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ABSTRACT 
 
BACKGROUND  
Acute lung injury (ALI) and nosocomial pneumonia are major causes of morbidity and mortality. 
There are 200,000 cases per year of ALI in the US with a mortality of 40%. On the intensive care unit 
(ICU), ALI accounts for over 40% of all ventilated patients at any one time. Despite this huge burden 
on healthcare and the relatively high prevalence, no therapies currently exist in clinical practice that 
attenuate the condition. The pathophysiology and aetiology of ALI is multifactorial but neutrophilic 
influx and consequent damage to the endothelial-epithelial interface are regarded as central features. 
Alongside neutrophils, peripheral blood monocytes (PBMs) are recruited to the acutely inflamed lung. 
The role played by PBMs in perpetuating the pathogenic neutrophilic influx remains poorly 
characterised. Nosocomial pneumonia is also a major problem with drug resistant organisms. With the 
increasing prevalence of antibiotic resistance and the paucity of novel antimicrobials being generated 
by pharmaceutical companies, there is real concern that the end of the ‘antibiotic era’ may be 
approaching. 
 
 
AIMS  

1) To develop murine models of lung inflammation and infection 
2) To establish the role of the PBM in perpetuating the neutrophilic response in ALI 
3) To develop non-invasive methodologies to study the trafficking of cells and molecular events 

within the inflamed lung 
4) To apply a novel antimicrobial to prevent and treat nosocomial pneumonia 
 

METHODS  
A murine model of ALI was utilised using direct intratracheal instillation of lipopolysaccharide. To 
this model 3 different PBM depletion strategies were applied to study the effect on neutrophil 
recruitment and consequent lung injury. Non invasive optical imaging was utilised to study the effect 
of PBM depletion on proteolytic events within the murine lung. To understand cellular trafficking, 
cell labeling strategies were compared for primary murine macrophages with whole body optical 
imaging in mice. Murine models of Staphylococcus aureus, Pseudomonas aeruginosa and 
Burkholderia cepacia were established and a novel antimicrobial agent called the nonalysine like 
peptoid (NLLP) tested in vitro and in vivo for efficacy. 
 
RESULTS  
PBM depletion significantly attenuated neutrophil recruitment in an established model of ALI. Near 
infrared (NIR) optical imaging permitted the non invasive tracking of primary murine cells. A non 
toxic peptidomimetic agent (NLLP) possessed antimicrobial activity against gram positive and gram 
negative pathogens with therapeutic and prophylactic efficacy in vivo.  
 
 
CONCLUSIONS  
PBM depletion is a potential therapeutic strategy for treating ALI. Further studies are required to 
determine the exact mechanism by which PBMs orchestrate neutrophil recruitment. Optical imaging 
is a versatile platform for molecular imaging. A novel antimicrobial agent termed NLLP has been 
discovered with therapeutic and prophylactic efficacy against multi-drug resistant pathogens.  
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1.1 Overview 

 
  Acute inflammation has evolved to be a protective innate defence 

mechanism against pathogens (Haslett et al., 1994). Ever since the early descriptions 

of inflammation by Celsus in AD25 of calor, dolor, rubor and tumor (Tracy, 2006), 

there have remained fundamental questions as to the mechanisms of initiation, 

perpetuation and termination of the response. In some instances, it may be 

dysregulated and lead to host tissue damage (Segel et al., 2011). In the lung, this is 

exemplified by acute lung injury/ adult respiratory distress syndrome (ALI/ARDS) 

(Segel et al., 2011). However, despite the fact that the programme of events in acute 

inflammation is highly conserved between species and organs, there remain very few 

successful targeted anti-inflammatory agents available in man (Rao and Knaus, 

2008). In acute inflammation, the commonest inciting agents are pathogens, yet there 

also remains a paucity of safe and effective antimicrobials. In particular nosocomial 

infection is a devastating condition with significant attributable healthcare costs, 

morbidity and mortality. 

 

The work in this thesis was stimulated by the above two clinical ‘needs’ – 

developing novel therapeutic approaches for attenuating ALI and novel antimicrobial 

agents. Difficulties in translating therapeutics in to man may be attributable to the 

lack of understanding of the inflammatory process in vivo and in situ. As such, some 

of the work describes the early development of technical experience in the rapidly 

evolving field of optical molecular imaging (OMI).  

 

With this background in mind, the following introductory sections will detail 

the; 

1) Aetiology and pathogenesis of ALI/ARDS, a syndrome characterised by an over 

exuberant and damaging host response.  

2) The importance of the neutrophil and monocyte in the pathogenesis of ALI/ARDS 

and therapeutic monocyte depletion. 

3) Background to the technical field of optical molecular imaging.  

4) Use of Peptoids as antimicrobials. 
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5) Central hypothesis of work tested in the thesis. 

 

1.2 Aetiology and pathogenesis of Acute Lung Injury 
 

ALI is a clinical syndrome characterised by new alveolar infiltrates on the 

chest x-ray (Figure 1.1) and hypoxaemia in the absence of heart failure. The degree 

of hypoxaemia defines the condition as either ALI (PaO2/FiO2 <300 mmHg (40 kPa) 

or ARDS (PaO2/FiO2 <200 mmHg (26.7 kPa) (Bernard et al., 1994). It was first 

described in 1967 by Ashbaugh and colleagues in 12 patients with a variety of 

medical and surgical primary diagnoses (Ashbaugh et al., 1967) and a consensus 

definition of the syndrome was published in 1994 (Bernard et al., 1994). A more 

recent classification from a consensus panel of experts in Berlin (The Berlin 

Definition) has just been described which may allow improved stratification 

(Ferguson et. al., 2012).There are 200,000 cases per year of ALI in the United States 

with a mortality of approximately 40% (Rubenfeld et al., 2005) and the prevalence 

on the Intensive Care Unit (ICU) accounts for up to 40% of all ventilated patients at 

any one time (Rubenfeld et al., 2005). Despite this huge burden on healthcare and the 

relatively high prevalence, no pharmacological therapies currently exist in clinical 

practice that attenuate the syndrome (Cepkova and Matthay, 2006). This is in part 

due to the multivariate aetiology and the complex pathways (Figure 1.2) that result in 

both acute inflammation and the ensuing fibroproliferative phase (Ware and 

Matthay, 2000).  
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Figure 1.1. Chest X-ray of a patient who is intubated and ventilated with a 
clinical diagnosis of ALI. Note diffuse and patchy opacification of lung fields 
characteristic of ALI/ARDS. 
 
 

 
Figure 1.2. Multivariate pathology leads to multiple inflammatory pathways 
being involved in the pathophysiology of ALI/ARDS.  
 

The aetiology is subdivided by direct thoracic causes (primary ALI) such as 

pneumonia, acid aspiration and thoracic trauma, and extra thoracic causes (secondary 

ALI) such as pancreatitis, and sepsis (Ware and Matthay, 2000). These are the main 

causes of ALI/ARDS but there are numerous others including smoke inhalation, 

massive blood transfusion, drowning, fat emboli, cardiopulmonary bypass surgery. 

Primary thoracic or extra 
thoracic insults 

Complement 
activation 

Thromboactive 
mediators 

Inflammatory 
cytokines 

Vasoactive 
mediators 

1.Endothelial and epithelial damage and 
increased permeability 
2.Thrombus formation in microvasculature 
3. Vasoconstriction of pulmonary circulation 
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Not surprisingly the likelihood of developing the condition is influenced by the 

underlying insult. Gastric aspiration has a 40% likelihood of leading to ARDS whilst 

cardiopulmonary by pass 1-2 % (Milot et al., 2001, Estenssoro et al., 2002).  

 

 Despite the varied insults that produce the clinical picture, the 

pathophysiological features of ALI are dominated by an acute inflammatory process, 

characterised by massive neutrophil influx (Figure 1.3), diffuse alveolar damage and 

endothelial damage with consequent leakage of proteinaceous secretions into the 

alveolar compartments and impairment of gas exchange (Bachofen and Weibel, 

1977).  

 
Figure 1.3 a)Bronchoalveolar lavage (BAL) from a patient showing neutrophilia 
and red cells. BAL from a healthy volunteer would have no red cells and <5% 
neutrophilia. b) Post mortem histology of lungs from a patient with ARDS 
showing (arrow) hyaline (mixed cellular debris and plasma proteins) 
membranes, and prominent inflammatory influx. Source of images; Dr Kalliroi 
Kefala. 
 

This early ‘exudative’ inflammatory phase is then followed by a secondary 

delayed fibroproliferative phase (Marshall et al., 2000) characterised by de novo 

collagen synthesis in the lung interstitium, consequent impairment of lung alveolar 

architecture and ‘scarring’ of the lungs leading to persistent hypoxaemia. During this 

phase, patients often become ventilator dependent with severe hypoxaemia requiring 

high concentrations of supplemental oxygen (Marshall et al., 1998). During this 

prolonged ventilator-dependent phase, patients are highly susceptible to nosocomial 

infections such as ventilator associated pneumonia (VAP) (Bell et al., 1983) 

a b 
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1.3 The role of the neutrophil in ALI/ARDS 
 

Despite the complexities of the clinical condition, numerous studies have 

shown that the neutrophil plays a major role in the pathogenesis of ALI/ARDS; 

 

1) Histological samples from patients with ALI/ARDS show a prominence of 

neutrophils (Bachofen and Weibel, 1977, Ware and Matthay, 2000). 

2) BAL taken from patients with ALI/ARDS show high levels of neutrophil 

products such as human neutrophil elastase (HNE) and matrix 

metalloprotease 9 (MMP9) (Pittet et al., 1997, Steinberg et al., 1994, Fligiel 

et al., 2006). 

3) In vitro and preclinical models also characterise neutrophil-mediated 

epithelial and endothelial injury (Simpson et al., 2001). 

4) Preclinical models show that neutrophil depletion ameliorates experimental 

ALI (Abraham et al., 2000). 

5) Studies investigating patients at high risk of developing ALI after major 

trauma, identified the neutrophil chemokine IL-8 (interleukin-8) as a strong 

predictor of the likelihood of developing ALI/ARDS (Donnelly et al., 1995, 

Donnelly et al., 1993). 

6) Even though ALI/ARDS has been infrequently reported in neutropenic 

patients (Ognibene et al., 1986, Azoulay and Darmon, 2010), in such 

patients, ALI has been shown to occur on the resolution of neutropenia or 

with treatment with granulocyte-colony stimulating factor (G-CSF) 

(Azoulay and Darmon, 2010). 

 

Neutrophils constitute the major phagocytic cell in the blood and are 

recruited to sites of acute inflammation primarily to clear pathogens. They first 

sequester, roll, then migrate across the endothelium in response to cognate molecular 

receptors and along a chemotactic gradient (Ley et al., 2007). During the 

transmigration from blood to the alveolar compartment, they may potentiate tissue 

injury (Reutershan and Ley, 2004) (Figure 1.4).  
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Histiotoxic components of the neutrophil’s armoury primarily intended to be 

antibacterial, have the ability to cause significant tissue damage to the host. The 

release of reactive oxygen species (ROS) and proteases such as HNE by the 

neutrophil are prime mediators of host tissue damage (Shapiro, 2002, Abraham, 

2003)(Figure 1.4). As such, various therapeutic attempts have been made to deliver 

antioxidants (Wang et al., 1994, Kristof et al., 1998) or anti-elastases (Sakamaki et 

al., 1996, Aikawa et al., 2011) to preclinical and clinical models of ALI but as yet 

none have shown clear clinical benefit. Hence strategies to attenuate neutrophil 

recruitment per se or increase the clearance of neutrophils (Rossi et al., 2006) in 

ALI/ARDS are attractive.  

 

 



 23 

Figure 1.4 Neutrophil-dependent injury of endothelium and alveolar space in 
ALI. Adapted from Ware and Matthay(Ware and Matthay, 2000). 
 

 

Neutrophils and other leucocytes accumulate within the lung from the blood 

primarily in response to a gradient of released chemokines (Puneet et al., 2005). 

These are secreted in response to the presence of injurious stimuli. These 

chemokines are produced by epithelial cells, endothelial cells, resident macrophages 

and recruited immune cells themselves (Puneet et al., 2005, Ley et al., 2007). Their 

principal purpose is to rapidly and efficiently induce the influx of leucocytes to clear 
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pathogens and to initiate acute inflammation. This response has evolved as a primary 

innate immune defence. Pneumococcal pneumonia is the classical example of 

neutrophil recruitment with clearance and resolution of acute lung infection. In 70% 

of all cases, even in the absence of antibiotics, the host is able to clear and restore 

normal tissue architecture within days of a major bacterial insult (Haslett, 1999). 

Why in some circumstances, the host neutrophilic response is too brisk or too slow to 

resolve, leading to ALI/ARDS, remains unsolved and is an important question of 

ALI/ARDS research. 

 

Neutrophil accumulation within the inflamed lung is a dynamic 

counterbalance between their recruitment and clearance. Neutrophils are cleared by 

innate mechanical ciliary means and coughing up sputum (Singh et al., 2010), as well 

as engulfment by resident macrophages (Duffin et al., 2010). In the context of acute 

pulmonary inflammation, failure of clearance has been postulated to be one of the 

pathways by which ALI/ARDS may ensue (Haslett, 1999). Neutrophils undergo 

constitutive apoptosis (Savill et al., 1989) which promotes their ‘safe’ removal  

which is generally considered to be anti-inflammatory (Haslett et al., 1994), as 

opposed to undergoing necrosis with liberation of proteases and ROS and hence 

‘inflammatory removal’.  

 

The recruitment of neutrophils in preclinical models of ALI that induce a 

large pulmonary neutrophilia have clearly shown that there is an initial phase of 

recruitment followed by a second wave that appears to be independent of the 

classical neutrophil chemokines (Petty et al., 2007). This sequential and ‘persistent’ 

phase of experimental ALI and potentially clinical ALI is the phase in which 

therapeutic interventions and biological understanding needs to be increased. 

 

In human ALI/ARDS it is currently unclear whether sustained recruitment or 

failed clearance predominate in the disease state. No methods are available in 

humans that currently permit this to be delineated. The current knowledge base on 

this area has been garnered through experimental models which show that sustained 

recruitment (Petty et al., 2007, Chignard & Balloy, 2000) in murine ALI contributes 
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to pathogenesis alongside evidence that in preclinical models, failure of clearance 

exacerbates murine ALI (D’Alessio et. al., 2009). 

 

Classical pulmonary derived chemokines such as KC and MIP-2 taper rapidly 

in the course of experimental pulmonary inflammation in rodents (Nick et al., 2002, 

Petty et al., 2007). Yet despite the absence of these classical neutrophil chemokines, 

there continues to be a persistent and damaging neutrophilic influx which in humans 

may lead to clinical deterioration and ventilator dependence. Understanding the 

regulation of this phase and developing therapeutic interventions would be highly 

applicable. 

 

With the initial neutrophil influx and indeed concurrently, blood derived 

monocytes also ingress into inflamed tissues (Doherty et al., 1988, Henderson et al., 

2003, Auffray et al., 2007, Soehnlein et al., 2008b). T Lymphocytes influx into the 

inflamed lung after monocytes and neutrophils (D’Alessio et al., 2009). Their 

respective roles in initiating, perpetuating and terminating the inflammatory cascade 

have been the focus of intense study in numerous models of inflammation including 

ALI (Maus et al., 2003, Yamamoto et al., 2008). Both neutrophils and monocytes are 

reported to play critical roles in the initiation of inflammation (Auffray et al., 2007) 

whilst recent reports support the role of lymphocytes as critical cellular effectors that 

terminate the inflammatory response in experimental ALI (D'Alessio et al., 2009). 

