfection on the integrity and
differentiation of normal HBEC ALl cultures*®’, the impact of mRNA delivery on HBEC
differentiation and integrity remains relatively unexplored. This thesis sought to address this
knowledge gap by investigating the influence of reporter mRNA transfection on HBEC
differentiation and integrity in ALI culture. To assess differentiation, the expression of key
differentiation markers was analysed at both gene and protein levels. The findings
demonstrated that reporter mMRNA transfected HBECs maintained their ability to differentiate
at ALI, expressing markers such as MUCS5AC, MUC5B, SCGBA1, and FOXJ1 at levels
comparable to non-transfected cells. This finding suggests that mRNA transfection does not

compromise HBEC differentiation at ALI.

The integrity of the epithelial barrier is crucial for airway function, as it protects against
pathogen invasion and maintains homeostasis. To assess the impact of reporter mRNA
transfection on epithelial barrier integrity, epithelial barrier resistance, permeability, and the
expression of epithelial integrity markers at both gene and protein levels were evaluated. The
findings revealed that reporter mRNA transfection did not compromise epithelial barrier
integrity of HBECs cultured at ALI. Neither epithelial barrier resistance nor permeability were

altered in mRNA transfected cells compared to controls, and the expression of tight junction
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and adherens junction markers remained unaffected. Collectively, these findings indicate that

mMRNA transfection does not compromise the barrier integrity of the bronchial epithelium.

To the best of my knowledge, the work presented in this thesis represents the first
demonstration that reporter mRNA transfection does not hinder HBEC differentiation or
epithelial integrity in ALI cultures. This finding provides a robust platform for investigating the
effects of mMRNA delivery on the function of airway epithelium. Moreover, the optimised mRNA
transfection method established in this study holds promise as a tool for exploring modulators
of differentiation and function. Importantly, the successful culture of reporter mRNA
transfected HBECs at ALI establishes a foundation for future investigations using more

physiologically relevant mRNA, such as FOXJ1, to delve deeper into HBEC differentiation.

6.4 mRNA-mediated FOXJ1 protein expression in HBECs induces the

expression of downstream genes involved in ciliogenesis

Having confirmed that the mRNA transfection method described in section 6.3 does not
compromise HBEC differentiation or integrity at ALI, | sought to investigate the potential of
delivering FOXJ1 mRNA to modulate ciliogenesis in HBECs. FOXJ1, a master regulator of
ciliogenesis, orchestrates the expression of numerous genes critical for ciliated cell
differentiation®®>°%, Manipulating FOXJ1 expression has emerged as a promising approach
for deciphering the mechanisms of ciliogenesis and exploring its therapeutic
potentiag|165:219.932.582,583.588.589.744 g \wever, existing methods, such as viral delivery of plasmid
DNA and gene editing, raise concerns about immunogenicity and safety. Studies have shown
that FOXJ1 overexpression can stimulate the expression of ciliogenesis-related genes,

h215,589

leading to enhanced cilia growt . Conversely, downregulating FOXJ1 suppresses

ciliogenesis’**5. Additionally, FOXJ1 mutations have been implicated in ciliopathies'® 62746
48 Collectively, these findings highlight the critical role of FOXJ1 in cilia formation and
function. Despite the expanding knowledge on FOXJ1’s function, a gap remained in
understanding the impact of manipulating FOXJ1 expression on HBEC differentiation at ALI.
This study aimed to address this gap by exploring the influence of mMRNA encoded FOXJ1

delivery on the differentiation of HBECs at ALI.

