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Abstract 

Pulmonary fibrosis is a feature of a number of important lung diseases, the 

commonest of which is idiopathic pulmonary fibrosis (IPF). IPF is refractory to 

current treatments and has a poor prognosis, so development of novel therapeutic 

strategies is paramount. Injury to the alveolar epithelium plays a central role in the 

pathogenesis of IPF, and represents a logical therapeutic target. Keratinocyte 

growth factor (KGF) exerts protective effects on the alveolar epithelium and is a 

potential therapeutic candidate. There is growing interest in combined gene and cell 

therapy approaches, and in this study the therapeutic potential of macrophages 

genetically modified to express KGF was explored in the mouse bleomycin model of 

pulmonary fibrosis. Lentiviral vectors were generated expressing KGF, and used to 

transduce murine BMDM and the IC-21 murine macrophage cell line. KGF-

transduced IC-21 cells were characterised and were shown to induce proliferation in 

mouse lung epithelial cells in vitro. A luciferase-expressing lentiviral vector was 

produced, and IC-21 cell were transduced to express luciferase. Luciferase-

transduced IC-21 cells were tracked in vivo using bioluminescence imaging after 

delivery to the lungs of mice, and were retained in the lungs of bleomycin-treated 

mice, but not saline-treated controls, and localised to injured areas. KGF-

transduced IC-21 cells were delivered to mice during both the inflammatory and 

fibrotic phases of the mouse bleomycin model, and no improvements in outcomes 

reflecting alveolar-capillary membrane permeability, inflammation, cytotoxicity and 

fibrosis were demonstrated. The reasons for the lack of therapeutic efficacy of KGF-

transduced macrophages were unclear, but delivery of macrophages per se was 

associated with an increase in inflammatory mediators. In conclusion, exogenously 

delivered macrophages were shown to localise to sites of lung injury, but KGF-

transduced macrophages were not found to have therapeutic efficacy in bleomycin-

treated mice. Future work should better characterise the effects of exogenous 

macrophage delivery in pulmonary fibrosis.      
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1 Introduction 

 

Pulmonary fibrosis, characterised by excessive deposition of excessive extracellular 

matrix within the lung parenchyma and impairment of gas exchange, is a feature of 

a number of important lung diseases. These diseases represent a heterogeneous 

group of disorders, and this is reflected in their responses to existing therapies. 

Amongst the commonest of these is a condition known as idiopathic pulmonary 

fibrosis (IPF), which has attracted particular attention because of its dismal 

prognosis and the desperate need for development of novel therapeutic strategies. 

This chapter will discuss the normal structure and function of the alveolus and the 

responses of the alveolar epithelium to injury, and the emergence of clinically 

important diseases involving the alveolar structures. The evidence for the central 

role of the alveolar epithelium in the pathogenesis of pulmonary fibrosis will be 

reviewed, and the rationale for developing therapeutic strategies targeting the 

alveolar epithelium explained. The therapeutic potential of the epithelial growth 

factor keratinocyte growth factor (KGF) will be detailed, including the challenges of 

KGF delivery and the advantages of using a gene therapy approach. The evolution 

of cell therapy strategies to enhance alveolar epithelial cell repair in pulmonary 

fibrosis will be described, as well as the rationale for using cells as vehicles to 

deliver therapeutic transgenes such as KGF to injured lung. The biology of 

macrophages and their involvement in lung injury and repair will be detailed, and 

their potential as cell therapy vehicles for lung disease discussed. The means by 

which macrophages may be genetically modified to express transgenes such as 

KGF will be considered, along with the suitability of lentiviral vectors to do so. 

Finally, the hypothesis and aims of this work will be set out. 
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1.1 The alveolar epithelium 

The primary function of the lung is to perform gas exchange, facilitating movement 

of oxygen from air to the pulmonary circulation, and reverse movement of carbon 

dioxide, by simple diffusion along concentration gradients. The lung contains a 

branching network of conducting airways, which become progressively narrower 

and shorter until they terminate in alveolar sacs, which are the specialist gas 

exchange units of the lung. The adult lung contains approximately 500 million 

alveoli, with an estimated surface area in the region of 85 square metres [1]. The 

lung is lined by a continuous layer of epithelial cells, with the epithelia in each region 

adapted to perform specialist functions. In addition to forming a permeable barrier 

for gas exchange, the alveolar epithelium performs a number of functions crucial to 

maintenance of lung homeostasis and host defences. The alveolar epithelium acts 

in concert with other alveolar cell types through reciprocal interactions, and these 

include alveolar macrophages and interstitial fibroblasts [2].  

1.1.1 The gas exchange barrier  

The alveoli are closely associated with a network of pulmonary capillaries, and the 

interposing tissue between the air-filled alveolar space and the lumen of the 

pulmonary capillary represents the blood-gas barrier, or gas exchange barrier [3]. 

This comprises a single layer of flat alveolar epithelial cells overlying an epithelial 

basement membrane, a single layer of endothelial cells overlying a basement 

membrane, and a fine supporting connective tissue interstitium between the two 

basement membranes. Together these structures may be as narrow as 0.3 µm 

(Figure 1-1) [4]. In addition to maximising the potential for gas exchange, these 

delicate structures require great strength and elasticity to withstand the tensile 

pressures associated with lung inflation. The interstitial extracellular matrix (ECM) 

provides strength, elasticity and support to the alveolar structures, and is composed 

primarily of collagen and elastin fibres and proteoglycans [5].  
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Figure 1-1: Electron micrograph illustrating the pulmonary gas exchange barrier. 
Shown is a pulmonary capillary within an alveolar wall. The large arrow indicates the oxygen 
diffusion path from the alveolar space into the erythrocyte (EC) within the pulmonary 
capillary. The alveolar space is lined by the thin alveolar epithelium (EP) and the pulmonary 
capillary (C) is surrounded by endothelium (EN). A thin layer of basement membrane (BM) 
underlies both the epithelium and the endothelium, and between these layers is the marrow 
interstitium (IN). An interstitial fibroblast (FB) and the nucleus of an endothelial cell (EN) can 
be seen. Original magnification x11,000. Figure reprinted with permission from Weibel et al. 

1970, Copyright Elsevier [4].  

1.1.2 Cell types of the alveolar epithelium 

Two cell types have been identified within the alveolar epithelium, and these have 

been termed type I and type II alveolar epithelial cells (AECs). Type I AECs are 

large flat cells that cover approximately 95% of the alveolar surface area, with long 

cytoplasmic extensions spreading out thinly over the alveolar walls, specialised for 

gas-exchange [2]. Type I AECs have traditionally been considered to be fairly inert, 

but improvements in isolation techniques have facilitated greater study of these cells 

and this has led to the realisation that these cells are likely to be more metabolically 

active than previously appreciated, and perform additional homeostatic functions [6]. 

Type II AECs are cuboidal cells, characterised by the presence of abundant lamellar 
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cytoplasmic inclusion bodies, covering the remainder of the alveolar epithelial 

surface area. They have been studied in greater detail, both in vitro and in vivo, and 

are known to perform a number of secretory and regulatory functions essential to 

lung homeostasis [2]. 

1.1.3 Sodium and water transport   

The alveolar epithelium plays a key role in keeping the lung free from excessive 

fluid, the presence of which would impair gas exchange. Fluid transport in the 

alveolus is driven primarily by a sodium gradient, with active transport of sodium 

generating an osmotic gradient for water movement, and an important role for type 

II AECs in vectorial sodium transport has been demonstrated; apical sodium 

channels facilitate uptake of sodium, and Na+/K+ ATPase channels pump sodium 

out from the basal surface [7]. Type I AECs express membrane water channels 

known as aquaporins, which are believed to provide the principal route for 

osmotically driven water movement during health, and in addition a role for type I 

AECs in sodium transport has also been proposed recently [6, 8].  

1.1.4 Surfactant synthesis and innate immunity 

Type II AECs synthesise and secrete surfactant, fluid comprised of proteins and 

phospholipids, which regulates alveolar surface tension, increasing lung 

compliance, preventing alveolar collapse during expiration and facilitating normal 

alveolar ventilation [9]. The lung is continuously exposed to inhaled pathogens and 

must be able to respond to and eradicate potentially harmful agents whilst limiting 

potentially over-exuberant inflammatory responses which could cause undesirable 

collateral damage to the lung, hence the pulmonary innate immune response is 

tightly regulated [10]. In addition to its biophysical functions, surfactant contains a 

number of proteins secreted by type II AECs with important innate immune 

functions, aimed at keeping the lung sterile; surfactant protein A (SP-A) and 

surfactant protein D (SP-D) are able to suppress microbial growth, interrupt bacterial 

cell membranes and opsonise a number of pathogens facilitating phagocytosis by 

alveolar macrophages [11, 12]. Type II AECs have been shown to express 

functional toll-like receptors (TLR), TLR-2 and TLR-4; TLRs are a family of cell 

surface receptors which recognise pathogen-associated molecular patterns and 

play a key role in initiation of innate immune responses [13].  

Resident alveolar macrophages are a key component of the pulmonary innate 

immune system. Type II AECs have been shown to produce granulocyte-
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macrophage colony-stimulating factor (GM-CSF), a haematopoietic growth factor 

fundamental to maintaining the alveolar macrophage population and phenotype; 

GM-CSF promotes proliferation and maturation of alveolar macrophages [14-16]. In 

the presence of immunogenic substances, tissue macrophages may be activated to 

produce pro-inflammatory cytokines and reactive oxygen species. Alveolar 

macrophages are exposed to large quantities of inhaled immunogenic substances 

on a day-to-day basis and, despite phagocytosis of large amounts of particulate 

matter, their pro-inflammatory activation is suppressed under normal homeostatic 

conditions, preventing production of substances that could cause collateral damage 

to the delicate alveolar structures [10]. Type II AEC play a role in keeping alveolar 

macrophages in a relatively quiescent state through production of the surfactant 

proteins SP-A and SP-B, which have been shown to suppress pro-inflammatory 

macrophage activation [17, 18]. Further, expression of cell surface integrin 

alpha(v)beta6 (integrin αvβ6) on type II AEC is able to activate the cytokine 

transforming growth factor beta (TGF-β), which is produced in a latent form by 

closely associated alveolar macrophages and suppresses macrophage activation in 

its active form [19].  

1.1.5 Maintenance of the sub-epithelial basement membrane 

During health, the sub-epithelial basement membrane is in a state of continuous 

turnover, and type II AECs are known to secrete basement components including 

fibronectin, type IV collagen and entactin. In addition to its physical supportive and 

barrier functions, the presence of the sub-epithelial basement membrane appears to 

be required for maintenance of normal alveolar epithelial phenotypes [5].    

1.1.6 Interactions with interstitial fibroblasts 

A population of interstitial fibroblasts maintain the extracellular matrix (ECM) of the 

alveolar interstitium. The interstitial ECM is a continuous state of turnover at a rate 

of around 10% per day, and fibroblasts can be stimulated to secrete ECM products 

by mechanical stress and soluble growth factors and cytokines [20]. During health, 

interstitial fibroblasts are maintained in a relatively quiescent state to prevent 

excessive ECM deposition that would impair pulmonary gas exchange. Reciprocal 

interactions between epithelial cells and mesenchymal cells such as fibroblasts are 

recognised to be important in tissue development, homeostasis and repair, and 

electron micrographs of alveoli have demonstrated the close proximity of type II 

AECs to interstitial fibroblasts; type II ACEs have foot processes which occasionally 
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penetrate the sub-epithelial basement membrane and make contact with interstitial 

fibroblasts, in keeping with an interaction between these two cell types (Figure 1-2) 

[21]. It has been shown that type II AECs can alter fibroblast phenotype in vitro, with 

the presence of type II AECs during co-culture significantly reducing fibroblast 

proliferation through the production of soluble mediators, in particular prostaglandin 

E2 (PGE2) [22]. A number of in vitro studies have examined the effects of PGE2 on 

lung fibroblast phenotype, and it has been shown that PGE2 can inhibit fibroblast 

chemotaxis, proliferation, collagen synthesis and TGFβ-induced myofibroblast 

differentiation [23-25]. It appears that type II AECs play a physiological role in 

keeping interstitial fibroblasts in a state of relative quiescent through the production 

of soluble mediators such as PGE2. 

Conversely, it appears that lung fibroblasts produce growth factors that are trophic 

for type II AEC; conditioned media from lung fibroblasts has been shown to 

stimulate DNA synthesis in rat type II AEC in vitro with 2 growth factors, 

keratinocyte growth factor (KGF) and hepatocyte growth factor (HGF), found to be 

involved [26]. The regulation and additional functions of KGF will be discussed in 

detail later (section 1.6). 
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Figure 1-2: Electron micrograph showing epithelial-fibroblast contact in a normal 
lung. A type II alveolar epithelial cell (EP2) with a foot process (*) penetrates the basement 
membrane and appears to make contact with an underlying fibroblast (F). x31,500 
magnification. Figure reprinted with permission from Adamson et al. 1990, Copyright 

Elsevier  [21]. 

1.1.7 Alveolar epithelial cell renewal 

The alveolar epithelium is believed to be continuously turning over in the steady 

state; proliferative markers such as proliferating cell nuclear antigen and Ki67 are 

detectable in a proportion of type II AEC from rodents under normal homeostatic 

conditions [27-29]. Studies have shown that type II AEC can trans-differentiate, via 

an intermediate phenotype, into type I AEC-like cells both in vitro and in vivo in 

rodents [29, 30]. Based on these observations, type II AECs have traditionally been 

viewed as the stem or progenitor cells for the alveolar epithelium with the type I 

AECs, which are more susceptible to injury, considered to be terminally 

differentiated cells. More recent studies have shown that freshly isolated type I 

AECs can trans-differentiate into type II AEC, and can proliferate and have colony-

forming potential in vitro, prompting speculation that type I AEC could exhibit 

phenotypic plasticity and contribute to alveolar epithelial cell renewal in vivo [31-33]. 
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It not known whether type II AECs truly function as stem cells; there is currently no 

evidence that type II AEC can self-renew and give rise to type I AEC over the long 

term. In recent years there has been a surge of interest in identifying endogenous 

lung progenitor cells and a number of investigators have identified putative 

progenitor and stem cell populations. These studies have been detailed in a review 

article [34]. Specific expression markers have been used to identify cell populations 

and to study their contribution to the alveolar epithelium in vivo using lineage tracing 

studies in transgenic mice, and their potential to give rise to cells with phenotypic 

characteristics of alveolar epithelial cells in vitro using clonogenic assays. These 

studies have suggested that stem cell populations residing in epithelia proximal to 

the alveolus can give rise to alveolar epithelial cells and participate in repair after 

injury in mice. Additionally, bone marrow derived circulating progenitor cells have 

been identified during injury, and it has been suggested that these can engraft in the 

lung [34]. Overall, there remains some discordance in the field, and it appears that 

the progenitor cells involved in alveolar epithelial repair may differ with the mode 

and severity of injury. Because of the slow turnover rate of the alveolar epithelium in 

healthy laboratory animals, the majority of studies have examined progenitor cells 

involved after injury, and the situation during normal homeostasis is less clear. 

Importantly, it remains a much greater challenge to establish the situation in the 

human lung.  

1.1.8 Response of the alveolar epithelium to injury 

The delicate alveolar structures are at risk of injury from inhaled pathogens, toxins 

and irritants, and from systemic insults such as overwhelming inflammation, auto-

immune responses and drug toxicity. The responses to alveolar epithelial injury 

depend on the depth, severity and chronicity of the injury, but in general are thought 

to involve activation of the coagulation cascade and formation of a fibrin plug, 

establishment of a provisional ECM on the fibrin plug through ECM secretion by 

activated resident and recruited fibroblasts, and activation and recruitment of 

inflammatory and immune cells [35]. The responses to alveolar epithelial cell injury 

have been studied using isolated type II AEC or surrogate cell lines in vitro, animal 

lung injury models and through observations in human disease. Whilst these 

processes are incompletely understood, it is clear that injury to alveolar epithelial 

cells invokes powerful responses involving the elaboration of mediators including 

chemokines, cytokines, growth factors and proteases, activation and accumulation 

of immune cells and fibroblasts, and complex reciprocal interactions between a 
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number of cell types, as reviewed by Crosby and Waters [36]. The injured alveolar 

epithelium itself has been shown to be a source of neutrophil and monocyte chemo-

attractants, tissue factor and coagulation zymogens, pro-inflammatory cytokines, 

pro-angiogenic factors and growth factors trophic for fibroblasts [37-43].  

1.1.9 Resolution of alveolar epithelial cell injury 

The processes involved in alveolar epithelial injury resolution have been less well 

studied, but they seem to involve apoptosis and clearance of inflammatory and 

immune cells, remodelling of provisional ECM, apoptosis of fibroblasts and 

myofibroblasts, and alveolar re-epithelialisation [35]. Alveolar re-epithelialisation 

appears to be crucial to normal repair, and requires restoration of the alveolar 

epithelial cell population and transdifferentiation of progenitor cells to type I AEC. 

Both in vitro and in vivo studies have described type II AEC proliferation in response 

to injury, followed by differentiation to type I cells, with excess type II cells being 

removed by apoptosis [29, 30]. As discussed, other cell types may contribute to 

alveolar epithelial cell repopulation after injury. Type II AEC motility and spreading 

appear to be important in the initial response to epithelial injury. After wounding of 

rat type II AECs in vitro, time-lapse video microscopy has shown increased cell 

motility and spreading at early time-points following injury, prior to proliferative 

changes [44, 45]. AEC at the wound edge underwent cytoskeletal changes and 

formed lamellipodia as they spread and migrated [44]. Exposure to ECM 

components is thought to be important for motility and spreading, and it has been 

shown that the presence of fibronectin enhances type II AEC wound healing in vitro 

through effects on cell shape [45]. The regulation of type II AEC to type I AEC 

transdifferentiation is poorly understood, but in vitro studies suggest that this 

process can be affected by ECM composition and inhibited in the presence of 

certain growth factors [46-48]. Growth factors including members of the epidermal 

growth factor family (epidermal growth factor and transforming growth factor α) and 

the fibroblast growth factor family (hepatocyte growth factor and keratinocyte growth 

factor (KGF)) have been implicated in type II AEC repair [36]. The actions of KGF 

will be discussed in greater detail later.  

1.2 Interstitial lung diseases 

A number of lung diseases are associated with pathological changes variably 

affecting alveolar structures including the alveolar epithelium, the interstitium, the 

capillary endothelium, and the perivascular and lymphatic tissues. These are known 
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as interstitial lung diseases (ILD) or diffuse parenchymal lung diseases, and are 

characterised by impairment of gas exchange [49-51]. ILDs comprise a large 

number of disease entities which display heterogeneity in their aetiology and 

pathogenesis, and can be broadly classified into 4 main categories: (i) ILDs with 

known causes, including exposure to occupational or environmental dusts (e.g. 

asbestos), exposure to drugs (e.g. amiodarone, bleomycin) or ILD associated with 

systemic diseases including connective tissue diseases (e.g. rheumatoid arthritis); 

(ii) ILDs associated with granulomatous disease, including sarcoidosis and 

granulomatous vasculitidies, hypersensitivity reactions to environmental antigens, 

and infections (e.g. tuberculosis); (iii) the idiopathic interstitial pneumonias (IIPs), 

which may be further classified into seven distinct disease entities; (iv) other ILD 

encompassing a heterogeneous group of rare lung disorders (Figure 1-3) [51].  

 

Figure 1-3: A classification system for interstitial lung diseases Figure adapted from Du 

Bois, 2010 [50]. 

1.2.1 Fibrotic progression in interstitial lung disease 

The ILDs differ considerably in their natural histories and responses to current 

therapies. Some ILDs (e.g. acute onset drug-induced disease, hypersensitivity 

pneumonitis following short-term antigen exposure) are merely associated with a 

self-limited inflammatory response, however a number of ILDs result in excessive 

deposition of interstitial extracellular matrix proteins which is known as pulmonary 

fibrosis, and is generally believed to represent scarring in response to injury [52]. In 

some conditions, such as drug-induced ILD or hypersensitivity pneumonitis with 

prolonged antigen exposure, there may be residual, non-progressive fibrosis after 

removal of the precipitant. In diseases associated with a major inflammatory 

response, there may be a risk of fibrotic progression despite optimal anti-
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inflammatory and immunosuppressant therapy (e.g. some cases of sarcoidosis, 

florid drug reactions). Finally, some conditions are associated with inexorably 

progressive fibrosis, resulting in progressive impairment of gas exchange, loss of 

lung compliance and ventilatory capacity, and culminating in respiratory failure and 

premature death. Amongst these important conditions are hypersensitivity 

pneumonitis with unknown antigen, some cases of sarcoidosis, progressive 

pneumoconioses e.g. asbestosis, and some subclasses of the IIPs, including 

idiopathic pulmonary fibrosis (IPF), acute interstitial pneumonia (AIP) and some 

cases of non-specific Interstitial (NSIP). 

1.2.2 The idiopathic interstitial pneumonias (IIPs) 

There has been a great deal of interest in the IIPs because of their relative 

frequency compared with other ILDs, their obscure aetiology and the dismal 

prognosis of some IIPs. Historically, patients with clinical and radiological evidence 

of pulmonary fibrosis in the absence of a known precipitant were diagnosed as 

having cryptogenic fibrosing alveolitis, which was recognised to be a heterogeneous 

disorder with respect to its natural history and response to anti-inflammatory and 

immunosuppressant therapy [53]. However with the advent of high resolution 

computed tomographic (HRCT) scanning in the late 1980’s, and correlation of 

radiological and histological changes, it has become apparent that a number of 

distinct diseases exist [54]. In response to this, the current classification into seven 

clinical entities (Figure 1-3) was proposed in a multidisciplinary consensus 

statement from the American Thoracic Society and the European Respiratory 

Society in 2002 [51]. It is recognised that additional heterogeneity exists within 

these sub-groups, the best example of which is NSIP, which has ‘cellular’ and 

‘fibrotic’ variants that differ in their response to treatment and prognosis [55]. There 

is considerable overlap between the pathological features of some IIPs and ILDs of 

known aetiology, notably with connective tissue disease-associated ILDs. The 

condition known as idiopathic pulmonary fibrosis (IPF) has been of particular 

interest as it is the commonest of the IIPs, and the most prevalent of all the ILDs 

and also the most lethal [56]. 

  



Chapter One 

35 
 

1.3 Idiopathic pulmonary fibrosis (IPF): the clinical problem 

IPF has an estimated incidence of 5/100,000 person years in the UK, which appears 

to be on the increase [57, 58]. The median age of diagnosis is 70 years, and it is 

diagnosed infrequently in patients under the age of 50 years, is commoner in males 

than females (ratio 1.5-2.0:1), and occurs across all ethnic groups [49]. IPF appears 

to be predominantly a sporadic condition, although in a small number of cases there 

is a positive family history, and a number of risk factors and associations have been 

identified, which will be discussed later with respect to the disease pathogenesis 

(section 1.4.1).  

1.3.1 Clinical features of IPF 

Common presenting symptoms of IPF include increasing breathlessness and an 

intractable dry cough, and less frequently systemic symptoms such as weight loss 

or malaise [59, 60]. Physical examination findings include fine inspiratory crackles 

on chest auscultation (in greater than 90% of cases) and finger clubbing (in around 

half of patients) [49]. Pulmonary function tests generally show reduced gas defusing 

capacity (diffusion capacity for carbon monoxide, DLCO), with a restrictive ventilatory 

defect indicated by a reduction in TLC (total lung capacity) and a proportionate 

reduction in FVC (forced vital capacity) and FEV1 (forced expiratory volume during 

the first second of expiration) [61]. Bronchoalveolar lavage fluid (BALF) may contain 

an excess of neutrophils and a small increase in eosinophil count, with the absence 

of the lymphocytosis that is frequently seen in other ILDs [51]. Evidence for the 

presence of a specific disease pattern known as usual interstitial pneumonitis (UIP) 

is required for a diagnosis of IPF, and this can be ascertained by characteristic 

changes on high resolution computed tomography (HRCT) imaging, with or without 

supporting histopathology. Other ILD, including connective tissue disease-

associated ILD and asbestosis, may also be associated with a UIP disease pattern, 

so diagnosis of IPF requires thorough investigation to exclude these other 

conditions [56].     

1.3.2 Radiological features of IPF 

The HRCT scan in IPF shows reticular opacity in a predominantly peripheral and 

basal distribution, becoming more extensive during disease progression. 

‘Honeycombing’, the presence thick-walled air-filled cysts that share walls and form 

layers extending inwards from the pleural surface, may be present and is a 

characteristic radiological feature of the UIP disease pattern which tends to be seen 



Chapter One 

36 
 

later in the disease course. The parenchymal changes result in distortion of the 

normal lung architecture, and abnormal dilatation of airways termed traction 

bronchiectasis may be present in addition to loss of lung volume. Reticular opacity, 

honeycombing, traction bronchiectasis and loss of lung volume may also be 

appreciated on the chest radiograph, which is usually abnormal in IPF (Figure 1-4) 

[62].  

 

Figure 1-4: Typical radiological features of IPF. (A) Chest radiograph showing peripheral 
reticular opacity, most marked at the bases, with honeycombing and volume loss. (B and C) 
HRCT images showing axial sections of lung bases, with reticular abnormality, 
honeycombing (black arrowhead, C) and traction bronchiectasis (white arrowhead, B). 
Figure reprinted with permission of the American Thoracic Society. Copyright © 2012 
American Thoracic Society [51]. 

1.3.3 Histopathological features of IPF 

The histopathological features of IPF are those described for the UIP disease 

pattern. Temporal and spatial heterogeneity of disease is a hallmark UIP, with areas 
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of normal lung seen in close proximity to areas with variable destruction of lung 

architecture. Collagen deposition can be seen within alveolar septae, reflecting 

interstitial fibrosis, and this may be accompanied by a mild interstitial inflammatory 

infiltrate, predominantly T-cells and B-cells. Enlarged, cystic airspaces can be seen 

which are lined by hyperplastic alveolar and bronchiolar epithelial cells, and are 

separated by thickened septae containing collagen and variable inflammatory cells. 

A characteristic feature of UIP is the presence of aggregates of fibroblasts and 

myofibroblasts within areas of collagen deposition underlying abnormal epithelia, 

and these are termed ‘fibroblastic foci’. Fibroblastic foci (also termed fibrotic foci) 

represent areas or active collagen deposition. Areas of dense, acellular collagen 

deposition are also seen (Figure 1-5) [60].   

 

Figure 1-5: Histopathological changes in IPF. Haematoxylin and eosin-stained lung 
sections from an IPF patient showing characteristic features of UIP. (A) Variable histologic 
appearances are shown. Dense collagen deposition (left-hand-side), areas with relatively 
normal alveolar architecture (upper right), cystic mucin-filled air spaces (arrowheads) 
separated by fibrosis, and a fibroblast focus (arrow) within an area of fibrosis and 
inflammation. (B) Fibroblast focus (arrows) consisting of an aggregate of spindle-shaped 
cells within an area of collagen deposition beneath hyperplastic alveolar epithelial cells, and 
an adjacent area of inactive relatively acellular fibrosis. Reprinted with permission of the 
American Thoracic Society. Copyright © 2012 American Thoracic Society, Katzenstein et al. 
1998 [60]. This figure combines two original images. To view the figures in original form, visit 
www.atsjournals.org.  

1.3.4 Prognosis and clinical course 

In addition to being the most prevalent of the ILDs, IPF is also the most lethal with a 

significantly worse survival rate compared with the other IIP subsets (Figure 1-6) 

[49, 63]. In the UK, the median survival is approximately three years from diagnosis, 

and IPF accounts for approximately 2,000 deaths annually in the UK [58]. In a 

recent retrospective cohort study examining survival of IPF patients in a specialist 

centre in the USA, no survival improvement was seen between the years 2000 and 

2009 [64]. The clinical course of IPF is variable, with a proportion of patients having 

http://www.atsjournals.org/
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a slow decline in lung function, a proportion having a relatively rapid decline and a 

proportion having periods of relative stability interspersed with periods of rapid 

decline known as exacerbations; the clinical, physiological, radiographic and 

pathological features that may help to predict survival have recently been reviewed 

by Ley et al. [65]. Patients with IPF are at increased risk of developing lung cancer, 

independent of smoking history, with the most frequently histopathological subtype 

being squamous cell carcinoma [66]. The dismal prognosis in IPF is reflective of the 

poor responses to currently available therapies, and research carried out by a large 

number of investigators has been focussed on understanding the pathogenesis of 

IPF and identifying potential pharmacological targets [67].     

 

Figure 1-6: Survival in patients with idiopathic interstitial pneumonias according to 
histologic subgroups. Patients with UIP (usual interstitial pneumonia) pattern (i.e. 
diagnosis of idiopathic pulmonary fibrosis) had significantly worse survival compared to 
patients with NSIP (non-specific interstitial pneumonia) and others (other histologic sub-
groups). Data are from a USA cohort of 479 patients diagnosed between 1976 and 1985. 
Reprinted with permission of the American Thoracic Society. Copyright © 2012 American 
Thoracic Society. Bjoraker et al. 1998 [63]. 

1.4 Pathogenesis of IPF 

It was previously believed that the presence of persistent, inappropriate 

inflammation was the major pathological process driving fibrogenesis in IPF, 

however increasing understanding of the clinical entity and observations from 

animal studies have led to a paradigm shift over the last decade [68, 69]. It is now 

generally accepted that repetitive alveolar epithelial cell injury with abnormal, 

ineffective re-epithelialisation underlies disease progression in IPF [50, 70-72]. Re-

establishment of epithelial integrity is crucial to normal tissue repair after injury, and 

animal studies have shown a clear link between alveolar epithelial cell injury and the 

development of interstitial fibrosis. In animal lung injury models, injury to the alveolar 
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epithelium has been strongly associated with the development of fibrosis. In mice, 

targeted injury to type II AEC using transgenic over-expression of the diphtheria 

toxin receptor was associated with development of fibrosis, and a relationship 

between the severity of alveolar epithelial injury after exposure to hyperoxia and the 

development of fibrosis has been demonstrated [73, 74]. In both hyperoxia- and 

bleomycin-induced alveolar epithelial injury, histology has shown that areas of 

excessive ECM deposition coincide with areas with epithelial cell loss [21, 74].  

1.4.1 Potential aetiological factors    

The precise aetiology of IPF remains unknown, however a number of risk factors 

and associations, including environmental and genetic factors have been identified.  

Development of IPF is significantly associated with a history of cigarette smoking 

and of occupational exposure to wood and metal dusts [75, 76]. There is a high 

prevalence of gastro-oesophageal reflux in IPF patients, and it has been suggested 

that silent microaspiration of gastric contents could be implicated in the 

pathogenesis of IPF, however no causal relationship has been demonstrated as yet 

[77]. Evidence of latent viral infections, most notably members of the herpesvirus 

family including Epstein-Barr virus and cytomegalovirus, has been found 

significantly more frequently in the lungs of IPF patients than of controls, and in one 

study over half of the IPF lung tissue examined had evidence of infection with two or 

more herpesviruses [78-80]. Herpesvirus infection is associated with exacerbation 

of pulmonary fibrosis in animal models [81, 82].  

A body of evidence exists supporting a role for genetic factors in the development of 

IPF, reviewed by Macneal and Schwartz [83]. Whilst IPF appears to be 

predominantly a sporadic condition, in approximately 3% of cases there is a positive 

family history of IPF or of other IIPs; this is termed familial interstitial pneumonitis 

(FIP) and is most commonly inherited in an autosomal dominant fashion with 

variable penetrance. FIP has been linked to mutations in the gene encoding SP-C 

(SFTPC) with accumulation of aberrant SP-C within cells, and genes encoding 

telomere length (TERT and TERC). In FIP patients, additional associations with 

cigarette smoking and viral infections have been demonstrated [76, 80]. A common 

variant in the promoter region for the gene encoding Mucin 5B (MUC5B) has 

recently been identified in a large proportions of patients with both spontaneous IPF 

(37.5%) and FIP (33.8%) [84].  
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The observations that only a small proportion of patients with the identified risk 

factors develop IPF, and that familial forms of disease have variable penetrance 

with evidence for the presence of additional environmental risk factors, support a 

hypothesis that IPF is a multifactorial condition with interplay between a number of 

environmental and genetic factors causing the repeated micro-injury required for 

disease development.     

1.4.2 Epithelial phenotypes in IPF 

As discussed, a characteristic feature of the UIP disease pattern seen in IPF is 

temporal heterogeneity, and areas of alveolar epithelium that appear histologically 

normal may be present alongside areas in which the normal lung structure is 

entirely replaced by ECM (section 1.3.3) [60]. Abnormalities of the epithelia lining 

fibrotic foci and the enlarged cystic structures replacing alveolar structures, 

considered to be sites of active fibrogenesis, are universal.  

1.4.2.1 Reactive hyperplasia 

In early lesions, denuded basement membrane can be seen with partial re-

epithelialisation by cuboidal, proliferating cells which have ultrastructural properties 

of type II AECs [85, 86]. In more mature areas of fibrosis there is a continuous layer 

of hyperplastic type II AEC-like cells, with absence of type I AEC differentiation [60, 

85, 86]. In cystic areas, bronchiolisation of the distal airspaces is seen, with 

hyperplastic proliferative bronchiolar epithelial cells and abnormal mucin-producing 

goblet cells alongside, or replacing, hyperplastic type II AEC [87, 88]. Squamous 

metaplasia and hyperplastic proliferative p63-expressing basal cells, characteristic 

of bronchial basal cells, have been observed within the areas of bronchiolisation 

[88-90]. The presence of hyperplastic, proliferating epithelial cells suggests 

attempted but ineffective epithelial repair, with absent type I AEC differentiation. The 

appearance in the distal airspaces of epithelial cells with phenotypes generally seen 

in more proximal airspaces could be indicative of the participation of other epithelial 

cell populations in attempted repair, or changes in the microenvironment that no 

longer support alveolar epithelial cell phenotypes.  

1.4.2.2 Epithelial cell apoptosis and endoplasmic reticulum stress  

The presence of apoptotic cells, and cells with increased expression of pro-

apoptotic molecules, is a relatively frequent finding amongst the hyperplastic type II 

AEC and bronchiolar cells overlying fibrotic foci and lining cystic lesions in IPF, but 

are rarely seen in histologically normal areas of IPF lung and the lungs from control 
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patients [91, 92]. These findings suggest attempted repair in the face of on-going 

epithelial injury. Increased cellular markers of endoplasmic reticulum (ER) stress 

have been reported in the lungs of IPF patients, and histological techniques have 

shown that whilst markers of ER stress could be found in type II AECs from 

histologically normal areas of lung, they were most evident in type II AEC within 

thickened alveoli septae and in type II AEC surrounding fibrotic foci, where they co-

localised with apoptotic markers [93, 94].  

The endoplasmic reticulum (ER) is the cellular organelle responsible for processing 

and correctly folding proteins destined for secretion or cell surface expression. A 

number of disturbances of cellular function can lead to a build-up of unfolded or 

misfolded proteins in the ER, resulting in a cellular state known as ER stress and 

triggering a compensatory mechanism known as the unfolded protein response 

(UPR). If these compensatory mechanisms fail cell death by apoptosis ensues [95]. 

Known ER stress triggers include oxidative stress, glucose deprivation, disorders of 

calcium regulation, viral infection and expression of aberrant proteins due to the 

presence of genetic mutations, amongst which are cellular states known to be 

triggered by potential aetiological factors for IPF [95]. Hence, ER stress appears to 

represent a unifying mechanism for epithelial cell injury in IPF. 

1.4.3 The myofibroblast as the effector cell in IPF  

Progressive deposition of ECM is associated with IPF disease progression, and as 

the primary cell type responsible for ECM production, the myofibroblast is 

considered to be the key effector cell in IPF [96]. In response to injury, mechanical 

stress and pro-fibrotic growth factors and cytokines, lung fibroblasts can alter their 

phenotype to assume a myofibroblast phenotype characterised by expression of 

alpha smooth muscle actin (α-SMA) stress fibres conferring contractility, and 

synthesis of large quantities of collagen [97]. Under normal circumstances, with 

injury resolution and re-epithelialisation, myofibroblasts undergo apoptosis. Cells 

with myofibroblast phenotype are abundant within fibrotic foci and sites of active 

fibrogenesis in the lungs of IPF patients, and isolation of these cells has shown 

them to be more resistant to apoptosis and to have a greater capacity for production 

of collagen and pro-fibrotic mediators than fibroblasts isolated from normal lungs 

[98-100]. Resident fibroblasts are capable of proliferating and undergoing 

myofibroblast differentiation, and more recent evidence suggests that 

myofibroblasts in pulmonary fibrosis can originate from two additional sources: 

recruitment of circulating bone marrow-derived precursors known as fibrocytes and 
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through transdifferentiation of epithelial cells; these will be discussed in greater 

detail later [96]. 

1.4.4 The pathway from alveolar epithelial cell injury to fibrosis 

The molecular mechanisms involved in the pathway from alveolar epithelial cell 

injury to myofibroblast activation and fibrogenesis are complex and incompletely 

understood. Observational studies in human disease and animal studies have 

identified a number of signalling molecules and pathways that appear to be 

dysregulated. These include up-regulation of pro-fibrotic growth factors and 

cytokines including TGF-β, platelet-derived growth factor (PDGF), connective tissue 

growth factor (CTGF), endothelin I and angiotensin II, and pro-angiogenic factors 

such as vascular endothelial growth factor (VEGF), an imbalance towards cytokines 

associated with a type II immune response including interleukin 13 (IL-13), up-

regulation of integrins and pro-coagulant molecules, and  imbalance of matrix 

metalloproteinase (MMP) and tissue inhibitor of metalloproteinase (TIMP) molecules 

[50, 52, 96]. Whilst other cell types are involved in these responses, a central focus 

has been interactions between epithelial and mesenchymal cells, namely fibroblasts 

and myofibroblasts, and this has been the subject of a number of reviews [101-103].  

1.4.4.1 Altered epithelial-mesenchymal interactions 

Reciprocal interactions between epithelial and mesenchymal cells have long been 

recognised to be important during development in a number of organs including 

lung, and are required during normal homeostasis and tissue repair after injury, and 

persistently altered epithelial-mesenchymal interactions have been implicated in the 

failure of normal repair in pulmonary fibrosis [102]. During normal homeostasis, the 

alveolar epithelium appears to have an anti-fibrotic effect mediated by PGE2 

(section 1.1.6), however upon injury PGE2 levels are greatly reduced and the injured 

alveolar epithelium has been shown to a major source of important pro-fibrotic 

mediators, such as TGF-β, platelet-derived growth factor and tumour necrosis 

factor, and can induce pro-fibrotic effects through activation of the coagulation 

cascade [69, 104, 105].  

A body of evidence suggests that TGF-β is a key mediator involved in altered 

epithelial-mesenchymal interactions and the pathogenesis of pulmonary fibrosis; 

TGF-β activity is increased in the lungs of IPF patients, and in animal models 

transient over-expression of TGF-β is sufficient to cause a fibrotic response, whilst 

blocking TGF-β prevents development of fibrosis in response to pro-fibrotic stimuli 
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[106]. In epithelial cells, TGF-β promotes migration, apoptosis and epithelial-

mesenchymal transition (EMT, discussed later), and in fibroblasts TGF-β is a 

powerful inducer of proliferation, myofibroblast differentiation and collagen synthesis 

[72]. TGF-β exists in an inactive form, and local activation is required for it to exert 

its effects. Cell surface integrins, specifically αvβ6 integrin, are capable of activating 

TGF-β, and up-regulation αvβ6 integrin has been identified in injured AEC in vitro, in 

animal models of pulmonary fibrosis and in human IPF lung, and is believed to 

render injured epithelial cells susceptible to the effects of TGF-β [106, 107].  

Activated myofibroblasts are themselves a source of TGF-β and other mediators, 

which perpetuate the cycle of epithelial cell apoptosis and myofibroblast expansion 

and activation through autocrine effects and paracrine effects involving 

neighbouring epithelial cells and mesenchymal cells [72]. A further example is 

angiotensin II, a soluble mediator secreted by activated fibroblasts which is capable 

of inducing apoptosis in alveolar epithelial cells and is trophic for fibroblasts; 

angiotensin II synthesis is elevated in fibroblasts from the lungs of IPF patients and 

blocking angiotensin II attenuates fibrosis in animal models, hence it has been 

proposed to play a role in IFP pathogenesis, reviewed by Uhal et al. [108]. In 

addition, it has been shown that fibroblasts from the lungs of IPF patients have 

reduced secretion of hepatocyte growth factor (HGF), which has been shown to 

stimulate type II AEC migration and proliferation [109].    

1.4.4.2 Epithelial-mesenchymal transition 

It has been shown that type II AEC can be induced to lose epithelial markers, take 

on mesenchymal markers and secrete extracellular matrix in response to pro-fibrotic 

stimuli in vitro, and lineage tracing studies in the mouse bleomycin model have 

suggested that a significant proportion of interstitial fibroblasts may be derived from 

type II AEC [110-114]. Loss or reduction of epithelial markers and expression of 

mesenchymal markers has been observed to a variable extent in hyperplastic type II 

AEC and bronchiolar basal  cells overlying fibrotic foci in IPF lesions, suggesting 

that these cells may exhibit phenotypic plasticity and undergo partial or full 

epithelial-mesenchymal transition (EMT) [115, 116]. Loss of sub-epithelial basement 

membrane integrity and exposure of epithelial cells to ECM components is thought 

to be involved in triggering the EMT process [112]. These observations have led to 

suggestions that EMT is an important mechanism for the progression of fibrosis, 

however lineage tracing studies in the bleomycin mouse model do not consistently 

implicate EMT as a source of fibroblast accumulation, and the contribution of EMT 

to the progression of human fibrosis is not yet clear [117].   
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1.4.4.3 Recruitment of fibrocytes 

Circulating bone marrow-derived progenitor cells termed fibrocytes have been 

identified, which express the chemokine receptor CXCR4 and migrate to tissues in 

response to the chemokine CXCL12 where they can differentiate into fibroblasts, 

myofibroblasts and adipocytes; these cells were initially identified in animal models 

but have subsequently been found in humans where it has been suggested that 

they play a role in the pathogenesis of pulmonary fibrosis [118]. IPF patients have 

been found to have increased numbers of circulating fibrocytes, compared with 

controls, and cells co-expressing the haematopoietic marker CD34, CXCR4 and 

mesenchymal markers have been identified as fibrocytes within IPF lung tissue 

using immune-staining [119, 120]. CXCL12 expression has been shown to be 

increased in IPF, compared with control, lung tissue and immuno-localised to 

hyperplastic epithelial cells [119, 120]. These data suggest that CXCL12 expression 

by injured epithelial cells may promote recruitment of bone marrow-derived 

progenitor cells that can undergo myofibroblast differentiation, secrete ECM and 

contribute to disease progression, however the relative contribution and importance 

of this phenomenon is not yet known.  

The mechanisms whereby alveolar epithelial cell injury may contribute to the 

accumulation and activation of myofibroblasts, and the cycle of epithelial-

mesenchymal interactions that appear to perpetuate fibrogenesis and impair 

effective re-epithelialisation, are depicted in (Figure 1-7).   
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Figure 1-7: Epithelial-mesenchymal crosstalk in the pathogenesis of IPF. Injured 
alveolar epithelial cells can contribute to the fibroblast/myofibroblast population by 
undergoing epithelial-mesenchymal transition, attracting circulating progenitor cells in 
response to secretion of the chemokine CXCL12 and through secretion of pro-fibrotic 
mediators e.g. TGF-β, PDGF and CTGF that stimulate expansion of the resident fibroblast 
population. These pro-fibrotic mediators also stimulate myofibroblast differentiation and 
extracellular matrix (ECM) secretion. Activated myofibroblasts in turn produce pro-fibrotic 
mediators e.g. TGF-β and angiotensin II (Ang II), which cause further myofibroblast 
activation in a positive feedback loop, and have pro-apoptotic effects on epithelial cells, 
impairing regeneration.  

1.4.5 The role of inflammation in the pathogenesis of pulmonary fibrosis 

It is well established that dysregulation of both innate and adaptive immune 

responses may be involved in the pathogenesis of tissue fibrosis, reviewed by Wynn 

and Ramalingam [121]. Immune responses may be divided into ‘TH1’ and ‘TH2’ 

responses, characterised by the presence of cytokines secreted by T-helper type I 

and type II cells respectively. TH1 cytokines, e.g. interferon-γ, are generally 

considered to be more pro-inflammatory and are thought to have anti-fibrotic 

potential, whilst TH2 cytokines, e.g. IL-13 and IL-4, have been associated with pro-

fibrotic effects [121]. The lack of clinical response to anti-inflammatory therapies 

such as corticosteroids and the observation that epithelial cell injury appears to be 

sufficient to drive pulmonary fibrosis in the absence of a significant inflammatory 

response detracted interest from the involvement of inflammation in the 
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pathogenesis of IPF, however a number of studies have demonstrated dysregulated 

immune responses in IPF. An imbalance towards TH2 responses has been 

implicated in the pathogenesis of IPF, with particular interest in IL-13 which appears 

to be required for the development of pulmonary fibrosis in some animal models, is 

up-regulated in the lungs of IPF patients and elicits a fibrotic response in IPF 

fibroblasts in vitro [122-125]. Circulating auto-antibodies have been found in a 

proportion of IPF patients, and in one study IPF lung extracts were able to stimulate 

proliferation of autologous T-cell in vitro, suggesting a potential role for 

autoimmunity in the pathogenesis of some cases of IPF [126]. More recently 

regulatory T-cells, which play a role in regulating and suppressing TH1 and TH2 

cells, have been shown to be variably reduced in number and function in BALF and 

peripheral blood of IPF patients [127]. The role of macrophages in the pathogenesis 

of pulmonary fibrosis will be discussed later.  

1.4.6 Reactivation of developmental pathways 

Distal lung development involves tightly regulated cell-type specific expression of 

soluble mediators, such as TGF-β, platelet derived growth factor (PDGF), fibroblast 

growth factors (FGFs) and Wnt signalling molecules, that mediate epithelial-

mesenchymal crosstalk [128]. Developmental programs may be reactivated during 

tissue repair, and the pattern of expression of cytokines and growth factors in IPF, in 

combination with the presence of EMT which is more typically associated with 

development, suggest persistent, aberrant activation of developmental pathways in 

IPF, reviewed by Selman et al.  [129]. The important role of TGF-β signalling in IPF 

pathogenesis has already been discussed. Evidence of a role for Wnt signalling 

peptides, up-regulating the Wnt--catenin signal transduction pathway known to be 

involved in lung development, in the pathogenesis of pulmonary fibrosis has been 

demonstrated more recently, reviewed by Konigschoff and Eickelberg [130]. 

Activation of the Wnt-β-catenin pathway is associated with type II AEC proliferation 

and EMT, and fibroblast activation and increased ECM production, in vitro [131, 

132]. Up-regulation of Wnt--catenin signalling has been demonstrated in animal 

models of lung injury and fibrosis, and blocking it can attenuate fibrosis [132-136]. It 

has been shown that Wnt--catenin signalling is upregulated in IPF, with increased 

-catenin activity notably present in hyperplastic type II AECs and bronchial basal 

cells in areas of bronchiolisation [131, 137, 138].  
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1.5 Potential therapeutic approaches for IPF 

As discussed, IPF which is the commonest cause of pulmonary fibrosis has a poor 

prognosis, and advances in the understanding of the disease pathogenesis over the 

last two decades have yet to translate to improvements in outcomes for patients 

(section 1.3.4). Novel therapeutic approaches are desperately needed to halt or 

reverse the relentless disease progression.  

1.5.1 Current treatment recommendations   

The most recent international guidelines for the clinical management of IPF, 

published in 2011, strongly recommended non-pharmacological treatments 

including pulmonary rehabilitation and oxygen therapy, early consideration of lung 

transplantation for eligible patients, mindful management of co-morbidities e.g. 

gastro-oesophageal reflux disease, and palliation of symptoms such as 

breathlessness and cough, but did not strongly recommend any specific 

pharmacological therapy [56]. Prior to the reclassification of the IIPs, patients with 

pulmonary fibrosis of unknown aetiology were generally treated with anti-

inflammatory and immunosuppressant therapies, particularly corticosteroids, 

because a proportion of patients responded to these treatments. These therapies 

have continued to be used for IPF patients in the absence of good evidence for their 

efficacy because of a lack of alternative options, and until recently a combination of 

‘triple therapy’ using prednisolone (corticosteroid, anti-inflammatory), azathioprine 

(immunosuppressant) and N-acetyl cysteine (NAC, anti-oxidant) was frequently 

prescribed, based on clinical trial data showing that patients on this triple therapy 

had a significantly slower decline in lung function than patients on prednisolone and 

azathioprine without NAC [49, 50, 139]. However within the last 12 months a 

randomised control trial (PANTHER trial) comparing ‘triple therapy’ with placebo 

was terminated early because of a significantly increased risk of hospitalisation, 

adverse events and mortality in the treatment group [140]. These data suggest that 

some forms of immunosuppressive therapy may in fact be detrimental in IPF, and 

have left clinicians with very little to offer patients in terms of pharmacological 

therapy.  

