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1 Abstract 
 

Tissue engineering has already shown potential in yielding rationally-designed constructs 

capable of tracheal replacement, but a successful strategy for reliably epithelializing these 

grafts has not yet been well-established. 

A rabbit in vivo interventional model was validated for the orthotopic transplantation of 

paediatric tissue-engineered airway constructs, and used to longitudinally test non-cell seeded 

tracheal scaffolds from materials used in three clinically-applied strategies. Tracheal autografts 

had excellent clinical, bronchoscopic and histological outcomes, but no scaffold option tested 

could deliver a stable non-stenosing airway after four weeks. This model is now ready to test 

approaches to encourage epithelial cell engraftment. 

As a potential prenatally-accessible cell source for airway epithelial regeneration, primary 

human amniotic fluid cells were isolated, cultured and evaluated in vitro using flow cytometry, 

immunofluorescence, differentiation assays and qPCR. It was not possible to identify cells of 

specific respiratory potential and the shortage of suitable samples became an obstacle to 

verifying these findings. 

  

Next, native airway epithelium was evaluated as a postnatal source of autologous cells. The 

phenotypic and genotypic differences were studied between fresh airway epithelium and 

cultured primary bronchoepithelial cells (BECs) from paediatric and non-smoker adult tracheae 

in terms of stem cell abundance, gene expression, proliferation and differentiation potential. 

Absolute proportions of basal cells were similar between adults and children, but paediatric 

BECs displayed higher clonal potential and outcompeted adult BECs in head-to-head 

competition assays. RNA sequencing showed adult airway epithelial gene expression patterns 

suggestive of increased oxidative stress, with some Notch and canonical Wnt pathway 

upregulation suggesting that adult airway epithelium might have a more secretory phenotype. 

Increased adult expression of secretory markers persisted in basal cell cultures and in 

differentiation assays. Exploring the functional relevance of these findings could provide 

insight into how epithelialisation of tissue-engineered tracheal grafts might be improved for 

both paediatric and adult patients. 

 



Impact Statement 
 

Congenital anomalies compromising the tracheobronchial tree are not uncommon due to their 

complex embryological origins but despite a number of surgical strategies that have been 

developed over the years, treatments remain limited for severe or extensive paediatric airway 

disease. Tissue engineering has already shown great potential in yielding rationally-designed 

constructs capable of regenerating the trachea, but a successful strategy for reliably 

epithelializing these grafts has not yet been well-established.  Few in vivo orthotopic tracheal 

studies have had the capability to report on the detailed longitudinal follow-up necessary for 

analysing the establishment of a neoepithelium. 

A rabbit in vivo interventional model was optimised and validated for the orthotopic 

transplantation of paediatric tissue-engineered constructs, and used to longitudinally test non-

cell seeded tracheal scaffolds made by three competing clinically-used strategies. Orthotopic 

autograft replacement of the trachea in rabbits can be performed with excellent clinical, 

bronchoscopic and histological outcomes. However, none of the scaffold options tested could 

replicate this success for a diverse range of reasons. Nevertheless, this model can now be 

employed to test epithelial engraftment on tissue engineered tracheal replacements, as the 

capabilities for bronchoscopic intervention of forming post-operative and graft stenosis exist, 

as does the use of soft 3D-printed airway stents for the support of surgical repairs and applied 

epithelial grafts. 

It is unknown whether there are prenatally-accessible cell types, in addition to 

bronchoepithelial cells, suited to airway epithelial regeneration in the perinatal or early 

neonatal context. Therefore, primary human amniotic fluid cells (hAFCs) were isolated, 

cultured and evaluated in vitro for this purpose using flow cytometry, immunofluorescence, 

tracheosphere differentiation assays and qPCR. Although hAFCs could be isolated and 

cultured, it was not possible to identify cells of specific respiratory potential. With a dwindling 

number of amniosampling procedures being performed, the shortage of suitable amniotic fluid 

samples was a significant, and currently immutable, obstacle to verifying this. 

 

To ascertain whether there are age-specific concerns in interpreting human epithelial biology 

findings, the phenotypic and genotypic differences were evaluated between fresh airway 

epithelium and cultured primary tracheobronchial cells (BECs) from paediatric and non-



smoker adult patients in terms of stem cell proportion, gene expression, and proliferation and 

differentiation potential. Although absolute proportions of basal cells appeared similar in adults 

and children, paediatric BECs were more clonal in nature and outgrew adult BECs in head-to-

head proliferation assays. Adult airway epithelium also showed a pattern of gene expression 

pattern suggestive of a reaction to oxidative stress. There was activation of some Notch and 

canonical Wnt pathway members suggesting a tendency towards a more secretory adult cell 

phenotype. Expression of secretory markers persisted in adult BECs, whilst in paediatric BECs 

this was fully suppressed. Exploring the functional relevance of these findings should help 

address whether previous findings in adults can be generalised to the paediatric population, and 

provide insight into how epithelialisation of tissue engineered grafts might be improved for 

both paediatric and adult patients. 
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2 Background 
 

2.1 The paediatric upper airways in health 

2.1.1 Anatomy of the mammalian trachea 

The trachea serves as the central (proximal) common pathway of the respiratory tract. It runs 

down the anterior compartment of the neck and is superiorly suspended by the cricoid ring 

from the larynx, which serves the dual functions of voice production and safety valve to prevent 

aspiration of food and fluids. Inferiorly, the trachea bifurcates in the thorax into left and right 

main bronchi, before further subdividing into the system of dichotomously branching tubes of 

the distal bronchioalveolar tree, which extends peripherally into the gas-exchanging lung 

parenchyma. 

 

The tubular macroscopic structure of the trachea is deceptively simple, as it exists primarily to 

ensure uninterrupted conduction of inspired oxygen and expired carbon dioxide to and from 

the lungs. However, it has a number of specific adaptations to ensure its optimal performance. 

Regularly spaced anterolateral ‘C’-shaped hyaline cartilage rings provide resistance to luminal 

collapse under the cyclical physiological pressure changes of respiration, whilst affording kink 

resistance with neck movement. This cartilage support becomes irregular in shape and less 

frequent as the large bronchi divide into smaller bronchi. Distal to the last cartilage plate, 

bronchioles continue to divide and the ciliated epithelium becomes interrupted by alveoli, the 

site for gaseous exchange 1. Posteriorly, the membranous smooth muscle wall (trachealis) 

allows for autonomic adjustment of tracheal calibre and airway dead space depending on 

respiratory demand 2. A thin submucosal layer contains a rich vascular network which supplies 

the metabolic demands of the highly active luminal epithelium, as well as innervation, 

phagocytic immune cells and local neuroendocrine cells. 

 

2.1.2 Human tracheal embryology and development 

The larynx, trachea/oesophagus, bronchi and lungs have individual embryological 

developmental patterns 3. The laryngotracheal groove, or sulcus, appears in the proximal 

foregut in the 3rd week of gestation and progresses caudally to form a septum which separates 

primitive airway and alimentary tracts. Activation of Wnt3a and activin A cell signalling 

pathways are crucial in pushing the fate of mesendodermal cells in the foregut towards 



definitive endoderm. Subsequent to this, the caudal cells anterior to this sulcus (anterior foregut 

endoderm) will go on to form the primordial trachea. These changes can be induced in vivo by 

inhibiting bone morphogenic protein (BMP) and transforming growth factor beta 

(TGFβ)/Nodal to maintain expression of the proximal airway progenitor transcription factors 

FOXA2 and NKX2.1 at this stage 4,5. 

 

Complete separation of the trachea and oesophagus usually occurs by the 6th week. The 

bronchial primordia develop concurrently as asymmetric tracheal tip buds, and the tracheal 

bifurcation gradually descends to meet the pulmonary primordia, which develop as more distal 

bulges of the ventral foregut. Airway tubes elongate by rapid epithelial cell proliferation, 

particularly within the tip buds, with branching points decided by interactions with the 

surrounding mesenchymal tissue. Both endodermal (epithelial) and mesenchymal tissue are 

necessary for normal airway branching (at least in mice), as airway tubes stripped of 

mesenchyme at this stage will elongate but not divide 6.  The cartilaginous and muscular 

components of the trachea and bronchi are detectable from the 10th week and are derived from 

proliferating coelomic cavity cells. The airway branching pattern with its accompanying blood 

vessels reaches around 70% completion by the 14th week 7, and is fully formed by around 17 

weeks of gestation. Though airway size changes dramatically with postnatal growth, the 

neonatal airway branching pattern remains unchanged to adulthood 8. 

 

At birth the tracheal length is approximately 3 cm in length and 5 mm in diameter. It continues 

to grow around 5 mm a year, reaching full adult dimensions of around 15 cm in length and 20 

mm in diameter by the age of 16 years 9. Peripheral airways, however, attain their adult size 

after only one year of life 10. 

 

2.1.3 Composition of the tracheobronchial epithelium 

The makeup of the tracheobronchial epithelium is highly specialised, containing several 

distinct terminally-differentiated cell types, which can broadly be classified into ciliated cells, 

secretory cells (goblet and club or Clara cells) and basal cells. These are present in roughly 

equal proportions in the human airway 11,12 (Figure 2.1). The pseudostratified columnar 

epithelium forms both physical and immunological barriers between internal and external 

environments. The mucociliary escalator is created by the synergistic effect of coordinated 

beating of motile cilia on ciliated cells to clear particles and pathogens trapped within the 



mucus secreted by goblet cells before they can penetrate into the lungs; this mucus is thereby 

moved up to larynx where they can be coughed into the pharynx and safely swallowed. Club 

cells are more abundant in the distal parts of the bronchi and bronchioles in humans and are 

also primarily secretory in function (though they also have some progenitor cell function in 

mice), producing proteins with immunomodulatory properties.  

 

2.1.4 Role of basal cells in normal airway maintenance 
Basal cells (BC)s are the multipotent stem cell of the conducting airway epithelium (AE) 13, as 

they are able to give rise to both ciliated and secretory cells in vitro 12,14-16. They can self-renew 

in times of homeostasis as well as repopulate the entire epithelium of injured or denuded 

tracheae in mice and humans 17-19. They reside just above the basement membrane, creating the 

pseudostratified appearance of the epithelium, and help to anchor the epithelium and shield the 

underlying stroma via numerous cytoskeletal and junctional proteins 13. 

Ciliated cell 
(up to 50%) 
-motile 
-ACT + 

-FOXJ1+ 

Basal cell 
(up to 30%) 
-proliferative 
-TP63+ 

-KRT5+           -ITGA6+ 
 

Goblet cell 
(up to 25%) 
-mucin production 
-MUC5AC+ 
-MUC5B+ 

Intra-
epithelial 
    nerves 

Club cell 
(11%) 
-secretory 
-SCGB1A1+ 

Capillaries 

Basement Membrane 

Figure 2.1: Microanatomy of the human tracheobronchial epithelium. Specific markers for cell types 
shown in italics. 



Airway BCs specifically express the nuclear transcription factor TP63 20 and the cytoskeleton 

protein KRT516, as well as also expressing PDPN 21, NGFR 12 and ITGA6 12. They also show 

a heterogenous expression of keratins 8 and 14 22 (Figure 2.1) as they differentiate towards 

their ciliated or secretory progeny 23. The fate decisions of BCs as to whether to produce ciliated 

or non-ciliated progeny is driven by the Notch and Wnt/b-catenin signalling pathways, with 

continued high levels of Notch leading to a secretory cell fate. Additionally, decisions as to 

whether individual BCs self-renew or differentiate into ciliated/secretory cells has been shown 

to be stochastic (random) at an epithelium-wide level 24. 

 

Defects in BC homeostasis can occur in many conditions affecting the airway. Disruption of 

BC proliferation/differentiation balance leads to epithelial hyperplasia or hypoplasia, whereas 

changes in lineage choice balance and losses of normal function, such as that seen in chronic 

obstructive pulmonary disease (COPD), will lead to mucus cell hyperplasia 25,26. In line with 

other epithelial tissues such as the skin, there likely to be a heterogenous spectrum of self-

renewal potential, repair and differentiation capacity within the basal cell population, such that 

cell derived from individual ‘fitter’ basal cell clones become more prevalent over time whereas 

damaged BCs become cells-of-origin for lung squamous cell carcinomas 27. 

 

As with other tissues, BC population dynamics are likely to be affected by normal ageing 

process. Our lab has recently shown via whole genome sequencing, in conjunction with 

collaborators at the Wellcome Sanger Institute, that basal cells from healthy non-smokers 

acquire mutations at a steady rate of 22 mutations/cell/year throughout life. Little is yet known 

as to the phenotypic effect these mutations have on epithelial function. Furthermore, subsets of 

basal cell clones have differing susceptibilities to smoking-related mutations (likely due to 

differing proliferation paces), and healthier clones can overgrow and replace damaged BC 

clones on quitting smoking (data submitted to Nature). There are also numerous submucosal 

glands along the human upper airways, which contain mucous and serous secretory cells and 

myoepithelial BCs, and are connected by ciliated cell-lined ducts 14. In the mouse, canonical 

Wnt signalling, via Wnt3a-regulated Lef-1 gene transcription, is active in the regulation and 

development of these glands 28, the hypertrophy and hyperplasia of which has been implicated 

in hypersecretory lung diseases. There is also evidence from murine lineage tracing studies that 

dedifferentiation can occur in secretory cells, leading to reappearance of basal marker 

expression 29 – the extent to which this can occur in humans is unknown. 



2.2 The paediatric upper airway in disease 

2.2.1 Aetiologies of paediatric upper airway disease 

Tracheal failure is devastating in any patient group but is particularly emotive within the 

paediatric population. The relatively separate embryological development of the larynx, 

trachea/oesophagus, bronchi and lungs has the potential to generate a diverse configuration of 

isolated and combined anomalies 3, and therefore structural congenital anomalies (Table 2.1) 

are the most common cause of airway obstruction and insufficiency in the perinatal and 

neonatal periods 30. Malformations form a spectrum of severity affecting any portion of the 

upper respiratory tract from face to bronchi 31. Although complete congenital 

laryngotracheobronchial obstruction is rare - the European Organization for Rare Diseases 

reports the prevalence of tracheal agenesis to be around 1 in 100,000 births - these anomalies 

are universally lethal without intervention. 

 

 
 

Acquired laryngotracheal pathology is increasing in incidence due to the improved survival of 

extremely premature babies, whose underdeveloped lungs and respiratory drive may require 

prolonged periods of intubation 32. Damage to the neonatal airway from traumatic intubation 

or inappropriate endotracheal tube sizing can occur in as little as 48 hours and around 1 in 420 

will require surgical reconstruction 33. In the ‘toddler’ age group, traumatic stenoses and 

tracheo-oesophageal fistulae may occur following inhalation of foreign bodies. Occlusive 

granulation tissue may also develop following local infection or trauma to the airway mucosa, 

commonly around the tips of tracheostomy tubes. 



2.2.1.1 Congenital tracheal stenosis (CTS) 

Rather than a high laryngeal obstruction, a variable region or length of the cervical or thoracic 

trachea and/or bronchi may be narrowed (stenosed). This congenital tracheal stenosis (CTS) is 

typically characterised by complete tracheal rings, rather than normal ‘C’-shape cartilaginous 

sections, and is typically classified as either short segment or long segment 34 (spanning over 

1 cm in the newborn and 1.5 cm in the infant, or affecting over 50% of the total tracheal length 

in older children) 35,36. CTS is rare, affecting an estimated 1 in 64, 500 live births, and is thought 

to be due to segmental failure of tracheal formation. As with complete laryngeal obstruction, 

cases of complete tracheal agenesis are typically fatal in utero due to the associated secondary 

lung sequelae, though infants with moderate or mild disease may not be diagnosed until later 

in childhood when their gas exchange demands start to outstrip the flow of air through the 

narrowed tracheobronchial section. The trachea may also demonstrate an abnormal branching 

pattern, often with downstream regions of associated malacia 37. CTS may also occur secondary 

to extrinsic pressure from nearby structures - 60% of children born with CTS have other 

associated malformations, most commonly mediastinal and cardiovascular anomalies. It is 

usually the combination of both airway and cardiovascular disease that leads to life threatening 

compromise 35.  

 

Treatment strategies for children with CTS have evolved over the last two decades such that 

life expectancy has significantly improved 38. This is primarily due to improved and increasing 

use of the slide tracheoplasty surgical technique 39,40, which is now the internationally 

recognised gold standard reconstructive technique for long segment CTS 41. It has also proved 

safe and reliable in large series of short segment and acquired tracheal disease, with survival 

rates of over 88% and low associated morbidity and mortality 39,42,43. 

 

2.2.1.2 Congenital high airway obstruction syndrome (CHAOS) 

Presentation and diagnosis of obstructing laryngeal and high tracheal birth defects usually 

occurs following routine prenatal ultrasound scanning with confirmation by in utero MRI 44, 

but can present later with immediate respiratory distress at birth. Obstructive lesions can be 

intrinsic, i.e. the so-called CHAOS (Congenital High Upper Airway Obstruction Syndrome) 

infant  45, but are more commonly caused by extrinsic compression by pharyngeal 46,47, cervical 
48-50 or thoracic mass lesions 49,51. In cases of intrinsic lesions, it is likely that failure of the 



laryngeal epithelial lamina to recanalise properly underlies cases of laryngeal webs or cysts, 

near-total stenosis or complete laryngeal atresia (Figure 2.2A). 

 

Without immediate surgical intervention, the congenital lack of a patent proximal airway is 

unsurvivable unless a bypassing pathway exists for intubation of the bronchi via associated 

fistulae with the oesophagus distal to the obstruction. Fortunately, rates of prenatal diagnosis 

are improving, allowing planned delivery via the ex utero intrapartum treatment (EXIT) 

procedure, where a precarious neonatal airway may be salvaged or established de novo via 

anaesthetic techniques or tracheostomy prior to cutting the umbilical cord 49,52,53. An increasing 

number of children are being born alive with previously ‘unsurvivable’ airway defects, with 

Figure 2.2: Examples of severe congenital paediatric airway disease. Clinical photographs of: (A) Laryngeal 
atresia; (B) & (C) Cervical lymphatic malformation causing extrinsic airway compression; (D) Grade 4 
laryngotracheal cleft. Figures B&C reproduced from Butler, Maughan et al., 2017. 

  

 

 



the clinical team’s intention to treat by subsequent airway reconstructive procedures (Figure 

2.2B & C). 

  

Despite the increasing use of the EXIT procedure, survival is far from certain in severely 

affected infants. Without a patent connection between mouth and lungs to provide a route of 

escape, the constant production of lung fluid distends the lungs throughout gestation, leading 

to congestive heart failure in the fetus (hydrops) 45,54. In this scenario, coexisting aberrant 

tracheo-oesophageal connections can again be helpful in providing a route of lung fluid 

decompression. Although direct management of the obstructing lesion in utero is very limited, 

puncture techniques of the laryngeal atretic cartilage or membrane to relieve obstructive 

pressures have been reported via fetoscopy, which can also be used to confirm the presence or 

absence of associated syndromic features 55-57. Such ‘fetal tracheostomy’ techniques, with the 

placement of stents to try and lengthen the duration of the puncture patency, are gaining 

momentum as a viable treatment option in some surgical centres 56-58. Open fetal surgery has 

been gaining acceptance in a variety of life-threatening conditions including congenital 

diaphragmatic hernia 59,60 and might be of particular use in longer regions of stenoses not 

amenable to fetoscopic treatment 61. 

 

The severe sequelae of CHAOS that could be avoided with early intervention, such as cardiac 

failure and impaired gas exchange development, may render fetal surgery ethically favourable 

but must always be balanced against risks to the mother 61. In some cases, babies with proximal 

airway anomalies are also found to have an underlying chromosomal abnormality 62-64. The 

argument for aggressive surgical treatment of these children is even more nebulous given the 

potential presence of other unsurvivable co-morbidities, and for this reason chromosomal and 

genetic testing via amniocentesis provides vital information for counselling parents on 

treatment options. 

 

2.2.1.3 Other conditions affecting the paediatric trachea 

Failure of the tracheo-oesophageal septum to form leads to tracheo-oesophageal fistulas 

distally and laryngo-tracheo-oesophageal clefts superiorly (Figure 2.2D). Depending on the 

size and morphology of these aberrant connections, symptoms can vary widely from incidental 

findings of asymptomatic shallow clefts or subacute presentations with recurrent aspiration 

pneumonias to life-threatening respiratory difficulties from birth. In cases of extensive tracheo-



oesophageal connections, fetuses may develop hypoplastic lungs because the fetus has been 

unable to generate intra-pulmonary negative pressure to expand them in utero 65, a reverse 

pattern of secondary lung disease to that seen in CHAOS. Surgical correction is generally 

required in all but the shallowest of laryngeal clefts. 

 

Tracheobronchomalacia (TBM) remains an exceedingly difficult condition to manage 

successfully in the paediatric population. It is defined by the excessive collapse of large airways 

during the normal physiological pressures of respiration, such that life-threatening 

cardiopulmonary events can occur. TBM may occur in isolation (potentially due to failure of 

the coelomic cavity cells responsible for cartilage formation to populate the trachea), or 

secondary to other local or general tracheal disease. Extrinsic compression by aberrant 

vasculature or mediastinal structure may also lead to localised segments of TBM. Although 

disease severity thankfully decreases in most cases as the child’s airway cartilage matures, 

respiratory failure and resultant severe infections often require intensive therapy during 

infancy. 

 

2.2.2 Epithelial compromise in airway disease 
Due to their pivotal role in maintaining the tracheobronchial epithelium, BC defects have been 

suggested in a number of respiratory conditions which bear pathological changes in epithelial 

composition. In mouse models, failure of basal cells to repair tracheal epithelium can lead to 

abnormal proliferation of underlying stromal cells 66 or tracheal stenosis 67.  

In paediatric airway surgery cases where insufficient normal epithelium remains, i.e. no BCs 

are present to repopulate an epithelium, wounds or surgical incisions in the trachea and bronchi 

develop granulation tissue as a ‘secondary intention’ healing response – these granulations can 

grow in size in response to further trauma or bacterial colonisation leading to frank airway 

obstruction in the short-term, or cause tracheal stenosis as they mature into scar tissue. In 

unfortunate individuals, granulations can also form from relatively short-lived or minor 

ulceration following endotracheal intubation 68. 

As BCs also serve as anchoring cells to the underlying basement membrane, genetic defects in 

basement membrane proteins and anchoring receptors, such as those laminin and collagen 

mutations seen in junctional epidermolysis bullosa 69, can also lead to whole-scale de-



epithelialisation of the larynx and/or trachea and respiratory obstruction with minimal trauma. 

In adult humans, alterations in the epigenetic status, gene expression profile or post-

translational modifications within BCs have been detected in respiratory diseases such as 

chronic obstructive respiratory disease (COPD) 70,71, interstitial fibrosis 72 or asthma 73-76. 

 

2.2.3 Limitations of current treatment options  

The management of severe laryngotracheal pathology in neonates and children has improved 

hugely over the last two decades, largely due to the establishment of multidisciplinary teams 

with the skillsets to manage their surgical correction. However, there remains a subset of cases 

with persistently dire outcomes where the child simply does not have sufficient salvageable 

trachea from which to reconstruct a functional airway. This group includes patients for whom 

primary surgery is unsuccessful, and those with extensive airway stenoses, malacia or 

malformations (e.g. type IV laryngeal clefts) 77,78. Resection and reconstruction using the slide 

tracheoplasty technique 39,40 is still limited to 30% of the total tracheal length to avoid an 

unacceptable level of tension of the anastomotic joins and kinking of the carina 30,78. 

Biodegradable stents are often of help in cases of malacia and recurrent stenosis; these can be 

employed multiple times, but are each only effective for an average of three months and carry 

an inherent morbidity of granulation tissue formation or migration 79 (though the risk of erosion 

is much lower than those historically seen with metal stents). If intraluminal stents are 

unsuccessful, treatment options remain highly unsatisfactory via tracheostomy and prolonged 

positive pressure ventilation. Paediatric tracheostomies require round-the-clock supervision 

and care to guard against the high risks of occlusion and respiratory arrest: they can interfere 

greatly with the child’s development. Other more experimental treatment options include 

discussion of extraluminal stent options or whole-scale replacement of the trachea. 

 

There is no consensus amongst the international clinical community as to the best option for 

such a tracheal replacement. Despite the widespread acceptance of the benefits of solid organ 

transplantation, tracheal replacement by conventional organ transplantation has generally not 

been possible in the paediatric or neonatal setting 80-82, largely due to the paucity of appropriate-

sized donor organs and the generally poor condition of donor tracheae following prolonged 

end-of-life intubation and ventilation 77,83. This unfortunate reality is compounded by the 

potential need for serial transplantation as the child grows. A significant portion of the distal 



trachea and main bronchi may be included with harvested donor lungs, limiting the residual 

tracheal length available for separate transplantation. Finally, the decision to subject a child to 

the accompanying lifelong immunosuppression with its multiple risks and comorbidities would 

not be taken lightly 84. In terms of operative concerns, the trachea’s blood supply does not 

consist of a discrete vascular pedicle, rather of a segmental network of small vessels. 

Transplants therefore cannot be directly anastomosed into the recipient’s circulation and must 

instead wait weeks or months for establishment of a new capillary blood supply sufficient for 

sustaining cells within the graft. Delaere et al. reported a case series of tracheal allotransplants 

in which grafts are pre-implanted into the recipient’s arm, where grafts were monitored for 

rejection and neovascularisation before being implanted into a heterotopic position as part of a 

radial forearm free flap, but not all grafts survived or escaped immune rejection (the cartilage 

of the donor being left essentially untouched prior to implantation) 85. 

 

Donor tracheae can be rendered less immunogenic by chemical processing such as formalin 

cross-linking and these ‘Herberhold’ tracheae were successfully used across Europe and North 

America in 3 adults and 31 children for patch augmentation and partial circumferential tracheal 

replacements at the end of the last century 83. Length of follow-up ranged from 0.57 to 2.44 

years, at which time 2 of 3 adults and 27 of the 31 children remained alive; of these fatalities, 

the adult and two children were reported as having tracheal causes of death. Grafts were shown 

to show good epithelialisation on bronchoscopy, but patients required long-term endotracheal 

stenting in many cases due to a combination of graft malacia and recurrent stenosis, particularly 

when longer or more circumferential sections were grafted. However, these techniques were 

largely abandoned following the implementation of improvements to the slide tracheoplasty 

technique from 2001 onwards 40. Long-term outcomes for fully circumferential Herberhold 

grafts have never been reported, and concerns were raised regarding the potentially 

carcinogenic chemicals used in the grafts’ preparation. Use of transplanted aorta as a 

tracheobronchial substitute has been reported in adults (and may not require 

immunosuppression if cryopreserved) 86, but this is malacic in comparison to native trachea 

and is still in short donated supply. 

  



2.3 Tracheal tissue engineering 

2.3.1 Overview of tracheal tissue engineering 

Tissue engineering (TE), a subset of the field of regenerative medicine, has grown 

exponentially over the last few decades at the intersection between cell biology, material 

science and engineering. In contrast to passive implants and medical devices that are already 

widely employed across human and veterinary medicine, a TE organ aims to functionally 

repair, replace or regenerate living tissue 87,88. The basic principle is to create a biocompatible 

scaffold which supports the growth and differentiation of the recipient’s cells on implantation 

to create a functioning neo-organ 89. Personalised scaffolds created in this way should not 

evoke conventional immune rejection responses and can be implanted without the need for 

immunosuppressive medication. 

 

International TE research efforts gravitated towards the trachea due to its relatively simple 

tubular anatomy and basic primary function of passive air conduction to the lungs 90. The main 

property of an ideal tracheal replacement is the mechanical ability to withstand collapse under 

the physiological pressure changes of respiration. In addition, the proximal airways play an 

active role as the frontline defence against inhaled pathogens. The highly specialised 

pseudostratified ciliated epithelium, containing cells of both innate and adaptive immune 

systems, acts to trap and remove inhaled pathogens and debris. Grafts should therefore be air-

tight and integrate into the surrounding tissues without scarring or fibrous encapsulation to 

rapidly establish connections with the recipient vascular system, the better to quickly support 

an autologous, functional epithelial lining. In a paediatric setting, there has been the general 

hope that a regenerated TE trachea might grow with the child, removing the need for serial re-

transplantation as the child grows. The following factors should be considered in particular 

detail throughout the development of a potential TE tracheal replacement: 

• Choice of scaffold material for optimal cell attachment and differentiation; 

• Choice of cell type(s) and number to be seeded onto the tracheal scaffold; 

• Timing, number and frequency of cell seeding, i.e. ex vivo (bioreactor) pre-operative, 

intra-operative or post-operative cell seeding; 

• Development of vascular connections to sustain seeded cells within grafts, e.g. 

angiogenic factors, pre-implantation. 

 

 



2.3.2 Tracheal TE as a compassionate therapy 
 

The use of experimental therapy is more ethically condonable in cases where all conventional 

options have been exhausted 91. This goes a long way to explaining why TE tracheal 

reconstruction cases have therefore outstripped other organs in terms of speed of translation in 

both adult 92,93 and paediatric 94,95 compassionate cases (Table 2.2). The European Medicines 

Agency guidelines relating to compassionate care therapy allows for the consideration of 

experimental medical treatments for patients who have a ‘chronically or seriously debilitating 

disease, or a life-threatening disease, and who cannot be treated satisfactorily by an authorised 

medicinal product’. Each member country interprets these guidelines via local regulatory 

legislation with varying degrees of complexity and liberalism.  

 

Outcomes have been published by our group for 2 children who received Decellularised 

tracheal grafts under emergency compassionate circumstances at Great Ormond Street 

Hospital. The first of these cases, a 12-year old boy who required emergency repair of fistula 

between his trachea and aorta caused by eroding airway stents for congenital tracheal stenosis, 

received a decellularised tracheal graft 94,96. The tracheal graft was intraoperatively seeded with 

autologous bone-marrow derived MSCs (BM-MSCs) nasal mucosa were secured to the luminal 

graft surface with a biodegradable Polydioxanone (PDS) mesh stent. Despite a stormy 

postoperative period, in which he required multiple bronchoscopic clearances of plugs of this 

mucosa, his airway has remained patent with the help of balloon bronchoscopic dilatations and 

a repeat insertion of a biodegradable stent. 8 years later, he has now finished school and 

transferred to adult airway services for longitudinal follow-up. 

 

A 15-year old girl also received a decellularised tracheal transplant in 2012, seeded prior to 

implantation in a bioreactor with autologous BM-MSCs, following a failure of multiple 

attempts to stabilise her congenital long segment tracheal stenosis in combination with multiple 

cardiac abnormalities and a single lung. Despite initially being hugely improved, she sadly 

suffered a fatal sudden event whilst under anaesthetic at the 2-week bronchoscopic check at 

her local hospital. A postmortem examination was not performed at the request of her family, 

so we will never know whether the graft was the primary player in her demise 97.



 

General   Cell seeding Implantation Results 

Age/Sex Clinical 
background 

Scaffold 
Strategy 

General/ 
external 
surface 

Luminal 
surface 

Seeding 
method 

Surgical 
technique 

Follow-
up 

Post-op 
interventi
ons 

Clinical 
outcome 

Epithel. Cartilage 
regen. 

Vasc. Malacia/ 
stent 
required 

Stenosis 

Omori Group (Fukushima) 98-100 
78F Thyroid cancer 

invading trachea 
Synthetic Venous blood x Blood 

injected 
into 
collagen at 
time of 
operation 

Partial 
circum. 
tracheal 
resection & 
graft 
placement 

34m Bronch. 
(2w, 2m, 
7m, 20m) 

Patent unassisted 
airway 

y 
  

n n 

59F Thyroid cancer 
invading trachea 

Synthetic Venous blood x Blood 
injected 
into 
collagen at 
time of 
operation 

Partial 
circum. 
tracheal 
resection & 
graft 
placement 

12m Bronch. 
(1w, 2m, 
12m) 

At 2 months, 
more than half the 
graft covered by 
epithel. Patent 
unassisted airway 

y 
   

  

71M Thyroid cancer 
invading trachea 

Synthetic Venous blood x Blood 
injected 
into 
collagen at 
time of 
operation 

Partial 
circum. 
tracheal 
resection & 
graft 
placement 

2m Bronch. 
(2w, 2m, 
22m) 

Patent unassisted 
airway 

y 
  

n n 

77M Subglottic stenosis 
secondary to trache. 
closure 

Synthetic Venous blood x Blood 
injected 
into 
collagen at 
time of 
operation 

2-stage graft 
placement at 
4m in defect 
created by 
previous 
resection of 
stenotic 
segment 

8m Bronch. 
(2w, 2m, 
8m) 

Some granulation 
tissue at 2months. 
Patent unassisted 
airway 

y 
  

n y (mild) 

39F Subglottic/tracheal 
stenosis (Intubation 
for status 
asthmaticus) 

Synthetic Venous blood x Blood 
injected 
into 
collagen at 
time of 
operation 

2-stage graft 
placement at 
4m in defect 
created by 
previous 
resection of 
stenotic 
segment 

6m Bronch., CT Necrosis of long 
segment of 
trachea. Patent 
unassisted airway 

y 
  

n y (mild) 

45M Subglottic & 
laryngeal stenosis 
(Intubation for 
inhalation burn) 

Synthetic Venous blood x Blood 
injected 
into 
collagen at 

2-stage graft 
placement at 
4m in defect 
created by 
previous 

6m Bronch., CT Patent unassisted 
airway 

y 
  

n n 

Table 2.2: Reported clinical cases of tracheal TE involving autologous cell seeding. 
Bronch. – bronchoscopy, circum. – circumferential, CPB – cardiopulmonary bypass, D- days, epithel. – epithelialisation, hrs – hours, ImmuSup. - immunosuppression, implant. – implantation, 
LFTs – lung function tests, m-months, NSCLC – non-small cell lung cancer, QoL – quality of life, POD – postoperative day, RFCFF - radial forearm composite free flap, recon. – reconstruction, 
regen. – regeneration, TB – tuberculosis, TO – tracheo-oesophageal, trache. – tracheostomy, vasc. – vascularised, w-weeks, yr - years  
 



time of 
operation 

resection of 
stenotic 
segment 

71F Subglottic/tracheal 
stenosis (Intubation 
for road traffic 
accident) 

Synthetic Venous blood x Blood 
injected 
into 
collagen at 
time of 
operation 

2-stage graft 
placement at 
4m in defect 
created by 
previous 
resection of 
stenotic 
segment 

6m Bronch., CT Patent unassisted 
airway 

y 
  

n n 

Macchiarini Group (Karolinska/UCL) 93,101-103 
30F End-stage malacia 

of left main 
bronchus from TB 

Decellularised Chondrocytes 
(bone marrow 
MSC-derived) 

Epithel. 
cells (right 
main 
bronchus) 

2-chamber 
bioreactor 
(static 
seeding of 
lumen for 
30mins), 
continuous 
rotation for 
96 hrs 

Full circum. 
replacement, 
no vasc. flap 

5yr Bronch. (4d, 
2w, 1m, 2m, 
3m, then 
every 3m); 
Laser-
doppler; 
anti-HLA 
serology. 
LFTs; QoL 
scores; CT 

Patent airway at 4 
months. Stenosis 
of proximal 
anastomosis - 
critical stenosis 
(12m), graft 
stenting (14m). 
Graft & lung 
removed 2016 
(7yr). 

y 
 

y n   

36M Recurrent 
tracheobronchial 
mucoepidermoid 
carcinoma, post-
radiotherapy & 
debulking 

Synthetic BM-MSC x bioreactor, 
continuous 
rotation for 
36 hrs, 
immediate 
reseeding 
prior to 
implant.. 

Resection of 
tumour & 
involved 
structures, 
full circum. 
replacement 
of trachea & 
bronchi with 
omental 
wrap, 
temporary 
trache. 

5m Bronch. 
(daily for 
first w, 
weekly for 
rest of 
admission, 
then 
monthly) 

Patent unassisted 
airway at 
5months, report 
alive with patent 
airway at 24m. 
Media reported 
deceased at 31m 
post-implant. 

  
 

y 
 

y (mild) 

Walles group (Würzburg) 104-106 
58M Anastomotic defect 

at tracheobronchial 
anastomosis (carinal 
pneumonectomy for 
NSCLC following 
post-radiotherapy 
relapse)  

Decellularised x Skeletal 
muscle 
cells 
(SMC) & 
Fibroblasts 
5:95 

Luminal 
surface 
seeded 
statically 
for 3w 

Membranous 
tracheal 
recon. 
following 
closure of 
TO fistula, 
omental 
transposition 
flap 

12w Bronch. (1w, 3w, 6w, 12w)   
   

  

26M Extensive distal TO 
fistula following 
caustic ingestion 

Decellularised Microvascular 
endothelial 
cells (mvEC) 

Skeletal 
muscle 
cells 
(SMC) 

mvEC 
perfused 
via 
vasculature 
for 5d, then 
5d luminal 
SMC 
seeding. 

Membranous 
tracheal 
recon. 
following 
closure of 
TO fistula, 
no 

2.5yr Bronch. (8d, 
2w, 2.5yr) 

Eating & drinking 
normally, able to 
play soccer 

y y 
 

n n 



vasc./interpo
sition flap 

Sumitran-Holgersson group (Gothenburg) 107 
76M Long tracheal 

stenosis & malacia 
(Intubation for 
trauma) 

Decellularised BM-MSC-
derived 
Chondrocytes 

Epithel. 
cells (nasal 
mucosa) 

2-chamber 
bioreactor 
(static 
seeding of 
lumen for 
60mins), 
continuous 
rotation for 
2w. 

Full circum. 
replacement, 
no vasc. flap 

23d Flexible 
Bronch. (3d, 
8d, 20d); 
anti-
HLA/endot
helial cell 
serology.  

Patient died of 
cardiac arrest 
POD23 - patent 
airway at PM 

n n 
 

n n 

Delaere group (Leuven) 85,108,109 
55F Tracheal stenosis 

(Intubation for road 
traffic accident) 

Transplant N/A Buccal 
mucosa 

ImmuSup. 
withdrawn 
once viable 
recipient 
cells 
detected 
within 
grafts 
(7.5m post-
implant) 

Circum. 
4.5cm donor 
tracheal 
segment 
transferred as 
RFCFF, 9m 
post-implant 

1yr CT Patent unassisted 
airway. Necrosis 
of membranous 
trachea over first 
4 w of forearm 
implant. 
(removed at time 
of buccal mucosa 
graft). 

y  y y n n 

26M Tracheal stenosis 
(Intubation for 
inhalation burn) 

Transplant N/A Buccal 
mucosa 

ImmuSup. 
withdrawn 
after 4m 

- N/A CT Rejection of graft 
2w after cessation 
of ImmunSup. not 
transplanted to 
airway 

n n n 
 

  

45F Tracheal stenosis 
(Traumatic 
intubation) 

Transplant N/A Buccal 
mucosa 

ImmuSup. 
withdrawn 
1m after 
orthotopic 
tissue 
transfer 

Circum. 6cm 
donor 
tracheal 
segment 
transferred as 
RFCFF, 2m 
post-implant 

5m CT Donor mucosal 
necrosis 
following 
ImmuSup. 
cessation, 
followed by graft 
stenosis 

y  y y 
 

y (mild) 

17M Tracheal stenosis 
(traumatic 
intubation) 

Transplant N/A Buccal 
mucosa 

ImmuSup.
withdrawn 
1m after 
orthotopic 
tissue 
transfer 

Circum. 6cm 
donor 
tracheal 
segment 
transferred as 
RFCFF, 2m 
post-implant 

5m CT Donor mucosal 
necrosis 
following 
ImmuSup. 
cessation, 
followed by graft 
stenosis. 
Required trache.. 

y  y y 
 

y 

64M Chronic tracheal 
chondrosarcoma 

Transplant N/A Buccal 
mucosa 

Graft 
denuded of 
donor 
mucosa 
prior to 
buccal 

Circum. 6cm 
donor 
tracheal 
segment 
transferred as 

6m CT Patent unassisted 
airway without 
tumour 
recurrence 
(ImmuSup. 
phased out 

y y y 
 

n 



grafts, 2m 
post-
implant 

RFCFF, 5m 
post-implant 

between 15-18m 
post-implant) 

Great Ormond Street group 94,96,110 
12M Congenital long-

segment tracheal 
stenosis with 
erosion of metal 
airway stent into 
aorta 

Decellularised BM-MSC Epithel. 
cells 
(tracheal 
mucosa) 

Graft 
saturated 
with cell 
suspension 
& growth 
factors 
intra-op, 
mucosal 
stamps 
applied as 
free 
luminal 
grafts intra-
op 

Full circum. 
replacement 
on CPB, wih 
PDS stent 

5y Bronch. 
(frequent 
for first 6m, 
then spaced 
out). 
Balloon 
dilatations 
required to 
distal 
trachea & 
untransplant
ed left main 
bronchus in 
yr 3. 