To assess the effectiveness of non-viral delivery of mMRNA encoded FOXJ1, | first evaluated
transfection efficiency and localisation of the translated protein in submerged primary HBECs.
Both the optimised branched PBAE formulation and the commercial transfection reagent
JetMessenger successfully delivered FOXJ1 mRNA into submerged HBECs, resulting in its
translation and nuclear localisation. Interestingly, FOXJ1 mRNA out-performed Cy5-tagged

GFP mRNA transfection discussed in section 6.2. This likely reflects the physiological
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relevance of FOXJ1, as HBECs naturally express FOXJ1, while they do not express GFP.
Moreover, gene expression analysis revealed that FOXJ1 mRNA transfection induced the
expression of FOXJ1 downstream genes involved in ciliogenesis including, CETN2, DNAH11,
DNALI1, RFX3, RFX2, TUBA1A, RSPH9, DYN2H1, IFT172. These findings align with
previous research demonstrating that plasmid-mediated FOXJ1 overexpression in basal cells
induced cilia-associated genes®®. Additionally, branched PBAE demonstrated superior
FOXJ1 transfection efficiency and downstream gene expression changes compared to

JetMessenger, making it the preferred choice for further experiments.

While cytotoxicity data suggests that FOXJ1 mRNA transfection is well-tolerated by HBECs,
further investigation into potential inflammatory responses is crucial. Measuring the release of
pro-inflammatory mediators, such as IL-6 and IL-8, from HBECs following FOXJ1 mRNA

transfection would be valuable’®.

This study also provides valuable insights into the relationship between transfection efficiency
and functional outcomes. Although approximately 50% FOXJ1 transfection efficiency with
branched PBAE was sufficient to activate downstream ciliogenesis-related genes, this level
might not be sufficient for other applications. Therefore, determining the optimal transfection
efficiency for each specific application is essential, considering factors like the target gene,

desired biological response, and cell type.

6.5 FOXJ1 mRNA transfection maintains integrity, differentiation,

and cilia ultrastructure of HBEC ALI cultures

Following successful FOXJ1 mRNA delivery in submerged HBECs, its impact on ALI
differentiation was investigated. This study represents the first successful manipulation of
FOXJ1 expression in HBECs at ALI through mRNA transfection. FOXJ1 mRNA transfected
HBECs were able to form a confluent monolayer and were maintained at ALI for 28 days.
Before air lift, gene expression analysis confirmed upregulation of FOXJ1 downstream genes
involved in ciliogenesis, which are typically upregulated during ALI differentiation. Importantly,
expression patterns of basal, club, goblet, and ciliated cell markers, as well as their
proportions, remained unchanged compared to non-transfected controls. These findings
suggest that while FOXJ1 mRNA transfection induces the expression of ciliogenesis genes

prior to air exposure, it does not alter the overall differentiation trajectory of HBECs during ALI.
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Histological analysis revealed no differences in epithelial layer morphology or thickness
between FOXJ1 mRNA transfected and non-transfected HBECs. Epithelial integrity, assessed
by both epithelial integrity marker expression and TEM analysis, remained intact following
FOXJ1 mRNA transfection. This demonstrates that FOXJ1 mRNA transfection does not
compromise the epithelial integrity of HBECs at ALI, vital for airway barrier function against

inhaled pathogens and environmental irritants.

While initial examinations indicate healthy cilia formation and morphology in FOXJ1 mRNA
transfected HBECs, further investigation is needed to understand the full functional impact.
Histological and ultrastructural analyses revealed well-formed cilia with normal ultrastructure,
suggesting no adverse effects on cilia. However, these methods do not directly assess ciliary
function, which is crucial for mucociliary clearance. Future studies should incorporate
functional assays to evaluate the consequences of FOXJ1 mRNA delivery on HBEC function.

%%, Mucus

Ciliary beat frequency measurements would directly assess ciliary movemen
transport assays and clearance of fluorescently labelled particles would provide insights into
mucociliary clearance capabilities’'. Additionally, quantifying MUC5AC, a key gel-forming
mucin, using MUC5AC ELISA would provide valuable insights into the effects of FOXJ1 mRNA

transfection on mucus production’®2.