Thus monocytes represent a population of peripheral blood cells that alongside 

neutrophils may promote inflammatory sequelae and have distinct regulatory 

functions. 

. 

1.4 Monocytes in health and disease 
 

Monocytes are mononuclear cells derived from bone marrow precursors (van 

Furth and Cohn, 1968). They form part of the mononuclear phagocyte system 

(MPS). Monocytes circulate in the blood before migrating to tissues to serve a 

variety of functions. They possess an extremely diverse transcriptosome (Martinez et 

al., 2006, Ancuta et al., 2009, Zhao et al., 2009) and hence play a pivotal role in 
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numerous biological processes, from immune defence to tissue repair (Gibbons et al., 

2011, Niedermeier et al., 2009). Cells within the MPS have variable lifespans, 

resident alveolar macrophage (AM) turnover has been estimated to be weeks to 

months, whilst circulating monocyte lifespans are measured in days (Ziegler-

Heitbrock et al., 2010).  

 

Peripheral blood monocytes (PBMs) are a heterogeneous population. 

Originally only one type was characterised, but with the advent of improved 

immunophenotyping and cell isolation, it is evident that the monocyte population in 

the blood is a dynamic entity with numerous subtypes and even as yet likely 

undiscovered cellular phenotypes (Passlick et al., 1989, Ziegler-Heitbrock, 2007, 

Ziegler-Heitbrock et al., 2010). This inherent cellular plasticity permits the monocyte 

to rapidly switch phenotyes in vivo and indeed tracking studies have clearly shown 

that the cells have the ability to switch subtypes (Xu et al., 2005, Varol et al., 2007). 

Figure 1.5 shows the different subtypes within the peripheral blood and their 

potential functional fates within the host.  

 
 

Figure 1.5. PBMs and their postulated developmental fates. Reproduced from 
Nature Reviews Immunology. Scheme shows murine subsets. Note in humans 
the prime subset in blood is the CCR2hi monocyte compared to murine blood 
that has equal amounts of CCR2hi and CCR2lo monocytes. 
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PBM heterogeneity is now well recognised and recent descriptions of the 

roles played by monocyte subsets in various disease models highlight the increased 

understanding of their origins, developmental fate and pathological roles. Clearly 

much of the data has been obtained /inferred from murine studies as reagents are 

plentiful and necroscopy is feasible, but emerging data shows that there are 

considerable cross species similarities with human peripheral blood monocyte 

subsets (Ziegler-Heitbrock et al., 2010, Robbins and Swirski, 2010). It is widely 

accepted that that there are at least two subsets of murine monocytes with analogous 

human counterparts, a Gr-1 hi CCR2 hi subset and a Gr-1 lo CCR2 lo monocyte subset. 

The in situ tissue fates of these two subsets provide conflicting reports which may in 

part be due to differential fates dependent on local tissue factors. Geissmann and 

Sunderkotter report that Gr-1 hi and not Gr-1 lo subsets are preferentially recruited to 

inflammatory sites in models of peritoneal inflammation (Geissmann et al., 2003, 

Sunderkotter et al., 2004). Conversely in models of lung inflammation, the Gr-1 lo 

monocyte subset was able to transmigrate to inflammatory stimuli and develop into 

functional pulmonary dendritic cells and macrophages (Landsman and Jung, 2007). 

The Gr-1 lo subset is also implicated in generating CD11b hi CD103 lo pulmonary 

dendritic cells (DC’s) (Jakubzick et al., 2008) that are more proinflammatory and 

generate more chemokines (Beaty et al., 2007) than the other pulmonary DC subset 

(CD103 hi, CD11b lo) and hence may be pivotal players in the ‘persistent’ phase of 

ALI/ARDS. 

 

 A recent international consensus document for the nomenclature of PBMs 

reinforces the similarities in PBM subsets between mice and humans (Ziegler-

Heitbrock et al., 2010). As in mice, humans have two principal subsets of peripheral 

blood monocytes. The dominant species is the (classical) CD14++, CD16-, CCR2+, 

CXC3R1lo, CD62L+ monocyte which seems to enter tissues through CCR2-

dependent mechanisms during inflammation. The second significant population 

comprises (non classical) CD14+, CD16+, CCR2-, CXC3R1hi, CD62L- monocytes. 

The latter subset may be derived from the former at inflammatory loci and are 

powerful producers of inflammatory cytokines (Ziegler-Heitbrock, 2007, Ziegler-
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Heitbrock et al., 2010). In addition to these two subsets, an intermediate population 

has been described in humans (CD14++CD16+) (Ziegler-Heitbrock et al., 2010) and 

in mice. It is likely that this population may have inherent plasticity to differentiate 

into the other two populations in vivo. As more advanced immunophenotyping 

becomes utilized, it is likely that many more monocyte subpopulations will be 

described (Brittan et al., 2012) 
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1.5 Monocyte depletion as a therapeutic strategy and 

methodologies in preclinical models  
 

 As discussed, PBMs are recruited alongside neutrophils in acute 

inflammation and their potential importance in regulating and amplifying the 

inflammatory response is being increasingly recognised (Maus et al., 2003). 

Chemokine generation from recruited monocytes is implicated in effecting 

neutrophil recruitment (Yamamoto et al., 2008). These descriptions alongside the 

recent discovery of patrolling sentinel monocytes within the vasculature (Auffray et 

al., 2007) highlight their potential role in both ‘sensing’ and ‘directing’ the 

inflammatory response. The increasing understanding of the importance of PBMs in 

acute inflammation suggests a therapeutic window as they mobilise from the bone 

marrow and circulate in the peripheral vasculature prior to tissue emigration in ALI. 

Hence PBM depletion may provide an efficacious interventional strategy. 

 

 The rationale for PBM depletion is also supported by the fact the PBM 

mediates endothelial damage and is centrally implicated in maladaptive tissue repair 

as the precursor of the ‘fibrocyte’ (Niedermeier et al., 2009). Conversely, the direct 

depletion of neutrophils in critically ill patients is fraught with possible consequences 

of uncontrollable acute infectious complications and is unlikely to gain widespread 

clinical approval for application in patients who are potentially ‘sitting ducks’ for 

opportunistic infections (Conway Morris et al., 2010). However, the monocyte is not 

redundant in combating infectious insults (Serbina & Pamer, 2006) and monocyte 

depletion must be considered with caution. 

 

Delineating the role of the PBM independently from its tissue descendents in 

the mononuclear phagocyte system (MPS) has been difficult. The majority of 

published models investigating depletion in the MPS system in vivo affect both 

PBMs and tissue resident macrophages (Burnett et al., 2004, Cailhier et al., 2005, 

Cailhier et al., 2006). Indeed studies have highlighted the role played by the resident 

tissue macrophages in eliciting the inflammatory response by orchestrating early 

chemokine responses (Brass et al., 2007, Maus et al., 2002b). Experimental murine 
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ALI offers a unique model to delineate the roles played by PBMs and tissue resident 

macrophages. Unlike other models studied to date such as the peritoneum (Cailhier 

et al., 2005) and the pleura (Cailhier et al., 2006), it is possible to selectively deplete 

the PBM compartment.  

 

The three preclinical methodologies which will be further detailed in chapter 

4 are the administration of peripheral liposomal clodronate (LC) (Van Rooijen and 

Sanders, 1994), diptheria toxin (DT) administration in CD11b-DTR mice (Cailhier et 

al., 2005) and targeted antibody-dependent cell mediated cytotoxic (ADCC) (Bruhl 

et al., 2007) depletion of monocytes. Importantly resident lung AM populations are 

unaffected by the three techniques.  

 

Systemic injections of liposome-encapsulated clodronate (Van Rooijen and 

Sanders, 1996)(sLC) (dichloromethylene bisphosphonate) in mice have been 

demonstrated to deplete rapidly (within 24 h) 90% of the peripheral monocytes 

(Tacke et al., 2006), as well as tissue macrophages in the spleen and liver (Van 

Rooijen and Sanders, 1996, van Rooijen et al., 1989). The treatment has been shown 

to induce selective apoptotic cell death in monocytes and macrophages without 

affecting lymphocytes and neutrophils (Van Rooijen and Sanders, 1994). 

Furthermore, the clodronate-mediated anti-monocyte/macrophage approach does not 

result in secretion of proinflammatory cytokines. The mechanism of action is 

primarily by the induction of apoptotic cell death in cells that have phagocytosed the 

bilamellar liposomes (Van Rooijen and Sanders, 1994). Intracellular free 

bisphosphonate concentration inhibits mitochondrial adenosine triphosphate 

(ATP)/adenosine diphosphate (ADP) translocase. This results in loss of 

mitochondrial membrane potential and induction of apoptosis. Macrophages and 

monocytes appear to be the only cells that undergo apoptosis after LC ingestion. 

Neutrophils are not affected (Tacke et al., 2006). 

 

Whilst it has been reported that LC depletes both subsets of murine PBM, the 

potential for therapeutic ablation of the Gr-1 hi population utilising low doses of a 

CCR2 monoclonal antibody (MC21) has been recently reported (Bruhl et al., 2007). 
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CCR2 hi expression coexists with Gr-1 hi expression on this subset of PBMs. 

Importantly murine neutrophils do not express CCR2 and are not affected by MC21. 

The mechanism of action is via antibody-dependent cell mediated cytoxicity 

(ADCC) (Bruhl et al., 2007). 

 

The third methodology suitable for depleting PBMs in an ALI model is the 

use of the transgenic CD11b-DTR (CD11b diphtheria toxin receptor) mouse. 

CD11b-DTR mice express human DTR (also known as heparin-binding epidermal 

growth factor (hbEGF) under the control of the CD11b promoter. This directs 

transgene expression to monocytes/macrophages (Cailhier et al., 2005). This permits 

directed cellular depletion of monocytes/macrophages after minute administration of 

DT. The murine DTR has a 1000 fold lower affinity for DT than hDTR . This model 

is well characterised to deplete macrophages in various preclinical models. In the 

lung, the AM is CD11c hi and CD11b lo and is hence resistant to depletion with DT 

administration (Medoff et al., 2009). This system hence offers a potentially unique 

methodology to deplete PBMs without affecting the resident AM population in an 

ALI model. As yet fully unexplained, is the fortuitous characterisation that 

neutrophils are unaffected in this model (Cailhier et al., 2006). It is unclear why 

CD11b expressing neutrophils in mice are not depleted with DT administration. This 

has been confirmed in numerous other laboratories but no further mechanistic data 

have been published describing the exact reason why this is so (Stoneman et al., 

2007). The model also offers the possibility of performing syngeneic ‘add back’ 

‘experiments to investigate the contribution of adoptively transferred cells from wild 

type mice in an ALI model (Medoff et al., 2009).  
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1.6 Optical imaging in murine models of lung inflammation  

 
Whilst investigating the ALI model and the role of neutrophils and 

monocytes, I developed molecular imaging (MI) tools and methodologies to 

substantially accelerate the murine modeling and ultimately reduce and refine the 

animal experimentation. Optical imaging was introduced during the time I was in the 

laboratory and I advocated the installation of all of the preclinical optical equipment 

within the School of Medicine whilst performing the murine modeling experiments 

detailed in the thesis. 

 

 Testing therapeutic interventions in murine models of lung infection and 

inflammation and also investigating the roles of cellular contributions to pathology 

would be improved if it were possible to perform non-invasive imaging of whole 

body systems. The standard ‘cut and kill’ approach of murine experimentation lends 

itself to excessive animal numbers, time consuming and laborious laboratory 

processing of samples and often a failure to appreciate the events or processes 

occurring within the whole animal. Hence the potential to perform whole body MI in 

animals is immensely attractive. Recently this has become feasible with the advent of 

preclinical MI platforms.  

 

MI is a rapidly expanding field. It can be described as a broad technological 

approach by which molecular events and pathways can be observed and defined in 

vivo in situ (and in real-time) without perturbation and pathological sampling of the 

process (Jaffer and Weissleder, 2005). The technological platforms by which 

imaging contrast is generated and detected have been extensively reviewed and 

compared for sensitivity and depth penetration. Modalities include computerised 

tomography (CT), magnetic resonance imaging (MRI), positron emission 

tomography (PET), single photon emission computerised tomography (SPECT) and 

optical molecular imaging (OMI) (Kobayashi et al., 2011). 

 

 The principal clinical MI modalities historically have been PET and SPECT. 

MRI and CT have also been used for MI approaches but the paucity of specific 
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molecular probes and low sensitivity have limited their preclinical application. OMI 

remains the most utilised modality in preclinical MI and is a rapidly advancing field 

with potential to revolutionise near patient testing and theranostics (Weissleder and 

Ntziachristos, 2003). The detection of light deep within living tissues has been made 

possible by the dramatic advances in both fluorophores and physical systems able to 

excite and detect photons (Leblond et al., 2010). Photons can be detected at the 

macroscopic, mesoscopic and microscopic level in vivo in situ using instruments that 

are now commercially available (Weissleder and Ntziachristos, 2003, Leblond et al., 

2010). Pre-clinically on a whole-body level, OMI platforms exist that are able to 

perform both epi and transillumination. These platforms employ varying forms of 

excitation sources coupled with extremely sensitive charge coupled device (CCD) 

detection systems.  

 

Quantitative detection of fluorescence in whole mice is limited in 

epilliumination modes and hence fluorescence molecular tomography (FMT) has 

been introduced. This enables light to be detected at up to 6cm of depth in living 

tissues using near-infrared emission, which has greatly reduced tissue attenuation 

(Weissleder and Nziachristos, 2003). In FMT, photons are detected with ring 

detectors surrounding the living animal and the 360 degree detection of photons are 

then tissue corrected leading to accurate and quantitative detection. The accuracy of 

this has recently been validated using dual PET/optical detection and correlation of 

optical and PET signals (Nahrendorf et.al., 2010) . The advent of fibre-based optical 

detection using probe-based confocal laser endomicroscopy (pCLE) permits deep in 

tissue detection of photons negating concerns of tissue attenuation of optical signals. 

pCLE and similar approaches will further improve the specificity and sensitivity of 

optical molecular imaging (Salaun et.al., 2010). 

 

 However the lack of clinical grade molecular probes has hindered 

translational implementation of OMI highlighting the need for multidisciplinary 

interactions for the development of chemical probes in biological systems that can be 

detected by physical systems. An increasing repertoire of chemical probes now exists 

(Kobayashi et al., 2011) that are able to detect molecular events deep within tissue 
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and this portfolio is ever expanding. Along with ‘smart’ probes that detect 

proteolytic events, there is also a need to rapidly perform biodistribution studies for 

both drugs and adoptively transferred cells. The need to detect the recruitment and 

trafficking of cells is a major area of interest in preclinical and clinical arenas in the 

context of both developing a better understanding of the temporal kinetics of cell 

recruitment in inflammation and also in the application of cell-based therapies. 

Optical imaging approaches permit the rapid, economical and multiplexed ability to 

delineate such trafficking in a whole-body scenario in preclinical imaging and also 

potentially in macroscopic and microscopic resolution in man. The choice of 

fluorophore is dictated primarily by the detection system to be used. In the context of 

whole-body imaging, NIR fluorophores are used to enable tissue penetration and 

overcome the extensive tissue absorption of light that occurs with wavelengths less 

than 600nm (Weissleder and Ntziachristos, 2003). Critical to labeling cells for 

adoptive transfer is the development of agents that can efficiently and effectively 

deliver fluorophores to the cells. So called cell delivery agents have been widely 

used to introduce a variety of cargoes into cells (Brooks et al., 2005). 