Patent airway, 
back at school, no 
medical 
interventions 
required for 6m. 3 
further 
admissions to 
ICU in yr 2, but 
back in full-time 
education. Free of 
medical 
intervention for 
long periods. 

y y y y y (mild) 

15F Congenital long-
segment tracheal 
stenosis, single 
lung, failed 
previous recon.s & 
stenting 

Decellularised BM-MSC Epithel. 
cells (nasal 
mucosa) 

Seeding in 
bioreactor 

Full circum. 
replacement 
on CPB 

15d Bronch. (1d, 
7d) 

Able to speak in 
full sentences & 
eat & drink 
normally within 
24hrs. Death on 
POD15 under 
anaesthesia 
(prolonged 
respiratory 
arrest), PM 
declined by 
family. 

          

3F Traumatic TO 
fistulation 
secondary to 
ingested button 
battery, recurrent 
stenosis & malacia 
post slide 
tracheoplasty 

Decellularised BM-MSC x Seeding in 
bioreactor 

Full circum. 
Replacement 
on CPB 

15m Regular 
Bronch.  

Patent airway, 
back at school, 
frequent bronch. 
Check-ups, 
multiple 
reinsertion of 
PDS stents 

   y n 

 



A third child received a decellularised tracheal transplant in May 2017 for severe and recurrent 

airway malacia and stenosis, following failure of multiple surgical reconstructions to repair a 

traumatic tracheo-oesophageal fistulation secondary to a swallowed button battery. The graft 

was recellularised ex vivo with autologous BM-MSCs, prior to implantation with an omental 

wrap with an internal PDS stent in situ 111. 15 months on, her outcome has yet to be formally 

reported, but whilst the graft has required multiple re-insertions of biodegradable stents, it has 

remained patent and the patient has returned to mainstream school. 

 

The ethics of experimental surgery or implant use on compassionate grounds is a topic fraught 

with dilemmas. Innovation is necessary for the advancement of surgery so that safer and more 

effective treatments and techniques can become available. Risk to the patients involved must 

be reduced as far as can be anticipated, but it is important to bear in mind that in vitro and in 

vivo studies, whilst able to model many parts of a TE strategy well, cannot model absolutely 

every component in the clinical process with infallible detail, and so it is not likely to ever be 

possible to remove risk from first-in-human surgery entirely. A completely open and 

transparent consenting process is essential, by which the patient or the patient’s family is made 

fully aware of the potential for unknown or unpredictable harm and conventional treatment 

options are fully explored in an unbiased way.  In the cases of the children implanted at Great 

Ormond Street Hospital, cases were ‘end of the road’ in terms of prognosis, frank and full 

discussion were held with all clinical teams involved with their care, seeking second opinions 

from other clinicians not involved in TE research. 

 

Extreme caution must be practised when attempting to extrapolate findings from single patient 

cases. It should be the obligation of clinicians participating in research into rare diseases to 

report their outcomes in a transparent manner, and to collaborate with other international 

groups to amalgamate clinical and research findings into a case registry. Clinical trials 

ultimately represent the gold standard method to trial and refine safe strategies for these 

technologies. Given end-stage tracheal failure is so rare, this would only be practically 

achievable if patient care were centralised into a few international centres where expertise and 

experience can be accumulated. Going forward, the field must develop an open-minded, 

constructive and collaborative approach, both in terms of winning back public trust and to 

ensure the risks undertaken by previous patients, the ultimate stakeholders in any scenario, 

were not in vain 112. It is crucial that further pre-clinical work continues, as the indication for 

tracheal replacement still remains in extreme circumstances. Only by doing meticulous peer-
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reviewed pre-clinical work can the true life-changing and life-saving value of this novel 

technology be tested. 

 

2.3.3 The importance of epithelial cell grafting on TE scaffolds 

At the ISCT meeting in Paris in 2014, five clinical and five scientific groups engaged in 

different approaches towards tracheal bioengineering came together to discuss how best to 

move the field forward and concluded that several different competing technologies had the 

potential to fill the clinical gap, pending appropriately regulated clinical trials. However, they 

also emphasised the need for further mechanistic studies, especially in terms of improving 

mucosal or epithelial coverage 112. 

Internationally, groups have used a disparate variety of cell types prior to clinical implantation 

in the hope of improving tissue integration and epithelialisation. Little preclinical evidence is 

reported on the effect of isolated epithelial cell seeding of grafts, but epithelial cell co-seeding 

with mesenchymal stem cells (MSCs) has been reported to reduce preclinical morbidity from 

mucus plugging and infection compared to MSC seeding alone in small studies (Table 2.2). It 

is not known whether the seeded cells engraft long-term (perhaps unlikely without the prior 

establishment of a vascular supply to the graft) or whether their benefit is more as a “biological” 

dressing. The surface area of epithelium required is the most influential factor in the speed of 

epithelial regeneration, as short or partial segment grafts epithelialize rapidly in a matter of 

weeks in both preclinical and clinical reports. 

In the second clinical paediatric case reported by the GOSH group, his graft did eventually gain 

a functional epithelium, but this occurred very slowly over a series of months and it is likely 

that the majority of this was derived from ingrowth of normal epithelium across the 

anastomoses 96. In the third GOSH case, where MSCs alone were supplied to the graft, 

epithelial ingrowth has been seen to have reached the midpoint of the graft by 18 months, 

corresponding to a clinical reduction in chest infections, hospital admissions and need for 

intraluminal stenting (unpublished data). In situations such as these, perhaps any mucosal 

barrier is better than none in the short-term postoperative period, as is argued by Delaere et al. 

who have employed buccal mucosa grafts as patch luminal grafts to provide partial or 

temporary coverage whilst awaiting ciliated cell growth from the anastomotic margins 85,108.  
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2.4 Aims of this body of work 

The question we aim to address in this work is: ‘What is the best tissue engineered strategy 

for an epithelialised tracheal replacement in the neonatal and paediatric populations?’ 

 

As such, the specific aims of this project are to: 

1. Develop and optimise an orthotopic rabbit surgical model for paediatric tracheal 

replacement: 

o Test different candidate scaffold materials for tracheal replacement 

o Develop surgical techniques and interventional methods to reduce morbidity 

and optimise survival 

2. Evaluate human amniotic fluid non-stem cells (hAFCs) as a prenatal cell source for 

neonatal tracheal TE: 

o Characterise hAFC epithelial surface marker and gene expression 

o Test their in vitro proliferative and differentiation potential towards a 

respiratory phenotype 

3. Evaluate human paediatric bronchoepithelial cells as a postnatal cell source for 

neonatal and paediatric tracheal TE: 

o Identify genes differentially expressed between young and old human airway 

epithelium using RNA Sequencing (RNA Seq) 

o Characterise the phenotypic differences between fresh and cultured paediatric 

and adult bronchoepithelial cells (BECs) in terms of surface markers and gene 

expression 

o Compare the proliferative and differentiation potential of paediatric and adult 

basal BECs. 



3 Materials & Methods 
 

3.1 In vivo modelling for paediatric tracheal tissue engineering 

3.1.1 Animals 

UK live animal work was ethically approved and carried out under Home Office Project 

Licence PPL70/7504. Belgian live animal work was carried out under protocols approved by 

the University of Leuven Ethics Committee for Animal Experimentation (P115/2012) 113, and 

animals were humanely treated in line with the European Directive on the protection of 

animals114. Syngenetic male New Zealand White (NZW) rabbits (weights 2.0-2.5 kg), with 

certified negative status for Pasteurella and other common respiratory pathogens, were used 

throughout the experiments. Animals were singly housed with non-particulate bedding and 

environmental stimulation. They were fed a normal hay diet and were pre-operatively assessed 

for alertness, cardiorespiratory status and weight. Animals were kept and operated on within 

UCL and also at UZ Leuven, Belgium (collaboration with Margot Den Hondt, PhD student to 

Prof Pierre Delaere, UZ Leuven). 

 

Analgesia (Buprenorphine 0.05 mg/kg, intramuscular) and antibiotics (Enrofloxacin 0.9mg/kg, 

subcutaneous) were given at induction prior to airway surgery. Anaesthesia for all airway 

surgery and endoscopic procedures was induced using intramuscular injections of Xylazine (6 

mg/kg) and Ketamine (40 mg/kg) 115, and maintained using 1-3% Isoflurane in oxygen via 

mask delivery. Following completion of procedures, animals were allowed to recover gradually 

on discontinuation of Isoflurane delivery. 

 

Following surgery, animals were reassigned identifiers (records kept with the comparative 

biology unit staff) to blind surgeons during post-operative endoscopic follow-up. Video 

footage was recorded during endoscopic procedures to enable later assessment by a second 

blinded surgeon. Following post-mortem, new identifiers were assigned and kept by the Great 

Ormond Street Hospital research histopathology department to enable blinded analysis of 

histological samples. 
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3.1.2 Scaffold preparation 

Chemically-preserved tracheal homografts were created using the clinically-employed 

Herberhold technique 77. Size-matched rabbit donor tracheae (n=8) were immersed for 14 days 

in 4% formalin in compound sodium lactate solution, before transfer to 4 g/L thimerosal 

(sodium ethylmercurithiosalicylate) in Dulbecco phosphate-buffered saline solution for 56 

days. Homografts were stored in acetone until required, with rehydration and thorough washing 

in saline solution prior to clinical use. All steps were performed at room temperature. 

 

Synthetic tracheae were designed by myself and Dr. Claire Crowley and fabricated by me from 

an in-house nanocomposite polymer, Polyhedral Oligomeric Silsesquioxane Poly(carbonate-

urea) urethane (POSS-PCU), as a scaled-down version of a clinically-used design 101. Briefly, 

C-shaped rings of heat-cured POSS-PCU sheets (2 x 2 x 5 mm) were sutured over silicon 

mandrels, dip-coated with non-porous POSS-PCU and heat-cured again to hold them in 

position. Luminal and external surfaces were coated with porous POSS-PCU (pore sizes of 40 

µm and 105 µm respectively) to allow for blood vessel ingrowth 116. Surface layers were water-

cured with deionised water and the whole structure was washed for at least 72 hours to ensure 

complete solvent removal. 

 

NZW rabbit donor tracheae (n=4) were harvested and decellularised using one of two differing 

detergent-enzyme protocols. Following washing in sterile saline, ‘Northwick Park protocol’ 

grafts 94 were prepared by incubation in 0.2% Triton X-100 (Sigma-Aldrich, UK) and 0.2% 

Sodium Deoxycholate (SDC, Fluka, Switzerland) in phosphate-buffered saline solution (PBS, 

Sigma-Aldrich, UK) at 37oC for 24 hours. After a 48-hour wash in sterile water at 4°C (wash 

water changed three times), grafts were incubated with 2000 KU (Kunitz Units)/l DNase 

(Sigma-Aldrich, UK) and 0.1 g/l RNase (Roche, Switzerland) at 37°C for 24 hours to solubilise 

nuclear contents and degrade DNA. After a further 24 hours of sterile distilled water washing 

at 4°C, the DNase/RNase step was repeated. Following decellularisation, further intensive 

washing was performed using sterile water over 48 hours. All treatments were carried out under 

constant agitation of 100 rpm 117. 

 

‘Conconi protocol’ decellularised grafts 118 were prepared by overnight incubation in distilled 

water at 4oC, followed by incubation in 4% SDC in distilled water at room temperature for four 

hours. After a 30-minute wash in PBS solution at room temperature, grafts were incubated in 

2000 KU (Kunitz Units)/l DNase (Sigma-Aldrich, UK) in 1M sodium chloride solution for 3 
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hours at room temperature before overnight washing in distilled water at 4oC. This SDC-wash-

DNase-wash cycle was repeated for two, four or eight cycles, before further intensive washing 

for 72 hours in distilled water, changing the water once daily. Samples were then gamma 

irradiation-sterilised using a single dose of 10,000 Gray (Gy). 

 

3.1.3 Pre-implantation analysis 

I measured the pre-implantation biomechanical strength of unimplanted scaffolds (n=4 in each 

group) using a pneumatic Instron Bluehill 5565 tensile tester (Instron Ltd, Bucks, UK) 119 and 

compared to fresh rabbit tracheae (n=3). Tensile strength was evaluated to scaffold destruction 

(n=3, 2 cm lengths) to ascertain ultimate tensile stress, strain and Tensile Young’s moduli 

(YMt). Compressive Young’s moduli (YMc) and load sufficient to cause 50% scaffold 

occlusion was measured in antero-posterior (A-P) and lateral directions. Non-destructive tests 

were performed in technical replicates. Parametric statistical analysis was performed using 

Prism 6 software (Graphpad, USA). 

 

Sections of scaffold materials were analysed by scanning electron microscopy prior to 

implantation. Samples were washed in 0.1 M phosphate buffer, dehydrated in a graded ethanol-

water series to 100% ethanol and critical point dried with carbon dioxide. Samples were 

sputter-coated with a 2 nm layer of Gold/Palladium by the UCL main Biosciences EM facility 

and viewed using a Jeol 7401 FEG scanning electron microscope by myself and Dr. Claire 

Crowley (Tokyo, Japan) 120. 

 

Samples of native rabbit trachea and unimplanted Herberhold rabbit trachea were fixed 

overnight in 4% paraformaldehyde (PFA) and submitted to GOSH Histopathology for paraffin 

embedding, sectioning and staining with hematoxylin and eosin (H&E) to provide comparisons 

with post-implantation samples. 

 

3.1.4 Harvest and culture of rabbit bronchoepithelial cells 

Animals undergoing implantation with autologously-seeded rabbit bronchoepithelial cells 

(RBECs) underwent harvest of a short (one-two tracheal rings) section of trachea one month 

prior to graft implantation with primary anastomosis of the cut ends. Post-operative 

bronchoscopy was immediately performed to check complete airtight repair and haemostasis, 

and animals were then recovered as for the full surgical procedure. These sections were 
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transported to the laboratory in transport media (Gibco alpha-MEM containing 

penicillin/streptomycin and amphotericin B), dissected into 1-2 mm2 pieces and RBECs cells 

grown out via explant culture in feeder ‘co-culture’ conditions as discussed below in Section 

3.2.2.1.  RBECs were grown to confluence and expanded for three passages prior to use. 

 

3.1.5 Implantation of autologous rabbit bronchoepithelial cells 

3.1.5.1 Bioreactor-seeded graft implantation 

24 hours prior to graft implantation, RBECs were seeded at a density of 1 x 106 cells/cm2 onto 

the luminal surface of decellularised tracheal grafts which had been previously harvested from 

size-matched littermates and decellularised via the Conconi protocol for 4 or 8 cycles (n=3 in 

each group). Seeding was performed using a bespoke dual-chamber bioreactor (Figure 3.1A, 

design, manufacture and operation by Dr. Claire Crowley) 97. Cells were injected into the 

chamber attached to the luminal side of the grafts (Figure 3.1B) and left to attach overnight 

under static conditions at 37°C, with one 180° rotation of the chamber at four hours. 

Immediately prior to implantation, grafts were placed within a silicone external cage stent to 

provide mechanical rigidity without dislodging luminally-seeded cells. Each animal received 

one four-cycle and one eight-cycle decellularised graft (one each in bilateral lateral thoracic 

flaps (described below).  
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3.1.6 Surgical procedure 

Airway surgical procedures were performed as either single-stage or double-stage procedures 

(i.e. in combination with a period of pre-vascularisation in a muscle flap). In the group of 

animals who underwent isolated heterotopic implantation for optimisation of the pre-

vascularisation time period, no airway surgery was performed. 

 

In single-stage groups, the cervical trachea was exposed from cricoid ring to suprasternal notch 

(Figure 3.2A),and dissected from the oesophagus (Figure 3.2B), and a 2 cm circumferential 

cervical tracheal segment was excised four to five tracheal rings below the cricoid cartilage 

(Figure 3.2C). This segment was either washed extracorporeally in sterile PBS with 

supplemental antibiotics, before being immediately replaced as an autograft (SA group, n=4) 

(reversed to reduce the beneficial effect of the mucociliary ladder 121) (Figures 3.2D & E) or 

replaced with a 2 cm graft (Figure 3.2F & Figure 3.3A & B). Anastomoses were performed 

at proximal and distal graft ends with 6-0 PDS bioabsorbable sutures, and the skin was closed 

with 4-0 Vicryl bioabsorbable suture. 

Figure 3.1: Strategy for delivery of rabbit decellularised tracheal transplants seeded with autologous 
bronchoepithelium. Autologous rabbit bronchoepithelial cells were grown from 1-2 ring tracheal 
sections by explant culture and seeded onto the luminal surface of decellularised tracheal grafts 
harvested from size-matched littermates using dual-chamber bioreactors 24 hours prior to implantation 
(A & B). Grafts were inserted into external cage silicone stents to avoid dislodging luminally seeded cells 
(C), and the construct wrapped in a lateral thoracic muscle flap (D) as described in Figure 3.2. 

A B 

C D 
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In double-stage groups, a lateral thoracic musculofascial flap was raised, based around the 

lateral thoracic artery, (Figure 3.2G) and pedicled to the cervical region (Figure 3.2H). A 2 

cm circumferential tracheal segment was excised as in the single-stage groups, followed by 

primary anastomosis of the cut tracheal ends with 6-0 PDS suture. The graft to be implanted 

(or the excised segment of trachea as autograft) was wrapped and sutured in the pedicled flap 

(Figure 3.2I) before being fixed in the subcutaneous plane via stay sutures to the 

sternocleidomastoid and sternum. In all unseeded double-stage procedures involving Conconi-

decellularised grafts, grafts were implanted with luminal stents in situ at the first procedure 

with the aim of preventing graft collapse under circumferential muscle flap contraction. These 

were removed at the time of airway implantation at the second procedure. The skin was closed 

with 4-0 Vicryl suture. 

 

Grafts were left undisturbed for a period of heterotopic pre-vascularisation. For optimisation 

of the surgical model and comparison of the TE scaffold strategies, a two week period of pre-

vascularisation was chosen based on preliminary optimisation experiments of rabbit tracheal 

allotransplants performed in Leuven, Belgium by Pierre Delaere and Margot Den Hondt 114. 

For the experiments to optimise heterotopic vascularisation within the flap, animals were 

euthanised and grafts harvested following two, four or eight weeks of heterotopic pre-

vascularisation. Subsequent experiments with endoscopic intervention underwent a pre-

vascularisation period of four weeks. 

 

Following the pre-vascularisation period, the skin of the neck was reopened and the grafts 

identified and gently freed from any fibrous capsule. Flap viability was examined for pink 

colour and the presence of easily identifiable lateral thoracic artery, grafts were 

macroscopically inspected for integrity and integration with the muscle flap and the ends of 

the graft were freshened (Figure 3.2J & Figure 3.3C & D). The cervical trachea was then re-

exposed, the anastomosis line excised and the tracheal graft anastomosed to proximal and distal 

ends with 6-0 PDS suture as with single-stage groups (Figure 3.2K).  

 



 

 45 

 

  C 

D E 

Single-stage tracheal replacement surgery: the cervical trachea was exposed from cricoid ring to suprasternal notch (A), 
dissected from oesophagus (B), and a 2 cm circumferential cervical tracheal segment (C). This segment was either replaced 
as a reversed autograft (D & E) or replaced with a 2 cm Herberhold graft (F).  

F 

G H I 

J K 

by primary anastomosis, and the excised segment of trachea was wrapped and sutured in the pedicled flap (I). After a 2-week 
period of heterotopic pre-vascularisation, the skin of the neck was reopened and the grafts were identified, gently freed from 
any fibrous capsule, examined for viability and the tracheal edges freshened (J). The cervical trachea was then re-exposed, 
the anastomosis line excised and the tracheal graft anastomosed to proximal and distal ends (K).  

Double-stage 
tracheal autograft 
surgery: a lateral 
thoracic 
musculofascial flap, 
based around the 
lateral thoracic 
artery was raised (G) 
and pedicled to the 
cervical region (H). A 
2 cm circumferential 
tracheal segment 
was excised followed 

Figure 3.2: Operative technique for implantation of tracheal scaffolds 
A B 
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3.1.7 Post-operative monitoring and analysis 

Close attention was paid post-operatively for signs of graft obstruction or dislodgement, falling 

oxygen saturations, development of stridor or pain and distress 122. Analgesia (Buprenorphine 

0.05 mg/kg, intramuscular) was given regularly for the first 3 postoperative days. Animals 

received daily antibiotic administration (Enrofloxacin 0.9 mg/kg, subcutaneous) throughout 

the experiment. 

 

Animals in observational groups underwent weekly diagnostic bronchoscopy and video 

recording of stenoses using a 2.9 mm 0° rigid paediatric bronchoscope (Storz, Germany) 

without therapeutic bronchoscopic intervention. Animals with asymptomatic stridor were 

managed expectantly, but animals showing signs of respiratory distress underwent immediate 

termination in line with Belgian and UK Home Office regulations, followed by autopsy. At 

four weeks post-airway surgery, surviving animals underwent bronchoscopy under terminal 

anaesthesia followed by graft harvest. 

 

Animals in endoscopic interventional groups underwent additional bronchoscopic procedures 

when signs of impending airway narrowing (respiratory distress and/or stridor) became 

clinically apparent. Endotracheal suction of secretions and ballooning of any developing 

stenoses with a paediatric endovascular cutting balloon (Storz, Germany) (Figure 3.4A-C) 

Figure 3.3: Operative appearances of synthetic POSS-PCU (A & C) or decellularised 
rabbit tracheal (B & D) scaffolds, implanted as either a single-stage (A & B) or double-
stage (C & D) procedure. 

A B 

C D 
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were performed in response to the cause of airway obstruction. Animals with refractory 

respiratory distress underwent immediate termination in line with Home Office regulations. 

 

 

 

In both groups, developing stenoses were observed and recorded dynamically (iPhone app & 

adaptor, endoscope-i, UK) and areas objectively calculated from video stills (ImageJ). Semi-

objective bronchoscopic grading of airway stenoses was adapted from the Cotton-Myer 

Grading System 123 (Table 3.1). Three observers graded images independently (Elizabeth 

Maughan, Colin Butler and Claire Crowley). Proximal and distal anastomoses were graded 

separately and the more severe stenosis recorded as the overall score. 

 

At graft harvest, samples were fixed overnight in 4% Paraformaldehyde before paraffin 

embedding, sectioning and H&E staining by GOSH Histopathology. Slides were evaluated for 

degree of epithelialisation, granulation tissue formation, fibrous encapsulation and 

neovascularisation. 

 

 

  

Grade Definition 

0 Ridging of airway wall only 

I (Mild) 0-50% stenosis, visibly distorting luminal wall, but scope passable to carina 

II (Moderate) 51-70% stenosis, just unable to pass scope 

III (Severe) 71-99% stenosis, graft lumen visible but not distal anastomosis 

IV (Very Severe) ‘Pinhole’ stenosis/Unable to visualise graft lumen 

A B C 

Figure 3.4: Representative bronchoscopic pictures of therapeutic bronchoscopic interventions. The 
stenosis is identified on endoscopy (A), and the balloon catheter inserted under endoscopic visualization 
so that the waist of the balloon is in the narrowest portion of the stenotic segment. The balloon is 
expanded to the pressure recommended by manufacturers to achieve a given pressure (B). The balloon 
is inflated for 30 seconds, or until desaturations below 90% are noted on pulse oximetry of the rabbit’s 
ear. On balloon deflation, the stenosis is seen to be widened (C). 

Table 3.1: Modified Cotton-Myer grading system for anastomotic stenosis 

A B C 
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3.2 Primary Human Cell Culture 

3.2.1 Human tissue sources 

3.2.1.1 Human bronchoepithelium 

Primary human tracheobronchial epithelial tissue was obtained with informed patient or 

parental consent from adults and children (Table 3.2) undergoing microlaryngoscopy and 

bronchoscopy (MLB) for suspected or confirmed laryngeal pathology (unrelated to trachea or 

bronchi) at the Royal National Throat Nose and Ear Hospital, Charing Cross Hospital or Great 

Ormond Street Hospital (REC reference 11/LO/1522). A single 1-4 mm2 bronchoscopic biopsy 

was taken from a healthy area of the left mid-trachea using cupped biopsy forceps 124. Adult 

samples were also obtained from control (normal) sites of tracheobronchial mucosa from ex- 

or non-smokers (over 55 years of age) undergoing surveillance flexible bronchoscopy for 

current or previous carcinoma in situ at UCLH, as part of UCL’s pre-invasive lung cancer 

surveillance research study (REC reference 06/Q0505/12) 125. 
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Table 3.2: Basic demographic information and procedural indications for paediatric bronchoscopic biopsy donors. 

ID Age 

(mths)

Sex Indication for procedure Biopsied area Use

P1 12 M Diagnostic: Ex-premature infant, chronic lung disease ?cause of

stridor

Normal trachea above

tracheostomy

RNA Seq

P2 12 M Diagnostic: ?cause of stridor. Laryngopharyngeal reflux. Normal left mid-trachea RNA Seq

*too degraded to use

P3 83 M Post-op check: Previous Laryngotracheal reconstruction, 3

weeks post-tracheal resection and tracheostomy closure. Stitch

granuloma.

Normal left mid-trachea RNA Seq,

cell culture

P4 41 M Check: Tracheostomy following EXIT procedure for facial

lymphatic malformation

Normal trachea above

tracheostomy

RNA Seq,

immunostaining

P5 14 M Check: anterior glottic web Normal left mid-trachea RNA Seq

P6 106 M Post-op check: carinal carcinoid tumour post-resection Normal left mid-trachea RNA Seq

P7 18 M Diagnostic: ?cause of stridor, Trisomy 23 Normal left mid-trachea RNA Seq

P8 42 F Post-op check: previously repaired type 3 laryngeal cleft,

tracheostomy.

Normal trachea above

tracheostomy

RNA Seq

*too degraded to use

P9 22 M Post-op check: Ex-premature infant, previous subglottic cyst.

Laryngopharyngeal reflux.

Normal left mid-trachea RNA Seq

*too degraded to use

P10 3 M Diagnostic: laryngomalacia Normal left mid-trachea Cell culture

P11 30 M Diagnostic: tracheostomy for severe premature chronic lung

disease, failed decannulation. Suprastomal granulation

Normal left mid-trachea Cell culture,

flow cytometry

P12 12 F Therapeutic: subglottic stenosis requiring balloon dilatation Normal left mid-trachea Cell culture

P13 168 M Check: tracheobronchomalacia Normal left mid-trachea Immunostaining,

flow cytometry

P14 72 M Diagnostic: laryngomalacia Normal left mid-trachea Immunostaining

P15 76 F Check: Previous laryngotracheal reconstruction Normal left mid-trachea Immunostaining

P16 3 F Check: Resolved laryngeal papillomatosis Normal left mid-trachea Cell culture

P17 69 M Therapeutic: Achondroplasia with tracheostomy. Suprastomal

granuloma

Normal trachea below

tracheostomy

Flow cytometry

P18 2.5 M Check: repaired type 4 laryngeal cleft Normal left mid-trachea Single-cell sorting

P19 14 M Diagnostic: Type 1 laryngeal cleft Normal left mid-trachea Single-cell sorting

P20 28 M Check: Ex-premature infant, chronic lung disease, previous

removal of laryngeal cyst, recurrent wheeze admission

Normal left mid-trachea Single-cell sorting

P21 11 M Post-op check: Ex-premature infant, ?cause of stridor Normal left mid-trachea Single-cell sorting

P22 85 F Check: ex-premature infant, chronic lung disease Normal left mid-trachea Single-cell sorting,

cell culture

P23 96 M Check: tracheal granuloma following intubation Normal trachea above

tracheostomy

Single-cell sorting,

cell culture
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Table 3.2(cont): Basic demographic information and procedural indications for adult bronchoscopic biopsy donors. 

RNA Seq - Patient Characteristics

Figure 3.2: Basic demographic information and procedural indications for adult bronchoscopic biopsy donors.

ID
Age 

(years) Sex
Smoking 

status Packyears Indication for procedure Biopsied area Use

A1 72 M ex Pipe- 28yrs Surveillance: Previous mild & moderate dysplasia
Normal right upper lobe 
bronchus RNA Seq

A2 68 F ex 40

Surveillance: Previous CIS on last bronchoscopy, evidence of 
microinvasion on this test.

Normal right middle lobe 
bronchus RNA Seq

A3 79 M current 50
Surveillance: Squamous metaplasia – previous LUL lobectomy & 
palliative RT for 4th new primary squamous lung Ca Normal carina

RNA Seq
*excluded

A4 63 M ex 50 Surveillance: Mild-moderate dysplasia apical segment LLL Normal carina
RNA Seq,
cell culture

A5 60 F ex 50 Surveillance: CIS Lingula, dysplasia LUL

Normal right middle lobe 
bronchus

RNA Seq, 
immunostaining

A6 69 M current 45 Surveillance: Previous multiple areas of severe dysplasia
Normal right upper lobe 
bronchus

RNA Seq
*excluded

A7 65 M current 75 Surveillance: Moderate dysplasia (one site) Normal carina

RNA Seq
*too degraded to use

A8 72 M current

58 & asbestos 
exposure Surveillance: CIS RUL to RIB, high grade dysplasia RML

Normal left lower lobe 
bronchus

RNA Seq
*too degraded to use

N1 48 F non N/A Diagnostic: Normal Normal carina
RNA Seq
*too degraded to use

N2 60 F non N/A Surveillance: Previous CIS Normal carina

RNA Seq
*too degraded to use

N3 58 F non N/A Laryngeal supraglottic stenosis, normal tracheal tissue Normal left mid-trachea

RNA Seq,
cell culture,

flow cytometry

N4 69 M non N/A Resolved laryngeal papillomatosis, normal tracheal tissue Normal left mid-trachea RNA Seq

N5 75 F non N/A Surveillance: Mild-moderate dysplasia

Normal right middle lobe 
bronchus

RNA Seq
*too degraded to use

N6 54 F non N/A Benign subglottic stenosis post-intubation Normal left mid-trachea
RNA Seq
*too degraded to use

N7 40 F non N/A Diagnostic: Normal Normal left mid-trachea Cell culture

N8 30 F non N/A Diagnostic: Normal Normal left mid-trachea Cell culture

N9 62 F non N/A Diagnostic: Right vocal cord palsy – arytenoid joint fixation Normal left mid-trachea Cell culture

N10 66 F ex 20 Therapeutic: Botox for vocal cord dystonia Normal anterior trachea Immunostaining

N11 56 M ex 10 Therapeutic: webbing suture to raise vocal pitch Normal anterior trachea Immunostaining

N12 72 M ex 15 Diagnostic: Grade 2 subglottic stenosis from previous LTR Normal anterior trachea Immunostaining

N13 59 F non N/A Therapeutic: subglottic stenosis, previous LTR Normal anterior trachea Flow cytometry

N14 72 M non N/A Therapeutic: BG GPA causing subglottic stenosis, T-tube in situ Normal anterior trachea Flow cytometry

N15 83 F non N/A Therapeutic: Botox for vocal cord dystonia Normal anterior trachea Single-cell sorting

N16 75 F ex 40 Therapeutic: Botox for vocal cord dystonia Normal anterior trachea

Flow cytometry,
single-cell sorting

N17 72 F non N/A Therapeutic: subglottic stenosis Normal anterior trachea single-cell sorting
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3.2.1.2 Human amniotic fluid 

Amniotic fluid (AF) was obtained with informed consent from pregnant women undergoing 

amniotic sampling and drainage procedures at University College Hospital London (UCLH) 

and at UZ Leuven Hospital, Belgium (collaboration with Flore Lesage, PhD student to Prof 

Jan Deprest, UZ Leuven). UK AF collection, cell isolation and cell expansion were ethically 

approved by the National Research Ethics Committee (REC reference 08/H0714/87). Belgian 

AF collection, cell isolation and transport were ethically approved by the University Hospitals 

Leuven Ethics Committee (License ML4149). Basic anonymised information as to fetal 

gestation and indication for amniotic collection were collected (Table 3.3).  

 
 

3.2.1.3 Other reference tissue types 

Paediatric keratinocytes were obtained with informed consent at Great Ormond Street Hospital 

(REC reference 11/LO/1522) from excess skin biopsy samples that would otherwise have been 

discarded, and cells were expanded for two passages in feeder cell co-culture in the presence 

of ROCK inhibitor (3T3+Y) prior to use. Human urothelial cells were purchased at passage 1 

(P1) (Caltag-Medsystems Ltd, UK) and expanded for one passage in 3T3+Y conditions prior 

to use. 

3.2.2 Cell culture reagents and conditions 

3.2.2.1 3T3-J2 ‘Feeder’ co-culture and Rock-inhibitor (3T3+Y) 

3T3+Y was performed with mitotically inactivated 3T3-J2 mouse embryonic fibroblasts in the 

presence of ROCK inhibitor 124,126-128. Routine culture and passage of these 3T3-J2 cells was 

Table 2.4: Composition of cell culture media

Media Epithelial growth medium
(F-MED)

SMAD-inhibited medium
(SMADi-FMED)

3T3-J2 medium
(J2-Med)

Base medium F12 (Gibco; 21765) and Complete Dulbecco’s 
modified Eagle’s medium (DMEM) in a 1:3 
ratio

(Complete DMEM:
- DMEM (Gibco; 41966)
- Penicillin/Streptomycin 100 U/ml/100 

µg/ml (Gibco; 15070)
- 10% FBS (Gibco; 10270))

As for F-MED DMEM (Gibco; 41966)

Other 
antibiotics

- Amphotericin B 250 ng/ml (Fisher 8 
Scientific; 10746254)

- Gentamicin 10 µg/ml (Gibco; 15710)

As for F-MED Penicillin/Streptomycin 100 
U/ml/100 µg/ml (Gibco; 
15070)

Additives - Hydrocortisone 25 ng/ml (Sigma; 
H0888)

- Epidermal Growth Factor 0.125 ng/ml 
(Sino Biological; 10605)

- Insulin 5 µg/ml (Sigma; I6634)
- Cholera toxin 0.1 nM (Sigma; C8052)
- Y-27632 5 µM (Cambridge 

Bioscience; Y1000)

As for F-MED, plus:
- A-83-01 1µM  (System 

Biosciences; ZRD-A8-02)
- DMH-1 1µM  (AdooQ

Bioscience; A12820)

(Both prepared as 10mM 
stock solution in DMSO and 
added to media just before 
use). 

10% bovine serum (Gibco; 
#26170).

Table 2.3: Basic demographic information for amniotic fluid donations, collected at UCLH and UZ Leuven, Belgium.

Harvest 
location ID

Gestation 
(weeks)

Indication for amniotic 
fluid removal

Fresh or 
fresh frozen Use

Clear growth by
14days?

UCLH AF1 20+3
Amniodrainage of 
polyhydramnios FF Flow cytometry N/A

UCLH AF2 15+4
Amniocentesis to confirm 

Trisomy 21 FF Culture - heterogenous No

UCLH AF3 23+1
Amniodrainage of 
polyhydramnios Fresh Culture- clonal expansion Yes

UCLH AF4 24+4
Amniodrainage of 
polyhydramnios FF

Cytospin
immunofluorescence N/A

UCLH AF5 30+1
Amniolaser (twin-twin 
transfusion syndrome) Fresh & FF Culture - heterogenous Yes

UCLH AF5 33+0
Amniodrainage of 
polyhydramnios Fresh Culture - heterogenous Yes

UCLH AF6 21+0
Amniocentesis to confirm 

Trisomy 21 Fresh Culture - heterogenous No

UZ Leuven AF7 14+6 Diagnostic amniocentesis FF
Culture - single cell

sorting Yes

Table 3.3: Basic demographic information for amniotic fluid donations, collected at UCLH and UZ Leuven, 
Belgium. 
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performed in J2-Med (Table 3.4) at 37°C with 5% CO2 with three changes of medium per 

week 129 with subconfluent passage up to P12. Feeder cell layers were prepared from 3T3-J2 

cells 24 hours prior to hAFC or human bronchoepithelial cell (BEC) plating by treatment with 

4 µg/mL Mitomycin C (Sigma; M4287) in J2-Med for 3 hours, before trypsinization and plating 

at a density of 20,000 cells/cm2 in J2-Med. Cells in 3T3+Y co-culture were maintained in F-

MED (Table 3.4). 

At passaging, differential trypsinization was used to remove feeder cells prior to re-plating 

(confirmed by light microscopy). This method makes use of the difference in sensitivity to 

trypsin/EDTA between 3T3-J2 cells and epithelial cells. Culture plates were washed with 

sterile PBS and incubated in trypsin/EDTA for 1-2 mins at room temperature under 

microscopic visualization: following visual confirmation of feeder removal, trypsin/EDTA was 

quenched with media and plates washed with sterile PBS. Trypsin/EDTA was reapplied to the 

plates (which now contained only epithelial cells) and incubated for 5-15 minutes at 37°C, 

checking under microscopy for dissociation every 5 minutes. Following complete dissociation 

of epithelial cells, trypsin/EDTA was quenched with media, cells were centrifuged into a pellet 

at 300 g for 5 minutes and then resuspended in media for use. 

3.2.2.2 Feeder-free culture with SMAD inhibition 

Feeder-free (SMAD inhibition) culture 23 was performed on laminin-coated tissue culture 

plastic. Laminin coating was performed by first treating culture surfaces with 0.01% Poly-L-

ornithine solution (Sigma; P4957) for 20 mins at room temperature, followed by two washes 

with sterile PBS. Laminin solution (10 µg/mL in PBS; Sigma L2020) was then added to cover 

surfaces and incubated at 37°C for at least 3 hours. Laminin solution was aspirated immediately 

before plating cells in SMAD-inhibited medium (SMADi-FMED; Table 3.4). 

 

3.2.3 Cell Isolation and Expansion 

3.2.3.1 BEC isolation & culture 

Primary BEC cultures were commenced from biopsies into ‘feeder’ or ‘feeder-free’ conditions 

via explant culture130. Bronchoscopic biopsies were dissected into 3-5 pieces each and placed 

mucosal side down (visually confirmed using surgical loupes) in T25 flasks which had been 

aspirated free of media 125. Media (1-2 mL) was then gently added to cover biopsies to ensure 

biopsies remained adherent. Cultures were incubated under standard conditions (37°C, 5% 
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CO2) for one to three weeks and media changed as required. Cells were passaged to obtain P1 

epithelial cells once macroscopically obvious zones of outgrowth were visible around each 

biopsy on light microscopy.  

 

3.2.3.2 Human amniotic fluid cell (hAFC) isolation & culture 

Within 72 hours of harvest (during which time samples were kept in a sterile container at 4°C), 

fresh AF was filtered into 50 mL falcon tubes through a 20 µm cell strainer and centrifuged at 

300 x g to obtain a cell pellet. Pellets were either used immediately or cryopreserved for later 

use in fetal bovine serum (FBS) with 10% DMSO. 

 

To commence heterogenous cultures of hAFCs, cell suspensions were seeded into T25 flasks 

containing 3T3+Y conditions in an excess of medium at 37°C and 5% CO2 and left undisturbed 

until a first media change at one week. Once colonies were visible by microscopy, colonies 

were left to merge and grow heterogeneously and cultured with three changes of medium per 

week. Low-passage primary cultures of paediatric bronchoepithelial cells, human urothelial 

cells and paediatric keratinocytes were cultured in parallel in 3T3+Y conditions, on the same 

batch of feeders where possible, for morphological comparison. Passage, photography and 

counting was performed as described in section 4.3.3. In cases where more than 90% of existing 

3T3-J2 feeders died before hAFCs were ready for passage, additional mitotically inactivated 

Table 3.4: Composition of cell culture media 
Table 2.4: Composition of cell culture media

Media Epithelial growth medium
(F-MED)

SMAD-inhibited medium
(SMADi-FMED)

3T3-J2 medium
(J2-Med)

Base medium F12 (Gibco; 21765) and Complete Dulbecco’s 
modified Eagle’s medium (DMEM) in a 1:3 
ratio

(Complete DMEM:
- DMEM (Gibco; 41966)
- Penicillin/Streptomycin 100 U/ml/100 

µg/ml (Gibco; 15070)
- 10% FBS (Gibco; 10270))

As for F-MED DMEM (Gibco; 41966)

Other 
antibiotics

- Amphotericin B 250 ng/ml (Fisher 8 
Scientific; 10746254)

- Gentamicin 10 µg/ml (Gibco; 15710)

As for F-MED Penicillin/Streptomycin 100 
U/ml/100 µg/ml (Gibco; 
15070)

Additives - Hydrocortisone 25 ng/ml (Sigma; 
H0888)

- Epidermal Growth Factor 0.125 ng/ml 
(Sino Biological; 10605)

- Insulin 5 µg/ml (Sigma; I6634)
- Cholera toxin 0.1 nM (Sigma; C8052)
- Y-27632 5 µM (Cambridge 

Bioscience; Y1000)

As for F-MED, plus:
- A-83-01 1µM  (System 

Biosciences; ZRD-A8-02)
- DMH-1 1µM  (AdooQ

Bioscience; A12820)

(Both prepared as 10mM 
stock solution in DMSO and 
added to media just before 
use). 