While this study focused on specific genes involved in ciliogenesis, delving deeper into the
transcriptomic landscape of FOXJ1 mRNA transfected HBECs can provide valuable insights.
Employing comprehensive approaches such as RNA-seq and single-cell RNA-seq would
provide a broader picture of gene expression changes following transfection’**">*. These
methods offer a broader perspective on gene expression patterns following FOXJ1 mRNA
transfection, potentially revealing novel signalling pathways and regulatory mechanisms.
Furthermore, they enable the identification of differentially expressed genes between distinct
HBEC populations, facilitating a deeper understanding of gene regulation in HBEC

differentiation and the identification of targets regulated by FOXJ1.

To understand the long-term effects of FOXJ1 on HBEC differentiation and integrity,
repeatedly delivering FOXJ1 mRNA to ALI-cultured HBECs could be insightful. Bartman et al.
demonstrated the efficacy of repeated siRNA transfections in modulating cellular processes,
with transfections performed every three days over a three-week period in normal HBEC ALl
cultures*®”. Similarly, delivery of FOXJ1 mRNA at regular intervals to achieve a sustained
increase in its expression could be investigated. However, maintaining a balance between
transfection efficiency and cell viability is crucial. Repeated transfections may increase the risk

of off-target effects and cytotoxicity. Therefore, future studies should carefully determine the
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optimal frequency and duration of FOXJ1 mRNA transfections to achieve the desired

outcomes without compromising cellular health.

FOXJ1 has emerged as a potential player in cancer biology’®°. However, its role in cancer
malignancy remains elusive and controversial, with studies reporting both FOXJ1
overexpression and downregulation across diverse cancer types. For instance, FOXJ1 is
overexpressed in hepatocellular carcinoma’®, clear-cell renal cell carcinoma’’, colorectal

759 Conversely, FOXJ1 is reduced in gastric cancer’®, ovarian

cancer’®®, and bladder cancer
cancer’®', and aggressive ependymoma’®?. The influence of FOXJ1 on cilia and their
associated signalling pathways may impact cellular processes crucial that underpin cancer
development, such as cell proliferation and migration. However, the underlying mechanisms
by which FOXJ1 contributes to oncogenesis remain elusive. Building upon the findings of this
study, which successfully induced FOXJ1 downstream ciliogenenic targets through FOXJ1
mRNA transfection without compromising HBEC differentiation and integrity at ALI, future
research could aim to manipulate FOXJ1 expression and assess its impact on established
oncogenes. This exploration could provide valuable insights into FOXJ1’s role in cancer.
Additionally, a comprehensive analysis of FOXJ1-induced transcriptomic changes could
identify oncogenic pathways that may be inadvertently activated or suppressed by FOXJ1

manipulation.

This study highlights FOXJ1 mRNA transfection as a versatile tool for exploring HBEC
differentiation. While further research is essential to fully evaluate its capabilities and address
potential limitations, the findings presented in this thesis provide a foundation for future
investigations. Future studies, enriched with additional assays, methodologies, and robust
statistical analyses, will further elucidate the effects of FOXJ1 mRNA transfection on HBEC

function.

6.6 Novel peptide-modified PBAE, DD90-Gly-Sar, enhances reporter
MRNA transfection of HBEC ALI cultures

Modifying the terminal groups of PBAEs has proven to be an effective method for improving
transfection efficiency*®”®®'. Specifically, incorporating oligopeptides as end-cap groups has
enhanced their performance in terms of transfection efficiency, target specificity, and

677,684,687,688

biocompatibility However, the efficacy of peptide-modified PBAEs remains
unexplored in the context of transfecting primary HBECs. This thesis investigated the potential
of peptide-modified PBAEs to enhance mRNA transfection of HBEC ALI cultures. The strategy
of replacing conventional amine terminal groups with dipeptides as end-capping agents was

explored. This investigation led to the identification of two promising candidates, DD90-Gly-
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Sar and DD90-Ala-Lys, exhibiting superior transfection efficiency in submerged primary
HBECs. While these candidates demonstrated effective mRNA encapsulation, limitations such
as large size, neutral charge, and instability were observed. These findings highlight the need
for further optimisation of particle design to improve their physicochemical properties while

maintaining their advantageous transfection efficiency.