 

Within this thesis, I have used optical imaging to detect; bacteria, adoptively 

transferred cells, biodistribution of molecules and proteolytic and vascular events in 

the murine lung. A considerable amount of time was spent acquiring the technical 

skills and know-how to perform in vivo optical imaging. The methods are described 

in chapter 2. 
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1.7 Peptoids as novel peptidomimetics and antimicrobial 

agents  
 

The requirement to deliver fluorophores or other contrast agents within cells 

for cell tracking ideally requires agents that are rapid/ non toxic and highly efficient. 

One approach is to utilise peptoids (Simon et al., 1992). Peptoids are defined as 

oligomers of N-substituted glycine (Simon et al., 1992). They are peptidomimetics in 

which the carbon is substituted for by nitrogen in the amide backbone, mimicking the 

biological functions of peptides (Figure 1.6).  

 

 

 

Figure 1.6. Schematic comparison between peptides and peptoids 

 

Figure 1.6 elucidates that the peptoid side chain is on the nitrogen atom rather than 

on the α-carbon atom, as is the case in a peptide. This small change plays a crucial 

role as it modifies the properties of the amide bond (less accessible to protease) and 

it removes any stereochemistry of the N-substituted glycines. These precise 

structural evolutions confer a greater proteolytic resistance to peptoids. 
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There have been considerable developments in peptoid chemistry and 

application since their first description by Bartlett and coworkers in the 1990’s. 

(Simon et al., 1992). Engineered peptoids have been used as cell delivery agents 

(Murphy et al., 1998, Unciti-Broceta et al., 2009), lung surfactant mimics (Brown et 

al., 2008), inhibitors of amyloid fibrils (Elgersma et al., 2007) , molecular targeting 

agents for expressed proteins (Fowler and Blackwell, 2009, Hara et al., 2006), 

transfection reagents (Murphy et al., 1998) and recently most widely as 

antimicrobials (Chongsiriwatana et al., 2008). 

 

With regards to their cell entry properties, compared to their peptide 

counterparts as mentioned above, they are superior due to their increased resistance 

to proteolysis (Fowler and Blackwell, 2009) and increased cell entry properties 

(Unciti-Broceta et al., 2009). Peptoids have been engineered to possess antibacterial 

activity similar to naturally occurring antimicrobial peptides (AMPs) 

(Chongsiriwatana et al., 2008). AMPs are an abundant and diverse group of 

molecules with wide ranging putative structures and mechanisms of antimicrobial 

activity (Hancock and Sahl, 2006).  Characteristics of AMPs that confer specificity 

and antimicrobial activity include positive cationic charge and induced amphipathic 

secondary structures (Hancock and Sahl, 2006, Pag et al., 2008) where residues are 

segregated into cationic and hydrophobic regions. To mimic these predefined 

requirements, peptoids have been generated to have similar structural properties and 

termed ‘ampetoids’ (Chongsiriwatana et al., 2008). Recent structure/function 

investigations of these ampetoids postulated the requirement for net cationic charge 

and moderate hydrophobicity for antimicrobial activity alongside high 

hydrophobicity and strongly amphipathic structures for haemolytic activity. 

Balancing the antimicrobial and haemolytic activity of peptoids to result in a 

favorable sensitivity ratio (S.R.) (defined as ratio of the minimum inhibitory 

concentration (MIC) and the 10% haemolytic dose) is fundamental to their clinical 

application (Chongsiriwatana et al., 2008). 
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With their relatively facile and versatile synthesis, increased stability and 

clear proven efficacy in vitro (Fowler and Blackwell, 2009), peptoids will remain 

important synthetic ‘backbones’ for the development of novel therapeutic agents. 

In this thesis, I explore the utility of a peptoid for both cellular entry and 

antimicrobial activity. The peptoid was generated by collaborators in Professor Mark 

Bradley’s laboratory at the University of Edinburgh (Unciti-Broceta et al., 2009). 

 
1.8 Summary 

 
ALI remains a major cause of morbidity and mortality and despite decades of 

research and significant improvements in healthcare provision, the only interventions 

that have unequivocally reduced morbidity and mortality are low tidal volume and 

low pressure ventilation strategies (ARDSnet, (2000)). Hence, there is a pressing 

need to develop and apply novel therapeutic strategies. Monocytes have been 

implicated in the pathogenesis of ALI (Maus et al., 2003), thus providing there is 

preclinical proof of principle, PBM depletion is potentially translatable. Hence 

chapters 3 and 4 pursue this approach.  

 

A significant issue in hospital medicine and in patients who are already 

ventilated is the secondary acquisition of opportunistic infection with nosocomial 

pathogens. In the case of nosocomial pneumonia, this is a devastating condition with 

a mortality approaching 30% with pathogens such as Pseudomonas aeruginosa. 

Developing novel therapeutic strategies to prevent or treat infection in such settings 

is of global importance. Whilst developing a cell tracking agent to help define 

monocyte trafficking, I also utilised the same agent as a non-toxic antimicrobial 

agent with particular efficacy within the intracellular niche (chapter 5 and 6). This 

work links in to my theme of novel therapies in acute lung inflammation and 

infection. Chapter 7 summarises all my findings and outlines scope for future work. 
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1.9 CENTRAL HYPOTHESES 

The initial hypothesis driving this work was that peripheral blood monocyte 

depletion attenuates neutrophil recruitment in established murine lung injury. The 

model used to test this hypothesis in vivo was a murine LPS ALI model. Depletion 

strategies were employed to ablate both resident alveolar macrophages and 

circulating peripheral blood monocytes. The data generated from this is detailed in 

chapters 3 and 4. 

 

 Whilst developing these models, it was important to validate and optimise 

methods for cell tracking and as such one of the cell delivery agents used to deliver 

contrast into cells was postulated to have antimicrobial activity, hence the additional 

hypothesis that nonalysine peptoids possess antimicrobial activity in vitro and in 

vivo. 
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MATERIALS AND METHODS 
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Materials and methods are divided into those used for chapters 3&4 and those used 

for chapters 5&6.   

 

Chapters 3 & 4 involve an intratracheal (i.t.) LPS model followed by both neutrophil 

and monocyte depletion. This chapter will describe the methods used in the 

characterisation of the models and adoptive transfer of cells to rescue phenotypes.  

 

Chapters 5&6 involve the evaluation of a novel antimicrobial agent. The methods 

describe the in vitro antimicrobial assays and also the in vivo models which were 

used in this thesis. The generation of the agent was performed by Professor Mark 

Bradley’s team from the Department of Chemistry, University of Edinburgh (Unciti-

Broceta et al., 2009).  
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2.1 MATERIALS and METHODS for Chapters 3 & 4 

 
The following materials and methods describe the LPS model and methods 

used in its’ characterisation. Flow cytometric analysis of bone marrow, blood, lung 

and bronchoalveolar lavage fluid (BALF) was performed. The three methods of 

monocyte depletion used in chapter 4 are detailed. The attempted cell repletion 

studies to rescue neutrophil recruitment included adoptive transfer of macrophages, 

mononuclear cells and lymphocytes. The methods for isolation and culture of these 

cell types is detailed below.  

 

2.1.1 Animals 
Adult female (25–35g) specific pathogen-free BALBc/CD1 mice were used in these 

studies. Additionally, lung injury was used in CD11b-DTR mice (on an FVB/N 

genetic background) (Cailhier et al., 2005). All studies were done in accordance 

with, and approved by, the University of Edinburgh ethical review committee on the 

use and care of animals. Home office licences 60/3545 and 60/3797.  

 

 
2.1.2 LPS lung injury  
For LPS lung injury, unless otherwise indicated, 10 µg LPS from Escherichia coli 

(serotype O111:B4; Sigma-Aldrich) in 50 µl phosphate buffered saline (PBS) was 

given i.t. Control animals underwent the same procedure with i.t. injection of PBS. 

Lung permeability was determined by injecting optically labeled albumin (SAIVI 

680-albumin, Invitrogen), and quantifying the concentration in BALF. Animals 

received 1.5 nmol of labeled albumin via lateral tail vein injection 30 minutes prior 

to whole body optical imaging using Kodak FX Pro or Visen FMT. 

 
2.1.3 Bronchoalveolar lavage fluid (BALF) retrieval 
For retrieval of BALF, airways were flushed 3 times with 0.8 ml ice cold PBS. 

Unless otherwise specified, BALF was collected 48 h after induction of lung injury. 

BALF was weighed for volume estimation and cell counts adjusted per µl of BALF 
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retrieved. Total cell count was determined using a Nucleocounter device 

(Chemometec, USA). Differential cell counts were analysed (minimum of 300 cells 

for each experimental condition) after cytospin centrifugation (300 x g, 3 min, 20-

40,000 cells per slide) using a Shandon Cytospin 4 cytocentrifuge (Thermo 

Scientific). Cells were fixed and stained using a Quik-Diff kit (Reagena, UK).  

 

2.1.4 Neutrophil depletion  
Neutrophil depletion was achieved using monoclonal anti-mouse Ly-6G Ab 

(IA8;clone, rat IgG2a, Catalog BE0075-1, BioXCell). Control mice received 

injections of isotype control (BioXcell, catalog BE0089). Mice were given two 

intraperitoneal (i.p.) injections of 1mg Ly-6G Ab or isotype control in 100 µl of 

sterile saline i.p. 6 and 24 h after lung injury induction .  

 

2.1.5 Monocyte depletion 

 
2.1.5.1 Liposomal clodronate  
Clodronate was a gift from Roche Diagnostics GmbH, (Mannheim, Germany) and 

was encapsulated in liposomes by Dr Nico van Rooijen as previously described (Van 

Rooijen and Sanders, 1994). Liposomal PBS was also supplied by Dr Nico van 

Rooijen (Virje Universiteit Medical Centre, Amsterdam, Netherlands). 400µl of 

liposomal clodronate (LC) or liposomal PBS (LPBS) were administered i.p. 6 hours 

after i.t. LPS and a further 200 µl administered 18 hours later. For alveolar 

macrophage (A.M.) depletion, 100µl of LC or LPBS were administered i.t. 48 hours 

prior to i.t LPS.  

 

2.1.5.2 CD11b-DTR  
CD11b-DTR transgenic mice were generated as previously described and were on an 

FVB/N background (Cailhier et al., 2005). Diptheria toxin (DT) (gift from Jeremy 

Hughes, University of Edinburgh, UK) was reconstituted in sterile water, then 

diluted in PBS. DT (10ng/g body weight) was administered 6 hours after i.t. LPS and 

then 18 hours later. PBS was administered i.p. at the same intervals in control 
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animals. For adoptive cell add-back experiments age-, strain- and sex-matched 

animals were used as controls and DT (10ng/g body weight) administered at the 

same intervals as described above. 

 

2.1.5.3 MC21 monoclonal antibody 
20µg of the CCR2-specific antibody MC21 (gift from Matthias Mack, Regensburg, 

Germany) (IgG2b) (Bruhl et al., 2007) was administered i.p. 6 hours and 24 hours 

after i.t. LPS. Control animals received rat anti-mouse isotype (IgG2b, clone 141945, 

MAB0061 from R & D).  

 
2.1.6 Flow cytometric analysis  
 

2.1.6.1 Lung Digests 
Lungs were digested using collagenase D (#11088866001, Roche Applied Sciences, 

UK) in fluorescence-activated cell sorting (FACS) buffer (4mg/ml) at 37oC for 1 

hour. Cells were released from tissue by vigorous pipetting, spun at 300g for 15 

minutes and washed with FACS buffer. After a further spin at 300g for 5 minutes, 

red cells were lysed using standard ACK buffer (0.15 M NH4Cl (A0171, Sigma, 

UK)/1mM KHCO3 (P9144, Sigma, UK)/0.1mM Na2EDTA (E5134, Sigma,UK) for 5 

minutes on ice then strained using a 40µm cell strainer (352340, BD Biosciences, 

UK). Cell suspensions were washed, spun at 300g for 5 minutes, and re-suspended in 

FACS buffer. Fc blockTM (rat anti-mouse CD16/CD32, 553142, BD Europe) was 

added to the lung suspension for 15 minutes at 4oC, washed, spun at 300g for 5 

minutes and re-suspended in FACS buffer. Antibodies were added (FITC-labeled 

anti-mouse CD11b, RM2801, Caltag Laboratories UK; PE-labeled anti-mouse IAb, 

553552, BD Europe; APC-labelled anti-mouse CD11c, 550261, BD Europe; FITC-

labeled rat IgG1 isotype, 11-4301-81, eBiosciences; PE-labeled mouse IgG2a 

isotype, 553457, BD Europe) and stained on ice for 30 minutes. Samples were 

washed, spun at 300g for 5 minutes, re-suspended in FACS buffer and analyzed 

using a BD FACS Calibur Flow Cytometer: 4-Color. Data were analysed using 

FlowJo software, version 7.2.4 (Tree Star Inc., USA).  
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2.1.6.2 Blood 
A fixed volume of whole blood was obtained via the tail vein and immediately added 

to 3.9% sodium citrate (1:1). Blood was aliquoted into flow cytometry tubes, and 

antibodies (rat) were added (FITC-labeled rat anti-mouse CD11b, Biolegend, USA; 

PerCP-labeled rat anti-mouse Gr-1,eBioscience Ltd., UK; FITC-labeled rat IgG2a 

isotype, 11-4321-81, BD Europe; PerCP-Cy5.5-labelled rat IgG2b, Caltag 

Laboratories UK) for 30 minutes on ice. Red blood cells were lysed in FACS lysing 

solution (349202, BD Europe) for 30 minutes at room temperature in the dark. FACS 

buffer was added. Samples were spun at 300g for 5 minutes, washed and re-

suspended in FACS buffer and analysed. A known amount of fluorescent Flow-

Check fluorospheres (Beckman Coulter) was added to samples before analysis, 

and the ratio of cells to beads was used to calculate the absolute number of cell types. 

Analyses were performed using a BD FACS Calibur Flow Cytometer: 4-Color. Data 

were analysed using FlowJo software, version 7.2.4 (Tree Star Inc., USA). 

 

2.1.6.3 CD11b up-regulation in CD11b-DTR neutrophils  
Blood was isolated from CD11b-DTR mice that had DT (10ng/g) administration on 2 

consecutive days or PBS i.p. as detailed above. Whole blood was incubated with 

100ng/ml of LPS (serotype O111:B4; Sigma-Aldrich) for 30 minutes at 37oC in an 

eppendorf shaker at 300rpm. Neutrophils were identified on FSC/SSC profile in 

whole blood. Aliquots of whole blood were then stained as above for CD11b 

expression and forward scatter/side scatter (FSC/SSC) assessment using a 

FACScalibur. Data were analysed using FlowJo software, version 7.2.4 (Tree Star 

Inc., USA). 
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2.1.6.4 Alveolar macrophages 
Murine alveolar macrophages were obtained from five CD11b-DTR mice by BAL 

and then washed in FACS buffer, blocked, stained (with anti-CD11c and anti-CD11b 

antibodies) and analysed, as detailed above. 

 

2.1.6.5  Bone marrow 
Femurs of mice were obtained and flushed as previously described (Wilkinson et al., 

2009). Marrow flushes were then treated similarly to lung cell digestions above with 

trituration, washing, red cell lysis and blocking prior to staining with antibodies and 

analysis as described above.  

 

2.1.7 Lung myeloperoxidase (MPO) activity 
48 hrs after lung injury induction, mouse lungs were perfused through the right 

ventricle with 2 ml PBS, snap frozen in dry ice, and stored at –80°C. To measure 

MPO activity, whole lungs were homogenized in 50 mmol/L potassium phosphate 

buffer containing 0.5% hexadecyltrimethylammonium bromide and 5 mmol/L 

ethylene diamine tetraacetic acid (EDTA). After centrifugation at 4,000g for 10 min 

at 4°C, the supernatant fluids were incubated with 3,5,3′,5′-tetramethylbenzidine 

(TMB). The enzymatic activity was determined spectrophotometrically by measuring 

the change in absorbance at 450nm over 3 min in a Biotek plate reader. 

