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Abstract 

The human lung is capable of endogenous repair, but the underlying mechanisms which 

control this remain unclear. Many of the processes involved in lung repair are thought to be 

similar to those required during alveolar development. As such, the targeting of factors 

involved in lung development provides a potential therapeutic route for the induction of 

endogenous repair mechanisms. Retinoic acid (RA), obtained wholly from dietary vitamin A 

(vit A), is an essential mediator of lung development and can promote regeneration in 

experimental animal models of alveolar insufficiency. We aimed to investigate the role of RA 

in mediating lung structural homeostasis and repair using a multi-disciplinary, epidemiological 

and lab-based approach. 

We identified a positive role for dietary vit A in the modulation of adult lung function in a large 

UK population-based study. Using genetic data from this study, we have also identified single 

nucleotide polymorphisms (SNPs) in RA pathway genes that modulate lung function, some of 

which interact with vit A intake. 

At a cellular level, we used an in vitro scratch assay model to show that treatment with 

exogenous RA directly promotes endothelial repair but does not affect epithelial repair, either 

directly or via paracrine signalling from the endothelium.  

To study the role of RA in 3D alveolar tissue, we developed the acid injury and repair (AIR) 

model, a novel ex vivo tool in which the response to injury and subsequent repair mechanisms 

can be determined. By examining established cellular markers of repair in the AIR model, we 

discovered that the number of progenitor cells increases in damaged regions of tissue 

whereas in the uninjured areas of the same PCLS, proliferation increases without a 

concomitant increase in progenitor cells. Manipulation of RA signalling using pharmacological 

inhibitors resulted in a significant reduction in proliferation following injury. 

RA reporter mice, which express GFP linked to the RA response element, were used to 

visualise active RA signalling. By combining this reporter line with the AIR model, we found 

GFP expression, indicative of active RA signalling, in postnatal day 7 PCLS and observed an 

increase in GFP signal following injury in adult PCLS.  

Overall, our findings suggest that RA signalling primarily affects the capillary endothelium 

during lung repair and that at a population level, a vit A rich diet could be used to modify lung 

function. Together this multidisciplinary approach provides important insight into the 

mechanisms underlying the role of RA in lung repair and regeneration and suggests that 

regulation of vitamin A levels through nutritional intake may provide a route to help maintain 

adult lung function.  
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1.1 Thesis Introduction 

Degenerative lung diseases such as chronic obstructive pulmonary disease (COPD) 

and idiopathic pulmonary fibrosis (IPF) pose a significant global health burden with 

limited therapeutic options. Current available therapies focus on the relief of symptoms 

rather than addressing the underlying cause which leads to gradual alveolar 

insufficiency. Under normal circumstances, the lung is capable of intrinsic repair and 

therefore, targeting and activation of innate repair pathways in the lung represents an 

exciting avenue for the treatment of chronic lung diseases. Understanding which 

pathways are involved and how they function under normal circumstances is an 

essential step in the development of therapies for lung disease where disrupted repair 

is a defining pathology. Mounting evidence suggests that the pathways required for 

correct lung development also play a critical role in mediating lung homeostasis and 

repair. As such, targeting and/or activation of intrinsic developmental pathways for the 

treatment of chronic lung diseases are an area of considerable research interest. 

This thesis focuses on retinoic acid (RA), a derivative of vitamin A (vit A), which is a 

key molecule required for correct lung development across many species. Importantly, 

RA has been identified as a potential mediator of lung homeostasis, repair and 

regeneration in both human population and experimental animal studies. Vit A 

supplementation has been shown to improve lung function in populations where vit A 

deficiency is endemic. Similarly, induction of RA signalling has been shown to induce 

alveolar regeneration in animal models of adult lung disease and is therefore a 

potential therapeutic target in patients with alveolar insufficiency such as COPD. In 

this study, we use both population based and in vitro/ ex vivo experimental approaches 

to assess the role of vit A intake and RA signalling in mediating lung homeostasis, 

repair and regeneration. 

1.2 Overview of Lung/Alveolar development 

The process of lung development in both humans and mice occurs over 5 distinct 

stages beginning during early embryogenesis and finishing postnatally. These 5 

stages (embryonic, pseudoglandular, canalicular, saccular and alveolar) can be 

characterised by their histological appearance (Figure 1.1) [1, 2]. Normal lung 

development relies on a number of crucial cell signalling pathways which regulate 

patterning, cellular differentiation, and migration [3]. While the study of human lung 
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development has proven challenging because of limited access and suitable models, 

the murine lung is a viable alternative for developmental studies. Although there are 

some notable differences between human and murine lung development, mouse 

studies continue to provide significant novel insight into mammalian lung development 

[4]. 

1.2.1 Airway Development 

In humans, the embryonic phase of lung development occurs during the post 

conception weeks (pcw) 4-7, which in mice corresponds to embryonic day 9 (E9.0) [2]. 

During this period, the early epithelial lung bud is formed from the anterior foregut 

endoderm with the enveloping connective tissue originating from the mesenchymal 

germ layer [1]. By the end of week 4, the primary right and left buds are formed. These 

undergo rapid branching and cell division driven by SOX2/SOX9 expression in the 

distal tips generating the overall lobular structure of the lung by the end of week 5 [5]. 

In mice, however expression of Sox9 alone is observed in the distal tips during 

epithelial specification in the embryonic phase [2]. 

The pseudoglandular stage occurs in humans approximately between 5 to 17 pcw or 

E12.5-E16.5 in mice. This involves continued branching and the development of a 

complex respiratory tree, driven primarily by epithelial-mesenchymal interactions [1, 

6]. Further tissue differentiation begins with the formation of cartilage, smooth muscle 

and mucosal glands along with basal cell differentiation [2]. Vascularisation also 

occurs during this phase with the concurrent appearance of blood vessels along the 

branching airways. At 10-11 pcw, foetal breathing movements can be observed, which 

are thought to aid lung growth [2]. By 16-17 pcw, the future acini of the gaseous 

exchange parenchyma can be observed composed of the most distal branches and 

surrounding tissue [7]. 

Further expansion of the respiratory tree in both diameter and length occurs during the 

canalicular phase defined as 16-25 pcw in humans or E16.6-17.4 in mice [8]. 

Development of the terminal bronchioles is observed which are then divided into 

respiratory bronchioles and alveolar ducts. Epithelial differentiation begins with the 

emergence of both squamous cells in the periphery and cuboidal cells within the 

proximal airways. Vascularisation and angiogenesis along the airways also occur in 
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parallel with a spike in the number of microvascular capillaries in close proximity to 

newly formed pulmonary acini [3, 5]. 

1.2.2 Alveolar Development 

The saccular stage, named due to the appearance of thin walled saccules that appear 

in clusters at the terminal bronchioles, occurs from 24-38 pcw in humans and E18.5- 

postnatal day 5 (P5) in mouse [2]. The primitive alveolar saccules increase in size and 

are encompassed by a capillary bilayer which appears to be formed as the capillaries 

that surround each saccule are pushed together as they expand [1]. This is 

accompanied by a marked decrease in interstitial tissue forming the early structures 

for the alveolar capillary membrane (ACM) [1]. Alveolar epithelial maturation is also 

observed with the emergence of alveolar type 2 (AT2) cells containing lamellar bodies 

for surfactant secretion and recycling [9, 10]. 

The alveolar stage begins from as early as 36 pcw in humans and in mouse occurs 

postnatally from birth, peaking at P7 continuing until P20 [2]. This involves the growth 

of subdividing septal walls within the distal saccules, exponentially increasing the 

alveolar number and the surface area for gaseous exchange. It also involves the 

maturation of the lung microvasculature which fuses into a singular capillary system 

surrounded on all sides by gas exchanging alveolar units [4, 11]. The dynamic cellular 

movements involved in septal wall growth have recently been visualised in postnatal 

mice using ex-vivo live imaging techniques in precision cut lung slices [12]. 

While the exact length of the alveolar stage in humans is unclear, the majority of 

alveolar development occurs up to 3 years of age. With the advent of new imaging 

technologies, recent developments now suggest this process could last up 21 years 

after birth [13, 14] with significant increases in alveolar number to 300 million observed 

by 7-8 years [3]. 
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Figure 1.1 Stages of human lung development. (A) Schematics depicting the five different stages of 

human lung development: embryonic, pseudoglandular, canalicular, saccular and alveolar. The 

Corresponding lung morphology across each stage is depicted along with the developmental timelines 

for human in post-conception weeks (pcw) and for mouse in embryonic days (E) and postnatal days 

(P). (B) Representative image taken from a cryosection of an embryonic stage lung detailing the 

emergence of primary branches. (B’) Magnification of the boxed region in (B) demonstrating co-

expression of SOX2/SOX9 in the distal tips. (C, D) Images from cryosections of pseudoglandular stage 

lungs showing maintained co-expression of SOX2/SOX9 ion the distal tip and airway differentiation with 

the emergence of smooth muscle cells expressing smooth muscle actin (SMA, C, white) and basal cells 

expressing TP63 (D, green). (E, F) Cryosections of canalicular stage lungs showing SOX9+/SOX2− 

distal tips along with the widening of alveolar spaces shown in E. The close proximity of the developing 

alveolar epithelium (podoplanin, Pdpn, red) and the developing vasculature (VE cadherin, VECAD; 

CDH5) (green) is visible in F. (G,H) Cryosections of alveolar stage postnatal lungs, showing the SOX9+ 

cartilage (green), SOX2+ airway cells (red) and ACTA2+ smooth muscle (white) in G, and the mature 

NKX2-1+ lung epithelium (green), FOXF1+ mesenchyme (red) and ACTA2+ smooth muscle (white) in 

H. Scale bars: 200μm (B); 50μm (C,D,F); 100μm (E,G,H). Adapted from Nikolić et al. Development 

2018;145:dev163485 [2]. 

The entirely postnatal nature of murine alveologenesis is a key difference between the 

process of lung development in mice and humans [15]. Although a useful model for 

the study of the final stages of in utero human lung development, the lungs of postnatal 
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mice are fully equipped for gaseous exchange upon birth. In contrast to this, the lungs 

of preterm infants, at a similar stage in lung development, are not [15]. There is also 

only a ~70% overlap in the genes expressed by both species during the process of 

lung development indicating likely functional differences and the limitations of direct 

comparisons between the two species [2]. There are also a number of key 

morphological differences between the two species which must also be considered in 

studies making comparisons between mouse and human. While humans possess 

three right lobes and two left lobes, mice have four right and only one left. The tracheal 

region in humans is 12mm in diameter compared to 1.5mm in mouse. Similarly, 

cartilage rings are restricted to the murine tracheal region but extend to the bronchi in 

humans. Importantly, the pseudostratified epithelium and basal cell population is 

restricted to the trachea only in mouse and the alveolar network in humans is also 

significantly larger [16]. Despite these differences, access to adequate human models 

is severely limited and the high degree of sequence homology within the murine 

genome offers a good alternative for studying and understanding lung biology. 

Recent advances in experimental tools and models have provided more insights into 

the specifics of human lung development. Studies using RNA-seq and microarrays 

have been used to characterise global gene expression changes in the human lung 

across the developmental period [2, 17, 18]. In addition to generating organ specific 

transcriptional signatures, these studies have also highlighted some key 

transcriptional differences during mouse and human lung development. For example, 

where Bmp4 expression is observed at the distal epithelial tips in mice, BMP2 and 

BMP7 are highly expressed in humans [19]. 

Recent human cell culture models have also helped further our understanding of 

human lung development. 2D cell cultures, foetal explants, and organoid cultures have 

helped show how different developmental factors influence cell signalling, proliferation 

and differentiation [19-23]. Interestingly, differences in media supplements required to 

induce differentiation into airway and alveolar cells between organoids grown from 

human and mouse distal epithelial tips further illustrates the molecular differences that 

exist between the two species [21, 24]. Study of the later stages of human lung 

development, post 20 pcw, is still restricted through limited access to material. The 

development of new techniques such as the maturation of early foetal tissue in murine 

kidney capsules or maturation and directed differentiation of cells in culture could be 



27 
 

applied in future studies to further understand the mechanisms and signals which 

mediate later stages of lung development [25, 26]. 

1.2.3 Key signalling pathways in lung development 

The development of the lung is mediated by a complex system of 

epithelial/mesenchymal crosstalk conveyed by several signalling factors which diffuse 

through the tissues (Figure 1.2). These factors make up a number of critical signalling 

pathways important for the various stages of lung development. These include Sonic 

Hedgehog (SHH) [27], Wingless-related Integration Site (WNT) [28], Transforming 

Growth Factor β (TGFβ), Bone Morphogenetic Protein (BMP) [29], Fibroblast Growth 

Factor (FGF) [30], Hippo [31], and the primary focus of this thesis, RA (discussed 

below) [32-35]. It is becoming clearer that understanding the processes and pathways 

which govern lung development is of paramount importance for the study of 

endogenous adult lung homeostasis and repair [15]. Many of these developmental 

processes, for example neovascularisation and neoalveologenesis and cellular 

behaviours such as differentiation, migration and proliferation are also required in lung 

repair and regeneration. By understanding the pathways which mediate these 

outcomes in development we can then target them in order to induce repair and 

regeneration following damage and disease. 
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Figure 1.2 Signalling in lung morphogenesis. Schematic detailing the major signalling pathways 

involved in lung development. On E9.5, a lung budding cascade is triggered by RA signalling, inducing 

SHH → Wnt2/2b/β-catenin → Nkx2.1 signalling which critical for the initiation of the formation of two 

lung buds from the ventral side of the anterior foregut. Branching morphogenesis, which occurs during 

the pseudoglandular stage is mediated through FGF10 signalling and the inhibition of SHH by 

Wnt5a/7b. Branch outgrowth in the canalicular stage is prevented by TGF-β, SHH inhibition of FGF10 

and BMP-4. Differentiation of cell types within the distal airways occurs during the saccular stage with 

the emergence of surfactant producing AT2 cells mediated by FGF10 and FGF2. The production of 

PDGF-α by AT2 cells, induced through Notch signalling, is a triggering event in alveologenesis which 

promotes alveolar fibroblast differentiation followed by TGF-β mediated AT2 differentiation into AT1 

cells. Adapted from Chanda, D. et al. Molecular aspects of Medicine; 65, 56-69 (2019) [36]. 
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1.3 Cell populations within the lung 

The upper and lower airways are populated by a number of cell types, each with 

distinct functions, morphologies and markers. Over 40 different cell types have been 

found to populate the airways however the abundance, prevalence and function of 

each distinct population varies considerably throughout the proximal–distal axis of the 

airways depending on the species (Figure 1.3) [37, 38]. 

1.3.1 Airway cell populations 

The proximal airways are lined by a pseudostratified epithelium comprised of a number 

of distinct cell populations including basal (BCs), secretory (club cells, goblet cells), 

neuroendocrine and ciliated cells [37]. Collectively these cells form the “mucociliary 

escalator” and transport inhaled particles trapped in mucus up and out of the airways. 

The basic cellular organisation of the murine epithelium is relatively similar to humans 

from the trachea up to the initial 2-3 intralobar branches. In mice however, the BC 

population is largely restricted to the tracheal portion of the airways with the transition 

to a simple columnar epithelial lining occurring much earlier in the main bronchi (Figure 

1.3) [39]. 

Basal Cells  

BCs, identified through their expression of the transcription factor transformation-

related protein 63 (TRP63) and keratin 5 and 14, have a cuboidal morphology and are 

found tightly anchored to the basal lamina through abundant cytoskeletal, junctional, 

and adhesive proteins insulating and protecting the underlying stroma from the 

external environment. In humans the BC containing pseudostratified epithelium 

extends distally to terminal bronchioles of about 0.5mm in diameter whereas in mice 

they are limited to the tracheal airways as mentioned. In addition to protecting the 

upper airways from external factors, BCs also act as progenitor cells undergoing self-

renewal and giving rise to both ciliated and secretary cells to repopulate and maintain 

the airway epithelium [39].  

Club Cells 

Club cells are a population of cuboidal, columnar secretory cells which express 

SGB1A1 and cytochrome P4502F2 and are clearly distinguishable by their smooth, 

dome-shaped apical surface that extends into the lumen. In humans, club cells are 
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largely absent from the tracheal epithelium but become increasingly more numerous 

towards the distal airways [40]. Their primary function is to provide secretary proteins 

such as club cell secretary protein and surfactants A, B and D which contribute to the 

fluid lining the airway epithelia. They also possess progenitor capabilities contributing 

to maintaining airway homeostasis and can help restore epithelial integrity in response 

to injury. 

 

Figure 1.3 Regional differences in cell populations present in the human and mouse airways. 

The tracheobronchial regions are lined by a pseudostratified epithelium composed of basal, ciliated, 

club and goblet cells. Goblet cells are much more abundant in human versus mouse airways. In human 

lung, basal cells can be found down to the terminal bronchiole whereas they are restricted to the trachea 

and main stem bronchi in mice. In the murine lung, the bronchiolar epithelium consists of a simple 

columnar epithelium containing ciliated and club cells. Adapted from Rackley, C. R. & Stripp, B. R. J. 

Clin. Invest. 122, 2724–30 (2012) [41]. 

1.3.2 Alveolar cell populations  

The alveolar unit is broadly composed of two continuous cell layers, the alveolar 

epithelium and endothelium (Figure 1.4) [42, 43]. The epithelial and endothelial 

basement membranes are either fused in direct contact or separated by a thin layer of 

interstitium which varies in thickness and composition [44]. The alveolar epithelium is 

a mosaic of alveolar type 1 (AT1) and AT2 cells which form the walls of the alveolar 

space, often in contact with more than one alveolar unit. The alveolar endothelial 
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microvasculature forms a dense meshwork of capillaries which encompass the alveoli 

to facilitate gaseous exchange. 

 

Figure 1.4 Cells within the alveolus. A) Transmission electron microscope demonstrating a cross-

sectional view of a microvascular capillary (C) embedded within the alveolar septal wall between to 

alveolar spaces (A). The capillary lumen is lined with endothelial cytoplasm with a nucleus visible in the 

bottom left corner (EN). The alveolar septal walls are composed of long, thin AT1 cell processes 

containing cytoplasm (EPI). The epithelial and endothelial cell basement membranes are separated by 

a thin interstitial space to the right of the capillary (1) and a thicker, fibrous interstitial space to the left 

(2) also containing fibroblast cellular processes (F). B) Transmission election microscope of the ACM 

in dog lung showing the cytoplasm and fused basement membranes of an AT1 cell (EPI) and a 

microvascular endothelial cell (EN) separated by a thin interstitial space (IN). C) Transmission election 

microscope of an AT1 cell (EP1), demonstrating the long extensions (SE1, SE2) lining the alveolar 

space (A). D) Transmission election microscope of an AT2 cell showing its granular structure, surface 

microvilli and lamellar bodies. Adapted from Weibel, E. R. Physiol. Rev. 53, 419–95 (1973) [45]. 

Alveolar type 1 and 2 cells 

The alveolar epithelium is composed of two distinct cellular subsets, AT1 and AT2 

cells [46]. AT1 cells have a squamous, thin, flat morphology with long cellular 

protrusions and represent roughly 95% of the surface area of the internal alveolar wall 

(Figure 1.4 C, Figure 1.5) [46]. The long cellular processes, stretching up to 50μm from 

the nucleus, are mainly cytoplasmic and contain very few organelles [47]. This 

structure and composition allows for efficient transfer of gases across the cell with little 
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resistance [45]. Other than their primary role in facilitating gaseous exchange, AT1 

cells are also thought to contribute to alveolar homeostasis through fluid clearance 

and their ability to de-differentiate into AT2 cells to aid repair [48] AT1 cells can be 

characterised using a number of cellular markers including podoplanin (Pdpn, T1α) 

and receptor for advanced glycation end products (RAGE) [49]. The marker 

homeodomain-only protein (HOPX) has been more recently highlighted as an AT1 

specific marker although it is unclear whether it is only found on cells which have 

progenitor capabilities as opposed to a terminally differentiated AT1 cell [50, 51].  

AT2 cells represent 60% of alveolar epithelial cells but due to their cuboidal shape 

cover a much smaller surface area, ~7% (Figure 1.4 D, Figure 1.5). Their primary 

function is the production of surfactant proteins which reduce surface tension at the 

air-liquid interface, preventing alveolar collapse [42, 52-54]. In addition, surfactants 

also mediate immune cell behaviour with emerging evidence suggesting SP-A and 

SP-D play a role in linking innate and adaptive immunity controlling dendritic and T 

cell responses [55]. Surfactant proteins A, B, C and D are found packaged into 

osmophilic lamellar bodies within the cell cytoplasm and surfactant protein C or its 

precursor, pro surfactant protein C (proSP-C) can be used as AT2 specific markers 

[42, 45, 56]. During homeostatic conditions, AT2 cells undergo low grade turnover to 

maintain the alveolar epithelium but can also act as progenitors in response to injury 

to help repopulate AT2 and AT1 cells [52, 57].  

Endothelial Cells 

Alveolar microvascular endothelial cells (ECs) represent the other half of the ACM. 

They line the lung microvasculature forming the thin non-fenestrated walls of the 

capillaries which are either directly fused, or in close proximity to the alveolar 

epithelium (Figure 1.4 A, B, Figure 1.5). This close proximity along with the single cell 

thickness of both the alveolar epithelium and the microvascular endothelium facilitates 

gaseous exchange in and out of the capillaries. The alveolar microvasculature is 

surrounded by alveolar units on all sides of the vessel which maximises the surface 

area for gaseous exchange. [45, 58]. In addition, the movement of oxygen into the 

capillaries, endothelial cells also act as a source of paracrine factors which can signal 

to and communicate with alveolar epithelial cells as well as to cells which lie within the 

interstitium [59-62]. Microvascular ECs in the lung can be identified using the surface 
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marker platelet-endothelial cell adhesion molecule (PECAM)-1 and the nuclear marker 

ETS-related gene (ERG) [63, 64]. Pulmonary microvascular endothelial cells can also 

be identified based on their thin basement membrane. Pulmonary arterial endothelial 

cells in comparison have a thick basement membrane that separates the intima from 

underlying smooth muscle layer. Additionally, a single arterial endothelial cell can 

interact with up to 6 adjacent endothelial cells, whereas a microvascular endothelial 

cell will only interact with a single adjacent cell in the vasculature [58]. 

1.3.3 Interstitial cell populations 

The alveolar interstitium, the space located between the epithelial and EC basement 

membranes, is primarily composed of extracellular matrix (ECM) components such as 

elastin fibres and collagen bundles which function as contractile units and contribute 

to the elastic recoil and tensile strength of the lung (Figure 1.4 A) [45]. The interstitial 

space between the ACM also contains two distinct populations of fibroblasts [42]. The 

classical interstitial fibroblasts, responsible for the production and maintenance of 

ECM and contractile myofibroblasts expressing alpha-smooth muscle actin (α-SMA), 

spanning the interstitial space providing support [65] and, in some cases, directly 

linking the alveolar epithelium and capillary endothelium through pores in the basal 

lamina [66]. Within the interstitium there are also heterogeneous populations of 

mesenchymal cells. These include pericytes, lipofibroblasts, smooth muscle cells, and 

lymphatic cells (Figure 1.5) [67]. 

Pericytes 

Pericytes, a subpopulation of mesenchymal stromal cells with a prominent round 

nucleus and long cellular processes, are found enveloping the endothelium [67]. They 

are embedded within the capillary membrane using junction proteins present on 

cellular processes which are then connected to one or more ECs [68, 69]. Pericytes 

exhibit an intermediate phenotype between smooth muscle cells and fibroblasts and 

can be characterised through their expression of proteoglycan neural/glial antigen 2 

(NG2) [67, 70]. They are involved in the regulation and maintenance of the vasculature 

during development, homeostasis and repair, controlling endothelial proliferation, 

differentiation, and stabilisation [68]. Recent studies have shown that pericytes have 

mesenchymal progenitor cell properties differentiating into both smooth muscle cells 

and fibroblasts [67, 70]. They have also been identified in regions of 



34 
 

neovascularisation (formation of new blood vessels) in the lung indicating a role in 

mediating angiogenesis [70]. 

Lipofibroblasts 

While “classic” interstitial and myofibroblasts have been shown to contribute to 

compliance and stability within the alveolar unit, a separate sub-population of lipid rich 

lipofibroblasts has also been identified in the interstitium (Figure 1.5) [71]. Found in 

close proximity to AT2 cells, they express the markers platelet derived growth factor 

receptor-alpha (PDGFR-α) and adipose differentiation-related protein (ADRP) [52]. 

Lipofibroblasts act as a lipid source for the production of surfactant, are crucial for lung 

development and have been shown to support the growth and differentiation of AT2 

cells in vitro [71, 72]. Lipofibroblasts in rats have also been shown to be a location for 

retinyl ester storage within the lung [73, 74] and to express RA receptors and retinoid 

binding proteins, indicating they may be direct targets of RA signalling as well as a 

source of localised endogenous RA [33, 75]. 

 

Figure 1.5 Cell populations in the alveolar niche. Schematic detailing the major cell types which form 

the alveolar vascular niche. In the alveolar region, the two major epithelial cell types are AT1 and AT2 

cells. AT1 cells are closely associated with capillary endothelial cells in order to facilitate gaseous 

exchange. Also present are a variety of stromal cells, including PDGFR-α+ fibroblasts and 

lipofibroblasts, myofibroblasts and pericytes. Alveolar lipofibroblasts (type 2-associated stromal cells; 

TASCs) have long cellular processes which form contacts with AT1, AT2 and endothelial cells and are 

well positioned to integrate signalling pathways within the niche. Adapted from Hogan, B.L.M. in: 

Nakanishi, T. et al., Molecular Mechanism of Congenital Heart Disease and Pulmonary Hypertension, 

Springer Singapore, Singapore, 2020, pp. 7-12 [76]. 
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1.4 RA synthesis, signalling and metabolism 

1.4.1 Sources of Vitamin A  

In this thesis we focused on the role of one critical lung development pathway in 

pulmonary homeostasis, repair and regeneration, the RA signalling pathway. 

All-trans retinoic acid (RA), a metabolite of vit A, is a small lipophilic molecule which in 

humans is obtained wholly from dietary sources [77]. It is essential for embryonic 

development and patterning during which it is tightly regulated due to its morphogenic 

and teratogenic properties [78-82]. It also governs cellular processes such as 

differentiation, migration, angiogenesis and repair in adult tissues [33, 80, 83-86]. 

Along with its naturally occurring derivatives and biologically active synthetic 

analogues, vit A can be found in numerous forms depending on the dietary source. 

Animal sources such as meat, milk and eggs mainly contain vit A in the form of retinyl 

esters (REs) (predominantly retinyl palmitate or retinyl acetate) but it can also be found 

as all-trans retinol [87]. In plant sources, such as green leafy vegetables and carrots, 

vit A is mainly found as the biologically active provitamin A carotenoids, β-carotene, 

α-carotene and β-cryptoxanthin [88]. 

1.4.2 Absorption and conversion of vitamin A 

Provitamin A, carotenoid absorption and subsequent conversion to retinol is an 

enzymatic process mediated by enterocytes, the epithelial cells of the small intestine 

[89]. Once cellular uptake occurs, carotenoids are enzymatically converted to retinal 

by β-carotene-15,15’-dioxygenase (BCMO1) and finally to retinol by retinal reductase 

[90]. The rate of carotenoid uptake and conversion is governed by a negative feedback 

loop regulated by RA signalling through the transcription factor intestine specific 

homeobox (ISX) based on bodily requirements for active RA signalling [91]. 

REs from animal sources are hydrolysed into retinol by pancreatic triglyceride lipase 

in the intestinal lumen or by phospholipase B in the brush border membrane before 

being absorbed into enterocytes [92, 93].  

Once enterocyte conversion or uptake of retinol has occurred, it is then solubilised 

through association with cellular retinol binding protein-2 (CRBP-2) which traffics 

retinol to lecithin:retinol acyltransferase (L:RAT). L:RAT catalyses the esterification of 

retinol into REs which is required for its incorporation into chylomicrons [89]. 
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Chylomicrons (triacylglycerol-rich absorptive lipoproteins) complexed with REs are 

exocytosed from enterocytes and travel to the blood stream via the lymphatics where 

they are degraded into chylomicron remnants containing the REs [94]. From the blood, 

75% of these remnants are then taken up into hepatocytes in the liver parenchyma 

with the remainder absorbed and stored by other tissues such as the lung, which is 

the largest storage site other than the liver [94-96]. 

1.4.3 Vitamin A storage and transport to target tissues 

The liver is the primary storage organ for vit A, containing >70% of the body’s retinol 

reserves. Following uptake into liver hepatocytes, RE-complexed chylomicron 

remnants are broken down. The liberated REs are then hydrolysed into retinol followed 

by L:RAT mediated re-esterification into retinyl palmitate or retinyl stearate for storage 

as cytoplasmic lipid droplets [97, 98]. 

When there is a biological need for RA signalling, retinol is transported to target tissues 

via the blood bound to retinol binding protein 4 (RBP4) which is also connected to the 

protein transthyretin (Figure 1.6) [99, 100]. Under normal circumstances, the release 

of RBP4 bound retinol is highly regulated which means serum retinol concentrations 

are maintained at a consistent level regardless of fluctuations in dietary intake of vit A. 

It is only when internal retinol stores are depleted due to prolonged vit A deficiency 

that changes in plasma retinol concentrations are observed [100]. 

The uptake of RBP4 bound retinol into target cells is mediated by two integral 

transmembrane receptors (Figure 1.6). Stimulated by retinoic acid-6 (STRA6) acts as 

a ligand for RBP4 on the surface of target cells which then mediates the uptake of 

retinol to begin the process of RA synthesis [101-103]. In mice, STRA6 is widely 

expressed in all tissues except for in the liver and intestines where the other 

transmembrane receptor, retinol binding protein receptor 2 (RBPR2) localises [104]. 

Interestingly, expression of these two receptors is mediated in an opposing manner. 

RA signalling supresses RBPR2 expression however RA stimulates an increase in 

STRA6 [104]. Due to the differential localisation of these two uptake proteins, it is 

possible that during periods of retinol sufficiency, storage in the liver through RBPR2 

is reduced whereas deficiency could induce an increase in liver storage and reduced 

uptake in peripheral tissues by downregulation of STRA6 expression. 
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1.4.4 Synthesis of retinoic acid 

Following uptake into RA producing cells, retinol undergoes oxidation to produce 

retinal. This reversible oxidation is carried out by cytosolic alcohol dehydrogenases 

(ADHs) 1, 5 and 7 [99, 105], and by the microsomal retinol dehydrogenases (RDHs) 

5 and 10 [106, 107]. Cellular retinol binding proteins (CRBPs) are involved in retinol 

binding and transport inside the cell (Figure 1.6). These proteins act as chaperones 

as unbound retinol is a promiscuous substrate [98, 108]. CRBP1 is also thought to 

help facilitate the conversion of retinol into retinyl esters for storage in liver cells as 

Crbp1 null mice show reduced levels in the liver [109]. It has also been proposed that 

CRBP1 aids the oxidisation of retinol into retinal by RDHs [110, 111]. Once retinal has 

been produced, it is rapidly and irreversibly oxidised into the active forms of RA, all-

trans RA or 9-cis RA, by one of 3 retinaldehyde dehydrogenases (RALDH), RALDH1, 

RALDH2 and RALDH3 (Figure 1.6) [111]. These enzymes exhibit distinct expression 

patterns during mouse embryonic development with no overlap in localisation 

suggesting individual RALDHs play independent roles in mediating the temporal and 

spatial pattern of RA synthesis [112, 113]. 

Targeted disruption of Raldh1, 2 or 3 during mouse embryogenesis produces varying 

phenotypes. Mice lacking Raldh1 are viable and show no major developmental defects 

other than a reduction in RA synthesis in the liver and disrupted retinal patterning [114]. 

Severe developmental defects are observed in the heart, neural tube and limb 

following disruption of Raldh2 resulting in foetal death around E10.5, a phenotype 

completely rescued through administration of maternal RA [115]. Raldh3 knockout 

mice are viable in utero however exhibit severe defects in the nasal passages resulting 

in respiratory arrest and death at birth [116]. 

In the postnatal mouse lung, RALDH1 expression is localised in the bronchial and 

alveolar epithelium demonstrating a degree of overlap with RALDH2 which is restricted 

to the bronchial epithelium and pleura [112]. Differential patterning of RALDHs has 

also been suggested in adult human tissue using quantitative polymerase chain 

reaction (qPCR) but this has not been further investigated [117]. 
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Figure 1.6 The pathway of RA metabolism. Schematic representation showing the genes and 

pathways involved in RA metabolism. Vit A is stored as retinol in the liver and transported to RA 

producing cells in the blood. RA can then induce gene activation or be degraded in non-target cells. 

Adapted from Rhinn et al., 2012 [99]. 

Due to the teratogenic effects of RA, its distribution and concentration in tissues is 

tightly controlled [78]. The trafficking of RA within cells for the induction of downstream 

signalling or degradation is mediated through binding with selective cellular retinoic 

acid binding proteins (CRABPs) and tissue specific oxidative metabolism (Figure 1.6). 

Binding with CRABP1 results in the subsequent degradation of RA. This essential role 

is carried out by members of the cytochrome P450 26 subfamily (CYP26A1, B1 and 

C1) [118-120]. These enzymes are thought to act in an auto-regulatory RA negative 

feedback loop. This is suggested by in vivo studies in mice and zebrafish [121-123] 

demonstrating a sharp increase in Cyp26a1 following treatment with exogenous RA. 

The Cyp26a1 gene also contains two functional retinoic acid response elements 

(RAREs, described below) which indicates it can be modulated by RA signalling [124]. 

Alternatively, RA forms a complex with CRABP2 which is directed towards the nucleus 

for interactions with its cognate receptors, RA receptors (RARs) and retinoid X 

receptors (RXRs), to induce downstream signal transduction (Figure 1.6, Figure 1.7) 

[99, 125]. 

RA is the primary ligand for a RARs, members of nuclear receptor superfamily, which 

act as transcriptional activators in the presence of RA [99]. There are three RAR 
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subtypes (RARα, RARβ, and RARγ) which act as part of heterodimers with RXRs. 

RXRs (α, β and γ) bind to an isomer called 9-cis-RA which is normally only detectable 

when excess vit A is present (Figure 1.7) [126]. It is thought that RXRs function 

primarily as scaffold proteins to facilitate RA binding to RARs [127]. Multiple in vivo 

studies have shown that ligand binding to the RAR portion of the heterodimer is 

sufficient to rescue a lethal mutation in RA synthesis and induce target gene 

transcription [111], whereas binding of 9-cis-RA to the RXR portion alone does not 

rescue the downstream phenotype [126]. This suggests that RXRs and their ligands 

play more of a pharmacological role rather than a physiological one in RA signalling. 

In the absence of a ligand, the RAR-RXR heterodimer exists bound to the RARE in a 

complex with the nuclear co-repressor proteins (NCOR)-1 and NCOR2 (Figure 1.7 A). 

This complex also contains histone deacetylases (HDACs) and DNA methyl 

transferases to maintain chromatin in an inactive, condensed formation preventing 

downstream signalling [125, 128]. 

 

Figure 1.7 Gene activation and suppression in response to RA signalling. Schematic 

representation illustrating pathways of gene repression (A) in the absence of RA and activation (B) in 

the presence of RA signalling in target cells. Adapted from Cunningham et al., 2015 [125]. 

Following RA binding to the RAR/RXR heterodimer at the RARE, this induces 

conformational changes and the recruitment of transcriptional coactivators which 

release the corepressor complex initiating downstream transcription of the target gene 

(Figure 1.7 B) [129]. RAREs are also present in the promotor regions of a number of 
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genes involved in the RA synthesis and degradation pathway allowing direct, localised 

control of active RA signalling at a tissue and cellular level. 

1.5 RA and lung development/alveologenesis 

RA signalling has been identified as an essential mediator of organogenesis in multiple 

tissues and plays a crucial role in lung development. Initial studies carried out in the 

1930s demonstrated functional defects in ocular, genito-urinary and respiratory 

epithelia in vit A deficient rats [130]. More recent studies have also shown that 

embryonic explants lacking RA/RAR activity do not develop primary lung buds [131]. 

Similarly in humans, the offspring of vit A deficient mothers exhibit significantly 

impaired lung function at birth [132-134]. Upregulation of all components of RA 

signalling including RA production, RAR, RBP1 and 2, and CRABP1 and 2 has been 

demonstrated during alveologenesis [112, 135]. 

1.5.1 Retinoid signalling in lung development 

In the developing respiratory system, RA acts in a temporal and spatially restricted 

manner to mediate tissue specification, branching morphogenesis, and alveolar 

development [32, 136]. RA mediates this by controlling the expression of downstream 

genes and pathways that influence cell differentiation, proliferation, migration and 

polarisation (Table 1.1) [99, 137, 138]. 

The machinery for RA signalling is present in the developing foregut from the earliest 

stages of lung organogenesis. In mice, RALDH2 expression is observed at E9.5 in the 

anterior foregut, specifically in the developing splanchnic mesenchyme, suggesting 

the synthesis of RA at these early stages in regions which become the primordial lung 

[32]. High levels of localised RAR activation is also observed within all layers of the 

foregut [138]. In parallel with this, RA signalling supresses both TGF-β signalling and 

the WNT antagonist DKK1 [139, 140]. This allows for downstream activation of FGF10 

and WNT signalling, both of which are essential for the initial budding of the primordial 

lung [136]. By E10, expression levels of RALDH2 are maintained in the mesoderm 

surrounding the trachea but a decreasing proximal-distal expression gradient is 

observed with the lowest levels of RALDH2 seen in the distal airways [138]. This RA 

signalling gradient, mediated through complimentary expression of CYP26A1 [138], is 

required for the induction of branching morphogenesis. This was demonstrated in 

explant cultures where increased RA exposure maintained an immature, proximal 
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phenotype [141]. In conjunction with CYP26 mediated RA degradation, signalling is 

also controlled by the RA antagonising transcription factor COUP-TFII, which is 

expressed in the distal mesenchyme [138]. 

During the pseudoglandular stage, RA signalling must be restricted in the distal lung 

to permit FGF10 signalling and allow the progression of branching morphogenesis. As 

a result, a complimentary antagonistic pattern of RALDH2/FGF10 expression is 

established [138]. Reduced levels of RALDH2 in the distal airways promote an 

increase in FGF10 leading to increased branching and outgrowth as well as the 

development of an FGF10/BMP4 signalling centre in the developing distal airways 

[138]. Proximal expression of RALDH2 inhibits branching and promotes development 

and maturation of the bronchial tubes through RARβ activation in the airway epithelium 

and mesenchyme [142, 143]. 

During the canalicular and saccular stages of lung development, distal RA signalling 

is downregulated which promotes alveolar epithelial specification. This was 

demonstrated using mouse models expressing constitutively active RARα which 

resulted in the development of an immature distal phenotype [32]. Sustained RARα 

activity inhibited T1α induction and maintained GATA6 expression, both of which are 

required for AT1 differentiation. The location of the constitutively active RARα in the 

SP-C promotor region also prevented the induction of SP-A and -B indicating a 

reduction in late AT2 cell phenotype development [144]. Induction of AT1 and AT2 cell 

phenotypes in the developing rat lung are accompanied by an increase in Rarb 

transcript expression in the late saccular period [145]. This increase in activity aligns 

with the preparation for the alveolar stage, a period strongly linked to RA signalling 

and specific RAR activation. 

Alveologenesis is tightly regulated by endogenous RA signalling and can be partially 

modulated through maternal intake of vit A during gestation or dietary intake in the 

postnatal period. This was demonstrated in studies where rats reared on a vit A 

deficient diet postnatally exhibited severe histological changes including enlarged 

airspaces, reduced septation and thinner alveolar walls [146] as well as epithelial 

dysfunction [147]. Similarly, the development of bronchopulmonary dysplasia (BPD) 

and respiratory distress syndrome in preterm and low birthweight infants is associated 

with serum vit A deficiency [134, 148]. 
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Studies investigating the expression pattern of key RA signalling components in the 

postnatal rodent lung have helped uncover the role of RA in mediating alveologenesis. 

In mice, CRPB2 expression is observed at P4 during alveolar formation whereas 

CRBP1 localisation in the alveolar walls peaks at P9 [149]. RALDH1 levels are highest 

at P4, localising in lung interstitial fibroblasts populating the alveolar wall and in the 

bronchial epithelium [112, 150]. RALDH2 expression, found in the bronchial epithelium 

and mesothelial cells, peaks immediately prior to birth and gradually declines 

throughout alveologenesis [112]. Despite increased expression of RA synthesis 

enzymes, absolute levels of RA in the murine lung steadily decline during P4 to P9 

indicating rapid use of available endogenous RA during alveologenesis [112]. In rats, 

expression of CRABPs can be detected in whole lung samples and interstitial 

lipofibroblasts isolated shortly after birth [75]. These levels peak at day 10 and almost 

completely disappear by P21, coinciding with the emergence of differentiated alveoli 

from primitive saccules [151, 152]. The importance of endogenous production of RA 

during alveolarisation was further illustrated in neonatal mice treated with disulfiram, 

an inhibitor of aldehyde dehydrogenase activity, which presented with disrupted 

alveolar development [83]. 

In addition to RA synthesis and transport genes, a differential pattern of RAR 

expression is also observed during the alveolar phase [149]. RARs are crucial for 

septation and secondary crest formation with isoforms of RARα, RARβ, and RARγ 

found in the lungs of postnatal rats and mice, with peak RAR expression observed in 

mice at P4 [75, 149]. Knockout studies have also identified differential roles for each 

RAR within the alveolar phase. Mice bearing deletions in Rarg exhibit enlarged 

airspaces and a reduction in lung elastin and alveolar number [153]. Transgenic mice 

lacking Rarb present with premature alveolar maturation resulting in an increased 

number of alveoli and significantly smaller airspaces [154]. Rara null mice present 

normally up to P14 at which point septation ceases resulting in decreased surface 

area and alveolar number at P50 compared to wild type mice which continue to 

undergo alveolarisation between P14-P50 [155]. Collectively, these studies suggest 

that RARγ acts in the early postnatal period to induce septation and is negatively 

regulated through RARβ with RA signalling acting through RARα to maintain 

alveolarisation into the late postnatal stages. 
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Developmental 

phase 

RA pathway 

component 

RA pathway 

targets 

Knockouts and lung 

phenotype 
References 

Embryonic 

Cyp26 

Raldh2 

RARα, β, γ 

fgf10, 

FGFR2 

WNT, 

wnt2/2b 

TGFβ 

HH 

bmp4 

nkx2.1 

raldh2−/− 

lung agenesis 

[35, 131, 136, 

138-140, 156, 

157] 

Pseudoglandular 

stra6 

crbp 

raldh1, 2, 3 

cyp26 

rarα1, α2, β, γ 

coup-tfII 

gf10, fgfr2 

shh 

bmp4 

foxa2 

tgfβ2, β3 

cftr 

hoxa2, a5, b5, b6 

HOXB5 

acta 

myh11 

sox2, sox9,  

id2 

meis2 

crbp1 

raldh1 

rarβ, RARα, β, γ 

rdh10−/− 

absence of lung, primary lung 

bud growth arrested and 

branching impaired 

raldh2−/− 

hypoplastic lungs, defective 

growth and branching 

rarαβ2−/− 

lung agenesis and hypoplasia, 

absence of lung budding, altered 

branching 

[113, 138, 

142, 143, 

158-170] 

 

Canalicular RARα - - [145] 

Saccular rarα, β, γ - - [144, 145] 

Alveolar 

CRBPI, II 

CRABP 

RALDH1, 2 

RARα, β, γ 

RXR 

VEGFA 

FGF signalling 

SPA, B, C,  

spa 

YAP 

TNF-α, 

TNFR1 

IL6, IL6ST 

rarα−/− 

↓ alveolar number and surface 

area 

rarβ−/− 

early & faster septation; ↓ 

surface area 

rarγ−/− 

↓ elastic tissue, ↓ alveoli 

number, ↑ distance between the 

alveolar walls 

rxrα−/− 

embryonic lethality 

rarγ−/−, rxrα+/− 

↓ elastic tissue at the alveolar 

septa 

[75, 86, 112, 

144, 149, 

153-155, 171-

177]  

Table 1.1 Retinoic acid signalling in lung development. Table detailing the roles of RA signalling 

pathway components during the embryonic, pseudoglandular, canalicular, saccular and alveolar stages 

of lung development as well as the resulting knockout phenotypes detailed in the available literature. 

Adapted from Fernandes-Silva, H. et al., Biomolecules. 2020;10(1):152 [32]. 
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1.6 Mechanisms of lung epithelial homeostasis and repair 

Repair and regeneration in the lung is facilitated by the expansion and differentiation 

of a number of tissue resident progenitor populations that reside in the proximal and 

distal airways (Figure 1.8) [57, 178]. In the context of this study, the term “progenitor” 

refers to partially differentiated (specified) cells which have the ability to further 

differentiate into distinct subsets of cells that make up the airways as opposed to 

pluripotent “stem” cells which do not have a committed alveolar cell fate. 

Beyond the development process, signalling and cell communication in the lung shifts 

to the maintenance of gaseous exchange and tissue homeostasis. The 

tracheobronchial and alveolar epithelia are constantly exposed to external 

environmental insults including physical trauma, mechanical stress, infection, changes 

in the microbiome, particulates and hypoxia [179, 180]. Restoration of damaged 

epithelium can be achieved by a combination of processes including spreading and 

migration of neighbouring epithelial cells to cover the denuded basement membrane. 

This is then followed by the migration, proliferation or differentiation of cells to restore 

cell number and epithelial function [57, 181-184]. The specific repair responses 

induced to restore the function and integrity of the airways vary depending on the 

nature of the insult, as well as the cell populations at the site of damage. 

1.6.1 Stem/progenitor cell populations in the lung 

Within the upper proximal airways, murine lung homeostasis is maintained through 

low grade cell turnover and proliferation of a pseudostratified mucociliary epithelium 

[185]. As previously discussed, though the cellular arrangements within the murine 

airways differ to humans, the cell populations themselves are quite similar. Given the 

logistical difficulties faced when studying the human airways, rodent models therefore 

represent a useful experimental platform for modelling the human airways and 

studying cellular mechanisms of homeostasis and repair [39]. 

BCs are a heterogeneous population which undergo self-renewal but also possess 

progenitor capabilities differentiating into both secretory club cells and ciliated cells to 

help maintain and repopulate the airways [186-188]. In humans, BCs have been 

shown to maintain secretory and ciliated epithelial cells throughout the proximal and 

distal airways up to the bronchioalveolar ducts during homeostasis and following injury 

[189]. The exact mechanisms of self-renewal and differentiation in BCs are poorly 
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understood however recent evidence suggests that signalling through Notch promotes 

a secretory cell fate [190]. Under steady state homeostasis, basal cell expansion and 

differentiation occurs at a relatively low rate which increases upon insult. This was 

demonstrated in studies using both naphthalene, and SO2 induced injury in the mouse 

trachea resulting in rapid asymmetric division and differentiation to regenerate the 

tracheal epithelium [186, 191]. The ratio of club and ciliated cells produced appears to 

be determined by the injury microenvironment as shown by lineage tracing and 

transcriptomic experiments during homeostasis and following injury [186-188]. In 

mice, normal homeostatic turnover produced mainly club cells whereas SO2 injury 

resulted in more BC to ciliated cell differentiation to restore the tracheal epithelium 

[186]. 

Club cells have also been identified as progenitor cells within the murine airways 

exhibiting plasticity in response to injury as well as undergoing self-renewal. In a 

murine injury model using diphtheria toxin in conjunction with conditional ablation of 

BCs, club cells were found to proliferate and de-differentiate into a population of 

TRP63 and keratin 5 positive cells to replenish the BC pool and restore the damaged 

tracheal epithelium [192]. The progenitor potential of club cells has also been 

demonstrated in the distal murine bronchioles which, unlike in humans, lack BCs. A 

population of cytochrome P4502F2 negative club cells, termed variant club cells, 

which act as facultative progenitor cells have been identified from naphthalene injury 

studies [193]. This study identified the small population of variant club cells which were 

resistant to naphthalene and could self-renew and repopulate the epithelium [188, 

194]. This population of variant club cells localise near neuroendocrine bodies within 

the pseudostratified proximal epithelium and are found at bronchioalveolar junctions 

in the distal airways [188, 194, 195]. Club cells have also been shown to proliferate in 

the human distal airways which indicates self-renewal as seen in mice and could 

therefore indicate similar progenitor capabilities [40]. The precise mechanisms of club 

cell proliferation however remain unknown likely due to the challenges of studying the 

human distal airways. 

Similarly, direct investigation of homeostasis and repair in the human alveolus is 

difficult to achieve. AT2 cells are generally considered the facultative epithelial 

progenitor population in the alveoli. Under homeostatic conditions these cells undergo 

low grade turnover to maintain the AT2 pool and upon injury undergo rapid proliferation 
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and differentiate into AT1 cells to repopulate the damaged alveolar epithelium [196, 

197]. Early studies over 40 years ago in both rats and monkeys identified AT2 cells as 

the progenitor population in the alveoli. Using histology and titrated thymidine 

incorporation it was shown that AT2 cells proliferate following hypoxia and NO2 injury 

and give rise to AT1 cells [198, 199]. More recent studies using Cre lineage tracing 

have confirmed this capacity for self-renewal and AT1 differentiation [52, 178]. In 

response to widespread destruction of AT1 cells following bleomycin injury, AT2 cells 

have also been shown to proliferate and repopulate both alveolar epithelial populations 

[72, 200]. Using a novel model of lung injury where 50% of AT2 cells were ablated by 

selective diphtheria expression, it was also demonstrated that the remaining cells 

undergo clonal expansion. These daughter cells retain their AT2 phenotype and 

migrate to neighbouring alveoli to repopulate the lost AT2 cells. Production of AT1 

cells however, remains at a reduced rate similar to that of homeostatic conditions as 

diphtheria expression had no impact on AT1 cell number [52]. This indicates that the 

AT2 cell response to injury is dependent on the type and extent of the damage caused. 

More recently, questions have been raised about potential heterogeneity within the 

AT2 population. Roughly 10% of the AT2 population has been labelled as Scgb1a1 

lineage positive [201]. Similarly, a genetic lineage tracing study has identified an Sftpc-

/Integrinβ4+ progenitor population in the distal airways capable of producing both 

Sftpc+ AT2 cells and AT1 cells following injury [202].  

