
 
 
 
 

 
 
 

 
 

 
 

Overcoming Challenges to Development of a 
Lentiviral-Mediated Airway Gene-Addition 

Therapy for Cystic Fibrosis   
 
 

Alexandra McCarron  
B. Sci (Animal Science), B. HlthSci. (Hons I) 

 
 

Supervisors 
A/Prof David Parsons and Dr Martin Donnelley 

 
 

Submitted in fulfilment of the requirements for the degree of: 
DOCTOR OF PHILOSOPHY IN MEDICINE 

 
 

Adelaide Medical School 
Discipline of Paediatrics  

The University of Adelaide 
April 2021 

 
 

 
 



 ii

Table of contents 
Abstract .......................................................................................................................... iii 

Declaration ...................................................................................................................... v 

Acknowledgments ........................................................................................................... vi 

Works arising during candidature .................................................................................... ix 

Chapter 1: Introduction..................................................................................................... 1 

1.1. Cystic fibrosis .................................................................................................................... 1 

1.2. Disease manifestations ...................................................................................................... 1 
1.2.1. Airway disease pathophysiology ......................................................................................................... 2 
1.2.2. Symptomatic airway therapies............................................................................................................ 4 
1.2.3. CFTR modulators ................................................................................................................................. 4 

1.2.3.1. Monotherapy .............................................................................................................................. 5 
1.2.3.2. Combination therapy .................................................................................................................. 5 

1.3. Emerging corrective strategies ........................................................................................... 5 

1.4. Airway CFTR gene-addition therapy ................................................................................... 7 
1.4.1. Non-viral vectors ................................................................................................................................. 8 
1.4.2. Viral vectors ........................................................................................................................................ 9 

1.4.2.1. DNA viruses: adenoviruses and adeno-associated viruses .......................................................... 9 
1.4.2.2. RNA viruses: lentiviruses ........................................................................................................... 10 

1.5. Challenges to clinical translation of CF airway gene therapy ............................................. 12 
1.5.1. Up-scaling LV production .................................................................................................................. 12 
1.5.2. Using the right animal model for trailing airway gene therapies ...................................................... 13 
1.5.3. Achieving efficient LV-mediated airway gene transfer ..................................................................... 15 

1.6. Thesis overview ............................................................................................................... 17 

Chapter 2: Challenges of up-scaling lentiviral vector production for gene therapies ......... 19 

Chapter 3: Preclinical lentiviral vector production in cell factories ................................... 30 

Chapter 4: Lentiviral vector production using bioreactor systems .................................... 42 

4.1. Bioreactor trials ............................................................................................................... 43 
4.1.1. Wave bioreactor ................................................................................................................................ 44 
4.1.2. Stirred-tank bioreactor...................................................................................................................... 45 
4.1.3. Packed-bed bioreactor ...................................................................................................................... 46 

4.2. LV-MAX production system ........................................................................................... 47 

4.3. Chapter preface ............................................................................................................... 48 

Chapter 5: Airway disease phenotypes in CF animal models ............................................ 60 

Chapter 6: Phenotype characterisation of two Australian-generated cystic fibrosis rat 
models ........................................................................................................................... 74 

Chapter 7: Increasing the efficacy of lentiviral-mediated airway gene delivery ................ 96 

Chapter 8: Conclusion ................................................................................................... 122 

References.................................................................................................................... 129 
 



 iii

Abstract   
Cystic fibrosis (CF) is the most common genetic disorder in the developed world and is caused 

by defects in the gene encoding the cystic fibrosis transmembrane conductance regulator 

(CFTR) channel. Lung disease is the leading cause of illness and premature death among CF 

patients, therefore developing efficacious airway treatments will undoubtedly improve life 

expectancy and quality. While highly effective CFTR modulator drugs are now available for 

the majority of CF patients, recent estimates suggest that up to 30% of patients are unable to 

use modulator therapies. Thousands of patients are being left behind and alternative 

treatments are needed for these individuals.  

Addition of a functioning CFTR gene into the airway cells is one strategy for preventing or 

treating CF lung disease in all patients. This concept, known as airway gene-addition therapy, 

aims to restore CFTR-mediated ion transport in the lungs thus ameliorating the disease 

phenotypes. This work employed use of a lentiviral (LV) vector as the airway gene delivery 

vehicle.   

While there has been significant progress towards bringing a CF airway gene therapy to the 

clinic, considerable challenges remain. Challenges include, but are not limited to, (1) 

producing sufficient quantities of gene vector for human clinical use, (2) developing and using 

appropriate test models to assess airway gene therapies to obtain translational outcomes, 

and (3) overcoming inherent barriers of the lung to achieve efficient gene transfer. Solutions 

to these challenges were addressed in this dissertation.  

To achieve therapeutic levels of gene correction, in vivo-directed airway gene transfer in 

humans is likely to require large quantities of LV vector. Current methods of LV vector 

production lack scalability and cannot sustain clinical demands. To address this unmet need 

for large-scale LV production, two LV production methods were developed. One approach 

employed cell factories and is suited to producing high titre LV vector for preclinical studies. 

The second method is a novel approach that used a packed-bed bioreactor system, where 

concentrated titres of up to 109 TU/mL were achieved. This packed-bed system provides 

capabilities for scalable LV production and is amenable to use in large-scale manufacturing 

settings.  
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Limited availability of CF animal models in Australia has impeded progress in trialling airway 

gene therapies. Consequently, two new CF rat models were generated using CRISPR/Cas9 

gene editing. One rat model harbours the common Phe508del mutation, the first mutation-

specific rat model to be generated worldwide, while the second is a CFTR knockout strain. 

Characterisation studies revealed a range of CF phenotypes present in both rat models, 

however, spontaneous lung disease was not observed. The availability of these new CF rats 

provides an alternative model for testing airway gene-addition therapies.  

Efficient delivery of the gene vector to the epithelial cells remains one of the greatest hurdles 

to developing an airway gene-addition therapy. Chemical and physical epithelial perturbation 

methods were investigated as a means to enhance gene transfer in rat airways. Chemical 

conditioning with lysophosphatidylcholine significantly improved lung reporter gene 

expression levels when assessed 1-week following gene transfer but did not enhance the 

longevity of expression. Use of physical perturbation in conjunction with LV-mediated gene 

transfer significantly increased airway gene transduction, indicating the promising potential 

of this strategy.  

While the outcomes presented here show considerable progress, developing an effective 

airway gene-addition therapy remains challenging feat. However, with growing investment 

and innovation in the gene therapy sector, and a healthcare paradigm shift towards the 

adoption of personalised medicines, the development of a safe and effective airway gene-

addition therapy for CF patients is now closer than ever before.    
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Chapter 1: Introduction 
1.1. Cystic fibrosis  

Cystic fibrosis (CF) is a life-shortening disease that significantly affects patient quality of life. 

Currently 70,000 individuals worldwide are affected by CF, with approximately 3,400 patients 

residing in Australia [1, 2]. CF has an autosomal recessive mode of inheritance and 

predominantly affects Caucasians, with other ethnic populations affected at lower rates. 

Among Caucasian populations the carrier frequency is 1 in 25, and one birth in every 2,500 – 

3,500 will result in CF [3]. Continuing improvement in treatments has significantly increased 

the median predicted survival age of CF patients, which is now in the fifties [4].   

CF is caused by mutations in the gene that encodes the cystic fibrosis transmembrane 

conductance regulator (CFTR) protein. In epithelial cells, the CFTR protein acts as an ion 

channel that is responsible for cyclic-AMP-dependent chloride and bicarbonate secretion, as 

well as the regulation of epithelial sodium channels (ENaCs) [5]. CF differs from other genetic 

disorders in that a large number of mutations (>2000) have been identified, though not all 

are disease-causing [6]. This diversity in CFTR mutations means the clinical phenotype varies 

significantly in terms of the symptoms and their severity [7]. Accordingly, CFTR mutations are 

generally categorised into six classes based on the resultant cellular phenotype. Classes I to 

III tend to be more severe mutations that result in little to no CFTR expression or function, 

while classes IV to VI are typically milder with the CFTR protein retaining some function [8]. 

The most common CF mutation is the class II mutation Phe508del, with approximately 90% 

of patients carrying at least one copy [9].   

1.2. Disease manifestations  

The CFTR gene is expressed in epithelial cells throughout the entire body, and as a result the 

disease presents in a diverse range of organs. The gastrointestinal (GI) tract, lungs, liver, 

pancreas and reproductive organs are all affected. Table 1 outlines the major disease 

manifestations of CF and the current symptomatic treatment options available. The lung 

disease aspects will be discussed in more detail later in this chapter. 
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Table 1: Summary of the major manifestations of CF clinical syndrome and available symptomatic 
treatments (excluding lung-related presentations).  

Organ Manifestation Symptomatic treatment(s) References 

Exocrine 
pancreas 

Exocrine pancreatic 
insufficiency 

(85% of newborns)  

Pancreatic enzyme 
replacement therapy; diet 
supplementation with fat-

soluble vitamins  

[10] 

Endocrine 
pancreas 

Insulin deficiency; CF-related 
diabetes 

(40 - 50% of adult patients)  
Insulin; high-fat diet  [11] 

Liver CF-associated liver disease 
(30% of patients)  

Ursodeoxycholic acid; end 
stage disease requires liver 

transplantation  
[12, 13] 

Gastrointestinal 
tract 

 

Gastro-oesophageal reflux  
 

Proton-pump inhibitors  
 

[14] 

 
Meconium ileus 

(20% of patients)  
 

 
Gastrografin enema; surgery  

 
[15] 

 
Distal intestinal obstruction 

syndrome (DIOS); constipation  
 

Oral laxatives; enema; 
polyethylene glycol lavage  [16] 

Rectum Rectal prolapse Manage pancreatic enzymes; 
rarely surgery  [17] 

Upper airway Polyps; sinusitis  Topical steroids; antibiotics; 
surgery  [18] 

Bones Osteopenia  

Prevention with regular 
exercise, vitamin D 

supplements and diet 
management  

[19] 

Male 
reproductive 

tract 

Infertility due to bilateral 
absence of vas deferens  

 
Assisted reproductive 

technology  
 

[20] 

1.2.1. Airway disease pathophysiology   

The pathophysiological processes underlying CF airway disease are complicated and have long 

been subject to debate. The most widely accepted theory with a large body of supporting 

evidence is known as the “low airway surface liquid (ASL) volume” hypothesis [21-23] (Figure 

1). In CF airway epithelia, chloride transport via CFTR is reduced and sodium absorption is 
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increased due to an absence of CFTR-mediated inhibition of ENaC. The low volume hypothesis 

postulates that this ion imbalance diminishes fluid secretion across the epithelia and in turn, 

reduces the ASL volume [24]. The ASL is comprised of two layers, a mucus layer and beneath 

it, the periciliary liquid (PCL) layer. Water is depleted from both layers causing collapse of the 

PCL and dehydrated mucus that subsequently adheres to the airways [25].  

A shallow PCL prevents normal ciliary motion, therefore mucociliary clearance (MCC) and 

cough-clearance are reduced [24]. Thick airway mucus plaques are impenetrable to 

neutrophils, and this in combination with compromised innate defences creates an 

environment that is ideal for colonisation by opportunistic bacteria [26]. As lung disease 

progresses, persistent biofilms form and more atypical and problematic species including 

Pseudomonas aeruginosa colonise the airways [24, 25, 27]. Ongoing cycles of chronic 

infection and neutrophilic inflammation lead to mucus plugging, airway obstruction, 

permanent destruction of the respiratory tissues, bronchiectasis, respiratory failure and 

ultimately, death [24].  

Figure 1: Schematic representation of the low ASL volume hypothesis. In normal airway epithelia 
(left) there is regulated chloride (CFTR) and sodium (ENaC) transport that maintains optimal ASL height 
and normal ciliary movement. In the CF airway epithelium (right), CFTR-mediated chloride secretion 
is reduced and there is hyperabsorption of sodium ions via ENaCs. Water is depleted from the ASL 
causing collapse of the PCL, mucus dehydration, and diminished MCC, thus creating a lung 
environment that is susceptible to infection by opportunistic pathogens. 

The “low ASL pH” hypothesis has also recently gained traction with supporting evidence from 

CF pig and rat models [28, 29]. This theory proposes that impaired CFTR-dependent 

bicarbonate secretion leads to reduced airway surface pH, impaired antimicrobial function of 

the ASL, and decreased bacterial killing. CF pig secretions appear to have reduced bacterial 

killing, which can be restored by raising the ASL pH with sodium bicarbonate [28]. Similarly, 

CFTR knockout (KO) rats demonstrate a hyperacidic airway [29]. Interestingly however, a 
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recent study in humans revealed that ASL pH in children with CF is similar to those without 

CF, suggesting that low ASL pH does not drive early disease progression in humans. These 

contradictory findings may be explained by inherent physiological differences between 

species [30]. 

1.2.2. Symptomatic airway therapies  

Progressive lung disease is the leading cause of morbidity and mortality among CF patients 

[1, 24], so researchers and clinicians have focused on developing therapies that address the 

airway disease symptoms. One treatment approach is to restore airway surface hydration and 

mucus clearance using inhaled hypertonic saline. This compound deposits onto the airway 

surface and creates an osmotic gradient that draws water into the ASL. Mucus clearance can 

also be improved by using mucolytics such as Dornase alfa (recombinant human DNase I). 

Mucus contains very high concentrations of extracellular DNA that is released by degrading 

neutrophils that accumulate in the airways in response to infection. Dornase alfa cleaves the 

free DNA in sputum thereby reducing its viscoelasticity and improving airway clearance [31]. 

These aerosolised medications are often used in conjunction with chest-physiotherapy to aid 

physical sputum removal from the lungs. Antibiotics remain central to the treatment of CF 

lung disease and are used in a range of contexts including prophylaxis, eradication of early 

infection, suppression of chronic infection, or treatment of exacerbation. Combinations of 

oral, inhaled, and intravenous antibiotics are used depending on the circumstances [7, 32, 

33]. When respiratory failure is imminent, lung transplantation can be used to extend 

lifespan. However, many patients die on the organ-transplant waiting list and not all will be 

successful, with a 70% post-transplant survival probability at the 5-year mark [7, 34].  