1.5.2 Therapeutic targets and clinical trials 

A large number of clinical trials examining the efficacy of various pharmacological 

agents have been carried out over the last two decades, and their outcomes have 

been summarised in a number of publications [50, 56, 67]. These trials have 
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examined the use of several anti-inflammatory and immune-modulatory agents, 

anti-coagulants, drugs with broad anti-fibrotic effects and drugs blocking specific 

pro-fibrotic mediators such as endothelin. Currently, the most promising therapeutic 

agent appears to be pirfenidone, a small molecule which has been shown to have 

anti-fibrotic, anti-inflammatory and anti-oxidant properties in animal lung injury 

models [141]. Randomised control trial data have shown a reduced rate of decline in 

lung function in patients treated with pirfenidone, and this drug has been approved 

in the European Union for IPF treatment, and is currently under review by the 

National Institute for Health and Clinical Excellence (NICE) for approval for National 

Health Service funding in the UK [142]. Importantly, despite a large number of 

clinical trials, no pharmaceutical agents have been identified to date that can halt 

disease progression or reverse established disease.  

1.5.3 The alveolar epithelium as a therapeutic target 

In the face of the strong evidence supporting a central role for alveolar epithelial cell 

injury as a driver of pulmonary fibrosis, it is logical to consider the development of 

therapeutic strategies that protect the alveolar epithelium from on-going injury or 

assist functional repair and halt the vicious cycle of dysregulated epithelial-

mesenchymal cross talk. There has been a growing interest the field of regenerative 

medicine and tissue engineering, and the delivery of stem or progenitor cells to 

assist functional repair and remodelling of injured lung. The potential of cell 

therapies for pulmonary fibrosis will be discussed in greater detail later.  

There has been some interest in blocking mediators that have been implicated in 

inducing type II AEC apoptosis, for example TGF-β and angiotensin II. TGF-β is 

activated by expression of αvβ6-integrin on type II AEC and blocking αvβ6-integrin 

has been considered as an approach for protecting type II AEC from the effects of 

TGF-β. Antibody blockade of αvβ6-integrin has been shown to attenuate bleomycin-

induced fibrosis in mice, and a humanised antibody is in clinical trial for IPF [143]. 

The angiotensin II receptor blocker losartan has been shown to reduce fibrosis in 

the bleomycin mouse model, and is in widespread use for cardiovascular disease 

[144]. A phase II clinical trial has shown promising results, but this not yet been 

tested in a phase III trial [145]. 

Given the known role of oxidative stress in mediating epithelial cell injury, anti-

oxidants have been considered as a protective approach to protecting the alveolar 

epithelium from injury. N-acetyl cysteine augments synthesis of endogenous anti-
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oxidants and has been shown to protect against bleomycin-induced lung injury in 

mice [146]. As discussed, N-acetyl cysteine has been tested in clinical trials for IPF 

as part of a combination treatment, but as yet there is no convincing randomised 

controlled clinical trial data supporting its efficacy. However, in view of its safety and 

tolerability, many physicians prescribe this therapy [56]. 

Another potential approach is the use of epithelial growth factors to directly enhance 

alveolar epithelial repair. Hepatocyte growth factor (HGF) has been shown to 

enhance alveolar epithelial cell repair through proliferative and non-proliferative 

mechanisms, and additionally enhances myofibroblast apoptosis; HGF has been 

shown to protect against the development of fibrosis in a number of clinical models, 

reviewed by Crestani et al. [147]. However the HGF/HGF receptor pathway is 

frequently up-regulated in lung cancers and this has led to safety concerns over the 

therapeutic use of HGF in IPF [148]. Keratinocyte growth factor is another epithelial 

growth factor that has been implicated as a potential therapy for pulmonary fibrosis. 
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1.6 Keratinocyte growth factor (KGF) as a potential therapy for 

pulmonary fibrosis 

KGF, also known as fibroblast growth factor-7 (FGF-7), is a 28 kDa single chain 

polypeptide which was first isolated from a human embryonic lung fibroblast line and 

named because of its ability to stimulate proliferation of mouse epidermal 

keratinocytes [149]. KGF is a member of the fibroblast growth factor (FGF) family, 

and binds with high affinity to a receptor, known as the KGF receptor (KGFR, also 

known as FGFR2-IIIb) which so far has been identified only on epithelial cells [150]. 

Unlike other members of the FGF family, KGF appears to act as a ligand for a single 

receptor; however other members of the FGF family have been identified that signal 

through KGFR. KGF production by mesenchymal cells in close proximity to 

epithelial cells expressing KGFR has been demonstrated in a various organs 

including lung, skin, gastrointestinal tract, urinary tract and liver; the patterns of 

expression of KGF and KGFR are consistent with KGF acting as paracrine mediator 

of mesenchymal-epithelial interactions and, accordingly, roles in development and 

repair after injury have been demonstrated in a number of organs [151, 152].  

1.6.1 Effects of KGF on alveolar epithelial cells 

In 1993, Panos et al. isolated KGF from conditioned media of lung fibroblasts, and 

showed that blocking KGF attenuated the proliferative effects of the conditioned 

media on type II AEC [26]. Subsequently, a large number of investigators have 

examined the effects of exogenous KGF on isolated type II AEC in vitro and on the 

alveolar epithelium in vivo in rodents.  

1.6.1.1 Proliferation and transdifferentation to type I AEC  

With respect to type II AEC, KGF was first identified as a mitogen secreted by lung 

fibroblasts in vitro. Subsequently, exposure of rat type II AEC to recombinant KGF 

was shown to lead to a concentration-dependent increase in rat alveolar type II cell 

DNA synthesis and proliferation [26, 153]. In vivo evidence suggests that type I AEC 

arise through transdifferentation of type II AEC, and during culture primary type II 

AECs tend to transdifferentiate towards a type I AEC phenotype. It has been shown 

that exposure to KGF can both prevent and reverse type II AEC to type I AEC 

transdifferentiation in vitro in rat type II AEC [48, 154]. Delivery of exogenous KGF 

to the lungs of rats by intratracheal (IT) or intrabronchial injection has been shown to 

result in proliferation of type II AEC, peaking on the second day after delivery, with 

the normal alveolar epithelium becoming replaced with hyperplastic type II AEC [28, 

29]. These changes had resolved by day 6 after KGF delivery, and this appeared to 
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involve transdifferentiation of type II to type I AEC and apoptosis of type II AEC [28, 

29]. It is not clear whether some of the hyperplastic type II AEC had arisen through 

transdifferentiation of type I AEC, and to date there is no direct evidence that this 

process can occur in vivo.  

1.6.1.2 Cell spreading and motility after injury 

Cell spreading and motility are important first steps in epithelial repair, and in vitro 

studies have used wounding assays to examine the effects of exogenous KGF on 

these processes. Pre-treatment of rat type II AECs with KGF resulted in increased 

cell spreading and motility after scratch injury, and this was associated with 

enhanced cell attachment, emission of lamellipodia and increased synthesis of 

fibronectin, which is known to stimulate epithelial wound healing [44]. Cultured type 

II AECs isolated from rats treated with IT recombinant KGF have also been shown 

to have increased cell spreading and migration during wounding assays, compared 

with type II AECs from control rats, and to be more adherent to ECM [155].  

1.6.1.3 Resistance to injury 

In vitro studies have shown that exposure to KGF protects type II AECs from death 

after various injurious stimuli. Oxidant-induced apoptosis is a mechanism common 

to a number of modes of lung injury, and pre-treatment with KGF has been shown to 

reduce DNA damage following exposure of rat type II AECs to hydrogen peroxide to 

induce oxidative stress [156]. Type II AECs isolated from rats 48 hours after IT 

injection of KGF had significantly less cell death after exposure to cyclic strain than 

in type II AECs from control rats, and had undergone cytoskeletal changes [157]. 

KGF also protected rat type II AEC from hyperoxia-induced DNA damage and 

apoptosis, and protected A549 cells (alveolar epithelial carcinoma cell line) from 

irradiation-induced DNA damage [158, 159].  

1.6.1.4 Fluid balance and barrier function 

In vitro studies have demonstrated beneficial effects of KGF on barrier function and 

ion transport in cultured type II AECs. Addition of KGF to rat primary type II AECs 

cultured in monolayers resulted in increased transepithelial resistance, a measure of 

barrier function, through cytoskeletal changes [160]. In a similar culture system, 

addition of KGF increased expression of Na+-K+-ATPase co-transporter mRNA and 

up-regulated transepithelial ion transport [161].  

1.6.1.5 Secretory properties 

In vitro, KGF has been shown to increase expression and secretion of surfactant 

components, including SP-A and SP-B, and fatty acids and phospholipids [162, 



Chapter One 

52 
 

163]. Co-culture systems using type II AEC and fibroblasts have shown that in the 

presence of KGF type II AEC are more powerful inhibitors of fibroblast proliferation, 

and this was associated with increased prostaglandin E2 secretion by type II AEC 

[22]. It has been shown that KGF can increase GM-CSF expression in murine type 

II AEC in vitro and in vivo after delivery to mouse lungs [164]. In vivo KGF delivery 

was associated with increased macrophage recruitment and activation, and 

enhanced clearance of bacteria, and these effects were GM-CSF-dependent [164]. 

Hence, by altering the secretome of type II AEC, KGF can indirectly function to 

enhance innate immune responses and have anti-fibrotic effects.  

1.6.1.6 Anti-inflammatory effects 

The injured epithelium is known to be a source of pro-inflammatory mediators, and 

the direct effects KGF on the secretion of pro-inflammatory cytokines and 

chemokines by injured alveolar epithelial cells do not appear to have been well 

studied. KGF also exerts effects on other lung epithelial cell populations, including 

bronchial epithelial cells. Microarray analysis has been carried out on bronchial 

epithelial cells exposed to KGF and, in addition to regulation of genes involved in 

cell growth, exposure to KGF was associated with decreased expression of a 

number of interferon-induced genes, consistent with modulation of the response to 

pro-inflammatory stimuli [176].  

The beneficial and protective effects of KGF on alveolar epithelial cells are 

summarised in Figure 1-8. 

 

Figure 1-8: Beneficial and protective effects of keratinocyte growth factor on type II 
AEC. GM-CSF, granulocyte-macrophage colony-stimulating factor; PGE2, prostaglandin E2; 

Na
+
, sodium; H20, water. 
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1.6.2 Beneficial effects of exogenous KGF in animal models of lung injury 

Consistent with its protective effects on alveolar epithelial cells against injury in vitro, 

and its potential to augment repair through positive effects on cell motility and 

proliferation, delivery of exogenous KGF or KGF up-regulation has been shown to 

improve outcomes in a number of animal models of lung injury (summarised in 

Table 1-1).  
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Table 1-1: Summary of studies examining the effects of KGF delivery or overexpression on outcomes in animal models of lung injury 

IT, intratracheal; IV, intravenous; IP, intraperitoneal;  rhKGF, recombinant KGF; CCSP, Clara cell secretory protein; OP, oropharyngeal; MSC, mesenchymal stem cells. 

Author Lung injury model KGF delivery 
route/mode 

Timing of 
KGF delivery 

Therapeutic effects  Mechanisms 

Panos et al. 
1995 [165] 

Hyperoxia, rat IT rhKGF 2 days pre-
injury 

Improved survival, reduced histological 
changes of inflammation & 
haemorrhage 

Increased type II AEC 
proliferation 

Yano et al. 
1996 [166] 

Intrabronchial hydrochloric 
acid instillation, rat 

Intrabronchial rhKGF  2 or 3 days 
pre-injury, or 
24 hours post-
injury 

Improved histological changes, reduced 
BALF inflammatory cells, increased total 
lung capacity, decreased collagen 
deposition (therapeutic effects with KGF 
3 days pre-injury, not 2 days pre- or 24 
hours post-injury)  

 

Yi et al. 
1996 [167] 

Thoracic irradiation, 
mouse 
 
IT bleomycin, mouse  

IT rhKGF 
 
 
IT rhKGF 

2 & 3 days 
pre-injury 
 
2 & 3 days 
pre-injury 

Improved histological changes of 
pneumonitis & fibrosis 
  
Improved survival, amelioration of 
weight loss, decreased collagen 
accumulation, improved histological 
changes of pneumonitis and fibrosis 

Increased alveolar and 
bronchial epithelial cell 
proliferation 

Mason et al. 
1996 [168] 

IP -naphthylthiourea, rat IT rhKGF 2 days pre-
injury 

Reduced lung leak, wet/dry lung weight 
ratio & BALF total protein 

Type II AEC hyperplasia 

Guery et al. 
1997 [169] 

IP -naphthylthiourea, rat IT rhKGF 2 days pre-
injury 

Reduced pulmonary oedema Type II AEC hyperplasia, 
increased Na,K-ATPase 
channel activity 

Guo et al. 
1998 [170] 

IT bleomycin, mouse 
 
 
IT bleomycin, rat 
 
 
Hyperoxia, mouse 

IV rhKGF 
 
 
IT or IV rhKGF 
 
 
IV  rhKGF 

2 & 3 days 
pre-injury 
 
2 & 3 days 
pre-injury 
 
1 or 2 days 
pre-injury 

Improved survival, amelioration of 
weight loss 
 
Amelioration of weight loss, improved 
lung function (IT more effective than IV) 
 
Improved survival, dose-response 
shown 

Increased alveolar & 
bronchial cell 
proliferation in naive 
animals (not examined 
in injured animals) 
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Author Lung injury model KGF delivery 
route/mode 

Timing of 
KGF delivery 

Therapeutic effects  Mechanisms 

Yi et al. 
1998 [171] 

IT bleomycin IT rhKGF 3 days pre-
injury 

Reduced BALF total protein, decreased 

BALF TGF- 

Preservation of type II 
AEC & Clara cells 
numbers 

Sugahara et 
al. 1998 
[172] 

IT bleomycin, rat IT rhKGF 1 & 2 days 
pre-injury 

Amelioration of weight loss, reduced 
wet/dry lung weight ratios, increased 
total lung capacity, improved histological 
changes of injury and fibrosis 

Increased alveolar and 
bronchial epithelial cell 
proliferation, preserved 
surfactant protein 
expression 

Welsh et al. 
2000 [173] 

Isolated perfused rat lung 
model of ventilator-
induced lung injury 

IV KGF 1, 2 & 3 days 
pre-injury 

Reduced wet/dry lung weight ratios, 
reduced lung compliance, reduced 
alveolar protein accumulation 

Type II AEC hyperplasia 

Ray et al. 
2003 [174] 

Hyperoxia, mouse Inducible CCSP 
promoter-driven KGF 
over-expression 

1 day pre-
injury 

Preservation of normal lung architecture Protection of lung 
epithelial cells from 
apoptosis through Akt 
activation  

Ulrich et al. 
2005 [175] 

IV oleic acid, mouse IT rhKGF 48 hours pre-
injury 

Improved lung compliance & arterial 
blood gas parameters. No significant 
effect on histological changes, BALF 
inflammatory cell count or wet/dry lung 
weight ratios  

 

Baba et al. 
2007 [176]  
 

Hyperoxia, mouse IT delivery of KGF-
expressing adenoviral 
vector 

3 days pre-
injury 

Increased survival, decreased wet/dry 
lung weight ratio, improved oxygenation, 
reduced histological appearances of 
inflammation & haemorrhage 

Increased proliferation of 
bronchiolar & alveolar 
epithelial cells 

Aguilar et 
al.  2009 
[177] 

OP bleomycin, mouse Transplantation of bone 
marrow stem cells 
expressing KGF via an 
inducible lentiviral vector  
 
IV injection of MSC 
expressing KGF via 
inducible lentiviral vector 

2 weeks pre-
injury 
 
 
 
3 hours and 3 
days post-
injury 

Amelioration of weight loss, reduced 
collagen deposition & histological 
changes of fibrosis 
 
 
Reduced collagen I mRNA expression, 
no change collagen deposition or 
histological changes 

Increased type II AEC 
proliferation, decreased 
pro-inflammatory 
cytokines 
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Author Lung injury model KGF delivery 
route/mode 

Timing of 
KGF delivery 

Therapeutic effects  Mechanisms 

Liu et al. 
2011 [178] 

Radiation-induced lung 
injury, mouse 

IT delivery of KGF-
expressing attenuated 
salmonella typhimurium 
vector  

48 hours pre-
and 14 days 
post-
irradiation 

Reduction in histological changes & 
BALF total cell count 

Increased surfactant 
protein & superoxide 
dismutase expression, 

decreased TGF- 
expression. 

Sakamoto 
et al. 2011 
[179] 

Continuous bleomycin 
delivery via micro-osmotic 
pump (days 1-7 and days 
29-35), mouse  

IT delivery of KGF-
expressing adenoviral 
vector 

7 days after 
initiation of 
bleomycin 

Increased survival, improved 
histological appearances of fibrosis, 
decreased collagen mRNA expression 

Proliferation of type II 
AEC, increased 
surfactant protein 
expression, decreased 

TGF- expression 
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1.6.2.1 Delivery of KGF in animal models of pulmonary fibrosis 

A large number of studies shown in Table 1-1 were carried out in lung injury models 

that culminate in fibrosis. These include administration of hydrochloric acid,  

bleomycin and thoracic irradiation, and improvements in measures of fibrosis 

including collagen deposition, histological changes and expression of pro-fibrotic 

cytokines have been demonstrated [166, 167, 170-172, 177-179]. The finding of 

increased type II AEC proliferation was almost universal amongst these studies, 

suggesting that KGF mediated its therapeutic effects through its actions on type II 

AEC and by preserving alveolar epithelial integrity. One study demonstrated 

increased expression of surfactant proteins and increased activity of the anti-oxidant 

enzyme superoxide dismutase in mice that had been given IT injection of KGF-

expressing attenuated Salmonella typhimurium vectors 48 hours prior to thoracic 

irradiation, compared with controls [178]. 

1.6.2.2 Beneficial effects on fluid and electrolyte transport 

The positive effects of KGF on fluid and electrolyte transport and alveolar capillary 

membrane permeability have been borne out in vivo. In an α-napththylthiourea 

acute permeability pulmonary oedema model in rats, KGF pre-treatment was 

associated with a significant reduction in α-napththylthiourea-induced alveolar 

capillary barrier permeability, assessed by wet/dry lung weights and protein levels in 

BALF [168]. In an ex vivo model of ventilator-induced lung injury in rats, pre-

treatment with KGF was associated with reduced lung permeability and lung water, 

and improved lung compliance [173].   

1.6.2.3 Therapeutic versus prophylactic delivery 

The majority of these studies report the efficacy of pre-treatment with KGF, rather 

than KGF delivery after the induction of lung injury. In the rat bleomycin model, 

double IT injection  of KGF at 48 and 24 hours pre-bleomycin significantly improved 

outcomes, whereas injection at 24 and 72 hours post-bleomycin was reported to 

result in improvements in some outcomes, but these were not statistically significant 

and the data were not published [172]. In rats with hydrochloric acid-induced lung 

injury, IT injection of KGF 72 hours prior to hydrochloric acid was associated with 

significant improvements in outcomes, whilst no improvements were reported when 

KGF was given 24 hours after injury [166]. Sakamoto et al. used a continuous 

subcutaneous infusion of bleomycin, administered from days 1 to 7 and then days 

29 to 35, to induce fibrosis, and gave KGF-expressing adenoviral vectors by IT 

instillation on day 8. These investigators found significant improvements in 

measures including histology, lung function and survival at 4 and 8, but not 2 weeks, 
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after the start of bleomycin delivery [179]. In this case, it is difficult to discern 

whether the benefits seen were entirely related to protection from damage from the 

second infusion of bleomycin. Lui et al. gave a double dose of KGF-expressing 

attenuated Salmonella typhimurium vectors 48 hours pre- and 14 days post-

irradiation injury, however it is not clear whether the second dose contributed to the 

beneficial treatment effects [178].     

1.6.2.4 Systemic delivery versus direct lung delivery 

When recombinant KGF was used, this was most often given directly to the lung by 

IT injection, rather than by systemic injection. Guo et al. compared IT and 

intravenous injection of KGF, given at both 2 and 3 days pre-injury, in the rat 

bleomycin model, and IT injection was more effective in attenuating fibrosis [170]. 

However, these investigators reported that intravenous injection of KGF attenuated 

weight loss and improved survival in the mouse bleomycin model [170].    

1.6.3 Endogenous KGF in the lung  

There has been considerable interest in discerning the effects of exogenous KGF 

on the alveolar epithelium. The potent effects of KGF on the alveolar epithelium and 

the expression patterns of KGF and its receptor suggests that KGF participates in 

lung development, homeostasis and repair, but its contribution to these processes is 

incompletely understood. 

1.6.3.1 KGF signalling 

KGF signals through the KGF receptor (KGFR, also known as FGFR2-IIIb), a 

member of the fibroblast growth factor receptor (FGFR) family, which comprise at 

least 48 isoforms arising from alternative splicing of 4 genes. KGFR is a splice 

variant of the bek gene (FGFR-2) [150]. FGFRs are part of the tyrosine kinase 

receptor superfamily, which is a large family of high affinity membrane-spanning cell 

surface receptors with intrinsic protein tyrosine kinase activity, whose activation 

plays an important role in the regulation of fundamental cellular processes including 

cell cycling, motility and metabolism [180]. KGF binding to KGFR induces receptor 

dimerization, autophosphorylation and activation of downstream signalling 

pathways, including the RAS-RAF-extracellular signal regulated kinase (ERK) 

pathway, the PI3 kinase-Akt pathway, the phospholipase Cɣ-protein kinase C 

pathway and the Src-Cortactin-Rho GTPase pathway, each of which has been 

shown to have specific roles in cellular processes such as proliferation, survival, 

differentiation and migration [181]. A small number of studies have identified specific 
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signalling molecules involved in KGF signal transduction in type II AEC upon 

contextual stimulation [48, 153, 174].  

It has been shown that KGF binding induces endocytosis of the KGFR, and that the 

internalised KGFR undergoes degradation, suggesting that KGFR is functionally 

down-regulated by KGF binding [182, 183]. Additionally, down-regulation of KGFR 

mRNA in primary human airway epithelial cells was seen at both 8 and 20 hours 

post-exposure to KGF, suggesting a further autoregulatory mechanism [184].  

Interestingly, in skin it has been shown that ligand-independent internalisation of 

KGFR occurs in keratinocytes in vitro in response to wound healing and exposure to 

ultraviolet light, and this can be inhibited by the anti-oxidant N-acetyl cysteine, 

implicating generation of reactive oxygen species and oxidative stress in the 

mechanism [185, 186]. The relevance of these findings to the situation in vivo and 

the lung epithelium is not clear, but suggest that KGFR signalling may also occur in 

a non-ligand-dependent manner in the initial epithelial injury response.  

In addition to binding KGFR with high affinity, KGF is a heparin-binding growth 

factor which binds heparin-sulphate proteoglycans (HSPG) present on cell surface 

membranes or in extracellular matrix (ECM) [187]. Heparin has been found to 

enhance and inhibit KGF-induced SP-B mRNA expression in type II AEC in vitro at 

low and high concentrations respectively, suggesting that cell surface HSPG 

expression and ECM could modulate KGF signalling [188].  

1.6.3.2 KGF and lung development 

Expression of mRNA for both KGF and KGFR has been identified in human foetal 

lung, and differential expression of KGF in the mesenchyme and KGFR in the 

epithelium has been demonstrated during embryonic lung development [152, 189]. 

Overexpression of KGF in the lungs of transgenic mice using an SP-C promoter 

results in an embryonic lethal phenotype, involving enlargement of the bronchial air 

spaces lined by undifferentiated columnar epithelial cells lacking features of mature 

alveolar epithelium [190]. The KGF knock-out mouse has normal lung development, 

however mice lacking KGFR develop a tracheal bud but have complete lung 

agenesis [191, 192]. Another member of the fibroblast growth factor, fibroblast 

growth factor 10 (FGF-10, also known as KGF-2), has been shown to signal through 

the KGFR, and FGF-10 knock-out mice have a similar phenotype to KGFR-null mice 

[193, 194]. These data are compatible with a crucial role for KGFR signalling in lung 

development, but suggest that whilst differential expression of KGF may be involved 

in the regulation of lung development, its absence may be compensated by FGF-10 
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which appears to be the crucial KGFR ligand  involved in  the initiation of lung 

branching. 

1.6.3.3 KGF and normal lung homeostasis 

It has been shown that both KGF and KGFR RNA are constitutively expressed in 

adult lung expression, and KGF expression at both mRNA and protein levels has 

been demonstrated in unstimulated primary human lung fibroblasts [28, 195]. These 

findings suggest that KGF may participate in normal lung homeostasis, however the 

fact that KGF-null mice have normal lung histology indicates that KGF is 

dispensable, or that its absence is compensated by other KGFR ligands [191, 193].  

1.6.3.4 KGF and lung injury 

The response of KGF-null mice to lung injury has not been described.  Evidence 

from animal lung injury models suggests that KGF is up-regulated after injury, in 

keeping with a role in mediating epithelial repair after injury. In rabbits continually 

exposed to hyperoxia an early induction of KGF mRNA was expression was seen, 

which peaked at day 6 after induction of injury [196]. In rats given IT  bleomycin, 

KGF levels in bronchoalveolar lavage fluid (BALF) increased over the initial 10 days 

after lung injury and then fell steadily, reaching baseline by 4 weeks after injury 

[197]. Two studies have measured KGF concentration in BALF of human patients 

with acute lung injury and acute respiratory distress syndrome (ARDS). One study 

showed elevated KGF levels in the early stages of disease, and the other did not 

consistently detect KGF, but detection of KGF correlated with poor outcomes, 

suggesting higher levels of expression in more severe injury [198, 199]. It is not 

clear to what extent BALF levels of KGF represent tissue expression levels, given 

that it is a paracrine mediator and may be bound to cell surface membranes or 

ECM. 

Consistent with up-regulation of KGF in response to injury, the pro-inflammatory 

cytokine IL-1 which is known to be induced during lung injury has been shown to 

stimulate KGF expression in human primary lung fibroblasts [195]. There is very 

little published data on the regulation of KGF expression in lung fibroblasts, but in 

different fibroblast cell lines other cytokines and growth factors known to up-

regulated after lung injury, including interleukin-6, TGF-α and platelet derived 

growth factor, have been shown to induce KGF expression [200].  

Whilst data suggest that KGF is up-regulated following lung injury, less is known 

about expression of KGFR and signalling in response to KGF after injury and during 
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the course of repair. Expression of KGFR has been examined by 

immunohistochemistry in vivo in mice after airway injury with naphthalene, and was 

found to be initially up-regulated on the basal surface of small airway epithelial cells, 

with increased expression evident by the first day after injury, and with return to 

normal levels by day 5 at which time epithelial proliferation was maximal [201]. 

These data support the concept that KGFR is initially up-regulated after injury, but 

falls during the proliferative phase of epithelial injury through down-regulation by 

KGF or other ligand-dependent or non-ligand-dependent signalling.   

In skin, a sub-set of regulatory T-cells known as gamma delta T-cells express KGF 

and appear to play a role in wound healing [202]. In lung, gamma delta T cells can 

be located in the interstitium in injured areas, and mice lacking gamma delta T cells 

have been shown to have more severe injury in response to bleomycin and 

Nocardia bacteria, associated with decreased proliferation of AEC [203, 204]. It is 

tempting to speculate that KGF expression could play a role in mediating the 

protective effects of gamma delta T-cells in these models, but at present there is no 

direct evidence for this.      

1.6.3.5 KGF and fibrotic lung disease 

The expression of KGF and KGFR during the fibrotic phase of animal lung injury 

models and in human fibrotic lung disease has not been well studied. In one study, 

immunohistochemistry was used to examine the expression of KGF protein in the 

lungs of IPF patients, and qualitatively this appeared to be increased compared with 

control lung with immuno-staining localising primarily to hyperplastic type II AEC 

[205]. These investigators also examined KGF expression in samples of lung tissue 

at mRNA level, and whilst mean KGF mRNA expression was elevated in IPF 

patients compared with controls, this was not statistically significant because of a 

large degree of variability within the IPF patients [205]. Data from our laboratory 

have shown a strong correlation between KGF expression and lung collagen levels 

14 days after bleomycin-induced lung injury, suggesting a relationship between KGF 

expression and more severe fibrotic injury [177]. 

One study has examined in vitro KGF expression by lung fibroblasts from IPF 

patients compared with normal controls, and found that whilst basal secretion levels 

were similar, IPF fibroblasts failed  to augment KGF secretion in response to IL-1β 

[195]. These data suggest dysregulation of KGF secretion in IPF fibroblasts. 

Separately, it has been shown that TGF-β can down-regulate KGF expression in 
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normal human lung fibroblasts [206]. Overall expression levels of KGF mRNA in 

lung fibroblasts of IPF patients have not been examined.  

Importantly, levels of KGF expression by IPF lung fibroblasts and overall secretion 

of KGF may not reflect KGF signalling. Expression of KGFR in the lungs of patients 

with IPF, or other chronic fibrosing lung diseases, has not been examined, and KGF 

signalling can be affected by the availability of receptor binding sites, and other 

factors that have already been alluded to. It has also been shown that in vitro TGF-β 

attenuates KGF-induced proliferation and SP-A secretion, suggesting that the 

functional effects of KGF signalling may be antagonised by pro-fibrotic mediators 

present in fibrotic lung disease [207].  

1.6.4 Exogenous KGF as a clinical therapy 

Exogenous KGF has been shown to confer epithelial cytoprotection in a number of 

animal disease models involving epithelial damage to organs including 

gastrointestinal tract and urinary bladder, in addition to those described in the lung, 

and this has made KGF a promising therapeutic candidate for a number of diseases 

associated with epithelial injury [151]. In additional to its epithelial-protective effects, 

KGF has been shown to enhance thymic T-cell lymphopoiesis in mice through 

thymic epithelial hypertrophy, and is also being considered for its 

immunomodulatory potential [208]. These findings have led to the introduction of 

recombinant KGF therapy in clinical practice. 

1.6.4.1 Current clinical application of recombinant KGF 

A recombinant human KGF with the first 23 N-terminal amino acids deleted to 

enhance stability has been manufactured. This has been named palifermin, and it is 

already licensed in the UK for the management of oral mucositis in patients with 

haematological malignancies receiving myeloablative radiochemotherapy, in whom 

systemic treatment with palifermin pre- and post-myeloablation has been shown to 

reduce the severity and duration of mucositis [209]. A number of clinical trials 

involving palifermin are currently registered in Europe and the USA. A large 

proportion of these are evaluating the efficacy of palifermin with respect to 

prevention of oral mucositis in other patient groups, such as those receiving 

chemotherapy for solid organ non-haematological malignancies, and other trials are 

evaluating its use for conditions such as graft versus host disease, dysphagia 

secondary to radiotherapy, and in human immunodeficiency virus patients to 

enhance immune reconstitution [210, 211]. Notable amongst on-going clinical trials 
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is a randomised double-blinded placebo-controlled phase II single centre trial in the 

UK examining the safety of administration of palifermin in up to six daily intravenous 

injections in patients with acute lung injury, and its effects on oxygenation. 

1.6.4.2 Safety of recombinant KGF 

Amongst clinical trial populations in which palifermin has been used there has been 

a very high incidence of side effects in both treatment and placebo groups, however 

drug-related side effects have been relatively common particularly affecting the skin 

and gastrointestinal tract. The most frequent side effects are skin rashes, erythema 

and pruritis, and thickening of the tongue with altered taste [212]. More serious 

adverse events have been reported rarely, and have included possible reactivation 

of human papillomavirus infection and papillomatous plaques on the skin [212]. 

Transient elevations in serum levels of the pancreatic enzymes amylase and lipase 

were seen in about 20% of healthy volunteers given a single intravenous injection of 

palifermin. 

As a potent epithelial growth factor that can promote cell motility, concerns have 

been raised about the potential tumorogenicity of KGF. Altered KGF signalling, in 

particular KGFR overexpression and co-expression of KGF and KGFR, has been 

documented in various cancer types including breast, gastric and notably lung 

adenocarcinoma [181, 213, 214]. On the other hand, reduced expression of KGFR 

has been linked to decreased sensitivity to apoptosis and increased invasiveness in 

some cancers such as hepatocellular carcinoma [215]. The majority of preclinical 

studies have suggested that exogenous KGF does not promote tumorigenesis. The 

potential risks of KGF with respect to this are generally considered to be outweighed 

by the potential beneficial effects, such that palifermin has been approved by the 

Food and Drug Administration (FDA) for use in clinical trials to prevent side effects 

of chemotherapy and radiotherapy in patients with various types of non-

haematological malignancy, including non-small cell lung cancer [181, 216].  

1.6.4.3 Pharmacokinetics and pharmacodynamics of palifermin 

After intravenous injection of palifermin to healthy volunteers, peak plasma 

concentrations fall rapidly (>95%) within the first 30 minutes after injection, followed 

by a plateau phase lasting between 1 and 4 hours and then a decay phase (Figure 

1-9) [217]. After a single injection of palifermin, proliferation of buccal mucosal cells 

was maximal at 48 hours [217]. 
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Figure 1-9: Pharmacokinetics of palifermin (recombinant KGF) after intravenous 
injection in healthy human subjects. Mean (+SD) observed palifermin serum 
concentration-time profiles by dose level after a single intravenous (IV) injection of 
palifermin. Reprinted by permission from Macmillan Publishers Ltd: Clinical Pharmacology 
and Therapeutics [217], copyright (2006). 

1.6.5 KGF as a potential therapy for pulmonary fibrosis 

The central role of alveolar epithelial injury in driving pulmonary fibrosis and the 

protective effects of KGF on type II AEC, combined with the data from animal 

models of pulmonary fibrosis showing that KGF delivery can attenuate fibrosis, 

advocate KGF delivery to the lung as a potential therapeutic strategy in patients with 

pulmonary fibrosis. The preclinical studies carried out in animal models suggest that 

KGF may be more effective as a prophylactic than a therapeutic agent in 

management of lung injury, however in chronic human diseases such as IPF there 

is evidence of on-going alveolar epithelial injury. Additionally, studies reporting lack 

of benefit from treatment with KGF after lung injury have used single or double 

intratracheal injections for recombinant KGF delivery, and, given what is known 

about the pharmacokinetics of recombinant KGF after intravenous injection in 

human subjects and the presence of considerable lung leak after injury, the half-life 

of KGF in the lung after intratracheal injection may be short [166, 172]. Only one 

preclinical study has attempted to give KGF after lung injury in a more sustained 

fashion using adenoviral vectors, but the study design made it difficult to determine 

to what extent the therapeutic effects seen were prophylactic or therapeutic [179].   

For clinical applications, KGF has been given universally by intravenous injection of 

the recombinant protein. The main drawbacks of this approach as a potential 

therapy for chronic fibrosing lung diseases are the short half-life of KGF and the lack 
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of specificity. The short half-life would necessitate repeated delivery, which is 

inconvenient for drugs requiring systemic delivery. Expression of the high affinity 

KGF receptor is present in epithelial tissues throughout the body, and systemic 

delivery could result in adverse consequences related to effects on epithelial tissues 

in organs other than lung. The biodistribution of recombinant KGF given by 

intravenous injection is not known, but the fact that side effects are most frequently 

reported in the skin and gastrointestinal tract suggest it is active in these organs. 

Whilst the side effects of short duration of treatment with systemic recombinant KGF 

are acceptable, treatment in the longer term may reveal additional and more severe 

side effects. For these reasons, it is desirable to develop and investigate the 

therapeutic potential of approaches that facilitate more targeted and sustained KGF 

delivery to the lung.      

1.6.6 KGF delivery by gene therapy 

Gene therapy has been defined by the American Society of Gene and Cell Therapy 

as ‘an approach to treating disease by either modifying the expressions of an 

individual's genes or correction of abnormal genes’ [218]. Initial interest 

concentrated on the correction of gene defects responsible for monogenic diseases 

such as cystic fibrosis, severe combined immunodeficiency (SCID) and 

haemophilia, however the focus has widened to include polygenic and complex 

diseases [219]. Up-regulation of KGF in the lung through the use of KGF gene 

therapy could overcome the problems of the short half-life of recombinant KGF. A 

number of methods exist for the transfer of therapeutic genes into target tissues, 

and these will be discussed in more detail subsequently.  

Two pre-clinical studies describe the use of gene therapy vectors to attempt to 

transfer the KGF gene into endogenous lung cells. Using liposomal gene delivery of 

KGF, Ulrich et al. achieved increased expression of KGF in the lung but the 

investigators did not believe that this approach had the potential to achieve 

therapeutic expression levels [175]. Sakamoto at al. used adenoviral gene delivery 

of KGF, and achieved KGF over-expression and beneficial effects, but the large 

increases in KGF mRNA expression seen at one week after vector delivery did not 

appear to be sustained [179].  

One pre-clinical study describes the use of attenuated Salmonella typhimurium 

bacteria expressing the human KGF gene, given by IT injection, as vehicles to 

deliver KGF therapy to the lung, and these investigators demonstrated increased 
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KGF expression at protein and mRNA levels up to two weeks after vector delivery 

[178]. In our laboratory there is an interest in using eukaryotic cells as vehicles to 

deliver gene therapy to the lung, and it has been shown that mice that had 

undergone bone marrow transplantation with haematopoietic stem cells transduced 

to express KGF using a lentiviral vector had reduced fibrosis after bleomycin-

induced lung injury [177]. 
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1.7 Cell therapy approaches for pulmonary fibrosis 

There is a growing interest in the use of cell-cased therapies for a range of lung 

diseases, because of the potential capacity of exogenous cells to engraft in the lung 

and participate in regeneration, secrete soluble mediators or act as vehicles to 

deliver gene therapy [220, 221]. A number of studies have investigated the 

therapeutic potential of various stem and progenitor cell populations in pulmonary 

fibrosis [34]. Aside from therapeutic potential, successful translation to clinical 

practice also requires consideration of availability, and potential immunogenicity and 

tumorigenicity of cell populations.  

1.7.1 Progenitor and stem cell populations  

1.7.1.1 Type II AEC 

The therapeutic potential of exogenous type II AECs has been examined in the rat 

bleomycin pulmonary fibrosis model, and delivery of primary type II AEC by IT 

injection on days 3, 7 or 15 after bleomycin was associated with a significant 

reduction in fibrotic changes [222]. Transplanted cells could be identified within the 

lung parenchyma, however these cells were not characterised and it is unclear 

whether they expressed type I or type II AEC markers, and the relative contribution 

of these cells to regeneration and secretion of paracrine mediators in unclear [222]. 

These findings are promising, but this approach lacks translatability due to the 

practicalities of harvesting suitable cells in humans. Howvever there is a great deal 

of interest in deriving populations of lung cells from pluripotent stem cells.  

1.7.1.2 Embryonic stem cells and induced pluripotent stem cells 

Embryonic stem cells (ESCs) are highly proliferative, pluripotent cells which can be 

isolated from pre-implantation stage embryos, and can be induced to differentiate 

into cells with phenotypic features of type II AEC in vitro under specific culture 

conditions [223, 224]. Such cells derived from human ESC have been delivered in 

the mouse bleomycin pulmonary fibrosis model, and engrafted in the alveoli where 

they continued to express SPC, or underwent differentiation to type I AEC [225]. 

This was associated with significant reduction in fibrotic markers. Using a similar 

approach, therapeutic effects have also been reported in a mouse model of silica-

induced fibrosis [223]. These studies suggest that ESC-derived type II AEC may 

have therapeutic potential, however there remain some ethical issues and safety 

concerns relating to potential tumorigenicity which have hampered the use of ESCs 

in clinical practice [226].  
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The discovery that adult somatic cells could be reprogrammed, using retroviral 

vector transfer of transcription factors involved in maintaining pluripotency, into cells 

with similar characteristics to ESCs led to hopes that patient-specific pluripotent 

stem cells could be generated [226, 227]. These cells have been termed induced 

pluripotent stem cells (iPSCs), and it was hoped that they could be differentiated 

into all cell types and used for tissue regeneration, circumventing the ethical issues 

of using ESCs and allowing the use of autologous cells that would escape immune 

rejection. There are a number of important feasibility and safety issues to be 

overcome before iPSC-based therapies can be used clinically, including the use of 

oncogenes for reprogramming and the potential for genetic instability and 

tumorogenicity [228]. Moreover, to date there have been no reports of lung epithelial 

cells that have been derived from iPSCs. 

1.7.1.3 Perinatal cells 

Cells termed human amnion epithelial cells have been isolated from term-placenta, 

and have been shown to be capable of multipotent differentiation in vitro, including 

differentiation into cells with a type II AEC phenotype [229, 230]. Systemic injection 

of these cells into immunocompromised mice 24 hours after induction of lung injury 

with bleomycin was associated with localisation of human cells to fibrotic areas and 

within alveoli where they were reported to express SP-C, a reduction in pro-

inflammatory and pro-fibrotic cytokines and collagen deposition [230]. Notably, 

collagen deposition was also reduced in mice given cells 2 weeks after bleomycin-

induced injury, suggesting an impact during the established fibrotic phase of injury 

[230]. There is some evidence to suggest that human amnion epithelial cells lack 

immunogenicity, however it remains unresolved whether allogeneic transplantation 

would be tolerated [229]. 

1.7.1.4 Mesenchymal stem cells 

Mesenchymal stem cells (MSCs) can be derived from adult bone marrow and 

adipose tissue, and also from perinatal tissues. MSCs have been defined by three 

characteristics: plastic-adherence during culture, specific cell surface expression 

markers and  their ability to differentiate into osteoblasts, adipocytes and 

chondroblasts in vitro [231]. Recognition of their ability to home to injured tissue and 

a capacity for multipotent differentiation led to a surge of interest in their use in 

regenerative medicine, and beneficial effects of MSC delivery were reported in a 

number of pre-clinical disease models. These have led to the realisation that their 

potent anti-inflammatory and immunomodulatory properties, rather than participation 

in repair, were responsible for their beneficial effects [232-235]. Autologous MSCs 
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can be obtained from bone marrow or adipose tissue, MSCs appear to lack 

immunogenicity making them candidates for ‘off the shelf’ allogeneic transplantation 

[236]. MSCs have been approved for use in clinical trials, and at present 23 clinical 

trials are registered in Europe investigating the safety and therapeutic efficacy of 

MSCs in a variety of conditions including ischaemic heart disease, multiple sclerosis 

and graft versus host disease [237]. 

A number of investigators have examined the therapeutic potential of systemic 

delivery of murine MSCs in the mouse bleomycin model of pulmonary fibrosis, and 

delivery during the early inflammatory phase of injury has been shown to reduce 

inflammatory cell infiltrates, pro-inflammatory cytokines, pro-fibrotic cytokines, 

accumulation of collagen and histological changes of fibrosis [234, 238-242]. 

Secretion of soluble anti-inflammatory mediators is thought to be responsible for the 

beneficial effects, and there has been very little convincing evidence for the 

engraftment of these cells [239, 243]. Delivery of MSCs during the early 

inflammatory phase of lung seems to be required for their therapeutic efficacy. In 

one study, delivery during the fibrotic phase of lung injury did not improve outcomes 

[234]. Additionally, it has been suggested that a sub-population of MSCs may 

assume a myofibroblast phenotype when delivered in the fibrotic phase of radiation-

induced pneumonitis in mice, suggesting that the injury microenvironment may play 

a role in directing MSC phenotype [244]. Hence the main effects of MSCs seem to 

be anti-inflammatory, and there is no evidence to suggest that they can halt or 

reverse the progression of established fibrosis.  

As discussed, anti-inflammatory treatments have not been effective in IPF, and 

MSCs may show greater therapeutic potential in lung diseases associated with a 

robust inflammatory response, such as acute respiratory distress syndrome [125, 

245]. However, a phase I clinical trial aiming to investigate the safety, efficacy and 

tolerability of endobronchial infusion of autologous adipose-derived MSCs has been 

carried out, and no serious adverse reactions or complications observed [246]. 

Further clinical trials will be needed to determine whether MSCs have therapeutic 

effects in IPF patients. 

1.7.2 Cells as vehicles to delivery gene therapy in pulmonary fibrosis 

It remains unclear as to whether addition of alveolar epithelial progenitor cells can 

contribute to repair in IPF, and upon engraftment these too may be subject to on-
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going injury and become involved in the pathogenic processes. These therapies will 

require further preclinical development before they can be brought to clinical trial.  

A number of cell types, including MSCs, have the capacity to home to injured tissue. 

Such cells have the potential to be used as vehicles to deliver gene therapy to 

injured lung by ex vivo genetic modification to confer or augment therapeutic 

potential. Combined gene and cell therapy been used successfully in clinical 

practice, a good example being in the management of patients with severe 

combined immune deficiency (SCID) caused by absence of adenosine deaminase; 

autologous haematopoietic stem cells (HSC) have been obtained from patients and 

genetically modified using viral gene therapy vectors to express adenosine 

deaminase. This approach has been successfully used to treat over 30 patients 

[247].  

In our laboratory, we have used both mesenchymal stem cells (MSC) and 

haematopoietic stem cells (HSC) transduced to express KGF with a lentiviral vector 

to deliver KGF in the bleomycin mouse pulmonary fibrosis model [177]. Mice were 

given KGF-transduced MSCs, or MSCs transduced with a control vector, at both 8 

hours and 72 hours after bleomycin-induced lung injury. Contrary to the findings of 

other published studies, delivery of MSCs per se did not result in any significant 

improvement in outcomes at day 14 after injury, but mice that received KGF-

transduced MSCs had a significant reduction in collagen 1α1 mRNA expression, 

suggesting some benefit in this group compared with MSCs alone or vehicle control 

[177]. For KGF delivery using HSCs, mice were given bone marrow transplants with 

KGF-transduced HSCs, and were given bleomycin to induce lung fibrosis eight 

weeks later. Multi-lineage engraftment of KGF-transduced HSCs was demonstrated, 

and mice that had received KGF-transduced HSCs has increased KGF mRNA 

expression and increased type II AEC proliferation at day 14 after injury, 

accompanied by improvements in outcomes including reduced pro-inflammatory 

cytokines, collagen deposition and histological changes of fibrosis [177]. These data 

demonstrated that HSCs, or their daughter cells, were capable of delivering KGF 

therapy to the lung in an animal model of pulmonary fibrosis.    

Bone marrow transplantation is not a feasible therapeutic option for patients with 

chronic lung disease and impaired lung function; compromised lung function has 

been shown to be associated with a significant increase in mortality after bone 

marrow transplantation [248]. Further, given the long term presence of HSC-derived 

cells in the circulation and organs other than lung, this therapeutic strategy lacks 
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specificity and could result in widespread KGF over-expression with adverse 

consequences. This led to the question as to whether fully differentiated bone 

marrow-derived cells could be used as vehicles to deliver KGF to injured lung. 

Following bleomycin-induced lung injury in mice there is an increase in the numbers 

of macrophages, neutrophils and lymphocytes derived from bone marrow [249]. 

Macrophages have a number of features that make them interesting candidates to 

explore as vehicles to deliver cell therapy in fibrotic lung disease.     
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1.8 Macrophages as potential cell therapy candidates 

Macrophages are cells of the mononuclear phagocyte system, which also includes 

their monocyte precursors. Macrophages reside within tissues including the lung 

during health and disease, and are considered to be terminally differentiated cells. 

They play a fundamental role in innate immunity, and whilst named for their 

phagocytic capacity they perform a number of other functions crucial to maintaining 

tissue homeostasis  [250]. Macrophages play a key role in all phases of tissue 

responses to injury and have a number of features that make them attractive 

candidates for cell therapy in fibrotic lung disease.  

1.8.1 Macrophage biology 

Under steady state conditions, tissues are under continuous surveillance by stable 

populations of resident tissue macrophages, which are part of the first line of 

defence against invading pathogens and injurious substances. Whilst on the one 

hand it is necessary for macrophages to orchestrate a rapid and powerful 

inflammatory and immune response to tissue damage, it would be detrimental for 

macrophages to display over-exuberant responses to the presence of dead or dying 

cells or toxins under steady state conditions. Furthermore, macrophages continue to 

play a role in resolution of inflammation and tissue repair after injury. Consistent 

with this, it is well recognised that macrophages display context dependent 

phenotypes which may exhibit pro-inflammatory or anti-inflammatory properties, and 

mediate tissue destruction or tissue repair.  