Bicinchoninic acid protein assays (Pierce) were performed to determine total protein 

concentration of supernatants to normalise data. 

 

2.1.8. ELISA for CXCL1 (KC), SDF-1 and IL-10  
For measurement of IL-10, stromal derived factor-1 (SDF-1) and KC in BAL fluids, 

enyzme linked immunosorbent assay (ELISA) kits (DuoSet, R&D Systems) were 

used according to the manufacturer’s protocols.  

 

2.1.9 In vivo imaging  
Optical imaging was performed on the Kodak MS FX Pro (Kodak Carestream, USA) 

and the Visen FMT 2500 (Visen Medical, Boston, USA). Filters and imaging 
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channels were aligned with Cy5.5 and Cy7. Imaging exposure for reflectance 

fluorescence (Kodak) was for 3 minutes (large binning, f stop 2, filters at 

680nm/720nm for Cy5.5 and 745nm/820nm for Cy7). For FMT 2500, channels 

680nm and 750nm were used for Cy.5.5 and Cy7 respectively. Animals received 

general anaesthesia with i.p. ketamine and metomidate. For vascular leak, 1.5nmol of 

SAIVI albumin 680 (Invitrogen, UK) was injected via the lateral tail vein and 

animals imaged 30 minutes later. For lung protease activity, 1nmol of a cathepsin-

activatable probe (Prosense 750, Visen Medical) detecting cathepsin B.L,S and 

plasmin or PBS control was instilled i.t. 12 hours after i.t. LPS. Images were 

acquired 24 hours after Prosense administration. 

MicroCT imaging was performed on the SkyScan 1176 MicroCT scanner. Mice were 

anesthetised wth intraperitoneal metomidate/ketamine prior to microCT scanning. 

Acquisitions were acquired with respiratory gating over 3 minutes per mouse. 

Images were analysed and sections viewed using SkyScan CT analyzer software 

version 1.2 (Brussels, Belgium). 

 

2.1.10 Cell isolation for adoptive cell transfer  
 

2.1.10.1 Primary Bone Marrow-Derived Macrophages 
(BMDMs)  
Bone marrow was harvested from 8- to 12-week-old female mice. Femurs were 

removed and cleaned under sterile conditions. Bone marrow was gently flushed 

through and plated in Dulbecco’s modified Eagle’s medium F-12 medium 

(Invitrogen) supplemented with 2 mmol/L L-glutamine, 10% heat-inactivated foetal 

bovine serum (LPS contamination undetermined) (PAA, Pasching, Austria), and 

10% conditioned supernatant from L929 cells (as a source of macrophage colony 

stimulating factor (M-CSF)), without antibiotics. After 6 days in culture cells had 

acquired a macrophage phenotype and were detached by gentle scraping on ice for 5 

minutes using 0.2% bovine serum albumin and 5 mmol/L EDTA in Hanks’ balanced 

salt solution without calcium or magnesium. Cells were counted and resuspended at 

5x105 viable cells/ml in fresh Iscove’s modified Eagle’s medium. Cell viability was 
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assessed using trypan blue exclusion. 1x106 cells were instilled i.t. 24 hours after i.t. 

LPS. For i.v. reinfusions, 5x106 viable cells were administered by i.v. lateral tail vein 

injection at 6 and 24 hours after i.t. LPS. For fluorescent optical imaging, cells were 

labeled at room temperature for 10 minutes with 1,1’-Dioctadecy-3,3,3’,3’-

Tetramethylindotricarbocyanine Iodide (DiR, 10µM in PBS, Invitrogen). For 

bioluminescence imaging to determine the viability of the cells in vivo in situ, 

BMDMs were transfected with Adenovirus encoding luciferase (Ad-luc). Adherent 

BMDMs were exposed to Ad-luc as previously described (Simpson et al., 

2001)(Multiplicity of infection, 100) for 2 hours prior to extensive washing. DiR 

labelled and Ad-luc transfected BMDMs were instilled i.t. into mice prior to the 

administration of i.p. luciferin and imaging on the Xenogen Spectrum. 

 

2.1.10.2 Bone marrow-derived mononuclear cells (MNCs)  
MNCs were isolated under sterile conditions from the femurs and tibias of female 

FVB mice and suspended in Dulbecco’s PBS containing 10% foetal calf serum and 

5mM EDTA (add-back buffer). Single cell suspensions were obtained by triturating 

the samples and filtering them through a 40µm cell strainer (352340, BD 

Biosciences, UK) to remove aggregates. The isolated cells were suspended in 5 ml 

add-back buffer, and layered over a 2 ml cushion of Histopaque (1.083 g/ml, Sigma, 

UK), and sedimented by centrifugation (30min, 250g). Cells retrieved were washed 

twice in add-back buffer (300g for 5 mins). 5x106 cells were infused via lateral tail 

vein injection 6 and 24hrs after i.t. LPS.  

 

2.1.10.3 Lymphocytes  
Lymphocyte controls were generated by negative magnetic selection using CD11b 

microbeads (Miltenyi Biotec, Germany) of the MNC population isolated as described 

in 2.1.10.2. Labeling of cells for adoptive transfer was achieved by incubating DiR 

(Invitrogen, UK) for 20mins, 37oC). Fractional distribution of cells to the lung as 

well as the number of cells trafficking to each organ was determined by measuring ex 

vivo organ fluorescence at the end of the experiment using a charge-coupled device 

(Xenogen IVIS Spectrum). 
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2.1.11 Histology 
 

2.1.11.1 Lung preparation 
Lungs were inflated under gravity with methyl Carnoy’s solution (60% methanol, 

30% chloroform, 10% glacial acetic acid), then incubated in the same solution 

overnight. Lungs were then transferred into 70% ethanol prior to paraffin embedding 

and sectioning for histology and immunohistochemistry. For histology lungs were 

stained with haematoxylin and eosin (H&E).  

 

2.1.11.2 F4/80 Immunohistochemistry  
Tissues were fixed with methyl Carnoy’s solution and embedded in paraffin. 5µm 

sections were treated with 12.5% proteinase K for 5-10 minutes at 37oC. Sections 

were blocked with 3% hydrogen peroxide for 15 minutes followed by 20% rabbit 

serum (Dako) for 30 minutes. Sections were then incubated with primary antibody 

for 1 hour and washed prior to addition of a biotinylated rabbit-anti rat secondary 

antibody (Dako) for 30 minutes. After further washing ABC reagent (Vector) and 

liquid diaminobenzidine (Dako) were added. Sections were counterstained with 

haematoxylin. Rat anti-mouse monoclonal antibody [CI:A3-1] to F4/80 (AB6640, 

Abcam, Cambridge) was used as primary antibody. Rat IgG (sc2026, Santa Cruz 

Biotechnology, USA) and rabbit IgG were used as controls.  

 
2.1.12 Statistics  
Normally distributed data were analysed using parametric analysis, student’s t-test 

for comparisons between two groups and one way ANOVA with Bonferroni’s post-

hoc test for greater than two groups. Where sequential samples were taken from two 

groups, repeated measures two-way ANOVA with Bonferroni’s post hoc test was 

used. Significance was set at p=0.05 and all analyses were conducted using 

GraphPad prism (V5.0, GraphPad Software, San Diego, CA, USA). 
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2.2 MATERIALS and METHODS for Chapters 5 & 6 

 
The methods and materials described below relate to experiments conducted 

with the nonalysine like peptoid (NLLP). The NLLP was synthesised and purified in 

the Department of Chemistry at the University of Edinburgh by various members of 

Professor Bradley’s group (Unciti-Broceta et al., 2009). The NLLP was initially 

designed as an intracellular delivery vehicle for cellular optical imaging but I also 

discovered it possessed antimicrobial activity. The experiments involved in vitro and 

in vivo assays to determine toxicity, antimicrobial efficacy and distribution. The 

NLLP was engineered to have potent intracellular delivery properties; hence a focus 

of the experiments also included determination of the antimicrobial efficacy of the 

NLLP within the intracellular niche. The in vitro antimicrobial assays were 

conducted to demonstrate the activity of the NLLP against non-multiplying and 

multiplying bacteria. 

  

2.2.1 Toxicity assays 
 

2.2.1.1 Haemolysis Assays 
Erythrocytes were isolated from freshly drawn, anticoagulated human blood and 

resuspended to 20 vol % PBS (pH 7.4). In a 96-well microtitre plate, 100 µl of 

erythrocyte suspension was added to 100 µl of NLLP solution in PBS (prepared by 

1:2 serial dilutions) or 100 µl of PBS in the case of negative controls. Positive 

controls (exhibiting 100% haemolysis) comprised 100 µl of red cell suspension with 

100µl of 0.2 vol% Triton X-100. The plate was incubated for 1 h at 37°C, then 150 

µl PBS was added. The plate was then centrifuged at 1,200g for 15 min, 100µl of the 

supernatant from each well was transferred to a fresh microtitre plate, and 

absorbance at 350nm (A350) was measured. Percentage haemolysis was determined 

as [(A-A0)/(Atotal-A0)] x100, where A is the absorbance of the test well, A0 the 

absorbance of the negative controls, and Atotal the absorbance of positive controls, all 

at 350 nm on a Biotek plate reader. 
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2.2.1.2 Neutrophil and mononuclear (MNC) cell toxicity 
Neutrophils and MNCs were isolated from freshly drawn anticoagulated blood as 

previously described (Rossi et al., 2006). Cells were incubated with increasing doses 

of NLLP in serum-free Iscove’s Modified Dulbecco Medium for 30 minutes prior to 

4 washes in PBS at 350g for 10 mins. Cells were then counted and percentage 

positivity for propidium iodide (PI; as a marker of membrane permeability) was 

measured using nucleocounter cassettes on a Nucleocounter TM device. Cell death 

was recorded as the percentage of cells that were PI positive in the absence of 

permeabilisation relative to the total cells positive after permeabilisation. The 

Lothian Research Ethics Committee approved this study and written approved 

consent was obtained from all subjects.  

 

2.2.1.3 A549 cell toxicity 
A549 cells (Giard et al., 1973) (type II alveolar epithelial-like cells derived initially 

from a patient with bronchoalveolar cell carcinoma) were purchased from American 

Type Culture Collection (CCL-185) and cultured to confluence in Dulbecco’s 

Modified Eagles Medium (DMEM; Sigma) supplemented with 5% foetal calf serum 

in 24-well costar (Corning) plates. NLLP solutions were added in increasing 

concentration to A549 cells and incubated overnight at 370C, 5% CO2. 18 hours later 

monolayers were washed and Calcein AM (cell viability dye that detects esterase 

activity) (Invitrogen, final concentration 10 µM) added to wells for 20 minutes. 

Positive controls included wells of A549 cells treated with 0.2 vol% Triton X-100. 

Experiments were carried out in triplicate on 3 separate occasions and quantified by 

measuring fluorescence of wells on a Biotek plate reader and quantifying average 

relative fluorescence units (RFU) per well using appropriate filters (excitation 

480nm/emmission 520nm).  

 

 

2.2.2  Confocal staining of cells 
Fluorescent NLLP labelled cells (2x 106) were seeded onto coverslips (borosilicate 

glass) and allowed to adhere before being fixed in formaldehyde solution [from 4% 

paraformaldehyde (weight/ vol)] in PBS (pH 7.4). Cells were permeabilised by the 
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addition of 0.006% Saponin (4°C; 30 minutes), washed twice in 50 mM NH4Cl (in 

PBS), and blocked (using 10% foetal bovine serum, 0.5% bovine serum albumin in 

PBS) for 30 min. Subsequent washes and staining were performed in PBS containing 

10% foetal bovine serum and 0.5% bovine serum albumin. Actin was stained using 

Alexa555-conjugated phalloidin (0.5 µM; 30 minutes) and nuclei were 

counterstained using DAPI (10ug/ ml; 10 minutes). Coverslips were mounted using 

Prolong Gold (Molecular probes). 

 

A laser-scanning confocal imaging system (TCS SP5; Leica), incorporating a DMI 

6000 inverted microscope (63× oil-immersion objective) was used for image 

acquisition. ImageJ (public resource, NIH, Bethesda) was used for image processing. 

Cy5.5 was excited with a dedicated 633 nm line, and emitted light filtered using 

spectral separation slits (680-770nm), whereas DAPI was excited with a dedicated 

405 nm UV diode, and emitted light filtered using spectral separation slits (415-

490nm). Alexa555 was excited with a dedicated 543 nm line, and emitted light 

filtered using spectral separation slits (550-590nm). Images were obtained by 

Kalman averaging of at least two individual scans, and images were obtained 

sequentially and merged off-line. 

 
2.2.3 In vitro antibacterial assay of NLLP killing 
 

2.2.3.1 Bacterial strains 
The following bacterial strains were used to evaluate the antimicrobial activity of the 

NLLP.  
Bacteria Strain Source Notes Reference 

S. aureus MRSA S113 Health protection 

agency, Colindale, 

UK. 

Standard MRSA used as 

reference strain in Royal 

Infirmary of Edinburgh  

(Lewin et al., 1990) 

S. aureus ATCC 25923 Microbiology Labs, 

New Royal 

Infirmary, 

Edinburgh. 

Standard reference strain (Couto et al., 2008) 

S. aureus Newman-GFP Phil Hill, 

University of 

Nottingham. 

GFP modified to allow cellular 

imaging 

(Qazi et al., 2004) 
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S. aureus  RN6390-GFP Phil Hill, 

University of 

Nottingham. 

GFP imaging to allow cellular 

imaging 

(Qazi et al., 2004) 

P. aeruginosa PAO1 Professor John 

Govan. 

Standard laboratory strain, 

fully sequenced 

(Wilkinson et al., 2009) 

P. aeruginosa PAO1–lux (Xen 41) Caliper Life 

Sciences, USA. 

Optically detectable using 

whole body optical imaging 

(Sadikot et al., 2004) 

B. cepacia genomovar 

I(J673/ATCC25416) 

Professor John 

Govan. 

Reference strain in cystic 

fibrosis centre 

(Vandamme et al., 1997) 

B. multivorans (J3332/LMG13010) Professor John 

Govan. 

Reference strain in cystic 

fibrosis centre. 

(Vandamme et al., 1997) 

 

2.2.3.2 Minimum inhibitory concentration (MIC) determination 
MICs were determined according to Clinical and Laboratory Standards Institute M7-

A6 protocols (Chongsiriwatana et al., 2008) in a 96-well microtitre plate. In test 

wells, 50 µl of bacterial inoculum (1x106 colony forming units/ml (CFU/ml)) in 

Mueller–Hinton broth (MHB) was added to 50µl of NLLP solution in MHB 

(prepared by 1:2 serial dilutions). Positive controls contained 50 µl of inoculum and 

50µl of MHB without NLLP. The MIC100 was defined as the lowest concentration of 

peptoid that completely inhibited bacterial growth after incubation at 35°C for 16 h 

as measured at A570 on a Biotek plate reader and confirmed by CFU determination. 

MIC profiles were reproducible (trends and absolute MIC100 within 0.5 S.D) between 

three independent experimental replicates, each performed in triplicate.  

 

2.2.3.3 Time-kill studies with non-multiplying bacteria  
Kill curves in PBS were performed to assess antimicrobial activity in non-

multiplying bacteria as previously described (Bahl et al., 1997). 