In addition to the progenitor capabilities of AT2 cells, a population of multi-potent tissue 

stem cells, termed bronchioalveolar stem cells (BASCs), were found to reside at the 

bronchioalveolar duct junctions (BADJ). These cells undergo self-renewal but are also 

capable of differentiating into AT2, AT1 and club cells in response to alveolar or 

bronchial injury in the distal airways [203]. A further population of P63/Cytokeratin5+ 

lineage negative epithelial progenitor cells capable of inducing regeneration following 

widespread damage in the lung have also been identified [204]. This process, 

mediated by a Notch signalling cascade, was observed following both bleomycin and 

influenza injury in mice during which very few mature epithelial cells contributed to 

repopulation of the lung epithelium. Interestingly, it was also found that persistent 

Notch signalling resulted in failed regeneration in the form of alveolar cysts, a 

phenotype common in the lungs of IPF patients [204].  
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In addition to AT2 repopulation of AT1 cells following injury, recent studies have 

highlighted the plasticity of AT1 cells and their ability to undergo dedifferentiation into 

an AT2 phenotype [48, 50, 205]. In one study, HOPX+ mature AT1 cells were found to 

begin expressing the type 2 marker SPC using lineage tracing following 

pneumonectomy in mice [50]. Similarly, in the same study, HOPX+ AT1 cells used in 

organoid cultures were able to produce an SPC positive AT2 population [50]. Another, 

showed that expression of SP-C and CC10, markers of AT2 and club cells 

respectively, can be induced in cultured AT1 cells isolated from rats suggesting they 

may have similar properties in vivo [205]. It is becoming increasingly clear that 

maintenance of the “alveolar niche” is a multicellular process. In addition to AT2, AT1 

and BASCs, there are emerging roles for both mesenchymal and endothelial cells in 

mediating alveolar homeostasis and repair. A mesenchymal population, positive for 

LipidTox and PDGFR-α and considered to be lipofibroblasts, have been found in close 

proximity with both AT2 and ECs within the interstitial space of the ACM [52]. More 

recently, these cells have been identified as a source of secreted WNTs which 

maintain AT2 stemness, turn-over and survival during homeostasis [206]. The 

importance of these fibroblasts in maintaining the alveolar niche was also illustrated in 

organoid culture where AT2 proliferation and alveolosphere formation was only 

observed in the presence of these cells [52]. 
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Figure 1.8 progenitor cells in the lung epithelial repair. Diagram illustrating the progenitor 

populations present in the airways and alveoli which undergo slow turnover during homeostasis or 

orchestrate the response to injury in order to restore airway and alveolar epithelial integrity. In the 

airways, club cells can self-renew and produce ciliated cells during homeostasis or in response to injury. 

A population of BASCs present at the BADJ are capable of repopulating both club cells in response to 

airway injury and AT2 and subsequently AT1 cells in response to alveolar damage. AT2 cells and 

alveolar progenitor cells self-renew and differentiate into AT1 cells at a low rate under homeostatic 

conditions however this response can be upregulated to restore alveolar integrity following injury. 

Adapted from Basal, M.C., Morrisey, E.E.; EMBO Journal, (2019)38:e102344 [207]. 

ECs, the cells which line the vasculature, are also thought play a key role in both 

alveolar repair and regeneration [59]. ECs have been shown to produce angiogenic 

factors following damage in the alveolar unit [62]. Bleomycin alveolar damage induces 

EC expression of thrombospondin 1 which in turn stimulates BASC differentiation into 

both AT1 and AT2 cells to restore the epithelium [208]. Following acute injury, EC 

derived human growth factor (HGF) moderates the response of interstitial fibroblasts 

ensuring appropriate levels of proliferation and fibrosis [60]. Similarly, during alveolar 
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regeneration following pneumonectomy, the growth of new functional gas exchanging 

alveolar units depends in part upon neovascularisation mediated by capillary ECs [59]. 

Repair of the microvascular endothelium is an essential step in both restoring alveolar 

integrity as well as during the formation of new alveoli in lung regeneration. Put simply, 

the alveolar unit and alveolar epithelium cannot properly function without the existence 

of an intact microvasculature. In mice, lung growth following pneumonectomy is 

thought to be dependent on activation of vascular endothelial growth factor receptor 2 

(VEGFR2) [61]. Septation studies have also shown that paracrine signals from the 

lung microvascular endothelium such as VEGF and HGF are necessary for correct 

primary septae formation in distal lung development, a step which is also important in 

the generation of new alveoli in the adult lung [209]. In addition, endothelial dysfunction 

has also been implicated in the development of emphysema with increased endothelial 

apoptosis and a reduction in VEGF and VEGFR2 expression reported in emphysema 

patients [210]. An emphysema-like phenotype is also observed in mice following the 

induction of selective endothelial cell apoptosis and in rats following treatment with a 

VEGFR inhibitor [211, 212]. 

From a cellular perspective, current research suggests that there are multiple 

mechanisms that mediate alveolar repair. Furthermore, it appears as if the nature of 

the insult also plays a role in mediating the precise cellular pathways activated to 

induce alveolar repair and regeneration [57, 59, 188]. 

1.6.2 Regeneration in the adult lung 

Until recently, the adult lung was thought to be incapable of regeneration. New 

evidence suggests a significantly higher degree of plasticity than originally thought 

with initial studies in animal models indicating that the lung has an inbuilt programme 

for whole tissue regeneration. Mice fed a restricted diet presented with rapid alveolar 

destruction and enlarged airspaces [213, 214]. This was driven by apoptosis and 

degradation within the septal interstitium and resulted in a phenotype reminiscent of 

emphysema [215, 216]. Restoration of an adequate diet resulted in complete 

restoration of alveolar structure and cellular content. In humans, patients with anorexia 

nervosa are found to have a reduction in lung density indicative of a reduction in 

alveolar number similar to that seen in the early stages of emphysema [217]. Though 
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studies have not investigated resolution in patients, the regenerative results observed 

in mice are comparable and promising [213-215]. 

Evidence of human lung regeneration has now been observed in the lungs of patients 

following pneumonectomy (Figure 1.9). Compensatory growth is observed across 

species in the remaining lobes post pneumonectomy due to non-uniform mechanical 

strain. In animal models, neoalveologenesis is driven by epithelial, endothelial and 

mesenchymal populations within the parenchyma. In a human case study, an 

individual who underwent left lobe pneumonectomy exhibited signs of compensatory 

lung growth 15 years after the procedure [218]. Increases in FEV1 and FVC were 

observed along with a 70% increase in overall lung volume. Evidence that this 

increase in volume was accompanied by a 64% increase in alveolar number was also 

demonstrated using helium MRI techniques [218]. 

Other evidence comes from patients with Acute Lung Injury (ALI) or Acute Respiratory 

Distress Syndrome (ARDS) who in some cases can completely recover normal lung 

function [219, 220]. 

 

Figure 1.9 Evidence of lung regeneration following pneumonectomy in humans. Side by side 

comparison axial CT images taken in 1995 and 2010 of the left lung following a right-sided 

pneumonectomy. These 3D reconstructions show an increase in lung volume 15 years post-

pneumonectomy. Adapted from Butler et al. N Engl J Med; 367:244-247(2012) [218]. 
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1.6.3 Signalling in alveolar epithelial repair 

While lineage tracing and lung injury models have helped identify a number of cell 

types and progenitor populations which contribute to alveolar repair, the underlying 

mechanisms which orchestrate this process are far less clear. There is a growing body 

of evidence suggesting that adult alveolar homeostasis is mediated by factors which 

are critical for lung development such as WNTs, RA, SHH, BMP and FGF [137, 221], 

which in turn can be upregulated to induce repair and regeneration following injury [33, 

57, 59, 85, 222-226]. 

In the context of AT2 expansion and differentiation, recent studies have helped identify 

a number of signals which control the balance of AT2 proliferation and differentiation 

in response to injury (Figure 1.10) [227]. Studies in mice and rats have shown that 

AT2 proliferation can be mediated by a number of factors including keratinocyte growth 

factor, HGF, epidermal growth factor, Wnt/β-catenin and FoxM1 signalling [61, 178, 

206, 228-234]. In addition to this, the advent of lineage tracing has allowed 

researchers to begin to unpick the signalling mechanisms that control AT2 

differentiation into AT1 cells. Wnt/β-catenin signalling has been shown to play an 

essential role in promoting AT2 proliferation, specifically through supressing 

differentiation. This was illustrated following injury using an inducible β-catenin 

knockout in AT2 cell-specific gene deficient mice where in the absence of Wnt/ β-

catenin signalling, AT2 proliferation decreased and AT2 to AT1 differentiation was 

significantly increased [206]. 

The developmental regulator Notch has also been implicated in mediating AT2 cell 

fate. A recent landmark study identified that temporal regulation of Notch through Dlk1 

promotes AT2 to AT1 differentiation in the later stages of alveolar repair following 

acute lung injury in mice [235]. This study demonstrated that Notch signalling is initially 

active during AT2 proliferation but downregulation through Dlk1 is essential to allow 

for differentiation into AT1 cells. How Dlk1 signalling is regulated during this process 

however remains unclear. 

BMP signalling has also been shown to play a role in AT2 cell proliferation and 

differentiation. During alveolar homeostasis, BMP expression is active in AT1 and AT2 

cells. Using organoid cultures and pneumonectomy in gain and loss of function mice, 

a recent study demonstrated that BMP undergoes a dynamic pattern of expression 
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during alveolar regeneration [236]. BMP was shown to temporarily decline post 

pneumonectomy allowing for AT2 proliferation followed by an increase resulting in AT2 

to AT1 differentiation. 

Other regulators of AT2 differentiation and proliferation have recently been identified 

including YAP/TAZ and ETV5 signalling and expression of TGF-β, all of which are 

important for lung development [227]. In each case however, the upstream regulator(s) 

of these pathways remain unclear. Master regulators trigger a cascade of downstream 

signalling events which collectively induce the key steps involved in lung development. 

RA signalling for example acts as a master regulator across all stages of lung 

morphogenesis including during alveologenesis as detailed in Table 1.1 [32]. By 

identifying and understanding how these master regulators work, for example the role 

of RA signalling in alveologenesis, we can then investigate their potential as targets 

for driving repair and regeneration in the lung. 

 

Figure 1.10 Signalling in alveolar epithelial repair. Schematic diagram illustrating the signalling 

factors involved in mediating AT2 cell self-renewal and differentiation into AT1 cells during homeostasis 

and in response to injury. Adapted from Aspal M, Zemans RL. Int J Mol Sci. 2020;21(9):3188. 2020 

[227]. 

1.7 RA signalling in alveolar repair and regeneration 

RA signalling is a promising candidate as a master regulator of alveolar repair and 

regeneration. The pro-regenerative capabilities of RA have long been appreciated in 
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a number of organisms. RA has been shown to act as a potent enhancer of 

regeneration in the tissues of some amphibians and mammals for example limb and 

tail regeneration in axolotls and newts [85]. As previously discussed in Section 1.5, RA 

signalling plays an essential role in alveolar development by controlling downstream 

signal transduction. A number of these pathways identified in alveolar repair and 

regeneration have been linked to RA signalling during the developmental process 

[125]. Importantly, the storage of retinyl esters in alveolar interstitial lipofibroblasts 

indicates a pool of bioavailable retinol in the adult lung which could be utilised to induce 

RA signalling to mediate repair within the alveolar niche [73, 74]. 

Studies that date back to the 1990s have highlighted a role for RA in mediating alveolar 

regeneration (Figure 1.11). A seminal investigation which mimicked emphysematous 

alveolar destruction using elastase instillation in rats found that daily injections of all-

trans RA restored alveolar structure following damage [172]. They also observed a 

decrease in emphysematous lesions, increased alveolar number and improved elastic 

recoil. 

In a subsequent elastase injury study, these results were mimicked using 

intraperitoneal administration of RA to rats 9 weeks post injury. In addition to assessing 

alveolar structure and density, they also found that RA treatment had a beneficial 

effect on overall lung capacity and residual volume but not on gas diffusion capacity 

or compliance (Figure 1.11 A) [237]. Belloni et al. helped further confirm the original 

findings showing that an improvement in alveolar number and dimensions was seen 

in RA treated rats following elastase injury [238]. They also showed that RA treatment 

induced alveolar cell proliferation following injury. This was not seen in uninjured 

treated rats indicating that RA mediated proliferation only occurs following damage. 

Similar regenerative effects have also been demonstrated following RA treatment in 

the lungs of elastase injured mice [239]. 

Interestingly, a number of elastase studies have failed to find any beneficial effects of 

inhaled or intraperitoneal RA treatment in rats and mice [240-244]. This raises the 

question of whether there are other mitigating factors that control the RA response to 

damage in the lung. Each of these studies were performed using different strains of 

rodent which could mean there is variation amongst breeds in RA sensitivity. A study 

using ICR mice found that the RA concentration known to induce alveolar regeneration 
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in NIHR mice was not sufficient to restore alveoli following dexamethasone treatment 

in this breed. Upon increasing the concentration by 5-fold however, alveolar 

regeneration was observed, indicating differing sensitivities to RA across strains [245]. 

The regenerative potential of RA has also been demonstrated in other emphysema 

models mediated through cigarette smoke exposure or dexamethasone treatment. 

Mice that underwent daily exposure to cigarette smoke for 6 months resulting in an 

emphysematous phenotype showed improvements in tissue desmosine, mean linear 

intercept, destructive index and bronchiolar lavage elastin peptide content following 1 

month of oral RA administration [246]. In addition, pharmacological modulation of RA 

signalling using the RARγ agonist palovarotene and an RXR partial agonist following 

elastase and cigarette smoke injury respectively were both successful in minimising 

alveolar damage and emphysematous changes [238, 247, 248]. RA was also 

demonstrated to have a prophylactic properties when administered concurrently with 

cigarette smoke injury preventing emphysematous changes in adult rats [249]. 

Treatment of rodents with dexamethasone in the early postnatal period is regularly 

used to induce failed septation and alveolarisation similar to BPD and the development 

of enlarged airspaces which persist through to adulthood typical of emphysema [250]. 

Administration of RA in rats following dexamethasone treatment resolved the failed 

alveolarisation increasing alveolar number and decreasing alveolar volume [251]. 

Similar findings were also observed in multiple strains of mice treated with RA after 

dexamethasone induced alveolar insufficiency (Figure 1.11 B) [83, 176, 245]. 

Pharmacological activation of RA signalling following failed septation has also proven 

successful in dexamethasone treated mice. Complete regeneration was observed 

following treatment with an RARα agonist, partial recovery occurred following RARβ 

agonist administration and an RARγ specific agonist had no effect [176]. 

Multiple canine pneumonectomy studies have also demonstrated a role for RA in 

promoting alveolar regeneration (Figure 1.11 C). Injection of RA resulted in increased 

lung volume, growth and cell proliferation [252-254]. Interestingly, RA treatment 

appeared to directly promote microvascular regeneration with significantly higher 

capillary density observed 16 months after RA treatment was stopped. Though there 

was an increase in density, full maturation was not observed with larger numbers of 

double capillaries indicating dysplastic growth and that other factors may be required 



55 
 

for complete alveolar microvasculature regeneration. Several studies have implicated 

a role for endothelial derived angiogenic factors in aiding this process. Treatment with 

vascular endothelial growth factor (VEGF) for example, has been shown to enhance 

alveolar regeneration post-pneumonectomy in mice and following hypoxic injury in rats 

[255, 256]. VEGF treatment has also been shown to induce secretion of RA by the 

endothelium [171]. Similarly, initiation and continued regeneration post-

pneumonectomy was found to be driven by endothelial-derived matrix 

metalloproteinase 14, which is generated by activation of vascular endothelial growth 

factor receptor 2 [61]. 

 

Figure 1.11 RA induced lung regeneration. (A) Representative images demonstrating 

emphysematous phenotype which develops following elastase treatment in rats (ii). Treatment of rats 

with exogenous RA following elastase injury results in increased alveolar number and smaller air spaces 

(iii) similar to control, uninjured lungs (i). (B) Images showing enlarged airspaces in adult mice treated 

with dexamethasone, which disrupts alveolar development (ii), which is reversed following 

administration of exogenous RA (iii). (C) Representative images demonstrating increased alveolar 

number post pneumonectomy in dogs following treatment with RA. An increase in the number of double 

capillaries is also observed (iii). (A) Adapted from Massaro GD, Massaro D. Nat Med.; 3(6):675-7 (1997) 

[172]. (B) Adapted from Hind, M. Maden, M. European Respiratory Journal 23: 20-27 (2004) [83]. (C) 

Adapted from Ravikumar, P. et al. J Appl Physiol (1985); 110(3):764-773 (2011) [253]. 
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Overall, there is considerable evidence from animal models of a role for RA in the 

induction of alveolar regeneration. Discrepancies between models and species 

however indicate that elucidating the underlying mechanisms and the contributing 

factors is essential for the targeting and induction of RA mediated alveolar 

regeneration. 

1.8 RA as a therapeutic target/Applications in the clinic 

The promising results observed in pre-clinical animal models of emphysema has led 

to a number of clinical trials aiming to target RA signalling in the treatment of advanced 

COPD. 

An initial short-term pilot study using RA administration indicated it was well tolerated 

in patients with only mild side effects such as headaches, musculoskeletal pains, dry 

skin and transaminase elevations. This was a 6-month, double blind, placebo-

controlled study, consisting of only 20 patients (16 male and 4 female) with moderate 

to severe emphysema as determined by CT imaging. Patients were treated orally with 

50mg/m2/d RA or placebo for three months followed by a 3 month crossover phase 

[257]. Disappointingly, RA treatment was not found to have any significant effect on 

disease pathology and no significant improvements in lung function were observed. In 

addition to the small size, it is possible that the duration of the study was too short to 

properly observe any benefits. A large degree of variability was also observed in serum 

RA levels amongst patients following treatment. Significant reductions in plasma RA 

were observed in 12 out of 20 patients at weeks 3, 7 or 8. This suggested that the 

exogenous RA administered to patients was being treated as excess and was 

undergoing auto-catabolism. As a pilot study however, the lack of severe side effects 

following RA treatment indicated that longer term studies were feasible without 

compromising the health of patients. 

In a similar trial, the Feasibility of Retinoids for the Treatment of Emphysema (FORTE) 

study, 148 individuals were split into 3 groups treated with low dose RA (1mg/kg/d), 

high dose RA (2mg/kg/d) or 13-cis-RA (1mg/kg/d). Patients received RA or placebo 4 

days a week with the addition of a 3-day treatment break to avoid toxicity. This also 

avoided the auto-catabolism suspected in the pilot study as the treatment break would 

limit the build-up of excess RA. This regimen was administered over a period of 6 

months with an additional 3-month crossover period. Overall, as before, no significant 
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improvements were observed in lung function measurements. Study design was a 

major limitation in this trial. The duration of treatment was relatively short and 

potentially not sufficient to induce an effect. Similarly, the inclusion of a crossover 

period meant that all participants had received the treatment by the end of the trial 

period which made interpreting any effects and making accurate comparisons 

between treatment groups impossible. Importantly, post-hoc analysis indicated that 

the trial was not adequately powered to detect a 10% increase in FEV1 and could only 

be considered a feasibility study [258]. 

The route of RA administration is an important consideration in trial design as RA auto-

catabolism presents a serious obstacle, especially through the oral administration 

route. Though serum measurements can be used as a guide of circulating RA levels, 

they cannot accurately determine delivery to and bioavailability in the lung. 

Importantly, data from our group recently identified upregulation of CYP26A1 in the 

lung tissue of emphysema patients indicating increased RA degradation which could 

be effecting RA bioavailability in these studies [86]. 

With these considerations in mind, the focus of RA clinical trials shifted to the direct 

modulation of RA signalling in emphysema patients. This approach would in theory 

avoid the issue of auto-induction of RA catabolism caused by the administration of 

exogenous RA and remove the variability in RA serum levels observed amongst 

patients. The Retinoid treatment of Emphysema in Patients on the Alpha-1 

International Registry (REPAIR) study was the first to use the RAR-γ selective agonist 

palovarotene in 262 patients with both alpha-1-antitrypsin deficiency (AATD) and 

emphysema [248, 259]. Cited as the rationale for the study, palovarotene was 

previously reported to induce alveolar regeneration following cigarette smoke injury in 

rats [260]. Individuals with AATD generally develop emphysema at a younger age and 

present with fewer comorbidities compared with those who develop COPD due to 

smoking. It was therefore proposed that this patient group may be more responsive. 

Treatment with 5mg of palovarotene or placebo was administered daily for 1 year. All 

patients were found to have maintained decline in emphysema progression over the 

course of the study based on CT density scores. Minimal improvements in spirometry 

decline and gas diffusion were observed in the treatment group but this did not reach 

statistical significance. This study was again considered underpowered to detect any 
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significance however the overall conclusion was that palovarotene was not 

therapeutically beneficial in this patient group. 

Palovarotene was also trialled as a treatment for patients with cigarette smoke induced 

emphysema in the Treatment of Emphysema with a Selective Retinoid Agonist 

(TESRA) study [261]. Analysis of the full randomised clinical trial population consisting 

of 492 patients did not show any beneficial effects on FEV1 or CT scores following 2 

years of daily treatment. Interestingly however, post hoc analysis of the study based 

on disease localisation found that in patients who presented with lower lobe 

emphysema, significant improvements in FEV1 decline, gas diffusion and exercise 

capacity were observed following treatment compared to the placebo control group. 

The conclusions which can be drawn from post hoc analysis are limited as it does not 

fully correct for multiple testing. It does however indicate potential benefits for 

palovarotene treatment and could be a starting point for future studies designed to 

investigate these subgroups from the beginning. 

The benefits of pharmacological targeting of RA signalling in this patient subgroup are 

promising and support further investigation of similar therapies for emphysema. It is 

possible that targeting of other RARs may be more successful considering the 

differential roles observed during development. Similarly, mouse studies targeting 

RARs found regenerative effects following RARα and RARβ activation but not RARγ 

following dexamethasone treatment [176]. Importantly, most of what is currently known 

regarding RA signalling during alveolar repair and regeneration is based around rodent 

models. Though informative in the absence of suitable and reproducible human 

models, inter-species differences in metabolism, anatomy and storage contribute to 

disappointing results when translated into the clinic. 

1.9 Vitamin A deficiency and the lung 

Though human trials investigating the therapeutic applications of RA in chronic lung 

disease have mostly proven disappointing, both animal and population studies 

investigating the impact of vit A deficiency and dietary intake on lung health have been 

far more informative. 

Rats fed on a vit A deficient diet from birth exhibit reduced septation and develop 

regions with emphysematous features. Thinning and destruction of the septal walls is 

observed which has been associated with modifications of the ECM and basement 
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membrane [146, 262]. Chronic vit A deficiency has also been shown to lead to the 

development of emphysema in rats. This was linked to increased TGF-β production 

resulting in damage to ECM and thickening of the basement membrane. Restoration 

of a vit A sufficient diet was subsequently able to partially rescue the lungs normal 

phenotype [263, 264]. In mice, vit A deficiency during foetal development leads to 

distinct changes in elastin and collagen deposition resulting in defective lung function 

and alveolarisation [265]. It is now known that exposure to cigarette smoke, the leading 

cause of emphysema, depletes local retinol stores in the lungs of rats [266] and a 

reduction in serum retinol levels has been linked to smoking in human studies [267]. 

Interestingly, vit A deficiency in mice was also shown to increase susceptibility to the 

development of emphysema following exposure to cigarette smoke [268]. 

One limitation of rodent vit A deficiency studies however is that mice and rats have 

highly efficient vit A storage systems which makes inducing deficiency challenging 

through diet alone [269]. Pups weaned from mice fed a commercial diet for example 

can take up to a year to become fully depleted. The period required to induce 

deficiency can be shortened if pups are obtained from mothers fed a vit A deficient 

diet during gestation. It is important to note however that maternal deficiency may 

impact on foetal and early postnatal lung development. Although useful for 

developmental studies, these mice are not suitable for investigating the effects of vit 

A deficiency on homeostasis in the normal adult mouse lung due to the developmental 

defects discussed in Section 1.5. The combined use of a vit A deficient diet and genetic 

manipulation of RA metabolism such as Raldh or Lrat knockout mice can be used to 

aid the production of vit A deficient mice [270, 271]. However, this again may impact 

on lung development. In addition, the cost required to develop such lines is substantial 

and therefore not always feasible. 

This also generates the question of how comparable vit A deficiency studies in rodents 

are to humans as by comparison, humans quickly deplete retinol stores in the absence 

of a vit A sufficient diet. Vit A deficiency is endemic in the developing world where 

access to adequate sources of vit A rich foods is limited affecting an estimated 1 in 3 

children [272-275]. At a population level, there is evidence of a role for dietary vit A in 

maintaining lung function and homeostasis. A reduction in vit A availability during 

foetal and early life development has been linked to impaired growth and development, 

poor immune function, and a higher incidence of conditions such as BPD, blindness 
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and malaria [133, 134, 148, 274, 276, 277]. A number of studies have associated vit 

A deficiency with reduced lung function in children in regions where deficiency is 

prevalent. This is understandable due to the importance of RA signalling during lung 

development (Section 1.5) [33, 137]. Checkly et al, demonstrated that maternal 

supplementation with vit A during pregnancy resulted in long term improvements in 

offspring’s lung function [132]. In an Ethiopian study, Kassaye et al identified 

associations between vit A status and FEV1 in children [278]. In adults, there have 

been a number of studies investigating the effects of retinol and carotene intake on 

lung function [279-286] as well as on the prevalence of respiratory diseases [283, 287, 

288]. Though there are some indications of an association between increased dietary 

intake of vit A and improved lung function, this picture is far less clear and forms the 

basis of Chapter 3 of this thesis. 

Despite the lack of success observed in clinical trials, these studies show that vit A 

can modulate lung function and homeostasis in humans and remains a viable 

therapeutic target. Further understanding of the mechanisms of RA mediated repair 

and the processes behind human lung regeneration is necessary before more 

therapeutic options are developed. 

1.10 Tools and models to study mechanisms of lung disease and repair 

Under normal homeostatic conditions following alveolar damage, the classical model 

suggests that multiple cell types mobilise in order to restore homeostasis and alveolar 

integrity. This can be mediated through repair following damage; or through 

regeneration following severe or repeated insults which result in alveolar destruction. 

It is widely believed that when these responses are disrupted or defective, acute and 

chronic lung diseases can emerge (Figure 1.12). 

Chronic lung diseases pose a significant global health burden. COPD alone is the 4th 

leading cause of death worldwide. With rising case numbers and no curative therapies 

diseases such as COPD and IPF cost the NHS upwards of £1 billion annually [289]. 

COPD can be characterised by a progressive and irreversible reduction in airflow 

mediated through airway inflammation and the development of emphysema [290, 

291]. IPF on the other hand presents with impaired diffusion capacity due to a 

restrictive pattern of interstitial fibrosis and honeycombing [292]. The localisation of 

these diseases (upper lobes for COPD and lower lobes in IPF), and histological 
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appearances are quite distinct however a number of parallels can be drawn between 

the underlying the pathogenesis of both [293]. Both diseases are generally observed 

in elderly patients with prolonged exposure to noxious chemicals such as cigarette 

smoke [294, 295]. Similarly, progressive loss of the alveolar parenchyma leads to 

severely impaired lung function in both. Accelerated senescence and telomere 

shortening in AT2 and endothelial cells has also been identified indicating a reduced 

capacity for repair and regeneration [296-299]. This reduced capacity is also observed 

in emphysematous interstitial fibroblasts which in addition to displaying increased 

markers of senescence, produce lower levels of pro-repair/angiogenic HGF [300]. 

This phenotype of a defective repair response is thought to contribute to the 

pathogenesis of other chronic and acute lung diseases (Figure 1.12). In asthma, the 

heterogeneous inflammatory condition is dominated by aberrant airway remodelling 

and immune responses [301]. Though the inflammatory immune response to 

environmental stimuli is a key element of asthmatic exacerbations, it is the gradual 

thickening of the airway epithelium and narrowing of the airways that underlie the 

chronic progression of the disease [302]. Similarly in patients with ARDS, as the 

disease progresses through the exudative and proliferative phases, lung injury can 

increase due to aberrant repair, potentially leading to a fibrotic phase and worsening 

lung function [219]. ARDS is a multifactorial disease involving immune cell infiltration, 

cytokine storm, alveolar-capillary barrier disruption, cell apoptosis, and the 

development of fibrosis [303]. As with chronic lung diseases such as IPF and COPD, 

there are no available pharmaceutical interventions with observational studies 

indicating a mortality rate of up to 40% usually due to multisystem organ failure [219, 

304]. 

The idea that defective regenerative mechanisms contribute to the development 

and/or progression of acute and chronic lung diseases suggests that targeting 

endogenous lung repair represents viable treatment options. This however will not be 

possible without accurate models to help with our understanding of the mechanisms 

that mediate human lung regeneration. 
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Figure 1.12 Progression and resolution of acute and chronic damage in the lung. Schematic 

diagram demonstrating normal routes that lead to resolution of various forms of damage in the alveoli. 

Subsequent damage or dysfunction due to age, genetic pre-disposition or environmental pathways 

within these repair pathways are also thought to drive inflammation and potentially result in the 

development of chronic lung diseases such as IPF. Adapted from Wijsenbeek, M. and Cottin, V. N Engl 

J Med; 383:958-968 (2020) [305]. 
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1.10.1 Acid injury: An inducer of exacerbation and driver of chronic disease 

Often the progression of acute damage in the lung into a chronic disease phenotype 

is accompanied by repeated insults which overload the repair response. Gastric 

aspiration has been identified as a key inducer of exacerbation and injury in both acute 

and chronic lung disease [306]. In addition, lung injury as a result of gastric aspiration 

of stomach acid is the leading cause of pneumonia and ARDS. [307, 308]. Tracheal 

instillation of acid in mice has been used to mimic this phenotype and the resulting 

airway inflammation however animals require intensive care and monitoring making 

large scale and high throughput studies difficult [309, 310]. Studies have shown that 

acid instillation results in a loss of microvascular integrity, extravasation of fluid and 

protein into the airways and alveoli, an influx of neutrophils into the airways and 

elevated levels of elastase, tumour necrosis factor-alpha (TNF–α), IL-8 and CINC-1 

[306]. Additionally, the damage caused by the acid is resolved within 48 hr unlike the 

progressive damage observed in pneumonia or ARDS [310]. In individuals who 

aspirate, recurring respiratory tract infections such as pneumonia are common, a 

severe risk factor in those with existing chronic lung diseases [306]. One study found 

that in critically ill patients who are ventilated and tube fed for a minimum of 4 days, 

gastric aspiration occurred at least once in 90% of patients [311]. In conjunction with 

this, approximately a 3rd of patients with aspiration pneumonitis deteriorate further and 

develop ALI or ARDS [312]. Interestingly, chronic “micro-aspiration” has also been 

hypothesised to be initiating factor in the development of IPF [312]. 

1.10.2 Current models for the study of disease, injury and repair in the lung 

As seen with clinical trials investigating the therapeutic potential of targeting RA 

signalling, promising animal data does not always equate to successful outcomes in 

patients. A lack of relevant and accurate human models have contributed to these 

poor outcomes in the clinic. 

Animal models for emphysema such as elastase instillation and bleomycin though 

informative have important limitations [313]. The primary one being that resolution of 

inflammation and fibrosis is observed in mice once treatment is stopped as opposed 

to the chronic deterioration seen in patients [314]. Similarly, the parenchymal damage 

in rats caused by cigarette smoke inhalation is relatively mild and is resolved following 

cessation of the insult which is not the case in humans [314]. There is also the caveat 
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that the cellular makeup of rodent airways is in some ways different to humans (Figure 

1.3) [37]. Nonetheless these models have been useful as the essential nature of the 

lungs to human life and their structure has meant that direct study of the human distal 

airways and alveoli is challenging. 

Samples from human patients are also inherently difficult to interpret as it is hard to 

control for factors such as lifestyle and genetics in different subjects. Though important 

as a form of preliminary investigation, in vitro studies using human primary cell culture 

cannot properly re-capitulate in vivo repair and regeneration in the lung. This is a 

process that is regulated in a multicellular fashion so single cell or co-culture 

monolayer models have significant limitations. More recent models have aimed to 

address this to make them more representative and to address gaps in knowledge 

from animal studies (Figure 1.13). 

Organoids are self-assembling 3D models in which adult primary cells are used to form 

“bronchospheres” or “alveolospheres“ that partially recapitulate the 3D multicellular 

nature of the lung (Figure 1.13) [315]. BASCs isolated from humans and mice have 

been used in this model which when embedded in a 3D gel matrix, differentiate to form 

the cells types observed in the bronchial airways [186]. Similarly, human primary 

epithelial progenitor cells and induced pluripotent stem cells have been isolated and 

used to form organoids which model the alveolar unit [316-318]. Organoids hold 

potential for investigating the progenitor capabilities of isolated cell types, having 

already helped identify the capacity for differentiation and dedifferentiation in AT2 and 

AT1 cells [50, 52]. Similarly, in the context of repair organoids have been used to study 

the role of epithelial-mesenchymal interactions and can be used to study cellular 

responses in disease by isolating cells from patient samples [319, 320]. Importantly, 

organoids cannot replicate ECM components, or the microvascular network 

intertwined throughout the alveolar unit. This is a major limitation when one considers 

recent data highlighting the microvascular endothelium as a source of pro-repair 

factors [59, 60, 62, 208]. 

Models that successfully replicate the multi-cellular nature and structure of the in vivo 

environment are therefore preferable and more likely to produce results that will 

translate into the clinic. One example of this is ex vivo lung perfusion which involves 

attaching a whole human lung to an extracorporeal perfusion and ventilation circuit 
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[321]. This supplies cells with blood under sheer stress and mimics the mechanical 

strain of breathing movements. It can be used to mimic inhaled insult in the lungs such 

as gastric aspiration, pollutants or biological agents to model lung disease [321]. The 

logistics of such an experiment however are extremely difficult as access to whole 

donor lungs is rare. In addition, the technical expertise, facilities and funding required 

to orchestrate such a study act as major roadblocks. 

 

Figure 1.13 In vitro models to study lung homeostasis, disease and repair. A range of in vitro 

models have been developed in order to study mechanisms of lung homeostasis, repair and disease. 

These models use primary lung tissue (black), lung-specific cells derived from human pluripotent stem 

cells (pink) and immortalised cell lines (blue). These have been used to develop a number of systems 

including simple monolayer and air liquid interface models and more complex 3D and engineered 

environments to recapitulate elements of the native human lung. Adapted from Miller, A.J. and Spence, 

J.R. Physiology (Bethesda); 32(3):246-260 (2017) [322]. 

Precision cut lung slices (PCLS) represent a low cost, reproducible, high-throughput 

alternative to study both the murine and human lung bridging the gap between in vitro 

and in vivo approaches [323]. PCLS are an established ex vivo model for culturing 

lung tissue and have several advantages over alternative ex vivo models [324]. In 

addition to retaining the majority of cell types present in vivo, they also contain an 

intact microvasculature, ECM and alveolar architecture making them ideal for the 

study of multicellular processes such as repair [325]. PCLS can be obtained from the 

lungs of patients with lung diseases as well as from animal models of in vivo injury. 

PCLS are now widely used in a range of studies and techniques have been developed 

to perform imaging and molecular analyses on the slices [12, 326-328]. The use of 
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PCLS to study the role of RA in lung injury and repair forms the basis of Chapters 4 

and 5 of this thesis. 

1.11 Hypothesis and Aims 

The overarching hypothesis of this thesis is that RA signalling is an essential mediator 

of lung homeostasis and can be targeted to modulate repair in the injured lung. 

This was addressed in a multi-disciplinary fashion through the following specific aims: 

 1) To investigate the effect on adult lung function of vit A intake, polymorphisms in RA 

signalling genes and their possible gene-diet interactions, using epidemiological data 

from the UK Biobank (UKB). 

2) To investigate the role of exogenous RA in paracrine signalling between lung 

endothelial and epithelial cells during repair. 

3) To visualise RA signalling following injury in PCLS using a RA response element-

GFP (RARE-GFP) reporter mouse. 

4) To pharmacologically manipulate RA signalling during repair using a novel acid 

injury model in murine PCLS.
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Computational Methods 

2.1 UK Biobank 

The UKB is a large population-based study with data on roughly 500,000 participants 

aged 40-69 years obtained from 22 assessment centres across the UK recruited 

between 2006 and 2010 [329]. Recruitment was carried out using NHS patient 

registers and written informed consent was received from all participants (access to 

patient records approved by the National Information Governance Board for Health 

and Social Care in England and Wales, and the Community Health Index Advisory 

Group in Scotland). Baseline information and measurements were collected for each 

individual for a range of parameters including spirometry, socio-demographic 

information, smoking, and alcohol/dietary intake. Blood samples were also taken from 

all participants. The protocols used by UKB throughout the study, along with general 

resources and the touchscreen questionnaires, have been made available online at 

https://biobank.ctsu.ox.ac.uk/crystal/docs.cgi [330, 331]. The name and UKB data field 

number of all variables used for the analyses reported in this chapter are listed in 

Appendix 1, together with the specific link to the UKB webpage that reports information 

on the measurement procedures for each variable [332]. 

2.1.1 Dietary intake 

The dietary habits of UKB participants were recorded using a web-based 24 hr dietary 

recall questionnaire, the Oxford WebQ, which asks participants questions regarding 

their consumption of 206 types of foods and 32 varieties of beverages in the previous 

24 hr. The Oxford WebQ was designed specifically for use in large datasets and was 

validated against other forms of interview-based 24 hr dietary recall studies [333, 334]. 

Participants were asked to specify the variety of food eaten, for example the type of 

bread, and were provided with a list of answers (Figure 2.1). They were also asked to 

specify portion size, for example number of slices of bread. For food types with harder 

to define portion sizes, for example cheese, reference quantities were provided as a 

guide in the help section [335]. Open-ended questions were avoided to prevent 

answers that were not quantifiable, and participants were also asked whether their diet 

over the previous 24 hr was “typical”. Participants completed 1 dietary recall form at 

the initial visit to a UKB test centre and were then sent repeat questionnaires via email 
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on 4 occasions in total between 2009 and 2012. Compliance in the completion of these 

repeat questionnaires varied between participants.  

 

Figure 2.1 24 hr dietary recall questionnaire in the UKB study. Example of onscreen instructions 

and dietary recall questions answered by participants in the UKB study. 
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Based on the completed 24 hr recall questionnaire, the nutritional content of the food 

items consumed could then be calculated. Each participant’s nutrient intake was 

calculated by multiplying the quantity of the food item (or portion size) consumed by 

pre-determined nutritional values as stated in “McCance and Widdowson’s The 

Composition of Foods” [333, 336]. Intake values for a total of 23 nutrients were 

calculated including retinol, carotene, iron, vitamin C, D, E, B12 and B6, protein, total 

fat and carbohydrate.  

From the dietary recall questionnaires, daily retinol and carotene intake values 

(μg/day) were calculated separately by UKB. In order to compare the relative effects 

of the two dietary components, as well as combine them to assess the total effect of 

vit A, carotene was converted into retinol by expressing it as retinol activity equivalents 

(RAE), where 1 RAE is equal to 1μg retinol. The three bioactive forms of carotene 

obtained from foods have different RAE values, with 1 RAE corresponding to 12μg of 

β-carotene, 24μg of α-carotene and 24μg of β-cryptoxanthin [337]. Intake of α-

carotene and β-cryptoxanthin had been already automatically converted into β-

carotene equivalents by UKB, using conversion guidelines from “McCance and 

Widdowson’s The Composition of Foods” [336]. We therefore divided the values of the 

UKB “carotene” variable by 12 to convert the β-carotene equivalents into RAE [338]. 

The converted carotene could then be directly compared with retinol, and it was added 

to the “retinol” variable to calculate total vit A intake for each individual. 

2.1.2 Spirometry 

Spirometry in UKB was conducted using a Vitalograph Pneumotrac 6800 (Vitalograph, 

UK), which was calibrated at the beginning of each day using the software supplied. 

Before completing spirometry measurements, participants were asked about the 

presence of any contra-indications such as recent illness, taking medication for 

tuberculosis, pregnancy, heart attack or eye/chest/ abdominal surgery in the last 3 

months and any history of a collapsed lung or detached retina. If participants answered 

yes to any of the above, spirometry was not performed 

(https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=3088). 

Participants were also asked if they had smoked, used an inhaler or consumed any 

caffeinated drinks in the past hour which have been recorded as separate variables 

available for use in UKB. A video demonstrating the spirometry procedure was then 



71 
 

shown and before beginning the assessment they were reminded to fill their lungs as 

much as possible, ensure a good seal around the mouthpiece, blow out the air as hard 

and fast as possible and to continue blowing until their lungs were completely empty.  

Each individual was required to perform at least two blows over a period of 6 min. The 

reproducibility of these were assessed and if considered acceptable (<5% difference 

between repeated FEV1 and FVC measurements) a third attempt was not required 

[339].  

Only participants with good quality data were included in the analyses. These 

individuals were identified by the UK BiLEVE (UK Biobank Lung Exome Variant 

Evaluation) study, which constructed two “best measure” spirometry variables for FVC 

and FEV1 [340]. These variables were generated by taking the best of two/three 

spirometry measurements and then applying “acceptability of result” criteria, by 

dropping anyone who was identified as having excessive extrapolated peak flow, 

excessive estimated time to peak flow, coughing during measurement, less than 6 

second test duration, lack of an adequate plateau at the end of the test or a test that 

the investigator did not consider as valid. The BiLEVE study used these criteria along 

with the ERS/ATS spirometry guidelines to generate the two UKB “best measure” 

spirometry variables for FVC and FEV1 [340, 341]. 

2.1.3 Genetic data 

The UKB has genome-wide genetic data for most participants (n=488,377), which was 

obtained using two similar Affymetrix arrays. An initial subset of 49,950 UKB 

participants, also part of the UK BiLEVE study cohort, were genotyped at 807,411 

markers with the custom Applied Biosystems UK BiLEVE Axiom Array (Affymetrix) 

[340]. The remaining 438,427 participants were genotyped at 820,927 markers using 

the custom Applied Biosystems UKB Axiom Array [342]. This array has 95% marker 

similarity to the UK BiLEVE array previously used. These arrays were designed to 

identify genome-wide variation in the form of SNPs along with short insertions and 

deletions. An initial 629,368 markers were chosen to provide good genome wide 

coverage for imputation in Caucasian populations within ranges of both >5% minor 

allele frequency (MAF) and 1-5% MAF. Certain markers of specific interest were also 

included on the basis of known associations between 95,490 variants and phenotypic 
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outcomes. A further 111,904 coding variants, primarily missense and protein 

truncating variants, were chosen including rare markers with a low MAF (<1%). 

Sample retrieval and DNA extraction was carried out by the UKB [343] and was 

shipped to Affymetrix3 for genotyping [344]. Quality control and imputation was 

performed by the Wellcome Centre for Human Genetics, and included investigations 

into batch effects, plate effects, departures from Hardy-Weinberg equilibrium (p<10-

12), sex effects, array effects and discordance across control replicates [345].  

2.1.4 Study population 

Of the original 502,540 participants recruited by the UKB, our population was limited 

to individuals of white ethnicity. Subjects lacking genetic and suitable lung function 

data were removed from our study population resulting in a population of 345,633 

people (Figure 2.2). Of this sample, 194,191 participants had no data on retinol intake. 

The remaining participants were included in the dietary dataset, which was used to 

assess the association of dietary vit A intake (retinol, n=151,051; carotene, n=153,163; 

and total vit A, n=142,267) with lung function. The 194,191 individuals lacking dietary 

data were used to generate a “non-dietary dataset”. This was used in Stage 1 of the 

genetic analysis to select independent SNPs in the RA pathway associated with lung 

function. Following this, individuals from the “dietary dataset” were used in Stage 2 of 

the genetic analysis to replicate the findings for SNPs identified in Stage 1, and to 

assess the interaction between RA pathway genes and vit A intake.  

The number of follow-up 24 hr dietary recall questionnaires successfully completed 

varied significantly between participants. Individuals were therefore further separated 

based on who completed at least 1 up to all 5 questionnaires (Figure 2.2). For data on 

retinol, the dietary dataset comprised of 151,051 individuals who completed at least 1 

form, 55,321 of which completed at least 3 forms and only 3,684 who successfully 

completed all 5 forms. For data on carotene, the dietary dataset comprised of 153,163 

individuals who completed at least 1 form, 58,723 who completed at least 3 and 4,356 

participants who completed all 5 forms. Total vit A data were available for 142,267 

participants with both retinol and carotene intake from at least 1 form, with individuals 

who reported carotene but not retinol intake for any of the 24 hr dietary recall forms 



73 
 

excluded from the total vit A intake analysis; 52,133 individuals had complete vit A 

data for at least 3 and 3,683 participants for all 5 dietary recall forms.  

 

Figure 2.2 Flowchart detailing the process by which the final dietary and no-dietary datasets 

were generated. Flowchart detailing the generation of final populations used in retinol (red), carotene 

(blue) and total vit A dietary analyses as well as the populations used for Stage 1 (purple) and 2 (red) 

of the SNP analyses. 

2.1.5 Statistical analyses 

In order to assess the role of vit A intake in lung homeostasis at a population level we 

took both an observational and a genetic association approach. Firstly, we analysed 
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the direct association of daily vit A intake with FVC and FEV1/FVC. This was further 

investigated by categorising vit A intake levels in ordered groups, to see if there was 

an incremental effect or if there was evidence of a threshold effect on lung function, 

and by stratifying the analyses by smoking status, to identify any associations between 

intake and lung function in those who undergo repeated injury and repair due to 

smoking.  

Genetic analyses were then used to study the effects of SNPs in RA pathway genes 

on lung function. SNPs were investigated individually as well as cumulatively, using a 

genetic risk score. Following this, the interaction effect of individual SNPs with dietary 

intake on lung function was assessed.  

All analyses were performed in Stata (StataCorp. 2019. Stata Statistical Software: 

Release 16. College Station, TX: StataCorp LLC) unless otherwise indicated. 

2.2 Association between vit A intake and lung function 

We initially considered single average daily values for retinol, carotene, converted 

carotene and total vit A intake, which represented the mean intake value across the 

1-5 dietary recall forms. We estimated the association of retinol, carotene, converted 

carotene or total vit A intake with FVC and FEV1/FVC using multiple linear regression 

analyses adjusted for possible confounders, where FVC or FEV1/FVC was regressed 

against mean vit A intake, sex, age (years), age2, standing height (cm), weight (kg), 

smoking status (current, former, never), and centre. We also included in the model the 

first 10 ancestry principal components (PCs) to adjust for population ancestry 

structure, consistent with our genetic analyses.  

To investigate the presence and magnitude of measurement error in vit A intake data 

from the dietary questionnaires, we repeated the regression analysis within subgroups 

defined by the number of completed dietary 24 hr recall forms (from at least 1 to all 5). 

Information taken from 1 occasion is likely to be a less accurate representation of 

average diet than from forms completed on multiple occasions. Therefore, the degree 

of measurement error in the dietary data is likely to decrease as the number of 

completed dietary forms increases. However, increasing the number of completed 

forms required for inclusion in the analysis results in a decrease in sample size (Figure 

2.2). We investigated the possible presence and impact of measurement error by 
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repeating the analyses on subsets of participants defined by the different number of 

dietary forms completed, and by comparing the results across these subsets. 

Due to evidence of measurement error, we decided to use a method for measurement 

error correction which allowed us to maximise the sample size while accounting for 

the measurement error in our data. To do this, we chose to use a generalised structural 

equation model (GSEM), implemented with the gsem command in Stata. GSEM uses 

information from the replicated measurements of vit A intake to deal with measurement 

error, by creating a latent variable that represents “error-free” vit A intake [346]. This 

latent variable, which represents the “corrected” vit A intake, is then used directly in 

the regression model to estimate the association of vit A intake with FVC or FEV1/FVC. 

To improve the capability of the GSEM analysis to model the measurement error, we 

restricted the analyses to individuals who had completed at least 2 dietary recall forms.  

As socioeconomic status (SES) could act as a confounding factor for the association 

of vit A with lung function, in a sensitivity analysis the GSEM was repeated by also 

adjusting for the Townsend deprivation index variable and an education status 

variable. The Townsend deprivation index is a measure of deprivation in a population 

based on unemployment, non-car ownership, non-home ownership and household 

overcrowding. Based on age at completed full-time education, the education 

categorical variable was defined as low (high school, age 0-16), medium (college, age 

17-19) and high (university, age 20+) education, removing participants who responded 

with “don’t know” or “prefer not to answer”.  

As a secondary analysis, we grouped subjects based on their total vit A intake 

(μg/day), with categories defined in 150μg increments (<150, 150-300, 300-450, 450-

600, 600-750 and >750) and the reference group corresponding to the UK vit A 

recommended daily intake of 600-750μg/day [347]. As the GSEM method 

implemented in Stata cannot be used to correct for measurement error in a categorical 

risk factor (categorical vit A intake), the linear regression model described earlier was 

used instead for this secondary analysis. Based on the evidence of measurement error 

in our vit A intake data, the linear model used in this analysis was limited to participants 

with at least 3 completed dietary forms, as this seemed to represent the best trade-off 

between limiting measurement error and having sufficient sample size. 
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In line with the focus of this PhD on the role of RA in lung homeostasis and repair, we 

also wanted to assess the effect of vit A intake in a model of injury and repair. Smoking 

is a good “epidemiological model” since it represents a chronic and repetitive injury to 

the lungs, with higher and more frequent requirement for a functional repair response. 

To assess if the effect of vit A intake on lung function differed by smoking, we stratified 

the total vit A intake dietary analysis by smoking status (never, previous or current). 

This was done using both the GSEM analysis and the linear regression model limited 

to at least 3 completed dietary forms. 

2.3 Association between RA pathway genes and lung function 

2.3.1 Selection of RA pathway genes  

The RA metabolism and signalling pathway is extremely well characterised. Genes 

involved in the RA signalling and metabolism pathway were identified based on a 

review of the available literature (Section 1.4) [94, 99, 100, 102, 104, 107, 108, 111, 

124, 125, 128, 129, 348, 349], along with expert knowledge available within our group, 

which has studied this pathway for many years. The initial list of genes was cross-

referenced against pathway information obtained from KEGG [350], which did not 

result in the addition of any other genes thus confirming that the list was 

comprehensive. With this knowledge, we compiled a list of 36 target genes involved 

in vit A conversion into retinol, its storage, RA transport to target cells, the pathways 

involved in RA dependent gene activation along with RA metabolism and degradation. 

Two potential genes, HDAC6 and HDAC8 were excluded due to their location on the 

X chromosome, data on which were not included in the UKB dataset used for these 

analyses. The selected genes are listed along with their role in the RA signalling and 

metabolism in Table 2.1. 
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Table 2.1 RA pathway genes used in analyses 

 

2.3.2 SNP selection  

Gene positional information obtained using the Ensemble database for assembly 

GRCh37.p13 (https://grch37.ensembl.org/Homo_sapiens/Info/Index), was cross-

referenced with genetic data available in the UKB dataset to generate a list containing 

10,533 SNPs present in our 36 genes of interest. The effect estimates of these SNPs 

on FVC and FEV1/FVC were obtained in the non-dietary dataset (Stage1) using BOLT-

LMM, which implements a linear mixed model that accounts for relatedness as well as 

Gene Name Function 

BCMO1 β-carotene 15,15′-monooxygenase Converts beta-carotene into retinal 

CRBP1 Cellular retinol binding protein 1 

Transport of retinol in the blood to from liver to RA 

producing cells 

CRBP2 Cellular retinol binding protein 2 

CRBP3 Cellular retinol binding protein 3 

CRBP4 Cellular retinol binding protein 4 

STRA6 Stimulated by Retinoic Acid 6 Transport of retinol from blood into RA producing cells 

ADH-1 Alcohol Dehydrogenase 1 
Conversion of retinol to retinal 

ADH-4 Alcohol Dehydrogenase 4 

RALDH1 Retinaldehyde Dehydrogenase 1 

Convert retinal to retinoic acid RALDH2 Retinaldehyde Dehydrogenase 2 

RALDH3 Retinaldehyde Dehydrogenase 3 

LRAT Lecithin retinol acyltransferase Esterification of all-trans-retinol into all-trans-retinyl ester 

CYP26A1 Cytochrome P450 Family 26 Subfamily A Member 1 

Retinoic acid clearance/degradation CYP26B1 Cytochrome P450 Family 26 Subfamily B Member 1 

CYP26C1 Cytochrome P450 Family 26 Subfamily C Member 1 

CRABP1 Cellular Retinoic Acid Binding Protein 1 Transfer of RA into the nucleus of RA target cells for 

gene induction CRABP2 Cellular Retinoic Acid Binding Protein 2 

EZH1 Enhancer of zeste 1 polycomb repressive complex 2 subunit Interchangeable with EZH2/EZH1 as subunit of polycomb 

repressive complex 2 EZH2 Enhancer of zeste 2 polycomb repressive complex 2 subunit 

EED Embryonic Ectoderm Development 
Subunits of polycomb repressive complex 2 

SUZ12 SUZ12 polycomb repressive complex 2 subunit 

HDAC1 Histone deacetylase 1 

Differentially bind to various RAREs in proximal 

promoters or enhancer regions of RA-regulated genes 

HDAC2 Histone deacetylase 2 

HDAC3 Histone deacetylase 3 

HDAC7 Histone deacetylase 7 

NCOR1 Nuclear receptor co-repressor 1 Represses RA gene induction in the absence of RA 

binding NCOR2 Nuclear receptor co-repressor 2 

NCOA1 Nuclear Co-Activator 1 

Promotes RA gene induction in the presence of RA 

binding 
NCOA2 Nuclear Co-Activator 2 

NCOA3 Nuclear Co-Activator 3 

RARα/β/γ Retinoic Acid Receptor α/β/γ RA binding at RAREs with RXR 

RXRα/β/γ Retinoid X Receptor α/β/γ RA binding at RAREs with RAR 
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fine-scale population structure [351]. The analyses were adjusted for age, age2, sex, 

height, genotyping batch, and centre.  