Incorporating PEG-lipids into the design of peptide-modified PBAEs presents a promising
approach to address their limitations. PEG-lipids, which composed of a hydrophilic PEG
moiety and a hydrophobic lipid moiety, offer a powerful tool for modifying the surface
properties of nanoparticles and improving their stability763,764. PEG-lipids can create a steric
barrier around the nanoparticle. This protective shield minimises protein adsorption and
aggregation, consequently enhancing the stability of nanoparticles. Consequently,
incorporating PEG-lipids into peptide-modified PBAEs has the potential to improve their
physicochemical properties. Further research into the incorporation of PEG-lipids and their
impact on the physicochemical properties of these nanoparticles is crucial for optimising their

performance as delivery systems.

The DD90-Gly-Sar polymer was effective in delivering mRNA to HBEC ALI cultures. Unlike
unmodified PBAE and the commercial transfection reagent jetPEl, which did not achieve
transfection, DD90-Gly-Sar successfully transfected these cells, both at day 7 and 14 post-
ALI. To get a complete picture of DD90-Gly-Sar’s performance, extending the assessment
beyond day 14 to days 21 and 28 post-ALI would be valuable. While FLuc mRNA served as
an effective reporter gene for assessing transfection efficiency, future experiments could
benefit from using Cy5-tagged GFP mRNA. Employing Cy5-tagged GFP mRNA would allow
direct visualisation of mMRNA localisation and cellular tropism within the HBEC ALI cultures,
distinguishing between basal, goblet, and ciliated cells. This would elucidate whether peptide-
modified PBAEs exhibit specific cellular uptake preferences, which could have implications for
developing targeted mRNA delivery strategies to specific cell types within the bronchial

epithelium.

The observed upregulation of PEPT2 gene expression in HBEC ALI cultures compared to
submerged cells suggests that this transporter may play a role in the enhanced transfection
efficiency of peptide-modified PBAEs. However, the precise mechanism by which the DD90-
Gly-Sar polymer leads to superior transfection efficiency in HBEC ALI cultures remains
unclear. To unravel the mechanisms underlying the superior transfection efficiency of DD90-
Gly-Sar, future studies should explore whether this polymer facilitates efficient endosomal
escape, potentially contributing to its enhanced ability to deliver mRNA into HBEC ALI

cultures. One approach could involve examining the colocalization of mMRNA with endosomal
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markers to determine the extent of endosomal entrapment after DD90-Gly-Sar-mediated
mRNA transfection®®. Alternatively, fluorescence microscopy could be used to visualise the
morphology and dynamics of endosomes following DD90-Gly-Sar transfection, providing
insights into its influence on their maturation process’®®. Furthermore, exploring alternative
uptake pathways, such as macropinocytosis and clathrin or caveolin-mediated endocytosis
could shed light on the cellular dynamics of peptide-modified PBAE uptake*®*"%”. Employing
inhibitors specific to these pathways, such as amiloride and chlorpromazine, respectively,

could elucidate their potential contribution to DD90-Gly-Sar-mediated mRNA delivery’®,

This study has significantly enhanced mRNA transfection efficiency in HBEC ALI cultures by
employing a novel peptide-modified PBAE, DD90-Gly-Sar. While certain limitations remain,
and future research is necessary, DD90-Gly-Sar polymer emerges as a promising candidate

for mMRNA delivery applications.
6.7 Future directions

The findings of this thesis highlight the potential of mMRNA encoded TFs as powerful tools for
manipulating cellular processes, opening a promising avenue for investigating the role of
FOXJ1 and other TFs in HBEC differentiation and ciliogenesis. To enhance the robustness of
the findings and address variability, future studies should incorporate a larger cohort of primary
cell donors. This expanded sample size would enable a more comprehensive understanding
of the effects of FOXJ1 mRNA transfection across a broader population. Additionally,
employing power analysis will ensure future studies have sufficient statistical power to detect

meaningful differences between groups, enhancing the reliability of the results’®.

