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1.0 Thesis Abstract 

 

Introduction: ARDS is a syndrome of acute respiratory failure that presents 

with progressive arterial hypoxemia, dyspnea, and a marked increase in the 

work of breathing. Virtually all patients with ARDS receive mechanical 

ventilation. However, the delivery of even “normal” tidal volumes may indeed 

have the potential to be quite injurious to the injured, mechanically ventilated 

ARDS lung. Lung ventilation volume increases lead to progressive epithelial cell 

deformation, with disruption of the alveolar-capillary barrier and injury to the 

alveolar epithelium. One of the most important mechanisms that determines the 

severity of lung injury is the magnitude of injury to the alveolar epithelial 

barrier. The possibility of repairing the epithelial injury at an early stage is a 

major determinant of recovery. Specific treatments to accelerate alveolar 

epithelial repair do not exist. Little is known at present about the cellular and 

molecular mechanisms of of efficient and aberrant alveolar epithelial repair in 

ALI/ARDS. Recent pre-clinical experimental studies indicate that bone-marrow 

derived mesenchymal stem cells (MSCs) may reduce the severity of Acute Lung 

Injury (ALI). However the potential for MSC’s to enhance repair and recovery 

following ALI is not known. 

 

Methods: We first described the factors important in the development of an 

animal model of recovery from VILI, allowing the study of the development and 

repair from this type of lung injury over time. We then sought to examine the 

pattern of inflammation, injury, and repair, the time course and mechanisms of 

resolution and repair, and the potential for fibrosis, following ventilation 
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induced lung injury (VILI). We then used our unique animal model of repair from 

VILI to test the reparative properties of MSCs, using different doses and timing of 

delivery. We also examined the potential for non-stem cells, and for MSC 

secreted products, to enhance repair in comparison to MSCs. The contribution of 

specific MSC secreted mediators was then examined in a wound healing model. 

Finally we examined different routes of administration of MSCs in our repair 

model. 

 

Results: We defined factors that are important in the development of VILI and 

integral to developing a reliable, reproducible animal model that represents the 

disease, including younger animal age, peak pressures above a threshold value 

and higher inspiratory flow rates. We developed a cohort of animals with an 

homogenous injury, that was representative of stretch induced lung damage. 

High stretch ventilation caused a severe lung injury, activating a transient 

inflammatory and fibroproliferative repair response, which restored normal lung 

architecture without evidence of fibrosis. MSCs therapy enhanced repair 

following VILI. Specifically, MSCs improved oxygenation, lung compliance, 

reduced total lung water, decreased lung inflammation and histologic lung 

injury. MSC therapy attenuated alveolar TNF-alpha and IL-6 levels, but increased 

alveolar IL-10 concentrations. Conditioned MSC medium also enhanced lung 

repair and attenuated the inflammatory response to lung stretch. MSCs and their 

conditioned medium were twice as effective in healing alveolar epithelial 

wounds in comparison to fibroblasts and their conditioned medium controls. 

Antibodies to Keratinocyte Growth Factor, but not Hepatocyte Growth Factor, or 

Transforming Growth Factor-, attenuated this effect on alveolar epithelial 
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repair of MSC conditioned medium. Finally, intratracheal MSC therapy and intra-

tracheal conditioned MSC medium also enhanced lung repair and attenuated the 

inflammatory response to lung stretch. 

 

Conclusion:  This novel rat model of repair from VILI will serve to improve our 

knowledge of the mechanisms of repair as well as provide a useful paradigm for 

testing strategies to hasten recovery in ALI. In our studies of repair from VILI, 

multiple targets to hasten recovery were identified, and the potential for a more 

sustained fibroproliferative response was noted. MSCs, delivered systemically or 

locally, can modulate the inflammatory response to VILI, enhance alveolar fluid 

clearance and augment repair in the lung. The therapeutic effect appears to be 

mediated through paracrine factors secreted by MSCs. The ability of MSCs to 

enhance recovery after Ventilator Induced Lung Injury may in part be due to 

their abiltiy to enhance alveolar epithelial wound repair, and that this 

mechansim may result wholly or in part from the secretion of Keratinocyte 

Growth Factor by MSCs. 
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2.0 Introduction 

 

2.1 The Acute Respiratory Distress Syndrome 

Acute Lung Injury (ALI), and it’s more severe subset Acute Respiratory Distress 

Syndrome (ARDS), is a syndrome of acute respiratory failure that presents with 

progressive arterial hypoxemia, dyspnea, and a marked increase in the work of 

breathing. Most patients require endotracheal intubation and positive pressure 

ventilation. In 2005, the incidence of ALI and ARDS in adults was estimated to be 

approximately 200,000 patients annually in the United States, with a mortality of 

approximately 40% [1]. Because of the aging population and the growing 

incidence of sepsis, this figure probably underestimates the actual incidence [2]. 

Despite major advances in management, the mortality of ARDS remains as high 

as 44% based on observational studies and 36% based on randomized 

controlled trials [3]. Although there are several clinical disorders associated with 

the development of ARDS, including sepsis, pneumonia, aspiration of gastric 

contents, and major trauma [4], the pathogenesis is common to all and involves 

inflammatory injury to the lung endothelium and epithelium, which causes a 

marked increase in lung vascular and epithelial permeability and the passage of 

protein-rich edema fluid into the air spaces. The initial lung injury can be 

compounded by Ventilator-Induced Lung Injury (VILI), particularly when high 

tidal volumes and inflation pressures are used [5].  

Clinical recovery from ALI/ARDS depends on the use of lung-protective 

ventilation with lower tidal volumes and the reduction of airway pressures, 

which facilitate the resolution of inflammation, repair of the injured epithelium, 

and removal of edema fluid from the air spaces. Although there has been 
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considerable progress in understanding the pathogenesis of ALI/ARDS, there are 

several important gaps in our knowledge. In particular, the mechanisms that 

contribute to restoration of a normal alveolar epithelium require more study. 

 

2.2 Ventilator Induced Lung Injury 

Virtually all patients with ARDS receive mechanical ventilation. Regional alveolar 

overdistension during ventilation can induce excessive mechanical stresses to 

the extracellular matrix, leading to the development of interstitial edema, extra-

cellular matrix fragmentation [6], epithelial injury, and biotrauma characterized 

by neutrophil infiltration and inflammatory cytokine production [6, 7].  

 

2.2.1 What is Ventilator Induced Lung Injury? 

 
Animal studies revealed that a ventilation strategy with lower tidal volumes and 

lower airway pressures was protective in ALI due to several mechanisms, 

including reduced lung endothelial injury, reduced lung epithelial injury, reduced 

lung inflammation, and accelerated resolution of alveolar edema [7, 8]. Thus, 

ventilation with higher tidal volumes and elevated airway pressures causes more 

lung inflammation and probably results in direct mechanical injury to the lung 

epithelium and endothelium as well. 

 

2.3 The pathogenesis of VILI – Understanding the injury 

VILI results from the action of mechanical forces on lung structures such as the 

epithelial cells, the endothelial cells, the extracellular matrix and the peripheral 

airways during mechanical ventilation. In particular, cyclic over-distension and 
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collapse/re-opening of airway units with each breath are two key 

pathophysiological mechanisms leading to VILI [9]. 

It is not possible to study the effects of isolated excess mechanical stretch injury 

on human lungs. However, extensive study of animal lungs injured by excessive 

ventilation has been carried out. Current mechanistic insights into VILI include 

ventilator induced pulmonary oedema, volutrauma, barotrauma, biotrauma, 

mechanotransduction and activation of inflammatory cells and mediators. 

 

2.3.1 The concept of baby lung 

 
Injured lungs are particularly susceptible to overdistension because the number 

of aerated and recruitable alveoli is decreased (“the baby lung concept”) [10]. 

Within the baby lung, both fully aerated and nonaerated but recruitable respira- 

tory units exist in close proximity. This has been confirmed by computerized 

tomography (CT) in patients with ARDS [11]. A preferential distribution of 

ventilation to the less injured units places these units at a higher risk for 

hyperinflation injury. Supporting this hypothesis is recent histologic and CT 

imaging data in a rat VILI model that demonstrates a regional redistribution of 

ventilation from atelectatic to non-atelectatic areas resulting in overinflation 

injury [12]. In this study, a combination of high tidal volume and lack of 

recruitment of atelectatic regions consistently demonstrated histologic evidence 

of alveolar injury as measured by hyaline membrane formation, inflammatory 

cell infiltration, and the presence of alveolar epithelial cell lesions. Markers of 

biotrauma such as cytokines IL-6, IL-1, and myeloperoxidase were elevated as 

well. Clearly the delivery of what would be a “normal” tidal volume to a healthy 
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non-atelectatic lung, may indeed have the potential to be quite injurious to the 

injured, mechanically ventilated baby lung.  

 

2.3.2 VILI – Early Studies  

  

The potential for mechanical ventilation to induce harm has been a matter of 

concern from the earliest years of its introduction into medical practice. In 1964 

Greenfield and colleagues [13] ventilated closed-chest dogs for 2 hours at 26–32 

cm H2O peak inspiratory pressure and allowed them to recover for 24 hours 

before subjecting them to thoracotomy. Zones of atelectasis were found at gross 

examination and the extracts of these lungs had increased surface tension, 

suggesting altered surfactant properties. A few years later in 1968, Sladen et al 

[14] reported that patients ventilated for long periods suffered from 

deteriorated lung function, an increased alveolar–arterial oxygen gradient, and a 

fall in respiratory system quasi-static compliance. Webb and Tierney [15] 

conducted the first comprehensive study in intact animals that unambiguously 

demonstrated that mechanical ventilation may produce pulmonary edema. They 

subjected rats to positive airway pressure ventilation with peak pressures of 14, 

30, and 45 cm H2O.  Edema developed, occured more rapidly and was more 

severe in animals ventilated with 45 cm H2O than in those ventilated with 30 cm 

H2O peak pressure. Profuse edema and alveolar flooding developed within 13 to 

35 min in animals ventilated with 45 cm H2O peak pressure. No abnormality was 

observed after 1 h of ventilation with 14 cm H2O peak pressure. These findings 

have been replicated in more detail in later studies [16-18].  
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2.3.3 Gross and microscopic pathology 

 
Animal lungs injured by mechanical ventilation grossly display a pattern of 

atelectasis, severe congestion and enlargement because of oedema [15, 19, 20]. 

Ventilator-induced pulmonary edema is associated with severe endothelial and 

epithelial abnormalities, the structural counterpart of the alterations in 

permeability [16-18]. Electron microscope observations show discontinuities in 

alveolar type I cells in rabbits ventilated with moderate (20 cm H2O) peak airway 

pressure for 6 hours [21]. Widespread alterations of endothelial and epithelial 

barriers were evidenced when a higher peak airway pressure was used [16-18]. 

Lungs of rats ventilated for short periods (5 to 10 min) with 45 cm H2O peak 

airway pressure had endothelial abnormalities - some endothelial cells were 

detached from their basement membrane, resulting in the formation of 

intracapillary blebs. There were also occasional breaks in endothelial cells. 

Ventilation for longer periods resulted in alveolar flooding and diffuse alveolar 

damage [16]. There were profound alterations in the epithelial layer in addition 

to the capillary lesions. The severity of the alterations was unevenly distributed: 

the epithelial lining appeared to be intact in some areas, whereas there were 

discontinuities and sometimes almost complete destruction of type I cells in 

many others, leaving a denuded basement membrane. In contrast, type II cells 

always appeared to be preserved. Hyaline membranes filled the alveolar spaces 

in most of the sections examined of animals with severe alveolar edema [16, 17]. 

Endothelial breaks allowed direct contact between polymorphonuclear 

neutrophils and the basement membrane. Overall, this histologic pattern of 

injury is indistinguishable from that of ARDS.  
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2.3.4 VILI – pulmonary oedema 

 
VILI induces alterations in microvascular permeability via several potential 

mechanisms. These range from a physiological increase in pore size with lung 

volume changes to direct mechanical injury, and loss of alveolar-capillary barrier 

function.  

The increase in epithelial permeability to small hydrophilic solutes that occurs as 

lung volume increases is a physiologic phenomenon. The clearance of 

aerosolized 99mTc-DTPA increased when the functional residual capacity (FRC) 

was increased by positive end-expiratory pressure (PEEP) during mechanical 

ventilation [22], or spontaneous ventilation [23] in sheep. The same observation 

has been made in humans [24, 25]. Only major increases in lung volume alter 

epithelial permeability to large molecules during static inflation [26]. In contrast, 

prolonged cyclic lung inflation during mechanical ventilation produces major 

alterations in epithelial permeability to proteins, both large and small [27].  

Work by Parker and colleagues [28] in isolated perfused dog lobes shows that 

increasing lung volume ultimately alters endothelial permeability to solutes of 

both small and large molecular weight and suggest the presence of an airway 

pressure threshold below which these modifications do not occur.  

Direct mechanical injury is, however, the most likely cause of the rapidly 

developing pulmonary oedema exhibited in small animal species, such as in 

these studies, subjected to high lung stretch. Mead and colleagues [29] proposed 

that, at a transpulmonary pressure of 30 cmH2O, the pressure across an 

atelectatic region surrounded by a fully expanded lung would be approximately 

140 cmH2O. In the heterogeneously injured lung, strain may therefore be greater 
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in areas where the inflated lung is adjacent to the atelectatic or fluid-filled lung 

due to interdependence. The potentially injurious effects of strain and shear 

force on lung epithelial and endothelial cells would be enough to damage 

alveolar barrier function and to lead to alveolar oedema and flooding. Indeed as 

mentioned above, alveolo-capillary barrier damage is obvious and extensive 

after VILI. 

The presence of edema fluid in the airspaces is both an effect of lung injury and a 

potential mechanism by which VILI is amplified. Edema fluid fills alveoli and 

promotes airspace collapse by inactivating surfactant and filling airways [28, 30, 

31]. This loss of lung volume leads to heterogeneity of the lung, resulting in even 

greater overdistention of the remaining lung units. Therefore, if the clearance of 

edema fluid from the distal airspaces is reduced, a vicious cycle of airspace 

edema leading to greater lung overdistention and shear stress will ensue [32]. 

For example, flooding distal lung units of rats with saline was found to act 

synergistically with high tidal volume ventilation to increase endothelial 

permeability to albumin [33]. In that study, the authors also found that perme- 

ability to albumin increased as the respiratory system compliance decreased, 

suggesting that a smaller lung volume was ventilated. As ventilated lung volume 

decreased, more injury resulted [33].  

The clearance of edema from the airspaces requires the active transport of 

sodium across the epithelium. Lecuona and colleagues [34] reported that high 

tidal volume ventilation induced a reduction in energy-dependent sodium 

transport.  
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2.3.5 Volutrauma versus Barotrauma 

 
Many studies suggest that high lung volumes (volutrauma), but not high 

intrathoracic pressures (barotraumas) per se, are crucial in the genesis of 

ventilator induced lung oedema. In one study where rats were subjected to large 

or low tidal volume ventilation, but with identical peak airway pressures 

(45cmH2O), using thoracoabdominal strapping, the rats subjected to high tidal 

volume-high airway pressure ventilation developed permeability pulmonary 

oedema [17]. Strapped animals ventilated with a high airway pressure but a 

normal tidal volume had no oedema.  To further corroborate these findings rats 

ventilated with high tidal volumes but negative airway pressures by means of an 

iron lung developed permeability oedema. Thus volutrauma rather than 

barotrauma appears to be responsible for ventilator induced pulmonary oedema. 

These findings have been replicated in several species using different 

approaches [35-37](59, 27, 76). Adkins et al [36] observed that in young rabbits 

with greater chest wall compliance lung capillary filtration coefficient increased 

more than in older rabbits ventilated with the same peak airway pressures.  

 

2.3.6 PEEP and low volume injury 

 
Ventilator induced pulmonary oedema is less severe when tidal volume is 

decreased and end-inspiratory lung volume is kept constant by increasing PEEP 

during high-volume ventilation [38]. Webb and Tierney [15] showed that 

oedema was lessened by 10 cmH2O PEEP application during ventilation with 45 

cmH2O peak airway pressure. The authors attributed this beneficial effect of 

PEEP to the preservation of surfactant activity. Later studies exhibited 
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preservation of the alveolar epithelial layer in animals ventilated with PEEP in 

comparison to those ventilated with zero end-expiratory pressure (ZEEP) [17]. 

PEEP prevented repetitive opening and closing of terminal units, thereby 

decreasing shear stress at this level. Similar observations have been made by 

other investigators either in intact animals [39, 40] or in perfused canine lobes 

[41]. 

The flip-side of overinflation and overdistension, the potential for low-volume 

injury, was later given attention by the Slutsky group [42]. Their work in isolated 

rat lungs demonstrated that repetitive opening and collapse lead to a decrease in 

lung compliance and injury to the epithelial cells that line small airways and 

alveolar ducts. This hypothesis was validated by a series of elegant studies by 

Gaver et al. [43, 44]. 

 

2.3.7 The role of inflammatory mediators in VILI 

 
Over the last decade, the bio-trauma hypothesis [45] postulated that mechanical 

ventilation causes the release of soluble mediators from the lungs into the 

bloodstream and that these circulating mediators cause injury in the lungs and in 

other organs. This hypothesis is attractive and plausible, but has not been 

proved. 

The potential for increased local inflammation in response to excess mechanical 

stretch as a mechanism of lung injury propagation has been examined by Ranieri 

and colleagues [46]. They measured bronchoalveolar lavage (BAL) and plasma 

levels of several proinflammatory cytokines in 44 patients with ARDS who were 

randomized to receive mechanical ventilation with a conventional strategy 

(mean tidal volume, 11.1 ml/kg; mean PEEP, 6.5 cmH2O) or to receive a low tidal 
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volume, higher PEEP strategy of ventilation (mean tidal volume, 7.6 ml/kg; mean 

PEEP, 14.8 cmH2O). Broncho-alveolar lavage (BAL) fluid from patients in the 

lower tidal volume, higher PEEP group had significantly fewer neutrophils and 

lower concentrations of tumor necrosis factor alpha (TNF-α), IL-1β, IL-6, and IL-

8. Plasma levels of IL-6 were also significantly lower in the patients that received 

protective ventilation [46]. Plasma IL-6 levels also declined in patients ventilated 

with low tidal volume compared with conventional tidal volume in the National 

Institutes of Health Acute Respiratory Distress Syndrome Network study [47]. In 

other clinical studies, elevations in pro-inflammatory cytokines correlate with 

increased patient mortality in ARDS [48, 49]. 

In experimental studies, high tidal volume, low PEEP ventilation induces the 

release of proinflammatory cytokines into the airspaces and bloodstream, as well 

as neutrophil infiltration into the lung, and the activation of lung macrophages 

[50]. Tremblay and colleagues [7] found that isolated, non-perfused rat lungs 

ventilated with a tidal volume of 40 ml/kg without PEEP for 2 hours had large 

increases in lavage concentrations of TNF-α, IL-1β, IL-6, and macrophage 

inflammatory peptide 2. Reduction of the tidal volume to 15 ml/kg or lower 

reduced the lavage concentrations of these mediators. The increase in these 

cytokines was greater if rats were pre-treated with endotoxin, but the 

differences among the groups persisted. High tidal volume ventilation also 

increased the expression of c-fos mRNA, a transcription factor important in the 

early stress response [7]. 

The potential importance of proinflammatory mediators in the development of 

VILI is also supported by data from experimental studies of the effects of anti-

TNF-α antibody and IL-1 receptor antagonist on lung injury following surfactant 
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depletion. Imai and colleagues [51] reported that the pretreatment of surfactant-

depleted rabbits with anti-TNF-α antibody prior to the initiation of mechanical 

ventilation resulted in less severe histologic lung injury and preserved 

oxygenation. In a similar model, IL-1 receptor antagonist pretreatment reduced 

endothelial albumin permeability and neutrophil infiltration [52]. 

However, several laboratory studies report minimal elevations in cytokine level 

despite severe lung injury [53-56], that together with the finding that exogenous 

cytokines do not necessarily produce lung injury [57] argues against an obligate 

pathogenic role. 

In the clinical setting, the issue is also confounded. Some patients undergoing 

elective surgery have similar levels of circulating cytokines whether the 

ventilation parameters are injurious or ‘protective’ [58]; in addition, profound 

elevation in circulating cytokines can occur despite the use of ‘protective’ 

ventilation and the absence of structural lung injury [59]. Such lack of correlation 

in a variety of clinical and experimental settings suggests that these molecules 

may be markers of tissue inflammation or repair rather than pathogenic 

mediators. Thus, levels of circulating mediators might not reflect the net effect 

on tissue or cellular injury, and a simple correlation of a specific circulating 

cytokine level with the degree of injury cannot prove—and might not indicate—

pathogenic effect. This also explains why mediator inhibition would have 

multiple and unpredictable effects. 

Other mediators implicated in VILI include coagulation factors, such as 

plasminogen activator inhibitor-1, hormones, such as angiotensin-II and lipid 

derived mediators, such as  cyclooxygenase and lipoxygenase [60]. 
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To identify the cellular source of inflammatory cytokines in VILI, Pugin and 

colleagues [61] cultured human alveolar macrophages on flexible silastic 

membranes and exposed the cells to cyclic stretch for up to 32 hours. Cyclic 

strain induced an increase in the secretion of IL-8. When the macrophages were 

pretreated with lipopolysaccharide, TNF-α and IL-6 secretion also increased to a 

greater extent in strained cells compared with static cultures. The authors also 

noted that there was an increase in nuclear translocation of the transcription 

factor nuclear factor kappa-B (NFκB) in macrophages after 30 min of cyclic 

strain [61]. 

In another study by the same group [62], a variety of cell types, including 

macrophages, A549 cells, two endothelial cell lines, a bronchial epithelial cell 

line, and primary lung fibroblasts, were exposed to the same cyclic strain. Of 

these cell types, only macrophages and A549 cells secreted IL-8 in response to 

mechanical distention. The relative quantity of IL-8 secreted from macrophages 

was much greater than the amount secreted from A549 cells. In the absence of 

endotoxin stimulation, cytokines were not secreted in significant amounts from 

any of the other cell types [62]. The importance of this finding is highlighted by 

clinical data that demonstrate high levels of IL- 8 in pulmonary edema fluid from 

ventilated patients with ARDS [63, 64]. The alveolar macrophage may therefore 

be an important stretch-responsive cell in the initiation of the inflammatory 

response observed in VILI. This does not, however, rule out a possible role for 

other cell types in the propagation of early pro-inflammatory signaling in VILI. 

 

2.3.8 The role of inflammatory cells in VILI  
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In addition to macrophages, polymorphonuclear leukocytes (PMNs) have been 

un-equivocally implicated in the pathogenesis of ALI and ARDS [65]. The current 

evidence seems to point to the role of PMNs as major effector cells in the 

generation of the tissue injury characteristic of VILI [66]. One of the first studies 

proposing that mechanical ventilation could lead to an inflammatory response 

used a model of neutrophil depletion by nitrogen mustard. Kawano et al. [67] 

demonstrated that the neutrophil-depleted animals had markedly improved 

oxygenation and decreased pathologic evidence of injury after lung lavage 

and/or mechanical ventilation versus a control group treated with the lavage 

and ventilatory protocol alone. 

More recently, Zhang et al. [68] combined these two observations and examined 

the hypothesis that mechanical ventilation could lead to activation of PMNs in 

excess of that expected with ARDS alone. In these studies, PMNs isolated from 

normal human volunteers were incubated with BAL fluid from ARDS patients 

ventilated with either a conventional mechanical ventilation (CMV) or a 

protective ventilation strategy. Treated neutrophils were assessed post-

incubation for evidence of PMN activation. This group [68] found that, in the 

conventional ventilation strategy group, all markers of neutrophil activation 

were increased more markedly than in the group ventilated with the protective 

strategy. These findings, although not conclusive, support the current evidence, 

which suggests that mechanical ventilation can lead to release of mediators that 

prime neutrophils, possibly providing a mechanism by which PMNs mediate 

tissue injury in VILI. Thus the role of PMNs in the pathogenesis of VILI may be 

regulated by their interaction with other cells, including epithelial cells and 

possibly vascular endothelial cells. 
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2.3.9 Mechano-transduction 

 
Studies have also suggested that mechano-transduction, the conversion of 

externally applied forces on cells into activation of various cell signaling 

pathways and alterations in gene expression or cell structure, plays a role in 

VILI, and multiple stretch-activated signal transduction pathways (e.g., mitogen-

activated protein kinases, stretch-sensitive ion channels, integrin receptors) 

have been identified [69]. In a seminal study using an isolated perfused rat lung 

model Parker et al. [70] abrogated the increase in microvascular permeability 

due to high pressure controlled ventilation (20 and 30 cmH2O) with gadolinium 

(an inhibitor of endothelial stretch-activated cation channels). In a subsequent 

study Parker et al. [71] demonstrated in the same model that inhibition of 

phospho-tyrosine kinase increases the susceptibility of the lungs to high PIP 

injury; in contrast, inhibition of tyrosine kinase attenuates lung injury. The 

results of these studies lent further support to the contention that ventilation-

induced changes in microvascular permeability are actively modulated by a 

molecular response to ventilation rather than simply a result of passive 

structural failure of the alveolar capillary membrane. 

In addition to cell stretch and strain, cellular injury appears to play a pivotal role 

in the activation of these responses, and deformation-induced plasma membrane 

disruptions have been directly linked to the activation of pro-inflammatory 

signaling cascades including early stress response genes, chemokine receptors, 

and adhesion molecules [72]. In this setting, membrane disruption acts as a 

mechano-transducer or “damage sensor,” whereby the influx of calcium after 

membrane injury leads to the upregulation of such mediators as fos and NF-B  
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2.3.10 Cell membrane wounding and stress failure in VILI 

 
Central to the pathophysiology of VILI is the lungs’ response to deformation. 

Lung cells possess well developed mechanisms to buffer stress concentrations 

associated with cellular shape changes induced under these conditions. 

However, in the injured, mechanically ventilated lung, the forces acting on cells 

may be excessive compared to those experienced by the healthy lung. Increased 

levels of alveolar ventilation often impose cellular shape changes associated with 

lytic tensions in stress bearing structures such as the cytoskeleton and/or the 

plasma membrane.  

The detailed morphological changes to the blood–gas barrier documented by 

Dreyfuss et al. [16] provide convincing electron micrographic evidence for dose- 

and time-dependent deformation-induced wounding at the cellular level as a 

result of mechanical ventilation. For example, the development of interstitial 

edema, plasma membrane blebbing, and loss of cellular contact with the 

basement membrane occurs after as little as a 5-min period of injurious 

ventilation [38]. Longer exposure at the same settings result in increasingly 

severe cellular injury including inter- and intracellular gap formations, denuded 

basement membranes, and finally, complete cellular destruction. 

Electron microscopy provided the initial snapshots of cellular and plasma 

membrane wounding after injurious ventilation, but did not provide evidence of 

causality. To further explore this cause–effect relationship, Gajic et al. [73] 

perfused isolated, mechanically ventilated rat lungs with propidium iodide (PI). 

PI is a plasma membrane impermeant fluorophore utilized in studies of 

membrane integrity; its detection within the cell necessarily confirms a plasma 
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membrane disruption has occurred. This series of experiments yielded two 

important results. First, the number of subpleural cells with membrane defects 

increased with length of exposure and increasing tidal volume, confirming the 

dose-dependent qualitative observations under EM. Second, by infusing PI at 

varying points in the timecourse and then comparing the number of PI positive 

cells in each, it was inferred that the majority (60%) of injured cells were able to 

repair the defect in their plasma membranes. These cells remained wholly viable 

after wounding. 

 

2.3.11 Summary of injury in VILI 

 
Thus, many of the investigations cited above suggest physical disruption of the 

lung (e.g., capillary stress failure by alveolar overdistension) as one mechanism 

whereby mechanical ventilation produces lung injury [38, 73]. However, 

evidence of a potentially important role for ventilator-induced molecular and 

cell-mediated events in the pathogenesis of ventilator-induced injury is also 

quite convincing [51, 52, 67], as is the potential role of VILI in distal organ 

dysfunction [74].  

 

2.4 Is VILI important in the clinical setting? 

Mechanical ventilation is an indispensible component of basic life support 

strategies. Despite the essential nature of this mechanical respiratory support in 

the critically ill, it has become apparent that ventilators can damage the organ 

they seek to support. Clinicians have been aware for many years of the effects of 

clinical barotrauma in the lung, and the leakage of air due to disruption of the 
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airspace wall [75], the most serious of which is tension pneumothorax. Unlike 

the classical forms of macroscopic injury, the more subtle physiologic and 

morphologic alterations are not immediately obvious; however, several 

fundamental experimental studies have demonstrated that alterations in lung 

fluid balance, increases in endothelial and epithelial permeability and severe 

tissue damage can be observed after high stretch mechanical ventilation [16-18]. 

The possibility that mechanical ventilation can actually worsen acute lung 

disease is now accepted as reality [76]. 

Definitive clinical proof for this phenomenon came with the results of a single-

center study in Brazil in 1998 [77] and from the multicenter National Heart, 

Lung and Blood Institute supported ARDS Network clinical trial in 2000 [47]. 

The multicenter ARDS Network trial of 861 patients demonstrated a marked 

reduction in mortality and in severity of lung injury with a lung-protective 

ventilatory strategy, and it provided convincing evidence that previously 

accepted ventilatory strategies using high tidal volumes and high airway 

pressures amplified lung injury in patients with ARDS.  

 

2.4.1 Is VILI still a problem in the era of ‘protective’ ventilation? 

 
Yes. More recent attempts to adjust ventilation strategies to further reduce harm 

have met with limited success [78-80]. Even with contemporary low stretch 

strategies, it appears difficult to avoid regional areas of high lung stretch [81]. 

Quantitative assessment of computed tomography images in humans with severe 

ARDS indicates that the amount of normally aerated tissue - the so called ‘baby 

lung’ - is variable, of the order of 200–500g, and may be as low as 200ml [82]. A 6 

ml/kg tidal volume applied to these “baby lungs” can and does result in airway 
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pressures in the range of 30-35cm H20 [83]. In this regard, the mean peak airway 

pressure in the treatment arm of the ARDS net low tidal volume study was 34cm 

H2O [83]. Other diseased lung regions may be subject to even greater distention 

and greater regional intra-alveolar and airway pressures [84] 

In addition, low stretch strategies may worsen atelectasis [85], which can also 

cause harm [86].  

 
 

2.5 Therapeutic Strategies – Reduce Injury or enhance Repair 

2.5.1 Time course of injury versus repair 

 
The clinical course of patients with ALI or ARDS is variable and influenced by 

different factors. Typically, a stereotyped response to lung injury occurs, with 

transition from alveolar capillary damage to a fibroproliferative phase, 

independent of initial cause [87].  One of the most important mechanisms that 

determines the severity of lung injury is the magnitude of injury to the alveolar 

epithelial barrier [4]. The possibility of repairing the epithelial injury at an early 

stage is a major determinant of recovery. Specific treatments to accelerate 

alveolar epithelial repair do not exist, although progress in studies with 

experimental models of ALI suggests that specific treatment may be possible in 

the future [88]. Most of the treatment modalities tested to date were based on 

diminution of the inflammatory response in the lung in order to minimise the 

initial injury. However, an alternative therapeutic approach is to accelerate the 

repair process in the alveolar epithelium in the early stages of ALI/ARDS, to 

enhance the resolution of pulmonary oedema and improve outcomes in these 

patients [89]. Little is known at present about the cellular and molecular 
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mechanisms of alveolar epithelial repair in ALI/ARDS. In particular, soluble 

mediators that play a key role in alveolar epithelial repair in ALI/ARDS patients 

must be identified and characterised if novel therapeutic strategies are to be 

developed. Nevertheless, the repair phase may provide greater opportunities 

than the injury phase for therapeutic approaches to improve outcome from 

ALI/ARDS. 

 

2.5.2 Normal repair mechanisms in the injured lung 

 
Throughout adult life, multicellular organisms must maintain the structure and 

function of their tissues by generating new cells. In young animals, tissue damage 

can usually be repaired quickly, but this natural capacity may fail after repeated 

challenges during disease, and with age. These considerations drive us to 

understand the mechanisms by which adult organs normally achieve tissue 

homeostasis and repair, and to try to harness and augment these processes. 

Mammalian tissue regeneration may involve several mechanisms, including but 

not limited to compensatory hyperplasia, dedifferentiation and adult stem cells. 

The emerging picture is that different organs use different strategies to renew 

themselves, and that more diversity and flexibility underpin these renewal 

processes than previously imagined. Some organs, such as hair follicles, blood 

and gut, which constantly renew themselves throughout life, contain adult stem 

cells that are morphologically unspecialized, have a relatively low rate of division 

and are topologically restricted to localized regions known as ‘niches’ that tightly 

regulate their behavior [90].  

The adult lung, on the other hand, is a vital and complex organ that normally 

turns over very slowly. However, when injury to the epithelium of the lung does 
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occur it has to be repaired as quickly as possible. For the most part, cell lineage 

tracing studies and the analysis of mouse lung injury models suggest that the 

adult lung epithelium is maintained by divergent progenitor cells residing in 

discrete microenvironmental niches along the proximal-distal axis of the 

respiratory tree [91], consistent with the existence of a “nonclassical” stem cell 

hierarchy in which relatively quiescent differentiated progenitor cells function as 

facultative stem cells [92]. In the proximal lung (trachea and main bronchi) it is 

likely that undifferentiated basal cells can function as classical stem cells, both 

self-renewing and giving rise to ciliated and secretory cells.  In the more distal 

lung, where there are no basal cells, the evidence suggests that subpopulations of 

Clara cells in specific micro-environments can self-renew and give rise to 

different cell types after injury. In the alveoli, damaged type I cells can be 

restored from type II cells, although whether all type II cells have this capacity is 

not yet known [91]. The diversity of strategies for repair, and the different 

classes of stem cells in the lung are in sharp contrast to the situation in the 

intestine. Here, only a few stem cells are present near the base of the crypts, 

which appear to be responsible for replenishing the entire epithelium. This 

difference probably reflects the fact that when injury to the epithelium of the 

lung does occur it has to be repaired as quickly as possible. In this case, a 

situation in which multiple cell types can proliferate and function as progenitors 

for repair is probably an advantage. Also, the complex spatial organization of the 

lung and the sheer variety of cells that constitute the mature organ dictate that 

repair after injury may require multiple pools of progenitor cells capable of self-

renewal and multipotency. 
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2.5.3 Dysregulated repair in ALI/ARDS 

 

Physiological lung epithelial wound repair is a complex, highly orchestrated 

process presenting numerous points where dysregulation may occur, leading to 

the development of aberrant healing. Current studies are limited by a lack of 

relevant lung injury models, with much work relying on other organ models such 

as the skin or in vitro cultures. This thesis attempts to describe the processes 

required to heal a severe wound to the alveolar epithelium, characteristic of 

Acute Lung Injury and Ventilator Induced Lung Injury in particular, highlighting 

areas where dysregulation may occur, which in turn may lead to the 

development or continuation of a disease state, and also factors that may 

accelerate wound repair and recovery from severe injury. 

 

2.6 Mesenchymal Stem Cells – Can they enhance repair? 

Mesenchymal stem cells came to prominence for their potential to repair 

connective tissues such as bone, cartilage and bone marrow stroma. The multi-

lineage differentiation potential of MSCs, together with their easy availability and 

extensive capacity for in vitro expansion, has led to their having now become 

part of the ever-expanding “stem cells can do it” hype, and it remains important 

to sort out broadly accepted and well supported facts from suggested 

possibilities. MSCs can differentiate to several cell types, but because MSCs 

produce important growth factors and cytokines, and may provide important 

cues for cell survival in damaged tissues, with or without direct participation in 

long-term tissue repair, they have become major cellular candidates in attempts 

to heal an expanding list of tissues. They are one of the few normal cell types that 
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have so far been produced in the large quantities needed for therapeutic 

development.  

Mesenchymal Stem Cells offer considerable promise as a novel therapeutic 

strategy for ARDS and VILI. Resolution of the lung injury in ALI is impeded by 

destruction of the integrity of the epithelial barrier, which inhibits alveolar fluid 

clearance and depletes surfactant, destruction that is exacerbated by VILI [4]. 

Stem cells may restore epithelial and endothelial function, whether by 

differentiating into these cell types or via secretion of paracrine factors to 

enhance restoration of these tissues. ALI is characterized by an intense but 

transient inflammatory response. The immunomodulatory properties of MSCs 

may have therapeutic relevance. The relatively transient nature of the 

inflammatory process in ALI reduces the need for repeated therapies with the 

attendant risk of adverse immunological reactions. ALI is frequently associated 

with dysfunction of other organs. Stem cells offer the potential to decrease injury 

and/or restore function in diverse systemic organs, including the kidney [93], 

liver [94] and heart [95]. Stem cells may directly attenuate bacterial sepsis, the 

commonest and most severe [1] cause of ALI/ARDS, via a number of 

mechanisms, including enhancement of phagocytosis and increased bacterial 

clearance [96], and anti-microbial peptide secretion [97]. There is also the 

potential to further enhance the therapeutic effect of MSCs, by tranducing them 

to secrete disease modifying molecules. As stem cells home to sites of 

inflammation when administered intravenously following tissue injury [98], they 

may therefore provide an attractive vector for gene based therapies [99]. Finally, 

both the distal lung epithelium and the pulmonary endothelium are selectively 
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accessible to stem cell therapies, via the intra-tracheal route or as a result of the 

fact the entire cardiac output transits the pulmonary vasculature. 

 

2.7 What are MSCs 

2.7.1 Nomenclature 

 
MSCs were initially described as a bone-marrow-derived mononuclear cell 

population that, when cultured ex vivo, adhered to plastic with a fibroblast-like 

morphology [100]. These cells were distinct from hematopoietic stem cells 

(HSCs) and could be identified by their capacity to adhere to plastic, to generate 

colony forming unit fibroblasts (CFU-F) in culture, as well as by their potential to 

differentiate into multiple lineages, and bone, cartilage and adipocyte cells in 

particular [101, 102]. It is also assumed that MSCs can undergo self-renewal, in 

particular since they can be maintained in culture for prolonged periods. 

Although bone marrow is the most often used source of MSCs, denominated 

bone-marrow-derived stem cells (BMSCs), MSCs with similar biological 

properties have also been isolated from other tissues including adipose tissue, 

skeletal muscle, dental pulp and cord blood [103-106]. Of special interest is 

adipose tissue since it represents an abundant and accessible source of MSCs 

denominated adipose-derived stem cells (ASCs) [106]. Depending on their origin, 

isolated populations show differences in proliferation and differentiation 

capacities, as well as in the expression of surface antigens. However, it is well 

acknowledged that, regardless of their origin, MSCs represent multipotent 

progenitors of mesoderm-derived (or even non-mesoderm-derived) tissues. 
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Different laboratories have indentified, under partly different handling or culture 

conditions, MSCs (or MSC-like cells) with specific properties and have assigned 

them different names (although differences can arise due to different isolation 

protocols, markers, culture conditions, etc.). These include mesenchymal stem 

cells (MSCs), a term originally coined by Caplan [101], mesenchymal stromal 

cells (MSCs) [107], bone marrow stromal cells (BMSCs) [108], marrow-isolated 

adult multipotent inducible cells (MIAMI) [109] and multipotent adult 

progenitor cells (MAPCs) [110]. All these meet the definition of MSC and 

although the Mesenchymal and Tissue Stem Cell Committee of the International 

Society for Cellular Therapy (ISCT) emphasizes the use of multipotent 

mesenchymal stromal cells in order to clarify MSC terminology [107], the term 

mesenchymal stem cells is widely used when referring to the acronym MSC. 

 

2.7.2 Origin of MSCs 

 
New insights suggest that MSCs are naturally found as perivascular cells, 

summarily referred to as pericytes, which are released at sites of injury, where 

they secrete large quantities of bioactive factors that are both 

immunomodulatory and trophic [111]. Many studies have pointed to pericytes as 

a potential source of MSCs [112, 113]. However, in the absence of specific and 

unique markers that would allow for a proper identification of MSCs in vivo, a 

histological localization of these cells is virtually impossible. Our knowledge of 

the developmental origin of MSCs is still quite limited. It is widely believed that 

MSCs derive from mesoderm; notably, however, a recent study showed that the 

earliest lineage providing MSC-like cells during embryonic trunk development is 

indeed generated from Sox1+ neuroepithelium rather than from mesoderm, at 
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least in part through a neural crest intermediate stage [114]. These early MSCs 

are then replaced, later in development, by MSCs from other origins. The 

potential link, if any, between these cells and the MSCs isolated according to 

Friedenstein’s protocol [100] remains to be established. 

 

2.7.3 Minimal criteria for MSC 

 
Due to the lack of specific mesenchymal cell markers and the heterogeneity of 

the MSC populations, the Mesenchymal and Tissue Stem Cell Committee of the 

ISCT established three minimal criteria that MSCs isolated from human bone 

marrow and other mesenchymal tissues must fulfil in vitro: i) adherence to 

plastic in standard culture conditions, ii) display of a specific surface antigen 

expression pattern (CD73+ CD90+ CD105+ CD34- CD45- CD11b- CD14- CD19- 

CD79a- HLA-DR-), and iii) multipotency, that is, differentiation potential along 

the osteogenic, chondrogenic and adipogenic lineages should be demonstrated 

[115]. 

 

2.7.4 MSCs are heterogeneous 

 
Despite these criteria, there may be more diversity among MSCs than we are 

aware of. The heterogeneity of the MSC population is revealed by in vitro 

differentiation assays, where most of the population shows a differentiation 

potential towards one or two different cell types, whereas only very few cells 

harbor a tripotent differentiation capacity [116]. These data might suggest a 

hierarchical structure of the MSC population, but the lack of specific surface 

markers hamper their identification and isolation. 
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Characterization is also hampered by the low frequency of these cells (0.01 - 

0.001% within bone marrow, 0.00001 - 0.00003% in cord blood) [102, 108], and 

the lack of efficient in vivo transplantation models (such as for HSCs or mammary 

stem cells) to demonstrate the stem cell nature of each subpopulation. 

 

2.8 Efficacy in reducing lung injury in pre-clinical models 

MSCs have also been demonstrated to reduce mortality, improve alveolar 

epithelial barrier function and attenuate inflammation and lung injury in diverse 

pre-clinical ALI animal models. In 2003, Ortiz et al [117] reported that MSC 

therapy could reduce the degree of fibrosis in bleomycin-induced lung injury in 

mice, and that the effect did not primarily depend on engraftment, which was 

less than 5%, but rather on paracrine mechanisms. Xu et al [118] reported that 

intravenous administration of MSCs after intraperitoneal endotoxin decreased 

the influx of neutrophils into the air spaces of the lung and also reduced the 

quantity of pulmonary edema. In animal models where endotoxin [119] or live 

Esherichia coli bacteria [96] was administered by the intrapulmonary route, 

survival was significantly improved with MSC therapy compared with controls. 