1.2.3. CFTR modulators  

A recent advancement to these symptomatic treatments is the introduction of small molecule 

drugs known as CFTR modulators, which act to correct the underlying molecular defect. 

Broadly, two classes of modulators exist, potentiators and correctors. Potentiators increase 

ion conductance by binding to the CFTR protein at the plasma membrane and increasing the 

open state probability of the channel, while correctors facilitate correct protein folding 

thereby increasing the amount of mature CFTR protein that is trafficked to the cell surface 

[32, 35].  
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1.2.3.1. Monotherapy 

Ivacaftor (Kalydeco®) is a potentiator molecule that was the first CFTR modulator agent to 

reach clinical application. Ivacaftor improves CFTR-mediated chloride conductance in 

individuals with class III gating mutations (e.g. Gly551Asp), where CFTR protein is already 

present at the cell surface. Ivacaftor has demonstrated many clinical benefits including 

improved lung function (on average a 10% increase in predicted forced expiratory volume in 

1 second or FEV1), reduced pulmonary exacerbations, and improved overall health including 

weight gain. However, only a small proportion of CF patients (~5%) have CFTR mutations that 

respond to this medication, though it is possible that patients with certain class IV and V 

mutations may also benefit clinically from ivacaftor [32, 36].  

1.2.3.2. Combination therapy 

Double combination therapy lumacaftor/ivacaftor (Orkambi®) is designed to treat 

homozygous Phe508del patients by partially rescuing traffic of Phe508del-CFTR (lumacaftor) 

and increasing its function at the cell surface (ivacaftor). Orkambi® has been shown to 

improve lung function and reduce pulmonary exacerbations, though its effects appear 

modest when compared to ivacaftor used in patients with class III mutations. 

Ivacaftor/tezacaftor (Symdeko®/Symkevi®) has also been approved for clinical use in 

homozygous Phe508del patients and those with qualifying residual function mutations. 

Tezacaftor appears to be superior to lumacaftor, with fewer drug-drug interactions and 

reduced incidences of respiratory side-effects [35].  

Recent phase III clinical trials with new triple combination therapy, ivacaftor/tezacaftor plus 

next-generation corrector elexacaftor (Trikafta®/Kaftrio®) have shown highly encouraging 

results. Robust clinical benefit was observed in patients homozygous for Phe508del and those 

heterozygous for the Phe508del mutation and a minimal-function variant. Previous 

generation CFTR modulators were ineffective in the latter group of patients [37, 38]. 

1.3. Emerging corrective strategies   

Over the next few decades, it is likely that CFTR modulator therapies will significantly improve 

patient prognosis. While a majority of CF patients now have access to highly effective 

modulators, approximately 7% of individuals have extremely rare or unrescuable CFTR 

mutations (e.g. class I mutations) where little to no CFTR mRNA is produced and thus cannot 

be treated by these pharmacological rescue approaches [39]. There are also patients that 
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cannot tolerate available CFTR modulator drugs due to adverse side effects or drug-drug 

interactions, some patients in which these drugs provide no clinical benefit despite having 

amenable mutations, as well as individuals that do not have affordable access to these 

medications due to their location [40]. Factoring these considerations, recent estimates 

suggest up to 30% of CF patients are currently unable to receive modulator therapies. 

Alternative approaches are necessary for these patients remaining without modulators and 

an intensive search is now underway to develop novel corrective therapies to address this 

unmet need [32, 41]. 

For nonsense mutations, premature termination codon (PTC) read-through drugs are being 

explored. These medications induce ribosomal read-through of PTCs, thus increasing the 

presence of functional CFTR protein [42]. One of these drugs, ataluren (PTC124), underwent 

a phase III trial in CF patients. This study failed to meet its primary endpoints with no 

significant improvements in lung function or pulmonary exacerbations observed when 

compared to placebo [43]. Novel anticodon engineered transfer RNAs (ACE-tRNAs) is an 

emerging technology that is also being investigated for suppression of PTCs [44].  

Antisense oligonucleotides are short, single-stranded nucleic acid molecules that can be used 

to repair abnormal CFTR mRNA or target transcripts for degradation, for example ENaC mRNA 

[45-47]. Another corrective strategy that is mutation agnostic is mRNA therapy, which 

involves delivering CFTR mRNA to the airway cells using a vector such as a lipid nanoparticle 

to increase CFTR protein levels [48]. Other strategies involve bypassing the CFTR channel 

altogether. These include stimulating alternate chloride channels or using inhibitors to reduce 

ENaC activity [49, 50].  

With the advent of gene editing technologies such as clustered regularly interspaced short 

palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9), it may be possible to 

permanently correct CFTR mutations in situ [51]. Although this approach is still in the early 

development phase, gene edited CF patient-derived intestinal organoids have already shown 

restored CFTR function [52]. However, these “classic” CRISPR/Cas9-mediated homology-

directed repair approaches tend to be inefficient and may introduce deleterious off-target 

double-stranded breaks in the DNA, thus reducing their clinical applicability. Such drawbacks 

can be overcome by using more recently developed Cas9 fusion proteins known as adenine 

and cytosine base editors. Adenine editors have already demonstrated efficient repair of CFTR 
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nonsense mutations in intestinal organoids with no off-target effects observed [53]. Despite 

the significant value of these gene editing technologies, it is important to note that any lung-

targeted gene editing strategies are likely to face most of the same challenges as gene-

addition therapy, as will be discussed below.  

While these emerging corrective therapies are promising, many are in preclinical or early 

clinical phases. Success of these therapies is not guaranteed, and it could be many years 

before CF patients will be able to benefit from them. 

1.4. Airway CFTR gene-addition therapy  

Effective treatment of pulmonary disease will significantly improve the lives of those living 

with CF. One potential treatment option that is currently being pursued is airway gene-

addition therapy. Gene-addition therapy involves delivering wild-type CFTR cDNA to the 

relevant airway epithelial cells, so that functioning CFTR protein is produced. The goal is to 

halt or prevent lung disease progression by producing therapeutic levels of CFTR protein. A 

vector is employed as the vehicle to deliver the CFTR gene to the airway cells [54]. Vectors 

can be non-viral or viral in origin, as will be discussed in further detail below.  

Lung-targeted gene therapy has become one of the main contenders for airway disease 

treatment as it has many potential benefits over conventional medicines. Gene therapy is 

mutation-agnostic therefore it is suitable for treating lung disease in all patients, irrespective 

of their CFTR mutation type. Moreover, unlike conventional CF therapies that work to address 

the downstream effects of the disease, gene therapy corrects the disease at its source – the 

CFTR defective airway cells. If administered early in life, gene therapy has the potential to not 

only treat lung disease but prevent it from occurring altogether.  

An understanding of the levels of CFTR restoration needed to ameliorate CF phenotypes is 

necessary to develop an effective airway-gene addition therapy. It has been suggested that 

moderate levels of CFTR mRNA expression will be sufficient to produce clinical benefit, and 

while research is advancing in this area, there is still uncertainty surrounding this concept. 

Heterozygotes carry one healthy CFTR allele and have approximately 50% wild-type CFTR 

expression levels [55]. Carriers do not exhibit CF clinical syndrome, indicating that restoration 

to 50% CFTR mRNA levels in the lungs would be considered curative [56]. Moreover, CF 

patients with mild mutations that retain low-level CFTR expression do not appear to suffer 

from lung disease, suggesting that as little as 10% of normal CFTR expression may provide 
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therapeutic benefit for the lungs [1]. Recent studies have shifted attention to not only the 

proportion of cells that will require correction, but the cell type. Until recently it was thought 

that ciliated cells provided a significant source of CFTR mRNA expression in the human airway 

epithelium, however, more recent studies employing single cell RNA sequencing indicate that 

ionocytes, secretory and basal cells are the major contributors. In order to more closely mimic 

physiological patterns of CFTR mRNA expression, it will be desirable to correct CFTR 

expression in the cell types that naturally express it [57]. 

1.4.1. Non-viral vectors  

Numerous viral and non-viral vectors have been evaluated as vehicles to deliver CFTR cDNA 

to the lungs [58]. Non-viral vectors consist of two components: (1) the therapeutic DNA, and 

(2) the carrier molecule that binds to the DNA. The most frequently investigated formulations 

for CF airway gene therapy include cationic lipids and cationic polymers [1]. Non-viral vectors 

are an attractive option for CF gene therapy, as they are considered safer than viral vectors, 

can be easily produced in large quantities, do not have transgene packaging capacity 

restrictions, and allow for repeat administration due to low immunogenicity [59].  

Nine early phase (I/IIa) clinical trials have been performed in CF patients using non-viral 

vectors, with a majority employing cationic lipid formulations [60-67]. For safety and ease of 

outcome measures, many of these early trials used the nose as a surrogate for the lung 

therefore clinical benefit could only be assessed in the nasal airways. Clinical studies that were 

performed in CF patient lungs revealed that non-viral formulations can induce modest 

inflammatory responses that result in transient gene expression [67]. This has been attributed 

to immunostimulatory unmethylated cytosine and guanine (CpG) dinucleotides that are 

present in bacterial plasmid DNA [67, 68]. Accordingly, CpG-free pDNA vectors have been 

developed that do not appear to elicit host inflammatory responses, leading to more 

sustained expression [69].  

More recently, a phase IIb clinical trial was performed where liposome CFTR-cDNA complexes 

were administered monthly to CF patient airways. The treatment was well tolerated and 

significant albeit modest improvements in lung function were observed, with a 3.7% increase 

in predicted FEV1 when compared to the placebo group at the 12-month follow-up [70]. 

Despite these encouraging results, when compared to viral vectors, non-viral vectors tend to 

be less efficient gene delivery vehicles and lack the ability to target specific cell types. Poor 
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gene transduction from non-viral vectors can be attributed to lower-level transport of cDNA 

from the cytoplasm to the cell nucleus [71]. Although clinical studies employing non-viral 

vectors have been essential and significant in their ability to demonstrate proof-of-principle 

for CF airway gene therapy, they highlight the need for more potent gene delivery vehicles.  

1.4.2. Viral vectors  

In general, viral vectors are more effective gene transfer vehicles as, unlike non-viral vectors, 

they have intrinsic mechanisms to overcome extra- and intra-cellular barriers, and can more 

efficiently enter the host cell and nucleus [71]. However, with improved efficiency also comes 

a higher risk profile including potential for adverse immune reactions, and for integrating 

vectors, the possibility of random integration disrupting normal genes, insertional 

mutagenesis, and activation of proto-oncogenes [72, 73]. Viral vectors are typically separated 

into two categories: DNA viruses and RNA viruses. These categories will be discussed below 

in the context of CF airway gene therapy.  

1.4.2.1. DNA viruses: adenoviruses and adeno-associated viruses   

Adenoviruses (AdVs) are non-enveloped, non-integrating viruses that were developed as 

early CF gene therapy viral vectors due to their natural tropism for the lung [74]. AdVs can 

transduce quiescent and proliferating cells, but following nucleus entry they remain episomal 

[75]. The first clinically tested viral vector for CF was an AdV-CFTR vector that corrected the 

chloride transport defect in the nasal epithelium of a small number of CF patients [76]. Since 

this initial proof-of-principle trial, a further nine AdV clinical trials have been performed in the 

nose and lungs of CF patients [77-85]. Combined, these early AdV clinical trials taught us: (1) 

CFTR mRNA and protein can be detected in some CF patients following AdV-mediated gene 

transfer, (2) the chloride transport defect can be partially corrected in the nasal epithelium of 

CF patients, (3) AdV receptors are difficult to access as they are only present on the 

basolateral membrane of human airway epithelium, and (4) AdVs provoke immune responses 

that reduce the efficacy of repeat administration [86].  

More recently, a new generation of helper dependent (HD) AdVs were developed. These 

vectors are devoid of all coding viral genes, considerably reducing their immunogenicity and 

improving long-term transgene expression however, they are yet to be tested clinically for CF 

[75]. Although AdVs and HD-AdVs are still being investigated preclinically, for example in pig 

airways [87, 88], the field is now favouring other types of viral vectors.   
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Recombinant adeno-associated viruses (AAVs) have been investigated extensively for CF 

airway gene therapy. AAVs are non-enveloped DNA parvoviruses that naturally infect airways, 

and differ from AdVs in that they are non-pathogenic, have fewer viral genes, and have a 

much smaller packaging capacity. AAV vectors mostly remain episomal, although integration 

into human genes does occur at low frequency [89]. To achieve persistent gene expression 

with AdV and AAV vectors, hybrid vector systems have now been developed with the DNA 

transposon piggyBac. Co-delivery of the piggyBac transposase allows AdV and AAV vectors to 

integrate into the host genome, enabling potential for sustained gene expression with these 

systems [90, 91] 

Serotype 2 (AAV2) has been the most comprehensively studied for CF airway gene therapy. 

The most recent clinical trial in 2005 was a placebo-controlled, phase IIb repeat-dosing study 

using an AAV2-CFTR vector that was aerosolised into CF patient lungs. Repeated doses were 

safe and well tolerated, but no significant improvements in lung function were observed [92]. 

The lack of positive results from these trials have been attributed to poor transduction of 

AAV2 vectors via the apical membrane, the use of weak transgene promoters due to limited 

packaging capacity, and host immune responses to AAVs [86, 89]. 

Although these trials failed to produce clinical benefit, they demonstrated the feasibility of 

viral-mediated airway gene transfer and highlighted the limitations of AAVs that need to be 

addressed. Research is now ongoing to overcome poor cell transduction and gene expression 

levels associated with AAVs. New serotypes with improved airway tropism are being 

investigated preclinically, stronger promoters are being used to drive CFTR expression, and 

truncated versions of CFTR have been designed to allow larger promoters to be packaged 

[89].  

1.4.2.2. RNA viruses: lentiviruses   

Lentiviruses (LVs) are enveloped RNA viruses from the family Retroviridae. LVs offer many 

advantages for CF airway gene therapy. They can transduce both dividing and non-dividing 

cells (including terminally differentiated airway cells) and have a relatively low 

immunogenicity. Unlike other retroviruses, extensive in vivo preclinical testing has shown that 

LVs do not favour integration into oncogene hotspots, therefore the theoretical risk of 

oncogene transformation is very low [72]. Importantly, LVs provide sustained transgene 

expression in the transduced cell and any subsequent progeny as they integrate stably into 
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the host-cell genome [93]. By targeting the stem cell niches, gene-corrected cells have the 

potential to continually replenish the airways, resulting in long-lived gene expression and 

reducing the required frequency of repeated administrations. Currently human 

immunodeficiency virus (HIV) is the most commonly researched LV for gene therapy, although 

simian (SIV) [94, 95], feline (FIV) [96] and equine infectious anaemia virus (EIAV) vectors [97] 

have also been developed.  