10% bovine serum (Gibco; 
#26170).

Table 2.3: Basic demographic information for amniotic fluid donations, collected at UCLH and UZ Leuven, Belgium.

Harvest 
location ID

Gestation 
(weeks)

Indication for amniotic 
fluid removal

Fresh or 
fresh frozen Use

Clear growth by
14days?

UCLH HO266 20+3
Amniodrainage of 
polyhydramnios FF Flow cytometry N/A

UCLH HO274 15+4
Amniocentesis to confirm 

Trisomy 21 FF Culture - heterogenous No

UCLH HO276 23+1
Amniodrainage of 
polyhydramnios Fresh Culture- clonal expansion Yes

UCLH HO278 24+4
Amniodrainage of 
polyhydramnios FF

Cytospin
immunofluorescence N/A

UCLH HO283 30+1
Amniolaser (twin-twin 
transfusion syndrome) Fresh & FF Culture - heterogenous Yes

UCLH HO286 33+0
Amniodrainage of 
polyhydramnios Fresh Culture - heterogenous Yes

UCLH HO309 21+0
Amniocentesis to confirm 

Trisomy 21 Fresh Culture - heterogenous No

UZ Leuven BM43 14+6 Diagnostic amniocentesis FF
Culture - single cell

sorting Yes
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3T3-J2 feeders were ‘parachuted’ into flasks at the same density of 20,000 cells/cm2.  

For clonal expansion, fresh frozen AF (Donor AF3) was quickly thawed in an excess of 

warmed medium before being plated into 3T3+Y conditions into 2 T25 flasks. Following 

establishment of cell colonies (but prior to colonies growing large enough to come into contact 

with each other), colonies were ‘picked off’ manually by aspiration into a 200 µL pipette tip 

and inoculated into individual wells of a 96-well plate containing mitotically inactivated 3T3-

J2 feeders (n=100 colonies). Those colonies that grew well were trypsinised and further 

expanded (without removal of mouse feeder cells) in 12-well plates. Differential trypsinization 

was then performed prior to plating in a T25 flask. 
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3.3 In Vitro Culture Assays 

3.3.1 Population doubling 

Comparative expansion rates of BECs in feeder or feeder-free culture conditions, and between 

adult and paediatric BECs was evaluated by population doubling time. Parallel cultures were 

expanded for three passages in 10 cm dishes or T25 flasks, with passaging once 80% 

confluence was reached. Immediately prior to passage, adherent cells were imaged and 

photographed using a standard light microscope (Zeiss, Germany). Following differential 

trypsinisation, cell suspensions were incubated in Liberase™ Thermolysin (Sigma) for 5 mins 

prior to counting to reduce cell clumping and improve count accuracy. Viable cells were 

counted on each passage from end of the second passage using a manual haemocytometer and 

Tryphan Blue dye exclusion. A fixed number of cells were re-seeded in T25 flasks in co-culture 

conditions. Cultures were maintained for 50 days, or until cultures failed. Population doublings 

(PD) were calculated as PD = 3.32 * (log (cells harvested / cells seeded), 10) 124,127 and were 

plotted against time in days. Doubling times were calculated by interpolating from the line of 

best fit and subtracting time(PD20) from time(PD10).  

 

3.3.2 MTT assay 

Adult BECs and paediatric BECs (pBECs) were expanded for two passages and then seeded 

into 96-well plates in F-MED medium without 3T3-J2 feeder cells at a density of 4000 cells 

per well (12-24 replicates per donor per time point). At 24, 48 and 72 hours, 10 µL MTT was 

added to each well and cells returned to the dark for incubation for 3 hours at 37oC. Media 

were aspirated off without disturbing the precipitate and cells were suspended in 100 µL 

DMSO per well 131. Plates were read at 560 nm absorbance (PlateMAX software). 

 

3.3.3 Colony-forming assay 

BECs and pBECs were expanded for three passages before seeding onto collagen 1-coated 6-

well plates containing 3T3+Y conditions at a density of 1000 cells per well. Collagen (Rat tail 

collagen 1; BD #354236) was applied to plates at a concentration of 50 µg/mL in 0.02M Acetic 

acid for 1 hour at room temperature, following which the solution was aspirated and plates 

washed twice with sterile PBS prior to seeding of 3T3-J2 feeder cells. At 14 days (or just before 

colonies started to visibly merge), plates were fixed in 4% PFA for 30 mins and stained with 

1% crystal violet solution (1 mL/well; Sigma) for 30 mins. Plates were washed thoroughly with 
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water and allowed to dry, and then colonies were counted by brightfield microscopy. The 

colony-forming efficiency (CFE) was calculated for each donor as (number of colonies 

formed/number of seeded cells) * 100 124,125. 

3.3.4 Tracheosphere assay 

BECs (from either feeder or feeder-free cultures), pBECs and cultured hAFCs were compared 

after four passages for their ability to differentiate into spheroids containing ciliated and 

mucus-secretory cells 132,133. 

 

Tracheosphere culture plates were prepared by pre-coating ultra-low attachment 96-well plates 

(Corning; 734-1585) with 30 µL 25% Matrigel (BD Biosciences; growth factor reduced) in one 

of three types of differentiation media (Table 3.5). The coating was allowed to gel for 20 mins 

at 37oC before 2,500 cells per well were seeded in 65 µL differentiation media with 5% 

Matrigel. Cells were fed by adding 70 µL of media per well on days 3, 8 and 14. Light 

microscopy and photography was performed on days 5, 9 and 20 and wells scored for numbers 

of small and large tracheospheres. At day 21, tracheospheres were collected and fixed in ice-

cold 4% PFA for 15 mins, washed and resuspended in HistoGel specimen processing gel pre-

heated to 65°C (Thermo Scientific; 12006679) and then allowed to cool and solidify. Gel discs 

were paraffin-embedded and sectioned by GOSH Histopathology. Slides were stained for H&E 

and using immunofluorescence for TP63, KRT5, Ki67, NKX2.1, MUC5AB and FOXJ1 

expression. 

 

  

Table 3.5: Composition of cell differentiation media. Retinoic acid* was prepared as a stock solution in 100% 
Ethanol and added to media just before use. 

Table 2.4: Composition of cell differentiation media. Retinoic acid* was prepared as a stock solution in 100% Ethanol and
added to media just before use.

Media T-Media 1 T-Media 2 T-Media 3

Base medium Dulbecco’s modified Eagle’s medium 
(DMEM) and Bronchial Epithelial growth 
medium (BEGM™; Lonza) in a 1:1 ratio

Dulbecco’s modified Eagle’s medium 
(DMEM) and Airway Epithelial Cell Basal 
Medium (Promocell) in a 1:1 ratio

Pneumacult™-ALI

Additives - BEGM™ supplements (Lonza):
- Bovine pituitary extract 

(0.004ml/ml)
- Epidermal growth factor 

(10ng/ml)
- Insulin (5µg/ml)
- Hydrocortisone (0.5µg/ml)
- Epinephrine (0.5µg/ml)

- All-trans retinoic acid 20nM 
(Sigma)* 

- ‘Supplementpack’ (Promocell):
- Bovine pituitary extract 

(0.004ml/ml)
- Epidermal growth factor 

(10ng/ml)
- Insulin (5µg/ml)
- Hydrocortisone (0.5µg/ml)
- Epinephrine (0.5µg/ml)

- All-trans retinoic acid 20nM 
(Sigma)*

Nil



 

 57 

3.4 Flow Cytometric Assays 

3.4.1 Flow Cytometry 

Flow cytometric analysis was performed on fresh AF and cultured low passage hAFCs for 

extracellular and intracellular antigens (Table 3.6), and on fresh and cultured adult and 

paediatric BECs and BECs to quantify cell populations positive for ITGA6, NGFR and Ki67. 

In cases where no commercially available flow cytometry-validated fluorophore-conjugated 

primary antibody was available, antibodies for immunofluorescence were used. The latter were 

either used with a flow cytometry-validated secondary antibody or were conjugated to FITC or 

APC (Abcam; ab102884 or ab201807 respectively) following purification and concentration 

for flow cytometry using a concentration kit (Abcam; ab102778). 

Fresh and cultured primary BECs and pBECs were obtained from bronchoscopic biopsies.  

Sequential digestion was performed in RPMI medium (Gibco) with dispase 16U/mL (Corning) 

for 20 mins at room temperature, followed by 0.1% trypsin/EDTA (Sigma) for 30 mins at 37°C 
125. Biopsies were manually homogenised using sharp dissection between digest steps and by 

blunt homogenization through a 100 µm cell strainer (MACSâ SmartStrainer, Miltenyi 

Biotech). All centrifugation steps were performed at 300 x g for 5 mins at 4°C unless otherwise 

stated. Cultured cells were differentially trypsinised as described in Section 3.2.2.1 prior to 

staining and incubated in Liberase™ Thermolysin for 5 mins to reduce cell clumping. Cells 

were pelleted by centrifugation, washed with PBS and plated in FACS plates (Nunc, 249570) 

at a concentration of 1 x 106 cells/mL. Samples were blocked in FACS sorting buffer (PBS, 

1% FBS, 25 µM HEPES buffer and 1mM EDTA solution) for 20 mins at room temperature, 

spun and resuspended in antibody mixes for 15 mins (see table). Fresh AF was strained through 

a 20 µm cell strainer and cultured cells were trypsinised with Trypsin-EDTA before 

neutralisation with F-MED (1:1 v/v). Where intracellular stains were to be used, or if flow 

cytometry was not to be immediately performed, cells were washed and incubated with a 

fixable live/dead stain as per manufacturer’s instructions (1:500 for 30 mins at room 

temperature BD Zombie Violet Kit; Invitrogen #L34955) prior to fixation for 30 mins at room 

temperature (4% PFA or BD Cellfix). 

Cells were suspended in blocking buffer (PBS with 1% Bovine Serum Albumin) for 20 mins 

at room temperature before addition of 1:1 (v/v) flow cytometry (FC) buffer (PBS with 1% 

bovine serum albumin) and centrifugation. Cells were then incubated in antibody mixes 

(prepared in FC buffer with 10% FBS) for 20 mins, then washed twice with FC buffer. In cases 
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of unconjugated primary antibodies, secondary antibodies were then applied in a similar 

fashion. Intracellular antibodies were applied following permeabilisation of cell membranes 

for 15 mins (PBS plus 0.1% Triton X-100 or Saponin permeabilization reagent diluted 1:10 in 

distilled water). Immediately before cytometric analysis, DAPI was applied to cells for 5 mins 

(not required where fixable live/dead stain already employed) followed by a single 

centrifugation and resuspension in FC buffer. Single colour stained compensation beads (BD 

Biosciences, 352360) were used to perform compensation. Unstained controls were used to 

determine the negative cell populations. Flow cytometric analysis was performed on an LSR 

Fortessa flow cytometer (BD Biosciences software), with subsequent data analysis using 

FlowJo software 125. 

3.4.2 Fluorescence-assisted Cell Sorting (FACS) 

Single cell seeding of 96-well plates by fluorescence-activated cell sorting (FACS) for the 

establishment of clonal BEC and pBEC (n=3 in each group) colonies, and on fresh frozen 

hAFCs (Donor AF7, well number = 288). Fresh BECs and pBECs were prepared as described 

above for flow cytometry and resuspended in FACS buffer prior to the run. FACS single-cell 

sorting for EPCAM positivity and CD31/CD45 double negativity was performed with 

unstained cells used to set compensations at the UCL Cancer Institute Core Facility. Cells were 

seeded individually into collagen-coated 96-well plates containing 3T3+Y conditions. 

 

FACS single-cell sorting was also performed on fresh primary BECs and pBECs to ascertain 

the utility of PDPN as a flow-compatible marker of basal cells, and to compare the percentages 

of basal cells able to form colonies. Single cells positive for EPCAM only or EPCAM/PDPN 

were sorted into individual wells of 96-well plates containing 3T3+Y conditions. At 7 days, 

the number of wells containing microscopically visible epithelial colonies were counted and 

calculated as a percentage of the total number of wells seeded. 
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Table 3.6: Antibodies used for flow cytometric analysis and FACS 
Table 3.6: Antibodies used for flow cytometric analysis and FACS

Target Supplier Species
(dilution)

2ndry 
(species/dilution)

Fluorophore

Nkx2.1 Abcam
(ab76013)

Rabbit (1:50) Donkey 1:100
(A131573)

AF647

FOXA2 BD Pharmingen
(561589)

1:20 N/A PE

CPM Novus Biologicals
(DDX05ZOP-100)

1:10 N/A FITC – self 
conjugated

CPM Novus Biologicals
(DDX05ZOP-100)

Mouse (1:10) Rabbit 1:100
(A21427)

AF555

KSP Santa Cruz
(sc-46302)

1:20 N/A APC – self-
conjugated

KSP Santa Cruz
(sc-46302)

Goat (1:20) Chick 1:50
(A21469)

AF555

TROP2 eBioscience
12-6024-41

1:25 N/A PE

C-Kit eBioscience
11-1178-41

1:50 N/A FITC

ITGA6 BD Pharmingen
(555736)

1:50 N/A PE

ITGA6 BD Pharmingen
(555735)

1:50 N/A FITC

NGFR Biolegend
(345112)

1:50 N/A PerCP-Cy5.5

NGFR Biolegend
(345108)

1:50 N/A APC

EpCAM Biolegend
(324208)

1:50 N/A APC

PDPN Biolegend
(337013)

1:50 N/A PeCy7

Ki67 Biolegend
(350521)

1:50 N/A BV605

CD31 BD Pharmingen
(555446)

1:20 N/A PE

CD31 Biolegend
(303124)

1:50 N/A BV421

CD45 BD Pharmingen
(555483)

1:20 N/A PE

CD45 Biolegend
(555483)

1:50 N/A BV421

LIVE/DEAD™ 
fixable stain

Biolegend
(L23105)

1:1000 N/A Zombie Violet 

DAPI Sigma
(D9542)

1:1000 N/A DAPI
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3.4.3 Head-to-head competitive proliferation assay 

3.4.3.1 Assay Design with 293T HEK cells 

Lentiviral vectors encoding for either mCherry or GFP were kindly provided by Dr. Celine 

Denais (Lungs For Living Research Centre, UCL Respiratory). Viral stock titre was calculated 

by incubating fresh 293T Human Embryonic Kidney (HEK) cells (50,000 cells/well) in 12-

well plates at 1:100, 1:1000, 1:10,000 and 1:100,000 viral dilutions in complete DMEM 

medium containing 4 µg/mL polybrene. After 72 hours, cells were trypsinised, DAPI stain was 

added at 1:1000 concentration and cells analysed for % GFP or mCherry positivity by flow 

cytometry. Viral titre was calculated as: 

 

  Viral titre (particles/mL) = (% positive cells) x 50,000 

           Volume of virus added (mL) 

 

Fresh 293T HEK cells were transduced via a 24-hour exposure to either mCherry (multiplicity 

of infection (MOIs) of 0.15 or 0.75) or GFP viruses (MOIs of 0.05 or 0.5). Following 

incubation for 72 hours, cells were sorted by FACS into high- or low-expressing populations 

and expanded further. Population doubling times were calculated for each colour and MOI (as 

described above in Section 1.3.1) and compared to untransduced cells. Cells were then seeded 

as a 1:1 mix of GFP and mCherry-expressing cells into quadruplicate wells of a 48-well plate 

(1000, 5000 or 10,000 of each colour at either high or low expression). The contents of each 

well were trypsinised twice weekly and the percentage of GFP and mCherry-expressing cells 

analysed by FACS. The entire contents of the wells were sorted back into fresh 48-well plates 

on 1000 and 5000-cell runs, whereas on the 10,000-cell run, 80% of each well’s cell volume 

was immediately re-plated (i.e. not re-sorted by FACS) whilst a 20% sample of each well was 

stained with a live/dead fixable stain, fixed with 4% PFA and analysed for mCherry or GFP 

expression by flow cytometry. Reference wells containing 10,000 cells of a single colour were 

trypsinised at the same time points and counted manually to provide a doubling time for each 

cell type. 
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3.4.3.2 Growth advantage calculation 

Cell growth advantages were calculated using the growth calculation by Eekels et al 134 for a 

mix of two cell populations, assuming exponential cell growth: 

 

(1)  NGFP+ (t) = N0 GFP+ * 2t/Tdg 

(2) NmCh+ (t) = N0 mCh+ * 2t/Tdch 

 

where NGFP+ (t) and NmCh+ (t) are the numbers of GFP+ and mCherry+ cells at the time t, N0 

GFP+ and N0 mCh+ are the initial numbers of cells sorted per well, Tdg and Tdch are the doubling 

times of GFP+ and mCh+ cells, respectively. 

 

If one of the populations decays exponentially compared to the other, for example if the GFP+ 

cells is outcompeted by the mCherry+ cells, then: 

 

(3) NGFP+ / NmCh+ (t) = N0 GFP+ / N0 mCh+ * 2-k*t 

 

k can be calculated if we know y = (NGFP+/NmCh+ (x)) / (N0 GFP+/N0 mCh+) = (%GFP+/%mCh+ (x)) / 

(% GFP+/% mCh+ (0)), at a certain time point x, because:  

 

y = 2-kx, or 

(4) k = -log2(y)/x 

 

In this experiment, y is: 

 

y = (NGFP+/NmCh+ (x)) / (N0 GFP+/N0 mCh+) = (%GFP+/%mCh+ (x)) / (% GFP+/% mCh+ (0)) 

 

 = (%GFP+/%mCh+ (x)) / (1)) 

 

= %GFP+/%mCh+ at a given time point x, and is measurable by flow cytometry. 

 

Equations (1) – (4) can be solved knowing Tdch, x and y: 

 

N0 GFP+ * 2t/Tdg / N0 mCh+ * 2t/Tdch = N0 GFP+ / N0 mCh+ * 2 log2(y)/x*t, or 
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2t/Tdg = 2t/Tdch * 2 log2(y)/x*t, or 

 

t/Tdg = t/Tdch + log2(y)/x*t, or 

 

1/Tdg = 1/Tdch + log2(y)/x, or 

 

Tdg = 1/(1/Tdch + log2(y)/x) 

 

Then, the cell growth advantage (Ga) of GFP compared to mCherry can be calculated as 

follows: 

 

Ga = ((Tdg - Tdch)/Tdch)*100%  

 

= 1/(1/Tdch + log2(y)/x) - Tdch)/Tdch)*100%   

 

= (1/(1 + Tdch*log2(y)/x) – 1)*100%  

 

= (x/(x + Tdch*log2(y))-1)*100%  

 

= - Tdch*log2(y)/(x + Tdch*log2(y))*100%. 

 

3.4.3.3 Lentivirus Manufacture and Transduction 

One Shot® Stbl3™ Chemically Competent E. coli bacteria (Thermo Fisher Scientific, 

C737303) were transformed using third generation lentiviral plasmids (Figure 3.5A&B) 124,135. 

The packaging plasmids used were pMDIg/pRRE, pRSV-Rev and pMED2.G (Addgene 

plasmids #12251, #12253 and #12259 respectively) and were a kind gift from Celine Denais. 

The GFP-containing plasmid pCDH-EF1-copGFP-T2A-Puro and the mCherry-containing 

plasmid pCDH-CMV-mCherry-T2A-Puro were gifts from Kazuhiro Oka (Addgene plasmid 

#72263 and #72264 respectively). Bacteria were initially plated on ampicillin-containing agar 

plates overnight, and colonies expanded from this in LB broth containing Ampicillin. 

Plasmids were extracted using the PureLink™ HiPure Plasmid Maxiprep Kit 

(Thermo Fisher Scientific, K2-10006) with the PureLink™ HiPure Precipitator module 

(Thermo Fisher Scientific, K2100-21). As per manufacturer’s instructions, plasmid DNA 
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concentration was quantified using Nanodrop. 293T HEK cells were used to assemble and 

produce the viruses. Packaging and transfer plasmids were delivered into 293T cells by 

transfection with jetPEI (Polyplus; 101-01N) and following manufacturer’s instructions. 

Briefly, the DNA/plasmid mixture was calculated based on the ratios in table (Table) and 

diluted to a volume of 1 mL in 150 mM NaCl. This was mixed 1:1 with jetPEI (prepared in 

150 mM NaCl, 80:920 µL) and incubated at room temperature for 30 mins. The resulting 

mixture was pipetted drop-by-drop onto the adherent 293Ts and fresh media was added to a 

total volume of 15 mL. Media was changed at 4 hours and 24 hours post-transfection. 

 

Culture medium containing the shed virus was collected at 72 hours and incubated with PEG-

it Virus Precipitation Solution (System Biosciences, LV810A-1) at 4°C for 48 hours. The 

precipitated virus was extracted following centrifugation of the mixture as per manufacturer’s 

instructions. Viral stock titre was calculated using fresh 293T HEK cells as in Section 1.4.3.1. 

 

3.4.3.4 Purification and optimisation of BEC and pBEC crosses 

Primary BECs and pBECs were expanded in 3T3+Y for two passages. Cells were transfected 

with either mCherry or GFP viruses at an MOI of 100 in F-MED containing 4 µg/mL polybrene 

for 24 hours. The media was then exchanged for fresh media and cells were incubated for 7-10 

days with 3 media changes. Purification of cultures to remove untransduced cells was 

performed by FACS for mCherry or GFP positivity. Sorted cells were viewed under light and 

fluorescence microscopy to monitor growth and rule out significant loss of fluorescence. 

 

3.4.3.5 Lentiviral copy number analysis 

Both the mCherry and GFP lentiviral plasmids carry a puromycin resistance cassette (Figure 

3.5C). PCR copy number analysis for the puromycin cassette (Figure 3.5E) was performed to 

quantify the number of lentiviral copies incorporated per donor cell (Taqman custom copy 

number assay).  Genomic DNA (gDNA) was extracted from each transduced donor using the 

Blood & Cell Culture DNA Mini Kit (Qiagen; 13323) as per manufacturer’s instructions. 

gDNA was quantified using a Nanodrop and PCR performed using TaqMan Genotyping 

Master Mix and Reference assay (Life Technologies Ltd).  
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3.4.3.6 Head-to head comparison of transduced paediatric and adult BECs 

Flow cytometry was performed on cultured primary cells transduced with either mCherry- or 

GFP-expressing lentivirus. Transduced BECs and pBECs were differentially trypsinised 

(visual confirmation of epithelial retention following feeder removal) and suspended in FACS 

buffer containing 5 µM Rock inhibitor and sorted by FACS. Stable transduction was confirmed 

by an absence on unlabelled cells. Cells were seeded as a 1:1 mix of GFP and mCherry-

expressing cells into triplicate wells of a 24-well plate in 3T3+Y (5000 or 10,000 of each 

colour). Every BECGFP+ and BECmCh+ was crossed with every pBEC labelled in the opposite 

colour. Untransduced paediatric cells cultured in parallel (Donor P3) were used as an unstained 

control and single colour wells containing 10,000 of each single donor were used as single 

colour controls.  

Media was refreshed at three and five days. At seven days, or at 80-90% confluence as 

ascertained by fluorescence microscopy, the entire contents of the well were trypsinised, i.e. 

feeder cells were not removed. The resulting cell suspensions were incubated with Liberase™  

Thermolysin solution to form a single cell suspension without cell clumps. Zombie Violet 

Live/Dead fixable stain was applied as per manufacturer’s instructions and cell suspensions 

were fixed with 4% PFA for 15 mins at room temperature. 

Samples were analysed for % mCherry and % GFP expression by flow cytometry. Feeder cell 

populations were seen as the unlabelled cell population visible on flow cytometry and were 

taken as a constant value if the population percentage on flow cytometry remained below 1.5%.  

This cut-off value was based on a rough cell yield of BECs at 80-90% confluence of 8-10 x 

106 from a T25 flask = 320-400,000 cells/cm2, which would equate to 640-760,000 epithelial 

cells/24-well. If 3T3-J2 numbers (20,000 cells/cm2 seeded) remained static at 38,000 cells/24-

well (and all remained live and attached), this would give an upper estimate of 5-6% of the 

total cell number at trypsinisation. It was therefore decided to set the cut-off conservatively at 

a quarter of this percentage. Analysis of the Growth advantage (Ga) of paediatric cells 

compared to adult cells were calculated by taking the average of each pBECGFP+/BECmCh+ and 

pBECmCh+/BECGFP+ crosses.  
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Figure 3.5: Lentiviral transfection of GFP- or 
mCherry-transduced BECs and pBECs for head-to-
head proliferation assay. Plasmid maps of GFP (A) 
and mCherry (B) plasmids, which both contain the 
puromycin resistance gene. (C) Transfection of 293 
HEKs was performed with either virus of BECs for 
calculation of virus concentration, based on the 
concentration 1:10,000 which showed transduced 
percetanges of around 5% (the lowest 
concentration with a demonstrable signal was 
chosen to reduce the possibility of multiple viral 
copies per cell. 

Positive 
controls 

Unstained 
controls 

mCherry 

1:10,000 

A B 

 C 

GFP 
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3.5 Histology and Immunofluorescence Staining 

Immunofluorescent staining for basal, differentiated and extracellular matrix proteins was 

performed on fresh paediatric and adult biopsies and on cultured and freshly sorted cells 124. 

Samples were fixed overnight in 4% paraformaldehyde before paraffin embedding, sectioning 

and hematoxylin and eosin (H&E) staining of a guide section. Guide slides were digitally 

scanned using a Nanozoomer Whole Slide Imager (Hamamatsu Photonics) and reviewed using 

NDP.View 2 software. Slides with 10-20 µm biopsy sections were de-waxed using an 

autostainer and antigen retrieval performed by immersion in 10mM citrate buffer (pH 6) and 

microwave heating for 20 mins. Individual sections were surrounded by circles of Immunopen 

and blocked in PBS containing 10% FBS and 0.1% Triton-X. Cultured cells were prepared in 

collagen IV-coated chamber slides (Ibidi; #80826) at a density of 2000 cells/well. Once 60% 

confluency was reached, slides were washed of media and fixed with 4% PFA for 15 mins.  

 

Blocking was performed in PBS with 10% FBS and 0.1% Triton X-100 for at least one hour 

before primary antibodies were added to wells in blocking solution overnight at 4°C (Table 

3.7). After washing in PBS (3 x 15 mins at room temperature), secondary antibodies were 

added in blocking solution for three to four hours. Following further washes with PBS (3 x 15 

mins), DAPI was applied for 5 mins at a concentration of 0.02 µg/mL and then slides were 

coverslipped and sealed. Slides were kept in the dark at 4°C until Z-stack imaging at x10 and 

x20 magnifications (Zeiss 700 confocal microscope), where signal intensity was calibrated to 

that seen on secondary antibody-only control slides. Post-imaging processing and analysis was 

performed using Fiji software. 
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Table 3.7: Antibodies used for immunofluorescence staining; AF – Alexa Fluor®. All secondary antibodies 
were from Invitrogen, unless otherwise stated. Table 2.6: Antibodies used for immunofluorescence staining. HBEC - primary human bronchoepithelial cells; 293T –
human embryonic kidney cell line 293T; HUC – primary human urothelial cells; HAE – fresh human airway epithelium;
AF – Alexa Fluor®. All secondary antibodies were from Invitrogen, unless otherwise stated.

Target Supplier Species (dilution) 2ndry (species/dilution) Fluorophore

Nkx2.1 Abcam
(ab76013)

Rabbit (1:100) Donkey anti-rabbit
(A131573)

AF555 

FOXA2 Santa Cruz
(sc-6554)

Goat (1:50) Chick anti-goat
(A21469)

AF647 

CPM Novus Biologicals
(DDX05ZOP-100)

Mouse (1:25) Rabbit anti-mouse
(A21427)

AF555 

KSP Santa Cruz
(sc-46302)

Goat (1:50) Chick anti-goat
(A21469)

AF647 

p63 Abcam
(ab735)

Mouse IgG2a (1:50) Donkey anti-mouse IgG2a (A212241) 
or anti-mouse (Abcam; ab150106)

AF555

p63 Abcam
(ab124762)

Rabbit (1:50) Donkey anti-rabbit
(A131573)

AF647

KRT5 Biolegend
(905901)

Chick (1:500) Goat anti-chick
(A21449)

AF647 

SOX2 Abcam
(ab97959)

Rabbit (1:200) Donkey anti-rabbit
(A131573)

AF647

Ki67 Dako
(M7240)

Mouse (1:50) Donkey anti-mouse
(Abcam; ab150106)

AF555

Ki67 eBioscience
(14-5698-82)

Rat (1:100) Anti-rat
(Dako; SA5-10027)

Dylight™ 550

MUC5AC Sigma
(M5293)

Mouse IgG1 (1:50) Goat anti-Mouse IgG1
(A21127)

AF555

MUC5B Sigma
(HPA008246)

Rabbit (1:100) Donkey anti-rabbit
(A21206)

AF488

FOXJ1 eBioscience
(11-9965-80)

Mouse IgG1 (1:50) Goat anti-Mouse IgG1
(A21127)

AF555

CD4 Abcam
(ab25804)

Mouse IgG1 (1:50) Goat anti-Mouse IgG1
(A21127)

AF555

CD8 Abcam
(ab93278)

Rabbit (1:50) Donkey anti-rabbit
(A21206)

AF488

CD45 Abcam
(ab30470)

Mouse IgG2a 
(1:100)

Goat anti-mouse IgG2a
(A21241)

AF647

SCGB1A1 Abcam
(ab40873)

Rabbit (1:50) Donkey anti-rabbit
(A21206)

AF488

SPDEF Abcam
(ab220776)

Rabbit (1:50) Donkey anti-rabbit
(A21206)

AF488

Notch1 Abcam
(ab52627)

Rabbit (1:50) Donkey anti-rabbit
(A21206)

AF488
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3.6 Gene expression Assays 

3.6.1 RNA Sequencing (RNAseq) 

Bronchoscopic biopsies were frozen immediately in OCT (in liquid hexane or on dry ice) and 

transported to GOSH Histopathology within 2 hours on dry ice. Blocks and cut slides were 

stored at -80°C prior to use. Subsequently, blocks were sectioned into 10 µm slices and 

mounted on MembraneSlide 1.0 PEN (D) membrane covered slides (Carl Zeiss; 415190-9041-

000). One H&E slide was cut per block to aid navigation and identification of epithelium 

(Figure 3.6A). Epithelial separation and RNA extraction was performed using a confidential 

GSK LCM protocol, kindly provided by Dr. Pascal Durrenburger (Centre for Inflammation 

and Tissue Repair, UCL Respiratory). Briefly, after rapid slide preparation with serial washes 

in methanol, RNAse-free water, RNAse inhibitor and ethanol to remove residual OCT, laser 

capture microdissection (LCM) was used at x10 and x20 magnification to extract the total 

epithelial portion of each biopsy into microadhesive-capped tubes (Carl Zeiss; 415190-9201-

000) (Figure 3.6B-D) 24. Samples were suspended in a 2:1 mix of Arcturus PicoPure Extraction 

buffer: RNAlater® (Life Technologies Ltd; AM7020) and stored at -80°C until use.  

 

Prior to RNA extraction, samples were rapidly thawed, disrupted by lysis (incubation at 42°C 

for 30 mins followed by incubation at room temperature for 5 mins), vortexed and filtered 

using RNAeasy MinElute columns (28204, Qiagen). RNA extraction was performed using the 

Arcturus PicoPure RNA Isolation Kit (Life Technologies Ltd; KIT0204) as per manufacturer’s 

instructions and resulting RNA was quantified using the Qubit RNA HS Assay Kit (Thermo 

Fisher Scientific; Q32852). Libraries were created by UCL Genomics Core Facility using the 

SMARTer Stranded Total RNAseq Kit (Clontech; 634412), cleaned using JetSeq™ (Bioline; 

BIO-68030) and quality control analysis of RNA integrity (QC) was performed with High 

Sensitivity RNA ScreenTape® using TapeStation Analysis software (Agilent Technologies). 

Illumina RNAseq was performed using 0.5x NextSeq for 75cycles (43PE, ~33M reads per 

sample). Differential expression analysis was performed by UCL Genomics Core Facility using 

BaseSpace Sequence Hub (Illumina). Ingenuity® Pathway Analysis software (Qiagen) was 

used for further analysis and checks against the raw normalised read counts for each donor 136. 

Validation of differentially expressed genes at the p<0.05 and p<0.1 significance thresholds 

was performed on samples from separate donors by immunofluorescence (on paraffin-

embedded sections) and multiplex Taqman qPCR.  
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Figure 2.6: Laser Capture Microdissection (LCM) technique for the capture of bulk epithelium from fresh frozen human 
bronchoepithelial biopsies (Donor P5). A hematoxylin & eosin stain is performed at the start of sectioning as a roadmap of 
epithelial identification (A).  Unstained slides are cleared of OCT, loaded onto the LCM microscope and the equivalent area of 
epithelium is identified (B & C). The area to be captured is defined using the ‘freehand’ tool (D – green line) and cut round on 
the LCM slide membrane using the laser (E). Care is taken to cut just underneath the basal cell layer (D – dotted line), in order 
to include the undamaged basal cells within the area. If samples do not immediately lift onto the adhesive surface of the 
collection tube cap, the ‘dot’ tool is used on a membrane-only part of the sectioned piece to flick it up onto the cap (F).

Figure 3.6: Laser Capture Microdissection (LCM) technique for the capture of bulk epithelium from fresh frozen human 
bronchoepithelial biopsies (Donor P5). A hematoxylin & eosin stain was performed at the start of sectioning as a 
roadmap of epithelial identification (A).  Unstained slides were cleared of OCT, loaded onto the LCM microscope and 
the equivalent area of epithelium was identified (B & C). The area to be captured was defined using the ‘freehand’ tool 
(D – green line) and cut round on the LCM slide membrane using the laser (E). Care was taken to cut just underneath 
the basal cell layer (D – dotted line), in order to include the undamaged basal cells within the area. If samples did not 
immediately lift onto the adhesive surface of the collection tube cap, the ‘dot’ tool was used on a membrane-only part 
of the sectioned piece to flick it up onto the cap (F). 
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3.6.2 RT-qPCR 

Real-time Quantitative PCR was performed to compare markers of endodermal and airway 

basal cell respiratory lineages, compare basal marker expression in BECs and pBECs and to 

validate FACS basal marker panels and RNAseq findings 124. Total RNA was extracted as 

previously described from fresh sorted BEC subpopulations, from clonally-derived colonies of 

BECs, from sections of whole epithelium obtained by laser capture microdissection or from P4 

cultured BECs and hAFCs. As far as possible, where control cell cultures were also grown in 

3T3+Y co-culture, the same batch of 3T3-J2 feeders as were used for hAFC sample culture. In 

the case of cultured cells, differential trypsinization was performed prior to remove feeder cells, 

cells were lysed in TriZOL® and RNA extracted using the DirectZOL kit (Qiagen; R2050). 

Taqman pre-designed and custom probes 

were used (Table 3.8) in combination with 

2x Gene Expression Master Mix or 

Multiplex Master Mix (Applied 

Biosciences). Samples were run in 

technical triplicates for 40 cycles under 

standard manufacturer-recommended 

conditions on an Eppendorf Real-Time 

PCR machine. Multiplex qPCR was used to 

maximise information obtainable from 

extremely small amounts of sample RNA 

by comparing sample genes in FAM-MGB 

dye to internal standard β2-microglobulin 

(housekeeping gene) and KRT5 probes in 

VIC-MGB and NED-MGB dyes 

respectively within individual reactions. 

Relative RNA quantitation was calculated 

using deltaCT calculations. 

 

 

 

 

Table 2.7: Taqman primers used for qPCR. All probes are 
FAM-MGB dyes unless otherwise stated.

Gene Catalogue number

TP63 Hs00978339

KRT5 Hs00361185

KRT5 (NED-MGB) Hs00361185

NGFR Hs00609977

KRT8 Hs01595539

TTF-1 Hs00201121

FOXA2 Hs00232764

CDH-16 Hs00187880

c-kit Hs00174029

Oct3/4 Hs04260367

Nanog Hs04260366

Notch1 Hs01062016

SPDEF Hs00171942

SCGB1A1 Hs00171092

MUC5AC Hs00873651

MUC5B Hs00861595

BTBD11 Hs00537023

BMP2 Hs00154192

FOXJ1 Hs00230964

B2M Hs00187842

B2M (VIC-MGB) Hs00187842

Table 3.8: Taqman primers used for qPCR. All probes 
are FAM-MGB dyes unless otherwise stated. 
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3.7 Statistical Analysis 
Statistical analysis was performed using Prism 7 software (Graphpad, USA). Non-parametric 

testing was used unless stated otherwise. Normality testing was performed where possible by 

the Kolmogorov-Smirnov test (although this was only achievable in cases where n>5 in each 

group). 



4 Development of a rabbit model for paediatric 
tracheal tissue engineering 

 

4.1 Background 

4.1.1 Scaffold choices for tracheal tissue engineering 

The ideal tissue-engineered (TE) scaffold for airway transplantation is: 

1. mechanically stable and resistant to collapse; 

2. inert, non-carcinogenic, and non-immunogenic; 

3. biocompatible and capable of promoting exogenous cell engraftment, proliferation and 

appropriate differentiation (and/or endogenous cell ingrowth); 

4. capable of mimicking the macroscopic and microscopic function of the airway region 

being replaced; 

5. able to rapidly establish and support a vascular system to sustain cells within the graft; 

and 

6. readily available 91. 

 

There are two main proposed strategies under consideration in tracheal tissue engineering: 

decellularised donated tissue or synthetic scaffolds created de novo.  

 

The overriding principle behind the production and use of decellularised biological scaffolds 

is the removal of those immunogenic cellular components which cause a rejection response.  

This may be achieved by physical, mechanical and chemical methods 118,137,138, and is intended 

to preserve the underlying extracellular matrix (ECM), including its critical microanatomy, 

structural and signalling components. Cells are removed, or their immunologically active 

proteins denatured 139-142, before the scaffold is seeded with autologous cells from the recipient. 

Such scaffolds have been shown to retain a wealth of specific molecular cues and anchorage 

points to support patient cell ingrowth, survival and differentiation 143. There is also evidence 

that implanted decellularised tissue can downregulate local immune responses, leading to 

immune cells within the graft demonstrating ‘remodelling’ phenotypes rather than destructive 

characteristics 144. The main drawbacks of its use are the potential removal of some soluble 

ECM proteins (with negative consequences for the graft’s mechanical or remodelling 

capabilities 119) and a continued reliance on donor organ supply. Xenogeneic sources, such as 



 

 73 

pig trachea, might provide an acceptable alternative source of tissue, but come with the 

theoretical risk of zoonotic disease transmission, as well as not providing as close an 

anatomical match as is desired (e.g. pigs have complete tracheal rings not dissimilar to those 

seen in human congenital tracheal stenosis). Additionally, there remains a possibility that 

despite desulfurisation, scaffolds can still excite an adverse immune response, either in the 

form of damage-associated molecular pattern proteins 145, through retained nucleic acid 

remnants 146 or retained major histocompatibility complex (MHC) molecules 147. 

 

The alternative ‘synthetic’ strategy employs non-toxic materials, such as synthetic polymers, 

to create an entirely de novo scaffold 82. Scaffolds made in this way are easy to manufacture 

and sterilise, carry little to no ethical concerns surrounding their supply and can be built to a 

patient’s personal measurements from pre-operative imaging or endoscopic examination. In a 

fetal or neonatal context, absorbable polymers could be used to allow for gradual degradation 

and remodelling alongside the ingrowth of patient’s surrounding tissues. While published work 

on autologous cell attachment to synthetic material has generally shown inferiority to that of 

biologic scaffolds 82, considerable efforts to optimise synthetic graft production and 

attractiveness to cells continue to be made, including the design of composite scaffolds 

containing separate niches suitable for multiple cell types 148, the inclusion of interconnected 

pores or mesh structures to allow vessel ingrowth and integration 120, and the addition of surface 

molecular cues to encourage cell attachment and angiogenesis. 