It is generally agreed that a spectrum of macrophage phenotypes exists, but for 

feasibility of study these cells have been broadly classified into sub-sets according 

to their gene expression profiles on cytokine or microbial stimulation. These have 

been divided into classically activated ‘M1’ macrophages with a pro-inflammatory 

phenotype, and alternatively activated ‘M2’ macrophages with an anti-inflammatory 

pro-repair phenotype. Other macrophage subsets have emerged, including 

regulatory macrophages and tumour-associated macrophages, which have broadly 

immune suppressive anti-inflammatory phenotypes, and are classified by some as 

M2-subsets [251-253]. Differentiated macrophages have been shown to display 

phenotypic plasticity both in vitro and in vivo, and appear to respond to 

environmental changes by progressive and reversible phenotypic changes [254, 

255]. 
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1.8.1.1 M1 Macrophage activation 

M1 macrophages play a key role in the innate immune response by orchestrating 

inflammatory and immune responses to tissue injury and microbial pathogens. They 

arise through activation by pro-inflammatory cytokines such as interferon-γ secreted 

by other immune cells, and by binding of foreign antigen or fragments of injured 

tissue to cell surface and cytoplasmic pattern-recognition receptors (PRRs e.g. toll-

like receptors, NOD-like receptors). Upon activation, they secrete a variety of pro-

inflammatory cytokines, including interferon-γ, TNF-α, IL-1β and IL-6, resulting in 

recruitment of inflammatory cells such as neutrophils and monocytes, and induction 

of a T-helper type 1 cell (TH1) and T-helper 17 cell (TH17) immune response. 

Further, these pro-inflammatory cytokines enhance M1 macrophage activation by 

autocrine feedback. M1 macrophages have increased expression of MHC class II 

molecules for antigen-presentation, driving humoral and cellular adaptive immune 

responses, and increased secretion of substances that degrade ECM, such as 

matrix metalloproteinases (MMPs), enhancing inflammatory and immune cell influx. 

M1 macrophages are highly efficient in removal of tissue debris and pathogens by 

phagocytosis, and secrete antimicrobial substances such as nitric oxide, through 

upregulation of inducible nitric oxide synthase, and reactive oxygen species [252, 

253]. 

1.8.1.2 M2 macrophage activation 

M2 macrophages arise through stimulation with the T-helper type II cell (TH2) anti-

inflammatory cytokines IL-4 and IL-13, which may also be secreted by leukocytes 

involved in allergic responses such as mast cells and basophils. In addition, they 

may be stimulated by recognition of apoptotic cell debris. M2 macrophages have a 

phenotype associated with suppression of inflammation and promotion of wound 

healing. This is achieved through secretion of cytokines and growth factors that 

stimulate fibroblast proliferation, myofibroblast differentiation and collagen 

production, such as TGF-β and PDGF. In addition M2 macrophages secrete 

substances such as tissue inhibitors of metalloproteinases (TIMPs) and MMPs, 

which control ECM turnover. They downregulate expression of MHC class II and 

secretion of pro-inflammatory cytokines such as TNFα and IL-1β, and secrete anti-

inflammatory substances such as interleukin 1 receptor antagonist. M2 

macrophages express the enzyme arginase, which switches metabolism of the 

amino acid arginine from nitric oxide to ornithine, enabling production of polyamines 

and hydroxyproline, involved in ECM production [250, 252, 253].  
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1.8.1.3 Regulatory macrophage activation 

Regulatory macrophages share common features with M2 macrophages, including 

downregulation of pro-inflammatory cytokines, production of anti-inflammatory 

mediators and suppression of TH1 immunity, however they do not appear to 

participate in wound healing and a number of features distinguish them from M2 

macrophages. They do not produce arginase, and do not directly contribute to ECM 

deposition. They are characterised by production of large amounts of the anti-

inflammatory cytokine interleukin 10 (IL-10), which has been observed in response 

in response to a number of stimuli, including binding of immune complexes to Fc 

receptors, the small molecule adenosine, TGFβ, IL-10 itself and glucocorticoids. 

Acting alone, these stimuli alone are relatively inefficient in inducing IL-10 

production; however in combination with inflammatory stimuli such as TLR-agonists 

they are highly efficient in inducing IL-10 production. IL-10 enhances the 

differentiation of regulatory T cells (Treg cells), inhibits TH1 cell, TH2 cell and dendritic 

cell responses, and enhances regulatory macrophage phenotype by autocrine 

feedback. Regulatory macrophages secrete molecules such as indoleamine 2,3-

dioxygenase (IDO), programmed death ligand 1 (PD-L1) and Fas ligand (FasL) 

which inhibit proliferation and induce apoptosis of effector T-cells, in addition to 

mediators such as TGF-β and PGE2 which may also have immune suppressive 

effects. Regulatory macrophages have also been termed M2c or deactivated 

macrophages [252, 256, 257].     

The stimuli that induce M1, M2 and regulatory macrophage phenotypes, and the 

phenotypic characteristics of these cells, are summarised in Figure 1-10. 

Importantly, many of the observations regarding activation of macrophages to 

particular phenotypes are based on in vitro exposure to stimuli in isolation. It has 

been shown that alteration to macrophage phenotype on exposure to particular 

cytokines depends on prior exposures and the presence of other cytokines [254].  



Chapter One 

75 
 

 

Figure 1-10: Macrophage phenotypes. NK cell, natural killer cell; TH1, T-helper type 1 cell; 
TH17, T helper 17 cell; IFNγ, interferon γ; NO, nitric oxide; ROS, reactive oxygen species; 
MMP, matrix metalloproteinase; IL-1β, interleukin 1β; TNF-α, tumour necrosis factor α; IL-6, 
interleukin 6; IL-4, interleukin 4; TH2, T-helper type II cell; GC, glucocorticoid; TLR, toll-like 
receptor; IDO,  indoleamine 2,3-dioxygenase; Treg, regulatory t-cell; DC, dendritic cell. 
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1.8.2 Macrophages in the lung 

Tissue macrophages represent a heterogeneous population of cells, and have 

adapted specialist functions in their various anatomical locations; examples include 

the ability of bone macrophages (osteoclasts) to remodel bone and the enhanced 

bactericidal capacity of gut macrophages. 

During health, alveolar macrophages (AM) are by far the commonest leukocyte 

within the alveolar space and are the predominant macrophage population in the 

lung [258]. These cells reside in a very different environment to other tissue 

macrophages, being exposed to large amounts of inhaled particulate matter and 

pathogens, high concentrations of the cytokine GM-CSF, surfactant proteins and 

high oxygen tensions, and have a unique phenotype with increased expression of 

CD11c, a molecule more often found on dendritic cells [259]. As already discussed 

(section 1.1.4), AM are kept in a relatively quiescent state under steady state 

conditions, with low levels of pro-inflammatory cytokine secretion and antigen-

presenting capacity despite their phagocytosis of large quantities of particulate 

matter. Additionally, AM appear to supress dendritic cell numbers and antigen 

presenting functions in the alveolar space, thus preventing activation of adaptive 

immune responses by these cells [258]. Smaller numbers of macrophages are also 

located within the interstitial space, and there is some evidence to suggest that 

these cells, which are morphologically more similar to circulating monocytes, are 

precursors to alveolar macrophages [260]. Compared with alveolar macrophages, 

interstitial macrophages have reduced phagocytic capacity, reduced section of pro-

inflammatory cytokines upon stimulation and increased MHC class II expression 

and antigen presenting ability [261].    

Whilst AM are kept quiescent under normal homeostatic conditions, they retain 

phenotypic plasticity and can respond to contextual stimulation to become activated 

in line with the phenotypes described to participate in initial injury response, tissue 

repair and injury resolution [262]. When appropriately stimulated, AMs have a 

particularly powerful ‘respiratory burst’, and are capable of rapidly releasing large 

quantities of biocidal reactive oxygen species [261]. In addition to activation of 

resident AM, the various phases of lung injury are associated with an expansion in 

the macrophage population [263].  

1.8.2.1 The origins of lung macrophages 

It has long been realised that tissue macrophages can be derived through 

recruitment of circulating bone marrow-derived monocyte precursors, which 
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undergo differentiation to macrophages within tissues, and there is a body of 

evidence to suggest that tissue macrophages, including lung macrophages, also 

arise and are replenished locally [264-266]. Under steady state conditions, alveolar 

macrophages appear to be a long-lived relatively stable cell population; mice that 

received thorax-sparing irradiation followed by CD45 alloantigen mismatched bone 

marrow transplantation had negligible replacement of resident alveolar 

macrophages up to 8 months after transplantation [267]. Additionally, over a four 

week period there was no attenuation of fluorescence of an in vivo dye used to label 

alveolar macrophages, suggesting minimal local proliferation over this period [267]. 

On the other hand, this and similar studies have demonstrated large increases in 

the numbers of bone marrow-derived macrophages upon lung injury with agents 

such as irradiation and lipopolysaccharide [263, 267]. Evidence suggests that 

continued recruitment of bone marrow-derived monocytes occurs during the 

progression and resolution of acute lung injury with lipopolysaccharide, and during 

the fibrotic phase of bleomycin-induced fibrosis [268, 269]. The presence of 

apoptotic macrophages in the lung at a time of continued monocyte recruitment has 

been demonstrated, and is consistent with increased macrophage turnover during 

injury [268].  

Subsets of circulating monocytes have been identified in both human and mouse 

blood, which differ in their cell surface markers, secretome, antigen presenting 

capacity, propensity to migrate to sites of tissue injury and inflammation, and 

differentiation potential [270]. The original subset identified in humans, comprising 

around 90% of circulating monocytes, characterised by strong expression of CD14 

and absent CD16 expression were termed ‘classical’ monocytes. Subsequently two 

further monocyte subsets were identified that expressed CD16, and these were 

termed ‘non-classical’ and ‘intermediate’ monocytes. Mouse homologues to these 

three populations have been identified. The characteristic expression markers of the 

three monocyte subsets in humans and mice are shown in Table 1-2 [270, 271].  

Table 1-2: Expression markers of human and murine monocyte subsets  

Monocyte subset Human Mouse 

Classical CD14
++

, CD16
-
 Ly6C

++
, CD43

+ 
 

Intermediate CD14
++

, CD16
+
 Ly6C

++
, CD43

++
 

Non-classical CD14
+
, CD16

+
 Ly6C

+
, CD43

++
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It has been established that these different monocyte subsets migrate to tissues in 

response to different chemokines, consistent with their differing chemokine receptor 

expression, and it has been established that classical monocytes express C-C 

chemokine receptor type 2 (CCR2), and migrate to tissues in response to 

Chemokine (C-C motif) ligand 2 (CCL2) [271]. The CCL2/CCR2 axis has been 

shown to govern monocyte migration and recruitment in inflammation and injury and 

in keeping with this mice null for both CCL2 and for CCR2 have reduced monocyte 

recruitment and macrophage accumulation in response to lung injury with bleomycin 

[249, 272]. Recruitment of circulating monocytes to the lung has been demonstrated 

in mice following up-regulation of CCL2 [273].  

1.8.3 Macrophages in the pathogenesis and resolution of pulmonary fibrosis 

It has long been recognised that macrophages from IPF differ in phenotype from 

those in normal controls, but early interest in their involvement in disease 

pathogenesis dissipated due to lack of clinical responses to anti-inflammatory 

therapies [274]. Increased understanding of macrophage biology has rekindled 

interest in macrophages as participants in disease pathogenesis in IPF. As 

discussed, the CCL2/CCR2 axis is important in monocyte recruitment to the lung in 

animal lung injury models. CCL2 expression has been shown to be strongly up-

regulated in the alveolar epithelium in both human IPF lungs, and the lungs of mice 

following bleomycin-induced lung injury, suggesting that injury to the alveolar 

epithelium drives recruitment of circulating monocytes [275]. 

It has been shown that AM from IPF patients secrete substances that are trophic for 

fibroblasts, and secretion of specific mediators, including TGF-β, PDGF and 

fibronectin has been demonstrated [274, 276-278]. Immunohistochemistry has 

shown that, in addition to alveolar epithelial cells, macrophages are strongly 

immunoreactive for TGF-β, and alveolar macrophages have been shown to be a 

rich source of TGF-β in the mouse bleomycin model [279, 280]. In view of these 

findings, and the knowledge that there is an imbalance towards a TH2 weighted 

immune response in IPF (section 1.4.5), it is unsurprising that macrophages from 

IPF have been found to have increased markers of M2 activation [269, 276].  

CCL-2-null mice have been shown to have decreased monocyte recruitment and 

macrophage accumulation in the lungs after bleomycin delivery, and this was 

associated with an attenuated fibrosis [249]. This may have been due to effects on 

the initial inflammatory phase of fibrosis rather than the progressive fibrotic phase, 



Chapter One 

79 
 

however depletion of alveolar macrophages at day 4 after induction of fibrosis in a 

transgenic TGF-β over-expression pulmonary fibrosis model which is less 

inflammatory was also associated with attenuated fibrosis [281]. A recent study has 

examined the effects of macrophage depletion using liposomal clodronate during 

different phases of bleomycin-induced injury in mice, and demonstrated that 

depletion during the progression fibrotic phase decreased expression of markers of 

M2 macrophage activation and attenuated fibrosis [269].  

Conversely evidence from animals models in which, unlike human IPF, fibrosis 

resolves, suggest that macrophages are also involved in resolution of fibrosis. 

Depletion of macrophages during the resolution phase of bleomycin-induced injury 

in mice has been shown to exacerbate fibrosis [269]. Additionally, alveolar 

macrophages isolated from hamsters during the resolving phase of bleomycin-

induced lung injury have been shown to decrease fibroblast proliferation and 

collagen synthesis, and increase PGE2 synthesis during co-culture [282]. The 

mechanisms through which macrophages may participate in resolution of fibrosis 

have not yet been elucidated. 

Taken together, these findings suggest that macrophages assume a pro-fibrotic M2 

phenotype during progressive pulmonary fibrosis, and as such can contribute to 

disease pathogenesis. On the other hand, macrophages may participate in the 

resolution of fibrosis, during which time their phenotype has been less well 

characterised.  

1.8.4 Macrophages for cell therapy in pulmonary fibrosis 

Macrophages have a number of properties that make them attractive candidates for 

cell therapy in fibrotic lung disease. They are amenable to genetic modification, and 

could be engineered ex vivo to overexpress potentially therapeutic transgenes such 

as KGF; methods for introduction of transgenes to macrophages will be discussed 

later. A particular appeal of macrophages as gene therapy vehicles is the homing 

capacity of their monocyte precursors and the localisation of macrophages to 

injured tissue including lung, hence the potential for targeted transgene delivery 

specifically to injured tissue. Whilst it is not entirely clear whether mature 

macrophages retain the capacity of their monocyte precursors to home to and 

localise within injured lung, there is some evidence that exogenously delivered 

macrophages localise to injured tissue in other organs; a proportion of radiolabelled 

macrophages given by IV injection localised to skin after foot pad injury in mice, and 
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fluorescently-labelled macrophages given by renal artery injection localised to 

injured glomeruli in a rat model of kidney injury [283, 284]. Resolution of injury is 

associated with apoptosis of macrophages, and this could serve as a feedback 

mechanism to prevent on-going transgene expression if injury resolution is 

achieved.    

A further attraction of macrophages as cell therapy candidates is that large numbers 

of autologous macrophages can be obtained from peripheral blood [285]. Peripheral 

blood mononuclear cells (PBMC) can be obtained by apheresis, a relatively non-

invasive procedure which involves removal of whole blood and separation of 

mononuclear cells before re-infusion of the remaining blood constituents. PBMC can 

then be differentiated into macrophages by ex vivo culture in the presence of GM-

CSF and autologous serum [285]. During ex vivo culture cells can be modified, 

genetically by the introduction of transgenes, or by addition of cytokines, to induce 

phenotypic changes. Large numbers of macrophages, in the region of 1.5 x 109, can 

be obtained from a single apheresis session and cryopreserved until delivery to the 

patient [285]. Autologous macrophages, stimulated ex vivo with interferon-, have 

been given to patients with metastatic carcinoma by IV injection or local delivery in a 

number of clinical trials conducted during the 1990’s. Although no clinical benefits 

have been shown, no serious adverse effects have been reported, and these trials 

serve to demonstrate the feasibility and safety of obtaining large numbers of 

autologous monocyte-derived macrophages through leukopheresis, modifying them 

ex vivo and administering them to patients [286]. 

As discussed, endogenous macrophages participate in all stages of tissue injury, 

and it is possible that exogenous macrophages could participate in disease 

pathogenesis in fibrotic lung disease through pro-inflammatory or pro-fibrotic effects, 

or could enhance resolution. No studies to date have examined the effects of 

exogenous macrophage delivery in animal pulmonary fibrosis models, but in an 

animal model of liver fibrosis bone marrow-derived macrophage delivery early in the 

disease course increased IL-10 expression and ameliorated fibrosis [287]. A 

potential advantage of using macrophages for cell therapy macrophages is their 

phenotypic plasticity in response to stimuli, as it is possible that ex vivo manipulation 

through changes in culture conditions could be used to favourably alter phenotype 

and confer or enhance therapeutic effects.  
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1.9 Gene transfer to macrophages 

Immense progress has been made in the field of gene therapy over the past 4 

decades and considerable technical, ethical and safety issues have been overcome 

to bring about a large number of clinical trials [219, 288, 289]. Despite completion of 

a large number of phase I and II clinical trials, relatively few phase III trials have 

been carried out and only a small number of gene therapy treatments have been 

approved by regulatory bodies (Figure 1-11).  

 

Figure 1-11: Phases of gene therapy clinical trials registered with ‘The Journal of 
Gene Medicine Database’. Data shown are percentages of total of 1843 worldwide clinical 
trials registered up to June 2012. http://www.abedia.com/wiley/phases.php 

Mammalian organs are highly evolved to protect cells from foreign substances, and 

a particular challenge to the success of gene therapy protocols has been 

development of gene delivery vectors that can evade the host immune system, 

direct gene therapy to target cell populations and establish sustained transgene 

expression, and the lung has proved to be a particularly challenging organ for gene 

delivery [288]. Topical delivery of gene therapy vectors has been favoured due to 

difficulties achieving lung-specific transgene expression using systemic delivery, but 

the lung has evolved highly efficient defences against the invasion of inhaled 

pathogens and particulate matter, including mucociliary clearance, the coverage of 

the airway epithelium with a mucoid glycocalyx layer, the presence of antimicrobial 

substances in the airway lining fluid and the recognition of foreign substances by 

alveolar macrophages [10, 289, 290]. 

http://www.abedia.com/wiley/phases.php
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1.9.1 Advantages of a combined gene and cell therapy approach 

The use of a combined gene and cell therapy approach is clearly not appropriate for 

all applications, but this strategy has a number of advantages over in vivo gene 

delivery. Optimisation of vector transfer to cells and characterisation of cell 

responses will be undertaken in vitro, and therefore does not require the use of 

human subjects. Carrying out gene transfer ex vivo removes the problem of trying to 

achieve cell type-specific gene expression. If long term gene expression is not 

required or desirable, ex vivo gene transfer to non-stem or progenitor cell 

populations avoids the potential risk of transgenes being introduced to stem cell 

populations in vivo. The use of autologous or non-immunogenic cells should also 

avoid some of the challenges of overcoming organ immune defences.  

However, gene transfer into cells in vitro is not without challenges. Individual cells 

themselves are designed to exclude and destroy foreign materials, and DNA and 

the vectors themselves may be cytotoxic. Cells containing foreign material may be 

recognised as non-self upon in vivo delivery. Some viral vectors have particular 

safety issues, which will be detailed later.     

1.9.2 The challenges of gene transfer into cells 

The transformation of a human cell line through uptake of isolated extracellular DNA 

was first reported in 1962, however in this and subsequent studies it was apparent 

that uptake of exogenous DNA was highly inefficient and did not result in stable 

transformation [291, 292]. The discovery later that decade that some viruses were 

capable of integrating their genetic material in a heritable fashion into the target cell 

genome led to the idea that viruses could be used as vectors to introduce new 

genetic material into the host cell genome [292]. A growing understanding of the 

genes associated with human diseases, the identification and use of restriction 

endonucleases and the ability to clone specific genes led to increasing recognition 

of the potential for gene therapy in human disease and fuelled the development of 

vectors to transfer genetic material into cells [219, 292]. Growing knowledge of virus 

biology and the ability to clone gene sequences allowed the development of 

recombinant viral vectors, whilst in parallel non-viral methods for targeting genetic 

material to cells were developed [219, 292]. These systems have evolved 

considerably, and a variety of viral and non-viral methods have been used, which 

have their own advantages and disadvantages.  
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1.9.2.1 Viral vectors 

Viruses are obligate intracellular pathogens, and in order to survive and replicate 

viruses have evolved the ability to gain entry to cells, survive within cells, and 

facilitate nuclear entry and expression of the viral genome; and these natural 

attributes have made recombinant viruses popular choices as delivery vectors for 

gene therapy [293]. Through careful design, it has been possible to generate 

recombinant viral vectors devoid of a large portion of the viral genome, which lack 

the capacity for replication within host cells and have attenuated cytopathic effects 

and immunogenic potential [293]. The natural tropism of vectors can be exploited, or 

viral envelopes or capsids can be modified to alter target cell specificity [293]. The 

pathogenic and immunogenic nature of viruses has led to some safety issues and 

concerns over their use, many of which have been overcome through advances in 

viral vector design.  

1.9.2.2 Non-viral vectors  

Non-viral vectors are generally derived from cationic lipids or polymers which bind 

and form complexes with  negatively charged nucleic acid, forming microparticles or 

nanoparticles which can be taken up actively by cells by endocytosis [294, 295]. 

Physical methods such as electroporation and microinjection can be used to drive 

nucleic acids across the plasma membrane, and have generally been more 

applicable to the in vitro than the in vivo setting [294, 295]. However, more novel 

techniques such as ultrasound and magnetic field-assisted gene delivery show 

promise for in vivo use [296, 297]. Even after cell entry is achieved a number of 

barriers exist to successful gene delivery and expression, including potential for 

endosomal degradation after endocytosis, exposure to cytosolic nucleases and 

barriers to nuclear entry. Despite significant improvements in technology, non-viral 

delivery generally results in less efficient and more transient gene expression than 

viral vectors, and delivery of some vectors may be associated with a degree of 

cytotoxicity and generation of an inflammatory response [288, 294]. However, the 

use of non-viral vectors has been favoured by some because of enduring concerns 

over the safety and immunogenicity of viral vectors, and the relative ease of large 

scale production. 

Clinical gene therapy trials have favoured the use of recombinant viral vectors over 

non-viral gene delivery (Figure 1-12). 
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Figure 1-12: Vectors used in gene therapy clinical trials with ‘The Journal of Gene 
Medicine Database’. Data shown are percentages of total of 1843 worldwide clinical trials 
registered up to June 2012. http://www.abedia.com/wiley/vectors.php 

1.9.3 Challenges of gene transfer into macrophages 

Macrophages have proved to be a particular challenge for gene transfer using both 

non-viral and viral gene delivery vectors, reviewed by Zhang et al. [298]. As innate 

immune cells, macrophages are equipped to recognise foreign substances and 

pathogens, resulting in activation and secretion of microbicidal substances aimed at 

their elimination. Further, macrophages can act as antigen presenting cells, and 

presentation of foreign antigens from gene therapy vectors could trigger innate 

immune responses in vivo. A further challenge has been that, as terminally 

differentiated cells, macrophages are generally non-replicating, hampering the use 

of a number of viral vectors, some of which are most efficient in delivering genetic 

material to dividing cells with a replicative genome. Both non-viral and viral methods 

have been used for gene transfer to macrophages, with viral methods generally 

having been more successful [298]. Some of the commonly used viral vectors will 

be discussed, with particular emphasis on lentiviral vectors, which were used in the 

current study.  

1.9.3.1 Adenoviral vectors 

Adenoviruses are non-enveloped double-stranded DNA viruses, which are highly 

effective at infecting cells, including non-dividing cells. Upon infection, viral DNA is 

not generally integrated into the host cell genome, and remains episomal within the 

nucleus [293]. Adenoviruses are widely present in the human population generally 

being associated with mild disease [299]. Recombinant adenoviral vectors can 

http://www.abedia.com/wiley/vectors.php
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accommodate large DNA insets, up to 36 kb, have broad tissue tropism and are 

highly effective at transferring DNA into target cells. The inability of adenoviral 

vectors to integrate DNA into the host genome means that genetic material of vector 

origin is lost with cell division and transgene expression tends to be limited to 

several weeks, however the lack of integration negates the risk of genotoxicity [288, 

293]. A major obstacle to the use of adenoviral vectors has been overcoming their 

strong immunogenicity [299]. The death of an 18 year-old patient in 1999 from multi-

organ failure due to an overwhelming immune response after receiving experimental 

gene therapy using adenoviral vectors was a considerable setback in the use of 

adenoviral gene therapy vectors, and the progress of gene therapy per se  [300]. 

However, despite this setback, adenoviral vectors have been used in a number of 

subsequent clinical trials without such major adverse events. Advances in vector 

design have led to the production of adenoviral vectors with only limited viral 

genome (‘gutted’ vectors) which produce very little viral protein and are therefore 

less immunogenic [293]. Transduction of macrophages in vitro using adenoviral 

vectors has been achieved, however transduction efficiency was low, most likely 

because macrophages lack the specific high affinity receptor that mediates 

adenoviral entry [301].  

1.9.3.2 Adeno-associated viral vectors 

Adeno-associated viruses (AAV) are non-enveloped single-stranded DNA viruses, 

which are non-pathogenic in humans and require co-infection with a ‘helper’ virus 

(e.g. adenovirus, herpesvirus) to replicate [293]. AAV are capable of infecting both 

dividing and non-dividing cells, and a number of serotypes exist which each have 

particular affinity for particular host cell receptors, conveying tropism to a range of 

host cells. Wild-type AAV DNA integrates into the host cell DNA at a predictable 

site, but recombinant AAV vectors generally have the genes required for integration 

excised, and on infection of target cells DNA forms circular episomes that persist in 

the cell nucleus, resulting in long-term expression in non-dividing cells. A 

considerable advantage of AAV vectors is their lack of cytotoxicity and 

immunogenicity, however a disadvantage of AAV vectors is that they can only carry 

small DNA inserts, around 5 kb [288, 293]. AAV vectors have an excellent safety 

profile in clinical trials [293]. Successful transduction of human monocytes ex vivo 

has been reported using AAV [302]. 

1.9.3.3 Retroviral vectors 

Retroviruses are enveloped single-stranded RNA viruses. Their characteristic 

replication cycle results in permanent integration of their genetic material within the 
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host cell genome and this is viewed as advantageous because of the potential for 

stable transgene expression and germline transmission.  Retroviruses may be 

categorised as simple (gammaretroviruses) and complex (lentiviruses and 

spumaviruses). Viral vectors based on both gammaretroviruses and lentiviruses 

have been commonly used [293]. Lentiviruses have a number of advantages over 

other classes of retrovirus for gene delivery to macrophages. 

1.9.4 Lentiviral vectors for gene transfer into macrophages 

Lentiviral vectors are most commonly based on the human immunodeficiency (HIV)-

1 virus. 

1.9.4.1 Structure, replication cycle and genome of HIV-1 

Wild-type HIV-1, in common with all retroviruses, is a single-stranded RNA virus, 

with 2 identical copies of the RNA genome contained within a protein capsid and a 

lipid envelope. The capsid also contains the enzymes reverse transcriptase, 

integrase and protease, required for viral replication. The envelope contains spikes 

comprised of the transmembrane envelope glycoprotein gp41 and the cell surface 

glycoprotein gp120 (Figure 1-13).     

 

Figure 1-13: Cartoon showing the structure of the HIV-1 virion. Adapted from Costin et 

al. 2007 [303]. 

On infection of target cells, HIV-1 permanently integrates its genetic material into 

the host cell genome, resulting in transcription of a number of genes necessary for 

production of further viral particles and consequent cytopathic effects. The envelope 

glycoproteins gp120 and gp41 facilitate viral attachment to specific cell surface 

receptors and fusion with the host cell membrane, releasing viral RNA and enzymes 

into the host cell. Single-stranded viral RNA is converted to double-stranded DNA 
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by the viral enzyme reverse transcriptase, and viral DNA enters the cell nucleus and 

is permanently integrated into the host cell genome by the viral enzyme integrase. 

Viral DNA (provirus) is transcribed to make copies of viral RNA and mRNA encoding 

viral structural proteins and enzymes, and new virions are formed by assembly of 

viral RNA and proteins and released from the cell by budding (Figure 1-14) [304].  

Unlike gammaretroviruses, lentiviruses can efficiently integrate viral genetic material 

into the genome of slowly dividing and quiescent cells such as macrophages [305]. 

 

Figure 1-14: The replication cycle of wild-type HIV-1. (1) Viral attachment to host cell 
membrane. (2) Fusion of viral envelope with host cell membrane and release of viral RNA 
and enzymes. (3) Conversion of viral RNA to double stranded DNA by reverse transcriptase. 
(4) Integration of viral double stranded DNA into the host cell genome by integrase. (5) 
Transcription of viral RNA and mRNA encoding viral proteins and enzymes. (6) Assembly of 
virions and release by budding. 

The HIV-1 proviral genome is flanked by 3’ and 5’ long terminal repeats (LTR) 

containing regulatory regions and comprises 3 open reading frames with 9 genes 

and a number of cis-regulatory elements [303]. The genes are broadly divided into 3 

groups, structural, regulatory and accessory genes, which give rise to multiple gene 

products through alternative splicing and post-translational processing. Structural 

genes include Gag encoding capsid proteins, Pol encoding reverse transcriptase, 

integrase and protease enzymes and Env encoding viral envelope glycoproteins.  

Regulatory genes are Rev and Tat genes encoding mRNA-binding regulatory 

proteins. Accessory genes include Vpr, Vif, Vpu and Nef genes encoding proteins 

which broadly function to enhance infectivity and pathogenicity [303, 304]. Cis-

regulatory elements include the Rev response element (RRE) which promotes 

nuclear export of RNA, and the central polypurine tract (cPPT) which facilitates 

nuclear import of viral cDNA (Figure 1-15). 



Chapter One 

88 
 

 

Figure 1-15: Genome of wildtype HIV-1. Adpated from Costin et al. and Cimarelli et al. 

[303, 304]. 

1.9.4.2 Safety issues 

HIV-1 is a highly pathogenic virus for humans, and this has given rise to a number 

of theoretical safety concerns which have been progressively addressed by 

advances in the design of lentiviral vectors. In common with other recombinant viral 

vectors, lentiviral vectors can be generated that are replication-incompetent, 

meaning that no further viral particles are produced after the initial infection of the 

target cell. Additionally, highly efficient transduction can be achieved using vectors 

that contain minimal genetic material from wild-type HIV-1, including deletion of 

genes responsible for viral cytopathic effects [306]. 

Initial clinical experience of using retroviral vectors led to concerns over clonal 

expansion and malignant transformation of retroviral vector-transduced cells. 

Children with X-linked severe combined immonodeficiency due to genetic defects in 

lymphocytes were treated with bone marrow transplantation of HSCs transduced 

with retroviral vectors expressing the corrective gene, and a significant proportion 

developed leukaemia due to clonal expansion of lymphocytes [307]. It has emerged 

that insertion of the retroviral proviral genome into the host genome is not random, 

and a significant number of integration events occur within the promoter regions of 

proto-oncogenes, resulting in a risk of oncogenic mutations, a process known as 

insertional mutagenesis [307].  

Whilst it appears that the integration sites of HIV-1-based lentiviral vectors are not 

random, they do not seem to share the propensity to integrate into sites likely to 

activate proto-oncogenes and inactivate tumour suppressor genes [308]. The use of 

lentiviral vectors still carries a theoretical risk of insertional mutagenesis, but the 

development of ‘self-inactivating’ (SIN) vectors has minimised the risk of insertional 

mutagenesis. The 5’ and 3’ long terminal repeats (LTR), elements of the lentiviral 

genome, that are incorporated in the lentiviral vector and integrated into the host 

genome, contain promoter and enhancer regions. Insertion of these regions 
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upstream of genes can lead to generation of transcripts of normally quiescent genes 

through read-through. In the SIN vector design the promoter and enhancer regions 

of the LTRs are deleted, thus minimising the risk of read-through [309]. 

Additionally non-integrative lentiviral vectors have been manufactured, which lack 

the capacity for integration into the host cell genome due to a mutated integrase 

enzyme, and instead persist as episomal DNA within the nucleus. The episomes 

lack an origin of replication, hence their presence is transient in dividing cells, but 

they have potential to persist within non-dividing cells and reduce the risk of 

genotoxicity [310].  

1.9.4.3 Stability of transgene expression 

Experience has shown that transgene expression following retroviral transduction 

may be subject to ‘transcriptional silencing’, which occurs because of transgene 

integration at unfavourable sites and DNA methylation near transgene promoters. 

However modifications in viral promoter sequences have ameliorated this problem 

with transgene expression expected in around half of the integration sites [311]. It 

has been suggested that transcriptional silencing may also occur with lentiviral 

vectors, although perhaps to a lesser extent [311].  

1.9.4.4 Lentiviral vector tropism 

Wild-type HIV-1 has narrow tropism, primarily entering cells through attachment to 

cell surface CD4 (receptor) and co-receptors, and is capable of infecting a subset of 

CD4-postive helper T-cells and macrophages. Lentiviral vectors can be 

manufactured with the native viral envelope replaced by the viral envelope of other 

viruses, and this approach can be used to broaden or alter vector tropism. The 

vesicular stomatitis virus glycoprotein (VSV-G) is commonly used to facilitate viral 

entry into a wide variety of mammalian cells, and was used in this study [312]. 

Envelope proteins from a range of other viruses have been used, for example Ebola 

and rabies viruses, and these can narrow tropism for in vivo gene delivery [312].   

1.9.4.5 Lentiviral vectors in clinical practice 

In 2003, after approval from regulatory bodies including the Food and Drug 

Administration and the National Institutes of Health, the first phase I clinical trial 

using lentiviral vectors was commenced in the USA [135]. CD4+ T lymphocytes from 

patients with wildtype HIV-1 infection were obtained by apheresis, and transduced 

ex vivo using a lentiviral vector expressing an anti-sense gene against the HIV-1 

envelope gene; no evidence of development of replication competent vector-derived 

HIV-1 was found, and there was no evidence of insertional mutagenesis up to 3 
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years after administration [313]. Subsequently, lentiviral vectors have been used in 

a number of clinical trials, with successes being reported in the management of X-

linked adrenoleukodystrophy and β-thalassaemia [314, 315]. 

1.9.4.6 Lentivirus transduction of macrophages 

It has been shown that human monocyte-derived macrophages cultured ex vivo can 

be transduced with up to 90% efficiency using a VSV-G-pseudotyped HIV-1-based 

lentiviral vector [138]. Similarly, transduction rates of 60 – 90% have been reported 

for murine peritoneal macrophages and macrophages derived from bone marrow 

cells and circulating monocytes [316, 317].  
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1.10 Hypothesis and aims of the work in this thesis 

1.10.1 Hypothesis 

Exogenous genetically modified macrophages can be used as therapeutic vehicles 

to deliver KGF to the lung after fibrotic injury. 

1.10.2 Aims 

1. To generate macrophages expressing KGF through transduction with lentiviral 

vectors. 

2. To establish whether exogenous macrophages are retained in the lungs of mice. 

3. To determine whether delivery of KGF-transduced macrophages affects the 

nature or severity of bleomycin-induced lung injury in mice. 
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2 Materials and Methods 

 

2.1 Chemicals, solvents and plastics 

All chemicals were analytical grade or above, and were obtained from Sigma Aldrich 

(UK) unless stated otherwise. All water used in buffers was distilled and deionised 

(ddH2O) using a Millipore Water Purification System (Millipore RO10 followed by 

Millipore Q plus; Millipore Ltd, UK). Solvents used for high performance liquid 

chromatography (HPLC) were HPLC grade (BDH-Merck Ltd, UK). All other solvents 

were analytical grade, from BDH Prolabo, UK. Tissue culture media and reagents 

were from Invitrogen (UK), unless otherwise stated. Tissue culture flasks and sterile 

polypropylene centrifuge tubes and pipettes were from Nunc (UK).  

2.2 Animals 

All animal experiments were performed in compliance with Home Office and 

institutional guidelines. C57Bl/6 mice (Charles Rivers) were housed in a specific 

pathogen-free facility in individually ventilated cages, in the Central Biological 

Services Unit, UCL. The temperature was maintained at 18-20˚C with a 12 hour 

light/dark cycle. Animals had free access to food (normal sodium dry fishmeal diet) 

and water. When mice were given doxycycline in drinking water this was added at 

200 µg/ml with 3% (w/v) sucrose, and drinking water was shielded from light (due to 

the light-sensitivity of doxycycline).    

2.3 Cell Culture 

2.3.1 Cell lines 

HEK 293T cells, HeLa cells and L929 fibroblasts were obtained from Cancer 

Research UK, London Research Institute. IC-21 cells were obtained from the 

American Type Culture Collection.  

2.3.2 Propagation of cell lines 

Antibiotics, a combination of penicillin (50 IU/ml) and streptomycin (50 µg/ml), were 

used for all cell cultures. 293T cells and HeLa cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 10% (v/v) FBS, L-glutamine (2 

mM) and antibiotics. IC-21 cells and L929 cells were grown in RPMI 1640 

supplemented with 10% (v/v) FBS, L-glutamine (2 mM) and antibiotics. All cell lines 

were cultured at 37˚C in a humidified atmosphere with 5% CO2. With the exception 

of IC-21 cells, cells were passaged by washing twice with sterile phosphate-buffered 
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saline (PBS) and incubating with 20 – 30 µL/cm2 of 0.05% trypsin with EDTA at 

37°C for 5 minutes, or until cells detached. Media containing FBS was added at a 

ratio of 2:1 to neutralize trypsin, and the cell suspension was centrifuged at 300g for 

5 minutes. The pellet was resuspended in normal growth media and cells were 

plated in flasks or plates at the desired density. Trypsin is toxic to IC-21 cells, so 40 

– 50 µL/cm2 of a non-enzymatic cell dissociation buffer was used in place of 

trypsin/EDTA which did not require neutralisation with serum.  

2.3.3 Long term storage of cell lines 

A cell suspension was pelleted by centrifugation at 1200 rpm for 5 minutes and 

suspended in freezing media, 50% (v/v) medium (DMEM or RPMI 1640), 40% (v/v) 

FBS and 10% (v/v) dimethyl sulfoxide. 1 ml of cell suspension was transferred to a 

cryovial and frozen slowly to -80°C in an isopropanol freezing box. After 24 hours, 

cells were transferred to liquid nitrogen storage. For subsequent use, cells in 

cryovials were removed from liquid nitrogen and thawed rapidly in a water bath at 

37°C. They were then suspended in an appropriate volume of normal culture media 

and plated in flasks. Medium was exchanged for fresh medium when cells had 

adhered. 

2.3.4 Drugs and additives used in cell culture 

Stock solutions of drugs and additives used in tissue culture were filter-sterilized 

(0.22 µm), unless already sterile, and stored in aliquots at -20°C until use (Table 

2-1). All solvents were tissue culture-grade.  

Table 2-1: Stock solutions of drugs and additives used in tissue culture  

Drug/additive Solvent Concentration  Supplier 

Polybrene Water 4 mg/ml Sigma Aldrich 

Doxycycline hyclate Water 10 mg/ml Sigma Aldrich 

Puromycin PBS 2 mg/ml Sigma Aldrich 

D-luciferin PBS 10 mg/ml Regis Technologies 
Inc. USA 

Lipopolysaccharide from 
Escherichia coli 0127:B8  (LPS) 

Saline 500 µg/ml Sigma Aldrich 

2.3.5 Generation of Murine Bone Marrow-Derived Macrophages 

Bone marrow-derived haematopoietic stem cells undergo maturation into 

macrophages when cultured in the presence of the cytokine macrophage colony 

stimulating factor (M-CSF) [318]. Mouse bone marrow was harvested from C57Bl/6 

mice and used to generate large numbers of bone marrow-derived macrophages 

(BMDM) in vitro. 
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2.3.5.1 L929-conditioned medium containing M-CSF 

First, L929 cells, a murine fibroblast cell line that produce M-CSF, were used to 

produce conditioned media [319]. L929 cells were grown to confluence in T175 cm2 

flasks. When the cells reached confluence medium was exchanged for 40 ml fresh 

medium. After 14 days the conditioned medium was harvested, centrifuged at 400g 

for 10 minutes to remove any cell debris, filtered through a 0.45 µm syringe filter 

and stored at -20˚C. 

2.3.5.2 Harvesting of mouse bone marrow 

For bone marrow harvesting, mice were sacrificed by intraperitoneal (IP) injection of 

pentobarbital, and then exsanguinated. The skin was removed from the hind limbs, 

and hind limbs were removed and placed in sterile PBS. Under aseptic conditions, 

the muscles were removed to expose bones and any remaining connective tissue 

was removed using a scalpel. The ends of tibias and femurs were removed and the 

bone marrow was collected by flushing through the bone marrow cavity with sterile 

PBS using a 25 gauge needle.  

2.3.5.3 Isolation of haematopoietic stem cells from bone marrow 

The bone marrow/PBS was filtered through a 70 µm cell strainer to generate a cell 

suspension. The cell suspension was centrifuged at 300g for 10 minutes, 4˚C. The 

cell pellet was then re-suspended in 10 ml RPMI 1640 and centrifuged at 600g for 

10 minutes, 4 ˚C. Cells were re-suspended in supplemented RPMI (30 % v/v L929-

conditioned media was added to RPMI 1640 containing L-glutamine, antibiotics and 

containing 30% v/v FBS) to a concentration of 5 x 106 cells per ml. Cells were then 

transferred to tissue culture flasks at a density of 200 µl/cm2 and incubated at 37˚C, 

5% CO2. After 24 hours mesenchymal stem cells and contaminating fibroblasts 

should adhere to tissue culture plastic, leaving haematopoietic stem cells (HSC) in 

the non-adherent cell suspension.  

2.3.5.4 Differentiation of HSCs to macrophages  

The non-adherent cells were removed, counted and made up to a concentration of 

2.5 x 106 cells per ml in supplemented RPMI. 10 ml of the cell suspension was 

transferred to a T75 cm2 flask and topped up with a further 10 ml supplemented 

RPMI. Flasks were incubated for a further 4 days, after which 10 ml additional 

supplemented RPMI was added. Cells were cultured for a further 3 days, at which 

point macrophage differentiation should be achieved. Macrophages were 

maintained in supplemented RPMI. Cells were strongly adherent to tissue culture 

plastic, and to passage or mobilise they were washed twice with PBS and then were 
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incubated with a non-enzymatic cell dissociation buffer (50 µL/cm2), with gentle 

agitation, until cells detached. 

2.4 Generation of lentiviral vectors 

Third generation human immunodeficiency virus-1 (HIV-1)-based lentiviral vectors 

were produced and used to stably transduce macrophages  to express murine KGF 

and the reporter gene green fluorescent protein (GFP), or GFP only (control), or 

luciferase (for in vivo cell tracking).   

2.4.1 Replication-incompetent lentiviral vectors  

Techniques have evolved to generate HIV-1-based lentiviral vectors which are 

structurally similar to HIV-1 and exploit its capacity to permanently integrate genetic 

material into the host cell genome, but lack the ability to replicate within host cells 

and cause cytopathic effects. The genome of third generation vectors comprises 

limited HIV-1 genes, retaining the regulatory elements required for initiation of 

reverse transcription of viral RNA and transcription of proviral DNA, but lacking the 

structural and regulatory genes (gag, pol, env, rev and tat) required for production of 

new viral RNA and protein, and the accessory genes (Nef, Vpr, Vpu and Vif). 

Inserted sequences which can be cloned in may include transgenes and regulatory 

sequences which function to enhance transgene expression, with their own 

promoter regions. (Figure 2-1) [306].  
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Figure 2-1: Genome and transduction pathway of replication-incompetent HIV-1-based 
lentiviral vector. (A) The genome: the majority of the HIV-1 genome is deleted and 
additional gene sequences are present. (B) The transduction pathway: (1) Viral attachment 
to host cell membrane. (2) Fusion of viral envelope with host cell membrane and release of 
viral RNA and enzymes. (3) Conversion of viral RNA to double-stranded DNA by reverse 
transcriptase. (4) Integration of viral double stranded DNA into the host cell genome by 
integrase. (5) Transcription of proviral genes including transgenes; genes required for 
expression of RNA and proteins for production of further viral particles are absent so new 
virions are not produced. 

Third generation replication-incompetent HIV-1-based lentiviral vectors may be 

generated by co-transfection of a packaging cell line with plasmid DNA containing 

the limited HIV genome and inserted transgenes (lentiviral transfer vector plasmids) 

along with separate plasmids containing viral structural and regulatory genes. 

Hence, proteins required for production of new viral particles are expressed in the 

packaging cell line, but these genes are not incorporated into the genome of the 

lentiviral vector particles that are produced [306]. Wildtype HIV-1 has a limited 

tropism, and virions with altered tropism can be generated by co-transfecting with a 

plasmid containing the gene encoding the envelope protein of a different virus, a 

process termed pseudotyping; the vesicular stomatitis virus glycoprotein (VSV-G) is 

commonly used to facilitate viral entry into a wide variety of mammalian cells, and 

was used in this study [312]. 
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2.4.2 Lentiviral transfer vector plasmids 

2.4.2.1 pLenti-mKGF-IRES-eGFP 

The lentiviral vector transfer plasmid pLenti-mKGF-IRES-eGFP (courtesy of Dr S. 

Aguilar, UCL) was used to generate doxycycline-inducible lentiviral vectors co-

expressing KGF and GFP (Figure 2-2) [177].  

 

Figure 2-2: pLenti-mKGF-IRES-eGFP lentiviral transfer vector plasmid. (A) Plasmid 
map. The genome includes HIV-1-based genes (HIV elements, RRE, cPPT), elements of the 
‘Tet-on’ system (tetracycline responsive element (TRE) and tetracycline transactivator 
protein (rtTA) under control of human phosphoglycerate kinase (hum PGK1) promoter), 
human CMV promoter (hum CMV-IE), murine KGF (mKGF), an internal ribosomal entry site 
(IRES), enhanced green fluorescent protein (eGFP) and the woodchuck hepatitis virus post-
transcriptional regulatory element (WPRE). The plasmid includes a colE1 origin region and 
the ampicillin (Amp) resistance gene for propagation in bacteria. (B) Gene sequences 
inserted into host cell genome after transduction with pLenti-mKGF-IRES-eGFP-based 
lentiviral vectors. Viral long terminal repeats (LTR) are used to insert genetic material into 
the host cell genome.  

An ‘IRES’ (internal ribosomal entry site) between the mKGF and eGFP genes 

facilitates coordinate expression of these two genes. The IRES sequence derived 

from the encephalomyocarditis virus, which directs translation of the second protein 

when it is inserted between two open reading frames [320]. Transcription of mKGF-

IRES-eGFP is driven by a human CMV promoter, which is constitutively active in 

mammalian cells. The woodchuck hepatitis virus post-transcriptional regulatory 
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element (WPRE) has been shown to improve transgene expression in target cells, 

and this is thought to be due to alterations in RNA processing resulting in increased 

transgene specific cytoplasmic RNA [321]. The inclusion of the HIV-based central 

polypurine tract (cPPT) sequence has been shown to increase transduction 

efficiency and enhance transgene expression, possibly by increasing transgene 

copy number in target cells [321].  This vector uses a Tet-on system, which requires 

the presence of a tetracycline compound, such as doxycycline, for expression of 

target genes [322]. Gene expression is driven by a strong promoter, the tetracycline 

responsive element (TRE), downstream of the target genes. A separate region of 

the plasmid contains a gene encoding the reverse tetracycline transactivator protein 

(rtTA), which is constitutively expressed under control of a human phosphoglycerate 

kinase (humPGK 1) promoter. Activation of the TRE requires binding of rtTA protein, 

which can only occur when the rtTA protein forms a complex with a tetracycline 

compound (Figure 2-3). 

  

Figure 2-3: The Tet-on system. Activation of the tetracycline responsive element (TRE) is 
required for humCMV promoter activity, driving mKGF and eGFP expression. Activation of 
the TRE requires binding of the tetracycline transactivator protein (rtTA). The rtTA protein is 
constitutively expressed under control of the human phosphoglycerate kinase (humPGK) 
promoter. (A) In the absence of doxycycline the rtTA protein is unable to bind and activate 
the TRE. (B) Doxycycline forms a complex with the rtTA protein, enabling it to bind and 
activate the TRE, switching on expression of mKGF and eGFP. 

2.4.2.2 pLenti-IRES-eGFP 

The lentiviral vector transfer plasmid pLenti-IRES-eGFP (also courtesy of Dr S 

Aguilar, UCL) was used to generate lentiviral vectors expressing GFP only (‘no 
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KGF’ control). This plasmid contains all the sequences of pLenti-mKGF-IRES-

eGFP, with the exception of the mKGF gene (Figure 2-4).  