Bacteria were grown overnight in Luria Bertani (LB) broth at 370C in an orbital 

shaker at 200rpm. After 16 hours, 250µl of the bacterial culture was subcultured into 

fresh LB broth for a further 2 hours to allow bacteria to enter logarithmic growth 

phase. The cultures were centrifuged twice at 1000g for 15 minutes, each time re-

suspended in PBS. The bacterial pellet was re-suspended to a density of between 

1x106 and 1x107 CFU/ml in PBS and incubated with varying concentrations of 

NLLP in a 1.5 ml eppendorf tube. Eppendorfs were placed in a heated shaking block 
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at 370C. Ten µl aliquots were removed hourly and serial dilutions were plated on LB 

agar plates for quantification of CFU/ml the following day.  

 
2.2.4 NLLP-mediated protection of A549 cells co-incubated 

with S. aureus  
For co-cultures, A549 cells were grown to confluence in a 24-well plate (Corning 

Costar) in DMEM containing 5% FCS (370C 5%CO2). S. aureus (GFP-Newman) at 

106 CFU/ml were inoculated onto confluent A549 cells in phenol red-free IMDM 

along with NLLP (500µM added 15 minutes later) in a 24-well plate then incubated 

on a thermostatted Biotek plate reader and A520 read every 15 minutes for 16 hours. 

At the end of each experiment Sytox Orange (cell viability dye, stains nuclear 

material if cell membrane is damaged) (Invitrogen, final concentration 5µM) was 

added. Photomicrographs of wells were taken on a Zeiss fluorescence microscope 

and images captured using Openlab 3.0.  

 

For internalisation assays, S. aureus (GFP-Newman) were internalised into A549 

cells and the assay performed and quantified as previously described (Qazi et al., 

2004). Briefly, monolayers of epithelial cells grown to confluence were co-incubated 

with 106 GFP-S. aureus for 30 minutes then centrifuged (500g, 10 mins) to enhance 

bacterial-epithelial interaction and subsequent internalisation. The wells were then 

extensively washed and incubated for 2 hours (370C, 5%CO2). Non-internalised 

bacteria were removed by subsequent treatment with lysostaphin (10 µg/ml, Sigma) 

in HEPES-buffered DMEM (Gibco) for 20 min at 37°C. Plates were washed and co-

cultures were then incubated in phenol red-free DMEM (370C 5%CO2) along with 

NLLP (500µM) or control on a thermostatted Biotek plate reader and A520 read every 

15 minutes for 16 hours. At the end of each experiment Sytox Orange (Invitrogen, 

final concentration 5µM) was added. Photomicrographs of wells were taken on a 

Zeiss fluorescence microscope and images captured using Openlab 3.0. At the end of 

the experiments, cell-free supernatants from wells were plated in serial dilution on 

LB agar and recoverable CFU/ml quantified the following day to confirm plate 

reader quantification. 
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2.2.5 NLLP-augmented neutrophil bactericidal activity 
Having shown that epithelial cells loaded with NLLP were protected against S. 

aureus  infection, I chose to test if NLLP-loaded neutrophils possessed increased 

antibacterial activity. The method was adapted from previously published protocols 

(Naylor et al., 2007). Neutrophils were isolated from healthy volunteers by percoll 

gradient separation (Rossi et al., 2006) and labeled with 500µM NLLP or buffer 

(PBS) for 30 minutes at 370C. After labeling, cells were washed seven times to 

ensure removal of extracellular NLLP. Aliquots of Rhodamine-NLLP (Rho-NLLP) 

labeled cells were subjected to flow cytometry to ensure labeling and to allow 

confocal analysis. Similarly viability of neutrophils was immediately assessed by 

staining with PI. After extensive washing neutrophils were incubated with serum 

(30% v/v)-opsonised S. aureus (RN6390) at a pathogen to neutrophil ratio of 2:1 in 

1.5 ml eppendorf tubes. Co-incubations were performed at 370C in a heated block 

shaker (Thermo Fischer, 400rpm). After 2 hours, tubes were centrifuged to obtain a 

cell pellet that was resuspended in distilled water to induce neutrophil lysis without 

killing S. aureus. Aliqouts were then plated at serial dilutions on LB agar plates for 

quantification of CFU/ml. Experiments were independently performed on 3 or more 

occasions with independent healthy neutrophil donors. 

 

2.2.6 Flow cytometry of NLLP loaded neutrophils 
In the assays described above, to ensure that any bactericidal effect demonstrated 

was not due to NLLP-induced neutrophil activation or a change in the constitutive 

apoptotic or necrotic pathway, further flow cytometric assays were performed (Rossi 

et al., 2006). Purified (>95% pure assessed by Diff-Quick staining and cytospins) 

human neutrophils (5x106) were incubated in IMDM supplemented with 5% FCS 

and 500µM NLLP (final concentration) for 6 hours. Controls included LPS (Sigma, 

E. coli B155, 100ng/ml), Roscovitine (Sigma, 50µM), formyl-methionine-leucine-

phenylalanine (fMLP) (Sigma, 100ng/ml) and vehicle control. To assess 

apoptosis/necrosis, neutrophils were labelled with FITC-annexin V (Becton 

Dickinson, BD) and propidium iodide. Neutrophils were labeled with antibody 

against CD11b (BD Biosciences) and analysed on a BD LSRII flow cytometer. Data 
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were captured using Cellquest software (version 7) and analysed using FlowJo 

(Treestar, US). 

 

2.2.7 Adoptive transfer experiments 
To further demonstrate non-toxicity and to observe if NLLP loaded neutrophils could 

migrate to inflammatory foci, adoptive transfer experiments were conducted. Female 

CD1 inbred mice aged between 6-12 weeks old were used for all experiments. 

Marrow cells were harvested by flushing freshly extracted femurs HBSS (without 

Ca/Mg). Marrow flushes were washed with PBS, filtered through a 40-micron 

strainer (BD) and triturated through a 21G needle prior to application on a 

Histopaque gradient. Neutrophils were isolated after red cell lysis (0.2 % NaCl for 45 

seconds followed by 1.6% NaCl) of the cell pellet. Labeling with NLLP was carried 

out at room temperature for 15 minutes followed by three washes. The washes were 

checked for residual fluorescence using appropriate filters on the Xenogen Spectrum. 

Three million cells suspended in PBS containing 10% BSA were injected through the 

lateral tail vein. 

 
2.2.8 Optical whole body imaging 
CD1 inbred female mice aged between 6-12 weeks old were used for all 

experiments. In vivo optical imaging was performed on the Xenogen Spectrum 

(Caliper LS) and the Visen FMT 2500. Filters and imaging channels were aligned 

with Cy5.5 and Cy7. For FMT 2500, channels 680nm and 750nm were used for 

Cy5.5 and Cy7 respectively. Animals received general anaesthesia with 

intraperitoneal ketamine and metomidate. For luminescent imaging on the Xenogen 

Spectrum, a block was placed in the excitation filter and emission filter kept open for 

5 minutes at large binning. 
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2.2.9 Histology of NLLP distribution 
2mg/kg of rhodamine-conjugated peptoid (Rho-NLLP) was instilled directly into the 

murine trachea under direct visualization. Rho-NLLP was utilized to permit frozen 

section microscopy with filters that were available. Forty-eight hours later lungs 

were removed en bloc and inflated with Tissue Tek OCT TM (RA LAMB, East 

Sussex) and placed immediately in tin foil on dry ice. Cryostat sections of lung were 

taken and slices mounted on charged glass slides. Fluorescence microscopy was 

performed on mounted slides after 3 minutes of thawing. Images were taken on a 

Zeiss microscope and images acquired using Openlab 3 software. Images were 

further exported to Image J for analysis and merge. Control lungs that did not receive 

Rho-NLLP were used as background fluorescent controls. 

 

2.2.10 Four-week imaging of NLLP compartmental 

retention 
To investigate the compartmental retention of NLLP, mice received 2mg/kg of Cy7-

NLLP i.t. and were imaged on the 750nm channel using the FMT 2500 twice weekly 

for 4 weeks and thoracic fluorescence quantified. Phantom 100µM Cy7-NLLP was 

used to generate signal corrections for calibration of fluorescence as per 

manufacturers guidance (Visen FMT, Boston, USA). At the end of 4 weeks, mice 

were killed and the organs surgically exposed. Images were acquired on the Xenogen 

Spectrum.  

 

2.2.11  Subcutaneous inflammation model 
Fifty µg of E. coli LPS (serotype O111:B4, Sigma, UK) was mixed with ice cold 

matrigel (BD) and injected subcutaneously. Contralateral flanks were injected with 

PBS-matrigel implants. For luminol-derived imaging of myeloperoxidase (Gross et 

al., 2009), sodium salt luminol (200mg/kg, Sigma) was injected intraperitoneally and 

imaging commenced 15 mins later. 
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2.2.12 In vivo antibacterial assay of NLLP 
PAO1 lux was grown to log phase in LB media and after washing, 25µl containing 

106 pathogens was instilled i.t. into the murine lung. Twenty minutes later 2mg/kg of 

NLLP  or buffer control were instilled into the murine lung. Six hours later, mice 

were continuously anaesthetised (metomidate/ketamine) and mice imaged 

continuously for 3 hours.  Thoracic luminescence was quantified, reflecting burden 

of PAO1. Images were analysed using Living Image 3.0 software (Caliper LS).  

 

2.2.13 In vivo demonstration of in situ neutrophil and 

macrophage labeling, and enhanced clearance of S. 
aureus in established lung inflammation 

Ten µg of E. coli LPS (serotype O111:B4, Sigma, UK) was instilled i.t. One day 

later, 2mg/kg Rho-NLLP was instilled into the lungs. At 18 hours (a time point 

where there is no detectable extracellular NLLP), 106 S. aureus (RN6390) was 

instilled into lungs. The concentration of extracellular NLLP was not determined but 

was assumed to be negligible owing to its potent intracellular penetration. Animals 

were sacrificed 4 hours later and BAL was performed with 2.4 mls of ice cold PBS. 

Lungs were homogenised manually in PBS and homogenate and aliquots of BAL 

plated in serial dilutions on LB agar plates overnight for CFU/ml quantification. 

BAL was stained with FITC conjugated Ly-6G (BD) and fixed with FACSlyse (BD). 

BAL was analysed on a FacsCalibur flow cytometer and data analyzed using FlowJo 

7.0 software. 

 
2.2.14 Attenuation of systemic translocation of B. 

cepacia  
2mg/kg of NLLP were instilled i.t. and 24 hours later 108 CFU B. cepacia was 

instilled. Eighteen hours later mice were scored clinically. The clinical score was 

built on the basis of mice mobility (score = 0 for a spontaneous mobility, score = 1 

when a mobility was only observed after stimulation, and score = 2 for an absence of 

mobility), the development of conjunctivitis (score = 0 in the absence of 

conjunctivitis, score = 1 when there was a conjunctivitis), and the aspect of hair 
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(score = 0 for a normal hair and score = 1 for ruffled hair). The Animals were killed 

and BAL performed. Lungs, liver, spleen and kidneys were snap frozen on dry ice. 

Blood was obtained by direct cardiac puncture. After thawing, tissues were 

homogenized prior to serial dilutions and plating on LB agar plates for overnight 

growth and CFU determination. Cell free BAL supernatant was stored at -200C. Cell 

pellets were re-suspended in PBS for cell counting using an automated nucleocounter 

device. Cytsopins were performed and cells stained with Diff Quick. 

Photomicrographs of  cytospins were obtained with a Zeiss inverted microscope.  
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CHAPTER 3 

Characterisation of a Murine Model of ALI 
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3.1 Introduction 

 
In vitro modeling of ALI/ARDS is insufficient to recapitulate the dynamic 

events required to investigate biological processes contributing to disease pathology. 

As such in vivo experimentation in mice is pursued in this thesis. Whilst there are 

fundamental issues regarding translatability/scalability and species differences 

between mouse and man, mice remain the most commonly used species in animal 

experimentation. Murine reagents are readily available to perform broad phenotypic 

analysis of biological processes and the availability of transgenic animals permits 

mechanistic insights into disease processes.  

 

There are numerous models of ALI/ARDS in mice generated by direct 

pulmonary insults, extrathoracic insults or a combination of both (Matute-Bello et 

al., 2008). The most important pathological feature of ALI/ARDS which must be 

reproduced in a murine model, is a large neutrophilic alveolitis with consequent 

epithelial- endothelial injury and evidence of protein vascular leak (Matute-Bello et 

al., 2011). Direct intratracheal (i.t.) instillation of lipopolysaccharide (LPS) is one of 

the most commonly used models that reproduces these salient features (Matute-Bello 

et al., 2008). 

 

 LPS or endotoxin is derived from the outer membrane of Gram negative 

bacteria. Its primary role is to provide structural integrity to the bacterium as well as 

perform immunomodulatory functions (Bazaka et al., 2011) . Drugs that interfere 

with the synthesis of LPS are bactericidal and hence it is a critical component of 

Gram negative bacteria (Cipolla et al., 2011). LPS is composed of a lipid A, a core 

polysaccharide and an O antigen (polysaccharide). Gram negative pathogens have 

either a smooth (all three components) or rough LPS denoted by absence of either the 

O antigen or the linking core polysaccharide. These structural variants have differing 

stimulatory effects on host cells (Trent et al., 2006). 

 

 LPS binds to lipopolysaccharide binding protein (LBP) and the LPS/LBP 

complex in turn signals through their cognate receptor CD14/Toll-like receptor-4 
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(TLR4) complex (Schumann, 2011). This interaction has potent proinflammatory 

effects on numerous cell types. In the lung, resident alveolar macrophages (AMs) 

and epithelial cells respond by producing inflammatory cytokines and chemokines 

(Hoppstadter et al., 2010, Thorley et al., 2011). The production of leucocyte 

chemokines results in a brisk and pronounced leukocyte influx. There is no 

secondary fibro-proliferative phase with single dose LPS administration (Matute-

Bello et al., 2008) and hence its utility is in modeling the acute ‘exudative’ phase of 

ALI/ARDS. The chosen route of LPS administration in mice results in significantly 

variable ALI/ARDS phenotypes. Systemic LPS (modeling extrathoracic ALI/ARDS) 

results in endothelial activation, accumulation of neutrophils in capillaries and 

interstitium but minimal intra-alveolar infiltrates (Matute-Bello et al., 2008) whereas 

direct i.t administration (modeling primary direct ALI/ARDS) results in large patchy 

intra-alveolar neutrophil infiltrates (Matute-Bello et al., 2008). 

 

There are however significant limitations of the single hit LPS model to 

reproduce human ALI. The inflammatory insult is transitory and is self resolving 

within days. In ALI/ARDS, there is a fibroproliferative phase that is not modeled 

with a single LPS hit model. Additionally the single hit model does not involve 

whole bacteria which are the prime insult in humans and importantly, aside from 

experimental human model systems (Proudfoot et al., 2011), no humans directly 

inhale LPS. Multiple LPS hits are a possibility but again these do not mimic the 

human condition.  

 

This LPS model aims to investigate the cellular dynamics in ALI and also the 

effects of cellular depletion. The cellular temporal dynamics in human ALI have not 

been fully characterized due to the obvious difficulties in serial BAL in critically ill 

patients. However early histological studies clearly showed the prevalence of 

neutrophils (Bachofen and Wiebel, 1977) and BAL taken from patients with 

ALI/ARDS show high levels of neutrophils (Pittet et al., 1997, Steinberg et al., 

1994).  
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Similarly the phenotypic increase of alveolar monocyte recruitment in human 

ALI has been described (Rosseau et al., 2000). In mice this similar increase in 

monocytoid cells in the LPS ALI model has also been described (Maus et al., 2002a). 

However the monocyte subsets in mouse and man differ, despite having similar 

phenotypes, in percentage composition of the whole monocyte population, PBMs in 

humans are 90% CCR2hi wheras in mice the two populations (CCR2hi and CCR2lo) 

are equal. In the resolution phase of inflammation, data support the predominance of 

lymphocytes in mouse and man (D’Allesio et. al., 2009). In summary, there is 

limited data regarding the cellular pathogenesis of acute lung inflammation in 

humans and hence modeling with the murine LPS hit model must be considered in 

this context. 