MSCs reduced the quantity of pulmonary edema, the degree of histologic lung 

injury, and the concentration of lung pro-inflammatory cytokines. The number of 

bacteria recovered from the lung was less with MSC therapy than with saline or 

fibroblast controls [96]. In a mouse caecal ligation and puncture model of sepsis, 

Nemeth et al [120] determined that systemically administered MSCs, given 

either 24 hours prior to, or 1 hour after surgery, improved survival, reduced 

organ dysfunction including indices of ALI, reduced neutrophil oxidative injury 

and increased circulating neutrophils, while lowering bacterial counts in blood. 
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Two similar studies reported that MSCs or their secreted factors reduce lung 

inflammation and improve histologic lung injury in experimental rodent models 

of hyperoxia-induced bronchopulmonary dysplasia [121, 122], providing 

protection of lung vascular and alveolar structures, and preventing the 

development of pulmonary hypertension. Finally, in an experiment to provide 

more clinically relevant information regarding the potential of cell therapy in 

human ALI, Lee et al [123, 124] utilized the established ex vivo perfused human 

lung preparation to test the effects of MSC therapy. When the lung was treated 1 

h after instillation of the endotoxin with intrabronchial allogeneic MSC, lung 

vascular permeability and extravascular lung water returned to normal levels, 

and the rate of alveolar fluid clearance increased to a normal level. Control 

studies with human fibroblasts showed no effect. 

 

2.9 Why might MSCs be an effective therapeutic option for ALI? 

MSCs offer considerable promise as a novel therapeutic strategy for ALI/ARDS 

for a number of reasons. First, MSCs offer the potential to differentiate into lung 

cells and directly replace damaged cells and tissues. Second, ALI is characterized 

by an intense but transient inflammatory response. While previous strategies to 

simply inhibit this response have met with failure, the more complex, 

‘immunomodulatory’ properties of MSCs may be more effective. MSCs may be 

able to ‘reprogramme’ the immune response to reduce the destructive 

inflammatory elements while preserving the host response to pathogens. Third, 

MSCs may be able to enhance the repair and resolution of lung injury. Resolution 

of the ALI/ARDS is impeded by destruction of the integrity of the epithelial 

barrier, which inhibits alveolar fluid clearance and depletes surfactant[125]. 
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MSCs may restore epithelial and endothelial function, whether by differentiating 

into these cell types or via secretion of paracrine factors to enhance restoration 

of these tissues. Fourth, ALI/ARDS is frequently a component of a generalized 

process resulting in dysfunction and failure of multiple organs. MSCs have been 

demonstrated to decrease injury and/or restore function in the kidney [126, 

127], liver [128, 129] and heart [130]. Fifth, stem cells may directly attenuate 

bacterial sepsis, the commonest [131] and most severe [132] cause of ALI/ARDS, 

via a number of mechanisms, including enhancement of phagocytosis and 

increase bacterial clearance[96], and anti-microbial peptide secretion [133]. 

Sixth, there is the potential to further enhance the therapeutic effect of MSCS, by 

tranducing them to secrete disease modifying molecules. As MSCs home to sites 

of inflammation when administered intravenously following tissue injury [134], 

they may therefore provide an attractive vector for gene based therapies [135]. 

Seventh, both the distal lung epithelium and the pulmonary endothelium are 

selectively accessible to stem cell therapies, via the intra-tracheal route[136] or 

as a result of the fact the entire cardiac output transits the pulmonary 

vasculature. Finally, stem cells are in clinical studies for a wide range of disease 

processes. The clinical potential of MSCs for ALI/ARDS has been considerably 

enhanced by a recent study demonstrating that human MSCs can reduce 

endotoxin induced injury to explanted human lungs [137].  

Taken together, these findings suggest considerable hope for MSCs as a therapy 

for ALI/ARDS.  
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2.10 How might MSCs work to enhance repair 

 

2.10.1 Migration to the site of injury 

 
Transplanted MSCs have been shown to home to sites of damaged tissue. Bone 

fractures, infarcted heart muscle, rat ischemic brain and renal injury are all sites 

of localization of transplanted MSCs in animal models [138-141]. MSCs can be 

isolated from peripheral blood and can be found in increased numbers under 

stress of total body irradiation or hypoxia, implying that MSCs are part of the 

innate reparative response to injury, and that a natural trafficking signal to sites 

of tissue damage exists [142, 143]. MSCs express an assortment of chemokine 

receptors that allow for their migration in response to the chemokine-attractive 

gradients generated by the inflamed injured site. The functional chemokine 

receptors expressed by MSCs include CCR1, CCR7, CCR9, CXCR3, CXCR4, CXCR5 

and CX3CR1 [144]. The CXCR4 receptor and its single, specific chemokine, 

stromal cell-derived factor 1 (SDF1/CXCL12) has an important role in the 

regulation of hematopoietic stem cells (HSC) and other stem cell trafficking, 

along with a part in controlling the metastasis of several types of cancer [145]. 

This signaling axis has been shown to regulate MSC localization to damaged 

heart tissue in a rat model of myocardial infarction and to fractured mouse tibias 

[138, 140]. Both in vitro and in vivo experiments with MSCs overexpressing 

CXCR4 have shown increased migration, localization and healing in the case of 

transplantation into mice suffering coronary occlusion-reperfusion injury [146, 

147]. SDF1 expression is upregulated in rodent hearts following myocardial 
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infarction and this led to an increase in the number of MSCs recruited to the 

injured tissue [148, 149]. However, Ip et al. [150] showed that inhibition of 

CXCR4 in MSC had no effect on MSC migration to ischemic myocardium, but 

instead was dependent on integrin 1. Similarly, MSC homing to bone was 

improved with ectopic expression of integrin alpha4 and its association with 

integrin beta1 in mice [151]. The chemokine receptor CCR7 has been associated 

with MSC localization to CCL2-expressing skin wound sites [152]. The 

chemokine CCL2 (monocyte chemotactic protein 1 (MCP-1)) is also produced at 

sites of inflammation and reported to be critical for recruiting MSCs expressing 

its receptor CCR2 [153].  

In their journey to the injured tissue, MSCs first adhere to vascular endothelial 

cells and cross the endothelial barrier to achieve transendothelial migration 

[154]. Studies investigating the mechanisms of adhesion between MSCs and 

microvascular endothelium indicate that MSCs display coordinated rolling and 

adhesion behavior on endothelial cells mediated by very late antigen-4/vascular 

cell adhesion molecule-1 (VLA-4/VCAM-1). 

The innate ability of MSCs to target sites of injury and damage and the 

determination of the mechanisms involved will have important implications for 

the therapeutic use of MSCs. 

 

2.10.2 MSC Plasticity- differentiation, transdifferentiation and engraftment 

 
In developmental biology, cellular differentiation is the process by which a less 

specialized cell becomes a more specialized cell type. Occasionally cells believed 

to belong to a certain lineage have been observed to undergo an abrupt 

alteration in phenotype and exhibit a phenotype characteristic of a different cell 
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lineage. The process has been referred to as trans-differentiation [155, 156]. 

MSCs are multipotent cells that can be induced in vitro and in vivo to differentiate 

into a variety of mesenchymal tissues, including bone, cartilage, tendon, fat, bone 

marrow stroma and muscle [102]. Studies have also indicated that MSCs can 

transdifferentiate into cells of other lineages [157-159]. Chao et al. reported that 

MSCs derived from umbilical cord trans-differentiated into islet-like cell clusters 

in vitro, which could express insulin and glucagon, through stepwise culturing in 

neuron-conditioned medium [159]. Paunescu et al. reported that MSCs isolated 

from the sternum of patients could differentiate into epithelial-like cells and may 

thus serve as a cell source for tissue engineering and cell therapy of epithelial 

tissue [160]. MSCs can also differentiate into multiple skin cell types including 

keratinocytes and contribute to wound repair [152]. In addition, MSCs may be 

involved in angiogenesis, which is important for repair of wounded tissues. After 

proper induction, MSC-derived smooth muscle cells could form vessel walls that 

were substantially similar to native vessels when examined histologically and 

molecularly [161]. 

Much of the initial interest in adult stem cell therapy originated from the multi-

potent nature of the bone marrow derived cells. Krause et al. [162] found that a 

single bone marrow derived hematopoietic stem cell could give rise to cells of 

multiple different organs including the lung. She reported up to 20% 

engraftment of bone marrow-derived cells in the lung, including epithelial cells, 

from a single hematopoietic precursor. That report stimulated additional 

investigations into the possibility that bone marrow-derived MSC might be able 

to regenerate the lung epithelium and/or endothelium as well. However, those 

results were questioned by multiple groups, who observed only engraftment of 
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leukocyte lineages [163], or low engraftment rates in lung injury models with 

observed rates of < 1% [117, 164, 165].  

Although stem cell transdifferentiation has been well documented in a lot of in 

vitro studies, its contribution to tissue repair is thus at best controversial [166] 

because some researchers reported that only limited donor-derived cells were 

detected in vivo and evidence of the differentiation potential of MSCs in the 

human body is still lacking [167]. Nevertheless, differentiation of MSCs toward 

specific cell types in the ex vivo and in vivo animal models, even to a low degree, 

suggests an important biological phenomenon that may be exploited for cell 

replacement therapy, that is, induction of MSCs in vitro to a specific cell type and 

transplantation of these functional cells for cell replacement therapy. When 

migrating to injured tissue from systemic circulation, these cells may further 

differentiate into more mature, tissue-specific cells with sufficient functions after 

being exposed to a tissue-specific environment. However, notwithstanding this, 

and despite initial interest in their multi-potent properties, engraftment in the 

lung now does not appear to play the major beneficial role. 

 

2.10.3 MSCs and the immune response 

 
MSCs were first isolated from bone marrow, a key site of hematopoiesis in which 

MSCs are now thought to play a role [100]. HSCs require stromal supporting cells 

for proper differentiation and for the maintenance of the quiescent state within 

the endosteal niche of the bone marrow and both supporting functions can be 

carried out by the MSC-progeny, osteoblasts [168]. This has been the basis for 

the use of MSCs in combination with HSC transplantation in the hope of 

enhancing engraftment and proliferation of donor HSC which is under 
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investigation in several clinical trials [169]. As a possible consequence of this 

tight interaction with immune cell progenitors MSCs are non-immunogenic and 

can themselves modulate the immune response 

Both in vitro co-culture experiments and in vivo models of 

immune/inflammatory disease suggest a clear and compelling profile of MSCs as 

potent modifiers of a wide range of targets within the innate and adaptive arms 

of the immune system [170, 171]. MSC immunomodulatory actions have been 

demonstrated in a wide range of disease states including sepsis, acute lung 

injury, acute myocardial ischemia, stroke, kidney injury, inflammatory bowel 

disease, graft-versus-host disease (GVHD), multiple sclerosis, diabetes mellitus, 

and organ transplantation [111, 171]. Clinical trials have been completed or are 

underway in several of these areas [172].  

 

2.10.3.1 MSCs and innate immnity 
 
The innate immune system provides effective antimicrobial defense against 

infectious agents but also acts as a barrier to allogeneic and xenogeneic 

transplantation. It is clear that allo-MSCs avoid acute rejection mechanisms 

normally mediated through the complement system, likely through secretion of 

Factor H [173] and expression of the complement control proteins CD55, CD46 

and CD59 [174]. However, other aspects of complement, the anaphylotoxins C3a 

and C5a, may be involved in attracting and activating MSCs at sites of tissue 

damage [175]. 

Although initital in vitro observations suggested that MSCs were not susceptible 

to lysis by natural killer (NK) cells [176, 177], it is now apparent that in spite of 
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the suppression of proliferation, surface receptor expression, and effector 

functions of NK cells via prostaglandin E2 (PGE2) and 2,3-indoleamine 

dioxygenase, they can be lysed by activated NK cells [178-180]. Whether this 

interaction of MSCs with NK cells translates to the in vivo setting is unknown. 

The interaction of MSCs with neutrophils has received scant attention. 

Raffaghello et al [181] recently reported that MSCs inhibited apoptosis and the 

oxidative burst of resting and activated neutrophils while preserving their 

phagocytic and chemotactic functions. 

One aspect of MSC innate immune interaction that has received more study is the 

monocyte/macrophage. Recent evidence suggests that monocytes and 

macrophages may be “programmed” by their surrounding microenvironment 

either to mediate potent, locally destructive effects, appropriate for immediate 

clearance of dead cells and prevention of infection at a site of injury or to 

produce a range of anti-inflammatory, pro-regenerative factors, indicative of a 

central role in the resolution and repair phase of tissue injury [182-184]. 

Evidence is accumulating that MSCs are involved in this re-programming [120, 

185, 186]. Most notably Nemeth et al demonstrated convincingly that both auto- 

and allo-MSCs reduced mortality from sepsis in a mouse model through a direct 

interaction with macrophages in the lung that resulted in enhanced production 

of interleukin (IL)-10 and was mediated through a complex monocyte/MSC 

crosstalk involving TLRs, tumour necrosis factor (TNF), nitric oxide and PGE2 

[120]. 

Toll-like receptors are a type of pattern recognition receptor that recognize 

molecules that are broadly shared by pathogens, but distinguishable from host 

molecules. Recent work in this area has reinforced the concept of MSCs as cells 
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responsive to and modulatory of innate immunity [187-191]. MSCs express a 

range of TLRs, and signaling through these receptors influences migration, 

survival, differentiation, and immunosuppressive capacity. It is unclear whether 

signaling through these receptors downregulates MSC immune modulation (as 

has been shown with TLR3 and TLR4 ligands [188, 192] or further enhances 

MSC immune suppressive properties [189]. The enhanced immune modulation 

seen with IFN- [193] may be particularly effective in suppressing chronic 

inflammation seen in autoimmunity (not driven by pathogens) without 

impairing inflammatory responses essential to antimicrobial defense (where 

TLR ligands would be abundant). 

Taken together with the previously discussed literature on MSC interactions 

with the complement system, NK cells, neutrophils, and ligands for TLRs, these 

studies paint a striking picture of the complexity of MSC cross-talk with the 

innate immune system and of the rich potential for harnessing these effects for 

therapeutic benefits. 

 

2.10.3.2 MSCs and adaptive immunity - Dendritic cells 
 
Dendritic cells (DCs) are the most potent of all antigen presenting cells, acting as 

a link between innate and adaptive immunity, and with the unique ability to 

activate both memory and naïve T-lymphocytes. It is not surprising that MSCs 

influence DC development, as both MSCs and many DC precursors are bone 

marrow residents. At the level of development, MSC co-culture strongly inhibits 

the initial differentiation of monocytes to immature DCs in vitro [194, 195]. This 
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effect is reversible [194] and can be replicated by MSC-derived soluble factors, 

including PGE2 and IL-6 [196]. 

MSCs suppress maturation marker expression, antigen presentation capability, 

and capacity to respond to lymph node–derived chemotactic signals—the three 

cardinal features of conventional DC maturation. Unlike suppression of T-cell 

proliferation in mixed lymphocyte reaction (MLR), both contact-dependent and 

soluble factors contribute to this immunomodulatory phenomenon.  

DCs may also show an altered profile of cytokine expression in response to MSCs, 

with reduced IL-12 [197] and increased IL-10 [177] production. They may also 

become capable of indirect immune suppression through induction of regulatory 

T (treg) cells [194]. 

 

2.10.3.3 MSCs and adaptive immunity - T-regulatory cells 
 
The two principal T cell suppressor populations are considered to be CD4+ 

CD25high FOXP3+ T cells that develop in the thymus (sometimes called natural 

Treg) and T cells that can develop from naïve T cells in the periphery (termed 

inducible or adaptive Treg). Treg cells play an important role in suppressing a 

range of autoimmune disease and in downregulation of inflammation. Treg cells 

achieve suppression by two principal mechanisms: bystander suppression 

involves the secretion of cytokines by antigen-activated tregs, such as IL-10 and 

TGF-, that suppress local effector T cells [198-200]. In contrast, during 

infectious tolerance, activated Treg cells condition the host to promote further 

Treg cell populations of broader specificity [201-203]. 
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MSCs can induce treg cells indirectly via DCs, as referred to above. It is now clear 

that MSCs can directly induce Treg cells in the absence of DCs [204]. The 

mechanisms responsible for induction of Treg cells by allogeneic human MSCs 

include cell contact, PGE2, and TGF-1, which appear to play complementary, 

non-redundant roles [205, 206]. MSCs sustain Treg cell survival and the 

suppressor phenotype over time [207], the important implication being that 

MSCs may cast a regulatory or immunosuppressive shadow long after the 

original stromal cells have declined, reminiscent of infectious tolerance, and thus 

suggest a mechanism whereby MSCs with a brief persistence in vivo may have 

profound long-term effects. 

 

2.10.3.4 MSCs and adaptive immunity - T-cell and B-cell effector responses 
 
In in vitro experiments, MSCs block activation of T cells in response to a host of 

immunogenic stimuli by release of paracrine factors [171]. A diverse set of 

soluble factors have been proposed for this function, including TGF-, IGF, VEGF, 

hepatocyte growth factor (HGF), IL-2, IL-10 and PGE2 possibly regulated by Toll-

like receptors [171, 208]. Indoleamine 2, 3-dioxygenase is another soluble factor 

released by MSCs in response to IFN- that depletes T cell tryptophan levels 

leading to inhibition of T cell activation, proliferation and apoptosis [209]. 

Despite this, Krampera et al. have shown a requirement for direct MSC-T cell 

interaction to modulate the T cell reaction [210]. 

Thus, there is now a considerable body of data demonstrating that MSCs have 

potent direct suppressive influences on effector CD4+ T cells while promoting 

and sustaining Treg cells. Studies of MSC effects on B-cell function have produced 
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some conflicting results. In vitro experiments involving co-culture of human 

MSCs with purified B-cell populations under a variety of stimulatory conditions 

have predominantly shown inhibition of B-cell proliferation, differentiation, 

immunoglobulin production, and chemotaxis with preserved or improved cell 

survival [211-213]. Mediators that have been identified for MSC suppression of 

B-cell functions to date include alternatively cleaved CCL2 [214], IFN-, and 

PD1/PDL1 interaction [215].  

In contrast, however, several groups have reported stimulatory effects of MSCs 

on in vitro–activated B cells or plasma cells from healthy humans [216] or 

patients with systemic lupus erythematosis [217]. The reasons for such 

apparently contradictory results are not entirely clear but may include 

variability in the sources and properties of MSCs as well as in the different 

antigen-dependent and polyclonal stimuli that have been used to activate B cells 

in culture. 

Taken together, the existing literature regarding MSC effects on B-cell and 

plasma cell functions suggest a complex interaction that includes both inhibitory 

pathways of high clinical interest as well as the potential for stimulatory effects 

that could limit the benefit of MSC-based therapies for some immune/ 

inflammatory diseases. 

 

2.10.3.5 Are MSCs immune-privileged? 
 
The question of whether MSCs are truly immunoprivileged in vivo remains 

central to their efficacy, and to the therapeutic equivalence of allo- and auto-

MSCs. A key issue is whether the inherent immune suppressive properties of 
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MSCs are sufficient to overcome the potent and diverse processes that are 

typically engendered by allogeneic cells in a healthy individual. In the majority of 

potential clinical applications it is not clearly known for how long MSCs need to 

persist in vivo in order to exert their maximal beneficial effects. For conditions in 

which a short-lived presence of MSCs within diseased tissue is of benefit, as in 

sepsis or ALI, it is, nevertheless, likely that strong immunogenicity of allo-MSCs 

will have a negative influence on the potency and duration of treatment effect as 

well as the feasibility of subsequent dosing. It is therefore important to define 

the extent and the limits of their immune privileged state.                                                                                                            

As mentioned above much of the mechanistic basis for MSC immune modulation 

has been discovered, and some at least have been identified as operational in 

vivo. Furthermore, several studies have indicated that donor-specific MSC 

infusion prior to or at the time of allogeneic organ or tissue transplantation may 

delay rather than hasten allograft rejection [218]. In humans, donor MSCs have 

been reported to attenuate some aspects of GVHD following allogeneic 

hematopoietic stem cell transplantation [219]. More recent data from animal 

models also suggest that MSCs of allogeneic or xenogeneic source can effectively 

protect from death due to sepsis [120], neuronal loss following cerebral ischemia 

[185], and neurological injury in experimental autoimmune encephalomyelitis 

[220, 221] in comparable fashion to auto-MSCs. 

Notwithstanding these results, the majority of studies that have carefully 

analyzed donor-specific responses in immune competent rodents, pigs, and non-

human primates following allo-MSC administration have generated evidence of 

immunogenicity [221-230]. Notably, donor-specific antibody was observed in all 

studies in which allo-antibody assays were carried out. In several studies allo-
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specific responses were relatively weak [222, 224, 229], whereas in others allo-

MSCs proved to be strongly immunogenic and sensitizing against subsequent 

donor antigen exposure [225, 226, 230]. 

However, it is also evident that immunogenicity and therapeutic immune 

modulation can co-exist in vivo. In some disease models allo-MSCs and auto-

MSCs were found to be of comparable efficacy despite eliciting anti-donor 

immune responses [221, 223], whereas in others, efficacy was lower for allo-

MSCs compared with auto-MSCs [230, 231]. The parallel influences of 

immunogenicity and suppression may be especially beneficial for proposed 

therapies using MSCs in sepsis, where a functioning immune system is essential 

for host bacterial clearance. 

Overall, it is reasonable to state at this time that MSCs have the capacity to 

initiate both cellular and humoral allo-immune responses in vivo but that, in 

some conditions, immunogenicity may be considerably attenuated compared 

with other allogeneic cell types because of inherent anti-inflammatory and 

immune modulatory properties. 

Some additional important issues are linked to the basic question of the in vivo 

immunogenicity of allo-MSCs and its significance for their therapeutic 

application. It is of interest to know whether immunosuppressive therapies 

currently prescribed in organ transplantation can be effectively used to prevent 

anti-donor immune responses to allo-MSCs in vivo without diminishing 

therapeutic efficacy. In this regard, Poncelet et al. [232] have shown, in a 

miniature pig model of myocardial infarction, that the calcineurin inhibitor 

tacrolimus significantly attenuated the anti-donor antibody response to allo-

MSCs delivered directly into the infarct. Recently, Ge et al. [233] also 
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demonstrated that a combination of allo-MSC infusion and low-dose sirolimus 

(rapamycin) therapy resulted in long-term survival of fully MHC-mismatched 

heart transplants in mice. 

 

2.10.4 Impact of the microenvironment on the MSC 

 
MSC therapy may be deployed, particularly in the case of ALI and sepsis, into 

sites of inflammation, rich in pro-inflammatory mediators such as IL-1, TNF and 

IFN-. The influence of this environment on MSC immune modulation, and 

whether anti-donor immune responses are heightened, is important to 

determine. Stimulation of MSCs with IFN- upregulates both MHC class I and II 

[234, 235], which may render these cells susceptible to rejection in an immune 

competent host, especially as an elevated MHC class I level makes the cells 

vulnerable to cytotoxic T-cell-mediated lysis in vitro. In the pig, Cho et al. [225] 

have demonstrated that both T-cell and antibody responses to allo-MSCs were 

enhanced in vivo by pre-exposure of MSCs to IFN-. Thus, there is evidence that 

in the setting of inflammation, allo-MSC immune rejection may be a more likely 

prospect. However, in contrast, it is well established that exposure of MSCs to 

some inflammatory signals, such as IFN- can enhance their suppressive effects 

on T cells, monocyte macrophages, and DCs [190, 193, 236, 237]. In models of 

GVHD, chronic obstructive pulmonary disease, and allergic airway disease, 

prestimulation of MSCs with IFN- improves the efficacy of cell therapy [237, 

238]. While these results appear to be contradictory, they indicate that MSCs 

introduced into an inflammatory environment are responsive to and modulate 

their surroundings such that they may exert further beneficial immune 



 57 

suppressive actions, or, on the other hand, they may be rendered more 

susceptible to lysis by cytotoxic T-cells and NK cells. These two processes may 

not be mutually exclusive, but they require more study in order to establish the 

safety and efficacy of MSCs for sepsis and ALI. 

 

2.10.5 Paracrine vs contact dependent mechanisms  

 
Much of current evidence for MSC mediated disease modification has focused on 

soluble factors. MSCs have the ability to secrete multiple paracrine factors such 

as growth factors [239], factors regulating endothelial and epithelial 

permeability [240], anti-inflammatory cytokines [120], and, more recently, 

antimicrobial peptides [97] that can potentially treat the major abnormalities 

that underlie ALI, including impaired alveolar fluid clearance, alveolar epithelial 

injury, altered lung endothelial permeability, dysregulated inflammation and 

infection. Another novel paracrine-dependent mechanism involves the release of 

membrane-derived microvesicles, a recently appreciated means of intercellular 

communication that involves horizontal transfer of mRNA and proteins between 

cells [127]. 

 

2.10.5.1 Key paracrine mediators 
 
The list of soluble factors that are candidate mediators for MSC immune 

modulation includes transforming growth factor- (TGF-), prostaglandin E2 

(PGE2), indoleamine 2,3-dioxygenase [209], interleukin-6 [196] interleukin-10 

(IL-10), IL-ra and tumour necrosis factor--induced protein 6 (TSG-6) among 

others. In a mouse model of asthma injected MSCs decreased levels of Th2 
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cytokines (IL-4, IL-5, and IL-13) in bronchial lavage, and lowered serum levels of 

Th2 immunoglobulins (IgG1 and IgE), all through the secretion of TGF- [241]. In 

a model of sepsis following cecal ligation and puncture (CLP) in mice, Nemeth et 

al. [120] found that bone marrow derived mouse MSC, activated by LPS or TNF-

, secreted PGE2, which reprogrammed alveolar macrophages to secrete IL-10. 

In bleomycin induced lung injury and fibrosis in mice, Ortiz et al. [242] found 

that mouse MSCs decreased subsequent lung collagen accumulation, fibrosis and 

levels of matrix metalloproteinases in part by IL-1ra secretion; IL-1ra is a 

cytokine that competitively competes with IL-1 for IL-1 receptor binding. IL-1 

is one of the major inflammatory cytokines in pulmonary edema fluid in patients 

with ALI/ARDS [243]. Recently Danchuk et al [244] demonstrated that human 

MSCs delivered via either the intravenous or intraperitoneal route significantly 

attenuated LPS-induced inflammation in the lung. Knockdown of TSG-6 

expression in hMSCs by RNA interference abrogated most of their anti-

inflammatory effects. In addition, intra-pulmonary delivery of recombinant 

human TSG-6 reduced LPS-induced inflammation in the lung [244]. 

Bone marrow derived MSC are known to produce several epithelial specific 

growth factors, specifically keratinocyte growth factor (KGF), angiopoietin 1 

(Ang1) and hepatocyte growth factor (HGF). In the ex vivo perfused human lung, 

the intra-bronchial instillation of human MSC 1 h following endotoxin-induced 

lung injury restored alveolar fluid clearance or the ability to resolve pulmonary 

edema fluid in part by the secretion of keratinocyte growth factor (KGF) [124]. In 

primary cultures of human alveolar type II cells, human MSC grown without cell 

contact in a Transwell plate restored the increase in epithelial permeability to 

protein caused by exposure to inflammatory cytokines in part by the secretion of 
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Ang1 [240]. This effect of MSC secreted Ang1 on lung permeability is supported 

by several recent studies, which demonstrated the therapeutic use of MSC (with 

and without transfection with human Ang1) in mice injured by LPS [99, 245, 

246]. Another epithelial specific growth factor secreted by MSC is hepatocyte 

growth factor (HGF) [247]. Previously, HGF was found to stabilize integrity of 

pulmonary endothelial cells by the inhibition of Rho GTPase and the prevention 

of actin stress fiber formation and paracellular gaps among pulmonary 

endothelial cells injured by thrombin [248]. 

Recently, Krasnodembskaya et al reported that human bone marrow derived 

MSC can inhibit bacterial growth directly, and their antimicrobial effect is 

mediated in part through the secretion of an antimicrobial peptide LL-37, which 

was up-regulated upon bacterial stimulation [97]. They also demonstrated that 

LL- 37 secretion by MSC improved bacterial clearance in vivo in the mouse model 

of E.coli pneumonia, when MSC were administered intra-bronchially.  

Further limiting the damage from inflammation in MSC-transplanted mice could 

be the ability of MSCs to regulate the oxidative state of the local environment. It 

has been proposed that MSCs secrete antioxidant molecules such as glutathione 

and disulfide cysteine, to maintain redox homeostasis, as seen when conditioned 

media from MSCs were able to rescue oxidized cells and in an endotoxin model of 

lung injury [249].  

 

2.10.5.2 Role of cell-cell contact 
 
Notwithstanding this, contact dependent mechanisms and soluble factors are 

thought to collaborate for the induction of MSC mediated immune suppression 
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[171]. Cell-cell contact mediated by adhesion molecules may play an important 

initial step in MSC mediated T-cell proliferation [250]. Nemeth et al 

demonstrated that macrophage reprogramming to an anti-inflammatory 

phenotype requires MSC contact and does not occur in response to conditioned 

medium [120].  In addition, new preliminary data suggest that MSC may enhance 

repair to the injured alveolar epithelium in a LPS-induced lung injury model in 

rats by the mitochondrial transfer of material from one cell to the other [244]. 

 

2.11 Summary 

Ventilation Induced Lung Injury remains a persistant cause of ongoing injury to 

the lung in the setting of Acute Lung Injury. Therapies aimed at reducing this 

injury, including low tidal volume strategies and different levels of PEEP have 

appeared to have reached their maximum potential in terms of beneficial effect. 

An alternative approach is to focus on the repair process after VILI. 

Mesenchymal Stem Cells are an attractive therapeutic option, whose immune-

modulating and reparative properties after VILI should be explored. 
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3.0 Aims and Hypotheses 

 

3.1 Title 

Investigation of the mechanisms of repair following Ventilator Induced Lung 

Injury and the potential for Mesenchymal Stem Cells to enhance the repair 

process. 

 

3.2 Overall Aims 

Development and characterization of a rodent model of recovery following 

Ventilator Induced Lung Injury (VILI), and determination of the efficacy, 

mechanism of action and optimal delivery strategy of Mesenchymal Stem Cells to 

enhance the repair process following VILI 

 

3.3 Specific Aims 

1. To establish a novel rodent model of recovery following VILI 

2. To determine the role of the inflammatory and fibroproliferative response in 

repair following VILI.  

3. To determine the potential for IV MSCs to enhance repair following VILI. 

4. To determine the mechanisms by which intra-vascularly administered MSCs 

enhance recovery following VILI induced lung injury  

5. To determine the potential for fresh versus stored Mesenchymal Stem Cells 

(MSCs) to enhance repair following VILI 
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6. To further elucidate the mechanisms by which MSCs enhance recovery 

following VILI induced lung injury, by examining effect on in vitro wound 

scratch model 

7. To determine the potential for intra-tracheal MSCs to enhance repair 

following VILI 

8. To compare the efficacy of intra-vascular versus intra-tracheal MSC 

administration in enhancing repair following VILI 

9. To determine the mechanisms by which intra-tracheal administered MSCs 

enhance recovery following VILI 

 

 

3.4 Specific Hypotheses 

1. VILI can be induced in rats in a non-fatal model, allowing the study of the 

recovery phase from injury 

2. VILI generates a sustained inflammatory and fibroproliferative response in 

the rat, and this results in disordered repair and lung fibrosis 

3. MSCs enhance functional and structural recovery after VILI.  

4. This effect of MSCs is mediated, at least in part, via secreted soluble factors 

5. MSCs in culture have greater potential to enhance repair following VILI, than 

cryopreserved MSCs, thawed and administered immediately 

6. MSCs and their conditioned medium enhance repair in alveolar epithelial 

monolayers subjected to wound scratch injury 

7. The potential of MSCs to enhance pulmonary epithelial repair will be 

mediated in part via secretion of growth factors such as keratinocyte growth 

factor. 



 63 

8. Intra-tracheal MSCs therapy will be as effective as intra-venous MSC therapy 

in enhancing repair following VILI. 

9. The mechanism of action of intra-tracheal MSCs will be mediated, at least in 

part, via MSC secreted soluble factors 
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4.0 Methods and Materials 

 

4.1 Animal Experiments 

4.1.1 Permissions 

 
All experiments were conducted under license from the Department of Health, 

Government of Ireland, and received approval from the Animal Care Research 

Ethics Committee of National University of Ireland, Galway. 

All animal experiments were carried out using specific pathogen free adult male 

Sprague Dawley rats, obtained from Charles River Laboratories, Kent, United 

Kingdom. 

 

4.2 VILI via tracheostomy Model 

4.2.1 Surgical tracheostomy, and carotid arterial access 

 
Anaesthesia was induced with intraperitoneal ketamine 80 mg.kg-1 (Ketalar, 

Pfizer, Cork, Ireland) and xylazine 8 mg.kg-1 (Xylapan, Vétoquinol, Dublin, 

Ireland). After confirmation of depth of anaesthesia by paw clamp, intravenous 

access was obtained via the dorsal penile vein and further anaesthesia was 

maintained with an intravenous Saffan infusion (Alfaxadone 0.9% and alfadolone 

acetate 0.3%; Schering-Plough, Welwyn Garden City, United Kingdom) at 5–20 

mg · kg−1 · h−1. Pre-tracheal fur was removed, and blunt dissection was carried 

out using arterial forceps through pre-tracheal muscles and fascia to reveal the 

trachea. The trachea was dissected out, and an incision was made between the 

4th and 5th tracheal rings. A tracheostomy tube (2-mm internal diameter) was 

inserted and secured. Right sided pre-tracheal muscles and strap muscles of the 
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neck were retracted and the right sided carotid artery was located together with 

the vagus nerve and adherent sheath. The nerve and sheath were dissected from 

the length of visible carotid artery and intra-arterial access (22-gauge cannula; 

Becton Dickinson, Cowley, United Kingdom) was sited.  

 

4.2.2 Baseline ventilation protocol 

 
Intravenous access, tracheostomy and carotid artery canula were sited as above. 

After confirmation of depth of anesthesia by using paw clamp, Cisatracurium 

besilate (0.5 mg; Nimbex, GlaxoSmithKline, Dublin, Ireland) was administered 

intravenously to produce muscle relaxation.  

The animals were ventilated by using a small animal ventilator (CWE SAR 830 

AP, CWE Inc, Pennsylvania, USA) with an inspired gas mixture of 30% oxygen, 

respiratory rate of 80 breaths/min, tidal volume of 6 ml.kg−1, and positive end-

expiratory pressure of 2 cm H2O. To minimize lung derecruitment, a recruitment 

maneuver consisting of a positive end-expiratory pressure of 10 cm H2O for 25 

breaths was applied every 5 min throughout the protocol. Animals were 

ventilated for 20 minutes using these settings. Depth of anesthesia was assessed 

every 10 min by monitoring the cardiovascular response to paw clamp. Body 

temperature was maintained at 36–37.5°C by using a thermostatically controlled 

blanket system (Harvard Apparatus, Holliston, MA) and confirmed with an 

indwelling rectal temperature probe. Systemic arterial pressure, peak airway 

pressures, and temperature were continuously measured throughout the 

experimental protocol. After 20 min, an arterial blood gas sample (100 

microlitre) was drawn for blood gas measurement (ABL 705; Radiometer, 

Copenhagen, Denmark), and lung compliance was measured as described below. 
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4.2.3 Exclusion and termination criteria  

 
Before entry into the experimental protocol, the following baseline values were 

required for continuation with the protocol: arterial oxygen tension greater than 

120 mmHg, HCO3− greater than 20 mmol · l−1, and temperature of 36.0–37.5°C. 

Where the criteria were not fulfilled, variables were reassessed after an 

additional 15 min, during which no specific interventions were performed. 

Failure to meet the criteria at this point mandated exclusion from the protocol. 

Thereafter, the experiment was terminated if at any stage during the protocol 

the mean arterial pressure (MAP) dropped below 30 mmHg for greater than 15 

min. 

 

4.2.4 Recovery from VILI via tracheostomy – ventilator settings 

 
Once baseline criteria were attained, injurious ventilation was commenced. This 

consisted of various settings of high peak inspiratory pressure, respiratory rate, 

and inspiratory flow rate, and zero end expiratory pressure, to induce lung 

injury. Injury was induced using either FIO2 0.3 or O.21. 

Once injury was achieved, the animals were ventilated using baseline ventilation 

settings as described above. To minimize lung derecruitment, a recruitment 

maneuver consisting of a positive end-expiratory pressure of 10 cm H2O for 25 

breaths was applied every 15 min throughout the recovery period. 

 

4.2.5 Measurement of physiological variables 
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Intra-arterial blood pressure, peak airway pressures, and rectal temperature 

were recorded continuously for the duration of the protocol. Hourly assessment 

of oxygenation, ventilation, and acid-base status was carried out through blood 

gas analysis. Static inflation lung compliance was measured at baseline and 

hourly throughout the protocol. Compliance was measured immediately before a 

recruitment maneuver, ensuring a standardized lung volume history. 

Incremental 1-ml volumes of room air were injected via the tracheostomy tube, 

and the pressure attained 3 s after each injection was measured, until a total 

volume of 5 ml was injected. 

 

4.2.6 Measurement of gas exchange using FIO2 1.0 

 
In order to calculate alveolar-arterial oxygen gradient, a period of ventilation 

using FIO2 1.0 was necessary. This was accomplished over a 15 minute interval 

at the end of each protocol. 

 

4.2.7 Euthanasia of animals 

 
At the end of the treatment protocol, heparin (400 IU · kg−1; CP Pharmaceuticals, 

Wrexham, United Kingdom) was then administered intravenously, and the 

animals were then killed by exsanguination. 

 

4.3 VILI via Tracheal Tube Model 

4.3.1 Oro-tracheal intubation protocol 

 
Animals were anesthetized by inhalational induction with isoflurane and an 

intra-peritoneal injection of 40 mg.kg-1 of ketamine (Pfizer, Kent, United 
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Kingdom) [251, 252]. Intravenous access was attained via tail vein with a 24G 

intravenous catheter (BD Insyte®; Becton Dickinson Ltd., Oxford, United 

Kingdom). Laryngoscopy was performed using an otoscope (Welch Allyn, Navan, 

Co Meath) and the trachea was intubated with a size 14G intravenous catheter 

(BD Insyte®; Becton Dickinson Ltd., Oxford, United Kingdom).  

 

4.3.2 Injury and recovery protocol 

 
Further anaesthesia was maintained with an intravenous Saffan infusion 

(Alfaxadone 0.9% and alfadolone acetate 0.3%; Schering-Plough, Welwyn 

Garden City, United Kingdom) at 5–20 mg · kg−1 · h−1 via tail vein canula. After 

confirmation of depth of anaesthesia by using paw clamp, Cisatracurium besilate 

(0.5 mg; Nimbex, GlaxoSmithKline, Dublin, Ireland) was administered 

intravenously to produce muscle relaxation. Baseline ventilation settings were 

similar to the tracheostomy protocol. The animals were ventilated by using a 

small animal ventilator (CWE SAR 830 AP, CWE Inc, Pennsylvania, USA) with an 

inspired gas mixture of 30% oxygen, respiratory rate of 80 breaths/min, tidal 

volume of 6 ml · kg−1, and positive end-expiratory pressure of 2 cm H2O. To 

minimize lung derecruitment, a recruitment maneuver consisting of a positive 

end-expiratory pressure of 10 cm H2O for 25 breaths was applied every 5 min 

throughout the protocol. Animals were ventilated for 20 minutes using these 

settings. Depth of anesthesia was assessed every 10 min by monitoring the 

cardiovascular response to paw clamp. Body temperature was maintained at 36–

37.5°C by using a thermostatically controlled blanket system (Harvard 

Apparatus, Holliston, MA) and confirmed with an indwelling rectal temperature 
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probe. Compliance was measured after 20 minutes as above, this time via the 

endo-tracheal tube. 

 

4.3.3 Exclusion and termination criteria  

 
Before entry into the experimental protocol, the following baseline values were 

required for continuation with the protocol: respiratory static compliance 

greater than 0.5mls/cmH2O, and temperature of 36.0–37.5°C. Where the criteria 

were not fulfilled, variables were reassessed after an additional 15 min, during 

which no specific interventions were performed. Failure to meet the criteria at 

this point mandated exclusion from the protocol. Thereafter, the experiment was 

terminated if at any stage during the protocol the respiratory static compliance 

dropped below 0.3 ml/cmH2O, an injury from which we had previously 

demonstrated was inconsistent with animal recovery. 

 

4.3.4 Injurious ventilation protocol 

 
Once baseline criteria were attained, injurious ventilation was commenced. This 

consisted of various settings of high peak inspiratory pressure, respiratory rate, 

and inspiratory flow rate, and zero end expiratory pressure, to induce lung 

injury. Injury was induced using either FIO2 0.3 or O.21. Different end-points for 

injury were used, either duration of injury or decrease in compliance by 50%. 
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4.3.5 Recovery from injury 

 
Once animals had achieved the desired severity of lung injury, the severity of 

mechanical stretch was reduced to conventional protective seetings, anaesthesia 

was discontinued and the animals were allowed to recommence spontaneous 

respiration. Once spontaneous breathing was adequate (RR>60 bpm) ventilation 

was discontinued. The animals were extubated once fully awake and able to 

move limbs or head. They were subsequently placed in individually ventilated 

recovery cages (Tecniplast Inc., Buguggiate, Italy). 

 

4.3.6 Assessment of injury and repair 

 
At various time points (6 hours to 14 days depending on the protocol) following 

induction of VILI, the animals were re-anesthetized. A tracheostomy was 

inserted and carotid arterial access established, and the lungs were mechanically 

ventilated using baseline settings as above. Intra-arterial blood pressure, peak 

airway pressures and rectal temperature were recorded continuously. Static 

inflation lung compliance measurements were performed as described above. 

After 20 minutes, the inspired gas was altered to a FiO2 of 1.0 for 15 min, and an 

arterial blood sample was then taken for calculation of the alveolar–arterial 

oxygen gradient. At the end of the treatment protocol, heparin (400 IU · kg−1; CP 

Pharmaceuticals, Wrexham, United Kingdom) was then administered 

intravenously, and the animals were then killed by exsanguination. 
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4.4 Tissue Sampling and Assays 

Immediately postmortem, a thoracotomy was performed and the heart-lung 

block was dissected from the thorax. The following analysis was performed: 

 

4.4.1 Wet:dry ratio 

 
The right lower lobe was isolated, excised and weighed, and placed in a 4OC 

oven. After 72 hours it was re-weighed for calculation of wet:dry ratio.  

 

4.4.2 Bronchoalveolar lavage collection 

 
Bronchoalveolar lavage (BAL) collection was performed as previously described 

[252]. 15mls of sterile NaCl 0.9% was injected via the tracheostomy into lung, in 

5ml increments. These 5ml increments were allowed to return into a 15ml 

conical tube. 20 microlitres of this fluid was used undiluted for total cell count, 

and 1 ml was used for preparation of slides for differential cell count. Remaining 

BAL fluid was centrifuged at 1500g for 15 minutes, and the supernatant was 

collected and stored at -80C for later analysis. 