 

 

Figure 2-4: The lentiviral transfer vector plasmid pLenti-IRES-eGFP. This plasmid 
contains the same gene sequences as pLenti-mKGF-IRES-eGFP (Figure 2-2), with the 
exception of mKGF.  

 

2.4.2.3 pLenti-CMV-Puro-Luc 

The lentiviral transfer vector plasmid pLenti-CMV-Puro-Luc (from Dr. E. Campeau, 

University of Massachusetts Medical School, purchased through Addgene Inc., MA, 

USA) was used to generate lentiviral vectors expressing luciferase. The lentiviral 

backbone of this plasmid differed from that of pLenti-mKGF-IRES-eGFP and pLenti-

IRES-eGFP, but it was compatible with the same system of packaging and 

envelope vectors to produce 3rd generation HIV-1-based lentiviral vectors [323]. This 

plasmid constitutively expresses both firefly luciferase, under control of a CMV 

promoter, and the puromycin resistance gene, under control of a murine 

phosphoglycerate kinase promoter (Figure 2-5). 
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Figure 2-5: pLenti-CMV-LUC-Puro plasmid map. This genome includes CMV promoter 
(CMV) controlling expression of firefly luciferase (LUC) expression, phosphoglycerate kinase 
promoter (PGK) promoter controlling expression of the puromycin resistance gene, 
Woodchuck post-transciptional regulatory element (WPRE), HIV-1 based sequences 
including 5’ and 3’ long terminal repeats (LTR), central polypurine tract (cPPT) and rev 
response element (RRE), and the ampicillin resistance gene (Amp) and pUC origin for 
replication in bacteria. SV40 pA is the SV40 origin of replication. Plasmid map courtesy of Dr 
E. Campeau, University of Massachusetts Medical School. 

 

Other features of this plasmid, including the ampicillin resistance gene (Amp) and 

pUC origin for replication in bacteria, Woodchuck post-transcriptional regulatory 

element (PRE), central polypurine tract (cPPT)  and RRE (Rev response element) 

are common to pLenti-mKGF-IRES-eGFP and pLenti-IRES-eGFP and have already 

been described (2.4.2.1). 

2.4.3 Propagation of lentiviral transfer vector plasmids in Escherichia coli  

Large-scale production of lentiviral vectors required large amounts of lentiviral 

transfer vector plasmid DNA. These plasmids contain specific ‘origin of replication’ 

sequences that enable replication of plasmids in Escherichia coli (E. coli) bacteria, 

and the ampicillin resistance gene.  Hence, plasmids can be transformed into E. coli 

and propagated by bacterial growth in antibiotic selective media. For all E. coli 

culture, carbenicillin, an antibiotic with a similar spectrum of activity to ampicillin, 

was used at a concentration of 50 µg/ml.  
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2.4.3.1 Transformation of E. coli 

Plasmids were transformed into E. coli by heat-shocking. Approximately 50 ng 

plasmid DNA was mixed with 50 µl One Shot ® TOP10 chemically competent E. coli 

(Invitrogen) and incubated on ice for 5 minutes. Bacteria were heat-shocked by 

submersion in a water bath at 42˚C for 30 seconds and then incubated on ice for 2 

minutes. 250 µl SOC medium was added and the bacteria were incubated in a 

shaking incubator at 37˚C for 1 hour, 220 rpm.  

2.4.3.2 Generation of single plasmid-transformed bacterial colonies 

10 – 100 µl of the above transformed bacteria were spread onto pre-warmed 

selective-LB (Luria Bertani) agar plates and incubated overnight at 37˚C. Selective-

LB Agar plates were made by pouring a thin layer of warm selective-LB Agar into 90 

mm sterile petri dishes (Fisher) and cooling at 4°C until set.  LB Agar was made by 

dissolving 35 g LB Agar per 1 L water, autoclaving for 15 minutes at 121°C and 

cooling to around 50°C before addition of carbenicillin. After overnight culture, plates 

containing single colonies were stored at 4°C.  

The pLenti-CMV-Puro-Luc plasmid was supplied as a ‘bacterial stab’, a vial of 

antibiotic selective LB agar (containing ampicillin) which had been inoculated with 

pLenti CMV Puro LUC-transformed E. coli, so single colonies for this plasmid were 

generated by using a sterile loop to spread bacteria from the bacterial stab onto 

selective-LB agar plates. 

2.4.3.3 Generation of ‘starter cultures’ from single colonies 

Single colonies of bacteria were picked off plates using a sterile loop and used to 

inoculate 5 ml selective LB-broth in a 15 ml falcon tube. For selective LB-broth, LB-

broth powder was dissolved at 20g/L in water, autoclaved for 15 minutes at 121°C 

and cooled to around 50° before addition of carbenicillin. These were incubated for 

8 -10 hours in a shaking incubator at 37˚C and 220 rpm.  

2.4.3.4 Extraction of plasmid DNA from starter cultures 

DNA was extracted from the starter cultures using the FastPlasmid® Mini kit 

(Eppendorf, Cambridge, UK), according to the manufacturer’s instructions. 1.5 ml 

culture solution was centrifuged at 16,100g for 1 minute. The bacterial pellet was 

then re-suspended in 400 µl lysis solution by vortexing for 30 seconds. The lysate 

was incubated at room temperature for 3 minutes and centrifuged through a spin 

column assembly for 1 minute. The spin column was then washed by centrifuging 

through 400 µl wash buffer and dried by centrifuging for 1 minute. DNA was eluted 

by centrifuging 50 µl elution buffer through the column into a collection tube. 
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2.4.3.5 Restriction digests   

Restriction digests were performed on DNA extracted from starter cultures of 

bacteria transformed with pLenti-mKGF-IRES-eGFP and pLenti-IRES-eGFP, to 

confirm the presence of plasmid DNA before larger scale cultures. Both plasmids 

contain single cutting sites for the restriction enzymes Mlu1 and EcoRV. A 50 µl 

reaction volume containing 1 µg plasmid DNA, restriction enzymes (20 units each), 

buffer 3 and 100 µg/ml BSA was prepared in nuclease-free water and incubated at 

37˚C for 1 hour. Enzymes, Buffer 3 and BSA were from New England Biolabs (NEB, 

Hitchin, UK). 2.5 µl loading buffer (0.25% w/v bromophenol blue and 40% w/v 

sucrose) was added to 12.5 µl of the digest product and loaded on a 1% (w/v) 

agarose gel. For the agarose gel, 1 g agarose (Bioline) was dissolved in 100 ml 

TBE buffer (Tris/Borate/EDTA buffer, 10.8 g Tris base, 5.5 g boric acid and 4 ml 0.5 

M EDTA per 1L water) and microwaved for 2 minutes. 3 µl GelRed™ nucleic acid 

gel stain was added and gel was poured into a tray. Gels were electrophoresed at 

50 – 80 volts to separate DNA fragments, and visualised by UV transillumination in 

a GeneGenius system. The HyperLadder I molecular weight marker (Bioline) was 

used to determine the size of the DNA fragments.  

2.4.3.6 Propagation of plasmids in E. coli and extraction of plasmid DNA 

Starter cultures containing plasmid DNA were used to inoculate 500 ml selective 

LB-broth in a large conical flask, and cultures were incubated overnight in a shaking 

incubator at 37˚C and 220 rpm. The bacteria were pelleted by centrifuging the 

culture broth at 14,000g for 10 minutes, 4˚C (Sorvall RC5C centrifuge, DuPont). 

Plasmid DNA was extracted from the bacteria using PureLink™HiPure Plasmid 

Maxiprep Kit (Invitrogen). The bacterial pellet was re-suspended in 20 ml 

resuspension buffer containing RNase. 20 ml lysis buffer was added, mixed and 

incubated at room temperature for 5 minutes. 20 ml precipitation buffer was then 

added and the mixture was centrifuged at 12,000g for 10 minutes at room 

temperature (Sorvall RC5C centrifuge, DuPont). Filter columns were equilibrated by 

adding 30 ml equilibration buffer and the supernatant from the previous step 

(containing the DNA) was run through the column. The column was washed by 

running through 60 ml wash buffer, and then the DNA was eluted into a 50 ml falcon 

tube by running through 15 ml elution buffer. 10.5 ml isopropanol was added to 

precipitate the DNA and this was centrifuged at 3,838 g for 30 minutes at 4˚C. The 

DNA pellet was re-suspended in 70 % ethanol and centrifuged at 3,838 g for 20 

minutes at 4˚C. The DNA pellet was air-dried and re-suspended in 200 – 400 µl TE-

buffer. 
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2.4.3.7 Quantification of plasmid DNA  

DNA was quantified and purity checked using a spectrophotometer (NanoDrop 

2000, Thermo Scientific). Nucleic acids absorb ultraviolet light in a specific pattern, 

and the amount of light absorbed at different wavelengths can be used to indicate 

the concentration and purity of nucleic acids, with the ratio of absorbance at 260 

and 280 nm (A260/280 ratio) of greater than 1.8 expected for pure DNA. Maxiprep 

yields were in the region of 500 – 1000 µg DNA, and A260/280 ratios > 1.9.  

2.4.4 Transient transfection of 293T cells with lentiviral transfer vector 

plasmids 

293T cells, a Human Embryonic Kidney cell line, are commonly used as a 

packaging cell line for production of lentiviral vectors; 293T cells are extremely 

permissible to transfection, contain the SV40 large T-antigen which supports 

episomal replication of transfected plasmids containing the SV40 origin of 

replication, and are capable of producing very high levels of protein. Production of 

high titre lentiviral vectors requires efficient transfection of 293T cells. Scaled-down 

transfections using the 3 lentiviral transfer vector plasmids were carried out in order 

to assess transfection efficiency and verify appropriate transgene expression before 

proceeding to large-scale production of lentiviral vectors.  

2.4.4.1 Transfection using JetPEI™ 

As both DNA and the cell surface membranes are negatively charged, DNA does 

not naturally bind and get taken up by cells. A number of methods exist to facilitate 

transfection, and chemical transfection reagents including cationic polymers can be 

used. Polyethylenimine (PEI) PEI is a cationic polymer which condenses DNA into 

positively charged particles which bind to anionic cell surface residues and are then 

endocytosed. JetPEI™ is a commercially available linear polyethylenimine 

derivative, manufactured as a 7.5 mM solution, which has been reported to produce 

excellent transfection rates [324].  

1 x 106 293T cells were plated in 6-well plates the day before transfection, aiming 

for confluence of 80-90% on the day of transfection. 6 µl JetPEI™ was added to 50 

µl 150 mM sodium chloride (per well), (both from Polyplus, Nottingham, UK), and 

vortexed.  3 µg DNA was added to 50 µl 150 mM sodium chloride (per well) and 

vortexed, and filter-sterilised (0.22 µm). The PEI/sodium chloride mix was added to 

the DNA/sodium chloride mix, vortexed and incubated at room temperature for 15 – 

30 minutes. The medium on the cells was exchanged for 1 ml fresh media, and the 

DNA/PEI mix was added drop-wise. After 4 hours the medium was exchanged for 2 
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ml DMEM fresh medium. For pLenti-mKGF-IRES-eGFP and pLenti-IRES-eGFP, the 

DMEM contained 10 µg/ml doxycycline to induce transgene expression. 

2.4.4.2 Assessment of transgene expression 

For pLenti-mKGF-IRES-eGFP and pLenti-IRES-eGFP, flow cytometry was carried 

out after 48 hours to measure GFP expression (section 2.13).  For pLenti-mKGF-

IRES-eGFP, cell supernatants were removed after 48 hours and stored at -80˚C for 

subsequent measurement of KGF concentration by ELISA (section 2.16.1). For 

pLenti-CMV-Puro-Luc, luciferin (150 µg/ml) was added to culture media and 

expression of luciferase in transfected cells was confirmed using bioluminescence 

imaging (section 2.10.1).    

2.4.5 Co-transfection of 293T cells with lentiviral transfer vectors, pMD.G2 

and pCMV-dR8.74 to produce lentiviral vectors 

The envelope vector pMD.G2 expressing VSV-G, and packaging vector pCMV-

dR8.74 expressing HIV-1 genes Gag, Pol, Rev and Tat, were used for lentiviral 

vector production (both gifts from Prof A Thrasher, UCL). 293T cells were kept at a 

confluence of above 50% on the week before transfection and passaged on 

alternate days at a ratio around 1:3, depending on growth rates. Cells were not 

allowed to become over-confluent. The day before transfection, confluent flasks 

were split at a ratio of 1:2 to 1:2.5 to reach 80-90% confluence on the day of 

transfection.  Up to 18 T175 cm2 flasks were used for lentivirus production. 

For transfection, for each T175 cm2 flask, 20 µg lentiviral transfer vector, 7 µg 

pMD.G2 and 13 µg pCMV-dR8.74 were added to 1 ml 150 mM sodium chloride, 

vortexed and sterile filtered (0.22 µm). 80 µl JetPEI was added to 1 ml 150 mM 

sodium chloride and vortexed. The PEI/sodium chloride was then added to the 

DNA/sodium chloride mix and incubated at room temperature for 15 – 30 minutes. 

The culture medium in each flask was exchanged for 13 ml fresh medium, and 2 ml 

of DNA/PEI mix was added to each flask. The flasks were incubated at 37˚C for 4 

hours, following which the medium was exchanged for 20 ml fresh culture medium. 

The following day the medium on the cells was again exchanged for fresh medium, 

12 ml per flask. 

2.4.6 Harvest of lentiviral vectors from 293T cell supernatants 

The following day, 48 hours after transfection, the cell supernatant from each flask 

(containing lentiviral vector particles) was taken off and exchanged for 12 ml fresh 

culture medium. The cell supernatant was centrifuged at 300g for 10 minutes to 

clear any cell debris, filtered through a 0.45 µm syringe filter, transferred into Ultra-
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clear™ centrifuge tubes (Beckman, High Wycombe, UK) and concentrated by 

ultracentrifugation at 50,000g for 2 hours at 4˚C (SW28 rotor, Optima™ LE-80K 

Ultracentrifuge, Beckman, High Wycombe, UK). The supernatant was poured off 

and 100 µl of optimem (Invitrogen) was added to each viral pellet and incubated on 

ice for 60 minutes. The viral pellet was carefully re-suspended using a P10 pipette 

and stored in aliquots at -80˚C. The following day, 72 hours after transfection, viral 

harvesting and concentration was repeated.  

2.4.7 Titration of lentiviral vectors by transduction of HeLa cells 

Titres of lentiviral vectors expressing GFP were estimated by transduction of HeLa 

cells (cervical carcinoma cell line), which are known to be permissive to 

transduction. The day before transduction, 1 x 105 HeLa cells were plated in each 

well of a 12-well plate. For transductions, serial 5-fold dilutions of virus were made 

in culture medium, ranging between 20 µl/ml and 0.0032 µl/ml virus in 0.5 ml of 

medium. HeLa cells were incubated with culture medium containing virus overnight. 

The following day the culture medium was exchanged for medium containing 10 

µg/ml doxycycline to induce transgene expression. The proportion of GFP positive 

cells was assessed by flow cytometry after 48 or 72 hours. The viral titer in 

transducing units per ml (TU/ml) was calculated using the following formula: 

                                                                                 

2.5  Transduction of macrophages with lentiviral vectors 

Both BMDM and the IC-21 macrophage cell line were transduced with the KGF-, 

GFP- and luciferase-lentiviral vectors. BMDM can’t be expanded and stored after 

transduction, so transduction of a cell line was used to generate the large numbers 

of GFP-, KGF- and luciferase-transduced macrophages required for initial proof of 

principle in vivo studies. The IC-21 cell line is a murine macrophage cell line derived 

by Simian Virus 40-transformation of C57Bl/6 peritoneal macrophages [325].  

For each target cell and batch of vector a range of viral concentrations were initially 

used to determine the optimal multiplicity of infection (MOI) for transduction. The 

MOI represents the number of transducing units of vector per cell, and the 

concentration of virus required to achieve each MOI could be calculated using the 

vector titres (from HeLa cell titrations) and the number of cells plated. HeLa cell 

titrations weren’t carried out for the luciferase lentiviral vector so it wasn’t possible to 

estimate the actual MOI used, however knowledge of the optimal vector 

concentration for a given cell number at a particular density is adequate. Vector 
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titres were helpful as a starting point for choosing an appropriate range of viral 

concentrations for transduction.  

As both the viral particles and cell surface membranes carry an overall negative 

charge, the use of cationic polymers such as polybrene may neutralise charge 

repulsion and enhance transduction efficiency, so polybrene was used for some 

transductions [326].  

2.5.1 Transduction of BMDM with KGF- and GFP- and luciferase-lentiviral 

vectors 

The same approach was used for transduction with BMDM using the 3 lentiviral 

vectors. All transductions were carried out on days 7 to 9 after bone marrow 

harvesting. On the day before transduction, cells were plated in 12-well plates at 

densities of between 0.5 x 105 to 1.0 x 105 cells per well. For transduction, a range 

of dilutions of lentiviral vector were made in culture medium, and 0.5 ml of medium 

containing the number of vector particles for the required MOI was exchanged for 

the medium on each well. The culture medium used throughout was supplemented 

RPMI (section 2.3.5.3). When polybrene was used for transductions, polybrene (8 

µg/ml) was first added to medium used to make serial dilutions of viral vector. The 

following day, approximately 16 hours after transduction, the medium was 

exchanged for fresh medium.  

For KGF- and GFP-lentiviral vectors, doxycycline was added to media on the day 

after transduction to induce transgene expression. Initially 10 µg/ml doxycycline was 

used, and this was subsequently reduced to 1 µg/ml, because of potential 

cytotoxicity. Fluorescence microscopy and flow cytometry were carried out 48 – 72 

hours after addition of doxycycline to determine the efficiency of transduction. For 

the luciferase-lentiviral vectors, cells were imaged using IVIS® (2.10.1) to determine 

bioluminescence emission from each well and hence the efficiency of transduction.  

The GFP- and luciferase-lentiviral vectors were used to generate BMDM expressing 

GFP and luciferase for use in in vivo pilot studies. Scaled-up transductions were 

carried out based on the optimal MOI/viral concentration determined from 12-well 

plate titrations. Cells were seeded in T75 cm2 flasks on the day before transduction, 

and the appropriate volume of concentrated viral vector for the chosen MOI added 

to 8ml culture media for transduction. The media was exchanged for fresh media 

the following day. 
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2.5.2 Transduction of IC-21 macrophage cell line with KGF- and GFP- 

lentiviral vectors 

IC-21 cells were first transduced with the KGF-lentiviral vector; cells were 

transduced with the GFP-lentiviral vector after optimisation of the protocol. IC-21 

cells were plated in 6-well plates at a density of 3 x 105 cells per well and viral vector 

was diluted in 1 ml media for a range of MOIs. Polybrene 4 µg/ml was added to 

media used to make these serial diultions for the initial transductions. The following 

day, approximately 16 hours after the start of transduction, medium was exchanged 

for medium containing doxycycline (1.25 – 10 µg/ml). 48 hours after addition of 

doxycycline, fluorescence microscopy was carried out to assess GFP expression. 

Doxycycline-inducible expression of KGF was confirmed at the mRNA level by 

quantitative real-time PCR (2.14.3) and at the protein level by KGF ELISA of cell 

supernatants (2.16.1).  

For in vivo studies, it was desirable to achieve the best possible transduction rates 

and cell yield. Cells were subsequently transduced in T75 cm2 flasks by adding the 

concentrated viral vector to the cell suspension before it was added to the flask. The 

medium was exchanged for fresh media the following day. Flow cytometry was 

carried out to estimate transduction efficiency 48 hours, or longer, after addition of 

doxycycline to culture media. Cells were then expanded in T175 cm2 flasks for use 

in in vivo studies.  

2.5.3 Transduction of IC-21 macrophage cell line with luciferase lentivirus 

Cells were seeded in 6-well plates at a density of 1 x 105 cells per well 2 days 

before transduction. Serial dilutions of vector were made (20 µl to 0.156 µl virus) in 

1 ml medium, and added to cells. The following day, approximately 16 hours after 

the start of transduction, medium was exchanged for normal medium. 48 hours after 

transduction, cells were imaged using IVIS® to measure bioluminescence emission 

and determine the most efficient viral concentration for transduction. Cells were 

passaged from 6-well plates and expanded in T175 cm2 flasks for use in vivo 

studies.  

Puromycin is an inhibitor of protein synthesis which is toxic to eukaryotic cells. The 

puromycin resistance gene, encoding puromycin N-acetyl transferase, was 

constitutively expressed in cells transduced using the luciferase-lentiviral vector. In 

order to determine the concentration of puromycin that was toxic to IC-21 cells, 

puromycin was added to untransduced cells at concentrations ranging from 1 µg/ml 

to 10 µg/ml. After 48 hours concentration-dependent cell death had occurred, with 
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no cells surviving at concentrations of puromycin of 2 µg/ml and above. Luciferase-

transduced cells were grown in media containing 2 µg/ml puromycin for at least 1 

week during expansion to enrich the luciferase-transduced cells.     

2.6 Phagocytosis assay for transduced and untransduced IC-21 

cells  

A phagocytosis assay was carried out to determine the effects of lentiviral 

transduction and doxycycline on IC-21 cell behaviour. Untransduced IC-21 cells 

(with and without doxycycline), and KGF-transduced IC-21 cells (with and without 

doxycycline), were plated in 6-well plates at a density of 5 x 105 cells per well. Cells 

were incubated for 2 hours with 5 ng/ml tumour necrosis factor α (PeproTech) to 

activate the macrophages. Fluorescent red carboxylate-modified latex beads (2 µm 

diameter) were added, at a concentration equivalent to 40 beads per cell. Plates 

were centrifuged at 250g for 10 minutes at room temperature and then incubated at 

37˚C for 30 minutes. Cells were washed 3 times with media to remove non-adherent 

beads and were incubated at 37˚C for a further 90 minutes. Cells were then 

examined by fluorescent microscopy and flow cytometry to determine the uptake of 

fluorescent beads.  

2.7 Proliferation assay of mouse tracheal epithelial cells co-

cultured with KGF-macrophages 

KGF-transduced IC-21 cells, or untransduced controls, were co-cultured with 

primary mouse tracheal epithelial cells (MTEC). Mouse tracheal epithelial cells 

(MTEC) were isolated, grown on transwell plates in submerged culture until 

confluence and then cultured at air liquid interface in specialised growth media to 

induce ciliated cell differentiation, using the methods described by Brody et al., with 

minor modifications [327]. Macrophages were seeded in the bottom chamber of the 

transwell plates and MTEC proliferation was measured using a 5-bromo-2′-

deoxyuridine (BrdU) incorporation assay (Figure 2-6). 
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Figure 2-6: Experimental scheme for co-culture of KGF-transduced IC-21 
macrophages with primary mouse tracheal epithelial cells. 

 

2.7.1 Culture media for mouse tracheal epithelial cells 

MTEC-Basic media was made from DMEM and F12K media, ratio 3:1, containing 

L-glutamine and penicillin/streptomycin and buffered with 0.4 mM sodium 

bicarbonate and 0.015 M HEPES. 

MTEC-Plus media was made from MTEC-Basic containing FBS (5% v/v), insulin 

(10 µg/ml), bovine pituitary extract (BPE, 0.03 mg/ml), transferrin (5 µg/ml), 

epidermal growth factor (25 ng/ml) and cholera toxin (0.1 µg/ml). The concentration 

of BPE varied with batch, and this was aliquotted and stored at -20°C. Stock 

solutions of other additives were made, filtered through a 0.2 µm syringe filter and 

stored in aliquots at -20°C. For stock solutions, insulin (from bovine pancreas) 

mg/ml was diluted in 5mM hydrochloric acid (5 mg/ml), and transferrin (2.5 mg/ml), 

EGF (12.5 µg/ml) and cholera toxin (50 µg/ml) were dissolved together in PBS.  

Retinoic acid was added to media just before use, at concentrations of 1 x10-8 M or 

5 x 10-8 M.  Retinoic acid is sensitive to UV light, air, and oxidizing agents, so a 0.01 

M stock solution of retinoic acid (in 100% ethanol) was made and stored at -80°C for 

up to 4 weeks. Media containing retinoic acid was shielded from light.   

2.7.2 Preparation of transwell plates 

MTEC were grown in transwell plates (Costar) with 10 µm thick transparent 

polyester membranes (pore size 0.4 µm), surface area 0.33 cm2, in a 24-well plate 

format. Membranes were pre-coated with collagen IV (collagen from human 

placenta Bornstein and Traub Type IV) at 50 µg/cm2. A solution of 0.66 µg/ml 

collagen IV was made in 0.25% acetic acid, and diluted 1:1 in 100% ethanol 

immediately prior to use. This was pipetted onto the membranes at 50 µg/cm2, and 
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left to dry in the tissue culture cabinet overnight. Membranes were washed once 

with media prior to seeding cells.  

2.7.3 Isolation and culture of mouse tracheal epithelial cells 

16-20 week old male C57Bl/6 x CBA mice were sacrificed by intraperitoneal (IP) 

injection of pentobarbital followed exsanguination by ligation of the inferior vena 

cava. The trachea was exposed using a midline sternotomy incision, and fatty tissue 

and salivary glands were removed. The trachea, including the larynx, was dissected 

down to the carina, excised, placed in F12K media (with penicillin/streptomycin) and 

kept on ice. Each trachea was transferred into a cell culture dish and cleaned by 

removing mediastinal tissue by blunt dissection, using a Leica MZ6 dissecting 

microscope with Euromax fiber optic light source EK-1. Tracheas were transferred 

to a fresh tube containing F12K media with antibiotics. Tracheas were then digested 

overnight at 4°C in 0.15% pronase (Roche Applied Science, UK), a mixture of non-

specific proteases, to detach epithelial cells, 1 ml per trachea. Pronase was 

dissolved at 1.5 mg/ml in F12K media containing penicillin/streptomycin and L-

glutamine and filtered through a 0.22 µm syringe filter. 

After overnight digestion, FBS was added to the F12K/pronase, to a final 

concentration of 10% FBS. The tube was inverted briskly 5 times to disturb tissue, 

and the tracheal husk was removed to another 15 ml falcon tube containing 5 ml 

F12K supplemented with 10% FBS, with L-glutamine and penicillin/streptomycin. 

This process was repeated for a total of 5 falcon tubes. The tracheal husk was 

discarded and the media from the 5 falcon tubes, containing the dissociated 

tracheal cells, was combined and centrifuged at 300g for 10 minutes at 4°C. The 

cell pellet was resuspended in 0.5 mg/ml DNase (deoxyribonuclease I from bovine 

pancreas) in F12K media and 1% bovine serum albumin (BSA), incubated on ice for 

5 minutes and centrifuged at 1200 rpm for 6 minutes at 4°C. Cells were then 

resuspended in 1.5 - 2 ml MTEC-basic media per trachea, transferred to a T25 

tissue culture flask and incubated at 37°C, 5% carbon dioxide, for 2 hours to allow 

plastic adherence of any contaminating fibroblasts.  

After 2 hours, the supernatant containing the non-adherent epithelial cells was 

removed and was centrifuged at 300g for 5 minutes at room temperature. The cell 

pellet was resuspended in MTEC-plus with 1 x 10-8 M retinoic acid, 200 µl per 

trachea. A 10 µl aliquot of cells was mixed 1:1 with trypan blue, and live cells were 

counted using a haemocytometer. Intact cell membranes are impermeable to trypan 

blue, and cells that had taken up trypan blue were considered non-viable. Cells 
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were suspended in MTEC-plus with 1 x 10-8 M retinoic acid to a concentration of 2 x 

105 per ml. 500 µl of MTEC-plus with 1 x 10-8 M retinoic acid was added to the lower 

chamber of each well in a 24-well transwell plate, and 150 µl of the cell suspension 

was added to the upper chamber, 3 x 104 cells per well. Each trachea yielded 

approximately 1.5 - 2 x 105 epithelial cells. The media on the upper and lower 

chambers was exchanged for fresh media every 2 – 3 days.  

When cells became confluent (days 7 – 9 after plating), the media from the upper 

chamber was removed and the media in the lower chamber was exchanged for 

MTEC-basic with 2% Nu-Serum™ (BD Biosciences, UK) and 5 x 10-8 M retinoic 

acid. Nu-Serum™ is a low serum supplement for cell culture media which contains a 

number of growth factors and nutrients including epidermal growth factor (EGF), 

insulin, transferrin, triiodothyronine and glucose. At this stage the cells excluded 

media from the bottom well, and were hence growing at air-liquid interface. The 

media in the lower chamber was changed 3 times per week.  

2.7.4 Co-culture of MTEC with macrophages and assay of MTEC proliferation  

After 3 weeks growing at air-liquid interface, MTEC form a differentiated pseudo-

stratified epithelium, with cell proliferation being a rare event [327]. 24 days after 

bringing MTEC to air-liquid interface, macrophages were seeded in the bottom 

chamber of the transwell plates at a density of 1 x 105 cells per well. KGF-

transduced IC-21 cells were exposed to doxycycline for 72 hours to induce KGF 

transgene expression. The culture media used for co-culture was made from DMEM 

and F12K, ratio 3:1, containing L-glutamine, pencillin/streptomycin and doxycycline 

1 µg/ml, with no other additional growth factors or additives. After 24 hours of co-

culture, concentrated bromo-2′-deoxyuridine (BrdU, Invitrogen) was added to culture 

media at a 1:100 dilution. BrdU is a synthetic analogue of the nucleotide thymidine 

which is incorporated into newly synthesised DNA of replicating cells, and can be 

detected using an antibody directed against BrdU by immunostaining. 3 hours after 

addition of BrdU, membranes were washed twice, above and below, with PBS, fixed 

for 20 minutes at room temperature with 4% paraformaldehyde, washed twice with 

PBS and then stored at 4°C in PBS until immunofluorescence staining was carried 

out (1122.7.5).      

2.7.5 Immunofluorescence staining of mouse tracheal epithelial cells 

MTEC membranes were kept in transwells for whole mount immunofluorescence 

staining for BrdU, the epithelial cell marker E-cadherin, the basal cell marker 

cytokeratin 14 (K14) and the ciliated cell marker acetylated tubulin (ACT). All steps 
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were carried out at room temperature. Membranes were first incubated with 0.2% 

Triton X100 for 10 minutes to permeabilise cell membranes. For BrdU staining, 

membranes were incubated with 2M hydrochloric acid for 30 minutes to denature 

DNA and allow the antibody to access the BrdU. Membranes were then washed 

twice with 0.1M borate buffer to neutralise hydrochloric acid. For other antigens this 

step was omitted, with the blocking step directly following permeabilisation. 

Membranes were incubated with PBS containing 10% FBS and 0.2% fish skin 

gelatin for 90 minutes to block non-specific antibody binding. The blocking solution 

was then removed and primary antibodies (Table 2-2) were added, diluted in PBS 

containing 0.1% Triton X100 and 1% BSA, and incubated for 1 hour. Membranes 

were washed 3 times with PBS, and then incubated with alexa fluor-conjugated 

secondary antibodies (Table 2-2), all diluted 1:300 in PBS containing 0.1% Triton X 

and 1% BSA, for 1 hour. Membranes were washed 3 times with PBS, cut from 

supports using a scalpel, and mounted on glass slides using ProLong® Gold Anti-

fade reagent with DAPI (Invitrogen). 

 

Table 2-2: Antibodies used for immunofluorescence staining of MTEC. All secondary 
antibodies were from Invitrogen, diluted 1:300. *Anti-K14 antibody was a gift from Dr Fiona 
Watts, Cancer Research UK Cambridge Research Institute.          

Antigen Primary antibody Secondary antibody 

BrdU Rat monoclonal (BU1/75 clone, IgG2a) anti-

BrdU, 1:150 (Serotec) 

Alexa fluor 555 goat anti-rat 

IgG  

E-cadherin Rat monoclonal (ECCD-2 clone, IgG2a) 

anti-mouse E-cadherin, 1:100 (Invitrogen) 

Alexa fluor 555 goat anti-rat 

IgG 

K14 Mouse monoclonal (LL002 clone,  IgG3) 

anti-K14, 1:100 * 

Alexa fluor 488 goat anti-

mouse IgG3 

ACT Mouse monoclonal (6-11B-1 clone, IgG2b) 

anti-ACT, 1:2500 

Alexa fluor 555 goat anti-

mouse IgG2b  

 

2.8 Bleomycin Model of Lung Injury and Fibrosis 

Bleomycin is a glycopeptide antibiotic which has been used clinically as an anti-

cancer agent. However its clinical use has been hampered by dose-dependent 

pulmonary toxicity, with depletion of alveolar epithelial cells and fibroblastic 

proliferation in alveolar septae. It is thought that bleomycin causes superoxide and 

hydroxide free radical generation in cells, resulting in oxidative stress and induction 

of DNA strand breaks. The lung is thought to be particularly susceptible to 

bleomycin toxicity because of relatively low levels of the inactivating enzyme 
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bleomycin hydrolase [328]. Bleomycin has been used in a variety of animals as a 

well characterised model for lung injury and fibrosis consequent to alveolar epithelial 

cell injury. The dose, frequency and route of administration affect the severity, time 

course and distribution of the lung injury [329]. In this laboratory administration of a 

single dose of bleomycin by oropharyngeal (OP) instillation has been well 

characterised in C57Bl/6 mice [38, 177]. Instillation results in alveolar epithelial cell 

injury, increased alveolar-capillary membrane permeability, and a proinflammatory 

response during the first 7 days, followed by progressive accumulation of 

myofibroblasts and collagen deposition with a predilection for subpleural regions. 

2.8.1 OP instillation of bleomycin     

10 to 12-week old male C57Bl/6 mice were used for all experiments using the 

bleomycin model of lung injury. Bleomycin was from Kyoma-Hakka (UK) and was 

dissolved in 0.9% saline and stored at -80°C. Doses of 25 or 50 IU per mouse were 

used. OP instillation was carried out as described by Lakatos et al. [330]. Mice were 

first lightly anaesthetised with halothane, and suspended vertically by placing an 

elastic thread under their front teeth. The nostrils were pinched closed to induce 

mouth-breathing, and the tongue pulled out to prevent swallowing, and then 

bleomycin (or saline control) was dropped into the oropharynx using a pipette, and 

aspirated. Mouth breathing was maintained until no liquid remained in the 

oropharynx. Mice that had been given bleomycin were provided with damp diet to 

help mitigate dehydration. 

2.9 Delivery of macrophages to mice 

For all cell delivery experiments, IC-21 cells or BMDM were detached from flasks 

using cell dissociation buffer, and the cell suspension was counted. Cells were 

centrifuged at 300g for 5 minutes, washed once in sterile PBS and suspended in 

PBS to the desired cell concentration. Cells were kept on ice until delivery to mice.  

2.9.1 DiI Labelling of IC-21 cells 

Vybrant® CM-DiI cell-labelling solution (Invitrogen) is a lipophilic fluorescent stain, 

which stains cell membranes and other hydrophobic structures. DiI is photostable 

and has been considered suitable for long term cell tracking [331]. DiI was used to 

label cells for some cell delivery experiments. Macrophages were suspended in 

serum-free RPMI 1640 at a cell density of 1 x 106 cells per ml and DiI was added at 

5 µl per ml. Cells were incubated at 37˚C for 30 minutes, washed twice with sterile 

PBS and suspended in sterile PBS for in vivo delivery.   
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2.9.2 Intravenous injection of cells 

For intravenous (IV) injections, mice were first warmed in a heated box at 37˚C, 

then cells (or vehicle control) were injected into the tail vein using a 25 gauge 

needle. A cell suspension in a total volume of 100 µl was used for all tail vein 

injections. 

2.9.3 Intratracheal injection of cells 

For intratracheal (IT) injections, mice were anaesthetised using halothane 

anaesthesia, and maintained on halothane anaesthesia via a nose cone throughout. 

A midline incision was made in the neck and blunt dissection with forceps was used 

to identify the trachea. A length of cotton thread was passed behind the trachea 

using forceps, and used to gently elevate the trachea. Cells (or vehicle control) were 

injected using a 25 gauge needle between the tracheal rings, under direct vision. A 

cell suspension made up to a total volume of 50 µl, followed by 150 µl bolus of air, 

was used for all IT injections. The wounds were sutured using 7/0 silk sutures. 

2.9.4 OP instillation of cells 

OP instillation of cells was carried out as described for OP instillation of bleomycin 

(section 2.8.1). A cell suspension in a total volume of 50 µl was used for all 

instillations. 

2.10 Bioluminescent imaging 

Bioluminescence describes the emission of light by living organisms. Luciferases 

are a group of oxidative enzymes, not usually expressed in mammalian cells, which 

can be used to generate bioluminescence. Cell transduced with the luciferase-

lentiviral vector express the enzyme ‘firefly luciferase’. Firefly luciferase catalyses 

the oxidation of the substrate luciferin to oxyluciferin, resulting in the production of 

light. Because this reaction is ATP-dependent, it will only occur in live cells (Figure 

2-7). The bioluminescence of luciferase-expressing cells after administration of the 

small molecule D-luciferin can be detected, both in vitro and in vivo, using non-

invasive imaging [332, 333]. 

 

Figure 2-7: Production of bioluminescence by firefly luciferase.  
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Bioluminescent imaging in this study was used to confirm luciferase expression in 

luciferase-transfected or transduced cells and for longitudinal tracking of luciferase-

transduced cells after delivery to mouse lungs. An IVIS® Lumina II imaging system 

(Caliper Life Sciences) was used to acquire images. This imaging system employs a 

highly sensitive cooled charge-coupled device camera which converts photons of 

light emitted from subjects within a light-tight imaging chamber into electronic 

charge, and can detect the rate of emission of photons of light over the course of 

each exposure. All images were obtained using a medium binning (resolution) 

setting and f/1 F-stop (aperture setting). A grey-scale image was acquired prior to 

acquisition of luminescent images to ensure correct placement of subjects.  

2.10.1 Bioluminescent imaging of cells 

Cells were imaged in plates or flasks to confirm luciferase expression and compare 

expression between populations of cells. Media was exchanged for normal media 

containing D-luciferin prior to imaging. With the exception of one experiment in 

which a range of D-luciferin concentrations were used, D-luciferin was added to 

media at 150 µg/ml. Cells were placed in the imaging chamber and imaged using an 

auto-exposure time, or 3 minute exposure time. A 12.5 cm field of view was used.    

2.10.2 Bioluminescent imaging of mice 

D-luciferin substrate (10 mg/ml) was given prior to imaging by IP injection or OP 

instillation. For IP injection, mice were given 200 or 400 µL D-luciferin prior to 

induction of anaesthesia for imaging. For OP instillation, mice were anaesthetised 

using isoflurane, given 50 µL D-luciferin by OP instillation (section 2.8.1) and were 

imaged directly. For imaging, mice were anaesthetised in an induction chamber 

using isoflurane and were then transferred to the imaging chamber where they were 

maintained on isoflurane anaesthesia via nose cones, and kept on a heated mat to 

maintain temperature during prolonged anaesthesia. For different experimental 

conditions, a sequence of images was acquired over time to determine the optimal 

time point for imaging after delivery of D-luciferin, ideally during the plateau phase of 

bioluminescence. When this had been established, subsequent images for each 

group of subjects within each experiment were carried out at the same time point 

after D-luciferin administration. An exposure time of 5 minutes and a 12.5 cm field of 

view was used for imaging of live mice. 

2.10.3 Ex vivo bioluminescent imaging  

For imaging of mouse lungs ex vivo, mice were sacrificed by injection of 

pentobarbital followed by dissection of the inferior vena cava. A midline thoracotomy 
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was performed to expose the lungs and trachea. The trachea was cannulated with a 

22 gauge cannula, and 0.5 ml D-luciferin 3.33 mg/ml was slowly infused into the 

lungs. The trachea was tied off using cotton thread and lungs were excised and 

placed on a petri dish within the imaging chamber. Exposure times of 30 seconds, 1 

minute and 5 minutes were used with a 10 cm field of view.   

2.10.4 Bioluminescent image analysis 

Images were analysed using Living Image® 3.2 software (Caliper Life Sciences) 

that generated pseudo-colour scaled images overlaid on grey-scaled images, 

providing 2-dimensional localisation of light emission source. ‘Regions of interest’ 

(ROI) were drawn using shape tools and the light emission within each ROI was 

quantified in photons per second. ROIs were kept constant between subjects within 

each experiment.  

2.11 Tissue processing for histology 

For lung histology, the trachea was cannulated using a 22 gauge cannula and the 

lungs insufflated with 4% paraformaldehyde (PFA) at a pressure of 25 cm H2O. The 

heart and lungs were then removed and placed in 4% PFA. After 4 hours organs 

were transferred into 15% sucrose (in PBS) overnight and then into 70% ethanol. 

Lungs were separated into individual lobes or processed en bloc, placed in 

processing cassettes, and dehydrated through a serial alcohol gradient using a 

Leica TP 1050 Tissue Processor. Lungs were then embedded in paraffin wax 

blocks. 3 µm sections were cut using a microtome. Prior to staining, sections were 

de-waxed in xylene and rehydrated through decreasing concentrations of ethanol 

before staining.  

2.11.1 Modified Martius Scarlet Blue trichrome staining 

Modified Martius Scarlet Blue trichrome staining was used for lung sections to 

demonstrate collagen deposition. Staining was carried out using an automated 

staining machine (DRS-601 Diversified Stainer, Sakura). The stains used were 

haematoxylin for dark blue nuclear staining, ponceau de xylidine/acid fuchsin for 

pink cytoplasmic staining and Chicago sky blue stain for blue collagen staining. 

Sections were mounted using a Sakura Coveraid automatic cover slipping machine 

and Tissue-Tek cover slipping film (Bayer Diagnostics, UK).   

2.11.2 Immunohistochemistry for GFP and luciferase 

Sections were dewaxed then microwaved in 10 mM sodium citrate, pH 6 (10 

minutes x 2) for antigen retrieval. Sections were then washed twice in PBS and 3% 



Chapter Two 

118 
 

hydrogen peroxide was applied for 30 minutes to quench endogenous peroxidase 

activity. Sections were washed twice in PBS and a solution of 1:6 (v/v) goat serum 

in PBS with 4 drops of avidin block (Avidin/Biotin Blocking Kit, Vector Laboratories, 

Burlingame, USA) was applied for 20 minutes to block non-specific antibody 

binding. The blocking solution was poured off and the sections were incubated 

overnight at 4˚C with rabbit polyclonal anti-GFP antibody (1:2000, Invitrogen, UK) or 

rabbit polyclonal anti-firefly luciferase antibody (1:2000, Abcam, UK) in PBS with 1% 

BSA, 1% goat serum and 4 drops of biotin block per ml (Avidin/Biotin Blocking Kit, 

Vector Laboratories, Burlingame, USA) . Sections were then washed twice in PBS 

and incubated for 1 hour at room temperature with goat anti-rabbit biotinylated IgG, 

diluted 1:200 in PBS with 1% BSA. After washing 3 times in PBS sections were 

incubated for 30 minutes at room temperature with streptavidin horse radish 

peroxidise (1.25 mg/ml, Invitrogen) diluted 1:200 in PBS with 1% BSA. Sections 

were washed in PBS and then incubated with a peroxidase substrate, using either 

the DAB or NovaRED™ Peroxidase Substrate Kits (both from Vector Labs, 

Burlingame, USA) for 10 minutes. Sections were counterstained with Gill-2 

haematoxylin (Thermo Shandon, USA), then dehydrated through increasing 

concentrations of ethanol and xylene, and mounted using a Sakura Coveraid 

automatic cover slipping machine and Tissue-Tek cover slipping film (Bayer 

Diagnostics, UK).   

2.11.3 Immunofluorescence staining for luciferase 

Sections were dewaxed then microwaved in 10 mM sodium citrate, pH 6 (10 

minutes x 2) for antigen retrieval. Sections were washed twice in PBS and then PBS 

containing 10% FBS and 0.2% fish skin gelatin was applied for 1 hour to block non-

specific antibody binding. Sections were incubated with rabbit polyclonal anti-firefly 

luciferase antibody (1:2000, Abcam, UK) in blocking solution. Sections were washed 

3 times in PBS and incubated with Alexa fluor 555-conjugated donkey anti-rabbit 

antibody (Invitrogen) diluted 1:300 in blocking solution. Sections were then washed 

3 times in PBS and cover-slipped using ProLong® Gold Anti-fade reagent with 4',6-

diamidino-2-phenylindole (DAPI, Invitrogen). 

2.11.4 Visualisation of DiI-labelled cells 

DiI-stained cells could be visualised directly using fluorescent microscopy. Sections 

were de-waxed and mounted using ProLong® Gold Anti-fade reagent with DAPI 

(Invitrogen). 
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2.12 Bronchoalveolar Lavage and Processing of BALF 

2.12.1 Bronchoalveolar Lavage 

Mice were sacrificed using IP injection of pentobarbital, and were exsanguinated by 

dissection of the inferior vena cava. The trachea was cannulated with a 22 gauge 

cannula and the lungs were lavaged slowly three times with 0.5 ml cold PBS, with or 

without addition of protease inhibitor cocktail (Roche; 1 tablet in 10 ml PBS). 

Bronchoalveolar fluid (BALF) was kept on ice until processing. BALF was 

centrifuged at 400g for 10 minutes at 4˚C, and the supernatant was aliquotted and 

stored at -80˚C for assays. The pellet, containing BALF cells, was re-suspended in 1 

ml PBS, or FACS buffer when flow cytometry was carried out. 

2.12.2 Determination of BALF total cells counts 

For total cell counts from BALF, cells were diluted 1:1 in Turk’s solution (0.1% 

crystal violet in 1% acetic acid) and counted manually using a haemocytometer. The 

acetic acid lyses red blood cells and the crystal violet stains leukocytes for counting.  

2.12.3 BALF cytospins  

A Cytospin 3 centrifuge (Shandon) was used to set down a monolayer of BALF cells 

onto polylysine-coated slides. 200 µl of the 1 ml BALF cell suspension, or 50 µl in 

150 µl PBS, was loaded into a cytofunnel, and centrifuged at 1000 rpm for 3 

minutes onto slides.  

2.12.3.1 Fluorescence microscopy of BALF cytospins 

BALF cytospins were air-dried and cells were fixed by brief submersion in 5% 

methanol. Slides were cover-slipped using ProLong Gold Antifade Reagent with 

DAPI as a nuclear counter-stain. 

2.12.3.2 Determination of BALF differential cell counts from BALF cytospins  

BALF cytospins were air-dried and cells were stained using Rapid Romanowsky 

staining solutions (Thermo Scientific Raymond Lamb, UK). Slides were immersed in 

each of solutions A (a methanol fixative), B (acidic stain containing Eosin Y) and C 

(basic stain containing methylene blue) for 30 seconds each, and then washed 

briefly in water. Slides were examined using light microscopy, and differential cell 

counts were carried out by counting cells in independent x40 fields until a total of 

500 cells were counted. Macrophages were identified as large cells, with round 

nuclei and abundant cytoplasm, lymphocytes as smaller cells with dark nuclei and 

scanty cytoplasm, and neutrophils as cells with multilobular nuclei (Figure 2-8). 
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Figure 2-8: Cytospin of mouse BALF stained with Romanowsky stain. Macrophages 
(M), neutrophils (N) and lymphocytes (L) can be identified by distinct morphologies. 

 

2.12.3.3 Anti-GFP immunocytofluorescence of BALF cytospins 

Because the high levels of autofluorescence in the green (488 nm) channel caused 

difficulty identifying GFP-expressing cells on BALF cytospins, anti-GFP 

immunocytofluorescence was carried out using an Alexa Fluor® 555-conjugated 

secondary antibody. BALF cytospins were air-dried and cells were then fixed by 

covering in 4% paraformaldehyde for 10 minutes, and washed twice with PBS. Cells 

were permeabilised and blocked by covering with PBS containing 0.2% TWEEN® 

20 for 10 minutes, then PBS containing 10% (v/v) FBS and 0.2% fish skin gelatin for 

1 hour. Cells were then incubated with rabbit polyclonal anti-GFP antibody 

(Invitrogen, 1:1000) for 1 hour, washed 3 times with PBS and incubated with Alexa 

Fluor® 555 donkey anti-rabbit secondary antibody (Invitrogen, 1:300) for 45 

minutes. Antibodies were diluted in blocking solution. Slides were cover-slipped 

using ProLong® Gold Antifade reagent with DAPI (Invitrogen). All steps were 

carried out at room temperature. 

2.13 Flow Cytometry 

2.13.1 In vitro studies involving BMDM and IC-21 cells 

For in vitro studies a single cell suspension of adherent cells was made in PBS, or 

in FACS buffer (PBS with 20% v/v FBS) for viability studies or antibody staining. For 

viability studies, non-adherent cells were also saved and analysed together with 

adherent cells. GFP expression was analysed directly. 

2.13.1.1 Antibody staining of BMDM and IC-21 cells         

Flow cytometry was carried out after staining of BMDM and IC-21 cells for the 

macrophage marker F4/80 and C-C chemokine receptor type 2 (CCR2) 
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respectively. A cell suspension of 0.5 x 106 cells in 100 µl FACS buffer was made. 