 

There is no international consensus, in either paediatric or adult contexts, as to the ideal tissue-

engineered strategy for in vivo use 143. It is increasingly clear within the field that the benefits 

and drawbacks for natural and synthetic scaffolds mirror each other, but few pre-clinical studies 

exist that directly compare the two strategies against each other. It is therefore difficult to 

compare results between centres with inevitable methodological differences. Furthermore, it 

proves difficult to randomise implants made by the differing strategies in pre-clinical studies 

where they are directly compared, given their drastically different macroscopic and 

microscopic appearances. 

 

4.1.2 Ethical rationale for pre-clinical tracheal research 

Although many transplantation problems could be solved by using tailored tissue-engineered 

(TE) alternatives, harm must be demonstrated to be as low as possible 149 prior to their clinical 
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use.  Ultimately, no in silico or in vitro modelling currently exists that can accurately predict 

the in vivo behaviour of TE grafts and therefore pre-clinical studies in non-human species 

remain essential. In vivo pre-clinical testing is required to gain UK Medicines and Healthcare 

products Regulatory Agency (MHRA) licencing approval, and it is paramount to model the 

intended clinical setting as closely as possible so that the animal model is relevant for 

anticipating potential harm from dangerous or ineffective would-be implants 150. Following 

heterotopic studies in smaller animals 124, it will be necessary to test grafts in an orthotopic 

position to fully test its function and compatibility with adjacent native airway tissue. To this 

end, the animal model chosen should have a trachea of a practical size and morphology for 

predicable surgical and post-operative survival 151.  

4.1.3 The rabbit as a surgical model for paediatric airway TE replacement 

The extremely small airway calibres of rats and mice are prone to early operative complications 

and animal loss 152 and so a larger animal such as the rabbit is an appropriate candidate species 

for orthotopic modelling of paediatric aerodigestive organ replacements. The lapine airway 

provides a good anatomical and size match for the human neonatal trachea 153, whilst still being 

more economical to keep than the sheep, pigs and goats used for adult tracheal research. Rabbit 

tracheal rings have a similar U-shaped structure to humans 151  and, in contrast to the significant 

size variability seen between individual sheep or goats, the New Zealand White rabbit strain 

has tracheal dimensions with a high level of inter-individual concordance for a given weight 

(Table 4.1) 154. This allows for scaffolds to be prepared in advance with a lower risk of 

significant donor/recipient size mismatches. 

 

 

Table 4.1: New Zealand White rabbit tracheal diameters are highly concordant for an animal’s given weight, 
making surgical graft planning more predictable than in other species (Reproduced from Loewen & Walner, 
2001). 

was measured at the level of the 8th tracheal
cart ilage counting from the cricoid cartilage
caudally; this was done with the caliper. For
one animal in each weight group, specimens
were measured longitudinally for the carina
to caudal-c ricoid-edge length. These mea-
surements were done with a ruler and were
accurate to 0.5 mm (see Fig 1).

Results

For ease of reporting, the animals were divided
into seven weight groups: 2.0±2.5 kg (®ve ani-
mals), 2.5±3.0 kg (®ve animals), 3.0±3.5 kg
(eight animals), 3.5±4.0 kg (six animals), 4.0±
4.5 kg (four animals), 4.5±5.0 kg (three ani-
mals), and 5.0±5.5 kg (four animals). Average
airway sizes for each weight group are reported
in Table 1. Overall averages for airway
size at the level of the cricoid are 5.81 mm
ventral-dorsal (range 5.25±6.75 mm) and
5.41 mm lateral (range 3.5±5.25 mm). Overall
averages at the level of the 8th tracheal cart i-
lage diameter are 4.71 mm ventro-dorsal (range
3.75±5.5 mm) and 5.92 mm laterally (range
4.75±7.0 mm). These averages with their stan-
dard deviations can be seen in Table 2.

Pearson correlations were calculated to see
if there was any change in airway diameter
with increasing weight. At the cricoid level
there was a statistically insigni®cant, small
positive correlation: 0.118 comparing weight
to ventro-dorsal diameter (P ˆ 0.50 ), and
0.193 for the lateral diameter (P ˆ 0.27 ). At
the level of the 8th tracheal cart ilage, the
correlation was stat istically signi®cant:
0.511 comparing weight to the ventro-dorsal

diameter (P ˆ 0.03 ), and 0.369 for the lateral
diameter (P ˆ 0.04 ). Thus, while cross-sec-
tional diameters at the cricoid (subglotti s)
level were constant throughout the weight
groups, the tracheal diameters varied with
weight.

Tracheal lengths were measured as descri-
bed in the Methods section and these lengths
are shown in Table 3.

Discussion

Endotracheal intubation can cause mechan-
ical abrasion, pressure necrosis, and sub-
sequent ulceration of the laryngeal mucosa,

Table 1 Cross-sectional airway diameters: averages for weight groups

Weight

groups (kg)

Average

weight

within

groups (kg) n

Diameter of subglottis (level of

cricoid cartilage)

Diameter of trachea (level of 8th

tracheal cartilage)

Ventral-dorsal

(range) (mm)

Lateral (range)

(mm)

Ventral-dorsal

(range) (mm)

Lateral (range)

(mm)

2.0≠2.5 2.4 5 5.7 (5.25≠6.75) 4.0 (3.5≠4.25) 4.2 (3.75≠4.75) 5.8 (5.25≠6.00)

2.5≠3.0 2.9 5 5.5 (5.25≠5.75) 4.1 (4.0≠4.50) 4.5 (4.00≠4.75) 5.3 (4.75≠5.75)

3.0≠3.5 3.3 8 6.0 (5.25≠6.75) 4.3 (4.0≠4.75) 4.9 (3.75≠5.50) 6.0 (4.75≠6.75)

3.5≠4.0 3.7 6 6.0 (5.75≠6.50) 4.4 (4.0≠4.75) 4.6 (4.25≠5.00) 6.0 (5.00≠6.50)

4.0≠4.5 4.3 4 5.7 (5.25≠6.00) 4.6 (4.0≠5.25) 5.1 (4.00≠5.25) 6.1 (5.00≠6.75)

4.5≠5.0 4.8 3 5.6 (5.25≠6.00) 4.3 (4.0≠4.50) 5.1 (5.00≠5.25) 5.9 (5.75≠6.00)

5.0≠5.5 5.1 4 6.0 (5.25≠6.25) 4.1 (3.5≠5.00) 4.9 (4.25≠5.50) 6.5 (5.75≠7.00)

Table 2 Cross-sectional airway diameters: overall
averages

Parameter

Average diameter

(range) (mm) SD

Subglottis

Ventral-dorsal diameter 5.81 0.45

Lateral diameter 5.41 0.39

Trachea (8th tracheal ring)

Ventral-dorsal diameter 4.71 0.48

Lateral diameter 5.92 0.59

SDˆ Standard deviation

Table 3 Tracheal lengths

Weight (kg) Carina-cricoid (mm)

2.3 49.5

2.8 52.0

3.2 55.0

3.9 53.0

4.1 58.0

4.7 57.0

5.1 58.0

Dimensions of rabbit subglottis and trachea 255

Laboratory Animals (2001) 35
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Successful circumferential tracheal transplantation in rabbit models has been reported (Figure 

4.1) 115. However, rabbit laryngotracheal surgical experiments have a propensity to yield 

unacceptably high mortality rates without careful consideration of a variety of factors. Firstly, 

the species is prone to laryngospasm when stressed, upon conscious inhalation of anaesthetic 

agents or with airway intubation or instrumentation 155. They also do not cough, so retained 

secretions are hard to clear and severe post-operative respiratory distress or death can occur 

due to mucus or blood clot plugging 156. Pasteurella multocida, a common nasal cavity 

commensal organism in rabbits, can give rise to post-operative pneumonia on a background of 

retained secretions and has been reported as a cause of post-operative mortality157. As a prey 

species, rabbits do not demonstrate overt signs of pain and distress, and therefore post-

operative monitoring and husbandry should be performed by individuals familiar with the 

species. Rabbits are also very prone to granulation tissue formation in response to airway 

trauma or at the site of surgery, so much so that the rabbit has been employed by others for the 

study of subglottic and tracheal stenosis 153. This complication is somewhat mitigated where 

anterior-only defects are created and repaired 158-161. The development of endoscopic surgical 

and monitoring techniques for rabbits would allow orthotopic airway transplants to be directly 

compared prospectively without the need to sacrifice animals at staggered timepoints. By 

treating any granulations or stenoses, these techniques may also allow for longer graft follow-

up and assessment of graft vascularisation and epithelialisation. 

 

 

 

 

4.2 Aims 

To validate an interventional surgical model of paediatric 

airway surgery for the direct comparison of tracheal 

replacement strategies, in order to help identify the most 

promising candidate scaffold for clinical translation, the 

specific aims are to: 

 

• establish a surgical protocol for rabbit TE tracheal 

replacement; 

Figure 4.1: Schematic of rabbit surgical model of tracheal replacement 
with prior heterotopic pre-vascularisation in a lateral thoracic 
musculofascial flap (Reproduced from Delaere et al, 1995) 
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• optimise factors to encourage graft success, such as graft vascularisation and post-

operative endoscopic intervention; and 

• compare existing ‘gold-standard’ Herberhold TE scaffolds with decellularised and 

synthetic scaffold options for survival, mechanical stability and tissue integration.  

 

4.3 Experimental groups 

 
 

 

 

 

•Tracheal autografts
•Single-stage (n=4)
•Double-stage (n=5)

•Herberhold-prepared rabbit tracheae
•Single-stage (n=4)

1. Validation of surgical model

•Synthetic (POSS-PCU) grafts
•Single-stage (n=4)
• Double-stage (n=4)

•NWPH Decellularised rabbit tracheae
• Single-stage (n=4)
• Double-stage (n=4)

•Conconi 2-cycle Decellularised rabbit tracheae
• Double-stage (n=3)

2. Comparison of TE scaffold materials

•Conconi Decellularised (4 vs 8-cycles)  rabbit tracheae for 4 weeks
•Autologously epithelial seeded scaffolds (n=3)
•Unseeded (n=3)

3. Trial of scaffold seeding with autologous epithelial 
cells (collaboration with Margot Den Hondt, UZ Leuven)

• Conconi 2-cycle Decellularised rabbit tracheae
• 2 weeks (n=3)
• 4 weeks (n=3)
• 8 weeks (n=3)

4. Optimisation of heterotopic vascularisation (flap 
only)

•Conconi 2-cycle Decellularised rabbit tracheae
• Single-stage (n=3)
• Double-stage (n=3)

5. Optimisation of post-operative endoscopic 
intervention



 

 77 

4.4 Results 

4.4.1 Optimisation and validation of surgical model 

4.4.1.1 Pre-implantation analysis: Herberhold tracheae significantly stiffer than native 

tracheae 

Herberhold scaffolds were successfully prepared from rabbit tracheae, using the method of 

sequential formalin and thimerosal immersion used throughout the 1990s to create tracheal 

grafts 83, and evaluated prior to in vivo use. Mechanical and histological structure were 

compared to native rabbit tracheae prior to implantation. There were no significant differences 

in mean ultimate tensile stress (UTS) (Figure 4.2A) or maximal tensile strain (MTS) (Figure 

4.2B) between Herberhold and native rabbit tracheae, but Herberhold scaffolds were more 

brittle than control tracheae, as demonstrated by a lower YMt (1.5 vs 5.8 MPa, p=0.0470) 

(Figure 4.2C). Herberhold tracheae also showed a significantly increased resistance to 50% 

occlusion compared to controls (p=0.0014 (A-P) and p<0.0001 (lateral)) (Figures 4.2D & E). 

Pre-implantation H&E staining of rabbit autograft and Herberhold scaffolds demonstrated 

retention of all cell components following Herberhold fixation preparation. Scanning electron 

microscopy of Herberhold sections demonstrated fixed donor cells and debris both within 

cartilage lacunae and on luminal surfaces (Figure 4.2H-K). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E 

A 

B C 

D 

Figure 4.2: Preimplantation graft comparison of 
Herberhold scaffolds with native rabbit trachea. 
Preimplantation biomechanical comparisons of rabbit 
tracheal autograft and Herberhold grafts: ultimate 
tensile stress (A); ultimate tensile strain (B); tensile 
Young’s Modulus (C) and anterior-posterior (D) and 
lateral (E) compressive Young’s moduli. Error bars 
represent Mean ± standard deviation. 



 

 78 

 

4.4.1.2 Postoperative course uneventful in autografted groups, inexorable onset of 

breathing difficulties in Herberhold animals 

Replacement of the cervical trachea was performed as a single-stage procedure using 

autografted segments of trachea (n=4) or unseeded Herberhold scaffolds (n=4). In addition, the 

success of grafts following heterotopic pre-vascularisation in a lateral thoracic flap was tested 

as a double-stage procedure using tracheal autografts (n=5). Animals were monitored clinically 

and bronchoscopically until termination. All animals survived the perioperative period without 

respiratory distress and resumed normal appetite, urination and defaecation patterns within 72 

hours. However, outcomes of autograft and Herberhold groups diverged significantly from this 

point (Figure 4.3 & Table 4.2). 
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Figure 4.2 (cont): 
Pre-implantation histology 
of rabbit tracheal autograft 
(F) and Herberhold graft 
showing intact fixed donor 
epithelium (G). Scanning 
electron microscopy (SEM) 
of rabbit tracheal autograft 
(H) and Herberhold graft (I) 
transverse sections at x200 
magnification,  showing 
fixed chondrocytes within 
cartilage lacunae in 
Herbahold grafts. SEM of 
autograft (J) and 
Herberhold graft (K) 
luminal surfaces at x1000 
magnification showing 
fixed epithelial cells in 
Herbahold grafts. 

20μm 

100μm 

H I 

J K 
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All single-stage autografted (SA) animals survived to the termination date without respiratory 

distress or laryngospasm. Weekly bronchoscopy of the SA group demonstrated the gradual 

onset of mild to moderate stenoses that stabilised from week two. Distal anastomotic mucus 

accumulation was a common bronchoscopic finding, consistent with opposing ciliary beating, 

but animals cleared the mucus easily. At post-mortem, bronchoscopic passage to the carina 

was possible in three animals. There were no visible in-graft stenoses, local inflammatory 

reactions or fibrous encapsulation of grafts. In the double-stage group (DA; n=5), one animal 

needed to be terminated between the first and second procedures for an unrelated reason – 

having been likely startled during the night, the animal was found on morning checks to have 

broken its leg. One animal demonstrated sudden respiratory distress requiring termination in 

recovery following the second stage procedure – on post-mortem, a blood clot over the 

proximal anastomosis was found to be occluding the tracheal lumen. The remaining three 

animals all survived to termination at one month without development of respiratory problems, 

showing only mild anastomotic stenoses at terminal bronchoscopy, with minimal progression 

from that seen on the initial week one bronchoscopy.  

 

In contrast, the Herberhold (SH) group demonstrated progressive anastomotic stenosis from 

the second postoperative week with gradual onset of quiet stridor. One animal died from 

laryngospasm following its first bronchoscopy on day seven, and two animals developed 

pneumonia secondary to retained secretions and were terminated on day 19. One animal 

survived to day 30 with minimal symptoms but demonstrated severe stenosis at post-mortem. 

Macroscopically, inflammatory exudate was present over the external surfaces of the grafts, 

with florid anastomotic granulation tissue and little evidence of graft neovascular penetration. 
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 Single-stage autograft Double-stage autograft Single-stage Herberhold 
 
 
 
 
Week 1 

   

Summary of 
Findings 

Both anastomoses patent Both anastomoses patent Both anastomoses patent 

 
 
 
 
Week 2 

 

 

 
Summary of 
Findings 

Both anastomoses patent with minimal 
ridging of suture lines 

Both anastomoses patent with mild 
passable stenosis and overlying mucus 

Passable developing anastomotic 
stenosis 

 
 
 
 
Week 3 

 

  

Summary of 
Findings 

No progression of stenosis at either 
anastomosis 

No progression of stenosis at either 
anastomosis 

Severe anastomotic stenosis from 
granulation tissue 

 
 
 
 
Week 4 

   

Summary of 
Findings 

Minimal progression of stenosis at either 
anastomosis 

Minimal progression of stenosis at either 
anastomosis 

Pinhole stenosis, not passable at post-
mortem 
 

 

Figure 4.3: Summary of bronchoscopic findings (1). 
Single-stage autograft and Herberhold columns adapted from Maughan et al, 2017. 
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4.4.1.3 Histological analysis: Excellent autograft healing compared to Herberhold grafts 

On histology, SA animals displayed mild degrees of anastomotic granulation tissue (Figure 

4.4A), and tracheal lumens were widely patent. No evidence of excess submucosal collagen 

deposition or fibrous encapsulation was seen (Figure 4.4B). Graft lumens were not denuded 

of epithelium at the time of surgery and pseudostratified ciliated columnar epithelium remained 

intact throughout the length of the reversed autograft (Figure 4.4C), apart from areas of 

squamous metaplasia directly over healed anastomoses. Generalised survival of epithelium 

implied a healthy nutrient supply from underlying tissues, and red blood cells were found 

within submucosal capillaries in the grafted segments implying re-connection of underlying 

capillary networks. 

 

Animal Week	1 Week	2 Week	3 Week	4	(Terminal) Survival	post-airway	
surgery	(days)

Cause	of	Death

Single-stage	autograft	(SA)
1 Grade	0	(both	ends) Grade	0	(proximal)

Grade	I	(distal)	- granulation	
tissue	at	posterior	distal	suture	
line
Contact	bleeding

Grade	0	(proximal)
Grade	II	(distal)	- progression	
of	exophytic	granulation	tissue

Grade	II	(distal)	– focal	
granulation	tissue	as	before

32 Termination	- end	of	
experiment

2 Grade	0	(both	ends) Grade	0	(both	ends)Mucus	
overlying	distal	anastomosis	
(easily	cleared)

Grade	I	(both	ends) Grade	I	(both	ends)	- able	to	pass	
scope	to	carina

32 Termination	- end	of	
experiment

3 Grade	0	(both	ends) Grade	I	(proximal)
Grade	0	(distal)
Mucus	overlying	anastomoses	
distal	>	proximal

Grade	I	(proximal)
Grade	0	(distal)

Grade	I	(proximal)
Grade	0	(distal)

30 Termination	- end	of	
experiment

4 Grade	0	(both	ends) Grade	0	(both	ends) Grade	I	(both	ends) Grade	I	(both	ends) 30 Termination	- end	of	
experiment

Double-stage	autograft	(DA)
5 Grade	I	(proximal)

Grade	0	(distal)
Grade	I	(proximal)
Grade	0	(distal)

Grade	I	(proximal)	– thin	web-
like	concentric	stenosis
Grade	0	(distal)

Grade	II	(proximal)	– thin	web-like	
concentric	stenosis	slight	
progression
Grade	0	(distal)

30 Termination	- end	of	
experiment

6 Grade	I	(proximal)
Grade	0	(distal)
Secretions	++

Grade	I	(proximal)
Grade	I	(distal)

Grade	I	(proximal)
Grade	I	(distal)

Grade	I	(proximal)
Grade	I	(distal)

30 Termination	- end	of	
experiment

7 Found	in	cage	with	leg	injury	
prior	to	second-stage	surgery	
– terminated	on	veterinary	
advice

N/A N/A N/A
N/A Leg injury	prior	to	airway	

replacement

8 Sudden	respiratory	distress	
at	24	hours	requiring	
termination

- - - 1 Blood	clot	occluding	
tracheal	lumen

9 Grade	0	(both	ends)
Bilateral	vocal	cord	palsy	
noted	prior	to	second	stage	
(asymptomatic	unless	
stressed).

Grade	0	(both	ends) Grade	0	(both	ends) Grade	0	(both	ends) 37 Termination	- end	of	
experiment

Single-stage	Herberhold	preserved	rabbit	trachea	(HH)
10 Grade	0	(both	ends) Grade	I	(proximal)

Grade	0	(distal)
Grade	II	(both	ends) Grade	IV	(proximal)

Grade	II	(distal)
30 Termination	- end	of	

experiment
11 Grade	0	(both	ends) Grade	0	(proximal)

Grade	III	(distal)
Onset	of	respiratory	distress	
over	48 hours	- termination	on	
veterinary	advice
Grade	II	(proximal)*
Grade	III	(distal)

- 19 Pneumonia	from	
retained	secretions	on	
background	of	stenosis

12 Grade	0	(both	ends) Grade	II	(both	ends) Onset	of	respiratory	distress	
over	48 hours	– termination	on	
veterinary	advice
Grade	III	(proximal)*
Grade	II	(distal)

- 19 Termination	-
pneumonia	from	
retained	secretions	on	
background	of	stenosis

13 Grade	0	(both	ends) Laryngospasm	on	anaesthesia	
reversal	following	bronchoscopy

- - 7 Laryngospam	at	
bronchoscopy

Table	4.3: Summary	of	postoperative	course	(1)

Table 4.2: Summary of postoperative care (1). Writing in red describes terminal events or events necessitating premature 
animal termination 
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DA animals showed minimal anastomotic stenosis, healthy muscle tissue and a patent lateral 

thoracic artery and vein surrounding grafts in all cases (Figure 4.4D). There was a generalised 

expansion of the submucosa with mature connective tissue throughout the graft lengths (Figure 

4.4E), but there was little evidence of persistent chronic inflammation at the time of 

termination. An intact ciliated pseudostratified looking ciliated epithelium was clearly visible 

even at the graft mid-point (Figure 4.4F). 

 

A 

* 

C B 

Single-stage autograft (SA). (A) Minimal anastomotic granulation (*). (B) Thin submucosal layer with intact submucosal vasculature, 
comparable to native trachea. (C) Largely intact layer of pseudostratified respiratory epithelium.  

Luminal surface at graft mid-point 
(scale bar 100 µm) 

Longitudinal section through anastomosis 
(scale bar 1 mm) 

Submucosal layer at graft mid-point 
(scale bar 500 µm) 

Double-stage autograft (DA). (D) Minimal anastomotic narrowing with epithelium seen on both sides of the join (*). Muscle fibres (f) 
and patent vessels (arrows) seen within flap. (E) Expansion of submucosa cartilage with connective tissue and patent vasculature. (F) 
Preserved ciliated epithelium with dense underlying connective tissue and some scattered submucosal eosinophils (arrow). 

Single-stage Herberhold scaffold. (G) Florid anastomotic granulation tissue (*) with lymphocytic infiltrate throughout graft, 
particularly at the anastomoses. (H) Intact submucosal vasculature with red blood cells within lumen. (I) Fixed donor epithelium seen 
with extensive lymphocytic submucosal and epithelial infiltration (arrows). 
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D E F 

* 

f 

* 
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Figure 4.4: Histological comparison of autografted vs Herberhold preserved rabbit trachea (Reproduced from Maughan et al, 2017)  
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Herberhold grafts consistently contained dense inflammatory infiltrate with deposition of 

collagen/fibrosis within grafts. There was widespread granulation tissue impingement of lumen 

at anastomotic joins (Figure 4.4G). Blood vessels throughout grafts appeared patent containing 

numerous red blood cells; however, these may represent fixed donor remnant cells (Figure 

4.4H). In a similar fashion, a patchy pseudo-stratified epithelium was seen which likely 

represented the remnants of the chemically fixed donor rather than a live functional neo-

epithelium (Figure 4.4I). Frequent eosinophils and other lymphocytes were seen within the 

graft epithelium and submucosa, implying an ongoing chronic inflammatory reaction against 

fixed immunogenic scaffold.  

  

 

4.4.2 Comparison of TE scaffold strategies 

4.4.2.1 Pre-implantation analysis: stark differences between scaffolds and autografts 

Tracheal scaffolds were then made using two more clinically-used techniques for analysis. 

Decellularised rabbit tracheal scaffolds were made using the NWPH or Conconi detergent-

enzyme method 118 (DET) using tracheae from weight-matched littermates. Synthetic 

nanocomposite POSS-PCU tracheal scaffolds were made to a scaled-down version from of the 

published clinical design 101 using a mixture of heat-cured non-porous ‘backbone’ layer and a 

water-cured porous skin. 

 

Biomechanical comparisons were made between the synthetic and decellularised scaffolds and 

native rabbit tracheae. Mean ultimate tensile stress (UTS) was significantly higher for the 

synthetic POSS-PCU scaffold than native rabbit trachea (3.70 vs 0.55 MPa, p=0.0028), but 

there were no significant differences in UTS between decellularised and control groups (Figure 

4.5A). There were no significant differences in ultimate tensile strain (p=0.1292) (Figure 

4.5B). POSS-PCU scaffolds was significantly more resistant to compression/occlusion in both 

A-P and lateral directions than the other groups (p<0.0001) (Figure 4.5D & E). Whilst 

decellularised tracheae showed no significant decrease in YMc compared to native trachea 

(p=0.9859 (A-P) and 0.7699 (lateral)), it did have a significantly lower YMt (Figure 4.5C), 

implying a reduction in longitudinal elasticity. 

 

On scanning electron microscopy, POSS-PCU scaffolds had smooth, highly porous luminal 

surfaces around smooth casted struts (Figure 4.5F), which appeared to connect to the 
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underlying porous scaffold (Figure 4.5H). Decellularised scaffolds were devoid of cells in 

both luminal and cartilaginous niches, with preservation of surrounding structures (Figure 

4.5G & I).  

 

 

 

A

B C

D E

Figure 4.5: Preimplantation graft comparison of
synthetic (POSS-PCU) and decellularised rabbit
tracheal scaffolds. Biomechanical comparisons of
rabbit tracheal autograft with POSS-PCU synthetic
scaffold and decellularised rabbit trachea: ultimate
tensile stress (A); ultimate tensile strain (B); tensile
Young’s Modulus (C) and anterior-posterior (D)
and lateral (E) compressive Young’s moduli. Error
bars are Mean ± standard deviation.

Figure 4.5: Preimplantation graft comparison of 
synthetic (POSS-PCU) and decellularised rabbit 
tracheal scaffolds. Biomechanical comparisons of 
rabbit tracheal autograft with POSS-PCU synthetic 
scaffold and decellularised rabbit trachea: ultimate 
tensile stress (A); ultimate tensile strain (B); tensile 
Young’s Modulus (C) and anterior-posterior (D) and 
lateral (E) compressive Young’s moduli. Error bars 
represent Mean ± standard deviation. 
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4.4.2.2 Development of severe post-operative complications 

In stark contrast to autograft groups, all animals in synthetic and decellularised groups 

developed severe respiratory complications related to their grafts. All animals survived the 

perioperative period and first postoperative week without respiratory distress. As seen in the 

Herberhold group described above, animals receiving single stage synthetic POSS-PCU grafts 

demonstrated progressive anastomotic stenosis with gradual onset of quiet stridor. One rabbit 

was terminated on development of sudden onset respiratory distress and found to have a mucus 

plug blocking a severely stenosed distal anastomosis. Two rabbits showed a decline in 

respiratory reserve over 48 hours and were terminated on day 21. One POSS-PCU rabbit 

survived to termination with minimal respiratory symptoms, but also demonstrated severe 

stenosis at post-mortem. Grafts were uniformly encapsulated in fibrous tissue with little or no 

integration into surrounding tissues, with concentric anastomotic stenoses from granulation 

tissue. The development and time course of these bronchoscopic findings showed no 

significant improvement following pre-vascularisation (Figure 4.7): POSS-PCU scaffolds 

were found to have hardened and yellowed in colour at the time of the second procedure and a 

fibrous capsule had formed in all cases between the graft and the muscle flap, leading to a 

complete lack of integration and vascular penetration (Figure 4.6A). The pattern of 

complications and the timing of symptom onset of the double-stage POSS-PCU group closely 

mirrored that of the single-stage group, with 3 of 4 animals in each arm developing terminal 

respiratory distress during the fourth postoperative week (Table 4.3). 
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Figure 4.5 (cont):  
Scanning electron microscopy 
(SEM) of POSS-PCU synthetic 
scaffold (F) and decellularised 
rabbit trachea (G) transverse 
sections at x200 magnification. 
SEM of POSS-PCU synthetic 
scaffold (showing porous 
surfaces of the polymer) (H) and 
decellularised rabbit trachea (I) 
luminal surfaces (showing 
complete removal of donor 
cells) at x1000 magnification. 
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Scanning electron microscopy
(SEM) of POSS-PCU synthetic
scaffold (F) and decellularised
rabbit trachea (G) transverse
sections at x200 magnification.
SEM of POSS-PCU synthetic
scaffold (H) and decellularised
rabbit trachea (I) luminal
surfaces at x1000
magnification.

A B

C D E

Preimplantation biomechanical
comparisons of rabbit tracheal
autograft with POSS-PCU synthetic
scaffold and decellularised rabbit
trachea: ultimate tensile stress (A);
ultimate tensile strain (B); tensile
Young’s Modulus (C) and anterior-
posterior (D) and lateral (E)
compressive Young’s moduli.

Figure	4.4: Preimplantation	graft	comparison	of	synthetic	(POSS-PCU)	and	decellularised	rabbit	tracheal	scaffolds

Figure 4.5: Representative post-implantation macroscopic graft appearances.
(A) Lack of integration of synthetic POSS-PCU graft into muscle flap, with
separation under minimal manipulation. (B) Complete dynamic malacic collapse
of NWPH decellularised graft on removal of stent at 2 weeks.

A B

Figure 4.6: Representative post-implantation macroscopic graft appearances. (A) Lack of integration 
of synthetic POSS-PCU graft into muscle flap, with separation under minimal manipulation. (B) 
Complete dynamic malacic collapse of NWPH decellularised graft on removal of stent at 2 weeks.  
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 Single-stage 
Synthetic (POSS-PCU) 

Double-stage 
Synthetic (POSS-PCU) 

Single-stage Decellularised 
(NWPH) 

Double-stage 
Decellularised (NWPH) Double-stage Conconi Decellularised 

 
 
 
Week 1 

     
Summary of 
Findings 

Both anastomoses patent, mucus 
overlying distal suture line 

Both anastomoses patent, granulation 
tissue forming 

Both anastomoses patent, no 
obvious collapse 

Stents maintaining clear airway through 
graft 

Scope passable to carina, granulations forming 
around proximal end of stent 

 
 
 
Week 2 

     
Summary of 
Findings Granulation tissue to width of graft Both anastomoses patent, granulations 

starting to encroach on graft lumen 
Minimal anastomotic stenosis or 

granulation but malacic graft 

Stent removal – heterogeneous malacia 
(mild to complete collapse requiring 

termination) 

Stent removal in surviving rabbit – minimal 
malacia of anterior graft wall 

 
 
 
 
Week 3 

     
Summary of 
Findings 

Granulations starting to encroach on 
graft lumen 

Worsening anastomotic stenoses, mucus 
overlying graft 

Softening and breakdown of graft 
leading to death 

Softening and collapse of grafts with 
forming anastomotic stenoses 

No obvious worsening of malacia, some 
progression of proximal stenoses 

 
 
 
Week 4 

 
 

 
N/A 

 
N/A 

 
N/A 

Summary of 
Findings 

Severe anastomotic stenosis from 
granulation tissue 

Mature anastomotic stenoses precluding 
passage of scope N/A N/A N/A 

Figure 4.7: Summary of bronchoscopic findings (2). Single-stage synthetic and decellularised columns adapted from Maughan et al, 2017. 



Animals receiving single-stage NWPH decellularised grafts showed less severe degrees of 

anastomotic granulation (Figure 4.7). One rabbit was mildly stridulous from day five - bilateral 

vocal cord palsies were observed at first bronchoscopy. However, progressive graft malacia 

(of both anterior and posterior walls) was seen in all animals, and all required termination due 

to sudden respiratory distress between days 11 and 20. Integration of graft tissue and recipient 

trachea was macroscopically stronger than the other group, but luminal surfaces of grafts still 

appeared white and avascular. In contrast, NWPH grafts showed good vascularity following 

heterotopic pre-vascularisation, with contact bleeding on the luminal surfaces, but grafts had 

softened and buckled during the pre-vascularisation period and collapsed, necessitating a stent 

to be inserted to support it in the airway (Figure 4.6B). One animal in this group suffered from 

fatal stent displacement on day 10. Stents were removed 2 weeks after the second stage 

procedure, however, grafts were still extremely malacic on stent removal and animals died 

suddenly or required urgent termination due to worsening graft malacia in the third week of 

the experiment (Table 4.3). 

 

At the time of the second stage procedure, grafts decellularised using the Conconi protocol, 

with stents in situ, appeared to have retained their mechanical strength and resistance to 

collapse following pre-vascularisation in a comparable way to that previously seen in the 

double-stage autograft group. Therefore, the intraluminal stents were removed at the time of 

the second procedure. However, mild to moderate dynamic graft malacia was observed on 

serial bronchoscopy and two of the three animals developed sudden onset respiratory distress 

as seen in the NWPH decellularised groups. At post-mortem, mucus plugs were found within 

the malacic and stenotic graft lumens. One animal additionally developed severe anastomotic 

stenosis necessitating early termination. 
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Table 4.3: Summary of postoperative course (2). Writing in red describes the events leading to termination. 

Animal Week 1 Week 2 Week 3 Week 4 (Terminal) Survival post-airway 
surgery (days)

Cause of Death

Single-stage Synthetic (POSS-PCU)
14 Grade 0 (distal) Grade I (proximal) - eccentric 

stenosis posterior > anterior
Grade 0 (distal)

Grade IV (distal) - ‘pinhole’ 
stenosis

Grade IV (distal) - ‘pinhole’ 
stenosis
Loose secretions

30
Termination - end of 
experiment

15 Grade 0 (both ends) Grade I (distal) – just able to 
pass scope

Grade II (proximal)
Grade IV (distal) - ‘pinhole’ 
stenosis, gradual onset of 
difficulty breathing at rest

-
21

Anastomotic stenosis

16 Grade 0 (both ends) Procedure abandoned
(anaesthesia induction failure 
& mild laryngospasm on trial 
of gas anaesthetic)

Grade IV (distal) ‘pinhole’
Gradual onset of difficulty 
breathing at rest

-
21

Anastomotic stenosis

17 Grade I (distal) - contact 
bleeding

Copious loose secretions Sudden difficulty breathing 
at rest
Mucus obliterating central 
graft lumen at post-mortem

-
19

Mucus plugging on 
background of 
anastomotic stenosis

Double-stage Synthetic (POSS-PCU)
18 Grade 0 (proximal)

Grade I (distal)
Grade 0 (proximal)
Grade I (distal)
Minimal granulations to match 
luminal diameters
Secretions overlying graft lumen

Grade I (proximal)
Grade II (distal)

Grade I (proximal)
Grade II (distal) – concentric 
stenosis

30
Termination – end of 
experiment

19 Grade 0 (proximal)
Grade I (distal)

Grade 0 (proximal)
Grade I (distal)
Minimal granulations to match 
luminal diameters

Grade II (both ends) Sudden respiratory distress 
requiring immediate termination 29

Mucus plugging on 
background of 
anastomotic stenosis

20 Grade 0 (both ends)
Creamy secretions covering 
graft

Grade I (proximal)
Grade 0 (distal)

Grade I (proximal)
Grade II (distal)

Secretions ++, sudden respiratory 
distress after mild stridor on 
exertion

25
Mucus plugging on 
background of 
anastomotic stenosis

21 Grade 0 (both ends)
Creamy secretions covering 
graft

Grade 0 (both ends)
Continued secretions covering 
graft

Grade I (both ends, 
proximal>distal)
Creamy secretions +++

Gradual increase in respiratory 
distress 23

Anastomotic stenosis

Single-stage Decellularised rabbit trachea (NWPH)
22 Grade 0 (both ends)

In-drawing of trachealis into 
graft lumen

Grade II (proximal)
Grade I (distal)
In-drawing of trachealis into 
graft lumen

Sudden respiratory distress -
20

Mucus plugging on 
background of graft
malacia

23 Bilateral vocal cord palsy
Grade 0 (both ends)

Bilateral vocal cord pals
Grade 0 (proximal)
Grade I (distal)
Significant graft malacia

Sudden stridor and moribund 
state

-
16

Graft malacia on 
background of bilateral 
VC palsy

24 Grade 0 (both ends)
In-drawing of trachealis into 
graft lumen

Grade 0 (both ends)
Severe graft malacia* (collapse 
of both anterior and posterior 
graft walls into lumen on 
inspiration)

Sudden respiratory distress 
on exertion

-
15

Graft malacia

25 Grade 0 (both ends)
In-drawing of trachealis into 
graft lumen

Found dead - -
11

Graft malacia

Double-stage Decellularised rabbit trachea (NWPH)
26 Graft so malacic and 

compressed by flap that ET 
tube stent placed

Grade I (both ends)
Moderate malacia

Grade II (both ends) Severe graft malacia
23

Graft collapse

27 Graft so malacic and 
compressed by flap that ET 
tube stent placed

ET tube stent removed – graft 
moderately malacic on stent 
removal

Found dead with blood 
around nose and mouth 48 
hours post-stent removal

-
18

Graft collapse

28 Graft so malacic and 
compressed by flap that ET 
tube stent placed
Stent patent at first 
bronchoscopy

Graft so malacic that animal died 
on table on stent removal

- -
15

Termination on stent 
removal due to severe 
graft malacia

29 Graft so malacic and 
compressed by flap that ET 
tube stent placed

Stent displaced distally on 
bronchoscopy – found dead 
after 48hours

- -
10

Stent migration

Double-stage Decellularised rabbit trachea (Conconi, stent in flap)
30 Grade 0 (both ends) Grade 0 (both ends)

Mild anterior wall graft 
malacia

Grade 0 (both ends)
Moderate graft malacia

Found dead 27 Likely mucus plugging on 
background of graft 
malacia

31 Grade I (proximal)
Grade 0 (distal)

Grade III (proximal)
Unable to visualise distal
anastomosis

Onset of biphasic stridor and 
difficulty in breathing at rest 
over 72 hours

- 16 Graft narrowing to due 
to anastomotic stenosis

32 Grade 0 (both ends) Sudden extreme stridor and 
respiratory distress

- - 8 Mucus plugging

Table 4.5: Summary of postoperative course (2)
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4.4.2.3 Diverse histological explanations for synthetic and decellularised graft failure 

Histological analysis was performed on explanted grafts to ascertain the level of tissue 

integration and identify specific aetiologies of complications. In contrast to autografts, fibrous 

encapsulation of POSS-PCU grafts was universally evident with little or no integration into 

surrounding tissues and immediate separation of grafts from tissues during sectioning (Figure 

4.8A). Granulation tissue encroached dramatically into the tracheal lumens at the anastomoses 

between POSS-PCU material and native tracheal ends but no convincing ingrowth of tissue 

was seen. No evidence of POSS-PCU graft re-vascularisation was seen (Figure 4.8B). Pores 

within the POSS were interconnected but contained large numbers of eosinophils and cell 

debris consistent with a foreign body reaction (Figure 4.8C). No discernible blood vessels or 

endothelial cell repopulation were seen within pores, and no fibrous tissue deposits were seen 

within POSS-PCU. In the double-stage POSS-PCU group, the fibrous capsule surrounding 

grafts was evident as a barrier to anastomotic connection (Figure 4.8D*). There was some 

infiltration of granulation tissue into the pores of the graft (Figure 4.8E & F) but this was 

easily damaged during sectioning and provided no mechanical support. Pores appeared to 

interconnect to the luminal surface, as luminal granulation tissue penetration was commonly 

seen (Figure 4.8F). There were no cells resembling a respiratory-type epithelial morphology 

on the luminal surfaces of either POSS-PCU groups. 

 

Decellularised grafts from both NWPH and Conconi groups showed the same expansion in 

submucosal layer thickness seen in the double stage autograft group and there was a less 

pronounced lymphocytic response to that seen in POSS-PCU or Herberhold grafts (Figure 

4.8G & H). Mucus was often found overlying and narrowing the graft lumen (Figure 4.8G). 

Unlike other groups, there was some evidence of neovascularisation, as evidenced by small 

irregular blood-filled capillaries in the submucosal layer. There was no evidence of any 

development of pseudostratified epithelium at 20 days (the longest recorded survival in this 

group) (Figure 4.8I). In the double-stage groups, submucosal expansion was even more 

extreme than that seen in the single-stage group rabbits (Figure 4.8J&M), and infiltrating 

inflammatory tissue was disorganised and granulatory. This appeared most severe in the 

intercartilagenous regions, where granulations reached the luminal surface (Figure 4.8K&N). 