 

4.4.3 Total cell count 

 
Total cell numbers per milliliter in the BAL fluid were determined. Each sample 

of undiluted BAL was counted twice for total cell count. A standard Neubauer 

hemocytometer counting chamber was used, counting cells in the four1/25 sq. 

mm corners plus the middle square in the central square. 10 microlitres of BAL 

fluid were pipetted underneath the haemocytometer coverslip. To obtain total 

cells per ml this total count was divided by 5 and multiplied by 10,000. 
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4.4.4 Differential cell count 

 
1ml of undiluted BAL fluid was centrifuged at 15,000g for 1 minute. 750 

microlitres was removed, and the remaining 250 microlitres was used to re-

suspend the cell pellet. 50 microlitres of this concentrated cell suspension was 

pipetted into the funnel of a cytospin cartridge (Thermo-Fisher Scientific). The 

cartridge, along with a glass slide, were spun for 2 minutes at 200 rpm in the 

cytospin centrifuge (Thermo-Fisher Scientific). Cells were transferred to the 

glass slide, and fluid became adherant to the blotting paper on the underside of 

the cytospin cartridge. Slides were then stained using the Diff-Quik method. 

Slides were immersed 6 times in methanol, 5 times in eosin, and 3 times in 

methylene blue and allowed to dry. To obtain the differential cell count, 300 

inflammatory cells (macrophages, neutrophils, lymphocytes or eosinophils) 

were identified in three different regions of the slide, and the number of 

neutrophils in each count was noted, to give the percentage neutrophil count. 

The total cell count was used to calculate the number of neutrophils per ml of 

BAL. 

 

4.4.5 Protein assay 

 
We used a commercially available protein assay kit - Micro BCA Protein assay 

kit (Pierce, Rockford, IL, USA). Each sample was examined in triplicate. Due to 

the high concentration of protein in the BAL, we first made a 1 in 10 dilution of 

each sample in PBS. We first prepared standards as outlined in kit instructions to 

give a working range of protein concentrations from 20-2000g/ml. The 
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Working Reagent (WR) was prepared by mixing 50 parts of BCA™ Reagent A 

with 1 part of BCA™ Reagent B (50:1, Reagent A:B). We pipetted 25 μl of each 

standard or sample replicate into a microplate well (working range = 20-2,000 

μg/ml). We then added 200 μl of the WR to each well and mixed the plate 

thoroughly on a plate shaker for 30 seconds. The plate was then covered and 

incubated at 37C for 30 minutes before being cooled to room temperature. The 

absorbance of the samples was then measured at 560nm on a Wallace plate 

reader. 

 

4.4.6 Enzyme-linked immunosorbent assay 

 
We used commercially available enzyme linked immunoassay kits from R&D 

Systems Europe Ltd, Abingdon Science Park, Abingdon, OX14 3NB United 

Kingdom. Nunc (Denmark) 96 well flat bottomed ELISA plates were first coated 

with the binding antibody and coating buffer at 100 μl per well, wrapped in 

parafilm and left to incubate at 40C overnight. Plates were then subjected to 

three 300 μl per well washes with PBS Tween. Blocking buffer of 5% BSA 100 μl 

was added to each well and left for one hour at room temperature. A standard 

curve set of samples was constructed with 400 μl neat IL-6 or CINC1 at the top 

end of the range and 7 serial half dilutions of this then made with 5% BSA as the 

diluents. The plates were again subjected to three 150 μl per well washes with 

PBS Tween. Samples were then added in triplicate. Neat BAL was used and 25 μl 

of each was added to 75 μl of 5% BSA per well. The standard curve samples were 

added at this stage also at 90 μl per well. A 1 in 400 dilution of detection 

antibody was added to each well and left to incubate for 90 minutes. The plate 

underwent three 150 μl per well washes with PBS Tween. Strep –Hrp conjugate 
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solution (100 μl) was added to each well and the plate left for 20 minutes. The 

plate was again subjected to three 150 μl per well washes with PBS Tween. 

Substrate solution (100 μl) was added to each well and the plate left in the dark. 

Finally 50 μl of stop solution (1M H2SO4) was added to each well and the plate 

read at the Wallace plate reader. Absorbance readings at 450nm for 0.1 seconds 

and 550nm for 0.5 seconds were taken. 

 

4.4.7 Multiplex bead array analysis of cytokines 

 
We used the Bio-Plex 200 system (Bio-Rad Life Science, California, USA), a 

Luminex-based multiplex analysis system that permits the simultaneous analysis 

of up to 100 different biomolecules (i.e., proteins, peptides, or nucleic acids) in a 

single microplate well. Each assay was performed on the surface of a 6.5 μm 

polystyrene bead. The beads were filled with different ratios of two different 

fluorescent dyes, resulting in an array of 100 distinct spectral addresses. We 

utilized the Bio-Plex Rat Cytokine 9-Plex A Panel (Bio-Rad), with the following 

cytokines assayed: IL-1, IL-1, IL-2, IL-4, IL-6, IL-10, GM-CSF, IFN- and TNF-.  

A work flow of the multiplex assay is provided in Figure 4-1 below.  
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Figure 4-1 Work flow for multiplex cytokine assay 
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Neat BAL samples were thawed and vortexed. A standard curve using the high 

PMT setting and starting at a 10-fold lower concentration of cytokine as is 

recommended for serum, or plasma samples was used. Standard was 

reconstituted by adding 500L of standard diluent to the standard vial. This was 

vortexed gently for 5 seconds and then incubated on ice for 30 min. A serial 

dilution was carried out as in Figure 4-2 below. 

 

Figure 4-2 Performance of serial dilutions creation of a standard curve 

 

The anti-cytokine bead (25x) stock solution was vortexed at medium speed for 

20 sec and a 25-fold working dilution of the anti-cytokine bead (25x) stock 

solution in Bio-Plex Assay Buffer A was prepared. All unneeded wells were 

covered with plastic adhesive plate sealer. The vacuum pressure was set to 2 

inches Hg using a standard flat bottom 96-well plate. The filter plate was pre-wet 

with 100 l of Bio-Plex Assay Buffer. The bottom of the plate was blotted after 

this and every vacuum filtration. The working Bead solution was vortexed at 
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medium speed for 20 sec and 50L was added to each well. The plate was then 

vacuum filtered and washed with Bio-Plx wash buffer. 50L of standards and 

samples were then added to the wells, and these were incubated for 30 minutes 

at room temperature. The plate was filter washed 3 times with Bio-Plex wash 

buffer. 25L of detection antibody was added to each well and incubated for 30 

minutes at room temperature. After 3X wash, 50L of streptavadin-PE was 

added to each well, and incubated for 10 minutes at room temperature. After a 

further 3X wash, the beads in each well were resuspended in 125L of Bio-Plex 

Assay Buffer and the plate was read in the Bio-Plex 200 system. 

 

4.4.8 Real-Time Polymerase Chain Reaction for Pro-Collagen Peptides   

 

4.4.8.1 RNA extraction from tissue 
 
200 mg of lung tissue from each animal’s right lung was used to prepare cDNA. 

First RNA extraction from each sample was undertaken. Each tissue sample was 

placed in 15ml tubes and washed with PBS. Homogenization of the tissue was 

done using a Quiagen TissueRuptor™ (Quiagen, Venlo, Netherlands) with 1ml of 

TRIzol (Invitrogen) added per 100mg of tissue. Once the tissue was completely 

dissolved, phase separation was undertaken. Chloroform 200µl per ml TRIzol 

was added, vortexed for 15 seconds and left at room temperature for 2-3 

minutes. Following centrifugation three phases were visible within each tube. 

The aqueous top phase was carefully removed to a new tube and 500 µl of 

isopropanol per 1 ml TRIzol was added. The samples were left to incubate at 

room temperature for ten minutes. The samples were then centrifuged at 

12000g for 15 minutes at 40C. The supernatant was removed and the RNA pellet 
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washed with 80% alcohol and vortexed. The samples were again centrifuged at 

7500g for 5 minutes at 40C. The supernatant was removed and the alcohol 

allowed to air dry for 2-3 minutes. The tubes were transferred to a 700C heat 

block and let sit for 2-3 minutes. The pellet was re-dissolved in 81 µl of DEPC 

water. DNAase treatment was completed using Ambion™ DNAase treatment kit. 

To each sample 8µl of 10X DNAase I Buffer and 2 µl of DNase I Enzyme were 

added. The sample was vortexed, spun and incubated at 420C for 25 minutes. 

Column purification was achieved using Qiagen’s Rneasy Protocol. 350µl Buffer 

RLT (with BME-10µl/ml Buffer RLT) was added to each sample and then 250µl 

of 100% ethanol. The entire volume was applied to RNeasy column and spun full 

speed for 1 minute. The sample was reapplied to the RNeasy column and 

centrifuged. The column was transferred to a new 2ml collection tube. 750ul 

Buffer RPE was added and centrifuged at 12000g for 1 minute. The flow-through 

was discarded and 750ul Buffer RPE added and spun full speed for 1 minute. 

Flow through was discarded and the column transferred to a new labelled 1.5ml 

eppendorf. 56 µl DEPC H2O was added and let sit for 2 minutes. The tube and 

column were spun at full speed for 2 minutes. The flow-through was collected, 

the column discarded and the sample stored on ice. Each sample of RNA was 

then quantified at Nanodrop spectrometry (Thermo Scientific Nanodrop 2000, 

Bishop Meadow Road, Loughborough, Leicestershire, UK). 

 

4.4.8.2 cDNA synthesis 
 
The previously prepared RNA was used to produce cDNA for use in quantitative 

real time PCR. cDNA was synthesized from the RNA using the ImProm-II™ 
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reverse transcription system from Promega (Promega®, 2800 Woods Hollow 

Road Madison, WI, USA). This was carried out as follows. 

 In tube “A”, 3 µl of the RNA, 1µl of random primer and 1.8µl water was 

added. This mixture as incubated at 70oC for 5 minutes and then 

immediately transferred to ice for 5 min. 

 In tube “B” the following mixture was prepared. 3.7 µl water, 4 µl 

Improm-II 5X buffer, 4.8 µl MgCl2, 1 µl dNTP mix, 0.5 µl recombinant 

RNasin ribonuclease inhibitor and 1 µl Improm-II RT. 

 The contents of Tubes “A” and “B” were added to a PCR tube. 

 The mixture was subjected to the following program in the thermocycler 

(Applied Biosystems Veriti Gradient Thermal Cycler, California, USA). 

o 25oC for 5 minutes 

o 42oC for 1 hr 

o 70oC for 15 minutes 

 A negative reaction was also setup. This reaction was the same as above 

with the substitution of water for RT. 

 The resulting cDNA, was diluted 1:10 and stored at -20oC until use for rt-

PCR analysis. 

 

 

 

4.4.8.3 rt-PCR analysis 
 
Each cDNA sample was subjected to duplicate analysis. Quantitative PCR was 

performed for pro-collagen 1 and 3 genes, normalised against a GAPDH control 
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product.  We looked for a comparison of fold induction of pro-collagen 1 and 3 

amongst the 8 groups of animals, to detect fibroproliferation as a result of lung 

stretch. 

4.4.8.4 Creation of the SYBR-Green Real-time PCR Reaction 
 
There was a total volume of 10µL per reaction. A master-mix was made with the 

appropriate solutions, with 5µL of the master-mix added per reaction. 

The master mix contained: 

Fast SYBR® Green Master Mix (2x concentration; Applied Biosystems): 5µL 

Distilled Water: 3.98µL 

Forward primer (100uM): 0.01µL - final conc is 1µM 

Reverse primer (100uM): 0.01µL - final conc is 1µM 

 

Primer sequences from MWG-Biotech GmbH: 

Quantitative primers 

GAPDH RN Forward 5’-TTGTGAAGCTCATTTCCTGG-3’ 

GAPDH RN Reverse 5’-CATGTAGGCCATGAGGTCCA-3’ 

Pro-collagen I RN: Forward 5’-TCATCGAATACAAAACCACCA-3’ 

Pro-collagen I RN Reverse 5’-GCAGGGCCAATGTCCAT-3’ 

Pro-collagen III RN: Forward 5’-ACACACTGGTGAATGGAGCAA-3’;  

Pro-collagen III RN Reverse 5’-GCCAATGTCCACACCAAATT-3’ 

 

PCR was carried out in the StepOne Plus (Applied Biosystems) Fast-enabled Real 

Time PCR System in a MicroAmp Fast Optical 48-Well Reaction Plate. The 

comparative CT (ΔΔCT) method was used to determine the relative target 
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quantity in samples. Measurements were normalized using the endogenous 

GAPDH control. The PCR cycle durations and temperatures are outlined in Table 

4-1 below. 

 

Table 4-1 PCR cycle times and temperatures 

Step Cycles Time Temperature 

Initial 

denaturation 

1 3 min 950C 

Denaturation 

Annealing 

Elongation 

 

40 30 sec 

30 sec 

45 sec/kb 

950C 

450C 

720C 

Final Elongation 1 2 min 720C 

 

 

4.4.9 Lung tissue collagen content using the Sircol assay 

 
Lung tissue collagen content was determined using the Sircol collagen assay 

(Biocolor Ltd., Belfast, United Kingdom)[253] according to the manufacturers 

instructions. Lung homogenate (0.1mg/ml) was incubated in acid-pepsin at 4C 

overnight. At a pepsin (Sigma-Aldrich) concentration of 0.1 mg/ ml 0.5M acetic 

acid the enzyme activity, at 4C, is effective in removing the terminal non-helical 

telopeptides to release the collagen in lung into solution. A standard curve was 

constructed using 15, 30 and 50μg of Collagen Reference Standard (Biocolor) 

Sirius red reagent (50 μl) was added to each lung homogenate (50μl) and 

standard and mixed for 30 minutes. The collagen–dye complex was precipitated 
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by centrifugation at 16,000 g for 5 minutes and dissolved in 0.5 M NaOH. Finally, 

the samples were introduced into a microplate reader and the absorbance 

determined at 540 nm. 

 

4.4.10 Tissue Western Blot analysis for MMPs 

 
These assays were carried out in collaboration with Dr Cecilia O’Kane, Queens 

University Belfast. To determine relative concentrations of MMP-1, -3, -8, -13 and 

TIMP-2, total cell protein was extracted from thawed, homogenized lung tissue 

samples. For each sample, 0.2g of tissue was homogenized in 2mls of PBS and 

centrifuged at 15000g for 30 minutes. 1ml of supernatant protein was removed 

and its protein concentration determined using BCA protein assay kit (Pierce® 

BCA Protein Assay Kit, Thermo Scientific, 3747 N. Meridian Road PO Box 117 

Rockford, Illinois, USA). For BAL samples, protein quantification was carried out 

on neat samples. 20µg of the total protein extract from each sample was loaded 

on a polyacrylamide gel (PreciseTM Protein Gel, Pierce Biotechnology, 3747 N. 

Meridian Road PO Box 117 Rockford, Illinois USA) and electrophoresed in Tris-

HEPES-SDS running buffer. Non-specific binding sites were blocked overnight in 

PBS/non-fat dry milk solution (5% w/v) at 4°C. Primary antibodies used were 

polyclonal rabbit anti-rat MMP-3Ab from Chemicon at 1/1000, polyclonal rabbit 

anti-rat MMP-8 Ab Chemicon, 1/1000, mouse anti-rat MMP-13 at 1/400 dilution, 

mouse anti-rat TIMP-2 at 1/1000 in blocking solution was applied for 12 hours 

followed by washing the blot paper with Tween 20/PBS (0.05% v/v). 

Subsequently the membrane was incubated with antigoat antibody conjugated to 

horseradish peroxidase (Cell Signaling Technology, 3 Trask Lane Danvers, MA 

01923, United States) for 1 hour at a dilution of 1:2000 in blocking solution. 
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After a second set of washes the membrane was incubated with a 

chemiluminescent substrate (SuperSignal West Pico, Pierce Biotechnology, 

Thermo Scientific) for 5 minutes and then visualised with Kodak Image Station 

4000MM Pro (Carestream Health, Inc., Rochester, N.Y). During electrophoresis 

samples were alongside a standard aliquot of chemiluminescent marker (Pierce). 

Blots were photographed using darkroom software (UVP), and relative density 

of the bands obtained measured using Scion image analysis [254]. The density of 

the bands was compared with the density of the 50kDa band on the 

chemiluminescent marker to allow comparison between gels. 

 

4.4.11 Gelatin zymography 

 
These assays were carried out in collaboration with Dr Cecilia O’Kane, Queens 

University Belfast. Gelatin zymography to analyze MMP-2 and -9 concentrations 

was performed as previously described [255]. Twenty-microliter aliquots of BAL 

or homogenised tissue as above with 5× loading buffer (0.25 M Tris pH 6.8, 50% 

glycerol, 5% SDS, bromophenol blue) were run on 11% acrylamide gels 

impregnated with 0.1% gelatin at 180V for 3.5 hours (buffer 25 mM Tris, 190 

mM glycine, 0.1% SDS). After incubation in 2.5% Triton X for 1 hour with 

agitation and two brief washes in collagenase buffer (55 mM Tris base, 200 mM 

sodium chloride, 5 mM calcium chloride, 0.02% Brij, pH 7.6), gels were incubated 

for 16 hours in fresh collagenase buffer at 37°C. Gelatinolytic activity was 

detected by a single step stain/de-stain method using 0.02% Coomasie blue in 

1:3:6 acetic acid: methanol: water. All experimental samples were run in parallel 

with 2ng recombinant MMP-9 (Merck, Nottingham, UK) to standardize between 
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gels. Densitometric analysis was performed by digital image acquisition (UVP) 

followed by proteolytic band quantification with NIH Image version 1.61. 

 

4.5 Histology 

 
4.5.1 Preparation of lung tissue 

 
The left lung was isolated and fixed for morphometric examination. The 

pulmonary artery was cannulated, the left atrium was incised, and the 

pulmonary circulation was perfused with normal saline at a constant hydrostatic 

pressure of 35 cm H2O until the left atrial effluent was clear of blood. The right 

lung was ligated and removed to be used for rt-PCR and Western Blot analysis. 

The left lung was then inflated through the tracheal catheter using 

paraformaldehyde (4% wt/vol) in phosphate-buffered saline (300 mOsmol) at a 

pressure of 25 cm H2O. Paraformaldehyde was then instilled through the 

pulmonary artery catheter at a pressure of 62.5 cmH2O. The left atrium was then 

tied off to prevent pulmonary venous inflow into the atrium, creating a constant 

distending pressure across the pulmonary vasculature, and maximally 

distending the pulmonary vessels. After 30 min, the pulmonary artery and 

trachea were ligated, and the lung was stored in paraformaldehyde for 24 h and 

then embedded in paraffin wax. 

After fixation, the vertical axis of the left lung was identified. The lung was cut 

into six equal sections perpendicular to this axis using a sharp blade. (See Figure  

below for the division of the lung into sections.) 
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Figure 4-3 Division of lung into sections for paraffin embedding 

 

4.5.2 Paraffin embedding  

 
After sectioning the paraformaldehyde fixed lung, the sections were placed in an 

appropriately labelled histoprocessing cassette (Cat # M490-4, Histosette I, 

Simport Industries, 2588 Bernard-Pilon, Beloeil QC, J3CG 4S5, Canada). Also 

included in the cassette was a pencil inscribed label detailing the animal and 

section number. The sections were then placed in a histoprocessor (ASP 300 

histoprocessor, Leica Microsystems, Wetzlar, Germany) on the factory preset 

“routine overnight” program. The following morning the cassettes were removed 

from the processor and the sections embedded in paraffin wax. Each section was 

orientated in a transverse manner, with its top as the cutting edge. 
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4.5.3 Slide preparation 

 
Sections were cut at 7 μm using a microtome (Ergostar HM200, Microm 

Laborgerate GmbH, D69190 Walldorf, Germany) and placed on labelled glass 

slides. It is important to note that all labeling of slides was performed in a 

blinded manner. 

 

4.5.4 Hematoxalin and Eosin Staining 

 
The prepared slides were dried overnight at 37C to facilitate adherence of the 

sections to the slides. The following morning the slides were heated at 60C for 

15 minutes in order to melt the wax. They were then put through two baths of 

xylene (Cat # 305756G, VWR International Limited, Poole, BH15 ITD, England) 

and graded alcohols (Cat # 1.00983.2500, Merck KGaA, 64271, Darmstadt, 

Germany) (100%, 90% and 70% respectively) to deparaffinize and rehydrate the 

tissue. The slides were then placed in a bath of hematoxylin for 3 minutes. These 

were rinsed in de-ionised water and dipped 8 times in acid alcohol, and rinsed 

again in de-ionised water. The slides were next placed in a bath of eosin (Cat # 

HT110232, Sigma-Aldrich Ireland Ltd. Dublin, Ireland) for 2 minutes. They were 

then dehydrated in 100% alcohol, 3 times, and two baths of xylene. Finally, they 

were then coverslipped and mounted in DPX (Cat # 360294H, VWR International 

Limited, Poole, BH15 ITD, England). Slides prepared in this manner were stored 

at room temperature, and protected from light. 

 

4.5.5 Stereological Analysis 

 
Slides prepared as described above were viewed at a 10X magnification under a 
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microscope (Model BX51, Olympus, Mason Technologies, Dublin 8, Ireland). Two 

fields of view from each slide were chosen at random and digitised using a digital 

camera (Olympus DP70, Mason technologies, Dublin 8, Ireland). Images were 

stored in eight-bit (256 level) format. The grid reference, i.e. X and Y grid 

coordinates for each image was recorded by referencing the scale attached to the 

microscope. A 100 point counting grid was overlaid on each image in AnalySISD 

(R) imaging software package (Version 1.20, Olympus, Soft Imaging System, 

M nster, Germany). Care was taken to ensure that the software was set to 10X 

magnification. Once this grid was superimposed over the image, a touch count 

was performed. At each of 100 intersection points on the grid, a record was 

taken for each of the following: acinar tissue, non-acinar tissue and airspace. The 

intraacinar tissue was defined as all tissues within the gas exchange portion of 

the lung, i.e., respiratory bronchioles, alveolar ducts, alveolar sacs, and alveoli, 

including blood vessels contained within their walls. The intraacinar airspace 

was defined as all airspaces within the lumen of respiratory bronchioles, alveolar 

ducts, alveolar sacs, and alveoli. The totals were recorded and analysed using 

Minitab Statistical software. 

 

4.5.6 Masson’s Trichrome Staining for collagen 

 
The prepared slides were dried overnight at 37C to facilitate adherence of the 

sections to the slides. The following morning the slides were heated at 60C for 

15 minutes in order to melt the wax. They were then put through two baths of 

xylene (Cat # 305756G, VWR International Limited, Poole, BH15 ITD, England) 

and graded alcohols (Cat # 1.00983.2500, Merck KGaA, 64271, Darmstadt, 
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Germany) (100%, 90% and 70% respectively) to deparaffinize and rehydrate the 

tissue. The slides were then re-fixed in Bouin’s solution (Picric Acid 75ml, 

Formaldehyde 25 ml, Glacial acetic acid 5ml, all Sigma Aldrich) for 1 hour at 56C 

to imrove staining quality. Following this, they were rinsed under tap water for 

10 minutes to remove the yellow colour. The slides were then stained in 

Weigert’s iron hematoxylin working solution (hematoxylin 1g, 95% alcohol 

100ml, 29% ferric chloride in water 4ml, distilled water 95ml, concentrated 

hydrochloric acid 1ml) for 10 minutes. Slides were once again rinsed in running 

warm tap water for 10 minutes. Following this they were washed in distilled 

water. Slides were then stained in Biebrich scarlet-acid fuchsin solution (1% 

Biebrich scarlet 90ml, 1% Acid fuchsin 10ml, glacial acetic acid 1ml, all Sigma 

Aldrich) for 10 minutes. Slides were washed in distilled water. Slides were then 

differentiated in phosphomolybdic-phosphotungstic acid solution (5% 

Phosphomolybdic acid 25 ml, 5% Phosphotungstic acid 25 ml, Sigma Aldrich) for 

10-15 minutes or until collagen was not red. Slides were transferred directly to 

aniline blue solution (2.5g aniline blue in 100ml distilled water) and stained for 

10 minutes. Slides were again rinsed in distilled water, and immersed in 1% 

acetic acid solution for 5 minutes, and once again rinsed in water. They were 

then dehydrated in 100% alcohol, 3 times, and two baths of xylene. Finally, they 

were then coverslipped and mounted in DPX (Cat # 360294H, VWR International 

Limited, Poole, BH15 ITD, England). Slides prepared in this manner were stored 

at room temperature, and protected from light. 

 

4.5.7 Van Gieson Staining for Elastin Fibers 

 
Solutions 
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5%  alcoholic hematoxylin: 

      Hematoxylin ---------------------------------- 5 g 

      100% alcohol ---------------------------------- 100 ml 

      Mix to dissolve with the aid of gentle heat. Filter. 

10% aqueous ferric chloride: 

      Ferric chloride -------------------------------- 10 g 

      Distilled water -------------------------------- 100 ml 

Weigert’s iodine solution: 

      Potassium iodide ------------------------------ 2 g 

      Iodine ------------------------------------------- 1 g 

      Distilled water --------------------------------- 100 ml 

 

The working solution, known as Verhoeff’s Working Solution, was made up fresh 

as follows: 

     5% alcoholic hematoxylin -------------------- 20 ml 

     10% ferric chloride ---------------------------- 8 ml 

     Weigert’s iodine solution ------------------- 8 ml 

 

Van Gieson’s counterstain consisted of: 

      1% aqueous acid fuchsin --------------------- 5 ml 

      Saturated aqueous picric acid -------------- 100 ml 

 

The following morning after sectioning, the slides were heated at 60C for 15 

minutes in order to melt the wax. They were then put through two baths of 

xylene (Cat # 305756G, VWR International Limited, Poole, BH15 ITD, England) 
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and graded alcohols (Cat # 1.00983.2500, Merck KGaA, 64271, Darmstadt, 

Germany) (100%, 90% and 70% respectively) to deparaffinize and rehydrate the 

tissue. They were then stained in Verhoeff’s solution for 1 hour until the tissue 

was completely black. Slides were then rinsed thoroughly in tap water. 

Differentiation was carried out by immersion in 2% aqueous ferric chloride 

(Sigma Aldrich) for 2 minutes. Slides were washed thereafter with tap water. The 

tissue was then treated in 5% sodium thiosulphate (Sigma Aldrich) for 1 minute. 

Slides were then counterstained in Van Giesen’s solution for 5 minutes. They 

were then dehydrated in 100% alcohol, 3 times, and two baths of xylene. Finally, 

they were then coverslipped and mounted in DPX (Cat # 360294H, VWR 

International Limited, Poole, BH15 ITD, England). Slides prepared in this manner 

were stored at room temperature, and protected from light. The elastic fibers 

were stained blue-black and background was stained yellow. 

 

4.5.8 Lung tissue Myofibroblasts – immunohistochemical staining with 

antibodies to -smooth muscle actin 

 
Paraffin-embedded tissue sections of 5μm in thickness were dewaxed and 

rehydrated. Antigen retrieval was performed by heating in citrate buffer. After 

quenching endogenous peroxidase activity and blocking nonspecific binding, 

sections were incubated with antibodies against alpha-smooth muscle actin 

(LSAB kit, Dako, CA, USA). Antibody binding was detected using horseradish 

peroxidase-labeled biotin streptavidin secondary antibodies (Dako) and 

immunostaining visualized using 3,3-diaminobenzidine chromogen (Dako).  

Positive cells were identified and counted in 15 areas from each lung at 20X 

magnification and compared to controls. Positive staining smooth muscle cells 
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located in the walls of arterioles were not included in counts.   

 

4.5.9 Lung Tissue Collagen Quantification 

 
Alveolar thickness and fibrosis were scored in ten random fields at three levels 

through a subset of lungs, according to the Ashcroft method (Table 4-2) [256], 

by a histopathologist blinded to the treatment groups. According to the scale 

defined by Ashcroft et al, lung sections may be assessed by a system of grades 

(Table 4-2). If there is any difficulty in deciding between two odd-numbered 

grades, the field would be given the intervening even-numbered score. In every 

field, the predominant degree of fibrosis was recorded as that occupying more 

than half of the field area.  

 

Table 4-2 Grading of fibrosis according to Ashcroft 

Grade of fibrosis Ashcroft Scale 
0 Normal Lung 

1 
Minimal fibrous thickening of alveolar or 
bronchiolar vessels 

2 None 

3 
Moderate thickening of walls without 
obvious damage to lung architecture 

4 None 

5 
Increased fibrosis with definite damage to 
lung structure and formation of fibrous 
bands or small fibrous masses 

6 None 

7 
Severe distortion of structure and large 
fibrous areas 

8 Total fibrous obliteration of the field 

 

4.5.10 Lung tissue elastin quantification 

 
The lung parenchyma was also evaluated for the density of the elastic fibers. The 

proportion of fibers in the lung parenchyma was determined using the linear 
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point counting grid in 10 fields per subgroup of animals. The ratio between the 

number of points based on the colored fibers and the lung parenchyma was 

determined. These sections were also evaluated by a blinded histopathologist 

according to level of organization on a 4 point scale as follows: (1) Organised, (2) 

Mild disruption in organization, (3) Fiber disruption and disorganization evident 

and (4) Elastin fibers grossly disrupted throughout. 

 

4.6 Mesenchymal Stem Cell Techniques 

4.6.1 Rodent MSC isolation and culture 

 
Mesenchymal Stem Cells were isolated from rat femora and tibiae under sterile 

conditions in the animal surgery room as previously described [257] with 

additional modifications. Briefly, male Sprague Dawley rats (8-12 weeks old) 

were euthanized by inhalation of CO2. Incisions were made on both lower limbs 

to expose the tibiae and femora. Both bones were removed from the hind limbs 

and placed in ice cold sterile Tyrode’s solution (Sigma, St. Louis, MO). The 

marrow was then flushed into a dish containing rMSC complete culture medium 

(Alpha-MEM Media (Gibco), F12-Ham Media (Gibco), 10% foetal bovine serum 

(FBS lot-selected for rapid growth of MSCs and maintenance of MSC pluripotency 

in culture), 1% antibiotic/antimycotic) and dispersed into a cell suspension. 

After centrifugation and filtration through a 100micron nylon mesh, a cell count 

was performed and the cells were transferred to a T-175 flask containing 30 mls 

of rMSC complete medium, at a density of 9x105 cells/cm2. On day 3 of culture in 

an atmosphere of 5% CO2/90% humidity at 37oC, medium and non-adherent 

cells were removed and fresh medium was added to each flask. Cells were ready 
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for subculture (usually after 16-17 days) when colonies began to exhibit a 

compact appearance and multi-layered growth or when the loosely formed 

colonies began to merge into a monolayer (<90% of confluence).  

Thereafter, cells were ready to be passaged after 6/7 days culture, at 80% 

confluence. For passage, media was aspirated off and cells were washed with 

sterile PBS to remove any remaining serum. 8mls 0.25% trypsin/EDTA solution 

was added to the cells, which were incubated for 5 minutes at 37o C. The 

enzymatic reaction was stopped by adding the same volume of rMSC media to 

cells. Cells were centrifuged at 400g for 5 min. Media was aspirated off the cell 

pellet which was resuspended in 1ml and a haemocytometer count was 

undertaken. Cells were furthered passaged or cryopreserved at -80oC in 10% 

DMSO. Cells were expanded to passage 4, whereupon they were used for 

experiments. (See Figure 7-1A for MSCs in culture.) 

 

4.6.2 Human MSC Isolation and Culture 

 
Human MSCs were aspirated under sterile conditions from the iliac crests of 

healthy human volunteers. The obtained marrow was filtered with a 70 μm cell 

strainer (Falcon, USA) before centrifuging at 400 g for 10 min. Cell pellets were 

resuspended in media consisting MEM- (Gibco), supplemented with 10% Fetal 

Bovine Serum (FBS) (Gibco, USA) and 1% antibiotics (streptomycin and 

penicillin) (Gibco, USA), and cultured in 175 cm2 flasks at 37 °C in a humidified 

atmosphere containing 5% CO2. At day 4, the cultures were washed with PBS to 

remove the non-adherent cells and further expanded until >80% confluence, 

when they were harvested and expanded in 175 cm2 flasks. After subculture, 

these cells were designated as passage 1. 
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4.6.3 MSC differentiation 

 
Osteogenic differentiation was induced by culturing rMSCs for up to 4 weeks in 

rMSC Complete Medium supplemented with dexamethasone, ascorbic acid and 

β-glycerophosphate as previously described [258]. To observe calcium 

deposition, cultures were stained with Alizarin Red stain (Sigma, St Louis, MA) 

(Figure 1b). To induce adipogenic differentiation, rMSCs were cultured for up to 

4 weeks in medium supplemented with dexamethasone and insulin; adipocytes 

were discerned by staining with Oil Red O (Sigma) (Figure 1c).  Chondrogenic 

capacity was assessed by addition of TGF-beta (Invitrogen) and staining with 

Toluidine blue (Figure 1d). 

 

4.6.4 Characterisation of MSCs 

 
In accordance with the position statement for the minimal criteria to define an 

MSC [115], cells were labeled with monocloncal antibodies and analyzed with a 

FACScan (Becton Dickinson, Franklin Lakes, NJ) and CellQuest software as 

described [143]. The following monoclonal antibodies were used for phenotypic 

characterisation of MSCs : anti-rat CD29-FITC, anti-rat CD90-PE, anti-rat CD44H-

FITC, anti-rat CD73-PE, anti-rat CD45-FITC, anti-rat CD71-PE, anti-rat CD80-PE, 

anti-CD106-PE (all from BD Biosciences, San Jose, CA), anti-rat MHC class I-FITC 

(AbD Serotec, Kidlington, UK), anti-rat MHC class II-PE (AbD Serotec). For 

staining, cells were washed with FACS buffer (PBS containing 2 % FCS and 0.1 % 

NaN3, all from Sigma Aldrich, Dublin, Ireland) and incubated for 5 min on ice 
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with anti-rat CD32 (Fcg receptor; BD Biosciences) to reduce unspecific binding. 

Then, without washing, mAbs were added and the cells were incubated for 30 - 

45 min on ice. Finally, unbound reagents were removed by washing twice with 

FACS buffer and the cells were resuspended in FACS buffer for analysis using a 

FACS Canto (BD Biosciences). In some cases, cells were fixed by adding 2 % PFA 

in FACS buffer. Data were analysed with Diva software (BD Biosciences) or 

FlowJo.  

 

4.6.5 Fibroblast isolation and culture 

 
Adult male Sprague Dawley rats were euthanized by CO2 inhalation. The ventral 

surface of the rat was shaved and sprayed with 70% ethanol. Skin and 

subcutaneous tissue was removed and placed into 70% ethanol for 30 seconds. 

Fat and subcutaneous tissue was removed and the skin strips were placed in 

0.25% trypsin (Sigma) overnight. The epidermis was then peeled from the 

dermal layer, and the dermal layer was placed on a scored 6 well plate (Sarstedt, 

Wexford, Ireland) in F-12/MEM-alpha medium supplemented with fetal calf 

serum (10%) and penicillin/streptomycin (1%). 

Primary human lung fibroblasts were obtained from American Type Culture 

Collection (ATCC). 

 

4.6.6 Conditioned Medium 

 
Allogeneic human or rodent MSC, or human or rodent fibroblasts (2 x 106) were 

washed with PBS and cultured without serum for 24 h. The cells were again 

washed and the medium was then replaced, and the subsequent medium without 
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serum for the next 24h was used as the conditioned medium (CM). All 

conditioned medium was sterile-filtered through a 22m filter to remove cellular 

debris. For the in vivo experiments 15 mls of this medium was concentrated 

using a 3000 kDa centrifugal concentrating filter (Amicon, Billerica, MA, USA) to 

give 500L. For the in vitro experiments, medium was not concentrated. 

 

4.6.7 Hypoxic treatment of human MSCs 

To generate conditioned medium from hypoxic MSCs, cells were seeded at 9x105 

cells/cm2 in 175cm2 flasks and cultured under normal conditions for 24 hours. 

Cells were then washed with PBS, and cultured without serum under normal 

conditions for 24h. This medium was replaced with fresh serum free medium 

and the flasks were placed in the hypoxic chamber. Experiments were performed 

in an in vivo 400 hypoxia chamber (Ruskinn Technologies, UK) at 37°C. MSCs 

were exposed to conditions of hypoxia (2.2% O2, 5.5% CO2, and 92.3% N2) for 24 

hours. Serum free medium was placed in the hypoxia chamber for a minimum of 

3 hours to deplete the oxygen levels to the required 2.2%.  

 

4.6.8 Cryopreservation and thawing of MSCs 

 
To cryopreserve the cells, aliquots were resuspended in Freezing Medium (90% 

FBS and 10% DMSO) at a concentration of ~5 x 106 cells/mL. The vials were 

closed, placed on ice and transferred to a isopropyl alcohol lined freezing 

container (“Mr Frostie”, Nalgene, Thermo Scientific), which lowers the 

temperature of the cell suspension at the rate of –1oC per minute to –80oC.  The 

container was then placed in the –80oC freezer and from here into the vapor 

phase of liquid nitrogen of a Cryoplus 2 Storage container. 
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To thaw cryopreserved cells, vials were removed from liquid nitrogen vapour 

storage, placed in a 37 degree water bath and, together with rMSC Complete 

medium, were spun at 500g, washed in PBS and thereafter suspended in PBS for 

infusion, or in MSC medium for culture. 

 

4.7 In vitro pulmonary epithelial wound healing experiments 

To investigate the effects of MSCs on pulmonary epithelial wound repair, and the 

mechanisms underling these effects, we used a scratch injury model. The use of 

cell scratch models to examine epithelial repair began over 50 years ago [259] 

and has been validated in a number of settings [260, 261]. 

 

4.7.1 Pulmonary alveolar A549 cells 

 
A549 cells were purchased from The European Collection of Cell Cultures 

(Porton Down, UK) as cryopreserved 90-passage culture and used at passages 

91-95. These cells were passaged in growth medium (RPMI-1640, Sigma), 

supplemented with 10% fetal calf serum, penicillin G (100 U/ml) and 

streptomycin (100 μg/ml; GIBCO BRL, Grand Island, NY) at 37C in a humidified 

incubator saturated with a gas mixture containing 5% CO2 in air. 

 

4.7.2 Scrape wounding and restitution of epithelial monolayer 

 
All tissue culture work was carried out in a Herasafe Heraeus Class 2 Biosaefty 

cabinet supplied by Kendro Laboratory Products PLC . Bishop’s Stortford, UK. 

A549 cells were grown to confluence in 24 well plates (Corning Ltd, Corning, NY) 

in appropriate growth medium. Once the cells had grown to confluence, a single 
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wound was made in each well, by scraping off cells with a 1000μl pipette tip. For 

the purposes of standardization, all wounds were made by the same investigator. 

A single downward vertical stroke was made in each well to create a wound. The 

medium was then aspirated, and the cells washed once with PBS. Washing with 

PBS removed those cells scraped from the plate surface and prevented their re-

adherence to the plate. In each experiment a separate 24 well plate was created 

whereby three scrapes were immediately fixed for 10 minutes with 4% 

paraformaldehyde in PBS (w/v). These scrapes would serve as the size of the 

wound at time zero. Pre-equilibrated and prewarmed media was then added to 

the remaining wells.  

Scratch wounds were incubated in 1ml of (i) MEM- medium, (ii) human 

fibroblast conditioned medium, (iii) human MSC conditioned medium, or (iv) co-

cultured with MSCs.  

 

4.7.3 Neutralisation of growth factors in conditioned medium using monoclonal 

antibodies 

 
MSC conditioned medium was incubated with specific monoclonal antibodies to 

inactivate keratinocyte growth factor (KGF), hepatocyte growth factor (HGF) and 

transforming growth factor – beta1 (TGF-1) (Abcam, Cambridge, UK) 

respectively. Antibody concentrations were according to the manufacturers 

instructions to achieve maximum neutralization in the presence of expected 

concentrations of growth factors. For KGF this constituted 1g/ml. For HGF, 

1g/ml, and for TGF-1 2g/ml. A549 wounds were exposed to MSC conditioned 

medium with and without antibodies to each candidate mediator, and the extent 

of wound closure assessed at 48 hours.  
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4.7.4 Co-cultures 

 
Co-cultures were carried out with Corning HTS transwell plates (pore size 

0.4µm, Corning, NY, USA). In the case of MSC co-cultures, MSCs were seeded at 1 

x 103 cells/cm2 in the inserts and maintained in human MSC medium for 3 days 

prior to co-culture, which allowed the mesenchymal stem cells to reach 70–80% 

confluence. Mesenchymal stem cell containing inserts were washed and then 

added to the A549 wells and flooded with fresh serum free medium. Similarly, as 

controls, human fibroblasts were seeded at 1 x 103 cells/cm2 in a co-culture 

insert and maintained in MSC medium for 3 days prior to co-culture.  

 

4.7.5 Assessment of pulmonary epithelial wound repair 

 
At 24, 48 or 72 hours, the plates were removed from the incubator, the medium 

was aspirated, and the cells washed with PBS and fixed for 10 minutes with 4% 

paraformaldehyde in PBS (w/v). The epithelial monolayers were then stained 

with hemotoxylin and eosin to delineate the borders of the scrape wounds. 

Firstly the media from the wells was aspirated off and each well gently washed 

with PBS 1 ml per well. The cells were then fixed with 4% paraformaldehyde 

200μml per well for 20 minutes. The wells were then washed again with 1 ml of 

PBS before hemotoxylin stain 200μml was added to each well for five minutes. 

The wells were then washed of excess hemotoxylin using water and acid alcohol 

1% 300 μml added to each well. The wells were again washed with water before 

adding 200μml of eosin to each well for 5 minutes. The wells were again washed 

of excess eosin before being placed in a 37C oven to dry. 
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The extent of epithelial restitution was determined by imaging each plate, 

following fixation of the monolayer, on a flatbed scanner (Canoscan 3200F, 

Canon Ireland Ltd), and assessing the area of each wound using edge-finding 

software (Photoshop v8.0, Adobe Systems Inc, San Jose, California). Briefly, 

scrape images were cropped to 5mm in length, and the Magic Wand tool, set to a 

constant tolerance, was used to determine the number of pixels still in the 

wounded area. The remaining wound area was then compared to the area of the 

wounds at baseline to determine the extent of wound restitution. 