LVs do not naturally infect airway cells, however, this can be overcome by pseudotyping the 

LV with other viral envelope proteins. A broad tissue tropism can be achieved by using 

vesicular stomatitis glycoprotein (VSV-G), or for a lung-specific tropism, influenza (HA) and 

Sendai (F/HN) pseudotypes can be employed [74]. For apical entry into the airway epithelial 

cells pseudotypes such as GP64 and Ebola envelope glycoprotein can be used [98, 99]. Some 

of the commonly used LV pseudotypes have receptors located on the basolateral membrane 

(e.g. VSV-G) therefore airway conditioning with tight-junction openers may be required to 

enable access to those receptors. One compound that has been explored extensively for its 

tight-junction-opening properties is lysophosphatidylcholine (LPC). LPC exhibits detergent 

properties and naturally exists in airway surfactant. When used at suitable concentrations, 

LPC transiently disrupts cell-cell tight-junctions allowing vector particles access to the airway 

cells via basolateral receptors [100]. Tight-junction opening also enables vector particles to 

transduce the underlying airway basal cells, known stem cells of the airway epithelium [101]. 

Transduction of the basal cell population has the ability to produce sustained transgene 

expression, as the subsequent daughter cells that repopulate the airway epithelium following 

cell turnover will be gene corrected.  

LVs have been employed in gene and cell therapies for a range of diseases with encouraging 

results. LV vectors are now routinely used in chimeric antigen receptor T-cell therapies for 

cancer treatment [102-106], however, the use of LVs for CF airway gene therapy remains 

preclinical. It has been established that LVs (with varying pseudotypes) have an effect that is 

not species limited and can successfully transduce the airway epithelia of mice [107, 108], 

rats [109], sheep [110], pigs [98, 111], ferrets [112], marmosets [113], as well as in vitro 

human primary airway epithelial cells and airway liquid interface (ALI) cultures [107, 114, 

115]. Delivery of LV-CFTR to the nasal epithelium of CF mice has also resulted in long-term 

partial correction of CFTR function for up to 12 months [108]. Unlike other viral vectors, 

successful repeat administration of LVs to the nose and lungs of mice has been demonstrated 
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without significant loss of efficacy [95, 96, 107]. These promising preclinical studies employing 

LV vectors have warranted a first-in-human LV-mediated airway gene therapy clinical trial in 

the United Kingdom for patients with CF. This phase I/IIa clinical trial is a single dose, doubled 

blinded, dose-escalating trial designed to assess the safety and efficacy of a SIV-based vector 

pseudotyped with the Sendai virus envelope proteins F/HN [114].   

1.5. Challenges to clinical translation of CF airway gene therapy  

While preclinical studies of CF airway gene therapy continue to show promising results, there 

are several hurdles to achieving successful translation to the clinic. Three of these challenges 

include (1) developing LV manufacturing methods that can adequately supply product for a 

clinically-approved airway gene therapy, (2) generating and employing suitable CF animal 

models for preclinical trials in order to obtain clinically-relevant outcomes, and (3) efficiently 

delivering the CFTR gene to the airway cells to achieve therapeutic levels of gene expression. 

These aspects of airway gene therapy development are the focus of this dissertation and will 

be discussed in more detail below. 

1.5.1. Up-scaling LV production  

A lack of large-scale LV manufacturing processes is a major barrier to both the preclinical 

development of LV-based gene therapies in large animal models and translation to clinical 

phases. Standard LV production methods are based on two-dimensional culture technologies 

such as flasks and multilayer cell factories [116]. The most common method of production 

involves transient transfection of adherent Human Embryonic Kidney (HEK) 293T cells with a 

multi-plasmid LV system. Traditionally, flask or cell factory vessels are used for production, 

which are systems that often result in high levels of batch-to-batch variability. Substantial 

manual human input is also required to operate these vessels, which can increase the risk of 

contamination events and results in higher production costs.  

While traditional methods are suitable for producing LV for preclinical and early phase clinical 

trials, they cannot sustain the commercial demands for LV vector. Standard two-dimensional 

culture systems have limited scalability and increases in production capacity can only be 

achieved by increasing the vessel surface area or number of production units. High capital 

expenditure is required to establish manufacturing facilities with suitable infrastructure and 

size to support two-dimensional production systems, and operating costs are also increased 
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due to high manual labour demands. Accordingly, up-scaling LV manufacturing with the 

existing production scaffold is extremely labour intensive and uneconomical. 

Bioreactor-based production methods are now being pursued to overcome the scalability 

issues associated with two-dimensional culture technologies. A range of approaches are 

currently under investigation including use of packed or fixed-bed bioreactors for adherent 

cells [117, 118] and suspension systems such as stirred-tank and wave reactors [119, 120]. A 

bioreactor-based approach has many benefits for large-scale manufacturing when compared 

to conventional LV production methods. Firstly, bioreactors allow for process automation, 

which reduces the costs associated with labour. Bioreactors are also closed systems and 

require fewer manual manipulations, reducing the chance of batch contamination and overall 

risk profile. Use of a controller system allows for online monitoring and tight regulation of 

conditions in the reactor, creating an optimal environment for growth and production phases, 

and reducing batch-to-batch variability. Moreover, increases in production capacity can be 

achieved by employing either scale-out (addition of parallel vessels) or scale-up (increasing 

the size of the vessel) models. These advantages warranted investigation into bioreactor-

based approaches for up-scaling LV production. The intention of this work was to develop a 

bioreactor-based method for use in academic settings that would subsequently inform the 

development of a production approach suited to future human clinical trials.  

1.5.2.  Using the right animal model for trailing airway gene therapies   

Choosing the right animal model for preclinical trials of airway gene-addition therapies is 

critical as the data from these studies will inform the safety, efficacy, and success of a future 

clinical trial. Moreover, demonstrating the efficacy of a therapeutic in multiple animal models 

can provide additional predictive value for human trials. A range of animal models have been 

developed for CF research including mice, rats, pigs, ferrets, sheep and rabbits [121-125]. 

These models have proven useful for a range of studies including investigations of CF disease 

pathophysiology [29, 126] and evaluations of therapeutics including gene therapies [111, 127-

129].  

Each CF animal model has advantages and limitations that must be evaluated for the specific 

research application. Firstly, practicalities such as housing, breeding, and costs and labour 

associated with animal husbandry need to be considered. Rodents, unlike non-laboratory 
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animals can be housed in a standard research environment, have relatively low husbandry 

costs, and are easy to breed due to their short gestation and large litter sizes.  

Recapitulation of human-like immune responses is imperative when validating the safety of 

and longevity of therapies. It is important to consider species-dependent differences in 

immune responses, as the structure and function of the immune system can vary significantly. 

For example, some early studies of viral-mediated airway gene therapies in mice were found 

to poorly predict the magnitude of the immune response to the gene vector [130]. 

Lung size is also an important factor. While pig and sheep lungs closely resemble the size of 

humans, producing sufficient quantities of viral vector for an effective dose is challenging and 

highly expensive at present. Airway cell architecture of the species should also be considered 

when assessing the cell-targeting properties of gene vectors. For example, the cell type 

distribution of murine airway epithelium differs from that of human [131].  

The lung disease phenotypes displayed by available CF animal models also vary significantly 

between species. Consequently, the pathological, electrophysiological, and anatomical lung 

disease characteristics present in each model need to be understood and suited to the 

therapeutic being trialled to enable relevant outcome measures to be performed. The 

genotype also differs between CF animal models. A majority of CF animals have CFTR 

completely knocked-out, which does not reflect the human disease where patients display 

major variation in the levels and function of the CFTR protein, based on the combination of 

CFTR mutations that they carry. As such, species carrying human disease-causing mutations 

may provide more value for certain research investigations.  

While a number of CF mouse models have been generated, their use in airway gene therapy 

studies has been somewhat limited. CF mice do not appear to develop spontaneous lung 

disease and the CFTR electrophysiological defect is present only in the nasal epithelium. Mice 

also have naturally low levels of CFTR gene expression in the lower airways and the cAMP-

mediated CFTR pathway appears to have a less dominant role in murine respiratory 

epithelium when compared to humans [132]. β-ENaC mice have been developed to 

overexpress ENaC in the lower airways thus mimicking the sodium hyperabsorption 

abnormality observed in human CF lungs. While β-ENaC mice been found to recapitulate key 

features of lung disease, CFTR expression and function are not altered, therefore these mice 

are not suited to CFTR-gene addition studies [133]. Existing CF animal models including ferrets 
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and pigs develop human-like lung disease manifestations, which is useful for assessing 

phenotype correction in response to gene therapy. However, these animals develop severe 

disease, therefore the animal husbandry required during trials is very costly and labour 

intensive. Moreover, longitudinal assessments of gene therapies are unfeasible with these 

models of severe CF disease due to reduced survival. 

CF rat models are appealing for use in airway gene therapy preclinical trials for a number of 

reasons. The gene vector volume requirements are significantly lower than those needed to 

dose the airways of large species, thus allowing for well-powered and cost-effective studies. 

Rat airways have a more similar cellular architecture to humans when compared to mice. In 

particular rats have an abundance of submucosal glands throughout the trachea, which are 

known to be implicated in the development of CF airway disease and are a potential target 

for gene correction [134, 135]. A previously developed CFTR KO rat generated in the USA has 

shown encouraging results, with these rats developing a range of CF manifestations including 

aspects of lung disease such as reduced PCL depth and impaired MCC [29, 124]. KO rats also 

appear to exhibit milder disease phenotypes when compared to pig and ferret models, thus 

enabling longitudinal assessment of gene therapies.  

Import of existing CF animal models into Australia is challenging due to strict biosecurity 

legislation that prevents many species (with the exception of laboratory rodents) from being 

introduced into the country. Furthermore, licensing agreements limit or prevent the use of 

some commercially-developed CF models. The lack of available CF animal models in Australia 

along with the notable advantages of employing CF rats in airway gene-addition therapy trials 

supported the generation of two new CF rat models in Australia.  

1.5.3. Achieving efficient LV-mediated airway gene transfer 

An efficacious airway gene therapy needs to produce adequate expression of the therapeutic 

gene in the desired cell types and should ideally provide a long duration of effect. However, 

several hurdles can limit successful in vivo gene transfer to the airway cells [136]. The airway 

epithelium has specific properties that confer resistance to viral vector-mediated gene 

transfer including a particle-trapping mucus layer, polarisation, paucity of viral receptors on 

the apical membrane, and the presence of airway tight-junctions that prevent vector access 

to receptors located on the basolateral side [137].  
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A range of strategies have been explored to overcome these barriers and improve gene 

transfer. One approach is to condition or transiently injure the airway epithelium prior to gene 

delivery [131, 138]. This process of epithelial perturbation disrupts the airway tight-junctions 

and enables more efficient transduction by providing viral vectors access to cells via the 

basolateral membrane receptors. Other benefits include improved penetration of the airway 

mucus barrier, and exposure of underlying epithelial cells that are not in direct contact with 

the airway lumen, particularly the basal stem cells, which function as tissue-specific stem cells 

[131, 139].  

While cell turnover in the lungs is slow compared to other organs [140], transduction of only 

the terminally differentiated cells will result in inevitable loss of transgene expression over 

time and the need for readministration of the gene vector. The key to achieving long-term 

CFTR gene correction in the lungs is transduction of the airway stem cells. Multiple studies 

have indicated that basal cells are multipotent progenitor cells that repopulate the respiratory 

epithelium under normal conditions and during repair [101, 141, 142]. Permanent integration 

of the CFTR gene into the airway basal cells will correct the gene defect in the subsequent 

differentiated progeny, thus enabling sustained therapeutic gene expression following cell 

turnover. While gene vector readministration is unlikely to be completely avoided, a certain 

level of basal cell transduction could reduce the required frequency of repeat doses.    

Chemical and physical strategies have been used to perturb the airway epithelium in research 

development scenarios. Compounds including sulphur dioxide, ethylene glycol tetraacetic 

acid (EGTA), perfluorochemical (PFC), sodium caprate, and LPC (as mentioned above) have 

previously been used as airway conditioning agents in conjunction with a range of viral vectors 

[137, 143-145]. Physical perturbation prior to gene vector delivery has also shown success in 

achieving strong gene expression in mouse airways using early AdV vectors [146, 147]. 

However, physical damage prior to gene transfer has not yet been explored with LV vectors, 

therefore the efficacy of this combination remains unknown.  

While not addressed in this dissertation, the physical format of the therapeutic during 

delivery is also an important factor that will have significant impact on the efficacy of gene 

transfer. Gene vectors can be delivered to the airways in three formats: liquid, course spray, 

or aerosol. Nebulisation offers the advantages of uniform gene vector distribution to the 

distal lung and is considered a more clinically-relevant method of administration as it is 
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minimally-invasive and easily repeatable. However, many viral vector types including LV 

vectors demonstrate substantial reductions in viability when aerosolised due to shear stress 

experienced during transit through the nebuliser device [148, 149]. Moreover, aerosolisation 

produces small particle sizes, which tends to favour deposition of gene vector to the alveolar 

regions. This is undesirable for CF gene-addition therapy as the target is the conducting 

airways [149].  

Use of course spraying devices offers a potential alternative for achieving uniform gene vector 

distribution to the airways (rather than alveolar regions), while having a decreased effect on 

vector stability when compared to nebulisation. Unlike use of orally-administered nebuliser 

devices however, intra-airway spraying approaches will require patient sedation, thus 

increasing the complexity of the procedure. Liquid delivery is most commonly used in 

preclinical investigations as it is relatively simple, specialist devices are not required, and 

there is negligible impact on vector viability. However, some animal studies demonstrate a 

non-homogeneous distribution of gene transduction when liquid gene vector is delivered to 

the lungs [149]. For clinical purposes, delivery of liquid formulations using flexible 

bronchoscopy would allow gene vector to be administered precisely to specific lung regions 

however, patient sedation would be necessary for this type of procedure [149, 150].  