For each gene, the SNPs with the most significant effect on lung function for FVC and 

FEV1/FVC separately were selected. This list was then supplemented with additional 

independent, nominally significant SNPs (2-sided p≤0.05), where independence was 

assessed by looking at the correlation between SNPs within the gene, referred to as 

linkage disequilibrium (LD), using the online FUMA genome wide association study 

(GWAS) tool with the UKB release2b 10k European reference panel [352]. These 

additional independent nominally significant SNPs were defined as any SNP within a 

region of 10,000 bp not in LD (r2<0.05) with the most significant SNP previously 

identified in the gene. The LD between SNPs identified by FUMA was then verified 

using our UKB genetic data, and only SNPs not in LD (now defined using a stricter 

threshold of r2<0.01) were considered to ensure independence. Separately for FVC 

and FEV1/FVC, all significant independent SNPs per gene were selected for 

replication in Stage 2. 

In the replication stage (Stage 2), the same BOLT-LLM model was used to test the 

association of the SNPs selected in Stage 1 with both lung function outcomes in the 

dietary dataset. Criteria for replication were defined as a 1-sided p≤0.05 and having 

the same direction of effect as found in Stage 1. We also applied Bonferroni correction 

to account for multiple testing, where the corrected significance threshold is calculated 

as 0.05 divided by the number of SNPs considered for replication. SNPs that were 

nominally significant in Stage 2 (p≤0.05) for either FVC or FEV1/FVC were further 

investigated to assess their cumulative effect by constructing a genetic risk score. 

2.3.3 Genetic risk score (GRS) 

To assess the combined effect of all SNPs replicated at nominal significance level, we 

generated a weighted GRS in the dietary dataset [353]. The weighted GRS was 

created by multiplying, for each SNP, the number of lung function increasing alleles 

(“protective alleles”) by the effect estimate on lung function derived from the Stage 1 

analysis in the non-dietary dataset. Individuals were then divided into deciles based 

on their weighted GRS to assess the effect of an increasing number of protective 

alleles on lung function. The weighted GRS was included in a linear regression model 

adjusted for age, age2, sex, height, genotyping batch, centre and 10 PCs. By 
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comparing the effect of the GRS on lung function in each decile with the 1st decile 

(subject with the lowest number of protective alleles), we were able to interpret the 

dose-effect relationship of the replicated SNPs on lung function. 

2.4 SNP-vit A interaction effects on lung function  

We investigated the interaction effects of SNPs in RA pathway genes with retinol, 

carotene or total vit A intake on lung function. This was done in the dietary dataset 

using the SNPs previously identified as nominally significant in Stage 2 for FVC and 

FEV1/FVC. We performed the interaction analysis using GSEM to account for 

measurement error (analysis was limited to individuals who had completed at least 2 

dietary forms as before). Vit A intake, the SNP and the SNP–vit A interaction variables 

were all included in the model, adjusting for sex, age, age2, weight, height, smoking 

status, centre, genotyping batch and 10 PCs. In addition, we also performed 

secondary analyses using the linear regression analysis restricted to individuals who 

completed at least 3 dietary recall forms. 

Lab Based Methods 

2.5 Cell Culture 

2.5.1 Human Alveolar Adenocarcinoma Epithelial Cells  

Human alveolar adenocarcinoma epithelial cells (A549 cells, purchased from 

American type culture collection) are a type 2 alveolar epithelial cell line [86, 354]. 

Cells taken from liquid nitrogen containing 500,000 cells were thawed for 2 minutes 

(min) in a water bath at 37°C and transferred to T75 cell culture flasks containing 14ml 

pre-warmed Dulbecco Modified Eagle Medium (Sigma; 31966-021) (DMEM) with 10% 

foetal bovine serum (FBS) (Gibco; 11533387) and 1% penicillin/streptomycin 

(pen/strep) (Life Technologies; 15140122). Media was then replaced after 16-24 hr. 

Once cells were 80-90% confluent (2-3x106 cells in a T75 flask), cells were passaged 

by removing the media and incubating cells in 5ml trypsin (Invitrogen; 25300-054) for 

up to 4 min at 37°C with gentle tapping to detach cells. A double volume (10ml) of 

DMEM with 10% FBS was then added directly to the flask to neutralise the trypsin 

reaction. The cell suspension was then transferred to a falcon tube and centrifuged at 

1800 rpm for 2 min. The supernatant was discarded and the cell pellet was re-

suspended in 1ml DMEM containing 10% FBS. Cell number was determined using a 
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haemocytometer and then seeded at 500,000 cells/ T75 flask in 15ml of DMEM with 

10% FBS. 

For cryopreservation, the pellet was re-suspended in a freezing solution of FBS 

containing 10% dimethyl sulfoxide (DMSO) and placed in cryovials at 500,000 cells in 

1ml. Cells were frozen overnight at -80°C in a freezing container (Mr. FrostyTM, 

ThermoFisher Scientific; 5100-0001) with isopropanol and transferred to liquid 

nitrogen for long term storage. 

2.5.2 Human Umbilical Vein Endothelial Cells 

Vials containing 500,000 primary human umbilical vein endothelial cells (HUVECs) 

supplied at passage 2 were thawed in a water bath for 2 min at 37°C (Promocell; C-

12200). The cells were immediately transferred to a falcon tube containing 2ml of pre-

warmed Endothelial Growth Media (EGM) (Promocell; C-22010). This was then split 

equally between two T25 cell culture flasks containing 5ml pre-warmed EGM. Cells 

were incubated at 37°C, 5% CO2 and the media was replaced after 16-24 hr and 

changed every 2-3 days in between passaging. Once cells reached ~80-90% 

confluence (1-1.5x106 cells in a T25 flask), they were trypsonised and seeded into a 

T75 flask. Once confluent these cells were either passaged again or cryopreserved. 

Cells were cryopreserved as described above for A549 cells 

To split HUVECs, Media from the confluent flasks was aspirated and cells were 

washed once with phosphate buffered saline (PBS) (ThermoFisher Scientific; 10010-

15). Trypsin was added to the cells which were left to detach at 37°C for no more than 

4 min. Cells were monitored under a microscope. Once cells began to detach, the flask 

was tapped lightly to further loosen detaching cells. An equal volume of trypsin 

neutralising solution was then added to the flask. The cell suspension was aspirated 

into a falcon tube and centrifuged at 1800 rpm for 2 min to generate a cell pellet. 

For subculture, the supernatant was discarded and cells were re-suspended in 1ml of 

EGM. The total number of cells in solution were calculated using a haemocytometer 

for further culture in T75 flasks at 500,000 cells in 15ml EGM per flask.  

Cells thawed from liquid nitrogen were passaged twice before use in experiments and 

were not used beyond passage 6-8 (assuming 2 population doublings per passage) 



81 
 

due to potential changes in cellular phenotype e.g. morphology, receptor expression 

or cellular identity. 

2.5.3 Human Pulmonary Microvascular Endothelial Cells 

Vials containing 500,000 primary human pulmonary microvascular endothelial cells 

(HPMVECs) supplied at passage 2 were thawed in a water bath for 2 min at 37°C 

(purchased from Promocell; C-12281). Cells were cultured according to the same 

protocols as described for HUVECs using Endothelial Growth Media-Microvascular 

vessels (Ready to use) (EGM-MV) (Promocell; C-22020). 

To passage HPMVECs, EGM-MV and the detach kit (Promocell; C-41200) were 

warmed to room temperature (RT) for 30 min. Media from the confluent flasks was 

aspirated and cells were washed once with PBS. Trypsin/ Ethylenediaminetetraacetic 

acid (EDTA) solution (Promocell; C-41200) was added to the cells which were left to 

detach at RT for no more than 4 min. Cells were monitored under a microscope. Once 

cells began to detach, the flask was tapped lightly to further loosen the cells. An equal 

volume of trypsin neutralising solution (Promocell; C-41200) was then added to the 

flask. The cell suspension was transferred to a falcon tube and centrifuged at 220 xg 

for 3 min to generate a cell pellet. 

For subculture, the supernatant was discarded and cells were re-suspended in 1ml of 

EGM-MV. The total number of cells in solution were calculated using a 

haemocytometer for further culture. 

For cryopreservation, cell pellets were re-suspended in Cryo-SFM (Promocell; C-

29910) and transferred to cryo-vials with 500,000 cells/vial (1ml). Vials were frozen 

overnight at -80°C in a Mr. FrostyTM containing isopropanol and transferred to liquid 

nitrogen for long term storage.  

HPMVECs were only used for experiments up to passage 8 as beyond this cell 

expression of the markers for CD31 (PECAM-1), Von Willebrand factor stops. CD31 

is a cell surface adhesion molecule and von Willebrand factor is a secreted anti-

haemophilic molecule that contributes to haemostasis [64, 355]. Both of these are 

common markers used to identify endothelial cells. 

HPMVECs used for gene expression analysis were cultured in fibronectin-coated 

(2μg/ml; Sigma; F1141) 6-well plates seeded at 200,000 cells per well until 90% 
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confluent (~ 4 days). Cells were washed using PBS and then starved using endothelial 

basal media-microvascular (EBM-MV; Promocell; C-22220) for 24 hr to ensure 

depletion of retinoids in the culture medium. Cells were then incubated with 2ml EBM-

MV containing 10μM RA (Sigma; R2625) for 4 hr before RNA extraction (Section 2.12). 

2.6 Conditioned media 

6-well plates were coated with fibronectin (2μg/ml) and incubated at 4°C for 3 hr. 

HUVECs were cultured in EGM at a density of 200,000 cells on pre-coated 6-well 

plates. Cells were incubated at 37°C, 5% CO2 for 24 hr until confluent. HUVECs were 

starved using serum free endothelial basal media (EBM) (Promocell; 22210) for 3 hr 

before treatment. EBM containing 10μM RA was conditioned by incubation with 

HUVECs for 1/4/24 hr. EBM containing 0.01% Ethanol (EtOH) (Sigma; 51976) was 

conditioned as a solvent control and EBM containing 10μM RA was also incubated 

without cells as a negative control. Volumes of conditioned media required were 

calculated in advance for 4 technical replicates of each condition in the scratch assay 

experiment with 500μl required per well. 

Conditioned media was then collected from the HUVECs and centrifuged at 1800 RPM 

for 2 min to remove any cell debris. The conditioned media supernatant was then 

immediately used in scratch assay experiments. 

The concentration of the resulting conditioned media was increased by incubating cells 

in decreasing volumes of EBM (2ml, 1ml and 0.5ml). 

2.7 Scratch assay 

2.7.1 A549/HUVEC response to RA 

Cells (A549 or HUVECs) were seeded in 24 well plates coated with collagen (50μg/ml, 

A549 cells; Gibco; A1048301) or fibronectin (2μg/ml, HUVEC) at a density of 100,000 

cells per well and allowed to grow to confluence overnight (DMEM with 10% FBS for 

A549 cells, EGM for HUVECs). Cells were starved by culturing in serum free (SF)-

DMEM (A549 cells) or EBM (HUVEC) for 3 hr prior to treatment to ensure the presence 

of retinoids in the culture media did not obscure the response to exogenous RA. 

Following this, a single scratch was made across the centre of each well using a P1000 

pipette tip. Immediately after scratch injury, cells were washed twice using SF-DMEM 

(A549 cells) or EBM (HUVECs) to remove any debris. HUVECs were then incubated 
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with either EBM or EBM containing RA at a range of concentrations (3-20μM) for 24 

hr. Cells treated with EBM, 0.01% EtOH and EGM were used as negative, solvent and 

positive controls respectively. Similarly, A549 cells were incubated with either SF-

DMEM or SF-DMEM containing 10μM RA. Cells treated with SF-DMEM/, 0.01% EtOH 

and DMEM containing 10% FBS were used as negative, solvent and positive controls 

respectively. The rate of wound closure was monitored at 30 min intervals using the 

JuLI™ Stage Automated Cell Imaging System. The % wound healed was then 

calculated using JuLI™ STAT software which tracks wound area in the images taken 

over the 24 hr period (Figure 2.3). 

2.7.2 A549 cell response to HUVEC conditioned media 

A549 cells were cultured in DMEM containing 10% FBS at a density of 100,000 cells 

on pre-coated 24-well plates as described above for 24 hr. Once confluent, a single 

scratch was made across the centre of the well using a P1000 pipette tip. Cells were 

washed twice using SF-DMEM. Cells were then treated with conditioned media taken 

from HUVECs. A549 cells were treated with DMEM containing 10% FBS as a positive 

control and SF-DMEM as a negative control. A549 cells were incubated with treatment 

for 24 hr and images were taken of the scratch wound as described above. 

 

Figure 2.3 JuLITM STAT wound healing analysis. Representative images demonstrating the changes 

in wound area over a 24 hr period which is monitored and calculated by the JuLITM STAT software using 

an inbuilt algorithm. 

2.7.3 A549/HPMVEC transwell co-culture 

0hrs
0% Wound Healed

24hrs
98% Wound Healed

JuLI™ Stat Wound Healing Analysis
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Co-cultures of A549 cells and HPMVECs were conducted using 6.5mm2 transwell 

inserts with 0.4μm pores (Corning; CLS3470) in 24-well plates. Transwell filters were 

coated with fibronectin (2μg/ml) and 24-well plates were coated with collagen 

(50μg/ml) for 1 hr at 37°C. HPMVECs were seeded at a range of test concentrations 

(10,000 - 80,000) for 24 hr to determine optimal cell number required to reach 50% 

confluence overnight in EGM-MV. An initial level of 50% confluence was required as 

the transwells would be cultured for a further 24 hr when added to the co-culture 

system. This would avoid HPMVECs becoming over confluent during the co-culture 

experiment. For the co-culture experiments, HPMVECs were seeded at a density of 

30,000 cells per transwell insert and cultured in EGM-MV for 24 hr. 

A549 cells were seeded at 100,000 cells per well in a 24 well plate and cultured in 

DMEM containing 10% FBS for 24 hr. A single scratch was made across the centre of 

the well and the A549 cells were washed twice using EBM-MV to remove any DMEM. 

The 50% confluent transwells were then transferred to plates containing scratched 

A549 cells. Cells were treated with EBM-MV containing 10μM RA for 24 hr and A549 

would closure was monitored at 30 min intervals with the JuLI™ Stage Automated Cell 

Imaging System. A number of controls were also used as described in Table 2.2. 

Table 2.2 Controls and treatments used in transwell co-culture experiment 

Controls A549 HPMVEC Transwell DMEM (10%FBS) EBM 0.1%EtOH 10μM RA 

Serum Control + - - + - - - 

SF-Control + - - - + - - 

HPMVEC Control + + + - + - - 

Transwell Control + - + - + - - 

Vehicle Control + + + - + + - 

Treatment + + + - + + + 

2.8 Precision-Cut lung slices 

2.8.1 Mice  

All animal maintenance and procedures were carried out according to the 

requirements of the Animal (Scientific Procedures) Act 1986 under the project license 

number PPL 30/3372.  

Adult female C57BL/6 mice aged between 9-11 weeks were purchased from Charles 

River and maintained in filtered cages at Imperial College London.  
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Female and male post-natal day 3 (P3), P7 and adult CD-1 wild type and RARβ retinoic 

acid response element-green fluorescent protein (RARE-GFP) mice were obtained 

through collaboration with Professor Malcolm Maden and maintained at the University 

of Florida Cancer and Genetics Institute. 

2.8.2 Harvest 

The primary method of sacrifice used was intraperitoneal pentobarbital overdose 

injection using a femoral artery cut as secondary confirmation. Lungs were inflated, 

harvested and sliced following previously established protocols [12]. The trachea and 

chest cavity were exposed through the removal of the anterior chest wall. A small 

incision was made in the tracheal wall below the cricoid cartilage. A rigid metal cannula 

(25G for P3, 23G for P7 and 21g for adult mice) was inserted into the trachea up to a 

millimetre above the bronchial bifurcation and held in position using a loose suture. 

Lungs were inflated using 2% low melting point agarose (Sigma; A9414) which was 

prepared using 1x Hanks balanced salt solution (HBSS) containing 1% HEPES (slicing 

buffer) (Life Technology; 14025-050) and was heated to 37°C. Lungs were inflated in-

situ to prevent sub-optimal or over-inflation (P3, 0.2ml, P7 0.275ml, adult 1ml 

agarose). Following inflation, agarose was solidified by applying ice (wrapped in tissue 

to avoid direct contact) to the chest cavity for 1 min. The lungs were then removed and 

transferred to a tube containing ice-cold slicing buffer (1x HBSS containing 1% 

HEPES) and were stored on ice until slicing.  

2.8.3 Generation of PCLS  

Individual lobes were isolated and cut transversely at a thickness of 300µm using an 

automated vibratome (Compresstome® VF-300-0Z; Precisionary Instruments LLC) in 

ice-cold slicing buffer (1x HBSS containing 1% HEPES). PCLS used in experiments 

were taken from the central 2/3 of the lobes to ensure similar sized slices. Left lobes 

generated approximately 30 slices and right lobes generated approximately 24 slices. 

PCLS were transferred into 24-well cell culture plates containing SF-DMEM with 1% 

pen/strep. PCLS were then cultured overnight following slicing at 37°C with 5% CO2 

and washed three times with warm SF-DMEM for 5 min to remove excess agarose 

before use in any experiments. 

2.9 AIR Model 
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The acid injury and repair (AIR) model was used to apply an injury to an isolated 

portion of the PCLS [356] to investigate the different repair responses in adjacent 

injured and uninjured regions of lung tissue. Injury was applied using hydrochloric acid 

(HCl) and the severity of injury was modulated by adjusting the acid concentration 

(0.75M, 0.1M, 0.01M, 0.005M, 0.001M). Following the wash steps previously 

described, all media was removed from the well containing a single PCLS. The 

isolated region was generated using a Pyrex® cloning cylinder (Sigma; CLS31668). 

One end of the cylinder was fully coated in sterile silicone grease. The coated end was 

then carefully placed to enclose the tapered end of the PCLS and gentle pressure was 

applied to create a seal without physically damaging the tissue. 500µl SF-DMEM was 

then added to the outer well and the region inside the cloning cylinder was monitored 

to ensure it remained empty. HCl was diluted to a range of concentrations using a 

combination of SF-DMEM and pluronic gel (Sigma; P2443). Pluronic gel (30% w/v) 

was prepared in advance using SF-DMEM and allowed to dissolve on ice at 4°C 

overnight. Final working concentrations of HCl contained 15% pluronic gel. 100µl of 

HCl was added to the isolated region within the cloning cylinder for 1 min to induce 

injury. Integrity of the seal was monitored by observing liquid retention within the 

cylinder as well as checking DMEM in the outer region for a pink to yellow colour 

change indicating a change in pH and therefore a leak. Ensuring continued 

maintenance of the seal, the isolated region was then washed five times using 200µl 

SF-DMEM to remove the HCl. The cylinder was then removed and the injured PCLS 

was transferred to a new 24-well plate containing fresh SF-DMEM with 1% pen/strep 

for further culture up to 48 hr at 37°C. 

2.10 Pharmacological Treatments 

Following injury using the AIR model, PCLS were treated with pharmacological agents 

to manipulate pathways and cell mechanisms of interest. The pharmacological agents 

and concentrations used are detailed below (Table 2.3). All treatments were made to 

a stock concentration using EtOH as a solvent before further dilution to working 

concentrations using SF-DMEM.  

 

Table 2.3 PCLS pharmacological agents and working concentrations 
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Pharmacological Agent Manufacturer Stock Concentration  Working Concentration 

All-Trans Retinoic Acid Sigma; R2625 10mM (EtOH) 10µM (DMEM) 

4-Diethylaminobenzaldehyde Sigma; D86256 0.3M (EtOH) 3µM (DMEM) 

Cytochalasin D Sigma; C8273 1mg/ml (EtOH) 200 ng/ml (DMEM) 

BMS493 Sigma; B6688 5mM (EtOH) 100µM, 10µM, 1µM (DMEM) 

2.11 PCLS Viability Assays 

To determine PCLS viability following injury and treatment, several viability assays 

were used. Untreated, control PCLS were used as positive controls and PCLS treated 

with 70% methanol to kill the tissue were used negative controls. 

2.11.1 MTT Assay 

To assess changes in metabolic activity following injury and treatment, PCLS of equal 

size were placed in individual wells of a 48-well plate in triplicate for each condition 

being tested. Whole slices were injured using HCl or treated with pharmacological 

agents and incubated at 37°C for 48 hr. Injury was applied to the whole slice to ensure 

complete consistency between different treatments, as there was some variability in 

the physical area of restricted injury between slices with the AIR model. 

MTT measures cell metabolism and as such can be used as an indicator of cell 

viability. Culture conditions that alter the metabolism of the cells, for example 

pharmacological toxicity, will affect the rate of MTT reduction into formazan [357]. Cells 

which are stressed or apoptotic will not maintain the same levels of metabolic activity 

compared to viable, stable cells. Measurement of metabolic activity is therefore a good 

indicator of cell viability. 

48 hr after injury or treatment, PCLS were incubated with 250µl 10% MTT solution 

(Sigma; M2128) diluted with SF-DMEM (stock conc. 5mg/ml) for 1 hr at 37°C. This 

was then removed and PCLS were incubated with an equal volume of DMSO for 10 

min at 37°C to solubilize the formazan crystals which formed within metabolically 

active, viable cells. 200µl of the formazan solution eluted from the PCLS was then 

transferred to a 96-well plate. The absorbance (optical density, O.D. value) of the 

solution was then measured using a SpectraMax ID3 multi-mode plate reader 

(Molecular Devices) at 570 nm, corrected at 690 nm.  
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2.11.2 Live/Dead® Viability Kit 

The LIVE/DEAD® Viability/Cytotoxicity Kit (ThermoFisher Scientific; L3224) was used 

according to manufacturer’s instructions as an alternative method to assess PCLS 

viability and to provide additional spatial information about cell viability in the injured 

and uninjured regions of AIR model injured PCLS. Reagents were allowed to 

equilibrate to RT for 30 min prior to use. PCLS were incubated with 2µM calcein AM 

and 2µM ethidium homodimer-1 (EthD-1) diluted in 250 µl warmed HBSS for 30 min 

at 37 °C in the dark. Slices were then washed twice with PBS followed by fixation with 

4% paraformaldehyde (PFA) for 15 min at RT. PCLS were counterstained with DAPI 

(Sigma; D9542) at a dilution of 1:500 in PBS (stock concentration 10mg/ml) for 15 min 

at RT in the dark. PCLS were then washed with PBS and mounted on glass slides 

using ProLong® Gold Antifade Mountant (ThermoFisher Scientific; P36930). Slides 

were stored in the dark and allowed to dry at RT for a minimum of 30 min. Imaging 

was performed immediately after slides had dried for optimal results. Confocal images 

were obtained with a Leica SP8 inverted confocal microscope using a 40x oil 

immersion objective LAS X software. Widefield whole slice tiled images were 

generated using a Zeiss Axio Observer widefield microscope with a 10x air objective 

and Zen software (blue edition). Images of PCLS were taken along the central z-plane 

of the slice to avoid edge effect staining artefacts. 

2.12 RNA Extraction 

Ribonucleic acid (RNA) extractions were performed using the RNeasy Mini kit 

(Qiagen; 74104) according to manufacturer’s instructions and previously established 

protocols within the lab [358].  

2.12.1 Preparation 

The required volume of RLT/Beta-Mercaptoethanol (β-ME) lysis buffer was freshly 

prepared by adding 10µl β-ME to 1ml of RLT buffer in a fume hood, mixing well. 600µl 

of this solution was used per tube or well in the extraction process. 

A 70% EtOH solution was prepared by adding 35ml of 100% EtOH to 15ml of distilled 

water.  

DNase I stock solution was prepared by dissolving the lyophilised DNase I (1500 

Knutiz units) in 550µl RNase-free water. Water was added by injection with an RNase 
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free needle and syringe through the cap of the vile. Solution was mixed gently by 

inversion (do not vortex). Stocks were stored at -20°C for up to 9 months and at 2-8°C 

for up to 6 weeks once thawed. Aliquots were not refrozen once used. 

2.12.2 Cell/Tissue Lysis 

Total RNA was extracted from WT and RARE-GFP mouse lung tissues, WT injured 

and uninjured PCLS and HPMVECs using the RNeasy mini kit (Qiagen) according to 

the manufacturer’s protocols. 

To shred the whole lung and PCLS tissue, a two-step homogenization was carried out 

using a FastPrep-24TM Tissue Homogenizer (MP Biomedicals) followed by a 

QIAshredder kit (Qiagen; 79654) following the manufacturer’s instructions. Lysing 

matrix D ceramic beads (MP Biomedicals; 116540434) were added to homogeniser 

tubes containing 600µl of RLT/ β-ME lysis buffer. 10mg whole tissue (up to 30mg fresh 

or 15-20mg frozen in RNA later) or 3 PCLS were then added to each tube. Tubes were 

loaded onto the rotor of the homogeniser in a balanced arrangement and secured in 

place. The homogeniser was then run for 40 seconds, stopped for a 1 min interval and 

run for another 40 seconds. The tissue lysates were then centrifuged for 3 min at 

13,000 rpm. 

To extract RNA from HPMVECs, 600µl of RLT/ β-ME lysis buffer was added to each 

well and pipetted up and down gently for 4 minutes to lyse the cells. 

After tissue/cell lysis, 500µl of supernatant was transferred to a QIAshredder column 

and centrifuged at 13,000 rpm for 1 min. The elute was then transferred to labelled 

Eppendorf tubes. An equal volume of 70% EtOH was then added to each tube 

(containing tissue or cell lysate), mixing by gentle pipetting. Up to 700µl of the sample 

was then transferred to an RNeasy spin column placed in a 2ml collection tube and 

centrifuged at 10,000 rpm for 15 seconds discarding the flow through. 

2.12.3 On-Column DNase Digestion 

350µl Buffer RW1 was added to the RNeasy spin column and centrifuged for 15 

seconds at 10,000 rpm to wash the column membrane, discarding the flow through. 

In a fresh Eppendorf, 10µl of DNase I stock was added to 70µl Buffer RDD which was 

mixed by gentle inversion and briefly centrifuged at a low speed to collect residual 

liquid from the sides of the tube. 80µl of DNase I incubation mix was then added 
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directly to the RNeasy spin column membrane and placed on the benchtop at RT for 

15 min. A further 350µl RW1 buffer was then added to the column followed by 

centrifugation for 15 seconds at 10,000 rpm, discarding flow through. 500µl RPE buffer 

was added to the spin column and centrifuged as before to wash the membrane 

discarding the flow through. This was repeated, centrifuging for 2 min at 10,000 rpm 

to dry the membrane ensuring no EtOH carried over to the RNA elution step. The 

column was then transferred to a new 2ml collection tube and centrifuged at 13,000 

rpm for 1 min.  

2.12.4 RNA Elution 

The RNeasy spin column was transferred to a new 1.5ml collection tube and 30µl of 

RNase-free water was added directly to the column membrane before centrifuging for 

1 min at 10,000 rpm to elute the RNA. The eluate was then passed through the column 

again to increase RNA concentration.  

RNA elute from two homogeniser tubes (6 PCLS) was combined in the same 1.5ml 

collection tube at the elution step. RNA was then stored at -80°C until use in reverse 

transcription to generate complementary deoxyribonucleic acid (cDNA synthesis). 

2.12.5 Determining RNA quality  

RNA concentration was measured using a nanodrop (ThermoFisher Scientific) which 

was set to zero using RNase free water. The quality of RNA was determined using the 

Agilent High Sensitivity RNA ScreenTape 2200 Tapestation System (Agilent) 

according to manufacturer’s instructions. This bio-analytical device is based on a 

combination of microfluidic chips, voltage-induced size separation in gel filled channels 

and laser-induced fluorescence detection. RNA samples are stained using an 

intercalating dye which can then be detected using laser-induced fluorescence and 

visualised using electropherograms and gel-like images [359].  

In experiments where limited RNA sample was available, the nanodrop was used to 

determine concentration as it only required 1µl and diluted samples could be used. If 

sufficient sample was available RNA quality and concentration were determined using 

the Tapestation system. 

Tapestation reagents were stored at RT for 30 min and vortexed prior to use. To 

prevent degradation, RNA samples were thawed on ice. The sample was prepared by 
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adding 1µl of High Sensitivity RNA Sample Buffer to 2µl RNA. The solution was spun 

down and vortexed using the IKA vortexer and adaptor at 2000 rpm for 1 min. The 

solution was spun down again to ensure the sample was collected at the bottom of the 

tube. The sample was then denatured by heating at 72°C for 3 min. It was then 

transferred to ice for 2 min and spun down. The sample was loaded along with a high 

sensitivity (0.5-10ng/µl RNA) or regular (>25ng/µl RNA) ScreenTape into the 2200 

Tapestation bioanalyser and the software was run to calculate RNA concentration and 

an RNA integrity number (RIN) on a scale from 1 to 10. Samples with a RIN value ≥ 7 

were considered high quality. The RIN algorithm used by the Tapestation analyses the 

shape of the resulting curves based on a selection of features that contribute 

information about the RNA integrity including the ratio of 18S to 28S fragments in the 

total RNA sample (Higher numbers of smaller 18S fragments can cause issues in later 

stages and indicate poor quality RNA), height of the 28S peak and indicators of 

depredation: fast area ratio and marker height [359].  

2.13 cDNA synthesis 

Using a High-Capacity cDNA reverse transcription kit (Applied Biosystems; 4368814), 

components for the real time master mix were thawed on ice prior to use and the 

volumes required for the total number of reactions were calculated using Table 2.4. 

Once made, the master mix was stored on ice and mixed gently. 

Table 2.4 Real time master mix component volumes required per cDNA synthesis reaction 

Components With RNase Inhibitor Without RNase Inhibitor 

10x Real Time Buffer 2.0µl 2.0µl 

25x dNTP Mix (100mM) 0.8µl 0.8µl 

10x Real Time Random Primers 2.0µl 2.0µl 

Multiscribe Reverse Transcriptase 1.0µl 1.0µl 

RNase Inhibitor 1.0µl -------- 

Nuclease Free H2O 3.2µl 4.2µl 

Total / Reaction 10µl 10µl 

The maximum and preferred concentration of RNA used for cDNA synthesis was 1 

µg/reaction (1000ng). If the yield of RNA was too low (<1000ng), a minimum 

concentration of 0.5 µg/reaction (500ng) was used. 

For each 20µl cDNA synthesis reaction 10µl of 2x real time master mix was added 

along with 1µg RNA to give total volume of 20µl using RNAse free H2O. The reaction 
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mixes were gently agitated by pipetting and the micro tubes were then transferred to 

the thermal cycler to begin the reverse transcription cDNA synthesis reaction which 

was programmed as outlined in Table 2.5. 

Table 2.5 Thermal cycler programme settings for cDNA synthesis 

Step Temperature Time 

1 25°C 10 min 

2 37°C 120 min 

3 85°C 5 min 

4 4°C ∞ 

Following reverse transcription, cDNA concentrations were measured using the 

nanodrop and stock solutions of 50ng/µl cDNA were prepared using TE buffer 

(Invitrogen; 12090015) which were then stored at -20°C. 

2.14 Quantitative real-time polymerase chain reaction  

qPCR experiments were carried out using TaqMan® Fast Advanced Master Mix 

(ThermoFisher Scientific; 4444556) and TaqMan® primers (Table 2.6). 

Table 2.6 List of primers and targets used in qPCR experiments 

TaqMan® Primer Target 

Mm00437762_m1 B2m 

Mm01545399_m1 Hprt 

Mm01296312_m1 RARα 

Mm01319677_m1 RARβ 

Mm00441083_m1 RARγ 

Mm00657317_m1 RALDH1 

Mm00501306_m1 RALDH2 

Mm00474049_m1 RALDH3 

Mm00514486_m1 CYP26A1 

Mm00558507_m1 CYP26B1 

Mm03412454_m1 CYP26C1 

Mm00488144_m1 Sftpc 

Mr03989638_mr GFP 

Mr04097229_mr eGFP 

Hs00187842_m1 B2M 

Hs00939627_m1 GUSB 

Hs00940446_m1 RARA 

Hs00977140_m1 RARB 

Hs00900055_m1 VEGFA 
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cDNA samples and qPCR components were thawed on ice prior to use. cDNA stocks 

(50ng/µl in TE buffer) were further diluted to 20ng/µl using nuclease free water for a 

final working concentration of 90ng cDNA per well. Master mixes were prepared for 

10µl qPCR reactions as shown in Table 2.7. 

Table 2.7 qPCR component volumes per well 

Component Volume per well 

Mastermix 5µl 

Primer 0.5µl 

cDNA 4.5µl 

Each experiment assessing gene expression was repeated using a minimum of 3 

biological replicates performed on separate occasions. cDNA samples for each 

biological replicate were analysed in triplicate for each primer set (technical replicates), 

for every condition being studied as shown in Figure 2.4, using the Viia7 real time-

qPCR machine (Applied Biosciences). Samples were heated at 50ºC for 2 min and 

then 95ºC for 20 seconds which was followed by 40 cycles of 95ºC for 1 second and 

60ºC for 20 seconds. Gene expression levels were normalised to the average CT 

values obtained for two housekeeping genes: B2m and Hprt (mouse) or B2M and 

GUSB (human). Fold change was then calculated by normalising 

injured/treated/genetically modified samples to uninjured/untreated/wild type control 

samples respectively. 

 

Figure 2.4 96-well plate qPCR example layout. Schematic diagram demonstrating how for each 

experiment (biological replicate), gene expression (primer) was analysed in triplicate for each condition 

being studied. 
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2.15 Immunostaining 

Following culture, PCLS were fixed using 4% PFA for 15 min at RT. PCLS were then 

washed 3 times with PBS and stored in PBS at 4°C until staining. 

2.15.1 Immunofluorescence 

PCLS were permeabilised using 0.5% Triton (ThermoFisher Scientific; 28313) for 30 

min at RT with gentle rocking. Slices were then washed three times for five min with 

PBS before incubation with PBS-BT (1% bovine serum albumin (BSA), Sigma; A7030 

and 0.2% Triton) for 1 hr at RT on a plate rocker. Incubation with PBS-BT was 

performed to prevent non-specific primary antibody binding. PCLS were then 

incubated with primary antibodies diluted with PBS-BT (Table 2.8) overnight at 4°C 

with gentle rocking. PCLS were then washed three times for 5 min with PBS-BT to 

remove any unbound antibody. Slices were then incubated with secondary antibodies 

(Table 2.8) for 2 hr at RT with gentle rocking. 

Table 2.8 Antibodies and dilutions used for staining of PCLS and western blots 

Antibody Host / Reactivity Manufacturer Dilution Factor 

Primary Antibodies 

ProSP-C Rabbit Millipore; AB3786 1:500 

Ki67 Rat eBioscience; 14-5698-82 1:500 

PECAM-Alexa 647 Mouse Biolegend; 102416 1:200 

ERG Rabbit Abcam; ab92513 1:250 

Podoplanin Hamster Developmental Studies Hybridoma Bank; No. 8.1.1 1:50 

ADRP Rabbit Abcam; ab52356 1:200 

NG-2-Cy3 Rabbit Merk; AB5320C3 1:50 

CD11c-Alexa 647 Hamster Biolegend; 117312 1:200 

GFP Rabbit Abcam; ab290 1:500 (IHC and WB) 

GAPDH Rabbit Sigma; ABS16 1:30,000 (WB) 

Secondary Antibodies 

Alexa fluor 488 Goat anti-rabbit Invitrogen; A-11008 1:500 

Alexa fluor 488 Goat anti-rat Invitrogen; A-11006 1:500 

Alexa fluor 568 Goat anti-rat Invitrogen; A-11077 1:250 

Alexa fluor 568 Goat anti-hamster Invitrogen; A-21112 1:250 

HRP Goat anti-rabbit Cell Signalling Technologies; 7074S 1:5000 (WB) 

PCLS were washed as before and counterstained with the nuclear marker DAPI 

(10mg/ml) at 1:500 in PBS-BT for 15 min at RT in the dark. PCLS were then briefly 

washed with PBS and mounted on glass slides using ProLong® Gold Antifade 

Mountant (ThermoFisher Scientific; P36930). Slides were stored in the dark and 
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allowed to dry at RT for a minimum of 30 min before imaging. Confocal images were 

taken using a Leica SP8 inverted confocal microscope using a 40x oil immersion 

objective and LAS X software. Images were taken along the central z-plane of the slice 

to avoid edge effect staining and artefacts from the slicing process. 

2.15.2 Wax Embedding 

Protocols used were developed and provided by Lorraine Lawrence from the NHLI 

histology service. Fixed PCLS were embedded in 2% low melting point agarose, 

ensuring the slice was lying completely flat at the bottom of the mould. Once cooled, 

blocks containing PCLS were cut into small rectangles. One corner was shaved off to 

indicate correct orientation with the slice at the bottom of the block. PCLS were 

embedded in agarose to prevent heat damage to the tissue during processing and 

paraffin wax embedding. Agarose embedded slices and whole fixed tissue samples 

were then stored in 70% EtOH at 4°C until processing and wax embedding as 

described in Table 2.9. 

Table 2.9 Agarose embedded PCLS and tissue paraffin wax processing steps 

Step Treatment Temperature Time 

1 70% EtOH 40°C 1 hr 

2 70% EtOH 40°C 1 hr 

3 90% EtOH 40°C 1 hr 

4 90% EtOH 40°C 1 hr 

5 100% EtOH 40°C 1.5 hr 

6 100% EtOH 40°C 1.5 hr 

7 100% EtOH 40°C 1 hr 

8 Xylene 40°C 45 min 

9 Xylene 40°C 45 min 

10 Xylene 40°C 30 min 

11 Wax 60°C 1 hr 

12 Wax 60°C 1 hr 

13 Wax 60°C 1 hr 

14 Wax 60°C 1 hr 

15 Wax RT ∞ 

Paraffin embedded PCLS and tissue samples were sectioned and mounted on slides 

at a thickness of 5µm. Sections were taken from the central 2/3 of wax embedded 

whole lobes and 300µm thick PCLS. Sections were then de-waxed and re-hydrated 

before antigen retrieval, staining and dehydration as described in Table 2.10. 



96 
 

Table 2.10 De-waxing, rehydration and dehydration steps for immunohistochemistry sections 

Step Reagent Time 

Rehydration 

1 Aqua Clear 5 min 

2 Aqua Clear 5 min 

3 100% EtOH 5 min 

4 90% EtOH 5 min 

5 70%tOH 5 min 

6 Water 5 min 

7 Antigen Retrieval 

8 Staining 

Dehydration 

9 70% EtOH 5 min 

10 90% EtOH 5 min 

11 100% EtOH 5 min 

12 Aqua Clear 5 min 

13 Aqua Clear 5 min 

2.15.3 Antigen Retrieval 

Following de-waxing and rehydration, antigen retrieval was performed immediately 

prior to staining. Citrate buffer was made in advance to a concentration of 10mM by 

adding 2.94 g of trisodium citrate (dihydrate) to 900ml of distilled, deionised water 

(ddH2O). The pH was adjusted to 6.00 using 1M HCl. 0.5ml tween-20 was added to 

the solution which was then brought to a final volume of 1L using water resulting in a 

10mM citrate buffer solution containing 0.05% tween. A 100mM stock without tween 

(added to 10mM solution before use) was also generated for long term storage at 4°C 

which could then be diluted with water.  

Slides were placed in a slide chamber containing 10mM citrate buffer and heated in a 

microwave for 6 min at 60% power. Buffer levels were monitored for evaporation and 

overflow. The chamber was removed, topped up and re-heated for a further 6 min on 

60% power. Slides were cooled in the buffer to RT and washed with PBS for 2 min 

before staining. 

2.15.4 GFP Immunohistochemistry 

Sections were outlined on the slide using a wax pen, incubated with 3% H2O2 for 3 

min and washed 3 times with PBS for 5 min. Staining was performed according to 

manufacturer’s instructions using reagents from the VECTASTAIN® ABC Elite® 
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universal kit (Molecular dimensions; VEC-PK-6200). Slides were incubated with 

blocking solution (3 drops/150µl stock blocking serum in 10ml PBS) for 1 hr at RT. 

Blocking solution was then removed by blotting and wax outlines were re-drawn 

around sections. Slides were then incubated with a green fluorescent protein (GFP) 

primary antibody diluted 1:500 in blocking solution (Table 2.8) overnight at 4°C. The 

following day, slides were washed 3 times in PBS for 5 min and incubated for 30 min 

at RT with a biotinylated antibody. Biotinylated secondary antibody from the 

VECTASTAIN® ABC Elite® kit was diluted with 2 drops of serum (100µl) and 1 drop 

of antibody (50µl) added to 10ml of PBS. During this incubation, the ABC reagent was 

made up by adding 2 drops (100µl) of reagent A to 5ml PBS followed by 2 drops of 

reagent B (100µl). The solution was mixed immediately and left to sit at RT for 30 min 

before use. After incubation with the biotinylated antibody, sections were washed with 

PBS as before and incubated with the ABC reagent for 30 min at RT followed by 

washing. Peroxidase substrate incubation was carried out using the 3,3’ 

Diaminobenzidine (DAB) substrate kit (BD Pharmingen; 550880) which was diluted by 

adding 1 drop (40µl) of DAB Chromogen to every 1ml DAB Buffer used.  

Starting with one slide, DAB substrate solution was added, and the substrate 

development was monitored under the microscope until adequate colour intensity was 

obtained (5-15 min). The reaction was stopped by draining off the DAB substrate and 

placing the slides in water. Light exposure was limited as much as possible once DAB 

substrate was added. All slides were then stained for the same period of time in the 

dark to ensure consistency and allow comparison between samples. As a negative 

control, “no primary antibody” control sections were also stained with biotinylated 

secondary antibody and DAB substrate solution. Sections were then dehydrated 

(Table 2.10) and mounted for imaging using DPX high viscosity mounting media 

(Solmedia; REA213). Images were taken with 20x and 40x objectives using a Leica 

DFC300 light microscope. 

2.16 Image Quantification 

Images were taken in the injured, and uninjured regions of acid-injured PCLS. Control, 

uninjured and methanol treated PCLS were also imaged as injury negative and 

positive controls respectively. For each experiment (biological replicate), 3 PCLS were 

used for each condition studied with 3 images taken per region for each slice. For 
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example, in each PCLS injured using the AIR model, 3 images were taken in the acid-

injured region and 3 were taken in the uninjured region. Similarly, 3 images were taken 

of relevant control PCLS. Images were then quantified by calculating the total number 

of cells positive for the marker of interest per image and expressing this number as a 

percentage of the total number of cells per image. For example, the number of Ki67 

positive cells expressed in an image as a percentage of the total cell number (DAPI) 

in the image. This quantification was carried out manually or using an automated/semi-

automated method. The mean % positive cells was then calculated for each biological 

replicate. 

2.16.1 Semi-automated Quantification 

Using the ImageJ counting macro, the number of positive cells for each marker of 

interest were manually counted. This number was then expressed as a percentage of 

the total cell number in each image. The total number of cells in each image (DAPI 

positive nuclei) were calculated using automatic quantification. 

2.16.2 Automated Quantification 

Automated quantification was carried out using an ImageJ macro for counting 

fluorescently labelled cells in PCLS. This macro was developed by Stephen Rothery 

(Faculty for imaging by Light Microscopy, Imperial College London). The macro 

quantification was based on finding the maxima in each channel of an image. The 

sensitivity for the detection of positive cells in each channel was optimised for each 

experimental repeat using a test group of control images. Positive, counted cells were 

marked with cursors in exported images which were checked to ensure accurate 

counting. When counting cells in widefield images, automated counting was optimised 

to ensure that only the cells on the same focal plane were counted. 

2.17 Western Blot 

2.17.1 Protein Extraction 

Tissue was transferred to pre-cooled 2ml microcentrifuge tubes containing 1.4mm 

ceramic (zirconium oxide) beads in 140µl of chilled lysis buffer. 5ml lysis buffer 

contained 100µl 50x protease inhibitor cocktail (Roche; 4693159001), 50µl 0.01M 

phenylmethylsulphonyl fluoride (Sigma; 10837091001), 50µl Igepal CA630 (Sigma; 

I8896-100ML), 20µl 0.5M EDTA (Sigma; E6758-100G) and 4780µl PBS. Tubes were 
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placed in a homogeniser for 1 min and centrifuged at 4°C for 30 min at 14,000 x g. 

The supernatant was collected and stored at -80°C for protein quantification and gel 

electrophoresis. 

2.17.2 Protein Quantification 

Protein quantification of tissue lysates were carried out using the Bradford method a 

colorimetric assay in which protein in the sample binds to Coomassie Brilliant Blue G-

250 dye. This process changes the pH of the solution to acidic and the maximum 

absorbance is detected at 595nm. As the protein content of the solution increases, the 

absorbance of the solution also increases.  

A protein standard was generated using BSA diluted to known concentrations in lysis 

buffer (diluted 10:1 with ddH2O) in a serial manner 1:2 ranging from 2mg/ml to 0mg/ml 

(diluted lysis buffer). Samples for quantification were diluted 1:20 on ice using ddH2O. 

The concentrations of protein samples were quantified using the Pierce BCA Protein 

Assay Kit (Thermo Fisher Scientific; 23227) according to the manufacturer’s 

instructions. The bicinchoninic acid (BCA) working reagent (WR) mix was prepared by 

diluting reagents A:B in a ratio of 50:1. 200µl of WR mix was added to each well of a 

96-well micro-titre plate. In triplicate, 25µl of BSA standard or sample was added to 

each well. The plate was left at RT for 30-seconds, shaking gently until a colour change 

was observed. The plate was then transferred to the dark and incubated for 30 min at 

36.5°C. Absorbance was measured at 562nm using a spectrophotometer (Tecan Life 

Sciences). Sample protein concentration was calculated by comparing the 

absorbance levels to those of known BSA standard concentrations. 

2.17.3 Gel Electrophoresis 

Pre-cast Nu-PAGE 4–12% Bis-Tris Protein gels (Life Technologies; NP0321BOX) 

were drained and excess urea was removed from the wells by flushing 3 times with 1x 

NuPAGE MES SDS running buffer (Life Technologies; NP0002). Gels were loaded 

into the electrophoresis tank filled with running buffer. Loading buffer was made by 

diluting 4x Laemmle Sample Buffer 9:1 with β-ME. Samples were diluted so that 6µl 

contained 30µg of protein. This was added to 4.2µl loading buffer and the volume was 

made to 15µl using water (4.8µl). If a larger volume was required for 30µg of protein, 

less water was added. These volumes were then multiplied by the number of wells 

required for the gel. β-ME concentrations were calculated to be 2-5% of the final 
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sample volume of 15µl added to each well. The sample-loading buffer mix was then 

vortexed and spun down before heating for 5 min at 95°C. Samples were loaded onto 

the gel (15µl/well) and separated at 135V for 2 hr and 30 min (160mA, 50W). A ladder 

containing proteins of known molecular weights was loaded into the first well of the gel 

(5µl) for quantification purposes.  

2.17.4 Protein Transfer 

Transfer of proteins onto a membrane for staining was carried using a PVDF iBlot 

Transfer stack (Life Technologies; IB401002). The gel was removed from the plastic 

casing and transferred to the bottom component of the stack. Filter paper was placed 

on top of the gel and air bubbles were removed using a roller. The top component of 

the stack was placed on top of the filter paper and rolled into place. The stack was 

placed in the iBlot dry blotting system (Invitrogen) and run for 7 min. Following transfer, 

the membrane was submerged in 1xTBS (20Mm Trizma base and 137mM sodium 

chloride (NaCl) in ddH20, pH 7.4).  

2.17.5 Membrane Staining 

The membrane was transferred to blocking buffer (TBS containing 0.1% tween and 

5% BSA) in a falcon tube, protein side in and placed on a roller for 1 hr at RT. Primary 

antibodies were diluted in TBS-T (TBS containing 0.1% tween) as described in Table 

2.8. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading 

control for protein quantitation. The membrane was incubated on a roller with primary 

antibodies in a falcon tube overnight at 4°C. Membranes were washed with TBS-T 5 

times for 5 min with gentle agitation on a shaker. Secondary Antibodies were diluted 

in TBS-T (Table 2.8) and membranes were incubated for 1 hr at RT on a roller followed 

by washing with TBS-T as before. Immediately prior to imaging, ECL prime (Sigma; 

GERPN2236) was made up according to manufacturer’s instructions (1:1 of reagents 

A:B) to a final volume of 800µl/blot. The solution was mixed and added in drops to 

completely cover the surface of the membrane which was then incubated for 5 min in 

the dark. Blots were then immediately imaged using the Odyssey® Fc imaging system 

(LiCOR). Quantification of relative protein expression was done using Image Studio 

Version 5.2.5 with GAPDH as a loading control. 
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2.18 Data analysis  

Data were analysed using GraphPad Prism version 8. Data are presented as mean 

values for each experimental (biological) replicate. Variation within each group being 

analysed was presented as ± the standard error of the mean (SEM). In each condition 

being studied, mean values were calculated for each technical replicate (PCLS), which 

were then used to generate a single value for each biological replicate (n). Statistical 

analysis was performed using 1 value per biological replicate i.e. statistical analysis 

on an experiment which had an n=4, was performed using 4 mean values. Non-

parametric tests were used in all analyses and the tests used are indicated for each 

experiment. ‘p’ values of ≤0.05 were considered statistically significant. Significance 

levels have been annotated on graphs (*p≤0.05, **p≤0.01, ***p≤0.001) and the number 

of biological replicates (n=x) is detailed in each respective figure and figure legend.  
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3.1 Introduction 

3.1.1 Importance of dietary vitamin A 

Vit A is an essential fat-soluble micronutrient which cannot be synthesized by 

vertebrates. In the diet, vit A is available either in the form of pre-formed retinol from 

animal sources such as meat and dairy products, and as the pro-vitamin A carotene, 

primarily β-carotene, from plant sources such as leafy green vegetables and carrots 

[265]. Interestingly, in the developed, western world, 65-70% of vit A intake comes 

from animal sources [88, 360], whereas in less developed, rural regions more than 

70% of the vit A intake comes from plant sources [272, 275]. Most of the consumed 

vit A is stored in the liver as retinol-esters, but carotene has first to be converted into 

retinol via the enzyme BCMO1 (coded by the BCMO1 gene) in the gut [338, 361]. 