Cells were then incubated with primary antibody for 45 minutes at 4°C with gentle 

agitation and washed twice with PBS. When a secondary antibody was used, cells 

were incubated with secondary antibody for 30 minutes at 4°C then washed twice 

with PBS before flow cytometry (Table 2-3). 

Table 2-3: Antibodies used for staining BMDM and IC-21 cells for flow cytometry 

Primary antibody Secondary antibody Control 

Phycoerythrin-conjugated rat 

ant-mouse F4/80, 1:50 

(Serotec, UK) 

Not required Phycoerythrin-conjugated 

rat IgG2b, 1:50 (Serotec, 

UK)   

Goat anti-mouse CD192 

(CCR2), 1:20 (Serotec, UK) 

Alexa fluor 647 donkey 

anti-goat IgG, 1:300 

(Invitrogen, UK)  

Secondary antibody only 

2.13.2 Generation of single cell lung and spleen homogenates 

Single cell suspensions of lung and spleen were generated for analysis by flow 

cytometry. Mice were sacrificed by IP injection of pentobarbital, and were 

exsanguinated by ligation of the inferior vena cava. For preparation of single cell 

suspensions from lung homogenates, the lungs were removed and placed in sterile 

PBS on ice. Where the left lung only was used for flow cytometry, and the 

remainder for histology, the left lung was ligated at the hilum using a length of cotton 

thread and the lung removed by cutting distal to the ligature. The lung tissue was 

finely minced, then digested in a solution of 2 ml dispase II (Roche, UK) with 250 

µg/ml DNase, at 37˚C for 45 minutes. The resulting suspension was filtered through 

a 100 µm cell strainer and centrifuged at 400g for 5 minutes. The cells were re-

suspended in 1 ml red cell lysis buffer for 1 minute, then 12 ml PBS was added. 

Cells were centrifuged at 500g for 5 minutes, and re-suspended in FACS buffer for 

antibody staining. For preparation of single cell suspensions from spleens, spleens 

were removed and placed in sterile PBS on ice. Spleens did not require mincing or 

enzymatic digestion, and were pushed through a 100 µm cell strainer. Thereafter 

the processing was identical to that described for lung tissue. 

2.13.3 Antibody staining of BALF and lung homogenates 

For lung homogenates, a single cell suspension was generated in FACS buffer as 

described above, and 400 µl was taken and stained for flow cytometry. For BALF, 

cells that remained after removal of cells for cytospins and cell counts were 
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suspended in 400 µl FACS buffer. Cells were then incubated with antibodies for 45 

minutes at 4°C with gentle agitation (Table 2-4).   

Table 2-4: Antibodies used for staining lung homogenates and BALF for flow 
cytometry. 

Antibody 

APC-conjugated rat anti-mouse CD45, 1:200 (BD Biosciences, UK)  

Alexa fluor 488-conjugated rat anti-mouse F4/80, 1:50 (Serotec, UK) 

APC-conjugated rat anti-mouse F4/80, 1:400 (BD Biosciences, UK) 

2.13.4 Viability studies 

The membrane impermeable DNA dyes propidium iodide (PI) and DAPI were used 

to assess viability; PI or DAPI were added to the cell suspension to final 

concentrations of 5 µg/ml and 2 µg/ml respectively directly before flow cytometry.  

2.13.5 Data acquisition and analysis 

All flow cytometric analysis was carried out using a BD FACSCalibur™ flow 

cytometer, with the exception of experiments using DAPI, which were carried out 

using a BD™ LSR II flow cytometer with an ultraviolet (UV) laser. A minimum of 1 x 

104 events were recorded for each sample. An unstained control was used for all 

experiments, and for experiments using more than one colour, single colour controls 

were also used to adjust compensation during acquisition and for analysis. Flow 

cytometry data was analysed using FlowJo 7.6 software.  

2.14 Determination of total lung collagen 

Total lung collagen was used as a measure of the severity of bleomycin-induced 

pulmonary fibrosis. Collagens contain 12.2% w/w hydroxyproline, and the relative 

abundance of hydroxyproline in collagens compared with other proteins allows it to 

be used as a surrogate marker for collagen content. Hydroxyproline reacts with the 

organic compound 4-chloro-7-nitrobenzofurazan (NBD-CL) under specific conditions 

to form a chromophore, facilitating quantification of hydroxyproline by reverse-phase 

high performance liquid chromatography (HPLC) [334].  

2.14.1 Preparation of lung powder 

The lungs of mice were removed en bloc and were then separated into individual 

lobes, blotted gently with tissue and snap frozen in liquid nitrogen. Lungs were 

stored at -80°C prior to further processing. For determination of lung weights, lungs 

were weighed using an analytical balance (Sartorius A-210P). Lung powder was 



Chapter Two 

123 
 

generated by pulverising snap-frozen lungs, under liquid nitrogen, using a pestle 

and mortar.  

2.14.2 Preparation of samples for hydroxyproline measurement by HPLC 

Approximately 20 mg lung powder (weighed accurately using an analytical scale, 

Sartorius A-210P) was transferred to a pyrex tube. 2ml 6 M hydrochloric acid was 

added to each tube and these were heated to 110°C for 16 hours on a heated block 

to hydrolyse the lung tissue. Hydrolysates were cooled, approximately 20 mg 

activated charcoal was added to decolourise, and then filtered through a 0.65 µm 

filter (Millipore Ltd, UK). 200 µl of a 1:50 dilution of each sample in ddH2O were then 

evaporated to dryness using a Speedvac (Thermo-Electorn Corporation, UK) at 

50°C for 3 hours. The residues were rehydrated by addition of 100 µl ddH2O and 

incubation overnight at 4°C. Standards of trans-4-hydroxy-L-proline were made up 

to concentrations of 25, 50 and 100 pM and were treated in the same way as the 

samples. 100 µL 0.4 M potassium tetraborate (pH 9.5) buffer was added to each 

sample. This was followed by addition of 100 µl 36 mM NBD-CL (Acros Organics, 

Belgium) methanol dissolved in methanol. The reaction was activated by incubation 

at 37°C for exactly 20 minutes, and stopped by addition of 50 µl 1.5M HCl. 150 µl of 

3.33x buffer A (26.6% v/v aqueous acetonitrile, 166.5 mM sodium acetate, pH 6.4) 

was added and samples were 0.22 µm-filtered using a Millex-GV filter (Millipore Ltd, 

UK) into a polypropylene tube insert within an amber Snap Seal™ vial (Laboratory 

Sales Ltd, UK), before loading into the HPLC apparatus.  

An Agilent 1100 Series HPLC Value System with a variable wavelength detector 

was used to perform HPLC. Vials containing samples and standards were loaded 

into the HPLC machine, which carried out sequential injection of each sample onto 

the HPLC column eluted with an acetonitrile gradient, achieved by changing the 

relative proportions of buffers A and B over time (Table 2-5). A column flow rate of 

1.0 ml/minute, temperature 40°C and detection wavelength 495 nm were used. Six 

sets of the 3 standards were made and these were placed at the beginning and the 

end of the samples, and at spaced intervals in between, to check that 

measurements were consistent across the samples.  
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Table 2-5: Elution gradient for separation of hydroxyproline by reverse-phase HPLC. 
Buffer A - 8% v/v aqueous acetonitrile, 50 mM sodium acetate, pH 6.4; Buffer B – 75% v/v 
aqueous acetonitrile. 

Time (minutes) Buffer A (%) Buffer B (%) 

0 100 0 

5 95 5 

6 20 80 

12 20 80 

12.5 100 0 

25 100 0 

2.14.3 Extrapolation of total lung collagen from hydroxyproline concentration 

The hydroxyproline concentration (pM) of each sample was determined from a 

standard curve and the total hydroxyproline (mg) for each HPLC sample (from the 

original ~ 20 mg lung powder) was derived based on the molar mass of 

hydoxyproline (131.13 g/mol), and the sample dilutions that had been performed. 

Total lung collagen (mg) was derived from total hydroxyproline (based on 

assumption that lung collagen contains 12.2% (w/w) hydroxyproline), together with 

the original total lung weights.  

2.15 Analysis of mRNA expression by qRT-PCR  

2.15.1 RNA extraction 

RNA was extracted from cells and lung tissue for analysis of mRNA expression by 

qRT-PCR. The lysis reagent TRIzol® (Invitrogen, UK) was used to isolate RNA from 

tissue and cell lysates. For cells in culture, culture media was removed and 0.5 ml 

TRIzol® was added for each well of a 12-well plate, or 1 ml for a 6-well plate. Cells 

were lysed in TRIzol® by pipetting up and down and then stored at -20° prior to 

isolation of RNA. For mouse lung tissue, approximately 20 mg frozen pulverised 

lung (2.14.1) was added to 1 ml TRIzol®, vortexed, snap fozen in liquid nitrogen and 

stored at -80°C prior to isolation of RNA from TRIzol®.  

To prevent degradation of RNA, all equipment was cleaned using RNaseZap™ and 

nuclease-free filter pipette tips (Continental Lab Products, UK) were used during 

RNA extraction, and solvents were molecular biology grade. Samples were thawed 

on ice then incubated at room temperature for 5 minutes. Chloroform (200 µl per ml 

TRIzol®) was added to each and samples were vortexed for 5 – 10 seconds, 

incubated at room temperature for 5 minutes then centrifuged at 13,200 rpm for 15 

minutes. Addition of chloroform followed by centrifugation separates the solution 
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into an aqueous phase and an organic phase, and the RNA remains exclusively in 

the aqueous phase. The upper aqueous layer, containing the RNA, was transferred 

to a new tube. 2-propanol was added to precipitate the RNA (1:1 ratio), mixed by 

inverting 3 - 4 times, incubated at room temperature for 10 minutes and centrifuged 

at 13,200 rpm for 15 minutes. The supernatant was removed and the pellet 

suspended in 0.5 ml 80% ethanol, then vortexed briefly and centrifuged for 10 

minutes at 13,200 rpm. The supernatant was removed, and the pellet was air-dried 

and then resuspended in 13 µl nuclease-free water (Ambion, UK).  

2.15.2 DNase treatment 

The Precision™ DNase kit (PrimerDesign, UK) was used to remove contaminating 

genomic DNA. For each reaction, RNA was incubated with 0.5 µl DNase enzyme 

and 1.5 µl 10x buffer at 30˚C for 10 minutes and 55°C for 5 minutes using a Tetrad 

PTC-225 Thermo Cycler. RNA was then quantified using a spectrophotometer 

(NanoDrop 2000, Thermo Scientific). Since the Precision™ DNase kit doesn’t 

require a precipitation step, it was difficult to measure RNA purity by 

spectrophotometry due to the presence of DNase enzyme.  

2.15.3 cDNA synthesis 

cDNA was prepared by reverse transcription of RNA using the qScript cDNA 

Supermix® kit (Quanta Biosciences, USA), according to the manufacturer’s 

instructions. 500 ng RNA, made up to 16 µl with nuclease-free water, was used for 

each reaction. 4 µl cDNA Supermix®, containing deoxynucleotides, random primers 

and oligo-dT, RNase inhibitor and reverse transcriptase, was added to each RNA 

sample. This was incubated for 5 minutes at 25˚C, followed by 30 minutes at 42˚C 

and 5 minutes at 85˚C on a Tetrad PTC-225 Thermo Cycler, and cDNA was diluted 

1:3 with nuclease-free water and stored at -20°C.   

2.15.4 qRT-PCR 

The Platinum SYBR Green qPCR Supermix UDG (Invitrogen, UK) was used for 

qRT-PCR reactions. SYBR green binds double stranded DNA, resulting in a 

fluorescent complex. The SYBR green qPCR Supermix also contains components, 

including deoxyribonucleotide triphosphates and Taq DNA polymerase, necessary 

for DNA amplification. Each reaction consisted of 2 µl cDNA, 5 µl SYBR Green, 

PCR primers (to a final concentration of 400 nM), made up to 10 µl with nuclease-

free water. Primers for genes of interest, which were all murine genes, were 

courtesy of Dr C Scotton, UCL (Table 2-6). Primers for mannose receptor C type I 

(MRC1) and inducible nitric oxide synthase (iNOS) were from PrimerDesign (UK).       
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Table 2-6: Primers sequences used for qRT-PCR. CCL2 – chemokine ligand 2; CXCR4 - 
C-X-C chemokine receptor type 4; IL-1β - interleukin 1β; Col1A1 - collagen type I α1; TGFβ - 
transforming growth factor-β. 

Target 

Gene 

Forward Primer Reverse Primer 

KGF TTGACAAACGAGGCAAAGTG CCCTTTGATTGCCACAATTC 

CCL2 AGCTCTCTCTTCCTCCACCAC CGTTAACTGCATCTGGCTGA 

CXCR4 ACGGCTGTAGAGCAGTGTT AAGCAGGGTTCCTTGTTGG 

IL-1β CTAATGGGAACGTCACACACC GACCTTCCAGGATGAGGACA 

Col1A1 TCATGGCTTCTCTGGTCTC CCGTTGAGTCCGTCTTTGC 

TFGβ GGATACCAACTATTGCTTCAGCTCC AGGCTCCAAATATAGGGGAGGTC 

 

A Mastercycler® EP Realplex thermal cycler (Eppendorf, Germany) was used for 

qRT-PCR reactions. Cycling conditions were: 5 min at 95°C (one cycle); then 5 secs 

at 95 °C, 45 secs at 62 °C (40 cycles). Fluorescence was measured at the end of 

each 62 °C step. Specificity of the amplification was confirmed by examining a melt 

curve of the reaction. For each gene, crossing point (Cp) values were determined 

from the linear region of the logarithmic amplification plot. Quantitative differences in 

mRNA expression were determined using the Cp value for each target, normalized 

by subtraction of the geometric mean of the Cp values for two housekeeping genes 

(generating a ΔCp value). Stable housekeeping genes were identified using 

GeNorm analysis, and included ATP Synthase 5B (ATP5B), β2-microglobulin (B2M) 

and calnexin (CANX). Relative change in expression was determined by subtraction 

of the ΔCp value for the control sample from the ΔCp value for the sample of 

interest (ΔΔCp value). Fold change was subsequently calculated using the formula 

2-ΔΔCp. Statistics were calculated on the ΔCp values. GeNorm kits and primers for 

housekeeping genes were purchased from Primer Design, UK. 

2.16 Enzyme-linked immunosorbent assays (ELISAs) and 

colorimetric assays 

An automated plate washer (Denley Cellwash) was used for all assays, and 

absorbance was measured using a Titertek Multiscan MCC/340 micro plate reader 

(Labsystems, Finland). All assays were carried out in duplicate. For ELISAs, 

Microtest™ 96-well ELISA plates (BD Biosciences, Bedford, USA) and TMB single 

solution (Invitrogen, Paisley, UK) were used, with 1 M sulphuric acid as a stop 

solution.  
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2.16.1 Keratinocyte growth factor (KGF) ELISA 

The KGF/FGF7 DuoSet® ELISA Development kit (R&D, Abingdon, UK) was used 

according to the manufacturer’s instructions. This ELISA employs a capture 

antibody raised in mouse against human KGF, which has also been reported to 

detect murine KGF. Reference standards were between 15.6 pg/ml and 1000 pg/ml. 

Plates were coated with mouse anti-human KGF capture antibody (2.0 µg/ml), 50 µl 

per well, and incubated overnight at room temperature. Plates were washed 3 times 

with PBS containing 0.05% Tween 20® and then blocked by adding 150 µl PBS with 

1% BSA to each well for 1 -2 hours. Plates were washed again 3 times, and 50 µl of 

standard or sample was added to each well and incubated for 2 hours at room 

temperature. Plates were washed 3 times and 50 µl of biotinylated goat anti-human 

KGF detection antibody (200 ng/ml) was added to each well. Following incubation 

for 2 hours, plates were washed 3 times and 50 µl Streptavidin HRP (1:200) was 

added to each well and incubated for 20 minutes. The plate was washed 3 times 

and 50 µl TMB substrate solution was added to each well and incubated for 20 

minutes in the dark, after which 25 µl stop solution was added to each well and the 

absorbance was read at 450 and 550 nm.  

2.16.2 Albumin ELISA 

The Mouse Albumin ELISA Quantification set (Bethyl, USA) was used according to 

the manufacturer’s instructions. Reference standards were between 7.8 ng/ml to 

500 ng/ml. Samples (mouse bronchoalveolar lavage fluid) were diluted 1:10,000 to 

fall within the reference range. Affinity purified mouse albumin coating antibody was 

diluted 1:100 in coating buffer (0.05 M carbonate-bicarbonate, pH 9.6), and 100 µl 

was added to each well and incubated at room temperature for 1 hour. Wells were 

then washed five times with wash buffer (50 mM Tris, 0.14 M NaCl, 0.05% Tween 

20, pH 8.0). 200 µl of blocking buffer (50 mM Tris, 0.14 M NaCl, 1% BSA, pH 8.0) 

was added to each well and incubated at 4˚C overnight. Standards (mouse serum, 

45 mg/ml albumin) and samples were diluted in a sample/reagent diluent (50 mM 

Tris, 0.14 M NaCl, 0.05% Tween 20, 1% BSA, pH 8.0). After 5 washes, 100 µl of 

standards and samples were added to each well and incubated at room 

temperature for 1 hour. The plate was washed 5 times, and 100 µl TMB substrate 

solution was added to each well and incubated in the dark at room temperature for 
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15 minutes. 50 µl stop solution (1M H2SO4) was added to each well and the 

absorbance was read at 450 nm.  

2.16.3 BCA Protein Assay 

Pierce® BCA (bicinchoninic acid) protein assay (Thermoscientific, USA) was used. 

BCA working reagent is made by combining solutions containing BCA, alkaline 

compounds and cupric sulphate. In the presence of alkaline medium, protein 

reduces Cu2+ (cupric sulphate) to Cu1+ (the biuret reaction). BCA then reacts with 

Cu1+ resulting in a purple-coloured reaction product with a strong linear absorbance 

around 562 nm over a range of protein concentrations from 20 µg/ml to 2000 µg/ml. 

BSA dissolved in PBS was used to make standards. 10 µl of each sample or 

standard was added to each well of a 96-well plate. 100 µl BCA working reagent 

was added to each well and incubated at 37˚C for 30 minutes, and the absorbance 

was read at 550 nm. 

2.16.4 Lactate dehydrogenase (LDH) activity assay 

The Cytotoxicity Detection Kit (Roche Applied Science) was used to measure LDH 

activity. 100 µl of sample was added per well of a 96-well plate. Fresh working 

reagent was made by mixing a catalyst and dye solution, according to the 

manufacturer’s instructions. 100 µl working reagent was added to each well and the 

plate was incubated at room temperature for 30 minutes. The absorbance was read 

at 492 nm and 620 nm. Values were expressed as absorbance relative to control. 

2.17 Micro-CT imaging and analysis of lungs ex vivo 

Micro-CT (X-ray microtomography) was used to image mouse lungs ex vivo to 

determine the extent and distribution of fibrosis after bleomycin-induced lung injury. 

Lungs were insufflated and fixed as described for histology (section 2.11). Lungs 

were then incubated for 2 hours each in 70%, 80% and 90% ethanol prior to an 

overnight incubation in 100 % ethanol. Lungs were transferred to 100 % 

hexamethyldisilazane for a further 2 hours and then air dried in a fume cupboard. 

For imaging, lungs were glued to the tip of a 22 gauge cannula (with no injection 

port), which was fixed in position in the scanner to prevent movement. Lungs were 

scanned at 40 kV/100 µA, without a filter, in a Skyscan 1072 micro-CT scanner 

(SkyScan, Belgium), at 13.7 µm voxel size, using two frame averaging and 0.9° 

angular rotation step size. Reconstruction of approximately 900 sections per lung 

was carried out with the SkyScan NRecon software (Skyscan, Belgium). 
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Tissue segmentation analysis (i.e. proportion of fibrotic lung on micro-CT) was 

performed using InForm™ software (Caliper Life Sciences, UK). The software was 

“trained” to recognise fibrotic lung, normal lung, large airways and vessels using two 

representative micro-CT sections (8-bit greyscale) from each animal. Segmentation 

was carried out on a medium sample area at fine resolution, to measure the tissue 

volume and greyscale density of fibrotic and normal lung tissue for each micro-CT 

section. Data for each lung (~900 sections) were then compiled into a composite 

measurement of fibrosis (absolute volume fibrosis x greyscale density) per whole 

lung. 

2.18 Microscopy and Images 

Light microscopy of slides was carried out using an Olympus BX 40 microscope. 

Fluorescence microscopy of slides was carried out using a Zeiss Axioskop 2 

microscope. Microscopy of cells was carried out using a Zeiss Axiovert S100 

inverted microscope. Photographs were taken using a QImaging camera linked to 

QCapture Pro 6.0 software. Image J software was used to merge images from 

fluorescence microscopy. 

2.19 Statistical analyses  

Statistical analyses were carried out using Microsoft Excel and GraphPad Prism 

software. Unless otherwise stated, the student’s t-test was used to analyse the 

differences between two groups, and the analysis of variance (ANOVA) test with a 

Tukey post-hoc analysis was used to analyse differences between 3 or more 

groups, unless otherwise stated. Differences were considered to be statistically 

significant when the p value was less than 0.05. All data are presented as mean 

values ± standard error of mean, unless otherwise stated.  
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3 Generation and characterisation of macrophages 

expressing keratinocyte growth factor 

 

This chapter describes the results of experiments carried out to address aim 1 

(section 1.10.2), ‘to generate macrophages expressing keratinocyte growth factor 

(KGF) through transduction with lentiviral vectors’. A protocol was optimised for 

production of HIV-1-based lentiviral vectors co-expressing KGF and the reporter 

gene GFP, or GFP only (no KGF control), under control doxycycline using a Tet-on 

system. Murine bone marrow-derived macrophages were generated and transduced 

using these lentiviral vectors. Lentiviral vectors were then used to transduce the IC-

21 murine macrophage cell line for use in subsequent in vivo experiments. 

Experiments were carried out to characterise these cells with respect to transgene 

expression, the kinetics of the Tet-on system and the effects of lentiviral vector 

transduction and doxycycline exposure on macrophage phenotype.  
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3.1 Production and titration of lentiviral vectors 

The lentiviral transfer vector plasmid pLenti-mKGF-IRES-eGFP was used to 

generate lentiviral vectors co-expressing KGF and GFP (KGF-lentiviral vectors). 

The plasmid was first propagated by transformation and growth of bacteria, and 

plasmid DNA was extracted. Lentiviral vectors were produced by co-transfection of 

293T cells with pLenti-mKGF-IRES-eGFP and packaging and envelope vectors. 

Vectors were concentrated by ultracentrifugation, and titrations to estimate the 

concentration of infective particles were carried out by HeLa cell transduction. GFP-

expressing lentiviral vectors (GFP-lentiviral vectors) were made from the pLenti-

IRES-eGFP lentiviral transfer vector using the same method.  

3.1.1 Transfection of 293T cells with pLenti-mKGF-IRES-eGFP  

Transient transfections of 293T cells with pLenti-mKGF-IRES-eGFP were first 

carried out in 6-well plates using the transfection reagent JetPEI® to confirm that 

efficient transfection and appropriate transgene expression could be achieved. This 

lentiviral vector employs a Tet-on system, so transgene expression should not occur 

in the absence of doxycycline and should be induced by its addition. Hence, cells 

were exposed to doxycycline for 48 hours, or no doxycycline, to confirm 

doxycycline-inducible transgene expression.   

Fluorescence microscopy 48 hours after transfection of 293T cells with pLenti-

mKGF-IRES-eGFP showed no GFP expression in untransfected cells, weak GFP 

expression in transfected cells in the absence of doxycycline and strong GFP 

expression in the presence of doxycycline (Figure 3-1 A-C). Flow cytometry was 

used to quantify GFP expression and to determine the proportion of GFP-

expressing cells. In transfected cells flow cytometry showed GFP expression in a 

large percentage of cells (59.8 ± 1.0 %) in the absence of doxycycline, and in all 

cells (99.3 ± 0.3 %) in the presence of doxycycline, compared with untransduced 

controls (Figure 3-1D). However, the mean fluorescence intensity of GFP 

expression was significantly higher (235.0 ± 34.0) in the presence of doxycycline 

than in its absence (15.45 ± 0.65, p=0.023) (Figure 3-1E). KGF expression in 

pLenti-mKGF-IRES-eGFP-transfected 293T cells was assessed by measuring KGF 

concentration in cell supernatants by ELISA. No KGF was detected in cell 

supernatants from untransfected 293T cells, KGF was detected at low levels (43.6 ± 

1.47 pg/ml) in transfected cells in the absence of doxycycline, and was significantly 

higher (152.6 ± 10.3 pg/ml, p=0.0089) in transfected cells exposed to doxycycline 

(Figure 3-1F). 
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Figure 3-1: Doxycycline-inducible GFP and KGF expression in 293T cells transfected 
with pLenti-mKGF-IRES-eGFP. 293T cells were transfected with pLenti-mKGF-IRES-
eGFP, followed by addition of doxycycline, or no doxycycline. 48 hours after addition of 
doxycycline GFP expression was assessed using fluorescence microscopy and flow 
cytometry, and KGF expression was assessed by ELISA of cell supernatants. (A-C) 
Representative photomicrographs showing fluorescence microscopy of (A) untransfected 
cells, (B) transfected cells with no doxycycline and (C) transfected cells with doxycycline 
(original magnification x10). (D) Representative flow cytometry plots showing untransfected 
controls, transfected cells with no doxycycline and transfected cells with doxycycline. (E) 
Mean fluorescence intensity (geometric mean) of GFP expression measured using flow 
cytometry, *p=0.023. (F) KGF concentration in cell supernatants measured by ELISA, ** 

p=0.0089. The experiment was performed in duplicate.     
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These data indicate that efficient 293T cell transfection with pLenti-mKGF-IRES-

eGFP could be obtained using the transfection reagent JetPEI™, and demonstrate 

doxycycline-inducible expression of the KGF and GFP transgenes, with a degree of 

‘leakiness’ of the ‘Tet-on’ system at these high levels of expression.  

3.1.2 HeLa cell titrations of KGF- and GFP-lentiviral vectors 

When concentrated lentiviral vectors were produced, they were titrated by 

transduction of HeLa cells in order to confirm that the production process had been 

successful, and to inform multiplicities of infection (MOI) for macrophage 

transductions. HeLa cells are highly permissible to lentivirus transduction, and 

transduction of HeLa cells followed by measurement of GFP expression by flow 

cytometry can be used to estimate the titer of biologically active virus. Lentiviral 

vectors were harvested from the culture media of 293T cells transfected with 

lentiviral vector plasmid and packaging and envelope plasmids at both 48 hours and 

72 hours after transfection. Because 293T cell numbers and plasmid expression 

levels vary over time, the titre of vector harvested at the 2 different time points will 

differ, so for each viral preparation separate titrations were carried out for the 

vectors harvested at 48 and 72 hours. 1 x 105 HeLa cells were transduced with a 

dilution series of vector, cells were exposed to doxycycline to induce transgene 

expression and flow cytometry was carried out to determine the proportion of cells 

that expressed GFP (Figure 3-2).  
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Figure 3-2: Titration of lentiviral vectors by transduction of HeLa cells. HeLa cells were 
transduced using a 5-fold dilution series of concentrated lentiviral vector, doxycycline was 
added to induce transgene expression and flow cytometry was carried out 48 hours later to 
determine the proportion of cells expressing GFP. Example of flow cytometry plots showing 
GFP expression across a range of viral concentrations. Volumes of virus shown are volumes 
of concentrated viral vector used for transduction, diluted in 0.5 ml culture media.   
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Using the proportion of GFP-expressing cells and the number of cells exposed to 

lentiviral vector, the number of cells that had been successfully transduced by a 

known volume of virus can be determined. Because each cell expressing GFP may 

be transduced with multiple copies of lentiviral vector, this method may under-

estimate vector titres. The titre for each vector was therefore determined from a 

concentration of vector that resulted in lower (around 10% - 20%) transduction rate 

of cells, where fewer cells are likely to be transduced with multiple copies of vector. 

In the example shown in Figure 3-2, 16.8% of 1 x 105 HeLa cells transduced with 

0.0032 µL concentrated vector expressed GFP, suggesting 0.0032 µL vector 

contained 1.68 x 104 transducing units (TU), i.e. 5.25 x 109 TU/ml. 

Using this method, titres of ~0.3 – 1.3 x 108 were obtained for KGF-lentiviral vectors, 

and titres of ~2.0 - 5.3 x 109 for GFP-lentiviral vectors. These differences may reflect 

more effective transfection of 293T cells with the smaller pLenti-IRES-eGFP 

plasmid, and technical differences between the preparations. For all vector 

preparations, the titre of virus harvested at 48 and 72 hours after transfection 

differed to varying extents however there was no consistent relationship between 

the 48 hour and 72 hour titres. Whilst it subsequently became apparent that this 

titration method may have underestimated vector titres, the values obtained served 

to compare various vector preparations and to inform approximate concentration 

ranges for titration of vectors onto macrophages.  
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3.2 Transduction of primary murine BMDM with KGF- and GFP-

lentiviral vectors 

A protocol was optimised for generation of murine bone marrow-derived 

macrophages, and these were transduced using the KGF- and GFP-lentiviral 

vectors. Expression of GFP was used to evaluate transduction efficiency. BMDM 

could not be stored or passaged after differentiation, so each round of transduction 

required generation of new BMDM.  

3.2.1 Generation of murine BMDM 

Bone marrow was harvested from C57Bl/6 mice, and mesenchymal stem cells and 

contaminating fibroblasts were removed using an adherence step, leaving 

haematopoietic stem cells (HSCs). HSCs were cultured in the presence of media 

containing the cytokine macrophage colony-stimulating factor (M-CSF) to promote 

macrophage differentiation. Cells progressively took on typical macrophage 

morphology (Figure 3-3). 

 

Figure 3-3: Morphology of murine bone marrow-derived macrophages (BMDM). 
Photomicrograph of BMDM on day 7 after bone marrow harvest, viewed using an inverted 
phase contrast microscope (original magnification x10). Cells have expected morphology, 
with some cells extending cytoplasmic processes.  

F4/80 is a cell surface protein expressed by tissue macrophages, and to a lesser 

extent by circulating monocytes, and is considered to be a relatively specific 

macrophage marker [335]. Flow cytometry using a fluorescently conjugated anti-

F4/80 antibody was used to evaluate F4/80 in BMDM on day 8 after the start of 

culture. Cells stained with the F4/80 antibody had increased fluorescence compared 

with cells stained with isotype control, indicating that BMDM expressed F4/80 

(Figure 3-4).     
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Figure 3-4: Evaluation of F4/80 expression by BMDM by flow cytometry. Flow cytometry 
histograms for BMDM on day 8 after bone marrow harvest after incubation with a 
phycoerythrin (PE)-conjugated anti-F4/80 antibody, isotype control or no antibody 
(unstained). Cells incubated with isotype control had increased fluorescence compared with 
unstained controls, suggesting some non-specific antibody binding. Cells stained with anti-
F4/80 had increased fluorescence compared with cells stained with isotype control, 
indicating F4/80 expression.  

 

3.2.2 Transduction of BMDM with KGF-lentiviral vector 

Initial BMDM transductions using the KGF-lentiviral vector were carried out on the 

9th day after bone marrow harvest at a range of MOI between 12.5 and 100 using a 

vector with a titre of 3 x 107 TU/ml (from HeLa cell titration), in the presence of 8 

µg/ml polybrene. These conditions were associated with widespread cell death in a 

dose-dependent manner however GFP expression was consistently present in the 

few remaining live cells 48 hours after addition of doxycycline (assessed using 

fluorescence microscopy, data not shown). This vector, with comparatively low titre, 

required relatively large volumes of vector (12.5 – 100 µL per 0.5 ml media) for 

transduction, so vectors with higher titres were produced by refinement of the 

protocol and used for subsequent transductions. Polybrene was omitted 

subsequently, in case it had contributed to cytotoxicity.   

Using KGF-lentiviral vector with titre 1.3 x 108 TU/ml, BMDM were transduced on 

day 8 after bone marrow harvest at a range of MOI from 1 to 30 (serial dilutions of 

vector from 20 µl to 0.625 µl in 0.5 ml media). Doxycycline was added 48 hours 

after the start of transduction to induce transgene expression. 48 hours after 

addition of doxycycline fewer cells were observed in all wells treated with lentiviral 

vector, which was most marked and with evident cell death at the highest MOIs, 
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however fluorescence microscopy confirmed the presence of GFP-expressing cells 

(Figure 3-5). 

 

 

Figure 3-5: GFP expression and cytotoxicity in murine BMDM after transduction with 
KGF-lentiviral vector. BMDMs were transduced with a range of multiplicities of infection 
(MOI) and doxycycline was added to induce transgene expression. Photomicrographs 
showing representative corresponding phase contrast and fluorescence microscopy of 
BMDM viewed using an inverted microscope (original magnification x10) 48 hours after 
doxycycline addition. (A) Untransduced BMDM. (B) BMDM transduced at MOI 15. (C) 
BMDM transduced at MOI 30, here there are fewer cells, and dead and dying cells can be 
seen.  

 

Flow cytometry, carried out 48 hours after doxycycline addition, showed an 

increasing percentage of GFP-expressing cells with increasing MOI, up to 61.1% at 

MOI 7.5 (Figure 3-6). Higher MOIs were not associated with an increasing 

proportion of GFP-expression; at the highest MOI, 30, there were insufficient cells 

for flow cytometry due to the degree of cell death. 



Chapter Three 

140 
 

 

Figure 3-6: Transduction efficiency of BMDM transduction using KGF-lentiviral vector. 
BMDM were transduced with the KGF-lentiviral vector at a range of MOI, doxycycline was 
added to induce transgene expression and the percentage of GFP-expressing BMDM was 
evaluated using flow cytometry, by comparison with untransduced cells. (A) Percentage 
GFP-expressing cells with increasing MOI. (B) Flow cytometry plots for untransduced cells 

and cells transduced at MOI 7.5, the optimal MOI used. 

 

3.2.3 Transduction of BMDM using GFP-lentiviral vector 

Transductions were carried out using the GFP-lentiviral vector, with titre 5.25 x 109 

TU/ml, using a range of MOI from 3.125 to 50, with and without polybrene 4 µg/ml. 

Flow cytometry was used to determine the percentage of cells expressing GFP, and 

hence the transduction efficiency. Transduction rates of up to 67.8 % were achieved 

in the absence of polybrene and up to 84.6% in the presence of polybrene, with the 

highest transduction rates achieved using MOI 50 (Figure 3-7). These data suggest 

that the use of polybrene may enhance transduction efficiency, but this would 

require confirmation by repeating the experiment using replicates to allow statistical 

analysis. Less cytotoxicity was observed using this vector.  
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Figure 3-7: Transduction efficiency of BMDM transduction using GFP-lentiviral vector. 
BMDM were transduced with the GFP-lentiviral vector at a range of MOI with or without 
polybrene, doxycycline was added to induce transgene expression and the percentage of 
GFP-expressing BMDM was evaluated using flow cytometry, by comparison with 
untransduced cells. (A) Percentage GFP-expressing cells with increasing MOI. (B) Flow 
cytometry plots for untransduced cells and cells transduced at MOI 50, which gave the 
highest transduction rates, with and without polybrene. 

 

These data demonstrate that both the KGF- and GFP-lentiviral vectors can be used 

to transduce primary murine BMDM. It seems that higher transduction rates can be 

achieved using more concentrated vectors, which appear to allow higher MOIs to be 

used with less cytotoxicity. However side-by-side comparisons of the two vectors 

were not carried out. The most efficient MOI for transduction (based on titres 

obtained from HeLa cell titrations) differed for the 2 vectors, emphasising the need 

to titre each vector preparation individually onto target cells.  
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3.3 Transduction of IC-21 macrophage cell line with KGF- and 

GFP-lentiviral vectors  

In vivo experiments involving macrophage delivery required large numbers of 

lentiviral vector-transduced macrophages. Because BMDM cannot be expanded 

and stored after macrophage differentiation, a cell line was used in these ‘proof of 

principle’ studies. The IC-21 murine macrophage cell line was chosen because it is 

derived from C57Bl/6 mice, and is syngeneic with the mice used in animal studies. 

Once transduction had been achieved, these cells could be expanded and stored 

for use in subsequent experiments.  

3.3.1 Transduction of IC-21 cells with KGF- and GFP-lentiviral vectors 

IC-21 cells were initially transduced with the KGF-lentiviral vector, and the same 

protocol was followed for transduction using the GFP-lentiviral vector. Transductions 

using the KGF-lentiviral vector were first carried out in 6-well plates. High levels of 

GFP expression could be achieved using relatively low vector titres, with 

transduction rates of 81.5%, 93.9% and 95.6% with MOIs of 0.625, 1.25 and 2.5 

respectively (Figure 3-8). Transduction at higher MOIs resulted in widespread cell 

death.  



Chapter Three 

143 
 

 

Figure 3-8: Efficiency of IC-21 cell transduction using KGF-lentiviral vector. Cells were 
transduced at a range MOIs in 6-well plates, and doxycycline was added to induce 
transgene expression. Cells from each well were expanded and an aliquot of each was used 
to assess the percentage of cells expressing GFP, hence the transduction efficiency, at each 
MOI. Flow cytometry plots showing untransduced cells, and increasing GFP expression with 
increasing MOI. 

 

That cells could be efficiently transduced with vector at MOI less than 1 suggested 

that titration using HeLa cells had underestimated vector titres, and that IC-21 cells 

were very permissible to transduction. 

For use in in vivo experiments, IC-21 cells were transduced by addition of 

concentrated vector to a suspension of cells prior to plating in T75 cm2 flasks, using 

initial titrations to inform vector concentrations. Using this approach, transduction 

rates approaching 100% were achieved using both the KGF- and GFP-lentiviral 

vectors (Figure 3-9).     
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Figure 3-9: Transduction of IC-21 cells using KGF- and GFP-lentiviral vectors. Cells 
were transduced in suspension, by adding concentrated vector to cell suspension prior to 
plating in flasks. Flow cytometry plots showing GFP-expression in KGF- and GFP-
transduced IC-21 cells, compared with untransduced controls. 

 

3.3.2 Doxycycline-inducible expression of KGF and GFP in IC-21 cells 

transduced with KGF-lentiviral vector  

In order to confirm doxycycline-inducible GFP and KGF expression in KGF-

transduced IC-21 cells, GFP expression was measured by flow cytometry and KGF 

expression was measured at mRNA level by qRT-PCR, and at protein level by 

ELISA of cell supernatants, after exposure to doxycycline for 72 hours or no 

doxycycline. Cells had been exposed to doxycycline to confirm successful 

transduction; ‘no doxycycline’ cells were cultured without doxycycline for at least 14 

days. Flow cytometry showed a small increase in GFP expression in transduced 

cells with no doxycycline, and a large increase in GFP expression in transduced 

cells exposed to doxycycline (Figure 3-10A). KGF was undetectable in supernatants 

from untransduced IC-21 cells. KGF could be detected in cell supernatants of 

transduced cells with no doxycycline (5.58 ± 1.34 pg/ml), and this was significantly 

increased in cells that has been exposed to doxycycline (26.7 ± 2.51 pg/ml, Figure 

3-10B). KGF mRNA was not detected in untransduced IC-21 cells. In KGF-

transduced IC-21 cells, KGF mRNA expression could be detected in the absence of 

doxycycline, but there was a significant increase in expression (46.3 ± 0.47-fold, 

p<0.0001) in the presence of doxycycline (Figure 3-10C). These data confirm 

doxycycline-inducible GFP and KGF expression in KGF-transduced IC-21 cells.  
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Figure 3-10: Doxycycline-inducible expression of GFP and KGF in KGF-transduced IC-
21 cells. KGF-transduced IC-21 cells were treated with doxycycline for 72 hours (KGF + 
dox), or no doxycycline (KGF – dox). GFP expression was analysed using flow cytometry. 
KGF expression was measured by KGF ELISA of cell supernatants and by qRT-PCR. (A) 
Flow cytometry plots showing GFP expression compared with untransduced cells. (B) KGF 
concentration in cell supernatants measured by ELISA. (C) KGF mRNA expression 
measured by qRT-PCR. Fold change in expression is relative to ‘KGF – Dox’ normalised to 
expression of ATP5b and beta 2-microglobulin housekeeping genes. KGF mRNA was 
undetectable in untransduced IC-21 cells. The experiment was performed in triplicate, 
****p<0.0001. 
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3.4 Co-culture proliferation bioassay of KGF-transduced 

macrophages with mouse tracheal epithelial cells (MTEC) 

KGF expression was measured at both protein and mRNA levels in KGF-

transduced IC-21 cells. Whilst qRT-PCR suggested KGF was highly expressed at 

mRNA level, only low concentrations of KGF could be detected in cell supernatants. 

A bioassay of MTEC proliferation during co-culture with KGF-transduced IC-21 cells 

was carried out to evaluate the biological activity of these cells. KGF is a mitogen for 

airway epithelial cells in addition to type II AEC. Primary MTEC were harvested and 

differentiated in vitro by growth at air-liquid interface in transwell plates. After 

differentiation, KGF-transduced IC-21 cells or untransduced IC-21 cells (controls) 

were plated in the bottom chambers of the transwell plates, and proliferation of 

MTEC was measured using a bromodeoxyuridine (BrdU) incorporation assay. 

3.4.1 Characterisation of MTEC 

In order to characterise MTEC and confirm appropriate differentiation, 

immunofluorescence staining for a number of epithelial markers, including cell-type-

specific markers, was carried out. Expression of the epithelial marker E-cadherin 

was detected in its expected cell surface distribution, and cytoplasmic expression of 

the tracheal basal cell marker was cytokeratin 14 were demonstrated. Acetylated 

tubulin (ACT) expression was demonstrated, forming characteristic projections of 

cilia, and confirming that ciliated cell differentiation had occurred (Figure 3-11). 
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Figure 3-11: Characterisation of mouse tracheal epithelial cells (MTEC). MTEC were 
grown at air-liquid interface for 24 days and immunofluorescence staining was carried out to 
evaluate expression of airway epithelial cell markers. Nuclei were counterstained with DAPI 
(blue). Photomicrographs showing immunofluorescence staining for: (A) E-cadherin, 
membrane distribution shown in red, original magnification x20; (B) Cytokeratin 14, 
cytoplasmic distribution shown in green, original magnification x40; (C) Acetylated tubulin, 

cell surface projections of cilia shown in red, original magnification x20.   

 

3.4.2  Bromodeoxyuridine proliferation assay 

MTEC were co-cultured with KGF-transduced IC-21, or control untransduced IC-21 

cells, for 24 hours. Cells were incubated with BrdU for 3 hours before fixation and 

BrdU immunofluorescence staining. The percentage cells that were BrdU-positive, 

indicating proliferation, were determined for each membrane. As expected for fully 

differentiated MTEC, only occasional BrdU-positive cells were seen in MTEC 

incubated with control macrophages (0.55 ± 0.22%), whereas in MTEC incubated 

with KGF-transduced IC-21 macrophages a significantly higher proportion (11.5 ± 

1.11%, p=0.00036) stained positively for BrdU (Figure 3-12). 
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Figure 3-12: Bromodeoxyuridine proliferation bioassay of MTEC co-cultured with 
KGF-transduced macrophages. MTEC were differentiated at air-liquid interface and then 
co-cultured with KGF-transduced IC-21 cells, or untransduced controls. MTEC proliferation 
after 24 hours was determined using a BrdU incorporation assay. (A and B) Representative 
photomicrographs of anti-BrdU immunofluorescence staining of MTEC cultured with (A) 
untransduced IC-21 cells and (B) KGF-transduced IC-21 cells, original magnification x20. 
(C) Average percentages of BrdU-positive cells for untransduced IC-21 cells (control) and 
KGF-transduced IC-21 cells (KGF). *** p=0.00036 (Student’s t-test after arcsin 
transformation of data). The experiment was performed in triplicate. 

 

These data demonstrate that KGF-transduced macrophages induce proliferation in 

mouse lung epithelial cells, and hence have biological activity in vitro. In addition, 

the use of this co-culture system shows that direct cell-cell contact is not necessary 

for the macrophages to exert their effects. 
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3.5 Kinetics and sensitivity of Tet-on system and effects of 

doxycycline on IC-21 cell viability 

For experiments with HeLa cells and 293T cells, doxycycline was used at 10 µg/ml 

in order to induce transgene expression. Observations during initial transduction 

experiments suggested that this concentration of doxycycline appeared to increase 

cell death in IC-21 cells, so experiments were carried out to determine the effects of 

doxycycline on IC-21 cell viability. The time course of transgene expression in 

response to addition and withdrawal of doxycycline, and the sensitivity to 

doxycycline in vitro, was established to guide doxycycline dosing during in vivo 

experiments.   

3.5.1 Effect of doxycycline concentration on IC-21 cell viability  

The effect of doxycycline concentration on viability was first examined in KGF-

transduced IC-21 cells. Cells were incubated with media containing no doxycycline, 

or doxycycline at a range of concentrations between 2.5 and 20 µg/ml, for 72 hours. 

Flow cytometry was carried out after addition of the membrane impermeable dye 

propidium iodide to detect cell death. Almost universal cell death occurred at 

doxycycline concentrations of 10 µg/ml and above (Figure 3-13). The reason for the 

high levels of cell death in the untreated (no doxycycline) cells (15.84 ± 0.75%) is 

unclear, however these cells became more confluent because lentivirus-transduced 

IC-21 cells grew more slowly in the presence of doxycycline.  
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Figure 3-13: The effects of doxycycline concentration on the viability of KGF-
transduced IC-21 cells. Flow cytometry was carried out on cells exposed to a range of 
doxycycline concentrations for 72 hours, or no doxycycline. Propidium iodide was added to 
cell suspension prior to flow cytometry to label dead cells. (A) Representative flow cytometry 
plots showing propidium iodide staining (dead cells) and GFP expression with no 
doxycycline (dox) and 5 and 10 µg/ml doxycycline. (B) Percentage dead cells with 
doxycycline concentration from flow cytometry analysis. The experiment was carried out in 
duplicate; however cells treated with doxycycline 20 µg/ml were combined for flow cytometry 
in order to record enough cell events.  

 

A separate experiment was carried out to determine whether untransduced IC-21 

cells were also susceptible to doxycycline-induced cell death. Marked cell death 

was also seen in untransduced cells exposed to 10 µg/ml doxycycline, suggesting 

that the cytotoxic effects of doxycycline were not simply as result of transgene 

expression (Figure 3-14). 
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Figure 3-14: The effects of doxycycline concentration on the viability of untransduced 
IC-21 cells. Flow cytometry was carried out on cells exposed to a range of doxycycline 
concentrations for 72 hours, or no doxycycline. Propidium iodide was added to cell 
suspension prior to flow cytometry to label dead cells. Graph shows percentage of dead 
cells with doxycycline concentration from flow cytometry analysis. The experiment was 
carried out in duplicate.  

 

It is possible that these experiments may have underestimated the proportions of 

dead cells, because dead cells or their fragments can be phagocytosed by any 

remaining live macrophages. 

3.5.2 The sensitivity of the Tet-on system 

The cytotoxicity observed at higher concentrations of doxycycline led to a 

requirement to use lower concentrations of doxycycline for in vitro studies. Using a 

lentiviral vector employing the same Tet-on system it was shown that transgene 

expression could be maximally induced in vitro with exposure using 0.1 µg/ml 

doxycycline [322]. KGF-transduced IC-21 cells were exposed to doxycycline at a 

range of concentrations between 1.6 ng/ml and 5 µg/ml for 72 hours, and flow 

cytometry was carried out to determine the intensity of GFP expression at each 

concentration. Weak GFP expression could be detected at 1.6 ng/ml doxycycline, 

and a progressive increase in the mean fluorescence intensity of GFP expression 

was seen with increasing concentrations, reaching maximal levels at concentrations 

of 200 ng/ml and 1 µg/ml (Figure 3-15). The reason for the significant drop in the 

intensity of GFP expression at 5 µg/ml is not clear, but may be due to a degree of 

cytotoxicity at this concentration. 
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Figure 3-15: Effect of doxycycline concentration on intensity of GFP expression in 
KGF-transduced IC-21 cells. Cells were exposed to doxycycline at a range of 
concentrations for 72 hours and flow cytometry was carried out to determine the mean 
fluorescence intensity (geometric mean) of GFP expression. *** p<0.001. The experiment 
was carried out in triplicate. 

 

Based on these data, a concentration of doxycycline of 1 µg/ml was used for all 

subsequent in vitro experiments. 