It is evident that gene vector delivery issues remain a major obstacle to achieving an 

efficacious airway gene therapy for CF lung disease. To overcome the physical airway barrier 

aspects, airway epithelial disruption strategies were investigated in rats. In these trials, 

physical and chemical (LPC-mediated) approaches were assessed to determine whether LV-

mediated gene transduction could be enhanced.    

1.6. Thesis overview  

In the following chapters some of the challenges that are pertinent to the development of CF 

airway gene-addition therapy will be unravelled and addressed. Chapter 2 comprises of a 

review paper published in the Journal of Biotechnology, which details the challenges 

associated with up-scaling LV production to clinical and commercial scale and discusses some 

of the potential solutions for overcoming these hurdles. This review sets the scene for 

Chapters 3 and Chapter 4. Chapter 3 provides a methodology paper published in the Journal 

of Biological Methods. This paper details an LV production method that employs 10-layer cell 

factories and is suited to producing LV vectors for preclinical applications including animal 
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studies. Chapter 4 consists of an original research article published in Human Gene Therapy 

Methods that presents a packed-bed bioreactor approach for LV production. This novel 

method can be employed to produce large quantities of LV vector for preclinical studies in 

academic settings, but importantly, it also has the potential to be adapted to clinical 

production in the future. 

Chapter 5 shifts direction and focuses on the need for suitable CF animal models for lung-

related research investigations and therapeutic trials. This review article published in 

Respiratory Research provides an evaluation of the airway disease phenotypes present in 

established CF animal models including mouse, rat, pig and ferret models. The advantages 

and limitations of each animal model for CF airway research are also highlighted. Following 

on directly from Chapter 5, Chapter 6 presents an original research article published in the 

American Journal of Pathology. This paper describes the generation, phenotype 

characterisation and comparison of Australian-developed Phe508del and CFTR knockout rat 

strains.   

Developing an efficacious airway gene therapy that produces therapeutic levels of gene 

expression is critical for moving towards human clinical trials. Accordingly, Chapter 7 presents 

a research article that explores the use of airway epithelium disruption strategies for 

enhancing gene transfer. These studies performed in rats assessed both chemical (LPC-

mediated) and physical epithelial perturbation approaches for improving airway gene 

transfer.  

The final section, Chapter 8, draws together conclusions from the presented body of work, 

discusses the strengths and limitations of each study, and proposes potential future work to 

expand upon the concepts presented. 
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Chapter 2: Challenges of up-scaling lentiviral 
vector production for gene therapies 
 
Challenges of up-scaling lentivirus production and processing 
 
By Alexandra McCarron, Martin Donnelley, Chantelle McIntyre and David Parsons  
 
Published in the Journal of Biotechnology, 240 (20), pp. 23-30, 2016. 
 

Preclinical airway gene therapy studies employing LV vectors have revealed promising results, 

however, a major bottleneck to clinical trials is the lack of scalable LV production methods. 

Efficacious in vivo gene therapy in human-sized airways is likely to require large volumes of 

concentrated LV vector, and available upstream and downstream methods are not currently 

able to sustain this demand. To progress airway gene therapy preclinical studies in large 

animal models with ‘human sized’ airways (e.g. sheep and pigs) and ultimately clinical trials, 

scalable LV manufacturing and processing solutions need to be developed.   

This review paper provides an update of the state of LV vector production and describes the 

challenges currently facing the field. Upstream LV production is discussed with a focus on cell 

cultivation technologies, transient transfection methods, and progress in the development of 

stable LV packaging cell lines (PCL). The advantages and limitations of common downstream 

processing methods are presented, along with a proposed workflow for large-scale LV 

manufacturing. Clinical quality control measures for LV products are also briefly discussed.  
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Chapter 3: Preclinical lentiviral vector 
production in cell factories  
 
Large-scale production of lentiviral vectors using multilayer cell factories 
 
By Alexandra McCarron*, Nathan Rout-Pitt*, Chantelle McIntyre, Martin Donnelley, and 
David Parsons  
 

Published in the Journal of Biological Methods, 5 (2), 2018 
 
*Equal first authors 
 

Preclinical airway gene therapy trials require high quantities of concentrated LV vector. For 

these investigations to be economically viable, LV production methods need to yield high 

titres, while minimising complexity and costs. Producing large volumes of LV vector with 

standard flask or dish-based methods is a labour-intensive process. Due to the low surface 

area of a monolayer flask, numerous vessels are required for large-volume production, which 

demands high levels of manual manipulation. Not only is this time consuming, increased 

handling of the vessels risks culture contamination. Additionally, incubator space 

requirements can be a limiting factor when scaling-up with flask-based production methods. 

To overcome the limitations of traditional LV production methods, culture technologies such 

as roller bottles, multilayer T-flasks, and cell factories are being employed. These systems 

provide greater surface areas for cell cultivation, allowing for high cell density cultures and 

increased productivity from a single unit. Labour input is also reduced with these methods, as 

fewer vessels are required. Accordingly, reported herein is a cell factory-based LV vector 

production method that can be used to generate material for preclinical animal studies. This 

shift in production capacity is particularly relevant as studies using newly developed CF rat 

models necessitates greater LV quantities when compared to mice.  
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POL Sc ien t if ic

pr o t o co l

2 J  Biol Methods   | 2018 | Vol. 5(2) | e90

stirred-tank and wave-bag bioreactors [16,17]. D espite som e early 

progress, LV  production in suspension conditions is still in its infancy. 

H ence, continued developm ent of adherent-based LV  production m ethods 

is im portant until the suspension culture m ethods are m ore established. 

M odest increases in the production capacity of adherent-cell based sys-

tem s have recently been achieved by em ploying technologies such as 

roller bottles, multi-layer flas ks ,  and cell factories [13]. A ccordingly, a 
cell factory m ethod w as developed as an interim  solution for producing 

LV  vector for pre-clinical studies, w ith the potential for future large-

scale production in a scale-out scenario.

H ere, w e describe a m ethod to produce V S V -G  pseudotyped L V  

vector using calcium  phosphate co-precipitation in 10-layer N U N C ™  

E asyF ill™  cell factories. In this m ethod, dow nstream  processing is 

perform ed via a M ustang Q  X T 5  anion exchange step  follow ed by 

ultracentrifugation (Fig. 1). O ur results show  that concentrating the 

supernatant up to 3000 tim es enables us to achieve volum es of 500 µl/

cell factory at a titer of 108– 109 TU /m l (determ ined by RT-PC R ). A l-

though the initial expansion of cells to seed a cell factory rem ains tim e 

consum ing, gains are m ade using m ulti-layer cell factories, as they avoid 

the use of multiple monolayer flas ks ,  where one 10-layer cell factory 
is equivalent to 36 T175 flas ks .  The use of cell factories increases the 
surface area available for cell cultivation, thereby im proving vector 

yields, w hile also decreasing the transfection and  post-transfection 

m edia-change tim es, and reducing labor costs. A lthough this m ethod 

describ es use of a second-g eneration system , it is ap plicable to pro-

duction of firs t , second or third generation LV vectors by choosing the 
appropriate plasm id ratios. It can also be used for producing L V  vectors 

w ith alternative pseudotypes (e.g., HA or GP64 [18,19]) w ith changes 
to the ultracentrifugation step, or for use w ith other transfection agents 

including polyethylenimine (PEI) [20].

MATERIALS

Cell culture
 9 H EK  293T cells (A m erican Type C ulture C ollection, cat. # 

C R L-3216)

 9 Dulbecco’s Modified  Eagle’s Medium (DMEM) (Gibco, cat. 
# 11965-084)

 9 F etal calf serum  (F C S ) (A ustralian O rig in ) (G ibco, cat. # 

10099-141)

 9 P enicillin-streptom ycin (penicillin 10000 IU /m l, streptom ycin 

10000 µg/m l) (G ibco, cat. # 15140-122)

 9 75 cm 2 cell culture flas ks ,  red filt er  screw cap (T75) (Greiner 
B io-one, cat. # 658175)

 9 Corning tissue-culture treated culture dishes 150 m m  × 25 m m  

(Sigm a-A ldrich, cat. # C LS430599-60)

 9 P hosphate buffered saline (P B S ) (S igm a-A ldrich, cat. # D 8537)

 9 T rypL E  express cell dissociation reagent (G ibco, cat. # 12604-

021)

Plasmid transfection
 9 N U N C ™  EasyFill™  C ell Factory™  System  (Therm o Fisher 

Scientific
,

 cat . # 140400)
 9 N a

2
H PO

4
 (Sigm a-A ldrich, cat. # S3264)

 9 H EPES (Sigm a-A ldrich, cat. # H 3375)

 9 N aC l (Sigm a-A ldrich, cat. # S3014)

 9 C aC l
2
∙2H

2
O  (Sigm a-A ldrich, cat. # C 8106)

 9 L entiviral pack ag ing , env elope, and  expressio n plasm ids 

(e.g., for our second generation, 5-plasm id system  w e use: 

pTat, pR ev, pG ag-Pol, pV SV-G  and an expression plasm id. 

See Table 1 for details). U sers should produce the plasm ids 

for their system  in the appropriate quantity.

 9 225 m l conical tubes (Falcon, cat # 352075)

 9 L-G lutam ine (G ibco, cat. # 21051-024)

 9 O ptiPR O ™  SFM  (G ibco, cat. # 12309-019)

 9 P enicillin-streptom ycin (penicillin 10000 IU /m l, streptom ycin 

10000 µg/m l) (G ibco, cat. # 15140-122)

Figure 1. Workflow  diagram of the vector production protocol. F low 
diagram outlining the main steps at each day of vector production, includ-
ing culturing HE K 293T cells , transfection of cells with lentiviral plasmids, 
changing to a serum free media and fina l ly the purifica t ion and concen-
tration of the fin

a

l  pr oduct .
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Chapter 4: Lentiviral vector production using 
bioreactor systems 
 
Transient lentiviral vector production using a packed-bed bioreactor system 
 
By Alexandra McCarron, Martin Donnelley, Chantelle McIntyre and David Parsons  
 
Published in Human Gene Therapy Methods, 30, pp. 93-101, 2019.  
 
 
The LV production field is moving towards the use of bioreactor systems to overcome 

scalability issues and limitations associated with current two-dimensional culture 

technologies. Bioreactors provide several advantages for producing biomolecules when 

compared to standard production vessels such as flasks, roller bottles and cell factories. 

Notable benefits include amenability to automation, availability of online monitoring, the 

ability to tightly regulate production conditions such as pH and oxygen, ease of scale-up, 

lower labour input, and reduced risk of batch contamination due to fewer manual 

manipulations.  

Both suspension and adherent cell-based methods are being pursued for LV vector bioreactor 

production [117-120]. These two approaches have respective advantages and disadvantages 

that need to be considered when transitioning to bioreactor-based production. Suspension-

cell based LV production in stirred-tank reactors has the potential to be scaled-up in a linear 

fashion by increasing the vessel size to thousand-litre capacities. However, the main difficulty 

with this approach is the need for compatible downstream processes that can efficiently 

clarify large batches of LV supernatant. Suspension cells can also be cultured without animal-

derived products such as serum, thus reducing dependence on unreliable supply chains and 

the risk of contaminating the production lot with adventitious agents. While early suspension 

LV production trials initially revealed lower titres than conventional adherent-cell methods, 

ongoing optimisation efforts have now bridged this gap making suspension-based approaches 

feasible [120].  

Adherent-cell based bioreactors (e.g. packed- or fixed-beds) contain a substrate for cell-

adhesion, which separates the producer cells from the LV supernatant and enables simplified 

purification. Packed- or fixed-bed bioreactor systems tend to have large surface-area to 
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volume-ratios, therefore the productivity is high and the volume of supernatant to be 

processed is low. Unlike stirred-tank bioreactors however, adherent-based systems cannot 

be scaled-up linearly. Increases in production capacity are typically achieved by scaling-out, 

which involves the addition of parallel production units. Scaling-out is generally more 

technically challenging than scaling-up, however, one benefit of a scale-out approach is that 

contamination of a unit does not result in loss of the whole production lot. Initial expansion 

of adherent cells with flasks or cell factories is still required for bioreactor seeding, thus 

increasing the labour associated with this approach. 

The aim of this study was to establish a bioreactor-based LV production method to increase 

LV production capacity in an academic setting. Ideally, the method would also be amenable 

to use in a clinical-production scenario, with additional modifications to achieve Good 

Manufacturing Practice (GMP)-grade standards. To develop a bioreactor-based production 

method, various systems were initially assessed as potential options. This chapter begins by 

detailing three bioreactor trials that were performed to select a bioreactor production 

approach to pursue.  

4.1. Bioreactor trials  

From the locally-available bioreactor options, three production systems were selected for in-

house trialling. These systems all employed single-use vessels as unlike stainless steel options 

their operation is relatively simple for the user, there is no need for labour-intensive vessel 

cleaning, and on-site sterilisation facilities are not required. Moreover, single-use technology 

allows for the scale of the operation to be easily altered if production needs change. For 

simplicity, all systems were run in batch-mode, which consisted of inoculating the media and 

allowing the cells to grow without medium feeding or removal. 

All runs employed polyethylenimine (PEI, 25 KDa linear) mediated transient transfection and 

a second-generation, 5-plasmid LV system consisting of helper plasmids rev, tat, and gagpol, 

a vesicular stomatitis virus glycoprotein (VSV-G) envelope and HIV-1 derived transfer vector 

(HIV-1-MPSV-nlsLacZ) [151]. A plasmid ratio of vector: env: rev: tat: gagpol of 9.1: 0.4: 0.2: 

0.2: 0.1 was used and the DNA to PEI mass-ratio was 1:3. Figure 1 illustrates the bioreactor 

systems employed in the trials. In addition to these bioreactor trials, the commercially 

available LV-MAX™ Lentiviral Production System (Gibco) was trialled at small-scale in shaker 

flasks as a potential alternative for the in-house developed suspension system. 
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Figure 1: Bioreactor system that was employed for each trial. (A) Wave bag vessel operated with the 
ReadytoProcess WAVE25 system (GE Healthcare). (B) Stirred-tank vessel and (C) packed-bed vessel 
both operated with the CelliGen BIOBLU controller (Eppendorf).  