Retinol is distributed to target cells and tissues via the blood, where the retinol-esters 

are enzymatically converted to RA. Here, RA is taken into cells and activates 

downstream target genes linked to the modulation of development, homeostasis and 

regeneration [33, 77]. 

Vit A is required for numerous developmental processes such as the formation of the 

early central nervous system [362], and the foregut [35], but also plays a critical role 

in human health related to immune regulation, the maintenance of vision, cellular 

growth and differentiation [363]. Vit A intake is also known to be important for early 

lung development and correct alveologenesis [149], and a large number of animal 

studies have identified RA as a key mediator of lung homeostasis contributing to 

alveolar repair and regeneration [33, 83, 85, 172]. There is also some evidence that 

carotene has a number of roles in the lung prior to conversion and independent of 

retinol, such as slowing age-related lung function decline and decreasing lung cancer 

risk [279, 364]. 

Vit A deficiency is one of the most common nutritional deficits worldwide, especially in 

developing countries [275, 365]. It has been linked to the development of many health 

problems including vision loss, developmental disorders, epithelial defects in a number 

of organs, and an increased susceptibility to infection [274, 348, 366]. Vit A deficiency 

in rats has been shown to disrupt the normal lung physiology resulting in an 

emphysematous, COPD-like phenotype and dysfunctional repair response [146, 367]. 
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Similarly, lung defects were observed in rats which have been reared on a vit A 

deficient diet. These defects were then reversed following injections containing RA 

[263]. Another rat model, where lung development was impaired postnatally using 

dexamethasone, showed that normal lung architecture could be restored when RA 

was administered during adulthood [33]. 

The recommended dietary intake of vit A in the UK is 600µg and 700µg per day for 

women and men, respectively [347]. According to the World Health Organisation, 

biochemical vit A deficiency is defined as serum retinol levels below a cut-off of 0.70 

µmol/L and values lower than 0.35 µmol/L are regarded as a severe deficiency [365]. 

The Golden Rice Project suggests that a minimum intake of 150 µg/day is required to 

prevent severe deficiency, as prolonged intake below this level results in the depletion 

of internal retinol stores; they also suggest that there may be a threshold effect where 

severe deficiency is required for the onset of severe adverse effects [337, 368]. 

Remarkably, even in some developed nations such as the USA, UK, Germany and the 

Netherlands, 25-75% of the population do not reach the recommended daily intake 

[369, 370]. 

3.1.2 Vitamin A and lung function 

The impact of vit A intake on lung function and lung disease in humans has been 

widely studied in children due to the developmental implications of vit A deficiency. In 

populations with prevalent vit A deficiency such as in Nepal and Ethiopia, vit A 

supplementation during gestation [132] and early life [278] has been shown to 

significantly improve lung function in children longitudinally. Less clear is the evidence 

surrounding the effects of vit A intake on adult lung function measured by spirometry, 

with inconsistent results across studies [280-283].  

Spirometry measures are used not only to diagnose and monitor the progression of 

chronic lung diseases in clinical practice [371, 372], but also to investigate lung health 

in population-based epidemiological studies. Forced Vital Capacity (FVC - the total 

volume of air exhaled) is an indicator of restrictive lung impairment (small lung 

volumes) [373], and is also a predictor of morbidity and all-cause mortality in the 

general population even in the absence of lung disease [373]. The ratio of Forced 

Expiratory Volume in 1 second (FEV1 - the volume of air exhaled during the first 
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second) over FVC (FEV1/FVC) is an indicator of obstructive lung impairment (airflow 

obstruction) and is used to spirometrically define COPD [374, 375].  

A number of studies have identified a beneficial effect for vit A intake on FEV1 [279, 

280, 283-286]. While significant positive effects for carotene intake were found in all, 

only 3 of them also detected a small, significant, positive effect for retinol intake [283-

285]. It has also been shown that increased carotene intake is inversely associated 

with age-related FEV1 decline [279]. Some studies investigating vit A as part of broader 

food categories have indicated that higher intake of antioxidant rich foods, including 

those rich in vit A, appear to play a protective role in preventing chronic respiratory 

diseases such as COPD, asthma and bronchitis [283, 287, 288]. These findings 

suggest that reduced vit A and RA availability can negatively impact the lung in adult 

life, with implications that a vit A poor diet could lead to a reduced capacity to maintain 

homeostasis and increased susceptibility to chronic respiratory diseases. 

In addition to a potential role for intake of vit A, there are indications that the genes 

involved in the conversion of vit A into RA may have an effect on adult lung function. 

Single nucleotide polymorphisms (SNPs) within the RA-pathway gene NCOR2 have 

been linked to FVC outcomes in both children and adults [376, 377]. Similarly, 

increased expression of the RA degradation enzyme CYP26B1 has been found in 

emphysematous tissue of COPD patients [86]. There is also the potential for gene 

environment interaction effects on lung function between vit A intake and genetic 

polymorphisms, where a combination of low intake and certain SNPs may result in an 

amplified phenotype. 

3.1.3 Study Aims  

We aimed to investigate the effects of vit A on adult lung function, in particular FVC 

and FEV1/FVC, using data from the large population-based UKB study. Although 

focusing on FEV1 is common in the literature, it fails to distinguish between restrictive 

and obstructive patterns of low lung function [378]. We therefore decided to investigate 

FVC and FEV1/FVC as they are more informative for the investigation of overall lung 

homeostasis. 

First, we performed observational analyses directly investigating the effect of vit A 

intake (retinol, carotene, converted carotene and total vit A intake) on lung function in 
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the general population. We also repeated the analyses with vit A intake used as a 

categorical variable, with individuals in each category being compared to those in the 

category corresponding to the recommended intake requirements of 600-750μg/day. 

As the focus of this PhD is on the role of vit A and RA in lung repair and regeneration, 

we also performed subgroup analysis by smoking status, where smoking was 

considered as an indicator of chronic lung damage and therefore of a repeated 

requirement for a functional repair response. 

Secondly, as SNPs in genes involved in the metabolism and signalling of the vit A 

derivative RA could potentially modulate RA bioavailability, we hypothesized that vit A 

and RA pathway genes may affect lung function in adults. We therefore investigated 

the individual and cumulative effect of SNPs within RA pathway genes on lung 

function. In addition, we investigated whether SNPs in RA pathway genes could modify 

the effect of vit A dietary intake on adult lung function (SNP-vit A interaction). 
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3.2 Results 

3.2.1 Study population characteristics 

Population characteristics were similar between non-dietary (Table 3.1d) and the three 

dietary datasets; retinol only (Table 3.1a), carotene only (Table 3.1b), and total vit A (Table 

3.1c). The median daily retinol intake was 303.7µg (Table 3.1a), whereas the median daily 

carotene intake was 2,549.2µg (Table 3.1b), which is equal to 212.4 µg/day when converted 

to retinol (µg of carotene/12) [337, 338]. The median total vit A intake was 548 µg/day (Table 

3.1c), with individuals obtaining, on average, 56.0% of their total vit A from retinol and 44% 

from carotene converted into retinol (converted carotene).  

3.2.2 Investigating the effect of vit A intake on lung function 

3.2.2.1 Assessment of measurement error 

Linear regression analysis of the effect of vit A on lung function performed by number of 

dietary forms completed was used to investigate the degree of measurement error within 

dietary intake data in UKB.  

In individuals who had completed at least one retinol intake dietary form (n=151,051), a 100 

µg/day increase in retinol intake showed a small but significant effect on FVC (2.7ml, 

p=0.002) (Table 3.2a). This effect became larger and more significant in subjects who 

completed at least 2 (n=91,494; 4.7ml, p=0.3x10-03), and increased further with 3 completed 

forms (n=55,325; 6.3ml, p=3.2x10-04). This trend continued when only individuals who 

completed at least 4 forms (n=24,119) were included, though the statistical significance was 

less strong due to the smaller sample size (8.5ml, p=0.002). The number of individuals who 

completed all 5 forms was extremely low (n=3,684), thus affecting the power of the analysis 

and producing a non-significant effect estimate with very wide 95% confidence interval 

(1.7ml, p=0.818; 95% CI: -12.8 to 16.2). The substantial increase in the effect estimate with 

the increase in the number of forms completed indicates a large degree of measurement 

error within the retinol intake data. 

Similar trends emphasising the degree of measurement error were also observed in 

carotene (unconverted) and converted carotene intake analysis (Table 3.2a). A 100 µg/day 

increase in converted carotene resulted in a significant increase of 5.0ml in participants who 

completed at least one dietary form (p=3.1x10-13; n=153,163), which increased further to 
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9.1ml in those with at least 3 forms (p=3.5x10-10; n=58,723). Unlike with retinol, the effect 

estimate increased even further to 14.5ml for those who completed all 5 dietary recall forms 

(p=0.010; n=4,356). 

These analyses were also repeated to assess the effect of measurement error in retinol, 

carotene, converted carotene and total vit A on FEV1/FVC (Table 3.2b). In each case, 

minimising measurement error as done for FVC did not modify the effect estimates, although 

a similar trend in statistical significance was observed. 

3.2.2.2 Effect of vit A intake on FVC 

Table 3.2a presents the results of the GSEM analysis accounting for measurement error for 

the association of retinol, carotene, converted carotene and total vit A on FVC. Increasing 

retinol intake by 100 µg/day significantly increased FVC by 10.5ml (p=1.7x10-04). Similarly, 

a significant increase of 13.1ml was associated with a 1,000 µg/day increase in carotene 

(p=7.3x10-13). When carotene was converted into retinol equivalents by dividing by 12, we 

found that a 100 µg/day increase in converted carotene was associated with a significant 

increase in FVC by 15.7ml (p=7.3x10-13), which suggests a stronger effect on FVC for 

carotene compared to retinol. A 100 µg/day increase in total vit A was also associated with 

a significant increase in FVC by 14.8ml (p=1.1x10-14). 

3.2.2.3 Effect of vit A intake on FEV1/FVC 

The results of the GSEM analysis for FEV1/FVC are presented in Table 3.2b. Increasing 

retinol intake by 100 µg/day was associated with a minimal but significant decrease of -

0.12% (p=6.1 x10-06). A similar small negative association was also observed for carotene 

(-0.05%, p=0.013), converted carotene (-0.05%, p=0.013) and total vit A intake (-0.07%, 

p=2.5x10-04). A plausible explanation for this negative association is considered in the 

Discussion. Unlike with FVC, carotene intake did not appear to have a differential effect on 

FEV1/FVC when compared to retinol. 
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Table 3.1 Study population Characteristics 

a) Retinol Only 
Total population 

(n= 151,051) 

Retinol Measurements 
from at least 2 forms 

(n= 91,494) 

Retinol Measurements 
from at least 3 forms 

(n= 55,321) 

Retinol Measurements 
from at least 4 forms 

(n= 24,115) 

Retinol 
Measurements from 

all 5 forms 
(n= 3,684) 

Total population 
Non-Dietary Dataset 

(n= 194,191) 

Sex (male) - N. (%) 68,751 (45.5) 40,848 (44.7) 24,376 (44.1) 10,456 (43.4) 1,543 (41.9) 91,424 (47.08) 

Age (years)2 57 (50 to 62) 57 (50 to 62) 57 (51 to 62) 58 (51 to 62) 58 (51 to 63) 58 (50 to 64) 
Standing height (cm)1 169.5 (9.1) 169.5 (9.1) 169.5 (9.0) 169.4 (9.0) 169.4 (8.9) 168.4 (9.3) 

Weight (kg)1 77.6 (15.5) 77.0 (15.3) 76.6 (15.3) 76.3 (15.4) 75.6 (15.0) 78.9 (15.9) 

Smoking status 
N (%) 

Never 84,056 (55.7) 51,544 (56.3) 31,501 (56.9) 13,889 (57.6) 2,182 (59.2) 100,545 (51.8) 

Former 55,322 (36.6) 33,640 (36.8) 20,237 (36.6) 8,770 (36.4) 1,291 (35.0) 69,352 (35.7) 

Current 11,673 (7.7) 6,310 (6.9) 3,583 (6.5) 1,456 (6.0) 211 (5.7) 23,468 (12.1) 

Retinol (µg/day)2 303.7 (201.0 to 427.3) 311.2 (219.2 to 420.6) 312.8 (225.1 to 415.1) 311.8 (228.6 to 409.6) 312.9 (231.4 to 406.9) - 

FVC (ml)1 3850.6 (969.7) 3861.5 (963.7) 3858.0 (956.8) 3844.5 (953.6) 3828.7 (932.8) 3729.4 (993.9) 
FEV1/FVC (%)1 75.8 (6.2) 75.9 (6.2) 75.9 (6.1) 75.9 (6.2) 75.9 (6.1) 75.1 (6.9) 

b) Carotene Only 
Total population 

(n= 153,163) 

Retinol Measurements 
from at least 2 forms 

(n= 94,137) 

Retinol Measurements 
from at least 3 forms 

(n= 58,723) 

Retinol Measurements 
from at least 4 forms 

(n= 27,094) 

Retinol 
Measurements from 

all 5 forms 
(n= 4,356) 

 

Sex (male) - N. (%) 64,187 (45.1) 37,651 (44.2) 22,769 (43.7) 10,174 (43.3) 1,543 (41.9) - 
Age (years)2 57 (50 to 62) 57 (50 to 62) 57 (50 to 62) 58 (51 to 62) 58 (51 to 63) - 

Standing height (cm)1 169.4 (9.1) 169.4 (9.1) 169.4 (9.0) 169.4 (9.0) 169.4 (8.9) - 
Weight (kg)1 77.4 (15.3) 76.8 (15.3) 76.4 (15.2) 76.2 (15.3) 75.6 (15.0) - 

Smoking status 
N (%) 

Never 84,056 (55.7) 53,001 (56.3) 33,345 (56.8) 15,514 (57.3) - - 
Former 55,322 (36.6) 34,606 (36.8) 21,535 (36.7) 9,913 (36.6) - - 

Current 11,673 (7.7) 6,530 (6.9) 3,843 (6.5) 1,667 (6.2) - - 

Carotene (µg/day)2 2549.1 (1262.7.0 to 4262.9) 2660.42 (1580.2 to 4067.6) 2680.9 (1688.9 to 3994.5) 2685.9 (1738.8 to 3912.1) 2733.6 (1827.5 to 3945.7) - 
Converted Carotene (µg/day)2 212.4 (105.2 to 355.2) 221.7 (131.7 to 339.0) 223.4 (140.7 to 332.9) 223.8 (144.9 to 326.1) 227.8 (152.3 to 328.8)  

FVC (ml)1 3852.4 (970.6) 3864.9 (965.2) 3864.6 (957.2) 3857.5 (957.2) 3835.5 (938.9) - 
FEV1/FVC (%)1 75.8 (6.2) 75.9 (6.2) 75.9 (6.1) 75.8 (6.2) 75.8 (6.1) - 

c) Total Vitamin A 
Total population 

(n= 142,267) 

Retinol Measurements 
from at least 2 forms 

(n= 85,220) 

Retinol Measurements 
from at least 3 forms 

(n= 52,133) 

Retinol Measurements 
from at least 4 forms 

(n= 23,524) 

Retinol 
Measurements from 

all 5 forms 
(n= 3,683) 

 

Sex (male) - N. (%) 64,187 (45.1) 37,651 (44.2) 22,769 (43.7) 10,174 (43.3) 1,543 (41.9) - 
Age (years)2 57 (50 to 62) 57 (50 to 62) 57 (50 to 62) 58 (51 to 62) 58 (51 to 63) - 

Standing height (cm)1 169.4 (9.1) 169.4 (9.1) 169.4 (9.0) 169.4 (9.0) 169.4 (8.9) - 
Weight (kg)1 77.4 (15.3) 76.8 (15.3) 76.4 (15.2) 76.2 (15.3) 75.6 (15.0) - 

Smoking status 
N (%) 

Never 79,251 (55.7) 48,126 (56.5) 29,750 (57.1) 13,556 (57.6) 99,394 (52.0) - 

Former 52,001 (36.6) 31,237 (36.7) 19,020 (36.5) 8,556 (36.4) 68,462 (35.8) - 

Current 11,015 (7.7) 5,857 (6.5) 3,363 (6.5) 1,412 (6.0) 23,202 (12.1) - 

Total vit A (µg/day)2 547.8 (389.6 to 731.2) 556.1 (417.3 to 713.3) 556.2 (427.3 to 704.9) 558.6 (432.5 to 697.5) 567.9 (439.8 to 698.0) - 

FVC (ml)1 3844.5 (967.7) 3855.5 (961.3) 3853.7 (955.6) 3844.9 (953.6) 3829.1 (932.7) - 
FEV1/FVC (%)1 75.9 (6.2) 75.9 (6.2) 75.9 (6.1) 75.9 (6.2) 75.9 (6.1) - 

1 Evenly distributed data presented as mean (standard deviation), 2 Unevenly distributed data is presented as the median (interquartile range). 
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Table 3.2 Effect of vit A intake on lung function  

Dietary 

Intake 

Total Population 
Measurements from 

at least 2 forms 

Measurements from 

at least 3 forms 

Measurements from at 

least 4 forms 

Measurements from at 

least 5 forms 

GSEM 

(2 forms) 

Beta 

(95%CI) 
p-value 

Beta 

(95%CI) 
p-value 

Beta 

(95%CI) 
p-value 

Beta 

(95%CI) 
p-value 

Beta 

(95%CI) 
p-value 

Beta 

(95%CI) 
p-value 

a) FVC (ml) 

Retinol* 
2.67 

(0.96 to 4.38) 
0.002 

4.67 

(2.14 to 7.21) 
0.3x10

-03

 
6.33 

(2.88 to 9.77) 
3.2x10

-04

 
8.52 

(3.05 to 14.00) 
0.002 

1.70 

(-12.78 to 16.19) 
0.818 

10.52 

(5.03 to 16.00) 
1.7x10-04 

Carotene* 

(converted) 

5.04  

(3.69 to 6.40) 
3.1x10

-13

 
7.48  

(5.39 to 9.57) 
2.4x10

-12

 
9.07  

(6.24 to 11.90) 
3.5x10

-10

 
12.32  

(7.93 to 16.71) 
3.8x10

-08

 
14.47  

(3.50 to 25.43) 
0.010 

15.67 

(11.38 to 19.94) 
7.3x10-13 

Carotene** 
4.20 

(3.07 to 5.33) 
3.1x10

-13

 
6.23 

(4.49 to 7.98) 
2.4x10

-12

 
7.56 

(5.20 to 9.92) 
3.5x10

-10

 
10.26 

(6.61 to 13.92) 
3.8x10

-08

 
12.06 

(2.92 to 21.20) 
0.010 

13.05 

(9.49 to 16.62) 
7.3x10-13 

Total 

Vitamin A * 

4.06 

(2.99 to 5.14) 
1.4x10

-13

 
6.43  

(4.77 to 8.10) 
4.1x10

-14

 
7.61  

(5.33 to 9.88) 
5.6x10

-11

 
10.44  

(6.87 to 14.01) 
1.0x10

-10

 
10.44  

(1.45 to 19.42) 
0.023 

14.75 

(11.01 to 18.49) 
1.1x10-14 

b) FEV1/FVC (%) 

Retinol* 
-0.05 

(-0.07 to -0.04) 
3.8x10

-09

 
-0.06 

(-0.09 to -0.03) 
4.3x10

-06

 
-0.06 

(-0.09 to -0.02) 
0.002 

-0.06 

(-0.12 to -0.01) 
0.031 

-0.11 

(-0.26 to 0.04) 
0.136 

-0.12 

(-0.18 to -0.07) 
6.1x10-06 

Carotene* 

(converted) 

-0.03 

(-0.04 to -0.01) 
2.6x10

-04

 
-0.02 

(-0.52 to -0.00) 
0.022 

-0.03 

(-0.06 to -0.00) 
0.036 

-0.02 

(-0.07 to 0.02) 
0.331 

-0.04 

(-0.15 to 0.08) 
0.533 

-0.05 

(-0.10 to -0.01) 
0.013 

Carotene** 
-0.02 

(-0.03 to -0.01) 
2.6x10

-04

 
-0.02 

(-0.04 to -0.00) 
0.022 

-0.03 

(-0.05 to -0.00) 
0.036 

-0.02 

(-0.03 to 0.01) 
0.331 

-0.03 

(-0.12 to 0.06) 
0.533 

-0.05 

(-0.08 to-0.01) 
0.013 

Total 

Vitamin A * 

-0.03 

(-0.04 to -0.02) 
4.4x10

-06

 
-0.03 

(-0.05 to -0.01) 
3.7x10

-04

 
-0.03 

(-0.06 to -0.01) 
0.004 

-0.03 

(-0.07 to 0.01) 
0.096 

-0.05 

(-0.14 to 0.04) 
0.306 

-0.07 

(-0.11 to -0.03) 
2.5x10-04 

*A 100 µg/day increase, ** a 1000 µg/day increase, Population sizes displayed in Table 3.1 
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3.2.2.4 Sensitivity analysis including socioeconomic status in the model 

Results of a sensitivity analysis assessing the potential confounding effect of socioeconomic 

status (SES), where the GSEM model was further adjusted for the Townsend deprivation 

index and education, were consistent with those of the main analysis for both FVC (Table 

3.3a) and FEV1/FVC (Table 3.3b). 

Table 3.3 Effect of vit A intake on lung function before and after adjustment for socioeconomic status  

 

 

 

 

 

 

 

 

 

 

 

3.2.3 Investigating the effect of categorical vit A intake on lung function 

Analysis of vit A daily intake defined as a categorical variable was used to assess the 

linearity of increasing vit A intake on lung function and to identify any threshold effects. 

Individuals were grouped in 150µg increments based on their daily intake of total vit A (Table 

3.4 and Figure 3.1). Interestingly, only 41.8% of individuals consumed enough dietary vit A 

to meet UK recommended daily intake levels of >600 µg/day (Table 3.4) [347]. In addition, 

2.7% of the overall population consumed on average <150 µg/day, a level which, if 

sustained, results in severe deficiency [337, 368]. Overall, a negative effect on FVC was 

observed as vit A intake decreased compared to an average daily intake of 600-750 µg/day, 

which represents the UK daily recommended intake (Figure 3.5a). Specifically, individuals 

SES Analysis 

 GSEM without SES GSEM with SES 

Beta 

(95%CI) 
p-value 

Beta 

(95%CI) 
p-value 

a) FVC 

Retinol* 
10.52 

(5.03 to 16.00) 
1.7x10-04 

9.62 

(4.12 to 15.12) 
6.1 x10-04 

Carotene* 

(converted) 

15.67 

(11.38 to 19.94) 
7.3x10-13 

15.23 

(10.95 to 19.51) 
3.1x10

-12
 

Total Vitamin A * 
14.75 

(11.01 to 18.49) 
1.1x10-14 

14.15 

(10.40 to 17.89) 
1.3x10

-13
 

b) FEV1/FVC 

Retinol* 
-0.12 

(-0.18 to -0.07) 
6.1x10-06 

-0.13 

(-0.19 to -0.07) 
6.2x10

-06
 

Carotene* 

(converted) 

-0.05 

(-0.10 to -0.01) 
0.013 

-0.06 

(-0.10 to -0.01) 
0.012 

Total Vitamin A * 
-0.07 

(-0.11 to -0.03) 
2.5x10-04 

-0.07 

(-0.11 to -0.03) 
2.1 x10-04 

*A 100 µg/day increase, Population sizes displayed in Table 3.1 
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who consumed <150 µg/day, which could indicate severe deficiency, had significantly lower 

FVC compared to the recommended intake group (-99.6ml, p=0.007). A significant 

reduction, but of a lesser magnitude, was also observed for individuals in the 150-300 µg/day 

(-32.9ml, p=0.002) and 300-450 µg/day (-19.7ml, p=0.008) intake groups. A small -5.8ml 

decrease in FVC was observed in individuals who consumed 450-600 µg/day, which was 

not statistically significant compared to the reference recommended intake group, 

suggesting a possible threshold effect. Vit A intake above 750 µg/day showed a significant 

17.3ml increase in FVC compared to those in the reference group (p=0.025). 

Increasing or decreasing vit A intake had no effect on FEV1/FVC compared to individuals 

in the 600-750 µg/day recommended intake group (Figure 3.5b). 

Table 3.4 Grouped vit A intake distribution 

Total vit A 

intake (µg/day) 

Total population 

n=142,267 

3 forms 

n=52,133 

<150 3,838 (2.7%) 238 (0.5%) 

150-300 15,584 (11.0%) 3,683 (7.1%) 

300-450 29,206 (20.5%) 11,260 (21.6%) 

450-600 34,085 (24.0%) 15,123 (29.0%) 

600-750* 26,773 (18.8%) 11,688 (22.4%) 

>750 32,781 (23.0%) 10,141 (19.5%) 

*Reference group based on recommended daily intake 

 

 

Figure 3.1 Effect of grouped vit A intake on FVC and FEV1/FVC. Graphs showing the effect of increasing 

vit A intake by 150 µg/day on (a) FVC and (b) FEV1/FVC compared to those in the recommended intake 

reference group of 600-750 µg/day. 
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3.2.4 Investigating the effect of smoking on the association between vit A and lung 

function 

To assess the effect of vit A intake on lung function in the context of injury and repair, we 

stratified the GSEM total vit A intake analysis by smoking status: never (n=48,126), previous 

(n=31,237) and current smokers (n=5,857).  

We found that increasing vit A intake had a much greater positive effect on FVC in current 

smokers compared to never smokers across all analyses (Table 3.5a). Increasing vit A 

intake by 100 µg/day resulted in a 10.3ml increase for never smokers (p=2.7x10-05) 

compared to a 17.8ml increase for previous smokers (p=6.2x10-08), and a 31.4ml increase 

for current smokers (p=7.5x10-05). The difference in effect of vit A on FVC between never 

and current smokers was statistically significant (p=0.011), thus demonstrating a statistically 

significant interaction effect between vit A and smoking.  

Vit A intake did not appear to have a differential effect on FEV1/FVC between never, previous 

and current smokers in any of the analyses (Table 3.5b). 

Table 3.5 Effect of vit A intake on FVC and FEV1/FVC stratified by smoking status 

 

 

 

 

 

 

 

 

 

 

 

Smoking 

Status 

GSEM 

Beta 

(95%CI) 
p-value 

a) FVC 

Never 
10.29 

(5.48 to 15.10) 
2.7x10-05 

Previous 
17.81 

(11.36 to 24.26) 
6.2x10-08 

Current 
31.41 ∆ 

(15.88 to 46.94) 
7.3x10-05 

b) FEV1/FVC 

Never 
-0.08 

(-0.12 to -0.03) 
0.001 

Previous 
-0.05 

(-0.12 to 0.01) 
0.111 

Current 
-0.12 

(-0.29 to 0.05) 
0.168 

A 100 µg/day increase in total vit intake, Population sizes in Table 

3.1; ∆ Significant interaction p-value with Never Smokers. 



114 
 

3.2.5 Investigating the effect of individual SNPs in RA pathway genes on lung function  

We assessed the effect of 10,533 SNPs on lung function, taken from 36 RA pathway genes 

(Table 2.1), using the non-dietary dataset (Table 3.6a, 3.7a). For FVC, we identified 124 

nominally significant independent SNPs, in 30 of the 36 genes investigated in Stage 1 (Table 

3.6a). In Stage 2, 17 SNPs were replicated at nominal significance level, and 3 of these 

passed Bonferroni correction for multiple testing (p≤0.003); rs2072915 in RXRB, 

rs11057583 in NCOR2 and rs178818 in NCOR1 (Table 3.6b).  

For FEV1/FVC, 91 SNPs from 31 genes were identified in Stage 1, with 21 being replicated 

in Stage 2 at nominal significance (Table 3.7a). 8 of these SNPs passed Bonferroni 

correction (p≤0.002): rs77338872, rs1297795, and rs4681028 in RARB, rs17215168 in 

RXRB, rs59842241 and rs564134026 in RARG, rs74825512 in NCOR2, and rs2715554 in 

RARA (Table 3.7b). 

Although none of the SNPs identified as having a nominally significant effect on FVC or 

FEV1/FVC showed an effect on both, a number of genes appeared in both sets of results. 

Investigation of linkage disequilibrium of the identified SNPs within these common genes 

showed that a number of SNPs identified as having a nominally significant effect on FVC 

were in high (rs10082776 and rs59842241 in RARG, r2=1), moderate (rs3084095 and 

rs490255 in SUZ12, r2=0.42) and low (rs3773431 and rs4681028 in RARB, r2=0.22) LD with 

SNPs in the same gene that had a nominally significant effect on FEV1/FVC. 
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Table 3.6 Effect of polymorphisms in RA pathway genes on FVC 

FVC (ml) 

SNP Gene Chr* Position EA** MAF*** 

a) Stage 1 

(n=194,191) 

b) Stage 2 

(n=151,442) 

p-value Beta 
95% CI 

p-value Beta 
95% CI 

LCI UCI LCI UCI 

rs111277407 CRBP4 1 10057305 G 0.03 0.032 12.46 23.83 23.83 0.018 13.37 0.87 25.87 

rs149141149 NCOA1 2 24791641 C 0.02 0.003 -20.85 -34.41 -7.28 0.016 -16.30 -31.22 -1.39 

rs2241059 CYP26B1 2 72359312 G 0.17 2.90x10-05 10.62 5.64 15.6 0.041 4.83 -0.6 10.26 

rs73054309 RARB 3 25224062 G 0.13 1.00x10-03 -9.28 -14.83 -3.74 0.010 -7.25 -13.32 -1.18 

rs17523645 RARB 3 25423431 A 0.16 2.60x10-04 -9.46 -14.54 -4.38 0.017 -6.01 -11.53 -0.48 

rs3773427 RARB 3 25636344 C 0.18 0.003 7.43 2.56 12.3 0.012 6.16 0.85 11.46 

rs116203444 ADH4 4 100068114 C 0.02 2.90x10-04 25.62 11.77 39.46 0.015 16.22 1.67 30.78 

rs2072915 RXRB 6 33162082 A 0.31 0.006 -5.63 -9.64 1.63 1.85x10-07 -11.31 -15.67 -6.95 

rs76093066 RALDH1 9 75579129 A 0.02 0.020 -16.68 -30.73 -2.63 0.035 -14.32 -29.79 1.16 

rs12829025 CRBP3 12 7278010 A 0.12 0.045 5.87 0.12 11.63 0.007 7.90 1.59 14.2 

rs10082776 RARG 12 53621711 G 0.08 1.40x10-06 16.62 9.87 23.38 0.023 7.55 0.16 14.94 

rs11057583 NCOR2 12 124810329 A 0.11 5.00x10-05 -12.44 -18.45 -6.43 5.50x10-06 -14.65 -21.2 8.11 

rs35867617 RALDH2 15 58261760 A 0.01 0.006 -25.03 -42.69 -7.37 0.034 -17.65 -36.57 1.28 

rs11854019 RALDH2 15 58341128 G 0.03 0.011 13.94 3.15 24.73 0.006 15.02 3.28 26.77 

rs72740860 RALDH2-LIPC 15 58707881 T 0.08 0.005 10.09 3.05 17.14 0.037 6.99 -0.69 14.67 

rs178818 NCOR1 17 16091694 A 0.46 6.00x10-06 8.65 4.9 12.39 1.35x10-03 6.24 2.16 10.31 

rs3084095 SUZ12 17 30317007 AGTCTCGCT 0.14 0.003 8.12 2.71 13.52 0.042 5.19 -0.68 11.07 

*Chromosome, ** Effect Allele (minor allele), *** Minor Allele Frequency, Passes Bonferroni Correction: p≤0.003 
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Table 3.7 Effect of polymorphisms in RA pathway genes on FEV1/FVC 

FEV1/FVC (%) 

SNP Gene Chr* Position EA** MAF*** 

a) Stage 1 

(n=194,191) 

b) Stage 2 

(n=151,442) 

p-value Beta 
95% CI 

p-value Beta 
95% CI 

LCI UCI LCI UCI 

rs169528 RXRG 1 165387217 A 0.07 0.008 0.11 0.03 0.19 0.028 0.08 0.00 0.17 

rs55906401 NCOA1 2 24959567 T 0.09 5.20x10-05 -0.15 -0.20 -0.08 0.035 -0.07 -0.14 0.01 

rs147314212 NCOA1 2 24980463 GAT 0.03 0.007 0.16 0.05 0.28 0.013 0.14 0.02 0.26 

rs75260183 RARB 3 25315902 A 0.04 0.044 0.11 0.00 0.22 0.006 0.14 0.03 0.25 

rs77338872 RARB 3 25505013 C 0.07 1.80x10-04 -0.16 -0.24 -0.07 0.002 -0.12 -0.21 -0.04 

rs1297795 RARB 3 25541991 A 0.18 4.40x10-21 0.26 0.20 0.31 2.20x10-18 0.24 0.19 0.29 

rs56346778 RARB 3 25610568 A 0.04 0.024 -0.12 -0.22 -0.02 0.007 -0.13 -0.23 -0.03 

rs4681028 RARB 3 25628749 T 0.21 2.70x10-05 0.11 0.06 0.16 0.002 0.08 0.02 0.13 

rs17215168 RXRB 6 33164690 A 0.07 0.039 -0.08 -0.16 0.00 3.40x10-04 -0.14 -0.21 -0.06 

rs73158253 EZH2 7 148508347 A 0.05 1.20x10-03 0.15 0.06 0.25 0.049 0.08 -0.01 0.18 

rs118098204 NCOA2 8 71091298 T 0.02 0.042 0.18 0.01 0.35 0.006 0.23 0.05 0.41 

rs11234588 EED 11 85957314 G 0.34 0.017 -0.05 -0.09 -0.01 0.012 -0.05 -0.09 -0.01 

rs59842241 RARG 12 53620928 AG 0.08 4.70x10-04 -0.13 -0.21 -0.06 0.002 -0.11 -0.19 -0.04 

rs564134026 RARG 12 53626031 G 0.03 0.002 0.21 0.08 0.33 8.50x10-05 0.25 0.12 0.38 

rs60959640 NCOR2 12 124820484 T 0.04 0.042 -0.10 -0.20 0.00 0.008 -0.13 -0.23 -0.02 

rs74825512 NCOR2 12 124925874 C 0.02 0.005 -0.22 -0.38 -0.07 2.30x10-06 -0.37 -0.52 -0.21 

rs140883903 CRABP1 15 78640504 C 0.02 4.90x10-06 0.31 0.17 0.44 0.004 0.18 0.05 0.31 

rs490255 SUZ12 17 30310382 T 0.25 1.50x10-06 0.12 0.07 0.16 0.013 0.06 0.01 0.10 

rs192512602 RARA 17 38480095 T 0.03 0.039 -0.14 -0.27 -0.01 0.023 -0.14 -0.27 0.00 

rs2715554 RARA 17 38489170 G 0.15 4.10x10-07 -0.15 -0.20 -0.09 9.00x10-08 -0.15 -0.21 -0.10 

rs6094752 NCOA3 20 46256424 T 0.04 0.020 -0.12 -0.22 -0.02 0.011 -0.12 -0.22 -0.02 

*Chromosome, ** Effect Allele (minor allele), *** Minor Allele Frequency, Passes Bonferroni Correction: p≤0.002 
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3.2.6 Investigating the effect of the GRS on lung function 

To investigate the combined effect on lung function of the SNPs replicated at nominal 

significance, we generated a weighted GRS and separated subjects into deciles (Figure 

3.2a, Appendix 2a). Compared to subjects with the least number of protective alleles (1st 

decile), participants with a higher number of protective alleles had a greater increase in FVC; 

for example, the increase in FVC was 16.1ml in subjects in the 3rd decile (p=0.017), and 

49.9ml in subjects in the 10th decile (p=1.4x10-13).  

For FEV1/FVC, a similar trend was observed; for example, the increase in FEV1/FVC was 

0.1% in subjects in the 5th decile (p=0.046) and 0.6% in subjects in the 10th decile (p=6.4x10-

19) compared to individuals in the 1st decile (Figure 3.2b, Appendix 2b).  

  

Figure 3.2 Effects of weighted GRS, expressed in deciles, on FVC and FEV1/FVC. Graphs demonstrating 

the effect of an increasing GRS for the nominally significant SNPs repicated in Stage 2 on (a) FVC and (b) 

FEV1/FVC. 

3.2.7 Investigating the interaction between RA pathway genes and vit A intake on lung 

function  

In order to assess the interaction between RA pathway genes and vit A intake on lung 

function, we performed GSEM analysis using the nominally replicated SNPs fitted with a 

SNP-vit A interaction term, as well as a secondary analysis using a linear model on 

participants with ≥ 3 forms completed. 

For FVC, the GSEM analysis detected one SNP (rs3084095 in SUZ12) that had a nominally 

significant interaction with retinol intake, which was not detected in the linear regression 

interaction model (Table 3.8b). No gene environment interactions were detected using 

GSEM or the linear model for converted carotene or total vit A intake (Table 3.9, 3.11).  
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Table 3.8 Interaction effect of retinol intake and RA pathway SNPs on FVC 

FVC (ml) 

SNP Gene Chr Position 

a) GSEM Interaction 

(At least 2 forms, n=91,494) 

b) Linear Interaction 

(at least 3 forms, n=55,321) 

p-value Beta 
95% CI 

p-value Beta 
95% CI 

LCI UCI LCI UCI 

rs111277407 CRBP4 1 10057305 0.505 8.39 -16.26 33.04 0.120 11.89 -3.12 26.91 

rs149141149 NCOA1 2 24791641 0.302 -14.95 -43.31 13.42 0.878 -1.38 -18.98 16.22 

rs2241059 CYP26B1 2 72359312 0.842 -1.19 -12.87 10.49 0.249 3.78 -2.66 10.22 

rs73054309 RARB 3 25224062 0.409 -5.31 -17.92 7.30 0.992 0.04 -7.19 7.26 

rs17523645 RARB 3 25423431 0.248 6.99 -4.86 18.84 0.626 1.63 -4.94 8.20 

rs3773427 RARB 3 25636344 0.474 4.19 -7.27 15.65 0.992 0.03 -6.27 6.33 

rs116203444 ADH4 4 100068114 0.412 10.46 -14.55 35.46 0.455 6.49 -10.53 23.52 

rs2072915 RXRB 6 33162082 0.203 7.03 -3.79 17.85 0.163 3.69 -1.49 8.86 

rs76093066 RALDH1 9 75579129 0.221 -17.64 -45.92 10.63 0.316 -9.26 -27.36 8.83 

rs12829025 CRBP3 12 7278010 0.799 1.72 -11.49 14.93 0.303 -3.93 -11.42 3.56 

rs10082776 RARG 12 53621711 0.430 -5.98 -20.85 8.88 0.625 -2.20 -11.00 6.61 

rs11057583 NCOR2 12 124810329 0.551 4.10 -9.36 17.56 0.700 1.53 -6.27 9.34 

rs35867617 RALDH2 15 58261760 0.501 11.92 -22.81 46.66 0.291 12.11 -10.37 34.58 

rs11854019 RALDH2 15 58341128 0.754 3.46 -18.13 25.05 0.854 1.32 -12.77 15.41 

rs72740860 RALDH2-LIPC 15 58707881 0.813 1.85 -13.43 17.12 0.543 2.82 -6.26 11.89 

rs178818 NCOR1 17 16091694 0.929 0.53 0.93 12.28 0.666 -1.06 -5.89 3.77 

rs3084095 SUZ12 17 30317007 0.048 12.36 0.09 24.62 0.189 4.61 -2.26 11.49 

Nominally significant SNP = p ≤0.05, SNPs in bold are nominally significant in GSEM and/or linear model 

Table 3.9 Interaction effect of converted carotene intake and RA pathway SNPs on FVC 

FVC (ml) 

SNP Gene Chr Position 

a) GSEM Interaction 

(At least 2 forms, n=94,137) 

b) Linear Interaction 

(at least 3 forms, n=58,723) 

p-value Beta 
95% CI 

p-value Beta 
95% CI 

LCI UCI LCI UCI 

rs111277407 CRBP4 1 10057305 0.460 9.30 -15.40 34.00 0.728 2.89 -13.40 19.19 

rs149141149 NCOA1 2 24791641 0.767 4.36 -24.42 33.14 0.236 -12.01 -31.86 7.84 

rs2241059 CYP26B1 2 72359312 0.186 8.18 -3.95 20.31 0.676 1.51 -5.57 8.59 

rs73054309 RARB 3 25224062 0.652 -3.03 -16.20 10.14 0.848 0.78 -7.22 8.78 

rs17523645 RARB 3 25423431 0.419 5.09 -7.24 17.42 0.311 3.84 -3.59 11.26 

rs3773427 RARB 3 25636344 0.146 8.81 -3.06 20.68 0.343 3.34 -3.56 10.25 

rs116203444 ADH4 4 100068114 0.332 12.57 -12.84 37.98 0.334 8.98 -9.24 27.19 

rs2072915 RXRB 6 33162082 0.481 -4.03 -15.25 7.19 0.677 -1.21 -6.87 4.46 

rs76093066 RALDH1 9 75579129 0.695 -6.01 -36.06 24.04 0.162 -14.74 -35.41 5.92 

rs12829025 CRBP3 12 7278010 0.741 2.27 -11.21 15.74 0.910 0.47 -7.61 8.55 

rs10082776 RARG 12 53621711 0.180 -10.46 -25.75 4.84 0.175 -6.60 -16.14 2.94 

rs11057583 NCOR2 12 124810329 0.861 -1.25 -15.27 12.77 0.410 -3.63 -12.27 5.01 

rs35867617 RALDH2 15 58261760 0.316 17.98 -17.13 53.09 0.168 16.67 -7.05 40.39 

rs11854019 RALDH2 15 58341128 0.631 5.45 -16.78 27.68 0.444 6.01 -9.38 21.41 

rs72740860 RALDH2-LIPC 15 58707881 0.603 4.17 -11.54 19.88 0.826 1.13 -8.94 11.20 

rs178818 NCOR1 17 16091694 0.334 5.96 -6.12 18.03 0.766 -0.81 -6.12 4.51 

rs3084095 SUZ12 17 30317007 0.995 -0.04 -12.93 12.85 0.683 -1.61 -9.31 6.10 

Nominally significant SNP = p ≤0.05, SNPs in bold are nominally significant in GSEM and/or linear model 
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Table 3.10 Interaction effect of total vit A intake and RA pathway SNPs on FVC 

FVC (ml) 

SNP Gene Chr Position 

a) GSEM Interaction 

(At least 2 forms, n=85,220) 

b) Linear Interaction 

(at least 3 forms, n=52,133) 

p-value Beta 
95% CI 

p-value Beta 
95% CI 

LCI UCI LCI UCI 

rs111277407 CRBP4 1 10057305 0.303 10.21 -9.20 29.63 0.428 4.67 -6.88 16.22 

rs149141149 NCOA1 2 24791641 0.956 -0.63 -23.18 21.92 0.674 -3.07 -17.34 11.21 

rs2241059 CYP26B1 2 72359312 0.477 3.38 -5.93 12.69 0.336 2.41 -2.51 7.33 

rs73054309 RARB 3 25224062 0.225 -6.26 -16.39 3.86 0.924 -0.27 -5.82 5.28 

rs17523645 RARB 3 25423431 0.195 6.25 -3.21 15.71 0.325 2.58 -2.56 7.72 

rs3773427 RARB 3 25636344 0.135 6.97 -2.18 16.11 0.571 1.40 -3.44 6.24 

rs116203444 ADH4 4 100068114 0.339 9.62 -10.10 29.34 0.214 8.21 -4.74 21.16 

rs2072915 RXRB 6 33162082 0.762 1.33 -7.30 9.97 0.746 0.66 -3.35 4.67 

rs76093066 RALDH1 9 75579129 0.515 -7.71 -30.90 15.48 0.252 -8.33 -22.59 5.92 

rs12829025 CRBP3 12 7278010 0.641 2.49 -7.96 12.94 0.874 -0.46 -6.18 5.25 

rs10082776 RARG 12 53621711 0.104 -9.86 -21.74 2.02 0.331 -3.38 -10.18 3.43 

rs11057583 NCOR2 12 124810329 0.931 0.47 -10.31 11.25 0.688 -1.24 -7.26 4.79 

rs35867617 RALDH2 15 58261760 0.437 10.78 -16.39 37.95 0.302 8.94 -8.05 25.93 

rs11854019 RALDH2 15 58341128 0.620 4.33 -12.77 21.44 0.415 4.46 -6.27 15.18 

rs72740860 RALDH2-LIPC 15 58707881 0.856 1.13 -11.06 13.31 0.523 2.29 -4.74 9.32 

rs178818 NCOR1 17 16091694 0.450 3.59 -5.74 12.93 0.980 0.05 -3.69 3.78 

rs3084095 SUZ12 17 30317007 0.320 5.00 -4.86 14.85 0.557 1.60 -3.75 6.95 

Nominally significant SNP = p ≤0.05, SNPs in bold are nominally significant in GSEM and/or linear model 

For FEV1/FVC, 3 SNPs (rs74825512 in NCOR2, rs4681028 in RARB and rs192512602 in 

RARA) were identified as having a nominally significant interaction effect with retinol intake 

using GSEM analyses (Table 3.11). The SNPs rs74825512 and rs4681028 were also 

detected using the linear model. A further 2 SNPs (rs77338872 in RARB and rs17215168 in 

RXRB) were also identified as having a significant interaction effect with converted carotene 

intake using GSEM (Table 3.12). Neither of these SNPs were found to have an effect in any 

of the other linear or GSEM interaction analyses on retinol or total vit A. The interaction 

analysis using carotene (unconverted) are consistent with these results (Appendix 3, 4). 

Interestingly, the same SNP, rs192512602 in RARA, previously detected for interaction with 

retinol intake also had a significant interaction with total vit A intake in the GSEM analysis 

(Table 3.13). 
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Table 3.11 Interaction effect of retinol intake and RA pathway SNPs on FEV1/FVC 

FEV1/FVC (%) 

SNP Gene Chr Position 

a) GSEM Interaction 

(At least 2 forms, n=91,494) 

b) Linear Interaction 

(at least 3 forms, n=55,321) 

p-value Beta 
95% CI 

p-value Beta 
95% CI 

LCI UCI LCI UCI 

rs169528 RXRG 1 165387217 0.541 0.05 -0.11 0.22 0.578 -0.03 -0.13 0.07 

rs55906401 NCOA1 2 24959567 0.464 0.05 -0.09 0.20 0.457 0.03 -0.05 0.12 

rs147314212 NCOA1 2 24980463 0.314 0.12 -0.11 0.35 0.710 -0.03 -0.18 0.12 

rs75260183 RARB 3 25315902 0.496 0.07 -0.13 0.27 0.060 0.13 -0.01 0.26 

rs77338872 RARB 3 25505013 0.314 -0.08 -0.24 0.08 0.284 -0.05 -0.15 0.04 

rs1297795 RARB 3 25541991 0.885 -0.01 -0.13 0.11 0.597 0.02 -0.05 0.08 

rs56346778 RARB 3 25610568 0.681 -0.04 -0.25 0.16 0.329 -0.06 -0.18 0.06 

rs4681028 RARB 3 25628749 0.044 0.12 0.00 0.23 0.020 0.07 0.01 0.13 

rs17215168 RXRB 6 33164690 0.797 -0.02 -0.18 0.14 0.899 0.01 -0.09 0.10 

rs73158253 EZH2 7 148508347 0.938 0.01 -0.17 0.19 0.251 0.07 -0.05 0.18 

rs118098204 NCOA2 8 71091298 0.283 -0.16 -0.46 0.13 0.515 -0.07 -0.28 0.14 

rs11234588 EED 11 85957314 0.589 0.03 -0.08 0.14 0.913 0.00 -0.05 0.06 

rs59842241 RARG 12 53620928 0.323 -0.08 -0.23 0.08 0.140 -0.07 -0.16 0.02 

rs564134026 RARG 12 53626031 0.108 0.19 -0.04 0.43 0.107 0.12 -0.03 0.28 

rs60959640 NCOR2 12 124820484 0.699 -0.04 -0.23 0.16 0.226 -0.07 -0.19 0.05 

rs74825512 NCOR2 12 124925874 0.014 0.39 0.08 0.70 0.005 0.26 0.08 0.45 

rs140883903 CRABP1 15 78640504 0.620 0.06 -0.19 0.32 0.968 0.00 -0.16 0.15 

rs490255 SUZ12 17 30310382 0.517 0.04 -0.07 0.15 0.807 0.01 -0.05 0.06 

rs192512602 RARA 17 38480095 0.042 0.27 0.01 0.52 0.102 0.14 -0.03 0.30 

rs2715554 RARA 17 38489170 0.761 -0.02 -0.14 0.10 0.192 -0.05 -0.12 0.02 

rs6094752 NCOA3 20 46256424 0.490 0.07 -0.14 0.28 0.775 0.02 -0.10 0.14 

Nominally significant SNP = p ≤0.05, SNPs in bold are nominally significant in GSEM and/or linear model 
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Table 3.12 Interaction effect of converted carotene intake and RA pathway SNPs on FEV1/FVC 

FEV1/FVC (%) 

SNP Gene Chr Position 

a) GSEM Interaction 

(At least 2 forms, n=94,137) 

b) Linear Interaction 

(at least 3 forms, n=58,723) 

p-value Beta 
95% CI 

p-value Beta 
95% CI 

LCI UCI LCI UCI 

rs169528 RXRG 1 165387217 0.371 0.08 -0.09 0.25 0.447 -0.04 -0.15 0.07 

rs55906401 NCOA1 2 24959567 0.718 0.03 -0.13 0.18 0.332 0.05 -0.05 0.14 

rs147314212 NCOA1 2 24980463 0.757 0.04 -0.20 0.27 0.330 0.08 -0.08 0.23 

rs75260183 RARB 3 25315902 0.387 -0.09 -0.30 0.12 0.440 -0.06 -0.20 0.09 

rs77338872 RARB 3 25505013 0.019 0.20 0.03 0.37 0.078 0.10 -0.01 0.20 

rs1297795 RARB 3 25541991 0.525 -0.04 -0.16 0.08 0.535 -0.02 -0.09 0.05 

rs56346778 RARB 3 25610568 0.319 -0.11 -0.33 0.11 0.917 0.01 -0.13 0.15 

rs4681028 RARB 3 25628749 0.414 0.05 -0.07 0.17 0.667 0.01 -0.05 0.08 

rs17215168 RXRB 6 33164690 0.033 0.18 0.01 0.35 0.151 0.08 -0.03 0.18 

rs73158253 EZH2 7 148508347 0.428 -0.08 -0.26 0.11 0.235 -0.08 -0.20 0.05 

rs118098204 NCOA2 8 71091298 0.881 0.02 -0.28 0.33 0.539 0.07 -0.16 0.30 

rs11234588 EED 11 85957314 0.099 0.10 -0.02 0.21 0.365 0.03 -0.03 0.08 

rs59842241 RARG 12 53620928 0.723 0.03 -0.13 0.19 0.967 0.00 -0.10 0.10 

rs564134026 RARG 12 53626031 0.746 0.04 -0.21 0.29 0.819 0.02 -0.15 0.19 

rs60959640 NCOR2 12 124820484 0.588 0.06 -0.15 0.27 0.612 -0.04 -0.17 0.10 

rs74825512 NCOR2 12 124925874 0.540 -0.10 -0.43 0.23 0.214 -0.13 -0.33 0.07 

rs140883903 CRABP1 15 78640504 0.793 -0.04 -0.30 0.23 0.778 -0.03 -0.20 0.15 

rs490255 SUZ12 17 30310382 0.168 0.08 -0.03 0.20 0.527 0.02 -0.04 0.08 

rs192512602 RARA 17 38480095 0.203 0.18 -0.10 0.45 0.248 0.11 -0.07 0.29 

rs2715554 RARA 17 38489170 0.673 0.03 -0.10 0.16 0.275 0.04 -0.03 0.11 

rs6094752 NCOA3 20 46256424 0.836 0.02 -0.20 0.24 0.849 -0.01 -0.15 0.12 

Nominally significant SNP = p ≤0.05, SNPs in bold are nominally significant in GSEM and/or linear model 
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Table 3.13 Interaction effect of total vit A intake and RA pathway SNPs on FEV1/FVC  

FEV1/FVC (%) 

SNP Gene Chr Position 

a) GSEM Interaction 

(At least 2 forms, n=85,220) 

b) Linear Interaction 

(at least 3 forms, n=52,133) 

p-value Beta 
95% CI 

p-value Beta 
95% CI 

LCI UCI LCI UCI 

rs169528 RXRG 1 165387217 0.312 0.07 -0.06 0.20 0.437 -0.03 -0.11 0.05 

rs55906401 NCOA1 2 24959567 0.808 0.01 -0.10 0.13 0.423 0.03 -0.04 0.09 

rs147314212 NCOA1 2 24980463 0.285 0.10 -0.08 0.29 0.589 0.03 -0.08 0.14 

rs75260183 RARB 3 25315902 0.987 0.00 -0.16 0.16 0.473 0.04 -0.06 0.14 

rs77338872 RARB 3 25505013 0.190 0.09 -0.04 0.22 0.333 0.04 -0.04 0.11 

rs1297795 RARB 3 25541991 0.314 -0.05 -0.14 0.05 0.648 -0.01 -0.06 0.04 

rs56346778 RARB 3 25610568 0.335 -0.08 -0.25 0.08 0.750 -0.02 -0.11 0.08 

rs4681028 RARB 3 25628749 0.067 0.08 -0.01 0.18 0.035 0.05 0.00 0.10 

rs17215168 RXRB 6 33164690 0.345 0.06 -0.07 0.19 0.507 0.02 -0.05 0.10 

rs73158253 EZH2 7 148508347 0.692 -0.03 -0.17 0.11 0.988 0.00 -0.09 0.09 

rs118098204 NCOA2 8 71091298 0.455 -0.09 -0.32 0.14 0.904 -0.01 -0.17 0.15 

rs11234588 EED 11 85957314 0.097 0.08 -0.01 0.16 0.669 0.01 -0.03 0.05 

rs59842241 RARG 12 53620928 0.701 0.02 -0.10 0.15 0.639 -0.02 -0.09 0.05 

rs564134026 RARG 12 53626031 0.301 0.10 -0.09 0.29 0.318 0.06 -0.06 0.18 

rs60959640 NCOR2 12 124820484 0.699 -0.03 -0.19 0.13 0.110 -0.08 -0.17 0.02 

rs74825512 NCOR2 12 124925874 0.315 0.13 -0.12 0.39 0.338 0.07 -0.07 0.21 

rs140883903 CRABP1 15 78640504 0.935 0.01 -0.19 0.21 0.894 0.01 -0.11 0.13 

rs490255 SUZ12 17 30310382 0.395 0.04 -0.05 0.13 0.815 0.01 -0.04 0.05 

rs192512602 RARA 17 38480095 0.019 0.25 0.04 0.45 0.026 0.14 0.02 0.27 

rs2715554 RARA 17 38489170 0.805 -0.01 -0.11 0.09 0.586 -0.01 -0.07 0.04 

rs6094752 NCOA3 20 46256424 0.568 0.05 -0.12 0.22 0.821 -0.01 -0.10 0.08 

Nominally significant SNP = p ≤0.05, SNPs in bold are nominally significant in GSEM and/or linear model 
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3.3 Discussion 

The aim of this chapter was to investigate the role of vit A intake and RA signalling genes in 

lung homeostasis at a population level, based on the hypothesis that vit A and functional RA 

signalling are important for maintaining lung health in adulthood.  