 

4.8 Data Analysis 

All analyses were performed using SigmaStat® 3.5 (Systat Software, Point 

Richmond, CA). The distribution of all data was tested for normality using the 

Kolmogorov-Smirnov test. Results are expressed as mean (± SD) for normally 

distributed data, and as median (interquartile range) where non-normally 

distributed. Data were analyzed by Students t test, or one-way Analysis of 

Variance (ANOVA) followed by Student-Newman-Keuls test, or by one-way 

ANOVA on ranks followed by Dunns test. Underlying model assumptions were 

deemed appropriate on the basis of suitable residual plots. A two-tailed p value 

of <0.05 was considered significant. 
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5.0 Establishing an animal model of repair from 

Ventilator Induced Lung Injury 

 

5.1 Abstract 

Introduction: Ventilator induced lung injury (VILI) is a complication of 

mechanical ventilation, seen most frequently in patients with Acute Lung Injury 

(ALI). Most animal models developed to define its pathophysiology have focused 

on the acute (<24 h) phase of the injury. Here we describe the factors important 

in the development of a model of recovery from VILI, allowing the study of this 

type of lung injury over time. 

Methods: Two different rodent models of injury were used. The first utilized 

mechanical ventilation via tracheostomy, with the injury and repair period 

confined to 10 hours or less. The second delivered injurious mechanical 

ventilation via endotracheal intubation, allowed the animal to recover and 

extubate after injury, and assessed the recovery period over a longer period, 

from 6 hours to 14 days. Factors assessed for their contribution to the 

development of injury and repair included animal age, peak inspiratory pressure, 

inspiratory flow rate, the use of supplemental oxygen, and the use of a threshold 

decrease in respiratory static compliance as opposed to a specific duration of 

VILI to define extent of injury. 

Results: Younger animal age, peak pressures above a threshold value and higher 

inspiratory flow rates were all factors that resulted in more severe VILI in the 

rat. Animals injured via tracheostomy did not recover respiratory static 

compliance or gas exchange over an 8 hour period. However, animals injured via 

ET intubation, and allowed to recover, displayed significant injury after 6 hours, 
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and then recovered gradually over a 96 hour period, although structural changes 

were present in the lung up to this time point. Animals injured to a target of 50% 

reduction in respiratory static compliance displayed less variability in injury and 

repair than animals subjected to high stretch injury for a defined time period. 

Conclusion: This long term low mortality rat model of repair from VILI will 

serve to improve our knowledge of the mechanisms of repair as well as provide a 

useful paradigm for testing strategies to hasten recovery in ALI. 
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5.2 Introduction 

5.2.1 What relevance do animal models have to studying human disease? 

 
Animal models provide a bridge between patients and the laboratory bench. 

Hypotheses generated in human studies can be tested directly in animal models, 

and the results of studies in more simple in vitro systems can be tested in animal 

models to assess their relevance in intact living systems. Mechanistic studies can 

be performed either by treating normal animals with inhibitors that block key 

steps in specific pathways or by creating animals with specific gene alterations to 

test the importance of single gene products or pathways. Without animal models 

there would be no way to test clinical hypotheses generated in patients using 

intact biological systems, and there would be no way to validate the importance 

of fundamental laboratory findings without going directly to human 

experimentation. 

 

5.2.2 Modelling Acute Lung Injury in animals 

 
Ideally, animal models of Acute Lung Injury (ALI) should reproduce the 

mechanisms and consequences of ALI in humans, including the physiological and 

pathological changes that occur. In humans, the definition of ALI is based on the 

following well-defined set of clinical parameters developed by the American 

European Consensus Conference [262], namely: 

1. Acute onset  

2. Radiological evidence of diffuse bilateral pulmonary infiltrates  

3. A ratio of the partial pressure of arterial oxygen to the fraction of inspired 

oxygen (PaO2/FIO2) of less than 300 
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4. No clinical evidence for elevated pulmonary arterial pressure 

 

 However, these criteria cannot be directly translated to experimental animals. 

To simulate human ALI/ARDS, animal models should re-produce the acute injury 

to the epithelial and endothelial barriers in the lungs and the acute inflammatory 

response in the air spaces. Ideally, the injury should evolve over time if the 

animals are supported for prolonged periods.  

The main features that characterize ALI in animal models have been identified, 

and the most relevant methods to assess these features outlined [263]. A series 

of questionnaires were distributed to a panel of experts in experimental lung 

injury. The Committee concluded that the main features of experimental ALI 

include histological evidence of tissue injury, alteration of the alveolar capillary 

barrier, presence of an inflammatory response, and evidence of physiological 

dysfunction; they recommended that, to determine if ALI has occurred, at least 

three of these four main features of ALI should be present. The Committee also 

identified key ‘‘very relevant’’ and ‘‘somewhat relevant’’ measurements for each 

of the main features of ALI and recommended the use of at least one ‘‘very 

relevant’’ measurement and preferably one or two additional separate 

measurements to determine if a main feature of ALI is present [263] 

 

5.2.3 What are the features of Ventilator Induced Lung Injury in animal 

models? 

 
Alterations in lung fluid balance, increases in endothelial and epithelial 

permeability, and severe tissue damage have been seen following mechanical 

ventilation in animals. The macroscopic and even microscopic damage observed 
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in VILI [17, 18, 38] is not specific. It closely resembles that observed in other 

forms of experimental acute lung injury. More importantly, it does not 

fundamentally differ from the diffuse alveolar damage observed during human 

acute respiratory distress syndrome. Thus, were VILI to occur in humans, it 

would be indistinguishable from most of the initial acute offending processes 

that lead to respiratory failure and the need for ventilator assistance. VILI also 

causes prominent changes in water and protein permeability as evidenced in 

isolated rat and mouse lungs by increased wet-to-dry weight ratios and 

microvascular filtration coefficients [264]. Recruitment of inflammatory cells as 

assessed by lung MPO assay or BAL neutrophil counts is generally evident [265]. 

Increased formation and release of cytokines from overventilated lungs has been 

reported in mouse and rat studies using isolated lung preparations, but may not 

be present in all models of VILI [7, 55]. Last, but not least, over-ventilation causes 

a steady decline in arterial oxygen saturation which typically results in severe 

hypoxemia within several hours [266]. 

 

5.3 Aims  

5.3.1 To establish a consistent non-fatal stretch induced rodent lung                               

injury 

 
Taking these elements into account, we set about establishing a reproducible 

animal model of repair from ventilator induced lung injury. Our first task was to 

induce a severe but survivable stretch lung injury in animals. Such an injury 

would replicate the known physiologic features of VILI, including deteriorations 

in oxygenation and respiratory static compliance, alveolar fluid clearance and 

activation and recruitment of inflammatory cells and mediators. We aimed to 
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identify the important factors, both ventilator dependent and animal dependent, 

that determine injury during mechanical ventilation. 

 

5.3.2 To develop a model of injury and repair from VILI over a 10 hour period 

 
Having identified the factors important in the development of VILI in the rat, we 

then focused on establishing a repair phase after injury. We used direct 

physiologic measurements of recovery, such as oxygenation and compliance, as 

surrogate measures of repair of a damaged alveolar-capillary barrier. We 

postulated that after a return to protective lung ventilation after a period of 

injurious ventilation, physiologic recovery would occur over a period of hours, 

reflecting repair of the ventilator injured lung. 

 

5.3.3 To develop a severe but recoverable VILI animal model 

 
We then set about creating a model whereby animals could recover without the 

added injurious stimulus of low tidal volume mechanical ventilation.  We 

postulated that a longer time period, and the removal of any injurious 

mechanical ventilatory stimulus, would expedite recovery. 

 

5.3.4 To determine model reproducibility with a fixed duration of high lung 

stretch 

 
Animal studies are fraught with high variability in the results, and this is true 

even under strictly controlled conditions and when all the animals are 

genetically identical [263]. We sought to quantify the degree of variability in 
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injury and recovery when injurious ventilation was applied for a pre-determined 

amount of time. 

 

 

 

5.3.5 To determine model reproducibility with injury to a fixed severity of lung 

compliance decrement 

 
Some physiological measures such as oxygenation are invasive, and the repeated 

sampling required to assess degree of injury may interfere with our recovery 

model. Respiratory static compliance represents the best available measure of 

lung injury. Changes in compliance represent the accumulation of pulmonary 

oedema as a result of damage to the alveolar-capillary membrane, as well as the 

influx of inflammatory cells into the alveolar space. These changes make the lung 

more difficult to expand and result in a decrease in compliance. Thus, compliance 

should represent the degree of injury in rats, and could be used to homogenize 

the injury among animals with different apparent susceptibility. 
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5.4 Methods 

5.4.1 VILI via tracheostomy model 

 
Animals were anaesthetized as described in Methods and Materials Section 4.2. A 

tracheostomy was inserted, and thereafter the carotid artery was canulated. The 

animals were ventilated for 20 minutes with settings RR 80 bpm, tidal volume 

6ml/kg, PEEP 2.5 cmH2O, FIO2 0.3 as described in Section 4.2.2. After baseline 

ventilation, arterial blood gas sample analysis was performed and respiratory 

static compliance was assessed. Once these parameters met baseline criteria (see 

methods), injurious ventilation was commenced. 

We used a variety of different injury settings in order to develop a significant 

lung injury using the criteria that has now been established [263]. We varied 

peak inspiratory pressure, respiratory rate, inspiratory flow rate, addition or not 

of supplemental oxygen and duration of injurious ventilation. The factors that 

were deemed important in the development of VILI in these animals are outlined 

below.   

 

5.4.2 VILI via orotracheal intubation model 

 
As described in Section 4.3, animals were anaesthetized with isoflurane and 

intravenous access was obtained. Laryngoscopy was performed and animals 

were orotracheally intubated with a size 14G catheter. Animals underwent 

baseline ventilation for 20 minutes. Injurious ventilation was commenced for 1-3 

hours, using different settings. Anaesthesia was maintained using intravenous 

Saffan, and muscle relaxation was achieved with cis-atracurium. After the 

designated amount (time period or compliance decrement) of injurious 
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ventilation, animals were allowed to awaken and recover. Baseline ventilation 

was continued until there was adequate spontaneous respiratory effort. Once the 

animals were fully awake, they were extubated and returned to their cages.  

After a period of recovery, animals were once more anaesthetized, intravenous 

access was obtained and a tracheostomy and carotid arterial canula were 

inserted. Animals were ventilated for a 20 minute period with FIO2 0.3 and for 

15 minutes with FIO2 1.0. Respiratory system static compliance and arterial 

blood gas measurements were obtained. Thereafter the animals were 

exsanguinated under deep anaesthesia, the heart lung block was dissected from 

the thorax, and wet:dry measurements and BAL collection were performed to 

assess inflammatory cell infiltration (as described in methods section).  

 

5.4.3 Series (i): Examination of factors contributing to injury severity in rats 

during mechanical ventilation 

 

5.4.3.1 Series (i-a) Effect of animal age 
 
Young rats (4-6 weeks) were ventilated at the same injurious settings as older 

rats (12-16 weeks), with Pinsp=25cmH2O, RR=15, FIO2=0.3, Inspiratory 

flow=0.5L/min, over a period of 2 hours.  

 

5.4.3.2 Series (i-b) Variation in tidal volumes 
 
In these studies we employed continuous flow, time-cycled, pressure-control 

ventilation (PCV). We measured the tidal volumes produced at baseline and at 

the onset of injurious ventilation, and looked at how these volumes changed over 

time as injury developed, using settings Pinsp=25cmH2O, RR=15, FIO2=0.3, 
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inspiratory flow=0.5L/min, over a period of 2 hours, in animals ventilated via 

trachestomy. Volumes were measured with both a paediatric volumeter 

(Draeger, Germany) and through displacement of water from a filled bottle with 

an escape tube. 

 

5.4.3.3 Series (i-c) Effect of inspiratory flow/ rate of rise on development of VILI 
 
Using ventilator settings Pinsp=25cmH2O, RR=15, FIO2=0.3, we investigated the 

effects of two different flow rates, 0.5L/min versus 0.6L/min, on the 

development of VILI in animals via tracheostomy. 

 

5.4.3.4 Series (i-d) Determination of the importance of peak pressure settings in 
development of VILI 
 
We subjected both animals who had tracheostomy and carotid arterial 

canulation and orotracheally intubated animals alone to different levels of peak 

pressures with the same respiratory rate in order to develop a significant, 

reproducible but survivable injury. Animals were subjected to peak pressures of 

25, 27.5, 30 and 35 cmH2O, for up to 4 hours of mechanical ventilation.  

 

5.4.3.5 Series (i-e) Investigation of the importance of respiratory rate in VILI 
development 
 
We subjected animals to different respiratory rates with the same peak pressure 

in order to develop a significant, reproducible but non-fatal injury. Animals were 

subjected to respiratory rates of 15, 18 and 20 breaths per minute, for up to 4 

hours of mechanical ventilation. 
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5.4.3.6 Series (i-f): The importance of duration of injurious ventilation in modeling 
repair from VILI 
 
We looked at different durations of injurious mechanical ventilation in animals 

via tracheostomy, including 1 hour, 1.5 hours, 2 hours, 3 hours and 4 hours, 

using the settings Pinsp=25cmH2O, RR=15, FIO2=0.3, Inspiratory flow=0.5L/min. 

 

5.4.3.7 Series (i-g) Effect of supplemental oxygen in development of VILI 
 
We subjected animals to injurious mechanical ventilation, with FIO2 = 0.21 or 

0.3, using the settings Pinsp=25cmH2O, RR=15, inspiratory flow=0.5L/min. 

 

5.4.4 Series (ii): Developing a model of injury and repair from VILI over a 10 

hour period 

 
As described in Section 4.2, animals were anaesthetized, venous access was 

obtained, and a tracheostomy was inserted. A carotid arterial canula was 

inserted. After a period of baseline ventilation, injurious ventilation was 

commenced, for a period of 60-120 minutes. Respiratory static compliance 

measurements and blood gas analysis were performed at regular intervals. 

Thereafter, animals were ventilated with baseline protective lung ventilation 

settings for various time periods from 4-8 hours, to identify whether physiologic 

recovery was evident. 

 

5.4.5 Series (iii): To induce a severe but recoverable VILI in animals via oro-

tracheal intubation 

 
This series aimed to put together the insights gained in prior experiments to 

develop a model where the animals stustianed a severe, but non-fatal, lung 
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injury, from which they could recover. Animals were anesthetized as described 

in Section 4.2, and subjected to injurious ventilation for 1, 2 and 3 hours. Animals 

underwent mechanical ventilation with a variety of peak pressures from 

25cmH2O up to 40cmH2O. Respiratory rate (18 bpm), inspiratory flow rate 

(0.5L/min) and FIO2 (0.3) were kept constant. After the designated period of 

injurious ventilation, animals were allowed to awaken and recover. Baseline 

ventilation was continued until there was adequate spontaneous respiratory 

effort. Once the animals were fully awake, they were extubated and returned to 

their cages. Recovery was assessed at 24 hours post injury. 

 

5.4.6 Series (iv): Use of lung compliance as endpoint to titrate severity of VILI 

 
Animals were anaesthetized, oro-tracheally intubated and subject to injurious 

mechanical ventilation until respiratory static compliance decreased by 50%. 

They were then recovered and extubated. Recovery was assessed over different 

time periods, at 6, 24, 48 and 96 hours. At these time intervals post injury, 

animals were anaesthetized, a tracheostomy and carotid arterial canula was 

inserted, and respiratory static compliance, blood gases, inflammatory cell 

infiltration and wet:dry ratio were assessed. 
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5.5 Results 

 

5.5.1 Series (i-a): Young rats had more severe injury than older rats 

 
Despite identical ventilation settings, younger (4 week old) animals had 

worsened oxygenation and respiratory static compliance after 2 hours of VILI, in 

comparison to older (12 week) animals (Figure 5-1). Wet:dry ratios, and 

inflammatory cell infiltration were also worse in this group (Figure 5-1).  

 

5.5.2 Series (i-b): Tidal volumes declined over time during pressure controlled 

injurious ventilation  

 
Baseline tidal volumes in a 400g rat were 3.125 mls per breath.  At a Pinsp of 

30cmH2O the tidal volume rose to 16mls, (40mls per kg in a 400g rat). After 1 

hour of ventilation this tidal volume had decreased to 14mls (30mls/kg),  and 

after 2 hours of ventilation tidal volumes had fallen to 10mls (25mls/kg). 

 

5.5.3 Series (i-c): Higher inspiratory flow rates caused more severe VILI 

 
Increasing the inspiratory flow rate from 500ml/min to 600ml/min, without 

changing the other ventilation settings, reduced the time to development of lung 

injury. After 2 hours of injurious ventilation, animals ventilated with the higher 

inspiratory flow rate had worsened respiratory static compliance and 

oxygenation in comparison to the lower flow rate group (Figure 5-2). 
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5.5.4 Series (i-d): Peak pressure is an important determinant of VILI, although 

there may be a VILI threshold 

 
Oro-tracheal intubated animals subjected to peak pressures of 25, 27.5 and 30 

cmH2O did not develop measurable injury after 90 minutes of VILI, and did not 

have detectable injury after up to 4 hours of mechanical ventilation. However, 

animals subjected to peak pressures of 35cmH2O developed significant and 

measurable injury after 90 minutes (Figure 5-3). 

Animals that underwent tracheostomy and carotid arterial canulation differed in 

their susceptibility to VILI. Peak pressures used to injure animals that were oro-

tracheally intubated resulted in rapid development of pulmonary oedema and 

cardiovascular compromise and collapse in these animals. Animals ventilated at 

peak pressure of 30 and 35cmH2O did not survive 1 hour of this injurious 

ventilation. However, similar to the orotracheal group, a threshold was present, 

and animals ventilated with peak pressure of 20cmH2O did not develop 

measurable injury at 90 minutes (Figure 5-4). Animals ventilated between these 

two extremes developed measureable injury after 90 minutes. 

 

5.5.5 Series (i-e) Respiratory rate does not appear to affect the development of 

VILI 

 
Alterations in respiratory rate between 15-20 breaths per minute did not 

demonstrably alter the injury for a given inspiratory pressure. 
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5.5.6 Series (i-f) Injurious ventilation produced a step-wise deterioration in 

respiratory static compliance over time  

 
Animals ventilated via tracheostomy developed a step-wise decrement in 

respitatory compliance at a Pinsp of 25cm H2O. In contrast, animals ventilated 

with lower inspiratory pressure of 20cm H2O did not develop measurable injury, 

even over several hours (Figure 5-4). 

 

5.5.7 Series (i-g) Supplemental Oxygen (FiO2 0.3) appears to reduce the severity 

of VILI 

 

Animals ventilated with room air demonstrated more severe injury than animals 

ventilated with the same settings using supplemental oxygen. The addition of 

supplemental oxygen allowed the animals to tolerate a longer time period of high 

stretch ventilation. Thus, although animals subject to excess lung stretch using 

FIO2 O.21 developed gas exchange abnormalities faster than those using FIO2 0.3, 

this was not accompanied by a significant inflammatory cell infiltrate. Animals 

who underwent high lung stretch ventilation without the addition of 

supplemental oxygen experienced critical deteriorations in oxygenation after 

less than an hour of ventilation. This was likely an insufficient time period at 

injurious ventilation to develop an inflammatory response. The addition of 

supplemental oxygen allowed a longer period of injurious mechanical ventilation 

and the development of a significant inflammatory response (Figure 5-5). 
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Compliance was also worse in the animals that were ventilated with room air 

(Figure 5-5). 

 

 

 

5.5.8 Series (ii): VILI induced lung injury severity continues to worsen even with 

lung protective ventilation  

 

Gas exchange abnormalities, and worsening of respiratory static compliance 

were evident after a period of injurious ventilation, as was evident in our 

previous pilot studies (Figure 5-6). After commencement of protective lung 

ventilation, gas exchange was improved after 1 hour. This likely reflects the 

addition of PEEP and lung recruitment, and is unlikely to represent repair to the 

injured lung in the form of re-absorption of oedema fluid or reconstitution of 

damaged alveolar units. Moreover, respiratory static compliance continued to 

deteriorate over the next 4-8 hours, showing no significant improvement over 

this time period. This likely reflects a worsening of pulmonary oedema and an 

accumulation of inflammatory cells after the injurious stimulus has been 

removed. Obvious physiological recovery reflecting lung repair did not occur. 

 

5.5.9 Series (iii): VILI can be induced in animals via an oro-tracheal tube, 

facilitating animal recoverey  

 
Animals underwent mechanical ventilation with a variety of peak pressures from 

25cmH2O up to 40cmH2O. Changes in respiratory static compliance were not 

evident after 3 hours of ventilation with peak pressures up to and including 
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30cmH2O (Figure 5-3A).  Wet:Dry ratios, oxygenation and compliance were 

within normal range after 24 hours  

However, ventilation with peak pressures of 35cmH2O resulted in significant 

changes in compliance after 90 minutes of injury (Figure 5-3A). Animals could 

be extubated after a short period of recovery at baseline ventilation. Recovery 

assessment after 24 hours revealed significant gas exchange abnormalities, 

ongoing alveolar-capillary barrier dysfunction as assessed by wet: dry ratio and 

significant inflammatory cell recruitment (Figure 5-7). Ventilation with peak 

pressure of 40cmH2O resulted in injury after only 20 minutes of ventilation. We 

deemed this unsuitable due to the likely non-inflammatory nature of the injury 

in such a short time frame. 

Using time as a marker of degree of injury during high stretch mechanical 

ventilation, the variability among animals in terms of injury was very wide 

(Figure 5-7). This variability is borne out by the fact that some animals had 

completely normal physiologic parameters after 24 hours, while other animals 

remained severely injured, and 2 died after injury. 

 

5.5.10 Series (iv-a): Respiratory static compliance is a reliable measure of degree 

of lung injury 

 
Animals were injured to the same degree, despite the fact that the time to 

achieve injury, as measured by respiratory static compliance, was different in 

each animal. The variability in measures of injury and repair at harvest was less 

than that when animals were injured for defined time intervals (Figure 5-8). 

There was no mortality in the “injury to compliance target” group, while two 

animals died in the VILI for 90 minutes group. 
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5.5.11 Series (iv-b) VILI injured animals progressively improve lung function 

following resumption of spontaneous ventilation 

 
High stretch ventilation caused a severe injury as evidenced by worsening of 

physiologic indices of lung function. Physiologic indices demonstrated maximal 

injury at 6 hours following VILI, while lung function had largely returned to 

normal by 96 hours. Arterial oxygen tension decreased significantly following 

VILI, compared to sham animals (Figure 5-8). Arterial PO2 was lowest at 6 hours 

post injury, remained low at 24 and 48 hours post VILI, and then progressively 

returned to baseline levels. The arterial oxygen tension had recovered to levels 

seen in uninjured animals by 96 hours post VILI. The alveolar-arterial oxygen 

gradient followed a similar pattern, with complete recovery demonstrable at 96 

hours following VILI (Table 6-1). 

Static lung compliance decreased significantly following VILI, with the maximal 

decrement evident at 6 hours (Figure 5-8). Static compliance had improved by 

24 hours, but did not return to normal until 14 days post VILI. BAL protein 

concentrations (Figure 5-8), and lung wet: dry weight ratios (Figure 5-8) were 

maximally increased at 6 hours, remained abnormal at 24 hours, and then 

decreased progressively. 
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5.6 Discussion 

Defining the factors that are important in the development of VILI is integral to 

developing a reliable, reproducible animal model that represents the disease. 

Moreover, the ability to develop a cohort of animals with an homogenous injury, 

that is representative of stretch induced lung damage, enables us to test 

innovative therapies in rats that can be translated into better therapies for 

human diseases.  

 

5.6.1 Justification for use of the Sprague Dawley rat 

 
 We choose to use adult male Sprague Dawley rats for this model. We did this for 

a number of reasons. First, our laboratory has extensive experience with this 

species of animal in diverse ALI models [252, 267, 268]. Second, animal size is an 

important consideration in selecting animal models of ALI. This is especially true 

when physiological parameters such as arterial oxygen tension and mean 

arterial pressure are monitored [269]. Rats are large enough to allow arterial 

canula placement and venous access readily. Body size makes the measurement 

of physiological parameters in mice difficult. Measurement of respiratory static 

compliance can be accomplished easily in the rat. We chose to model VILI in the 

rat to enable us to test ongoing physiologic injury and recovery readily. Size is 

also an important consideration for the collection of blood. It is easier to obtain 

sufficient quantities of blood or to obtain multiple blood samples in larger 

species such as the rat, rabbit or nonhuman primates. The ability to obtain 

multiple blood samples is important when the study design requires monitoring 

of physiological parameters, such as blood gases, plasma cytokines, and 
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leukocyte counts over time. A severe lung injury is survivable in these animals, 

thus allowing us to assess what happens in the recovery phase. Housing and feed 

costs are minimal in rats. Also, ethical considerations would limit larger animal 

numbers. Chemical assay availability is limited in other animal species. Problems 

relating to the use of rats to model VILI include the precipitous development of 

pulmonary oedema, which can compromse cardio-respiratory function, and is 

not representative of what occurs in larger animals and humans. 

 

5.6.2 VILI in different animal species 

 
A number of different animal species have been used to study lung injury, yet 

there are important and sometimes major differences among animal species in 

responses to injury, particularly injury in response to microbial products. There 

are significant differences between the pathologic appearance of the lungs of 

small animals, such as rats, [15-17] and those of larger ones [270] at the early 

stage of VILI. These differences are probably related to the differing durations of 

the challenge. Oedema develops so rapidly (a few minutes) in small animals in 

these studies that there is not enough time for the development of noticeable 

inflammation and neutrophil infiltration of lung tissue. In contrast, the several 

hours necessary to produce patent edema in larger animals is sufficient for 

activation, adherence, and significant migration of neutrophils into airspaces 

[270]. 

There are many other examples of the slower appearance of VILI in intact large 

animals. Carlton and coworkers [37] found an increase in the extravascular lung 

water to dry lung weight ratio of only 19% in intact lambs ventilated with 58 cm 

H2O peak inspiratory pressure for 6 h. Microscopic examination was either 
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normal or showed only mild perivascular edema, but no alveolar edema. 

Alveolar flooding occurred in sheep, but after 18 h of ventilation with a peak 

inspiratory pressure of 50 cm H2O [271]. Whereas ventilation may produce 

severe edema in small animals in less than 1 h, ventilation for 24 h or more with 

similarly high airway pressures is necessary in larger animals. 

 Thus, in our studies, a balance was struck between developing a significant 

injury, but doing this over a time frame sufficient to generate an inflammatory 

response 

 

5.6.3 Justification for use of a single injury model 

 
No single animal model reproduces all of the characteristics of ALI/ARDS in 

humans, and most of the existing animal models are relevant for only limited 

aspects of human ALI/ ARDS [272]. Nevertheless, if the characteristics of an 

animal model are well understood, and the results are interpreted within the 

limits of the specific model, animal studies can provide focused tests of key 

elements of the lung injury response in humans 

 

5.6.4 Age of animal species in modeling repair from ALI 

 
We found animal age to be a confounding factor, in that animals behaved 

somewhat the opposite of what one would expect, taking longer to injure with 

age. Age is associated with compromised physiologic and immunologic function 

[273]. Age dependent changes in respiratory and cardiovascular reserve are well 

documented [274, 275]. The age-dependent deterioration of the immune system 

results in increased susceptibility to viral and bacterial infections, opportunistic 
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infections, reactivation of latent viruses, decreased responses to vaccination, 

autoimmune diseases, and neoplasias in humans and animals [276]. In addition, 

there is an age-dependent systemic inflammatory state in humans and animals 

even in the absence of disease [277]. The lungs of aged individuals also exhibit 

an elevated basal inflammatory state [278], which is primed to respond in an 

overexuberant manner following an infection or injury. Regardless of whether 

local (organ specific) or systemic, the elevated inflammatory state is 

characterized by elevated basal levels of the proinflammatory mediators IL-6, IL-

8, IL-1, and TNF- [279]. Additionally, after caecal ligation and puncture or 

injection of lipopolysaccharide (LPS), lungs obtained from aged mice have a 

greater elevation in IL-6 than young mice given the same challenges [279]. These 

studies indicate that advanced age is associated with elevated baseline levels of 

pro-inflammatory cytokines in the lung before injury and enhanced production 

of these factors after injury in the lung and at other sites. 

Thus, it could be assumed that young rats would be less susceptible to VILI than 

older rats. However, this was not the case as illustrated in Figure 5-1. Young rats 

(4-8 weeks) injured earlier than older rats for a given peak pressure.  

This apparent anomaly can be explained by respiratory mechanics and the 

pivotal role of lung distention in VILI. The lung and chest wall compliance of 

younger animals is larger, thus allowing greater distention for the same peak 

airway pressure. This has been previously observed by Adkins and colleagues 

[36], who observed that the lung capillary filtration coefficient increased more in 

young rabbits than in adult ones after 30 to 55 cm H2O peak pressure ventilation, 

probably because of greater lung stretch for the same peak airway pressure in 

younger compliant lungs and chest wall. 
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5.6.5 Ventilator settings in VILI: Pressure Control Ventilation vs Volume 

Control Ventilation 

 
In these studies we have employed continuous flow, time-cycled, pressure-

control ventilation (PCV). In this mode, the assistance provided by the ventilator 

is controlled in two ways. The magnitude of each inflation is determined by the 

change in airway pressure, i.e. the difference between PIP and the baseline or 

positive end-expiratory pressure (PEEP). The VT for any breath depends on both 

this pressure difference, which drives gas movement, and the lung compliance. 

Thus, VT is indirectly determined when the PIP and PEEP are set. VT is not 

consistent when compliance changes. Thus, as compliance deteriorates during 

VILI, VT is reduced. We found this to be an important factor in our model in prior 

studies. The precipitious development of pulmonary oedema that is a feature of 

VILI in small animals as mentioned above, can lead to cardio-respiratory 

compromise rapidly. However, gradually lessening the injurious stimulus as lung 

damage progresses prevents a rapid deterioration and allows the development 

of an inflammatory response over time that may be more representative of VILI 

in humans. 

 

5.6.6 The importance of inspiratory flow/ rate of rise in producing VILI 

 
Besides the lung distention that occurs during mechanical ventilation, the rate at 

which lung volume increased was also an important determinant of injury in our 

model. Increasing the flow rate from 500ml/min to 600ml/min reduced the time 

to development of lung injury (See Figure 5-2). This phenomenon has also been 

observed in rabbits.  Peevy and coworkers [280] determined the capillary 
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filtration coefficient in isolated perfused rabbit lungs ventilated with various 

tidal volumes and inspiratory flow rates. They found that, for the same peak 

airway pressure of 53 cm H2O small tidal volume ventilation (9 to 12 ml/kg BW) 

with a high flow rate (8.3 L/min) increased the filtration coefficient to the same 

extent (about 6 times baseline value) as ventilation with a markedly higher VT 

(25 to 35 ml/kg) but a low inspiratory flow rate (1.9 L/min). 

 

5.6.7 The importance of peak pressure settings as a threshold for development of 

VILI 

 
There is no well-defined pressure or volume above which manifestations of VILI, 

such as pulmonary oedema, begin to occur as the lung is over-expanded. The 

presence of an airway pressure threshold is, however, suggested by some of our 

initial studies. We subjected orotracheally intubated animals to different levels of 

peak pressures with the same respiratory rate in order to develop a significant, 

reproducible but non-fatal injury. Animals subjected to peak pressures of 25, 

27.5 and 30 cmH2O did not develop measurable injury after up to 3 hours of 

mechanical ventilation (Figure 5-3). However, animals subjected peak pressures 

of 35cmH2O developed significant and measurable injury after 90 minutes. 

Animals that underwent tracheostomy and carotid arterial canulation differed in 

their susceptibility to VILI. Peak pressures used to injure animals that were 

orotracheally intubated resulted in rapid development of pulmonary oedema 

and cardiovascular compromise and collapse in tracheostimized animals. There 

may be a number of explanations for this. Animals subjected to surgical 

dissection develop more severe lung injury for a given pulmonary insult versus 

animals intact before injury. Ventilation via a surgical tracheostomy may result 
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in less leak during pressure control ventilation, and higher rate of rise of peak 

pressure. 

These findings are corroborated in studies on isolated lungs by Parker and 

colleagues [28] and by the work by Carlton and coworkers [37] in intact animals. 

Carlton and coworkers produced graded increases in VT in lambs and studied 

their effect on lymph flow and protein concentration. Peak inspiratory pressure 

(and therefore VT) was increased in three successive steps (each of 4 h) from 

baseline (16 cm H2O) to 61 cm H2O. There was no change in lymph flow or 

protein composition during the first two steps (33 and 43 cm H2O peak inspira- 

tory pressure).  

Nevertheless, pulmonary edema has been regularly produced with airway 

pressure levels lower than those used in this study. A peak inspiratory pressure 

of only 30 cm H2O was enough in another study using rats [15]. Similarly, intact 

rats developed moderate pulmonary edema after 1 h of mechanical ventilation 

with a VT of 20 ml/kg BW [281]. Consistent with the absence of a well-delimited 

pressure or volume threshold, Tsuno and coworkers [20] found that ventilating 

sheep with a peak inspiratory pressure of 30 cm H2O for more than 40 h 

invariably resulted in increased wet lung weight and gross pathologic 

alterations. Finally, stable (2 h) isolated perfused rat lung preparations could not 

be obtained when peak airway pressure was above 13 cm H2O [30] (a pressure 

level which nevertheless resulted in a greater inflation than in closed-chest 

animals). 

 

5.6.8 Positive End Expiratory Pressure 
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While the degree of stretch to which animals are subject is central to the 

pathogenesis of VILI, it also appears likely that unstable lung units in ARDS may 

be damaged by repeated opening and closing during tidal ventilation. PEEP may 

prevent diffuse alveolar damage in experimental models during prolonged 

ventilation at high lung volumes by stabilizing distal units [17]. Thus, in order to 

maximize the injury and so that the model would be as representative as 

possible of what is happening in unstable lung units, we decided to utilize zero 

PEEP during the injurious ventilation phase. 

 

5.6.9 Duration of injurious ventilation required to produce injury 

 
As mentioned above, smaller animal species are more prone toward developing 

VILI. For this reason, and also for reasons of practicality, it is difficult to examine 

separately the effects of a given regimen of pressure and volume during 

mechanical ventilation and those of time. Changes in respiratory static 

compliance occurred within 60-90 minutes in most of our protocols using rats 

ventilated via tracheostomy. This was desirable in order to allow a sufficient 

time for recovery in these animals. Longer time periods using lower peak 

pressures may have resulted in equal injuries. However, our experience in 

animals ventilated and injured via oro-tracheal intubation is that a threshold 

may exist below which even hours of high peak pressure ventilation may not 

produce lung injury in small animals (Figure 5-3 and 5-4). 

 

5.6.10 VILI induced lung injury does not resolve despite “protective ventilation” 
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Gas exchange abnormalities, and worsening of respiratory static compliance 

were evident after a period of injurious ventilation, as was evident in our 

previous pilot studies (Figure 5-6). After commencement of protective lung 

ventilation, gas exchange was improved after 1 hour. This likely reflects the 

addition of PEEP and lung recruitment, and is unlikely to represent repair to the 

injured lung in the form of re-absorption of oedema fluid or reconstitution of 

damaged alveolar units. Moreover, respiratory static compliance deteriorated 

over the next 4-8 hours, showing no significant improvement over this time 

period. This likely reflects a worsening of pulmonary oedema and an 

accumulation of inflammatory cells after the injurious stimulus has been 

removed.  

Obvious physiological recovery reflecting lung repair did not occur. We may 

assume this was so for two reasons. Firstly, injury and recovery are not mutually 

exclusive processes, and both can occur at the same time, injury and repair 

ongoing side by side [282]. Physiological recovery or dysfunction reflects the 

balance between the two processes at any one time. Measurable recovery after 

severe lung injury evidently requires a longer time period than even up to 10 

hours. Secondly, recovery requires the removal of the injurious stimulus. It is 

apparent that even low-tidal volume ventilation can cause activation of 

inflammatory pathways [283]. Furthermore, ventilation in the setting of severe 

lung injury can result in a synergistic injurious effect, as when combined with 

bacterial induced lung injury [284]. The same may be true of even low tidal 

volume ventilation in the setting of VILI. Rather than facilitate repair, low tidal 

volume mechanical ventilation after induction of a stretch induced injury may 
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encourage an ongoing inflammatory response and inhibit restoration of 

physiologic function. 

 

5.6.11 Using compliance as a measure of degree of injury 

 
We sought a more reliable injury severity parameter, in order to decrease the 

marked variability seen with fixed time ventilation protocols. Other physiological 

measures such as oxygenation are invasive, and the repeated sampling required 

to assess degree of injury may have interfered with our recovery model. 

Respiratory static compliance represented the best available measure of lung 

injury. Changes in compliance represent the accumulation of pulmonary oedema 

as a result of damage to the alveolar-capillary membrane, as well as the influx of 

inflammatory cells into the alveolar space. These changes make the lung more 

difficult to expand and result in a decrease in compliance. Thus, compliance 

should represent the degree of injury in rats, and could be used to homogenize 

the injury among animals with different apparent susceptibility. 

Animals were injured to the same degree, despite the fact that the time to 

achieve injury, as measured by respiratory static compliance, was different in 

each animal (Table 6-1). The variability in measures of injury and repair at 

harvest was less than that when animals were injured for defined time intervals 

(Figure 5-8). However, some variability remained. 

This variability may be explained by differences in the ability to repair injured 

lung among individual animals. We did not detect differences in respiratory 

system static compliance at baseline, thus the degree of lung expansion and 

stretch would have been similar in each rat. Despite this, the time to achieve 

injury differed substantially among animals. Similarly, the ability to remove 
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pulmonary oedema fluid, and repair a damaged alveolar-capillary barrier likely 

differed in each individual animal, despite similar age, weight, genetic 

background etc. However, these differences were minimized by our VILI model. 

 

5.6.12 Summary and conclusions 

 
In conclusion, studies in animal models are essential to our understanding of the 

pathophysiology of ALI and the development of novel therapeutic strategies for 

human ALI/ARDS. VILI remains a clinically relevant phenomenon, which can 

cause further lung and end organ damage in ALI. Modeling the recovery phase 

from VILI in the rat requires an understanding of the factors that contribute to 

the initial injury in this animal, in order to develop a reproducible, significant 

and survivable injury. The model we have created allows us to study the repair 

phase from injury, and also to develop strategies to enhance this repair phase. 

 

 

 

 

 

 

 

 

 

 

 

 



 130 

5.7 Figures 

Figure 5-1 Younger rats are more susceptible to injury 

 

Panel A: Histogram representing arterial oxygen partial pressures of young (4 weeks) versus old 

(12 weeks) rats measured at an FiO2 of 0.3 after 2 hours of VILI 

Panel B: Histogram representing static lung compliance of young (4 weeks) versus old (12 

weeks) rats measured after 2 hours of VILI 

Panel C: Histogram representing total inflammatory cells in BAL of young (4 weeks) versus old 

(12 weeks) rats measured after 2 hours of VILI 

Panel D: Histogram representing wet:dry weight ratios of young (4 weeks) versus old (12 

weeks) rats measured after 2 hours of VILI 

Abbreviations: BAL, bronchoalveolar lavage        * Significantly different (P<0.05, Students t test) 
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Figure 5-2 Higher inspiratory flow rates result in worse injury 

 
 
Panel A: Histogram representing arterial oxygen partial pressures of rats after 2 hours of VILI 

using inspiratory flow rates of either 500ml/min or 600ml/min, measured at an FiO2 0.3 

Panel B: Histogram representing static lung compliance of rats after 2 hours of VILI using 

inspiratory flow rates of either 500ml/min or 600ml/min. 

* Significantly different (P<0.05, Students t test) 

 



 132 

Figure 5-3 There is a peak pressure threshold for injury 

 
 
 
Panel A: Histogram representing static lung compliance of rats after 90 minutes of VILI via 

orotracheal intubation using peak inspiratory pressures of either 25, 27.5, 30 or 35 cmH2O.  

Panel B: Histogram representing static lung compliance of rats after 90 minutes of VILI via 

tracheostomy using peak inspiratory pressures of either 20, 22.5, 25 or 37.5 cmH2O. 

* Significantly different (P<0.05, ANOVA and Student-Neuman-Keuls)  (N=3-4/group) 

 
 

Figure 5-4 There is a peak inspiratory pressure threshold for injury 

 
 

Figure 5-4: Line graph representing static lung compliance of rats during 4 hours of VILI via 

tracheostomy using peak inspiratory pressures of either 20 or 25 cmH2O.  (N=4/group) 
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Figure 5-5 VILI is worsened in room air 

 

  
 
 
 
Panel A: Line graph representing arterial oxygen partial pressures of rats after 1 hour of VILI 

using either FiO2 0.3 or room air 

Panel B: Line graph representing static lung compliance of rats after 1 hour of VILI using either 

FiO2 0.3 or room air  (N=3-4/group) 
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Figure 5-6 Animals do not exhibit recovery during protective ventilation after 

VILI 

 

 
 
Panel A: Line graph representing arterial oxygen partial pressures of rats during 2 hours of VILI, 

and afterawards for up to 8 hours using lung protective ventilation using FiO2 0.3 

Panel B: Line graph representing static lung compliance of rats during and after 2 hours of VILI  

(N=3-4/group)  
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Figure 5-7 Variability is high when time is used as a marker of injury 

 
 
Panel A: Histogram representing arterial oxygen partial pressures of rats 24 hours after being 

subject to 90 minutes of VILI, measured at an FiO2 of 0.3 

Panel B: Histogram representing lung wet:dry weight ratios of rats 24 hours after being subject 

to 90 minutes of VILI 

Panel C: Histogram representing total inflammatory cells in BAL of rats 24 hours after being 

subject to 90 minutes of VILI 

Abbreviations: Control, animals that received sham ventilation  N=4 per group 
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Figure 5-8 Pattern of recovery from VILI over time 

 

 

Panel A: Box plot representing arterial oxygen partial pressures measured at an FiO2 of 0.3 with 

sham and low stretch ventilation, and at each time point following VILI. 

Panel B: Box plot representing static lung compliance with sham and low stretch ventilation, and 

at each time point following VILI. 

Panel C: Box plot representing BAL protein concentrations with sham and low stretch 

ventilation, and at each time point following VILI. 

Panel D: Box plot representing wet:dry weight ratios with sham and low stretch ventilation, and 

at each time point following VILI. 

Abbreviations: Sham, animals that received sham ventilation; Vent, animals that received 

low stretch ventilation; BAL, bronchoalveolar lavage 

Note: Open circles represent outlying data points. 

* Significantly different from sham and low stretch ventilated animals (P<0.05, ANOVA). 
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6.0 Evolution of the inflammatory and 

fibroproliferative responses during resolution and 

repair following Ventilator Induced Lung Injury in the 

Rat 

 

6.1 Abstract 

Introduction: The time course and mechanisms of resolution and repair, and the 

potential for fibrosis following ventilation induced lung injury (VILI) are unclear. 

We sought to examine the pattern of inflammation, injury and repair and fibrosis 

following VILI. 