 

3.5.3 Time course of doxycycline-induced transgene expression 

Using the Tet-on system in this construct, transgene expression should be switched 

on after exposure to doxycycline and switched off upon its withdrawal. To determine 

the time-course of transgene expression after addition of doxycycline to IC-21 cells 

transduced with the KGF-lentiviral vector, cells were exposed to doxycycline for time 

periods between 24 and 96 hours and GFP expression was analysed using flow 

cytometry. GFP expression was seen in a maximal proportion of cells by 24 hours 

after exposure to doxycycline, but the mean fluorescence intensity of the cells 

increased gradually up to 72 hours, with no significant increase thereafter (Figure 

3-16).  
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Figure 3-16: Time course of GFP expression after exposure of KGF-transduced IC-21 
cells to doxycycline. Flow cytometry was carried out on KGF-transduced IC-21 cells 
exposed to doxycycline for 0, 24, 48, 72 and 96 hours. (A) Flow cytometry histogram plots 
showing cells no doxycycline and cells exposed to doxycycline for 24 hours (all are GFP 
positive), and 72 hours (there is an increase in the fluorescence of GFP positive cells). (B) 
Mean fluorescence intensity (geometric mean) at each time point. * p<0.05, *** p<0.001, 
experiment performed in triplicate. 

 

To determine the time course of loss of transgene expression after withdrawal of 

doxycycline, cells were exposed to doxycycline for 72 hours to induce maximal GFP 

expression and flow cytometry was carried out on cells after removal of doxycycline 

for 2, 4, 6 and 8 days.  A gradual reduction in the mean fluorescence intensity 

occurred over the course of 8 days, with GFP expression on day 8 after doxycycline 

removal remaining above that of untransduced cells (Figure 3-17).  
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Figure 3-17: Time course of GFP expression in KGF-transduced IC-21 cells after 
withdrawal of doxycycline. IC-21 cells were exposed to doxycycline for 72 hours, and then 
doxycycline was withdrawn for 2, 4, 6 and 8 days, or not withdrawn. Graph shows mean 
fluorescence intensity (geometric mean) at each time point, compared with untransduced 
cells (Unt). *** p<0.001, experiment carried out in triplicate. 

 

These data indicate that transgene expression is rapidly induced after exposure of 

KGF-transduced IC-21 cells to doxycycline, with high levels of GFP expression seen 

at 24 hours, becoming maximal at 72 hours. The reduction in GFP expression on 

removal of doxycycline is more protracted, taking greater than 6 days. 
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3.6 Effects of lentiviral vector-transduction and exposure to 

doxycycline on IC-21 macrophage phenotype 

The lentiviral vectors used in this study lack genes related to cytopathogenicity and 

are replication-incompetent, which limits the expression of viral proteins within 

transduced cells. However, it is possible that integration of viral DNA or expression 

of transgenes could alter macrophage phenotype. Doxycycline was toxic to 

macrophages at higher concentrations, and it is possible that exposure to 

doxycycline per se could affect macrophage phenotype. Characteristic properties of 

macrophages include their phagocytic capacity and their phenotypic plasticity and 

polarisation potential, and experiments were carried out to determine the effects of 

lentiviral vector transduction and doxycycline exposure on these properties. 

3.6.1 Phagocytosis assay of KGF-transduced IC-21 cells   

An assay was carried out to confirm that the IC-21 macrophage cell line had 

retained phagocytic capacity, and to determine whether this was affected by 

lentiviral vector-transduction or doxycycline exposure. Untransduced and KGF-

transduced IC-21 cells, with and without doxycycline, were first activated with 

tumour necrosis factor-alpha (TNF-α), and then incubated with fluorescently-labelled 

polystyrene beads. Light microscopy confirmed the presence of beads within IC-21 

cells from all four groups (Figure 3-18). 

 

 



Chapter Three 

156 
 

 

Figure 3-18: Phagocytosis assay of untransduced and KGF-transduced IC-21 cells 
using polystyrene beads: phase contrast microscopy. Cells were stimulated with TNF-α 
and then incubated with beads. Cells were washed 3 times and incubated for 90 minutes 
before phase contrast microscopy using an inverted microscope (original magnification x20) 
to determine association and uptake of beads. Representative photomicrographs of: (A) 
Untransduced IC-21 cells, no doxycycline, (B) untransduced IC-21 cells with doxycycline, 
(C) KGF-transduced IC-21 cells, no doxycycline, and (D) KGF-transduced IC-21 cells with 

doxycycline. 

 

Flow cytometry was used to attempt to quantify association and uptake of 

fluorescent beads by cells. Because of the high fluorescence intensity of the beads 

and the large range in the fluorescence of the cells, it was not possible to show all 

cell events on the flow cytometry histogram plots. All histograms had a 

characteristic profile with individual peaks discernible, presumably corresponding to 

increasing numbers of beads associated with each cell (Figure 3-19A). The mean of 

the fluorescence intensities for each group were similar, however there was a large 

degree of intragroup variability and insufficient replicates to determine whether there 

were significant differences between the groups (Figure 3-19B).   
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Figure 3-19: Phagocytosis assay of Phagocytosis assay of untransduced and KGF-
transduced IC-21 cells using polystyrene beads: flow cytometry. Flow cytometry was 
carried out after incubation of IC-21 cells with fluorescent polystyrene beads. (A) 
Representative flow cytometry histogram plots show control cells (no beads) in red and cells 
of interest in blue. (B) Mean fluorescence intensity (geometric mean) in FL2 channel. The 

experiment was performed in duplicate. 
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These data confirm that the IC-21 macrophage cell line is capable of phagocytosis, 

and that following lentiviral transduction using this HIV-1-based vector, or exposure 

to doxycycline, IC-21 cells retain their phagocytic capacity.   

3.6.2 Gene expression profiles of lentiviral vector-transduced IC-21 cells 

Expression profiles of genes associated with polarisation of macrophages towards 

the M1 and M2 phenotypes in untransduced and lentivirus-transduced IC-21 cells 

were examined using qRT-PCR. In addition to the GFP- and KGF-transduced IC-21 

cells, IC-21 cells transduced with a luciferase lentiviral vector (used for subsequent 

cell tracking experiments) which has a different lentiviral backbone were included in 

this experiment. There was no significant difference in mRNA expression of 

mannose receptor C type I (MRC1), associated with M2 polarisation, or chemokine 

ligand 2 (CCL2), associated with M1 polarisation, between the untransduced IC-21 

cells and any of the lentiviral vector-transduced IC-21 cells (Figure 3-20). 

Expression of inducible nitric oxide synthase (iNOS), which is strongly up-regulated 

in M1-polarised macrophages, was examined. For technical reasons related to low 

baseline levels it wasn’t possible to compare baseline iNOS levels across all 4 

groups however, upon stimulation with lipopolysaccharide (LPS) to induce M1 

polarisation, there was no significant difference in iNOS expression between 

untransduced and lentivirus-transduced IC-21 cells (Figure 3-20). These data 

suggest that lentivirus transduction of IC-21 cells is not associated with a shift 

towards M1 or M2 macrophage polarisation.  
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Figure 3-20: Expression of M1 and M2 macrophage markers in untransduced and 
lentiviral vector-transduced IC-21 cells. Expression of genes differentially regulated with 
macrophage polarisation was assessed using qRT-PCR. Expression of mannose receptor C 
type 1 (MRC1) and chemokine ligand 2 (CCL2) were measured in unstimulated cells, and 
expression of iNOS was measured after stimulation with LPS for 72 hours. # Fold change in 
expression is shown relative to untransduced cells, normalised to expression of ATP2b and 
β2-microglobulin house-keeping genes. The experiment was carried out in quadruplicate. 

Expression levels of both iNOS and C-X-C chemokine receptor type 4 (CXCR4) 

were compared in untransduced and lentivirus-transduced IC-21 cells that were 

unstimulated, or stimulated with LPS. LPS-stimulation significantly up-regulated 

iNOS expression in untransduced, KGF-transduced and luciferase-transduced IC-

21 cells (Figure 3-21). Sufficient data for baseline iNOS expression in GFP-

transduced cells was not obtained, so it was not possible to make this comparison 

in those cells. CXCR4 is differentially expressed upon macrophage polarisation, 

being significantly up-regulated in M2 macrophages [336]. Consistent with this, 

CXCR4 mRNA expression was significantly down-regulated in LPS-stimulated IC-21 
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cells compared with unstimulated IC-21 cells, in both untransduced and lentiviral 

vector-transduced cells (Figure 3-21). That these cells could both up-regulate a 

marker of M1 activation and down-regulate a marker of M2 activation upon 

exposure to LPS suggests that at baseline they are not strongly polarised towards 

either phenotype.  

 

Figure 3-21: Differential expression of iNOS and CXCR4 with LPS-stimulation in 
untransduced and lentivirus-transduced IC-21 cells. QRT-PCR was used to assess 
iNOS and CXCR4 mRNA expression in unstimulated cells and cells stimulated with LPS for 
72 hours. # Fold change in expression shown is shown relative to untransduced cells, 
normalised to expression of ATP2b and β2-microglobulin housekeeping genes. For all data 
shown, there are significant differences in expression between unstimulated and LPS-
stimulated cells (p<0.01 for all data). The experiment was performed in quadruplicate.  

In order to determine whether exposure to doxycycline altered macrophage 

polarisation, expression of CCL2, MRC1 and CXCR4 were examined in cells 

exposed to no doxycycline, or doxycycline 1 µg/ml for 72 hours. There were no 
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significant alterations in mRNA expression of these 3 genes by qRT-PCR in either 

untransduced or lentiviral vector-transduced IC-21 cells (Figure 3-22).  

 

Figure 3-22: Effects of doxycycline exposure on CCL2, MRC1 and CXCR4 expression 
in untransduced and lentivirus-transduced IC-21 cells. QRT-PCR was used to assess 
mRNA expression in cells exposed to doxycycline for 72 hours, or no doxycycline. # Fold 
change in expression shown is shown relative to untransduced cells, normalised to 
expression of ATP2b and β2-microglobulin house- keeping genes. The experiment was 
performed in quadruplicate. 
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These data confirm that the IC-21 macrophage cell line retains phenotypic plasticity 

in response to stimuli. These characteristics were preserved after transduction with 

lentiviral vectors, including 2 different vector backbones with different transgenes, 

and treatment with doxycycline. Neither lentiviral vector transduction nor 

doxycycline exposure caused a significant alteration in baseline mRNA expression 

of the genes that were examined.  
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3.7 Discussion 

3.7.1 Titration of lentiviral vectors 

Transduction of HeLa cells with a dilution series of vector was used to estimate 

vector titres. HeLa cells are used for lentiviral vector titration, because they are 

permissible to transduction, but the high transduction rates in the IC-21 macrophage 

cell line using low multiplicities of infection (informed by HeLa titration) suggested 

that HeLa cell titration may have underestimated titres. Estimation of vector titres 

using transduction of HeLa cells is based on the number of cells transduced for a 

given volume of virus, and does not discriminate cells that have single or multiple 

sites of vector integration, and hence may underestimate viral titres. A number of 

other methods have been described for estimating lentiviral vector titres, and some 

of these have been compared by Geraerts et al. [337]. Concentrations of the p24 

viral capsid protein by ELISA, or viral RNA by qRT-PCR, can be measured in vector 

preparations, but may overestimate titres due to detection of protein or RNA from 

defective particles. qRT-PCR of cDNA from transduced cells can be used to 

estimate pro-viral copy number, but gene expression may vary at different 

integration sites [337].  

3.7.2 Macrophage transduction using HIV-1-based lentiviral vectors 

The IC-21 macrophage cell line was efficiently transduced using lentiviral vectors, 

with transduction rates approaching 100%. The use of a transformed cell line is not 

relevant to translation to a clinical therapy, but facilitated the generation of large 

numbers of KGF-transduced macrophages suitable for use in ‘proof of principle’ in 

vivo experiments. Demonstration that any positive findings using a cell line could be 

reproduced using primary cells would be desirable before further translation. 

Transduction rates of up to approximately 80% were achieved in BMDM using the 

GFP-lentiviral vector. There are very few reports of lentiviral vector transduction of 

murine BMDM in the literature, but in one study comparable transduction rates of 

around 80% were achieved using a VSV-G pseudotyped HIV-1-based vector [317]. 

These investigators found that transduction rates increased with time in culture up 

to day 8 in culture, suggesting that the extent of cellular differentiation affected 

transduction, and found no significant increase in transduction rates at MOI 50 and 

100 compared with MOI 10; they did not comment on cytotoxicity at higher MOIs 

[317]. These authors routinely added the cationic polymer polybrene for 

transduction, and in the present study addition of polybrene appeared to be 

associated with enhanced transduction rates.   
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One of the advantages of lentiviral vectors is that they are able to transduce non-

dividing cells, however whilst wild-type HIV-1 is capable of infecting quiescent cells 

it has been shown that reverse transcription and pro-viral integration does not 

always go to completion under these circumstances [338]. It is known that there is 

differing susceptibility to infection of lymphocytes and macrophages with wild-type 

HIV-1, and accordingly it has been shown that human monocyte-derived 

macrophages from different donors had markedly different susceptibility to 

transduction with VSV-G pseudotyped HIV-1-based lentiviral vectors ex vivo [339]. 

Non-dividing cells contain lower levels of deoxynucleotide triphosphates (dNTPs), 

required for pro-viral DNA synthesis, than dividing cells, and these investigators 

have shown that the transduction efficiency of human monocyte-derived 

macrophages with lentiviral vectors can be greatly enhanced by addition of 

deoxynucleotides (dNTP precursors) during transduction. The enhancement was 

most marked in cells from donors with low basal transduction rates [339]. Using this 

approach it may be possible to improve transduction rates in primary macrophages 

for future work. 

3.7.3 KGF expression by macrophages 

Whilst qRT-PCR suggested that KGF-transduced macrophages were expressing 

large quantities of KGF mRNA, only low concentrations of KGF could be detected in 

cell culture media. This may simply be because KGF is unstable in cell 

supernatants, although ELISAs were carried out using freshly harvested 

supernatants. Mass spectrometric studies suggest that KGF undergoes post-

translational modification, but there is very little published data examining post-

translational modification and regulation of KGF secretion [340]. One study has 

reported disconnect between KGF mRNA and protein secretion in fibroblasts, with 

some stimuli inducing mRNA expression but no detectable protein in cell 

supernatants [341]. KGF is a heparin sulphate proteoglycan (HSPG)-binding growth 

factor and it was also considered that KGF could bind macrophage cell surface 

HSPG on macrophages, preventing its release into cell supernatants [187]. 

However, the co-culture assay carried out showed that KGF-transduced IC-21 cells 

could induce proliferation in mouse tracheal epithelial cells, suggesting that these 

cells produced physiologically relevant concentrations of KGF. 

3.7.4 Doxycycline and macrophage cell death in vitro 

In both untransduced and lentivirus transduced IC-21 cells, exposure to 

concentrations of doxycycline of 10 µg/ml, or above, in vitro resulted in high levels of 

cell death, which was evident within 24 hours of exposure. Cell death has been 



Chapter Three 

165 
 

reported in other cells in vitro following exposure of cells to doxycycline; in one 

study, the effects of doxycycline on a number of different cell lines was examined; 

exposure to doxycycline resulted in dose-dependent cytotoxicity in the RAW 264 

macrophage cell line and a monocyte cell line, but not in fibroblast or chondrocyte 

cell lines [342]. Here, cell death was reported to occur through apoptosis. The in 

vitro cytotoxic effects of doxycycline do not appear to be limited to haematopoietic 

cells; in a number of cancer cell lines doxycycline has been shown to reduce 

proliferation and increase susceptibility to death by apoptosis via the intrinsic 

pathway [343-345].  

The mechanism of doxycycline-induced cell death was not explored. Doxycycline is 

an antibiotic of the tetracycline group that inhibits bacterial protein synthesis, but in 

addition to its antibacterial properties it has anti-inflammatory effects, and is 

recognised to be a matrix metalloproteinase (MMP) inhibitor, both through down-

regulating MMP production and inhibiting MMP activation [346]. MMPs are a group 

of proteases which degrade extracellular matrix proteins, and play a role in a 

number of physiological processes including cell proliferation, migration and 

differentiation, angiogenesis, apoptosis, inflammation and host defences [347, 348]. 

It is possible that doxycycline-induced cell death involved MMP inhibition, and MMP 

inhibition has been demonstrated by others in a concentration dependant manner 

within the concentration range that was found to be cytotoxic to macrophages [349, 

350]. Lower concentrations of doxycycline did not appear to affect IC-21 cell 

behaviour, in terms of phagocytic capacity, phenotypic plasticity and baseline 

expression of markers of M1 and M2 macrophage activation, and transgene 

expression could be maximally induced at sub-cytotoxic concentrations.  

Doxycycline concentration is more difficult to determine and control in the in vivo 

setting, and it is not possible to extrapolate the in vitro findings to this more complex 

environment, however attention was drawn to the fact that doxycycline use to 

induce transgene expression in vivo may have off-target effects. MMPs have been 

implicated in the pathogenesis of pulmonary fibrosis, and additionally doxycycline 

has been shown to attenuate cytokine-stimulated CCL2 production by A549 cells 

[272, 351]. It has been reported that mice given doxycycline after bleomycin-

induced lung injury had a reduction in inflammatory cell infiltrates and fibrosis [352]. 

For these reasons, for subsequent in vivo experiments, doxycycline was used at the 

lowest concentration that had been shown to induce transgene expression in vivo 

using this doxycycline-inducible lentiviral vector backbone [322]. In addition, in vivo 

experiments were designed so that animals in all groups received doxycycline.  

http://en.wikipedia.org/wiki/Extracellular_matrix
http://en.wikipedia.org/wiki/Cell_proliferation
http://en.wikipedia.org/wiki/Cellular_differentiation
http://en.wikipedia.org/wiki/Angiogenesis
http://en.wikipedia.org/wiki/Apoptosis
http://en.wikipedia.org/wiki/Immune_system
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3.7.5 The Tet-on system 

The use of inducible lentiviral vectors expressing transgenes under the control of 

drugs, for example doxycycline in the Tet-on system offer the advantage of being 

able to regulate transgene expression both in vitro and in vivo [322]. An obvious 

disadvantage to this is the administration of a drug that may have additional off-

target effects or adverse reactions in vivo, as described. In addition, lentiviral 

vectors can accommodate a limited insert size, and the addition of gene sequences 

required for the Tet-on system reduces the capacity for other genetic elements.  

The experiments described indicate a degree of leakiness in the Tet-on system 

used in the KGF- and GFP-lentiviral vectors, particularly at the high levels of 

transgene expression seen after 293T cell transfection with the KGF-lentiviral 

transfer vector plasmid. At the expression levels obtained with the KGF-transduced 

IC-21 cells there was a small increase in GFP expression above baseline in the 

absence of doxycycline and detectable KGF mRNA expression.  However there was 

great induction (approximately 50-fold) of KGF mRNA expression upon addition of 

doxycycline, and the low levels of transgene expression in the absence of 

doxycycline may not be physiologically relevant. For the purpose of the in vivo cell 

delivery experiments in this study, any leakiness of the Tet-on system was irrelevant 

because transgene expression was required continuously after cell delivery and 

mice in all groups received doxycycline. Other Tet-on systems have been 

developed that are reported to have extremely low basal activity [353].    

3.7.6 Lentiviral vector transduction and macrophage phenotype 

Infection of macrophages with wildtype HIV-1 is associated with the alteration of 

expression of genes involved in immune and inflammatory responses  [354]. It has 

been reported that dendritic cells transduced with lentiviral vectors had altered 

phenotype and function, however in another study transduction of murine primary 

peritoneal macrophages with an HIV 1-based lentiviral vector lacking accessory 

virulence proteins did not result in any significant change in phagocytic capacity, 

secretion of nitric oxide, or ability to stimulate T-cell proliferation [316, 355]. The 

experiments described showed that IC-21 macrophages retained phagocytic 

capacity after transduction, although this was not assessed quantitatively. 

Additionally, macrophages retained phenotypic plasticity in response to stimuli gene 

and expression profiles did not differ for any of the genes examined, which included 

markers of M1 and M2 activation. These data suggest that transduction with each of 

three lentiviral vectors and transgene expression per se had not altered 

macrophage phenotype. Of note, the cells used for these experiments has been a 
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passaged a number of times (4-6) after transduction, and phenotypes may differ 

closer to the time of transduction.  
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3.8 Summary 

 HIV-1-based lentiviral vectors co-expressing KGF and GFP, or GFP only, under 

control of doxycycline can be generated by co-transfection of 293T cells with 

lentiviral transfer vector plasmids, and packaging and envelope plasmids.  

 Murine BMDM can be transduced with these lentiviral vectors with transduction 

efficiencies of up to 80%, and higher transduction efficiency can be achieved 

using more highly concentrated vectors. 

 The IC-21 macrophage cell line is highly permissible to lentiviral vector 

transduction, and can be transduced with approaching 100% efficiency.  

 KGF-transduced macrophages co-express KGF and GFP in a doxycycline-

inducible fashion and induce proliferation in lung epithelial cells in vitro.   

 Doxycycline is cytotoxic to the IC-21 cell line in a concentration-dependant 

fashion.  

 The IC-21 macrophage line retains fundamental macrophage characteristics of 

phagocytosis and of phenotypic plasticity in response to stimuli, and these are 

preserved after lentiviral vector transduction and exposure to doxycycline at 

non-cytotoxic concentrations. 

 Neither lentiviral vector transduction nor doxycycline exposure altered 

expression of markers of M1 and M2 macrophage activation in IC-21 cells. 
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4 Delivery and tracking of exogenous macrophages in vivo 

 

This chapter describes the results of experiments carried out to address aim 2 

(section 1.10.2), ‘to establish whether exogenous macrophages are retained in the 

lungs of mice’. In response to injury to the lung, circulating monocytes are recruited 

and undergo differentiation into macrophages. Delivery of differentiated 

macrophages into the systemic circulation, or directly to injured lung, does not 

represent a normal physiological situation, and it is not clear if these cells would 

survive and retain the homing capacity of their monocyte precursors to injured lung 

tissue. In the clinical setting, cell therapy to the lung could be delivered systemically 

by intravenous (IV) injection or directly to the lung by, for example, endobronchial 

instillation. Experiments were carried out to track the fate of exogenous 

macrophages after delivery to the lungs of mice by systemic or direct lung 

administration. A variety of cell labelling and tracking techniques were used, and 

cells were given in the absence and presence of bleomycin-induced lung injury. The 

experiments described were carried out using the IC-21 macrophage cell line, which 

was also used in experiments examining the therapeutic efficacy of delivery of KGF-

transduced macrophages to bleomycin-injured mice.     
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4.1 Systemic delivery and tracking of DiI-labelled macrophages 

Experiments were performed to determine whether systemic delivery of exogenous 

macrophages would be tolerated by mice, and whether macrophages would home 

to, and be retained in, the lungs of mice in the presence or absence of lung injury. 

Untransduced IC-21 cells were labelled with DiI prior to injection. DiI is a 

photostable non-toxic lipophilic fluorophore that stains cell membranes and other 

hydrophobic structures, and has been used to label cells for in vivo cell tracking 

studies [331]. Mice were given bleomycin (50 IU per mouse) by oropharyngeal (OP) 

instillation to induce lung injury, or saline (vehicle control). On day 3, when the 

inflammatory response to bleomycin is well established, mice were given 2 x 106 

DiI-labelled IC-21 cells, or PBS (vehicle control), by tail vein (IV) injection. A group 

of mice that had received macrophages, and either bleomycin or saline, were culled 

on day 5 post-bleomycin/saline (2 days after macrophage delivery). The remaining 

mice were culled on day 14 post-bleomycin/saline (11 days after macrophage 

delivery). The experimental protocol is shown in Figure 4-1. Flow cytometry of lung 

homogenates and fluorescence microscopy of lung sections was used to determine 

whether DiI-labelled cells were present in the lungs. 

 

Figure 4-1: Systemic delivery of DiI-labelled macrophages to bleomycin and saline-
treated mice: experimental protocol. Mice were given bleomycin 50 IU/mouse (Bleo) or 
saline by OP instillation on day 0, and 2 x 10

6
 DiI-labelled IC-21 cells by tail vein injection on 

day 3. Mice were culled on day 5 (group 1) or day 14 (group 2). Group 1: bleomycin + IC-21 
cells, n=3; saline + IC-21 cells, n=3. Group 2: bleomycin + IC-21 cells, n=4; saline + IC-21 
cells, n=4; bleomycin + PBS, n=3; saline + PBS, n=3. 

4.1.1 Responses to bleomycin and macrophage delivery 

Tail vein injection of macrophages was well tolerated and there were no apparent 

adverse effects, either immediately after injection or during the course of the 

experiment. Body weights of mice were used as a measure of well-being. In keeping 

with the expected response to lung injury, all bleomycin-treated mice had a 

progressive loss of body weight over the first 6 to 8 days after injury, after which 

they began to gain weight. Throughout the experiment there was no significant 

difference between the mean weight of the bleomycin-treated group given 

macrophages and the bleomycin-treated group given PBS. Weight loss was not 
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seen in the saline-treated mice, and there was no significant difference between the 

mean weights of the saline groups given macrophages and PBS (Figure 4-2). 

 

Figure 4-2: Body weights of bleomycin and saline-treated mice given tail vein 
injection of DiI-labelled macrophages. Group 2 (as outlined in Figure 4-1). There was 

no significant difference between the bleomycin-treated mice given PBS and macrophages. 

Lung sections from mice culled on day 14 were examined histologically after 

modified Martius scarlet blue trichrome staining. This confirmed the presence of 

fibrotic lung injury in all bleomycin-treated mice, with loss of normal lung 

architecture, inflammatory cell infiltrates and collagen deposition. The experiment 

was not designed to investigate whether macrophage delivery would affect the 

severity of lung injury, but no unusual histological features were seen in bleomycin-

treated mice given macrophages, compared with PBS control. Normal lung 

architecture was seen in all mice given saline, with no abnormal histological 

features in saline-treated mice given macrophages (Figure 4-3).  
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Figure 4-3: Modified Martius scarlet blue staining from lung sections of mice 14 days 
after bleomycin or saline (11 days after tail vein injection of DiI-labelled macrophages 
or PBS). Group 2 (as outlined in Figure 4-1). Mice were culled on day 14 and modified 
Martius scarlet blue trichrome staining was carried out on lung sections. Collagen fibres are 
stained blue. Representative photomicrographs are shown for mice given (A) saline + PBS, 
(B) saline + IC-21 cells, (C) bleomycin + PBS and (D) bleomycin + IC-21 cells. Original 

magnification x10. 

4.1.2 Presence of DiI-positive cells within lung homogenates of saline and 

bleomycin-treated mice 

Flow cytometry of lung homogenates (left lung) from groups 1 and 2 above, was 

carried out to determine whether lungs contained DiI-labelled cells on days 5 and 14 

after bleomycin or saline (days 2 and 11 after macrophage delivery). For flow 

cytometry of lung homogenates, cells were stained with anti-CD45 (haematopoietic 

cell marker) and anti-F4/80 (macrophage marker) antibodies, and F4/80 and CD45 

co-stained cells were assumed to be macrophages.  

On day 5, the lung homogenates from the bleomycin-treated mice contained a 

significantly higher proportion of macrophages (F4/80 and CD45 co-stained cells, 

28.8 ± 2.42%) than those from saline-treated mice (15.8 ± 0.89%, p=0.035). In lung 

homogenates from all mice given DiI-labelled macrophages a proportion of these 

cells were also DiI-positive, and there was no significant difference in this proportion 

between bleomycin-treated mice (2.43 ± 0.50%) and saline controls (1.87 ± 0.61%, 
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Figure 4-4). Considering that there is an overall increased cellularity in the lungs of 

bleomycin-treated mice, these data suggest that the lungs of bleomycin-treated 

mice contained more DiI-positive cells than those of saline controls.  

 

Figure 4-4: Detection of DiI-positive cells by flow cytometry in lung homogenates of 
mice on day 5 after bleomycin or saline and day 2 after tail vein injection of DiI-
labelled macrophages. Mice were treated as described in Figure 4-1. Representative flow 
cytometry plots of lung homogenates from (A) saline-treated mouse given PBS (negative 
control), (B) saline-treated mouse given DiI-labelled IC-21 cells and (C) bleomycin-treated 
mouse given DiI-labelled IC-21 cells. Cells co-staining for F4/80 and CD45 were gated (plots 
on left) to isolate a population containing macrophages, and this population was analysed for 
DiI expression (plots on right).  

At the later time-point, 14 days after bleomycin or saline (11 days after DiI-labelled 

macrophages or PBS injection), the proportion of F4/80+/CD45+ co-staining cells 
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was significantly higher in bleomycin-treated mice (19.1 ± 1.18%) compared with 

saline-treated mice (15.2 ± 0.71%, p=0.029). From this population, only a small 

proportion were DiI-positive, and this was significantly higher in bleomycin-treated 

mice (0.89 ± 0.15%) compared with saline-treated mice (0.21 ±0.03%, p=0.020, 

Figure 4-5).      

 

Figure 4-5: Detection of DiI-positive cells by flow cytometry in lung homogenates 
mice on day 14 after bleomycin or saline and day 11 after tail vein injection of DiI-
labelled macrophages. Mice were treated as described in Figure 4-1. Representative flow 
cytometry plots of lung homogenates from mice given (A) saline + PBS (B) saline + DiI-
labelled IC-21 cells and (C) bleomycin + DiI-labelled IC-21 cells. Cells co-staining for F4/80 
and CD45 were gated (plots on left) to isolate a population containing macrophages and this 
population was analysed for DiI (plots on right).  
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Fluorescence microscopy of lung sections was used to attempt to localise DiI-

positive cells, which were identified as strongly fluorescent red cells. Occasional DiI-

positive cells were seen within lung sections of saline and bleomycin-treated mice 5 

days after bleomycin/saline and 2 days after DiI-labelled macrophage delivery 

(Figure 4-6). No convincing DiI-positive cells were found in the sections examined 

from the day 14 mice.   

 

Figure 4-6: Fluorescence microscopy of lung sections from mice 5 days after 
bleomycin or saline and 2 days after injection of DiI-labelled macrophages. Lungs were 
processed for histology on day 5 after bleomycin or saline (day 2 after delivery of DiI-labelled 
IC-21 cells). Lung sections were stained with DAPI as a nuclear counterstain (blue) and 
fluorescence microscopy was carried out. Representative fluorescence microscopy of lung 
sections from (A) saline treated mouse and (B) bleomycin treated mouse. Original 
magnification x40.  

These data suggest that exogenous macrophages can localise to the lung after 

systemic injection and that this is increased in mice with lung injury, compared with 

uninjured controls, and that this population diminishes over time. Overall, histology 

showed very few DiI-positive cells within the lung sections examined, but it is 

possible that fluorescence intensity may have diminished during tissue processing. 

There are a number of caveats to the interpretation of this data. First, some of the 

DiI-positive cells identified using flow cytometry may have been in the pulmonary 

circulation rather than the lung parenchyma. Second, a live/dead marker was not 

used for flow cytometry, and it is possible that some or all of the DiI-positive cells 

were not alive. Finally, because DiI is a fluorescent label, not a fluorescent protein 

expressed by a reporter gene, the DiI-positive cells are not necessarily the DiI-

labelled macrophages that were injected; some of these could represent resident 

phagocytes that had engulfed material from dead DiI-positive cells. Using this cell 

tracking method it was therefore not possible to determine the overall distribution of 

the macrophages given by systemic injection, or the proportion that localised to the 

lung.    
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4.2 Intratracheal injection of KGF-transduced macrophages 

To circumvent some of the potential disadvantages of using a fluorescent dye for 

cell tracking, subsequent experiments were carried out using macrophages that had 

been stably transduced with reporter genes. It was considered that delivery of 

macrophages directly to the lung would target larger numbers of cells to the lung, 

and the feasibility of macrophage delivery by intratracheal (IT) injection was 

explored. Initial experiments used IC-21 macrophages that had been transduced 

with the KGF-lentiviral vector, co-expressing KGF and GFP under the control of a 

Tet-on system. 

First, 1 x 106 KGF-transduced IC-21 cells were given to injury-naïve mice by IT 

injection. Cells were exposed to doxycycline in vitro for 72 hours prior to delivery to 

ensure maximal transgene expression at the time of delivery, and mice were given 

doxycycline in drinking water throughout the experiment for maintenance of in vivo 

transgene expression. Flow cytometry was carried out on an aliquot of the cells 

used for IT injections, and confirmed >90% GFP expression in these cells (Figure 

4-7). DiI-labelling was used in addition, hence exogenous macrophages were both 

GFP-expressing and DiI-positive. Mice were culled 24 hours (n=4) or 72 hours (n=4) 

after cell delivery, and fluorescence microscopy of bronchoalveolar lavage fluid 

(BALF) cytospins, and flow cytometry of BALF and of lung homogenates was used 

to determine the presence of exogenous macrophages.  

 

Figure 4-7: Flow cytometry of KGF-transduced macrophages given by IT injection. 
KGF-transduced IC-21 cells were exposed to doxycycline in vitro for 72 hours prior to IT 
injection into mice. Flow cytometry was carried out on an aliquot of cells to verify levels of 
GFP transgene expression.  

24 hours after IT macrophage instillation fluorescence microscopy of BALF 

cytospins from all 4 mice showed abundant DiI-positive cells, however it was not 

possible to determine whether these were also GFP-positive using fluorescence 

microscopy. Flow cytometry of BALF confirmed the presence of DiI-positive cells, a 
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small proportion of which were also GFP-positive. For lung homogenates, DiI-

positive cells were also seen, a proportion of which expressed GFP (Figure 4-8).  

  

Figure 4-8: Presence of GFP/DiI-positive cells in BALF and lung homogenates 24 
hours after IT injection of GFP/DiI-positive macrophages. Mice were given 1 x 10

6
 DiI-

labelled KGF-transduced IC-21 cells by IT injection and BALF and lung homogenates were 
examined 24 hours later. (A and B) Representative photomicrographs showing light 
microscopy and corresponding fluorescence microscopy of BALF monolayers from (A) 
control mouse and (B) mouse given IT macrophages. Original magnification x20. (C) 
Representative flow cytometry plots for BALF from ‘negative control’ (no IT macrophages), 
‘IT macrophages’ (IT injection of GFP/DiI-positive IC-21 cells) and ‘positive control’ (BALF 
from control mouse spiked with freshly prepared DiI/GFP-positive IC-21 cells prior to 
analysis). (D) Representative flow cytometry plots for lung homogenates. Groups are as 

described for BALF.     
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72 hours after cell injection, BALF cytospins and flow cytometry of BALF and lung 

homogenates indicated that once again DiI-labelled cells were abundant, however 

flow cytometry suggested that all DiI-positive cells were GFP-negative for both 

BALF and lung homogenates (Figure 4-9).  

 

Figure 4-9: Presence of DiI-positive cells in BALF and lung homogenates 72 hours 
after IT injection of GFP/DiI-positive macrophages. Mice were given 1 x 10

6
 DiI-labelled 

KGF-transduced IC-21 cells by IT injection and BALF and lung homogenates were 
examined 72 hours later. (A) Representative photomicrographs showing light microscopy 
and corresponding fluorescence microscopy of BALF monolayers from mouse given IT 
macrophages. Original magnification x20. (B) Representative flow cytometry plots for BALF 
from ‘negative control’ (no IT macrophages) and ‘IT macrophages’ (IT injection of GFP/DiI-
positive IC-21 cells). (C) Representative flow cytometry plots for lung homogenates. Groups 

are as described for BALF.     
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There are a number of plausible explanations for the presence of large numbers of 

DiI-positive but GFP-negative cells, and these can be broadly divided into 3 areas: 

(i) they are the original cells, alive but not expressing the GFP transgene; (ii) they 

are the original cells but are dead; or (iii) the original cells have died and DiI-labelled 

material has been taken up by resident phagocytes. Of note, with the exception of 

any GFP-positive DiI-positive cells, the DiI-positive cells had lower fluorescence 

intensities than the original DiI-labelled cells, which would be consistent with the 

third option, but could also be due to proliferation of the original cells causing a 

dilution effect of the DiI. 

In order to establish whether the DiI-positive cells were alive or dead a further 

experiment was carried out in which mice were given IT injection of 1.5 x 106 KGF-

transduced DiI-labelled IC-21 cells (n=5) or IT PBS (vehicle control, n=3). Cells 

were exposed to doxycycline for 72 hours prior to delivery to induce maximal 

transgene expression, and mice were given doxycycline in drinking from 2 days 

prior to cell injection to the end of the experiment. Mice were culled 7 days after IT 

injections, and flow cytometry of BALF and lung homogenates, after staining with 

the macrophage marker F4/80 and the live/dead marker DAPI, was used to 

establish the presence and viability of DiI/GFP-positive cells. Flow cytometry of 

BALF showed that within the macrophage population, 59.3 ± 6.92% cells were DiI-

positive, and these were broadly GFP negative (Figure 4-10). Of these DiI-positive 

macrophages, 38.2 ± 4.19% were non-viable at the time of flow cytometry, 

assessed by uptake of DAPI, however the high rates of cell death amongst the total 

macrophage population (42.1 ± 2.72% for macrophage-treated mice and 42.4 ± 

0.03% for PBS-treated mice) suggest that cell death may have occurred during 

processing (Figure 4-10). Similar to BALF, lung homogenates contained a 

population of macrophages that were DiI-positive and GFP-negative (data not 

shown). 
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Figure 4-10: Presence of DiI-positive cells in BALF 7 days after IT injection of KGF-
transduced DiI-labelled macrophages. Mice were given 1.5 x 10

6
 DiI-labelled KGF-

transduced (GFP-expressing) IC-21 cells by IT injection, or PBS control, and were culled on 
day 7. Flow cytometry of BALF was carried out after F4/80 and DAPI staining. (A and B) 
Representative flow cytometry plots of BALF from (A) mouse given IT PBS and (B) mouse 
given IT IC-21 cells. Macrophages were identified and gated by side-scatter profile and 
F4/80 staining (left hand plots). Macrophages were analysed for DiI-labelling and GFP-
expression. DiI-positive cells (B) were analysed for viability using DAPI staining (DAPI-

positive cells were taken to be non-viable).   

 

Taken together, these data show that exogenous macrophages can be delivered to 

the lungs by IT injection. However the large number of DiI-labelled cells that were 

negative for GFP-expression raised questions about cell viability and transgene 

expression after IC-21 cell delivery to the lungs by IT injection.  
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4.3 Oropharyngeal instillation of KGF-transduced macrophages 

IT injection of cells required open surgery and is relatively invasive, and it was 

unclear how well this would be tolerated in the days following bleomycin-induced 

injury. Experiments were carried out to explore the feasibility of OP instillation as a 

less invasive cell delivery approach that requires only a short period of light 

anaesthesia and could potentially be used for repeated cell delivery. 3 mice were 

first given 1.5 x 106 DiI-labelled KGF-transduced IC-21 cells by OP instillation, and 2 

mice were given OP PBS. Cells were exposed to doxycycline for 72 hours in vitro 

prior to delivery, and mice were given doxycycline in drinking water for 2 days prior 

to cell delivery. Mice were culled 24 hours after cell delivery and flow cytometry was 

carried out on BALF and lung homogenates to detect DiI and GFP positive cells. 

Additionally, KGF concentration was measured in BALF by ELISA.  

OP instillation of cells was well tolerated. Flow cytometry of BALF showed a large 

proportion of cells (64.1 ± 11.7%) were DiI positive and of these, a distinct 

population were also GFP positive (5.02 ± 0.009%, Figure 4-11A). Lung 

homogenates also contained a population of DiI positive cells, of which a proportion 

(7.47 ± 0.020%) were also GFP positive (Figure 4-11B). Mean KGF concentration in 

BALF was higher in mice given KGF-transduced cells (76.1 ± 22.5 pg/ml) compared 

with PBS control (40.3 ± 15.1 pg/ml), but this was not statistically significant (Figure 

4-11C). From these data it could not be concluded that any increase in KGF was 

due to KGF expression by the transduced macrophages, as it is possible that this 

could be secondary to cell delivery per se. 

The presence of large numbers of DiI-labelled cells, some of which were expressing 

GFP, in BALF and lung homogenates suggested that OP instillation could be used 

to deliver cells to the lungs with greater efficacy than IT injection. OP instillation was 

also preferable to IT injection in terms of tolerability and the feasibility of giving cells 

to large numbers of mice. As with IT injection, the explanation for the presence of 

large numbers of DiI-labelled GFP negative cells was unclear, and questions 

remained over cell viability and transgene expression in vivo. Further experiments 

were designed to resolve this issue.   
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Figure 4-11: Delivery of DiI-labelled KGF-transduced IC-21 cells to mice by OP 
instillation: flow cytometry of BALF and lung homogenates and KGF ELISA of BALF 
after 24 hours. Mice were given 1.5 x 10

6
 DiI-labelled KGF-transduced IC-21 cells by OP 

instillation (n=3) or PBS control (n=2). Mice were culled after 24 hours. (A) Representative 
flow cytometry plots of BALF from mice given PBS control and KGF-transduced DiI-labelled 
IC-21 cells. (B) Representative flow cytometry plots of lung homogenates from mice given 
PBS control and KGF-transduced DiI-labelled IC-21 cells. (C) Mean KGF concentrations in 

BALF of mice treated given PBS (control) or KGF-transduced IC-21 cells (KGF-macs). 
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4.4 Oropharyngeal instillation of luciferase-transduced 

macrophages and tracking using bioluminescence imaging  

Cells expressing the enzyme luciferase bioluminesce on exposure to the substrate 

luciferin, and luciferase-expressing cells can be detected and tracked longitudinally 

in vivo after delivery to mice using bioluminescence imaging [356]. Because the 

generation of bioluminescence is an ATP-dependent reaction, only live cells will 

bioluminesce. Luciferase-expressing macrophages were produced in order to 

overcome some of the problems encountered using DiI-labelling and GFP 

expression to track cells, and to facilitate longitudinal tracking of cells after delivery 

to individual subjects. A lentiviral transfer vector plasmid constitutively expressing 

firefly luciferase (pLenti-CMV-puro-LUC) was chosen; doxycycline was not required 

to induce transgene expression, avoiding potential issues of doxycycline availability 

and toxicity in vivo. This vector also expressed the puromycin resistance gene, 

facilitating selection of transduced cells by culturing in the presence of puromycin. 

4.4.1 Generation of luciferase-expressing IC-21 cells  

In order to verify appropriate transgene expression using pLenti-CMV-puro-LUC, 

this plasmid was first transfected into 293T cells in 6-well plates, and these were 

imaged using IVIS® to confirm bioluminescence and hence appropriate luciferase 

transgene expression. A strong bioluminescent signal was detected in pLenti-CMV-

puro-LUC-transfected 293T cells (Figure 4-12).  

 

Figure 4-12: Bioluminescence imaging of pLenti-CMV-puro-Luc-transfected 293T 
cells. 293T cells were transfected with pLenti-CMV-puro-Luc using the transfection reagent 
JetPEI®, and plates were imaged the following day using IVIS® after addition of luciferin, 
150 µg/ml, to cell culture medium. Bioluminescent signal was emitted from pLenti-CMV-
puro-Luc-transfected 293T cells, but not untransfected controls. Colour scale shows 
bioluminescence emission in photons per second per cm

2
 per steradian (p/sec/cm

2
/sr). 

For production of lentiviral vectors, 293T cells were co-transfected with the pLenti-

CMV-Puro-Luc plasmid, and envelope and packaging vectors. The luciferase-
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lentiviral vectors produced were used to stably transduce IC-21 cells. IC-21 cells 

were transduced in 6-well plates with a dilution series of vector. At higher MOIs (5–

20 µl vector per well in 1 ml media), dose-dependent cell death occurred, with few 

remaining live cells after transduction with 20 µl vector. Cells were imaged using 

IVIS® 48 hours after transduction, and bioluminescence above baseline was 

detected in cells transduced at all MOIs. Bioluminescence progressively increased 

with vector concentration up to a concentration of 2.5 µl vector per ml media, and 

progressively declined at higher concentrations due to cell death (Figure 4-13). 

Cells were expanded out of 6-well plates into flasks, and transduced cells were 

selected by growth in puromycin. Cells originally transduced at concentrations of 2.5 

and 1.25 µl vector per 1ml media were used for in vivo cell delivery experiments.  

 

Figure 4-13: Transduction of IC-21 cells with luciferase-lentiviral vector: 
bioluminescence imaging. IC-21 cells were transduced in 6-well plates using a 2-fold 
dilution series of luciferase-lentiviral vector, between 20.0 and 0.16 µL vector per well in 1ml 
culture medium. Plates were imaged using IVIS® after addition of 150 µg/ml luciferin to the 
medium and bioluminescence emission from each region of interest (ROI) was determined. 
(A) Bioluminescence imaging of plates. Volume of vector used per well is shown in white 
and red circles are ROIs. Colour bar shows bioluminescence in photons per second per cm

2
 

per steradian (p/sec/cm
2
/sr). (B) Bioluminescence emission from each well.   
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4.4.2 Kinetics of bioluminescence emission after exposure of luciferase-

transduced IC-21 cells to luciferin  

Bioluminescence emission by luciferase-expressing cells in vivo requires the 

presence of luciferin. In vitro experiments were carried out to establish the kinetics 

of bioluminescence emission by luciferase-transduced IC-21 cells in response to 

addition of luciferin to the cell culture media. Luciferin is a small molecule which 

enters cells by diffusion through cell membranes; this process, followed by the 

oxidation of luciferin would be expected to result in rapid emission of 

bioluminescence. Luciferin (150 µg/ml) was added to cell culture media and cells 

were IVIS® imaged every 4 minutes, using 3 minute exposure times, until 

luminescence emission plateaued. At 4 minutes there was a significant (p<0.0001) 

increase in emitted bioluminescence compared with baseline, which was 73.7% of 

the subsequent maximum. Bioluminescence continued to increase significantly 

between subsequent time points up to 12 minutes, when it plateaued (Figure 

4-14A). When bioluminescence had plateaued, cells were washed twice, and media 

without luciferin was added. By the time of the first image acquisition (4 minutes), 

bioluminescence had returned to baseline (Figure 4-14B). These data demonstrate 

that bioluminescence emission occurs rapidly in response to luciferin, but may take 

up to 12 minutes to become maximal after exposure to luciferin. Theoretically, this 

time may depend on both the concentration of luciferin and the levels of luciferase 

expression within the cells.   

The local concentrations of luciferin that might be achieved in vivo were unknown, 

but potentially lower than the 150 µg/ml used above; an in vitro experiment was 

carried out to determine the relationship between luciferin concentration and 

bioluminescence in luciferase-transduced IC-21 cells. Medium was added 

containing a 10-fold dilution series of luciferin, between 0.15 mg/ml and 1.5x10-5 

mg/ml, or no luciferin, and bioluminescence emission was measured using IVIS® 

imaging directly afterwards. A strong linear relationship between luciferin 

concentration and bioluminescence emission was observed across this range of 

concentrations (r2=0.9892, p<0.0001, linear regression analysis, Figure 4-15). This 

suggests that at a concentration of 0.15 mg/ml luciferin is insufficient to saturate the 

bioluminescence emission by luciferase-transduced IC-21 cells and that below 

saturating concentration the relationship between luciferin and bioluminescence 

emission is linear.  
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Figure 4-14: Time course of bioluminescence emission from luciferase-transduced IC-
21 cells in vitro upon addition and withdrawal of luciferin. Luciferase-transduced IC-21 
cells were plated in a 12-well plate, and bioluminescence was measured using IVIS® 
imagining before, and at 4 minute intervals after addition and withdrawal of luciferin to 
culture media. (A) Bioluminescence after addition of D-luciferin. (B) Bioluminescence after 

withdrawal of bioluminescence. Points on graph represent mean values taken from 4 wells.  

 

 

 

Figure 4-15: Relationship between luciferin concentration and bioluminescence 
emission in luciferase-transduced IC-21 cells. Luciferase-transduced IC-21 cells were 
seeded in a 12-well plate at a density of 1 x 10

5
 cells per well. Medium containing luciferin 

across a range of dilutions using a ten-fold dilution series from 0.15 to 1.5 x 10
-5

 mg/ml was 
added and the plate was imaged directly using IVIS® to measure bioluminescence at each 
concentration. Note logarithmic scale has been used. Linear regression analysis showed a 
linear relationship. 
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4.4.3 Longitudinal tracking of luciferase-transduced IC-21 cells delivered to 

mice by OP instillation using IP injection of luciferin 

In order to determine whether luciferase-transduced IC-21 cells could be visualised 

within the lungs using bioluminescence imaging, three mice were each given 2 x 106 

luciferase-transduced IC-21 cells by OP instillation. Mice were imaged on the day of 

cell delivery and the 2 subsequent days, having been given 200 µl luciferin (10 

mg/ml) by IP injection. Mice were imaged 20 minutes after luciferin injection, as 

bioluminescence had been found to plateau around this time in lung cancer models 

using IP luciferin injection. On the day of cell delivery, one hour after instillation of 

cells, imaging for all three showed bioluminescence bilaterally over the thorax in a 

distribution consistent with the presence of cells within both lungs. However on days 

1 and 2 after cell delivery, bioluminescence was not detectable above baseline 

(Figure 4-16). These data confirm that at least a proportion of IC-21 cells delivered 

by OP instillation localise to the lungs bilaterally, but using this imaging approach it 

was not possible to detect live cells in injury-naïve mice 1 day after cell delivery.  