From an observational perspective, this was first assessed by investigating how dietary 

intake in the forms of pre-formed retinol, carotene, converted carotene and total vit A 

modulates lung function. The analysis demonstrated a beneficial effect for vit A intake on 

FVC and suggested that there might be a stronger association with carotene compared with 

retinol intake. We also performed secondary analyses investigating the effect of grouped vit 

A intake on lung function, which showed a significantly negative association between vit A 

deficiency and FVC. Further to this, we also identified a more beneficial effect for increased 

vit A intake in ex- and current smokers compared to never smokers, supporting the concept 

that vit A bioavailability might be important for a functional repair response in the lung.  

Secondly, we assessed the effect of SNPs within RA pathway genes on both FVC and 

FEV1/FVC. We identified 17 SNPs which had an independent, nominally significant effect 

on FVC, 3 of which passed Bonferroni correction (p≤0.003) and 21 for FEV1/FVC, 8 of which 

passed Bonferroni correction (p≤0.002). When combined into a genetic risk score, we found 

that a higher score was associated with a greater cumulative effect on FVC but not 

FEV1/FVC. 

Additionally, when we assessed the SNP-vit A interaction effects on FVC and FEV1/FVC, 

we identified a number of SNPs which had a small nominally significant interaction effect on 

lung function.  

3.3.1 Vit A has a positive effect on lung function 

A number of studies have provided experimental evidence demonstrating the importance of 

RA in lung homeostasis, development, and repair [33, 57]. As RA is obtained from dietary 

sources it is logical to assume that by increasing dietary vit A intake, RA bioavailability 

increases, resulting in more effective lung homeostasis. To this effect, vit A intake data in 

the UKB represented an ideal opportunity to test this hypothesis given the size of this study 

population. However, poor compliance among UKB participants in the completion of repeat 

24 hr dietary intake forms resulted in a high degree of measurement error, which brought 

the effect estimates towards the null. A GSEM approach was therefore used as the main 

analysis to address this and try to correct for measurement error. Using this method, our 

data shows that an increase in retinol, carotene and total vit A intake has a significantly 
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positive effect on FVC, with increased carotene intake showing the strongest beneficial 

effect. Our data also suggests that there is no association between increased intake of 

retinol, carotene or total vit A and FEV1/FVC. 

Previous studies looking at the effect of vit A intake have been inconsistent and either found 

no effect or only a small positive association between carotene intake, but not retinol, and 

lung function [280, 281, 283, 284, 286, 379, 380]. The majority of studies investigated the 

effects on FEV1 and did not consider FVC or FEV1/FVC. We, however, choose a priori to 

assess the effect on FVC and FEV1/FVC, but not FEV1, for several reasons. RA is known to 

be an essential modulator of alveolar development and is thought to contribute to repair, 

both of which determine lung capacity and size [33]. As a result, it could be more likely that 

vit A intake would modulate FVC, which is a measure of lung capacity, making it the most 

important lung function parameter for our study of the effects of intake on lung homeostasis 

and function. While FVC is a measure for restrictive disease, FEV1/FVC is used to classify 

obstructive lung disease [290]. In contrast, FEV1 does not distinguish between restrictive 

and obstructive patterns and is used as a marker to track lung disease severity and 

progression rather than homeostasis [378]. Having said this, the two parameters FEV1 and 

FVC are linked, since the volume of air breathed in (FVC) will automatically affect the amount 

that can be expelled in one second (FEV1). 

A study by Schϋnemann et al. investigated both FVC and FEV1 (% predicted), and found no 

significant association with carotene or retinol [379]. This contrasts with our findings, as we 

identified a significant positive association of retinol, carotene and total vit A with FVC. 

Similarly, when their population was grouped into intake quantiles, they again found no 

significant differences in FVC, in contrast with our findings of significantly lower FVC for 

individuals in groups with lower intake compared with the recommended intake reference 

group. However, this might be explained by the fact that their study was much smaller than 

ours, with a sample size of only 1,616. The dietary data in the Schϋnemann study was 

obtained from a food frequency questionnaire (FFQ), which suffers from measurement error 

as with 24 hr dietary recall questionnaires and as such, large sample sizes would likely be 

needed to detect an effect of vit A on lung function. 

A follow-up study by Schϋnemann et al. using the same cohort of 1,616 participants but now 

investigating the effects of serum retinol and carotene levels on lung function, rather than 

dietary intake, found that higher serum levels were associated with higher predicted FVC 

[284]. Interestingly, they observed a positive statistically significant effect on FVC associated 

with increased carotene intake but not retinol. This is in agreement with our findings of a 
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stronger association between carotene intake and lung function compared with retinol or 

total vit A. Again, the reason why no effect was found for retinol might be explained by the 

small sample size. Although serum measurements are considered a more accurate 

quantification of intake than questionnaire data, it would still be difficult to detect an effect 

with a small sample size, especially if there is a weaker association between retinol intake 

and FVC compared to carotene. Also, it is important to note that every method of dietary 

data collection has its limitations. In the case of their study, measurement of serum retinol 

and carotene levels was a one-off measurement, which is not guaranteed to be 

representative of an individual’s overall diet. In the same way that repeat dietary recall forms 

reduces measurement error in the data, repeat serum measurements would provide a more 

accurate indication of an individual’s average serum retinol and carotene levels. 

The stronger positive association of FVC with carotene intake compared with retinol is also 

in line with findings from two other previous studies. The first study found that increased 

intake of carotene, but not retinol, slowed FEV1 decline over a period of 8 years in a French 

population for the European Community Respiratory Health Survey [279]. Interestingly, they 

also found a stronger protective effect on FVC for carotene in smokers, which is similar to 

our findings. Again, this study was small (starting population=1,194, follow-up 

population=864, complete data=535) compared to ours, which might explain the absence of 

any effect for retinol. The second study, a larger study from Korea on 21,148 individuals, 

found that individuals with the highest intake of both retinol and carotene had significantly 

higher FEV1 [283]. They also found that the relative effect of increased intake on FEV1 was 

even greater in a sub-population of COPD patients who were also smokers. The positive 

findings for both carotene and retinol intake on FVC in this larger study support the idea that 

the association with retinol could be weaker than with carotene and therefore require more 

power for detection. In contrast to this study and to our findings, however, another study 

found a protective effect of carotene intake on FEV1 in their overall population of 18,162 

participants but not in a sub-population of smokers [280]. 

3.3.2 Vit A intake has a protective effect on lung function 

There are a number of studies which have assessed the protective role of vit A in the context 

of lung homeostasis and repair. Studies have shown that children from chronically deficient 

vit A populations who are supplemented in utero or from a young age exhibit significantly 

higher FVC, and that this increase continues longitudinally through adolescence [132, 278, 

381]. Unlike our in our study, these studies were carried out in much younger populations, 

at a time when the role of RA in lung development is known and of paramount importance 
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[362]. As lung development is complete by adulthood, this might explain why we see a much 

smaller positive effect in our population, and why the effect only becomes stronger when 

there is a reduction in RA bioavailability due to deficiency or an increased requirement for 

RA during repair as would be the case for smokers. Other experimental and observational 

population-based studies have linked maternal vit A deficiency with the development of BPD 

in neonates and indicate a protective effect for vit A supplementation following premature 

birth [133, 134, 382-384]. Though these studies mainly focus on younger populations, they 

are indicative of a protective role. Other studies investigating the role of RA in homeostasis 

and repair in older populations have demonstrated a protective effect for vit A intake in the 

context of age-related lung function decline or susceptibility to lung cancer in smokers [286, 

364].  

There is however some evidence that contradicts the beneficial effect of increased intake, 

with some studies showing no protective effects in the case of smokers and also in the 

development of chronic respiratory diseases [288, 380, 385, 386]. This is in line with our 

findings looking at FEV1/FVC as an indicator of airflow obstruction and by extension COPD. 

Our data suggest that vit A intake has no effect on FEV1/FVC. Although we found a slightly 

negative association with FEV1/FVC, this is likely due to how the ratio is constructed and the 

effect of intake on the individual components of the ratio. As we found a positive association 

between vit A intake and FVC, and further preliminary analyses showed a less positive effect 

on FEV1 (Appendix 5), this subsequently results in a small negative effect on the ratio of the 

two parameters. This “artificial” effect on FEV1/FVC has been previously suggested in a 

study on the effect of physical exercise on lung function where the association with both 

measures was directionally the same but there was a larger positive effect on the 

denominator (FVC) than on the numerator (FEV1), with an overall negative association 

observed for their ratio [387]. This is likely to be the case in our analysis where the magnitude 

of the effect on the two lung function measures differs, resulting in a near zero but negative 

impact on the ratio. 

3.3.3 Polymorphisms in the RA signalling pathway can modulate adult lung function 

Alterations in the RA signalling pathway at gene or protein expression level have also been 

implicated in modulating lung function, such as polymorphisms in NCOR2 or increased 

CYP26A1 expression in the lungs of COPD patients [86, 377]. This suggests that modulation 

of RA bioavailability at a genetic and enzymatic level could play a key role in maintaining 

tissue homeostasis and lung function. Overall, we have identified a number of SNPs in RA 



127 

pathway genes which have a significant modulatory effect on FVC (17 SNPs, 3 passing 

Bonferroni correction) and FEV1/FVC (21 SNPs, 8 passing Bonferroni correction).  

Using PhenoScanner (version 2, http://www.phenoscanner.medschl.cam.ac.uk/, September 

2020) [388], we searched the results of previous GWAS to assess what other exposures or 

disease outcomes our identified SNPs have previously been associated with. According to 

this database, none of the SNPs identified in our analysis have previously been associated 

with any respiratory phenotypes (Table 3.14a). 

Table 3.14 Association of our identified RA pathway SNPs with previously published lung function 

outcomes and effects on tissue specific gene expression (eQTL) 

SNP Gene a) PhenoScanner b) Portas et al. c) Shrine et al. d) eQTL analysis 

FVC 

rs111277407 CRBP4       Blood eQTL (p=8.4x10-74) 

rs73054309 RARB   
rs73048404  

(r2=0.743) 

rs73048404  

(r2=0.743) 
  

rs3773427 RARB       Blood eQTL (p=1.0x10-5) 

rs76093066 RALDH1       Blood eQTL (p=2.8 x10-15) 

rs12829025 CRBP3       Blood eQTL (p=1.5x10-25) 

rs11057583 NCOR2 
Body Mass Index 

[90] 

rs72451021  

(r2=1) 
  Blood eQTL (p=6.3 x10-11) 

rs178818 NCOR1   
rs34351630  

(r2=0.793) 

rs34351630  

(r2=0.793) 

Blood eQTL (p=1.8x10-225) 

Lung eQTL (p=7.0x10-5) 

FEV1/FVC 

rs55906401 NCOA1       Blood eQTL (p=6.5x10-7) 

rs1297795 RARB     
rs1529672  

(r2=0.88) 
  

rs4681028 RARB       Blood eQTL (p=2.7x10-6) 

rs11234588 EED       Blood eQTL (p=1.4x10-48) 

rs490255 SUZ12       Blood eQTL (p=8.6x10-11) 

rs192512602 RARA       Blood eQTL (p=1.3x10-7) 

rs2715554 RARA Height [89] FEV1/FVC     

a) PhenoScanner: a database of human genotype-phenotype associations [388]  

b) Hypothesis driven study by Portas et al. on the effect of lung development genes on FVC or FEV1/FVC [377] 

c) GWAS by Shrine et al. on lung function [391] 

d) Associations of SNP with gene-expression in blood eQTLs (eQTLGen Consortium) and in lung eQTLs (GTEx) [392, 393] 

One SNP, rs2715554 in RARA has previously been associated with overall height in a 

European population, which indirectly modulates adult lung function [389]. Another, 

rs11057583 in NCOR2, has previously been associated with body mass index in a Japanese 

population, which can also modulate lung capacity [390]. According to the data on 
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PhenoScanner, the remaining 36 polymorphisms had no previously known direct or indirect 

phenotypic associations with lung function or lung function related outcomes. 

In a recent genetic study by Portas et al. assessing the association between lung 

development genes and lung function, one of the identified polymorphisms associated with 

FEV1/FVC was the same as in our study, rs2715554 in RARA (Table 3.14b) [377]. They also 

found one polymorphism, rs72451021 in NCOR2, which is in complete LD (r2=1) with 

rs11057583 associated with FVC in our study. Our data and the study by Portas et al. 

highlight the benefits of a targeted, hypothesis-based approach, as they show that selecting 

genes a priori can help identify genetic associations that have not been picked up by a 

GWAS approach. The study by Portas et al. confirmed the association of previously 

identified SNPs in a GWAS by Shrine et al. with lung function, including in genes selected 

for our study, NCOR1 and RARB with FVC [391]. The lung function GWAS by Shrine et al., 

combining previously known variants along with novel variants discovered in their GWAS, 

presented a total of 279 autosomal signals which were found to be associated with lung 

function. None of the specific SNPs identified in our study were previously identified by 

Shrine et al. (Table 3.14c). Interestingly, their GWAS approach did identify a small number 

of RA pathway genes, detecting two SNPs in RARB, one previously known (rs1529672, 

FEV1/FVC) and one novel (rs73048404, FVC), and one novel SNP in NCOR1 (rs34351630, 

FVC) [391, 394]. When compared to the RARB variants identified in our analysis, 

rs73048404 was found to be in high LD with rs73054309 (r2=0.74) and rs1529672 with 

rs1297795 (r2=0.88), and they were associated with the same lung function parameter as in 

our study. Similarly, the SNP associated with FVC which was identified in NCOR1, 

rs34351630, was in high LD with the FVC polymorphism rs178818 found in our study 

(r2=0.79). 

Other previous studies also identified polymorphisms in NCOR2 and RARB associated with 

lung function, in both children and adults. As previously mentioned, the SNP rs11057583 is 

in complete LD with rs72451021 identified by Portas et al. [377], but further linkage analysis 

showed that the other two SNPs in NCOR2 identified in our study (rs60959640 and 

rs74825512 with FEV1/FVC) were not in LD with the SNP rs12708369 identified to modulate 

FVC by Minelli et al. [376]. Identification of multiple independent variants in NCOR2 further 

highlights its important role in maintaining adult lung function and homeostasis. In addition, 

one small study investigating the effect of polymorphisms on infant lung function identified 

one SNP (rs1529672) in RARB which increased the maximal expiratory flow at functional 

residual capacity (Vmax FRC) [395]. We have identified a further 8 polymorphisms, 3 of which 



129 

passed Bonferroni correction, in RARB that are associated with FVC or FEV1/FVC. 

Interestingly, one of these SNPs (rs1297795), associated with FEV1/FVC, is in high LD 

(r2=0.88) with the previously identified Vmax FRC modulatory SNP rs1529672. 

The degree of LD between a number of our variants with previously known SNPs helps to 

validate our findings. Our data also further supports the benefits of a hypothesis-driven 

approach through the ability to detect variant associations which would otherwise have 

remained undetected using a GWAS approach. In total, excluding those in LD with 

previously identified SNPs and those found associated with lung function by previous 

studies, we have found a further 33 polymorphisms within 19 RA pathway genes which have 

a nominally significant effect on adult lung function, 8 of which pass Bonferroni correction. 

In addition, we also examined two tissue specific expression analysis (eQTL) databases to 

investigate how the SNPs modulate the expression of the gene they are in. Following the 

same methods as previously described by Portas et al. [377], for cis-eQTLs in whole blood 

we used the eQTLGen Consortium eQTL online tool (www.eqtlgen.org/cis-eqtls.html) [392] 

and for gene expression in lung tissue we used the Genotype-Tissue Expression Portal 

(GTEx) (www.gtexportal.org/home/eqtls/tissue?tissueName=Lung) [393]. This identified the 

FVC associated SNP rs178818 as being a significant modulator of NCOR1 expression in 

the lung. Expression data from whole blood also identified this SNP and a further 11 SNPs 

in other RA genes which directly modulate gene expression (Table 3.14d). This type of 

information on gene expression can inform further investigation using an experimental 

approach, for example by targeting and deleting small regions of the gene that includes the 

SNP in relevant cell lines [396]. 

3.3.4 RA polymorphisms have a cumulative effect on FVC 

Although statistically significant, the effects of the individual SNPs on lung function were 

small. We therefore assessed the cumulative effect of these SNPs on lung function using a 

weighted GRS and found that individuals with a higher GRS exhibited higher lung function, 

FVC specifically, when compared to those with a lower score.  

A number of studies using GRS to investigate the cumulative effect of genetic 

polymorphisms on lung function and chronic disease have included SNPs within RA 

signalling and metabolism genes. One study, using a weighted GRS of 83 SNPs associated 

with lung function, found that a higher score of risk alleles was associated with an increased 

risk of developing COPD along with lower lung density and fewer small airways [397]. One 

of the SNPs used to construct this GRS was rs1529672 in RARB, in LD with the SNP 



130 

rs1297795 which we found was significantly associated with FEV1/FVC (Table 3.14c). 

Similarly, another study using a GRS that included SNPs associated with lung function from 

16 genetic loci found that a higher GRS was associated with the onset both of COPD and 

asthma [398]. One of these, rs1286767 in RARB, is also in LD with our RARB SNP 

rs1297795 (r2=0.229). A further study carried out by the same group, also used this 16 SNP 

GRS to show that COPD patients with the highest scores presented with moderate to severe 

airflow obstruction and higher blood eosinophilia [399]. In addition, Shrine et al. also 

generated a COPD GRS using all 279 variants identified by their lung function GWAS. Their 

data, including rs73048404 and rs1529672 in RARB and rs34351630 in NCOR1 which are 

in LD with SNPs from our study (Table 3.14), demonstrated an association between their 

GRS and decreased lung function along with increased COPD risk [391]. Interestingly, 

another study used GRS to identify a cumulative COPD risk associated with interactions 

between lung function SNPs and smoking status. This GRS included rs1529672, a SNP in 

the gene RARB in LD with our SNP rs1297795 [400]. Use of a GRS containing RA SNPs to 

study cumulative COPD risk could also be used to help understand the role of RA signalling 

in the development or progression of COPD. Similarly, considering the links between RA 

signalling and lung repair, and given our findings of a positive interaction effect on lung 

function between increased vit A intake and smoking status, there is rationale for a stronger 

cumulative SNP effect on lung function in smokers where a higher degree of repair is 

required. 

3.3.5 Polymorphisms identified in RA pathway genes do not have a strong interaction 

effect with vit A intake on FVC 

Our data also demonstrated a number of nominally significant gene-diet interaction effects 

on lung function between dietary intake of retinol, carotene or vit A and RA pathway SNPs. 

GSEM detected several interactions that were not detected with the linear model limited to 

participants with at least three 24 hr recall forms completed. This is not surprising given that 

the GSEM analysis accounted for measurement error without a large reduction in sample 

size, and therefore the power was higher to detect interactions. The interactions detected 

were all found in genes associated with either transcriptional regulation (SUZ12, NCOR2) 

or the RA receptor complex (RARA, RARB, RXRB).  

A number of gene-diet associations were detected for FEV1/FVC with some overlap between 

retinol and total vit A. Interestingly, the interaction effects on FEV1/FVC detected for 

converted carotene did not overlap with those detected for retinol or total vit A intake, further 
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supporting the hypothesis that carotene has an additional independent role in modulating 

lung function. 

Even when using GSEM, power could be a limiting factor in detecting interaction effects in 

our analysis. As a rule of thumb, 4 times the sample size used to detect an independent 

SNP effect is required to detect an interaction effect in a linear model [401]. Therefore, it is 

possible that there are further SNP-vit A interaction effects on FVC and FEV1/FVC that we 

simply do not have the power to detect.  

The majority of studies investigating gene-diet interaction effects on lung function and lung 

disease focused on smoking, air pollution, occupational and microbial exposures, using a 

candidate gene approach [402]. The genes considered in our study focused on the 

metabolism of RA and signalling up to the point of target gene activation. RA signalling has 

a large number of downstream targets, many of which have key roles in lung development 

and regeneration [33, 403]. It is therefore possible that any interactions between genes and 

vit A intake are further down the RA pathway. Unfortunately, there is a lack of studies 

investigating the modulation of lung function through gene-diet interactions with dietary 

intake in general, let alone vit A intake. The paucity of large population datasets containing 

both lung function and genetic data such as UKB is a major contributing factor to this. 

Identification of potential interaction effects on lung function would open important avenues 

for the prevention and treatment of lung diseases with unclear aetiologies such as IPF, 

COPD and asthma. 

3.3.6 Limitations of our study 

Measurement error was a major limiting factor throughout our dietary and interaction 

analyses in the UKB dataset. Our approach clearly shows to what extent the error due to 

low repeat questionnaire compliance can reduce our ability to detect an effect. The fact that 

the vit A effect on FVC increases in size and significance as we restrict the analysis by a 

higher number of repeated forms, despite the resulting reduction in sample size, indicates a 

large degree of measurement error in the data. The increased effect estimates with GSEM 

further supports this hypothesis. By using GSEM as our main analysis, we have limited the 

effect of measurement error and increased the power of the analysis to detect an effect. In 

fact, a large number of individuals in UKB only reported intake on 1 occasion and excluding 

them improved the capability of the GSEM analysis to model the measurement error.  

A number of studies have assessed the accuracy and suitability of the 24 hr dietary recall 

questionnaire used in UKB [333, 335]. Overall, they found this questionnaire to be a good 



132 

alternative to using FFQ, not only because it takes significantly less time to complete, but 

also due to the lower cost when used in large, adequately powered epidemiological studies. 

The suitability of 24 hr dietary recall questionnaires, however, heavily depends on repeated 

compliance by individuals in completing the forms. A previous study assessed the 

reproducibility of data obtained across multiple 24 hr recall forms in UKB. When nutrient 

intake levels were compared across the 24 hr recall forms for each participant, they found 

that the reproducibility of the data were comparable with results from previous studies using 

conventional methods such as FFQ and previously developed 24 hr recall questionnaires 

[404]. 

For the purposes of our study, the most accurate information would have come from a 24 hr 

recall questionnaire completed all 5 times by everyone. This being said, the number of 

dietary recall forms required to minimise measurement error could be much higher than this, 

with an ideal number depending on the magnitude of the within-subject variability. Therefore, 

even in the best-case scenario with total compliance, the 5 forms used in the UKB study 

might still not be sufficient. One alternative would be to use repeated measurements of 

retinol and carotene serum concentrations. Serum data is available in UKB for a number of 

nutrients but unfortunately none related to vit A intake.  

One minor limitation of our study is the accuracy of how the combined carotene variable has 

been generated in UKB and how carotene is then converted into retinol activity equivalents. 

Though established conversion methods have been used in both instances, these are still 

best estimates and therefore cannot be considered completely accurate [336, 338]. There 

are also some indications that the rate at which an individual converts β-carotene into retinol 

increases or decreases depending on how much is being obtained from the diet [360, 405]. 

This implies that someone who has high intake will convert carotene to retinol at a reduced 

rate as they have an adequate supply to maintain biological retinol stores. In order to account 

for this, an exact formula for how intake and conversion are related would have been 

required, a formula which is to date not known. Therefore, it is important to consider the 

possibility that not accounting for this could make our effect estimates less accurate. 

Finally, despite representing a western population with access to vit A rich foods, a large 

portion of the UKB population consumes well below recommended daily intake levels. This 

has implications for our results showing only a small protective effect associated with vit A 

intake higher than the recommended levels, as the estimate of this effect is based on a 

relatively small number of participants in this group. 
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3.3.7 Conclusion 

In this chapter we have identified a beneficial effect of vit A intake on adult lung function in 

the general population. Our data shows that under normal circumstances, increased vit A 

has as small but significant positive effect on FVC, with indications of a greater role for 

carotene over retinol in maintaining adult lung homeostasis. If we assume that the cross-

sectional dietary data used in this study is representative of long-term diet, our results show 

that insufficient vit A intake, e.g. reducing RA bioavailability below the cut off required to 

maintain the lungs, has a notable negative effect on FVC. Similarly, in situations where there 

is an increased requirement for vit A, such as during chronic injury and repair in smokers, 

increasing intake has a beneficial and protective effect. In a more general sense, we have 

also highlighted and attempted to address issues due measurement error in the UKB dietary 

data, which has implications for any studies wishing to use these data in their research.  

Moreover, using a hypothesis-driven gene approach, we have identified novel variants in 

RA pathway genes which affect adult lung function. Additionally, our data is suggestive of 

novel gene-diet interaction effects on lung function between a number of these SNPs and 

vit A intake though these did not pass Bonferroni correction.  

Taken together, these findings further highlight the importance of vit A and RA signalling in 

pulmonary maintenance and identify a number of potential genetic targets that can be further 

studied along with the impact of dietary vit A in relation to lung homeostasis and repair.   



134 

3.4 Appendix 

Appendix 1 Variable names and UKB variable numbers used in this study 

Variable Name 

UKB 

Variable 

number 

Website 

Retinol 100018 https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=100018 

Carotene 100019 https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=100019 

FVC best measure 20151 https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=20151 

FEV1 best measure (to generate FEV1/FVC) 20150 https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=20150 

Age at recruitment 21022 https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=21022 

Sex 31 https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=31 

Height 12144 https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=12144 

Smoking Status 20116 https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=20116 

Weight 21002 https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=21002 

Array 22000 https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=22000 

Principle Components 22009 https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=22009 

Townsend Deprivation Index 189 https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=189 

Age Completing Full Time Education 845 https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=845 

Qualifications 6138 https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=6138 

 

Appendix 2 Effects of weighted GRS, expressed in deciles, on FVC and FEV1/FVC 

 

 

 

Intake 

(µg/day) 

a) FVC Weighted GRS 

17 SNPs 

b) FEV1/FVC Weighted GRS 

21 SNPs 

N p-value Beta 
95% CI 

N p-value Beta 
95% CI 

LCI UCI LCI UCI 

D1 15,106 --- --- --- --- 15,106 --- --- --- --- 

D2 15,105 0.744 2.20 -11.00 15.39 15,196 0.549 -0.04 -0.18 0.09 

D3 15,106 0.017 16.09 2.89 29.28 15,014 0.783 0.02 -0.12 0.15 

D4 15,109 2.8x10-04 24.43 11.23 37.62 15,326 0.093 0.12 -0.02 0.25 

D5 15,104 6.2x10-06 30.43 17.23 43.62 14,884 0.046 0.14 0.00 0.27 

D6 15,101 3.4x10-05 27.89 14.69 41.08 15,109 0.018 0.16 0.03 0.30 

D7 15,105 5.4x10-06 30.63 17.44 43.83 15,103 0.001 0.24 0.10 0.37 

D8 15,109 2.4x10-05 28.42 15.22 41.61 15,585 1.2x10-08 0.39 0.26 0.52 

D9 15,113 1.4x10-08 38.21 25.01 51.41 14,969 6.6x10-12 0.47 0.34 0.61 

D10 15,093 1.4x10-13 49.84 36.63 63.05 14,759 6.4x10-09 0.62 0.48 0.75 
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Appendix 3 Interaction effect of carotene intake and RA pathway SNPs on FVC 

FVC (ml) 

SNP Gene Chr Position 

a) GSEM Interaction 

(At least 2 forms, n=94,137) 

b) Linear Interaction 

(at least 3 forms, n=58,723) 

p-value Beta 
95% CI 

p-value Beta 
95% CI 

LCI UCI LCI UCI 

rs111277407 CRBP4 1 10057305 0.432 6.19 -9.25 21.62 0.728 1.81 -8.38 11.99 

rs149141149 NCOA1 2 24791641 0.736 3.10 -14.89 21.09 0.236 -7.51 -19.91 4.90 

rs2241059 CYP26B1 2 72359312 0.156 5.49 -2.09 13.07 0.676 0.94 -3.48 5.37 

rs73054309 RARB 3 25224062 0.718 -1.52 -9.75 6.71 0.848 0.49 -4.51 5.49 

rs17523645 RARB 3 25423431 0.366 3.55 -4.15 11.26 0.311 2.40 -2.24 7.04 

rs3773427 RARB 3 25636344 0.120 5.88 -1.54 13.30 0.343 2.09 -2.23 6.40 

rs116203444 ADH4 4 100068114 0.310 8.23 -7.65 24.11 0.334 5.61 -5.77 17.00 

rs2072915 RXRB 6 33162082 0.549 -2.14 -9.16 4.87 0.677 -0.75 -4.30 2.79 

rs76093066 RALDH1 9 75579129 0.724 -3.38 -22.16 15.40 0.162 -9.21 -22.13 3.70 

rs12829025 CRBP3 12 7278010 0.676 1.79 -6.63 10.22 0.910 0.29 -4.76 5.34 

rs10082776 RARG 12 53621711 0.206 -6.16 -15.72 3.40 0.175 -4.12 -10.09 1.84 

rs11057583 NCOR2 12 124810329 0.927 -0.41 -9.17 8.35 0.410 -2.27 -7.67 3.13 

rs35867617 RALDH2 15 58261760 0.300 11.61 -10.33 33.55 0.168 10.42 -4.41 25.24 

rs11854019 RALDH2 15 58341128 0.594 3.78 -10.11 17.67 0.444 3.76 -5.86 13.38 

rs72740860 RALDH2-LIPC 15 58707881 0.552 2.98 -6.84 12.80 0.826 0.71 -5.59 7.00 

rs178818 NCOR1 17 16091694 0.932 0.35 -7.71 8.41 0.766 -0.50 -3.82 2.82 

rs3084095 SUZ12 17 30317007 0.287 4.10 -3.45 11.65 0.683 -1.00 -5.82 3.81 

 

Appendix 4 Interaction effect of carotene intake and RA pathway SNPs on FEV1/FVC 

FEV1/FVC (%) 

SNP Gene Chr Position 

a) GSEM Interaction 

(At least 2 forms, n=91,494) 

b) Linear Interaction 

(at least 3 forms, n=58,723) 

p-value Beta 
95% CI 

p-value Beta 
95% CI 

LCI UCI LCI UCI 

rs169528 RXRG 1 165387217 0.336 0.05 -0.05 0.16 0.447 -0.03 -0.10 0.04 

rs55906401 NCOA1 2 24959567 0.661 0.02 -0.07 0.12 0.332 0.03 -0.03 0.09 

rs147314212 NCOA1 2 24980463 0.719 0.03 -0.12 0.18 0.330 0.05 -0.05 0.14 

rs75260183 RARB 3 25315902 0.418 -0.05 -0.19 0.08 0.440 -0.03 -0.12 0.05 

rs77338872 RARB 3 25505013 0.016 0.13 0.02 0.23 0.078 0.06 -0.01 0.13 

rs1297795 RARB 3 25541991 0.589 -0.02 -0.10 0.06 0.535 -0.01 -0.06 0.03 

rs56346778 RARB 3 25610568 0.346 -0.07 -0.20 0.07 0.917 0.00 -0.08 0.09 

rs4681028 RARB 3 25628749 0.360 0.03 -0.04 0.11 0.667 0.01 -0.03 0.05 

rs17215168 RXRB 6 33164690 0.028 0.12 0.01 0.22 0.151 0.05 -0.02 0.11 

rs73158253 EZH2 7 148508347 0.466 -0.04 -0.16 0.07 0.235 -0.05 -0.13 0.03 

rs118098204 NCOA2 8 71091298 0.850 0.02 -0.17 0.21 0.539 0.05 -0.10 0.19 

rs11234588 EED 11 85957314 0.080 0.06 -0.01 0.14 0.365 0.02 -0.02 0.05 

rs59842241 RARG 12 53620928 0.668 0.02 -0.08 0.12 0.967 0.00 -0.06 0.06 

rs564134026 RARG 12 53626031 0.711 0.03 -0.13 0.19 0.819 0.01 -0.10 0.12 

rs60959640 NCOR2 12 124820484 0.550 0.04 -0.09 0.17 0.612 -0.02 -0.11 0.06 

rs74825512 NCOR2 12 124925874 0.564 -0.06 -0.27 0.15 0.214 -0.08 -0.21 0.05 

rs140883903 CRABP1 15 78640504 0.828 -0.02 -0.18 0.15 0.778 -0.02 -0.13 0.09 

rs490255 SUZ12 17 30310382 0.139 0.05 -0.02 0.13 0.527 0.01 -0.03 0.05 

rs192512602 RARA 17 38480095 0.188 0.11 -0.06 0.29 0.248 0.07 -0.05 0.18 

rs2715554 RARA 17 38489170 0.608 0.02 -0.06 0.10 0.275 0.03 -0.02 0.07 

rs6094752 NCOA3 20 46256424 0.794 0.02 -0.12 0.15 0.849 -0.01 -0.09 0.08 
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Appendix 5 Effect of retinol, converted carotene and total vit A intake on FVC and FEV1 

 

 

 

 

 

 

 

 

  

Dietary Intake 

 FVC GSEM FEV1 GSEM 

Beta 

(95%CI) 
p-value 

Beta 

(95%CI) 
p-value 

Retinol* 
10.52 

(5.03 to 16.00) 
1.7x10-04 

2.78 

(-1.88 to 7.44) 
0.242 

Carotene* 

(converted) 

15.67 

(11.38 to 19.94) 
7.3x10-13 

9.37 

(5.74 to 13.00) 
4.1x10

-07
 

Total Vitamin A * 
14.75 

(11.01 to 18.49) 
1.1x10-14 

8.16 

(5.01 to 11.32) 
4.1x10

-07
 

*A 100 µg/day increase, Population sizes displayed in Table 3.1 
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Chapter 4 

RA signalling and the effect of RA treatment on 

endothelial-epithelial paracrine signalling during 

lung repair. 
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In the previous chapter, we explored the effects of vit A and RA signalling on lung 

health at a population level. Having shown that increased vit A intake is associated 

with increased lung function and having identified a role for RA pathway genes in 

modulating lung function, we next wanted to examine the potential mechanisms 

through which RA drives lung repair using cell (Chapter 4) and tissue (Chapters 4 and 

5) models of lung injury and repair.  

4.1 Introduction  

Adult lung homeostasis is maintained through low levels of cell turnover. Following 

injury, fundamental cellular processes such as migration, proliferation and progenitor 

cell expansion and differentiation are induced to restore alveolar integrity [57, 406]. 

RA is a critical and tightly controlled modulator of both embryonic and post-natal lung 

development including alveologenesis [33, 112, 125, 137, 348]. Studies have 

identified that re-activation of signalling pathways required for development, such as 

RA signalling, are important for lung regeneration [33]. Similarly, a reduction in RA 

availability or dysfunction in RA signalling has been linked to reduced lung function 

and the development of chronic respiratory diseases [132, 146, 263, 266]. Targeting 

the pathways that modulate innate repair in the lung as well as reactivation of those 

responsible for alveolar development holds great potential for the treatment of chronic 

lung diseases where the response to damage is dysfunctional such as aberrant 

proliferation and fibrosis in IPF [292] or progressive reduction in alveolar surface area 

due to a lack of repair in COPD [407] 

VA deficiency during lung development has been associated with decreased lung 

function in children [132] and has been shown to result in alveolar insufficiency in rat 

models of dietary deficiency or vit A depletion using cigarette smoke [146, 266, 408]. 

The effects of dietary vit A deficiency on lung development has also been replicated 

in knockout mice by targeting key RA pathway genes such as STRA6, RARA and 

RARB linking RA availability to correct alveolar function [102, 409]. Conversely, re-

introduction of RA into deficient systems or treatment of damaged lungs with 

exogenous RA has been associated with higher lung function at a population level 

[132, 278, 410], induces alveolar regeneration in adult mice with arrested postnatal 

alveolar development [83] and reverses experimental emphysema in rats [172]. 
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Previous work carried out in our group has identified that functional RA deficiency is 

linked to impaired angiogenesis in the emphysematous lung which might contribute to 

a diminished repair response and reduced lung function [411]. The repair process in 

the healthy lung is a co-ordinated response driven by a number of cell types and 

processes including endothelial-driven angiogenesis [412], fibroblast ECM deposition 

[413-415] and repopulation of the alveolar lining with epithelial cells [52].  

In the lungs, the vascular endothelium has been demonstrated to directly regulate 

epithelial integrity [416], function and differentiation [417]. Under normal 

circumstances, alveolar maintenance is driven by low grade turnover of proSP-C+ AT2 

epithelial cells which can differentiate into AT1 cells to repopulate the alveolar 

epithelium [52, 57, 198, 418-421]. Following injury, this process of AT2 differentiation 

as well as a population of proSP-C+ lung resident progenitor cells has been shown to 

mobilise and expand, generating both AT2 and AT1 cells in much higher numbers to 

restore the damaged alveoli [204]. Although much is now understood about the cellular 

responses to injury, the molecular signals that drive this process are less clear. 

Understanding these pathways and how cellular crosstalk contributes to the different 

elements of lung repair might represent a route for pharmacological intervention in 

chronic lung disease.  

Despite clear evidence that RA contributes to lung epithelial repair [85], the exact role 

of RA in repopulating alveolar epithelium is still unknown. One potential mechanism of 

RA induced repair could be through the induction of lung epithelial progenitor cell and 

AT2 cell expansion and differentiation. Retinoids are known to control surfactant 

biosynthesis in foetal rat lungs [174]. Administration of vit A has been shown to restore 

surfactant protein C mRNA expression in a rat model of nitrofen induced congenital 

diaphragmatic hernia [422]. Similarly, rats which are vit A deficient exhibit a reduction 

in surfactant gene expression and production in the lung [423]. This is further 

supported by data demonstrating RA treatment increased the overall number of 

proSP-C+ cells in an ex-vivo model of acute lung injury [226]. Interestingly, recent in 

vitro data from our group has found evidence that RA does not directly affect lung 

epithelial cells but instead promotes angiogenesis in lung endothelial cells. This 

suggests that while there is evidence of a role for RA in aiding the generation and 

expansion of lung resident AT2 cells during repair, this could be occurring through 
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paracrine and indirect signalling mechanisms rather than via direct action on alveolar 

epithelial populations themselves. 

Interactions between the endothelium and other cell types have previously been linked 

to repair in both the pulmonary and cardiovascular system [424, 425]. It has also been 

hypothesised that endothelial dysfunction may be an initiating event in the 

development of COPD [426]. Crucially, a recent study has identified the lung 

microvasculature as a source of RA in the lung during development and homeostasis 

through induction of the VEGF signalling pathway [171]. This was further supported 

by data demonstrating a role for exogenous RA in stimulating angiogenesis through 

increased VEGF production in the pulmonary endothelium [411].  

This led to a hypothesis that RA signalling might induce pro-regenerative signals from 

the endothelium which act on alveolar epithelial cells to induce alveolar regeneration. 

To test this, we employed a scratch assay model of cell migration and wound repair 

using conditioned media taken from RA treated vascular endothelial cells to assess 

the role of RA in endothelial-epithelial crosstalk and repair. 

Despite promising experimental and population data supporting RA induced lung 

regeneration, clinical trials of therapeutic exogenous RA administration in the past 

have been relatively unsuccessful [248, 257-259, 261, 427, 428]. This however might 

be due to study design and a lack of suitable intermediate models to investigate lung 

repair that adequately replicate the in vivo environment. While cell culture models are 

useful for initial screening studies, they cannot replicate systemic reactions to 

therapies or drug candidates. Similarly, while in vivo mouse models can give an overall 

indication of efficacy, large scale experiments are costly and real time demonstration 

of repair and regeneration is technically challenging. Although there is evidence from 

in vitro and animal work that RA contributes to repair and regeneration in the lung, 

clinical trials have failed to find any benefits in patients following treatment with 

exogenous RA [33, 83, 85, 238, 252]. It is now thought that pharmacologically 

targeting existing regenerative pathways may be more beneficial than exogenous 

supplementation when it comes to treating disease as this avoids degradation of the 

endogenous RA before it can have an effect in the lungs. This was investigated using 

the RARγ agonist palovarotene. Although the overall study did not meet the primary 

trial endpoints, a post-hoc analysis demonstrated an effect in patients with lower lobe 
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emphysema, which is interesting as the lower lobes of the lungs have increased 

perfusion compared the upper lobes and possibly more exposure to the drug [261].  

Identifying where and when RA signalling occurs during lung repair is essential to 

understand how this molecule might be involved in mechanisms of repair. While 

expression patterns of RARs and RA metabolism enzymes have been established in 

the developing murine lung [113, 149], no studies have visualised RA signalling in the 

regenerating lung. Visualisation of RA signalling during regeneration has however 

been successfully performed during limb regrowth following amputation in transgenic 

axolotls using an RARE-GFP reporter [429]. Importantly, this reporter has recently 

been introduced into mice and this novel reporter line has great potential for 

visualisation and study of RA signalling in the lungs.  

Using this RARE-GFP reporter mouse, we hypothesised that RA signalling could be 

visualised during repair by combining precision-cut lung slices from RARE-GFP 

reporter mice with an ex-vivo model of lung injury and repair established and 

developed in Chapter 5 of this thesis. 

The overarching hypothesis for this chapter was that alveolar epithelial repair is 

modulated by paracrine factors released by endothelial cells in response to an 

increase in RA signalling following injury. 

This was tested through the following aims: 

1.  To confirm direct effects of RA signalling on the pulmonary endothelium. 

2. To investigate the indirect effects of RA signalling on alveolar epithelial repair 

through factors released by the endothelium. 

3. To assess the potential use of a novel RARE-GFP mouse reporter line to study 

RA signalling in the lung. 

4. To visualise RA signalling in the lung following injury and during repair. 
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4.2 Results 

4.2.1 Optimisation of cell culture conditions 

Optimisation of cell culture conditions for HUVECs and A549 cells was carried out prior 

to refinement of the RA-endothelial conditioned media protocols. Initial experiments 

were carried out using HUVECs rather than HPMVECs as they are more stable in 

culture and can undergo a higher number of passages. HUVECs and A549 cells are 

routinely used as models to study endothelial and epithelial cell biology [416, 430-

433]. 

4.2.1.1 Determination of optimal growth media for HUVEC and A549 culture  

Optimal growth medium composition for HUVECs was investigated by testing a range 

of media cited in studies using HUVECs [434, 435]. HUVECs seeded at 200,000 cells 

per well were cultured using EGM, M199 supplemented with 20% or 10% FBS or basal 

M199 and monitored for 35 hr. Cells cultured with EGM increased in confluence 

consistently over a 35 hr period (20% to 41%, n=3, Figure 4.1 A). This was compared 

to a reduction in confluence by 35 hr for the other 3 conditions at which point cell 

density was too low to maintain viability (Figure 4.1 B). 

To ensure A549 cells would survive and proliferate in conditioned media taken from 

HUVECs, A549 cells were cultured overnight in EGM and EBM. DMEM with 10% FBS 

was used as a positive control and SF-DMEM was used as a negative control. 

Increased cell confluence was observed for A549 cells cultured with both EGM (18% 

to 50%) and EBM (25% to 36%) over a 19 hr period, with 100% confluence reached 

in the positive control and a 1% increase observed in the negative control (Figure 4.2, 

n=4). 
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Figure 4.1 HUVEC media optimization. (A) Growth curve demonstrating the effect of EGM, M199 with 

20% or 10% FBS and Basal M199 on HUVEC culture and growth over a period of 35 hr. (B) HUVEC 

percentage confluence at 0 hr compared to 35 hr following culture with EGM, M199 with 20% or 10% 

FBS and Basal M199 (n=3). 
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Figure 4.2 A549 cell viability and proliferation in endothelial cell media. (A) Growth curve 

demonstrating the effect of EGM and EBM on A549 cell growth over a period of 19 hrs. DMEM with 

10% FBS and SF-DMEM were used as positive and negative controls respectively (B) A549 cell 

percentage confluence at 0 hrs compared to 19 hrs following culture with EGM, EBM, DMEM 10% FBS 

and SF-DMEM (n=4). 
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4.2.1.2 Optimisation of cell density for HUVEC and A549 cultures 

Following growth media optimisation, seeding density was optimised for both cell types 

to achieve 80% (HUVECs) and 100% (A549 cells) confluence following overnight 

culture. HUVECs were seeded in 6 well plates at densities of 50,000, 100,000 and 

200,000 cells per well. 80% confluence was obtained after 24 hr at a seeding density 

of 200,000 cells per well (Figure 4.3 A). Therefore 200,000 cells per well was chosen 

as the optimal density for the generation of conditioned media. This would ensure cells 

could continue growing but would not become over-confluent during remainder of the 

conditioned media experiment. 

A fully confluent monolayer is required to perform a scratch assay. A549 cells were 

seeded in a 24 well plate at a density of 20,000, 50,000 and 100,000 cells per well. A 

100% confluent monolayer of cells was achieved after 24 hr at a density of 100,000 

cells per well (Figure 4.3 B). This cell density was used in all subsequent A549 

experiments. 

4.2.1.3 Effect of collagen coating on A549 cell wound closure rate 

Coating of cell culture plastic with extracellular matrix components increases cell 

viability and promotes greater cell adherence, movement and migration [436, 437] 

through interactions between surface markers and matrix components. Collagens 

constitute a major portion of the extracellular matrix in the lungs [438] and therefore 

type 1 collagen is routinely used to coat plastic ware in studies of A549 cells [438, 

439]. As part of the optimisation of conditions for scratch assay experiments, the effect 

of collagen coating on the rate of A549 wound closure was assessed (Figure 4.3 C, 

n=3). A higher % wound closure was observed in A549 cells seeded in wells coated 

with type 1 rat tail collagen compared to those without (91% vs 61%). 
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Figure 4.3 Cell density optimisation for RA treated HUVEC conditioned media and A549 scratch 

assay. (A) Representative images of HUVECs seeded at a cell density of 50,000, 100,000 and 200,000 

cells per well. Cells in a 6-well plate reached 40%, 60% and 80% confluence respectively after 24 hr of 

culture. (B) Representative images of A549 cells seeded at a cell density of 20,000, 50,000 and 100,000 

cells per well. Cells in a 24-well plate reached 50%, 80% and 100% confluence respectively after 24 hr 

of culture. (C) Quantification of A549 cell wound closure after 24 hr in the absence and presence of 

type 1 rat tail collagen coating, n=3. Bright field images taken at 4x magnification using light microscopy, 

n=3, Scale Bar: 500µm. 
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4.2.2 Determining the optimal RA concentration for the treatment of endothelial 

cells 

RA production and signalling in vivo is highly regulated and controlled [99, 125, 138]. 

Exposure of developing embryos to increased levels of RA has been shown to be 

teratogenic in a number of tissues [78, 440]. It was therefore important to determine 

the optimal RA concentration for RA treatment of HUVECs without causing toxicity. To 

assess the optimal concentration of RA, HUVECs were cultured to confluence and 

scratched using a P1000 pipette tip to inflict a wound. HUVECs were treated with either 

3µM, 5µM, 10µM, 20µM or 50µM RA and monitored using the JuLITM Stage real-time 

imaging system overnight for 18 hr. HUVECs scratched and cultured with either EGM, 

EBM or 0.01% EtOH in EBM were used as positive, negative and solvent controls 

respectively (Figure 4.4 A, n=3). 