This thesis provides evidence that FOXJ1 mRNA transfection induces the expression of
FOXJ1 downstream genes in HBECs without compromising their overall differentiation and
integrity at ALI. This opens exciting possibilities for using this approach as a versatile tool in
various research settings. It could be invaluable for studying in vitro differentiation,
investigating gene functions, and modelling diseases. While the therapeutic application of
FOXJ1 mRNA delivery was beyond the scope of this study, it holds promise for future
research, particularly in contexts that more closely resemble disease conditions. For instance,
IL-13 stimulated HBECs show decreased FOXJ1 expression and fewer ciliated cells'®*77°.
Investigating whether FOXJ1 mRNA delivery can reverse these effects and restore optimal
HBEC differentiation and function presents a compelling avenue for further research.
Additionally, exploring the impact of FOXJ1 mRNA delivery on HBEC differentiation at ALI,
both prophylactically prior to IL-13 stimulation and therapeutically following stimulation, offers

another interesting area for future exploration.
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To fully assess the potential of novel DD90-Gly-Sar peptide-modified PBAE as a delivery
vehicle for physiologically relevant mMRNA, future research should characterise its transfection
efficiency of FOXJ1 mRNA in HBEC ALI cultures. Building upon the two key findings of this
thesis, evaluating the ability of DD90-Gly-Sar polymer to effectively deliver FOXJ1 mRNA and
induce the expression of FOXJ1 downstream genes would provide valuable insights into its
potential as a tool for modulating differentiation pathways within the ALl system. The
demonstrated efficacy of DD90-Gly-Sar in transfecting both day 7 and 14 post-ALI cultures
offer a unique opportunity to dissect the temporal dynamics of FOXJ1’s contribution to the

differentiation process.
6.8 Concluding remarks

The work presented in this thesis provides evidence supporting the efficacy of PBAEs as
efficient mRNA delivery vehicles for primary HBECs. Optimising the vector formulation,
including buffer and PBAE to mRNA mass ratio, significantly improved polyplex
physicochemical properties and transfection efficiency. Notably, HBECs transfected with
reporter MRNA were maintained at ALl culture without any adverse effects on their
differentiation or epithelial integrity. Additionally, transfection of HBECs with FOXJ1 mRNA
induced the expression of downstream genes involved in ciliogenesis. Importantly, FOXJ1
mRNA transfected cells cultured at ALI exhibited normal differentiation, epithelial integrity, and
cilia ultrastructure, closely resembling non-transfected controls. These findings highlight the
potential of TF-encoded mRNA as a platform technology for modulating HBEC differentiation
in ALI, opening new avenues for investigating the function of genes implicated in airway
diseases and exploring potential therapeutic interventions. The introduction of novel peptide-
modified PBAEs, particularly DD90-Gly-Sar, enhanced mRNA transfection efficiency in HBEC

ALI cultures.

In conclusion, this thesis significantly contributes to the evolving field of MRNA technology by
establishing PBAEs as a robust and efficient delivery platform for mRNA-encoded TFs to
HBECs. This approach enables precise modulation of gene expression while preserving
HBEC differentiation and integrity in ALI. Overall, this research provides a powerful tool for
manipulating gene expression dynamics and regulating HBEC differentiation, paving the way

for novel therapeutic interventions and a deeper understanding of lung biology.
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8 Appendix I: FOXJ1 sequence