Methods: 60 anesthetized rats were subject to: (1) high stretch; (2) low stretch; 

or (3) sham ventilation, and randomly allocated to undergo periods of recovery 

of 6, 24, 48, 96 hours, 7 days and 14 days. Animals were then re-anesthetized, 

and the extent of lung injury, inflammation and repair determined. 

Results: No injury was seen following low stretch or sham ventilation. VILI 

caused severe lung injury, maximal at 24 hours, but largely resolved by 96 hours. 

Arterial oxygen tension decreased from a mean (SD) of 144.8 (4.1) mmHg to 96.2 

(10.3) mmHg 6 hours post VILI, before gradually recovering to 131.2 (14.3) 

mmHg at 96 hours. VILI induced an early neutrophilic alveolitis, a later 

lymphocytic alveolitis, followed by a monocyte/macrophage infiltration. Alveolar 

tumor necrosis factor-α, interleukin-1 and transforming growth factor- 

concentrations peaked at 6 hours, and returned to baseline within 24 hours, 

while interleukin-10 remained elevated for 48 hours. VILI generated a marked 

but transient fibroproliferative response, which restored normal lung 

architecture. There was no evidence of fibrosis at 7 and 14 days. 
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Conclusions: High stretch ventilation caused severe lung injury, activating a 

transient inflammatory and fibroproliferative repair response, which restored 

normal lung architecture without evidence of fibrosis. 
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6.2 Introduction 

An important advance in the management of patients with Acute Lung Injury or 

Acute Respiratory Distress Syndrome (ALI/ARDS) has been the realisation that 

mechanical ventilation, the ‘supportive’ therapy necessary to sustain life, can 

overstretch and damage lungs and worsen ARDS – this is termed Ventilation 

Induced Lung Injury (VILI). The importance of VILI in the clinical setting is 

emphasized by the finding that ventilatory strategies that minimize lung stretch, 

by means of reduced ventilation intensity, have improved patient outcome from 

ARDS[285]. However, despite recent advances in the understanding of the 

pathophysiology of this disease, there remains no specific therapy for ALI/ARDS.  

One potential explanation for the failure to translate advances in our 

understanding of the pathogenesis of ALI/ARDS into effective therapeutic 

strategies is the fact that many mechanistic and preclinical translational studies 

focus on the role of inflammation in the injury phase, while relatively little is 

known about the processes that facilitate repair and recovery following lung 

injury. Consequently, little is known about the effects of therapeutic strategies 

that inhibit lung injury on the repair process following injury. An alternative 

approach may be to modulate the repair process in ARDS. However, relatively 

little is known about the cellular and molecular mechanisms that mediate 

alveolar regeneration and repair.  

Of importance, abnormal or dysregulated repair processes may result in 

fibroproliferation, causing distortion of the alveolar architechture and increasing 

morbidity and mortality in patients following ALI/ARDS [286]. 

Fibroproliferation has been demonstrated from the earliest phases of ALI/ARDS 

[286]. The factors influencing progression to fibrosis versus resolution of the 
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injury are incompletely understood. In particular, the effect of excessive lung 

stretch on lung remodelling and fibroproliferation, and the potential for 

mechanical stretch to lead to disordered repair and lung fibrosis, is not known. 

Cytokines, chemokines and growth factors released as part of the inflammatory 

response to lung stretch, together with inflammatory cell recruitment, may also 

play a role in the progression from resolution to fibroproliferation [47]. 

Specifically, transforming growth factor- (TGF-) plays a critical role in the 

fibroproliferative responses of the lung [287, 288], promoting fibroblast 

recruitment and activation [289], inducing collagen synthesis and inhibiting 

collagenase production [290], and inducing fibroproliferation [291]. Matrix 

metalloproteinases (MMPs) and their tissue inhibitors (TIMPs) may play a key 

role in remodelling following VILI. Increased MMP levels are seen in ventilated 

patients [292-294], as well as in experimental models of VILI [295], while MMP 

inhibition decreases lung injury [295, 296]. However, the precise roles of these 

factors in the resolution and repair process following VILI are unclear 

We wished to characterize the inflammatory and fibroproliferative 

responses during resolution and repair following VILI. We hypothesized that 

VILI generates a sustained fibroproliferative response, and that this results in 

disordered repair and lung fibrosis. We established a non-lethal rodent model of 

repair following VILI, similar to that previously described [297], and 

characterized the inflammatory, repair and pro-fibrotic responses, and the time 

course of injury resolution, and the potential for a sustained fibrotic response 

following high stretch mechanical ventilation. 
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6.3 Methods 

All work was approved by the Animal Ethics Committee of the National 

University of Ireland, Galway and conducted under license from the Department 

of Health, Ireland. Specific-pathogen-free adult male Sprague-Dawley rats 

(Harlan, Bicester, United Kingdom) weighing between 350–450g were used in all 

experiments. With the exception of the collection of the physiologic data, 

investigators were blinded to group allocation for all analyses. 

6.3.1 High and Low Stretch Ventilation Protocols 

 
For a more complete description, please refer to Section 4.3. Briefly, anesthesia 

was induced, intravenous access was obtained via tail vein, laryngoscopy was 

performed (Welch Allyn Otoscope®, Buckinghamshire, United Kingdom) and the 

animals were intubated with a size 14 intravenous catheter (BD Insyte®, Becton 

Dickinson Ltd, Oxford, United Kingdom). The animals were ventilated using a 

small animal ventilator (CWE SAR 830 AP, CWE Inc, Ardmore, PA). Anesthesia 

was maintained with repeated intravenous boli of alphaxalone/ alphadolone 10-

12mg/kg (Saffan®, Schering Plough, Welwyn Garden City, United Kingdom) and 

muscle relaxation was achieved with cis-atracurium besylate 0.5mg.kg-1 

(GlaxoSmithKline, Dublin 16, Ireland).  

The animals were then allocated to ventilation under conditions of high lung 

stretch or to low stretch ‘protective’ ventilation. The high stretch mechanical 

ventilation protocol comprised of the following settings: FiO2 of 0.3, inspiratory 

pressure 35 cmH2O, respiratory rate of 18 min-1, and positive end-expiratory 

pressure of 0 cmH2O. When static compliance had decreased by 50%, high 

stretch ventilation was discontinued, and the animals were allowed to recover, 
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and subsequently returned to their cages. The ‘low stretch’ protocol comprised 

of the following settings: FiO2 of 0.3, respiratory rate 80.min -1, tidal volume 6 

ml.kg-1 and positive end-expiratory pressure of 2cm H2O. An additional group, 

which was not subjected to anesthesia or mechanical ventilation, was also 

included as an uninjured ‘sham’ comparison. 

 

6.3.2 Assessment of injury, inflammation and repair: Anaesthesia and dissection 

 
At 6, 24, 48 and 96 hours and at 7 and 14 days following ventilation or sham 

procedure, the animals were anesthetized with intraperitoneal ketamine 80 mg

kg-1 and xylazine 8 mgkg-1. After confirming depth of anesthesia by absence of 

response to paw compression, intravenous access was gained via the dorsal 

penile vein and anesthesia maintained with repeated intravenous boli of 

alfaxadone/ alfadadolone. Following this a tracheotomy tube (1mm internal 

diameter) was inserted and secured and intra-arterial access (22 or 24 gauge 

cannulae, Becton Dickinson, Franklin Lakes, NJ) was sited in the carotid artery. 

Sterile technique was utilized during all manipulations. Following confirmation 

of the absence of a hemodynamic response to paw clamp, cis-atracurium 

besylate 0.5mg.kg-1 was administered intravenously to achieve muscle 

relaxation, and the lungs were mechanically ventilated (Model 683; Harvard 

Apparatus, Holliston, MA) at a respiratory rate of 80.min -1, tidal volume 6 ml.kg-1 

and positive end-expiratory pressure of 2cm H2O for 20 minutes, and indices of 

lung damage and repair assessed as described below. 



 143 

 

6.3.3 Measurement of Physiologic Variables 

 
Intra-arterial blood pressure, peak airway pressures and rectal temperature 

were recorded continuously. Arterial blood gas analysis was performed 

following commencement of mechanical ventilation. Static inflation lung 

compliance measurements were performed by injecting incremental 1 ml 

volumes of room air via the tracheotomy tube, and measuring the pressure 

attained 3 seconds after each injection, until a total volume of 5 ml was injected 

(See Section 4.2.5). At the end of the protocol, the inspired gas was altered to a 

FiO2 of 1.0 for 15 min, and an arterial blood sample was then taken for 

calculation of the alveolar–arterial oxygen gradient. Heparin (400 IU.kg-1, CP 

Pharmaceuticals, Wrexham, United Kingdom) was then administered 

intravenously, and the animals were then killed by exsanguination. 

 

6.3.4 Tissue Sampling and Assays 

 
Immediately post-mortem, the heart–lung block was dissected from the thorax 

and bronchoalveolar lavage (BAL) collection was performed as previously 

described [298, 299] in Section 4.4.2. Total cell numbers per milliliter in the BAL 

fluid were counted, and differential cell counts were performed (See Section 

4.4.3). The concentrations of interleukin (IL) -1, IL-6, tumor necrosis factor- 

and IL-10 in BAL fluid were determined using a commercially available bio-plex 

multiplex bead based rat cytokine assay system (Bio-Rad Life Science, Hercules, 

CA) as described in Section 4.4.7. The concentration of total protein in BAL fluid 

was determined using a Micro BCATM Protein assay kit (Pierce, Rockford, IL,) as 
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previously described[300] and in Section 4.4.5. The concentration of 

transforming growth factor- (TGF- and keratinocyte growth factor (KGF) in 

BAL fluid was determined using commercially available rat and human 

respectively, quantitative sandwich enzyme-linked immunosorbent assay (R and 

D systems, Abingdon, United Kingdom). This KGF assay has been validated for 

use in rats[301].  

BAL fluid and homogenate MMP -2, and -9 concentrations were measured by 

gelatin zymography as previously described[302] and in detail in Section 4.4.11 . 

Briefly, to determine relative concentrations of MMP-1, -3, -7, -8, -12,-13 and 

TIMP-2, BAL was mixed in 1:1 ratio with mercaptoethanol buffer as previously 

described[303] and 50l loaded onto a 10% polyacrylamide gel. For 

homogenates an aliquot containing 50g total protein as determined by 

Bradford assay, was loaded onto a 10% polyacrylamide gel, and Western blotting 

carried out as previously described[304]. Proteins were detected by 

chemiluminescence (Supersignal West pico/femto Chemiluminescent substrate 

kit, Pierce, Rockford, IL). Primary antibodies used were polyclonal rabbit anti-rat 

MMP-3 antibody at 1/1000, polyclonal rabbit anti-rat MMP-8 antibody, 1/1000, 

mouse anti-rat MMP-13 at 1/400 dilution, mouse anti-rat TIMP-2 at 1/1000 

dilution (all United Chemi-Con, Rosemont, IL). During electrophoresis samples 

were placed alongside a standard aliquot of chemiluminescent marker (Pierce, 

Rockford, IL). Blots were photographed using darkroom software (UVP, 

Cambridge, United Kingdom), and relative density of the bands obtained 

measured using Scion image analysis [304]. The density of the bands was 
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normalized with the density of the 50kDa bands on the chemiluminescent 

marker lane to allow comparison between gels. 

TIMP-1 was measured using an anti-rat TIMP-1 ELISA (R&D Systems) according 

to the manufacturer’s instructions. Samples were diluted 1/20 -1/100: the lower 

limit of detection for the assay was 31.25pg/ml. 

Wet/Dry lung weights were determined by tying off and removing the lowest 

lobe of the right lung, prior to BAL collection, and drying the lung at 37oC for 72h 

before reweighing.  

 

6.3.5 Histologic tissue preparation 

 
The left lung was isolated and fixed for morphometric examination as previously 

described[305, 306] and in detail in Section 4.5.1. Briefly, the pulmonary 

circulation was first perfused with normal saline at a constant hydrostatic 

pressure of 25cm H2O until the left atrial effluent was clear of blood. The left lung 

was then inflated through the tracheal catheter using paraformaldehyde (4% 

wt.vol-1) in phosphate buffered saline (300mOsmol) at a pressure of 25cm H2O. 

Paraformaldehyde was then instilled through the pulmonary artery catheter at a 

pressure of 62.5cm H2O. After 30 minutes, the pulmonary artery and trachea 

were ligated, and the lung was stored in paraformaldehyde. After 24 hours, the 

lung was cut into six sections (See Figure 4-1), paraffin treated and embedded in 

wax. Sections were cut at 7 μm using a microtome (Ergostar HM200, Microm 

Laborgerate GmbH, D69190 Walldorf, Germany) and placed on labelled glass 

slides.  
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6.3.6 Stereological Analysis 

 
The extent of histologic lung damage was determined using quantitative 

stereological techniques as previously described[251, 267] and in detail in 

Section 4.5.5.  

6.3.7 Masson’s trichrome staining for collagen in lung tissue 

 
This is described in detail in Section 4.5.6. Briefly, 7 µm tissue sections were de-

paraffinized and re-hydrated. They were then immersed in Weigert’s 

hematoxylin, Biebrich scarlet-acid fuchsin solution, and phosphomolybdic acid 

solution. 

 

6.3.8 Van Gieson Staining for Elastin Fibers 

 
This is described in detail in Section 4.5.7. Briefly, 7 µm tissue sections were de-

paraffinized and re-hydrated. They were then stained in Verhoeff’s solution for 1 

hour until the tissue was completely black. Slides were then counterstained in 

Van Giesen’s solution for 5 minutes. 

 

6.3.9 Lung tissue Myofibroblasts 

 
This is described in detail in Section 4.5.8. Briefly, paraffin-embedded tissue 

sections of 5μm in thickness were dewaxed and rehydrated. Antigen retrieval 

was performed by heating in citrate buffer. After quenching endogenous 

peroxidase activity and blocking nonspecific binding, sections were incubated 

with antibodies against alpha-smooth muscle actin (LSAB kit, Dako, Carpinteria, 

CA). Antibody binding was detected using horseradish peroxidase-labeled biotin 



 147 

streptavidin secondary antibodies (Dako) and immunostaining visualized using 

3,3-diaminobenzidine chromogen (Dako).  Positive cells were identified and 

counted in 15 areas from each lung at 20X magnification and compared to 

controls. Positive staining smooth muscle cells located in the walls of arterioles 

were not included in counts.  

 

6.3.10 Pro-collagen 1 and 3 Transcription 

 
This is described in detail in Section 4.4.8. Briefly, total RNA was extracted from 

the lungs of rats using Tri-Reagent (Sigma-Aldrich, Wicklow, Ireland) as 

previously described [255]. 1g of the RNA was reverse transcribed using an 

Improm II Reverse Transcription System (Promega, Southampton, United 

Kingdom). The complementary DNA, diluted 1:20, was amplified using 

polymerase chain reaction (PCR) primers to pro-collagen I peptide: forward 5’-

TCATCGAATACAAAACCACCA-3’; reverse 5’-GCAGGGCCAATGTCCAT-3’; pro-

collagen III peptide: forward 5’-ACACAC TGGTGAATGGAGCAA-3’; reverse 5’-

GCCAATGTCCACACCAAATT. Real time PCR was performed using Fast SYBER 

Green Mastermix (Applied Biosystems, Carlsbad, CA) using the StepOne Plus Fast 

enabled Real time PCR System (Applied Biosystems, Carlsbad, CA). After 

normalizing data to GAPDH messenger RNA levels, expression relative to control 

rats was calculated by the comparative Ct (cross over threshold) method. 

 

6.3.11 Lung tissue Collagen Content 

 
The Sircol collagen assay (Biocolor Ltd., Belfast, United Kingdom) is described in 

detail in Section 4.4.9. Briefly, lung homogenate was incubated in acid-pepsin 
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overnight. Sirius red reagent (50 μl) was added to each lung homogenate (50 μl) 

and mixed for 30 minutes. The collagen–dye complex was precipitated by 

centrifugation at 16,000 g for 5 minutes and dissolved in 0.5 M NaOH. Finally, the 

samples were introduced into a microplate reader and the absorbance 

determined at 540 nm. 

 

6.3.12 Data Presentation and Analysis 

 
All analyses were performed using SigmaStat® 3.5 (Systat Software, Point 

Richmond, CA). A two-tailed p value of <0.05 was considered significant. See 

Section 4.8 for further details. 
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6.4 Results   

60 animals were entered into this study.  Four animals underwent low stretch 

ventilation while 4 underwent sham ventilation, and were assessed 6 hours later. 

The remaining 52 animals were subjected to VILI, allowed to recover, and 

randomized to assessment at the pre-defined timed points. Four animals did not 

survive the high stretch ventilation protocol due to the severity of the injury 

induced, leaving 48 animals that recovered post VILI and that were subsequently 

assessed. There were no differences between the groups at baseline with regard 

to animal weight and duration of injurious ventilation required to induce injury 

(Table 6-1). 

 

6.4.1 Injury and Recovery Profile 

 
No lung injury was seen following protective ventilation compared to sham 

uninjured animals (Table 6-1; Figures 6-1 and 6-2). In contrast, high stretch 

ventilation caused severe derangement of physiologic indices of lung function, 

with maximal injury seen at 6-24 hours, and resolution of physiologic indices 

largely complete by 96 hours post VILI. Arterial oxygen tension was lowest at 6 

hours post injury, remained low at 24 and 48 hours, and progressively returned 

to baseline levels by 96 hours (Figure 6-1 Panel A). The alveolar-arterial oxygen 

gradient followed a similar pattern (Table 6-1). Static lung compliance 

decreased statistically significantly following VILI, with the maximal decrement 

evident at 6 hours (Figure 6-1 Panel B). Static compliance was improved at 48 

hours, but did not return to normal until 14 days. BAL protein concentrations 

(Figure 6-1 Panel C), and lung wet: dry weight ratios (Figure 6-1 Panel D) 
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were maximally increased at 6 hours, remained abnormal at 24 hours, and then 

decreased progressively. 

VILI caused progressive derangement of histological indices of lung injury, which 

was maximal at 48 hours, and which did not resolve until 7 days later. 

Quantitative stereological analysis demonstrated progressive increases in acinar 

tissue volume fraction (Figure 6-2 Panel A) and decreases in acinar air-space 

volume fraction (Figure 6-2 Panel B). Representative samples of the lung 

histology at each time point following VILI are given in Figure 6-2 Panels C-H.  

 

6.4.2 Indices of Inflammation and Repair following VILI 

 
No evidence of injury, inflammation or repair was seen following low stretch 

ventilation compared to sham uninjured animals (Table 6-1; Figures 6-1, 6-2 

and 6-3). In contrast, high stretch ventilation resulted in a marked inflammatory 

and reparative response. 

Inflammatory cells: BAL neutrophil counts increased rapidly following VILI, 

peaking at 24 hours and had returned to levels seen in sham and low stretch 

ventilation animals by 96 hours (Figure 6-3 Panel A). BAL lymphocyte counts 

increased more gradually following VILI, peaking at 24 hours and remaining 

raised at 48 hours before returning to levels seen in sham and low stretch 

ventilation animals at 7 days (Figure 6-3 Panel B). BAL monocyte/macrophage 

counts peaked at 48 hours following VILI, remained raised at 96 hours and did 

not return to uninjured levels until 14 days following VILI (Figure 6-3 Panel C). 

BAL MMP-8 and MMP-9 levels peaked at 6 – 24 hours and decreased to 

uninjured levels by 96 hours (Figure 6-3 Panels D–F). There was no statistically 
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significant change in lung homogenate MMP-8 and -9 concentrations during the 

injury and resolution following VILI. 

Inflammatory Cytokines: BAL tumour necrosis factor-α and IL-1 

concentrations peaked at 6 hours following VILI, and had returned to uninjured 

levels at 24 hours (Figure 6-4 Panels A-B). BAL IL-6 also peaked at 6 hours but 

remained statistically significantly elevated at 24 hours, before returning to 

uninjured levels at the later time points (Figure 6-4 Panel C). BAL IL-10 

concentrations also peaked at 6 hours and had returned to uninjured levels 

within 48 hours (Figure 6-4 Panel D). 

Repair Mediators: BAL TGF- concentrations peaked at 6 hours following VILI, 

and progressively decreased at the later time points, returning to pre-injury 

levels by 96 hours (Figure 6-4 Panel E). Interestingly, BAL KGF increased later 

following VILI, and was statistically significantly elevated at 14 days, but not at 

the earlier time points (Figure 6-4 Panel F).  

 

6.4.3 Fibroproliferative response following VILI 

 
High stretch ventilation caused a marked fibroproliferative response (Table 6-1; 

Figure 6-5). In contrast, no fibroproliferative response was seen following low 

stretch ventilation compared to sham uninjured animals. 

Indices of Fibrosis: Tissue pro-collagen I peptide mRNA content increased 

dramatically post VILI, with a maximal increase at 48 and 96 hours (Figure 6-5 

Panel A). In contrast, at 7 and 14 days pro-collagen I mRNA content was 

decreased compared to uninjured animals. Masson’s Trichrome stained lung 

sections demonstrated patchy collagen accumulation in areas of injured lung 
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(Figure 6-6). Despite this, there was no change in tissue pro-collagen III 

messenger RNA (Figure 6-5 Panel B) or total lung collagen protein (Figure 6-5 

Panel C) following VILI, and stereological assessment of lung tissue did not 

demonstrate an overall increase in lung collagen (Figure 6-6 Panels A and B).  

Lung tissue myofibroblast content was increased at 6 to 96 hours and decreased 

to pre-injury levels at 7 and 14 days (Figure 6-5 Panel D and Figure 6-6). A 

decrease in the density of elastic fibers was seen in the group exposed to VILI, 

although this was not significant (Figure 6-7). In addition, an abnormal 

structural disorganization of elastin fibers in the lung parenchyma was also 

observed in the VILI exposed animals, which persisted out to 96 hours post 

injury (Figure 6-7). 

MMP-3, a stromelysin largely derived from fibroblasts [307], followed a similar 

time course to that seen with lung myofibroblasts, with rising levels in BAL (and 

homogenate - not shown) at 6 hours, peaking at 48 hours and reaching baseline 

by 96 hours (Figure 6-8 Panels A and B). BAL MMP-13, a fibroblast 

collagenase,[308] was statistically significantly increased following VILI, peaking 

at 24hrs and subsequently fell to baseline (Figure 6-8 Panels B and C). Most of 

the MMP-13 identified was present as a cleaved (<30kDa) product (Figure 6-8 

Panel B). BAL TIMP-1 was undetectable in BAL following sham or protective 

ventilation, but increased rapidly following VILI, was statistically significantly 

elevated at 6 and 24 hours before decreasing to baseline by 96 hours (Figure 6-

8 Panel D). Lung homogenates, in contrast, contained readily detectable levels of 

TIMP-1 at baseline. TIMP-2 was undetectable in BAL or homogenate (data not 

shown). 
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MMP-7, a key regulator of fibrosis, was also significantly elevated in BAL, 

decreasing progressively at later time points (Figure 6-9). MMP-2, a collagenase, 

was increased at 6 hours only, and not at the other time points (Figure 6-9). 

MMP-12 (macrophages metalloelastase) was increased at all time points out to 

96 hours (Figure 6-9). 
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6.5 Discussion  

A greater understanding of the cellular and molecular mechanisms that mediate 

alveolar epithelial regeneration and repair following lung injury is essential to 

the development of therapies that target this phase of ALI/ARDS. Much of the 

long term morbidity following ALI/ARDS results from limitations in functional 

capacity due in part to ongoing impairment of respiratory function[309]. Despite 

this, most experimental studies concentrate on the early ‘injury’ phases of 

ALI/ARDS. Only one study to date has examined the pattern of resolution of 

ventilation induced ALI [297]. In these studies, we sought to characterise the 

inflammatory and fibroproliferative responses during resolution and repair 

following VILI, and determine whether high stretch is a sufficient stimulus to 

generate a fibroproliferative response and result in disordered repair and lung 

fibrosis.  

 

6.5.1 Injury and Recovery Profile 

 
Animals subjected to ‘protective’ ventilation did not sustain a detectable lung 

injury when assessed 6 hours post ventilation compared to unventilated sham 

animals. In contrast, high stretch ventilation caused a severe lung injury as 

evidenced by worsening of physiologic indices such as oxygenation, static lung 

compliance and lung wet: dry weight. Physiologic derangements were maximal 

at 6 hours, and then progressively resolved over the next 96 hours. In contrast, 

histological evidence of injury evolved more slowly and persisted for up to 7 

days. Most interestingly, therefore, these data indicate that restoration of 

physiologic function occurs rapidly despite histological evidence of an ongoing 
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response to the injury. Nin et al demonstrated resolution of injury induced by 60 

minutes of high lung stretch over a 24-72 hour time period [297]. The longer 

resolution phase in our studies may be due to the fact that the injurious stimulus 

was applied for a longer time period. 

 

6.5.2 Cytokine, Chemokine, and Leukocyte profile  

 
Cytokines, chemokines and growth factors released as part of the inflammatory 

response to excessive lung stretch play a key role in the repair process[47]. 

Conversely, dysregulated release of these mediators may result in the 

progression from injury resolution to fibroproliferation[47]. Overexpression of 

IL1- and tumor necrosis factor- causes varying degrees of lung fibrosis in 

preclinical models[310, 311]. In these studies, animals subjected to low stretch 

ventilation did not manifest an inflammatory response when assessed 6 hours 

post ventilation compared to unventilated sham animals. This suggests that 

while low stretch ventilation may activate innate immunity[312], any response is 

relatively short lived following discontinuation of ventilation. In contrast, VILI 

caused a marked but transient response in multiple mediators, including TNF-, 

IL-1, IL-6 and IL-10, which resolved progressively with restoration of lung 

function. The time course of IL-6 increase and resolution was similar to that 

previously demonstrated [297].  Interestingly, resolution of inflammation 

mirrored the time profile of injury and recovery of physiologic – rather than 

histologic – indices.   

Alveolar concentrations of TGF-which plays a critical role in the pathogenesis 

of lung fibrosis[288-290], increased in the early phases following VILI. However, 
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the elevation of TGF-was transient, and mirrored closely the time profile seen 

with pro-inflammatory cytokines. In contrast, alveolar concentrations of KGF, an 

epithelial specific growth factor produced by mesenchyme, that may be an 

important endogenous stimulus for alveolar epithelial proliferation and 

repair[301], was increased later in the repair process, becoming significantly 

elevated only at day 14 post VILI. KGF may therefore have a role in suppressing 

fibroproliferation after stretch injury. 

VILI resulted in rapid alveolar neutrophilic infiltration, which peaked at 24 hours 

then decreased, returning to baseline levels by 96 hours. Neutrophils 

phagocytoze debris, and produce lipid and protein mediators important in 

orchestrating tissue repair. Alveolar lymphocytes, which are important in 

mediating resolution of lung injury by modulating innate immune 

responses[313], accumulated more gradually and remained elevated at 96 hours, 

a pattern consistent with previous studies[314]. Alveolar 

monocytes/macrophages, which induce neutrophil apoptosis [315] and 

phagocytosis of inflammatory cells[316], and are pivotal in the progression to 

lung repair[315], peaked at 48 hours, and remained elevated up to 7 days. The 

pattern of monocyte/macrophage infiltration mirrored the resolution of 

histological evidence of injury, suggesting a role in regulating the repair process. 

 

6.5.3 Role of MMPs in Repair following VILI 

 
A favorable balance of matrix metalloproteinases (MMPs) to their tissue 

inhibitors (TIMPs) is believed necessary to facilitate cell detachment from the 

basement membrane and migration during wound healing[317]. Conversely, an 
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imbalance between collagen catabolizing MMPs and their specific inhibitors, 

TIMPs, can result in excessive collagen production and/or breakdown. MMPs 

have been implicated in the pathogenesis of ARDS, and may contribute to loss of 

the alveolo-capillary barrier and intercellular junctions[318]. MMPs are raised in 

ARDS patients [293] and in experimental models of VILI[295]. Interestingly, 

some MMPs, such as MMP-9, appear to exhibit a protective profile in ALI[319]. 

In our studies, alveolar concentrations of MMPs and their TIMPs showed 

dynamic changes after VILI, but all, apart from MMP-12, had decreased to pre-

injury levels by 96 hours. Alveolar concentrations of the collagenase MMP-8 and 

the gelatinolytic enzyme MMP-9, which are produced by neutrophils[320], 

exhibited similar time profiles to that seen with neutrophil infiltration. MMP-3, a 

stromelysin largely derived from fibroblasts[307], and the fibroblast collagenase 

MMP-13[308], followed a similar time course. MMP-8 and MMP-13 are the major 

collagenolytic species in rats. Despite a relatively small increase in MMP-13 

compared with MMP-8, most of the MMP-13 present was in the active small 

(<30kDa) form, indicating the potential for rapid collagen degradation. MMP-9 is 

produced by epithelium, neutrophils and macrophages[319], it can damage 

basement membrane contributing to alveolar edema, but is also necessary for 

epithelial repair[319]. MMP-3 is produced predominantly by stromal cells in the 

lung, particularly when activated by inflammatory cytokines[304]. It cleaves and 

activates collagenases that degrade type I collagen, and may have some type IV 

collagenolytic activity, therefore contributing to basement membrane 

dysfunction[321]. The time course of rising MMP-3 in the BAL and homogenates 

was consistent with an increase in the number of myofibroblasts detected and 

suggests these are the predominant source of MMP-3 in this model. 
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MMP-7 was increased at 6 hours and decreased progressively out to 96 hours, 

although remained significantly elevated in comparison to controls. The enzyme 

encoded by the Mmp7 gene (also called matrilysin-1) is strongly induced in 

injured alveolar epithelium, degrades proteoglycans, fibronectin, and elastin, and 

is involved in wound healing [322]. Proteoglycans in the lungs serve important 

functions, such as regulation of water homeostasis, maintenance of tissue 

structure and function, modulation of the inflammatory response, and tissue 

repair and remodelling [323, 324]. Our findings are in line with recent 

observations reported by Moriondo et al. [325] who found that healthy rats 

ventilated for 4 h with high VT had increased pulmonary proteoglycans and 

activated MMPs. MMP-7 is a target gene of the WNT signaling pathway and has 

recently been identified as a key regulator of pulmonary fibrosis [326]. The 

progression of lung injury during VILI may involve an imbalance between the 

activation of MMPs and changes in the local mechanical environment of the lung. 

The increased up-regulation of MMP7 that we found supports a role for this 

enzyme in perpetuating lung inflammation and remodeling after injurious 

mechanical ventilation. 

MMP-2 (gelatinase-A) is constitutively expressed by endothelial and epithelial 

cells. MMP-2, together with MMP-9, plays an important role in peri-cellular 

basement membrane turnover by degrading the main components of the 

basement membrane [327]. MMP-2 is localized in areas of fibroproliferation and 

basal membrane disruption [328] and shows intense activity in experimental 

models of pulmonary fibrosis [329, 330]. The release of MMP-2 in response to 

cell stretch may play a role in further lung injury. 
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Macrophage metalloelastase, also identified as MMP-12, has been previously 

described as a key factor of pathological progressive proteolytic destruction of 

ECM. Indeed, MMP-12 has been reported to be essential in tissue remodelling 

associated with emphysema in mice exposed to cigarette smoke [331]. In 

addition, an increased expression of MMP-12 in macrophages from patients with 

COPD was recently reported [332]. MMP-12 has potent extracellular matrix re-

modeling properties due to its specific elastolytic activity, but may also 

participate to the inflammatory process through the activation of TNF-alpha 

[333]. Moreover, MMP-12 presents potent direct pro-inflammatory properties 

including the ability to induce neutrophil influx, cytokine and chemokine 

production [334]. MMP- 12 seems to be involved in numerous models of acute 

lung inflammation [333, 335]. Although the role of MMP-12 in animal models of 

emphysema is well documented, its involvement in VILI is not clear. Here we 

demonstrate an increased level of MMP-12 in lung homogenate up to 96 hours 

after injury. MMP-12 plays a role in mediating elastin fragmentation in cigarette 

smoke injured lungs [331]. Similarly, elastin fragmentation in this model of VILI 

(See below) may also be linked to MMP-12 and further monocyte accumulation 

in lung in response to excess stretch. 

TIMP-1 and -2 are the major secreted inhibitors of MMPs in humans[319]. Rising 

levels of TIMP-1 are consistent with an increasing fibroblast population in lung 

tissue. However, it may also reflect mononuclear cell infiltration of the lung, as 

monocytes and macrophages are potential potent producers of TIMP-1, albeit to 

a lesser extent than fibroblasts. TIMP-2 was not detectable in this model. 
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6.5.4 Evidence for Fibroproliferation during Repair following VILI 

 
Fibroproliferation is an early response to lung injury[286]. The factors 

influencing progression to fibroproliferation versus resolution and 

reconstitution of normal pulmonary parenchymal architecture are poorly 

understood. In particular, the role of mechanical stretch in initiating and 

potentiating pulmonary fibrotic change is unknown. Of interest, a recent in vitro 

study demonstrated how cyclic mechanical stretch can induce epithelial to 

mesenchymal transition in alveolar type II epithelial cells, providing a putative 

link between lung stretch and fibrosis [336]. 

Our findings demonstrate that stretch-induced lung injury causes a pronounced 

early pro-fibrotic stimulus. Tissue pro-collagen I messenger RNA increased 

dramatically, with a maximal increase seen at 48 to 96 hours. In contrast, at 7 

and 14 days following VILI, pro-collagen I messenger RNA was decreased 

compared to that seen in uninjured animals. This suggests that transcription of 

collagen I is initially stimulated but later suppressed following VILI.  Lung tissue 

myofibroblasts, which are considered the key effector cell in lung fibrogenesis, 

followed a similar pattern, increasing early following injury before decreasing to 

pre-injury levels in the later stages. 

Later studies at one and two weeks following VILI did not provide any evidence 

that high lung stretch results in lung fibrosis. Indeed, total lung collagen content 

was not increased at the later time points, suggesting that active resorption of 

collagen may have occurred during the later phases of the resolution process. 

Taken together, these findings strongly suggest that sufficient collagenases (such 

as MMP-3, MMP-8 and MMP-13) are produced in a timely fashion to limit 

collagen deposition in the lung. 
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6.5.5 Limitations 

 
A number of limitations need to be considered prior to consideration of the 

clinical implication of these findings. First, the model chosen was an isolated high 

stretch model. While high tidal volume ventilation can directly cause ALI/ARDS, 

particularly in patients undergoing cardiac [337] and thoracic surgery [338], and 

in critically ill patients that do not have pre-existing ALI/ARDS [339], VILI is 

generally seen in the context of other disease processes such as sepsis, in the 

clinical setting. However, we wished to focus solely on determining whether high 

lung stretch alone can generate a sustained fibroproliferative response resulting 

in an ongoing fibrotic response. This approach was necessary to elucidate the 

role of excessive lung stretch in contributing to disordered repair in the setting 

of ALI/ARDS. Second, high airway pressures, well beyond that seen clinically, 

were used to cause a severe stretch induced injury in these studies. However, 

ventilation with a peak inspiratory pressure as high as 45 cm H2O is commonly 

used in pre-clinical studies to induce VILI [15, 16, 340]. This practice is 

supported by evidence that regional lung areas may be subject to gross 

overdistension in ALI/ARDS patients [341]. Quantitative assessment of 

computed tomography images in humans with severe ARDS indicates that the 

amount of normally aerated tissue - the so called ‘baby lung’ - is variable, of the 

order of 200–500g, and may be as low as 200ml [82]. A 6 ml/kg tidal volume 

applied to these “baby lungs” can and does result in airway pressures in the 

range of 30-35cm H20 [83]. In this regard, the mean peak airway pressure in the 

treatment arm of the ARDS net low tidal volume study was 34cm H2O [83]. Other 
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diseased lung regions may be subject to even greater distention and greater 

regional intra-alveolar and airway pressures [84].  

Third, we did not provide a low stretch ventilation control group for each time 

point. However, our finding that ‘protective’ ventilation did not result in 

detectable injury, inflammatory or fibroproliferative response at 6 hours 

suggests that any response seen is transient, and that any additional information 

from these groups would be minimal. Fourth, the inclusion of groups with 

additional injury types and with differing degrees of stretch induced injury 

would have provided useful additional comparison groups. However, this would 

have required a large number of additional groups and are best examined in 

future studies. The duration of injurious ventilation in these studies was brief 

and longer durations of injurious ventilation might lead to a different pattern of 

resolution and repair. Lastly, the observational design of these studies precludes 

assessment of a cause and effect relationship between the mediator profile and 

the time course of injury and repair following VILI. 

 

6.5.6 Clinical Implications 

 
Our data suggest that repair following VILI demonstrates a pronounced early 

pro-inflammatory and pro-fibrotic phenotype. However, this is balanced by later 

events, such as MMP-3, MMP-8 and MMP-13 secretion that results in collagen 

reabsorption, and does not lead to an increase in lung fibrosis in the setting of 

uncomplicated VILI. The result is a well regulated process that restores lung 

architecture and function. High lung stretch alone, particularly when not 

sustained, may not constitute a sufficient stimulus to produce lung fibrosis. 

Nevertheless, there is clear potential for additional stimuli, such as infection or 
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additional episodes of stretch induced injury to disrupt this finely balanced 

process. Finally, we here establish a relevant pre-clinical model of the repair and 

resolution phase of VILI that can be used to test the efficacy of strategies targeted 

at this phase of the disease process. 

 

6.5.7 Conclusions 

 
These studies establish a rodent model of repair following VILI and characterize 

the time course of injury and repair following VILI. High lung stretch causes 

severe injury, resulting in a pronounced early pro-inflammatory and pro-fibrotic 

phenotype, but this response is balanced by later events that result in 

restoration of normal lung architecture and function.  
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6.6 Figures 

 
Table 6-1 Baseline characteristics and physiologic variables 

 
 

Variable 

 

Sham 

 

6 Hours 

 

24 Hours 

 

48 hours 

 

96 hours 

 

7 Days 

 

14 Days 

Number of animals 4 8 8 8 8 8 8 

Animal Weight (g) 401±14 351 ± 15 339 ± 23 344 ± 30 348 ± 11 374 ± 18 393 ± 17 

Animal survival (%) 4/4 (100%) 8/8 (100%) 8/8 (100%) 8/8 (100%) 8/8 (100%) 8/8 (100%) 8/8 (100%) 

Duration of VILI (minutes) 0 95 ± 15 109 ± 58 119 ± 51 98 ± 10 146 ± 41 148 ± 31 

Final arterial pO2 (mmHg, fIO2 = 1) 513.9 ± 20.8 318.6 ± 94.3  324.3 ± 158 402.7 ± 141.4 465.5 ± 19.4 413.7 ± 81.7 392.2 ± 54.7 

Final alveolar-arterial Oxygen Gradient 

(mmHg) 

157.3 ± 21.3 348.9 ± 94 348.9 ± 158.4 265.6 ± 134.5 207.6 ± 17.7 258.9 ± 82.3 278.8 ± 54.5 

Mean Arterial Pressure (mmHg) 

      Final 

 

127 ± 11 

 

138 ± 16 

 

123 ± 16 

 

   111 ± 16 

 

138 ± 10 

 

130 ± 26 

 

138 ± 9 

Arterial pH 

      Final 

 

  7.4 ± 0.03 

 

7.39 ± 0.03 

 

7.44 ± 0.04 

 

7.42 ± 0.04 

 

7.46 ± 0.01 

 

7.41 ± 0.03 

 

7.41 ± 0.01 

Arterial PCO2  (mmHg) 

      Final 

 

33.64 ± 2 

 

35 ± 3.11 

 

30.37 ± 2.13 

 

34.16 ± 4.91 

 

31 ± 0.38 

 

32.57 ± 1.65 

 

33.43 ± 2.6 

Serum Bicarbonate (mMol/L) 

      Final 

 

22.8 ± 0.65 

 

21.7 ± 1.6 

 

22 ± 0.89 

 

22.7 ± 1 

 

23.5 ± 0.6 

 

21.9 ± 0.8 

 

21.8 ± 0.4 



 165 

Serum Base Excess 
      Final 

 

   2.9 ± 0.6 

 

3.6 ± 2 

 

3.8 ± 1 

 

2.5 ± 1.2 

 

2.3 ± 0.7 

 

3.7 ± 0.9 

 

3.7 ± 0.8 

Total Cell Count in BAL  
(cells per ml) 
 

 

   67,500 ±    

    3,415      

 

   262,667 ± 

   127,549 

 

499,143 ± 

170,598 

 

339,625 ± 

99,543 

 

200,000 ± 

88,121 

 

111,313 ± 

14,361 

 

88,125 ± 

36,170 

 
Data are expressed as mean±SD. Final data is data collected upon completion of the experimental protocol.  

* Significantly different from Sham (P <0.05). 
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Figure 6-1 Physiologic variables after VILI 

 

 
 
Figure 6-1 

Panel A: Box plot representing arterial oxygen partial pressures measured at an FiO2 of 0.3 with 

sham and low stretch ventilation, and at each time point following VILI. 

Panel B: Box plot representing static lung compliance with sham and low stretch ventilation, and 

at each time point following VILI. 

Panel C: Box plot representing BAL protein concentrations with sham and low stretch 

ventilation, and at each time point following VILI. 

Panel D: Box plot representing wet:dry weight ratios with sham and low stretch ventilation, and 

at each time point following VILI. 

Abbreviations: Sham, animals that received sham ventilation; Vent, animals that received 

low stretch ventilation; BAL, bronchoalveolar lavage 

Note: Open circles represent outlying data points. 

* Significantly different from sham and low stretch ventilated animals (P<0.05, ANOVA and 

Student-Neuman-Keuls). 
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Figure 6-2 Histology after VILI

                                                                      

Figure 6-2 

Panel A: Box plot representing alveolar lung tissue with sham and low stretch ventilation, and at each 

time point following VILI. 

Panel B: Box plot representing alveolar airspace with sham and low stretch ventilation, and at each 

time point following VILI. 

Panels C - H: Photomicrographs of representative sections of lung tissue. Panel C is an image from a 

sham uninjured lung, Panels D – H are from lungs at 6 hours, 24 hours, 48 hours, 96 hours and  7 days 

following VILI respectively. The degree of wall thickness and inflammatory cell infiltrate is maximal 

at 48 hours with progressive resolution at the later time points. 

Notes: Open circles on box lots represent outlying data points. The scale bar represents 200micrometer. 
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Abbreviations: Sham, animals that received sham ventilation; Vent, animals that received low stretch 

ventilation * Significantly different from sham and low stretch ventilated animals (P<0.05, ANOVA 

and Student-Neuman-Keuls). 

 

Figure 6-3 Inflammatory cells and MMPs in BAL after VILI 

 
 
Figure 6-3 

Panel A: Box plot representing bronchoalveolar lavage neutrophil counts with sham and low stretch 

ventilation and at each time point following VILI. 

Panel B: Box plot representing bronchoalveolar lavage lymphocyte counts with sham and low stretch 

ventilation and at each time point following VILI. 
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Panel C: Box plot representing bronchoalveolar lavage monocyte/macrophage counts with sham and 

low stretch ventilation and at each time point following VILI. 