HUVECs treated with 20µM and 50µM RA died within 6 hr of treatment suggesting this 

concentration was toxic (Figure 4.4 B). When compared to wells containing EBM 

(negative control), a significant increase in % wound closure was observed following 

treatment with 10µM RA (38.8% vs 80.1%, *p=0.038; Figure 4.4 C). Treatment with 

3µM (38.8% vs 61.0%) and 5µM RA (38.8% vs 67.2%) also increased the % wound 

closure to a lesser degree however this was not significant (Figure 4.4 B, C). No effect 

on % wound closure was observed following culture with 0.01% EtOH (solvent control) 

(Figure 4.4 B, C). 

4.2.3 Effect of RA treatment on A549 cells 

As mentioned in the introduction, there is evidence indicating that RA treatment plays 

a role in alveolar epithelial regeneration. Previous experiments from our group 

investigated the effects of RA on epithelial and endothelial cell wound closure using 

RA dissolved in DMSO as a solvent. In these experiments, treatment of primary airway 

epithelial cells and immortalised A549 cells with 3µM RA had no effect on the rate of 

wound closure but did increase migration in HPMVECs. This led to a hypothesis that 

RA might act indirectly on the alveolar epithelium through interactions with endothelial 

cells in the pulmonary microvasculature.
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Figure 4.4 RA concentration optimisation for HUVEC conditioned media. (A) Representative images demonstrating the rate of HUVEC wound closure following 

treatment with 3µM, 5µM and 10µM RA compared to EGM positive and EBM negative controls. (B) Growth curve demonstrating the rate of HUVEC wound closure 

over a 19 hr period following treatment with 3µM, 5µM, 10µM, 20µM and 50µM RA. EGM, EBM and 0.01% EtOH were used as positive, negative and solvent controls. 

(C) Quantification and comparison of the % wound closure following 19 hr of culture with EGM, EBM, 0.01% EtOH, 3µM, 5µM, 10µM, 20µM and 50µM RA. Statistical 

analysis was performed comparing EBM negative controls to 3µM, 5µM and 10µM RA treatment. (D) Quantification of the effect of 10µM RA on A549 wound closure 

compared to SF-DMEM negative controls using DMEM with 10% FBS as positive control and 0.01% EtOH as a solvent control. (n=3; Kruskal-Wallis test with Dunn’s 

multiple comparisons, *p<0.05). Bright field images taken at 4x magnification using light microscopy, n=3, Scale Bar: 500µm
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However, DMSO is poorly tolerated by cells and can obscure experimental outcomes 

when used as a solvent [441, 442]. Previous work using DMSO as the solvent showed 

that the maximum concentration of RA dissolved in DMSO tolerated by endothelial 

cells was 3µM, significantly lower than the 10µM optimal dose determined using EtOH.  

Having determined the optimal dose of RA when dissolved in EtOH, we then assessed 

the effect of 10µM RA on A549 wound closure. A549 cells were scratched with a 

P1000 pipette tip and cultured with 10µM RA for 24 hr. The % wound closure was 

compared to SF-DMEM negative controls using DMEM containing 10% FBS as a 

positive control and a 0.01% EtOH solvent control. In agreement with previous 

experiments conducted using RA dissolved in DMSO, no significant difference in % 

wound closure was seen in A549 cells cultured with SF-DMEM or 10µM RA. Similarly, 

no solvent effect was observed on % wound closure (Figure 4.4 D). 

4.2.4 Effect of conditioned Media from RA treated endothelial cells on wound 

repair of A549 (epithelial) cells 

Having verified that RA treatment did not directly modulate A549 cell migration and 

established a direct effect of exogenous RA on endothelial cells we next wished to 

assess if factors released following RA treatment of endothelial cells could modulate 

wound repair in A549 cells. To investigate the role of RA induced interactions between 

endothelial and epithelial cells during repair, we wished to perform scratch assays 

using A549 cells cultured with conditioned media taken from HUVECs treated with 

10µM RA. 

4.2.4.1 Determination of optimal duration of endothelial cell conditioning with RA 

Prior to scratch assays using conditioned media, the optimal treatment time of HUVEC 

cells with RA was determined. Cells were starved for 3 hr to ensure the effects of 

retinoids and growth factors present in EGM did not interfere with or obscure the effect 

of exogenous RA treatment on HUVECs. Scratched A549 cells were then treated with 

conditioned media from HUVECs cultured in 2ml EBM with 10µM RA for 1, 4 or 24 hr. 

Wound repair was monitored for 24 hr. A549 cells cultured with either, DMEM 

containing 10% FBS or, EBM containing 0.01% EtOH were used as positive and 

solvent controls respectively. The EtOH solvent controls had no effect on A549 wound 

closure when compared to cells cultured with EBM alone (n=3, Figure 4.5 A). No 
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significant differences in % wound closure were observed between A549 cells treated 

with media conditioned for 1 (26.4%), 4 (16.0%) or 24 hr (27.4%) (Figure 4.5 A). Slight 

increases in % wound closure were observed for A549 cells cultured with conditioned 

media harvested at 4 (10.9% vs 16.0%, p=0.100) and 24 hr (17.1% vs 27.4%, p=0.100) 

compared to unconditioned media however these increases were not statistically 

significant (n=3, Figure 4.5 B).  

4.2.4.2 Effect of concentrating conditioned media on A549 cell wound closure 

In order to assess whether concentrating conditioned media would increase % wound 

closure in A549 cells, conditioned media was obtained from HUVECs treated with 

small volumes of media: 2, 1 or 0.5ml of EBM containing 10µM RA. Conditioned media 

was harvested after 1, 4 and 24 hr of treatment and applied to A549 cells following 

scratch injury. Wound healing was then monitored for 24 hr. Concentrating conditioned 

media had no significant effects on % wound closure regardless of concentration or 

duration of conditioning. (n=3, Figure 4.5 C). No significant differences were observed 

following culture in 500µl conditioned media obtained from HUVECs after 1 hr 

incubation with: 2ml 10µM RA resulted in 18.9% wound closure; 1ml 10µM RA resulted 

in 19.6% wound closure and 0.5ml 10µM RA resulted in 17.8% wound closure 

compared to 22.6% wound closure in EBM controls. Similarly, culture in 500µl 

conditioned media obtained from HUVECs after 4 hr incubation with: 2ml 10µM RA 

resulted in 13.7% wound closure; 1ml 10µM RA resulted in 13.4% wound closure and 

0.5ml 10µM RA resulted in 13.8% wound closure and were not significantly different 

when compared to 13.9% wound closure observed in EBM controls. Again, no 

significant differences were observed following 24 hr conditioning in the different 

volumes of media when compared to 25.7% wound closure in EBM controls. Culture 

in 500µl conditioned media obtained from HUVECs after 24 hr incubation with: 2ml 

10µM RA resulted in 24.2% wound closure; 1ml 10µM RA resulted in 26.3% wound 

closure and 0.5ml 10µM RA resulted in 22.9% wound closure.  
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Figure 4.5 Optimisation of RA treated HUVEC conditioned media generation. (A) Quantification of 

A549 % wound closure following 24 hr of culture with conditioned media from HUVEC s treated with 

10µM RA for 1, 4 or 24 hr. A549 cells cultured with DMEM containing 10% FBS, unconditioned EBM 

containing conditioned 10µM RA or EBM containing 0.01% EtOH were used as positive, negative and 

solvent controls respectively. (B) % wound closure in A549 cells cultured with conditioned media taken 

from HUVECs treated with 10µM RA for 1, 4 or 24 hr compared to unconditioned EBM negative controls. 

(C) Quantification of % wound closure in A549 cells treated with EBM or conditioned media taken from 

HUVECs treated with 10µM RA in 0.5, 1 or 2ml EBM for 1, 4 or 24 hr. n=3, comparisons between 

groups: (A) Kruskal-Wallis test with Dunn’s multiple comparisons (ns, p>0.05), (B) Mann-Whitney U test 

(ns, p>0.05), (C) Kruskal-Wallis test with Dunn’s multiple comparisons (ns, p>0.05). 
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4.2.5 Effect of exogenous RA treatment on RA pathway gene expression in 

HPMVECs 

Initial optimisation and conditioned media experiments were performed using 

HUVECs, as these cells are easier to culture. However, to replicate the in vivo lung 

environment more closely, subsequent co-culture experiments were conducted using 

HPMVECs. In order to ensure that a concentration of 10µM RA was also sufficient to 

induce molecular changes in HPMVECs, we used qPCR to measure changes in the 

expression of 3 known RA responsive genes, RARB, RARA and VEGFA. 

A 7.2 fold increase in RARB expression was observed following RA treatment of 

HPMVECs indicating increased RA signalling activity (Figure 4.6). Similarly, a small 

1.8 fold increase was observed for RARA expression and a 2.0 fold increase was 

observed for VEGFA. 

 

Figure 4.6 Changes in RA pathway gene expression in HPMVECs following RA treatment. 

Expression of RA pathway genes involved in downstream gene activation (RARA/B), and the 

downstream target VEGFA, is altered in HPMVECs at 4 hr following incubation with 10µM RA. Gene 

expression was normalised to the housekeeping genes B2M and HPRT and expressed as fold change 

compared to gene expression in untreated controls (n=3; Mann-Whitney U test). 

4.2.6 Effect of RA treatment of HPMVECs on A549 wound closure in a transwell 

co-culture model 

To determine if RA treatment induced wound closure via endothelial-epithelial 

crosstalk we established a transwell co-culture system using HPMVECs and A549 

cells. In addition, we also wanted to investigate whether primary lung vascular cells 
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would induce a different response to RA treatment than HUVECs. HPMVECs were 

cultured on transwell inserts with 0.4µm pores and added to wells containing A549 

cells with a scratch injury. The small pore size ensured endothelial cells did not migrate 

to the basal side of the membrane, but secreted factors and other media components 

could pass through. Cells were then treated with EBM-MV containing 10µM RA and 

A549 wound repair was monitored for 24 hr (n=3, Figure 4.7 A). Comparisons between 

EBM negative controls and wells containing transwells without HPMVECs showed no 

effect of the inserts alone on A549 wound closure (Figure 4.7 B). Culturing A549 cells 

in the presence of untreated HPMVECs showed a small increase in % wound closure 

however this was not significant (19.2% vs 28.7%, p=0.147). Similarly, no significant 

increases in A549 wound closure were seen following treatment of HPMVECs with 

10µM RA or solvent only controls. Interestingly, the slight increase in % wound closure 

seen due to the presence of HPMVECs alone was also observed in these wells (19.2% 

vs 32.6%; 19.2% vs 31.7% Figure 4.7 B). 
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Figure 4.7 Effect of 10µM RA treatment on A549 cell wound closure in the presence of HPMVECs. (A) Representative images demonstrating A549 wound 

closure following culture for 24 hr in the presence or absence of HPMVECs which were either untreated or treated with 10µM RA. (B) Quantification of A549 % 

percentage wound closure co-cultured with HPMVECs and treated with 10µM RA for 24 hr. A549s cultured with DMEM containing 10% FBS were used as a positive 

control. Wells containing cell-free transwells were used to assess the effect of the inserts alone on A549s and the effect of the HPMVECs alone was assess by co-

culturing cells without RA. A549 cells cultured with EBM alone or 0.01% EtOH with HPMVECs were used as negative and solvent controls respectively. (n=3; Kruskal-

Wallis test with Dunn’s multiple comparisons, ns p>0.05). Bright field images taken at 4x magnification using light microscopy, n=3, Scale Bar: 500µm.
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4.2.7 Validation of RARE-GFP reporter in PCLS 

A mouse RARE-GFP reporter line was developed in Prof Malcolm Maden’s lab to 

enable visualisation and spatial localisation of active RA signalling. The transgenic line 

was made using an 8x RARE:EGFP construct originally obtained from Dr Q. Xu at the 

Department of Renal Medicine, King’s College London which was generated as 

described in Monaghan et al. [429]. Briefly, the construct, obtained from the upstream 

promoter region of the mouse Rarb gene, comprised of 8 tandem repeats of the 22bp 

DR5 RARE sequence (GGG TTC ACC GAA AGT TCA CTC G). This was then 

followed by a minimal promoter isolated from cytomegalovirus and an EGFP open 

reading frame. The 8XRARE;EGFP DNA element was amplified using PCR with the 

forward primer 5’ GGG GAC AAG TTT GTA CAA AAA AGC AGG CTG ATG GCC TTT 

CGG CAT AAC T 3’ and reverse primer 5’ GGG GAC CAC TTT GTA CAA GAA AGC 

TGG GTT TA CTT GTA CAG CTC GTC CAT G 3’. This fragment was cloned into a 

Gateway middle entry clone RARE:EGFP_ME with BP Clonase® II enzyme. Following 

this it was subsequently inserted along with p5E-Fse-Asc and p3E-polyA into the 

multisite Gateway destination vector pDEST-iSce (Courtesy of J. Wittbrodt) with LR 

Clonase® II enzyme, which contains two 18bp I-SceI meganuclease target sequences 

which facilitate transgenic animal production [443]. The reporter was initially used by 

Prof Maden to generate transgenic axolotls for the study of RA signalling in limb 

regeneration [429]. In this study, GFP expression corresponded to known sites of RA 

signalling during organ development indicating the reporter was faithful in its 

expression and localisation. The same construct was used to develop a mouse 

reporter using the CD-1 strain (RARE-GFP), however this had not been previously 

validated. 

4.2.7.1 Visualisation of GFP signal during alveologenesis in RARE-GFP reporter mice 

We undertook a series of experiments to assess the functionality of this reporter line, 

particularly in the lungs. RA signalling is known to be essential for embryonic lung 

development and for alveologenesis. In mice, the most active period of bulk 

alveologenesis occurs within the first two weeks of life beginning at postnatal day (P) 

3 lasting until P14 with the majority of alveoli being formed by P21 [12]. This process 

of alveolar development peaks at day 4-7 at which point RA signalling is known to be 

highly active [112]. As a result, the P7 timepoint was chosen for initial visualisation of 

the reporter signal. We compared fluorescence images of P7 PCLS from RARE-GFP 
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reporter mice with those from wildtype mice. The level of GFP was brighter in reporter 

mice compared to wildtype age matched controls (n=3, Figure 4.8). However, there 

was a significant amount of autofluorescence in the PCLS, making it difficult to 

distinguish between GFP reporter expression and autofluorescence.  

To circumvent the issue of autofluorescence, lungs from P4 reporter mice were 

embedded and sectioned for immunohistochemical staining using an anti-GFP 

antibody. Compared to wildtype (WT) sections taken from E18.5 lungs, a pattern of 

DAB staining was observed in P4 GFP reporter lungs that was absent in control lung 

sections from non-reporter C57BL/6 mice (n=2, Figure 4.8 B). To ensure accurate 

comparisons between the two groups, DAB precipitation development and camera 

exposure times were kept consistent within experiments. The pattern of GFP DAB 

staining in RARE-GFP mouse lungs was also compared to lungs from RARE-GFP 

mice where the primary antibody was omitted during staining; no DAB staining was 

observed in these sections showing that the pattern of DAB staining was specific to 

the GFP antibody.  
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Figure 4.8 Visualisation of RARE-GFP expression in postnatal lungs. (A) Representative 

Immunofluorescent images taken using confocal microscopy visualising RARE-GFP expression in P7 

lungs compared to wildtype litter mates (n=3, Images taken at 63x magnification; Scale Bar: 50µm). (B) 

IHC DAB staining of P4 GFP lungs taken at 20x and 40x magnification and compared to E18.5 wild 

type and GFP P4 no 1° antibody controls. 
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To further investigate the spatial localisation of GFP in RARE-GFP reporter mouse 

lungs, immunofluorescence staining of PCLS was conducted using anti-GFP and the 

nuclear marker DAPI (Figure 4.9). GFP signal appeared to be localised to the 

cytoplasm and extracellular space within lung sections however accurate localisation 

of GFP+ positive cells was challenging because of high levels of autofluorescence in 

lung tissue. 

 

Figure 4.9 Cellular localisation of GFP expression in P7 RARE-GFP mice. Representative 

Immunofluorescent images taken using confocal microscopy visualising to localisation of GFP 

expression in P7 lungs using the nuclear stain DAPI for reference. Areas of GFP expression have been 

indicated with white arrows. Images taken at 63x magnification; Scale Bar: 50µm. 
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4.2.7.2 GFP gene expression in RARE-GFP reporter mice 

Due to the autofluorescence observed in the lungs, GFP gene expression levels were 

also assessed in P4 reporter and E18.5 WT lungs using qPCR.  

GFP gene expression was normalised to the average expression levels of two 

housekeeping genes, Hprt and B2m, both of which have been previously shown to be 

stable across different life stages in the lungs [444-446]. Fold change of eGFP 

expression was compared to E18.5 WT (non-reporter) control lungs. eGFP expression 

levels were consistently higher in RARE-GFP lungs, with a mean fold increase of 230 

despite variation between repeats (n=1, technical replicates=3, Figure 4.10 A). CT 

values obtained for WT controls ranged from 38 to undetectable indicating little or no 

eGFP expression as expected. However, due to the small volume of cDNA produced 

from the sample, assessment of sample quality was not possible. 

4.2.7.3 Assessment of GFP protein levels in RARE-GFP reporter mice 

To further validate the RARE-GFP reporter mice, GFP protein levels were assessed 

using western blot. GFP levels from P4 RARE-GFP lungs were compared to E18.5 

WT (non-reporter) control lung (n=1, technical replicates=2, Figure 4.10 B). As a 

positive control, we also compared GFP protein levels in IL-13 GFP reporter mice, 

dosed with IL-33 which stimulates IL-13 production (a gift from the Lloyd group at 

Imperial College London). The resulting western blot and antibody staining was of poor 

quality making the results difficult to interpret. Given that the expected size of eGFP is 

32.7 kDa, a band would be expected in the P4 GFP channel and the IL-13-GFP 

channel below GAPDH (36kDa). However, a faint band was also visible in the negative 

control lane. It is important to note that the P4 RARE-GFP lung tissue used in this 

experiment was shipped from the University of Florida, during which the quality of the 

sample was potentially compromised. Upon arrival, the sample appeared to have dried 

out slightly likely resulting in poor protein quality. In addition, tissue was obtained from 

1 mouse meaning only 2 technical replicates rather than experimental replicates were 

possible. The volume of protein obtained from the sample was also relatively small 

which meant there was not enough protein for important controls such as determining 

sample quality. 
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Figure 4.10 RARE-GFP gene and protein expression in P4 lungs. (A) Quantification of RARE-GFP 

gene expression fold change compared with wild type reporter negative E18.5 controls using qPCR 

(technical replicates=3, n=1). (B) Representative western blot measuring eGFP protein expression in 

RARE-GFP P4 mouse lungs. Expression levels were compared with lung tissue from E18.5 WT reporter 

negative controls and GFP positive controls from adult IL-33 stimulated, IL-13-GFP mice (technical 

replicates=2, n=1). 
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4.2.8 RA signalling following injury in PCLS 

To investigate changes in RA signalling during lung repair, PCLS from adult RARE-

GFP mice were injured using a model of lung injury and repair developed as part of 

my PhD called the Acid Injury and repair (AIR) model (developed in Chapter 5 of this 

thesis). In this model, acid is briefly applied to a discrete region of a precision-cut lung 

slice. This creates an area of injury adjacent to healthy, uninjured tissue. This model 

allows the repair responses in damaged and healthy tissue to be investigated 

simultaneously.  

GFP-PCLS were injured using the AIR model. Importantly, this model allows the 

monitoring and comparison of cellular responses in injured and uninjured tissue from 

the same sample. GFP-PCLS were injured for 1 min with 0.75M or 0.01M HCl and 

imaged 48 hr post injury in the injured and adjacent uninjured regions. Changes in the 

injured and uninjured regions were also compared to control, uninjured GFP-PCLS, 

which were PCLS cultured for 48 hr without any applied injury. PCLS from WT CD-1 

adult mice were used as reporter negative controls for comparison. 

For both 0.01M (n=3, Figure 4.11) and 0.75M (n=3, Figure 4.12) HCl injury, brighter 

levels of GFP were observed in the injured region of PCLS obtained from RARE-GFP 

lungs compared to both the uninjured region of the same PCLS and control, uninjured 

GFP-PCLS. Fluorescence levels in the uninjured region were very low and were 

similar to control, uninjured GFP-PCLS for both concentrations. A low level of 

autofluorescence was present in the WT (non-reporter) PCLS. Unlike in GFP-PCLS 

where the GFP fluorescence pattern was localised around the nuclei and in the 

cytoplasm of cells the pattern of autofluorescence was visibly different localising in 

regions of fibrillar connective tissue. 
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Figure 4.11 RARE-GFP expression in PCLS injured with 0.01M HCl. Representative images of 

PCLS injured with 0.01M HCl using the AIR model. PCLS were co-stained using the nuclear marker 

DAPI and imaged in the injured and uninjured regions. Uninjured control GFP-PCLS and injured 

reporter negative PCLS were also imaged as injury and reporter negative controls. Localisation of GFP 

has been indicated using white arrows. Images taken using confocal microscopy at 63x magnification; 

Scale Bar: 50µm. 
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Figure 4.12 RARE-GFP expression in PCLS injured with 0.75M HCl. Representative images of 

PCLS injured with 0.75M HCl using the AIR model. PCLS were co-stained using the nuclear marker 

DAPI and imaged in the injured and uninjured regions. Uninjured control GFP-PCLS and injured 

reporter negative PCLS were also imaged as injury and reporter negative controls. Localisation of GFP 

has been indicated using white arrows. Images taken using confocal microscopy at 63x magnification; 

Scale Bar: 50µm. 
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4.3 Discussion 

The initial set of experiments in this chapter aimed to assess the effect of RA treatment 

on endothelial and epithelial cell migration and wound repair. As RA has been 

identified as a key driver of alveolar repair [33, 85, 172, 238, 251, 252], understanding 

the underlying cellular mechanisms is an important step for the development of 

therapeutics that might target this process. The direct effects of RA on endothelial cells 

and the indirect effects on epithelial cells were explored using an in vivo scratch assay 

model of wound repair. The work in this chapter built on previous work carried out in 

the lab and focused on RA conditioned media and co-culture scratch assay models. 

These assays were then used to test the hypothesis that RA treated endothelial cells 

release signals which may modulate epithelial wound healing. 

4.3.1 Pro-migratory effects of RA on endothelial cells are dose, solvent, and cell 

subset dependent 

Previous work carried out in the lab had utilised 3µM RA dissolved in DMSO to 

demonstrate a pro-migratory effect in HPMVECs. Using DMSO to dissolve RA, 

concentrations higher than 3µM RA were found to be toxic. There have been some 

reports that even at concentrations of 0.1%, DMSO has an adverse effect on cell 

viability [441, 447]. This is unsurprising considering its use as a cytotoxic anti-cancer 

agent [442].  

Although DMSO did not directly modulate migration in the previous work carried out 

by our group, it is possible that the presence of DMSO lowered overall cell viability 

which meant cells could only tolerate a lower dose of RA. There are also potential 

differences in the bioavailability of exogenous RA depending on which solvent is used. 

This has been shown to be the case with the vehicles used for dietary supplements 

[448]. Additionally, studies have shown that the chemical formulation of retinoids for 

oral administration, as well as the vehicles and systems used for drug delivery can 

impact bioavailability and how well the retinoid treatment is absorbed into tissues and 

cells [448-450]. Due to the potentially adverse effects of DMSO, EtOH was chosen as 

the solvent in this project. We found that using EtOH as the solvent allowed HUVECs 

to withstand a much higher dose of 10µM RA, before viability was affected at 20µM, 

compared to 3µM when using DMSO. We also found that a dose of 10µM RA 



165 

significantly increased the rate of wound closure compared to untreated controls 

(Figure 4.4 A-C).  

As assay optimisation in this chapter was performed using HUVECs rather than 

HPMVECs, it is important to acknowledge that HUVECs tend to be more stable in 

culture. The growth rate and ability of primary HUVECs to withstand adverse cell 

culture conditions is potentially higher than with HPMVECs. Previous work by 

members of the group had established that treatment of HPMVECs with RA in DMSO 

resulted in an increased rate of migration in the scratch assay model similar to that 

observed in HUVECs treated with RA dissolved EtOH [411]. The changes observed 

in RA pathway gene expression following RA treatment in HPMVECs also indicated 

that these cells were responsive to 10µM RA and therefore this concentration 

dissolved in EtOH was chosen for the remaining experiments and repeating the 

HPMVEC scratch assay with 10µM RA dissolved in EtOH was not necessary. 

Interestingly, the migratory effects of RA treatment on HUVECs that we have observed 

were not supported by a previous study conducted by Saito et al which found no effect 

of RA treatment on HUVEC migration while also using EtOH as the solvent [451]. In 

this study however, they used a 10 x lower concentration of RA, 1µM, and assessed 

cell migration through 3µm pores (compared to the 0.4µm pores used in our 

experiments) in a transwell insert as opposed to assessing the response to injury 

following a wound healing assay. It is likely that the cellular mechanisms required for 

cells migrating through pores are different to those used in collective cell migration to 

repair a monolayer in the scratch assay model. This, in conjunction with the lower dose 

of RA, could account for the different effects of RA treatment in the Saito study 

compared to our data. 

Another study investigating tumour angiogenesis demonstrated that RA treatment 

inhibited in vivo endothelial migration towards pellets of tumour conditioned media and 

prevented neovascularisation. These conflicting results could be due to the pellet 

implantation model used in their study which differs considerably to the scratch assay 

we have used [452]. In addition, the cells used in this study were corneal endothelial 

cells, a different endothelial subset to the HUVECs we studied. ECs from different 

tissues may respond differently to the same stimulus depending on their 

microenvironment. Taking this into account, as well as the varying migratory effects of 
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RA on different endothelial subsets, it is possible that the pro-migratory effects of RA 

treatment only apply to specific subsets of endothelial cells, such as HUVEC or 

HPMVECs. This suggests the role of RA in repair is context dependent due to the 

concentration of RA that cells are exposed to, the subset of endothelial cells and the 

type of injury/insult.  

4.3.2 Determining the effects of RA treatment on lung alveolar cell migration 

A key stage in alveolar regeneration is the restoration of damaged alveolar epithelium. 

Though previous data using the lower concentration of 3µM RA found no effect on 

A549 cell migration, it was important to reassess the effects of RA on epithelial wound 

repair using the higher dose of 10µM dissolved in EtOH instead of DMSO.  

Previous studies have shown alveolar epithelial repair occurs through expansion, 

migration and differentiation of AT2 cells and resident progenitor cells into AT1 cells 

[52, 57]. In addition, recent studies have also highlighted the previously unknown 

ability of AT1 cells to expand as well as de-differentiate into AT2 cells in response to 

alveolar damage [50, 453]. The ability of RA to induce alveolar repair in vivo suggests 

a potential effect on epithelial migration and repair. However, previous data from our 

group found that treatment with 3µM RA had no direct effect on A549, primary AT2 or 

TT1 cells (an immortalised AT1-like cell line) [411, 454]. 

My data confirms the previous finding that RA treatment does not have a direct effect 

on A549 cell migration even at the higher RA concentration of 10µM (Figure 4.4 D). A 

study carried out by Quintero Barceinas et al. has previously shown a direct positive 

effect of RA treatment on A549 cell migration. Along with a significant increase in 

wound closure using a scratch assay, their data linked RA treatment to an increase in 

extracellular-signal-regulated-kinase (ERK) signalling, an established pro-migration 

pathway [455]. An important difference in this study was that cells used in these 

migration studies were treated with the anti-proliferative agent mitomycin C. 

Preliminary data from our group using an ex vivo model of injury and repair, outlined 

in Chapter 5, indicate a pro-proliferative role for RA signalling following injury. It is 

possible that when proliferation is induced, migration is reduced to enable faster 

expansion of cells which might explain why we saw no effect following RA dosing. 

Further studies tracking proliferation using the conditioned media scratch assay model 
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could also be applied to investigate the effect of RA on A549 proliferation following 

injury. 

Another key finding from Quintero Barceinas et al. was that RA treatment increased 

epithelial cell viability. This is in agreement with our prior observations using 

HPMVECs (Alçada et al, unpublished) where cell density was increased in vitro 

following treatment with RA compared to untreated controls. In these experiments, a 

reduction in proliferating Ki67+ cells was observed despite the increase in total cell 

number suggesting that cell viability was increased following treatment leading to a 

larger numbers of cells. This survival effect of RA is also supported in other published 

in vitro injury studies on A549 epithelial cells [456, 457]. In one study, A549 cells 

treated with RA showed an increase in viability and reduced apoptosis, caspase-3 

expression and proteolytic activity, following elastase injury compared to untreated 

controls [456]. These findings were also replicated in BEAS-2B cells and human 

tracheal epithelial cells. Similarly, in another study using hyperoxic injury, RA 

treatment restored A549 cell proliferation and was also found to suppress pathways 

regulating oxidative stress and inflammation activated in response to hyperoxia [457]. 

In line with our findings, this suggests that RA treatment does not directly modulate 

alveolar epithelial migration, but that exposure of the alveolar epithelium and 

endothelium to RA could be protective against injurious insult in the lung. 

The importance of RA in modulating alveolar repair has been demonstrated in a 

number of in vivo animal studies. RA has been shown to induce alveolar repair and 

regeneration following elastase and cigarette smoke injury in rodents. It has also been 

found to reverse alveolar insufficiency induced by dexamethasone. Our data however 

suggests the route of RA induced regeneration may not be through direct action on 

the alveolar epithelium. Instead, we have demonstrated a direct effect as a driver of 

endothelial repair in a scratch assay model, which is supported by other studies that 

have shown a role for RA in mediating key processes required for regeneration 

including endothelial migration and angiogenesis [84, 411, 451]. Given the evidence 

of RA mediated alveolar repair, data showing the direct effects of RA on the 

endothelium and the proximity of the alveolar epithelium to the lung microvasculature, 

one possible mechanism that we investigated in this chapter was whether RA drives 

repair via a paracrine signalling mechanism between the epithelium and endothelium.  
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Our initial experiments found that conditioned media taken from RA treated HUVECs 

did not have a significant effect on wound repair in A549 cells (Figure 4.5 A). This was 

found to be the case irrespective of endothelial stimulation time or the ratio of cell 

number and media volume (Figure 4.5 B, C). As previously mentioned, the alveolar 

epithelium and lung microvasculature are in close proximity. This implies that 

paracrine signalling between these cell types in vivo would occur over short distances 

and therefore it is possible that the two cell types were not in close enough proximity 

in our conditioned media model. To address this, a potential next step could be to 

conduct mixed cell cultures where the epithelial and endothelial cells are in direct 

contact with each other. 

A number of studies have successfully demonstrated the existence of endothelial-

epithelial interactions using a co-culture system modelling cell proximity. Using a co-

culture system of endothelial and epithelial cells grown on either side of a porous 

membrane, Chowdhury et al demonstrated that the integrity of the epithelial mucosa 

in response to environmental stimuli is maintained through interactions with the 

endothelial cells underlying the airways [416]. Similarly, a mixed endothelial and 

epithelial culture system has been shown to demonstrate how paracrine signals 

released by endothelial cells mediate airway progenitor differentiation [417], a process 

that occurs during lung development [57] and has been demonstrated in AT2 cells in 

response to injury with NO2 [418]. 

In another airway co-culture system, interactions between HUVECs and human airway 

epithelial cells were shown to drive the response to polyinosinic-polycytidylic acid, a 

synthetic analogue of double stranded RNA. Exposure to RNA induced epithelial TNF-

α production which in turn activated endothelial cell production of the chemoattractant 

CX3CL1 known to be involved in the recruitment of monocytes, natural killer cells, and 

CD4+ T lymphocytes. They also demonstrated that epithelial barrier function is 

mediated by factors derived from the endothelium in a close contact co-culture model 

as well as identifying a role for endothelial cells in dictating epithelial morphology and 

differentiation into a pseudostratified layer [433]. Importantly, these studies indicate a 

high degree of communication between the lung endothelium and epithelium and 

indicate that the proximity of cells could also be required for successfully studying the 

effects of RA treatment in airway epithelial endothelial interactions.  
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With this in mind, we developed an endothelial-epithelial co-culture system to address 

whether the proximity of epithelial cells to endothelial cells was important for driving 

lung repair in response to RA. This was achieved by seeding HPMVECs on a transwell 

insert which was then transferred into a 24 well plate containing scratch-wounded 

A549 cells. This allowed us to treat the endothelial cells with RA while in close 

proximity to the injured epithelial cells to further investigate the role of RA treatment in 

endothelial-epithelial crosstalk during repair. Our preliminary experiments found that 

treatment of the co-culture system with RA had no effect on A549 wound closure 

(Figure 4.7).  

Though our data did not show a direct or paracrine effect on alveolar epithelial cell 

repair in the scratch assay model, there is evidence from the literature that RA 

contributes to angiogenesis, progenitor cell expansion and cell proliferation in the 

alveolar niche [84, 318, 411, 458, 459]. Single cell and co-culture models do not 

replicate the complexity of the alveoli to properly investigate the role of RA in these 

repair processes. With this in mind, the effect of RA on proliferation and progenitor cell 

populations in the context of lung injury and repair is investigated using a 3D PCLS 

model in Chapter 5 of this thesis. 

Although we did not observe a pro-repair effect on the epithelium following RA 

treatment of endothelium in either the conditioned media or co-culture model, there 

are several limitations in our study.  

In the conditioned media experiments, varying the concentration of secreted factors 

by altering the ratio of cell number to media volume did not induce a pro-repair effect. 

This approach was not exhaustive and alternative methods of concentrating 

conditioned medium such as protein ultrafiltration could prove successful [460].  

Another limitation that must be considered is the short half-life of RA in culture which 

has been reported to range from 1.5 to 6 hr [461, 462]. To this end, a pulse style 

experiment with repeated addition of RA to ensure sustained cell exposure to RA at a 

tolerated dose, may be beneficial and yield more informative results. This approach 

has been applied in longer term in vivo studies investigating the regenerative effects 

of repeated RA dosing following pneumonectomy in dogs [253, 254]. This model would 

also be closer to the in vivo environment in which cells would in theory be exposed to 

a more consistent prolonged stimulation with RA following injury rather than a one-off 
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dose. Experiments using pulse style RA treatment were performed in Chapter 5 of this 

thesis using a 3D PCLS ex-vivo injury model.  

In our experiments using a transwell co-culture system, we encountered technical 

issues with successfully culturing HPMVECs on the transwell membrane. Although 

cells could be grown to the required confluence, viability was consistently lost 

overnight during the RA treatment and wound repair steps. As the cells were treated 

in serum free basal media during this step in the assay, the lack of nutrients could 

have been a contributing factor to the loss of viability. Due to the fragility of HPMVECs 

in culture, serum or endothelial growth factors are generally used to provide a more 

favourable culture environment [463, 464]. One alternative to serum free media would 

be the addition of charcoal stripped serum, a process used to remove lipids and lipid-

derived metabolites and therefore any biologically active retinoids which are known to 

be present in FBS [465-467]. This would then provide some nutritional support to the 

cells without masking the effects of exogenous RA on wound closure. 

Overall, our evidence that external factors such as solvent can modulate the response 

of cells, indicates that providing the correct environment or niche for RA induced 

regeneration is key. This, along with observations in this chapter discussing the 

variable response to RA in different endothelial populations highlights the multifaceted 

nature of RA induced repair. These data do not support a role for RA in alveolar 

epithelial repair but instead support a role in endothelial repair. This is consistent with 

previous findings of a role for RA in angiogenesis and this may be the route by which 

RA mediates repair in vivo. 

4.3.3 Visualisation of RA signalling in postnatal and adult lungs using a RARE-

GFP reporter mouse 

Following on from investigating the effects of RA in lung repair at a cellular level in 

vitro, and to further understand the role of RA in alveolar repair, we next wished to 

investigate the role of RA in the lung in a more complex ex-vivo, multicellular 

environment. Using a novel RARE-GFP reporter CD-1 mouse line in combination with 

precision cut lung slices, we aimed to visualise active RA signalling during 

alveologenesis in the postnatal lung, and during repair in the adult lung. 

RARs recognise consensus sequences known as RAREs which are located in the 

upstream promoter regions of genes responsive to RA [468]. Thus, when RA signalling 
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is active in a cell or tissue in the reporter mouse, the RA-RAR-RXR complex will bind 

these RARE-GFP sequences. This then results in the production of GFP localised to 

the site of RA signalling. These mice were generated in Prof Malcom Maden’s lab at 

the University of Florida. The reporter construct was originally developed and used in 

studies investigating axolotl limb development and regeneration [429]. The mouse line 

was generated using the same construct comprised of 8 tandem repeats of the 22bp 

DR5 RARE sequence (GGG TTC ACC GAA AGT TCA CTC G) taken from the Rarb 

gene. This was then followed by a minimal promoter isolated from cytomegalovirus 

and an Egfp open reading frame. The Maden lab had confirmed the presence of the 

reporter in the mouse line by visualising GFP fluorescence in the eyes under a 

microscope. Beyond this, no further validation had been performed and no work had 

been carried out looking at RARE-GFP expression in the lungs. As a result, validation 

of the reporter line was an essential first step in using these RARE-GFP mice to 

visualise active RA signalling in the lung.  

RA signalling occurs at high levels during lung development, and it is essential for 

correct alveologenesis, a process which begins in mice and rats at postnatal day 3 

and peaks at P7 [149, 250, 469, 470]. As the reporter line was previously unpublished 

and unvalidated in mice, the increase in RA signalling known to occur between P3 to 

P7 represented a good time window to validate the reporter through visualisation of 

the GFP signal. This allowed us to simultaneously determine the location of RA 

signalling activity during alveologenesis and validate the reporter.  

Using the RARE-GFP reporter mouse, PCLS taken from P7 mice were imaged using 

confocal microscopy to visualise the GFP signal. Increased GFP signal was observed 

in P7 reporter mice compared to PCLS from age matched negative controls (Figure 

4.8 A). While previous studies have established an important role for RA signalling in 

the postnatal lung, the visualisation of active RA signalling during alveologenesis is 

novel. Hind et al, demonstrated the temporal/spatial manner in which RARs and 

retinoid binding proteins are expressed [149]. In this study, they used 

immunohistochemistry (IHC), in-situ hybridisation and qPCR to demonstrate the 

localisation of these pathway components in the murine postnatal lung. Additionally, it 

has also been demonstrated that retinoid binding protein CRBP1 localises to the 

alveolar wall in cells resembling retinoid storing lipofibroblasts [33]. Another study from 

the same group demonstrated the localisation of the RA synthesis enzymes aldehyde 
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dehydrogenase (ALDH)-1 (bronchial epithelium and alveolar parenchyma) and 

RALDH2 (bronchial epithelium and pleural mesothelial cells) during rat alveologenesis 

and showed they were upregulated during the stage at which alveolar proliferation is 

maximal [112]. Selective RAR knockout mice have also been shown to have an 

impaired capacity to form alveoli in the case of Rarg mutants presenting with a reduced 

number of alveoli and enlarged airspaces [153] or develop too many alveoli in the case 

of Rarb knockout mice [154]. Using the RARE-GFP reporter line to study RA signalling 

during alveologenesis, we have gained important new knowledge about the 

expression and localisation of RA signalling components in the lungs. As RAREs are 

present in all RA target genes, using the reporter we have not only further validated 

the presence and importance of RA signalling during alveolar development, we have 

also begun to visualise and track where and when it occurs. Following further 

validation and optimisation, this reporter line has wide ranging applications including 

potential for use in conjunction with PCLS live imaging techniques developed by our 

group [12] to investigate and visualise RA signalling in real time during alveolar 

development. 

One issue encountered with imaging of P7 lungs was a high degree of 

autofluorescence in postnatal PCLS which made it difficult to distinguish true reporter 

GFP signal. Further imaging using a GFP antibody partially aided this however due to 

time limits, optimisation of the staining protocol e.g. antibody testing, titration and DAB 

stain development time, was not carried out which made full validation of the reporter 

with fluorescent imaging difficult (Figure 4.9). This also meant identifying the sub-

cellular localisation of the GFP signal and quantifying of GFP positive cells was 

difficult. Instead, visual assessment of images was conducted. To circumvent the issue 

of autofluorescence, brightfield imaging was performed on fixed P4 lungs stained 

using DAB IHC which did not require fluorescent markers. A clear difference in staining 

pattern was observed when compared with reporter negative controls (Figure 4.8 B).  

Since quantification of GFP positive cells was not possible and visual assessment of 

the GFP signal from fluorescent and IHC images was insufficient to fully validate the 

reporter, it was important to validate the reporter activity using alternative quantifiable 

methods. When Egfp transcript levels were assessed, expression was detected in P4 

lung samples and not in the WT controls using qPCR (Figure 4.10). This indicated that 

the RARE-GFP was being transcribed indicating active RA signalling in the reporter 
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mice. However, when protein levels of GFP were assessed by western blot the results 

were inconclusive as a faint positive band was visible in the negative control channel 

(Figure 4.10). 

Both the RT-qPCR and western blot analysis were carried out retrospectively on 

samples shipped to the UK from the University of Florida. Unfortunately, tissue viability 

was probably compromised during transport and may have led to degradation of RNA 

and/or protein required for qPCR and western blot respectively, which could explain 

the contradictory results observed between GFP gene and protein expression. This 

also likely contributed to the low yields of cDNA and protein produced which meant 

there was not sufficient sample to carry out both the experiment and quality checks. 

Despite these caveats, the eGFP gene expression detected in the P4 lungs indicated 

that the reporter was functional and supported the visual assessment of increased 

GFP signal in P7 reporter lungs during alveologenesis.  

4.3.4 Increased GFP signal after injury of PCLS 

Alveolar repair is a multi-cellular collaboration employing a range of processes such 

as proliferation, migration and differentiation to restore homeostasis. In the alveoli, a 

proSP-C+ progenitor cell population has been shown to expand and differentiate into 

AT1 and AT2 cells to re-populate the alveolar epithelium following damage [52, 471]. 

Mesenchymal cells also play a key role in alveolar repair. Interstitial fibroblasts interact 

with alveolar epithelial cells to mediate proliferation and repair [414]. Pericytes, 

resident in the lung microvasculature, interact directly with the endothelium 

contributing to angiogenesis and the maintenance of tissue homeostasis with the 

ability to differentiate into mesenchymal stem cell populations [472-475]. Although a 

number of cell populations responsible for repair and regeneration in the lung have 

been identified, the molecular mechanisms underpinning these processes are still 

unclear [476-479].  

Understanding how to target these cellular activities is essential as it is often when 

these pathways are disrupted that damage and disease occur in the lungs. There is 

overwhelming evidence from in vivo studies in mice and rats that RA signalling is an 

important driver of repair in the lung [33, 85, 172, 238, 251]. While we know that the 

end result in these experimental models was a return to alveolar homeostasis, little is 

known about its exact mechanism of action of RA at a cellular level during repair in 
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vivo. Similarly, active RA signalling during repair and regeneration has never 

previously been visualised in the lungs.  

We developed a method to apply injury to a restricted portion of a PCLS which allowed 

us to compare RA signalling activity in both damaged and healthy tissue within the 

same sample. In pulmonary diseases such as IPF and COPD, tissue damage is not 

uniform across the whole lung and some areas remain relatively unaffected, 

particularly in the early stages of disease. The AIR model allows comparison of the 

repair responses in both injured and uninjured regions of lung tissue at the same time. 

When the reporter experiments were undertaken, the acid injury and repair model 

required further optimisation. The optimisation of the model and its application to study 

RA is discussed in Chapter 5 of this thesis. 

Studies have shown that levels of RA signalling are very low during normal alveolar 

homeostasis in the adult lung. This was demonstrated by Hind et al who, using both 

qPCR and western blot analysis, showed that RARα/β/γ expression is significantly 

lower in normal adult lung when compared to postnatal mice [149]. It was therefore 

possible that any increases in RARE-GFP observed following injury would be small 

and potentially difficult to quantify. As with the postnatal lungs, autofluorescence also 

meant that without an optimised GFP antibody, distinguishing between expression and 

autofluorescence was challenging. Assessment of changes in GFP expression in 

injured PCLS compared to uninjured controls was therefore only qualitative. Images 

taken 48 hr post injury show increased green fluorescence in the injured regions of 

slices compared to both the uninjured regions and uninjured controls (Figure 4.11, 

Figure 4.12). 

The increase in RARE-GFP suggests that an upregulation of active RA signalling 

occurs in response to injury in the lung parenchyma. This is in line with data from other 

tissues showing increased RA signalling following injury such as during limb 

regeneration in axolotls, following sciatic nerve injury in rats and as a regenerative 

response in the cardiac epi/endocardium of zebrafish [82, 480, 481]. This endogenous 

RA repair response in the mouse lung is consistent with published data showing that 

treating damaged lungs with exogenous RA can induce alveolar regeneration following 

bleomycin, hypoxia and elastase induced injury [172, 237, 456, 482, 483]. Similarly, 

when alveologenesis is impaired in postnatal mice using dexamethasone, 
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administration of exogenous RA during adulthood restores alveolar structure and 

function [83]. 

The importance of this endogenous RA response in restoring and maintaining lung 

homeostasis is also evident from studies where bioavailability of RA is restricted. Rats 

reared on a vit A deficient diet exhibit increased thickness of the alveolar basement 

membrane with an irregular pattern of collagen distribution which can be partially 

rescued with RA [263]. A low vit A diet also leads to increased susceptibility to 

cigarette-smoke induced emphysema in mice [268]. In addition, vit A depletion due to 

cigarette smoke led has previously been associated with the development of 

emphysema in rats [266]. Data from our group identified a reduction in RA 

bioavailability in the tissue of COPD patients due to increased CYP26A1 expression, 

potentially attenuating capacity for repair [411]. Similarly, reduced RA production due 

to vit A depletion caused by cigarette smoke, leads to increased susceptibility to lung 

cancer development in rats [484]. 

Unfortunately, access to the reporter mice was limited and further experiments using 

RARE-GFP PCLS were not possible. However, with staining and image optimisation, 

this reporter line has potential to be incredibly informative for the study of RA signalling 

in the lung. Its use, in conjunction with the PCLS AIR model, means that established 

techniques such as fluorescent imaging, qPCR and western blot can be applied to 

study active RA signalling in much greater detail in the regenerating lung.  

To summarise, the data in this chapter shows the optimisation of treatment 

concentration and culture conditions to enable investigation of RA in epithelial and 

endothelial repair. Our in vitro data indicate that RA does not promote epithelial repair 

by inducing paracrine signals from the microvascular endothelium. Instead, they 

indicate that RA directly promotes endothelial repair, suggesting alveolar epithelial 

repair may occur through a different mechanism. Additionally, we have presented an 

overview of RA signalling during alveologenesis and during repair in the adult lung. 

Although preliminary, the data from these experiments indicate that RA signalling is 

active following injury in PCLS and involved in the repair response which is further 

investigated in Chapter 5. 
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5.1 Introduction 

Recent developments in the respiratory field have demonstrated the innate ability of 

the lung to repair and regenerate following injury. The response to injury in the lung is 

a multicellular process involving numerous cell types including resident progenitor 

populations capable of differentiating, migrating and expanding to repopulate 

damaged tissue [12, 186, 224, 485]. In the alveoli, multiple progenitor populations 

including proSP-C+ cells, BASCs and lineage negative progenitors have been shown 

to expand and differentiate into AT1 and AT2 cells to re-populate the alveolar 

epithelium following damage [52, 471]. Along with epithelial stem/progenitor cell 

responses, mesenchyme derived cells also play an important role in alveolar repair. 

Lipofibroblasts, a sub-population of interstitial fibroblast contribute to alveolar epithelial 

repair [223, 320] and pericytes, which envelop the lung microvasculature, have been 

shown contribute to angiogenesis [474, 475]. Studies in mice investigating the repair 

response following pneumonectomy have demonstrated proliferation of numerous cell 

types such as BASCs, AT2 cells, ECs and interstitial fibroblasts occurs to facilitate 

neoalveologenesis [486]. In addition, it has also been shown that following tissue 

damage, AT1 cells have the ability to de-differentiate into AT2 cells, which can 

subsequently expand and contribute to reconstitution of the alveolar epithelium [50, 

57, 196].  

In chronic lung diseases such as COPD and IPF, this innate capability to repair the 

lungs is often disrupted [218, 231, 487-489]. Loss of, or uncontrolled endogenous 

repair responses result in the progressive decline of alveolar integrity and function 

[490, 491]. This presents as the destruction and enlargement of airspaces in COPD 

or scarring and aberrant fibroblast proliferation in IPF. Understanding how to target 

and induce cellular repair is an important step in the development of therapeutics that 

prevent or undo these disease phenotypes. We hypothesis that this can be achieved 

through the manipulation of endogenous ‘pro-repair’ signals such as RA which can 

drive alveolar repair. 

The role of RA in alveolar maintenance and regeneration has been demonstrated 

using a number of in vivo animal models of lung injury and repair [85]. Treatment with 

RA has repeatedly been shown to induce alveolar regeneration in rodent models of 

elastase induced experimental emphysema [172, 237, 238]. RA treatment also 
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abrogates the reduction in alveolar surface area seen in adult mice following treatment 

with dexamethasone during postnatal alveologenesis [83]; improves lung regrowth in 

rats and dogs post-pneumonectomy [252, 253] and has proved to be protective 

against the development of fibrosis due to cigarette smoke injury in guinea pigs [492]. 

In addition, retinoid deficiency in both the general population [Chapter 3, [379]] and 

patients with COPD has been linked to reduced pulmonary function [410]. Previous 

animal studies and human data from our group has identified retinoid storing 

lipofibroblasts in the human lung which are a potential source of endogenous RA [150, 

493]. These cells are found in close proximity to progenitor AT2 cells and alveolar 

endothelial cells, both of which are known to contribute to lung repair and regeneration 

[224, 494]. In addition, RA is known to be a mediator of vascular proliferation during 

lung development, a key process required for alveolar neovascularisation and 

restoration of functional gas exchanging units [84, 495, 496].  

Despite promising data from animal studies, clinical trials using and targeting RA for 

the treatment of chronic lung diseases have had little success [Chapter 1, [248, 257, 

259, 261, 427]. It has been suggested that short trial durations and study design 

contributed to the disappointing results. In the TESRA study however, though they did 

not meet the primary endpoints finding no beneficial effects following palovarotene 

treatment in the general study population, a post hoc analysis showed some benefits 

in participants with lower lobe emphysema [261]. Studying the cellular and molecular 

mechanisms through which RA signalling modulates lung repair will allow us to 

understand whether manipulating the pathway is beneficial in some patients might 

therefore allow successful application of targeted RA-based regenerative approaches. 

To effectively study and target pro-repair signalling pathways in the lung, simple, 

versatile models of lung injury and repair are essential. Most experimental models are 

a balance between reproducing the in vivo environment, ease of experimentation and 

cost. In vitro cell culture methods have been invaluable in deciphering how individual 

cell-types function in the lungs [411, 497, 498]. Co-culture models such as air liquid 

interface cultures, organoids and more recently lung on a chip have demonstrated that 

cell-cell signalling and interaction between resident lung populations are a vital 

element of lung repair and homeostasis [23, 499, 500]. Current in vivo animal injury 

models such as administration of cigarette smoke, bleomycin or influenza replicate 

several aspects of the human lungs and have the advantage of an intact immune 
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system. However, a significant disadvantage with in vivo models is that tissue repair 

can only be monitored using samples taken post-mortem [501, 502]. Due to the 

specialised training required to perform animal studies, associated high cost and 

ethical considerations, models that bridge the gap between the in vivo and in vitro 

stages are needed to facilitate studies of lung injury and repair. 