It was considered that live cells may remain within the lungs 24 hours after delivery, 

but that the imaging technique used was not sufficiently sensitive to detect them. A 

second experiment was carried out with modification, to try to increase imaging 

sensitivity. In vitro experiments had demonstrated a relationship between 

bioluminescence emission and luciferin concentration, so the amount of luciferin 

given by IP injection was doubled from 200 µl to 400 µl (both at 10 mg/ml). Each 

mouse was given 3 x 106 (increased from 2 x 106). It was considered that luciferin 

must first enter the pulmonary circulation and then cross the alveolar-capillary 

membrane barrier to enter the alveolar or airway lining fluid and access luciferase-

expressing cells within the airway, which may take longer than the time taken to 

reach luciferase-expressing cells in organs supplied by the systemic circulation. 

Mice therefore underwent consecutive imaging after luciferin injection for 60 minutes 

to check that a later increase in bioluminescence did not occur. Bioluminescence 

was detectable at 15 minutes after D-luciferin injection, peaked at 20 – 30 minutes 

and then fell gradually, still detectable at 60 minutes (Figure 4-17).  
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Figure 4-16: Bioluminescence imaging of mice after OP instillation of luciferase-
transduced IC-21 cells. Mice were given 2 x 10

6
 luciferase-transduced IC-21 cells by OP 

instillation on day 0. Mice were each given 200 µl D-luciferin 10 mg/ml by IP injection 20 
minutes before acquisition of images using IVIS®. On the day 0, images were acquired 1 
hour after cell delivery. (A) Images obtained on days 0 and 1 after cell delivery. Colour scale 
shows radiance in photons per second per cm

2
 per steradian (p/sec/cm

2
/sr). Regions of 

interest (ROI) used to determine bioluminescence are shown in red. (B) Bioluminescence 

measurements on consecutive days after cells delivery. Mean values for 3 mice are shown. 
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Figure 4-17: Time course of bioluminescence emission after intraperitoneal (IP) 
injection of luciferin in mice given luciferase-transduced IC-21 cells by OP instillation. 
Mice were given 3 x 10

6
 luciferase-transduced IC-21 cells by OP instillation. 30 minutes later 

they were given 400 µl luciferin 10 mg/ml and imaged using IVIS®. (A) Images obtained 15, 
20, 30, 40 and 60 minutes after luciferin injection. Colour scale shows radiance in photons 
per second per cm

2
 per steradian (p/sec/cm

2
/sr). Regions of interest (ROI) used to 

determine bioluminescence are shown in red. (B) Bioluminescence at each time point shown 
as percentage of the peak bioluminescence (absolute bioluminescence readings varied 
considerably between the mice in this experiment so percentage of peak value was used). 
Mean values for three mice are shown.  

 

These mice were imaged again the day after cell delivery, but no bioluminescence 

above baseline values could be detected. After live imaging, two of the mice were 

culled and rapidly imaged after thoracotomy to directly expose the lungs. 

Bioluminescence could be detected in the lungs of both mice (Figure 4-18). These 

findings confirmed that, despite increasing the dose of D-luciferin, this imaging 

approach was not sufficiently sensitive to detect IC-21 cells within the lungs on the 

day after delivery.  
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Figure 4-18: Comparison of live imaging and open imaging post-mortem for detection 
of luciferase-transduced IC-21 cells after OP instillation. Mice were given 3 x 10

6
 

luciferase-transduced IC-21 cells by OP instillation, and were imaged using IVIS® after IP 
injection of 400 µl luciferin, 10 mg/ml. Images shown are (A) on the day of cell delivery (20 
minutes after luciferin), (B) on the day after cell delivery (live imaging 20 minutes after 
luciferin) and (C) after thoracotomy on the day after cell delivery (approximately 30 minutes 
after luciferin). Images are consecutive images of the same mouse. Similar findings were 
confirmed in a second mouse.   

 

4.4.4 Comparison of IP injection and OP instillation of luciferin for imaging 

luciferase-transduced IC-21 cells after lung delivery 

It was considered that the concentration of luciferin within the bronchoalveolar lining 

fluid was likely to be low after IP injection of luciferin, so alternative delivery routes 

for luciferin were considered. OP instillation of luciferin was evaluated in a pilot 

experiment. 5 mice were given 2 x 106 luciferase-transduced IC-21 cells by OP 

instillation, followed by 200 µl luciferin (10 mg/ml) by IP injection. Mice were imaged 

20 minutes after IP injection of luciferin, and then two mice were given a further 50 

µl luciferin (10 mg/ml) by OP instillation and imaged directly afterwards. 

Bioluminescence increased from 5.688 x 104 to 9.482 x 106 photons per second, 

and from 4.822 x 104 to 3.645 x 106 photons per second respectively in the 2 mice 

(Figure 4-19 A and B). Intranasal delivery of luciferin was also evaluated, but was 

less consistent than OP delivery (data not shown).   

On the day after cell delivery, 3 mice were given 50 µl luciferin (10 mg/ml) by OP 

instillation and were imaged consecutively to determine the time course of 
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bioluminescence emission after OP instillation of luciferin. Bioluminescence could 

be detected on the day after cell delivery in all 3 mice, in contrast with the findings 

using IP injection of luciferin. Peak bioluminescence was obtained at different times 

for the 3 mice, but was consistently high at between 5 and 10 minutes (Figure 

4-19C). 

  

 

Figure 4-19: Comparison of IP injection and OP instillation of luciferin for 
bioluminescence imaging after OP instillation of luciferase-transduced IC-21 cells. 
Mice were given 2 x 10

6
 luciferase-transduced IC-21 cells by OP instillation and were 

imaged using IVIS® 20 minutes after IP injection of 200 µl luciferin (10 mg/ml). Mice were 
then given 50 µl luciferin (10 mg/ml) by OP instillation and imaged for a further 35 minutes. 
On the day after cell delivery mice were imaged directly after OP instillation of luciferin at 
intervals for up 40 minutes. (A) Representative imaging obtained 20 minutes after IP luciferin 
and 5 minutes after OP luciferin (the same mouse is shown). Red rectangles are ROI used 
to determine bioluminescence. (B) Bioluminescence values corresponding to the images 
shown in (A), and at subsequent time points. (C) Time course of bioluminescence emission 

after OP instillation of luciferin on the day after cell delivery. 
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4.4.5 Longitudinal tracking of luciferase-transduced IC-21 cells in 

bleomycin-injured and saline treated (control) mice 

Having established that OP instillation of luciferin increased the sensitivity of 

bioluminescence imaging considerably, an experiment was carried out to 

longitudinally track luciferase-transduced IC-21 cells after OP delivery to mice with, 

or without, bleomycin-induced lung injury. Mice were given bleomycin (50 IU/mouse, 

n=12), or saline control (n=12), on day 0. On day 3, mice were given 1.5 x 106 

luciferase-transduced IC-21 cells by OP instillation. Because imaging required OP 

instillation of a 50 µl bolus of luciferin, each group of mice was further divided into 2 

groups which were imaged on alternate days to avoid undue physiological stress 

from repeated OP instillations. Despite this measure, the experiment was ended on 

day 7 because some of the mice were judged to be too unwell to continue. Imaging 

was not undertaken on the day of cell delivery. The experimental protocol is shown 

in Figure 4-20.        

 

 

Figure 4-20: Longitudinal imaging of bleomycin or saline treated mice given 
luciferase-transduced macrophages by OP instillation: experimental protocol. Mice 
were given bleomycin (bleo), or saline control, on day 0. On day 3 all mice were given cells 
(1.5 x 10

6
 luciferase-transduced IC-21 cells). Mice were divided into 2 groups for 

bioluminescence imaging. Group 1 (bleomycin n=6, saline n=6) were imaged on days 4 and 
6 (days 1 and 3 after cell delivery). Group 2 (bleomycin n=6, saline n=6) were imaged in 
days 5 and 7 (days 2 and 4 after cell delivery). 

 

Mice were weighed prior to bleomycin instillation, on day 3 prior to cell delivery and 

all subsequent days prior to imaging. The weights of the mice given saline remained 

stable, while the mice given bleomycin lost weight, with the mean of the percentage 

starting weights for the group being significantly less than saline controls from day 3 

onwards (Figure 4-21).  
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Figure 4-21: Body weights of bleomycin or saline treated mice given luciferase-
transduced macrophages by OP instillation. Mice were given bleomycin or saline on day 
0, and were all given luciferase-transduced IC-21 cells on day 3. Mice were weighed on day 
0 prior to bleomycin instillation, on day 3 prior to macrophage instillation and on subsequent 
days. By day 3, and on all subsequent days, the mean of percentage starting weights of the 
mice given bleomycin were significantly less than for mice given saline (****P<0.0001, n=12 
per group).  

 

Bioluminescence imaging using IVIS® showed a robust bioluminescent signal for all 

mice on the day after cell delivery (day 4 after bleomycin). On subsequent days, the 

bioluminescent signal from the saline treated mice had returned to baseline, whilst 

the signal from the bleomycin treated mice remained detectable (Figure 4-22). 

Quantification of bioluminescence showed that on day 1 after cell delivery 

bleomycin treated mice had a higher mean bioluminescent signal (7.85x106 ± 2.52 

x106 photons/second) than saline treated mice (3.42 x106 ± 0.81 x 106), however 

there was a large degree of variability within the bleomycin treated mice and this 

difference was not statistically significant On subsequent days, the mean 

bioluminescent signal for bleomycin treated mice fell progressively, but remained 

significantly higher than that of the saline treated mice and remained above baseline 

up to day 4 after cell delivery (day 7 after bleomycin)  (Figure 4-23). 
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Figure 4-22: Longitudinal bioluminescence imaging of bleomycin and saline treated mice given luciferase-transduced macrophages by OP 
instillation. Mice were given bleomycin or saline (vehicle) on day 0, and on day 3 all mice were given 1.5 x 10

6
 luciferase-transduced IC-21 cells by OP 

instillation. Mice were divided into 2 groups which were each imaged for bioluminescence using IVIS® on alternate days. Prior to imaging, mice were given 50 
µl luciferin (10 mg/ml) by OP instillation. Representative images are shown with the same mice in the same positions for consecutive images in each group. 
Colour scale shows radiance in photons per second per cm

2
 per steradian (p/sec/cm

2
/sr). Red rectangles are ROIs used to quantify bioluminescence.     
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Figure 4-23: Quantification of bioluminescence emission from bleomycin and saline 
treated mice given luciferase-transduced macrophages by OP instillation. Mice were 
given bleomycin or saline (vehicle) on day 0, and on day 3 all mice were given 1.5 x 10

6
 

luciferase-transduced IC-21 cells by OP instillation. Mice were divided into 2 groups which 
were each imaged for bioluminescence using IVIS® on alternate days. *P<0.05, ***P<0.001. 
Note the use of a logarithmic scale in order to clearly show all data points.  

 

4.4.5.1 Ex vivo imaging of lungs 

Giving luciferin by OP instillation rather than IP injection had enhanced imaging 

sensitivity, but it was considered that low levels of bioluminescence may still not be 

detected using this approach. On the final day of the experiment the lungs of 3 

saline and 3 bleomycin treated mice that had not undergone live imaging were 

imaged ex vivo. Immediately after death the lungs were infused with 0.5 ml luciferin 

(3.33 mg/ml), the tracheas were ligated with cotton thread and the lungs were 

removed and imaged immediately. The lungs of all 3 bleomycin treated mice 

emitted a strong bioluminescent signal (4.81±1.64 x 108 photons per second), in 

contrast to saline treated mice in which there was no detectable bioluminescence 

above baseline (7.74±1.98 x 104 photons per second) (Figure 4-24).   
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Figure 4-24: Ex vivo bioluminescence imaging of mouse lungs on day 7 after 
bleomycin or saline and day 4 after OP instillation of luciferase-transduced IC-21 
cells. Mice were culled and the lungs were infused with 0.5 ml luciferin (3.33 mg/ml). The 
trachea was tied off with cotton and lungs were removed and imaged promptly using IVIS®. 
Colour scale shows radiance in photons per second per cm

2
 per steradian (p/sec/cm

2
/sr). 

 

These data demonstrate that exogenous macrophages are preferentially retained in 

the lungs of bleomycin-injured mice when given during the inflammatory phase of 

injury, compared with uninjured controls, and persist for up to 4 days following OP 

instillation.  

4.4.6 Longitudinal tracking of luciferase-transduced IC-21 cells given during 

different phases of bleomycin injury   

Exogenous macrophages were retained in the lungs of bleomycin-injured mice 

when given at day 3 after injury, during the established inflammatory phase of injury. 

An experiment was carried out to determine whether luciferase-transduced IC-21 

cells would be retained if delivered during other time points after injury and how long 

they would remain detectable by bioluminescence imaging. In addition to day 3, 

cells were delivered on day 1, early in the inflammatory phase of injury, and at day 

7, at the initiation of the fibrotic phase of the response to bleomycin. 18 mice were 

given bleomycin 50 IU/mouse, and were given 3 x 106 IC-21 cells by OP instillation 

on either day 1 (n=6), day 3 (n=6) or day 7 (n=6) after bleomycin. For mice given 

cells on days 1 and 3, 3 mice were culled on day 7, and for mice given cells on day 

7, 3 mice were culled on day 14. The lungs of these mice were processed for 

histology and the remaining mice in each group were longitudinally imaged until 

bioluminescence could no longer be detected above baseline. Mice were given 

luciferin by OP instillation for imaging, so each group of mice was imaged every 2 – 
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5 days, as tolerated, in order to enable a longer follow up period. The experimental 

plan is shown in Figure 4-25. 

 

 

Figure 4-25: Delivery and longitudinal tracking of luciferase-transduced macrophages 
given at different time points after bleomcyin induced lung injury. Mice were given 50 
IU bleomycin by OP instillation on day 0 (n=18). All mice were subsequently given 3 x 10

6
 

luciferase-transduced IC-21 cells by OP instillation. Group 1 (n=6) were given cells on day 1, 
and 3 mice were culled on day 7 for histology. Group 2 (n=6) were given cells on day 3, and 
3 mice were culled on day 7 for histology. Group 3 (n=6) were given cells on day 7, and 3 
mice were culled on day 14 for histology. All groups were imaged for bioluminescence on 
the day after cell delivery, and every 2-5 days as tolerated. Mice not culled for histology were 
imaged until bioluminescence was no longer detectable.  

  

Each group was imaged on the day after cell delivery, and there was no significant 

difference between the mean bioluminescence levels of each group (Figure 4-26, 

Figure 4-27A). Because it was not possible to image each group at equivalent time 

points after cell delivery, comparisons of the bioluminescence readings between the 

3 groups could not be made after the first day. For mice given cells on day 1, 

bioluminescence was detectable above baseline levels on day 6, but not by day 10. 

For mice given cells on day 3, bioluminescence was detectable above baseline 

levels on day 10, but not by day 14. And for mice given cells on day 7, 

bioluminescence was detectable above baseline levels on day 14, but not by day 17 

(Figure 4-26, Figure 4-27B). These data demonstrate that exogenous macrophages 

are retained in the lungs of bleomycin-treated mice when given during the early 

inflammatory, the established inflammatory, and the early fibrotic phases of lung 

injury. Additionally, it appears that these cells may be progressively lost from the 

lung through cell death or redistribution, although it remains possible that the 

progressive reduction in bioluminescence could be due to a failure of luciferase 

expression.     
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Figure 4-26: Longitudinal bioluminescence imaging of mice given luciferase-transduced macrophages by OP instillation at different time points 
after bleomycin-induced lung injury. Mice were given bleomycin on day 0, and were given 3 x 10

6
 luciferase-transduced IC-21 cells by OP instillation on 

day 1, 3 or 7 (n=6 each). Groups of mice were imaged for bioluminescence using IVIS® on the day after cell delivery and every 2-5 days subsequently as 
tolerated. Prior to imaging, mice were given 50 µl luciferin by OP instillation. Representative images are shown with. Colour scale shows radiance in photons 
per second per cm

2
 per steradian (p/sec/cm

2
/sr). ROIs used to quantify bioluminescence emission are rectangles shown in red. 
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Figure 4-27: Quantification of bioluminescence imaging of mice given luciferase-
transduced IC-21 cells at different time points after bleomycin-induced lung injury. As 
described in Figure 4-26, bioluminescence within each ROI was determined. (A) 
Bioluminescence measurements for mice in each group on the first day after cell delivery 
(n=6 per group). (B) Mean bioluminescence measurements for each group during sequential 

imaging (n=3 per group). 

 

Immunofluorescence staining of lung sections using an anti-luciferase antibody was 

carried out, and confirmed the presence of luciferase-expressing cells within areas 

of consolidated lung in some lung sections (Figure 4-28 A and B). 

Immunohistochemistry and modified Martius scarlet blue staining were used to 

confirm that luciferase-expressing cells localised to diseased areas of lung (Figure 

4-28 C-E).  
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Figure 4-28: Immunolocalisation of luciferase-expressing cells in the lungs of 
bleomycin-treated mice given luciferase-transduced macrophages by OP instillation. 
Mice were given bleomycin on day 0, followed by 3 x 10

6
 luciferase-transduced IC-21 cells 

on days 1, 3 or 7. (A and B) Representative photomicrographs showing 
immunofluorescence staining of lung sections from mice given cells on day 7 and culled on 
day 14. An anti-luciferase primary antibody and an alexa fluor 555-conjugated secondary 
antibody were used to identify luciferase-expressing cells, shown in red. Original 
magnifications (A) x10 and (B) x20. (C and D) Representative photomicrographs showing 
immunohistochemical staining of lung sections from mice given cells on day 3 and culled on 
day 7. Luciferase-expressing cells are shown in brown. Original magnification (C) x10 and 
(D) x20. (E) Modified Martius scarlet blue (MSB) trichrome staining showing early collagen 
fibres in blue, section contiguous with (D).  
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4.5 Discussion 

4.5.1 In vivo cell tracking techniques 

Understanding the migration, biodistribution, and the viability and lifespan of 

exogenous cells is a key aspect of the development of cell-based therapies. A 

number of methods exist for cell labelling, allowing detection of donor or exogenous 

cells after delivery to animals during preclinical studies. These can be broadly 

divided into indirect and direct labelling, each having advantages and 

disadvantages. Direct labelling approaches use labels such as lipophilic 

fluorochromes, radioactive molecules or nanoparticles that are taken up by cells and 

do not involve genetic modification of cells, whilst indirect labelling approaches 

involve the introduction of a reporter gene such as a fluorescent protein or enzyme 

through genetic modification [357].  

Direct labelling techniques are generally simpler to apply and can be accomplished 

more rapidly, but suffer from the disadvantage that the label is not owned by the 

parent cell and may be progressively lost over time, diluted during cell division, 

retained by dead cells and taken up by other cells such as resident phagocytes. 

Thus, these techniques are less suitable for long-term tracking studies, cannot 

provide reliable information on cell viability and may result in false labelling of non-

donor cells. On the other hand, indirect labelling techniques are more time 

consuming to accomplish, requiring stable genetic modification of the cell through, 

for example, viral transduction. Theoretically such labels should be expressed by 

progeny cells and only live cells and hence indirect labelling techniques are more 

suitable for long-term tracking, while providing information about cell viability. Their 

success is, however, dependent on reliable transgene expression in vivo. 

Traditionally, cell tracking studies have used techniques that cannot be carried out 

in live animals, such as immunohistochemistry for marker proteins, flow cytometry 

for fluorescent reporter proteins and fluorochromes, or ex vivo measurement of 

radiation within organs. These approaches provide information about the location of 

donor cells at an individual time point, but do not facilitate longitudinal cell tracking 

in individual subjects and require large numbers of animals if different time points 

are to be examined. In recent years there has been a surge in the development of 

novel imaging techniques, involving both direct and indirect cell labelling techniques, 

which allow non-invasive, longitudinal imaging in preclinical studies [357]. The 

studies described in this chapter used both direct labelling with the lipophilic 

fluorochrome DiI and indirect labelling involving transduction of cells to express the 
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reporter genes GFP and luciferase. Techniques including flow cytometry, 

fluorescence microscopy and immuno-staining were used to detect donor cells post-

mortem, and longitudinal bioluminescence imaging was used to track luciferase-

transduced cells longitudinally in vivo. These studies serve to illustrate some of the 

advantages and disadvantages of the various cell tracking techniques.  

4.5.1.1 Direct cell labelling using DiI staining 

Initial cell tracking studies used the lipophilic fluorochrome DiI, which is 

commercially available and affordable. Cell labelling was simple and could be 

accomplished within one hour, and DiI was non-toxic and did not affect cell viability 

or behaviour in vitro. DiI-labelled cells could be detected directly by flow cytometry 

of tissue homogenates, and in tissue sections using fluorescent microscopy 

sections without the need for immuno-staining. However it was unclear how long the 

fluorescent label would persist within tissue in paraffin blocks and sections, and 

whilst tissue processing, staining and imaging was accomplished as rapidly as 

possible, this may have underestimated the presence of DiI-labelled cells.  A further 

advantage to being able to use immuno-staining techniques is that they incorporate 

signal amplification which may help to distinguish true marker signal from tissue 

auto-fluorescence. Importantly, as already discussed (section 4.1.2), DiI-labelling 

did not provide any information about cell viability, may have falsely labelled 

resident phagocytes that had engulfed labelled cells and may have become diluted 

if cell division occurred over time.  

4.5.1.2 Combined labelling using DiI staining and GFP transduction 

Experiments were carried out using cells directly labelled with DiI and indirectly 

labelled by lentiviral vector transduction to express GFP, and these experiments 

highlighted important issues with the use of direct and indirect labelling techniques. 

Large numbers of cells that were DiI-positive but GFP-negative were retrieved. At 

the time that these experiments were conducted the origin of these cells was 

unclear. These may have been the original cells but which were no longer 

expressing GFP, highlighting the fact that successful indirect labelling depends on 

transgene expression and that this could be absent for a number of reasons related 

to the lentiviral vector constructs. These may also have been the original cells, but 

they were dead, as direct labelling does not distinguish between live and dead cells. 

They may have represented resident phagocytes that had taken up fragments of 

dead DiI-labelled cells, highlighting the fact that direct labelling can result in false 

positive labelling of other cells. In this example the combined use of the 2 
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techniques provided more information than either one alone, but still left a number 

of unanswered questions.  

These experiments also raised the possibility that KGF-transduced cells were not 

co-expressing the GFP transgene in vivo. Transgene expression in cells transduced 

with the KGF lentiviral vector used is driven by promoter regions in the viral LTR, 

the tetracycline responsive element (TRE) of the Tet-on system in response to 

doxycycline and a human cytomegalovirus (CMV) promoter region. Additionally, 

GFP expression in this construct is upstream of an internal ribosomal entry site 

(IRES), which should function to produce coordinate expression of KGF and GFP. 

High levels of transgene expression had been demonstrated in vitro after a number 

of passages for up to around 4 weeks in culture. Silencing of transgene expression 

driven by the CMV promoter has been described in vivo, in addition to variability of 

CMV promoter activity in different organs and cell lines [227, 358]. It is of some 

reassurance that transgene expression has been demonstrated in vivo 10 weeks 

after transplantation of haematopoietic cells transduced with the same lentiviral 

vector, however it is possible that silencing could be cell type-dependant [177]. It 

was considered that a sufficient concentration of doxycycline was not achieved in 

the bronchoalveolar lining fluid to activate the Tet-on system, however in vitro 

studies showed high sensitivity of the Tet-on system to doxycycline and GFP 

expression remained detectable for several days after withdrawal of doxycycline 

from the culture medium. Reduced expression of genes downstream of an IRES 

has been reported, and whilst strong GFP expression was observed in vitro, it is 

possible that the IRES functioned less well in vivo [359].  

Overall, in the light of the results of the subsequent experiments, the most likely 

explanation for the DiI-positive GFP-negative cells is that these were the original 

cells that had died, and some may have been resident phagocytes that had 

engulfed material from dead DiI-labelled cells.      

4.5.1.3 Non-invasive bioluminescence imaging using luciferase-labelled cells 

A number of non-invasive imaging modalities have been developed, and these 

include: optical methods such as fluorescence and bioluminescence imaging using 

fluorescent or bioluminescent proteins or enzymes for cell labelling; magnetic 

resonance imaging (MRI) using contrast agents such as superparamagnetic iron 

oxide nanoparticles (SPION) for cell labelling; and radionucleotide imaging 

modalities such as positron emission tomography (PET) and single-photon emission 

computed tomography (SPECT) using radionucleotides for cell labelling [357]. 
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Because of the problems encountered using DiI for direct cell labelling, 

bioluminescence imaging, which was compatible with an indirect cell labelling 

approach, was chosen. In particular, it was desirable to choose an approach that 

could distinguish live from dead cells. For bioluminescence imaging studies, a 

lentiviral construct was chosen that constitutively expressed luciferase under control 

of a CMV promoter, removing the potential for complications related to the Tet-on 

system and the IRES. This approach allowed repeated imaging of individual 

subjects longitudinally over the course of each experiment, thus reducing the 

number of subjects required for each experiment. A disadvantage of using this 

approach is that 2-dimensional images were generated. However in this study it was 

considered highly likely that bioluminescence seen bilaterally over the thorax was 

due to luciferase-expressing cells in the lungs; this was subsequently verified with 

open imaging, ex vivo lung imaging and immunohistochemistry, although 

technology now exists to acquire 3-dimensional images.   

An area of difficulty encountered in the studies was that the initial imaging protocol 

was found to lack sensitivity. Light emitted from cells within tissues can be absorbed 

by the surrounding tissues, and bioluminescence must be sufficiently strong to 

overcome the effect of attenuation by intervening tissues in order to be detected 

using external imaging; it has been reported that the transmission efficiency of 

bioluminescence from firefly luciferase-expressing cells in the lungs may be as low 

as 2.5% [360]. The sensitivity of bioluminescence imaging can be influenced by a 

number of parameters, including the levels of luciferase expression within the cells 

(dependent on gene copy number and promoter activity), the tissue depth of cells 

expressing luciferase, technical factors related to acquisition (acquisition exposure 

time, binning, animal position) and the availability of luciferin substrate [333]. It was 

not felt that the luciferase expression could be enhanced, and a concentrated cell 

suspension was used for each cell instillation. A long acquisition time, 5 minutes, 

was used for all live imaging. It was felt that altering the availability of luciferin 

substrate by altering the dose and delivery route was most likely to improve 

sensitivity. 

Although improved sensitivity was achieved by altering the luciferin delivery route, 

inconsistency in luciferin delivery will increase variability in imaging, and an imaging 

system that does not require delivery of a substrate would therefore be preferable. 

Fluorophores with wavelengths in the near infrared region of the light spectrum 

(700–900 nm) have an increased depth of tissue penetration and reduced tissue 

autofluorescence, and technology exists to longitudinally image cells labelled with, 
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or expressing, such fluorochromes in vivo after delivery to small animals [361]. Cells 

expressing the fluorescent proteins such as monomeric (m) Cherry can be detected 

during in vivo imaging [362].  

4.5.2 Delivery of luciferin for bioluminescent imaging  

The majority of studies describe luciferin delivery by IP injection, but it was 

considered that this approach may not result in adequate luciferin concentrations 

within the bronchoalveolar lining fluid, and alternative delivery routes were therefore 

investigated in order to enhance imaging sensitivity. Using radiolabelled D-luciferin it 

has been shown that only a small proportion, less than 1%, of D-luciferin is within 

the lung at 1, 5, 15 and 30 minutes after IP injection [363]. Buckley et al. compared 

intranasal instillation and IP injection of luciferin for bioluminescence imaging of 

mice that had been given intranasal luciferase-expressing viral vectors based on 

adenovirus and adeno-associated virus, and a gp64-pseudotyped lentiviral vector. 

For all vectors, intranasal delivery of luciferin resulted in significantly increased 

bioluminescence within the lungs of mice [364]. The findings of the present study 

are consistent with these published reports, showing increased bioluminescence 

emission with luciferin delivery directly to the lung. 

A disadvantage of giving luciferin by OP instillation is that the distribution of the 

luciferin is likely to be less homogenous than after systemic delivery. Additionally, 

changes in alveolar-capillary membrane permeability as a result of lung injury could 

affect retention of luciferin and alter imaging dynamics. A further disadvantage is the 

requirement for mice to receive a 50 µl bolus of fluid, which may cause physiological 

stress in mice with lung injury. Despite these caveats, OP instillation of luciferin was 

felt to be the best option for the longitudinal imaging experiments.  

4.5.3 Macrophage homing in response to injury 

Recruitment of monocytes to sites of tissue injury in response to specific 

chemoattractants is a two-step process involving adherence of monocytes to the 

vascular endothelium through interaction of specific adhesion molecules on vascular 

endothelial cells and monocytes, followed by trans-endothelial migration. Monocyte 

adhesion molecules thought to be involved in this process include L-selectin 

(CD62L) and β2-integrins (CD11a, CD11b) [365]. The CCL2-CCR2 axis is important 

in recruitment of CCR2-expressing circulating monocytes to bleomycin-injured lungs 

of mice [272]. As discussed, it is not clear whether systemically delivered 

macrophages would retain the ability of their monocyte precursors to migrate to 

injured lung, and this has not been explored in published studies. Exogenous 
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macrophages have, however, been tracked after systemic delivery in the presence 

of inflammation or injury in tissues other than lung, and appear to retain some 

homing capacity. Radiolabelled peritoneal macrophages given to mice by IV 

injection initially accumulated in the lungs and subsequently in the liver, however 

macrophages also accumulated in the skin after footpad injury [283]. DiI-labelled 

primary splenic macrophages given by IV injection preferentially accumulated in the 

kidneys of mice with drug-induced kidney injury, compared with the kidneys of 

uninjured mice, at 24 hours post-injection [366]. Adhesion molecule and chemokine 

receptor expression in the cells used in this study was not explored, and could be 

evaluated in future work.  

The initial experiment in which macrophages were given to bleomycin-injured mice 

by systemic (IV) injection used DiI-labelled IC-21 cells. Whilst at 48 hours after cell 

injection it appeared that more DiI-labelled cells had accumulated within the lungs of 

bleomycin-treated mice than saline controls, it was not possible to adequately 

demonstrate preferential homing of exogenous macrophages to injured lung using 

this experimental approach. Subsequent experiments showed that luciferase-

transduced macrophages given by OP instillation had accumulated in areas of 

damaged lung, and not normal lung, suggesting an ability to home to injured tissue. 

Bioluminescence imaging could be used in future work to determine whether 

macrophages given by IV injection are preferentially retained in the lungs of mice 

after injury.     

4.5.4 Retention of macrophages by injured mice  

The finding that luciferase-transduced IC-21 macrophages could be detected in the 

lungs of bleomycin-injured mice, but not uninjured controls, beyond 24 hours after 

delivery directly to the lung is intriguing. It is not clear from these studies whether 

this was due to improved survival of macrophages within the injured lung, or simply 

retention of cells within the lung. The previous experiments, in which injury-naïve 

mice given DiI-labelled GFP-expressing IC-21 cells were found to have large 

numbers of DiI-positive GFP-negative cells in their lungs, would be consistent with a 

considerable number of cells having died within the lungs, but it cannot be 

concluded that some of the cells may have egressed from the lung. It is possible 

that, due to lack of upregulation of chemokines supporting retention in the lung, 

exogenous macrophages egress from the lung through the pulmonary circulation or 

lymphatics. In vitro studies using cultured monolayers of primary human AEC have 

shown that bidirectional migration of monocytes can occur through an intact 

monolayer under steady state conditions, suggesting the possibility that leukocytes 
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could transmigrate in an apical-to-basal direction across an intact, healthy 

epithelium [367].   

Further studies could be carried out to investigate the relative contributions of 

survival and retention to the continued presence of macrophages within bleomycin-

injured lungs. Examination of BALF for apoptotic or dead labelled cells within 24 

hours of delivery of labelled macrophages in uninjured and bleomycin-injured mice 

could help to determine whether cell survival is increased in injured lungs. At early 

time points, apoptotic cells may still express GFP. Alternatively, CD45 alloantigen 

mismatched mice could be used. Whilst bioluminescence imaging is unlikely to be 

sufficiently sensitive to detect cells in organs outside the lung, even with systemic 

luciferin delivery, thorough histological examination of organs or a luciferase activity 

assay may help to detect smaller numbers of cells. If the presence of chemokines is 

required to retain exogenous macrophages within the lung, knockdown of 

chemokine receptors such as CCR2 prior to cell delivery would be expected to 

prevent retention of cells within the lung, and this could be examined using RNA 

knockdown approaches and bioluminescence imaging.  

Exogenous macrophages were retained when delivered on day 1, 3 and 7 after 

bleomycin delivery, at all the time points examined. This information was useful for 

planning subsequent therapeutic experiments involving delivery of KGF-transduced 

macrophages, but does not provide any clues as to the mechanism by which 

macrophages are retained. At all three time points examined there will be a 

significant inflammatory response, even at day 7 when the fibrotic phase of the 

response is beginning. It would be interesting to examine whether macrophages 

would be retained at later time points, around 4 weeks after injury, when the 

response is predominantly fibrotic.   

Following delivery of luciferase-transduced macrophages to mice at all 3 time points 

during bleomcyin-induced lung injury there was a progressive decrease in 

bioluminescence measurements over subsequent days. This may be due to the 

reasons described above, or other technical reasons. For example, it is possible 

that luciferase expression, driven by the human CMV promoter, was silenced in vivo 

and that cells remained within the lungs but did not express luciferase. It is possible 

that cells within the lung parenchyma, where they were seen using immuno-

staining, are less accessible to luciferin than cells within the airways, or that 

changes in tissue density affect the transmission efficiency of light; however it 

seems less likely that these factors could account for the large changes seen.   
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As discussed, evidence suggests that under steady state conditions alveolar 

macrophages are long-lived cells (section 1.8.2.1). However during lung injury and 

resolution in animal models, the turnover rate of lung macrophages appears to be 

much higher. In a study using mismatched bone marrow transplantation to study the 

recruitment of circulating, bone marrow-derived monocytes after LPS-induced acute 

lung injury, there was continued recruitment of circulating monocytes to the lung, 

alongside apoptosis of resident cells, for up to 2 months after injury [268]. This 

suggests that during the acute lung injury phase, and its resolution, there may be a 

continuous turnover of macrophages, with macrophages undergoing apoptosis and 

being replaced by circulating monocytes. The turnover rate of macrophages in 

animal models of lung injury that have a more protracted course and fibrotic injury 

phase is unclear, but if there is a continuous turnover of endogenous macrophages, 

exogenous macrophages may also be relatively short-lived, and undergo apoptosis 

to be replaced by circulating monocytes. Immuno-staining of luciferase-expressing 

macrophages for apoptotic markers in lung sections could be used to help establish 

whether this is the case.  

The macrophage cell line IC-21 that was used in these studies is derived from 

C57Bl/5 mice, and was chosen because it should be syngeneic with the mice used 

for the bleomycin lung injury model, and therefore not be subject to immune 

rejection. There remains a possibility that, due to subtle difference in haplotype, the 

IC-21 cells are recognised as foreign. This could be tested by delivery and tracking 

of IC-21 cells in an immunocompromised mouse strain; however the inflammatory 

response to lung injury, and hence retention of macrophages, may differ in these 

animals. An alternative method to test this would be to isolate T-cells from the 

spleens of mice that had been given IC-21 cells (by systemic or lung delivery), and 

to determine whether IC-21 cells could induce proliferation of these T-cells in 

culture; stimulation of T-cell proliferation by IC-21 cells would be consistent with an 

immune response to these cells. 

Importantly, these studies used a macrophage cell line, and therefore should be 

repeated using primary macrophages, such as bone marrow-derived macrophages. 

These cells would be more relevant to the development of a clinical therapy, and 

would resolve any potential concerns about immune rejection of cells.  
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4.6 Summary 

 Direct labelling of exogenous macrophages with fluorescent dyes for cell 

tracking after in vivo delivery, may over-estimate the presence of live exogenous 

macrophages. 

 Indirect cell labelling techniques by transduction with reporter genes may be 

more reliable than direct cell labelling for cell tracking, but knowledge of reliable 

transgene expression in vivo is required to confidently interpret experimental 

findings.   

 Luciferase-transduced macrophages can be tracked longitudinally after delivery 

to the lungs of mice using bioluminescence imaging. 

 Direct lung delivery of luciferin substrate by OP instillation greatly increases the 

sensitivity of detection of luciferase-transduced macrophages in the lung (given 

by OP instillation), compared with IP injection of luciferin.  

 Exogenous macrophages are retained in the lungs of bleomycin-injured mice, 

but not uninjured controls; the mechanisms of cell retention and loss are 

currently unknown. 

 Macrophages are retained in the lungs of bleomycin-injured mice during the 

early inflammatory, established inflammatory and early fibrotic phases of injury, 

and could be detected in the lungs for up to 7 days. 

 The limited survival of exogenous macrophages within injured mouse lung may 

reflect turnover rates of endogenous macrophages or immune rejection of cells, 

or may be due to other technical factors.  
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5 Evaluation of therapeutic effects of keratinocyte growth 

factor-transduced macrophage delivery in the bleomycin 

mouse model of pulmonary fibrosis  

 

This chapter describes the results of experiments carried out to address aim 3, ‘to 

determine whether delivery of KGF-transduced macrophages affects the nature or 

severity of bleomycin-induced lung injury in mice’. Bleomycin-treated mice were 

given KGF-transduced macrophages, or controls, by OP instillation. Because of the 

possible effects of macrophage delivery per se on outcomes, all experiments 

included a control group that received macrophages transduced with GFP only. 

Because the effects of both exogenous macrophages and KGF may differ during 

the different phases of bleomycin-induced lung injury, cells were delivered during 

both the established inflammatory phase and the initial fibrotic phase of injury. 

Evidence of transgene expression in vivo was sought, and endpoints were chosen 

that aimed to detect changes in alveolar-capillary membrane permeability and 

epithelial integrity, and levels of inflammation and fibrosis.  
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5.1 Effects of double instillation of KGF-transduced 

macrophages during the inflammatory phase of bleomycin-

induced injury    

In an initial experiment, mice were given 2 instillations of KGF-transduced 

macrophages, or controls. Cells were given on both day 1 and day 3 after injury to 

maximise transgene expression. An early time point (day 7) was chosen for this 

initial experiment because the therapeutic effects of KGF, reflective of enhanced 

alveolar epithelial repair, should be apparent by this time; however the experiment 

was terminated on day 5 because a number of mice became too unwell to continue. 

Mice were given bleomycin 50 IU/mouse by OP instillation, a dosing regimen that 

results in severe lung injury, or saline control. On days 1 and 3 after bleomycin 

instillation, mice were given 3 x 106 KGF-transduced IC-21 cells (KGF-

macrophages) or GFP-transduced IC-21 cells (GFP-macrophages), or PBS (vehicle 

control) by OP instillation. All mice were given doxycycline in drinking water to 

maintain transgene expression in vivo for 2 days before bleomycin instillation and 

throughout the experiment, and were given damp diet subsequent to bleomycin 

delivery. There were 4 groups of mice: saline + PBS (n=4), bleomycin + PBS (n=7), 

bleomycin + GFP-macrophages (n=7) and bleomycin + KGF-macrophages (n=7). 

The experimental protocol is shown in Figure 5-1.  

 

 

Figure 5-1: The effects of double instillation of KGF-transduced IC-21 cells on 
outcomes in mice given bleomycin 50 IU per mouse: experimental protocol. 

Bleo=bleomycin. Cells were KGF-transduced IC-21 cells or GFP-transduced IC-21 cells. 

5.1.1.1 GFP expression by cells prior to delivery 

KGF- and GFP-transduced IC-21 cells were exposed to doxycycline for at least 72 

hours prior to delivery to maximally induce transgene expression. IC-21 cells 

required considerable expansion after transduction to generate sufficient cells for 

delivery to mice, and had been passaged up to 6 times, so an aliquot of the cells 

given to the mice on day 1 was saved for flow cytometry to verify transgene 

expression. This confirmed that both the KGF- and GFP-transduced IC-21 cells 
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expressed high levels of GFP transgene (Figure 5-2). These data demonstrate 

stability of transgene expression in lentiviral vector-transduced IC-21 cells over a 

number of passages.  

 

Figure 5-2: GFP expression in KGF- and GFP-transduced IC-21 cells for delivery to 
mice. IC-21 cells were transduced with lentiviral vectors co-expressing KGF and GFP (KGF-
transduced) or GFP alone (GFP-transduced). Cells were expanded in culture and flow 
cytometry was carried out to measure GFP expression. Flow cytometry plots show GFP 
expression in KGF- and GFP-transduced IC-21 cells, compared with untransduced controls.  

 

5.1.2 Detection of transgene expression in vivo 

GFP expression in macrophages of the lungs of mice given KGF- and GFP-

macrophages was evaluated by flow cytometry of BALF cells and 

immunohistochemistry of lung sections. For flow cytometry of BALF cells, cells were 

first stained with the macrophage marker F4/80. GFP-expressing F4/80-positive 

cells were recovered from BALF of mice given both KGF- and GFP-macrophages. 

The proportion of BALF F4/80-positive cells expressing GFP was similar for mice 

given KGF-macrophages (10.6 ± 0.57%) and GFP-macrophages (10.7 ± 1.36%, 

Figure 5-3).  
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Figure 5-3: Flow cytometry of BALF cells from bleomycin-treated mice given KGF-
macrophages or controls. Mice were given bleomycin (50 IU/mouse) on day 0. On days 1 
and 3 mice were given 3 x 10

6
 KGF-transduced IC-21 cells (Bleo + KGF, n=3), GFP-

transduced IC-21 cells (Bleo + GFP, n=4) or PBS (Bleo + PBS, n=4). Mice were culled on 
day 5 and underwent bronchoalveolar lavage. BALF cells were stained with F4/80 
(macrophage marker) and propidium iodide, and flow cytometry was carried out. 
Representative flow cytometry plots of BALF cells are shown. Red blood cells and cell debris 
were gated out using side scatter-forward scatter plots, and propidium iodide-stained cells 
(dead cells) were excluded from analysis.  

 

Immunohistochemistry using an anti-GFP antibody was carried out on lung sections 

of mice that had not undergone bronchoalveolar lavage to localise GFP-expressing 

cells. GFP-expressing cells were identified within the lungs of all mice that had been 

given IC-21 cells (Figure 5-4). 
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Figure 5-4: Anti-GFP immunohistochemistry of lung sections from bleomycin-treated 
mice given KGF-macrophages or controls. Mice were treated as described in Figure 5-3, 
lungs were fixed and insufflated, and lung sections were prepared. Immunohistochemistry 
using an anti-GFP antibody was carried out on lung sections.  Photomicrographs of lung 
sections from mice given: (A and B) Bleomycin + PBS, (C and D) Bleomycin + KGF-
transduced IC-21 cells, (E and F) Bleomycin + GFP-transduced IC-21 cells. GFP positive 
cells are stained brown. Original magnification x10 for A, C and E. Original magnification x40 
for B, D and F. ‘x40’ fields of view are from respective ‘x10’ fields of view.   

Expression of KGF was assessed by measurement of KGF concentration in BALF 

by ELISA. KGF was detected at low levels in the BALF of all mice, and there was no 

significant difference between any of the four groups, and no increase in BALF KGF 

concentration in the group given KGF-macrophages (Figure 5-5).  
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Figure 5-5: KGF concentration in BALF of bleomycin and saline treated mice given 
KGF-macrophages or controls. Mice were treated as described in Figure 5-3. 
Bronchoalveolar lavage was carried out and KGF concentration in BALF was measured by 
ELISA. Saline + PBS (n=3); Bleo + PBS, bleomycin + PBS (n=4); Bleo + GFP, bleomycin + 
GFP-transduced IC-21 cells (n=4); and Bleo + KGF, bleomycin + KGF-transduced IC-21 
cells (n=3). 

 

These data demonstrate the presence of live GFP-expressing cells within the lungs 

of mice given KGF- and GFP-transduced IC-21 cells. However, the approach used 

to measure KGF expression did not demonstrate any augmentation of KGF 

expression in the lungs of mice given KGF-transduced IC-21 cells. 

5.1.3 Effects of double instillation of KGF-transduced macrophages on 

outcomes on day 5 after bleomycin instillation 

With the exception of one mouse from the group that received KGF-transduced IC-

21 cells that died for unknown reasons after OP instillation of cells on day 3, OP 

instillation of cells did not cause immediate complications.  

5.1.3.1 Body weights 

Mice body weights were recorded daily during the experiment, as a general 

measure of well-being. The weights of mice given saline did not change significantly 

during the experiment. In all three groups given bleomycin, mice lost weight during 

the course of the experiment, with significant reductions in body weight, compared 

with saline controls, from day 3 onwards. Weight loss appeared to be accelerated 

after OP instillations of cells or PBS on both day 1 and day 3. There were no 

significant differences between the body weights of mice from the 3 groups given 

bleomycin (Figure 5-6).   
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Figure 5-6: Changes in body weight in bleomycin and saline treated mice given KGF-
macrophages or controls. Mice were treated as described in Figure 5-3. Mice were 
weighed daily and were culled on day 5. Mean body weights in each group, shown as a 
percentage of starting weight, over time. Saline + PBS (n=4); Bleo + PBS, bleomycin + PBS 
(n=7); Bleo + GFP, bleomycin + GFP-transduced IC-21 cells (n=7); and Bleo + KGF, 
bleomycin + KGF-transduced IC-21 cells (n=6). * p<0.05, *** p<0.001, differences shown are 
between ‘Saline + PBS’ and each of the 3 other groups. 

 

5.1.3.2 BALF total and differential cell counts 

In keeping with the expected acute inflammatory response, there was a significant 

increase in the total cell counts in BALF for all 3 groups given bleomycin, compared 

with saline controls. However there was no significant difference in total cell counts 

between any of the 3 bleomycin-treated groups (Figure 5-7B). Differential cell 

counts showed that, as expected, macrophages were the predominant cell type in 

saline-treated mice whilst, consistent with an acute inflammatory response, an 

increased proportion of neutrophils and lymphocytes was present in all 3 groups 

given bleomycin (Figure 5-7A). All 3 groups given bleomycin had a significant 

increase in total BALF neutrophils and lymphocytes compared with saline controls, 

but there were no significant differences between the 3 bleomycin-treated groups 

(Figure 5-7C-E). No significant increase in total macrophage count was seen in 

either group given IC-21 cells. The reduction in the total number of BALF 

macrophages in bleomycin treated mice can be explained by increased 

adhesiveness of activated macrophages, which may not be removed by lavage. 
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Figure 5-7: BALF cell counts in bleomycin and saline treated mice given KGF-
macrophages or controls. Mice were treated as described in Figure 5-3. Bronchoalveolar 
lavage was carried out and BALF differential cell counts were counted from a total of 500 
cells, and total macrophage, lymphocyte and neutrophil counts were calculated using the 
total and differential counts. Saline + PBS (n=3); Bleo + PBS, bleomycin + PBS (n=4); Bleo 
+ GFP, bleomycin + GFP-transduced IC-21 cells (n=4); and Bleo + KGF, bleomycin + KGF-
transduced IC-21 cells (n=3). (A) Differential cell counts as percentages of totals. (B) Total 
cells counts. (C-E) Total counts for macrophages (C), lymphocytes (D) and neutrophils (E). * 

p<0.05, ** p<0.01, compared with ‘saline + PBS’, unless otherwise indicated.  
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5.1.3.3 BALF total protein, albumin and lactate dehydrogenase (LDH) 

Increases in BALF total protein occur after bleomycin-induced lung injury as a 

consequence of the inflammatory response and increased alveolar-capillary 

membrane permeability. Albumin is a serum protein, and its presence in BALF 

reflects loss of epithelial integrity and pathological increases in alveolar-capillary 

membrane permeability. Both BALF total protein (measured by colorimetric assay) 

and albumin (measured by ELISA), were significantly elevated in all 3 groups of 

mice given bleomycin, compared with saline controls. There was no significant 

difference in either measure between any of the 3 bleomycin-treated groups (Figure 

5-8A and B). LDH is a cytoplasmic enzyme, and the presence of extracellular LDH 

in fluids such as BALF is associated with cell damage or cell death [368]. There was 

a significant increase in BALF LDH levels in all 3 groups of mice given bleomycin 

compared with saline-treated controls, however there were no significant differences 

between any of the 3 bleomycin-treated (Figure 5-8C).   
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Figure 5-8: BALF total protein, albumin and lactate dehydrogenase (LDH) activity in 
bleomycin and saline treated mice given KGF-macrophages or controls. Mice were 
treated as described in Figure 5-3, and bronchoalveolar lavage was carried out. Saline + 
PBS (n=3); Bleo + PBS, bleomycin + PBS (n=4); Bleo + GFP, bleomycin + GFP-transduced 
IC-21 cells (n=4); and Bleo + KGF, bleomycin + KGF-transduced IC-21 cells (n=3). (A) BALF 
total protein (measured by BCA colorimetric assay). (B) BALF albumin (measured by 
ELISA). (C) BALF LDH activity (measured using a colorimetric assay) expressed as 
absorbance relative to the ‘saline + PBS’ group. *** p<0.001, ** p<0.01, * p<0.05, each 
compared with ‘saline + PBS’.  
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5.1.4 Conclusions 

OP instillation of bleomycin 50 IU per mouse was associated with a severe acute 

lung injury response, with increased alveolar-capillary membrane permeability and 

an inflammatory cell infiltrate, and loss of body weight in mice approaching 20% 

initial weight by day 5 after injury. Expression of the GFP transgene in vivo was 

shown in mice given GFP- and KGF-transduced macrophages, but no evidence of 

increased KGF expression in mice given KGF-transduced macrophages was 

produced. Instillation of KGF- or GFP-transduced macrophages (on both day 1 and 

day 3 after bleomcyin) was not associated with significant changes in any of the 

measured outcomes, reflecting inflammation, alveolar-capillary membrane 

permeability and cytotoxicity, on day 5. The OP instillations per se may have 

increased the severity of injury, as a result of the procedure itself and through the 

additional fluid load within the injured lung.  
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5.2 Effects of single instillation of KGF-transduced macrophages 

on inflammatory and fibrotic phases of bleomycin-induced 

injury  

Because bleomycin at a dose of 50 IU/mouse, in combination with the double OP 

instillation of cells or control, resulted in a very severe lung injury, in a second 

experiment mice were given a lower dose of bleomycin (25 IU/mouse) and a single 

OP instillation of cells. This was to allow continuation of the experiment into the 

fibrotic phase of injury, and to increase the potential for revealing any therapeutic or 

unfavourable effects of macrophage delivery. The effects of cell delivery during both 

the inflammatory and the fibrotic phases of the injury response were examined. One 

group of mice were given cells or controls in the established inflammatory phase of 

injury (day 3) and were culled at day 7, and a second group were given cells in the 

initial fibrotic phase of injury (day 7) and were culled on day 14.  