Panel D: Representative western blots of bronchoalveolar lavage MMP-8 and MMP-9 with sham and 

low stretch ventilation and at each time point following VILI. 

Panel E: Box plot representing densitometry of western blot bronchoalveolar lavage MMP-8 with 

sham and low stretch ventilation and at each time point following VILI. 

Panel F: Box plot representing bronchoalveolar lavage MMP-9 concentrations with sham and low 

stretch ventilation and at each time point following VILI. 

Abbreviations: Sham, animals that received sham ventilation; Vent, animals that received low stretch 

ventilation; BAL, bronchoalveolar lavage; AU, arbitrary units. 

Note: Open circles represent outlying data points. 

* Significantly different from sham and low stretch ventilated animals (P<0.05, ANOVA) 
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Figure 6-4 Cytokines in BAL after VILI 

 

 

Figure 6-4 

Panel A: Box plot representing bronchoalveolar lavage TNFa concentrations with sham and low 

stretch ventilation and at each time point following VILI. 

Panel B: Box plot representing bronchoalveolar lavage IL-1 concentrations with sham and low 

stretch ventilation and at each time point following VILI. 

Panel C: Box plot representing bronchoalveolar lavage IL-6 concentrations with sham and low stretch 

ventilation and at each time point following VILI. 
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Panel D: Box plot representing bronchoalveolar lavage IL-10 concentrations with sham and low 

stretch ventilation and at each time point following VILI. 

Panel E: Box plot representing bronchoalveolar lavage TGF-b concentrations with sham and low 

stretch ventilation and at each time point following VILI. 

Panel F: Box plot representing bronchoalveolar lavage KGF concentrations with sham and low stretch 

ventilation and at each time point following VILI. 

Abbreviations: Sham, animals that received sham ventilation; Vent, animals that received low stretch 

ventilation; BAL, bronchoalveolar lavage. 

Note: Open circles represent outlying data points. 

* Significantly different from sham and low stretch ventilated animals (P<0.05, ANOVA and Student-

Neuman-Keuls). 
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Figure 6-5 Fibroproliferation after VILI 

 

 

Figure 6-5 

Panel A: Box plot representing lung tissue procollagen I mRNA content with sham and low 

stretch ventilation and at each time point following VILI. 

Panel B: Box plot representing lung tissue procollagen III mRNA content with sham and low 

stretch ventilation and at each time point following VILI. 

Panel C: Box plot representing lung tissue collagen content with sham and low stretch ventilation 

and at each time point following VILI. 

Panel D: Box plot representing lung tissue myofibroblast counts with sham and low stretch 

ventilation and at each time point following VILI. 

Abbreviations: Sham, animals that received sham ventilation; Vent, animals that received 

low stretch ventilation. 

Note: Open circles represent outlying data points. 

* Significantly different from sham and low stretch ventilated animals (P<0.05, ANOVA 

Student-Neuman-Keuls). 
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Figure 6-6 Collagen and myofibroblasts after VILI 

 

 

Figure 6-6 

Panels A and B: Photomicrographs of representative masson trichrome stained sections of lung tissue. 

Panel A is an image from a sham uninjured lung, Panel B is from a lung 48 hours after injury 

Panels C-F: Photomicrographs of representative alpha-smooth muscle actin immuno-stained sections 

of lung tissue. Panels C is from a sham ventilated animal, Panels D-F are from lungs at 6 hours, 24 

hours and 48 hours, following VILI respectively.  
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Figure 6-7 Elastin after VILI 

 

Figure 6-7 

Panel A: Histogram representing ratio of elastic fiber per point count in lung tissue at different time 

points after VILI 

Panel B: Histogram representing percentage lung fields graded as having either moderate or severely 

disrupted elastin stained fibers at different time points after VILI 

Panel C: Photomicrographs of representative Van Gieson stained sections of lung tissue. Panels F is 

from a sham ventilated animal, Panels A-E are from lungs at 6 hours, 24 hours, 48 hours, 96 hours and 

7 days following VILI respectively. Arrows indicate disrupted elastic fibers. 
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Figure 6-8 MMPs after VILI 

 

 

Figure 6-8 

Panel A: Box plot representing bronchoalveolar lavage MMP-3 concentrations with sham and low 

stretch ventilation and at each time point following VILI. 

Panel B: Representative western blot of bronchoalveolar lavage MMP-3 and -13 with sham and low 

stretch ventilation and at each time point following VILI. 

Panel C: Box plot representing bronchoalveolar lavage MMP-13 concentrations with sham and low 

stretch ventilation and at each time point following VILI. 

Panel D: Box plot representing bronchoalveolar lavage TIMP-1 concentrations with sham and low 

stretch ventilation and at each time point following VILI. 

Abbreviations: Sham, animals that received sham ventilation; Vent, animals that received low stretch 

ventilation; BAL, bronchoalveolar lavage; AU, arbitrary units. 

Note: Open circles represent outlying data points. 

* Significantly different from sham and low stretch ventilated animals (P<0.05, ANOVA and Student-

Neuman-Keuls). 
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Figure 6-9 MMPs in BAL after VILI 

 

 

 

 

Figure 6-9 

Panel A: Histogram representing concentration of MMP-2 in BAL at different time points (hours) after 

VILI 

Panel B: Histogram representing concentration of MMP-7 in BAL at different time points (hours) after 

VILI 

Panel C: Histogram representing concentration of MMP-12 in lung homogenate at different time 

points (hours) after VILI 

* Significantly different from sham and low stretch ventilated animals (P<0.05, ANOVA and Student-

Neuman-Keuls). 
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7.0 The role of Mesenchymal Stem Cells during 

recovery and resolution following Ventilator Induced 

Lung Injury 

 

7.1 Abstract 

Introduction: Recent pre-clinical experimental studies indicate that bone-

marrow derived mesenchymal stem cells (MSCs) may reduce the severity of 

Acute Lung Injury (ALI). Intra-tracheal and systemic administration of MSCs 

reduced pulmonary oedema and pro-inflammatory cytokines, and improved 

survival in murine E. coli and systemic sepsis induced ALI. However the potential 

for MSC’s to enhance repair and recovery following ALI is not known. 

Objectives: We wished to evaluate the role of MSCs in modulating inflammation 

and enhancing repair after Ventilator Induced Lung Injury (VILI).  

Methods: We used our animal model of repair from VILI to test the reparative 

properties of MSCs. Adult male Sprague Dawley rats were anaesthetised, 

orotracheally intubated and subjected to injurious mechanical ventilation to 

produce a severe ALI. Following recovery, the animals received two intravenous 

injections of MSCs (2 X 106 cells) immediately post injury and at 24 hours. 

Control animals received saline alone. Animals were harvested at 48 hours, and 

the extent of recovery following ALI was assessed. Subsequent experiments 

elucidated the mechanisms by which MSC’s enhance repair, by examining the 

potential for non-stem cells, and for MSC secreted products, to enhance repair in 

comparison to MSCs. 
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Results: MSCs therapy enhanced repair following VILI. Specifically, MSCs 

improved oxygenation, lung compliance, reduced total lung water, decreased 

lung inflammation and histologic lung injury. MSC therapy attenuated alveolar 

TNF-alpha and IL-6 levels, but increased alveolar IL-10 concentrations. 

Conditioned MSC medium also enhanced lung repair and attenuated the 

inflammatory response to lung stretch. 

Conclusion: MSCs can modulate the inflammatory response to VILI, enhance 

alveolar fluid clearance and augment repair in the lung. The therapeutic effect 

appears to be mediated through paracrine factors secreted by MSCs. 
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7.2 Introduction 

Acute Lung Injury (ALI) and Acute Respiratory Distress Syndrome (ARDS) are 

devastating diseases with a mortality of up to 40% [342], and for which there are 

no therapies [343]. Mortality from ALI/ARDS has fallen [344], through both 

superior supportive care for sepsis, trauma and pneumonia, and the 

demonstation that mechanical ventilation, while necessary for survival, has the 

capacity to cause significant harm [77, 345]. The importance of Ventilator 

Induced Lung Injury is underscored by the fact that ventilation strategies that 

reduce lung stretch save lives [77, 345]. The mechanisms whereby ventilation 

contributes to lung injury are increasingly well understood [38, 346]. However, 

more recent attempts to adjust ventilation strategies to further reduce harm 

have met with limited success [78-80]. Even with contemporary low stretch 

strategies, it appears difficult to avoid regional areas of high lung stretch [81]. In 

addition, low stretch strategies may worsen atelectasis [85], which can also 

cause harm [86].  

An alternative approach is to develop strategies that enhance lung repair 

following VILI. Mesenchymal stem cells (MSCs) are fibroblast-like cells 

characterized by their ability to self-renew and undergo differentiation into 

mesenchymal lineage cell types including bone, cartilage, adipose tissue, muscle 

and tendon [347]. MSCs can differentiate to several other cell types [160], but 

because MSCs produce important growth factors and cytokines, and may provide 

important cues for cell survival in damaged tissues, with or without direct 
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participation in long-term tissue repair, they have become major cellular 

candidates in attempts to heal an expanding list of tissues [348]. They are also 

one of the few normal cell types that have so far been produced in the large 

quantities needed for therapeutic development. 

MSCs can be isolated from peripheral blood and can be found in increased 

numbers under stress of total body irradiation or hypoxia, implying that MSCs 

are part of the innate reparative response to injury, and that a natural trafficking 

signal to sites of tissue damage exists [142, 143]. Also, transplanted MSCs appear 

to target sites of injury and damage, including lung [117, 139, 140].  

MSC immunomodulatory actions have been demonstrated in a wide range of 

disease states including sepsis, acute lung injury, acute myocardial ischemia, 

stroke, kidney injury, inflammatory bowel disease, graft-versus-host disease 

(GVHD), multiple sclerosis, diabetes mellitus, and organ transplantation [111, 

171]. Clinical trials have been completed or are underway in several of these 

areas [172].  Although early, uncontrolled clinical case series provided exciting 

evidence of therapeutic benefits, the resulting optimism for off-the-shelf allo-

MSC therapy has become tempered by the outcomes of recent, larger clinical 

trials in which allo-MSC products proved disappointing in terms of efficacy 

despite achieving safety endpoints [172]. 

On the other hand, the application of MSC therapy in human wounds show 

excellent results from studies in the last 3 years [349-351]. Recent studies have 

demonstrated that treatment of cutaneous wounds with MSCs accelerates wound 

healing kinetics and increases epithelialization and angiogenesis [349, 352, 353], 

suggesting that MSCs enhance wound repair by at least two different 
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mechanisms: differentiation and paracrine interactions with specific cell types in 

the cutaneous wound [354].  

MSCs have demonstrated promise in a number of pre-clinical ALI/ARDS studies 

[96, 99, 120, 355-357] and appear to exert immuno-modulatory [194], anti-

inflammatory [120] and regenerative [354] effects, and may orchestrate repair 

of diseased or injured tissues [358]. 

The potential for MSCs to augment wound healing and repair after stretch 

induced lung injury is not known.  We hypothesized that MSCs would enhance 

functional and structural recovery after VILI. We further hypothesized that this 

effect would be mediated, at least in part, via MSC secreted soluble factors. 
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7.3 Methods  

7.3.1 Mesenchymal Stem Cell Isolation and Culture 

 
This is described in detail in Section 4.6.1. Briefly, mesenchymal stem cells were 

isolated from rat femora and tibiae under sterile conditions in the animal surgery 

room as previously described [257]. Cells were ready for subculture (usually 

after 16-17 days) when colonies began to exhibit a compact appearance and 

multi-layered growth or when the loosely formed colonies began to merge into a 

monolayer (<90% of confluence). Thereafter, cells were ready to be passaged 

after 6/7 days culture, at 80% confluence.   Cells were expanded to passage 4, 

whereupon they were used for experiments. (See Figure 7-1 for MSCs in 

culture.) MSCs were characterized according to international guidelines 

[115](Section 4.6.3 and Figures 4-1 and 4-2). 

 

7.3.2 Rat Dermal Fibroblasts 

 
Dermal fibroblasts were isolated and cultured from adult male Sprague Dawley 

rats as described in Section 4.6.5. 

 

 

7.3.3 Cryopreservation and thawing of rat MSCs and fibroblasts 

 
To cryopreserve the cells, aliquots were re-suspended in Freezing Medium (90% 

FBS and 10% DMSO) and placed in the –80oC freezer and from here into the 

vapor phase of liquid nitrogen of a Cryoplus 2 Storage container as described in 

Methods and Materials 4.6.8. 
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To thaw cryopreserved cells, vials were removed from liquid nitrogen vapour 

storage, placed in a 37 degree water bath and, together with rMSC Complete 

medium, were spun at 500g, washed in PBS and thereafter suspended in PBS for 

infusion. 

7.3.4 Conditioned Medium 

 
As described in detail in Section 4.6.6, allogeneic rat MSC (2 x 106) were cultured 

without serum for 24 h. The medium was then replaced, and the subsequent 

medium without serum for the next 24 h was used as the conditioned medium 

(CM).  15mls of this medium was concentrated using a 3000 KDa centrifugal 

concentrating filter (Amicon, Billerica, MA, USA) to give 500 microlitres. 

7.3.5 Rodent Ventilator Induced Injury Protocol 

 
As described in detail in Section 4.3, anesthesia was induced with intraperitoneal 

ketamine 80 mg.kg-1 (Ketalar, Pfizer, Cork, Ireland) and xylazine 8 mg.kg-1 

(Xylapan, Vétoquinol, Dublin, Ireland). After confirmation of depth of anesthesia 

by paw clamp, intravenous access was obtained via tail vein, laryngoscopy was 

performed and the animals were intubated with a size 14G intravenous catheter 

(BD Insyte®, Becton Dickinson Ltd, Oxford, UK). The lungs were ventilated using 

a small animal ventilator (CWE SAR 830 AP, CWE Inc, Pennsylvania, USA). 

Anesthesia was maintained with repeated boli of Saffan® (alfaxadone 0.9% and 

alfadadolone acetate 0.3%; Schering Plough, Welwyn Garden City, UK) and 

muscle relaxation was achieved with cis-atracurium besylate 0.5mg.kg-1 

(GlaxoSmithKline, Dublin, Ireland). The animals were then subjected to a high 

stretch mechanical ventilation protocol (FiO2 0.3, inspiratory pressure 35 cmH2O, 
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respiratory rate 18 min-1, and positive end-expiratory pressure 0 cmH2O). When 

static compliance had decreased by 50%, high stretch ventilation was 

discontinued and animals were extubated, allowed to regain consciousness, and 

entered into the treatment protocol.  

7.3.6 Assessment of Injury and Repair 

 
As described in detail in Section 4.2, at 48 hours following VILI induction, 

animals were re-anesthetized. A tracheostomy was inserted and carotid arterial 

access established, and the lungs were mechanically ventilated (Model 683; 

Harvard Apparatus, Holliston, MA) at a respiratory rate of 80 min-1, tidal volume 

6 ml.kg-1 and positive end-expiratory pressure 2 cmH2O. Intra-arterial blood 

pressure, peak airway pressures and rectal temperature were recorded 

continuously. Static inflation lung compliance measurements were performed as 

previously described [251, 298]. After 20 minutes, the inspired gas was altered 

to a FiO2 of 1.0 for 15 min, and a final arterial blood sample was taken. Heparin 

(400 IU.kg-1, CP Pharmaceuticals, Wrexham, U.K.) was then administered 

intravenously, and animals were killed by exsanguination. 

Immediately post-mortem, the heart–lung block was dissected and 

bronchoalveolar lavage (BAL) collection was performed as previously described 

[306, 359]. BAL differential cell counts were performed. Protein concentration 

was determined using a Micro BCATM Protein assay kit (Pierce, Rockford, IL, 

USA).[300] BAL IL-1, IL-6, TNF- and IL-10 concentrations were determined 

using quantitative sandwich enzyme-linked immunosorbent assays (R and D 

systems, Abingdon, UK).[301]  
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Wet/dry lung weights were determined using the lowest lobe of the right lung as 

described in Section 4.4.1 [305]. The left lung was isolated and fixed for 

morphometric examination, and the extent of histologic lung damage was 

determined using quantitative stereological techniques as previously described 

[305, 306] and in Section 4.5. 

 

7.3.7 Series 1: Determination of the immediate safety and tolerability of different 

doses of cryopreserved MSCs in uninjured ventilated rats 

 
In this series, following induction of anaesthesia, intra-venous access, 

tracheostomy and carotid arterial access was established. Ventilation was 

commenced using “Baseline Ventilation” settings as described in Section 4.2.2. 

After 20 minutes of baseline ventilation, arterial blood gas analysis was 

performed and respiratory static compliance were assessed. Once baseline 

criteria were met (See Section 4.2.2), animals received a single dose of thawed 

MSCs, either 4x106, 5x106 or 6x106, N=3 per group. Animals were ventilated for 4 

hours, with hourly assessment of arterial blood gases and respiratory static 

compliance. Thereafter, the animals were sacrificed by exsanguination. Post-

mortem, the right lower lobe was isolated for wet:dry ratio, and BAL was 

performed for total and differential cell count.  

 

7.3.8 Series 2: Determination of the ongoing safety and tolerability of different 

doses of cryopreserved MSCs in uninjured ventilated rats 

 
In a second series to determine the safety of MSCs, animals were anaesthetized, 

intravenous access was attained via tail vein, and the animals were oro-
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tracheally intubated using a 14G canula. After 90 minutes of baseline ventilation, 

animals were given intra-venous injections of either 4x106 or 5x106 thawed 

MSCs, N=3 per group. The animals were then recovered and extubated. Once 

fully awake, they were returned to their cages. At 48 hours after injury, 

assessment of injury and repair was carried out as described above and in 

General Methods. 

 

7.3.9 Series 3: Determination of safety and tolerability of different doses of 

cryopreserved MSCs in VILI injured rats 

 
In this series, animals were anaesthetized, intravenous access was established 

via tail vein, and the animals were orotracheally intubated with a 14G canula. 

After 20 minutes of baseline ventilation (see Section 4.2.2 ), the animals were 

subjected to injurious high stretch ventilation, with ventilator settings Pinsp 35 

cmH2O, RR 18, PEEP 0 cmH2O and FIO2 0.3. Once compliance had decreased by 

50%, injurious ventilation was discontinued and the animals were recovered and 

extubated. On recovery, the animals received injections of either 4x106 MSCs or 

5x106 MSCs. Once fully awake they were returned to their cages. At 48 hours 

after injury, assessment of ongoing injury and repair was carried out as 

described above and in General Methods. 

 

7.3.10 Series 4: Determination of safety and tolerability of divided doses of 

cryopreserved MSCs in VILI injured rats 

 
In this series, animals were anaesthetized, intravenous access was established 

via tail vein, and the animals were orotracheally intubated with a 14G canula. 

After 20 minutes of baseline ventilation (see General Methods), the animals were 
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subjected to injurious high stretch ventilation, with ventilator settings Pinsp 35 

cmH2O, RR 18, PEEP 0 cmH2O and FIO2 0.3. Once compliance had decreased by 

50%, injurious ventilation was discontinued and the animals were recovered and 

extubated. On recovery, the animals received injections of 2x106 MSCs. Once fully 

awake they were returned to their cages. At 24 hours post injury, the animals 

were anaesthetized again, the tail vein was canulated, and a further injection of 

2x106 MSCs was administered. The animals were once again returned to their 

cages. 48  hours after injury, assessment of ongoing injury and repair was carried 

out as described above and in General Methods. 

 

7.3.11 Series 5: Determination of potential for cryopreserved MSCs to enhance 

repair post VILI  

 
In this series, animals were anaesthetized, the tail vein was canulated, and 

injurious ventilation was commenced via oro-tracheal canula. The animals were 

injured until their compliance fell by 50%. The animals were then recovered. 

Once animals were awake and self ventilating they were randomly allocated to 

receive a tail vein injection of either: (1) 2 x 106 of thawed cryopreserved MSCs 

suspended in 500L PBS; or (2) 500L PBS alone, and were returned to cages. 24 

hours later they received a second injection of thawed cryopreserved MSCs, or 

vehicle, and the extent of repair following VILI assessed at 48 hours. 

 

7.3.12 Series 6: Determination of potential for non-cryopreserved MSCs to 

enhance repair post VILI  

 
Animals were anaesthetized and injured by mechanical ventilation as above, 

until compliance fell by 50%. They were then recovered. Once animals were 
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awake and self ventilating, they were randomly allocated to receive a tail vein 

injection of either: (1) 2 x 106 allogeneic non-cryopreserved rat MSCs suspended 

in 500L PBS; or (2) 500L PBS alone, and were returned to their cages. 24 

hours later they were re-anaesthetized, the tail vein was cannulated, and a 

second injection of MSCs, or vehicle was administered. The animals were once 

again recovered and returned to their cages, and the extent of repair following 

VILI assessed at 48 hours. 

 

 

 

7.3.13 Series 7: Determination of the mechanism by which MSCs enhance repair 

 
In this series, animals were injured via mechanical ventilation until lung 

compliance was reduced by 50%. Once animals were awake and self-ventilating, 

they were randomly allocated to receive a tail vein injection of either: (1) 2 x 106 

non-cryopreserved MSCs suspended in 500L PBS; (2) 500L PBS; (3) 2 x 106 

rat dermal fibroblasts suspended in PBS; or (4) 500L of conditioned medium, 

and were returned to cages. 24 hours later they were re-anaesthetized, and a 
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second injection of MSCs, vehicle, fibroblasts or medium was administered. The 

extent of recovery and repair following VILI  was assessed at 48 hours. 

 

7.3.14 Statistics 

 
The distribution of all data was tested for normality using Kolmogorov-Smirnov 

tests. Results are expressed as mean (± SD) for normally distributed data, and as 

median (interquartile range, IQR) where non-normally distributed. Data were 

analyzed by one-way ANOVA followed by Dunnets test, or by one-way ANOVA on 

ranks followed by Dunns test, with the vehicle group as the control group in each 

analysis. Comparisons between 2 groups were made using unpaired, two-tailed 

Student’s t tests. Underlying model assumptions were deemed appropriate on 

the basis of suitable residual plots. A two-tailed p value of <0.05 was considered 

significant. 
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7.4 Results 

 

7.4.1 Series 1: Determination of the immediate safety and tolerability of different 

doses of cryopreserved MSCs in uninjured ventilated rats 

 
Animals tolerated the three different doses of MSCs, with no change in peak 

airway pressure, mean arterial pressure or respiratory static compliance (Figure 

7-3A). There was no perturbation in arterial blood gas measurements 

throughout the 4 hour duration of the protocol (Figure 7-3B). Post-mortem, 

wet:dry ratios and inflammatory cell counts were indistinguishable from that of 

uninjured ventilated controls (Figure 7-3C and D). 

 

7.4.2 Series 2: Determination of the ongoing safety and tolerability of different 

doses of cryopreserved MSCs in uninjured ventilated rats 

 
Animals tolerated the two different doses of MSCs and all survived to 48 hours. 

Assessment of injury and repair at 48 hours revealed no derangement in arterial 

blood gases or lung compliance, and no change in wet:dry ratio or inflammatory 

cell infiltration (Figure 7-4). 

 

7.4.3 Series 3: Determination of safety and tolerability of different doses of 

cryopreserved MSCs in VILI injured rats 

 
12 animals were entered into this study, N=6 per group. 5 animals in each group 

died after the injection of MSCs. 4 in the 4x106 group, and 4 in the 5x106 group 

died immediately after injection of MSCs. 1 in the 4x106 group survived for 2 

hours, and 1 in the 5x106 group survived for 6 hours. 
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7.4.4 Series 4: Determination of safety and tolerability of divided doses of 

cryopreserved MSCs in VILI injured rats 

 
4 animals were entered into this study. All animals tolerated the injections of 

MSCs after injury, and at 24 hours post injury. 

 

7.4.5 Series 5: Determination of potential for cryopreserved MSCs to enhance 

repair post VILI  

 
Cryopreserved MSCs (cpMSCs) were stored in the vapour phase of liquid 

nitrogen. They were thawed on the morning of administration and injected post 

injury suspended in PBS. cpMSCs resulted in reduced inflammatory cell 

infiltration in lung tissue overall, and reduced neutrophil infiltration, from 

1.0249 x 105/ml to 0.4592 x 105/ml (P<0.05) (Figure 7-5A). cpMSCs also 

improved alveolar fluid clearance as measured by wet:dry ratio (Figure 7-5B). 

However, other measures of functional improvement, including Alveolar-arterial 

oxygen gradient and respiratory static compliance, were unchanged by cpMSCs 

(Figure 7-5C and D). 

 

7.4.6 Series 6: Determination of potential for non-cryopreserved MSCs to 

enhance repair post VILI  

 

MSCs improve arterial oxygenation and lung static compliance:  Arterial 

oxygenation was restored in the group that received MSCs, as measured by 

Alveolar-arterial oxygen gradient (p<0.05). (Figure 7-6A) Further functional 

recovery in lung physiology in response to rMSC treatment after VILI was 
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demonstrated by significant improvements (p<0.01) in respiratory system static 

compliance in comparison to vehicle controls (Figure 7-6B). 

MSCs enhance recovery of microvascular permeability: Pulmonary edema and 

total protein in BAL fluid were assessed 48 hr after VILI as measures of lung 

injury and vascular leak. VILI-injured rats displayed substantial pulmonary 

edema as indicated by an increased lung wet/dry weight ratio. Treatment with 

rMSCs significantly decreased the pulmonary edema 48 hrs post injury (p<0.05) 

(Figure 7-6C). A similar pattern was seen in the total protein concentrations in 

BAL fluid (Figure 7-6D), consistent with a decrease in microvascular 

permeability. 

MSCs decrease lung Inflammation: The total cell count in the BAL fluid was 

increased approximately 2-3 fold 48 hr after VILI (data not shown). A significant 

portion of this increase was due to infiltration of neutrophils. MSCs resulted in 

reduced inflammatory cell infiltration in lung tissue overall, and reduced 

neutrophil infiltration, from 7.377 x 104/ml to 1.183 x 104/ml (P<0.05) (Figure 

7-7A). 

To determine if rMSCs also affected expression of cytokines important in VILI, 

BAL fluid was analyzed by ELISA. Treatment with MSCs after VILI resulted in a 

significant decrease in TNF- in BAL (p<0.05), with a non-significant downward 

trend in IL-6 levels. IL-10 levels were elevated in the group that received cell 

therapy (p<0.05), a finding consistent with other work in the field (Figure 7-

7B,C and D). 
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MSCs decrease histologic injury: Quantitative stereological analysis 

demonstrated that there was significant recovery in MSC treated rats in terms of 

alveolar tissue volume fraction or alveolar air-space volume fraction (Figure 7-

8) 

7.4.7 Series 7: Determination of the mechanism by which MSCs enhance repair 

 
Conditioned medium from MSCs enhanced recovery following VILI to an extent 

comparable to that seen with MSC therapy. Animals that received MSCs and 

conditioned medium demonstrated functional improvements after VILI in terms 

of respiratory system static compliance (p<0.01) in comparison to vehicle and 

fibroblast controls (Figure 7-9A). MSCs and MSC conditioned medium 

administration also reduced lung total cell and neutrophil infiltration (Figure 7-

9B). These effects were accompanied by significant reductions in BAL IL-6 and 

TNF- (Figure 7-9C and D) in the MSC and conditioned medium groups, and 

significant increases in serum but not BAL levels of IL-10 (Figure 7-9E).  
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7.5 Discussion 

MSCs can be isolated from several sources, most commonly the bone marrow 

[360] but also placenta, adipose tissue, and human cord blood, periosteum, 

synovial fluid, muscle, hair follicles, root of deciduous teeth, articular cartilage, 

placenta, dermis, umbilical cord Wharton’s jelly, lung, liver and spleen [171, 

347]. From an immunologic perspective, allogeneic MSC are usually well 

tolerated by the host and have a low immunogenicity pattern because of 

constitutive low expression of MHC I and II proteins, and, in general, the lack of 

T-cell costimulatory molecules, such as CD80 and CD86 [234]. In addition, MSCs 

can be rapidly expanded in vitro while maintaining their multipotent properties 

[358]. The interest in MSCs as cellular therapy arises from numerous in vivo 

studies showing that MSCs avoid allorecognition, home to sites of injury, and 

suppress inflammation as well as immune responses. Preclinical studies have 

established that mesenchymal stem cell therapy may be effective for acute lung 

injury based on studies with endotoxin administered directly into the lungs of 

rodents [355] or into the perfused human lung [137]. Based on mouse studies, 

bone marrow-derived mesenchymal stem cells may be beneficial in sepsis [96, 

120]. Here we have examined the effects and mechanisms of action of MSCs in a 

mechanical stretch induced model of ALI; specifically we look at both functional 

recovery and mechanistic aspects of MSC therapy, in a non-sepsis induced model 

of lung injury. 

7.5.1 MSCs and dose 

 
A major question surrounding the use of MSCs in clinical trials relates to 

appropriate dosing. What is the optimal dose of MSCs to gain maximum benefit 
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in a particular disease? Should there be repeated dosing, and how often and how 

far apart should these be? Increasing the dose brings with it the danger of 

embolic phenomena, especially in lung, and attendant right ventricular strain. In 

these studies we demonstrate the safety of MSC doses of up to 6x106 in healthy 

uninjured rats. However, even doses of 4x106 were not tolerated in animals after 

VILI. This is likely due to increased right ventricular strain in the setting of 

pulmonary oedema in VILI, and provides a note of caution in extrapolating doses  

used in other medical conditions such as Crohn’s disease or myocardial 

infarction to the setting of ALI. 

7.5.2 MSCs and immunomodulation 

 
MSCs reduce the severity of organ injury as well as enhance recovery in this 

rodent model of Ventilator Induced Lung Injury. A major characteristic of MSC 

has been the immunomodulatory properties of the cells. Multiple studies have 

demonstrated that MSC possess potent immunosuppressive effects by inhibiting 

the activity of both innate and adaptive immunity, by effects on T cells, B cells, 

dendritic cells, monocytes, neutrophils, and macrophages [177, 194, 211, 361]. In 

this model MSC therapy potently inhibited inflammatory cell infiltration, 

specifically neutrophillic infiltration, into the lung after stretch induced lung 

injury. Neutrophil infiltration mediates many of the destructive effects of ALI, 

through release of oxygen free radicles, NO intermediates, pro-inflammatry 

cytokines. MSC therapy reduced TNF- and IL-6 levels in BAL, two markers of 

disease severity, as well as orchestrators of injury in themselves. 

The beneficial effect of MSCs on improved lung function following VILI was 

accompanied by an increase in BAL IL-10 levels, suggesting a role for IL-10 in 
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mediating the recovery in this model. IL-10 is a cytokine secreted predominantly 

by monocytes that downregulates the expression of TH1 cytokines, MHC class II 

antigens and costimulatory molecules on macrophages. IL-10 has also been 

reported to inhibit the rolling, adhesion and transepithelial migration of 

neutrophils [362]. In a model of sepsis following cecal ligation and puncture 

(CLP) in mice, Nemeth et al. [120] found that bone-marrow-derived MSCs, 

activated by LPS or TNFα, secreted prostaglandin E2, which reprogrammed 

alveolar macrophages to secrete IL-10. The beneficial effect of MSCs on mortality 

and improved organ function following sepsis (CLP) was eliminated by 

macrophage depletion or pretreatment with antibodies to IL-10 or the IL-10 

receptor. In a model of acute lung injury by intratracheal E. coli endotoxin in 

mice, Gupta et al [355] found that intrapulmonary MSC improved survival and 

lung injury in association with a decrease in MIP-2 and TNFα levels in the 

bronchoalveolar lavage fluid (BAL) and elevated levels of IL-10 in both the 

plasma and BAL fluids. 

7.5.3 MSCs and alveolar barrier function 

 
Impaired alveolar fluid clearance (AFC, i.e., the resolution of pulmonary edema) 

is common in patients with ALI/ARDS. The level of AFC impairment has 

significant prognostic value in determining morbidity and mortality [363, 364]. 

Our results demonstrate that MSCs improved AFC and reduced levels of 

pulmonary oedema after VILI. Recently, the ability of human MSCs to restore 

alveolar epithelial fluid transport and lung fluid balance via secretion of KGF was 

demonstrated in an elegant study employing an ex vivo perfused human lung 

preparation injured by E. coli endotoxin [137]. 
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MSCs reduced protein concentrations in BAL fluid after VILI. Another possible 

mechanism through which MSC may be beneficial is through therapeutic effects 

on the injured lung endothelium. The integrity of the lung microvascular 

endothelium is essential to prevent the influx of protein-rich fluid from the 

plasma as well as inflammatory cells which may further aggravate the ability of 

the lung epithelium to reduce alveolar edema. Several paracrine soluble factors, 

such as Ang1 and KGF, are potentially important in these effects [365]. 

These effects on alveolar fluid clearance and barrier permeability may mediate 

much of the functional improvement after VILI, manifest by improved 

oxygenation and an increase in respiratory system static compliance. Further 

improvement in function may come from including alveolar epithelial type II cell 

hyperplasia and differentiation, surfactant production [366], anti-apoptotic 

effects [367] and increased transcription and/or translation of the major sodium 

and chloride transport proteins [368, 369]. 

7.5.4 MSC secreted mediators 

 
Interestingly, the cultured medium of the MSCs was also effective in improving 

recovery from VILI. The cultured medium improved respiratory static 

compliance, reduced inflammatory cell infiltration of the lung and reduced BAL 

pro-inflammatory cytokine levels. These findings appear to suggest that 

paracrine factors secreted by MSCs play a critical beneficial role in mediating 

recovery from VILI. Bone marrow derived MSC are known to produce several 

epithelial specific growth factors and other bioactive molecules such as KGF, 

PGE2, HGF, EGF, TGF-β1, sTNFR1, Ang1 and STC-1 that may also contribute to 

the immunomodulatory functions as well as enhance repair of injured lung [120, 
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240, 355, 370-373]. Recently, the ability of human MSCs and their conditioned 

medium to restore alveolar epithelial fluid transport and lung fluid balance via 

secretion of KGF was demonstrated in an elegant study employing an ex vivo 

perfused human lung preparation injured by E. coli endotoxin [137]. Our findings 

further corroborate this evidence. 

A more precise understanding of the mechanisms underlying the therapeutic 

effect of MSCs in models of lung injury is needed. While most investigators have 

invoked both the immunomodulatory and growth factor production properties 

of MSCs to explain the protective effects, the exact mechanisms responsible for 

these effects remain unclear. For example, MSCs secrete or induce production of 

a variety of soluble factors such as IL-10, PGE2, TGF-β, KGF and others, but it is 

not known which of these factors is essential to the protection provided by MSCs. 

In addition, another major question is whether the effect is produced 

predominantly through cell-contact-dependent or -independent mechanisms or 

both, and whether or not the functional behavior of the cells changes depending 

on the alveolar milieu. Answering these questions will determine whether the 

effect of MSCs can be replicated with a mixture of recombinant soluble factors 

secreted by MSCs or with MSC-conditioned medium alone. Our study adds to the 

accumulating evidence that secreted paracrine factors are responsible for the 

therapeutic effects of MSCs. Furthermore, we have shown that these cells and 

their secreted factors are reparative in a non-sepsis mediated model of lung 

injury. 
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7.5.5 Cryopreservation of MSCs 

 
Finally, formulating a cryopreservation protocol for MSCs is required because 

these cells cannot survive for long periods under in vitro culture conditions. Slow 

rate cooling methods using dimethylsulfoxide (DMSO) as a cryoprotectant have 

been used for a wide variety of MSC lines established from bone marrow [374].  

Slow freezing reduces ice crystal formation and eliminates toxic and osmotic 

damage to cells through exposure to low concentrations of cryoprotectants while 

slowly decreasing temperatures [375]. However, it is difficult to completely 

eliminate injury by intracellular ice formation.  Resuscitated MSCs can be 

subcultivated for many passages without a noticeable loss of viability and 

capability of osteogenic differentiation [376]. However, the effects of immediate 

injection post cryopreservation, and whether cells require a period of time in 

culture to activate them, or avoid senescence, is unknown. Here, we show that 

cryopreserved MSCs retain the ability to reduce inflammatory cell infiltration 

into the lung and enhance alveolar fluid clearance; these effects occur without 

any observable functional improvements, such as on gas exchange or respiratory 

system compliance, effects which  were observed in animals who received MSCs 

fresh from culture in series 6 and 7. These results indicate that a period of time 

in culture may be necessary to activate these cells after cryopreservation, and 

have implications for the conduct of clinical trials of MSCs as cell therapy for ALI. 

7.5.6 Conclusion 
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In conclusion, we have shown that bone marrow-derived MSCs enhance recovery 

after VILI when administered into the systemic circulation of the VILI injured rat. 

The mechanism for this effect is largely due to the secretion of paracrine soluble 

factors by the MSCs themselves. Our data show, to our knowledge for the first 

time, that MSC therapy may represent an innovative approach for treatment of 

VILI and ARDS, which continue to be a major cause of morbidity and mortality in 

critically ill patients. 
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7.6 Figures 

Figure 7-1 MSC differentiation 

 
 
Figure 7-1: Differentiation of rat MSCs 

Passage 2 bone marrow (BM)-derived adherent cells (Figure 4-1A), after culture in differentiation 

medium, were stained for alizarin red (Osteogenic staining, Figure 4-1B), oil red O (Adipocyte 

staining, Figure 4-1C) and safranin O (Chondrocyte staining, data not shown). All experiments were 

performed in triplicate. 
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Figure 7-2 MSC characterisation 

 

 
 
Figure 7-2: Characterization of surface markers on rat MSCs 

The rat MSCs used in these studies were CD29, CD90, CD44H, CD73 positive and CD45RA, CD71, 

CD80, MHCI, MHCII, CD106 low or negative. Shown are FACS histograms of Sprague Dawley 

MSCs (passage 3) stained with antibodies against surface markers as indicated (colored) or with 

appropriate isotype controls (gray).  Each colored line indicates replicates. 
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Figure 7-3 Safety and tolerability of MSCs 

 
 
Figure 7-3 

Panel A: Line graph representing static lung compliance of rats during protective lung ventilation 

and after receipt of MSCs 

Panel B: Line graph representing arterial oxygen partial pressures of rats during protective lung 

ventilation and after receipt of MSCs 

Panel C: Histogram representing wet:dry weight ratios of lungs of rats after receipt of MSCs and 

4 hours of protective lung ventilation 

Panel D: Histogram representing total inflammatory cells in BAL of rats after receipt of MSCs and 

4 hours of protective lung ventilation 

Abbreviations: BAL, bronchoalveolar lavage, MSCs, mesenchymal stem cells         
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Figure 7-4 Safety and tolerability of MSCs 

 
 
Figure 7-4 

Panel A: Histogram representing arterial oxygen partial pressures of rats 48 hours after receipt 

of MSCs 

Panel B: Histogram representing wet:dry weight ratios of lungs of rats 48 hours after receipt of 

MSCs 

Abbreviations: MSCs, mesenchymal stem cells   
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Figure 7-5 MSCs improve physiologic variables after VILI 

 
 

 
 
Figure 7-5 

Panel A: Histogram representing neutrophils in BAL of rats 48 hours after being subject to VILI. 

Panel B: Histogram representing lung wet:dry weight ratios of rats 48 hours after being subject 

to VILI. 

Panel C: Histogram representing Alveolar-arterial oxygen gradient in rats 48 hours after being 

subject to VILI 

Panel D: Histogram representing respiratory static compliance in rats 48 hours after being 

subject to VILI 

Abbreviations: Vehicle, animals that received phosphate buffered saline; MSC, animals 

that received divided doses of mesenchymal stem cells 

* Significantly different from vehicle (P<0.05, Students t test) 
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Figure 7-6 MSC therapy enhances resolution following Ventilation induced Lung 

Injury 

 

 
 

Figure 7-6: MSC therapy enhances resolution following Ventilation induced Lung Injury.  

MSC therapy decreased alveolar-arterial oxygen gradient (Panel A), increased static lung 

compliance (Panel B), and reduced lung wet:dry weight ratios (Panel C), and BAL protein 

concentrations (Panel D), 48 hours following induction of severe stretch induced lung injury, 

compared to vehicle. 

Abbreviations: Vehicle: animals that received vehicle; MSCs, animals that received MSCs. BAL: 

bronchoalveolar lavage. 

* Significantly (P<0.05) different from vehicle, Students-t test. 
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Figure 7-7 MSC therapy modulates the inflammatory response to VILI 

 

 
 
 
Figure 7-7: MSC therapy modulates the inflammatory response to VILI. 

MSC therapy decreased BAL neutrophil counts (Panel A), and BAL TNF-a concentrations (Panel 

B), did not alter BAL IL-6 concentrations (Panel C), and increased BAL IL-10 (Panel D) 

concentrations, 48 hours following induction of severe stretch induced lung injury, compared to 

vehicle 

Abbreviations: Vehicle: animals that received vehicle; MSCs, animals that received MSCs. BAL: 

bronchoalveolar lavage. 

* Significantly (P<0.05) different from vehicle, Students-t test. 
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Figure 7-8 MSC therapy enhances the resolution of structural lung injury 

following VILI 

 

Figure 7-8: MSC therapy enhances the resolution of structural lung injury following VILI. 

MSC therapy enhanced resolution of histologic injury as evidenced by decreased alveolar lung 

tissue (Panel A) and increased alveolar airspace fraction (Panel B). Representative 

photomicrographs of lung from a vehicle treated (Panel C), and MSC treated (Panel D) animal 

demonstrate greater resolution of lung injury with MSCs at 48 hours. Scale bar is 200mm 

Abbreviations: Vehicle: animals that received vehicle; MSCs, animals that received MSCs. 

BAL: bronchoalveolar lavage. 

* Significantly (P<0.05) different from vehicle. 
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Figure 7-9 MSCs exert benefits via a paracrine mechanism 

 

 
 

 
 
Figure 7-9: MSCs exert benefits via a paracrine mechanism 

Both MSCs and MSC conditioned medium enhanced recovery of static lung compliance (Panel A), 

decreased BAL neutrophil counts (Panel B) and BAL TNF-alpha (Panel C) and BAL IL-6 (Panel 

D)and increased serum IL-10 (Panel E) concentrations 48 hours following injury compared to 

animals that received fibroblasts or vehicle.  
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Abbreviations: Fibroblast CM: animals that received fibroblast conditioned medium; 

Fibroblasts: animals that received fibroblasts; MSCs, animals that received MSCs. MSC CM: 

animals that received MSC conditioned medium; BAL: bronchoalveolar lavage; TNF-, tumor 

necrosis factor-a; IL-6, interleukin-6 

* Significantly (P<0.05) different from Fibroblast CM and fibroblast groups (ANOVA and Student-

Neuman-Keuls). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 211 

8.0 The investigation of the effects of mesenchymal 

stem cells in pulmonary epithelial wound repair in 

vitro 

 

8.1 Abstract 

Introduction: In patients with acute lung injury (ALI) or acute respiratory 

distress syndrome (ARDS), extensive damage to the alveolar epithelial and 

endothelial barrier is observed, resulting in the influx of protein-rich oedema 

fluid into the air spaces. Efficient alveolar epithelial repair is crucial to ALI/ARDS 

patients’ recovery. MSCs and their conditioned medium can enhance repair in 

other organs, but their ability to enhance wound repair in the lung is unknown. 