PCLS are an established ex vivo model of lung tissue that have a number of 

advantages over alternative 3D models [323, 325, 503, 504]. PCLS contain all the 

resident cell populations present in vivo and retain normal cell-cell and cell-ECM 

interactions. The general architecture and cellular arrangement of the lungs in vivo are 

also retained. PCLS are now widely used in a range of studies and techniques have 

been developed to enable imaging and molecular analyses of the tissue slices [12, 

327, 505]. 

5.1.1 Hypothesis and Aims 

We therefore hypothesised that PCLS could be utilised to provide a simple, 

reproducible model of lung injury and repair which could be used to study key 

regenerative pathways and processes in a time-efficient manner. 

To test this hypothesis, we developed The Acid Injury and Repair (AIR) model, to 

deliver a spatially restricted area of injury to a PCLS, leaving the remaining tissue 

uninjured. The response to injury in the lung as a whole could then be visualised in 

the AIR model, using established readouts of repair i.e. markers for progenitor cells 

(ProSP-C) and proliferation (Ki67). This model enabled us to study and manipulate RA 

signalling in the lung following injury. 

To determine the role of RA signalling in alveolar homeostasis and repair we aimed 

to: 

1) Visualise, quantify and modulate the repair response using known readouts of 

alveolar repair in a novel ex vivo PCLS injury model (AIR model). 

2) Investigate the cell populations which contribute to lung repair in PCLS following 

acid injury. 

3) Pharmacologically modulate RA signalling using the 3D AIR model to elucidate the 

role of RA in lung repair/regeneration. 
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5.2 Results 

5.2.1 Development and application of the AIR model 

5.2.1.1 Generation of a region of restricted injury in PCLS 

PCLS were generated by inflating the lungs with low gelling point agarose and sliced 

to a thickness of 300µm as described in Chapters 2.9 and 4 (Figure 5.1 A). We 

hypothesised that application of an injury to a restricted region of tissue within a PCLS 

would allow us to study and compare the response to damage in both uninjured and 

injured regions. This was desirable as chronic lung diseases such as COPD and IPF 

present with a heterogeneous distribution of damaged tissue with relatively normal 

lung directly adjacent to areas of lung damage [506]. To instil a spatially restricted 

injury, a region of each PCLS was isolated from the surrounding tissue using a Pyrex 

cloning cylinder (Figure 5.1 B). The underside edge of the cylinder which was in 

contact with the tissue was coated in sterile silicone grease to create a tight seal for 

the restricted application of an injuring agent (Figure 5.1 B). 100µl 0.1M/0.01M HCl 

was applied to the PCLS within the cloning cylinder for 1 min. HCl was diluted to the 

desired concentration using thermo-reversible pluronic gel which is liquid below 2-8°C 

but forms a gel above 25°C [507]. Pluronic gel has been used as a vehicle for the 

topical administration of pharmacological agents as it enhances the absorption of 

medicines through the dermal layer [508, 509]. It is also regularly used in studies to 

maintain drug concentrations within the desired therapeutic concentration range [510]. 

The application of acid in pluronic gel helped prevent the HCl from spreading outside 

of the walls of the cloning cylinder. As a further measure to ensure a restricted area of 

acid injury, 500µl SF-DMEM, containing the pH indicator phenol red, was added to the 

outer portion of the well. Any leaks from inside the cloning cylinder would change the 

pH of the surrounding media causing a colour change from pink to yellow. After HCl 

was removed, the region within the cloning cylinder was washed with SF-DMEM 5 

times to remove any residual acid before removing the cloning cylinder. Following 

injury, the PCLS were then cultured for up to 48 hr at 37°C before analysis. PCLS 

repair responses were not investigated beyond 48 hr post injury. This was in line with 

time points used in studies investigating cellular responses following in vivo acid injury 

[309, 310].  
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Figure 5.1 Generation of PCLS and application of the AIR model. (A) Schematic representation 

detailing the generation of PCLS. Lungs are inflated using low melting point agarose and lobes are 

imbedded in agarose and sliced to a thickness of 300µm using a vibratome. (B) Images demonstrating 

the use of a cloning cylinder and silicone grease to isolate a region of the slice for the restricted 

application of HCl to generate an injured and uninjured region. 

5.2.1.2 Verification of injury restriction in PCLS using the AIR model 

To ensure successful generation of a restricted region of injury in PCLS, whole slice 

imaging was conducted following Live/Dead fluorescent labelling. Calcein-AM positive 

cells (Yellow) were used to identify viable cells. The calcein stain cannot be retained 

in the cytoplasm of dead cells as they have lost membrane integrity. The stain is 

therefore only retained by live cells. EthD-1 (Magenta) can only cross the membrane 

and enter the nuclei of damaged cells and was therefore used to visualise dead cells. 
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Widefield fluorescent whole slice imaging of PCLS spatially injured with 0.1M HCl was 

performed along with control, uninjured and methanol treated slices to visualise and 

compare the pattern of calcein and EthD-1 staining (Figure 5.2 A). Control, uninjured 

PCLS (injury negative control) demonstrated an even distribution of mainly calcein 

positive (live) cells across the whole slice with small regions where EthD-1 staining 

was more pronounced (Figure 5.2 Ai). Methanol treated PCLS (injury positive control) 

demonstrated a complete absence of calcein positive (live) cells with large amounts 

of EthD-1 staining throughout indicating cell death (Figure 5.2 Aii). PCLS injured in a 

restricted manner with 0.1M HCl exhibited an isolated region which had large amounts 

of EthD-1 staining in 0.1M injured PCLS, indicating a high level of cell death in the 

area treated with HCl (Figure 5.2 Aiii). This acid-injured region was clearly distinct from 

the uninjured region which contained mainly calcein positive cells (Figure 5.2 Aiii). The 

pattern of mostly calcein staining in the uninured region and large degree of EthD-1 

staining in the acid injured region generated a visible injury border in the PCLS. In 

addition, calcein staining in the uninjured region of the injured PCLS appeared similar 

to control, uninjured PCLS indicating a large number of viable cells and that the 

damage caused by the HCl was successfully restricted to the acid-injured region of 

PCLS (Figure 5.2 Ai, iii). When compared to methanol treated slices, a similar degree 

of EthD-1 staining was observed in the acid injured regions however there was some 

calcein staining present which was not observed in the methanol treated controls.  

To investigate this in greater detail, higher magnification confocal images were 

captured in the injured and uninjured region of PCLS injured with 0.1M HCl to visualise 

the localisation of EthD-1 and calcein at a cellular level. This demonstrated the 

presence of viable cells in the acid injured region and that the 0.1M HCl induced severe 

damage but not kill all of the cells in the treated area (Figure 5.2 B).  
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Figure 5.2 Injury of PCLS with the AIR model generates a restricted region of tissue damage. (A) 

Whole slice images taken using widefield microscopy demonstrating the distribution of live (Calcein AM, 

yellow) and dead (EthD-1, magenta) cells in control uninjured, methanol killed and 0.1M acid-injured 

slices (n=3). (B) Confocal images taken at 10x magnification demonstrating the distribution of live and 

dead cells in the uninjured, border and acid-injured regions of a PCLS injured using the AIR model with 

0.1M HCl. Scale bars: Widefield whole slice= 1000µm, 10x Confocal= 50µm. 

5.2.1.3 Optimisation of HCl concentrations for modelling the application of a restricted 

injury in PCLS 

Previously 0.75M (Chapter 3) and 0.1M (Figure 5.2) concentrations of HCl had been 

used to induce injury in PCLS. To systematically assess the optimal concentration of 

HCl to use in the AIR model and to assess whether we could apply different degrees 
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of injury severity in this model, we used a range of HCl concentrations to apply the 

restricted injury followed by live/dead staining to assess and compare the severity of 

tissue damage. Having established that a restricted region of injury could be 

generated, PCLS were injured using 0.1M, 0.01M, 0.005M and 0.001M HCl and 

imaged using confocal microscopy (Figure 5.3, n=3). Using control, uninjured and 

methanol treated PCLS as injury negative and injury positive controls (Figure 5.3 A), 

the patterns of EthD-1 and calcein staining in the acid injured and uninjured regions of 

spatially injured PCLS were compared across the HCl concentration gradient (Figure 

5.3 B). At all concentrations of HCl, levels of live and dead cells in the uninjured regions 

were similar to those observed in uninjured, control PCLS (Figure 5.4 Bi-iv). As the 

concentration of HCl was reduced, a reduction in EthD-1 staining and an increase in 

calcein staining was observed in the acid injured regions indicating an increase in 

viability. A low level of calcein staining was present in the injured regions of PCLS 

injured with 0.1M HCl which was not observed in the methanol treated controls 

demonstrating some cell viability in the damaged regions even at the highest HCl 

concentration used (Figure 5.3 Bi). At the lower end of the concentration gradient, 

slices injured with 0.005M and 0.001M HCl exhibited similar levels of calcein staining 

in the injured regions as seen in control, uninjured PCLS (Figure 5.3 Biii, iv). 
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Figure 5.3 Live-Dead assay to determine the distribution of cell viability across injured and 

uninjured regions. (A) Confocal images demonstrating the distribution of live and dead cells in control, 

uninjured and methanol killed PCLS. (B) Representative images of the distribution of live (yellow) and 

dead (magenta) cells (nuclei are counter stained with DAPI, blue) in the uninjured and acid-injured 

regions of PCLS following injury with the AIR model using a HCl concentration gradient. PCLS were 

injured using i) 0.1M, ii) 0.01M, iii) 0.005M and iv) 0.001M HCl. Images in are from confocal microscope. 

n=3; Scale bars: 50µm. 
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In whole slice images of 0.1M HCl injured PCLS, a clear boundary was visible between 

the acid injured and uninjured regions. The obvious reduction in live cells in the acid 

injured region at this concentration verified that the method used was successful in 

providing an isolated region of injury to a lung slice.  

In order to further assess whether lowering the concentration of HCl could be used to 

induce a milder injury, PCLS were injured using 0.01M HCl and whole slice widefield 

images were obtained (Figure 5.4). In contrast to 0.1M HCl, no clear boundary was 

visible between the acid injured and uninjured regions of PCLS injured with 0.01M 

HCl. When compared to whole slice images of PCLS injured with 0.1M HCl, more 

calcein staining was visible in the acid-injured regions at the lower HCl concentration. 

This suggested that damage caused by 0.01M HCl was less severe than caused by 

0.1M HCl and that altering the concentration of HCl could be used to modify injury 

severity (Figure 5.4). 

 

Figure 5.4 No visibly defined injury border using 0.01M HCl injury. Whole slice images taken using 

widefield microscopy demonstrating the distribution of live (Calcein AM, yellow) and dead (EthD-1, 

magenta) cells in 0.1M and 0.01M HCl injured slices (n=3). Scale Bar: 1000µm. 

5.2.1.4 Assessment of PCLS viability following injury with increasing concentrations of 

HCl 

In addition to visualisation of the spatially restricted pattern of viable cells in PCLS, by 

live/dead staining, we also wanted to assess viability by measuring metabolic activity. 

Metabolically active cells produce formazan crystals when incubated with MTT 

solution which, when solubilised, can be quantified and used as a proxy for tissue 

viability. Metabolic activity was measured in whole slices incubated for 1 min with 
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0.001M, 0.01M and 0.1M HCl and compared to uninjured and methanol-treated 

controls (Figure 5.5 A, n=5). Metabolic activity was significantly lower in methanol 

treated PCLS (O.D. 0.1) compared to uninjured, control PCLS (O.D. 2.4) (p=0.011). 

No such reduction was observed following injury with 0.001M or 0.01M HCl. Viability 

was reduced following injury with 0.1M HCl (O.D. 0.8) compared to uninjured controls 

(O.D. 2.4) however this was not significant. Importantly, across all HCl concentrations 

metabolic activity remained higher than in methanol treated PCLS, reaching 

significance for those injured with 0.001M (p=0.026) and 0.01M HCl (p=0.007). 

 

Figure 5.5 PCLS viability following injury with the AIR model. (A) MTT assay demonstrating the 

reduction in PCLS viability with increasing acid concentration compared to control, uninjured and 

methanol killed PCLS (n=5; Kruskal-Wallis test, Dunn’s multiple comparisons test, *p<0.05 **p<0.01). 

(B) Comparison of cell viability using MTT assay for control, uninjured PCLS and whole PCLS treated 

with 0.1M acid with or without pluronic gel demonstrate that pluronic gel does not alter PCLS viability. 

n=4, Kruskal-Wallis test, Dunn’s multiple comparisons test, *p<0.05. 

5.2.1.5 Investigating the effect of pluronic gel on PCLS viability 

Pluronic gel was used as a vehicle to apply the HCl to a restricted area of PCLS. We 

therefore investigated the effect of pluronic gel on viability of PCLS. Vehicle 

assessment is an important step in the development and optimisation of any model. 

To assess the effects of pluronic gel on PCLS viability in control and acid-injured slices, 

an MTT assay was used to measure metabolic activity. No significant differences in 

viability were observed between gel treated or untreated control, uninjured PCLS with 

O.D. values of 2.3 and 2.6 respectively. Similarly, when HCl solution was applied to 

slices, the use of pluronic gel (O.D. 1.3) had no effect on PCLS viability when 

compared to SF-DMEM alone (O.D. 1.2) (Figure 5.5 B). 
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5.2.2 Investigating the response to injury using established markers of lung 

repair and regeneration 

Having successfully generated an isolated region of injury in PCLS, we then wanted 

to monitor the early repair response using established markers of repair. The first 

marker we chose was proSP-C. ProSP-C labels alveolar epithelial progenitor cells 

(AEPs) which have been shown to increase following alveolar damage in vivo [204, 

231]. Using a bespoke, semi-automated, cell counting programme designed for the 

image processing software ImageJ, we were able to quantify the total number of cells 

within an image. The number of cells positive for the marker of interest could then be 

counted and expressed as a percentage of total cell number.  

5.2.2.1 Comparing changes in the percentage of proSP-C positive cells at 24 and 48 

hr following spatially restricted injury with 0.75M HCl 

We quantified the changes in percentage of proSP-C+ cells over time in the injured 

and uninjured regions of PCLS using 0.75M HCl at 24 or 48 hr post injury (Figure 5.6, 

n=4). At the 24 hr timepoint, 7.5% of cells in control, uninjured PCLS were proSP-C+ 

(Figure 5.6 A, C). This increased to 18.9% in the acid-injured region of PCLS spatially 

injured with 0.75M HCl. In the uninjured region, 5.8% of cells were proSP-C+. This was 

not significantly different when compared to control, uninjured PCLS, but was 

significantly lower than in the acid-injured region (Figure 5.6 A, C; p=0.018).  

At 48 hr post injury, 11% of cells in uninjured controls were proSP-C+. This increased 

significantly in the injured region to 22.7% (p=0.032). In the uninjured region, 14.3% 

of cells were proSP-C+ at 48 hr which was not significantly different compared to 

control, uninjured PCLS. (Figure 5.6 B, D). 

In order to investigate the changes in proSP-C+ cells over time in response to 0.75M 

HCl injury, the changes in percentage positive cells in each region were compared 

between the 24 hr and 48 hr timepoints. When the percentage positive cells in 

uninjured, control PCLS were compared at 24 and 48 hr, no significant changes were 

observed. Similarly, no significant differences were observed between time points in 

acid-injured regions of 0.75M HCl injured PCLS (Figure 5.6 E). In the uninjured 

regions, the percentage of proSP-C+ cells increased significantly from 5.8% at 24 hr 

to 14.3% at 48 hr post injury (Figure 5.6 E, p=0.029).  
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Figure 5.6 ProSP-C, as a read-out of response to severe injury over time. (A-B) 

Immunofluorescence staining for proSP-C (yellow) and DAPI (blue) at 24 hr (A) and 48 hr (B) post injury 

with 0.75M HCl of control, uninjured PCLS and the injured and uninjured regions of spatially injured 

lung slices (Confocal images taken at 63x magnification, scale bars: 50µm). (C-D) Quantification of 

percentage of proSP-C positive cells at 24 hr (C) and 48 hr (D) post injury (n=4; Kruskal-Wallis test, 

Dunn’s multiple comparisons test, *p<0.05). (E) Quantification of the changes in the percentage of 

proSP-C positive cells following injury at 24 hr compared to 48 hr in control, uninjured PCLS and in the 

injured and uninjured regions of injured PCLS (n=4; Mann-Whitney U test, *p<0.05). 
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5.2.2.2 Comparing changes in the percentage of Ki67 positive cells at 24 and 48 hr 

following spatially restricted injury with 0.75M HCl 

Proliferation is frequently a key driver of tissue repair and is therefore an excellent 

candidate for monitoring a repair response in PCLS following injury. Using the marker 

of cell division, Ki67, we tracked proliferation in the injured and uninjured regions of 

PCLS following application of 0.75M (Figure 5.7, n=4) compared to uninjured controls 

at 24 hr and 48 hr post injury.  

Following 24 hr of culture, 0.6% of cells were Ki67+ in control, uninjured PCLS. No 

significant changes were observed in the acid injured regions of PCLS injured with 

0.01M HCl after 24 hr (Figure 5.9 A, C). In the uninjured regions, the levels Ki67+ cells 

increased to 14.4% compared to 0.6% in control, uninjured PCLS (p=0.287) and 0.8% 

in the acid injured regions (p=0.007) 24 hr post injury (Figure 5.9 A, C). At 48 hr post 

injury, the percentage Ki67+ cells in the uninjured region increased to 23% compared 

to 7% in control, uninjured PCLS and 0.6% in the injured region (Figure 5.7 B, D; 

p=0.005).  

When comparing the changes in the percentage of Ki67 positive cells across the 24 

and 48 hr timepoints following 0.75M HCl injury, a significant increase was observed 

in control, uninjured PCLS from 0.6% at 24 hr to 7% at 48 hr (p=0.029). A significant 

increase was also observed in the uninjured region over time from 14.4% to 23% 

(Figure 5.7 E; p=0.029). No significant changes in the percentage of Ki67+ cells were 

observed in the injured region from 24 to 48 hr following 0.75M HCl injury.  
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Figure 5.7 Ki67, as a read-out of response to severe injury over time. (A-B) Immunofluorescence 

staining for Ki67 (Magenta) and DAPI (blue) at 24 hr (A) and 48 hr (B) post injury with 0.75M HCl of 

control, uninjured PCLS and the injured and uninjured regions of spatially injured lung slices (Confocal 

images taken at 63x magnification, scale bars: 50µm). (C-D) Quantification of percentage of proSP-C 

positive cells at 24 hr (C) and 48 hr (D) post injury (n=4; Kruskal-Wallis test, Dunn’s multiple 

comparisons test, *p<0.05, **p<0.01). (E) Quantification of the changes in the percentage of Ki67 

positive cells following injury at 24 hr compared to 48 hr in control, uninjured PCLS and in the injured 

and uninjured regions of injured PCLS (n=4; Mann-Whitney U test, *p<0.05). 
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5.2.2.3 Comparing changes in the percentage of proSP-C positive cells at 24 and 48 

hr following spatially restricted injury with 0.01M HCl 

In order to assess the changes in early repair markers over time following a milder 

injury, PCLS were imaged at 63x using the lower HCL concentration of 0.01M HCl. No 

significant differences in the number of proSP-C+ cells were observed in either the 

injured or uninjured regions compared to control, uninjured PCLS at 24 hr or 48 hr post 

injury (Figure 5.8, n=4).  

When comparing between the 24 hr and 48 hr time points, no significant differences 

were observed between control, uninjured PCLS or in the uninjured regions of injured 

PCLS (Figure 5.8 E). An increase in the percentage of proSP-C+ cells from 7.3% to 

17.4% was observed in the injured region at 48 hr compared to 24 hr, however this 

did not reach statistical significance (Figure 5.8 E). 

5.2.2.4 Comparing changes in the percentage of Ki67 positive cells at 24 and 48 hr 

following spatially restricted injury with 0.01M HCl. 

In PCLS injured with 0.01M HCl, no differences in the levels of Ki67 were observed in 

control, uninjured PCLS or PCLS spatially injured with 0.01M HCl at 24 hr post injury 

(Figure 5.9 A, C). Similarly, no significant differences were observed at 48 hr (Figure 

5.9 B, D).  

When the response across the 24 and 48 hr timepoints was examined, a significant 

difference in the percentage Ki67+ cells was observed in control, uninjured PCLS 

increasing from 0.6% to 4.8% (Figure 5.9 E; p=0.029). Percentage Ki67+ cells 

increased from 1.5% to 11.3% in the injured regions and from 0.6% to 13.8% in the 

uninjured regions, but these differences did not reach statistical significance (Figure 

5.9 E). 
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Figure 5.8 ProSP-C, as a read-out of response to mild injury over time. (A-B) Immunofluorescence 

staining for proSP-C (yellow) and DAPI (blue) at 24 hr (A) and 48 hr (B) post injury with 0.01M HCl of 

control, uninjured PCLS and the injured and uninjured regions of spatially injured lung slices (Confocal 

images taken at 63x magnification, scale bars: 50µm). (C-D) Quantification of percentage of proSP-C 

positive cells at 24 hr (C) and 48 hr (D) post injury (n=4; Kruskal-Wallis test, Dunn’s multiple 

comparisons test). (E) Quantification of the changes in the percentage of proSP-C positive cells 

following injury at 24 hr compared to 48 hr in control, uninjured PCLS and in the injured and uninjured 

regions of injured PCLS (n=4; Mann-Whitney U test). 
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Figure 5.9 Ki67, as a read-out of response to mild injury over time. (A-B) Immunofluorescence 

staining for Ki67 (Magenta) and DAPI (blue) at 24 hr (A) and 48 hr (B) post injury with 0.01M HCl of 

control, uninjured PCLS and the injured and uninjured regions of spatially injured lung slices (Confocal 

images taken at 63x magnification, scale bars: 50µm). (C-D) Quantification of percentage of proSP-C 

positive cells at 24 hr (C) and 48 hr (D) post injury (n=4; Kruskal-Wallis test, Dunn’s multiple 

comparisons test). (E) Quantification of the changes in the percentage of Ki67 positive cells following 

injury at 24 hr compared to 48 hr in control, uninjured PCLS and in the injured and uninjured regions of 

injured PCLS (n=4; Mann-Whitney U test, *p<0.05). 
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5.2.2.5 Comparison of the effect of severe and mild injury on the percentage of proSP-

C positive cells following spatially restricted acid injury 

The degree of injury severity changes in the early and late stages of diseases with 

differing effects on cell number as well as the overall tissue architecture. Having 

established that the readouts of repair change over time in response to restricted 

injury, we next wanted to compare the differences between severe and mild injury 

concentrations using 0.1M (severe) and 0.01M (mild) HCl. 

In the previous timepoint experiments, a higher concentration of 0.75M HCl injury was 

used however based on the dose response experiments with live/dead staining (Figure 

5.3), 0.1M was chosen to represent severe injury moving forward. 

To investigate whether the severity of acid injury affected the change in percentage of 

proSP-C positive cells, slices were injured with 0.1M and 0.01M HCl and cultured for 

48 hr (Figure 5.10, n=4). Quantification was carried out using confocal images taken 

at 40x in order to quantify cellular changes across a larger field of view in each region.  

The percentage of proSP-C+ cells increased significantly to 10% in the injured regions 

of PCLS injured with 0.1M HCl compared to 3.3% in control, uninjured slices (Figure 

5.10 A, C; p=0.043). No significant increase was observed in the uninjured regions. In 

PCLS injured with 0.01M HCl, a similar significant increase in proSP-C+ cells was 

observed in the injured regions to 10.8% compared to 3.3% in uninjured controls 

(Figure 5.10 B, D; p=0.007). No significant change in the percentage of proSP-C+ cells 

was observed in the uninjured region.  

When the injury response to severe (0.1M) and mild (0.01M) injury was compared, no 

differences in proSP-C+ cells were observed between the injured regions of PCLS 

injured with 0.1M or 0.01M HCl. However, In the uninjured regions, the levels of proSP-

C+ cells were significantly lower following injury with 0.1M at 3.4% compared to 5.9% 

with the less severe 0.01M injury (Figure 5.10 E; p=0.029). 
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Figure 5.10 ProSP-C response to injury varies based on damage severity. (A-B) 

Immunofluorescence staining for proSP-C (yellow) and DAPI (blue) at 48 hr post injury with 0.1M (A) 

and 0.01M HCl (B) in control, uninjured PCLS and the injured and uninjured regions of spatially injured 

lung slices (Confocal images taken at 40x magnification, scale bars: 50µm). (C-D) Quantification of 

percentage of proSP-C positive cells following injury with 0.1M (C) and 0.01M HCl (D) (n=4; Kruskal-

Wallis test, Dunn’s multiple comparisons test, *p<0.05, **p<0.01). (E) Quantification of the changes in 

the percentage of proSP-C positive cells following injury with 0.1M HCl compared to 0.01M HCl in 

control, uninjured PCLS and in the injured and uninjured regions of injured PCLS (n=4; Mann-Whitney 

U test, *p<0.05). 
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5.2.2.6 Comparison of the effect of severe and mild injury on the percentage of Ki67 

positive cells following spatially restricted acid injury 

To assess if the proliferative response to injury varied in relation to severity, we 

investigated changes in the percentage Ki67+ cells in PCLS injured with 0.1M or 0.01M 

HCl 48 hr post injury (Figure 5.11, n=4). Confocal images were taken at 40x 

magnification for quantification in the injured and uninjured regions and compared to 

control, uninjured PCLS. In control, uninjured PCLS, 1.8% of cells were Ki67+ at 48 hr. 

This increased significantly to 7.3% in the uninjured region following 0.1M HCl (Figure 

5.11 A, C, p=0.024). No significant difference was observed in the injured region which 

exhibited similar levels of Ki67 to uninjured controls (Figure 5.11 A, C).  

In PCLS injured with 0.01M HCl, 4.7% of cells were Ki67+ in the uninjured region which 

was an increased compared to 1.1% in control, uninjured PCLS (Figure 5.11 B, D) and 

was significantly higher than 0.9% in the injured region (Figure 5.11 B, D; p=0.043).  

Following quantification in each of the regions, the differences in Ki67 expression in 

response to severe (0.1M) and mild (0.01M) HCl injury were compared. Similar levels 

of Ki67+ cells were observed in the acid injured regions following 0.1M and 0.01M HCl 

injury. A higher percentage of Ki67+ cells was observed in the uninjured region 

following 0.1M HCl injury (7.3%) compared to 0.01M injury (4.7%) however this 

difference did not reach significance (Figure 5.11 E).  

The key changes in Ki67 and proSP-C in response to 0.1M and 0.01M HCl injury are 

summarised in Figure 5.29 A. 
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Figure 5.11 Ki67 response to injury varies based on damage severity. (A-B) Immunofluorescence 

staining for Ki67 (magenta) and DAPI (blue) at 48 hr post injury with 0.1M (A) and 0.01M HCl (B) in 

control, uninjured PCLS and the injured and uninjured regions of spatially injured lung slices (Confocal 

images taken at 40x magnification, scale bars: 50µm). (C-D) Quantification of percentage of proSP-C 

positive cells following injury with 0.1M (C) and 0.01M HCl (D) (n=4; Kruskal-Wallis test, Dunn’s multiple 

comparisons test, *p<0.05). (E) Quantification of the changes in the percentage of proSP-C positive 

cells following injury with 0.1M HCl compared to 0.01M HCl in control, uninjured PCLS and in the injured 

and uninjured regions of injured PCLS (n=4; Mann-Whitney U test, *p<0.05). 
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5.2.2.7 Assessment of statistical analysis used in sections 5.2.2.1-5.2.2.6 

Statistical analysis comparing three or more groups was performed using a Kruskal-

Wallis test followed by a Dunn’s post-test to compare between columns A, B, C, etc. 

As an n of 4 was obtained for each group, non-parametric statistics were required. 

Due to the nature of non-parametric tests, significance in these analyses was therefore 

calculated based on rank rather than the actual data points. As a result, some 

differences which appear to be quite large were not statistically significant. For 

example, in an experiment comparing columns A (2%), B (19%) and C (20%), where 

the difference between column A and C (18%) was only fractionally greater than the 

difference between column B and C (17%), the ranked nature of the non-parametric 

test means while the difference between A and C would be statistically significant, 

detecting an additional statistically significant difference between B and C would be 

less likely because B is ranked lower than A. The spread of the data points and SEM 

in each column would also have an impact on whether significance could be detected. 

While the majority of the statistical analyses presented in this chapter fall in line with 

what would be expected from the data i.e. significant where there were big differences 

in the data and not significant where there were only small changes, the nature of the 

statistical tests used led to a few results that seem incongruous with the data. 

5.2.3 Investigating Ki67 co-localisation with markers for resident lung cell 

populations following injury 

Having successfully developed and optimised the AIR model, we next wanted to use 

it to investigate the response of specific cell populations to lung injury during repair. 

We identified a significant proliferative response to injury primarily in the uninjured 

regions of injured PCLS. To determine the identity of these dividing cells we carried 

out dual immunostaining experiments to label AIR PCLS with both Ki67 and a variety 

of other cell-type specific markers. Despite the significant increase in proSP-C+ cells 

seen following injury, very little co-localisation of Ki67 and proSP-C was observed 

(Figure 5.12 A). EC mediated neovascularisation has previously been shown to 

increase during alveolar regeneration [59, 425] however Ki67 did not co-localise with 

PECAM-1+ endothelial cells in either the injured or uninjured regions (Figure 5.12 B). 

Interestingly though, further investigation using a nuclear marker for endothelial cells, 
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ERG, preliminary data suggests a large proportion of the ERG+ endothelial cells were 

in close apposition with proliferating cells (Figure 5.12 C).  

When PCLS were co-stained with the Ki67 and the AT1 cell marker Pdpn, a portion of 

the AT1 cells showed co-localisation with Ki67 in the uninjured regions (Figure 5.12 

D). Co-localisation was not observed in the injured regions or control, uninjured PCLS. 

 

Figure 5.12 Immunofluorescence staining of Ki67 with alveolar cell markers shows co-

localisation with AT1 cells following injury. Immunofluorescence staining demonstrating the low 

degree of co-localisation between Ki67 (proliferating cells, magenta) and AT2 cells (proSP-C, yellow); 

(B) Immunofluorescence staining of endothelial cells (PECAM-1, green) and proliferating cells (Ki67, 

red) show no co-localisation between the two markers; (C) Immunofluorescence staining of endothelial 

cells (ERG, yellow) and proliferating cells (Ki67, magenta) show low levels of co-localisation; (D) 

Immunofluorescence staining of AT1 cells (Pdpn, yellow) and proliferating cells (Ki67, magenta) show 

high levels of co-localisation following injury; co-stained with a nuclear marker (DAPI, blue). Confocal 

images of control, uninjured PCLS and the injured and uninjured regions of injured with 0.1M HCl. (A) 

40x Magnification, (B-C) 63x Magnification, Scale bars: 50µm. 
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In addition to the AT1 and AT2 epithelial cells, we also wished to investigate Ki67 co-

localisation in cells present in the alveolar interstitium which have also been implicated 

in alveolar repair and regeneration (Figure 5.13). Dual staining of 0.1M HCl injured 

PCLS demonstrated a high level of co-localisation between the lipofibroblast marker 

ADRP and Ki67 in the injured and uninjured regions, which was not observed in 

control, uninjured PCLS (Figure 5.13 A). A small number of cells also appeared to be 

dual positive for Ki67 and the pericyte marker NG2 in the uninjured region, which again 

was not observed in control, uninjured PCLS (Figure 5.13 B). Control, uninjured and 

acid-injured PCLS were also labelled for the macrophage marker CD11c however this 

dual staining was technically unsuccessful (Figure 5.13 C). 

 

Figure 5.13 Immunofluorescence staining of Ki67 with interstitial cell markers shows co-

localisation with lipofibroblasts following injury. (A) Immunofluorescence staining demonstrating 

the high degree of co-localisation between Ki67 (proliferating cells, magenta) and lipofibroblasts (ADRP, 

yellow); (B) Immunofluorescence staining of pericytes (NG2, yellow) and proliferating cells (Ki67, 

magenta) show low levels of co-localisation following injury; (C) Immunofluorescence staining of 

(CD11c, yellow) and proliferating cells (Ki67, magenta) demonstrate no co-localisation following injury; 

co-stained with a nuclear marker (DAPI, blue). Confocal images of control, uninjured PCLS and the 

injured and uninjured regions of injured with 0.1M HCl. 63x Magnification, Scale bars: 50µm. 
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5.2.4 Pharmacological modulation of the response to injury using the AIR model 

Within a model of injury and repair, it is critical to be able to manipulate cell processes 

and potential repair pathways. To investigate whether exogenous administration of 

pharmacological agents could be used to manipulate repair, injured PCLS were 

treated with Cytochalasin D (Figure 5.14, n=4). Cytochalasin D is a known inhibitor of 

actin polymerisation [511]. The actin cytoskeleton undergoes significant levels of re-

organisation during cytokinesis. During mitosis, it facilitates rounding of cells by 

allowing cortical rigidity. Following division, the actin cytoskeleton is re-established to 

allow cells to regain their shape. Interference with cytoskeletal re-arrangement 

disrupts this process and therefore prevents proliferation [512]. Treatment with 

Cytochalasin D interferes with actin polymerisation and cytoskeletal re-arrangement 

and has been shown to inhibit cell migration at lower concentrations [12] while at 

higher concentrations, it prevents cell proliferation [513]. The aim of this experiment 

was to inhibit proliferation, therefore a treatment dose of 200ng/ml was chosen to block 

proliferation in line with data from Le Bellego et al. [513]. 

Control, uninjured and 0.1M HCl spatially injured PCLS were incubated with 200ng/ml 

Cytochalasin D or SF-DMEM only for 48 hr post injury. Treatment with Cytochalasin D 

had no effect on the percentage of proSP-C+ cells in the injured and uninjured regions 

or in control, uninjured PCLS (Figure 5.14 A, C). Levels of Ki67+ cells were significantly 

reduced in the injured region from 2.8% to 0.2% (Figure 5.14 B, D, p=0.029). Similarly, 

a significant reduction in the percentage of Ki67+ cells was observed following 

treatment in the uninjured region from 5.8% in untreated PCLS to 0.4% in Cytochalasin 

D treated PCLS (Figure 5.14 B, D, p=0.029). A non-significant reduction from 1.6% to 

0.2% was also observed in control, uninjured PCLS (Figure 5.14 B, D).  

To ensure the observed changes in Ki67 expression were not due to toxicity of 

Cytochalasin D, an MTT assay was performed to quantify metabolic activity in treated 

and untreated PCLS (Figure 5.14 E, n=4). No significant differences in activity were 

detected when compared to untreated control PCLS. As expected, methanol treated 

PCLS showed a significant reduction in metabolic activity to an O.D. value of 0.2 

compared to 2.5 in control, untreated PCLS (Figure 5.14 E; p=0.024). 
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Figure 5.14 Modulation of the AIR model using Cytochalasin D, an inhibitor of actin 

polymerisation. (A) Immunofluorescence staining for AT2 cells (ProSP-C, yellow) and nuclei (DAPI, 

blue) control, uninjured PCLS, uninjured and acid-injured regions of PCLS with spatial acid injury 

cultured with or without Cytochalasin D for 48 hr. (B) Immunofluorescence staining for proliferating cells 

(Ki67, magenta) and nuclei (DAPI, blue). (C-D) Quantification of percentage of proSP-C (C) and Ki67 

(D) positive cells showed significant reduction of Ki67 upon treatment with Cytochalasin D in the 

uninjured and acid-injured regions of the AIR model (n=4; Mann-Whitney U test *p<0.05). (E) MTT 

analysis demonstrating no significant changes in metabolic activity in PCLS treated with 200ng/ml 

Cytochalasin D for 48 hr compared to untreated controls and a significant reduction in methanol killed 

PCLS (n=4; Kruskal-Wallis test, Dunn’s multiple comparisons test, *p<0.05). Images in (A-B) are from 

confocal microscope at 40x magnification. Scale bars: 50µm. 
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5.2.5 Investigating the role of RA signalling in lung repair and regeneration 

5.2.5.1 Assessment of changes in RA signalling at a transcriptional level in response 

to injury in PCLS 

Although RA signalling in known to be an essential contributor to alveolar 

regeneration, little is known about the specific molecular mechanisms it modulates 

during repair. Identifying transcriptional changes in potential repair pathways following 

injury and during repair is an essential step towards understanding and targeting of 

lung repair pathways. To investigate transcriptional changes in RA signalling during 

repair, we selected genes involved in RA synthesis, degradation, and receptor 

activation in PCLS following acid injury.  

Whole slices were injured using 0.1M HCl and cultured for 48 hr post injury. RNA was 

extracted and converted into cDNA for qPCR analysis of the RA synthesis enzymes 

Raldh1/2/3, the RA degradation enzymes Cyp26a1/b1/c1 and the RA receptors 

Rara/b/g. Gene expression was normalised to the housekeeping genes B2m and Hprt 

and expressed as fold change compared to control, uninjured PCLS (Figure 5.15, 

n=4). A 4.9 fold increase in Rarb expression (p=0.029) was induced following injury 

along with a 2.3 fold increase in Rarg expression (p=0.029). RA synthesis enzyme 

expression was significantly increased by 2.2 fold for Raldh3 (p=0.029) and decreased 

to 0.6 fold for Raldh2 (p=0.029). RA degradation gene expression levels increased 2.5 

fold for Cyp26a1 (p=0.029) and 1.6 fold for Cyp26c1 (p=0.029). No significant changes 

were observed for Rara, Raldh1 or Cyp26b1. Collectively, these data show an 

increase in RA signalling following injury highlighting its potential as a pro-repair 

pathway that could be targeted to induce regeneration. 
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Figure 5.15 RA signalling pathway activity is increased following injury in PCLS. Expression of 

RA pathway genes involved in downstream gene activation (Rara/b/g), RA synthesis (Raldh1/2/3) and 

RA degradation (Cyp26a1/b1/c1) are altered in PCLS 48 hr post injury with 0.1M HCl. Gene expression 

was normalised to the housekeeping genes B2m and Hprt and expressed as fold change compared to 

gene expression in uninjured controls (n=4; Mann-Whitney U test, *p<0.05). 

5.2.5.2 Investigating the effect of a single treatment with 10µM RA on readouts of 

repair 

Having looked at RA signalling at a transcriptional level, we next wanted to investigate 

if exogenous RA treatment altered repair following acid injury in the AIR model. PCLS 

were spatially injured with 0.1M (Figure 5.17, n=4) or 0.01M HCl (Figure 5.18, n=4) 

and cultured for 48 hr with SF-DMEM containing 10µM RA. Uninjured PCLS treated 

with 10µM RA were used as controls. This treatment concentration was chosen based 

on data from Chapter 4 (Figure 4.4) along with previous data from studies of RA 

treatment in PCLS in our group. PCLS were imaged by confocal microscopy using 

proSP-C and Ki67 as read-outs of repair.  

Exogenous RA was initially made up to a concentration of 10mM in EtOH before 

further dilution to 10µM in SF-DMEM. To ensure using EtOH as a solvent would not 

interfere with our readouts of repair, control, uninjured PCLS and PCLS injured with 

0.1M HCl were treated with 0.01% EtOH for 48 hr (Figure 5.16, n=3). Treatment of 

PCLS with EtOH had no effect on the percentage of proSP-C or Ki67 positive cells 

compared to untreated controls in control, uninjured PCLS or in the injured and 

uninjured regions of 0.1M HCl injured PCLS. 
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Figure 5.16 Use of ethanol as a solvent with the AIR model does not affect readouts of repair. 

(A) Quantification of changes in the percentage proSP-C positive cells following treatment with 0.01% 

EtOH for 48 hr in control, uninjured PCLS and in the injured and uninjured regions of PCLS spatially 

injured with 0.1M HCl (n=4; Mann-Whitney U test). (B) Quantification of changes in the percentage Ki67 

positive cells following treatment with 0.01% EtOH for 48 hr in control, uninjured PCLS and in the injured 

and uninjured regions of PCLS spatially injured with 0.1M HCl (n=4; Mann-Whitney U test). 

Treatment with 10µM RA had no significant effect on the percentage proSP-C+ cells 

in control, uninjured PCLS or in the injured and uninjured regions of slices spatially 

injured with 0.1M HCl (Figure 5.17 A, C). A significant increase in the percentage Ki67+ 

cells was observed in control, uninjured PCLS from 1.1% to 3.3% compared to 

untreated controls (Figure 5.17 B, D; p=0.029). However, RA treatment had no effect 

on the percentage Ki67+ cells in the injured and uninjured regions compared to 

untreated, injured PCLS. 

RA treatment of PCLS injured with 0.01M HCl (mild injury) had no significant effect on 

the percentage proSP-C+ or Ki67+ cells in the injured or uninjured regions compared 

to untreated controls (Figure 5.18). Ki67+ cells were increased in control, uninjured 

PCLS from 1.7% to 3.3% following treatment with 10µM RA (Figure 5.18 B, D; 

p=0.029). 
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Figure 5.17 Treatment of severe 0.1M HCl injured PCLS with exogenous RA has no effect on 

readouts of repair. (A) Immunofluorescence staining for AT2 cells (ProSP-C, yellow) and nuclei (DAPI, 

blue) in control, uninjured PCLS and in the injured and uninjured regions of PCLS spatially injured with 

0.1M HCl cultured with and without single dose RA for 48 hr. (B) Immunofluorescence staining for 

proliferating cells (Ki67, magenta) and nuclei (DAPI, blue). (C) Quantification of percentage of proSP-

C positive cells showed no changes upon treatment with 10µM RA in the uninjured and acid-injured 

regions of the AIR model or in control uninjured PCLS. (D) Quantification of percentage of Ki67 positive 

cells showed a significant increase in control, uninjured PCLS but no significant changes in the injured 

or uninjured regions following treatment with 10µM RA (n=4; Mann-Whitney U test *p<0.05). Images in 

(A-B) are from confocal microscope taken at 40x magnification. Scale bars: 50µm. 
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Figure 5.18 Treatment of mild 0.01M HCl injured PCLS with exogenous RA has no effect on 

readouts of repair. (A) Immunofluorescence staining for AT2 cells (ProSP-C, yellow) and nuclei (DAPI, 

blue) in control, uninjured PCLS and in the injured and uninjured regions of PCLS spatially injured with 

0.01M HCl cultured with and without single dose RA for 48 hr. (B) Immunofluorescence staining for 

proliferating cells (Ki67, magenta) and nuclei (DAPI, blue). (C) Quantification of percentage of proSP-

C positive cells showed no changes upon treatment with 10µM RA in the uninjured and acid-injured 

regions of the AIR model or in control uninjured PCLS. (D) Quantification of percentage of Ki67 positive 

cells showed a significant increase in control, uninjured PCLS but no significant changes in the injured 

or uninjured regions following treatment with 10µM RA (n=4; Mann-Whitney U test *p<0.05). Images in 

(A-B) are from confocal microscope taken at 63x magnification. Scale bars: 50µm. 
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5.2.5.3 Investigating the effect of a sustained treatment with RA on proSP-C and Ki67 

in PCLS following injury 

As a single treatment of 10µM RA had no effect on Ki67 or proSP-C in injured PCLS, 

we then hypothesised that a sustained level of RA may be required to mediate the 

repair response. It is possible that in the in vivo environment, cells would be exposed 

to a prolonged increase in endogenous RA. RA has a relatively short half-life in culture 

which is estimated to be 6 hr [461, 462]. This means a single treatment of exogenous 

RA would be used up and a sufficient concentration of RA would not be maintained in 

the culture media. To ensure a sustained exposure to exogenous RA, PCLS spatially 

injured with 0.1M HCl were treated with 10µM RA three times a day at 6-12 hr intervals 

for 48 hr in a pulse style experiment (Figure 5.19, n=4). Control, uninjured and acid 

injured PCLS were initially treated with 10µM RA in SF-DMEM. Subsequently the 

levels of RA were maintained throughout the 48 hr culture period by removing half the 

volume of media and replacing it with fresh media containing 20µM RA to give a final 

concentration of 10µM. Media was changed at 6 hr intervals during the day and left for 

12 hr overnight.  

RA pulse treatment significantly increased the percentage proSP-C+ cells from 2.7% 

to 4.7% in the uninjured regions of acid injured PCLS (Figure 5.19 A, C; p=0.029). No 

significant differences were observed in control, uninjured PCLS or in the injured 

region following pulse treatment compared to untreated PCLS.  

RA pulse treatment significantly reduced the percentage of Ki67+ cells from 1.7% to 

0.4% (p=0.029) in control, uninjured PCLS and from 6.6% to 0.6% (p=0.029) in the 

uninjured regions of acid-injured PCLS compared to untreated controls (Figure 5.19 

B, D). A reduction from 1.3% to 0.4% was also observed in the injured regions 

following RA pulse treatment (Figure 5.19 B, D). 
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Figure 5.19 Treatment of severe 0.1M HCl injured PCLS with pulsed exogenous RA increases 

proSP-C and decreases Ki67. (A) Immunofluorescence staining for AT2 cells (ProSP-C, yellow) and 

nuclei (DAPI, blue) in control, uninjured PCLS and in the injured and uninjured regions of PCLS spatially 

injured with 0.1M HCl cultured with and without pulsed doses of RA for 48 hr. (B) Immunofluorescence 

staining for proliferating cells (Ki67, magenta) and nuclei (DAPI, blue). (C) Quantification of percentage 

of proSP-C positive cells showed an increase in control, uninjured and acid-injured PCLS upon pulse 

treatment with 10µM RA, reaching statistical significance in the uninjured regions. (D) Quantification of 

percentage of Ki67 positive cells showed a significant decrease in control, uninjured PCLS and in the 

uninjured regions following pulse treatment with 10µM RA (n=4; Mann-Whitney U test *p<0.05). Images 

in (A-B) are from confocal microscope taken at 40x magnification. Scale bars: 50µm. 
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5.2.5.4 Investigating the effects of the RALDH inhibitor DEAB on readouts of repair in 

AIR injured PCLS 

RA is produced in tissues through the conversion of retinol by the enzymes RALDH 1, 

2 and 3. Retinol in the lung is stored by lipofibroblasts and the production of RA is a 

tightly controlled process [73, 150]. As treatment with pulsed exogenous RA 

modulated the repair response, we next wanted to investigate whether blocking 

endogenous RA production would also influence the early repair response in PCLS. 

4-Diethylaminobenzaldehyde (DEAB) is a reversible, competitive ALDH inhibitor first 

identified in 1988 [514]. It is thought to be specific to the three isoforms of ALDH1A 

(RALDH1/2/3) however recent evidence suggests it may act as a broader ALDH 

inhibitor [515]. As such, DEAB could act on other pathways involving ALDH oxidisation 

of carboxylic acids such as those involved in oxidative stress and lipid peroxidation, 

the biosynthesis of γ-aminobutyric acid and betaine. In addition, there is also evidence 

of a role for ALDHs in mediating stem cell renewal, expansion, differentiation, and 

resistance to drugs and radiation [516]. 

PCLS were spatially injured using 0.1M HCl and cultured for 48 hr in SF-DMEM with 

or without 3µM DEAB. Images were taken of control, uninjured PCLS and in the injured 

and uninjured regions for quantification (Figure 5.20 A-D; n=4). Treatment of 0.1M HCl 

injured PCLS with DEAB resulted in a significant reduction in the percentage proSP-

C+ cells from 10% to 3.5% in the injured regions compared to untreated injured PCLS 

(Figure 5.20 A, C; p=0.029). No reduction in proSP-C was observed in the uninjured 

regions or in control, uninjured PCLS. A significant reduction in the percentage Ki67+ 

cells from 7.3% to 1.4% was observed in the uninjured region of PCLS injured with 

0.1M HCl following treatment with DEAB (Figure 5.20 B, D; p=0.029). No differences 

were observed between treated and untreated PCLS in the injured region or in 

uninjured controls.  

To ensure the effects observed were not due to toxicity, an MTT assay was performed 

to measure the effects of 3µM DEAB treatment on PCLS metabolic activity (Figure 

5.20 E; n=4). MTT analysis showed no differences in activity in PCLS treated with 

DEAB compared to untreated controls. 
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Figure 5.20 Inhibition of RA synthesis following 0.1M injury blocks the repair response in PCLS. 

(A) Immunofluorescence staining for AT2 cells (ProSP-C, yellow) and nuclei (DAPI, blue) in control, 

uninjured PCLS and in the injured and uninjured regions of PCLS spatially injured with 0.1M HCl 

cultured with and without single dose DEAB for 48 hr. (B) Immunofluorescence staining for proliferating 

cells (Ki67, magenta) and nuclei (DAPI, blue). (C) Quantification of percentage of proSP-C positive cells 

showed a significant reduction in the injured regions following treatment with 3µM DEAB (D) 

Quantification of percentage of Ki67 positive cells showed a significant decrease in the uninjured 

regions (n=4; Mann-Whitney U test *p<0.05). (E) MTT analysis of DEAB treated PCLS showed no effect 

on metabolic activity compared to untreated controls and a significant reduction in methanol killed PCLS 

(n=4; Kruskal-Wallis test, Dunn’s multiple comparisons test, *p<0.05). Images in (A-B) are from confocal 

microscope taken at 40x magnification. Scale bars: 50µm. 
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Similar experiments using 0.01M, mild acid injury showed reductions in proSP-C in the 

injured regions from 25.1% to 8.3% however this difference did not reach statistical 

significance as there was a greater degree of variation between repeat experiments. 

In addition, these experiments using a milder injury demonstrated reduced proSP-C in 

the uninjured regions (14.2% to 1.5%) and in control, uninjured PCLS (9.5% to 2.6%) 

that were not seen with 0.1M injury (Figure 5.21 A, C). Similarly, decreased Ki67 was 

observed in the uninjured regions from 23.8% to 12.3% as before as well as a 

reduction in the injured regions (12.5% to 1.6%) and in control, PCLS from 5.8% to 

1.1% (Figure 5.21 B, D). 
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Figure 5.21 Inhibition of RA synthesis following 0.01M injury reduces the repair response in 

PCLS. (A) Immunofluorescence staining for AT2 cells (ProSP-C, yellow) and nuclei (DAPI, blue) in 

control, uninjured PCLS and in the injured and uninjured regions of PCLS spatially injured with 0.1M 

HCl cultured with and without single dose DEAB for 48 hr. (B) Immunofluorescence staining for 

proliferating cells (Ki67, magenta) and nuclei (DAPI, blue). (C) Quantification of percentage of proSP-

C positive cells showed a significant reduction in the injured regions following treatment with 3µM DEAB 

(D) Quantification of percentage of Ki67 positive cells showed a significant decrease in the uninjured 

regions (n=4; Mann-Whitney U test *p<0.05). Images in (A-B) are from confocal microscope taken at 

63x magnification. Scale bars: 50µm.  
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5.2.5.5 Assessment of the effect of a single treatment with exogenous RA on rescuing 

readouts of repair lost following DEAB treatment 

As treatment with the RALDH inhibitor DEAB blocked proliferation and reduced the 

proSP-C+ AEP population following injury, we next investigated whether addition of 

exogenous RA following DEAB treatment could rescue these repair phenotypes. As 

DEAB blocks endogenous RA production, treatment with exogenous RA would 

therefore provide a source of RA in PCLS for repair without the need for RALDH 

activity. PCLS were injured with 0.1M HCl and were cultured for 48 hr in SF-DMEM, 

SF-DMEM with 3µM DEAB alone or SF-DMEM with 3µM DEAB and 10µM RA. The 

percentage of proSP-C+ (Figure 5.22, n=4) and Ki67+ cells (Figure 5.23, n=4) in the 

injured and uninjured regions were then quantified and compared across treatment 

groups.  