4.1.1. Wave bioreactor 

A wave (or rocker) bioreactor system consists of an inflated disposable plastic bag that acts 

as the cell cultivation vessel. The bag sits on a rocking tray that agitates cells in a back and 

forward wave-like motion to achieve oxygen-transfer and mixing. The wave system has a 

several benefits. It is simple to operate, maintains a low shear-stress environment for the cells 

as they are not directly exposed to a fast-moving impeller and gas sparging is not required, 

and is relatively low-cost due to the elimination of expensive and complex instrumentation. 

The simplicity and low expense of a wave system makes it particularly well suited to 

performing lab or pilot-scale trials in academic settings [152]. The wave bioreactor platform 

has previously been used for the production of gamma-retroviral vectors by employing 

transient transfection of HEK 293T cells [153], therefore it was reasonable to suggest that this 

system would also be suited to LV production.   

In this trial, the ReadytoProcess WAVE 25 (GE Healthcare) was used. In-house suspension-

adapted HEK 293T cells were cultivated in a 3 L wave bag in FreeStyle serum-free medium 

(Life Technologies) with a total working volume of 0.5 L. The HEK 293T cells were expanded 

in shake flasks and the bioreactor culture was seeded at a density of 5.0 x 105 cells/mL. The 

bioreactor conditions used for this run are outlined in Table 1.  

During the trial the cells aggregated into large clumps, most likely due to the low rocking 

speed used. Extreme cell clumping is known to be detrimental as it can limit transduction 
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efficiency by preventing DNA complexes from reaching the cells trapped within the interior 

of the clump [154]. Furthermore, cells trapped in large aggregates can demonstrate reduced 

viability and growth due to restricted nutrient diffusion [155]. This phenomenon was 

observed on the final day of culturing (7-days post seeding) where the cell viability dropped 

to 60% and density plateaued at 9.0 x 105 cells/mL. Due to poor growth the target cell density 

for transfection was not achieved.   

It is difficult to draw conclusions from this stand-alone trial of the wave bioreactor. 

Additionally, the conditions were unoptimised, therefore it is likely that altering parameters 

such as gas flow rates, rocking speed, seeding density, along with the implementation of 

media feeding strategies would have likely improved cell growth and viability. However, there 

is no guarantee that any particular bioreactor system will be suited to the cell line or 

biomolecule being produced. There are also inherent disadvantages to using a wave system 

that need to be considered. Unlike stirred-tanks, large production volumes with wave 

bioreactors have not yet been realised [156]. As such, these systems are better suited to 

speciality applications, process development stages, seed cultivation steps, or cell bank 

generation rather than large-scale biomolecule production. Due to these drawbacks and 

difficulties with the trial run, the wave bioreactor was not pursued further.  

Table 1. Wave bioreactor trial conditions. 

Parameter  Set point 
Rocking speed  20 RPM 
Rocking angle  7° 
Gassing 2-gas mix control (Air and CO2), 0.1 SLPM 
Temperature  37°C 
pH 7.2  
DO 50% 

RPM, revolutions per minute; SLPM, standard litre per minute  

4.1.2. Stirred-tank bioreactor  

Stirred-tank bioreactors are widely used in industry for producing a range of biomolecules 

due to their high productivity and amenability to up-scaling. As stirred-tanks have superior 

oxygen transfer rates, they are particularly suited to the growth of high-density cell cultures 

in large volume tanks [156]. There are many existing variations on the design of stirred-tank 

bioreactors, however, the core component of a stirred-tank reactor is the agitator or impeller 

[157]. 



 

  
 

46 

In this trial, in-house suspension-adapted HEK 293T cells were cultivated in a rigid single-use 

vessel with a working volume range of 1.25 – 3.75 L (BioBLU 3c, Eppendorf). The vessel was 

equipped with a pitched-blade impeller, which is suited to the cultivation of shear-sensitive 

mammalian cell lines. The production conditions outlined in Table 2 were regulated using the 

CelliGen® BLU controller (Eppendorf). Cells were initially expanded in shake flasks and the 

vessel was seeded at a density of 5.0 x 105 cells/mL in a total of 1.3 L FreeStyle media (Life 

Technologies). At day three post-seeding the cell density had reached 2.3 x 106 cells/mL and 

transient transfection was performed at using 7.2 mg plasmid DNA and 21.6 mg PEI. 

Unconcentrated LV vector samples were collected at 24, 48- and 72-hours post-transfection 

for titering.  

The unconcentrated titres from the stirred-tank trial peaked at 48 hours post-transfection, 

with an average of 1.7 x 104 TU/mL. While functional vector was obtained employing this 

method, the titres were low when compared to standard adherent-based production 

methods [158]. At these current titres a stirred-tank method would not be considered 

economical, however, further process optimisation is likely to improve LV yields. While not 

further pursued here, a stirred-tank bioreactor approach remains a viable option that has 

great potential for large-scale LV production. 

Table 2. Stirred-tank bioreactor trial conditions.  

Parameter  Set point 
Agitation  45-70 RPM 
Gassing 2-gas mix control (Air and CO2), 0.015 - 0.1 SLPM 
Temperature  37°C 
pH 7.2  
DO 50% 

RPM, revolutions per minute; SLPM, standard litre per minute  

4.1.3. Packed-bed bioreactor  

Packed-bed bioreactors consist of a carrier substrate for adherence of cells and a reservoir of 

media that is recirculated through the bed for distribution of nutrients and oxygen [159]. 

Packed-bed vessels have a range of advantages for biomolecule production. They have an 

extremely high surface area to volume ratio, therefore high cell densities can be attained 

leading to increased productivity. As the cells are separated from the media, downstream 

clarification is simplified and the system can be readily operated with different modes of 

media feeding [157]. The packed-bed also protects cells from impeller-induced mechanical 

shear, turbulence, and bubbles that arise from gas sparing [159, 160]. 
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For this trial, the BioBLU 5p vessel (Eppendorf) was employed with a 3 L working volume. This 

vessel contains Fibra-Cel® carrier disks, which provides 18 m2 of surface for cell adherence. 

The CelliGen® BLU controller was used to regulate the production conditions outlined in Table 

3. Adherent HEK 293T cells were cultivated in 10-layer cell factories and the packed-bed was 

seeded at a density of 7 x 103 cells/cm2 in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10% fetal calf serum (FCS) and 1% Penicillin/Streptomycin (PenStrep). 

Three days post-seeding the cells were transfected with 18.9 mg DNA and 56.7 mg PEI. Eight 

hours later a media change was performed into OptiPRO serum-free media (Gibco) 

supplemented with 1% PenStrep and 4 mM L-glutamine. The viral supernatant was harvested 

at 48 hours post-transfection for purification and concentration using anion-exchange 

chromatography and ultracentrifugation as previously described [158]. 

LV vector supernatant titres achieved 3.0 x 105 TU/mL and concentrated titres were 5.4 x 108 

TU/mL. While further optimisation is necessary, the results from this initial trial were 

promising and warranted further investigation of this system. Accordingly, the packed-bed 

was selected for further process development. 

Table 3. Packed-bed bioreactor trial conditions.  

Parameter  Set point 
Agitation 80 RPM  
Gassing 2-gas mix control (Air and CO2), 0.04 – 0.1 SLPM 
Temperature  37°C 
pH 7.2  
DO 50% 

RPM, revolutions per minute; SLPM, standard litre per minute  

4.2. LV-MAX production system  

The LV MAX production system was briefly explored as an alternative production approach 

to the in-house developed suspension method. LV MAX is a commercial kit that consists of 

five components: suspension HEK 293 cells, LV MAX production media, a novel transfection 

reagent, a supplement that is added prior to transfection, and an enhancer that is added post-

transfection. The LV MAX system was trialled in small-scale shaker flasks with a 30 mL 

production volume. The LV MAX™ production system achieved supernatant titres of 3 x 106 

TU/mL. These titres were superior to the in-house developed suspension LV production 

system, where maximum titres of 6 x 104 TU/mL were achieved in shake flask optimisation 

trials. The LV MAX kit offers a potential option for achieving high LV vector titres in a 

suspension, serum-free system that will ultimately be amenable to clinical-grade GMP 
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production. However, the high expense of the reagents is a major limitation that inhibits 

uptake of this system, particularly for preclinical research phases.  

4.3. Chapter preface  

The following chapter consists of an original research article published in the journal of 

Human Gene Therapy Methods. This paper describes a novel method for LV production that 

employs the packed-bed bioreactor system. In addition to method development, titres were 

compared between the packed-bed system and standard 10-layer cell factory to demonstrate 

whether a bioreactor production approach would be feasible. Finally, the in vivo functionality 

of the packed-bed produced LV vector was validated by performing an airway gene transfer 

trial in rats. In addition to this manuscript, an application note for this method has been 

developed in collaboration with Eppendorf.  
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Chapter 5: Airway disease phenotypes in CF 
animal models   
 
Airway disease phenotypes in animal models of cystic fibrosis    
 
By Alexandra McCarron, Martin Donnelley and David Parsons  
 
Published in Respiratory Research, 19, pp. 54, 2018.  
 
 

Animal models are essential for furthering our fundamental understanding of CF 

pathophysiology and for facilitating the testing of potential therapeutics. CF mouse models 

have contributed greatly to furthering the CF field, however, they do not develop human-like 

lung disease, therefore they are limited model for developing airway-targeted therapies. 

Recent advances in genetic engineering technologies has allowed alternative CF animal 

models to be generated including rats, pigs, ferrets and sheep. Each animal model 

recapitulates varying degrees of CF airway phenotypes, which are reviewed in the following 

article. A comprehensive understanding of airway phenotypes and model characteristics will 

aid researchers in selecting the most appropriate animal model for lung-based investigations. 

Ultimately, test models should be thoughtfully selected for each research investigation so 

that relevant and translatable results are obtained. A follow-up review article on this topic 

has recently been published in the American Journal of Pathology.  
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Following on directly from Chapter 5, this chapter details the phenotype characterisation and 

comparison of two new Australian-generated CF rat models. One rat strain harbours the 

common Phe508del mutation and is the first mutation-specific rat model to be developed 

worldwide, while the second is a CFTR KO model. These CF rat strains were generated by the 

Australian Phenomics Network (APN) in collaboration with the Cystic Fibrosis Airway Research 

Group (CFARG) and are currently being bred in Adelaide, South Australia. Both rat models 

recapitulate a number of key features of CF, as will be described in detail in the manuscript 

presented below. Availability of these new CF rats in the Southern hemisphere provides an 

alternative model for trialling airway-gene addition therapy, as well as other novel therapeutic 

strategies.  
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Effective delivery of genetic therapies to the airway cells remains one of the greatest 

challenges to achieving successful translation to the clinic. One way to overcome resistance 

of the airway barrier is to transiently disrupt the integrity of the epithelium prior to gene 

vector delivery, thus opening airway tight-junctions and allowing the vector access to 

appropriate basolateral receptors and underlying cell types including basal cells. Chemical 

conditioning and physical airway epithelial perturbation approaches have previously been 

trialled in preclinical models and show evidence of enhanced transduction levels. In this study, 

LPC conditioning and physical perturbation strategies were assessed in rat airways for the first 

time to determine whether LV-mediated gene transfer efficacy could be improved. 
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ABSTRACT 

The lungs have evolved complex physical, biological and immunological defences to prevent 

foreign material from entering the airway epithelial cells. These mechanisms can also affect 

viral and non-viral gene transfer agents, and significantly diminish the effectiveness of airway 

gene-addition therapies. One strategy to overcome the physical barrier properties of the 

airway is to transiently disturb the integrity of the airway epithelium prior to delivery of the 

gene transfer vector. In this study, chemical (lysophosphatidylcholine, LPC) and physical 

epithelium disruption approaches were assessed for their ability to improve airway-based 

lentiviral (LV) vector mediated transduction and reporter gene expression in rats. When 

assessed at 1-week post LV delivery, LPC airway conditioning significantly enhanced gene 

expression levels in rat lungs, while a long-term assessment in a separate cohort of rats at 12 

months revealed that LPC conditioning did not improve longevity of expression. In rats 

receiving physical perturbation to the trachea prior to gene delivery, significantly higher gene 

transduction levels were found when compared to LPC-conditioned or LV-only control rats 

when evaluated 1-week post gene transfer. While this work is proof-of-principle, airway 

epithelial disruption strategies based on physical perturbation demonstrate significant 

benefit for improving LV-mediated airway gene transfer in the trachea and warrant further 

exploration.  
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INTRODUCTION  

Airway gene-addition therapy is currently under development for treatment of a range of 

hereditary and acquired pulmonary diseases. Of particular interest is the development of a 

gene therapy to treat airway disease caused by the genetic disorder cystic fibrosis. Gene-

addition therapy employs a vector (non-viral or viral) to deliver wild-type gene copies to the 

relevant airway cells, with the ultimate goal of correcting the disease pathophysiology that 

results from the defective gene. While vectors can be readily delivered into the lung airways, 

physical, anatomical, and immune barriers have evolved to protect the airway host cells 

against airborne pathogens. These natural defences are also directed towards gene vectors, 

thus limiting gene transfer to the airway epithelium.  

Major hurdles to efficient viral-vector mediated gene transfer include a polarised epithelium, 

paucity of viral receptors on the apical membrane, and the presence of airway tight-junctions 

that prevent vectors from accessing receptors located on the basolateral side [137]. One way 

to overcome these barriers is to perform epithelial perturbation prior to, or in conjunction 

with, gene vector delivery. Perturbation acts to disrupt tight-junction integrity, allowing 

vector particles access to basolateral receptors, thus enhancing vector-mediated gene 

transfer [131, 136, 139]. Epithelial perturbation can also potentially expose cells for 

transduction that are not in direct contact with the airway lumen, particularly the basal cells, 

which function as tissue-specific stem cells [101].  