A patchy ingrowth of stratified squamous epithelium was observed at each anastomosis and 

appeared to have reached the midpoint of the graft (Figure 4.8L&O), but no cilia were detected 

on the luminal graft surfaces in any animal. 
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Longitudinal	section	through	anastomosis

(scale	bar	500µm)

Submucosal	layer	at	graft	mid-point

(scale	bar	500µm)

Luminal	surface	at	graft	mid-point

(scale	bar	100µm)

IH

A

S

*

C

Single-stage synthetic (POSS-PCU) scaffold. (A) Lack of scaffold (S) integration with florid overgrowth of granulation tissue (*). (B) Pores
containing copious cell debris but no discernable vessels. (C) No respiratory epithelium seen, eosinophil migration throughout graft

(arrow).

Double-stage	synthetic	(POSS-PCU)	scaffold.	(D)	Lack	of	scaffold	(S)	integration	with	florid	overgrowth	of	granulation	tissue	(*).	(E)	
Suggestion	of	penetration	of	granulation	tissue	into	scaffold	pores	(arrow),	easily	sheared	during	tissue	processing.
(F)	Penetration	of	granulation	tissue	and	inflammatory	cells	to	graft	lumen without	discernable	epithelial	coverage.

Single-stage	decellularised	(NWPH)	scaffold.	(G)	Large	adventitial	expansion	with	fibroblast-like	cells	with	granulation	tissue	encroaching	on	
lumen	and	overlying	mucus	(*).	(H)	Copious	granulation	tissue	and	irregular	neovascularization	with	expansion	of	submucosal	layer.	(I)	
Fibroblastic	expansion	of	luminal	surface	without	evidence	of	epithelialisation.

G

J K L

Double-stage	decellularised	NWPH	(J-L,	Hematoxylin	&	Eosin)	and	Conconi	(M-O,	Masson’s	Trichrome)	scaffolds.	(J	&	M)	Submucosal	

expansion	with	ingrowth	of	epithelium	across	anastomosis.	(K	& N)	Copious	granulation	tissue	with	expansion	of	submucosal	layer,	

especially	between	cartilage	rings	and	through	trachealis	(T).	(L	& O)	Disorganised	patchy	stratified	squamous	epithelium	overlying	

granulation	tissue,	no	cilia	seen.

M N O

*

*

D E F

Figure	4.6: Histological	comparison	of	implanted	synthetic	and	decellularised	tracheal	scaffolds	Figure 4.8: Histological comparison of implanted synthetic and decellularised tracheal scaffolds.  
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4.4.3 Scaffold seeding with autologous rabbit bronchoepithelial cells (RBECs) 

4.4.3.1 RBEC autologous harvest and successful in vitro expansion 

Given the poor outcomes of orthotopically implanted unseeded scaffolds made by any of the 

three clinically-used protocols tested, it was hypothesised that their failure might be due to the 

lack of epithelium. The aim was therefore to implant decellularised rabbit tracheal scaffolds 

seeded with autologous bronchoepithelial cells. Following harvest of short tracheal sections, it 

was possible to establish rabbit bronchoepithelial cell (RBEC) cultures in 3T3+Y in all three 

rabbits via outgrowth from explanted mucosa, a finding not previously reported in the 

literature. Colony morphology was similar to that seen in human BECs under the same 3T3+Y 

conditions (Figure 4.9A-C), but RBEC population doubling times were significantly faster 

than those seen in human paediatric cultures (1.24 v 1.59 days in children, p=0.0500).  

 

 

 

Figure 4.9: Expansion of autologous rabbit 
bronchoepithelial cells (RBECs) for 
implantation of autologously-seeded 
tracheal scaffolds. RBECs were harvested 
from a single excised tracheal ring and grown 
out from explants in co-culture with 3T3-J2 
mouse feeders (F). Colony morphology (*) 
was similar in RBEC primary culture to that 
seen in paediatric BECs (B), with widespread 
expression of KRT5 within colonies (C). 
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Outgrown RBECs were therefore easily expanded to over 1 x 107 at P4 within five weeks, at 

which time cells were transported within T75 flasks and survived the journey to Belgium. On 

arrival at UZ Leuven for differential trypsinisation, graft seeding and overnight incubation in 

bioreactors prior to implantation, the vast majority of cells were seen to be viable on tryphan 

blue staining (cell range: 1.3 - 2.5 x 107 cells per donor). The night before graft implantation, 

cells from each donor were seeded at a density of 1.5 x 106 cells/cm2 onto the luminal surfaces 

of 2 decellularised rabbit tracheal scaffolds (Conconi-decellularised for four or eight cycles) 

within scaled-down versions of a clinically-used bioreactor and left to attach overnight. 

 

Animals were examined endoscopically prior to insertion of grafts into thoracic flaps and 

harvest sites had uniformly healed well with minimal anastomotic stenosis (Figure 4.9C). 

Grafts were then heterotopically implanted into lateral thoracic flaps bilaterally (each animal 

received one four-cycle and one eight-cycle decellularised graft). Three further animals 

received the same bilateral grafts as unseeded controls. 

 

4.4.3.2 No improvement in graft integration or mechanical integrity with RBEC epithelial 

seeding 

Four weeks after implantation in thoracic flaps, grafts were exposed prior to orthotopic transfer. 

Both seeded and unseeded scaffolds were found to be markedly more friable than previous 

unseeded decellularised implanted scaffolds that had been exposed to the same number of 

cycles of Conconi decellularization. There was overlying cellular exudate on both luminal and 

external graft surfaces (Figure 4.9D). Furthermore, ingrown tissue from the flaps through the 

holes in the external stents caused crumpling and buckling of grafts in every case. Graft 

friability made transfer to the trachea technically challenging. In two animals (one each from 

seeded and unseeded groups), both four-cycle and eight-cycle grafts were too friable to implant 

in the orthotopic position and these animals were instead terminated. In the remaining four 

animals, the four-cycle decellularised grafts appeared macroscopically better preserved, with 

less inflammatory infiltrate and less severe collapse; therefore, the four-cycle graft was 

implanted into the tracheae and the contralateral eight-cycle grafts were removed for histology. 

 

Post-operative survival was very short: early termination was required in all cases in the first 

postoperative week due to significant stridor and respiratory distress. On removal, grafts were 
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partly collapsed with gross luminal accumulation of inflammatory infiltrate malacic collapse. 

Grafts showed subtotal granulating stenosis of the graft lumens (Figure 4.9E) with no 

recognisable epithelium attached to the luminal surface within any of the seeded grafts (Figure 

F&G). 

 

 

4.4.4 Optimisation of heterotopic vascularisation 

4.4.4.1 Four weeks is the most suitable time period for pre-vascularisation 

Although our Belgian collaborators had previously shown two weeks of flap pre-

vascularisation to be sufficient for allotransplantation under immunosuppression, it was 
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L 

Gr 
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Figure 4.9(cont): Animals tolerated the harvest well, with minimal 
stenosis from the circumferential excision (C). At one month, 
heterotopic grafts showed widespread infiltration and malacic 
collapse (D) which necessitated early termination following 
orthotopic transfer. Grafts showed subtotal granulating stenosis 
(Gr) of the graft lumens (L), with no recognisable epithelium 
attached to the luminal surface within the grafts (F&G). 
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important to ascertain the optimum length of heterotopic implantation for decellularised 

tracheae.  Minimally decellularised scaffolds (2 Conconi decellularization cycles) were 

implanted into unilateral lateral thoracic flaps. One animal died on induction of intramuscular 

anaesthesia during graft implantation, but all other animals survived to termination at two, four 

or eight weeks (n=3 in each group) without concerns or complications. On removal, there was 

a time-dependent continuum of loss of graft mechanical strength (Figure 4.10A, D & G), 

development of vascularity as evidenced by luminal contact bleeding and firm integration into 

the muscle flap. As shown in Figure 4.7, the macroscopic appearance of grafts left for four 

weeks of heterotopic vascularisation appeared the most suitable for airway implantation in 

terms of tissue integration and mechanical collapse resistance. On histology, more evidence of 

acute cellular infiltration was seen in the two week group (Figure 4.10C) than the four or eight 

week groups, whilst evidence of intracartilagenous granulatory inflammatory tissue appeared 

from the fourth week (Figure 4.10E). In the eight week group, the submucosal connective 

tissue appeared looser and vacuolar in areas (Figure 4.10I). Vascular penetration to the luminal 

surface was seen in both four and eight week groups with the development of granulation tissue 

over the luminal surface in eight week grafts (Figure 4.10I). 

2 weeks 

8 weeks 

4 weeks E 

A 

D F 

G H I 

B C 

Figure 4.10: Macroscopic and histological comparison of heterotopically implanted cellular rabbit trachea. 
Grafts were mechanically resistant to collapse under extrinsic pressure at 2 and 4 weeks but had become 
malacic by week 8. Whereas cell infiltration was more inflammatory at week 2, integration of grafts within 
the muscle flaps were more extensive at 4 and 8 weeks. 
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4.4.5 Optimisation of post-operative endoscopic intervention 

As animals in all groups apart from autografts had suffered early complications requiring after 

orthotopic transfer, the experiments had not been adequately able to address how grafts might 

integrate over time. I hypothesised that using interventional endoscopic techniques such as 

anastomotic and graft balloon dilatation and suction of blood and mucus would more accurately 

reflect the clinical scenario and might enable animals to survive for longer. Animals therefore 

received two cycle-decellularised tracheal grafts as either single- or double-stage grafts (n=3 

in each group). However, interventional techniques did not prevent the onset of graft 

submucosal expansion or anastomotic stenosis and granulations, and even appeared to 

adversely affect the median survival of the animals (Table 4.5). Despite this, intensive 

ballooning twice to three times per week enabled one animal to survive to the one-month 

termination point. In addition to the known anastomotic ‘pinhole’ stenoses that the animal had 

developed (Figure 4.11A), there was evidence of a full-length ‘obliterans’-type in-graft 

stenosis due to the florid submucosal expansion within the graft (Figure 4.11B).  

 

Table 4.4: Summary of heterotopic vascularization macroscopic appearances. 

Figure	4.7:Macroscopic	and	histological	comparison	of	heterotopically	implanted	decellularised	rabbit	trachea

2	weeks

8 weeks

4 weeks

Rabbit	number Length	of	
vascularisation	

(weeks)

Flap	appearance Bleed	back	from	
flap	artery?

Graft	mechanical	
properties

Contact	bleeding	
on	luminal	
surface?

Integration	into	
flap?

33 2 Pink,	normal	bulk Yes Comparable	to	pre-
implantation

No No

34 2 Pink,	normal	bulk Yes Comparable	to	pre-
implantation

No No

35 2 Pale,	thin No Soft,	collapse	on	stent	
removal

No Intermediate

36 4 Pink,	normal	bulk Yes Comparable	to	pre-
implantation

Yes Yes

37 4 Pink,	normal	bulk Yes Comparable	to	pre-
implantation

No Yes

38 4 Pink/Yellow,	normal	
bulk

Yes Comparable	to	pre-
implantation

Yes Yes

39 8 Pink/Yellow,	normal	
bulk

Yes Friable,	collapse	on	
stent	removal

Yes Yes

40 8 Pink/Yellow,	normal	
bulk

Yes Friable,	collapse	on	
stent	removal

Yes Yes

41 Died	under	
anaesthesia

N/A N/A N/A N/A N/A

42 8 Pale,	normal	bulk Yes Soft,	collapse	on	stent	
removal

No Yes

Table	4.6: Summary	of	heterotopic	vascularisation	macroscopic	appearances

E

A

D F

G H I

B C
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Histology demonstrated similar, though more marked, findings of anastomotic granulations 

and submucosal expansion with inflammatory infiltration, connective tissue and 

neovascularisation to those seen in the other Conconi decellularised graft groups, but in some 

of the animals, evidence of a patchy stratified squamous epithelium could be seen at the graft 

mid-point (Figure 4.12C & F), a finding not previously seen in decellularised grafts. 

 

 

 

 

 

 

Figure 4.11: Post-mortem appearances of 
Conconi decellularised rabbit tracheal 
scaffolds following bronchoscopic 
intervention. (A) Grade IV ‘pinhole’ proximal 
anastomotic stenosis. (B) Loss of Conconi 
decellularised graft luminal diameter due to 
anastomotic and submucosal expansion 
causing in-graft stenosis. 

A B 

Table 4.5: Summary of postoperative course in animals where endoscopic interventional techniques (ballooning and suction) 
were employed postoperatively. 

Animal Week 1 Week 2 Week 3 Week 4 (Terminal) Survival post-airway 
surgery (days)

Cause of Death

Single-stage Decellularised rabbit trachea (Conconi)

43 Grade II (distal)
Soft florid granulations  
ballooned

Found dead – had been active 
and with normal breathing on 
last observation

- -
10

Mucus plug on mildly 
stenotic graft

44 Grade 0 (both ends) Grade I (proximal)

Firm stenosis – ballooned with 
mild effect

Grade IV (proximal)

No effect with ballooning –
terminated under anaesthesia

-
21

Proximal anastomotic 
stenosis

45 Grade II (proximal)
Grade I (distal)

Soft granulations ballooned

Onset of laboured breathing 
over 12 hours

-
9

Distal anastomotic 
stenosis

Double-stage Decellularised rabbit trachea (Conconi)

46 Grade II (proximal)
Grade III (distal) 

Soft florid granulations, 
ballooned

Grade II (proximal)
Grade II (distal)

Re-ballooned twice in one 
week to both graft ends to 
relieve symptoms

Grade II (proximal)
Grade II (distal)
In-graft stenosis – Grade II

Ballooned twice to graft and 
anastomosis

Grade II (proximal)
Grade II (distal) – concentric 
stenosis
In-graft stenosis Grade III

31
Termination – end of 
experiment

Obliterans-type 
appearance of whole 
length of graft lumen

47 Grade III (proximal)
Grade II (distal)

Soft florid granulation 
ballooned

Died on anaesthetic induction 
for scheduled bronchoscopy

- -
14

Mucus plugging on 
background of 
proximal anastomotic 
stenosis

48 Found dead – had been well 
on last set of observations

- - -
2

Blood clot occluding 
tracheal lumen

Table 4.5: Summary of postoperative course in animals where endoscopic interventional techniques (ballooning and 
suction) were employed postoperatively

Figure 4.10: Post-mortem appearances of 
Conconi decellularised rabbit tracheal scaffolds 
following bronchoscopic intervention. (A) Grade 
IV ‘pinhole’ proximal anastomotic stenosis. (B) 
Loss of Conconi decellularised graft luminal 
diameter due to anastomotic and submucosal 
expansion causing in-graft stenosis.

A B
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4.4.6 Overall survival 

All autografts, with the exception of one early perioperative death from operative 

complications, survived to elective termination at one month without developing respiratory 

symptoms. In stark contrast, all other groups demonstrated onset of severe or fatal respiratory 

distress in the second and third postoperative weeks. Using the Kruskal-Wallis statistic to 

analyse nonparametric differences between groups, there were no statistically significant 

differences in median survival between total groups (Figure 4.13A) (p=0.07). However, if the 

two deaths within the immediate postoperative period – one double-stage autograft, one 

double-stage Conconi graft with intervention - are excluded (as defined by the first 48hours), 

there was a statistically significant difference between the autograft and other experimental 

groups (Figure 4.13B) (p=0.02). Using the Mann Whitney test, there were no statistically 

significant differences between single-stage and double stage groups for any experimental arm 

(Autograft p=0.31, POSS-PCU p=0.11, Decell NWPH p=0.97, Conconi interventional 

p=0.57). 

 

 

 
Single-stage decellularised (Conconi) scaffold. (A) Extensive polypoidal granulations overlying anastomosis causing 
focal stenosis. (B) Expansion of submucosal layer, with inflammatory cell infiltration, and increase in vascularity. 
(C) Stratified squamous epithelium covering graft luminal surface, no cilia seen. 

Double-stage decellularised (Conconi) scaffold. (D) Submucosal expansion with ingrowth of epithelium across 
anastomosis (dotted line). (E) More marked submucosal expansion than single-stage grafts and increased 
inflammatory cell density towards luminal surface. (F) Patchy stratified squamous epithelium overlying 
granulation tissue, no cilia seen. 

Figure 4.12: Histological appearances of Conconi decellularised rabbit tracheal scaffolds following 
bronchoscopic intervention. 

Luminal surface at graft mid-point 
(scale bar 250µm) 

Longitudinal section through 
anastomosis 

(scale bar 1mm) 

Submucosal layer of graft  
(scale bar 500µm) 

B A C 

D E F 
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Figure 4.13: Overall rabbit survival following TE transplantation. (A) Survival curves for animals undergoing TE 
tracheal transplantation. (B) Although control groups survived significantly longer than all other groups (with no 
difference between single- and double-stage groups), there was no statistically significant differences between 
median survival (days) of experimental groups undergoing TE tracheal transplantation, excluding perioperative 
deaths in first 48 hours.  
 

Figure 4.12(A): Survival curves for animals undergoing tissue-engineered tracheal transplantation
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Figure 4.12(B): Median survival (days) of experimental groups undergoing TE tracheal 
transplantation, excluding perioperative deaths in first 48 hours. B  

Figure 4.12(A): Survival curves for animals undergoing tissue-engineered tracheal transplantation
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Figure 4.12(B): Median survival (days) of experimental groups undergoing TE tracheal 
transplantation, excluding perioperative deaths in first 48 hours. 

A  



 

 100 

4.5 Discussion 

4.5.1 Establishment of the rabbit model 

These experiments represent the successful establishment and iterative refinement of a rabbit 

surgical model of fully circumferential tracheal replacement. Throughout a total of 96 episodes 

of general anaesthesia, fatal laryngospasm on induction of anaesthesia occurred in one animal 

prior to any airway instrumentation, and there was one death under general anaesthesia (during 

a first stage heterotopic implantation procedure without airway instrumentation). There were 

two sudden respiratory deteriorations requiring immediate termination within 48 hours of 

airway surgery; in both cases, a large blood clot was discovered at post-mortem to be overlying 

one of the anastomoses causing luminal occlusion. Therefore, despite initial concerns of high 

rabbit operative mortality raised from the literature, a low perioperative mortality of 4% was 

demonstrated, as defined by death in the 48 hours following general anaesthesia. Whilst the 

evolution of pre-clinical surgical techniques can be seen in many cases to model the clinical 

scenario in terms of endoscopic intervention and stent placement as closely as possible 162-164, 

it is still impractical to provide the level of intensivist airway support and round-the-clock 

surveillance possible in a human intensive care setup. General factors that contributed to this 

low rate included calm anaesthetic induction to reduce animal stress using a bolus injection, 

and avoidance of any inhalational agents until a deep level of sedation was obtained to reduce 

laryngospasm risk. 

 

Bronchoscopic diagnostic evaluation was invaluable for assessing the appearance of worsening 

stenosis, allowing for animals to be terminated prior to sudden death in line with Home Office 

regulations. It was also helpful for diagnosing dynamic complications that contributed to the 

burden of the animals’ airway obstructions, as in the clinical scenario, but would not have been 

easily identifiable at post-mortem. The best examples of this were graft malacia and palsy of 

one or both vocal cords in rabbits, presumably from damage to the recurrent laryngeal nerves 

which are known to be difficult to identify and surgically preserve in the rabbit 165. Other 

associated morbidity included that associated with luminal stents, which were unfortunately 

necessary in the NWPH decellularised graft group to allow the experiment to proceed but led 

to granulations around the stent ends and one fatal stent migration.  

 

The morbidity and mortality that developed over the course of the experiment could be directly 

attributed to stenosis and inflammation at the anastomoses and/or within the grafts themselves. 
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The fact that these findings were not sufficiently severe to cause symptoms in the autografted 

groups suggests that these pathologies were driven by the suboptimal nature of the tested grafts 

and that a sufficiently optimised scaffold should be successful in this model. Although animals 

developed granulations and respiratory distress at comparable time intervals to those seen in 

other reported circumferential studies of rabbit airway surgery, these timepoints may not have 

been sufficient to determine the epithelialisation or integration potential of such grafts. The 

ability to intervene therapeutically with endoscopic suction and ballooning, whilst not 

increasing overall median survival, did allow for at least one animal in each interventional 

group to reach the one-month time point, where epithelialisation was evident on histological 

analysis. 

 

4.5.2 Choice of scaffold material for TE tracheal replacement 

Herberhold tracheal homografts were the world’s gold standard for treatment for many years, 

with multiple children and adults implanted77,83. However, their use was universally 

discontinued following concerns about the carcinogenic nature of the fixatives used. The pre-

implantation histology, showing retention of all cell components following Herberhold fixation 

preparation, and the ensuing widespread inflammatory reaction to the grafts following 

implantation, show this was a correct decision to make. The extensive cell infiltrates seen are 

likely due to a combination of a reaction to immunogenic donor material and inflammation to 

residues of fixative agents. However, with the retirement of Herberhold grafts comes a dearth 

of clinical options available for patients requiring lengthy tracheal reconstruction. This pilot 

project aimed to directly compare the potential of the two main clinically-used synthetic and 

decellularised strategies competing to replace homografts. 

 

Synthetic POSS-PCU scaffolds, made to the same specification as those used in clinical cases, 

demonstrated a complete lack of integration with native tracheal tissues at the anastomotic 

joins. Pores were largely filled with inflammatory debris or weak points of attachment with 

granulation tissue, and there was resultant lack of functional vasculature capable of supporting 

an epithelium. This is likely to be due to a combination of factors, including a suboptimal 

number or size of pores on the external graft surface, a relatively high polymer hydrophobicity 

that repelled cell attachment, and a gross mechanical mismatch between grafts (which hardened 

over the period of pre-vascularisation) and native trachea. These pre-clinical findings tally with 

recent widespread media coverage, and scientific and ethical concerns regarding some of the 
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clinical cases employing synthetic scaffolds from this material 166. Although alternative 

manufacturing techniques, such as 3D printing or electrospinning, and modifications of the 

polymer surface, such as the inclusion of larger, more frequent pores, adhesion molecules or 

specific growth factors, may one day greatly improve this polymer’s appeal as a tracheal 

replacement,  these strategies were not taken forward for these experiments. 

 

Published pre-clinical and clinical data for biological tissue (either decellularised trachea or 

cryopreserved aortic homografts) have so far suggested superior safety and efficacy 138 to 

synthetic replacements. Whilst decellularised grafts demonstrate more potential, they 

demonstrate a tendency to soften and become malacic on implantation. This may be due to loss 

of the soluble fraction of extracellular matrix proteins that are lost during the decellularisation 

process. Decellularisation processes must be therefore kept to the minimum needed to reduce 

an immunogenic response 167. Implantation, at least in the early-to-medium postoperative 

period, is likely to require intraluminal stenting to prevent malacic collapse. This is more 

practical in the clinical scenario, where bioabsorbable stents are well-established in clinical 

practice. The most encouraging findings of these experiments was the presence of a stratified 

squamous epithelium on double-stage decellularised grafts. These grafts were universally 

unseeded by exogenous means, so any epithelial cells present must have represented ingrowth 

from the cut ends of the trachea. It is therefore reasonable to hypothesise that, with the 

provision of care possible in the clinical setting, decellularised tracheal grafts could be capable 

of supporting an epithelial coverage. However, further studies are required to ascertain whether 

this could be improved or accelerated by the seeding of autologous epithelial or mesenchymal 

cells.  

 

In the single rabbit for whom the planned termination date was successfully reached using 

endoscopic interventions, an in-graft stenosis was discovered such as that seen in bronchiolitis 

obliterans, a common and unfortunate complication seen in lung transplant patients. In 

addition, the first reported child to receive a decellularised tracheal transplant is also noted to 

have in-graft stenosis 96. This could represent a remodelling response to exposed ECM proteins 

within the scaffold, or a rejection response to residual immunogenic debris. Further 

immunostaining, particularly for M1/M2 immune cell responses 144, would be useful to 

examine this, as would comparison with the in vivo response to seeded scaffolds. 
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It is difficult to directly compare these results to those published in the literature, as the majority 

of studies of rabbit tracheal surgical implants employed small or only partial-circumference 

grafts. This strategy was not adopted here as in-growth from endogenous tissue may lead to 

the over-reporting of benefit in such strategies, and extrapolating results to predict clinical 

outcomes of longer-segment segmental grafts would not necessarily be appropriate 93. In 

common with most reported rabbit studies, only 3 or 4 individual animals were used in each 

experimental pilot arm. This was in line with the ethical pillar of animal research to reduce the 

numbers of animals used as far as possible 168, as well as to reduce costs and increase practical 

manageability of providing bronchoscopic and emergency cover to animals. Given the short 

time points achievable with the current grafts, variation in survival by a few days from graft 

failure or general postoperative complications has a great impact on the overall statistical 

significance of findings. It therefore would be difficult to perform meaningful analysis of 

results in groups with subtle differences, given how many complex factors are in play in vivo. 

However, since stark qualitative differences were apparent between groups, it would have been 

unethical to subject more animals to tracheal replacement with grafts with such a high chance 

of failure. 

 

4.5.3 Graft vascularisation 

Establishment of a blood supply is essential for any tissue-engineered implant or organ to 

permit the supply of nutrients to seeded cells and native tissues growing into the graft. A major 

surgical hurdle to tracheal replacement is that there is no discrete arteriovenous supply to the 

trachea that would be amenable to anastomosis; instead, the trachea relies on a finely segmental 

network of capillaries from the surrounding tissues. Bioengineered tracheal grafts are therefore 

expected to be relatively slow to establish vascular connections capable of supporting cell and 

tissue survival and growth. The use of a period of heterotopic vascularisation elsewhere in the 

body prior to tracheal transfer as a pedicled or free flap transfer has been shown to generate a 

clinically-significant blood supply 85,169 with improved clinical outcomes. 

 

The decision to investigate this heterotopic pre-vascularisation strategy in these experiments 

model was based on a lack of demonstrable vascularisation in single-stage POSS-PCU or 

Herberhold groups, and the formation of irregular small vessels only within the single stage 

NWPH group. Rabbit studies of allogeneic tracheal transplantation with immunosuppression156 

reported increased survival where grafts were pre-implanted for a 2-week period. However, in 
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this study of a variety of different ‘best-available’ TE scaffolds, 2 weeks was insufficient for 

the development of graft vascular penetration from this musculofascial flap. In addition, these 

results and those from our collaborator Margot Den Hondt (UZ Leuven, Belgium) showed that 

decellularised grafts initially soften on implantation leading to crushing of grafts within the 

contracting muscle flap. A period of 4 weeks was chosen to be the optimal length of time for 

establishing a functional vascular supply to the luminal surface, whilst stenting the 

decellularised Conconi grafts within the flap ameliorated both the grafts’ crushing within the 

flap and preserved their elastic mechanical properties.  

 

Ultimately, the addition of a pre-vascularisation period grafts did not demonstrate a reduction 

in graft failure from a mixture of malacia, mucus plugging and anastomotic stenosis. A further 

barrier to clinical translation of this strategy is that a thicker graft (for a larger animal or human) 

may take several weeks or months to become established. Single-stage autografted segments, 

where grafts were removed and inverted (and in doing so, completely devascularised), resulted 

in minimal morbidity and survival of a functional ciliated epithelium 170,171, likely following 

swift reconnection of segment vessels. Additionally, Conconi decellularised grafts were able 

to support an epithelium when implanted without a muscle flap by 21 days (albeit stratified 

squamous rather than ciliated at the observed time points). Therefore, these studies suggest that 

the initial absence of an external source of vascularity is not necessarily a barrier to success if 

a suitably biomimetic scaffold is used and intensive post-operative care can be maintained. 

Den Hondt et al have gone on to demonstrate grafting success using buccal mucosa and Integra 

on gently decellularised (2 DET cycles) grafts with this model, once sufficient pre-

vascularisation has been established 113. It will be important to check that the mucociliary 

differentiation potential of rabbit bronchoepithelial cells is maintained following in vitro 

culture, following which the challenge will be to optimise strategies of delivering them. 

 



5 Isolation and evaluation of human amniotic fluid 
cells for respiratory epithelial regeneration 

5.1 Background 

5.1.1 Amniotic fluid – a prenatally available cell source for airway tissue engineering 

Prenatal diagnosis of a severe airway-threatening congenital anomaly is usually made early in 

gestation on routine 20-week ultrasound screening. This scenario presents a unique window of 

time to manufacture a tissue-engineered (TE) tracheal replacement during the remaining 

months of the pregnancy, whilst the fetus is safely receiving oxygen via the placental blood 

supply. However, this strategy limits autologous cell seeding options to those accessible via 

obstetric techniques. In recent years, there has been an increasing international interest in stem 

cells derived from gestational tissue such as the placenta, placental membranes (chorion and 

amnion), cord blood and amniotic fluid 172. These products of conception are fetal in origin and 

have all been shown to be potentially rich sources of multipotent and pluripotent cells 173. 

 

The amniotic fluid (AF) surrounding the fetus helps to regulate pressure and temperature, 

cushions the fetus and helps with freedom of fetal movement and symmetrical structural 

development 174. It is relatively isotonic with fetal plasma in early gestation until keratinisation 

of the fetal skin occurs 175 but becomes an increasingly complex and dynamic environment 176, 

containing carbohydrates, proteins, lipids, pyruvate, electrolytes, hormones and enzymes, 

along with an increasing number of cells shed from the amniotic membrane and fetus. AF is 

the most practical and easily obtainable source of autologous fetal cells for TE graft seeding 
177, as amniocentesis is performed as part of the diagnostic workup. Removal of extra tissue or 

fluid for cell expansion confers little additional risk to the mother or fetus 91 and, unlike cells 

of embryonic origin, has the ethical advantage that these are discarded at birth 172. 

 

The most widely studied cell population within AF is the rare KIT+ proportion of amniotic 

fluid stem cells (AFSCs), which are capable of self-renewal and differentiation into multiple 

lineages of each of the three embryonic germ layers 178 whilst, crucially, displaying no evidence 

to date of tumorigenicity. However, despite initial suggestions that KIT+ cells have the ability 

to regenerate respiratory lineages in mouse lung models 179,180, KIT+ cells are no longer thought 

to display respiratory progenitor potential and instead preferentially adopt a vascular 

endothelial phenotype 181 in in vitro and in vivo models of lung injury. Our laboratory and 
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others have shown that AFSCs182 can be reprogrammed to become induced pluripotent stem 

cells iPSCs) with the potential to differentiate into all cell lineages, including respiratory fates 
183,184. Human dermal fibroblast-derived iPSCs are also capable of differentiation towards both 

proximal and distal airway epithelial cell types when developmental processes are mimicked 

by culture conditions 185-189. Cells could be isolated prenatally, reprogrammed and driven in 

vitro towards those cell lineages desired for airway bioengineering. However, this strategy has 

traditionally required significant genetic manipulation to achieve this state and therefore carries 

attendant safety concerns. Although there are methods to subsequently excise transgenes 

inserted to induce pluripotency 190, a separate remaining concern is the tendency for iPSCs to 

acquire significantly more somatic mutations in vitro than normal epithelial cells 191,192. It can 

also take many months to generate iPSCs and differentiate them appropriately, limiting the 

time left for cell expansion and seeding prior to graft use at delivery 193. 

 

As well as the KIT+ cell population, the AF also contains a heterogeneous mix of epithelial 

populations, predominantly shed from fetal skin, gastrointestinal, urogenital and respiratory 

tracts 194-196 but this varies depending on gestational stage 197. qPCR analyses performed by our 

UZ Leuven collaborator Flore Lesage, under the supervision of Prof. Jan Deprest, showed that 

26% of the cells present in AF that were able to proliferate to form in vitro colonies when 

grown on dishes coated with extracellular matrix from decellularised fetal rabbit lung 

expressed the respiratory-specific combination of transcription factors FOXA2 and NKX2.1 

on qPCR 198. Furthermore, these cells were capable of producing surfactant in vivo when 

injected under the renal capsule of mice. The methodology used for cell isolation involved the 

screening of large number of individual clonally derived colonies for respiratory markers prior 

to expansion, which may prove too lengthy a process to generate sufficient volumes of 

autologous cells in time for graft seeding prior to birth in a clinical setting. An alternative 

method for isolating ‘airway’-potent progenitors could be to use sorting methods such as 

fluorescence-activated cell sorting FACS) from fresh AF prior to culture. These techniques 

require a specific identifying antigen or pattern of antigens to be present or absent) on the cell 

surface but those surface markers widely used for respiratory basal cell identification (such as 

EpCAM and integrin a6) are also expressed by other epithelial basal populations likely to be 

present in AF, such as skin and urothelium. Identification of a surface marker specific to 

NKX2.1+ cells of a respiratory lineage would be crucial for this strategy to succeed. Recently, 

Konishi et al reported the discovery by microarray analysis of the co-expression of the surface 
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protein carboxypeptidase M (CPM) with NKX2.1 in ventralised anterior foregut endoderm 

cells derived from human and mouse iPSCs 199. They also demonstrated successful NKX2.1+ 

population enrichment following FACS for CPM positivity, such that CPM+ iPSC-derived 

partially differentiated cultures could be further differentiated to multi-ciliated epithelial cells 

within tracheospheres whereas CPM- cultures could not 200. CPM is also reported to be present 

on a variety of other cell types including those of urogenital origin 201 but these populations 

could potentially be excluded using other surface markers, for instance the renal- and thyroid-

specific marker KSP-cadherin (KSP, also known as CDH16) 202,203. If this CPM/NKX2.1 co-

expression is also present on bronchoepithelial basal cells or respiratory progenitors in AF, this 

would prove a valuable tool for isolating this cell population of interest. 

5.1.2 Specific culture techniques for bronchial epithelial cells 

The traditional, clinically employed method of respiratory epithelial cell expansion for tissue 

engineering is to use serum-free bronchial epithelial growth medium (BEGM) 102,204. However, 

cell cultures grown via these protocols fail often, are relatively slow to expand in population 

density and inevitably lead to a decline in the cells’ capacity for proliferation and differentiation 

over serial passaging 124. An alternative method of bronchoepithelial cell culture using 3T3+Y 

(or ‘conditional reprogramming’) has been well characterised by our group. This involves co-

culture with mitotically inactivated 3T3-J2 mouse embryonic fibroblasts (feeder cells), a 

method widely accepted in the skin and corneal research fields based on the work of Howard 

Green 205-207, along with the addition of the small GTPase RHO kinase (ROCK) inhibitor to 

the medium 12. Respiratory basal cell expansion by this method is dramatically faster without 

any appreciable loss of differentiation potential, such that cell cultures can be generated from 

very small endobronchial biopsies and rapidly expanded to cell numbers sufficient for TE 

applications 124. The two main drawbacks to the 3T3+Y method are the internationally short 

supply of Good Manufacturing Practice (GMP)-compatible feeder cells certified for use in 

culturing cells for clinical reimplantation, and the logistical complexity of keeping two 

behaviourally distinct cell cultures of respiratory and 3T3-J2 cells cultured in optimal 

conditions in parallel. Recently, Mou et al have reported a ‘feeder-free’ culture protocol for 

TP63+ basal cells from multiple types of human epithelium via inhibition of SMAD-associated 

signalling, which appears to demonstrate similar efficacy to 3T3+Y in terms of expansion rates 

and retention of differentiation potential 23. This method has the potential to greatly simplify 

the logistics of bronchoepithelial cell expansion by removing the need for coordination of 

target cell and feeder cultures and would also be more clinically practical to perform around 
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the complex logistics of operative lists in hospitals. The lack of mouse cell co-culture would 

also remove a significant hurdle to GMP-standard clinical translation. 

 

5.2 Aims 

The main aim for this part of the project was to evaluate amniotic fluid as a potential prenatal 

cell source for neonatal tracheal TE, as this could enable prompt perinatal correction of severe 

congenital tracheal deformities. It was hypothesised that a proportion of the viable cells present 

within human AF will show co-expression of the proximal respiratory lineage transcription 

factors NKX2.1 and FOXA2, and that these would prove amenable to bronchoepithelial 

differentiation. Specific aims were therefore to: 

 

• Explore feeder-free alternatives for efficient epithelial cell expansion; 

• Isolate and expand the epithelial proportion of primary human AF cells (hAFCs) and 

characterise their co-expression of NKX2.1 and FOXA2; 

• Characterise hAFC epithelial surface marker and gene expression to evaluate 

respiratory progenitor FACS sorting feasibility; 

• Test the in vitro proliferative potential of these hAFCs and expression of respiratory 

associated genes such as TP63 and KRT5. 
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5.3 Results 

5.3.1 Comparison of co-culture and feeder-free cell culture conditions 

5.3.1.1 Bronchial epithelial cells grown in feeder-free SMAD inhibition unable to match 

3T3+Y in terms of cell proliferation or differentiation potential 

3T3+Y and SMAD inhibition conditions were directly compared to ascertain whether feeder 

co-culture conditions could be successfully replaced by the more clinically translatable ‘feeder-

free’ SMAD inhibition conditions for the in vitro expansion of human bronchoepithelial cells 

(BECs). Adult BECs from a single donor (A6), previously isolated and expanded for two 

passages in 3T3+Y conditions, were thawed and plated into either 3T3+Y (co-culture with 

mouse feeder cells in the presence of ROCK inhibitor) or SMAD inhibition (culture on laminin-

coated plates in the presence of the SMAD inhibitors A-83-01 and DMH-1) conditions.  The 

morphology of BEC colonies was similar between the two conditions over the first passage 

following thawing (Figure 5.1). However, colony expansion greatly decreased, cells became 

less tightly packed and growth eventually arrested over two further passages in the SMAD 

inhibition conditions, whereas colony morphology in 3T3+Y culture remained that of tightly 

packed clusters of healthy-looking epithelial cells. Population doubling also slowed amongst 

the SMAD inhibition cultures, in contrast to the constant population increase seen in 3T3+Y 

cultures (Figure 5.2). These findings were replicable across a second pair of cultures from the 

same donor (from cryopreserved samples) and were also seen in a further three de novo primary 

BEC cell cultures, where samples from each donor were split into two and cultured exclusively 

in the two separate conditions.  
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Figure 5.1: Morphology of primary human bronchoepithelial cells (donor A6) isolated into 3T3+Y vs 
SMAD inhibition culture, 10x magnification, demonstrating a reduction and eventual arrest of cell 
growth in SMAD inhibition over two passages, in contrast to the healthy growth seen in paired 3T3+Y 
cultures. P3 refers to the first passage post-thawing, at which cells were placed in either condition. 
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On immunofluorescence, the number of cells staining positive for the BEC markers EPCAM, 

NKX2.1, KRT5 and ITGA6 was comparable between BECs grown in either condition (Figure 

5.3. Localisation and intensity of staining was also similar between culture conditions. This 

suggests that the slowing and arresting of growth seen in SMAD inhibition conditions is not 

due to loss of a basal cell phenotype in culture prior to commencing the population doubling 

assay.  

 

The tracheosphere assay is used to assess differentiation potential of basal airway epithelial 

cells (Rock et al 2009). In stark contrast to BECs grown in 3T3+Y, cells grown in SMAD 

inhibition showed markedly reduced ability to generate cell spheroids in the tracheosphere 

assay (Figure 5.4), with most cells expanded in SMAD inhibition still visible as single cells 

by the end of the assay. Those few cells that did expand remained as compact cell spheroids 

with no noticeable increase in size from days 9 to 20.  

 

Based on these findings, 3T3+Y conditions were used in the ensuing experiments to identify 

hAFCs with respiratory potential. 

 

Figure 5.2: Comparison of mean population doubling in primary human bronchoepithelial cells 
(Donor A6) grown in either 3T3+Y or SMAD inhibition culture, demonstrating a slowing and failure 

of cell populations grown in SMAD inhibition conditions, unlike those grown in 3T3+Y. 

Figure 5.2: Comparison of mean population doubling in primary human
bronchoepithelial cells (Donor CS2808) grown in either 3T3+Y or SMAD inhibition
culture, demonstrating a slowing and failure of cell populations grown in SMAD
inhibition conditions, unlike those grown in 3T3+Y.