Mice were given bleomycin 25 IU/mouse by OP instillation, or saline control. On 

either day 3 or day 7 mice were given a single OP instillation of 3 x 106 KGF-

transduced IC-21 cells or GFP-transduced IC-21 cells, or PBS control. Mice were all 

given doxycycline in drinking water throughout the experiment to maintain transgene 

expression in vivo, and damp diet made using water containing doxycycline. A total 

of 33 mice were given cells or control on day 3 after injury and culled on day 7, and 

these were divided into 5 groups: saline + PBS (n=4), saline + KGF-macrophages 

(n=5), bleomycin + PBS (n=8), bleomycin + GFP-macrophages (n=8) and bleomycin 

+ KGF-macrophages (n=8). A total of 39 mice were given cells or control on day 7 

after injury and culled on day 14, and these were divided into 3 groups: bleomycin + 

PBS (n=13), bleomycin + GFP-macrophages and (n=13) and bleomycin + KGF-

macrophages (n=13). The experimental protocol is shown in Figure 5-9. 
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Figure 5-9: The effects of a single instillation of KGF-transduced IC-21 cells on 
outcomes in mice given bleomycin (25 IU/mouse): experimental protocol. 
Bleo=bleomycin. Cells were KGF-transduced IC-21 cells or GFP-transduced IC-21 cells. 
Doxycycline was given in drinking water and damp diet. 

 

5.2.1.1 GFP expression by cells prior to delivery 

Flow cytometry was carried out on GFP- and KGF-transduced IC-21 cells to assess 

GFP transgene expression prior to delivery to mice. This confirmed high levels of 

GFP expression (Figure 5-10). 

 

Figure 5-10: GFP expression in GFP- and KGF-transduced IC-21 cells given to mice. 
IC-21 cells were transduced with lentiviral vectors co-expressing KGF and GFP (KGF-
transduced) or GFP alone (GFP-transduced) and expanded in culture. Flow cytometry plots 
show GFP expression compared with untransduced controls.   
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5.2.2 Detection of transgene expression in vivo: Group 1 

For detection of transgene expression in group 1 (as shown in Figure 5-9), day 7 

after bleomycin or saline (day 4 after delivery of KGF-transduced IC-21 cells or 

controls), GFP expression was detected by immunocytofluorescence staining of 

BALF cytospins and by immunohistochemistry of lung sections, and KGF 

expression by measurement of KGF concentration in BALF.  

Anti-GFP immunocytofluorescence staining of BALF cytospins showed that for mice 

given saline and KGF-transduced macrophages, no cells staining positively for GFP 

were identified in BALF, in agreement with data from cell tracking experiments 

suggesting that exogenous macrophages do not persist within the lungs of uninjured 

mice. For mice given bleomycin, cells staining positively for GFP were identified in 

BALF from mice given both GFP- and KGF-macrophages, but not PBS controls 

(Figure 5-11). Immunohistochemistry using an anti-GFP antibody was carried out on 

lung sections from mice that had not undergone bronchoalveolar lavage, and GFP 

expressing cells were identified within injured areas in mice given GFP- and KGF-

transduced macrophages (Figure 5-12). As expected, anti-GFP 

immunohistochemistry carried out on lung sections from saline treated mice given 

KGF-transduced macrophages did not reveal any GFP-positive cells, and the 

histological appearances were normal (Figure 5-13). There were no significant 

differences in BALF KGF concentration between the 5 treatment groups, and no 

increment in either the saline or bleomycin group given KGF-transduced IC-21 cells 

(Figure 5-14).   
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Figure 5-11: Anti-GFP immunocytofluorescence of BALF cytospins from bleomycin 
and saline treated mice given KGF-macrophages or controls. Mice were given 
bleomycin or saline on day 0, and on day 3 were given GFP- or KGF-transduced IC-21 cells, 
or PBS. Mice were culled on day 7. Immunocytofluorescence was carried out on BALF 
cytospins using an anti-GFP antibody and an Alexa Fluor 555-conjugated secondary 
antibody (red). DAPI was used to counterstain nuclei (blue), Representative 
photomicrographs of BALF monolayers from mice given: (A) saline + PBS, (B) saline + 
KGF-transduced IC-21 cells, (C) bleomycin + PBS, (D) Bleomycin + GFP-transduced IC-21 
cells and (E) KGF-transduced IC-21 cells. GFP-positive cells are stained red. Original 

magnification x20.   
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Figure 5-12: Anti-GFP immunohistochemistry of lung sections from bleomycin treated 
mice given KGF-macrophages or controls. Mice were treated as described in Figure 
5-11. Mice were culled on day 7 and lungs were fixed and insufflated and lung sections were 
prepared for histology. Immunohistochemistry using an anti-GFP antibody was carried out 
on lung sections. Photomicrographs of lung sections from mice given: (A and B) bleomycin + 
PBS, (C and D) bleomycin + GFP-transduced IC-21 cells, (E and F) bleomycin + KGF-
transduced IC-21 cells. GFP-positive cells are shown in red/brown. Original magnification for 
A, C and E, x10. Original magnification for B, D, F, x40 (from fields of view A, C and E 
respectively).  
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Figure 5-13: Anti-GFP immunohistochemistry of lung sections from saline treated 
mice given KGF-macrophages or PBS control. Mice were given saline on day 0, and on 
day 3 were given 3 x 10

6
 KGF-transduced IC-21 cells or PBS. Mice were culled on day 7 

and immunohistochemistry was carried out on lung sections. Photomicrographs of lung 
sections from mice given: (A and B) saline + PBS and (C and D) saline + KGF-transduced 
IC-21 cells. Original magnification for A and C, x10. Original magnification for B and D, x40 
(from fields of view A and C respectively).   

 

Figure 5-14: KGF levels in BALF of bleomycin and saline treated mice given KGF-
macrophages or controls. Mice were given bleomycin or saline on day 0 and on day 3 
were given 3 x 10

6
 KGF-transduced IC-21 cells or GFP-transduced IC-21 cells, or PBS. Mice 

were culled on day 7 and KGF levels in BALF were measured by ELISA. Saline + PBS 
(n=3); Saline + KGF, saline + KGF-transduced IC-21 cells (n=3); Bleo + PBS, bleomycin + 
PBS (n=5); Bleo + GFP, bleomycin + GFP-transduced IC-21 cells (n=5); Bleo + KGF, 
bleomycin + KGF-transduced IC-21 cells (n=5). 

A B 

C D 



Chapter Five 

 

229 
 

5.2.3 Effects of delivery of KGF-transduced macrophages: Group 1 

For group 1 (as described in Figure 5-9), mice body weights were recorded, and 

BALF total and differential cell counts, albumin, total protein and LHD were 

measured on day 7 after bleomycin or saline and day 4 after delivery of cells or 

controls.   

5.2.3.1 Body weights 

All 3 bleomycin-treated groups lost weight during the experiment, and from day 4 

onwards the mean weight of each group treated with bleomycin was significantly 

less than each of the saline groups. There was no significant difference between the 

weights of the mice given saline and either PBS or KGF-transduced IC-21 cells 

(Figure 5-15).   

 

Figure 5-15: Body weights of mice after instillation of bleomycin 25 IU/mouse or saline 
and delivery of KGF-macrophages or controls on day 3. Mice were treated as described 
in Figure 5-14. Mean body weights in each group, shown as a percentage of starting weight, 
over time. Saline + PBS (n=4); Saline + KGF, saline + KGF-transduced IC-21 cells (n=5); 
Bleo + PBS, bleomycin + PBS (n=8); Bleo + GFP, bleomycin + GFP-transduced IC-21 cells 
(n=8); Bleo + KGF, bleo + KGF-transduced IC-21 cells (n=8). * p<0.05, **** p<0.0001, 
differences shown are between ‘saline + PBS’ and each of the 3 other groups. 
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5.2.3.2 BALF total and differential cell counts 

There was a significant increase in BALF total cell counts in all three groups of mice 

given bleomycin, compared with the 2 saline groups. There was no significant 

difference between any of the 3 groups given bleomycin, and no significant 

difference between the saline treated group given PBS and the saline treated group 

given KGF-transduced IC-21 cells (Figure 5-16B). Macrophages were the 

predominant cell type in both saline treated groups, and whilst they remained the 

predominant cell type in the 3 bleomycin treated groups, these groups had an 

inflammatory infiltrate of neutrophils and lymphocytes (Figure 5-16A). For all 3 

groups given bleomycin, there was a significant increase in total macrophage, 

neutrophil and lymphocyte count compared with both saline treated groups, but 

there were no significant differences between any of the 3 bleomycin treated 

groups. There was no significant difference in total macrophage, neutrophil or 

lymphocyte counts between the saline treated group given PBS and the saline 

treated group given KGF-transduced IC-21 cells (Figure 5-16C-E). 

5.2.3.3 BALF total protein, albumin and LDH 

Total protein, albumin and LDH were measured in BALF, as described previously 

(section 5.1.3.3). There was a significant increase in all 3 parameters in each 

bleomycin-treated group compared with saline controls; however there were no 

significant differences between the 3 bleomycin treated groups. There was no 

significant difference between the saline treated groups given PBS and KGF-

macrophages with respect to any of these parameters (Figure 5-17).  
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Figure 5-16: BALF cell counts in bleomycin and saline treated mice given KGF-
macrophages or controls. Mice were treated as described in Figure 5-15, and were culled 
on day 7. BALF differential cell counts were counted from a total of 500 cells. (A) Differential 
cell counts as percentages of totals. (B) Total cells counts. (C-E) Total counts for 
macrophages (C), lymphocytes (D) and neutrophils (E). Saline + PBS (n=3); Saline + KGF, 
saline + KGF-transduced IC-21 cells (n=3); Bleo + PBS, bleomycin + PBS (n=5); Bleo + 
GFP, bleomycin + GFP-transduced IC-21 cells (n=5); Bleo + KGF, bleomycin + KGF-
transduced IC-21 cells (n=5). * p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001, compared with 
‘saline + PBS’ group. 
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Figure 5-17: Total protein, albumin and LDH activity from BALF of bleomycin and 
saline treated mice given KGF-macrophages or controls. Mice were treated as 
described in Figure 5-15. Mice were culled on day 7 and bronchoalveolar lavage was carried 
out. (A) BALF total protein was measured by BCA colorimetric assay. (B) BALF albumin was 
measured by ELISA. (C) BALF LDH activity was measured using a colorimetric assay and 
expressed as absorbance relative to the ‘saline + PBS’ group. Saline + PBS (n=3); Saline + 
KGF, saline + KGF-transduced IC-21 cells (n=3); Bleo + PBS, bleomcyin + PBS (n=5); Bleo 
+ GFP, bleomycin + GFP-transduced IC-21 cells (n=5); Bleo + KGF, bleomycin + KGF-
transduced IC-21 cells (n=5). **** p<0.0001, ** p<0.01, each compared with ‘saline + PBS’ 
and compared with ‘saline + KGF’.   
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5.2.3.4 Conclusions: Group 1 

Instillation of 25 IU bleomcyin was associated with an acute lung injury response, 

with an inflammatory cell infiltrate and increased alveolar-capillary membrane 

permeability on day 7 after injury. Cells expressing the GFP transgene were 

identified using immuno-staining techniques in BALF and injured lesions within the 

lungs of mice given both KGF- and GFP-transduced macrophages on day 3 after 

bleomycin. However, no evidence of increased in KGF expression was shown in 

mice given KGF-transduced macrophages compared with controls. Delivery of 

neither KGF-transduced macrophages, nor GFP transduced macrophages, 

significantly altered any of the measured outcomes reflecting inflammation, alveolar-

capillary membrane permeability and cytotoxicity. 

Consistent with previous data showing that exogenous macrophages were not 

retained within the lungs of saline-treated mice, no GFP-expressing cells were 

identified in BALF or lung sections of saline-treated mice given KGF-transduced 

macrophages.  
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5.2.4 Detection of transgene expression in vivo: Group 2 

For group 2 (as described in Figure 5-9), expression of the KGF transgene at mRNA 

level was measured by qRT-PCR in lung homogenates of mice 14 days after 

bleomycin (7 days after delivery of KGF-transduced IC-21 cells or controls). There 

was no significant increase in KGF mRNA expression in mice given KGF-

transduced IC-21 cells, compared with GFP-transduced IC-21 cells and PBS 

controls (Figure 5-18). This may reflect already high levels of KGF expression in 

bleomycin-injured lungs. 

 

 

Figure 5-18: KGF mRNA expression in lung homogenates from mice 14 days after 
bleomycin and 7 days after delivery of KGF-transduced macrophages or controls. 
Mice were given bleomycin on day 0, and on day 7 were given 3 x 10

6
 KGF- or GFP-

transduced IC-21 cells, or PBS control. Mice were culled on day 14 and RNA was extracted 
from pulverised lung powders and used to prepare cDNA. qRT-PCR was carried out on 
cDNA using primers for KGF. Bleo + PBS, bleomycin + PBS (n=7); Bleo + GFP, bleomycin + 
GFP-transduced IC-21 cells (n=5); Bleo + KGF, bleomycin + KGF-transduced IC-21 cells 
(n=7). # Fold change in expression is relative to ‘Bleo + PBS’ group, normalised to 
expression of house-keeping genes ATP2b and CANX.  

 

5.2.5 Effects of delivery of KGF-transduced macrophages: Group 2 

For group 2 (as described in Figure 5-9), mice body weights were recorded, and 

total lung weights and lung collagen, and expression of fibrotic and inflammatory 

mediators and markers were measured on day 14 after bleomycin (day 7 after 

delivery of KGF-transduced IC-21 cells or controls). 

5.2.5.1 Body weights 

All 3 groups progressively lost weight until day 8 after bleomycin, after which time 

they began to gain weight. For both groups of mice treated with macrophages there 
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was a downward trend in the mean weights between days 12 and 14, whilst the 

PBS control group continued its upward trend, but there was no significant 

difference between the mean body weights of the 3 groups at any point during the 

experiment (Figure 5-19).  

 

Figure 5-19: Changes in body weight after instillation of bleomycin 25 IU/mouse or 
saline and delivery of KGF-macrophages at day 7. Mice were given bleomycin or saline 
on day 0, and on day 3 were given 3 x 10

6
 KGF-transduced IC-21 cells (Bleo + KGF, n=13), 

3 x 10
6
 GFP-transduced IC-21 cells (Bleo + GFP, n=13) cells or PBS (Bleo + PBS, n=13). 

Mean body weights in each group, shown as a percentage of starting weight, over time.  

 

5.2.5.2 Lung weights and total lung collagen 

Lungs weights of mice increase after delivery of bleomycin, due to inflammatory cell 

infiltration, oedema and extracellular matrix deposition, and higher lung weights are 

indicative of more severe lung injury. Lung weights were higher in mice given GFP-

transduced macrophages and KGF-transduced macrophages (354.6 ± 30.07 mg 

and 364.1 ± 34.78 mg respectively), compared with PBS controls (272.9 ± 15.7 mg), 

bit there was no statistically significant difference between the lungs weights of the 3 

groups (Figure 5-20A). Total lung collagen, a specific measure of fibrosis, was 

determined from measurement of hydroxyproline concentration in hydrolysed lung 

homogenates weights and lung weights. Based on previously published data from 

our laboratory, total lung collagen was increased in all 3 groups of mice given 

bleomcyin, consistent with fibrosis [38]. There was no significant difference in total 

lung collagen between the 3 groups (Figure 5-20B). 
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Figure 5-20: Lung weights and total lung collagen in bleomycin-treated mice after 
delivery of KGF-transduced macrophages or controls. Mice were given bleomycin, and 
on day 7 were given 3 x 10

6
 KGF-transduced IC-21 cells (Bleo + KGF, n=8) or GFP-

transduced IC-21 cells (Bleo + GFP, n=8), or PBS (Bleo + PBS, n=8). Mice were culled on 
day 14 and freshly excised snap-frozen lungs were weighed using an analytical balance. 
Total lung collagen was determined by high performance liquid chromatography 
measurement of hydroxyproline concentration in hydrolysed lung homogenates and using 
lung weights. (A) Lung weights. (B) Total lung collagen.    
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5.2.5.3 Expression of pro-fibrotic and pro-inflammatory mediators and 

markers 

Accumulation of lung collagen depends on the balance of lung collagen deposition 

and degradation. Collagen type I is the primary collagen type present in fibrotic lung. 

There was no significant difference in expression of collagen type I (α1 subunit) 

mRNA in lung homogenates between any of the 3 treatment groups (Figure 5-21A). 

Levels of mRNA expression of the pro-fibrotic cytokine TGF-β and of α-smooth 

muscle actin (synthesised by activated myofibroblasts) did not differ between the 3 

treatment groups (Figure 5-21B and C). These data, showing no significant 

difference in expression of pro-fibrotic mediators and markers, concur with the data 

shown for total lung collagen.    

Expression of mannose receptor, C type 1 (MRC1), a marker of M2 macrophage 

activation, and inducible nitric oxide synthase (iNOS), a measure of M1 macrophage 

activation, were measured in the lungs of mice. There was no significant difference 

in the expression of MRC1 between mice given KGF-or GFP-transduced IC-21 

cells, of PBS control (Figure 5-22A). Levels of expression of iNOS were significantly 

increased in mice given GFP-transduced IC-21 cells compared with PBS controls, 

but there was no significant difference in iNOS expression between mice given 

KGF-transduced macrophages and either of the other 2 groups (Figure 5-22B). 

Expression of the pro-inflammatory cytokine and chemokine CCL2 was significantly 

elevated in the lungs of mice given KGF- and GFP-transduced IC-21 cells, 

compared with mice given PBS (Figure 5-22C). There was no significant difference 

in the expression of the pro-inflammatory cytokine IL-1β (Figure 5-22D).  
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Figure 5-21: Expression of pro-fibrotic mediators and markers in bleomycin-treated 
mice given KGF-macrophages or controls. Mice were treated as described in Figure 
5-18, and qRT-PCR was carried out on cDNA derived from whole lung homogenates, using 
primers for collagen 1 α1, TGFβ and alpha smooth muscle actin (αSMA). Bleo + PBS, 
bleomycin + PBS (n=7); Bleo + GFP, bleomycin + GFP-transduced IC-21 cells (n=5); Bleo + 
KGF, bleomycin + KGF-transduced IC-21 cells (n=7). # Fold change in mRNA expression is 
relative to ‘Bleo + PBS’ group, normalised to expression of house-keeping genes ATP2b and 
CANX.  
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Figure 5-22: Expression of markers of macrophage activation and pro-inflammatory 
mediators in bleomycin-treated mice after delivery of KGF-macrophages or controls. 
Mice were treated as described in Figure 5-18, and qRT-PCR was carried out on cDNA 
derived from whole lung homogenates, using primers for mannose receptor, C type I 
(MRC1), inducible nitric oxide synthase (iNOS), chemokine (C-C motif) ligand 2 (CCL2) and 
interleukin 1 beta (IL-1β). Bleo + PBS, bleomycin + PBS (n=7); Bleo + GFP, bleomycin + 
GFP-transduced IC-21 cells (n=5); Bleo + KGF, bleomycin + KGF-transduced IC-21 cells 
(n=7). # Fold change in mRNA expression is relative to ‘Bleo + PBS’ group, normalised to 
expression of house-keeping genes ATP2b and CANX.  
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5.2.5.4 Micro-CT (computed tomography) analysis of lungs     

Ex vivo micro-CT analysis was performed on the lungs of mice to determine the 

extent and distribution of the fibrotic lesions. At day 14 post-bleomcyin (day 7 after 

KGF-transduced macrophages or controls), all mice had areas of tissue 

hyperdensity in a predominantly subpleural and bronchocentric distribution (Figure 

5-23). Quantitative analysis of the micro-CT images showed that the total grey scale 

density, representative of the total volume and density of the fibrotic lesions within 

both lungs, was significantly greater in mice given GFP-transduced macrophages, 

compared with PBS controls. However, there was no significant difference in this 

measure between the mice given KGF-transduced macrophages, and mice given 

either GFP-transduced macrophages or PBS control (Figure 5-24). The increased 

tissue density in the lungs of mice given GFP-transduced macrophages could 

represent more extensive extracellular matrix deposition, increased numbers of 

inflammatory cells and fibroblasts, or a combination of these. Taken together with 

the previous data on total lung collagen and expression of pro-inflammatory 

mediators, it seems more likely this was related to the presence of additional 

inflammatory cells, but histological examination of tissue sections would be required 

to confirm this.   
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Figure 5-23: Micro-CT images of lungs of bleomycin treated mice given KGF-
macrophages or controls. Mice were given bleomycin (25 IU/mouse) by OP instillation. On 
day 7 mice were given 3 x 10

6
 GFP- or KGF-transduced IC-21 cells or PBS control. Mice 

were culled on day 14 and lungs were insufflated, fixed and dehydrated prior to micro-CT 
scanning. Representative axial sections of lungs from mice given: (A) PBS, (B) GFP-
transduced IC-21 cells and (C) KGF-transduced IC-21 cells. Slices are at similar levels and 

orientations for each subject. R, right main bronchus; and L, left main bronchus.   
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Figure 5-24: Micro-CT image analysis for the lungs of bleomycin treated mice given 
KGF-macrophages or controls. Mice were treated as described in Figure 5-23. Micro-CT 
sections were analysed using InForm™ software to measure the tissue volume and 
greyscale density of fibrotic lung lesions. Data shown for each subject were obtained from 
~900 micro-CT sections, and values are a composite measurement of fibrosis (absolute 
volume disease x greyscale density) per whole lung. Bleo + PBS, bleomycin + PBS; Bleo + 
GFP, bleomcyin + GFP-transduced IC-21 cells; Bleo + KGF, bleomycin + KGF-transduced 
IC-21 cells. *p<0.05. 

 

5.2.6 Conclusions: Group 2 

Instillation of bleomycin 25 IU per mouse was associated with the development of 

lung fibrosis at day 14 after injury. On day 14 after bleomycin, no significant 

increase in expression of the KGF transgene was detected within the lungs of mice 

given KGF-transduced macrophages on day 7, compared with controls.  There were 

no significant differences in total lung collagen, a specific measure of fibrosis, 

between mice given KGF- or GFP-transduced macrophages, compared with PBS 

control. However, mice given both KGF- and GFP-transduced macrophages had 

significantly increased expression of the pro-inflammatory cytokine and chemokine 

CCL2, suggesting that macrophage delivery per se has caused an inflammatory 

exacerbation. In addition, mice given GFP-transduced macrophages had 

significantly increased expression of the pro-inflammatory marker iNOS and 

increased disease severity by micro-CT analysis. With respect to these parameters, 

mice given KGF-transduced macrophages did not differ significantly from mice 

given GFP-transduced macrophages or PBS, and it remains possible that they were 

protected to some extent from the inflammatory exacerbation. 
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5.3 Discussion 

The experiments described did not demonstrate therapeutic effects associated with 

delivery of KGF-transduced IC-21 cells (KGF-macrophages) to the lungs of 

bleomycin-treated mice. When KGF-macrophages were delivered during the 

inflammatory phase of injury there was no improvement in measures of alveolar-

capillary membrane permeability, inflammatory responses and cytotoxicity. When 

KGF-macrophages were delivered during the fibrotic phase of injury there was no 

improvement in measures of fibrosis or inflammation. Indeed delivery of both KGF-

macrophages and GFP-macrophages (control) was associated with increases in 

expression of some pro-inflammatory mediators, suggesting that macrophage 

delivery per se may have caused an inflammatory exacerbation. The possible 

explanations for the lack of demonstrable therapeutic effect include: (i) KGF-

transduced IC-21 cells failed to express sufficient KGF to result in physiologically 

relevant augmentation of KGF expression in the lung; (ii) KGF levels in the lung 

were increased, but type II alveolar epithelial cells (type II AEC) were refractory to 

additional KGF exposure; (iii) Exogenous KGF delivery by macrophages altered 

lung epithelial cell phenotype, but this did not affect measured outcomes; (iv) 

Beneficial effects of KGF delivery were offset by exacerbatory effects of 

macrophage delivery. The relative contribution of each of these factors is unclear, 

but future work may be able to provide some insight into this. 

5.3.1 KGF transgene expression in vivo after cell delivery 

There are two reports in the literature describing the use of macrophages as 

vehicles to deliver gene therapy to the lung, each having used the J774 

macrophage cell line. [369, 370]. In one study, an adeno-associated virus vector 

was used to express the human alpha-1-antitrypsin gene in macrophages prior to 

delivery to injury-naïve mice by IT injection; human alpha-1-antitrypsin was detected 

in BALF for up to 7 days, but not at subsequent time points [369]. In the second 

study, macrophages were transduced a retroviral vector expressing murine 

interferon- (mIFN-), and delivered to scid (severe combined immunodeficient) 

mice by IT injection; elevated levels of mIFN- were detected in BALF, which were 

greatest at 1 and 2 days after instillation, then fell abruptly between days 2 and 4, 

but remained elevated at much lower levels for 14 days [370]. The persistence of 

macrophages in the lungs was not examined in these studies, but short-lived 

transgene expression by macrophages would fit with the finding of the present study 

that exogenous macrophages do not persist within the lungs of injury-naïve mice. 



Chapter Five 

 

244 
 

There are no reports to date of exogenous macrophages being used as vehicles to 

deliver gene therapy in animal lung injury models.   

The experiments described in the previous chapter, in which bioluminescence could 

be detected after delivery of luciferase-transduced macrophages to the lungs of 

mice, demonstrated transgene expression by lentiviral vector transduced 

macrophages in vivo for up to 7 days after OP instillation. The lentiviral vectors used 

for the experiments described in the present chapter were based on a different 

backbone and employed a Tet-on system, requiring the presence of doxycycline for 

transgene expression. GFP-expressing cells were identified within the lungs of mice 

given both GFP- and KGF-transduced IC-21 cells by OP instillation on day 5 post-

bleomycin (day 2 after last cell delivery), and day 7 post-bleomycin (day 4 after cell 

delivery). Coordinate expression KGF and GFP had been demonstrated in KGF-

transduced IC-21 cells in vitro, so if these cells expressed GFP in vivo they would 

be expected to also express KGF. However, the methods used to measure KGF 

(ELISA of BALF and qRT-PCR of homogenised lung powders), failed to 

demonstrate any increase in KGF expression in mice given KGF-transduced IC-21 

cells compared with controls.  

It has previously been shown using ELISA that KGF concentration in BALF is 

significantly increased at days 3 and 7 in bleomycin-treated rats, so it was 

anticipated that KGF concentration would be elevated in BALF from bleomycin-

treated mice compared with saline controls [197]. This was not seen, and 

concentrations of BALF KGF in all groups were at the lower level of the detection 

range of the ELISA kit used. These observations raise the possibility that increases 

in KGF concentration were not detectable due to instability of KGF (although low 

protein-binding collection tubes were used and protease inhibitor was added to the 

PBS used to perform the lavage), or lack of sensitivity or a technical problem with 

the ELISA. Notably, KGF ELISA detected only low levels of KGF in cell 

supernatants of KGF-macrophages, despite qRT-PCR suggesting high levels of 

expression at mRNA level and a proliferation bioassay suggesting physiologically 

relevant levels of KGF protein expression.  

KGF expression at mRNA level was measured at day 14 in mice given KGF-

macrophages on day 7, and there was no significant increase compared with 

controls. The presence of GFP-expressing cells was not sought at this time point, so 

it is possible that KGF-transduced macrophages were no longer present within the 

lungs. However, it may be difficult to detect increments in KGF expression due to 
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already high levels of endogenous expression at this time. Previous work from our 

group showed that, in mice given KGF-transduced HSCs by bone marrow 

transplantation, there was a non-statistically significant increase in KGF mRNA 

expression 14 days after bleomycin delivery, compared with control (approximately 

3-fold increase in expression, p=0.055). Using this KGF delivery approach, large 

numbers of KGF-expressing inflammatory cells would be expected to infiltrate the 

lungs of mice after bleomycin injury, and it is therefore unsurprising that delivery of 3 

x 106 KGF-expressing macrophages, which may have a limited lifespan within the 

lung and will not be replaced, was not associated with significant elevations in KGF 

expression 7 days after delivery. It remains possible that higher levels of KGF 

expression would have been evident at earlier time points after cell delivery. 

Overall, it remains unclear as to whether KGF-transduced IC-21 cells expressed 

physiologically relevant levels of KGF in vivo. Importantly, KGF is a paracrine 

mediator, and measuring overall KGF levels within the lung does not provide 

information about whether KGF expression was targeted to injured alveolar 

epithelial cells. However, it is reassuring that GFP-expressing cells could be 

localised to injured areas of lung using immunohistochemistry. 

Future work could evaluate the proliferative index of type II AEC in the lungs of mice 

given KGF-transduced IC-21 cells, compared with controls. This could be done 

using immunofluorescence co-staining for proliferative markers, e.g. Ki67, and type 

II AEC markers, e.g. surfactant protein C, followed by cell counting. However, any 

absence of increased proliferation could also be because these cells are refractory 

to the effects of additional KGF.  

5.3.2 Prophylactic versus therapeutic delivery of KGF  

As discussed previously, a number of studies have shown that exposure to KGF 

protects type II AEC from injury in vitro and results in accelerated repair; however 

evidence that KGF exposure after injury has beneficial effects is lacking (section 

1.6.1). Accordingly, studies carried out in animal lung injury models demonstrate 

that prophylactic KGF treatment is associated with improved outcomes after injury, 

but evidence for therapeutic effects of KGF delivery after injury is lacking (section 

1.6.2). Whilst it remains unresolved as to whether delivery of sustained high levels 

of exogenous KGF targeted specifically to the injured epithelium could achieve 

therapeutic effects, it is possible that the injured alveolar epithelium is refractory to 

the effects of exogenous KGF. Firstly, evidence suggests that endogenous KGF 

may be up-regulated after lung injury, and this and other KGF receptor (KGFR) 
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ligands may saturate the binding capacity of KGFR (section 1.6.3.4). Secondly, 

KGFR appears to be functionally down-regulated upon signalling (section 1.6.3.1). 

Hence, it is possible that an absence of therapeutic effect in this study relates to the 

need to deliver KGF prior to injury, an approach which was not feasible in the 

current study due to exogenous macrophages only being retained within injured 

lungs, and lacks clinical relevance.  

5.3.3 KGF delivery during the fibrotic phase of injury 

The development of new clinical therapies requires pre-clinical testing, and studies 

are frequently carried out in disease-relevant animal models. The bleomycin mouse 

model is a commonly used animal model of pulmonary fibrosis, and a number of 

additional animal models exist, including silica, irradiation, FITC and TGF-β over-

expression, which each have their pros and cons, as reviewed by Moore and 

Hogaboam [329]. Whilst the bleomycin model has been well characterised and 

widely used, it fails to recapitulate some key features of human IPF; particular 

criticisms have been that fibrosis develops after a pronounced inflammatory 

response which is absent in progressive human disease, the onset of fibrosis is 

relatively rapid, fibrosis is generally self-limited and partly reversible, and the 

characteristic hyperplastic epithelial changes seen in IPF are largely absent [371]. 

Over 200 compounds or mediators, reviewed by Moeller et al., have been shown to 

reduce fibrosis in the murine bleomycin model, and whilst some of these have been 

brought to clinical trial in IPF, the promising results seen in the pre-clinical studies 

have not been borne out in human disease [372]. Importantly, the majority of pre-

clinical studies have introduced therapeutic agents during the early inflammatory 

phase of injury, and it becomes difficult to separate anti-inflammatory effects from 

anti-fibrotic effects. This holds true for previous studies using KGF in animal models 

of pulmonary fibrosis, which have largely employed prophylactic delivery regimens, 

and none of which have introduced KGF delivery during the progressive fibrotic 

phase of disease (Table 1-1).     

In the present study, KGF-macrophages were delivered at day 7 post-injury, a time 

point at which progressive fibrosis is developing, although a significant inflammatory 

component remains. With KGF-macrophage delivery at this time point, no reduction 

in total lung collagen, an indicator of fibrosis severity, was seen at day 14 after 

bleomycin injury. This may be for the reasons already alluded to, related to levels of 

transgene expression or the effects of macrophages per se. Notably mice given 

KGF-macrophages may have been protected to some extent from the inflammatory 

exacerbation caused by macrophage delivery, suggesting possible beneficial 
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effects, but this would need to be evaluated in future experiments using larger 

numbers of mice. The mechanism of any protective effects is not clear.   

The effects of KGF treatment during the progressive or established fibrotic phase of 

lung injury on type II AEC phenotype and disease progression has not been 

examined in previous studies and would also merit further investigation. Histological 

evaluation of the lungs of mice given KGF-macrophages during the fibrotic phase of 

injury was not carried out, and future work could determine whether any changes in 

alveolar epithelial cell phenotype were present.  

Functional reepithelialisation requires restoration of the type I AEC population, 

which appears to arise through transdifferentiation of progenitor cells including type 

II AEC, and this is absent in the aberrant repair process seen in human IPF. In vitro, 

KGF has been reported to inhibit type II AEC to type I AEC transdifferentation [154, 

373]. Furthermore, IT injection of recombinant KGF in rats resulted in the normal 

alveolar epithelium becoming replaced with cuboidal proliferating epithelial cells with 

ultrastructural properties of type II AEC, loss of normal type I AEC and bronchiolar 

hyperplasia with pseudostratification of the epithelia lining distal bronchioles at day 

3 after delivery, histological features that bare some similarities to those seen in IPF 

[28, 60]. Hence, whilst the presence of KGF may be beneficial in the initial stages of 

alveolar epithelial cell injury, it is possible that exposure to exogenous KGF in the 

later stages of repair could impair normal re-epithelialisation.  

5.3.4 Effects of macrophage delivery  

As discussed previously, macrophages participate all phases of tissue injury, 

including initial injury responses, repair and injury resolution (section 1.8.1). In the 

bleomycin mouse model, macrophage depletion reduced the severity of fibrosis 

raising the concern that additional exogenous macrophages might participate in 

disease pathogenesis and exacerbate fibrosis [269]. Macrophages exhibit 

phenotypic plasticity, and macrophage phenotype at the time of cell delivery may be 

important in determining responses to macrophage delivery. In vitro studies 

suggested that during normal culture conditions IC-21 cells were neither strongly 

polarised to an M1 nor M2 phenotype. However, although cells were largely kept on 

ice during preparation for delivery, it is possible that activation may have occurred 

during cell detachment, preparation and delivery to mice. The phenotype of IC-21 

cells is likely to have changed after lung delivery in response to the injury 

microenvironment, and whilst overall expression levels of various markers of 

macrophage activation, inflammation and fibrosis was measured, the phenotype 
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and expression profiles of the IC-21 cells that had been delivered cannot be 

determined from these data. For further investigation of this, immunofluorescence 

staining of lung sections, to co-localise GFP with markers of macrophage activation, 

could be performed. An alternative approach would be isolation of GFP-expressing 

cells from lung homogenates by fluorescence-activated cell sorting, and 

characterisation.  

In 2 experiments, macrophages were delivered during the inflammatory phase of 

injury (day1 and day 3), and here there was no evidence of an altered inflammatory 

response based on inflammatory cell counts. For cell delivery at day 7 after injury, 

there was a significant up-regulation of CCL2 mRNA expression in both mice given 

KGF-macrophages and mice given GFP-macrophages, and in mice given GFP-

macrophages there was a significant up-regulation of iNOS mRNA expression at 

day 14 after injury. These data suggest that macrophage delivery at day 7 was 

associated with an inflammatory exacerbation. On the other hand, there was no 

significant increase in total lung collagen, or in expression of collagen I or TGF-β 

mRNA. Macrophages with an M2 phenotype have been implicated in the 

pathogenesis of pulmonary fibrosis, and in the bleomycin mouse model, and based 

on this knowledge it might be expected that exogenous macrophages would exert 

pro-fibrotic rather than pro-inflammatory effects between days 7 and 14 after injury. 

However during this time period a considerable inflammatory component remains 

and the concept that macrophages are strongly polarised towards a particular 

phenotype is an oversimplification, and more detailed characterisation of 

macrophage phenotype at this time would be required.        

The mechanisms through which macrophages may have caused exacerbation of 

inflammation are unclear. There is no evidence that additional CCL2 and iNOS 

mRNA were expressed directly by the exogenous macrophages, and these could be 

expressed by other cell types, such as endogenous macrophages and epithelial 

cells, as a result of interactions with exogenous macrophages. As discussed 

previously, it remains possible that the IC-21 cells were subject to immune rejection, 

in which case an inflammatory response would be present. This could be resolved 

by repeating the experiment with primary cells such as bone marrow-derived 

macrophages.       
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5.4 Summary 

 In vivo expression of the GFP transgene was demonstrated in bleomycin-treated 

mice given KGF- and GFP-transduced macrophages by OP instillation, but 

evidence of increased KGF expression in mice given KGF-transduced 

macrophages was not produced. 

 Delivery of KGF-transduced IC-21 cells during the inflammatory phase of 

bleomycin-induced lung injury was not associated with improvements in 

outcomes related to alveolar-capillary membrane permeability, inflammation or 

cytotoxicity at either day 5 or day 7 after bleomycin. 

 Delivery of KGF-transduced IC-21 cells in the initial fibrotic phase of bleomycin-

induced injury was not associated in improvements in outcomes related to 

fibrosis or inflammation on day 14 after bleomycin. 

 Delivery of KGF- and GFP-transduced macrophages at day 7 after bleomycin-

induced lung injury was associated with increased expression of inflammatory 

mediators at day 14, and the mechanisms by which this arose are unclear. 

 Mice given KGF-transduced macrophages may have been protected to some 

extent from the inflammatory effects of macrophage delivery per se. 

 The reasons for the lack of therapeutic efficacy of KGF-transduced 

macrophages are unclear, but this could be due to inadequate levels of 

transgene expression, lack of response to KGF delivery, or the exacerbatory 

effects of macrophages delivery.  
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6 Overall conclusions 

 

We hypothesised that exogenous genetically modified macrophages could be used 

as therapeutic vehicles to deliver KGF to the lung after fibrotic injury. Macrophages 

expressing KGF were generated through lentiviral vector transduction, and these 

cells were shown to induce proliferation of lung epithelial cells in vitro. It was shown 

that exogenous macrophages could be delivered to the lungs of mice by 

oropharyngeal (OP) instillation, where they persisted in the lungs of bleomycin-

treated mice, but not uninjured mice, for at least 7 days, and could be found in areas 

of injured lung. However, delivery of KGF-transduced macrophages by OP 

instillation did not improve any of the measured outcomes when given to bleomycin-

injured mice during either the inflammatory or fibrotic phases of injury. The reasons 

for the lack of efficacy of this therapeutic approach were not clear, but this raises 

questions about the suitability of macrophages as vehicles to delivery gene therapy 

in pulmonary fibrosis, and the choice of KGF as therapeutic transgene, some of 

which could be addressed in future research. Some of the present research findings 

raise additional questions, and there may be wider research applications for the 

technical approaches used.  

6.1 Macrophages as vehicles for delivering gene therapy in 

pulmonary fibrosis  

Consistent with previous reports, it was shown in the present study that primary 

macrophages can be transduced to express transgenes using lentiviral vectors 

[317]. This, and the important finding that exogenous macrophages delivered 

directly to the lung were preferentially retained in the lungs of mice after injury and 

localised to injured areas, suggest that macrophages would be good candidates to 

direct expression of therapeutic transgenes specifically to the injured lung 

epithelium. On the other hand, macrophages have been implicated in disease 

pathogenesis in pulmonary fibrosis (section 1.8.3) and delivery of macrophages to 

mice on day 7 after lung injury was associated with increased expression of some 

inflammatory mediators, suggesting that exogenous macrophage delivery per se 

could unfavourably alter the course of the disease. Further work is required to more 

thoroughly evaluate the effects of exogenous macrophages in the bleomycin model, 

by delivery of primary macrophages (rather than macrophages from a cell line) 

during various phases of bleomycin-induced lung injury, including the inflammatory 

phase, early fibrotic phase, established fibrotic phase and during resolution of 
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fibrosis. A feature that makes macrophages attractive to explore as candidates for 

use in cell therapy is their phenotypic plasticity and the potential to manipulate 

macrophage phenotype ex vivo, and if further work confirmed that delivery of 

exogenous macrophages did indeed exacerbate lung injury, attention could be 

turned to attempting to favourably alter macrophage phenotype prior to delivery.    

It has been shown that depletion of macrophages during the resolving phase in the 

bleomycin mouse model was associated with increased fibrosis, suggesting that 

macrophages play a positive role in the resolution of fibrosis in this setting [269]. A 

frequent criticism of animal models of pulmonary fibrosis is that there is at least 

some reversibility, whilst human IPF is progressive, but animal models do provide 

an opportunity to explore the mechanisms of resolution of fibrosis. Characterisation 

of the phenotype and regulation of lung macrophages during the resolving phase of 

fibrosis in animal models may provide some clues as to the mechanisms of fibrosis 

resolution, but importantly attempts to reproduce this phenotype by manipulation of 

macrophages ex vivo could potentially confer therapeutic properties.     

In view of what is known about the phenotypic plasticity of macrophages in 

response to their microenvironment, it might be expected that any exogenously 

delivered macrophages would assume a phenotype dependent on the cytokine 

milieu in the target organ. Peritoneal macrophages and bone marrow-derived 

macrophages assume an alveolar macrophage phenotype after lung delivery in 

mice, consistent with exogenously delivered macrophages exhibiting phenotypic 

plasticity in vivo in the lung [259]. However it has been shown that the effects of 

exogenous macrophages given by renal artery injection in a rat model of kidney 

injury can be altered by manipulation of their phenotype pre-injection [374]. Further, 

separate studies in inflammatory animal model models of kidney injury have shown 

that therapeutic properties can be conferred on exogenous macrophages by genetic 

modification to express the cytokines interleukin-4 and interleukin-10, and in 

addition to beneficial effects on the injury microenvironment these cytokines may be 

capable of altering or maintaining macrophage phenotype through autoregulation 

[375, 376].  

There have been 2 recent reports of selective and efficient transduction of alveolar 

macrophages in vivo through delivery of VSV-G-pseudotyped lentiviral vectors to 

the lungs of mice, resulting in prolonged and stable transgene expression [377, 

378]. In these studies transduction of alveolar macrophages using lentiviral vectors 

expressing relevant therapeutic transgenes had beneficial effects in animal models 
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of emphysema and pulmonary alveolar proteinosis [377, 378]. In vivo transduction is 

an alternative approach to using macrophages in the lung to express potentially 

therapeutic transgenes, although there are a number of advantages to using ex vivo 

macrophage transduction, and these have been discussed previously (section 

1.9.1). Additionally, it is unclear whether successful and selective transduction of 

lung macrophages using lentiviral vectors could be achieved in the lungs during 

fibrotic injury.  

6.2 KGF as therapeutic agent for pulmonary fibrosis 

Because the present studies did not provide direct evidence for KGF over-

expression in the lungs of mice given KGF-transduced macrophages, and because 

of the possible effects of the macrophages per se, it is not possible to conclude that 

the lack of therapeutic efficacy was related to lack of response to KGF as a 

therapeutic agent. However a number of questions remain over the suitability of 

KGF for the treatment of chronic fibrotic lung diseases. As previously discussed, the 

beneficial effects of KGF seen in animal models of pulmonary fibrosis strongly 

support the efficacy of prophylactic KGF delivery, and there are a number of 

possible reasons why therapeutic delivery might be less effective (section 5.3.2). 

Further, in its current clinical use, for management of oral mucositis in patients 

undergoing myeloablative therapy, treatment with KGF is initiated as a prophylactic 

regimen [209]. Prophylactic KGF delivery is not feasible for the majority of lung 

diseases, but KGF may be able to provide beneficial effects by preventing injury in 

uninvolved areas of lung in progressive diseases. For example, recombinant KGF is 

currently in clinical trial for human acute lung injury, and in this setting it may be 

useful for preventing disease progression by protecting the alveolar epithelium from 

the high pressures and oxygen tensions required to oxygenate and ventilate these 

patients.  

With respect to the treatment of chronic fibrotic lung diseases, there is as yet no 

evidence from animal lung injury models suggesting that KGF delivery initiated 

during established fibrosis can reduce disease severity, and this remains to be 

determined. Additionally, the effects of sustained KGF delivery on alveolar epithelial 

repair are not known, and, as discussed previously (section 5.3.3), this could 

theoretically impair normal re-epithelialisation. It is possible that KGFR signalling is 

dysregulated in pulmonary fibrosis, and a better understanding of KGF expression 

and KGFR signalling in pulmonary fibrosis would be helpful in deciding whether 

KGF therapy is likely to be beneficial. Finally, it is possible that chronic KGF over-
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expression in the lung may have detrimental effects; transgenic mice conditionally 

overexpressing KGF in lung epithelial cells developed epithelial hyperplasia 

sufficient to cause respiratory distress [379].    

6.3 Wider implications of this research 

The finding that exogenous macrophages were retained in the lungs of injured, but 

not uninjured, mice is intriguing. These findings should next be confirmed using 

primary macrophages and, if they are borne out, the technical approach used to 

track macrophages after lung delivery could be used to attempt to answer some 

additional research questions. Of interest would be the investigation of the factors 

that promote macrophage survival and retention within the lung, and the turnover 

rate of macrophages during various phases of lung injury including resolution, 

because these factors could potentially be manipulated to alter disease course. 

Similar studies could be carried out using other cell types known to be involved in 

the pathogenesis of lung injury and fibrosis, for example fibroblasts and 

lymphocytes. Additionally, macrophage retention and survival in animal models of 

other lung diseases and pathologies, e.g. infection, emphysema, airways disease 

and cancer, could be investigated using this approach.   

Finally, although the use of bioluminescence imaging has been used extensively to 

track the fate of exogenous cells after in vivo delivery, to our knowledge this 

methodology has not been reported for tracking cells after lung delivery in the 

context of developing cell therapy approaches for lung disease. This approach 

would be applicable to the development of cell therapies for lung disease involving 

the use of other cell types.  

6.4 Final conclusion 

Whilst the studies described in this thesis did not prove the initial hypothesis, that 

exogenous genetically modified macrophages could be used as therapeutic vehicles 

to deliver KGF to the lung after fibrotic injury, the findings have raised a number of 

interesting questions that could be addressed in future work. The methods used 

form a basis for future studies evaluating combined gene-cell therapy approaches 

for lung disease, and addressing additional research questions. 
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