To achieve basolateral access, airway conditioning with a ‘tight-junction opener’ can be 

employed to increase paracellular permeability. Airway conditioning with compounds 

including ethylene glycol tetraacetic acid (EGTA) [161], perfluorochemical [144], sodium 

caprate [145], and sulphur dioxide inhalation [139] have proven effective for disrupting tight-

junctions and increasing viral-vector mediated gene transfer in proof-of-principle animal 

studies [162]. Another compound that has been investigated extensively for this purpose is 

lysophosphatidylcholine (LPC) [100, 108, 163-165]. LPC is a natural component of lung 

surfactant that can be used to transiently open cellular tight-junctions when applied to the 

airway surface. A two-step dosing regimen employing LPC conditioning prior to the delivery 

of a HIV-1-derived lentiviral (LV) vector pseudotyped with the vesicular stomatitis virus 

glycoprotein (VSV-G) has proven effective at increasing airway gene transfer in mice [100, 

108].  
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Chemical conditioning approaches have disadvantages when it comes to performing LV-

mediated gene transfer. LV vectors are highly fragile due to the presence of an outer lipid 

envelope [166] and can be inactivated upon contact with conditioning agents such as LPC. 

Although two separate administrations – one to deliver the conditioning compound, and then 

a second to deliver the vector after the chemical effect occurs – can be used to enable LV 

vectors to take advantage of this delivery enhancement effect, this two-step process 

increases procedure time and complexity. Additionally, transduction may be variable as there 

is no guarantee that the conditioning compound and vector will localise to the same regions 

[167].  

An alternative strategy to disrupt the integrity of the airway epithelium is via physical 

perturbation. Early airway gene therapy studies employing adenoviruses demonstrated that 

externally applied mechanical injury to the airway epithelium via use of fine forceps is a simple 

and effective way to produce strong gene expression in the trachea of mice [146, 147]. 

Mechanical perturbation also resulted in high levels of basal cell transduction as this 

technique removed the superficial transduction-resistant columnar cells and exposed 

underlying basal cells to the vector [147]. While those initial studies validated the potential 

efficacy of a mechanical perturbation strategy, it has not been investigated further for 

preclinical development, likely due to the perceived impracticalities of performing controlled 

airway-surface perturbation in animal models. To our knowledge there are no reports of 

physical airway injury being used in combination with LV vectors for in vivo gene delivery.  

In this study we provide evidence of the effectiveness of LPC conditioning over both short-

term (1-week) and long-term (12-month) durations for the first time in rat airways. The 

efficacy of physical airway epithelium perturbation was explored as an alternative strategy to 

improve in vivo gene transfer levels and this method was compared to standard LPC-

conditioning and a perturbation-free LV-only control group.  
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METHODS  

Multiple treatment groups were employed in this project. The first study assessed the efficacy 

of LPC conditioning in rat airways to determine whether gene expression levels could be 

improved over short- and long-term durations. In this study, rats received LPC conditioning or 

a PBS (phosphate buffer saline) sham treatment, followed by a HIV-1 derived EF1α-3XFLAG-

fLuc-F2A-eGFP vector (LV-FLAG-Luc-GFP) vector. In one cohort (n=6 per group) luciferase gene 

expression was measured 1-week following gene delivery, and in a separate cohort (n=12 per 

group) expression was measured 12-months after LV delivery.  

To investigate and compare airway epithelial disruption strategies rats received either no 

epithelial disruption (control group), physical perturbation, or standard LPC conditioning, 

followed by delivery of a HIV-1-MPSV-nlsLacZ (LV-LacZ) vector (n=6 per group). Gene 

expression levels were assessed 1-week post gene transfer in this cohort of animals, as it was 

expected that the damaged airway epithelium would be regenerated and that gene 

expression would be readily apparent by this stage [147, 168].  

Lentiviral vector production  

LV vector was produced using previously described methods [158, 169]. The bicistronic LV-

FLAG-Luc-GFP vector expressed firefly luciferase and enhanced green fluorescent protein 

(eGFP) genes under control of the EF1α promoter, together with three epitope FLAG tags. The 

LV-LacZ vector construct expressed a nuclear-localised β-galactosidase gene directed by the 

MPSV promoter. LV-FLAG-Luc-GFP vector was titered by quantifying the proportion of GFP 

positive cells using flow cytometry [169]. The titre of the LV-LacZ vector was determined using 

real-time quantitative PCR as previously described [170].  

Animals  

All animal procedures were approved by the University of Adelaide Animal Ethics Committee 

under applications M-2016-086 and M-2019-061. Female and male Sprague Dawley rats >8 

weeks old were used. For all LV-dosing procedures, rats were anaesthetised with 

medetomidine (0.4 mg/kg) and ketamine (60 mg/kg) by intraperitoneal (IP) injection. 

Following anaesthesia, the rats were non-surgically intubated with a 16-gauge intravenous 

cannula (Terumo, SR-FF1651) acting as an endotracheal (ET) tube, which was positioned with 

the tip just past the vocal cords so that the majority of the tissue was exposed to the 

conditioning or perturbation and LV-vector. After procedure completion anaesthesia was 
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reversed with atipamezole (1 mg/kg). Rats that received physical airway perturbation were 

given subcutaneous administration of meloxicam (1 mg/kg) for precautionary pain relief.  

Intratracheal administration of LPC and LV-vector  

Animals were placed in a supine position and received either 25 µL of 0.1% LPC (Sigma-

Aldrich) or PBS. Fluid was administered to the trachea via the endotracheal (ET) tube using a 

gel-loading pipette tip that was lengthened with fine polyethylene tubing to reach the end of 

the ET tube. LV vector delivery was performed one hour following LPC conditioning (or PBS-

sham) as this is the time when LPC epithelial tight-junction opening effects are apparent [100]. 

LV-FLAG-Luc-GFP (1 x 10⁹ TU/mL) or LV-LacZ (2 x 10⁹ TU/mL) vectors were delivered to the 

trachea in two aliquots of 25 µL (50 µL total per animal).  

Physical epithelial perturbation  

With the intubated animal in the supine position, a pliable wire-basket (NCircle® Nitinol 

Tipless Stone Extractor NTSE-022115-UDH, Cook Medical; Figure 1) was fed in the retracted 

position down the ET tube to approximately the carina (based on an average trachea length 

measurement). The basket was extended, fully expanded, and drawn up and down the 

trachea to the carina (approximately 10 times) for 30 seconds followed by withdrawal from 

the lung. Two 25 µL aliquots of LV-LacZ (2 x 10⁹ TU/mL) were delivered via the ET tube ten 

minutes after the perturbation event to allow time for the animals’ respiration to return to 

normal following the procedure.  

 

 

 

 

 

 

 

 

 

Figure 1: Flexible wire basket used to physically perturb the tracheal airway epithelium. The basket 
is 1 cm in diameter at full expansion and 1.5 cm in length. Scale bar = 5 mm. 
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Bioluminescence imaging (BLI) 

Either 1-week or 12-months following LV-FLAG-Luc-GFP delivery rats were anaesthetised with 

2.5% inhaled isoflurane. Once unconscious, 200 µL of 15 mg/mL D-luciferin (Cayman 

Chemicals, USA) was delivered to the nostrils as a bolus. The animal was imaged in the supine 

position (IVIS Lumina XRMS in vivo imaging system, PerkinElmer, USA) while maintained with 

1.5 - 2% isoflurane. Images were acquired with an automatic exposure at 5-minute intervals 

for up to 15 minutes post D-luciferin delivery. The animal was then humanely killed with IP 

delivery of sodium pentobarbital (150 mg/kg). The trachea and lungs were immediately 

excised and imaged separately in a petri dish containing PBS. The resulting bioluminescence 

flux (photons/second) was measured using the contour tool (Living Image, version 4.7.2, 

PerkinElmer, USA).  

Assessment of LacZ gene expression  

Animals were humanely killed, and the airway tissues harvested for LacZ staining. Tissues 

were fixed in 4% PFA and stained for β-galactosidase (LacZ) activity using X-gal as previously 

described [171]. Following X-gal staining, the trachea was cut open longitudinally, and 

separated into two halves. En face images of the tissue were acquired with a Nikon SMZ1500 

stereo microscope, DigiLite 3.0 MP Camera and TC capture software (Tucsen Photonics, 

China). Illumination intensity was not altered between samples. Tracheas were subsequently 

paraffin-embedded, sectioned at 5 μM and counterstained with nuclear fast red. Histology 

images were captured with a Nikon Eclipse E400 microscope, DS-Fi2-U3 camera and NIS-

elements D software (v5.20.00).  

Digital quantification of LacZ staining in en face trachea images 

The amount of LacZ staining in the en face images of the trachea was quantified using a 

custom-written script in Matlab (R2010a, MathWorks) that calculated the area of the trachea 

that was the specific shade of blue/green that matched the LacZ-positive cells. Briefly, images 

were converted from the RGB to HSV colour space, and separate thresholds were applied to 

the hue (0.45 < H < 0.6) and saturation (s > 0.4) channels. The value channel was not used 

because the illumination across the sample was uneven and did not help discriminate the 

transduced cells. A binary mask was created from the regions of the image that satisfied both 

criteria. The mask area was converted from pixels into mm2. 
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Statistical analyses  

Statistical analyses were performed using either R v4.0.0 [172] or GraphPad Prism v8 

(GraphPad Software, Inc.). Statistical significance was set at p ≤0.05. For the short-term study, 

comparisons of flux between PBS and LPC groups were performed using Welch two sample t-

tests on log-transformed data. To compare flux between the PBS and LPC treatments for the 

long-term study, a hurdle regression model was fitted using the hurdle function in the pscl 

package in R [173]. The hurdle regression model is a two-part model; a binary logit model to 

distinguish between the positive counts and those below the detection limit (assigned the 

value 100), and a zero-truncated negative binomial model for the positive counts. Treatment 

(PBS, LPC) was fitted as the regressor in both parts of the model. Differences between the 

groups were assessed using a Wald Chi-Squared test. The LacZ staining area measurements 

from the en face images were analysed using a one-way ANOVA with Tukey’s multiple 

comparisons test.  
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RESULTS 

Figure 2: Bioluminescence images acquired 1-week following LV-FLAG-Luc-GFP delivery in PBS-sham 
and LPC conditioned rats. Top panel: In vivo images indicate the localisation of bioluminescence 
predominantly to the lung region. Middle panel: Ex vivo images of the trachea. Bottom panel: Ex vivo 
images of the lungs following removal of the trachea.  
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Figure 3: In vivo and ex vivo bioluminescence flux acquired 1-week following LV-FLAG-Luc-GFP 
delivery in PBS-sham and LPC conditioned rats. Statistical analyses of the in vivo and ex vivo lung data 
revealed significant differences in flux between PBS and LPC conditioned groups, with p=0.0002 and 
p=0.005, respectively. Statistical analysis of the ex vivo trachea indicated there was no significant 
difference in flux between LPC and PBS groups, p=0.2. The plot indicates the estimated median and 
95% confidence intervals. n = 5-6 animals per group, Welch two sample t-test.  

 

 

 

Figure 4: Ex vivo lung bioluminescence flux acquired 12 months following LV-FLAG-Luc-GFP delivery 
in PBS-sham and LPC conditioned rats. The dashed line indicates the limit of detection of the IVIS 
machine (102). No significant difference in flux was observed between animals in the PBS and LPC 
groups, p=0.6. n = 11-12 animals per group, Wald Chi-squared test.  
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Figure 5: Comparison of en face LacZ staining using physical perturbation, chemical conditioning 
with 0.1% LPC or LV vector only assessed 1-week post gene transfer. Images show the trachea from 
each individual animal longitudinally cut into two sections to reveal the LacZ staining present within 
the lumen. The images display the middle portion of the trachea and are oriented to show the 
proximal trachea on the right. n = 6 rats per group. Scale bar = 1.5 mm.  
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Figure 6: Physical perturbation reveals varying patterns of LacZ staining. (A, B) LacZ staining is 
increased in the areas overlying the inter-cartilage segments. (C-F) Basket-induced perturbation 
created focal regions of strong LacZ staining. High magnification images are acquired from the samples 
shown in Figure 5 and indicate staining patterns present in multiple animals. Scale bars A, B = 1.5 mm; 
C-F = 0.75 mm.   
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Figure 7: Quantification of LacZ staining area from en face images shown in Figure 5. Physical 
perturbation had a significantly greater area of tracheal LacZ staining after 1-week when compared to 
LPC conditioned (p=0.001) and LV vector only control animals (p=0.0008). There was no significant 
difference in the area of LacZ staining between LPC conditioned animals and those that received only 
LV vector (p=0.1). The plot indicates the median. n = 6 animals per group, one-way ANOVA with 
Tukey’s post-hoc test. Note that two animals are not observed on the plot as the quantified area was 
zero. 
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Figure 8: Histological observations in the tracheal epithelium of rats receiving physical perturbation 
prior to LV vector delivery assessed 1-week post gene transfer. (A) LacZ-positive surface epithelial 
cell types including ciliated and non-ciliated cells, and (B) transduced basal cells identified by their 
distinct triangular shape and contact with the basal lamina. Transduced cells within the lamina propria 
including suspected (C) macrophages and (D) possible fibroblasts (indicated by black arrows). While 
most of the tissue demonstrated full epithelial regeneration, some regions showed (E) a flattened 
epithelial layer lacking pseudostratification. (F) Connective tissue proliferation (fibrosis) in response 
to healing (denoted by asterisk). (G, H) Goblet cell hyperplasia observed at the carina. Some 
hyperplastic goblet cells exhibited LacZ staining. Images are shown from selected animals. Nuclear fast 
red counterstain. Scale bars A, C = 50 μM, D-G = 20 μM B, H = 10 μM. 
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Luciferase gene expression assessed 1-week post gene transfer  

In the short-term assessment, rats received either PBS or LPC conditioning and were imaged 

1-week following a single LV gene delivery (Figure 2). In vivo BLI revealed that LPC conditioning 

resulted in significantly higher flux when compared to animals that received the PBS sham 

treatment (Figure 3). Bioluminescence was predominantly observed in the lungs, with only 

one animal exhibiting signal within the trachea region. Upon excision of the tissues and 

subsequent imaging, bioluminescence was observed in the trachea of all animals. Ex vivo data 

revealed that there was no difference in flux between the LPC and PBS conditioned groups 

for the trachea, while the excised lungs revealed that LPC conditioned rats had significantly 

greater flux levels, consistent with the in vivo data. Adjusting for sex in the modelling did not 

result in differences from the unadjusted models.  