As in Figure 5.20, treatment of PCLS with 3µM DEAB significantly reduced the 

percentage proSP-C+ cells in the injured region to 3.5% compared to 10.0% in 

untreated, injured PCLS (p=0.010). No significant difference was observed in the 

injured region of PCLS treated with both 10µM RA and 3µM DEAB when compared to 

3µM DEAB treated PCLS (Figure 5.22). 

No significant effects were observed on the percentage of proSP-C+ cells in the 

uninjured region of 0.1M HCl injured PCLS treated once with 3µM DEAB alone or 3µM 

DEAB and 10µM RA compared to untreated, injured PCLS (Figure 5.22). 

Treatment of Injured PCLS with 3µM DEAB alone or 3µM DEAB and 10µM RA had no 

effect on the percentage of Ki67+ cells in the injured region compared to untreated, 

injured PCLS. In the uninjured region, treatment with 3µM DEAB significantly reduced 

the percentage of Ki67+ cells compared to untreated, injured PCLS (Figure 5.23; 

p=0.032). A similar reduction was observed in PCLS treated with both 3µM DEAB and 

10µM RA compared to untreated, injured PCLS (Figure 5.23; p=0.093). 
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Figure 5.22 Treatment with exogenous RA fails to restore proSP-C repair phenotype blocked by 

DEAB treatment. (A) Immunofluorescent staining for proSP-C in untreated, 3µM DEAB and 3µM DEAB 

+ 10µM RA treated PCLS following spatially restricted injury with 0.1M HCl. Images were taken in the 

injured and uninjured regions of PCLS 48 hr post injury (Confocal images taken at 40x magnification, 

scale bar: 50µm). (B) Quantification of the percentage proSP-C positive cells showed a significant 

decrease in the injured region following DEAB treatment which was not rescued upon addition of 

exogenous RA (n=4; Kruskal-Wallis test, Dunn’s multiple comparisons test, **p<0.01). 
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Figure 5.23 Treatment with exogenous RA fails to restore proliferative repair phenotype blocked 

by DEAB treatment. (A) Immunofluorescent staining for Ki67 in untreated, 3µM DEAB and 3µM DEAB 

+ 10µM RA treated PCLS following spatially restricted injury with 0.1M HCl. Images were taken in the 

injured and uninjured regions of PCLS 48 hr post injury (Confocal images taken at 40x magnification, 

scale bar: 50µm). (B) Quantification of the percentage Ki67 positive cells showed a significant decrease 

in the uninjured region following DEAB treatment which was not rescued upon addition of exogenous 

RA (n=4; Kruskal-Wallis test, Dunn’s multiple comparisons test, **p<0.01). 
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5.2.5.6 Investigating the effect of sustained exposure to exogenous RA following 

treatment with the RALDH inhibitor DEAB 

As RA pulse treatment modulated the proSP-C and Ki67 responses following 0.1M 

HCl injury where as a single treatment did not (Figure 5.17, Figure 5.19), we next 

investigated whether pulse treatment was also required to rescue the repair 

phenotypes lost by inhibiting RA production with DEAB on proSP-C and Ki67. As 

before, PCLS were repeatedly treated at 6-12 hr intervals 3 times a day for 48 hr with 

SF-DMEM or with SF-DMEM containing 3µM DEAB alone or 3µM DEAB and 10µM 

RA. Dosing was performed by replacing half the existing culture media with a stock 

treatment at 2x the final desired concentration. 

Pulse treatment of 0.1M HCl injured PCLS with 3µM DEAB resulted in a small but non-

significant decrease in percentage proSP-C+ cells from 8.8% to 6.7% in the acid 

injured regions compared to untreated controls (Figure 5.24, n=4). In addition, no 

significant effects were observed following the combined 3µM DEAB and 10µM RA 

pulse treatments with 7.9% positive cells when compared to 8.8% in untreated injured 

PCLS and 3µM DEAB pulse treated PCLS (Figure 5.24). Similarly, in the uninjured 

region, pulse treatment with 3µM DEAB had no significant effect on the percentage of 

proSP-C+ cells remaining at 3% compared to 2.7% in untreated injured PCLS (Figure 

5.24). Pulse treatment with a combination of 3µM DEAB and 10µM RA resulted in a 

significant increase in the percentage of proSP-C+ cells from 2.7% to 5.1% (p=0.043) 

in the uninjured region compared to untreated controls injured with 0.1M HCl and a 

non-significant increase from 3% to 5.1% compared to the uninjured region of 3µM 

DEAB treated PCLS (Figure 5.24). 

In the same experiments investigating the effect on Ki67, pulse treatment with 3µM 

DEAB had no significant effect on the percentage Ki67+ cell in the injured region 

compared to untreated injured PCLS (Figure 5.25, n=4). Similarly, treatment with 

combined 3µM DEAB and 10µM RA had no effect on the percentage Ki67+ cells in the 

acid-injured region compared to untreated or DEAB treated PCLS (Figure 5.25). 

Pulse treatment with 3µM DEAB resulted in a decrease in percentage Ki67+ cells from 

6.6% to 1.6% in the uninjured region when compared to untreated injured PCLS 

(Figure 5.25). Pulse treatment with combined 3µM DEAB and 10µM RA resulted in a 
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further significant decrease to 0.03% (p=0.024) compared to 6.6% in untreated, injured 

PCLS (Figure 5.25).  

 

Figure 5.24 Addition of pulsed exogenous RA doses to DEAB treated PCLS increases proSP-C 

in the uninjured region. (A) Immunofluorescent staining for proSP-C in untreated, 3µM DEAB pulsed 

and 3µM DEAB + 10µM RA pulse treated PCLS following spatially restricted injury with 0.1M HCl. 

Images were taken in the injured and uninjured regions of PCLS 48 hr post injury (Confocal images 

taken at 40x magnification, scale bar: 50µm). (B) Quantification of the percentage proSP-C positive 

cells showed a small decrease in the injured region following DEAB treatment which was partially 

rescued following addition of pulsed exogenous RA. Pulse treatment with DEAB had no effect on PCLS 

in the uninjured regions. Pulse treatment with combined DEAB and exogenous RA increased proSP-C 

in the uninjured region compared to untreated PCLS. (n=4; Kruskal-Wallis test, Dunn’s multiple 

comparisons test, *p<0.05). 
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Figure 5.25 Addition of pulsed exogenous RA doses does not rescue the Ki67 repair phenotype 

in DEAB treated PCLS. (A) Immunofluorescent staining for Ki67 in untreated, 3µM DEAB pulsed and 

3µM DEAB + 10µM RA pulse treated PCLS following spatially restricted injury with 0.1M HCl. Images 

were taken in the injured and uninjured regions of PCLS 48 hr post injury (Confocal images taken at 

40x magnification, scale bar: 50µm). (B) Quantification of the percentage Ki67 positive cells showed a 

decrease in the uninjured region following pulsed DEAB treatment which was not rescued upon addition 

of exogenous pulsed RA. Addition of RA further decreased Ki67 in the uninjured region which was 

significantly reduced compared to untreated slices. Pulsed DEAB or DEAB and RA treatments had no 

effect on Ki67 in the injured region compared to untreated PCLS (n=4; Kruskal-Wallis test, Dunn’s 

multiple comparisons test, *p<0.05). 
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5.2.5.7 Investigating the effect of blocking RAR receptor activation with the pan-RAR 

inverse agonist BMS493 on readouts of repair 

As some evidence suggests that DEAB is not RALDH1/2/3 specific, we attempted to 

replicate our findings by targeting a different portion of the RA signalling pathway. 

Using the specific pan-RAR inverse agonist BMS493, we prevented RARα/β/γ 

activation following injury in PCLS to block any downstream effects of RA signalling 

during repair. As the optimal treatment concentration was unknown, a dose response 

experiment using 1µM, 10µM and 100µM BMS493 was used to treat uninjured PCLS. 

The effects of the inhibitor concentrations on PCLS viability were assessed using an 

MTT assay. No significant differences in metabolic activity were detected between any 

of the inhibitor concentrations and control untreated PCLS (Figure 5.26; n=5). 

Metabolic activity was significantly higher in control untreated, 1µM treated and 10µM 

treated PCLS compared to methanol killed PCLS. 

 

Figure 5.26 Inhibition of RA receptor activation does not decrease PCLS viability. MTT analysis 

of the pan-RAR inverse agonist BMS493 demonstrated no significant reductions in PCLS metabolic 

activity at a concentration of 1µM, 10µM or 100µM compared to untreated controls. A significant 

reduction in activity was seen in methanol killed PCLS (n=5; Kruskal-Wallis test, Dunn’s multiple 

comparisons test, *p<0.05, **p<0.01). 
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Treatment of 0.1M HCl spatially injured PCLS with 1µM, 10µM and 100µM BMS 493 

had no effect on the levels of proSP-C+ cells in the injured and uninjured regions or in 

control uninjured PCLS (Figure 5.27; n=4).  

An incremental reduction in the percentage Ki67+ cells was observed as inhibitor 

concentration increased in the injured and uninjured regions as well as in control, 

uninjured PCLS (Figure 5.28; n=4). This reduction reached statistical significance in 

the injured region decreasing from 2.6% to 0.2% (p=0.019) and in the uninjured 

regions decreasing from 5.5% to 0.2% (p=0.007) when compared to untreated, injured 

controls following treatment with 100µM BMS 493 (Figure 5.28 B). 

The effects on proSP-C and Ki67 following 0.1M/0.01M HCl injury along with changes 

observed in these readouts following pharmacological modification of RA signalling in 

0.1M HCl injured PCLS are summarised in Figure 5.29. 
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Figure 5.27 Inhibition of RAR activation following 0.1M injury has no effect on the proSP-C repair 

phenotype. (A) Immunofluorescence staining for AT2 cells (ProSP-C, yellow) and nuclei (DAPI, blue) 

in control, uninjured PCLS and in the injured and uninjured regions of PCLS spatially injured with 0.1M 

HCl untreated or cultured with single dose 1µM, 10µM or 100µM BMS493 for 48 hr (confocal images 

taken at 40x magnification. Scale bars: 50µm). (B) Quantification of percentage of proSP-C positive 

cells demonstrated BMS493 had no effect at any concentration in uninjured controls or in the injured 

and uninjured regions of injured PCLS (n=5; Kruskal-Wallis test, Dunn’s multiple comparisons test). 
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Figure 5.28 Inhibition of RAR activation following 0.1M injury reduces the proliferative repair 

response in PCLS. (A) Immunofluorescence staining for proliferation (Ki67, magenta) and nuclei 

(DAPI, blue) in control, uninjured PCLS and in the injured and uninjured regions of PCLS spatially 

injured with 0.1M HCl untreated or cultured with single dose 1µM, 10µM or 100µM BMS493 for 48 hr 

(confocal images taken at 40x magnification. Scale bars: 50µm). (B) Quantification of percentage of 

Ki67 positive cells showed a gradual reduction in proliferation as the concentration of BMS493 

increased reaching significance in the injured and uninjured regions at 100µM (n=5; Kruskal-Wallis test, 

Dunn’s multiple comparisons test, *p<0.05, **P<0.01). 
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Figure 5.29 Summary of changes in readouts of repair following injury and pharmacological manipulation. Schematic diagram illustrating key changes 

in the levels of Ki67+ (Purple) and proSP-C+ (Green) cells at 48 hr following A) restricted 0.1M and 0.01M HCl injury using the AIR model and B) pharmacological 

modulation of the RA signalling pathway in control, uninjured PCLS and 0.1M HCl AIR injured PCLS. Increases are noted in italics, decreases are underlined. 

*p<0.05, **p<0.01.
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5.3 Discussion 

5.3.1 The AIR model provides a quantitative method to investigate lung injury 

and repair  

We successfully developed a model of restricted lung injury which allows the study 

and quantification of the early repair response in both injured and uninjured tissue 

within the same PCLS explant sample. Pluronic gel was used to administer the HCl to 

the restricted portion of the tissue. This is a thermo-reversible gel that can be 

maintained on ice as a liquid form to mix in the desired HCl concentration and forms 

a viscous gel once removed from ice and applied to PCLS in culture. This ensured the 

acid was retained within the cloning cylinder. Pluronic gel is widely used as a topical 

drug delivery system as it can be used to promote, improve, or slow down absorption 

of pharmaceutical agents through the dermal layer. The use of a gel in this manner 

enables controlled administration of agents and also promotes accumulation of drugs 

at the treatment site with minimal dispersal into the surrounding tissue. As a 

thermoreversible gel, pluronic gel possesses the characteristics of both a liquid and 

solid depending on temperature which can be easily manipulated [508, 509]. Use of 

this gel has been widely studied and used within the pharmaceutical injury to maintain 

drug concentrations within a specified range, a property which could also be used to 

ensure the HCl concentrations used in our model remained stable [510]. 

Live-Dead staining demonstrated that the combination of a cloning cylinder and 

pluronic gel was successful in generating a restricted area of damage in PCLS, which 

at a higher concentration of 0.1M HCl could be identified by an increase in dead cells 

and a reduction in live cells in the injured region. Additionally, a clear border between 

the two regions could be visualised based on levels of cell viability. We also showed 

that by decreasing the concentration of HCl to 0.01M or below, the severity of the injury 

could be reduced to model mild injury in the lung with no clear boundary marking the 

region of damage. The presence of live cells in the acid-injured region, as 

demonstrated by the calcein staining, showed that even following severe injury, the 

tissue still retained some viable cells and should therefore be capable of mounting a 

repair response. 
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5.3.2 Relevance of the AIR-PCLS model to human lung disease  

The use of acid, specifically HCl, as an injuring agent to provide models of lung disease 

is both well established and translationally relevant. The timepoints we have chosen 

to examine repair post injury and the concentrations of acid used in the AIR model are 

similar to those used in an established in vivo model of acid injury [310]. From a clinical 

perspective, lung damage as a result of gastric acid aspiration is a leading cause of 

pneumonia and acute respiratory distress syndrome, both of which present a high 

burden on ICUs [308]. Similarly, aspiration of stomach acid is a common inducer of 

acute exacerbations in a range of chronic lung diseases such as asthma, IPF and 

COPD [307]. As well as its clinical relevance, experimental use of HCl to mimic acute 

respiratory distress syndrome is well established. In vivo tracheal instillation of acid in 

rodents creates an acute lung injury that resolves by 48 hr [309, 310]. Unlike our model 

however, the animals require intensive care and monitoring, making in vivo acid 

administration costly in terms of time and resources and unsuitable for high-throughput 

use or widespread testing of regenerative compounds. In contrast, the AIR model not 

only reduces the number of animals required for experiments, due to the high number 

of slices obtained from each lung but is also highly reproducible and easily managed 

in an experimental capacity. 

Additionally, the pattern of damage observed in disease or following environmental 

insults such as smoking and acid aspiration is often heterogeneous with areas of 

damaged tissue adjacent to healthy areas of lung parenchyma [506]. The AIR model 

mimics this heterogeneity and is therefore a useful tool for studying and understanding 

how these different regions behave and interact following lung injury, making this 

model highly clinically relevant. 

5.3.3 Markers of early lung repair can be tracked in PCLS following acid injury 

Broadly, regeneration has been separated into two classifications according to the 

major cellular response that drives the process. Firstly, there is regeneration that is 

predominantly driven by cell proliferation. The alternative, known as morphallaxis, is 

regeneration without proliferation which occurs via the re-specification of existing cells 

through cellular trans-differentiation or de-differentiation [517-519]. For example, while 

some studies have shown that AT2 proliferation is important for localised alveolar 

restoration, following severe injury specific populations of airway cells can be 
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mobilised from elsewhere in the airways and migrate to the damaged alveolar region 

[520]. Lineage negative progenitors from the distal airways for example have been 

shown to migrate to the site of injury and seal off the damaged epithelial barrier to 

facilitate repair [204, 521, 522]. Additionally, BASCs which reside at the BADJ can 

differentiate into alveolar epithelial cell populations [208, 520, 523]. 

In the lungs, proSP-C+ cells are the resident progenitor population known to contribute 

to repair and regeneration. SP-C is secreted by AT2 cells and is important in 

maintaining the surface tension required for efficient alveolar gas exchange [54]. AT2 

cells can act as a type of tissue stem cell or progenitor cell, giving rise to both AT2 and 

AT1 cells [52, 471, 524]. Moreover it is also important to note that not all AT2 cells can 

be considered equal with mounting evidence from RNA-seq and lineage tracing that 

the proSP-C+ cells within the lung actually represent a heterogeneous population of 

facultative progenitor cells that possess the ability to repopulate the alveolar type 1 

and 2 epithelium in response to distinct forms of injury and insult [204, 231, 525, 526]. 

In line with this, we observed significant increases in proSP-C positive progenitor cells 

in the injured regions of PCLS injured with severe or mild injury. Importantly this 

increase in proSP-C cells occurs in the absence of proliferation, indicating that 

regeneration in the alveolar tissue is not driven by proliferation. 

In addition to developing a clinically relevant model of lung injury, that mimics the 

heterogeneous pattern of damage in disease, we have also shown that the model can 

be used to study and track changes in established readouts of repair. Using the AIR 

model, we have demonstrated whilst there is no proliferative response in the injured 

areas of tissue, interestingly, we do see a proliferative response in the uninjured areas. 

Significant increases in the percentage of Ki67+ cells were observed in the uninjured 

regions following severe and mild injury. In addition, our data indicates that the 

proliferative repair response in the uninjured tissue is proportional to the severity of 

damage caused with increased damage resulting in a more pronounced increase in 

proliferation. 

These data showing significantly increased proliferation in the uninjured but not the 

injured regions could point to pro-regenerative paracrine signals which are generated 

by cells within regions of damage signalling to healthy tissue to mount a lung wide 

repair response. It also supports the concept of proliferation and subsequent migration 
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of cell populations from within healthy tissue to re-populate damaged areas in the lung 

where cells are too damaged to self-renew. 

It is also likely that the severity of injury will induce different forms of repair, where mild 

injury leads to local repopulation, severe injury requires repopulation driven by 

neighbouring cells, and our data support this. For example, mild injury may only 

require repopulation of some damaged alveolar cell populations, whereas sever injury 

is likely to damage a greater proportion of cells as well as disrupting the ECM and 

overall architecture of the alveoli. Therefore, it is possible that following more severe 

injury, there is a greater need for expansion of the various cell types required to restore 

the structural integrity of the alveolus, hence the higher levels of proliferation. 

From a clinical perspective, a dysfunctional proliferative response is a hallmark of a 

number of chronic respiratory diseases. Increased fibroblast proliferation and 

remodelling is characteristic of IPF and uncontrolled cell expansion is a hallmark of 

cancer [527-529]. Alternatively, AT2 cells, fibroblasts and endothelial cells isolated 

from emphysema patients display increased markers of senescence indicating that a 

reduced capacity for regenerative proliferation contributes to the lack of repair that 

leads to the enlarged airspaces characteristic of emphysema [296, 530, 531]. 

5.3.4 Cell proliferation localises in epithelial and mesenchymal cell populations 

during repair 

Proliferation is thought to be an important element of the regenerative process in the 

lung. Identification of the cells which proliferate to repopulate regions of damage in the 

healthy lung will be important for the development of treatments that target these cells 

in disease or following severe lung injury. Despite the significant increases in proSP-

C+ cells we observe in the injured regions of spatially injured PCLS, very few of these 

were also Ki67+. This result raises two important questions: Firstly, how do the 

additional alveolar epithelial progenitor cells arise if their increase is not mediated by 

proliferation? And secondly, if the cells that are proliferating in the uninjured region are 

not proSP-C+ progenitor cells as would be expected from the current literature, then 

which cell types are proliferating? 

In answer to the first question, more recent studies have begun to dismantle the 

classical idea of alveolar regeneration that the expansion and differentiation of AT2 

cells is the primary cell type involved in the restoration of the alveolar epithelium. Our 
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data disrupts this narrative and supports the emerging concept that AT2 progenitor 

cell expansion is only one of multiple cellular responses to alveolar injury. 

Additional co-localisation experiments have helped us to partially address the second 

question, demonstrating co-localisation of Ki67 with both AT1 and lipofibroblast 

markers which further highlights the multi-cellular nature of the repair response. 

Recent lineage tracing studies have shown that AT1 cells possess the ability to 

undergo self-renewal independent of the AT2 population, as well as the ability to de-

differentiate into proSP-C+ cells in response to injury. Interestingly, alveolar fibroblast 

populations have also been shown to contribute to lung regeneration during the 

formation of new alveoli [532, 533]. 

Co-staining of Ki67 with PECAM showed little overlap between the two markers. 

However, the extensive nature of the capillary network within alveoli and the cell-

surface location of the endothelial marker made it difficult to definitively distinguish 

PECAM+ cells, particularly from AT1 cells. Upon further investigation using the nuclear 

endothelial marker ERG, dual staining demonstrated that although there was no direct 

co-localisation, proliferating cells were found in close proximity to ERG+ endothelial 

cells. This interesting finding raises the possibility that pro-proliferative factors could 

be secreted from the alveolar endothelium during repair. ECs have been previously 

implicated in the maintenance of lung homeostasis and the alveolar niche [59]. 

Induction of capillary endothelial cell apoptosis or senescence in adult mice has been 

shown to lead to destruction of the alveolar architecture, mimicking the 

emphysematous lungs [211, 212, 534-536]. Evidence also suggests that cellular 

cross-talk occurs between endothelial cells and both airway and bronchial epithelial 

cells following damage [107, 108]. Due to the close proximity of the capillaries and 

AT2 cells, it is also possible that communication occurs through the basement 

membrane which acts as a sink for various growth factors such as VEGF [109, 110]. 

Direct contact between endothelial cells and AT2 cells is also required for the 

propagation of AT2 cells during alveolar regeneration post pneumonectomy in mice 

[61]. Similarly, a recent developmental study demonstrated that endothelial cells act 

as a sink for RA which in turn mediated the specification and balance of AT1 and AT2 

cells during alveologenesis [537]. 
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5.3.5 The AIR model can be used to pharmacologically modulate repair 

The lack of co-localisation between Ki67+ and proSP-C+ cells that we discovered in 

the AIR model, indicates that the repair and re-population of the alveolar epithelium 

following damage is not driven through proliferation alone and is more likely carried 

out through transdifferentiation. There is also potential that these cells have migrated 

from healthy, uninjured tissue. Migration is another hallmark of the repair response in 

the lungs. Experiments carried out using the cytoskeletal inhibitor Cytochalasin D, 

successfully inhibited proliferation in PCLS following injury demonstrating the 

applications of the model for use in the pharmacological modulation of repair. 

Treatment with Cytochalasin D to inhibit proliferation had little effect on the increase 

in proSP-C cells that we observe upon injury. This supports our hypothesis that it is 

not proliferation that leads to the increase in proSP-C+ cells during repair. Treatment 

attenuated but did not fully abrogate the increase in proSP-C+ cells in the injured 

region, supporting the hypothesis that these cells do not entirely emerge through 

cellular proliferation.  

Interestingly, there was a small decrease in the level of proSP-C+ cells following 

treatment in the injured region. In addition to inhibiting proliferation, Cytochalasin D 

also inhibits cell migration by preventing cytoskeletal rearrangements that are 

necessary for migration [12]. With this in mind, it is possible that a portion of the 

additional alveolar epithelial progenitors emerge through proliferation in the uninjured 

region and subsequently migrate to the injured region to facilitate alveolar repair which 

would explain why Cytochalasin D treatment resulted in a reduction in proSP-C 

positive cells in the injured region. 

Overall, we have successfully demonstrated that the AIR model can be used to 

visualise, quantify, and pharmacologically modulate relevant readouts of repair. 

Pharmacological manipulation of specific pathways and genes is a critical requirement 

for studies investigating the mechanisms of repair as well as for the identification of 

compounds with therapeutic potential. The AIR model provides a platform for testing 

pharmacological agents and the study of repair responses. Similarly, use of the AIR 

model on PCLS obtained from knockout mice could help us understand which genes 

and pathways, for example WNT or RA signalling, are key mediators of the early repair 

response to identify potential therapeutic targets [85, 163, 538, 539]. 
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5.3.5 RA signalling activity increases in the lung following injury 

Targeting the RA signalling pathway holds great potential for the development of 

regenerative treatments that induce endogenous repair pathways. Using the AIR 

model, we demonstrated significant upregulation and downregulation of a number of 

key genes involved in RA synthesis, degradation and downstream target activation. 

These changes in gene expression confirm increased activity in the RA signalling 

pathway following injury. The importance of RA signalling in lung repair, which occurs 

through RAR activation, has become abundantly clear through in vivo injury and repair 

studies in mice, rats, dogs and guinea pigs [33, 83, 85, 172, 238, 252, 253, 492]. 

Similarly, upregulation of RAR expression following injury has been demonstrated in 

a number of in vitro and in vivo studies investigating the role of RA in repair and 

regeneration in the lung, liver, eyes, kidney and nervous system [85, 480, 540-543]. 

In agreement with this, we identified a 4.9 fold increase in Rarb and a 2.3 fold increase 

in Rarg expression following injury in PCLS. Previous work carried out in our group 

found patients with emphysema had significantly increased tissue expression of the 

RA degradation enzyme CYP26A1 compared to healthy controls [411]. Our data in 

mouse PCLS demonstrated that in healthy tissue, an increase in Cyp26a1 expression 

occurs following injury. This suggests that the high expression seen in emphysema 

could be an exaggerated version of this normal repair response. This increase in 

CYP26A1 could then negate any increase in RA production that occurs in response to 

injury thus preventing any beneficial, pro-repair effects in emphysema patients. 

Repeating our experiments in human PCLS however will be an important next step.  

Preliminary data from optimisation of the AIR model and its use in RARE-GFP PCLS 

indicated promising applications for the study of RA signalling in lung repair (Chapter 

4). As we had demonstrated increased active RA signalling following injury, we 

assessed the effects of a single treatment with RA on readouts of repair in PCLS. Our 

data showed that a single treatment of injured PCLS with 10µM RA had no effect on 

either proliferation or the progenitor response to injury. 

RA signalling is known to be tightly controlled both in the lungs and other organs with 

multiple developmental studies demonstrating the teratogenic effects that occur when 

the controls in place to regulate RA production and signalling are removed [78]. It is 

therefore possible that internal retinol stores in PCLS provided sufficient RA to mount 
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a repair response following injury [150]. This would help explain the lack of a response 

to additional exogenous RA if for example the added RA was considered to be an 

excess dose and therefore quickly degraded by cells to prevent toxicity. In addition to 

the metabolic controls used to modify RA concentration, there are also indications that 

the cellular environment can alter the pro-repair effects of RA signalling. One study for 

example demonstrated that RA only acted in a pro-proliferative manner in the lungs of 

rats exposed to injury whereas no effects were observed in healthy lungs following 

treatment [238]. Similarly, the pro-proliferative effects of RA on rat type 2 pneumocytes 

was shown to be dependent on low cell density and a reduction of cell:cell contacts 

[544]. This is relevant as a reduction in viable cell number is often observed following 

damage in the lung, including in our model, which could then act as a trigger for an 

RA mediated proliferative response. 

Alternatively, it is possible that a more sustained exposure to RA is required following 

injury in vivo to trigger a repair response. Exogenous RA has been shown to have a 

half-life of around 6 hr in culture [461, 462]. Therefore, a single treatment with RA may 

not be enough to induce any pro-repair processes in PCLS. It may also be the case 

that any effects induced by a single treatment with RA would not be detected by the 

48 hr timepoint either because they were minimal or had already worn off due to the 

lack of additional RA. 

Interestingly, when injured PCLS were exposed to a sustained supply of exogenous 

RA through pulse style experiments, a significant reduction in proliferation was 

observed. There is some evidence from the literature that RA is an important 

modulator of proliferation in a number of cell types and can act as an anti-proliferative 

agent in the context of cancer. RA has previously been highlighted as an anti-

proliferative agent in CSF-1 cells, a lung epithelial cell line [545] and was also shown 

to reduce JAK/STAT signalling and induce apoptosis in a number of human lung 

cancer cell lines [546]. Similarly, RA has been shown to inhibit differentiation, growth 

and migration in an arterial smooth muscle cell line [547], and has also been shown to 

reduce proliferation that occurs following radiation in a concentration dependent 

manner in fibroblasts [548]. 

As supplementation with RA has proved unsuccessful in the clinic [257, 258], 

pharmacological modification of endogenous RA signalling represents an alternative 
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approach and can also be used to help identify the mechanisms involved in RA 

mediated repair. To investigate this, injured PCLS were incubated with pathway 

inhibitors that targeted different components of the RA signalling pathway either 

RALDH1/2/3 (DEAB) or competitively blocking RARα/β/γ activation (BMS493). In both 

cases, proliferation was reduced significantly in the uninjured regions and was 

completely abrogated across the board at the highest concentration of BMS493. 

These results conflict with what we observed following pulse style RA treatment which 

also reduced proliferation. As mentioned before, RA has been highlighted to be an 

anti-proliferative agent in a number of cancer studies. There are however some studies 

linking RA signalling to increased proliferation in vitro in multiple epithelial cell lines 

including in primary foetal rat AT2 cells and in A549 cells [455, 459, 549]. Similarly, 

treatment with exogenous RA induced proliferation in cultured endothelial cells from 

sheep, humans and cows and murine fibroblasts [84, 171, 451, 548, 550]. 

Though the mechanism remains unclear, our data does show that modulation of RA 

signalling does effect proliferation in response to injury. One potential reason for the 

conflicting data could be linked to the strict controls placed on RA signalling in vivo. 

By altering rates of retinol storage and transport, and RA production and degradation, 

the concentration of bioavailable RA in tissues can be tightly regulated. It is therefore 

possible that altering the availability of RA in a tissue could induce a range of 

responses which are dependent on the concentration. This is also supported by the 

differing proliferative and migratory effects seen in studies following RA treatment 

where the response appears to be dependent on cell types and environment as 

discussed in Chapter 4. Similarly, in developmental studies looking at axolotl limb 

regeneration, the portion of the limb that regrew from the amputation site varied 

depending on the concentration of RA used [80, 82]. As a result, it is possible that RA 

signalling operates by promoting proliferation within a very narrow concentration 

window. Any shift above (pulsed treatment) or below (inhibitor treatment) this window 

then promotes an anti-proliferative phenotype. 

Multiple lines of evidence obtained in this chapter also suggest that RA can influence 

the number and localisation of proSP-C positive progenitor cells following injury. We 

have demonstrated that a single treatment with DEAB, inhibiting endogenous RA 

production, attenuated the increase in proSP-C positive cells normally seen in the 

injured region following injury. A pulse style rescue experiment with RA following 
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DEAB treatment did result in a consistent increase in proSP-C+ cells, however this 

was not statistically significant, nor did it restore proSP-C+ cell numbers to levels 

observed in untreated, injured PCLS. Similarly, pulse treatment with exogenous RA 

resulted in a significant increase in proSP-C+ cells in the uninjured regions not normally 

seen in untreated, injured PCLS. This increase occurred despite the complete loss of 

proliferation observed following pulse RA treatment. This further demonstrates that the 

increase in progenitor cells we observe in PCLS following injury is not mediated 

through proliferation. In addition it also points to a role for RA in mediating the 

recruitment of progenitor cells which originate elsewhere to the site of damage or 

alternatively in promoting differentiation/de-differentiation of existing cells to mount a 

repair response. A role for RA signalling in promoting a progenitor response, is also 

supported by a number of in vivo studies that have reported increases in AT2 number 

following RA treatment in models of experimental emphysema [83, 172, 238]. 

Similarly, retinoids have previously been shown to modulate surfactant production and 

metabolism in in vitro AT2 cell culture models [174, 551-553]. 

In contrast to this however, when RA signalling was blocked using the pan-RAR 

inverse agonist BMS493, a significant increase in proSP-C positive cells was retained 

in the injured region as in untreated, injured PCLS. This is also in line with results in 

Chapter 4 and previous data from our lab which demonstrated no RA pathway 

dependent effects on human AT2 cell and A549 cell migration or proliferation in a 

scratch assay model following treatment with exogenous RA or BMS493.  

An alternative mechanism through which RA could influence AEP mediated repair is 

via paracrine signals from other cell types. Several studies have indicated a link 

between lipofibroblasts and AT2 cells which are in close proximity in vivo within the 

adult alveolar structure and are thought to contribute to maintenance of the alveolar 

niche [52, 206]. Increases in AT2 proliferation and migration across the partially 

denuded basement membrane following severe parenchymal damage occur in 

tandem with increases in lipofibroblast number and epithelial contacts [414]. Our data 

showed co-localisation between Ki67 and the lipofibroblast marker ADRP following 

injury, indicating that these cells proliferate following injury. Lipofibroblasts have also 

previously been found to express RARα/β/γ and retinoid binding proteins indicating 

they may be direct targets of RA signalling which could then modulate the AT2 

response in a paracrine manner [75]. This is supported by one co-culture study which 
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demonstrated that following exposure to cigarette smoke, the pro-repair effects of RA 

treatment on A549 cell proliferation and surfactant production were increased when 

cultured in the presence of fibroblasts [554]. Similarly, in an epithelial-mesenchymal 

embryonic lung co-culture model, epithelial proliferation following RA treatment was 

induced indirectly through mesenchyme derived paracrine signals [34]. 

5.3.7 Limitations and future work 

Pulse treatment of PCLS with RA significantly reduced proliferation and increased the 

percentage of proSP-C+ cells in PCLS following injury suggesting that RA signalling 

plays a role in mediating these pro-repair responses. Though promising, assessment 

of PCLS viability following pulse RA treatment will be needed before moving forward 

to ensure the reduction in proliferation did not result from toxicity and cell death. 

Similarly, as we also observe an increase in proSP-C in the injured region in response 

to acid injury, viability assessments with both MTT assay and Live/Dead staining will 

help determine whether the increase in proSP-C observed in the uninjured region 

following pulse treatment is in response to toxicity or due to RA in promoting AEP 

expansion. 

While our data consistently shows a role for RA in modulating proliferation, how this is 

mediated is still unclear as both addition of exogenous RA and inhibition of RA 

signalling using DEAB and BMS493 both resulted in a reduction in proliferation. 

Similarly, while a reduction in the number of proSP-C+ cells was observed following 

DEAB treatment, BMS493 treated retained the increase in progenitor cells observed 

in untreated, injured PCLS. It is important to note that some pharmacological agonists 

and antagonists may have unknown off-target effects which could contribute to the 

conflicting data between the two RA signalling inhibitors. To further study and validate 

these results, alternatives such as receptor selective vectors, siRNAs or morpholinos 

could be used to selectively activate or inhibit receptor activity in PCLS. Additionally, 

another RALDH inhibitor such as disulfiram could be used to investigate the role of RA 

production and signalling in lung repair. 

Similarly, RAR specific agonists could be used to induce RA signalling in the AIR 

model. This could then be compared to the results observed following pulse treatment 

with RA to see if this led to the same effects on proliferation and the progenitor 

population. Further studies using RAR specific antagonists could also be used to 
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identify which of the RARs is responsible for inducing proliferation during repair and 

regeneration. It is possible this this could be mediated by RARβ, due to the large 

increase we observed in Rarb expression following injury and as well as its expression 

during alveologenesis.  

Recent work published by our group studying alveologenesis in murine postnatal lungs 

established a method for live imaging of PCLS which could also be combined with the 

AIR model [12]. Labelling of cells within the airways with fluorescent markers could be 

applied to investigate the origins of the increased AT2 cells seen in the injured region 

and could be used to track cell proliferation or migration during repair. Use of the 

RARE-GFP reporter mouse, following further validation and optimisation of imaging, 

would also be extremely informative to ascertain the localisation of RA mediated 

proliferation following injury and to decipher the role of RA signalling in alveolar repair.  

5.3.8 Conclusions 

Collectively, these data demonstrate that RA signalling is active and increased at a 

transcriptional level following injury in a 3D ex vivo lung model. In addition, we have 

also demonstrated that directly targeting RA signalling can be used to manipulate 

readouts of repair following injury. Using a novel model for ex vivo lung injury and 

repair, we have definitively shown a role for endogenous RA signalling in mediating 

proliferation following injury. We have also shown that sustained exposure to RA 

results in an increase in the number of progenitor cells in the uninjured region in 

addition to the increase normally seen in the injured region of PCLS. Lung repair is a 

complex, multicellular process and though further investigation will be required to 

understand the precise mechanisms, the work presented in this chapter have helped 

shed light on the cellular responses through which RA contributes to the early repair 

response following injury in the lung. 
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6.1 Key findings and future directions 

There is an abundance of evidence from experimental models that highlights the 

potential of the RA signalling pathway as a target for repair and regeneration in both 

the lungs and other organs. In addition to the lack of representative models to study 

the pathway in the lung, one key question remains unanswered which is preventing 

the successful translation of these findings into the clinic; What are the underlying 

mechanisms by which the RA signalling pathway mediates lung homeostasis and 

repair? Understanding how the pathway functions to produce the regenerative 

outcomes observed in animal studies is a prerequisite for the development of 

therapeutics that can target endogenous repair pathways in patients suffering from 

acute and chronic lung diseases. The data presented in this thesis aimed to address 

how RA mediates lung homeostasis and repair by; 1) investigating the overall effect 

of vit A and the RA signalling pathway on lung function both during homeostasis and 

repair; 2) determining the normal responses to injury in a lung tissue model; and 3) 

targeting and manipulating RA signalling following injury to understand which repair 

processes are directly mediated by the pathway. 

6.1.1 Increasing vit A intake has a positive effect on lung function 

Our findings in Chapter 3 demonstrate that vit A intake plays a significant role in 

modulating lung homeostasis and repair. We have shown that increasing vit A intake 

has a significantly positive effect on lung function. In addition, we also demonstrated 

that individuals who are vit A deficient have significantly lower FVC compared to those 

who meet recommended daily intake levels. 

These findings raise the question whether prolonged dietary vit A deficiency could 

have implications for lung health later in life? If normal homeostasis and repair cannot 

be maintained due to reduced bioavailable RA, this could result in unresolved damage 

that eventually progresses to promote the development of chronic lung diseases such 

as COPD and IPF later in life. 

In individuals who are exposed to repeated lung damage, such as smokers, we have 

shown that increasing vit A intake has a significantly greater positive effect on lung 

function than in non-smokers. This suggests there is an increased requirement for RA 

in order to repair the damage caused by smoking and that smokers who consume a 
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larger amount of vit A rich foods are better able to mount a repair response due to 

increased vit A availability.  

On the basis of this, it would be interesting to undertake a longitudinal large population 

study exploring the prevalence of chronic lung disease and long term vit A intake in 

both the general population and in smokers to further investigate these findings. There 

is some data to support this idea as one longitudinal study looking at age-related lung 

function decline found that increased vit A intake slowed the rate of decline in older 

adults [279].  

Chronic lung diseases pose a significant global health burden, for example COPD is 

the 4th leading cause of death worldwide costing the NHS an estimated £1.9 billion per 

year [289, 555, 556]. Early intervention, such as through diet, could help reduce the 

emergence of disease and poor lung function and reduce the impact and cost this has 

on global health systems. 

One interesting finding from our analysis is that carotene intake appears to have a 

stronger positive association with lung function than retinol. The nature of retinoid 

metabolism makes this difficult to fully interpret as studies have indicated that 

carotenoid conversion into retinol is upregulated and downregulated depending on 

biological need [88, 90, 338, 360, 405, 557]. To further understand this finding, a 

formula which accounts for this fluctuation would have to be developed and applied to 

the model to correctly estimate how much carotene is actually being converted in order 

to reveal the true effect on lung function. 

Given our results suggesting vit A intake is more beneficial in smokers, where lung 

damage is higher, investigation of the effect of vit A intake on lung function in disease 

populations such as emphysema or IPF patients would be interesting. Since increased 

vit A seems to improve lung function in smokers, it is possible that it may also be 

beneficial for repairing lungs damaged by disease. 

The lack of vit A serum measurements in UKB is disappointing considering they were 

obtained for a number of other micronutrients. Repeating our analysis using serum 

data would be an interesting comparison considering the large degree of 

measurement error in the dietary recall data. Although we accounted for measurement 

error to the best of our ability, it is likely to still have impacted on the analysis outcomes 

potentially bringing our effect estimates towards the null.  
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6.1.2 RA signalling and metabolism genes have a modulatory effect on lung function 

In addition to demonstrating a role for vit A intake in modulating lung function, we have 

also identified a number of SNPs present in RA signalling and metabolism genes 

which have a significant effect on both FVC and FEV1/FVC. When these SNPs were 

used to form a weighted GRS, we also showed a greater effect on FVC in individuals 

who scored higher i.e. had more of the identified SNPs. 

Although difficult to do, due to restrictions caused by limited sample size, Studying the 

presence and effect of these SNPs in disease populations such as those with 

COPD/Emphysema would help further highlight the role of these SNPs and the RA 

pathway in lung disease and repair. As discussed in Chapter 3, a number of studies 

have looked at the association between lung function SNPs, including a number of 

those in RA pathway genes, and the development or progression of COPD [397, 399]. 

An initial study using UKB data would be possible by defining COPD as having an 

FEV1/FVC of less than 70% however it is likely that the number of individuals that fit 

these criteria would be quite low. 

In the same way that the benefits of increased vit A intake are greater in those who 

smoke and therefore have a higher requirement for lung repair, it is possible that the 

effect of these RA pathway SNPs on lung function may be greater in the presence of 

environmental factors such as smoking or lung disease. Further analyses using 

smokers and non-smokers in the UKB population could provide some preliminary 

results however since the SNP-diet interaction analysis in the general population did 

not show any positive results it is possible that an assessment of any SNP-smoking 

interactions would be limited due to sample size in UKB. 

The identification of these SNPs also holds promise for translational work in the lab. 

Available techniques such as CRISPR/Cas9 now enable targeting of very small 

regions of DNA within genes which could be applied to block and study the phenotypic 

effect of these SNPs in cell lines, tissues and eventually in mouse models. 

6.1.3 Exogenous RA modulates endothelial but not epithelial wound repair 

Our data from Chapter 4 indicates that RA directly modulates endothelial but not 

epithelial repair in a scratch assay model. 
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Though useful for initial assessment of cellular responses to treatments and injury, 

monolayer cell culture models have a number of important limitations that must be 

considered. Firstly, the culture conditions are extremely different to the in vivo 

environment. It is impossible to replicate all of the factors and signals cells are exposed 

to in the lung in this type of culture system. Additionally, under normal conditions in 

the alveolar unit, cells would be in contact with ECM in a 3D arrangement as well as 

in direct apposition to the capillary network. The importance of the vasculature in 

mediating alveolar repair is an emerging topic but it is increasingly clear that it is at 

least as important as the alveolar epithelium. Further studies using a more complex 

system such as organoids or lung on a chip which contain multiple cell types and 

replicate the vasculature as well as the epithelium could be used to more closely 

represent the in vivo lung environment. These models would aid further investigation 

of the role of RA and the microvasculature in alveolar repair and regeneration [319, 

500]. 

6.1.4 RA signalling is increased following injury in PCLS 

To our knowledge this study is the first to visualise active RA signalling during 

alveologenesis and repair. Imaging data from RARE-GFP PCLS suggests that RA 

signalling increases in the lung following repair however the reporter requires a 

significant amount of further validation. Limited time and access to the reporter only 

enabled preliminary studies to be conducted and there are a number of further 

experiments which could be done to validate tool which has great potential to be a 

useful model for the study of RA signalling in the lung.  

One key experiment required is GFP antibody optimisation. This would make the 

identification of true GFP positive cells easier and help reduce autofluorescent signal 

during imaging. Additional experiments to assess GFP gene and protein expression 

in the postnatal lungs are also required as the tissue quality and number of biological 

replicates used in our experiments was too low to robustly validate the reporter. These 

studies could also be applied to adult lungs both during homeostasis and following 

injury to quantify active RA signalling during lung repair. 

Optimisation of imaging in RARE-GFP PCLS would also enable co-localisation studies 

with cell specific markers to be conducted. This would provide important insights into 

which cells are targets of RA signalling during lung repair and in turn help identify the 
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repair processes that RA signalling controls be it through endothelial or epithelial cell 

mechanisms. 

6.1.5 The AIR model is a versatile tool for the study of lung injury and repair 

We have successfully developed a novel method to study and manipulate repair and 

regeneration in the lung in response to a restricted region of damage [356]. Using the 

AIR model we have the ability to visualise, track, compare and manipulate the regional 

responses to injury in the lung in a low cost, semi high-throughput manner. We have 

shown that the response to injury differs regionally with proliferation localised to the 

uninjured areas and a progenitor response localised to the injured regions.  

This model has wide ranging applications including as a screening platform for the 

study of potential pro-repair molecules and for the testing of therapeutic candidates in 

an ex vivo system that is similar to the in vivo environment. 

The versatile nature of this model means that it has the potential to be used in 

conjunction with a number of existing lung models including reporter mice or in vivo 

models of lung disease [172, 238, 240, 313, 558, 559]. 

There is also potential for combining the AIR model with genetically modified mouse 

lines as shown by our group or with the use of siRNAs and morpholinos to target 

candidate molecules allowing mechanistic studies of disease and repair [358]. Genetic 

engineering techniques could also be used within in the AIR model to target SNPs 

associated with lung function that we identified in Chapter 3 of this thesis, and study 

their role in lung repair 

6.1.6 RA signalling is a modulator of proliferation in lung repair and regeneration 

In Chapter 5 we identified a role for RA signalling in modulating proliferation following 

injury using two pharmacological inhibitors that target separate components of the RA 

signalling pathway. Further investigation of which cell types are proliferating through 

immunostaining, flow cytometry and image quantification will be useful to help identify 

which proliferating cells are targets of RA signalling during repair.  

We also found that increased exposure to exogenous RA results in a decrease in 

overall proliferation in PCLS following injury and an increase in proSP-C+ cells in the 

uninjured region not seen in untreated, injured PCLS. An important first step with these 
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experiments will be to assess PCLS viability following RA pulse treatment. This is 

important as we cannot currently rule out whether the reduction in proliferation and the 

increase in proSP-C observed is due to RA toxicity. 

In addition to maintaining homeostasis, it is possible that RA acts to promote cell 

survival and resistance to damage. A number of in vitro studies in cells indicate that 

RA treatment may have a protective role increasing viability and survival following 

injury [455-457]. Assessing viability through Live/Dead staining of injured PCLS 

following treatment with exogenous RA or pharmacological mediators of RA signalling 

would provide insight into whether RA signalling can impact cell viability. It is possible 

that while a single RA treatment did not have any effect on the repair response in 

PCLS, it may have increased cell survival. 

Having established that blocking pan-RAR activation results in a reduction in 

proliferation following injury, it would be interesting to target individual RARs using 

specific agonists and antagonists. Given that there are differential roles for RARs 

during lung development, it is therefore possible that the effects of RA signalling 

following injury differ depending on which receptor the pathway utilises [131, 149, 153-

155, 163, 409]. 

6.2 General Discussion  

Alveolar repair is a complex multi-cellular process, and it is important that future 

studies shift their focus away from monolayer, single cell culture models and towards 

multi-cellular 3D systems. Without the use of these models it will be impossible to fully 

understand how cells respond to injury and external factors if normal cell signalling, 

cell-cell or cell-ECM interactions are not occurring. 

At a cellular level, we believe that RA signalling acts directly on the pulmonary 

microvascular endothelium to promote alveolar repair. Studying the role of the 

microvascular capillaries in alveolar homeostasis and repair is challenging as the 

majority of models do not contain endothelial cells or an intact vascular network. 

Although there is no active circulation, the maintenance of the in vivo structural and 

cellular architecture is one of the key benefits of PCLS as a model for study of the 

lung.  
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As data obtained from the transwell co-culture model was inconclusive, experiments 

focusing on the effects of RA on the microvasculature in PCLS could prove more 

informative. Quantification of endothelial cells in PCLS using PECAM has previously 

proven challenging however use of ERG staining, as shown with co-localisation 

images in Chapter 5, will allow for easier study of these cells in the context of RA 

signalling both during homeostasis and following injury. 

A number of recently developed and optimised PCLS techniques could be applied to 

the AIR model to further study and understand repair in the lung. Our group has 

established a method for live imaging of PCLS using widefield microscopy [12]. This 

method could be used in conjunction with WT and potentially RARE-GFP PCLS to 

track cellular repair mechanisms in real time. 

Our group has also previously utilised human PCLS in our work [411]. Adopting the 

AIR model in human tissue could be used for the study of repair and the screening of 

potential therapeutic candidates. This would be beneficial as often therapies and drugs 

tested in mice have disappointing outcomes when translated into the clinic as seen 

with previous RA based trials [248, 258, 427].  

Lineage tracing/Cre studies have been extremely informative in identifying the various 

progenitor populations in the lung and revealing how they help maintain and restore 

the alveolar epithelium [52, 57, 178, 187, 188, 204]. These studies have identified a 

number of progenitor populations in the lung which are capable of differentiating into 

AT2 cells following injury. As we have shown that the increase in proSP-C+ cells 

observed following injury in the AIR model does not occur directly through proliferation, 

these newly identified progenitor populations could be candidates for the origin of the 

increased AT2 cells. In support of this, work carried out by our group during the 

development of the AIR model has also found that the majority of the increased proSP-

C+ cells in the injured region, are also positive for the progenitor marker TM4SF1 [356]. 

BASCs, which reside in the BADJs, represent one potential pre-cursor for these cells. 

BASCs are proSP-C positive prior to differentiation and are known to produce AT2 

cells and alveolar progenitor cells in response to alveolar damage [57, 76, 207, 560]. 

Alternatively, a population of proSP-C-/Integrinβ4+ cells have been identified in the 

distal airways that produce both AT2 and AT1 cells. It is possible that these cells 

proliferate in response to injury and subsequently differentiate into proSP-C+ cells 
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which would explain the lack of co-localisation between Ki67 and proSP-C [202]. Use 

of triple staining following injury for Ki67, proSP-C and other progenitor markers could 

therefore be used to look at the localisation of proliferating cells in relation to proSP-

C+ and BASC populations. In addition, lineage tracing experiments in conjunction with 

the AIR model would also be useful for identifying both the emerging AT2 populations 

by tracking progenitor cell differentiation and the proliferating populations using cell 

specific lineage markers. 

6.3 Concluding Remarks 

Based on the data presented in this thesis we believe that vit A and RA signalling 

function to maintain lung homeostasis as evident from both the computational analysis 

and the experimental data. A certain “level” of bioavailable RA may be required to 

maintain homeostasis and a reduction below this due to low dietary intake or treatment 

with pharmacological inhibitors contributes to impaired homeostatic maintenance 

presenting as a reduction in the proliferative response to damage ultimately resulting 

in reduced lung function. 

How RA controls proliferation during lung repair and in which cells still remains 

unclear. The work presented in this thesis is step towards answering these questions 

which will be key for both understanding RA mediated lung regeneration and the 

development of therapies which target this endogenous repair pathway. 
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