 

 

 

Whilst it is recognised that no one model can fully recapitulate all of the 

features of human ALI/ARDS, the most important end point in the current study is 

the investigation of neutrophil recruitment to the lung. As such the direct i.t. 

instillation of LPS is a simple, commonly used and reproducible model.  

 

3.2 AIMS 
 

To deliver i.t. LPS to mice and;  

a) Validate the accuracy of i.t delivery of inflammatory agents to the murine 

lung 

b) Observe a neutrophilic response  

c) Demonstrate evidence of pulmonary vascular leak 

d) Assess the reversible nature of the model 

e) Determine if peripheral blood neutrophil depletion 12 hours after the 

initial LPS insult attenuates pulmonary neutrophil accumulation at 48 

hours 
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3.3 Results 

 
3.3.1 Direct intratracheal instillation of a 50µl volume is an 

efficient method to deliver inflammatory agents/bacteria to 

the lung 
 

Utilising a method of direct intratracheal instillation as previously described 

(Wilkinson et al., 2009), luminescently transformed bacteria were instilled and the 

distribution of delivery observed (Figure 3.1). It was clear that the direct i.t route 

afforded efficiency and reproducibility of delivery to the lungs.  

 

 

              
Figure 3.1. Direct intratracheal instillation of luminescent bacteria into the 
lungs leads to a predominant thoracic distribution of delivery. CD1 mice were 
anaesthetised by i.p. injection. 15 minutes later, 50 µl of 107 CFU/ml of PAO1lux 
were instilled i.t. under direct vision of the vocal cords. Immediately after, mice were 
imaged on the Xenogen Spectrum with an open filter and 5 minute image acquisition 
to detect emitted bioluminescence. Mice reproducibly displayed thoracic 
bioluminescence. 
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3.3.2 Direct intratracheal instillation of LPS induces a 

neutrophilic alveolitis 
 

Initial time course experiments were conducted with 3.5 µg of i.t LPS. 

Twenty mice received i.t LPS and were sacrificed at intervals of 4 per group at 4, 24 

, 48 , 72 and 96 hours. A control group of 20 mice received i.t PBS and were 

sacrificed at the same intervals. BALF was collected and neutrophil numbers in BAL 

estimated by haemacytometer and nucleocounter estimation. (Figure 3.2). Total 

protein in the BAL was estimated using the bicinchoninic assay as a marker of 

endothelial-epithelial disruption. Peak neutrophil numbers were observed at 24-48 

hours and peak total protein at 48-72 hours. The timecourse experiments suggested 

that 48 hours would be an optimal timepoint to retrieve mice as this afforded 

sufficient time to administer therapeutic interventions before the model began to 

spontaneously resolve. After this experiment, further LPS lung models were 

conducted with 10µg of LPS used as a standard dose. This was chosen based on 

concurrent results obtained in chapter 4 (Figure 4.10) that demonstrated that 10µg of 

LPS induced a pronounced neutrophil influx that was well tolerated by the mice. 

Cytospins of BAL from control and LPS-instilled mice clearly showed a 

predominant neutrophil influx in LPS-treated mice. Histological analysis also 

showed a predominant neutrophilic alveolitis with hyaline membrane deposition 

(Figure 3.3). 
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Figure 3.2. LPS instillation (3.5µg/mouse) induces a neutrophilic alveolitis (top 
panel) with consequent increase in total protein in BAL as a marker of alveolar-
endothelial injury. Time couse of neutrophil numbers (top panel) and total protein 
in BALF from mice (bottom panel). N=4 mice per time point, data shown as mean 
and S.E.M. Data at 24, 48 and 72 hours significant by two-way ANOVA and 
Bonferroni’s test for neutrophil numbers and at 48, 72 and 96 hours for total protein. 
**p<0.005, ***p<0.0005. 



 66 

 

 

 

 

 

 

 

 

Figure 3.3. LPS induces histological and BALF evidence of neutrophilic 
alveolitis. Histology (left panels) (X40 magnification) and BAL cytospins (right 
panels) (X100 magnification) of mice that received i.t. PBS or 10 µg of LPS. 
Samples retrieved at 48 hours after LPS. LPS instillation induces a profound 
neutrophilic alveolitis.  
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3.3.3 KC chemokine rapidly decreases in BAL after i.t. LPS   
 

BAL from mice was assayed for the key neutrophil chemokine KC. There 

was a significant increase of KC in the BAL at 4 hours over control with negligible 

amounts detectable at 24 and 48 hours.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Alveolar KC rapidly decreases after i.t LPS instillation. ELISA 
measurements of key neutrophil chemokine KC in lavage of mice, n=4 per group per 
time point. Mice received 10 µg i.t LPS then BAL at selected time points. Data show 
mean and 95% C.I. Analysed by one way ANOVA with Bonferroni’s post test. 
***p=0.0006. 
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3.3.4 I.T.LPS induces pulmonary vascular leak which is 

greater at 48 hours compared to 24 hours 

 
The hallmark of ALI is the induction of pulmonary vascular leak. Whilst total 

protein in BAL is a surrogate marker of alveolar-endothelial leak, the administration 

of i.v. labeled albumin and its accumulation in the lavage is firm evidence of 

pulmonary vascular leak. 3 mice per group received i.t LPS then 24 and 48 hours 

later received i.v, fluorescently tagged albumin (methods 2.1.2) and were imaged 30 

minutes later and BALF retrieved (Figure 3.5) 
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Figure 3.5. Pulmonary vascular leak is greater at 48 hrs vs 24hrs. Upper panels 
show representative FMT imaging of mice 24 and 48 hours after LPS instillation 
showing greater vascular leak at 48 hours. Images show thoracic gating and airway 
gating demonstrating higher intensity of fluorescently labeled albumin (excitation 
680nm) in images acquired at 48 hours. Eppendorfs below images represent 
fluorescent reflectance images of BAL lavage retrieved from the animals shown in 
upper panels. 3 animals per group per time point. Images show representative 
animals. Mice received 2ng of labeled albumin via lateral tail vein. 
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3.3.5 Peripheral blood neutrophil depletion after i .t.  LPS 

results in attenuation of neutrophil numbers in BAL at 
48 hours 

 

The LPS model of lung inflammation with a profound neutrophilic alveolitis 

is thought to lead to the sequential mobilisation of neutrophils from the bone marrow 

to the lungs (Petty et al., 2007) in two distinct phases, an initial recruitment phase 

and a persistent phase. The demonstration in this model that peripheral blood 

neutrophils are persistently recruited was supported by specific peripheral blood 

neutrophil depletion 12 hours after LPS and retrieval of BAL at 48 hours. I used the 

IA8 clone of Ly-6G which has recently been shown to be neutrophil specific (Daley 

et al., 2008). 5 mice per group received i.t. LPS followed 12 and 24 hours later by 1 

mg of depleting monoclonal antibody (mAb) or isotype control. Mice were 

venesected 12 hours after i.p mAb to check for effective peripheral blood neutrophil 

depletion (flow cytometry confirmed >95% neutrophil depletion) (Figure 3.6). 

Neutrophils were identified in whole blood by their characteristic forward and side 

scatter profiles on flow cytometry of whole blood. 
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Figure 3.6. Peripheral blood neutrophil depletion after i.t LPS reduces 
neutrophil numbers in BAL at 48 hours. Mice (5 per group) received 10µg i.t. 
LPS then 12 hours later received 1mg/mouse i.p mAb (depleting vs isotype control). 
12 hours after this, 20µl of blood was retrieved and whole blood flow cytometry 
performed to confirm neutrophil depletion. Gates drawn in top panels illustrate the 
depletion of neutrophils after Ly6G mAb. Bottom panel shows BAL performed at 48 
hours and neutrophil counts in BAL determined by total cell count estimation by 
nucleocounter device followed by cytospins and differential count estimation. Data 
expressed as means and 95% C.I. Significance by Students t-test. (**p=0.003). 
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3.4 Discussion 

 
LPS is well recognised as a potent inducer of pulmonary and systemic 

inflammation and has been widely used in experimental models of ALI (Matute-

Bello et al., 2008). The direct i.t delivery of LPS produced a reproducible 

neutrophilic alveolitis with consequent protein vascular leak which is the hallmark of 

ALI/ARDS (Figure 3.1 and Figure 3.5). To this model, I initially applied delayed 

selective neutrophil ablation using a recently described neutrophil specific depleting 

mAb  (IA8 clone of Ly-6G) (Daley et al., 2008). This was performed to support the 

concept that sustained peripheral blood neutrophil mobilisation contributes to 

pulmonary neutrophil accumulation in this single hit model. The depleting mAb was 

applied 12 hours after the induction of experimental lung injury. The reduction in 

peripheral blood neutrophil count equated to a greater than 50 % reduction in BAL 

neutrophils at 48 hours (Figure 3.6). Importantly previous neutrophil depletion 

studies employing the RB6 8C5 clone of Ly-6G may have affected the circulating 

monocyte pool which comprises Gr-1 positive cells (Daley et al., 2008). Studies 

employing the commonly used RB6 8C5 clone reported significant decreases in 

pulmonary vascular leak and attributed the effects to neutrophil ablation (Chignard 

and Balloy, 2000). I utilised the IA8 clone along with monocyte depletion techniques 

described in chapter 4 to suggest that there has been an ‘unseen’ pathogenic role of 

monocytes in previous experimental studies of neutrophil ablation in ALI. The data 

presented in this thesis suggest that it will be very difficult to tease out pure 

monocyte-mediated pathology in murine ALI models because of their significant 

effects on sustained neutrophil recruitment.  

 

The simple instillation of LPS directly into the murine airway induced a 

pronounced neutrophilic alveolitis which was used for the rest of the studies in mice 

in this thesis unless otherwise indicated. As previously reported, the direct i.t. LPS 

model resulted in a reversible model of lung injury (Figure 3.2 and Figure 3.7). The 

reversibility of this model is also evident in the clinical observations of mice after 
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receiving i.t. LPS. After 72 hours no discernible differences are obvious between 

control mice and those that had received i.t LPS (data not shown). Neutrophil 

numbers decline and total protein declines with time in this model. Mice used in this 

thesis were on C57/BL6, CD1, FVB and BALB/C genetic backgrounds. All the mice 

showed a neutrophilic alveolitis in response to LPS (data not shown). In all 

experiments conducted, control groups were included at the time of the experiment. 

At no point were historical controls used for comparison between groups. The 

variable number of neutrophils/µl of BAL retrieved in some experiments in the LPS-

treated animals reflects the strain differences and also the dose of 10 µg/mouse was 

kept constant despite varying weights (+/- 5g) of mice (in each individual 

experiment, similar weights of animals were used per group).  

 

The introduction of fluorescence molecular tomography (FMT) and optical 

imaging (Figures 3.1, 3.5 and 3.7) to murine lung inflammation models has now 

become more abundant in the literature (Ntziachristos, 2009) but at the time of 

performing the experiments in this thesis, I was one of the first few investigators 

applying optical molecular imaging to murine lung inflammation. These techniques 

are developed throughout this thesis.  

 

3.5 Summary 
 
The direct i.t administration of LPS is a reproducible and simple model of ALI with 

salient histopathological findings that make it relevant to performing therapeutic 

treatment studies. 
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CHAPTER 4 

Monocyte depletion in an ALI model 
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4.1 Introduction 

 
Studies using rodent models of ALI demonstrate that the early influx of 

neutrophils is primarily directed by chemokine gradients generated from both 

resident lung leucocytes and epithelial cells (Colletti et al., 1995, Li et al., 2002, 

Shapiro, 2003, Puneet et al., 2005). This directs both the pulmonary marginated pool 

of neutrophils and also the initial wave of bone marrow mobilised neutrophils. 

However the initial neutrophil specific chemokines (KC, MIP 2) decline rapidly 

(Cailhier et al., 2005) and as yet there have been few investigations into the longevity 

of the neutrophil response that exceeds the initial chemokine gradient by days. The 

persistent recruitment of neutrophils remains to be fully explained but recent work 

suggests that pulmonary derived stromal derived factor 1 (SDF-1) maybe involved in 

sustaining the ongoing recruitment of neutrophils (Petty et al., 2007) in the 

‘persistent’ phase of ALI. Both pulmonary epithelial production of SDF-1 and 

neutrophil expression of the SDF-1 receptor, CXCR4 rises temporally during the 

course of experimental lung inflammation (Petty et al., 2007). Analagous to this 

apparently biphasic recruitment of neutrophils in ALI, studies have demonstrated the 

biphasic induction of vascular leak, an early vascular leak related to neutrophils and 

a later induction of vascular leak due to events independent of granulocyte derived 

factors (Chignard and Balloy, 2000). PBMs are increasingly being recognised in 

many organ systems as prime initiators of endothelial damage (Jonjic et al., 1992, 

O'Dea et al., 2005), orchestrators of leucocyte recruitment (Maus et al., 2003), and 

pivotal contributors to deleterious host repair pathways (Niedermeier et al., 2009). 

However, despite the significant body of work supporting monocyte depletion in ALI 

(Maus et al., 2003, O'Dea et al., 2005, Yamamoto et al., 2008), no published reports 

exist of therapeutic monocyte depletion in established experimental ALI.  

 

I hypothesised in this chapter that infiltrating PBMs play a major role in 

regulating ‘ongoing’ neutrophil recruitment and that depletion of the PBM pool 

is a therapeutic target in the setting of established ALI/ARDS. 

 



 76 

Controversy has remained over the roles of PBMs in potentially accentuating 

ALI, hence in investigating the role of PBMs in the ‘persistent phase’ of ALI, I used 

3 independent techniques, all of which were administered for two consecutive days 

to ensure sustained depletion of PBMs (Tacke and Randolph, 2006). Caveats for 

each individual depletion technique exist which are detailed in the discussion, but the 

observation that all three depletion strategies attenuated neutrophil numbers in BAL 

in established ALI supports the therapeutic approach.  

 

4.2 Aims 
 

To characterise and apply PBM depletion strategies in an established murine 

model of ALI to show that ongoing PBM depletion attenuates alveolar neutrophil 

numbers in murine ALI at 48 hours.  

 

Using three PBM depletion techniques; 

 

1) Systemic adminstration of LC 

2) Antibody dependent Gr-1hi monocyte depletion 

3) DT administration in the CD11b–DTR mouse 

  

  Subsequently to perform adoptive transfer experiments in the CD11b-DTR 

mouse to confirm that monocytes and not resident macrophages are responsible for 

the ongoing neutrophil recruitment.  
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4.3 Results 
 

4.3.1 Peripheral administration of LC depletes PBMs without 

affecting resident AM numbers  
 

To conditionally ablate PBMs, I initially used systemic injections of LC 

(sLC). Systemic injections of liposome-encapsulated clodronate (dichloromethylene 

bisphosphonate) in mice have been demonstrated to deplete 90% of peripheral blood 

monocytes rapidly (within 24 h) (Sunderkotter et al., 2004), as well as tissue 

macrophages in the spleen and liver. The treatment has been shown to induce 

selective apoptotic cell death in monocytes and macrophages without affecting 

lymphocytes and neutrophils (Van Rooijen and Sanders, 1994). Furthermore, the 

clodronate-mediated anti-monocyte/macrophage approach does not result in secretion 

of proinflammatory cytokines (Van Rooijen and Sanders, 1994).  