atggcggagagctggctgcgcctctcgggageccgggecggcggaggaggccgggecggagggeggect
ggaggagcccgacgccctggatgacagcecctgaccagectgcagtggctgcaggaattctceccattctea
acgccaaggcccccgecctgecceccggggggcaccgacccccacggctaccaccaggtgecaggttea
gcggcgcccgggtcecceccecctggecggecgaccceccgectgectggggcagceccacacacgccgggcaagcece
cacgtcgtcgtgcacgtcgcggagcgecgeccccecggggctgcaggecccaccccceccgacgacgtggact
acgccaccaatccgcacgtgaagcctceccectactcegtatgceccacgcectcatctgcatggeccatgcaggcec
agcaaggccaccaagatcaccctgtcggccatctacaagtggatcacggacaacttctgctacttccg
ccacgcagatcccacctggcagaattcaatccgccacaacctgtctctgaacaagtgcttcatcaaag
tgcctcgggagaaggacgaaccaggcaaggggggcttctggegcattgaccecccagtacgecggagcgyg
ctactgagcggcgctttcaagaagcggcgactgccceccctgtceccacatceccacccagectttgececgceca
ggccgcgcaggagcccagcegcectgtececceccgggecgggecgectgacggtgaataccgaggecccagecagce
tgctgcgggagttcgaggaggccaccggggaggcgggctggggtgcaggcgagggcaggetggggeat
aagcgcaaacagccgctgcecccaagcgggtggeccaaggtcccgeggecccecccagecacccectgetgeccac
cccggaggagcagggtgagctggaacccctcaaaggcaactttgactgggaggccatcttcgacgecg
gcactctgggcggggagctgggtgcactggaggccctggagctgagccecgectcectgageccecgectea
cacgtggacgtggacctcaccatccacggccgceccacatcgactgceccctgeccacctgggggectteggt
ggagcaggctgccgacagcctggacttcgatgagaccttcecctggccacatccttectgcagcaccect
gggacgagagcggcagtggctgcctgccccecggagcececcctcectttgaggectggggatgeccaccctggece
tccgacctgcaggactgggccagcgtgggggcecttecttgtaa
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9 Appendix Il: Conference presentations arising from
this thesis
Poster presentation at the European Society of Gene and Cell Therapy Annual Congress,

October 2022, Edinburgh, UK

Investigating the influence of mMRNA encoded transcription factor delivery on human

bronchial epithelial cell differentiation

R Konstantinidi *, L L Yates ', S Saglani ', C M Lloyd ', AK Patel
' Inflammation Repair and Development, National Heart and Lung Institute, Imperial College
London, London, SW7 2BX, United Kingdom

Synthetic messenger RNA (mRNA) represents a promising tool for transient, dose-dependent
expression of any protein of interest, when efficiently delivered to target cells. Culture of
primary human bronchial epithelial cells (HBECs) at air-liquid interface (ALI) facilitates
differentiation towards a polarised, pseudostratified epithelium containing basal, ciliated and
goblet cells. This model provides a powerful tool for studying the function of HBECs and for
manipulating genes to modulate differentiation. mMRNA-based therapeutics are being
evaluated in clinical trials, however, the impact of delivery and translation of synthetic mMRNA
on epithelial cell differentiation and barrier integrity remains unclear. To determine how non-
viral mMRNA delivery impacts the ability of primary HBECs to form a differentiated epithelium
at ALI, histological analysis, immunostaining and gPCR was conducted on transfected and
non-transfected cells, together with an assessment of barrier integrity using paracellular
permeability and tight junction protein expression. Reporter protein expression was observed
in HBECs 12 to 48 hours post transfection, with epithelial cell differentiation and barrier
integrity unaffected. Cilia dysfunction is observed in several lung diseases, including cystic
fibrosis and primary ciliary dyskinesia. Therefore, we aimed to manipulate mucociliary
differentiation and subsequent ciliogenesis by transfecting HBECs with an mRNA encoding a
key transcription factor involved in ciliogenesis, Forkhead box J1 (FOXJ1). Preliminary data
shows expression of FOXJ1 protein following transfection, and upregulation of several
downstream genes including CETN2 and DNAH11. Ongoing studies will utilise HBEC ALI as
a model to understand how the exogenous delivery of mMRNA encoded transcription factors

can control differentiation and function of HBECs.
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10 Appendix lll: Validation of immunofluorescence
staining with secondary antibody only controls
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