0

5

10

15

20

25

30

4 8 15 22 35

M
ea

n 
Cu

m
ul

at
iv

e 
PD

Time (days)

3T3+Y

SMAD-i



 

 112 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Immunofluorescence staining of BECs (donor A6) cultured to Passage 4 (P4) in 3T3+Y or SMAD 
inhibition conditions for markers associated with respiratory basal cells, 10x magnification, demonstrating 
maintenance of basal marker cell expression in cells grown in either culture condition. 
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Figure 5.4: Tracheosphere differentiation assay for low passage primary human bronchoepithelial cells (donor 
A6) grown in 3T3+Y vs SMAD inhibition culture, 10x magnification, demonstrating a lack of growth and 
differentiation for cells grown in SMAD inhibition. 
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5.3.2 In vitro characterisation of primary & cultured human amniotic fluid cells 

The aim was to establish primary cultures of hAFCs under ‘epithelial’ culture conditions to 

encourage selection of cells potentially capable of respiratory differentiation. In 3T3+Y 

conditions, hAFC cultures from three donors could be initiated and passaged for up to five 

passages from fresh AF. It was possible, in addition, to initiate culture from a cryopreserved 

sample from a single donor (AF6). In P0 cultures, there was a wide range of cell morphologies 

visible, most of which demonstrated a tightly packed epithelial pattern. Examples of the three 

most abundantly growing morphologies are shown in Figure 5.5A-E. On passage of the 

heterogenous mixture, colonies consisting of small round cells or polygonal cells continued to 

grow well in 3T3+Y culture (Figure 5.5D), whereas those cells with morphologies more 

similar to paediatric BECS (pBECs) (Figure 5.5F) and other squamous cell types likely to be 

found within AF (namely urothelial cells (HUC) (Figure 5.5G), keratinocytes (PK) (Figure 

5.5H) and amniotic membrane epithelial cells (AEC) (Figure 5.5I) . Similarly, those colonies 

with a more fibroblastic morphology (Figure 5.5E) were no longer seen. With increasing 

passage of the heterogenous cell mix, the triangular cell type overgrew to become the 

predominant cell type. Population doubling times were comparable to those seen in pBECs 

(from donor P3) grown concurrently in the same conditions (Figure 5.6). 

 

Following the observation of multiple different epithelial-like morphologies in culture, 

immunofluorescence was performed for markers of bronchoepithelial basal cells (TP63, 

KRT5, NKX2.1, SOX2 and ITGA6), and for CPM, a candidate surface marker for identifying 

respiratory progenitors that could be useful in sorting cells from fresh AF (Figure 5.7). 

Whereas clear expression of all these markers, including CPM, was seen on pBECs, hAFC 

cultures failed to express any of them and only stained strongly positive for the proliferation 

marker KI-67 and were weakly positive for EPCAM and ITGA6. This implies that although 

these cells do not appear to be of respiratory origin, they do display some evidence of epithelial 

origin. In addition, surface staining for KSP, a highly specific surface marker for urological 

cells previously used by our collaborators to screen out contaminating urothelial colonies on 

qPCR, was negative on both pBECS and hAFCs. 
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Figure 5.5: Light microscopy of human amniotic fluid cells (hAFC AF6) grown in 3T3+Y, 10x magnification, 
demonstrating the range of heterogeneity see at low passage (A-E). The more tightly packed hAFC colony 
morphologies (A-C) resembled those seen in pBECs (F)and other urothelial (G), keratinocyte (H) and amniotic 
membrane (I) epithelial cell types likely to be present in amniotic fluid. However, the more abundant triangular 
(D) or fibroblastic (E) cell morphologies do not closely resemble any of the control cell morphologies, and by 
two passages, the triangular cell types had overgrown the others (J-M). 
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Figure 5.5(cont): Light microscopy comparison of human amniotic fluid cells (hAFC AF6) grown in 3T3+Y with 
other cell types likely to be present in amniotic fluid. 
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Figure 5.5 (cont): Representative morphology with passaging on 3T3 + F-MED, hAFCs HO278, x10

magnification, demonstrating eventual overgrowth of cells with triangular morphology (M&N).

hAFC	HO286	P0	(day	13)

hAFC	HO286	P0+1	(day	4) hAFC	HO286	P0+2	(day	7)

hAFC	HO286	P0+4	(day	12) hAFC	HO286	P0+5	(day	5)

AEC	D2	P0+2

I J

K L

M N

0

5

10

15

20

25

30

35

4 8 15 22 35

M
e
a
n
	C
u
m
u
la
ti
v
e
	P
D

Time	(days)

pHBEC

hAFC

Figure	5.6:	Mean	population	doubling	in	hAFCs	at	low	passage	was	comparable	in	

3T3+Y	conditions	to	that	seen	in	paediatric	human	bronchoepithelial	cells.
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Figure 5.7: Immunofluorescence staining of heterogenously cultured hAFCs (Donor AF5, passage 3) for surface 
markers associated with respiratory basal cells, showing a lack of significant expression of basal cell markers 
compared to pBECs (Donor P3, passage 3). 
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Figure 5.7(cont.): Immunofluorescence staining of heterogenously cultured hAFCs for surface markers 
associated with respiratory basal cells. 
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On qPCR, there was also no detectable KRT5 expression in fresh or cultured hAFCs, and TP63 

expression was virtually undetectable in comparison to pBECs (19,000-fold lower expression 

levels (Figure 5.8)). Tracheosphere differentiation assays further demonstrated that these 

overgrowing triangular cells are unlikely to be respiratory in origin, as no spheroid formation 

was seen by day 21. hAFCs were still visible as single cells within the Matrigel, despite good 

growth and tracheosphere formation in BEC control wells. 

 

 

Figure 5.7(cont.): Immunofluorescence staining of heterogenously cultured hAFCs for surface markers 
associated with respiratory basal cells. 
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Given the loss of many cell types at P0 by the overgrowth of others, a key outcome for the 

success of this project was to establish whether cells of respiratory progenitor potential could 

be sorted from fresh AF. This approach necessitates one or more cell surface markers to be 

present which can be used for selection. As there is no specific respiratory basal cell surface 

marker, preliminary flow cytometry experiments were performed on fresh-frozen hAFCs using 

a combination of markers commonly used as a signature for identifying basal cells within 

biopsies of respiratory epithelium (TROP2, NGFR and ITGA6). However, although there were 

live cells present in frozen AF that stained positive for TROP2, there were almost no cells that 

appeared positive for ITGA6 or NGFR (Figure 5.9). All three of these markers did increase in 

expression in cultured cells (Figure 5.10) but it is unclear whether this represented an increased 

abundance of those few positive cells, a change in the transcriptome of other cells in tissue 

culture conditions or whether they simply arose from donor-related differences, given it was 

not possible to perform runs of frozen versus cultured cells in the same donor. Differences may 

also have arisen due to variation in staining on different days, but a lack of samples meant it 

was not possible to repeat experiments in replicates. 
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Figure 5.8: Quantitative PCR (qPCR) confirmation of absent TP63 and KRT5 expression in early passage hAFCs compared to 
pBECs (donor P5). 
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Given the CPM+/KSP- immunofluorescent staining pattern of pBECs, KSP and CPM positivity 

by flow cytometry would have been excellent corroborating evidence as well as being a 

potential way to sort respiratory cells from fresh AF. There were no commercially available 

antibodies for KSP or CPM validated for flow cytometry, so the potential of optimizing those 

used for immunofluorescence was explored using antibody conjugation kits or two-stage 

staining with flow-compatible secondary antibodies. 

 

 

Figure 5.9: Flow cytometric plots of P0 hAFC (donor AF1) from freshly cryopreserved samples for 
respiratory basal cell surface markers. Although there appeared to be a significant proportion of the 
cell population which was positive for TROP2, this evidence for epithelial cells was not corroborated by 
NGFR or ITGA6 expression.  
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There was little positive staining using either antibody on cultured hAFCs. This purification 

strategy heavily relies on contaminating cells of urological origin staining positively for the 

kidney-specific KSP and which should also be positive for CPM. Given the lack of 

commercially available antibodies for KSP or CPM that were validated for flow cytometry, 

flow cytometry was performed with antibodies validated for immunofluorescence using either 

a secondary antibody validated for flow cytometry or direct conjugating the primary antibody 

to a fluorophore using a commercially available conjugation kit. Although results from flow 

cytometric analysis of 293T human embryonic kidney cells (positive control) and paediatric 

keratinocytes (negative control) seemed to show NKX2.1 and FOXA2 staining to be 

successful, no positive staining was seen for KSP and CPM by either method in 293Ts, 

implying these antibodies did not work as identifiers of cells of urological origin (Figure 5.11).  

Figure 5.10: Flow cytometric plots of heterogenously cultured hAFC P4 (donor AF5) for respiratory basal 
cell surface markers. The number of CKIT positive cells (i.e. amniotic fluid stem cells) did not appear to 
expand in epithelial conditions. Cultured cells appeared to gain ITGA6 positivity, but they also lost TROP2 
expression and continued not to expression NGFR. This picture was not consistent with a respiratory 
progenitor cell population. 
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Figure 5.11: Assessment of antibodies for flow cytometric respiratory cell enrichment using (A) low passage (P3) 
paediatric keratinocytes (donor 2) as a negative control and (B) the 293T Human Embryonic Kidney cell line as a 
positive control. Antibodies used by either detection method did not show consistent staining for these two cell 
reference lines and thus were not deemed reliable for use in detecting respiratory progenitors in amniotic fluid. 
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5.3.3 Clonal hAFC expansion from amniotic fluid 

Some of the rounder, more tightly packed, cell colonies (Figure 5.5A-C), overgrown by other 

cell morphologies in heterogenous culture, were hypothesised to be the likeliest colonies for 

cells of respiratory progenitors, based on their morphological similarities with pBECs (Figure 

5.5F). Two methods of establishing clonal cell lines from AF were explored: manual extraction 

of individual colonies and single-cell sorting by FACS. 

 

Of the 100 colonies picked off manually into 96-well plates at the end of the initial passage, 

visible cell colonies grew in 66 wells (Figure 5.12A-D) and were expanded to 12-well plates. 

Growth at this stage slowed and after two more passages only two clones (C2 & C4) continued 

expanding (Figure 5.12E & F). These displayed the common tightly clustered polygonal 

morphology of pBEC, HUC and PK cell types. However, neither heterogeneously cultured nor 

clonally expanded hAFCs showed demonstrable TP63 expression by qPCR (Figure 5.13), in 

contrast to the basal cells tested as controls. NKX2.1 was nearly 50-fold higher in 

heterogenously cultured hAFCs than that seen in pBECs, human urothelial cells (HUCs) and 

paediatric keratinocytes (PKs), and was not seen at all within the clonally derived hAFCs. 

FOXA2 expression was not detected in either hAFC group or pBECs. This demonstrates that 

these two markers cannot be relied upon to differentiate respiratory basal cells present within 

respiratory epithelium. KSP was expressed by the heterogeneously cultured hAFCs at over 15 

times that seen in pBECs, but no expression was demonstrated in HUCs and therefore would 

not be a discriminating marker to remove contaminating urological cells. Therefore, the 

expression patterns of these markers in cultured hAFCs did not match control cell types. Given 

NKX2.1 and FOXA2 would be expected to be high in cultured pBECs 208,209, biological 

replicates of all four cell types would be required to validate these findings. 
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Figure 5.12: Light microscopy of primary cultures established from fresh frozen hAFCs (A-D). Diverse colony morphologies 
were seen as previously. Individual colonies were manually picked and individually expanded for three passages (E-F).  
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Based on the unreliability of the KSP and CPM antibodies used for flow cytometry and on the 

weakly positive staining for EPCAM seen earlier in heterogeneously cultured hAFCs, a single-

donor pilot was performed of an alternative method of clonal expansion based on EPCAM 

positivity, as used by our group in-house for BECs. Following confirmation of subconfluent 

cell growth in primary culture in sufficient numbers for cell sorting (1.65 x 106 cells total, 5 x 

105 cells used as unstained control) (Figure 5.14 A-D), single EPCAM+ cells were sorted via 

FACS into 96-well plates for individual evaluation. FACS gates were set at positions 

previously validated for EPCAM sorting in fresh BECs and pBECs. Of a starting population 

of 5,141 live cells, 3,326 cells identified as being positive for EPCAM were isolated and plated 

either as single cells or as a pool (Figure 5.15). Of the 250 wells seeded with single EPCAM+ 

cells, small colonies were visible in only two wells after 14 days, of which neither formed 

visible colonies on subsequent passage (Figure 5.14E & F).  Immunofluorescence of the sorted 

EPCAM+ cells showed no staining for TP63 or KRT5 after one passage, and even weaker 

EPCAM staining relative to BEC controls than that seen in earlier donors (Figure 5.16). 

Figure 5.13: Quantitative PCR (qPCR) comparison of heterogenous and clonally-derived hAFC expression of TP63, NKX2.1, 
FOXA2 and KSP compared with cultured control epithelial cell types likely to be present in AF (pBECs, human urothelial 
cells (HUCs) and paediatric keratinocytes (PKs)). Y axes: expression relative to pBEC value (A-C) or to PK value where pBEC 
value was zero (D). Gene expression patterns for the 2 surviving colonies did not fit a profile consistent with respiratory 
progenitors.  
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Figure 5.14: (A-D) Light microscopy of fresh frozen hAFCs P0, demonstrating the familiar multitude of cell morphologies 
before FACS sorting for EPCAM positivity. (E&F) Clonal colonies grown from EPCAM

+
 hAFCs at 14 days. EPCAM

+
 colonies did 

not expand successfully, forming in only 2 wells and arresting on further passaging.  
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Figure 5.15: FACS single-cell sorting of freshly cryopreserved hAFC at P0 for EpCAM positivity. (A) Stained sample

(Donor 276). (B) Unstained control. (C) Control pHBEC sample (Donor ES).
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Figure 5.15: FACS single-cell sorting protocol of freshly cryopreserved hAFC at P0 for EPCAM positivity. Acceptable numbers of EpCAM+ cells were sorted 
from cryopreserved AF and plated into 96-well plates as single cells. 

(A) Stained AF sample (Donor AF3). (B) Unstained AF control. (C) Control pBEC sample (Donor P11). 



 

Figure 5.16: Immunofluorescence staining of hAFCs P1 sorted for EpCAM positivity showing a lack of significant 
expression of TP63 and KRT5 basal cell markers compared to control epithelial cell types likely to be present 
within AF (paediatric bronchoepithelial cells (pBECs at passage P3), human urothelial cells (HUCs) and amniotic 
membrane epithelial cells (AECs)). P – passage number. 
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Figure 5.16 (cont): Immunofluorescence staining of hAFCs P1 sorted for EpCAM positivity showing a lack of 
significant expression of TP63 and KRT5 basal cell markers compared to control epithelial cell types likely to be 
present within AF (paediatric bronchoepithelial cells (pBECs), human urothelial cells (HUCs) and amniotic 
membrane epithelial cells (AECs)). P- passage number. 
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5.4 Discussion 

5.4.1 SMAD inhibition could not replace feeder cells in these conditions 

These preliminary experiments using dual SMAD inhibitors failed to achieve the equivalent 

culture efficiency to feeder co-culture demonstrated by Mou et al. It is possible, given the BEC 

cells used had solely been isolated into 3T3+Y, that these cells were unable to successfully 

switch into SMAD inhibition conditions. It is also possible that a different cell population is 

isolated if SMAD inhibition is used for expansion from fresh tissue. It was not possible to 

directly replicate the published protocol of Mou et al as it called for the use of culture surfaces 

pre-treated with laminin-enriched 804G-conditioned medium because 804Gs, a rat bladder 

squamous carcinoma cell line 210, are not commercially available. This cell line is known to 

produce an extracellular matrix (ECM) rich in laminin-332 211, the a-subunit of which is crucial 

in conferring enhanced in vitro hemidesmosomal formation 212. Based on this, and the fact that 

804G ECM is unlikely to ever be GMP-compatible given the xenogenic cancer cell origin, 

treatment of culture surfaces with laminin was explored (recombinant laminin-332 is 

commercially available but was prohibitively expensive to use). These experiments suggest 

that 804G-conditioned medium must contain other extracellular matrix (ECM) proteins in 

addition to laminin-332 that are vital for cells to adhere and thrive. Thus, 3T3-J2 feeder cell 

co-culture techniques were used for all subsequent experiments on BECs and AFCs. 

 

5.4.2 No cells displaying respiratory markers or gene expression identified 

These experiment were planned on the hypothesis that it is possible to select out presumptive 

epithelial cells from the total AF mix, either by using culture conditions specifically favouring 

epithelial growth or FACS for epithelial markers of uncultured AF. However, there were no 

detectable cells positive for markers of respiratory lineage, nor were any of the cell populations 

obtained in culture capable of forming tracheospheres. There may be a variety of reasons for 

these observations. 

 

One might hypothesise that epithelial cells shed into the AF might quickly die without contact 

with neighbouring cells, and therefore very prompt or gentle extraction processes would be 

required to rescue them; this would be in keeping with the observation of a higher rate of 

epithelial cell recovery from extremely fresh AF. Due to the paucity of literature relating to 

non-stem AFC, protocols for pre-culture refrigeration and cryopreservation were used from 

research relating to the KIT+ AFSC cell population, which may be a more robust cell population 



 

 133 

- samples were collected by researchers based at geographically separate locations and so it 

was sometimes not possible to obtain extremely fresh samples that had not already been treated 

in such a way. Additionally, some AF samples were visibly contaminated with blood, which 

we have observed to limit airway epithelial cell culture initiation. Trials to optimise culture 

initiation by the introduction of a red cell lysis buffer step resulted in even smaller 

concentrations of viable cells. Sorting for negativity to haematopoietic and endothelial markers 

CD45/CD31 would remove these contaminants, but likely at the cost of introducing yet another 

stressful event to the few viable epithelial cells present, resulting in poor establishment of 

clonal cultures post-sorting. AFCs were also found to be extremely adherent to tissue culture 

surfaces - trypsinisation was extremely difficult from 96-well plates using the cell aspiration 

techniques successful with BECs. 

 

The main difficulty that this work faced was a lack of a robust method of identifying those live 

cells that were able to grow from AF in epithelial-selective conditions. It was not possible to 

identify surface markers corresponding to those transcription factors used to denote respiratory 

progenitors in my collaborators’ qPCR data 198, and therefore it was not possible to develop 

usable methods of identification or extraction by immunofluorescence or flow cytometry. 

Surface markers such as TROP2, ITGA6 and NGFR can be used reliably for basal cell 

identification from fresh airway tissue digests – however none of these are unique to respiratory 

cells and will identify basal (and other) cells within other epithelial tissues. Verification of the 

KSP and CPM expression found on qPCR proved difficult using antibodies commercially 

available in the UK with either AF or airway biopsy samples.  

 

Rather than a failure to identify cells, respiratory progenitors may not have been present in the 

AF samples at all due to the stages of gestation at which samples were taken. It is possible, 

though unlikely 213, that the transcription factors (TP63, KRT5, NKX2.1 and FOXA2) and 

surface markers (ITGA6, TROP2, NGFR and CPM) used for postnatal respiratory cell 

identification may not yet be expressed, or had been inactivated earlier in gestation. In addition, 

AF samples were mostly early to mid-gestation (<30 weeks) in keeping with the most common 

timing for diagnostic amniocentesis. Although fetuses ‘practice’ breathing from around 10 

weeks’ gestation 214, these movements greatly increase from the 33-week point 215. It is possible 

that there is insufficient mixing of the fluid present within the lungs and proximal airways with 

the wider AF pool prior to this stage. AF samples from later in gestation may be more likely to 

contain recoverable respiratory progenitor cells but are almost never performed for diagnostic 
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indications due to the increased risk of miscarriage or preterm labour. The need for 

amniodrainage predominantly arises when AF builds up to dangerously large volumes. One of 

the main reasons for this is an abnormal fetal swallow, due to either neurological problems or 

to anatomical anomalies of the fetal head, neck or respiratory tract. Conversely, these 

anomalies may impede the escape of fluid present within the respiratory system into the wider 

AF pool. Therefore, although this condition requires regular removal of large volumes of AF, 

these samples may not be useful for airway research by definition. 

 

The overall aim of this part of the  project was to investigate hAFCs as a potential prenatal 

source of cells for tracheal TE. Whilst they may still hold some potential, a lack of sample 

availability prevented me from moving forward with further validation and experimentation 

within a reasonable timeframe. The paediatric bronchoepithelium itself was therefore 

investigated as the most likely postnatal autologous epithelial cell source.  

 
  



6 Comparison of Paediatric and Adult Proximal 
Airway Epithelium 

 

6.1 Background 

The overall aim of this project was to investigate epithelialisation of grafts for neonatal and 

tracheal tissue engineering (TE). Having been unable to fully investigate and validate human 

amniotic fluid cells (hAFCs) as a prenatal cell source due to logistical difficulties acquiring 

sufficient samples, paediatric bronchoepithelial cells (pBECs) were characterised as the most 

likely postnatal source for airway epithelialisation. Bronchoepithelial cells (BECs), i.e., in vitro 

primary cultures of airway basal cells (BCs), have been seeded onto tracheal grafts in several 

in vivo 113,158,216-224 experiments and clinical cases 93,94,96,97. The question of whether research 

data generated in adult bronchoepithelial work has validity in a paediatric population is 

therefore extremely important. 

6.1.1 The basal cell of the airway epithelium 

While not as proliferative as epithelia such as the skin and digestive tract, the airway epithelium 

is still continuously exposed to inhaled potentially noxious agents and particles, and as such 

still requires the capacity for continual self-renewal and repair throughout paediatric and adult 

life. BCs are widely accepted as the lineage-restricted stem cell of the large airway epithelium 

(AE) 13, as they are able to give rise to both ciliated and secretory cells in vitro 12,14-16  in both 

homeostatic and injury/disease state models 17-19. In the mouse, it has recently been shown that 

there is a distinct BC luminal progenitor state or subpopulation in the respiratory cell lineage 

hierarchy, where KRT8 is upregulated without other signs of differentiation 225. Furthermore, 

single-cell RNA sequencing has very recently demonstrated there may even be a continuum of 

basal cell states along a basal-to-luminal (KRT5 versus KRT8) axis in both mice and humans, 

with an overlap of basal gene expression associated with cell maturation into secretory or 

ciliated cells 226,227. 

 

Airway BC turnover is generally slow in mammalian steady state airway homeostasis 228, and 

in mice BCs are lost, either to death or differentiation, around every 11 days 225. The fate 

decision as to which individual BC divides to renew and replenish the epithelium has been 
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shown to be stochastic in both mice 225 and humans 24, taking place by neutral competition 

rather than a hierarchy amongst basal cell subtypes. 

 

 

6.1.2 Key signalling pathways influencing basal cell fate 

The fate decisions of BCs as to whether to produce ciliated or non-ciliated progeny is currently 

thought to be driven by the Notch and Wnt/b-catenin signalling pathways, with additional 

injury response and essential cross-talk between the epithelium and the underlying 

mesenchyme via the hedgehog pathway (Figure 6.1). 

6.1.3 Epithelial changes with ageing 

Tissue ageing occurs as a result of a combination of DNA damage accumulation, mitochondrial 

dysfunction and telomere shortening 229. This leads to a gradual reduction in function and/or 

number of tissue-specific stem cells, or alterations to their niche environments, and lost or 

damaged cells are therefore less easily replenished. This reduced ability to respond to cell and 

tissue stress can eventually lead to a collapse in the maintenance of baseline tissue homeostasis 

and the development of degenerative diseases or cancer 230. Although ageing in the distal lung 

has been relatively well characterised in terms of structural and functional changes 231-233, less 

is understood about how the conducting airways change with ageing. Hogan et al. examined 

the tracheae of young and old mice and found a 25% decrease in the overall number of 

Figure 6.1: Key signalling pathways dictating basal cell fate decisions in the airway epithelium. (A) Wnt/b/-
catenin signalling (adapted from Schmid et al, 2017). (B) Notch signalling is a key determinant in cell fate for 
airway basal cells. Notch ligand signalling activation causes BCs to commit to differentiation, whereupon 
continued high expression of Notch promotes a secretory cell fate decision (from Rock et al, 2011). 
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epithelial cells in older AE, although the basal cell proportion decreased by only 4-6%. There 

was no obvious decrease in the in vitro ability of harvested cells to differentiate (inter-

individual variation and small sample sizes precluded in-depth analysis 234). However, 

microarray gene expression analysis showed changes consistent with the development of low-

grade chronic inflammation in older mice, together with an increased number of activated 

immune (T and B cells) cells seen by flow cytometry. 

6.1.4 Differences between human and rodent airways 

The basic structure and composition of the lung and airways are relatively conserved amongst 

vertebrates and therefore mouse models have been used extensively to characterise the airway. 

However, although proximal airway BCs appear and behave very similarly in the two species 
13, there are some crucial differences between the human and rodent conducting airways in 

terms of epithelial structure and cellular composition (Table 6.1). 

  
 

Figure 6.1: Key signaling pathways dictating basal cell fate decisions in the airway epithelium. (A) Wnt/b-catenin
signaling (adapted from Schmid et al, 2017). (B) Notch signaling is a key determinant in cell fate for airway basal cells.
Notch ligands cause BCs to commit to differentiation, whereupon continued high expression promotes a secretory cell
fate decision (Rock et al, 2011).
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Mouse Human
1.5mm internal tracheal diameter 12 mm internal tracheal diameter
No cartilage plates in intrapulmonary
airways

Cartilage and smooth muscle in airway up
to bronchioles

Submucosal glands (SMGs) in proximal
trachea only

SMGs penetrate deep into lung

Pseudostratified epithelium with 30% BCs,
55% ciliated, secretory and sparse
neuroendocrine

Pseudostratified epithelium with 30% BCs,
30% ciliated, 30% secretory

Secretory cell compartment: mostly
composed of Club cells49

Secretory cell compartment: goblet cells
with some Club cells49

Stem/progenitor cell compartment: BCs
(trachea), subset of Club cells (distal
airways), some neuroendocrine cells

Stem/progenitor cell compartment: BCs
throughout, Club and neuroendocrine cells
present but unknown whether they have
progenitor potential

BCs spatially limited to trachea50 BCs present throughout the conducting
airways (more in larger airways)51,52

6-8 intrapulmonary airway branches
without BCs and simple cuboidal
epithelium

More intrapulmonary airway branches, with
same ratio of cell types as large airways.
Simple cuboidal only in respiratory
bronchioles

Table 6.1: Summary of the key differences in structure and cell composition between rodent and human 
airways.

Table 6.1: Summary of the key differences in structure and cell composition between rodent and human airways. 
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One of the most striking differences between humans and rodents is the presence in rodents of 

cell types other than BCs capable of showing stem-like behaviour in the AE. Non-ciliated Club 

cells, characterised by expression of secretoglobulin A1 (SCGB1A1, also known as CC10 or 

CCSP) 21, are the primary tissue stem cell in the distal airways of rodents 235. Mouse lineage 

tracing studies have shown Club cells to be capable of self renewal and differentiation into 

both ciliated 21 and MUC5AC-producing goblet cells 236 and they can also transform into a 

squamous-like front to cover distal areas denuded by naphthalene injury 237. In the trachea, they 

behave as a transient amplifying population in both postnatal and adult animals; they are able 

to give rise to both ciliated and non-ciliated types but are ultimately replaced over time by 

unlabelled progenitor cells 21, unlike KRT5+ cell populations 12. In humans, SCGB1A1 is not 

a specific marker to one type of epithelial cell 238. Mouse CGRP+ neuroendocrine cells have 

also been shown to be capable of differentiating into Club and ciliated cells after naphthalene 

injury 239. There is also evidence from lineage tracing studies that dedifferentiation can occur 

in secretory cells, leading to reappearance of basal marker expression 29 – the extent to which 

this can occur in humans is unknown. Given the potential for clinically relevant differences 

between species, human tissue was exclusively used in these experiments. 

 

In this chapter, pBECs were explored as the most likely postnatal cell source for epithelial 

seeding of tissue-engineered grafts in the paediatric population, and in particular, characterised 

as to how pBECs might differ from BECs in older patients. Freshly isolated epithelial biopsies 

from paediatric and adult subjects were analysed in terms of architecture, cellular composition 

and global gene expression. In vitro assays were then used to assess comparative proliferation 

and differentiation potentials for the purpose of tissue engineering. 

6.2 Aims 

4. Compare the architecture and cellular make-up of fresh paediatric and adult AE; 

5. Compare the clonal capacity of freshly isolated paediatric and adult basal cells (BECs); 

6. Identify differences in the transcriptome between adult and paediatric 

bronchoepithelium using RNA sequencing (RNAseq); 

7. Compare the proliferative and differentiation potentials of paediatric and adult BECs 

following in vitro culture. 
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6.3 Results 

6.3.1 Comparison adult and paediatric AE structure 

6.3.1.1 Comparable cellular composition of AE in the adult and paediatric trachea 

Immunofluorescence staining of tracheal biopsies from children under the age of 5 (n=4) was 

compared to that seen in non-smoking adults over the age of 55 (n=4) (Supplementary Figure 

S1), looking at expression of markers for the three main airway cell types (basal, secretory and 

ciliated) and immune cell infiltration. No obvious differences were found in the distribution of 

the markers TP63, MUC5AC, FOXJ1 and CD8 (Figure 6.2A-D). However, whilst there was 

the expected cytoplasmic staining for SCGB1A1 and SPDEF in both (Figure 6.2I&K) children 

and (Figure 6.2J&L) adults, adult AE cells showed additional staining of both markers 

localised to the nucleus. 
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Figure 6.2: Immunofluorescence staining of fresh sections of (A) paediatric (n=5) and (B) adult AE (n=4), showing 
no obvious differences in staining for the basal cell nuclear marker TP63. The positive extracellular areas in 
bottom left figure were also strongly positive for MUC5AC/5B in adjacent slides (not shown here), despite 
spectrum separation of secondary antibodies, suggesting artefact from primary antibodies becoming stuck within 
the extracellular mucin. 

MUC5AC 
DAPI 

MUC5AC 
DAPI 

MUC5AC 
DAPI 

MUC5AC 
DAPI 

MUC5AC 
DAPI 

MUC5AC 
DAPI 

TP63 
DAPI 

x40 P14 

TP63 
DAPI 

x40 P15 

TP63 
DAPI 

x40 P16 

TP63 
DAPI 

x40 

TP63 
DAPI 

x40 

TP63 
DAPI 

x40 

N12 

N11 

N10 
A B 



 

 141 

  

Figure 6.2 (cont.): Immunofluorescence staining of sections of (C) paediatric and (D) adult AE, showing no obvious 
differences in staining for the secretory cell marker MUC5AC. 
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Figure 6.2 (cont): Immunofluorescence staining of sections of (E) paediatric and (F) adult AE, showing no obvious 
differences in staining for the ciliated cell nuclear marker FOXJ1. 
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Figure 6.2 (cont): Immunofluorescence of sections of (G) paediatric and (H) adult AE demonstrating comparable 

levels of infiltrating CD8
+
 immune cells. 
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Figure 6.2 (cont): Immunofluorescence staining of sections of paediatric and adult AE for the secretory cell markers 
(I&J) SCGB1A1 and (K&L) SPDEF. 
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6.3.1.2 Comparable basal characteristics in adult and paediatric in vitro BEC cultures  

Cell cultures were established from paediatric (n=5) and non-smoking adult donors (n=4) in 

3T3+Y co-culture conditions. Cell morphology on outgrowth from explant was similar 

microscopically (Figure 6.3A-D). There were no statistically significant differences in the 

proportion of cultured BECs positive for ITGA6 and NGFR by flow cytometry (Figure 6.4A). 

After six passages, there were no gross differences in immunoreactivity for the basal markers 

TP63 or KRT5, or the intermediate cell-marking keratins KRT8 and KRT14, in cultured adult 

and paediatric cells (Figure 6.4B), nor in transcript levels of NGFR, TP63 and KRT5 as 

assessed by qPCR (Figure 6.4C).  

 

 

 

 

 

 

 

Figure 6.4: Light microscopy of explant growth at 14 days from paediatric donor P1 (A&C) and adult donor 
A3 (B&D). There was no gross difference between morphologies of outgrowing cells, although paediatric 
cells appeared more tightly packed in some areas (bottom left). 
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Figure 6.5: Comparison of markers of basal 
cell expression in paediatric and adult BECs 
(n=4 each) at passage 4. (A) Flow cytometry  
comparison showed similar ITGA6 and NGFR 
expression in cultured paediatric and adult 
BECs. (B) Immunofluorescence of cultured 
BECs was similar for all tested markers of 
basal cell expression (TP63, KRT5, KRT8, 
KRT14 & NKx2.1). (C) qPCR comparison 
showed no statistically significant differences 
in NGFR, KRT5 and p63 expression. Bars are 
plotted as median with standard deviation 
error bars. 
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6.3.2 Differences in basal cell clonal potential with age 

6.3.2.1 Fresh Paediatric BCs demonstrate higher capacity for clonal colony formation 

To explore whether there were differences in the capabilities of paediatric and adult basal cells 

of dividing to form colonies, fresh live primary cells were purified by FACS. This was based 

on their negativity for DAPI uptake and CD31/CD45 expression and sorted either based solely 

on EPCAM positivity or using an antibody panel optimised in-house to enrich for basal cells 

(EPCAMmed/PDPNhi double positivity). Cells were sorted into 96-well plates in 3T3+Y 

conditions, and the percentage of wells in which clear colonies formed was scored at 14 days. 

Resulting colony morphologies were also compared by light microscopy. 

Clear colonies were seen in a significantly higher proportion of wells from paediatric donors 

compared to adult donors (42.3% paediatric vs 18.8% adult, p=0.048), suggesting that 

paediatric BCs have a higher clonal potential than adult BCs (Figure 6.5). In addition, though 

colony morphology was broadly similar between children and adults, colony size was more 

variable within adult wells, suggesting greater heterogeneity in adult BC clonal potential. In 15 

± 5% of paediatric wells, colonies had become confluent to fill the well, a finding that was not 

seen at all in any adult well. 
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Figure 6.5: Comparison of the clonal potential of freshly isolated paediatric and adult basal cells. (A) Single PDPN+/EPCAMmod+ 
basal cells, previously identified by our group as the population displaying the most clonal potential, were sorted by FACS into 96-
well plates containing 3T3+Y co-culture conditions. (B&C) The percentage of wells in which paediatric or adult donor colonies 
were visible at 14 days by light microscopy was compared and significantly higher in paediatric donors. Bars are plotted as median 
with standard deviation error bars. Adult colonies were visibly smaller at 14 days than paediatric colonies, which had filled the 
entire 96-well in 27% of wells. Photographs of the largest colonies seen in (D) paediatric (filling well) and (E) adult groups for 
comparison. 
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6.3.2.2 Cultured paediatric BCs also demonstrate higher colony forming efficiency 

The differences seen in clonal capacity in fresh BECs persisted with in vitro passaging. 

Following three passages, paediatric BECs displayed a significantly higher colony forming 

efficiency than cultures derived from adult donors (8.2% vs 3.5%, p=0.0082) (Figure 6.6), 

though the size and morphology of the colonies appeared broadly similar. 

 

Figure 6.6: Colony-forming efficiency assay. 
Paediatric BECs formed significantly more 
colonies than adults after four passages (n=4 of 
each of paediatric and adult donors, n=12 wells 
per donor). Growth was also quicker, with 
macroscopic colonies visible at 7 days, in contrast 
to adult BECs where colonies first became visible 
at 10 days. Bars are plotted as median with 
standard deviation error bars. 
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6.3.3 Differences in basal cell proliferation potential with age 

6.3.3.1 No significant difference in proliferation in fresh basal cells or cultured BECs 

using conventional proliferation assays 

Given anecdotal increased speed of surgical healing following airway surgery in surgical 

patients, it was important to ascertain whether there were measurable differences in 

proliferation with age. Immunofluorescence staining of paraffin-fixed bronchoscopic biopsy 

sections, which showed comparable numbers of KI-67+ cells throughout the epithelium, with 

relatively few double positive TP63+/KI-67+ cells in the basal cell layer adjacent to the 

underlying basement membrane in either age group (Figure 6.7C). However, 

immunofluorescence antibody staining appeared to be technically patchy throughout sections 

and quantitative counting of cell populations proved unreliable. Therefore, quantitative 

analysis of KI-67 expression was performed using flow cytometry. Flow cytometric 

comparison of fresh digested biopsies from 3 children (n=3) and 3 non-smoking adults (n=3) 

showed a non-statistically significant difference between expression of KI-67 in 

ITGA6+/NGFR+ double positive basal cells (22.6 ± 9.1 % adult vs 8.9 ± 3.8% paediatric BCs, 

p=0.105) (Figure 6.7A&B). 
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Figure 6.7: Comparison of KI-67 expression in paediatric and adult fresh AE. (A) Flow cytometric comparison of 
KI-67 expression in ITGA6+/NGFR+ cells in fresh biopsies (n=3 each) of paediatric (donors P2-4) and adult (donors 
A3, A7 and A8) donors. (B) Summary of flow cytometric staining showed a non-statistically significant increase in 
KI-67 expression in adult donors). Bars are plotted as median with standard deviation error bars.  (C) 
Immunostaining for KI-67 in fresh paediatric (donor P15) and adult (donor N11) AE. TP63 was fainter in adult 
samples but of a similar distribution to paediatric, and KI-67+ cell numbers were similar. 
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Although no significant difference was found between paediatric and adult in vivo basal cell 

KI-67 expression, pBEC cultures appeared to reach confluence quicker than adult cultures and 

repeated KI-67 expression by flow cytometry on actively growing cultured BECs at P4. 

However, there was still no significant difference in KI-67 positivity (58.8% adult vs 49.9% 

paediatric BECs, p=0.1747) (Figure 6.8C). Immunofluorescence staining of cultured BECs 

for KI-67 showed a similar proportion of positive nuclei in adult and paediatric colonies 

(Figure 6.8D). Population doubling curves and times calculated for adult and paediatric donors 

(Figure 6.8A) did not show a significant difference in mean population doubling times (1.89 

days for paediatric samples and 2.28 days for adult samples, p=0.4290). There were also no 

significant differences in paediatric and adult cell proliferation under ‘feeder-free’ conditions 

by MTT assay (p=0.6089) (Figure 6.8B).  
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Figure 6.8: Comparison of proliferation in cultures adult and paediatric BECs. No statistically significant differences between 
paediatric or adult samples were seen on (A) population doubling curves or by (B) MTT assay (bars are plotted as median 
with standard deviation error bars). (C) Flow cytometric analysis of KI-67 expression showing no statistically significant 
difference in expression. (D) Immunofluorescence staining for KI-67 in chamber slide cultured BECs (passage 4, n=3 each of 
paediatric and adult) showed no obvious difference in staining patterns between paediatric and adult cells. 
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6.3.3.2 Head-to-head proliferation assay 

Given the wide variability in assay results between technical (MTT) and biological replicates 

(flow cytometry and immunofluorescence), a more accurate assay method was needed, capable 

of picking up the cell proliferation differences that could by observed by eye. Therefore, a 

novel head-to-head competitive proliferation assay between paediatric and adult cultures was 

designed, optimised and performed using lentiviral transduction with GFP and mCherry 

(mCh), based on a flow cytometric assay by Eekels et al 134. 

 

First, the assay was optimised in 293T HEK cells. GFP+-293Ts and mCh+-293Ts were both 

generated at four different multiplicities of infection. At MOIs of 0.05-0.75, cells were stably 

transduced, with detectable microscopic expression (Figure 6.9A - F) and no obvious growth 

defect as compared to batch-matched untransduced 293T cells (Figure 6.9G & 

Supplementary Figure S1). On mixing via FACS in a 1:1 ratio in 96-well plates, (1000 

cells/colour/well), there was no statistically significant growth defect to GFP compared to mCh 

(Figure 6.9H&I). 
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Figure 6.9: Cell competition growth assay validation with 293T cells (A-F) Fluorescence microscopy of 293Ts transduced 
with either GFP or mCherry following FACS for purity. Merged fluorescence and brightfield images showed that cells were 
stably transduced for both lentiviruses, even at a lower MOI (C&F). (G) No change to population doubling time was seen 
in GFP- or mCherry-transduced 293T cells at the MOIs used. (H) FACS-sorted 1:1 mixes of GFP+-293Ts and mCh+-293Ts 
showed no significant growth defect of any colour or MOI combination, with ratios of the two sorted populations 
remaining at 1:1 (I). 
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Next, GFP+- and mCh+- singly-transduced BEC cultures were generated from 3 paediatric and 

4 adult donors at lentiviral concentrations of 1.95 x 106 transducing units/mL (Figure 

6.10A&B). This was so that AdultmCh/PaediatricGFP and AdultGFP/PaediatricmCh crosses could 

be performed for each donor pair without the need for removal of the co-cultured feeder cells. 