 

Initial biodistribution studies of fluorescently labeled LC showed 

accumulation in the liver, spleen and bone marrow with minimal accumulation in the 

lungs after systemic administration (Figure 4.1). To further investigate the specificity 

of monocyte/macrophage depletion with LC, I examined peripheral blood, liver, 

spleen and lung in mice 24 hours after LC administration. Consistent with the 

biodistribution studies, F4/80 positive hepatic and splenic macrophages were 

dramatically ablated by sLC. In contrast F4/80 staining AMs in murine lungs were 

not depleted (Figure 4.2).  

 

AM numbers retrieved from BAL (Figure 4.3) were also unchanged after sLC 

and there was no reduction in total peripheral blood neutrophila (Figure 4.4). Total 

PBM showed a reduction of 70% in the context of ongoing LPS ALI (Figure 4.5).  
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Figure 4.1. Characterising the systemic administration of liposomal clodronate 
(sLC). sLC distributes primarily to the liver ,spleen and bone marrow as evidenced 
by the biodistribution of fluorescently labeled LC in whole body imaging (A) and 
imaging of organs ex vivo. Images captured on the Kodak FX Pro with X ray co-
registration (top panel) and the Xenogen Spectrum with organ photo co-registration 
(bottom panel). Excitation 750nm, emission 820nm filters used for imaging. 
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Figure 4.2. Characterising the systemic administration of liposomal clodronate 
(sLC). sLC induces widespread resident F4/80 macrophage depletion in liver and 
spleen (x200) with no effect on lung resident A.M.s (x40). F4/80 macrophages 
stained brown.  
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Figure 4.3. Characterising the systemic administration of liposomal clodronate 
(sLC). sLC does not reduce numbers of AMs in BAL of mice. Mice received 400µl 
of LC or PBSL then 24 hours later BAL was performed. BAL total cells were 
quantified by nucleocounter and AM estimated after cytospin. Example cytospins 
from each group are shown above the bars (X100 magnification). N=3 per group. 
Data represent means and 95% C.I. NS by students t test, p=0.6256. 
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Figure 4.4. Characterising the systemic administration of liposomal clodronate 
(sLC). sLC does not deplete peripheral blood neutrophils. Mice received sLC or 
PBSL and 24 hours later, whole blood was retrieved and the percentage of 
neutrophils in peripheral blood was estimated by gating on FSC and SSC in whole 
blood. Data are presented as percentage of total cells in FSC/SSC plots. N=3 per 
group. Data show means and 95% C.I. NS by students t test (p=0.3235). 
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Figure 4.5. Characterising the systemic administration of liposomal clodronate 
(sLC). sLC depletes Gr-1 hi and Gr-1 lo monocytes in peripheral blood. Mice 
received 10µg LPS i.t followed 6 hours later by 400µl of LC or PBSL i.p. Blood was 
retrieved by tail nick and flow cytometric analysis of whole blood was performed. 
Data are presented as representative flow plots (n=8 per group). Left hand plot shows 
gating strategy on FSC and SSC to further analyse, in the right hand panels, 
mononuclear cells by CD11b and Gr-1 antibody staining. Animals that received 
CLODL show depletion of both Gr1 hi and GR-1 lo monocytes. 
 

 

 

 

 

 

 

CD11b FSC 

FSC CD11b LPS i.t & CLODL i.p. 

LPS i.t & PBSL i.p. 

CD11b 



 83 

4.3.2 Peripheral administration of LC attenuates neutrophil 

numbers and histological features of ALI at 48 hours  
 

After characterising the systemic compartmental effects of LC administration 

in vivo, I used LC to deplete PBMs in established ALI. The dosing regime chosen for 

systemic LC was 2 sequential doses of intraperitoneal (i.p.) LC to ensure persistent 

and sustained PBM depletion. The temporal depletion of monocytes using LC is well 

characterised and peaks at 6-8 hours after LC administration with recrudescence of 

the Gr-1 hi monocytes 18 hours later (Tacke and Randolph, 2006). Hence to sustain 

monocyte depletion, I administered a second dose of LC 18 hours after the first dose. 

Histological assessment of lungs (Figure 4.6) showed reduced neutrophil ingress and 

lung injury. F4/80 staining of lungs in LPS treated mice receiving PBS liposomes 

(PBSL) showed prominence of F4/80 positive infiltrating monocytes. In LC treated 

animals, resident AMs (black arrows) are evident with reduced influx of F4/80 

positive cells. (Figure 4.7). PBM depletion after LPS administration significantly 

attenuated neutrophil numbers in BAL at 48 hours (Figure 4.8). 
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Figure 4.6. Systemic administration of liposomal clodronate (sLC) attenuates 
established ALI. Mice received 10µg LPS i.t followed 4 and 28 hours later by sLC 
or control liposomes i.p. 48 hours after the induction of ALI, murine lungs were 
retrieved and inflated with methacarne and fixed overnight prior to H&E staining. 
Representative lung images are shown at magnification X40. Images representative 
of n=7 per group. 
 

 
Figure 4.7. sLC reduces infiltrating F4/80 cells in lungs but retains F4/80 A.M.s. 
Mice received 10µg LPS i.t followed 4 and 28 hours later by sLC or control 
liposomes i.p. 48 hours after the induction of ALI, murine lungs were retrieved and 
inflated with methacarne and fixed overnight prior to F4/80 staining. Representative 
lung images are shown at magnification X40. Arrows show persistence of A.M in 
sLC treated mice. Images representative of n=7 per group. 
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Figure 4.8. sLC reduces neutrophils in BAL at 48 hours in established ALI. 
Mice received 10µg LPS i.t followed 4 and 28 hours later by sLC or control 
liposomes i.p. 48 hours after the induction of ALI, murine lungs were lavaged and 
total cells counted and neutrophil differential count estimated by cytospin. Data is 
presented as neutrophils per µl of BAL retrieved. Mean and 95% C.I. (n=10 per 
group). Students t-test with ***p=0.0009. 
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4.3.3 LC delivered i .t.  depletes A.M.s without affecting tissue 

macrophages and subsequent LPS instillation does not 
attenuate BAL neutrophil burden 48 hours after LPS  

 

In contrast to sLC, lung compartmental delivery of LC depletes A.M.s (Bem 

et al., 2008) (Figure 4.9). In keeping with findings elsewhere with studies in mice 

and rats (Bem et al., 2008, Thepen et al., 1989), prior lung compartmental depletion 

of resident AMs did not reduce experimental pulmonary inflammation(Figure 4.10).  
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Figure 4.9. sLC delivered i.t depletes A.Ms. 100µl of LC or PBSL were instilled i.t 
and lungs retrieved 48 hours later for F4/80 staining. Top panel show absence of 
A.Ms and F4/80 staining in LC-treated animals compared to mice that received 
PBSL. Magnification X40. BAL 48 hours after LC or PBSL (n=3 per group) show 
reduced numbers of A.Ms in mice that received i.t LC. Data show mean and 95% 
C.I. Student’s t-test with *p=0.0195 
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Figure 4.10 . Effects of lung compartmental depletion of AMs by i.t. LC (blue 
bars) on neutrophil numbers in BAL at 48 hours. LPS delivered i.t. induces 
neutrophil recruitment to the lung, which is not reduced at 48 hours by prior AM 
depletion. Data are presented as mean and 95% C.I. No significant paired differences 
by one-way ANOVA and Bonferroni’s post-hoc test (overall p value=0.0163). N=4 
per group. 
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4.3.4 Targeted depletion of CCR2 hi (Gr-1 hi) PBMs results in 

attenuation of neutrophil numbers in BAL at 48 hours  
 

The application of LC led to a phenotypic attenuation of established ALI. The 

PBM knockdown with LC affected both the Gr-1 hi and Gr-1 lo monocyte subsets. To 

investigate the potential for specific therapeutic ablation of the Gr-1 hi population, I 

employed low doses of an anti- CCR2 monoclonal antibody (MC21)(Bruhl et al., 

2007). CCR2 hi expression coexists with Gr-1 hi expression on this subset of PBMs 

(Bruhl et al., 2007). Importantly murine neutrophils do not express CCR2 and are not 

affected by MC21 (Bruhl et al., 2007). MC21 mAb (20µg/mouse) was administered 

6 hours after i.t LPS and then 24 hours subsequently to maintain Gr-1 hi monocyte 

depletion. MC21 mAb depleted Gr-1 hi monocytes selectively over the 2 day period 

(Figure 4.11-4.12) This resulted in a significant attenuation of neutrophil numbers in 

BAL (Figure 4.13) and reduced MPO in the whole lung homogenates of animals 

receiving therapeutic mAb (Figure 4.14).  
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Figure 4.11. MC21 mAB specifically depletes circulating Gr-1 hi PBMs in the 
setting of LPS ALI. Mice received 10µg LPS i.t. followed 6 hours later by 20µg of 
MC21 or isotype control mAb. Blood was retrieved by tail nick 24 hours after LPS 
and flow cytometric analysis of whole blood performed. Flow plots representative of 
groups of n=10 per group. Left hand plot shows gating strategy on FSC and SSC to 
analyse mononuclear cells by CD11b and Gr-1(FL3) antibody staining. Mice that 
received MC21 had complete depletion of the Gr-1 hi population. 
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Figure 4.12. MC21 mAB specifically depletes Gr-1 hi PBMs in the setting of LPS 
ALI. Mice received 10µg LPS i.t. followed 6 hours later by 20µg of MC21 or 
isotype control mAb. Blood was retrieved by tail nick 24 and 48 hours after LPS and 
flow cytometric analysis of whole blood performed. (Top panel) Quantification of 
Gr-1 lo monocytes in whole blood shows no difference in animals receiving MC21 or 
isotype control on day 1 or day 2. Data are presented as mean and 95% C.I.. N=10 
per group. NS (p=0.6326) by repeated measures two-way ANOVA.  (Bottom panel) 
Gr-1 hi monocytes in whole blood at day 1 and day 2 are significantly decreased with 
MC21 administration. Data are presented as mean and 95% C.I. N=10 per group. 
P<0.0001 by repeated measures two-way ANOVA.  
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Figure 4.13. MC21 mAB reduces neutrophil numbers in BAL at 48 hours after 
LPS i.t. Mice received 10µg LPS i.t. followed 6 hours later by 20µg of MC21 or 
isotype control mAb and then 24 hours later again. BAL was retrieved 48 hours after 
LPS and neutrophil numbers estimated. N=10 per group. Data are presented as mean 
and 95% C.I.. Student’s t-test. *P=0.0113. 
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Figure 4.14. MC21 mAB reduces total MPO activity in lungs 48 hours after LPS 
i.t. Mice received 10µg LPS i.t. followed 6 hours later by 20µg of MC21 or isotype 
control mAb and then 24 hours later again. Lungs were retrieved 48 hours after LPS 
and MPO assessed by colorimetric activity of lung homogenates. Results are 
corrected for total protein and presented as mean and 95% C.I. (n=10 per group). 
Student’s t-test. *P=0.0327. 
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4.3.5 DT administration in the CD11b-DTR mouse depletes 

PBMs without affecting neutrophils 
 

The attenuation of BAL neutrophil numbers in murine ALI with sLC 

administration and selective CCR2 monocyte depletion was encouraging. However 

the demonstration that LC significantly affects both the hepatic and splenic pool of 

monocyte/macrophages (Figure 4.2) drew reservations in attributing the therapeutic 

effects solely to PBM ablation and necessitated a model in which the RES was not 

affected (Feith et al., 1997). In order to refine the PBM depletion, I characterised the 

CD11b diphtheria toxin receptor (CD11b-DTR) mouse in studies of ALI. CD11b-

DTR mice express human DTR from CD11b/Mac-1 promoter sequences that direct 

transgene expression to monocytes/macrophages (Cailhier et al., 2005). This permits 

directed cellular depletion of monocytes/macrophages after minute administration of 

DT (Figure 4.15). Mac-1/CD11b is critically required by neutrophils to permit 

extravasation at sites of inflammation and its presence and functional state are crucial 

to neutrophil function (Soriano et al., 1999). Hence given the ubiquitous presence of 

CD11b on neutrophils it was critical in this model to provide evidence that 

neutrophils are not affected by DT administration in the CD11b-DTR mouse. DT 

administration to CD11b-DTR mice did not affect the ability of granulocytes to up 

regulate CD11b in response to LPS (Figure 4.16). DT administration did not affect 

neutrophil counts in the blood or bone marrow (Figure 4.17-4.18).  
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Figure 4.15. DT in the CD11b-DTR mouse selectively depletes PBMs. 10ng/g DT 
i.p. depletes both Gr-1 hi and Gr-1 lo PBMs in the setting of experimental LPS lung 
injury. Mice received 10µg LPS i.t. followed 6 hours later by 10ng/g DT i.p. or PBS 
control. Blood was retrieved by tail nick 24 hours after LPS and flow cytometric 
analysis of whole blood performed. Flow plots representative of groups of n=10 per 
group are shown. Left hand plots show gating strategy on FSC and SSC to analyse 
mononuclear cells by CD11b and Gr-1 (FL3) antibody staining.  
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Figure 4.16. DT in the CD11b-DTR mouse does not affect the ability of murine 
neutrophils to upregulate CD11b. Example histogram from mice (n=3 per group) 
where CD11b-DTR mice received 2 days of DT (10ng/g) or PBS i.p. 48 hours later 
anticoagulated whole blood was retrieved and 500µl incubated with 100ng/ml E. 
Coli LPS for 30 minutes at 37 0C.  Blood was analysed before and after LPS 
stimulation shows that DT in the CD11b-DTR mouse does not inhibit CD11b/Mac-1 
upregulation in whole neutrophils in response to LPS. 
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Figure 4.17. DT in the CD11b-DTR mouse does not affect the percentage of 
neutrophils in the bone marrow.  CD11b-DTR mice received 2 days of DT 
(10ng/g) or PBS i.p. 48 hours later femurs were removed and flushed and cell pellets 
analysed by flow cytometry for composition of neutrophils by CD11b and Ly-6G 
antibody staining. Top panel shows gating strategy and bottom panel shows 
percentage of neutrophils in total bone marrow flush. Data analysed by Flow-Jo 
(Version 7, Treestar). N=3 per group. Data are presented as mean and 95% C.I. 
p=0.3459 by Student’s t-test. 
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Figure 4.18. DT in the CD11b-DTR mouse does not affect the number of 
neutrophils in blood. CD11b-DTR mice received 2 days of DT (10ng/g) or PBS i.p. 
Blood was retrieved by tail nick at 24 and 48 hours and whole blood analysed by 
flow cytometry. Data are presented as mean and 95% C.I.. Not significant 
(P=0.4245) by repeated measures two-way ANOVA. N=3 per group. 
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4.3.6 Resident AMs, hepatic and splenic macrophages are 

not affected by DT administration in the CD11b-DTR mouse 
 

AMs retrieved from CD11b-DTR mice were phenotypically CD11b lo, 

CD11c hi , potentially explaining their resistance to DT administration (Figure 4.19). 

In contrast to sLC, DT administration to the CD11b-DTR mouse did not ablate 

hepatic or splenic macrophages (Figure 4.20). However, in keeping with sLC, no 

ablation of F4/80 postive AMs were observed (Figure 4.21). DT administration to the 

CD11b-DTR mouse did not affect BAL AM numbers (Figure 4.21).  