Luciferase gene expression assessed 12-months post gene transfer 

In the long-term study assessing chemical conditioning, few animals from either the LPC or 

PBS group had detectable levels of in vivo bioluminescence at the 12-month time point, 

therefore statistical comparisons could not be performed on this data. Ex vivo imaging of the 

trachea also revealed insufficient animals with bioluminescence present to perform statistical 

analysis. Imaging of the ex vivo lungs showed that close to half the animals from both LPC and 

PBS groups had values recorded at the limit of detection. Additionally, the flux levels 

measured in the ex vivo lungs at 12 months were substantially lower compared to the animals 

imaged at 1-week post-delivery. There was no significant difference in ex vivo lung flux 

between LPC conditioned and PBS animals 12-months following LV-delivery (Figure 4).  

Tracheal LacZ staining following chemical conditioning and physical perturbation  

En face observations of the trachea revealed varying levels of LacZ staining as a result of the 

perturbation method used (Figure 5). Visually, rats that received physical perturbation prior 

to LV-delivery demonstrated greatly enhanced LacZ staining in the trachea when compared 

to rats that received LPC conditioning or LV vector only. Interestingly, one animal in the 

physical perturbation group exhibited much lower staining levels compared to the others, 

indicative of potential variability with this technique. The transduction patterns observed as 

a result of physical perturbation were not uniform in appearance. Striated regions of 

increased staining over the intercartilaginous ligaments were apparent in all specimens, 

possibly reflecting the presence of cilia-rich zones that overlay the ligament segments [174] 

and preferential transduction of ciliated cells by the LV gene transfer vector. Varying LacZ 
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staining patterns and strong expression were observed in animals that received physical 

perturbation (Figure 6). Notably, rats in the LPC and LV only groups demonstrated the highest 

levels of staining in the proximal trachea (supplementary Figure 1), likely due to unintentional 

ET tube-induced epithelial damage in this region, providing further support for the 

effectiveness of physical perturbation in boosting airway gene transfer. En face LacZ staining 

was also observed in the lungs of all specimens, however, this tissue was not analysed 

because the physical perturbation was only applied to the trachea, thus comparisons of lung 

transduction could not be performed between groups.  

Digital quantification of the blue-green coloured regions in the en face trachea images 

demonstrated significantly greater levels of LacZ staining in the physical perturbation group, 

when compared to LPC conditioned and LV vector only control rats (Figure 7). The physical 

damage group demonstrated more than a 1000-fold increase in the area of LacZ staining 

when compared to the control group. There was no statistically significant difference in 

staining area between LPC conditioned rats and controls that received only LV vector with no 

epithelial perturbation prior to delivery.  

Histological observations arising from physical perturbation  

A range of different cell types were transduced as a result of performing physical perturbation 

prior to LV vector delivery (Figure 8). Based on morphological appearance and location within 

the tissue, LacZ-positive ciliated, non-ciliated, and basal cells were observed. Cells within the 

lamina propria were also transduced, including suspected fibroblasts and possible 

macrophages. The tracheal tissue demonstrated evidence of repair processes caused by 

damage to the epithelium and surrounding regions. Within the lamina propria there were 

regions of connective tissue proliferation, consisting of collagen formation and fibroblasts. 

Most regions of the tracheal epithelium had fully regenerated by 1-week post treatment, 

consistent with the timing observed in previous studies [147, 168]. However, occasionally 

areas of epithelium were found to still be undergoing repair, as indicated by an attenuated 

appearance, lack of cilia, and rounding of the columnar cells. Goblet cell hyperplasia was also 

apparent at the carina and upper bronchi of two animals. Interestingly, many of these 

hyperplastic goblet cells appeared to be LacZ-positive.  
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DISCUSSION 

Gene-addition therapy is a promising option for treatment of certain pulmonary diseases, but 

there are still many challenges to successful translation to the clinic. Delivery of therapeutic 

agents to cells of the airway epithelium remains one of the greatest challenges to achieving 

effective lung-based genetic therapies, including gene-addition and gene editing strategies. 

The lung has evolved mechanisms to resist invasion by foreign bodies, with the airway 

epithelium acting as a physical barrier that significantly reduces the efficacy of airway gene 

transfer. Many viral vectors used for airway gene therapies have a natural tropism toward 

receptors located on the basolateral membrane and thus produce limited transduction via 

the apical surface.  

To overcome inefficient transduction, strategies have been employed to disrupt the integrity 

of the airway epithelium prior to gene delivery, allowing the vector access to basolateral 

membrane-located receptors and to cells that are not in direct contact with the airway lumen 

such as basal cells [131]. Given our recent generation of two CF rat models [175], the work 

reported here employed normal rats to develop and assess chemical and physical airway 

perturbation methods. In these studies, the trachea was used as surrogate for lower airways, 

as it is easily accessible for physical perturbation techniques and the cellular architecture is 

similar to human airways [176, 177].  

In this work, LPC conditioning was assessed for the first time in rat airways. While mouse 

studies have indicated enhanced gene expression when using LPC conditioning prior to LV 

gene transfer [108, 171], its effects in rat airways were unknown. In this study, gene 

expression levels were found to be significantly increased in the lungs of rats that received 

LPC conditioning when assessed 1-week post vector delivery. Upon in vivo imaging, only one 

animal exhibited bioluminescence signal within the trachea, but following excision of the 

tissues and subsequent imaging, bioluminescence was observed in the trachea of all animals, 

albeit at varying levels. When imaged ex vivo the flux emitted from the trachea was 

substantially lower than the ex vivo lung, therefore the low bioluminescence in combination 

with the need to detect the signal through the overlying skin and tissue may explain the lack 

of tracheal bioluminescence upon in vivo imaging. Notably, when the trachea was excised and 

imaged, LPC did not appear to enhance bioluminescence flux when compared to the PBS-

sham group.  
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Long-term gene expression was assessed in a separate cohort of rats, which revealed that 

luciferase gene expression persisted in the lungs of some animals for up to 12 months 

following a single LV-delivery, irrespective of whether LPC airway conditioning was 

performed. These two studies indicate that while LPC conditioning initially improved gene 

transduction levels in the lungs, it did not increase the longevity of gene expression, 

suggesting that stem cell transduction was not substantially enhanced with use of LPC. 

However, it is suspected that stem cells were transduced in animals from both LPC and PBS-

sham groups, as the duration of gene expression exceeds the four month lifespan of 

terminally differentiated tracheal-bronchial epithelium in adult rodents [142]. 

While LV-mediated gene transfer demonstrated persistent luciferase gene expression in a 

proportion of rats, many individuals from both the LPC conditioning and PBS-sham groups 

had undetectable flux by 12 months. We do not have data to explain why some individuals 

responded better than others, though this phenomenon is consistently observed in airway 

gene therapy animal studies. Possible factors may include but are not limited to, the 

proportion of stem cells transduced, varying host immune responses to the vector and 

formulation, size of the animal (which dictates the surface area to vector volume ratio), 

variable distribution of LPC and vector within the airways, animal respiration rate/depth, 

which can result in variable gene vector distribution within the airways, and the amount of 

time that the vector is in contact with the airway surface. An improved understanding of the 

basis of these variable individual responses to airway gene-addition therapy would provide 

significant value for progressing to clinical trials. 

In the separate study here employing LV-LacZ vector, physical perturbation of the airway 

epithelium demonstrated very high levels of gene transduction in the trachea when compared 

to animals receiving LPC chemical conditioning or LV vector only. Moreover, LPC conditioning 

did not significantly enhance tracheal LacZ expression above the control (LV only) group, 

consistent with the short-term bioluminescence study where LPC use did not result in a 

significant increase in tracheal flux when compared with the PBS-sham group. However, it is 

important to note that the LPC conditioning protocol used in these studies had been 

previously established for mice, therefore the concentration or volume employed may not be 

optimal for rats. 
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As with many viral receptors, the VSV-G receptor (low-density lipoprotein) is located on the 

basolateral surface, and transduction via the apical surface is typically low level [178]. While 

the mechanisms here are not fully understood, it is likely that physical perturbation increases 

gene transfer via two potential routes: (1) disruption of the integrity of the epithelial tight-

junctions allowing the gene transfer vector entry to epithelial cells via basolateral receptors, 

or (2) removal of transduction-resistant columnar cells and exposure of more susceptible cell 

types on the basement membrane (e.g. basal cells). In this study, physical damage was found 

to produce basal cell transduction. Both en face and histological examination revealed distinct 

clusters of LacZ-positive cells (e.g. Figure 6E), reminiscent of basal cell clonal expansion 

observed in previous studies of induced regeneration following polidocanol epithelial 

stripping [95, 115]. These clusters suggest that basal cells have been transduced and 

subsequently differentiated into a LacZ expressing pseudostratified epithelium, consistent 

with previous studies showing the timing of epithelial regeneration in rat airways following 

mechanical injury [168]. However, further work including lineage tracing studies would be 

necessary to confirm these hypotheses. Alternatively, clusters of LacZ-expressing cells may be 

due to strong focal damage or repetitive contact with the basket, making these areas more 

susceptible to LV-transduction.  

Physical perturbation may provide a newly-applied method to boost access to basal cells. An 

airway gene-addition therapy that transduces only the terminally differentiated surface cells 

could result in an inevitable waning of transgene expression with normal cell turnover, and 

the need for vector readministration. While it is unlikely to be completely avoided, repeated 

administration of viral-based gene therapies is undesirable as immune responses may be 

elicited upon subsequent deliveries, reducing the efficacy with each dose [95, 179]. Basal cells 

are multipotent stem cells of the conducting airways and have the capacity for self-renewal, 

clonal expansion, and the ability to differentiate into epithelial cells types to maintain 

homeostasis and repair following injury [101, 141, 180, 181]. Successful transduction of basal 

cells has the ability to produce enduring gene expression, as the gene-corrected progeny will 

repopulate the surface epithelium following natural cell turnover. It is therefore desirable to 

develop an airway gene-addition therapy that not only produces efficient gene transfer but 

can also transduce basal cells [115, 182]. 

In some regions of the trachea, cells within the lamina propria appeared to be transduced. 

While a certain degree of epithelial injury was expected, these findings suggest that in some 
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areas the physical perturbation extended too far into the airway surface, likely due to forces 

produced by the wire basket or repetitive contact. Goblet cell hyperplasia was also noted in 

some animals, a protective response that can occur as a result of mucosal irritation [183]. 

Notably, the animals that displayed goblet cell hyperplasia had many LacZ-positive goblet cells 

within these regions, suggesting that intact basal cells were transduced and subsequently 

differentiated into goblet cells upon epithelial regeneration. Our previous short-term 

assessments have shown that VSV-G pseudotyped LV vectors rarely transduce goblet cells 

[115, 163], so their presence further indicates likely expansion and differentiation of 

transduced basal cells.  

One major benefit of physical perturbation noted in this study is the ability to achieve high 

transduction levels from a relatively small number of LV particles per animal (1 x 108 TU). By 

using epithelial disruption methods to improve gene transfer efficacy, the LV titres required 

to achieve therapeutic gene correction are reduced, thus improving the feasibility of an in 

vivo gene therapy approach. Moreover, such reductions in vector titre would provide the 

benefits of lower LV production time and cost, as well as lessened immune responses. The 

advantages of physical perturbation could also be applied to improving the efficacy of other 

lung-based genetic therapies including delivery of gene editing machinery, nanoparticle-

based gene transfer systems, and stem cell transplantation strategies. For instance, airway 

engraftment of transplanted cells could be facilitated via use of physical perturbation rather 

than chemical agents, which have previously been employed preclinically to achieve epithelial 

disruption [57], but have disadvantages such as toxicity and poor delivery control.  

Physical perturbation appears to be a promising method for enhancing airway gene transfer 

in rats, however, there are valid concerns that translation of this procedure to patients will 

be complicated by the infected and inflammatory environment of CF airways and subsequent 

risk of systemic infection. On the contrary, flexible bronchoscopy procedures including 

bronchoalveolar lavage, suction, and biopsy are routinely performed clinically and are 

reported to cause mild damage and bleeding within the airways. Despite this, the procedures 

are well tolerated, with a low proportion of patients (6-8%) documenting bacteraemia post-

procedure [184]. These experiences with routine clinical bronchoscopy indicate that a 

physical perturbation airway gene transfer procedure may be feasible in humans. 
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While the physical perturbation study performed here shows proof-of-principle data from the 

trachea, the target for CF airway gene-addition therapy will be the lower large-medium sized 

airways, as this is where disease pathophysiology occurs. Further work is needed to assess 

the feasibility of this approach in lower airways of rats, with our previously established rat 

bronchoscopy methods offering a potential option for enabling access to these small airways 

for perturbation. This minimally-invasive miniature bronchoscope techniques provide access 

to at least the fourth generation of branching in an adult rat, therefore perturbation-devices 

could be guided via the bronchoscope working channel to the lower conducting airways [109]. 

Future studies in larger animals such as pigs or sheep will also be valuable for identifying the 

features of a perturbation device that would be considered safe and effective for human 

clinical use. A device that can be used in combination with a standard clinical bronchoscope 

could provide an avenue for rapid translation of this approach to humans.  

Another limitation of this work was the lack of immunophenotyping of transduced cells. Due 

to method optimisation issues (high background staining caused by non-specific primary 

antibody binding), immunohistochemical verification of cell types could not be performed 

here. Histological assessment of the airway tissue immediately post-damage and the time-

course of epithelial regeneration following this method of physical perturbation will also 

provide value in understanding of the mechanisms that result in improved gene transfer. 

Future studies should aim to establish more refined techniques to improve control and reduce 

the intensity of the perturbation, so that off-target cell transduction and disruption to the 

subepithelial tissue is minimised. 