Single-colour transduced cultures were FACS-sorted for purity (Figure 6.10C&D) and 

expanded for two passages. Viral copy number was compared by PCR for the puromycin 

resistance gene (contained in both GFP and mCherry lentiviral vectors) and shown to have no 

significant differences between donors or between colours (Figure 6.10E). To check there was 

no obvious growth defect from GFP- versus mCh- transfection at these MOIs, PaediatricGFP 

and PaediatricmCh cells from the same donor (P2) were FACS-sorted together as a mix (5000 

cells/colour/24-well) (Figure 6.10F&G). At 7 days, the ratio of colours within this mix 

remained approximately 1:1 (Figure 6.10H). 

 

Cells were then FACS-sorted into AdultmCh/PaediatricGFP and AdultGFP/PaediatricmCh mixes in 

a ‘Round Robin’ system (every paediatric donor was crossed with every adult in both colour 

combinations) (Figure 6.10I&J). At 80% confluence, wells were visually confirmed to contain 

colonies with mixed GFP+-, mCh+- and untransduced cells corresponding to paediatric BEC, 

adult BEC and feeder cell populations, respectively (Figure 6.10K&L). On flow cytometry, 

three discrete cell populations were discernable, with the overall percentage of feeder cells 

within wells remaining at less than 2% in all wells (Figure 6.10M). 

 

The growth advantage of paediatric cells was calculated for each paediatric/adult pair from the 

average of AdultGFP/PaediatricmCh and AdultmCh/PaediatricGFP values (each in technical 

triplicate wells).  In every pair and combination, paediatric cells outgrew adult donors at a rate 

that was statistically significant (Figure 6.10N). The mean paediatric growth advantage over 

adult donors ranged from 55%, i.e. paediatric:adult cells were present at a ratio of 1.55:1, to 

239%. 
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Figure 6.10: Head-to-head proliferation assay. Donor P2 transduced with GFP (A) or mCherry (B) lentivirus prior to FACS purification. 
Donor P2 colonies post-purification for high expression of GFP (C) or mCherry (D). Copy number assay showed no significant 
differences between adults or paediatric BECs, or between GFP or mCherry transfection. (E) Pilot competition assay of P2

GFP
/P2

mCherry
 

(5000 cells/colour seeded per well (F)) showed equal numbers of distinct red or green colonies at 48 hours (G) with a 51.0%/48.4% 
P2

GFP
/P2
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 ratio maintained by flow cytometry at 7 days (H). 

BD FACSDiva 8.0.1

Global Sheet1 Printed on: Fri Apr 13, 2018 12:30:42 BST

BD FACSDiva 8.0.1

Global Sheet1 Printed on: Tue May 15, 2018 03:50:27 BST

BD FACSDiva 8.0.1

Global Sheet1 Printed on: Tue May 15, 2018 03:50:21 BST

A B 

C D 

E 

G 
H 

mCherry GFP 

mCherry GFP 

Adult 
Gre

en

Adult 
Red

Pae
diat

ric
 G

re
en

Pae
diat

ric
 R

ed
0.0

0.5

1.0

1.5

2.0

P
ur

om
yc

in
 c

op
ie

s 
pe

r 
ce

ll

F 

mCherry GFP 



 

 158 

 

Figure 6.10 (cont): Head-to-head proliferation assay. Each adult donor was mixed with each paediatric donor by FACS into 
24-well plates (5000 cells/donor per well). Both Adult

GFP
/Paediatric

mCherry
 (I) and Adult

mCherry
/Paediatric

GFP
 (J) crosses were 

performed for each adult/paediatric pair. At 80% confluence (K & L), the ratios of GFP+ to mCherry+ cells in each well were 
measured by flow cytometry (M) and used to calculated the growth advantage of paediatric donors compared to adult 
donors (N). 
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6.3.4 Comparison of fresh paediatric and adult AE transcriptomes 

 
The genome-wide gene expression of fresh paediatric and adult tracheal bulk epithelium was 

compared by RNAseq. Bronchoscopic biopsies were collected from 10 paediatric donors (age 

range 12-106 months), and 16 adult donors (age range 58-79 years). Epithelium-only RNA was 

specifically extracted from fresh frozen bronchoepithelial biopsies using laser capture 

microdissection and, following purification and amplification, RNA of sufficient quantity and 

quality for sequencing was obtained from 6 paediatric and 8 adult donors (2 current smokers, 

4 ex-smokers and 2 never-smokers). Samples passed quality and normalisation thresholds 

(Supplementary Figure S2). Analysis of genome-wide differential expression was conducted 

using DESeq2 and SARTools R software packages 240. For account for multiple testing and to 

control the false positive rate, a BH p-value adjustment was performed, and the false discovery 

rate was set to 0.05 241,242. 

 

Preliminary analysis showed great heterogeneity between adult donors, and upregulated genes 

featured several known to be upregulated in smokers. The 2 adult smokers were therefore 

excluded from analysis. Principal component analysis of the remaining 12 samples showed that 

paediatric samples clustered together tightly, implying relative homogeneity, whereas adult 

samples still displayed greater heterogeneity in gene expression between donors (Figure 6.11). 

There were no statistically significant differences in gene expression for genes specific to the 

main basal, secretory and ciliated cell populations present in AE at the p=0.05 significance 

level (Supplementary Table S1), corroborating my observations from immunofluorescence 

analyses that suggested no substantial differences in the cellular make-up of the tracheal 

epithelium (Figure 6.12). 

 

A relatively small number of genes (64 genes, 10 of which were discounted on further analysis 

as false hits), however, were differentially expressed in adults compared to paediatric donors 

at a significance level of p=0.05 (Supplementary Table S2).  
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Figure 6.11: DESeq2 analysis of RNAseq data. (A) Cluster dendrogram showing hierarchy of differentially expressed 
genes between individual donors. With the exception of one adult donor, paediatric donors clustered together more 
closely than to any adult donor, and adult donors were more heterogenous as a group (B) Volcano plot of differentially 
expressed genes in adult (red) versus paediatric (blue) donors. There was a relatively small absolute number of genes 
that were differentially expressed genes between paediatric and adult donors (shown in red). (C) Principal component 
analysis of the differences between adult and paediatric donors also showed paediatric samples to be relatively tightly 
clustered, whereas adult donors were more heterogenous in nature.  
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Figure 6.12: Ingenuity Pathway Analysis (IPA) RNAseq comparison of fresh paediatric and adult AE found no statistically 
significant differences in genes specific to each of the main cell compartments present in the AE, or in any of the other 
types of cells likely present in the submucosa. Whiskers of box plots relate to the maximum and minimum read counts 
seen. None of the represented genes had statistically significant differences at the p=0.05 level (see Supplementary 
table S1 for read counts and individual p values). 
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Figure 6.12(cont): IPA RNAseq comparison of fresh paediatric and adult AE of genes specific to each of the main cell 
compartments None of the represented genes had statistically significant differences at the p=0.05 level (see 
Supplementary table S1 for read counts and individual p values). 
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Figure 6.12(cont): IPA RNAseq comparison of fresh paediatric and adult AE of genes specific to each of the main cell 
compartments None of the represented genes had statistically significant differences at the p=0.05 level (see 
Supplementary table S1 for read counts and individual p values). 
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Figure 6.12(cont): RNAseq comparison of fresh paediatric and adult AE of genes specific to each of the main cell 
compartments None of the represented genes had statistically significant differences at the p=0.05 level (see 
Supplementary table S1 for read counts and individual p values). 
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Figure 6.12(cont): RNAseq comparison of fresh paediatric and adult AE of genes specific to each of the main cell 
compartments None of the represented genes had statistically significant differences at the p=0.05 level (see 
Supplementary table S1 for read counts and individual p values). 
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Figure 6.12(cont): RNAseq comparison of fresh paediatric and adult AE of genes specific to each of the main cell 
compartments None of the represented genes had statistically significant differences at the p=0.05 level (see 
Supplementary table S1 for read counts and individual p values). 
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Ingenuity Pathway Analysis (IPA) of these genes showed differential expression hits in 

molecules belonging to 21 canonical pathways at a threshold of p=0.05. Of note, IPA predicted 

increased activity in the canonical pathways ‘Cell cycle: G1/S checkpoint regulation’, 

‘Epithelial adherens junction signalling’ and ‘NRF2-mediated oxidative stress response’ in 

adults (Figure 6.13A). However, the number of molecules differentially expressed in each 

canonical pathway within these samples was universally low, as demonstrated by low pathway 

ratios (Figure 6.13A – yellow line), which denote the number of molecules known to be 

present in the pathway that are differentially expressed within the tested samples. The z-scores 

for these pathways, which indicate the predicted effects on the canonical pathway (a positive 

z-score denotes upregulation), were all neutral, denoting either no likely upregulation or 

insufficient data available to analyse pathway activation. This is also shown in heat map form 

(Figure 6.13B) - the IPA-defined cellular processes ‘Organismal injury’, ‘Cancer’ and 

‘Cellular growth and proliferation’ contained the highest number of differentially regulated 

genes, but these were still at low overall pathway ratios. Of note, IPA weakly predicted the 

activation of TP53 signalling in adult samples, although the gene itself was not upregulated 

(Figure 6.13C). Therefore, additional analysis was performed of the primary functions and 

localisation of individual genes differentially expressed at the p<0.05 level using the IPA 

database (Figure 6.14 & Supplementary table S3). 
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Figure 6.13: Ingenuity Pathway Analysis (IPA) of fresh paediatric vs adult airway epithelium. (A) 21 Canonical pathways 
were differentially activated between adults and paediatric groups at p>0.05 (bars & upper axis), but the proportion of 
molecules differentially expressed in any given pathway was uniformly low (ratio yellow line & lower axis). In addition, 
the overall direction of pathway activation (down- or up-regulation) was not clear in any case (grey and white colours to 
bars). 
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B 

C 

Figure 6.13 (cont): Ingenuity Pathway Analysis (IPA) of fresh paediatric vs adult AE. (B) Example heat map for cell 
proliferation – the vast majority of cell pathways were gray (no/insufficient evidence for pathway activation).  (C) 
Transcriptional factor causal network for TP53 generated using IPA, predicting activation in adult samples. Red denotes 
transcripts more abundant in my adult RNAseq samples, orange denotes activation predicted by IPA from the literature 
and yellow and grey denote a known connection in the literature but with insufficient information to predict direction 
of activity. 
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Figure 6.14: Genes differentially expressed between paediatric and adult AE with a significance threshold of p=0.05, 
organized by epithelial-relevant function as per Ingenuity Pathway Analysis (IPA). Whiskers on plots represent the 
maximum and minimum read counts (Supplementary Table S3). 

B Genes involved in protection against apoptosis & oxidative stress 
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Figure 6.14 (cont): Genes differentially expressed between paediatric and adult AE with a significance threshold of 
p=0.05, organized by epithelial-relevant function as per Ingenuity Pathway Analysis (IPA). Whiskers on plots 
represent the maximum and minimum read counts (Supplementary Table S3). 
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Figure 6.14 (cont): Genes differentially expressed between paediatric and adult AE with a significance threshold of 
p=0.05, organized by epithelial-relevant function as per Ingenuity Pathway Analysis (IPA). Whiskers on plots 
represent the maximum and minimum read counts (Supplementary Table S3). 
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Figure 6.14 (cont): Genes differentially expressed between paediatric and adult AE with a significance threshold of 
p=0.05, organized by epithelial-relevant function as per Ingenuity Pathway Analysis (IPA). Whiskers on plots 
represent the maximum and minimum read counts (Supplementary Table S3). 
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Figure 6.14 (cont): Genes differentially expressed between paediatric and adult AE with a significance threshold of 
p=0.05, organized by epithelial-relevant function as per Ingenuity Pathway Analysis (IPA). Whiskers on plots 
represent the maximum and minimum read counts (Supplementary Table S3). 
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6.3.4.1 Differences in genes involved in cell proliferation and the oxidative stress response 

There were statistically significant differences in a handful of key genes with conflicting roles 

in cell proliferation, apoptosis and the oxidative stress response (Figure 6.14 & 

Supplementary Table S3). 

 

E2F3, which codes for a key oncogenic transcription factor that activates G1/S transition 

proteins such as B-MYB, CDC2, cyclin A and E2F1 243, was upregulated in adults (p=0.0485) 

(Figure 6.14A). ACER3, which codes for an enzyme that increases proliferation and apoptosis 

in a variety of cell types 244, was also upregulated in adults (p=0.0079), and there was increased 

expression of several mitochondrial transporters reportedly involved in increased cell 

proliferation (SLC25A13, SLC35F6, SLC39A14, SLC7A11) in the adult samples (Figure 

6.14H). The microtubule-associated protein genes PHLDB2 and TUBA1C were also 

upregulated in adult samples (p=0.0485 and p=0.0050, respectively) (Figure 6.14G) as were 

the pro-proliferative aldo/keto reductase genes AKR1B10, AKR1C1, AKR1C2 and AKR1C3 

(Figure 6.14D & Supplementary Table S2). 

 

Despite this, CCNA1 (cyclin A1) was downregulated in adult donors (p=0.485) (Figure 

6.14A). OSGIN1 (oxidative stress induced growth inhibitor 1), a key regulator of both 

inflammatory and anti-inflammatory molecules, which is known to downregulate cyclin A 

expression 245 in response to p53 sensing of DNA damage and oxidative stress 246, was 

upregulated in adults (p=0.0169) (Figure 6.14B). COPZ2, a cell transporter gene whose introns 

harbour the E2F3-suppressing miRNA-152 247, was also expressed 2-fold higher in adults 

(p=0.0002). Other activated tumour suppressor genes included CAV1 (p=0.0506), a key 

transmembrane receptor that links integrins to the RAS-ERK pathway, CRIPAK (p=0.0169) 

and CIART (p=0.0021). There was also adult upregulation of GPX2 and SRXN1 (p=0.0040 

and 0.0460), both of which protect against apoptosis under oxidative stress (Figure 6.14E). 

These findings together would suggest adult AE to be responding and adapting to oxidative 

stress. 

6.3.4.2 Fresh adult epithelium gene expression may show a secretory bias 

There were differences in the expression of a small number of key molecules involved in the 

Notch, Wnt/b-catenin and Shh signalling pathways. In particular, there was a statistically 

significant increase in the key ligand of the Notch differentiation pathway NOTCH1 in adult 

epithelium in comparison to paediatric samples (p=0.0050). NOTCH1 epithelial cytoplasmic 



 

 176 

protein expression was validated by immunofluorescence staining of sections in both children 

and adults (Figure 6.15). Whilst the level of staining was not quantified, paediatric AE 

NOTCH1 staining was more uniform throughout all layers of the AE (Figure 6.15A), whereas 

there was a trend in adult AE for enriched NOTCH1 staining in the intermediate and lower 

epithelial layers (Figure 6.15B). 

 

There were no statistically significant differences in Wnt ligand gene expression between 

paediatric and adult samples, apart from in WNT16, which was detectable in children at very 

low read counts, but not in adults (p=0.049). However, PORCN (Porcupine), an enzyme whose 

function is absolutely necessary for the correct secretion and activity of all known Wnt ligands 

via post-translational modifications, was higher in adults (p=0.0483). The key Wnt inhibitor 

DKK1 was also upregulated in adults (p=0.0485). 

 

IHH (Indian hedgehog), one of the three key ligands of the Shh pathway, was uniformly 

expressed in paediatric AE, albeit at extremely low levels around the limit of detection, whereas 

expression in adult samples was zero or close to zero. This difference, though small in terms 

of normalised read counts, was statistically significant (p=0.002). 
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Figure 6.15: Immunofluorescence of tracheal AE sections Notch1 expression in both paediatric (n=3 donors) and 
adult (n=3 donors) AE. (A) Paediatric AE NOTCH1 staining was more uniform throughout all layers of the AE, 
whereas there was a trend in adult AE for enriched NOTCH1 staining in the intermediate and lower epithelial layers 
(B). 
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6.3.5 Adult BECs appear more secretory-fated than paediatric BECs 

Comparison of the genome-wide gene expression of donor-matched fresh BCs and BECs 

cultured for four passages (1 paediatric, 1 adult) was also performed using RNAseq as part of 

the above work. As expected due to the changes in cellular composition, there were gross 

widespread changes in gene expression between fresh and cultured samples, with 5893 genes 

differentially expressed (3479 downregulated and 2414 upregulated in culture). Indeed, 

cultured cells looked far more like each other in terms of gene expression than either of the 

donor-matched fresh samples, regardless of donor age (Figure 6.16), which shows that any 

extrapolation of observations of in vitro behaviour to infer how cells might behave on 

engraftment back on in vivo TE grafts must be interpreted with extreme caution. 

 

 

 

 

Figure 6.16: Volcano plot of RNAseq comparison of donor-matched fresh vs cultured epithelial cells (n=1 each 
of adult and paediatric donors). In comparison to the sparse numbers seen in fresh tissue, cultured cells 
showed a large number of differentially expressed genes (n=5892, shown in red), with cultured cells looking 
much more similar to each other in transcriptome than to their fresh donor-matched samples. 
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Although there were no differences in cell population-specific markers in fresh tissue on 

RNAseq, there were some differences seen on examination of the pilot comparison of fresh 

versus cultured cells (Supplementary Figure S3 & Table S4). As expected, basal cell markers 

rose, and ciliated (FOXJ1, TUBA1A and DNAH5) and terminal secretory (MUC5AC and 

MUC5B) cell markers became undetectable in culture. The NOTCH1 expression seen in fresh 

tissue was also abolished by culture in both donors. However, cultured adult BECs showed a 

surprising persistence of low-level SCGB1A1 and SPDEF expression. This finding was 

validated on cultures from independent donors using qPCR (paediatric n=3, adults n=4), 

although SPDEF expression was more widely variable between adult donors (Figure 6.17A). 

On immunofluorescence, adult cultured TP63+/KRT5+ BECs showed strong cytoplasmic and 

nuclear staining for SCGB1A1, whereas paediatric cultured cells showed predominantly 

cytoplasmic staining (Figure 6.17B). Similarly, adult BECs showed positive nuclear staining 

for SPDEF whereas paediatric cells did not (Figure 6.17C). There was also positive Golgi 

apparatus-like staining for MUC5AC in adult donors not seen in paediatric BECs (Figure 

6.17D), despite there being no detectable gene expression for MUC5AC or MUC5B in cultured 

cells by RNAseq or qPCR. There was no positive signal for the ciliated differentiated marker 

FOXJ1 in either group by immunofluorescence (Figure 6.17E). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.17: Validation of RNASeq-identified 
differences in genes associated with 
secretory function. (A) qPCR (n=3 each of 
paediatric and adult donors) validating 
persistence of the secretory transcription 
factors SCGB1A1 (significant) and SPDEF (non-
significant) in cultured cells without the more 
terminal markers of differentiation MUC5AC 
or FOXJ1. Bars are mean expression 
normalized to adult SCGB1A1 expression, 
with standard deviation error bars. 

Table 6.6: (A) Pilot RNA Seq data of donor-matched fresh and cultured (P4) cells from 1 paediatric and 1 adult
donor for cell type-specific markers. showing markers MUC5AC and FOXJ1 but persistence of SCGB1A1 and
SPDEF in basal marker-expressing cells.

Figure 6.16: (A) qPCR validating persistence of the
secretory transcription factors SCGB1A1 and SPDEF
in cultured cells without more terminal markers of
differentiation MUC5AC or FOXJ1.
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Gene Id norm.P3 norm.A5 norm.P3C norm.A5C Fresh Cultured log2FoldChange P(adj)

General epithelial markers

EPCAM 3561 4235 125 901 3898 513 -2.925 0.002559902

EGFR 1075 617 2183 2193 846 2188 1.37 0.011849861

Basal cell markers

TP63 2389 768 4078 4289 1578 4184 1.406 0.061367627

KRT5 23356 3788 168205 80700 13572 124452 3.197 0.000820435

KRT8 12936 6920 675 4297 9928 2486 -1.997 0.046203775

KRT14 3637 327 356657 59276 1982 207966 6.713 1.63E-08

ITGA6 1043 489 17084 13680 766 15382 4.326 8.88E-15

NGFR 73 159 19 116 116 68 -0.775 0.576482272

SOX2 1364 1708 85 132 1536 108 -3.819 2.95E-14

NKX2-1 155 37 19 51 96 35 -1.457 0.265998344

CD151 1888 1031 2462 2130 1460 2296 0.653 0.291333213

BNC1 290 34 3810 1852 162 2831 4.126 5.72E-05

PDPN 266 168 572 450 217 511 1.233 0.040181224

Secretory cell markers

SCGB1A1 2611 44960 1 846 23786 424 -5.811 0.085998231

MUC5AC 1722 9958 7 1 5840 4 -10.637 3.42E-21

MUC5B 101 4159 0 0 2130 0 -13.305 0.001834823

SPDEF 175 572 1 334 374 168 -1.153 0.735367722

Ciliated cell markers

FOXJ1 1180 2301 0 0 1740 0 -13.014 4.78E-15

TUBA1A 5184 16372 526 345 10778 436 -4.63 4.49E-11

DNAH5 644 7820 33 61 4232 47 -6.488 2.18E-09

Neuroendocrine cell markers

CHGA 0 0 0 0 0 0 NA NA

CALCA 18 43 0 0 30 0 -7.182 0.003772751

Fibroblast cell markers

VIM 1071 1861 1089 1018 1466 1054 -0.477 0.444665481

THY1 41 18 14 3 30 8 -1.844 0.297079438

* p=0.0082 p=0.057 
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Figure 6.17(cont.): Immunofluorescence of cultured BECs (n=2 each of paediatric and adult donors, n=4 wells 
per donor) demonstrate positive nuclear staining for (B) SCGB1A1 and (C) SPDEF in adult cells not seen in 
paediatric cells. 
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Figure 6.17(cont.): Immunofluorescence of cultured BECs demonstrate Golgi-like positive staining for (D) 
MUC5AC in adult basal marker-expressing BECs, but (E) lack of ciliated differentiated marker FOXJ1 staining 
in either group. 
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Finally, the tracheosphere differentiation assay was used to compare the differentiation 

potential of BECs derived from paediatric and adult donors. Over three runs of the assay per 

donor, adult BECs from one donor readily formed the typical appearance of ‘mature’, multi-

layered tracheospheres originally reported by Rock et al by day 18 (Figure 6.18B & Figure 

6.19B,D&F). Sphere cell layers contained both TP63+ and FOXJ1+ cells, which were mutually 

exclusive markers, and contained copious acellular MUC5B+ material within them. The other 

three adult donors tested also differentiated into mucin-containing clusters, but they were less 

classical in appearance (Figure 6.18D,F&H). By contrast, whilst paediatric cells proliferated 

in the same conditions, they remained as small spheroids of strongly positive TP63+/KRT5+ 

cells, with very little positive expression of FOXJ1. Neither expression of MUC5B, nor the 

expected resultant spheroid hollowing, were seen – instead the centres of the paediatric 

spheroids were filled with cellular material also positive for KRT5 (Figure 6.19B,D&F). 

However, a shortage in the supply of BEGM medium (Lonza) precluded biological replicates 

under the same conditions as previously published 12,124,207. Replicates were attempted on 

multiple occasions in two different media reported to confer comparative differentiation 

success (Airway Epithelial Cell Growth Medium, PromoCell and PneumaCultTM, STEMCELL 

Technologies), but neither adult nor paediatric cells proliferated or differentiated in either of 

these conditions into tracheospheres. 
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Figure 6.18: Hematoxylin & Eosin (H&E) staining of tracheospheres derived from paediatric and adult donors (n=4 each, 60 
technical replicates per run), x10 magnification. Paediatric donor-derived cells (A,C,E&G) proliferated into sphere-like cell 
balls, but cavities remained small and filled with cell-dense debris rather than mucus in all but one donor (A). By contrast, 
while only one adult donor-derived tracheospheres formed the well-characterised fully formed spheroids with central 
mucus-filled cavities (B), all cultures from adult donors showed some evidence of central cavity formation (D,F &H). 

Figure 6.17: Hematoxylin & Eosin (H&E) staining of tracheospheres, x10 magnification. Paediatric donor-derived cells
(A,C,E&G) proliferated into sphere-like cell balls, but cavities remained small and filled with cell-dense debris rather than
mucus in all but one donor (A). In contrast, although adult donor-derived tracheospheres formed the well-characterized
fully formed spheroids with central mucus-filled cavities in one donor only (B), all donors showed some evidence of
central cavity formation (D,F &H).
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Figure 6.19: Immunofluorescence staining comparison of paediatric and adult-derived tracheospheres (n=1 each). 
Paediatric donor-derived tracheospheres remained small balls of cells strongly positive for KRT5 and negative for 
differentiated markers (A,C&E), whereas adult donor-derived tracheospheres formed spheres containing central mucin and 
with inner positive staining for FOXJ1 (B,D&F).  
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6.4 Discussion 

6.4.1 Evidence of higher clonal and proliferative potential of fresh paediatric basal cells, 
which persists in culture. 

No gross differences were seen in the proportions of basal, secretory and ciliated cells on 

immunostaining of fresh tissue, nor were any gross differences seen on staining cultured BECs 

for basal marker expression or KI-67. However, fresh basal cells from children were 

significantly better at establishing clonal colonies in vitro than adult cells. 

 

Upon in vitro culture, paediatric BECs did seem to have a higher proliferative potential on 

direct observation by light microscopy. However, proliferation differences were not 

statistically significant when measured by the relatively ‘blunt tools’ of population doubling or 

MTT assay, due to the wide variation between technical replicates and between experimental 

runs. Similarly, KI-67 flow cytometry showed high variability between runs, depending on 

starting cell confluence. Seeking more sensitive, less temperamental and more directly 

comparative assays, a flow cytometric assay originally described by Eekels et al was adapted 

to suit this need. Given the assay, as originally described, was designed to unveil subtle growth 

defects with lentiviral transduction at increasing MOIs, a crucial milestone of validating and 

optimising the assay was to ascertain the minimum MOI of mCh- or GFP-lentiviral 

transductions that would result in a detectable and stable flow cytometric signal yet result in 

negligible growth defect effects. This was validated in 293T HEK cells and by crossing one 

donor with itself in the two colours, the ratio of which remained almost exactly 1:1 over the 7 

days tested. This variable was further controlled for by transducing each donor with both single 

colours, so that each paediatric-adult donor cross could be performed in both colour 

combinations. 

 

The complete trypsinisation of BECs from their tissue culture plates introduced another major 

potential for inaccuracies. Paediatric BECs appeared marginally less sensitive to the effects of 

trypsin than adult cells. Given the time involved in physically performing trypsinisation for 

many parallel 24-well plates was relatively long, differential trypsinisation was not performed 

to obviate the risk of potentially losing a greater proportion of adult BECs than paediatric cells 

when removing the spent feeders. Therefore, instead of adhering to the Eekels protocol, which 

was to compare only untransduced with transduced cells, each adult and paediatric donor singly 

transduced with the two different colours. Three discrete cell populations were therefore visible 
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on flow cytometry, the unstained of which represented the lethally-inactivated 3T3-J2 feeder 

cells which did not expand in number.  

 

In this assay, paediatric BECs demonstrated a significant competitive growth advantage over 

adult BECs in each of four donor pairings tested, despite showing only modest differences 

when grown separately. The degree to which the paediatric cells dominated the adult cells in 

culture is stark and could imply that paediatric cells are actively suppressing the adult cells 

when they are combined in co-culture, or that paediatric cells in culture are inherently ‘fitter’ 

than their adult neighbours 248. Future work is required to assess the mechanism by which this 

is occurring. 

 

6.4.2 Subtle signs of reaction to cell stress in adult AE 
The predicted activation of TP53 in adult samples, despite relatively few differentially 

expressed genes between the two groups, is likely to be a sign of increased cell stress response 

in adult AE. Little has been reported on the action of E2F3 in proximal airway cells, but it is 

overexpressed in 55-70% of squamous cell carcinomas and 79% of adenocarcinomas in the 

lung 249 – indeed it has recently been proposed as a potential blood biomarker for lung cancer 
250. In other epithelial tissues such as breast and endometrial tissue, E2F3 plays a key role in 

cell proliferation by removing pRB cell cycle suppression. E2F3 can also act to both promote 

hTERT activity in normal somatic cells and repress hTERT in tumour cells 251. 

 

OSGIN1 counteracts E2F3-activated cell cycling and suppresses CCNA1 in MCF7 cells 245. 

COPZ2 also rises in an attempt to downregulate E2F3 again via epigenetic silencing by miR-

152, a tumour suppressor RNA contained with COPZ2’s intron 1 247. The presence of 

upregulated OSGIN1 and other tumour suppressor genes in adult samples, as well as the of 

TP53 activation theoretically predicted by IPA with reference to the global literature, together 

suggest that the adult tracheal epithelium is reacting to oxidative stress or to oncogenic 

activation whilst the paediatric AE is relatively quiescent. This would be in keeping with the 

low-grade chronic inflammation seen in geriatric mouse airways on microarray 234. The genes 

identified here could form the basis of future investigation into their specific functions in the 

airway epithelium. 
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6.4.2.1 Suggestion of a more secretory-leaning phenotype in adult AE. 

Although only one or a few members of each of the key (Wnt, Notch and Shh)  signalling 

pathways was differentially expressed between children and adults, taken together with adult 

upregulation in other genes associated with increased Golgi secretory function such as UXS1, 

TINAGL1, CLCN2 and SYT8, this overall pattern might suggest a more secretory-leaning 

transcriptome in adult samples despite there being no differences in expression levels of more 

definitive cell population markers. My fresh tissue-derived RNAseq dataset highlighted 

differential expression in a few key members of essential signalling pathways that govern basal 

cell fate choice (Notch, Wnt and Shh pathways), despite no statistically significant differences 

in the proportions of basal, ciliated and secretory cell populations. This suggests that gene 

expression differences are arising within the established cell types and are not simply due to 

changes in cell population proportions. While these differences could have arisen by chance 

due to their cyclical nature, these findings were validated on qPCR using samples from 

independent donors. Future work into single cell RNAseq analysis would further clarify this. 

 

Notch signalling has been shown to be active in the basal population at a low steady state level 

in homeostasis. The pathway is evolutionarily conserved and mouse tracheal basal cells also 

show Notch pathway transcript expression including NOTCH1 12. The dynamics of Notch 

activity are key in cell fate decisions: continued Notch pathway activity promotes secretory 

cell differentiation, whereas absence of Notch activity promotes a ciliated cell fate 252. Notch 

pathway upregulation is sufficient to promote generation of luminal cell types by asymmetric 

division in response to injury, with sustained upregulation predisposing BCs to secretory cell 

differentiation 252. In the distal lung, there has been shown to be a subpopulation of injury-

responsive KRT5 basal cells which express a particular splice variant of TP63, are particularly 

sensitive to Notch signalling and are dysregulated in interstitial pulmonary fibrosis 253. 

Maintenance of Notch activation in differentiated secretory cells relies on continuous supply 

of Notch ligands by BCs  254. It is not known how these pathways might change with healthy 

ageing, but NOTCH1 loss-of-function mutations have also been identified in epithelial cancers 
255 including skin 256, oropharynx 257, oesophagus 258 and lung 259. The presence of upregulated 

NOTCH1 in adult AE, therefore, would tie in with a picture of the adult AE reacting in a 

reparative manner to environmental stresses or injury. However, the pattern of 

immunofluorescence staining seen on fresh tissue would not match this hypothesis given that 

overall protein expression levels of NOTCH1 are in fact lower in the upper layers of adult AE 

than in paediatric tissue, whereas repair mechanisms would be expected to occur in the lower 
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layers. While future work should aim to validate whether there are differences in Notch 

pathway receptor expression, it will also be key to investigate the expression and distribution 

of the Notch intracellular domain (NICD), which is more informative of pathway activation. 

More samples are therefore required, both for RNAseq and immunostaining, to further 

corroborate these findings. 

 

Canonical Wnt signalling, via b-catenin, is particularly important in the airways and is essential 

during development to control patterning of the respiratory tree in embryogenesis 260,261. b-

catenin signalling is necessary for the specification of proximal versus distal airways, with 

distal airways failing to develop at all in mice where b-catenin is knocked out or where Wnt 

inhibitors (such as Dickkopf 1 (Dkk1)) are overexpressed  262,263. Cyclical modulation of 

canonical Wnt signalling ligands can cause induced pluripotent stem cells (iPSCs) to form 

functional proximal airway organoids (also known as tracheospheres) 264,265. Wnt also regulates 

FOXJ1 expression, a transcription factor necessary for ciliogenesis in vertebrates 266, in 

Zebrafish 267 and Xenopus 268. Manipulation of b-catenin signalling alters cell fate decisions in 

cultured basal cells (referred to here as bronchoepithelial cells (BECs)) in in vitro air-liquid 

interface (ALI) cultures. b-catenin stabilisation 264 or enhancement of b-catenin by shRNA 

blockade of glycogen synthase kinase 3b 269 causes a decrease in basal to ciliated cell 

differentiation, whereas inhibition with Dkk1 treatment increases numbers of ciliated cells 269. 

Porcupine (PORCN), an upstream regulator for all Wnts necessary for the proper secretion and 

activity of all known Wnts 270, was also upregulated in the adults samples of my fresh RNAseq 

dataset. These are membrane-bound O-acyl transferases whose primary function of Wnt ligand 

palmitoylation allows for them to be recognised by Wntless and exported from cells 271. It also 

has other Wnt-independent roles, as loss of PORCN function causes defects in cell line 

proliferation and tumorigenesis without noticeable changes in Wnt levels 270. Given this is a 

post-translational modifier of the pathway, this could result in increased Wnt pathway 

activation in adults without differences in Wnt expression being seen. The Wnt signalling 

family is exceedingly complex, containing multiple Wnt ligands, Frizzled receptors and 

endogenous Wnt inhibitors, and so there is no consensus on reconciling Wnt action in the lungs 

and airways to a single overarching model 272. Indeed, Dkk1 upregulation might be a 

compensatory mechanism in response to a rise in adult Wnt activation in adults, as in a non-

cancerous state one would expect cells to respond to changes in these Wnt/Notch pathways via 

their extensive physiological cross-talk. 
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Canonical Hedgehog (HH) signalling is necessary for guiding respiratory tree branching and 

mesenchymal differentiation. It is also complex, mediated by the ligands sonic hedgehog (Shh), 

desert hedgehog (Dhh) and indian hedgehog (Ihh), the receptor Patched1, smoothened (SMO), 

suppressor of fused (SUFU) and the zing finger transcription factors GL1-3 273. Dhh and Ihh 

share many of the same downstream pathway components with Shh and have been shown to 

have similar effects on mesenchyme and epithelial development, characterised most fully in 

the male reproductive organs 274,275 and intestine 276,277, respectively. During development, 

airway cells possess a single (primary) cilia, an essential source of canonical HH signalling 
278,279, and the mature airway epithelium continues to produce Shh on its basolateral surface as 

a means of continual paracrine communication with mesenchyme 280. As epithelial cells mature 

and develop motile cilia, primary cilia are lost and Shh expression disappears; however ciliated 

cells retain apical receptors and continue to mediate noncanonical HH signalling 281. In 

developed epithelium, HH signalling is primarily upregulated during epithelial repair and 

regenerative response to injury 282.  

There is considerable cross-talk and reciprocal regulation between these pathways, which 

allows for fine-tuning of cellular responses during development 283-287. Due to the complexity 

of these and other key pathways, interactions are not always synergistic or outcomes easy to 

predict. For example, increased Wnt signalling, via increased expression of Wnt4, has been 

reported in response to Notch inhibition in human keratinocytes 288, and loss of Dishevelled 

(Dvl), a key molecule in the positive regulation of b-catenin, in the presence of Notch results 

in decreased ciliated cell production via a reduction of Notch-responsive promoter activity 

during Xenopus development 289.  

 

The persistence of secretory-specific marker expression in cultured adult BECs is of particular 

interest. In my pilot RNAseq data from just two donors comparing gene expression pre- and 

post-culture in 3T3+Y conditions, adult BECs persistently expressed two markers of secretory 

cells, SCGB1A1 and SPDEF. Although this represented only 1 adult and 1 child, these findings 

were also consistently seen on qPCR and immunofluorescence from other donors. In addition, 

cultured adult cells also stained positively for the differentiated secretory cell marker 

MUC5AC by immunofluorescence, despite no RNA expression being seen on RNAseq or 

qPCR. A potential explanation for this could be that paediatric and adult goblet cells have 
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similar levels of MUC5AC transcription and translation in vivo, but on culture adult cells deal 

with post-translation and mucin removal differently, resulting in persistence of mucin made by 

cells prior to being cultured. Anecdotally, adult cells also appeared to differentiate into mucin-

forming cells more readily than paediatric BECs in tracheosphere assays. 

 

In mouse tissue, SCGB1A1 is a Club cell marker that is found in cell membranes and cytoplasm 

as well as being secreted. Mouse SCGB1A1+ luminal cells have progenitor/proliferative 

potential in the mouse airway after epithelial injury 21,290, but less is known about their potential 

stem role in the human proximal airway, or on the significance of human SCGB1A1 expression 

throughout the epithelium 238. SPDEF is upregulated in chronic lung disorders such as asthma 

and COPD, and in the mouse, SPDEF overexpression is sufficient to cause goblet cell 

differentiation to Club cells and hyperresponsiveness to airborne allergens 291,292. 

 

A possible explanation of this more ‘secretory-biased’ adult phenotype could be that adult 

samples contain fewer true basal stem cells and more transient amplifying progenitor cells than 

paediatric samples, yet both are able to proliferate in 3T3+Y culture conditions. There is 

evidence for two distinct subpopulations of morphologically indistinguishable KRT5+ BCs in 

rodents, one of which is more ‘stem-like’ and one of which is a long-lived precursor already 

committed to differentiation 225. If ciliated cell-fated transient amplifying cells are more fragile 

with increasing age than secretory progenitors, adult samples might contain a higher proportion 

of secretory-fated transient amplifying cells (which would show increased Notch activity and 

perhaps a higher presence of secretory cell-associated markers in BEC cultures as a result of 

their cell fate commitment). This hypothesis might be further explored by characterising single 

colonies formed in a holoclone assay 293 (an assay for stem potential where serial colony 

forming efficiency is assessed), by immunofluorescence of primary culture clonal colonies to 

assess heterogeneity in ciliated or secretory markers or by comparing the differentiation 

capacity of individual clonal colonies. It is also possible that adult biopsies contain a higher 

proportion of Club cells which, if they thrive in 3T3+Y conditions relative to basal cells and 

begin to show progenitor behaviour similar to that seen in rodents, could plausibly become a 

major population within cultures. Larger sample numbers are required to confirm these 

RNAseq findings, particularly in the adult group which is more heterogeneous in nature. Future 

studies might also use overexpression/knock-down of genes identified in this analysis to 

ascertain whether these findings translate to functional differences. 
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The differences between paediatric and adult AE and BECs found here are relatively small, 

which is reassuring that the international body of research into (largely adult) airway epithelial 

cell culture is generally applicable to paediatric tissue. However, the discovery of these gene 

expression and competitive growth differences between children and adults could open new 

avenues of research into the mechanisms for airway epithelial ageing, and there may also be 

scope to further optimise BEC culture and TE graft epithelialisation according to patient age. 

  



7 General Discussion and Future Directions 
 

7.1 A strategy for fetal and neonatal tracheal TE  

The primary aims of tracheal airway surgery in a fetal and neonatal context are to avoid the 

development of secondary lung problems that will reduce the baby’s chances of survival on 

delivery; to secure a patent airway at birth to allow for safe removal from the placental oxygen 

supply; and to surgically correct the diseased portion of airway in a controlled manner in the 

postnatal period. Such a graft, delivered when the patient is at their smallest, needs to 

accommodate significant growth in length and diameter and adapt to increasing developmental 

and metabolic requirements 9. The advantages of using a TE strategy could be the avoidance 

of further multiple surgeries to transplant upsized replacements, whilst the potential capabilities 

of fetal surgery might be to create a completely single-stage surgery that fulfils all of the aims 

above. In the presence of a prenatal tracheal diagnosis, a TE trachea could be built to individual 

fetal dimensions during gestation, ready for use in the perinatal or immediate postnatal period 

(Figure 7.1).  