While MSCs and MSC conditioned medium are effective in enhancing recovery 

after Ventilator Induced Lung Injury (VILI) in rodents, the precise mediator(s) 

responsible for this effect remains unclear.  

Methods: We tested the ability of MSCs and their conditioned medium to 

enhance repair in A549 epithelial monolayer scratch wounds. We used different 

time periods for wound repair, and generated conditioned medium over 

different time periods, and in conditions of hypoxia, in order to maximize the 

reparative effects. We then used monoclonal antibodies to candidate mediators 

in MSC conditioned medium gain insight into specific repair mechanisms. 

Results: MSCs and their conditioned medium were twice as effective in healing 

alveolar epithelial wounds in comparison to fibroblasts and their conditioned 

medium controls. Antibodies to Keratinocyte Growth Factor, but not Hepatocyte 

Growth Factor, or Transforming Growth Factor-, attenuated this effect on 

alveolar epithelial repair of MSC conditioned medium. 
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Conclusion: These results suggest that the ability of MSCs to enhance recovery 

after Ventilator Induced Lung Injury may in part be due to their abiltiy to 

enhance alveolar epithelial wound repair, and that this mechansim may result 

wholly or in part from the secretion of Keratinocyte Growth Factor by MSCs. 
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8.2 Introduction 

Injury to the lung epithelium may be caused by viral and bacterial infection, 

inflammation and oxidative stress, allergic reactions, physical trauma (as in 

mechanical ventilation), cancer or pathology of unknown origin [377]. In order 

to maintain effective lung function and to prevent progressive infection and 

further damage, any epithelial injury must be repaired, and epithelial integrity 

restored, as quickly as possible. In health, this process is likely to happen 

continuously at a background level in order to maintain homeostasis. However, 

in acute lung injury, the repair processes may not be able to adequately offset the 

injurious process, and aberrant repair causes a failure to restore normal 

epithelial integrity, leading to loss of lung function. Moreover, the processes 

characterizing lung injury and repair are modulated by ongoing external pro-

injurious or anti-injurious stimuli (e. g. ongoing infection, Ventilator Induced 

Lung Injury or/and resuscitation) and are a result of genetic factors [378]. 

Repetitive biochemical and biophysical stimuli not only play a role in the natural 

history of ALI/ARDS but, when treated, can lead to improved clinical outcomes 

[47]. 

Wound repair is a complex, highly orchestrated process with numerous levels of 

control that operate in synchrony to facilitate physiological wound repair [379]. 

Dysregulation at any stage of this process could cause pathological wound repair, 

which may be critical in the pathophysiology of a number of lung diseases, 

including ALI [89]. Owing to the complex and often pleiotropic nature of factors 

in the wound process, it is likely that any therapeutics developed will have to be 

highly targeted towards specific cell populations, as well as temporally and 

spatially accurate.  
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Abundant evidence demonstrates the therapeutic potential of bone marrow-

derived multipotent mesenchymal stromal cells for repair and regeneration of 

damaged tissue due to injury or disease. Indeed, MSCs ameliorate tissue damage 

in almost all of the major organs of the body including heart, brain, lung, liver, 

kidney, eye and skin [380]. Differentiation and paracrine signaling have both 

been implicated as mechanisms by which MSCs improve tissue repair [348]. 

Current data suggest that the contribution of MSC differentiation is limited due 

to poor engraftment and survival of MSCs at the site of injury [117]. Much of the 

current research now focuses on defining the MSC secretome and identifying the 

target cells at the site of injury that are responsive to MSC paracrine signaling 

[381]. 

Owing to issues of scale, it becomes progressively more difficult to investigate 

wound resolution in the lower regions of the bronchial tree. This issue regarding 

the lack of suitable models is not small airway and alveolar specific, as the entire 

field of pulmonary epithelial wound repair research is limited by a lack of 

suitable models. The majority of wounding work has been carried out in animal 

skin and corneal models or in human cells in vitro, partly due to the ease of 

access and visualization. We utilized the best available model of alveolar 

epithelial injury and repair in vitro to assess the efficacy of MSCs and their 

conditioned medium. 

We hypothesized that MSCs in co-culture, and their conditioned medium, would 

enhance repair in alveolar epithelial monolayers subjected to wound scratch 

injury. We also investigated the mechanisms of this enhanced repair with the use 

of antibodies to candidate mediators secreted by MSCs. 
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8.3 Methods 

8.3.1 MSC Harvest and Cell Culture 

 
Human MSCs were aspirated from the iliac crests of healthy human volunteers as 

described in Section 4.6.2. Cells were thawed and expanded in tissue-cultured 

treated flasks (Sarstedt) at a density of 500,000 cells/150 cm2. Cells were 

passaged every 3– 4 days by trypsinization when they reached 70 – 80% 

confluence and used for the experimental protocols between passages 2 and 3. 

Between each passage, viability was measured with trypan blue exclusion. MSCs 

were cultured in -minimum essential medium (MEM) without ribonucleosides 

or deoxyri- bonucleosides containing 2 mM L-glutamine, 10% FBS, penicillin, and 

streptomycin. Primary human lung fibroblasts and A549 lung adenocarcinoma 

cells were obtained from American Type Culture Collection (ATCC), the A549s as 

cryopreserved 90 passage culture and used at passages 91-95. MSCs were 

characterized according to international guidelines [115] (See Figure 7-1 and 7-

2 and Section 4.6.3).  Cells were cultured in a humidified incubator at 5% CO2 

and 37°C under sterile conditions. 

 

8.3.2 MSC co-culture 

 
To study the effects of MSC and wound repair on the A549 monolayers injured 

by wound scratch, we developed a co-culture system with the Transwell inserts 

(0.4m pore size and collagen I-coated, Costar, Corning) in 24-well plates. 

Mesenchymal stem cells were seeded at 3x103 cells/cm2 in the inserts and 

maintained in MSC medium for 6 days prior to co-culture, which allowed the 
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mesenchymal stem cells to reach 70–80% confluence in an undifferentiated 

state. Stem cell containing inserts were then added to the A549 scratched wells 

and flooded with fresh medium. Controls consisted of primary human fibroblasts 

seeded at 1 × 103 cells/cm2 in a cell culture insert and maintained in medium for 

6 days prior to co-culture. 

 

 

8.3.3 Conditioned Medium 

 
Human or rodent MSCs and fibroblasts (2 x 106) were washed and cultured 

without serum for 24 h. The cells were again washed and the subsequent serum-

free medium for the next 24, 48 or 72 hours was used as the conditioned 

medium (CM). Cells were also cultured in hypoxic conditions (FIO2 0.02) (See 

Section 4.6.7). 

 

8.3.4 Wound Repair Experiments 

 
This model is described in detail in Section 4.7. Briefly, single wounds were made 

in confluent A549 monolayers in 24 well plates with a 1000μL pipette tip [255]. 

Wounds were exposed to different conditions as per group allocation, for 

different time periods.  

In the first experiment wounds were incubated in (i) MEM- medium, (ii) 24 

hour exposed human fibroblast conditioned medium, (iii) 24 hour exposed 

human MSC conditioned medium, or (iv) co-cultured with MSCs, or co-cultured 

with fibroblasts. Wounds were exposed to these conditions for 48 hours. 
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In the second experiment wounds were incubated in (i) MEM- medium, (ii) 48 

hour exposed human fibroblast conditioned medium, (iii) 48 hour exposed 

human MSC conditioned medium, or (iv) co-cultured with MSCs. Wounds were 

exposed to these conditions for 48 hours. 

In the third experiment wounds were incubated in (i) MEM- medium, (ii) 72 

hour exposed human fibroblast conditioned medium, (iii) 72 hour exposed 

human MSC conditioned medium, or (iv) co-cultured with MSCs. Wounds were 

exposed to these conditions for 48 hours. 

In the fourth experiment wounds were incubated in (i) MEM- medium, (ii) 48 

hour exposed human fibroblast conditioned medium, (iii) 48 hour exposed 

human MSC conditioned medium, or (iv) co-cultured with MSCs. Wounds were 

exposed to these conditions for 72 hours. 

In the fifth experiment MSC conditioned medium was incubated with 

monoclonal antibodies to inactivate keratinocyte growth factor (KGF), 

hepatocyte growth factor (HGF) and transforming growth factor– (TGF-) 

(Abcam, Cambridge, UK) respectively. Antibody concentrations were according 

to the manufacturers instructions to achieve maximum neutralization. A549 

wounds were exposed to MSC conditioned medium with and without antibodies 

to each candidate mediator, and the extent of wound closure assessed at 48 

hours.  

Wounds were exposed to MSC conditioned medium with and without antibodies 

to each candidate mediator. At 48 hours, the extent of epithelial restitution was 

determined (Photoshop v8.0, Adobe Systems Inc, San Jose, California).  
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8.3.5 Assessment of wound repair 

 
At 48 or 72 hours later, the monolayers were fixed with 4% paraformaldehyde in 

PBS (w/v), and stained with hemotoxylin and eosin. The extent of epithelial 

restitution was determined by imaging each plate on a flatbed scanner and 

assessing the area of each wound using edge-finding software (Photoshop v8.0, 

Adobe Systems Inc, San Jose, California). Additional detail in regard to these cell 

lines and the wound assessment technique is provided in Chapter 2. 

 

8.3.6 Statistical Analysis 

 
Data was analyzed using Sigma Stat (San Jose, California, USA). The distribution 

of all data was tested for normality using Kolmogorov-Smirnov tests. Data were 

analyzed by one-way ANOVA followed by Dunnets test, or by one-way ANOVA on 

ranks followed by Dunns test, with the vehicle group as the control group in each 

analysis. Comparisons between 2 groups were made using unpaired, two-tailed 

Student’s t tests. A two-tailed p value of <0.05 was considered significant. 
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8.4 Results 

8.4.1 MSC conditioned medium enhances A549 wound closure 

 
MSC–CM increased the rate of wound closure in alveolar epithelial A549 

monolayers subjected to scratch injury in comparison to fibroblast CM and fresh 

medium controls (Figure 8-1A).  The rate of wound closure seen with MSC 

conditioned medium was similar to that seen in MSC co-cultures (Figure 8-1A). 

 

8.4.2 48 hour and 72 hour conditioned medium does not provide additional 

benefit to A549 wound closure than 24 hour conditioned medium 

 
48 and 72 hour MSC–CM increased the rate of wound closure in alveolar 

epithelial A549 monolayers subjected to scratch injury in comparison to 

fibroblast CM and fresh medium controls (Figure 8-1B).  The rate of wound 

closure seen with 48 and 72 hour MSC conditioned medium was not superior to 

that observed with 24 hour CM (Figure 8-1B). 

 

8.4.3 Wounds exposed for longer periods to MSC conditioned medium continue 

to have enhanced wound closure 

 
In wounds exposed to MSC–CM for 72 hours, the beneficial effect continued, 

resulting in almost complete wound closure in some wells, in contrast to wounds 

incubated with fresh medium or fibroblast conditioned medium (Figure 8-2A).  
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8.4.4 Conditioned medium produced from cells grown in hypoxia does not 

enhance A549 wound repair 

 
MSC–CM produced during exposure of MSCs to hypoxia did not increase the rate 

of wound closure in alveolar epithelial A549 monolayers subjected to scratch 

injury in comparison to fibroblast CM and fresh medium controls (Figure 8-2B).   

 

8.4.5 MSCs enhance pulmonary epithelial wound repair via a KGF dependent 

mechanism 

 
In subsequent studies, prior incubation of MSC-CM with antibodies to neutralize 

KGF attenuated its beneficial effects on wound repair (Figure 8-3). In contrast, 

incubation of MSC-CM with antibodies to neutralize HGF and TGF- did not alter 

wound repair (Figure 8-3). MSC and fibroblast conditioned medium were 

assayed for the concentration of KGF. Our MSC-CM contained over five times 

more KGF than that secreted by fibroblasts over a 24 hour period (Figure 8-4). 
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8.5 Discussion 

Repair, remodeling, and regeneration of the respiratory system for the 

restoration of normal function after injury represent the holy grail of modern 

pulmonary biology. After injury, lung epithelium may either activate the 

necessary repair and regeneration pathways for proper repopulation of lost 

epithelial cells or undergo an aberrant remodeling and differentiation process, 

which represents the final common pathway for many types of parenchymal 

pulmonary diseases, including idiopathic interstitial pneumonia, autoimmune-

related fibrosis, and bleomycin pulmonary toxicity, to the chronic obstructive 

pulmonary diseases (COPDs), including emphysema and chronic asthma as well 

as late phases of ALI/adult respiratory distress syndrome (ALI/ARDS) [382]. The 

above results provide a therapeutic basis for the use of mesenchymal stem cells 

to influence alveolar epithelum toward repair after injury. A promising 

therapeutic approach may be to use stem cells, or their secreted mediators, to 

regenerate or repair the damaged lung. Much work has been done on the 

potential for exogenous stem cells including mesenchymal stem cells, endothelial 

progenitor cells and embryonic stem cells to restore alveolar barrier function in 

the injured lung [383]. A multicenter Phase II trial of MSCs (Prochymal®, Osiris 

Therapeutics Inc., Columbia, US) is currently in progress for patients with 

moderate to severe COPD (NCT00683722), underlining the therapeutic potential 

of exogenous stem cells. 

 

 

8.4.1 How does the lung repair itself? 
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While the healthy lung can effectively regenerate and repair itself, this 

regenerative capacity may diminish with age and with repeated challenge, such 

as during disease. In addition, disorders or failure of lung regeneration may 

contribute to the pathogenesis of several lung diseases. 

 Mammalian tissue regeneration appears to involve several mechanisms, 

including but not limited to compensatory hyperplasia, de-differentiation and 

adult stem cells. The emerging picture is that different organs use different 

strategies to renew themselves, and that more diversity and flexibility underpin 

these renewal processes than previously imagined. Some organs, such as hair 

follicles, blood and gut, which constantly renew themselves throughout life, 

contain adult stem cells that are morphologically unspecialized, have a relatively 

low rate of division and are topologically restricted to localized regions known as 

‘niches’ that tightly regulate their behaviour [90]. In the intestine, for example, 

only a few stem cells are present near the base of the crypts, which appear to be 

responsible for replenishing the entire epithelium. In contrast, the adult lung 

normally regenerates very slowly [91]. However, when injury to the lung does 

occur, particularly if widespread, it has to be repaired rapidly if the organism as 

a whole is to survive. The need to rapidly regenerate an organ that normally 

regenerates slowly may pose particular difficulties.  

For the most part, cell lineage tracing studies and the analysis of mouse lung 

injury models suggest that the adult lung epithelium is maintained by divergent 

progenitor cells residing in discrete microenvironmental niches along the 

proximal-distal axis of the respiratory tree [91], consistent with the existence of 

a “nonclassical” stem cell hierarchy in which relatively quiescent differentiated 

progenitor cells function as facultative stem cells [92]. In the proximal lung 
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(trachea and main bronchi) it is likely that undifferentiated basal cells can 

function as classical stem cells, both self-renewing and giving rise to ciliated and 

secretory cells.  In the more distal lung, where there are no basal cells, the 

evidence suggests that subpopulations of Clara cells in specific micro-

environments can self-renew and give rise to different cell types after injury. In 

the alveoli, the site of major injury during ALI, damaged type I cells can be 

restored from type II cells, although whether all type II cells have this capacity is 

not yet known [91]. MSCs may be able to modulate this process, through 

secretion of paracrine factors, one of which we have confirmed to be 

Keratinocyte Growth Factor. 

 

8.4.2 How is KGF involved in repair of injured lung? 

 
Keratinocyte Growth Factor (KGF) was first isolated from a human embryonic 

lung fibroblast line by Rubin et al. [384] in 1989. Unlike other members of the 

FGF family, KGF has epithelial specificity; KGF is expressed predominantly by 

mesenchymal cells, and its receptor (KGF receptor; KGFR) is expressed only in 

epithelial cells. This epithelial specificity suggests that KGF may play an 

important role in mesothelial-epithelial interactions [385].   

The protective effect of exogenous KGF has been demonstrated in a variety of 

acute lung injury models. Panos et al. [386] pre-treated rats intratracheally with 

5 mg/kg of recombinant human KGF. They had far better survival and virtually 

no histological changes when exposed to 120h of hyperoxia compared with 

untreated animals. Intratracheal KGF has since been shown to have a protective 

effect in lung injury induced by acid instillation [387], in an ANTU model of 

increased permeability pulmonary edema [369, 388], and in a rat model of 
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ventilator-induced lung injury [389]. Intratracheal KGF has also been shown to 

ameliorate radiation pneumonitis [390], bleomycin-induced lung injury [391], 

and Pseudomonas aeruginosa pneumonia [392], when given before the insult.  

KGF has a wide variety of effects on lung epithelial cells that may mediate its 

protective effect in acute lung injury. One of the earliest observations was that 

both in vivo and in vitro administration of KGF cause alveolar epithelial type II 

cell proliferation [393, 394]. In vivo, intratracheal administration in rats 

stimulates reproducible type II cell hyperplasia that peaks at 2 days. 

Proliferation  of type II cells is accompanied by migration to cover the alveolar 

epithelial barrier with type II cells, a process that histologically resembles 

reactive type II hyperplasia seen in human lungs after an injurious stimulus 

[395]. 

 

8.4.3 Summary and conclusion 

 
Therefore, the activity of MSC-CM on scratch wound closure may more readily be 

attributed to stimulation of cell migration and/or proliferation, or perhaps even 

survival. There are several MSC secreted growth factors and chemokines that are 

likely targets for this stimulatory activity of wound closure in A549 scratch 

assays, although our experiments with the use of neutralising antibodies to KGF 

identify this factor as particularly relevant in this regard. 
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8.5 Figures 

Figure 8-1 MSCs and MSC conditioned medium enhance pulmonary epithelial 

wound closure  

 

 
 

Figure 8-1: MSCs and MSC conditioned medium enhance pulmonary epithelial wound closure  

In pulmonary epithelial layers, both MSCs and MSC conditioned medium enhanced wound closure 

(Panel A).  

48 hour or 72 hour conditioned medium does not provide additional benefit to A549 wound closure 

over 24 hour conditioned medium (Panel B). 

Abbreviations: CM, conditioned medium  

* Significantly different from Fibroblast CM or control group  (p < 0.05) (ANOVA and Student-

Neuman-Keuls) 
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Figure 8-2 pulmonary epithelial wound closure in response to MSC and hypoxia 

conditioned MSC medium 

 

Figure 8-2 

Panel A: Histogram demonstrating that the effects of MSCs and MSC conditioned medium on 

pulmonary epithelial wound closure continues up to 72 hours  

Panel B: Histogram demonstrating that conditioned medium produced from MSCs grown in hypoxia 

does not enhance A549 wound repair 

* Significantly different from Fibroblast CM or control group  (p < 0.05) (ANOVA and Student-

Neuman-Keuls) 
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Figure 8-3 MSCs enhance pulmonary epithelial wound closure via a KGF 

dependent mechanism 

 

 

Figure 8-3: MSCs enhance pulmonary epithelial wound closure via a KGF dependent mechanism 

In pulmonary epithelial layers, both MSCs and MSC conditioned medium enhanced wound closure 

Incubation of MSC conditioned medium with antibodies to neutralise KGF, but not HGF or TGF-, 

attenuated its effect on wound healing. 

Abbreviations: CM, conditioned medium KGF, keratinocyte growth factor, HGF, hepatocyte 

growth factor, TGF-, transforming growth factor- 

* Significantly different from MSC CM groups;  Significantly different from control group p<0.05 
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Figure 8-4 MSC conditioned medium secretes KGF 

 

 

Figure 8-4 

Histogram demonstrating the concentration of Keratinocyte Growth Factor in Fibroblast versus 

MSC conditioned medium 

* Significantly different from fibroblast conditioned  medium group, p<0.05 (Students-t test) 
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9.0 The role of intra-tracheal delivery of Mesenchymal 

Stem Cells during recovery and resolution following 

Ventilator Induced Lung Injury 

 

9.1 Abstract 

Introduction: Recent pre-clinical experimental studies indicate that bone-

marrow derived mesenchymal stem cells (MSCs) may reduce the severity of 

Acute Lung Injury (ALI). Both intra-tracheal and systemic administration of 

MSCs reduced pulmonary oedema and pro-inflammatory cytokines, and 

improved survival in murine E. coli and systemic sepsis induced ALI. Our recent 

work has indicted that intravenous delivery of MSCs can also enhance repair 

after ALI.  However the optimal route of delivery of MSCs in order to enhance 

repair in the ventilator injured lung is unknown. 

Objectives: We wished to evaluate the role of intra-tracheal delivery of MSCs in 

modulating inflammation and enhancing repair after Ventilator Induced Lung 

Injury (VILI).  

Methods: Adult male Sprague Dawley rats were anaesthetised, orotracheally 

intubated and subjected to injurious mechanical ventilation to produce a severe 

ALI. Following recovery, the animals received intra-tracheal instillation of MSCs, 

(4 X 106 cells), rat dermal fibroblasts (4 X 106 cells), or conditioned medium. 

Another group were given IV MSCs. Controls received vehicle, or no intervention. 

Animals were harvested at 48 hours, and the extent of recovery following ALI 

was assessed.  
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Results: Intratracheal MSCs therapy enhanced repair following VILI. Specifically, 

MSCs improved oxygenation, lung compliance, reduced total lung water, 

decreased lung inflammation and histologic lung injury. Intra-tracheal MSC 

therapy attenuated alveolar TNF-alpha and IL-6 levels, but did not alter alveolar 

IL-10 concentrations. Intra-tracheal conditioned MSC medium also enhanced 

lung repair and attenuated the inflammatory response to lung stretch. 

Conclusion: Intra-tracheal MSCs can modulate the inflammatory response to 

VILI, enhance alveolar fluid clearance and augment repair in the lung. The 

therapeutic effect appears to be mediated through paracrine factors secreted by 

MSCs. 
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9.2 Introduction 

Mechanical ventilation can be life-saving in acute respiratory failure, but may 

actually contribute to lung injury [46, 74]. Cyclic lung stretch during mechanical 

ventilation induces tissue disruption and destruction, and activates pro-

inflammatory pathways, promoting the formation of pulmonary edema and 

neutrophil infiltration [16, 33]. 

The possibility that mechanical ventilation can actually worsen acute lung 

disease is now accepted as reality [76]. The importance of Ventilator Induced 

Lung Injury (VILI) is underscored by the fact that ventilation strategies that 

reduce lung stretch save lives [47, 77].  

Previous studies have demonstrated the ability of murine mesenchymal stem 

cells (MSCs) to attenuate inflammation and lung injury in rodent models of Acute 

Lung Injury (ALI) [99, 119]. Recently, the ability of human MSCs to restore 

alveolar epithelial fluid transport and lung fluid balance via secretion of 

keratinocyte growth factor (KGF) was demonstrated in an elegant study 

employing an ex vivo perfused human lung preparation injured by E. coli 

endotoxin [137]. Our group has also recently demonstrated the ability of MSCs to 

enhance epithelial and endothelial repair via paracrine KGF secretion after a 

severe mechanical ventilation induced lung injury [396]. These studies have 

ignited much interest in human MSCs (hMSCs) as cellular therapy for ALI.  

Little is known regarding the optimal delivery strategy for mesenchymal stem 

cells. The optimal cell delivery technique is that which provides the most 

therapeutic benefit, i.e. recovery of lung function. However, the relationship 

between cell retention, engraftment, timing of delivery, and subsequent 

therapeutic benefit remains unknown. Local delivery is theoretically more 
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attractive than systemic in that larger numbers of cells may potentially be 

administered to specific regions of interest within the target organ, ie the lung. 

Clinically, local cell delivery can be achieved by direct injection into the trachea 

via an endotracheal tube in patients ventilated for ALI. 

On the other hand, systemic MSC infusion has been shown to be safe in clinical 

trials in human disease, such as in myocardial infarction [130], graft versus host 

disease [397] and stroke [398]. Intravenous delivery of cells has been 

promulgated as a simple delivery strategy for the lung that allows non-invasive 

repeated administration of large numbers of cells [399]. Numerous studies have 

shown that systemically infused MSCs are initially trapped in the vasculature of 

the lung [400]. Moreover, the ability of MSCs to home to injured tissues [98] may 

obviate the need for local delivery strategies, and may result in localized 

therapeutic benefit irrespective of mode of delivery .  

We wished to ascertain whether our findings that IV MSCs can enhance wound 

repair in the lung [396] could be reproduced or enhanced with the use of intra-

tracheal delivery. We hypothesized that intra-tracheal delivery of MSCs would 

enhance recovery and repair after Ventilator Induced Lung Injury. We also 

postulated that intra-tracheal delivery of MSCs would reduce cellular and 

biochemical measures of lung inflammation. 
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9.3 Methods 

9.3.1 Mesenchymal Stem Cell Isolation and Culture 

 
As described in detail in Section 4.6.1, Mesenchymal Stem Cells were isolated 

from rat femora and tibiae under sterile conditions in the animal surgery room 

as previously described [257]. Cells were ready for subculture (usually after 16-

17 days) when colonies began to exhibit a compact appearance and multi-

layered growth or when the loosely formed colonies began to merge into a 

monolayer (<90% of confluence). Thereafter, cells were ready to be passaged 

after 6/7 days culture, at 80% confluence.   Cells were expanded to passage 4, 

whereupon they were used for experiments. (Figure 7-1 for MSCs in culture.) 

MSCs were characterized according to international guidelines [115] (Figure 7-1 

and 7-2). 

9.3.2 Rat Dermal Fibroblasts 

 
Section 4.6.5 describes isolation and culture of fibroblasts from adult male 

Sprague Dawley rats. Briefly, fat and subcutaneous tissue was removed from skin 

strips obtained from the abdominal wall of euthanized animals, and these were 

placed in 0.25% trypsin (Sigma) overnight. The epidermis was then peeled from 

the dermal layer, and the dermal layer was placed on a scored 6 well plate 

(Sarstedt, Wexford, Ireland) in F-12/MEM- medium supplemented with fetal 

calf serum (10%) and penicillin/streptomycin (1%). 

9.3.3 Conditioned Medium 

 
As described in detail in Section 4.6.6, allogeneic rat MSCs (2 x 106) were 

cultured without serum for 24 h. The medium was then replaced, and the 
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subsequent medium without serum for the next 24 h was used as the 

conditioned medium (CM).  15mls of this medium was concentrated using a 3000 

KDa centrifugal concentrating filter (Amicon, Billerica, MA, USA) to give 500 

microlitres. 

9.3.4 Rodent Ventilator Induced Injury Protocol 

 
We utilized our established model of repair from VILI as described in detail in 

Section 4.3 [401]. Anesthesia was induced with intraperitoneal ketamine 80 

mg.kg-1 (Ketalar, Pfizer, Cork, Ireland) and xylazine 8 mg.kg-1 (Xylapan, 

Vétoquinol, Dublin, Ireland). After confirmation of depth of anesthesia by paw 

clamp, intravenous access was obtained via tail vein, laryngoscopy was 

performed and the animals were intubated with a size 14G intravenous catheter 

(BD Insyte®, Becton Dickinson Ltd, Oxford, UK). The lungs were ventilated using 

a small animal ventilator (CWE SAR 830 AP, CWE Inc, Pennsylvania, USA). 

Anesthesia was maintained with repeated boli of Saffan® (alfaxadone 0.9% and 

alfadadolone acetate 0.3%; Schering Plough, Welwyn Garden City, UK) and 

muscle relaxation was achieved with cis-atracurium besylate 0.5mg.kg-1 

(GlaxoSmithKline, Dublin, Ireland). The animals were then subjected to a high 

stretch mechanical ventilation protocol (FiO2 0.3, inspiratory pressure 35 cmH2O, 

respiratory rate 18 min-1, and positive end-expiratory pressure 0 cmH2O). When 

static compliance had decreased by 50%, high stretch ventilation was 

discontinued and animals were entered into the treatment protocol.  
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9.3.5 Intra-tracheal cell and conditioned medium delivery 

 
After injury, and while undergoing lung protective ventilation during the 

recovery from injury phase, animals were randomized to receive (i) no intra-

tracheal therapy, (ii) intra-tracheal vehicle alone (PBS, 300L), (iii) intra-

tracheal fibroblasts (4x106 ), (iv) intra-tracheal MSCs (4x106), (v)  intra-tracheal 

conditioned medium (300L) or (vi) intravenous MSCs (4x106) (See Figure 9-1) 

 

9.3.6 Assessment of Injury and Repair 

 
As described in Section 4.3.6, at 48 hours following VILI induction, animals were 

re-anesthetized. A tracheostomy was inserted and carotid arterial access 

established, and the lungs were mechanically ventilated (Model 683; Harvard 

Apparatus, Holliston, MA) at a respiratory rate of 80 min-1, tidal volume 6 ml.kg-1 

and positive end-expiratory pressure 2 cmH2O. Intra-arterial blood pressure, 

peak airway pressures and rectal temperature were recorded continuously. 

Static inflation lung compliance measurements were performed as previously 

described [251, 298]. After 20 minutes, the inspired gas was altered to a FiO2 of 

1.0 for 15 min, and a final arterial blood sample was taken. Heparin (400 IU.kg-1, 

CP Pharmaceuticals, Wrexham, U.K.) was then administered intravenously, and 

animals were killed by exsanguination. 

Immediately post-mortem, the heart–lung block was dissected and 

bronchoalveolar lavage (BAL) collection was performed as previously described 

[306, 359] in Section 4.4.2. BAL differential cell counts were performed as in 

Section 4.4.4. Protein concentration was determined using a Micro BCATM Protein 
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assay kit (Pierce, Rockford, IL, USA) see Section 4.4.5.[300] BAL IL-1, IL-6, TNF-

 and IL-10 concentrations were determined using quantitative sandwich 

enzyme-linked immunosorbent assays (R and D systems, Abingdon, UK)[301] as 

outlined in Section 4.4.6. 

Wet/dry lung weights were determined using the lowest lobe of the right lung as 

previously described [305] in Section 4.4.1. The left lung was isolated and fixed 

for morphometric examination, and the extent of histologic lung damage was 

determined using quantitative stereological techniques as described in Section 

4.5 [305, 306]. 
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9.4 Results 

40 animals were entered into the experimental protocol. All survived the injury 

and subsequent treatment allocation. 8 animals each were entered into the 

fibroblast, vehicle control, intra-tracheal MSC and intra-tracheal conditioned 

medium groups; 4 animals each were entered into the IV MSC and no therapy 

groups.  

 

9.4.1 IT MSCs and IT conditioned medium improve physiologic lung function 

after VILI   

 
Arterial oxygenation was restored in the group that received IT MSCs, and in the 

group that received IT conditioned medium, as measured by arterial blood gases 

and Alveolar-arterial oxygen gradient (p<0.05). (Figure 9-2A) Further 

functional recovery in lung physiology in response to IT rMSC treatment after 

VILI was demonstrated by significant improvements (p<0.01) in respiratory 

system static compliance in comparison to vehicle and VILI only controls (Figure 

9-2B). 

 

9.4.2 IT MSCs and IT conditioned medium improve alveolar epithelial barrier 

function after VILI  

 
IT rMSCs and IT conditioned medium improved lung microvascular permeability, 

as evidenced by a decrease in lung wet:dry weight ratios (Figure 9-3A) and a 

decrease in alveolar fluid protein concentrations in comparision to controls 

(Figure 9-3B). 
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9.4.3 IT MSCs and conditioned medium reduce inflammatory cells and cytokines 

in the lung after VILI 

 
IT rMSCs and IT conditioned medium reduced both total BAL cell count and BAL 

neutrophil counts (Figure 9-4A and B). Alveolar concentrations of TNF- 

(Figure 9-5A) and IL-6 (Figure 9-5B), were decreased following rMSC and rMSC 

conditioned medium treatment. In contrast, alveolar concentrations of the anti-

inflammatory cytokine IL-10 were not altered in response to rMSC and 

conditioned medium therapy (Figure 9-5C). 
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9.5 Discussion 

With a mortality exceeding that of breast cancer or HIV/AIDS [1], the 

development of effective methods of delivery of novel therapies to the lungs 

during Acute Lung Injury is an immediate and important task of medical 

research. The recent success of cell therapy in experimental lung injury research 

has come about using both intra-tracheal and systemic delivery approaches [117, 

119]. Our group has recently demonstrated for the first time the ability of 

intravenous MSCs to enhance repair in the lung after a high stretch mechanical 

ventilation induced lung injury [396]. This was achieved through more effective 

restoration of epithelial and endothelial barrier function, due in part to enhanced 

wound repair in response to secretion of KGF by MSCs, as well as a marked 

down-regulation of inflammation and an increase in the anti-inflammatory 

cytokine IL-10. We wished to determine whether intra-tracheal administration 

of MSCs or their conditioned medium would be as effective as systemic 

administration in promoting wound repair in the lung, and in diminishing the 

associated inflammatory response, after mechanical ventilation induced injury. 

 

9.5.1 Intra-tracheal delivery of MSCs  is as effective is systemic delivery in 

enhancing repair from VILI 

 
In this study both IT MSCs and IT conditioned medium were as effective as IV 

MSCs in improving physiologic function after severe VILI. Both groups improved 

measures of alveolar epithelial and endothelial barrier function including 

wet:dry ratios and BAL protein concentrations. Local release in the lung of 

inflammatory cytokines was reduced in both intra-tracheal therapy groups also, 

in comparison to controls. However, the increase in BAL and systemic 
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concentrations of the anti-inflammatory cytokine IL-10 was not observed in the 

intra-tracheal therapy groups, in comparison to the increase observed in BAL 

and systemic IL-10 in the MSC group. These findings suggest that a threshold 

concentration of MSCs in the systemic circulation is a pre-requisite for significant 

or sustained IL-10 release. 

 

9.5.2 What is the optimal route of delivery for MSC therapy 

 
This study supports the idea that the intra-tracheal route is a viable alternative 

to the intravenous route for MSC delivery to promote repair in the lung. The 

intra-tracheal route of delivery allows direct access to the region that has 

sustained injury – the alveolar epithelium and endothelium. Local cell delivery to 

the lung may enhance cell retention in the lung, increase the concentration of 

secreted paracrine mediators in the lung responsible for beneficial effect, and 

decrease the need for high cell dose, and thus limit the potential adverse side 

effects of the treatment, such as embolic phenomena. This mode of delivery may 

have increased efficacy to repair the injured lung. 

 

Although IV delivery of cells has been promoted as a potential simple delivery 

strategy, this method is not without its risks. While MSCs are known to hone to 

injured organs [140] including the lung [402], MSCs are also trapped in the 

vasculature of the lung even without it having sustained injury [140]. Cell 

entrapment in the lung might be explained because expanded MSCs are relatively 

large, activated, and express adhesion molecules. Because of this, they may not 

be able to pass the capillaries in the lung, and many of them become trapped. 

Indeed MSCs are of a size (10–20 m) that could cause capillary plugging. 
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Development of capillary obstruction following IV cellular delivery may mitigate 

the potential improvement in lung function afforded by MSC delivery. The 

finding of reduced blood flow by angiography in a study of intra-coronary MSC 

administration after myocardial infarction, as well as immunohistochemical 

evidence of microvascular plugging alerts us to a potential limitation of IV MSC 

infusion [403].  

 

Other organs such as the liver, spine, and spleen were also noted to have 

increased uptake after IV administration [404]. The effects of remote organ 

engraftment are unknown and may be benign; however, engraftment may result 

in uncontrolled cellular growth, differentiation, or malignant transformation in 

remote organs. Given the functional plasticity of such cells, the potential effects 

of such remote delivery should be considered when designing clinical studies. 

 

On the other hand, the branching nature of the human tracheo-bronchial tree 

makes access to the alveolar epithelium difficult, particularly in the fluid filled 

ARDS lung. Injection of cells directly into the lung in the setting of severe lung 

injury may cause a dangerous if only transient decline in gas exchange and lung 

compliance. The findings of more effective anti-inflammatory action in terms of 

increased IL-10 in the group that received IV MSCs raises the possibility that this 

mode of delivery allows increased modulation of damaging inflammation, which 

may be relevant in the setting of accompanying distal organ dysfunction in ARDS. 
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9.5.3 MSCs secrete paracrine mediators 

 
The mechanisms involved are poorly understood; however, increasing data 

suggests that the protective effects of MSCs are largely mediated through 

production of paracrine mediators [137, 348]. Our study once again confirms 

this hypothesis, with conditioned medium mimicking the beneficial effects of 

direct cell therapy in the ventilator injured lung. The anti-inflammatory effects of 

murine MSCs in the lung have been associated with MSC secretion of interleukin 

1 receptor antagonist (IL1Ra) [242], TGF-β1 [241], and TSG-6 [244]. MSCs 

secrete other bioactive molecules such as HGF, EGF, sTNFR1, Ang1 and STC-1 

that may also contribute to the immunomodulatory functions as well as enhance 

repair of injured lung [381]. Cells have been delivered intra-tracheally, 

intravenously and intra-peritoneally, to achieve therapeutic effect [244]. 

Intravenous or intra-alveolar administration of MSCs modulates both the 

inflammatory process and, as we have shown here, tissue remodeling, in 

experimental models of ALI despite minimal, if any engraftment [117, 357].  

 

9.5.4 Summary and conclusions 

 
In summary, we have used our established animal model of repair after VILI 

[401] to investigate the efficacy of IT delivery of MSCs and their conditioned 

medium to enhance recovery after mechanical stretch induced injury in the rat 

lung. Both IT MSCs and conditioned medium were as effective as IV MSCs in 

promoting restoration of function after VILI, and in reducing inflammatory cells 

and cytokines in the lung. However, IV MSCs increased IL-10 in the lung, a 

finding that was not reproduced in the IT MSC or conditioned medium groups, 
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raising the possibility that systemic delivery results in more pronounced 

modulation of inflammation, which may be beneficial in critical illness and multi-

organ failure. 
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9.6 Figures 

Figure 9-1 Experimental design 

 

 
 
Figure 9-1  

Flow diagram indicating timelines for experimental interventions. 
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Figure 9-2 MSC’s and MSC conditioned medium enhances Lung Repair.  

 

 
 
Figure 9-2: MSC’s and MSC conditioned medium enhances Lung Repair.  

IT and IV MSC therapy and MSC conditioned medium each decreased (P<0.001) alveolar-arterial 

oxygen gradient (Panel A), increased (P<0.001) static lung compliance (Panel B), reduced (P<0.001) 

lung wet:dry weight ratios (Panel C), and decreased (P=0.007) BAL protein concentrations (Panel D), 

48 hours following induction of severe stretch induced lung injury, compared to the other groups. 

Abbreviations: VILI only, no treatment given, Vehicle, treatment with vehicle alone; Fibroblast, intra-

tracheal fibroblast therapy; MSCs, intra-tracheal MSCs;  CM, intra-tracheal MSC conditioned medium; 

IV MSC, intravenous MSCs; BAL, bronchoalveolar lavage.  

* Significantly (P<0.05) different from Vehicle, fibroblast and VILI only groups (ANOVA and 

Student-Neuman-Keuls). 
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Figure 9-3 MSC’s and conditioned medium modulates the cellular inflammatory 

response to VILI. 

 
 

 
 
Figure 9-3: MSC’s and conditioned medium modulates the cellular inflammatory response to 

VILI. 

IT and IV MSC therapy and MSC conditioned medium each decreased (P<0.001) BAL total cell counts 

(Panel A), and decreased (P<0.001) BAL neutrophil counts (Panel B) 48 hours following induction of 

severe stretch induced lung injury, compared to the other groups. 

Abbreviations: VILI only, no treatment given, Vehicle, treatment with vehicle alone; Fibroblast, intra-

tracheal fibroblast therapy; MSCs, intra-tracheal MSCs; CM, intra-tracheal MSC conditioned medium; 

IV MSC, intravenous MSCs; BAL, bronchoalveolar lavage. 
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* Significantly (P<0.05) different from Vehicle, fibroblast and VILI only groups (ANOVA and 

Student-Neuman-Keuls). 

 

Figure 9-4 MSC’s and MSC conditioned medium modulates the cytokine 

response to VILI. 

 

Figure 9-4: MSC’s and MSC conditioned medium modulates the cytokine response to VILI. 

IT and IV MSC therapy and MSC conditioned medium each decreased (P<0.001) BAL TNF-a 

concentrations (Panel A), and decreased (P<0.001) BAL IL-6 concentrations (Panel B). IV MSCs, but 

not IT MSCs or IT conditioned medium,  increased (P<0.001) BAL IL-10 (Panel C) concentrations, 48 

hours following induction of severe stretch induced lung injury, compared to the other groups. 

Abbreviations: VILI only, no treatment given, Vehicle, treatment with vehicle alone; Fibroblast, intra-

tracheal fibroblast therapy; MSCs, intra-tracheal MSCs; CM, intra-tracheal MSC conditioned medium; 

IV MSC, intravenous MSCs; BAL, bronchoalveolar lavage.  

* Significantly (P<0.05) different from Vehicle, fibroblast and VILI only groups (ANOVA and 

Student-Neuman-Keuls). 
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10.0 Discussion 

 

10.1 Repair, remodeling and regeneration of the injured lung 

Repair, remodeling and regeneration of the respiratory system for the 

restoration of normal function after injury represent the holy grail of modern 

pulmonary biology [405]. The lung is extremely complex, and development and 

repair require interaction among more than 40 different cell lineages [405]. The 

complex nature of both lung structure and injury repair mechanisms impact the 

ability of the lung to effect efficient repair. 

 Most patients with ARDS survive the acute phase, but many go on to die, often 

with evidence of pulmonary fibrosis [48]. Pulmonary fibrosis was found in open-

lung biopsies of 53% of ventilated patients who had ARDS for 5 days [406]. 

Transbronchial lung biopsy revealed that 64% of patients with ARDS who were 

ventilated for an average of 12 days developed pulmonary fibrosis, and their 

mortality rate was 57% compared with 0% in patients without pulmonary 

fibrosis [382]. The mechanisms underlying the fibrotic phase of ARDS are largely 

unknown. Some investigations have focused on the underlying immune cell 

response in the acute phase of ARDS as a key factor in the development of 

fibrosis [407]. Another possibility relates to the role of the alveolar epithelium, 

which has largely been thought of as a passive bystander in the development of 

chronic pulmonary fibrosis. However, recent studies have suggested that 

ongoing alveolar epithelial cell apoptosis and retarded wound repair may play an 

important role in the pathogenesis of pulmonary fibrosis [408-410].  
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Our studies with a novel animal model of repair from VILI highlight some 

potential targets to augment repair processes, reveal several mechanisms that 

could contribute to aberrant repair, and demonstrate the potential of 

mesenchymal stem cells as a therapy after injury, one aspect of which is more 

efficient pulmonary epithelial wound repair. 