In summary, although LPC conditioning initially increased gene expression levels in rat lungs, 

it did not appear to improve reporter gene expression longevity. Even without conditioning, 

a proportion of rats had measurable luciferase flux present in the lungs 12 months following 

dosing, indicating that a single LV delivery can provide persistent gene expression, albeit at 

low levels. Physical perturbation to the trachea immediately prior to gene transfer resulted 

in a 1000-fold increase in LacZ staining when compared to animals that did not receive any 

airway perturbation, demonstrating that this approach can provide significant benefit for 

improving gene transfer efficacy and warrants further development and investigation.  
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Supplementary Figure 1: En face images from animals receiving LPC conditioning or LV vector 
only indicate strong regions of LacZ staining in the proximal trachea at the site of 
unintentional ET tube damage. 
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Chapter 8: Conclusion 
As we enter the era of highly effective CFTR modulator therapies for CF patients, it is critical 

to acknowledge that a significant proportion of individuals are being left without access to 

these life-preserving treatments. Airway gene-addition therapy is an alternative that has real 

potential to effectively treat lung disease in any CF patient, irrespective of their mutation 

type. As gene therapy corrects the underlying basic defect – the faulty CFTR genes – this type 

of approach could provide a cure for pulmonary disease, particularly if given early in life 

before irreversible lung damage occurs. Airway disease remains the leading cause of 

hospitalisation and premature death in CF patients, therefore an effective treatment for the 

lungs will meaningfully improve patient prognosis. Despite advances in CF airway gene-

addition therapy programs worldwide, there are several hurdles to overcome before this type 

of therapy will become widely available for patients. This thesis addressed some of the key 

challenges that must be tackled for successful translation of an airway gene-addition therapy 

for CF. 

One of the biggest challenges facing the gene therapy world today is producing enough LV 

vector for human in vivo clinical trials and if successful, product commercialisation. Existing 

two-dimensional LV production platforms have remained relatively unchanged for decades 

and are not amenable to large-scale production. Academia and industry alike are investing 

and innovating rapidly in this space to develop LV production methods that can sustain both 

clinical trial and commercialisation phases. Many are beginning to employ bioreactors, a 

commonly used technology in the biopharmaceutical sector. 

To overcome the scalability issues associated with existing monolayer dish production, two 

LV production methods were established and presented in this thesis. The first method 

employed multilayer cell factories. Cell factory systems are suited to generating gene vector 

for preclinical investigations in animals, which is particularly relevant as we move to 

performing airway gene therapy studies in our newly developed CF rat models, as their larger 

lung size necessitates higher volumes of LV vector than mice. The use of cell factories is a 

valuable method for producing LV vectors, but it is not without shortcomings. Although labour 

input is significantly reduced when compared to traditional flask-based methods, a 

substantial amount of user input is still necessary and there is no integration with automation. 

While this type of approach is suitable for generating vector for use in small-animal research 
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studies and some ex vivo gene therapy clinical trials [185], it is not capable of sustaining 

production for human in vivo lung gene therapies, which will require much greater quantities 

of LV.  

The second LV production method employed a packed-bed bioreactor system, which 

achieved supernatant titres of up to 106 TU/mL and concentrated yields up to 109 TU/mL. 

Described here was the first report that employed this particular packed-bed bioreactor for 

producing LV vector. This bioreactor protocol is valuable for use in academic settings and has 

potential for large-scale production by employing a scale-out approach. With further 

alterations for achieving GMP, this method could also be suitable for manufacturing a clinical 

product. Bioreactors provide a range of advantages over traditional plastic-based systems, 

making them attractive for use in both clinical and commercial manufacturing phases. 

Bioreactor technologies allow for real-time monitoring and fine control of the culture 

conditions. Improved efficiency and reduced human input can also be achieved by introducing 

automation into both the upstream and downstream processes. The system selected here 

has an extremely large surface area enabling high productivity from a single unit, while 

minimising the volume of supernatant to be processed.   

One disadvantage of a packed-bed bioreactor system is that cells cannot be directly sampled 

for counting and viability assessments as they as they are attached to substrate. This means 

that more complex instrumentation is required, such as glucose measurements to 

approximate cell growth and yields. This type of system was not employed in the described 

method but would be beneficial to implement in future studies. Moreover, while packed-bed 

systems allow for increased production capacity with a scale-out approach, this can be more 

technically challenging and expensive than a scale-up scheme. In this project, a suspension-

based production system was explored as an alternative approach for achieving large-scale 

production by scaling-up. While the suspension bioreactor method did not produce high titres 

with the in-house suspension-adapted HEK 293T cell line, the LV-MAX kit demonstrated the 

capability to produce high titres (up to 3 x 106 TU/mL) in a small-scale trial. Suspension-based 

LV production remains a viable option for clinical and commercial manufacturing that should 

continue to be pursued.   

It is important to note that the LV production methods developed here only employed LV 

vectors carrying reporter genes. Accordingly, future studies should assess these newly 
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established production methods with LV vectors carrying the therapeutic CFTR gene, as it is 

possible that CFTR gene vectors may not perform in the same manner as those bearing 

reporter genes. LV-CFTR vectors produced using up-scaled methods should subsequently be 

trialled in vitro and in vivo to validate titre and functionality.  

A major bottleneck that remains with the method presented here and for LV production 

generally is the downstream processing. This is one aspect that was not addressed in this 

work. LV vectors are extremely fragile, particularly when compared to other viral vectors such 

as AAV and AdVs. The delicate nature of LV particles means they are susceptible to damage 

and inactivation during the purification and concentration stages, therefore achieving a 

balance of high vector recoveries and purity can be challenging. Ideally, purification processes 

should be kept to a short duration and the number of steps limited to retain vector 

functionality. The LV vector manufacturing protocol will not be considered economically 

viable if losses following downstream processing are too significant.  

In this work the downstream processing consisted of clarification, anion-exchange 

chromatography, and ultracentrifugation. Notably, ultracentrifugation is not a scalable 

technology and should be eliminated if large-scale manufacturing is intended. Despite 

employing some level of purification, the LV vector produced in this work is relatively crude 

and significant process refinement would be needed to produce material that is sterile and of 

clinical-grade. Not only is this necessary for human use but certain preclinical investigations 

(e.g. immunological studies) may benefit from using highly purified LV vector as the outcomes 

would more accurately predict those of clinical trials [186].  

Another issue facing the rapidly-growing gene and cell therapy sectors is the unsustainable 

demand for clinical-grade viral vector products. Analysts indicate that the demand for viral 

vector will soon exceed the global manufacturing capacity [187] and those currently in clinical 

trial phases are already experiencing lengthy waiting periods to receive products from 

contractors. Substantial investment in the expansion of gene vector manufacturing 

infrastructure will be essential in the coming years to minimise this potential bottleneck.  

As we advance airway gene therapy preclinical studies, not only do we need sufficient gene 

vector quantities, but we also require suitable test models that will provide meaningful results 

for human translation. Several CF animal models have been developed for research purposes, 

and these vary significantly in the disease phenotypes they exhibit, particularly in regard to 
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lung disease. Given this, the process of selecting the right model for a particular research 

investigation can be complex. It is therefore critical to understand each model, as well as their 

advantages and limitations before undertaking a research study.  

The lack of available CF animal models in Australia has hindered trials of airway gene-addition 

therapies. Australia has strict quarantine and biosecurity legislation that prevents live import 

of many animal species, with the exception of laboratory mice and rats. Some CF animal 

models – particularly commercially developed genetically modified models – may also have 

licensing agreements that prevent their use or restrict the types of research that can be 

performed. To overcome limited availability of CF animal models in Australia, two new CF rat 

models were generated using CRISPR/Cas9 gene editing. One model is a CFTR KO rat and the 

second harbours the common Phe508del mutation, the first mutation-specific CF rat model 

to be developed worldwide.  

CF rat models provide a number of advantages for airway gene therapy studies. Logistically, 

rats are easy to breed to large numbers allowing for statistically well-powered investigations 

to be performed. Moreover, the disease severity observed in these CF rat models is relatively 

mild compared to other CF animal models, enabling longitudinal studies and repeated 

measures to be performed. Rat airways have a similar cellular architecture to humans 

including the presence of submucosal glands in the trachea, which is important for assessing 

transduction of specific cell types, levels of gene expression, and overall efficacy of the gene 

transfer. Compared to the mouse, the larger physical size of the rat enables improved access 

to the airways for techniques such as bronchoscopy.  

Overall, Phe508del rats demonstrated milder disease than KO rats. In terms of recapitulating 

specific CF traits, both KO and Phe508del rat models exhibited impaired survival, reduced 

weight-gain, electrophysiological defects in the nasal epithelium, and gastrointestinal 

obstruction and histopathology. KO rats additionally demonstrated disease of the exocrine 

pancreas and increased submucosal gland area in the trachea. Spontaneous lung disease has 

not been observed in either CF rat model to date. Accordingly, a more complete 

understanding of the lung characteristics of these CF rat models will be imperative in 

informing the conception of future airway gene therapy investigations.  

Key studies are currently ongoing to further characterise these CF rat models. Investigations 

include determining if pulmonary disease develops with age or whether intra-lung challenge 
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with CF-relevant pathogens will be required to induce CF lung pathology. Work is also 

underway to determine whether CF-like ion transport abnormalities are present in the 

tracheal airways of these rat models by generating air liquid interface (ALI) cultures and 

performing Ussing chamber measurements. Using rat-generated ALIs, the efficacy of LV-CFTR 

mediated gene transfer can be assessed in the lower airways of the CF rat models to 

compliment recent studies that have shown successful correction of the bioelectric defect in 

the KO rat nasal epithelium via use of potential difference measurements (unpublished). In 

the future it will be important to determine how the Phe508del rat responds to relevant CFTR 

modulator therapies, as this will increase the utility of the model for both mechanistic 

investigations and the assessment of novel therapeutic strategies where modulators are 

considered the current gold standard. 

With access to the right animal model, we can explore and assess strategies for developing 

an efficacious airway gene-addition therapy. Effective lung-based gene therapies are 

challenging to develop due to the physical, biological, and immunological obstacles that the 

gene vector must overcome to reach the target epithelial cells. The airway epithelium itself 

has barrier properties that are designed to resist infiltration by pathogens and foreign bodies, 

including gene vectors. A range of techniques have previously been explored to improve gene 

transduction efficiency in the airways, and one such strategy involves disrupting the integrity 

of the airway epithelium prior to gene vector delivery. Preclinically, chemical conditioning and 

physical perturbation approaches have demonstrated improved transduction levels when 

used in conjunction with viral vectors.    

As we transition to using CF rat models for airway gene therapy development, it was 

important to first validate the efficacy of our standard two-step airway-dosing regimen in rats. 

While previous studies in mice have shown enhanced LV-mediated gene transfer from LPC 

airway conditioning [108, 171], it was unknown whether this effect would be replicated in 

rats. When assessed 1-week post gene vector delivery, LPC conditioning was found to 

significantly improve lung gene expression levels in rats. However, the longevity of transgene 

expression was not enhanced with the use of LPC, suggesting that LPC conditioning did not 

improve transduction of basal cells. Due to method optimisation issues, 

immunohistochemical verification of transduced cell types (including basal cells) could not be 

completed in this thesis, with this work still ongoing. Further investigation is also needed to 
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determine the optimal concentration of LPC for rat airways, as it is possible that greater 

enhancement would have been obtained using a higher concentration or volume.  

This thesis describes the first report of using physical perturbation in conjunction with LV-

mediated airway gene transfer. Physical epithelial disruption was found to provide significant 

and substantial enhancement of LV vector transduction levels, with a 1000-fold increase in 

LacZ staining observed when compared to LV-only control animals. In this study, chemical 

conditioning with LPC did not provide a significant increase in LacZ staining in the trachea 

when compared to the LV only group, which is consistent with the luciferase assessment 

where tracheal gene expression levels did not differ between PBS and LPC-treated animals. 

High levels of gene expression were achieved using physical perturbation and target epithelial 

cell types including basal cells were transduced. The promising data from this study indicates 

that use of physical perturbation to transiently disturb the epithelium could provide 

significant benefit for enhancing the delivery of genetic therapies to the airways. Notably, 

disruption of the surface epithelial cells allows the delivery vehicle access to deep-lying basal 

cells, which if transduced, can provide a basis for long-term therapeutic gene expression. 

Improved longevity of gene expression can subsequently reduce the frequency of repeated 

gene vector administrations, which is favourable from financial, practical, and immunological 

perspectives.  

While this was a valuable proof-of-principle study, there are limitations to this work that 

should be noted. Some animals that received physical perturbation exhibited LacZ-positive 

cells in the subepithelial compartment, indicating that damage occurred below the basement 

membrane and was therefore too deep in those areas. Further refinement of the technique 

is required to improve control of the device and minimise damage to off-target tissue. 

Simultaneous physical perturbation and LV vector delivery would also be desirable in the 

future to minimise procedural complexity and target vector delivery more directly to the 

perturbed regions (rather than whole lung) for further enhancement of transduction. In this 

study in rats, the trachea was used as a surrogate for the lower airways due to ease of access. 

For CF, the large-medium sized airways will be the target for CFTR gene-addition therapy, 

therefore future studies will assess the feasibility of this approach in the lower airways of rats 

as well as larger animal models with human-sized airways such as pigs or sheep. 

Immunohistochemical verification of LacZ-expressing cell types resulting from physical 

perturbation will also be necessary. Future work will focus on understanding the mechanisms 
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that lead to improved cell-transduction when physical perturbation is employed prior to LV 

gene vector delivery.  

A physical perturbation strategy appears promising in this animal study, but substantial work 

would be needed to feasibly translate this technique to human airways. A custom-made 

bronchoscope device that allows for simultaneous physical perturbation and LV vector 

delivery would be ideal to minimise procedural steps. While translation of this procedure to 

humans is seemingly complex, it is important to note that flexible bronchoscopy procedures 

are routinely performed in CF patients, and despite the infective and inflammatory nature of 

the CF airways, they are well tolerated [184]. While intentional physical damage to the 

airways is considered more complicated and higher-risk, the routineness of these procedures 

demonstrate that such a physical perturbation approach may be feasible in humans.  

Significant progress in the development of airway gene-addition therapy programs worldwide 

means that achieving successful translation to the clinic is now closer than ever before. This 

accomplishment is not without major challenges: we need to meet the growing demand for 

large-scale vector manufacturing, obtain meaningful and translatable results in preclinical 

studies by using suitable research models, and achieve efficient delivery of our gene-cargo to 

the airway epithelium to restore CFTR function to therapeutically-relevant levels. We are now 

in the midst of a new era of medicine, with significant interest, innovation, and investment in 

developing treatments that correct the genetic defect, rather than providing only 

symptomatic relief. This paradigm shift along with a substantial global research effort brings 

with it a renewed sense of optimism that an effective genetic-based therapy for CF airway 

disease is now close to becoming a reality.  
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