 
Figure 7.1: Concept schematic for a fetal/neonatal airway tissue engineering strategy 
(Maughan et al, 2016).  
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Integration of the TE scaffold into its surrounding tissue is more likely to result in integration 

by remodelling and regeneration (rather than by stenotic scarring) if delivered in the fetal rather 

than the postnatal period - this would also potentially reduce the need for serial dilation of post-

operative airway stenoses, a common indication for paediatric airway intervention 91. 
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7.2 In vivo modelling for paediatric tracheal tissue engineered transplantation 
 

7.2.1 Key Findings 

This rabbit model had been previously well-characterised by our collaborators den Hondt et al 

at UZ Leuven, Belgium, as a model of tracheal allotransplantation 167,294, and the model was 

expanded and extended in this work for a tissue engineered (TE) context. Non-cell seeded 

tracheal scaffolds made by three main clinically-used strategies were tested 83,93,96,97,101  yet 

found that none of them can offer a stable unsupported airway 170. Having optimised the length 

of pre-vascularisation periods and introduced interventional techniques to enable the rabbits’ 

airway complications to be better managed symptomatically, the model is now poised to test 

strategies for epithelial seeding, which will potentially make a dramatic difference to in vivo 

outcomes 113. Furthermore, this work demonstrates that autologous seeding of epithelium can 

also be modelled in the rabbit, as rabbit bronchoepithelial cells were successfully isolated and 

expanded in vitro. 

 

7.2.2 Cell seeding for tracheal tissue engineering 

Seeded tracheal tissue-engineered (TE) grafts are reported to outperform unseeded grafts in 

several pre-clinical studies 216,219,222,223,295-301. While seeded somatic cells have not been 

conclusively shown to persist long-term within tissue-engineered grafts after transplantation, 

they seem to have an essential role for tissue remodelling and in vivo functional regeneration 
302. In vascular grafts, unseeded scaffolds are more likely to develop strictures, granulations, 

leakage and a local adverse immune response which lead ultimately to graft failure  303. 

 

The role and optimum cell choice and seeding strategy for increasing epithelialisation in the 

trachea is not yet clear, as only a minority of pre-clinical studies report on the use of multiple 

co-transplanted cell types 216,218,220-223,304 (Table 7.1). In line with the 3R ethical principles of 

animal research, most studies use relatively small sample group sizes 168 and many do not 

include a cell-free experimental group. However, the importance of a well-designed control 

arm cannot be overstated, particularly when it comes to analysing results for cell engraftment, 

given the myriad of factors at play that can influence the success of this aspect. Another 

important factor to take into consideration when interpreting cell seeding studies is the absolute 

size of the graft, and whether the graft is fully circumferential. It may not be scientifically valid 

to extrapolate findings from small or partial-circumference grafts to longer segmental grafts, 
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as ingrowth of native airway epithelium (AE) from anastomotic borders may not be possible 

in the same way in this setting 93. 

 
Reflective of the tissue composition of the native trachea, the three most widely-studied 

autologous cell types for tracheal seeding in the pre-clinical setting are mesenchymal 

stromal/stem cells (MSC), chondrocytes and epithelial cells, with MSCs representing the most 

widely accepted and clinically-ready form of cell seeding. Mesenchymal stem cells (MSC) 

have been shown to positively influence the proliferation and differentiation of chondrocytes 

in vitro  305 and to encourage endogenous epithelial migration into grafts 299. They may also 

play an immune regulatory role in helping to modulate host regulatory T cell responses to the 

presence of the implanted scaffold 306. Fibroblasts have been also shown to improve epithelial 

survival and culture in vitro 307,308, and may have fulfilled the same function in some in vivo 

animal studies of small sections of grafts 157,220-222,309. 

 

The timing and method of epithelial graft seeding is also not straightforward as pre-seeded 

cells may not survive the period of time taken for vascular penetration to the graft’s luminal 

surface. Technologies such as custom-designed bioreactors have been utilised in an effort to 

improve the efficacy of ex vivo seeding, including coverage, migration, and proliferation 
97,101,102,105,310. These systems typically allow for separate seeding and media flow for 

extraluminal and intraluminal compartments216,217. Most groups employing bioreactor systems 

have reported that optimal seeding occurs with a period of initial static seeding to allow cells 

to adhere to the scaffold surface, followed by a variable length of time with dynamic movement 

of either the graft, media, or both295,299,311-314. However, to date, these in vitro parameters have 

not necessarily translated to cell retention or demonstrable improvements in in vivo outcomes, 

as grafts have not yet had a chance to establish a blood supply. When surveying the existing 

literature, the reported scaffold cell seeding density varies widely (for example, a range of 1 x 

106 cells/mL 217 to 5 x 1010 cells/mL 315 for bone marrow MSCs), and repeated or sequential seeding 

of scaffolds has rarely been attempted. Given our Belgian collaborators’ recent breakthroughs 

in the use of this rabbit model with successful buccal mucosa grafting on pre-vascularised, 

Integra®-lined decellularised grafts 113, future airway experiments in this model should focus 

on the role of bronchoepithelial cell seeding within these implanted scaffolds so as restore the 

mucociliary escalator. In particular, one could consider delayed and/or multiple post-operative 

epithelial cell seeding. 

 



 
      Cell seeding Sample groups Implantation Results 

Author, 
Year 

Specie
s 

Scaffold 
Strategy 

External/ 
general cell 
type 

Luminal 
cell type 

Autolo
-gous? 

Seeding 
density 

Seeding 
method 

Experimental 
groups 

Control 
group 

Orthotopic/ 
heterotopic 
implant. 

Time-
points 

(w) 

Epithel. Cart-
ilage 
regen. 

Vascular
-isation 

Mecha-
nical 
failure 

Sten
-osis 

Co-seeding 
Haykal 
et al, 
2014 217 

Pig Decell. - 
Matched 
pig trachea 
(DET - 
Triton & 
CHAPS) 

BM-MSC, 
labelled w/ 
Celltracker 
Green 

Epithel. 
cells 
(trachea), 
labelled w/ 
Celltracker 
Orange 

y 1x106/mL of 
each cell type  

Static or 
dynamic 
seeding & 
culture in 
BRx for 72 
hrs 

Scaffold w/ 
dynamic 
seeding (n=3) 

Scaffold w/ 
static 
seeding 
(n=3) 

Orthotopic 12   
  

x 
 

Tsao et 
al, 2014 
223 

Rabbit Synthetic - 
PCL or 
PLGA 
porous 
casted 
rings, 
stented w/ 
piece of ET 
tube 

Chcytes 
(auricular) 

BM-MSC n total 2x106 
cells/scaffold 

co-seeded 
(Chcyte:B
M-MSC 
3:7) 1 w 
prior to 
implant. 

1. Orthotopic 
PCL scaffold + 
both cell types 
(2 w) (n=1); 2. 
Heterotopic 
PCL or PLGA 
scaffold + 
single cell type 
(4 w) (n=3); 3. 
Heterotopic 
PCL or PLGA + 
single cell type 
(2 w) (n=3) 

1. 
Heterotopic 
PCL or 
PLGA 
scaffold 
alone (4 w) 
(n=3); 3. 
Heterotopic 
PCL or 
PLGA alone 
(2 w) (n=3) 

Heterotopic 
pre-implant. in 
lateral thoracic 
MFl, orthotopic 
transfer w/ 
intralumin. 
stent 

2,4 x x x x 
 

Jungebl
uth et al, 
2012 218 

Pig Decell. - 
Matched 
pig trachea 
(DET - 
SDC & 
DNAse) 

BM-MSC Epithel. 
cells 
(trachea) 

y Per trachea = 
3.2x107 

MSCs; 1.39 
x106 ECs 

Resuspende
d in 
autologous 
plasma 
prior to 
intraoperati
ve seeding 

Scaffold + cells 
(n=10) 

None Orthotopic 8 x x 
   

Go et al, 
2010 216 

Pig Decell. - 
Matched 
pig trachea 
(DET - 
SDC & 
RNAse) 

BM-MSC-
derived Chcytes 

Epithel. 
cells 
(trachea) 

y ns Dual-
chamber 
continuous 
rotation 
BRx for 72 
hrs 

1. Scaffold + 
Chcytes (n=5); 
2. scaffold + 
epithel. cells 
(n=5); 3. 
scaffold w/ both 
cell types (n=5) 

Scaffold 
alone (n=5) 

Orthotopic 8 (x) 
  

x x 

Kobayas
hi et al, 
2010 220 

Rat Synthetic - 
Collagen 
sponge 

MSC (adipose), 
labelled w/ 
mCherry 

Fibroblasts 
(gingival), 
labelled w/ 
mYFP 

y 250,000/mL 
of each cell 
type 

3D culture 
in collagen 
gel (3-4 w) 
pre-
implant., on 
top of 
collagen 
sponge 

1. Scaffold w/ 
both cell types; 
2. Scaffold + 
aMSCs; 3. 
scaffold + 
gingival 
fibroblasts (n 
not stated) 

None Orthotopic, 
anterior defect 
only 

1,2 x 
    

Table 7.1: Reported in vivo pre-clinical studies of cell seeding for tracheal TE. 
BRx – bioreactor, Chcyte – chondrocyte, d- days, decell. – decellularised, diffn. – differentiation, epithel. – epithelialisation, glut. – glutaraldehyde, hrs – hours, implant. – implantation, lumin. – 
luminal, m-months, MFl – muscle flap, recon. – reconstruction, regen. – regeneration, w-weeks, w/ - with. 
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Mohd 
Heikal et 
al, 2010 
222 

Sheep Synthetic - 
Autologous 
polymerise
d fibrin 
(bilayered) 

Fibroblasts 
(nasal 
turbinates) 

Epithel. 
cells (nasal 
turbinates) 

y 5 x106 of each 
cell 
type/scaffold 

Suspended 
in fibrin 
before 
polymerisat
ion & 
immediate 
use 

Scaffold + cells 
(n=6) 

1. Scaffold 
w/out cells 
(n=3); 2. 
Removal of 
mucosa only 
(n=3) 

Orthotopic 
anterior 
mucosal graft 
only - titanium 
mesh 
temporary 
scaffold  

4 x 
   

x 

Kojima 
et al, 
2002 221 

Sheep Synthetic - 
PGA mesh 
wrapped in 
helix 
around 
silastic 
splint 

Fibroblasts 
(nasal septum) 

Chcytes 
(nasal 
septum) 

y 2.5x107 /mL 
fibroblasts; 5 
x107 /mL 
Chcytes 

Seeded into 
PGA mesh 
(internal 
Chcyte, 
external 
fibroblast) 
before 1 w 
static 
culture 

Scaffold + cells 
(n=6) 

None Heterotopic 
pre-implant. 
under 
sternocleidoma
stoid muscle 
for 8 w before 
orthotopic free 
transfer 

1   x 
 

x x 

Lumin. seeding only 
  

Wood et 
al, 2014 
224 

Dog Decell. - 
Size-
matched 
canine 
trachea 
(freeze-
thaw + 
detergent) 

x MSC 
(Adipose) 

y ns Cells 
harvested, 
seeded in 
fibrin glue 
& 
implanted 
all under 
same 
anaesthetic 

Scaffold + cells 
(n=4) 

Scaffold 
alone (n=1) 

Orthotopic 12   
  

x 
 

Okano et 
al, 2009 
158 

Rabbit Synthetic - 
Polypropyl
ene (mesh 
reinforced 
w/ spiral 
rings), 
coated w/ 
collagen 
sponge 

x Fibroblasts n 5 x106 /mL Suspended 
in collagen 
& poured 
on sponge 
before 
gelation 

Scaffold + cells 
(n=12) 

Scaffold 
alone (n=12) 

Orthotopic 
(anterior only) 

1, 2 x 
    

Kanzaki 
et al, 
2006 219 

Rabbit Synthetic - 
Straight 
vascular 
prosthesis - 
knitted 
polyster, 
polypropyle
ne spiral  

x Epithel. 
cells 
(trachea) 

ns 200,000 
cells/cm2 

Harvested 
as sheets 
from 
temperature
-sensitive 
culture 
plates 

Scaffold + cells 
(n=5) 

Scaffold 
alone (n=5) 

4 w heterotopic 
graft placement 
(subcut). Cell 
sheets placed 
on lumin. 
surface at time 
of transfer to 
orthotopic 
position. 

4 x 
   

x 
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Den 
Hondt et 
al, 2018 
113 

Rabbit Decell. 
rabbit 
tracheae w/ 
internal 
silicone 
stents, w/ 
or w/out 
Integra 
lining 

x Buccal 
mucosa 

y Full-thickness 
grafts 

Harvested 
as sheet 

Scaffold + cells 
(n=10) 

Scaffold w/ 
or w/out 
Integra 
lining 
(n=6+6) 

3 w heterotopic 
graft placement 
(subcut). 

8 x  x   

General/external seeding only 

Pepper 
et al, 
2017 162 

Sheep Synthetic - 
Electrospun 
PET/PU w/ 
3D 
polycarbon
ate rings 

BM-MSC x y ns Vacuum 
seeded 

Stent(s) when  
>50% lumin. 
narrowing (n=6) 

Dilation 
only (n=2) 

Orthotopic 3,6,12,
16 

  
   

x 

Clark et 
al, 2016 
315 

Sheep Synthetic - 
Electrospun 
PET/PU w/ 
3D 
polycarbon
ate rings 

BM-MSC x y 5.9 x108 per 
graft - 
efficiency of 
37-75% 

Graft 
vacuum-
seeded w/ 
bone 
marrow 
suspension 
immediatel
y before 
surgery 

Scaffold + cells 
(n=3) 

Scaffold 
alone (n=2) 

Orthotopic 6 (x) 
 

x 
 

x 

Yan et 
al, 2016 
316 

Rabbit Decell. - 
rabbit 
trachea w/ 
or w/out 
synthetic - 
PLGA/PT
MC 

Chcytes (bone 
marrow MSC-
derived) 

x y 1 x107 /mL 
 

Hybrid scaffold 
+ cells (n=10); 
decell. scaffold 
+ cells (n=10) 

none Orthotopic w/ 
heterotopic 
subcut pre-
implant. w/ NG 
tube stent (2 w) 

4   x 
   

Batioglu
-
Karaalti
n et al, 
2015 295 

Rabbit Decell. - 
Matched 
rabbit 
trachea 
(freeze-
thaw then 
DET - SDC 
& RNAse) 

MSC (Adipose) x y Initially 8 
x106 /mL, 
reseeded at 6 
x106 /mL for 
last 24hrs 

Static 
seeding for 
24 hrs then 
roller for 48 
hrs 

Scaffold + cells 
(n=3) 

Scaffold 
alone (n=3) 

Orthotopic 4, 8, 12 x x x 
 

x 

Komura 
et al, 
2015 169 

Rabbit Synthetic - 
2-layer 
composites: 
gelatin 
sponge + β-
tricalcium 
phosphate 
(TCP) + 
vicryl 
mesh, 

Chcytes 
(auricular) 

x y 1 x107/mL Extralumin. 
placement 
of Chcytes 
in collagen 
sponge.  

Scaffold + cells 
(n=5) 

None Heterotopic 
pre-implant. in 
oesophagus. 
Orthotopic 
transfer to 
trachea at 4 w 
(posterior 
defect only) 

4 x x 
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cross-
linked w/ 
glut. 

Shin et 
al, 2015 
159 

Rabbit Decell. - 
Porcine 
articular 
cartilage 
(powder & 
reformed as 
gel) 

BM-MSC x n 1.5 x108 /mL  Implanted 
into gel for 
7 w prior to 
implant. 

Scaffold + cells 
(n=6) 

None Orthotopic 
(anterior only) 

6,10 x x 
   

Chang et 
al, 2014 
160 

Rabbit Synthetic - 
3D-printed 
PCL 

BM-MSC x n 5 x106 /mL In vitro 
coating of 
MSCs in 
fibrin 

Scaffold + cells 
(n=4) 

None Orthotopic 
(anterior only) 

8 x x 
   

Hong et 
al, 2014 
161 

Rabbit Synthetic - 
Fibrin/Hyal
uronan 
hydrogel / 
PGLA 

Chcytes 
(auricular) 

x n 1 x106 /mL Cultured in 
Fibrin/Hyal
uronan 
hydrogel, 
injected 
into PGLA 
scaffold for 
4 w 

Scaffold + cells 
(n=8) 

None Orthotopic 
(anterior only) 

6, 10 x x x x x 

Shin et 
al, 2014 
317 

Rabbit Decell. - 
Porcine 
articular 
cartilage 
(powder & 
reformed as 
gel) 

Chcytes 
(articular) 

x y 1.5 x106 /mL 
(total 600,000 
cells/scaffold) 

Implanted 
into gel for 
7 w prior to 
implant. 

Scaffold + cells 
(n=6) 

None Orthotopic 
(anterior only) 

2,4,8 x x 
 

x 
 

Kim et 
al, 2013 
296 

Rabbit Decell. - 
Matched 
rabbit 
trachea 
(freeze-
thaw) 

BM-MSC x n 1 x107 /kg 
body weight 

Injected IV 
post-op 

1. Scaffold + 
cells (n=8); 2. 
Scaffold + cells 
+ ciclosporin 
(n=8) 

1. Scaffold 
+ 
ciclosporin 
(n=8); 2; 
Scaffold 
alone (n=8) 

Orthotopic w/ 
contemporaneo
us muscle wrap 

4 x 
 

x 
 

x 

Luo et 
al, 2013 
156 

Rabbit Synthetic - 
Woven 
PGA 
wrapped 
around 
silicone 
stent 

Chcytes 
(auricular) 

x y 6 x107/mL, 
1mL/scaffold 

Static 
seeding for 
2 w 

Scaffold + cells 
w/ intramusular 
(sternohyoid) 
pedicle (n=10) 

Scaffold + 
cells w/ 
subcut 
implant. & 
subsequent 
free transfer 
(n=10) 

Orthotopic w/ 
heterotopic 
pre-implant. w/ 
silicone stent (4 
w) 

 
x x x x 

 

Nomoto 
et al, 
2013 297 

Rabbit Synthetic - 
Collagen 
sponge w/ 
polypropyle
ne frame 

Chcytes (costal) x y 2 x106 /mL Suspended 
in collagen 
& poured 
on sponge 
before 
gelation 

Scaffold + cells 
(n=10) 

Scaffold 
alone (n not 
stated) 

Orthotopic 
(anterior only) 

2,8,14 (x) x x 
  

Seguin et 
al, 2013 
298 

Rabbit Transplant 
- 
Unmatched 
rabbit 
descending 

BM-MSC, 
labelled w/ GFP 

x y Not stated Bone 
marrow 
transplantat
ion of 
labeled 

1. Scaffold + 
bone marrow 
labeled MSC 
transplantation 
(n=12); 2. 

Scaffold 
alone (n=12) 

Orthotopic 4, 12, 
24, 36, 
52, 60, 

72 

x x 
 

x 
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aorta 
(female to 
male) w/ 
silicone 
intralumin. 
stent 

MSCs 3 m 
prior to 
surgery 

Scaffold + cell 
injections POD 
0, 10 & 21 
(n=12) 

Gray et 
al, 2012 
299 

Sheep 
(fetal) 

Decell. - 
Rabbit 
trachea 
(DET - 
SDC & 
RNAse) 

MSC (amniotic 
fluid), labelled 
w/ GFP 

x y 1 x106 /mL 
(static), then 
7.5 x106/mL 
(dynamic) 

Diffn. to 
Chcytes, 
then 
seeding on 
scaffold in 
static, then 
dynamic, 
BRx for 96 
hrs 

Scaffold + cells 
(n=7) 

Scaffold 
alone (n=6) 

Orthotopic (in 
utero at 115-
122/145 
gestation) 

1 w 
post-

deliver
y (4-5 

w 
total) 

x 
   

x 

Hashemi
beni et 
al, 2012 
300 

Dog Synthetic - 
Alginate 

MSC (Adipose), 
w/ or w/out 
diffn. to 
Chcytes 

x y 5 x106/mL Not stated 1. Scaffold + 
undiff. MSCs 
(n=6); 2. 
scaffold + diff. 
Chcytes (n=6) 

Scaffold 
alone (n=6) 

Orthotopic 
(anterior 
portions of 
cartilage rings 
only) - each 
animal had 3 
ring defects w/ 
a different graft 
in each 

8   x 
   

Gilpin et 
al, 2010 
318 

Rabbit Synthetic 
sheets - 
Semiperme
able 
polyester 
membrane 
pre-coated 
w/ 
fibronectin 

Chcytes 
(auricular) 

x y 3 x107 /16cm2 
BRx, 
reseeded w/ 
1.2 x107 at 7 
d 

Cultured 
for 7-8 w 
on sheets 

Scaffold + cells 
(n=7) 

None LTR w/ 
anterior graft 

4, 8, 12   (x) 
 

x x 

Kim et 
al, 2010 
319 

Rabbit Synthetic - 
Fibrin/Hyal
uronan 
stabilised 
hydrogel 

Chcytes 
(auricular) 

x y 1.25 x106 per 
scaffold 

Statically 
incubated 
for up to 2 
w 

Scaffold + cells 
(n=6) 

none Orthotopic 
(anterior only) 

4, 8   
    

Lin et al, 
2009 311 

Rabbit Synthetic - 
PCL w/ 
rings of 
collagen 
gel 

Chcytes 
(articular) 

x n 3 x106 cells 
per collagen 
ring 

Chcytes 
implanted 
in collagen 
pre-gelation 
- static 
culture (7 
d), dynamic 
BRx (4/8 
w) at 
different 
rotational 
speeds 

Scaffold + cells 
(n=6) 

None Orthotopic Until 
airway 
stenosi

s 
caused 

DIB 

x (x) x 
 

x 
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Weidenb
echer et 
al, 2009 
163 

Rabbit Scaffold-
free' - 3 
sheets of 
cells 
wrapped 
around 
silicone 
tube on 
table (MFl 
in between) 

Chcytes 
(auricular) 

x y Not stated Chcytes 
seeded as 
sheets in 
BRx for 4 
w 

1. Scaffold w/ 
partial resection 
of intralumin. 
MFl portion 
(n=2); 2. 
Scaffold w/ flap 
partial resection 
& delayed 
recon. (n=2); 3. 
Scaffold w/ 
resection of 
lumin. flap 
(n=1) 

Scaffold w/ 
intralumin. 
MFl intact 
(n=1) 

Heterotopic 
implant. in 
sternohyoid 
MFl for 12-14 
w before 
orthotopic 
transfer 

until 
airway 
stenosi

s 
caused 

DIB 

  x x 
 

x 

Komura 
et al, 
2008 320 

Rabbit Synthetic - 
layered 
composite: 
gelatin/b-
FGF 
microspher
es + 
collagen 
sheet + 
PGA mesh 
+ 
PLLA/PCL 
mesh 

Chcytes 
(auricular) 

x y Not stated Static 
seeding 
onto 
scaffold 
24hrs 
before 
implant. 

Scaffold + cells 
+ gelatin 
microspheres 
(n=10); 
Scaffold + cells 
(n=7) 

none Orthotopic 
(anterior only) 

4, 12 x 
    

Nomoto 
et al, 
2008 309 

Mouse Synthetic - 
Collagen 
sponge 

Fibroblasts (rat 
trachea), 
transfected w/ 
mYFP 

x n 500,000/mL Suspended 
in collagen 
& poured 
on sponge 
before 
gelation 

Scaffold + cells 
(n=9) 

1. Acellular 
collagen + 
sponge 
(n=9); 2. 
Acellular 
sponge only 
(n=9) 

Orthotopic 
(anterior only) 

3, 7, 14 
d 

x 
    

Suzuki et 
al, 2008 
301 

Rat Synthetic - 
Collagen 
sponge 

MSC (Adipose), 
labelled w/ 
mYFP 

x y 3.5 x106 /mL 3D culture 
in collagen 
gel for 3-4 
w pre-
implant., on 
top of 
collagen 
sponge 

Scaffold + cells 
(n=20) 

Scaffold 
alone 
(n=20). No 
mention of 
numbers 

Orthotopic 
(anterior only) 

1,2 x 
 

x 
  

Kunisaki 
et al, 
2006 312 

Sheep Synthetic - 
PGA mesh 
rolled into 
cylinders, 
sprayed w/ 
PLA & 
collagen 

MSC (amniotic 
fluid), labelled 
w/ GFP 

x n 4-8 x107 /cm2 Seeded on 
scaffold in 
static, then 
dynamic, 
BRx for 24-
30 w for 
diffn. to 
Chcytes 

Scaffold + cells 
(n=7) 

None Orthotopic - 
anterior only 
(n=6), or full 
interposition 
graft (n=1) 

10 d x x 
  

x 

Grimme
r et al, 
2004 164 

Rabbit Synthetic - 
PGA 
constructs 

Chcytes 
(auricular) 

x y 1 x106 /mL Cells 
seeded 
24hrs pre-

Complete 
scaffold + cells 
+ PLLA 

Historical 
controls 
(fascia lata 

Orthotopic 
(anterior only) 
w/ 

20   x 
 

x x 
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+ RGD-
modified 
alginate 

op into 
liquid 
alginate, 
infused into 
PGA mesh 

intralumin. stent 
(n=5); 
Complete 
scaffold + cells 
(n=5) 

alone) 
(n=32) 

contemporaneo
us fascia lata 
wrap 

Fuchs et 
al, 2003 
313 

Sheep 
(fetal) 

Synthetic - 
PGA 

Chcytes (Lamb 
BM-MSC 
derived OR 
fetal lamb 
elastic Chcytes) 

x n 6 x107 /cm2 Diffn. to 
Chcytes 
pre-
implant. on 
scaffold in 
dynamic 
BRx for 1 
w 

Scaffold + BM-
MSC (n=4) 

Scaffold + 
Chcytes 
(n=4) 

Orthotopic 
(anterior only, 
in utero at 110-
120/145 
gestation) 

At 
deliver
y (4 w 
total) 

x x 
  

x 

Lee et al, 
2002 314 

Rabbit Synthetic - 
PLGA, 
80% 
porosity 

Chcytes (costal) x n Not stated 24 hr 
dynamic 
seeding, 
then 48 hr 
static 
incubation 

Scaffold + cells 
(n not stated) 

None Orthotopic 
(anterior only) 

6 x x 
   

Fuchs et 
al, 2002 
321 

Sheep 
(fetal) 

Synthetic - 
PLLA over 
PGA mesh 
w/ collagen 
coating 

Chcytes (elastic 
auricular or 
hyaline 
tracheal) 

x y 4-8 x107 /cm2 24hrs static 
seeding 
then 6-8 w 
rotating 
culture 

Scaffold + cells 
(n=15) 

Elastic 
cartilage 
from 
autologous 
ear (n=5) 

Orthotopic 
(anterior only) 

1, 2, 
2.5, 3 
& at 
birh  

x x x (x)   

 



7.2.3 Future experiments for the rabbit model 

It is still impractical to provide the level of intensive care airway support and continuous 

nursing surveillance that a human would receive in most animal surgery laboratories, but we 

will still strive to model the clinical scenario as closely as possible. This is likely to involve 

bronchoscopic interventions as animals progress through studies 162-164, both for diagnostic and 

therapeutic purposes. 

 

In future work, the next aim will be to build on the findings reported by Den Hondt et al 113 to 

test autologous rabbit BEC engraftment in sheets, using luciferase-labelled cells to ensure that 

cells present in the trachea are those engrafted rather than arriving by local ingrowth. Once this 

has been tested first on native vascularised tracheae, the lessons learned can be applied to 

minimally-decellularised tracheal grafts. Our group also has a collaboration with another UCL 

team, led by Professor Wenhui Song, on a soft 3D-printed stent material that could provide 

support to sheets of applied epithelium. Finally, immunosuppressed rabbits will be used to test 

human BEC engraftment. 

 

7.2.4 Other animal models for fetal and paediatric TE 
Sheep are the most well-established animal in which to test fetal surgical techniques and 

outcomes for a diverse variety of maternofetal conditions 322,323. Of particular relevance is the 

international research into fetal temporary tracheal occlusion of congenital diaphragmatic 

hernia, following which there are now ongoing clinical trials at several international centres. 

Utilising the open and fetoscopic skills learnt for this condition, fetal replacement of the trachea 

with both synthetic and decellularised tracheal scaffolds has been reported. Although good 

epithelialisation has been observed on these grafts even without the placement of epithelial 

cells, malacia and stenosis have also been reported 299,313,321. This would be a logical model in 

which to pursue the possibility of autologous amniotic fluid as a prenatal cell source. 

 

Pigs would represent the most logical choice for translational in vivo work for the larger child, 

and by using juvenile or piglets, models could address how grafts might integrate (or be 

outgrown) in a growing host. Domestic pig growth rates are exceedingly rapid, growing from 

2kg at birth to over 100kg in 4 months, which may overplay the problems of hosts outgrowing 

the luminal diameters of their new tracheae. Minipigs (created by selective breeding) have a 

slightly slower growth rate and potential, reaching human adult-sized organs at around 7 
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months of age 324. Pigs may be trained to co-operate with peri-operative/post-operative care, 

such as nebulisers and tracheostomy support. However, setting up immunosuppressed 

humanised models is complicated, given that most UK animal unit husbandry is outdoors under 

farm conditions. In addition, the pig tracheal anatomy is slightly different from humans, given 

the presence of completely encircling tracheal rings in the porcine airway; this may cause graft 

malacia complications to be falsely lower in this model. 
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7.3 Use of AF-derived cells in airway reconstruction 

The findings described here differed from collaborators’ promising initial findings using qPCR, 

where 26% of cells grown from fresh AF seemed to show positivity for the respiratory 

transcription factors FOXA2 and NKX2.1. The main reason for the discrepancies may be the 

different methods used to culture fresh AF at the primary selection stage – the samples in this 

work were deliberately grown from fresh AF in epithelial-selective conditions, whereas the 

preliminary data came from cells grown for an initial 3-4 passages in MSC-selective medium. 

Their cells also failed to differentiate into respiratory epithelial cell types on tracheosphere 

assay, however, suggesting neither team were expanding epithelial cells of respiratory origin. 

 

Some of the variables discussed might be overcome by continued or repeated experimentation. 

Given that live cells of respiratory origin are likely to make up a very small proportion of the 

live cells within fresh AF, it would be greatly helpful if this number could be expanded in 

culture to enable optimization of flow cytometry. However, the act of culturing cells changes 

the transcriptome and expression of surface markers dramatically in comparison to fresh tissue, 

and so work on identifying markers within cultured cells is not necessarily applicable to fresh 

cells. There was a general paucity of donor samples that precluded the extensive optimisation 

that would be required, particularly within a timeframe compatible with pre-doctoral studies. 

Coupled with the clear need to share samples that comes with working within a busy research 

group, there has been a general decline in the number of amniosampling procedures undertaken 

for clinical reasons. The majority of diagnostic amniocenteses are performed to improve the 

certainty of an antenatal Down Syndrome diagnosis. Therefore, the recent introduction of a 

maternal blood test for Down syndrome has caused a dramatic absolute reduction in number 

of procedures performed and subsequent volume of samples available for research. 

 

7.3.1 Future directions  
It is possible to obtain aspirates directly from the fetal trachea 325 at the time of fetal endoscopic 

tracheal occlusion (FETO) for congenital diaphragmatic hernia. This tracheal aspirate would 

be far more likely to contain respiratory progenitors and would be more applicable to the 

population of fetuses with congenital airway obstructions likely to require autologous cell 

replacements at birth. The organisation of ethics and material transfer agreements for the 

supply of these samples are underway but were unfortunately not yet in place during this part 

of mthe project. This approach would be key in refuting or confirming AF as a viable epithelial 



 

 206 

prenatal source or, more promising still, the endoscopic techniques available to FETO insertion 

might also enable to biopsy of the fetal airway. 
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7.4 Comparing paediatric and adult epithelial cell populations to inform airway 

reconstruction 

Although the use of RNA sequencing (RNAseq) in this project was more discovery-based than 

hypothesis-driven, I had expected to see cellular processes and pathways associated with cell 

cycle and growth upregulated in the growing child. However, whilst BECs extracted from 

paediatric donors did indeed seem to have greater clonal potential than adult BECs, it was 

instead the adult airway epithelium (AE) which showed in vivo increases in cell proliferation, 

potentially via a E2F3-mediated pathway and possibly in response to environmental stress. 

 

Preliminary RNAseq results (n=3 adult, n=5 paediatric) showed that there are over 200 genes 

differentially expressed between these groups, but this was likely to be confounded by the 

strong smoking histories of the adult donors recruited to bronchoscopic follow-up research 

studies, given that certain strongly upregulated secretory genes within the adult sample 

(SPDEF and MUC5B) are commonly found to be upregulated in smoking and smoking-related 

respiratory diseases 70,326. Five non-smokers and ex-smokers (who had quit over five years 

previously) were therefore recruited for RNAseq, following which there was still a trend 

towards a more secretory phenotype in older airway epithelium.  

 

To compare gene expression between paediatric and adult airway epithelium, functional 

signalling studies could be planned to see the comparative effects of E2F3, Notch and/or Wnt 

pathway manipulation with age. However, these pathways are complex with many points of 

cross-talk, so subtle differences will likely to be compensated for by cells and be hard to spot. 

 
One hypothesis for these findings could be that ‘healthy’ AE displays the early stages of a 

‘senescence-associated secretory phenotype’ (SASP) 327 in response to cell stresses with 

increasing age. Cellular senescence is a potent tumour suppressive mechanism, which causes 

growth arrest in cells at risk of malignant transformation. Activation of senescence is under the 

control of p16, p53 and Rb, and can occur in response to a variety of harmful stimuli including 

telomeric dysfunction, mitochondrial deterioration, oxidative stress, expression of certain 

oncogenes or irreparable DNA damage 328. Gene expression responses to senescence on 

microarrays have been shown to be highly cell type-specific 329, but senescent cells can develop 

altered secretory activities which introduce change in tissue microenvironment and promote 

tumorigenesis, the so-called senescence-messaging secretome 330. In human fibroblasts, 

secreted proteins and factors have reported to include growth factors (including Wnt and TGFb 
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family members), chemokines (including interleukins and interferons) that exert effects on 

local immune and epithelial cells 327. Especially in light of the fact that IPA predicted that p53 

may be activated within the adult cohort, this RNAseq data was also interrogated for those 

genes known to be associated with a senescence-associated secretory phenotype 327. However, 

none of these were differentially expressed in my dataset, nor were there statistically significant 

differences in the expression of major pro- and anti-inflammatory cytokine families such as 

TNFa or interleukins.  

 

Even though all adult ex-smokers who were included quit over 5 years prior to biopsy, these 

changes could represent permanent smoking-related changes in gene expression 70, or the 

underlying presence of undiagnosed chronic lung disorders. However, there is some recent 

evidence that the epigenetic signature of smoking may be reversed after just two years of 

abstinence 331. It is also always a possibility that included patients were not entirely honest 

about their length of smoking abstinence. There was no overlap between the differentially 

expressed genes in this dataset and published series of asthmatic patients 332, and a definitive 

‘COPD’ signature pattern has not yet been reported. Although published RNAseq signatures 

of genes known to be irreversibly dysregulated with recent tobacco exposure did not bear close 

resemblance to this cohort 326, there were a few ‘rapidly reversible’ smoking-related genes that 

were also upregulated in my samples (namely the aldo/keto-reductases AKR1C1, AKR1C2 and 

AKR1B10). Given that this study was conducted based on adult samples from tertiary and 

quaternary airway units in a major city, it is also a possibility that adult airways were 

responding to air pollution 333,334, rather than cigarette smoke, though no published series of 

airway epithelial RNA changes have reported on this so far for comparison. 

 

7.4.1 RNAseq as a tool 

The transcriptome (the complete set of transcripts in a cell, and their abundance) for a specific 

stage of development, health and disease helps to understand how the genome is functioning 

and responding to the stresses placed upon it 335. It is a static snapshot of the dynamic biological 

state 336 and individual cell and tissue types have their own distinct transcriptomic ‘signatures’. 

Given how critical it was for this project that RNA was collected from the specific site under 

investigation 337, laser capture microdissection was used to ensure that only the epithelium was 

included in the extracted RNA, and then analysed the RNA using RNAseq. Most of the existing 

literature for airway and pulmonary gene expression studies is based on microarray data. 
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However, these are expected to be superseded by Next Generation Sequencing (NGS) 

transcriptomic techniques in the near future (Illumina discontinued their expression arrays in 

December 2016). In comparison to traditional microarray techniques for comparing global 

gene expression (which are hybridisation-based approaches with fluorescently-labelled 

cDNA), RNAseq represents a leap in technology 338 as it can quantify RNA at baseline (rather 

than only measuring comparative fold changes across conditions) and yields digital 

information that does not require normalisation or multiple statistical correction to reduce false 

positive hits. RNAseq can quantify all species of RNA transcripts down to single base-pair 

resolution, over five orders of magnitude, and has inherently less noise and higher specificity 

than microarrays 335. RNAseq can also distinguish between highly homologous members of 

gene families 339. Because no cloning steps are required in the sample preparation pipeline, less 

RNA sample is required. Finally, unlike microarrays, the technical reproducibility of RNAseq 

is high enough that findings should not require technical validation by qPCR 340-342. However, 

the process is still relatively expensive.  

 

7.4.2 Future directions 
Further research could aim to validate and further explore these findings using single cell 

RNAseq of individual basal cells: this technology requires additional key steps to isolate and 

amplify single cells 343, as well as different computations and statistical methods (large number 

of undetected transcripts, i.e. an abundance of zeros, increased variability and multi-modal 

expression distributions) 344. Another way to increase the insights found would be integrate the 

RNAseq analysis with epigenetic or proteomic datasets (so-called ‘Integrative omics’) 345, or 

with pulse or lineage tracing techniques 226 which greatly enable inferences about the functional 

relevance of expression differences to be made. 

 

The robustness of this data would be enhanced by repetition, by our group or others, and by 

increasing the number of adult samples, given the relative interindividual heterogeneity of their 

gene expression. In future, it would be helpful to continue to recruit and add in adult never-

smokers to this ongoing analysis, with the aim of ultimately excluding ex-smokers from future 

analyses. 

 
Another avenue that would be interesting to explore from an adult ageing point of view would 

be the cumulative epithelial mutational burden with age. clonally-derived samples from 3 

paediatric donors (n=140-170 clones each) have been submitted for clonogenic analysis by 
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high-depth whole-genome DNA sequencing, which will allow for comparisons with adult 

mutational burdens alongside a larger project within the Lungs for Living group, in 

collaboration with the Sanger Institute, Cambridge.  

 
 
 



8 Conclusion 
 

In this body of work, an orthotopic interventional rabbit model was shown to be effective in 

allowing longitudinal follow-up of tracheal replacements, although none of the unseeded 

scaffolds tested were able to deliver stable airways. However, the developed model will be 

useful to test methods of autologous epithelial cell engraftment on tissue-engineered (TE) 

scaffolds, an area of airway TE known to lag behind other areas of research. 

 

It was not possible to define a cell population of respiratory progenitors within amniotic fluid 

that could be used as a prenatal source for airway epithelium, although this avenue might still 

have potential for future exploration if tracheal aspirates could be obtained. Turning to 

postnatal airway regeneration for clues as to the best source of epithelial restoration in airway 

TE, paediatric airway epithelium basal cells showed higher clonal and proliferative potential 

than adult cells. Adult bronchoepithelial cells show upregulation of some genes linked to stress 

reactions and seem to be of a more secretory phenotype than paediatric cells, findings which 

could be relevant in planning tissue-engineered epithelialisation approaches for patients in 

specific age groups and which might lead to improved methods allowing epithelial survival 

following cell transplantation. 



9 Supplementary Material 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1: H&E staining of paediatric tracheal epithelium on biopsy sections used for immunofluorescent 
staining, showing well-preserved architecture of the pseudo-stratified bronchoepithelium. 
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Figure S1 (cont): H&E staining of adult tracheal epithelium on biopsy sections used for immunofluorescent 
staining, showing well-preserved architecture of the pseudo-stratified bronchoepithelium. 
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Table S1: RNA Seq comparison of fresh paediatric and adult AE found no statistically significant differences in genes specific to 
each of the main cell compartments present in the AE, or in any of the other types of cells likely present in the submucosa. 
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Table S2: Genes differentially expressed between paediatric and adult AE with a significance threshold of p=0.05. Genes in grey 
were false positive hits, which were excluded on closer inspection of individual read counts. 
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Table S3: Genes differentially expressed between paediatric and adult AE with a significance threshold of p=0.05, organized by 
epithelial-relevant function as per Ingenuity Pathway Analysis (IPA). 
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Table S4: Pilot RNA Seq data of donor-matched fresh and cultured (P4) cells from 1 paediatric and 1 adult donor for cell type-specific 
markers. showing markers MUC5AC and FOXJ1 but persistence of SCGB1A1 and SPDEF in basal marker-expressing cells. 
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