 

10.2 How have our studies of the repair phase of ARDS contributed 

to current knowledge? 

 
10.2.1 VILI induces a marked inflammatory response that may worsen lung and 

systemic organ injury 

 
Over the last decade, the bio-trauma hypothesis [45] postulated that mechanical 

ventilation causes the release of soluble mediators from the lungs into the 

bloodstream and that these circulating mediators cause injury in the lungs and in 

other organs. Apart from contributing to lung injury, the bio-trauma hypothesis 

also postulates that lung-borne mediators might be implicated in the 

development of distant organ dysfunction. 

This hypothesis is attractive and plausible, but has not been proven. Moreover, 

several laboratory studies report minimal elevations in cytokine level despite 

severe lung injury [54-56]. The finding that exogenous cytokines do not 

necessarily produce lung injury [57] also argues against an obligate pathogenic 

role. 

Our studies confirm that excessive lung stretch induces the release of several 

pro-inflammatory cytokines coincident with the recruitment of inflammatory 

cells into the lung. While the peak levels of TNF- were modest, the levels of IL-
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1 and IL-6 were markedly elevated at 6 hours, at levels sufficient to cause lung 

injury and inflammation observed in other animal models [310, 311]. Our model 

indicates that a further episode of mechanical injury or repeated stretch of 

already damaged lung has the potential to result in a sustained pro-inflammatory 

environment, with consequent adverse effects on alveolar epithelial and 

endothelial permeability, and persistence of activated inflammatory cells.  

Elevation in cytokine levels is associated with lung injury in laboratory [411, 

412] and clinical [46, 285, 413] studies, and is associated with worse morbidity 

and mortality [414, 415]. Anti-cytokine strategies such as antibodies (e.g., 

against TNF- [51], MIP-2 [53] and pre-B-cell colony-enhancing factor [416]), 

blockade with soluble receptors (e.g., soluble TNF- receptors [417]) or receptor 

antagonists (e.g., recombinant interleukin-1 receptor antagonists [52]), 

antibodies to nuclear factor kappa-B (NFB) [418] and steroids [419] have all 

conferred protection in experimental models. However, such associations do not 

prove causation, and there is substantial evidence against a simple pathogenic 

role. 

An exemplar cytokine is TNF-. It is an important early pro-inflammatory 

mediator, is expressed and secreted very early in the course of VILI, as in our 

model, and is biologically active (confirmed by cytotoxicity assay) in 

concentrations that are below detection limits of commonly used assays [411]. 

TNF- acts on two receptors: p55 and p75, which have opposing effects [420]. 

The former promotes pulmonary edema, but the latter is protective and has a 

higher binding affinity; thus, TNF- can have contrasting effects depending on its 

concentration [420]. 
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10.2.2 The inflammatory response to VILI is pro-fibrotic 

 
Over-expression of the cytokines TNF-, IL-1 and IL-6 has been shown to 

induce an acute inflammatory response with variable degrees of alveolar 

destruction [310, 311], along with a graded fibrotic response ranging from 

marginal (TNF-) to severe (IL-1). The degree of fibrosis in these models was 

found to correlate directly to both the amount and duration of expression of 

active TGF-1. While the level of expression of cytokines IL-1 and IL-6 after 

severe lung stretch in our model was of the magnitude required to produce an 

inflammatory response, the amount of TGF-1 produced was not.  The critical 

role of TGF-1 in fibrogenesis has been demonstrated by over-expression of 

active TGF-1 in rat lung, resulting in prolonged and severe interstitial and 

pleural fibrosis [421]. TGF-1-induced fibrosis developed and progressed 

without extensive inflammation [421]. It is apparent from ours and other studies 

that induction of lung fibrosis is not directly dependent on the degree or 

characterization of the inflammatory response, but rather, the amount and 

length of TGF-1 induced downstream of cytokine signaling. 

It is apparent that excessive or recurring inflammatory events can cause 

excessive wound-healing responses that lead to the development of fibrosis. 

Either eliminating the causative agent, such as VILI, or treatments with anti-

inflammatory agents such as corticosteroids may help restore the balance. 

 

10.2.3 Diverse roles of TGF-1 in VILI  
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TGF-1 is a critical mediator that initiates and terminates tissue repair and 

whose sustained production underlies the development of tissue fibrosis [422]. 

In ALI the role of TGF-1 has been most thoroughly evaluated during the late 

phase of tissue repair, where it plays a critical role in the development of the 

fibroproliferative response [423, 424]. In our model, TGF-1 was elevated early, 

an increase that was not sustained at later time points. In patients with early 

ARDS, high concentrations of TGF-1 in bronchoalveolar lavage fluid are 

correlated with decreases in the PaO2/FIO2 ratio [425], suggesting an important 

role for TGF-1 before the fibroproliferative process can be clinically relevant. 

TGF-1 has been implicated in the pathogenesis of pulmonary oedema in ARDS. 

Increased TGF-1 induced permeability of both the endothelium and epithelium 

may contribute to alveolar flooding in bleomycin- or endotoxin-induced ALI by 

increasing the gaps between endothelial cells [426]. As the increase in TGF-1 in 

our model coincided with the maximum degree of alveolar epithelial and 

endothelial barrier dysfunction, a role for this cytokine in the permeability 

alterations of VILI should be explored. 

 

10.2.4 MMPs may be necessary for repair, but are implicated in fibrosis 

 
The balance of MMPs to TIMPs [427] and collagens to collagenases vary 

throughout the injury and wound healing response, shifting from pro-synthesis 

and increased collagen deposition, towards a controlled balance, with no net 

increase in collagen. An imbalance between collagen-catabolizing MMPs and 

their specific inhibitors, TIMPs, can result in excessive collagen breakdown 

[428].   
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This is not to say that MMPs are not necessary; MMPs can disrupt the basement 

membrane and allow the influx of inflammatory cells. The basement membrane, 

which forms the ECM underlying the epithelium and endothelium of 

parenchymal tissue, precludes direct access to the damaged tissue. To disrupt 

this physical barrier, matrix metalloproteinases (MMPs), cleave one or more 

ECM constituents allowing extravasation of cells into, and out of, damaged sites. 

Specifically, MMP-2 (gelatinase A, Type N collagenase) and MMP-9 (Gelatinase B, 

Type IV collagenase) cleave type N collagens and gelatin, two important 

constituents of the basement membrane [428, 429]. Inhibiting MMP activity 

could be detrimental in immunity and in the process of re-epithelialization [430]; 

however, in pathological fibrotic responses, neutralization of specific MMPs 

either with small molecule inhibitors [431] or by influencing TIMP expression 

may help restore this imbalance. 

Non-selective inhibition of MMPs results in decreased lung injury after high- 

pressure ventilation due to a reduction in the inflammatory response [295, 296]. 

However, our results indicate an important role for MMPs in the repair phase 

after VILI. Moreover, different MMPs may have opposite effects, and blanket 

inhibition is as likely to inhibit essential pathways as it is pathologic ones. For 

example, it has been previously shown that absence of MMP-9 worsens VILI 

[432], and other authors have shown a similar protective role of MMP-9 in 

different models of lung injury [433-435]. Indeed the increased levels of MMPs 

during repair in our study, in spite of a decrease in physiologic lung damage 

indices, suggest that these molecules may have an important role in tissue repair. 

Indeed the rapid increase in MMPs in our study, and subsequent decline to 

normal levels, together with lung functional and structural restoration, highlight 
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the critical point of timing in relation to tissue remodeling and therapeutic 

intervention. Preventive inhibition of MMPs may protect against VILI [295], but 

blocking these enzymes during the repair phase may be detrimental. 

 

10.2.5 The myofibroblast – role in recovery following VILI 

 
The key effector cell in fibrogenesis is the myofibroblast; these spindle- or 

stellate-shaped cells localize to fibrotic foci and other sites of active fibrosis, and 

are the primary cell type responsible for the synthesis and deposition of ECM 

and the resultant structural remodeling that leads to the loss of alveolar function 

in pulmonary fibrosis. They may be derived by activation/proliferation of 

resident lung fibroblasts, epithelial-mesenchymal differentiation, or recruitment 

of circulating fibroblastic stem cells (fibrocytes) [408]. Of note, Heise et al have 

recently shown that cyclic mechanical stretch induces EMT in alveolar type II 

epithelial cells, associated with increased expression of low molecular weight 

hyaluronan [436]. The quantity of activated myofibroblasts [437] determines the 

amount of collagen deposition during wound repair. Conversely, the removal of 

myofibroblasts is essential to terminate collagen deposition [438]. 

Our studies indicate that stretch induced lung injury results in early (at 6 hours) 

recruitment of myofibroblasts into lung. Despite the recruitment of significant 

amounts of cells, this did not result in an overall increase in lung collagen. This 

implies that the balance of collagen production and removal during repair from 

VILI remained constant. These results do not preclude the idea that further or 

more severe episodes of lung stretch, or concomitant injury such as infection, 

may upset this balance or cause persistence of the myofibroblast with resultant 

excess matrix deposition 
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10.2.6 Collagen levels in lung are not increased after a single episode of severe 

injury  

 
Collagen fibers are the main component of the ECM. Type III collagen fiber is 

flexible and susceptible to breakdown; type I is comprised of thicker and cross-

linked fibrils [439-441]. Their turnover is a dynamic process that is necessary for 

the maintenance of the normal lung architecture. Ultimately, collagen 

accumulation depends not only on its synthesis, but also on its degradation .[440, 

441]  

Despite the demonstration of conditions that favour the development of 

pulmonary fibrosis after VILI in this model, overall levels of collagen in lung 

tissue remained unchanged. However, a pro-inflammatory, pro-fibrotic 

environment exists after VILI, with elevations in pro-fibrotic cytokines, MMPs 

and collagen secreting fibroblasts. Pro-collagen peptide I mRNA levels were 

found to be elevated days after VILI, but later expression was suppressed. The 

failure to demonstrate increases in lung tissue collagen at different times after 

injury is indicative of a well balanced repair process. The potential to disrupt this 

process with further episodes of injury remains obvious. 

 

10.2.7 Elastic fiber disruption may attract neutrophils 

 
Elastic fibers provide support for the alveolar patency and lung elastic recoil. The 

importance of elastin in VILI and ALI has not been studied; however, it was noted 

over 40 years ago with the advent of the elastase:antielastase theory for the 

pathogenesis of emphysema, which, remarkably, remains the prevailing 

hypothesis today [442]. Although all ECM components are degraded by 
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inflammatory cell proteinases in COPD, elastin is distinguished by the difficulty 

in restoring a functional elastic fiber in an adult [443]. With injury, although 

most matrix components undergo physiologic turnover, the longer-lived elastic 

fibers may be less capable of normal repair. Despite bursts of elastin synthesis in 

animal models, elastic fibers are disorganized [443]. In addition, proteolytic 

fragments of elastin serve as monocyte chemokines, fueling continued 

macrophage accumulation in COPD. In the early 1980s, independent studies by 

Senior and coworkers [444, 445] and Hunninghake and colleagues [446] 

demonstrated that elastase-generated fragments were chemotactic for 

monocytes and fibroblasts. Cigarette smoke induces constitutive macrophages 

present in lungs to produce MMP-12, which in turn cleaves elastin into fragments 

chemotactic for monocytes. This positive feedback loop perpetuates macrophage 

accumulation and lung destruction. Whether this system is operative in VILI and 

ALI has not been determined.  

Our study demonstrated that the amount of elastic fibers in lung parenchyma 

was similar in all groups, but elastic fiber fragmentation and disorganization 

were present in the alveoli of animals after VILI. The fragmentation of elastic 

fibers in alveoli may be due to inappropriate repair or to mechanical distortion 

of damaged fibers induced by mechanical stretch. Alternatively, MMP-12, which 

was elevated in lung up to 96 hours after VILI, may play a similar role as in COPD, 

and the influx of inflammatory cells seen in our model may occur mainly or in 

part as a result of elastin fiber disruption. 

  

10.2.8 Keratinocyte Growth Factor – role in ordered repair versus fibrosis 
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KGF is expressed predominantly by mesenchymal cells, and its receptor (KGFR) 

is expressed only in epithelial cells. This epithelial specificity suggests that KGF 

may play an important role in mesothelial-epithelial interactions [385]. The role 

of endogenous KGF in acute lung injury has not been well studied. However, it 

seems likely, on the basis of the key role that endogenous KGF has been shown to 

play in wound healing in the skin [447, 448], that endogenous KGF plays an 

important role in epithelial repair in the lung also. 

Our study demonstrated a late increase (14 days) in levels of KGF after VILI. This 

peak was associated with restoration of alveolar structure on histologic section, 

and suppression of pro-collagen peptide mRNA levels. This is consistent with 

other studies of endogenous KGF. In neonatal rabbits exposed to hyperoxia, KGF 

mRNA expression was increased 12-fold in whole lung homogenates at 6 days 

compared with controls [449]. This rise in KGF mRNA was followed, at 8 – 12 

days, by an increase in type II cell proliferation, suggesting that increased 

expression of KGF led to alveolar epithelial type II cell hyperplasia in response to 

hyperoxic injury. In rats with acute lung injury due to bleomycin injection, KGF 

levels in bronchoalveolar lavage (BAL) increased markedly after injury, peaking 

at 7 – 14 days, coincident with peak type II cell proliferation [301]. Thus, in 

different injury models, the available evidence indicates that KGF expression is 

increased late after acute lung injury and may be an important endogenous 

stimulus for alveolar epithelial proliferation and repair. 

There have been very few clinical studies evaluating the role of endogenous KGF 

in human acute lung injury. Verghese et al. [450] measured levels of KGF in 

undiluted pulmonary edema fluid sampled from patients with early acute lung 

injury. Although KGF was detected, there was no difference in levels in patients 
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with acute lung injury compared with control patients with hydrostatic 

pulmonary edema. In contrast, Stern et al. [451] collected BAL fluid from patients 

with acute respiratory distress syndrome (ARDS) later in their course than in the 

Verghese study. KGF was detected in BAL fluid in 13 of 17 patients with ARDS vs. 

only 1 of 8 patients with hydrostatic pulmonary edema. Mechanically ventilated 

patients without ARDS or hydrostatic edema did not have detectable levels of 

KGF in BAL. 

 

 

10.3 Summary of insights from VILI repair studies 

These studies demonstrate the interrelated roles of inflammatory cells and 

cytokines, growth factors and the extracellular matrix in restoration of structure 

and function after mechanical ventilation induced lung injury. The potential to 

disrupt this finely balanced process is evident. Repeated episodes of injury, or a 

two-hit model might provide more significant injury and fibroproliferation. 

While we have drawn inferences regarding causation from our observations, 

these will require individual study. The role of individual MMPs and the overall 

balance of MMPs to their tissue inhibitors, the role of elastin disruption, the 

source and mechanism of fibroblast recruitment and the inhibitory action of KGF 

on fibroproliferation after lung stretch will each require more detailed analysis.  

 

10.4 The potential of Mesenchymal Stem Cells in ALI 

Mesenchymal stem cells represent a therapy that may revolutionize medicine. 

Ours [452] and other studies have demonstrated a simple intravenous cell 

therapy that can restore function to damaged or diseased tissue, avoid host 
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rejection and reduce inflammation throughout the body without the use of 

immunosuppressive drugs. Specifically, cell therapy utilizing adult mesenchymal 

stem cells, multipotent cells with the capacity to promote angiogenesis, 

differentiate to produce multiple types of connective tissue and downregulate an 

inflammatory response, are the focus of a multitude of clinical studies currently 

underway. MSCs are being explored to regenerate damaged tissue and treat 

inflammation, resulting from cardiovascular disease and myocardial infarction 

(MI), brain and spinal cord injury, stroke, diabetes, cartilage and bone injury, 

Crohn’s disease and graft versus host disease (GvHD) [1]. The results from ours 

and other studies in ALI provide the young field of MSC therapy with rationale 

for additional ‘steps’ forward. This research is beginning to identify the fate and 

function of MSC following systemic infusion. With evidence for massive cell 

entrapment in the capillary beds of the lungs, ALI would appear to be an ideal 

target for this therapy [2,37]. 

 

10.5 Results in context: Efficacy of MSCs in other pre-clinical models 

The studies of MSCs outlined in this thesis provide important novel insights. 

Several experimental studies have shown the possible value of allogeneic MSC 

for a variety of clinical disorders, including myocardial infarction [95, 453], 

diabetes [454], hepatic failure [94], acute renal failure [93], and sepsis [96, 120]. 

MSCs have also been demonstrated to reduce mortality, improve alveolar 

epithelial barrier function and attenuate inflammation and lung injury in diverse 

pre-clinical ALI animal models including bleomycin-induced lung injury in mice 

[117], intraperitoneal endotoxin [118], intrapulmonary endotoxin or live 

Esherichia coli bacteria [96, 119], in a mouse caecal ligation and puncture model 
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of sepsis [120], in hyperoxia-induced bronchopulmonary dysplasia [121, 122], 

and in the ex vivo perfused human lung preparation [123, 124].  

Our study is the first to look at the potential for MSCs to repair the injured lung. 

Others have focused on the acute stages after injury, and the potential for MSCs 

to modulate the acute inflammatory response. Our study is also the first to use 

repeated dosing of MSCs, an approach that we consider more likely to be used in 

clinical practice if MSCs are shown to be safe and effective in human ALI. 

 

10.6 Insights into mechanism of action of MSCs 

Early studies appeared to demonstrate MSC engraftment in the lung and trans-

differentiation into alveolar cells [162]. However, these results were questioned 

by multiple groups, who observed only engraftment of leukocyte lineages [163], 

or efficacy despite low engraftment rates in lung injury models with observed 

rates of < 1% [117, 164, 165]. Our experiments confirm what has been 

demonstrated by others, that the mechanism of action of MSCs appears to be 

predominantly paracrine, and to involve the release of factors that have 

immunomodulatory, reparative and anti-bacterial effects.  

 

10.6.1 MSC effects on the immune response 

 
MSCs had profound effects on inflammatory cell recruitment in lung after injury 

and the subsequent inflammatory response in our model of repair from VILI. 

These effects were repeated with conditioned medium from MSCs, containing 

their secreted mediators. MSCs have previously been shown to interact with a 

wide range of immune cells and exert diverse effects on the innate and adaptive 
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immune responses. These include suppression of T-cell proliferation, NK cell 

function and inhibition of dendritic cell differentiation [238]. The list of soluble 

factors that are candidate mediators for MSC immune modulation includes 

transforming growth factor- (TGF-) [241], prostaglandin E2 (PGE2) [120], 

indoleamine 2,3-dioxygenase [209],  interleukin-1-receptor antagonist (IL-1ra) 

[242] and tumour necrosis factor--induced protein 6 (TSG-6) [244] among 

others. Recently Danchuk et al [244] demonstrated that human MSCs delivered 

via either the intravenous or intraperitoneal route significantly attenuated LPS-

induced inflammation in the lung. Knockdown of TSG-6 expression in hMSCs by 

RNA interference abrogated most of their anti-inflammatory effects. In addition, 

intra-pulmonary delivery of recombinant human TSG-6 reduced LPS-induced 

inflammation in the lung [244]. 

 

10.6.3 MSCs secrete growth factors 

 
Bone marrow derived MSC are known to produce several epithelial specific 

growth factors. In our experiments we used neutralizing antibodies to examine 

the contribution of candidate mediators responsible for more efficient wound 

repair. Inhibition of keratinocyte growth factor, which was secreted in excess by 

MSCs in comparison to fibroblasts, abolished much of the reparative effects of 

MSC conditioned medium. KGF secreted by MSCs has demonstrated other 

beneficial effects in ALI. In the ex vivo perfused human lung, the intra-bronchial 

instillation of human MSC 1 h following endotoxin-induced lung injury restored 

alveolar fluid clearance, in part by the secretion of keratinocyte growth factor 

(KGF) [124]. Other MSC secreted growth factors have also been identified. In 
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primary cultures of human alveolar type II cells, human MSCs grown without cell 

contact in a Transwell plate restored the increase in epithelial permeability to 

protein caused by exposure to inflammatory cytokines in part by the secretion of 

Angiopoietin-1 [240]. Another epithelial specific growth factor secreted by MSC 

is hepatocyte growth factor (HGF) [239] . Previously, HGF was found to stabilize 

integrity of pulmonary endothelial cells by the inhibition of Rho GTPase and the 

prevention of actin stress fiber formation and paracellular gaps among 

pulmonary endothelial cells injured by thrombin [248]. However, blocking HgF 

did not alter the reparative capacity of the MSC secretome in our studies. 

 

10.6.4 Role of other secreted mediators 

 
Other soluble factors released by MSCs include VEGF-1, IGF-1, EGF, NO, stromal 

derived factor-1, macrophage inflammatory protein-1a and -1b and 

erythropoietin [354]. These molecules are known to be important for cell 

survival, proliferation and neovascularization during tissue repair and wound 

healing. 

Further limiting the damage from inflammation in MSC-transplanted mice could 

be the ability of MSCs to regulate the oxidative state of the local environment. It 

has been demonstrated that MSCs secrete antioxidant molecules such as 

glutathione and disulfide cysteine, to maintain redox homeostasis, as seen when 

conditioned media from MSCs were able to rescue oxidized cells and in an 

endotoxin model of lung injury [249].  

Thus much of current evidence for MSC mediated disease modification has 

focused on soluble factors. MSCs have the ability to secrete multiple paracrine 

factors such as growth factors, factors regulating endothelial and epithelial 
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permeability, anti-inflammatory cytokines, and, more recently, antimicrobial 

peptides that can potentially treat many of the abnormalities that underlie ALI, 

including impaired alveolar fluid clearance, alveolar epithelial injury, altered 

lung endothelial permeability, dysregulated inflammation and infection. 

 

10.6.5 Keratinocyte Growth Factor – a potential therapeutic agent? 

 
The protective effect of exogenous KGF in a model of acute lung injury was first 

reported in 1995 by Panos et al [386]. In that study, rats pre-treated 

intratracheally with 5 mg/kg of recombinant human KGF had far better survival 

and virtually no histological changes when exposed to 120h of hyperoxia 

compared with untreated animals. Intratracheal KGF has since been shown to 

have a protective effect in a variety of other lung injury models: in an acid 

instillation model [387], pre-treatment with intratracheal KGF reduced 

mortality; in an ANTU model of increased permeability pulmonary edema [388], 

pretreatment with KGF reduced alveolar-capillary barrier permeability and 

pulmonary edema formation. Similar beneficial effects on vascular permeability 

and pulmonary edema formation have been reported in a rat model of ventilator-

induced lung injury [389]. Intratracheal KGF has also been shown to ameliorate 

radiation pneumonitis [390], bleomycin-induced lung injury [455], and 

Pseudomonas aeruginosa pneumonia [392], when given before the insult. 

Intravenous KGF (5 mg/kg) has also been shown to protect against bleomycin- 

and hyperoxia- induced lung injury in mice [456], even though it stimulated less 

alveolar epithelial proliferation than intra-tracheal KGF. 

Several important observations can be made from a comparison of these studies 

of KGF in lung injury models. First, KGF was protective for a wide variety of 
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mechanisms of lung injury. Second, the beneficial effects of KGF were 

multifactorial. These included reduced or absent histological changes, decreased 

fibrosis and deposition of collagen precursors, reduced physiological indices of 

lung injury including vascular permeability and formation of pulmonary edema, 

and improved survival. Of note, KGF enhances the spreading and motility of 

alveolar epithelial type II cells, suggesting that improved alveolar repair may 

underlie some of the protective effects of KGF in lung injury [457]. 

However, in all studies, pretreatment with KGF was necessary for the protective 

effect. Simultaneous or posttreatment was not efficacious. These observations 

suggest that the mechanisms by which KGF exerts its protective effects on lung 

injury are probably multiple, not immediate, and affect multiple cell types within 

the lung. However, exogenous delivery of KGF, particularly to the injured lung, 

may not represent an efficient delivery method for this promising growth factor. 

MSCs, as discussed above, may provide a more reliable vehicle for delivery of this 

molecule to damaged alveolar epithelium. Our work suggests that either MSCs 

alone, or MSCs overexpressing KGF, may be the most efficacious therapeutic 

strategy to maximize the potential of this promising reparative agent. 

 

10.7 Issues in translating MSC therapy for human ALI 

MSCs constitute a promising therapeutic strategy for patients suffering from 

ALI/ARDS. MSCs appear close to clinical translation, given the evidence that they 

may favourably modulate the immune response to reduce lung injury, while 

maintaining host immune-competence and also facilitating lung regeneration 

and repair. The demonstration that human MSCs exert benefit in the endotoxin 

injured human lung is particularly persuasive.  However, gaps remain in our 
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knowledge regarding the mechanisms of action of MSCs, the optimal MSC 

administration and dosage regimens, and the safety of MSSs in critically ill 

patients. It is anticipated that these remaining knowledge deficits will be 

addressed in ongoing and future studies. 

 

10.7.1 Insights from Clinical Studies 

 
The therapeutic potential of MSCs has been reported in recent years in several 

fields. Currently, clinical trials using MSCs to treat acute myocardial ischemia 

(AMI), stroke, liver cirrhosis, amyotrophic lateral sclerosis (ALS), GVHD, fire 

burns and Crohn’s disease have been reported.  

A pilot study with 11 patients showed that MSCs were effective for radiation-

induced lung injuries that developed after combined chemotherapy and 

radiation therapy for lymphogranulomatosis or breast cancer [458]. This is the 

only report on the use of MSCs for any lung disease. 

In a Phase I, double-blind, placebo-controlled trial of PROCHYMAL (ex vivo 

cultured adult human mesenchymal stem cells) conducted by Osiris 

Therapeutics Inc. (Columbia, MD) in patients with acute myocardial infarction, 

an improvement in both FEV1 and FVC was noted in treated patients [130]. 

Although the mechanisms of improvement in pulmonary function in this patient 

population are not yet understood, these observations stimulated a multicenter, 

double-blind, placebo- controlled Phase II trial of PROCHYMAL (Osiris 

Therapeutics Inc., Columbia, MD) for patients with moderate to severe COPD 

(FEV1/FVC , 0.70; 30% < FEV1 < 70%). The primary goal of the trial, which was 

initiated in May 2008, is to determine safety of MSC infusions in patients with 

lung disease. The secondary goal is initial estimation of the potential efficacy of 
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MSCs for decreasing the chronic inflammation associated with COPD thus 

improving both pulmonary function and quality of life.  

In a randomized clinical trial of MSC therapy for acute MI reported by Chen et al. 

[459], 69 patients with acute MI after percutaneous coronary intervention were 

randomized to receive either intracoronary injection of bone-marrow-derived 

MSCs or control vehicle. MSCs significantly increased the left ventricular ejection 

fraction three months after transplantation compared with the control group. 

MSC transplantation was safe with no deaths or malignant arrhythmias [459]. 

Since then, several clinical trials have been performed to test the safety and 

efficacy of MSC transplantation for the treatment of MI and chronic ischemic 

cardiomyopathy [460-462]. These studies have each enrolled a small number of 

patients, are heterogeneous in their methods and have relatively short follow-up 

duration. Thus, these studies have fallen short of providing conclusive results. 

Studies have demonstrated that intravenous infusion of autologous MSCs to 

stroke patients is a feasible and safe therapy that may improve functional 

recovery [398, 463]. In addition, MSCs were tried for multiple sclerosis, 

amyotrophic lateral sclerosis, Parkinson’s disease and metachromatic 

leukodystrophy [464-466] with some success. Although these preliminary 

clinical studies are encouraging, further studies are warranted. 

MSCs have been applied in the clinic to treat corticoid- resistant life-threatening 

GVHD [467, 468]. This treatment resulted in a lower transplant-related mortality 

in patients with complete response one year after MSC infusion compared with 

patients with partial or no response (37 versus 72%), as well as a higher overall 

survival two years after HSC transplantation (53 versus 16%). Any possible 

effect of the immunosuppressive properties of MSCs on the incidence of 
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infectious complications was not evident in the already immunosuppressed 

GVHD patients and the overall result was a significant improvement in the 

survival of these corticoid-resistant GVHD patients as compared with patients 

treated with other alternatives. 

There is much scientific and clinical interest in the potential of MSCs to stimulate 

wound repair. Mesenchymal stem cell based therapies represent a new 

treatment for preventing morbidity and disability associated with chronic 

wounds - an unresolved clinical problem that has shown little improvement over 

the past decades [469]. Recent studies have demonstrated that treatment of 

cutaneous wounds with BMSCs accelerates wound healing kinetics and increases 

epithelialization and angiogenesis [349, 352, 353], suggesting that MSCs enhance 

wound repair by at least two different mechanisms: differentiation and paracrine 

interactions with specific cell types in the cutaneous wound [354]. These studies 

of the clinical potential of MSCs for other diseases provide reassurance regarding 

the clinical safety of MSCs and suggest translation of MSCs to clinical testing for 

ARDS is a realistic goal. 

 

10.7.2 Stem Cell Administration Route and Dosage Regimens  

 
The optimal route of delivery for MSCs is a subject of some debate. Most of the 

experimental studies in ALI to date have been carried out using intratracheal 

delivery [470]. On the other hand, the pulmonary circulation is an ideal target for 

intravenous (IV) delivery, given it is the first capillary bed encountered by 

injected cells. Indeed the pulmonary vascular bed acts as a barrier to MSC 

delivery to other organs such as the heart, kidney and brain, such that 

investigators now utilize local injection techniques to target these organs [461, 
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464]. MSCs home to injured organs, whether the injury occurs in the liver, 

kidney, or the lung [399], and IV delivered MSCs may have multiple beneficial 

effects in ALI with associated multiorgan failure. MSCs have been delivered IV in 

other conditions with a good safety record [471]. Thus, the IV route may prove 

the most efficacious mode of delivery. 

As mentioned above, MSCs modulate immune cell functions in a dose-dependent 

manner in vitro. Similarly a strong direct correlation was found between the 

number of cells applied and the therapeutic outcomes in treating chronic wound 

and heart infarction [349, 472]. The ideal dose selection of MSCs for critically ill 

patients with ALI remains a matter of conjecture. Extrapolation from animal 

studies and from human studies of MSC administration in other disease states 

may be used as a guide. For example, 1-2 million cells/kg has been used safely in 

healthy subjects and in patients with disease [471]. However, these doses will 

need validation in the critical care setting. It has been suggested that treatment 

could be given over three consecutive days [399] as has been used in a trial of 

autologous endothelial progenitor cells in patients with end stage pulmonary 

hypertension [473]. However, obviously the optimal dose of stem cells differs 

when different diseases are treated. In addition, the dose may be influenced by 

other factors, such as state of illness, type of MSCs, route of cell delivery, viability 

and purity of MSCs and condition of the patient. 

Current clinical trials and animal studies have indicated that the early phase of 

injury or acute/subacute phases of diseases may be the optimal time window for 

stem cell therapy. Behr et al. [474] investigated the engraftment of autologous 

MSCs injected into the renal artery in an ovine model of ischemia/ reperfusion-

induced injury to assess the consequences of delayed cell transplantation. 
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Results showed there was a significant increase in engraftment of tubules by 

MSCs when cells were injected early after injury. Similarly animals with stroke 

who received MSCs on post-ischemic days recovered significantly better than 

animals treated with MSCs 30 days after ischemia [475]. Our data suggest that 

MSCs may be effective when the injury has become established. In addition, our 

study is the first to use repeated dosing in ALI, highlighting the safety and 

efficacy of this dosing option. Finally, our data regarding upregulation of IL-10 

only when MSCs are given systemically raises the possibility that beneficial 

immune-modulation may  be optimal when given intravenously, rather then 

locally. 

 

10.7.3 Lack of mechanistic knowledge 

 
Despite an explosion of mechanistic studies across a broad range of disease 

areas, a consensus on MSC mechanism of action is far from clear. This is borne 

out by the diverse array of paracrine mediators responsible for therapeutic 

effects as outlined. Research on MSCs is confused by the marked differences in 

MSCs from mice and human MSCs in terms of properties such as cell surface 

epitopes, ease of expansion, and genomic stability [476]. It is also becoming 

increasingly apparent that different inflammatory environments can profoundly 

influence MSC behavior [477]. Furthermore, there is growing evidence that MSCs 

are heterogeneous and that different MSC subtypes exist [478]. Our studies, 

which utilized a heterogenous MSC population, provide further evidence for a 

paracrine mechanism of action, with KGF. Although isolating these paracrine 

factors, as we and others have done, raises the intruiging possibility of bypassing 
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the need for a cell therapy, it is unlikely that all of the beneficial effects of MSCs 

could be packaged and administered without the cell. 

 

10.7.4 Need for culture expansion 

 
One of the limitations of cell therapy for clinical use is the insufficient number of 

cells that can be isolated from tissues to achieve therapeutic effect. Ex-vivo 

expansion of MSCs, therefore, is a good therapeutic option. However, MSCs may 

give rise to more restricted self-renewing progenitors when they are passaged, 

and gradually lose their differentiation potential until a state of complete 

restriction to the fibroblast is reached [479]. Homing receptors such as CXCR4, 

which is a chemotactic receptor for SDF-1 and crucial for their migration 

capability, might diminish as cells are continually passaged [480]. This may 

explain why freshly isolated MSCs have greater homing ability compared with 

their culture-expanded counterparts [481]. Therefore a balance between culture 

expansion and early passage number is advisable. In our studies we used MSCs at 

passage 2-4. This provided the capacity for population multiplication, while 

limiting these doublings in order to maintain therapeutic effect. It remains to be 

seen if longer lived and expanded cultures will have similar efficacy. 

In addition, culture conditions, including culture density, culture surface 

composition [130], oxygen levels [482] and temperature [483] can profoundly 

influence phenotype and behavior of MSCs.   

 

10.7.5 Tumourigencity 

 



 271 

In contrast to embryonic stem cells, human adult stem cells are thought to be 

extremely resistant to transformation [484]. It is well recognized that DNA 

mutation may happen in late-passage MSCs [485]. MSCs have, however, also 

shown limited ex vivo expansion potential in normal conditions, a fact that 

increases their safety profile [486]. Spontaneous transformation of un-

manipulated human MSCs has been described [487-489]. Nevertheless, many 

laboratories have been unable to reproduce these results, indicating genetic or 

karyotypic alterations rather than immortalization or transformation [490-492]. 

Recently, the first transformation described was ruled out by the authors, who 

demonstrated culture cross-contaminations [493]. In any case, these data should 

introduce a note of caution in the clinical use of MSCs. All current clinical trials 

expand MSCs as little as possible to maintain the original features while 

generating sufficient numbers to enable therapeutic interventions; any culture 

showing signs of alterations would therefore be discarded. These data indicate 

the need for greater knowledge of human adult stem cell biology and inter-

individual variation in order to unlock the immense therapeutic potential of 

MSCs. 

 

10.7.6 Pulmonary fibrosis 

 
The potential for MSC therapy to contribute to fibroproliferative ARDS remains a 

potential concern, since bone marrow cells have been implicated in the fibrotic 

process. In bleomycin-induced pulmonary fibrosis, Hashimoto and colleagues 

demonstrated that bone marrow progenitor cells were recruited to injured areas 

and differentiated into fibroblasts [494]. In pulmonary fibrosis induced by 

irradiation, circulating cells of bone marrow origin contribute to the fibrotic 
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process [495]. However in animal models of pulmonary fibrosis induced by 

bleomycin, MSCs ameliorate the fibrotic process, resulting in reduced lung 

expression of pro-fibrotic cytokines and stimulated production of growth factors 

involved in endogenous stem cell mobilization from bone marrow, helping the 

repair process [117, 165, 242]. MSCs transfected to over-express the growth 

factor KGF also leads to a reduction in lung fibrogenesis [496]. 

 

10.8 Summary and conclusion 

ALI/ARDS is a highly complex disease process. Earlier concepts of distinct 

disease phases, from an early ‘pro-inflammatory’ to a later ‘fibrotic’ phase now 

appear to be an over-simplification. It is increasingly apparent that these phases 

largely co-exist, with evidence of ‘pro-inflammatory’ responses leading to host 

damage, an impaired immune response to pathogens, and of repair and fibrosis 

all present in the complex milieu that is clinical ALI/ARDS. Given this, it is 

perhaps not surprising that strategies targeted at single aspects of the disease 

process have been unsuccessful. This suggests the need to consider more 

complex therapeutic approaches, aimed at reducing early injury while 

maintaining host immune competence, and facilitating (or at least not inhibiting) 

lung regeneration and repair. MSCs offer considerable hope as a therapy for 

ALI/ARDS. They are immunomodulatory, antibacterial, enhance pulmonary 

oedema clearance, and as we have demonstrated, are regenerative. We have 

demonstrated their ability to restore epithelial and endothelial function via 

secretion of paracrine factors. Through investigation of MSC biology, discovery of 

their therapeutic mechanisms within animal models and testing their 
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therapeutic potential within human trials, we will hopefully achieve many more 

steps forward to make MSC therapy a new clinical paradigm. 

 
 

 

11.0 Publications, Presentations and Awards 

11.1 Original articles 

 

Curley G, Contreras M, O’Toole B, Higgins B, O’Kane C, McAuley D, Laffey JG. 

Evolution of the inflammatory and fibroproliferative responses during resolution 

and repair following Ventilator Induced Lung Injury. Anesthesiology. 2011 

Nov;115(5):1022-32 

 

Curley GF, Hayes M, Ansari B, Shaw G, Ryan A, Barry F, O'Brien T, O'Toole D, 

Laffey JG. Mesenchymal stem cells enhance recovery and repair following 

ventilator-induced lung injury in the rat. Thorax. 2011 Nov 21 Epub 

 

Curley GF, Ansari B, Hayes M, Devaney J, Barry F, O’Brien T, O’Toole D, Laffey JG. 

Effects of intra-tracheal Mesenchymal Stem Cells therapy during recovery and 

resolution following Ventilator Induced Lung Injury. Undergoing peer review 

at Critical Care Medicine, submitted February 2012. 

 

 

11.2 Reviews and commentary 

 

Curley GF, Kevin LG, Laffey JG. Mechanical ventilation: taking its toll on the lung. 

Anesthesiology. 2009 Oct;111(4):701-3 

 

Hayes M, Curley GF, Laffey JG. Lung stem cells - from an evolving understanding 

to a paradigm shift? Stem Cell Res Ther. 2011 Oct 20;2(5):41 
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Hayes M, Curley G, Laffey JG. Mesenchymal stem cells - a promising therapy for 

Acute Respiratory Distress Syndrome F1000 Med Rep. 2012;4:2. Epub 2012 

Jan 3 

 

Hayes M, Curley G, Laffey JG. Stem cell therapies for ALI/ARDS – hope or hype? 

Critical Care. Accepted for publication January 2012 

 

 

11.3 Invited Lectures 

 
Société de Réanimation de langue Française (French Intensive Care 

Society), International Congress, Paris, January 2012  

Technologies of the future: Mesenchymal Stem Cells for Acute Lung Injury 

 

 

11.4 Oral Presentations 

 
 
European Society for Intensive Care Medicine, Berlin, October 2011 

Intratracheal Delivery of Mesenchymal Stem Cells enhance repair following 

Ventilator Induced Lung Injury  

 

American Thoracic Society International Conference, Denver, May 2011. 

Mesenchymal Stem Cells enhance repair following Ventilator Induced Lung 

Injury  

 

Delaney Medal Research Presentation, Dublin, March 2011 

Mesenchymal Stem Cells enhance repair following Ventilator Induced Lung 

Injury 

 

Canada Critical Care Forum, Toronto, Canada, November, 2010. 

Mesenchymal Stem Cells enhance repair following Ventilator Induced Lung 

Injury  
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UK and Ireland Acute Lung Injury Group Annual Meeting, London, UK. 

October 2010  

Mesenchymal Stem Cells and Ventilator Induced Lung Injury 

 

Current Controversies in Anaesthesia and Peri-operative Medicine, Dingle, 

2010.  

Mesenchymal Stem Cells and Ventilator Induced Lung Injury 

 

European Society of Intensive Care Medicine Annual Congress, Barcelona, 

October 2010  

Mesenchymal Stem Cells enhance repair following Ventilator Induced Lung 

Injury 

 

Western Anaesthesia Symposium, Westport, Co Mayo, Ireland. April 2010. 

The role of mesenchymal stem cells during repair from Ventilator Induced Lung 

Injury. 

 

 

University College London/ Intensive Care Society of Ireland Autumn 

Meeting. Dingle, Co Kerry, Ireland. October 2009 

Time course of lung injury, inflammation, fibrosis and repair following Ventilator 

Induced Lung Injury 

 

Molecular Medicine Ireland, Clinical Scientist Fellowship Programme, 

Annual Meeting. Galway, Ireland. Sept 2009  

Evaluating strategies for repair from Ventilator Induced Lung Injury 

 

Intensive Care Society of Ireland, Annual Scientific Meeting, Dublin, June 

2009 

Characterising the repair phase from Ventilator Induced Lung Injury 
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11.5 Poster Presentations 

 
Tissue Engineering and Regenerative Medicine International Society EU 

Chapter meeting, Galway, Ireland, June 2010  

Evaluating the fibroproliferative response to Ventilator Induced Lung Injury 

 

American Thoracic Society International Conference, New Orleans, May 

2010  

Time course of lung injury, inflammation, fibrosis and repair following Ventilator 

Induced Lung Injury 

 

International Symposium on Intensive Care and Emergency Medicine, 

Brussels, Belgium, March 2010  

Evaluating the fibroproliferative response to Ventilator Induced Lung Injury 

 

Western Anaesthesia Symposium. Westport, Co Mayo, Ireland. April 2009 

Developing an animal model of repair of Ventilator Induced Lung Injury  

 

 

11.6 Awards 

 

Notable Abstract, European Society of Intensive Care Medicine Annual 

Congress, Barcelona, 2010 

 

Best Presentation, University College London Current Controversies in 

Anaesthesia and Peri-operative Care, Dingle, 2010 

 

Best Abstract and Presentation Award, Critical Care Canada Forum, Toronto, 

Canada, 2010 

 

American Thoracic Society Respiratory Structure and Function Assembly 

Abstract Excellence Award, ATS International Conference Denver 2011 
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Best oral presentation, Intensive Care Society of Ireland, Annual Congress, June 

2011 

 

 

11.7 Funding Awards 

 
Molecular Medicine Ireland, Clinical Scientist Fellowship Programme Grant 
Award 2008-2011. Laboratory based structured PhD programme including 
equipment grant, consumables grant, travel stipend and wages. Value €250,000 
over three years. 
 
Intensive Care Society of Ireland Research Award 2009. Value €5000 
 

Intensive Care Society of Ireland Research Award 2011. Value €5000 
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