 
 

 

Figure 4.19. AMs retrieved from untreated CD11b-DTR mice have low/absent 
CD11b surface expression. Three CD11b-DTR mice were lavaged and BAL pooled 
for flow cytometric analysis of CD11b/CD11c expression. AMs were gated by FSC 
and SSC profiles.   
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Figure 4.20. Characterising the effect of DT administration on F4/80 
macrophages. 10ng/g DT given i.p. to the CD11b-DTR mouse does not deplete 
F4/80 macrophages in liver, spleen (X200) or lung resident A.M.s (X40). 
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Figure 4.21. DT in the CD11b-DTR mouse does not affect the total number of 
A.M.s retrived in BAL. CD11b-DTR mice received 2 days of DT (10ng/g) or PBS 
i.p. 48 hours later BAL was obtained. Cells were counted and analysed by cytospin 
for differential counts. N=3 per group. Data are presented as mean and 95% C.I.. 
p=0.4105 by Student’s t-test. 
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4.3.7 DT administration in the CD11b-DTR mouse attenuates 

ALI 
 

After characterising the effects of DT administration in vivo, I used the 

CD11b-DTR mouse to investigate the role of the PBM in ALI. PBM ablation using 2 

consecutive doses of DT (10ng/g) at 6 and 24 hours after LPS administration 

significantly attenuated neutrophil numbers in BAL at 48 hours (Figure 4.22).  

Histological assessment and gross examination of the lungs showed reduced lung 

injury and inflammatory infiltrates (Figure 4.23). F4/80 staining of lungs showed 

reduced pulmonary ingress of F4/80 stained cells with retained AMs indictated by an 

arrowhead (Figure 4.24). Total protein within the BAL as a measure of alveolar-

endothelial disruption was significantly reduced (Figure 4.25). Non-invasive whole 

body optical imaging of treated mice also demonstrated a striking reduction in 

pulmonary vascular leak and protease activity (Figure 4.26). Biophotonic imaging 

was performed in mice to non-invasively identify mice with striking attenuation of 

lung injury. The molecular imaging agents used were protease sensors and labeled 

albumin. The protease sensor detected cathepsin activity as described previously 

(Ntziachristos, 2009) and albumin was tagged with Alexa Fluor 680 to permit non-

invasive imaging. 
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Figure 4.22 Monocyte depletion in the CD11b-DTR mouse in established ALI 
reduces neutrophil numbers in the BAL.  Mice received 10 µg of LPS i.t. followed 
by 2 doses of 10ng/g DT given in a treatment regime. BAL was performed at 48 
hours and cells counted and differential count assessed by cytopsin analysis. Data 
presented as mean and 95% C.I.. p=0.003 by Student’s t-test (n=8 per group).  
 
 
 
 
 

*** 
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Figure 4.23. Monocyte depletion in the CD11b-DTR mouse in established ALI 
reduces neutrophil accumulation in the lung. Mice received 10 µg of LPS 
followed by 2 doses of 10ng/g DT or PBS i.p. given in a treatment regime. This led 
to reduced histological features of ALI (left panel) and gross morphological evidence 
of ALI attenuation (right panel). Representative histology at X20 magnification. 
Photographs taken 48 hours after LPS instillation. Mice received i.p. anaesthesia and 
thoracic region exposed by dissection prior to exsanguination. 
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Figure 4.24. DT reduces infiltrating F4/80 cells in lungs but retains F4/80 A.M.s. 
CD11b-DTR mice received 10µg LPS i.t. followed 6 and 24 hours later by DT or 
PBS i.p. 48 hours after the induction of ALI, murine lungs were retrieved and 
inflated with methacarne and fixed overnight prior to F4/80 staining. Representative 
lung images are  shown at magnification X40. Arrows shows example of persistence 
of AM in DT treated mice. 
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Figure 4.25. Monocyte depletion in the CD11b-DTR mouse in established ALI 
reduces total protein in BAL at 48 hours. Mice received 10 µg of LPS i.t. followed 
by 2 doses of 10ng/g DT or PBS i.p. given in a treatment regime. At 48 hours, BAL 
was performed and cell free supernatant assayed for total protein using a BCA assay. 
N=6 per group. Data are presented as mean and 95% C.I.. Significance by Student’s 
t-test *p=0.0286. 
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Figure 4.26. Monocyte depletion in the CD11b-DTR mouse in established ALI 
reduces pulmonary vascular leak of labeled albumin and thoracic protease 
activity. Mice received 10 µg of LPS followed by 2 doses of 10ng/g DT or PBS i.p. 
given in a treatment regime. Whole body reflectance imaging of mice (Kodak FX 
Pro) after i.v. labelled albumin (top panel) showed reduced airway accumulation of 
albumin in treated animals (representative animal from 3 per group that were 
imaged) and Cathepsin activity in lungs of mice was reduced with DT treatment. 
Prosense 680 (Visen medical) administered i.t.  24 hours prior to imaging. 
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4.3.8 Chemokine/cytokine differences in BAL of untreated 

and treated mice 
 

The striking phenotypic attenuation of morphological and cellular aspects of 

murine ALI with DT treatment led me to investigate cytokine/chemokine levels 

within the BAL. Cytokine and chemokines are key chemoattractants considered as 

regulators of cellular traffic in health and disease (Puneet et al., 2005). Initially BAL 

analysis was performed using a murine proteome array (Figure 4.27). This showed 

considerable differences between the two groups (2 animals from each treatment 

group were directly compared). There were large differences in the CCL2/MCP-1 

axis with higher levels of JE (murine equivalent of MCP-1/CCL2) in monocyte 

depleted animals possibly consistent with a compartmental production in response to 

reduced monocyte infiltration (Maus et al., 2005). There was also striking decrease 

in lymphocyte associated chemokines such as MIG (Monokine induced by IFN-

Gamma) presumably in response to a marked reduction in IFN-gamma in BAL. Of 

note key neutrophil chemokines were relatively lowly expressed. SDF-1 was absent 

in the DT treated animals and KC was not reduced in DT treated animals. I went on 

to perform flow cytometric multiplexed murine cytokine bead arrays and also 

quantitative ELISA of KC (archetypal neutrophil chemokine) and also SDF-1 which 

has recently been shown to be involved in regulating neutrophil traffic in the late 

persistent phase of murine and human ALI (Petty et al., 2007). There were no 

differences in the concentration of the key neutrophil chemokine KC at 48 hours 

with ELISA (10pg/ml +/- 4, mean and 95% C.I., p= 0.7, ns by t-test), indeed in this 

model, KC and other chemokines decline rapidly in lavage after initial LPS 

instillation (Cailhier et al., 2005). The recently characterised neutrophil chemokine 

SDF-1 that does appear late in the lavage of both mice and humans (Petty et al., 

2007), was significantly reduced in mice that received monocyte depletion (Figure 

4.28). Lavage cytokines showed an anti-inflammatory phenotype with increased IL-

10 in monocyte ablated animals (Figure 4.28)   
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Figure 4.27. Monocyte depletion in the CD11b-DTR mouse in established ALI 
results in chemokine/cytokine alterations. Mice received 10 µg of LPS i.t. 
followed by 2 doses of 10ng/g DT or PBS i.p. given in a treatment regime. 2 BALs 
from each group were analysed using a murine proteome array. Proteome panel was 
analysed using a charge coupled device (Xenogen IVIS SPECTRUM ) and duplicate 
values in regions of interest plotted for each point and plotted as mean value for 
groups.  
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Figure 4.28. Monocyte depletion in the CD11b-DTR mouse in established ALI 
results in chemokine/cytokine alterations. Mice received 10 µg of LPS i.t. 
followed by 2 doses of 10ng/g DT or PBS i.p. given in a treatment regime.  BALs 
from each group were analysed using a cytokine bead array and ELISA. Top panel 
shows reduction of the key neutrophil chemokine SDF-1 at 48 hours in mice that 
received monocyte depletion. *P=0.0147. Bottom panel shows elevated IL-10 in 
BAL of mice with monocyte depletion. *P=0.0126. N=6 per group. Data represent 
mean and 95% C.I.. Analysis by Student’s t-test. 
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4.3.9 Peripheral blood kinetics in monocyte depleted animals 

suggest a failure of marrow egress 

 

Given the striking reduction in alveolar neutrophilia, I also serially measured 

neutrophils in the peripheral blood of mice receiving monocyte depletion. In the 

CD11b-DTR model, there was a significant reduction in the peripheral blood 

neutrophil counts on both day 1 and day 2 of treatment (Figure 4.29).  

 

 

 

 
Figure 4.29. Monocyte depletion in the CD11b-DTR mouse in established ALI 
results in reduced peripheral blood neutrophilia. Mice received 10 µg of LPS i.t.  
followed by 2 doses of 10ng/g DT or PBS i.p. given in a treatment regime. Serial tail 
nicks of 10µl of blood were obtained from 6 mice per group on days 1 and 2 of the 
study. Neutrophils were identified in whole blood by their FSC/SSC profile. They 
were quantified by correlating with a known concentration and volume of flow check 
spheres that were introduced into the flow tube for analysis. Data are presented as 
means and 95% C.I. ***P<0.001 for both day 1 and 2 by 2 way ANOVA with 
Bonferroni’s post test.  
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4.3.10 Adoptive intravenous transfer of bone marrow 

derived mononuclear cells but not ex vivo differentiated 
macrophages rescues neutrophil recruitment in the CD11b-

DTR mouse  

 
In order to confirm that selective depletion of PBMs was responsible for the 

attenuation of neutrophil numbers in BAL, I conducted a series of adoptive transfer 

experiments. I administered primary cells obtained from syngeneic wild type mice to 

CD11b-DTR mice. I performed i.v. repletion studies with both macrophages and 

bone marrow derived mononuclear cells (Figure 4.30-4.33). I initially administered 

i.v. primary murine macrophages (5x106) which had been cultured ex vivo. These 

macrophages did not rescue neutrophil numbers in BAL (Figure 4.30). Macrophage 

repletion was initially performed due to ease of generation, high quantities of cells 

obtained and use of this cellular repletion strategy in published studies (Yamamoto et 

al., 2008). Following this I isolated fresh bone marrow mononuclear cells (MNCs) 

and performed i.v. adoptive transfer (Figure 4.31-4.33). The biological phenotype of 

these cells were not determined, i.e. their state of activation or degree of 

differentiation. A subset of mice received labelled monocytes and provided ex vivo 

confirmation of lung cellular engraftment (Figure 4.32). Lymphocytes isolated by 

negative magnetic selection from MNCs acted as cell controls. Adoptive transfer of 

wild type MNCs resulted in partial rescue of neutrophil numbers in lungs (Figure 

4.33). 
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Figure 4.30. Macrophage repletion in the CD11b-DTR mouse in established 
ALI does not rescue of neutrophil number in BAL at 48 hours. Mice received 10 
µg of LPS i.t. followed by 2 doses of 10ng/g DT or PBS i.p. given in a treatment 
regime. Teflon matured syngeneic macrophages were administered i.v. at 5 million 
cells per injection. BAL was performed at 48 hours and neutrophils numbers 
estimated. N=6 per group. Data represent mean and 95% C.I.. p=0.0339. by 
Student’s t-test. 
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Figure 4.31. Experimental plan for mononuclear cell repletion in the CD11b-
DTR mouse in established ALI. 3 groups of mice were used. Mice received either 
MNCs or MNCs depleted of all CD11b cells by magnetic depletion leaving only 
lymphocytes. Mice received 5 million cells i.v. 8 and 30 hours after LPS. Mice were 
retrieved at 48 hours . 
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Figure 4.32. Mononuclear cell repletion in the CD11b-DTR mouse in 
established ALI. MNCs were isolated by Ficoll gradients from bone marrows of 
syngeneic mice and cytospun prior to adoptive transfer to ensure that they were 
depleted of neutrophils (top panel (X100 magnification)). A subset of mice (3) 
received DiR labeled MNCs and lymphocytes in the treatment protocol and organs 
were harvested at 24 hours after the first injection to ensure organ localisation. 
Organs were imaged ex vivo using the IVIS SPECTRUM. MNCs engrafted to the 
lung but lymphocytes did not at this time point.  
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Figure 4.33. Monocyte repletion in the CD11b-DTR mouse in established ALI 
results in a partial rescue of neutrophil numbers in BAL at 48 hours. WT and 
CD11b-DTR mice received 10 µg of i.t. LPS followed by 2 i.p. doses of 10ng/g DT. 
MNCs (or lymphocyte (LOs) controls) were administered i.v. on 2 occasions (5x106 
cells) and BAL performed at 48 hours.  Single cell digests of lungs showed a 
reduction in the percentage of Ly6G cells which was partially rescued by MNC 
infusion. Data are presented as mean and 95% C.I.. N=5 per group. Analysed by one-
way ANOVA and Bonferroni’s post test. Overall p value<0.0001. 
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4.3.11 Adoptive intravenous transfer of bone marrow derived 

mononuclear cells partially rescues the chemokine 
producing dendritic cell (DC) subset in the murine lung  

 

 To further investigate the effects of PBM depletion and repletion, I 

characterised the effects of interventions on murine lung DC subsets. These have 

recently been characterised in the murine lung after LPS inhalation. The predominant 

chemokine producing subset is the CD11b hi, CD11c hi MHCII hi DC (Beaty et al., 

2007). These are thought to originate from myeloid precursors (Jakubzick et al., 

2008). In LPS treated mice I digested whole lungs to single cells and then performed 

flow cytometry to characterise the CD11c hi MHCII hi DCs (Figure 4.34). In the 

setting of LPS lung inflammation, there is a marked difference in the level of CD11b 

expression on the DC subset. In the setting of LPS lung inflammation with DT 

administration in the CD11b DTR, MNC add back led to a partial rescue of the 

CD11b expression on the DC population suggesting a partial replenishment (Figure 

4.35). As these are predominantly chemokine producing DCs (Beaty et al., 2007) I 

hypothesise that this may be a potential cellular mechanism by which depletion of 

circulating inflammatory cells attenuates neutrophil accumulation in the lung. 
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Figure 4.34. Characterising the DC population in the murine lung after LPS 
instillation. Mice received PBS i.t. or LPS as above. 2 days later whole lungs were 
retrieved without BAL and subjected to collagenase digestion and single cell flow 
cytometric analysis. Top panel shows gating strategy for MHCII hi / CD11C hi cells 
in whole lung digests. This gate was further interrogated for CD11b staining (lower 
panels). Mice that received PBS i.t. showed low staining for CD11b whereas mice 
that received LPS i.t. showed high staining for CD11b on the DC population (defined 
by double staining for CD11c and MHC II). 3 mice per group. Images are 
representative flow plots from one mouse per group. 
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Figure 4.35. Characterising the DC population in the murine lung after LPS 
instillation and monocyte depletion and repletion. Mice received LPS i.t. or PBS 
as above. 2 days later whole lungs were retrieved without BAL and subjected to 
collagenase digestion and single cell flow cytometric analysis.  
Geometric mean of CD11b expression on gated cells was partially rescued by i.v. 
MNC infusion. Data are presented as mean and 95% C.I.. Analysed by one-way 
ANOVA and Bonferroni’s post test. Overall p value=0.0030 (n=5 per group). 
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4.4 Discussion 
 

A difficulty in comparing LPS ALI models in the published literature results 

from variable LPS dosing and administration techniques. Nevertheless, in models of 

murine ALI induced by i.t. administration of synergistic monocyte chemokine JE 

(CCL2) and LPS, findings demonstrated the interdependence of monocyte and 

neutrophil recruitment to the inflamed lung (Maus et al., 2003). In those 

investigations, using 1000 fold less LPS than used in this study and 100µg/mouse of 

JE, adoptive transfer of CCR2 positive mononuclear cells restored neutrophil 

recruitment in CCR2 knockout mice (Maus et al., 2003). Opposing studies exist 

demonstrating sustained neutrophil recruitment profiles in CCR2 knockout mice in 

response to i.t. LPS alone without JE (Maus et al., 2005).  

 

PBM heterogeneity is now well recognised and recent descriptions of the 

roles played by monocyte subsets in various disease models highlight the increased 

understanding of their origins, developmental fate and pathological roles (Auffray et 

al., 2007, Geissmann et al., 2003, Serbina and Pamer, 2006, O'Dea et al., 2005). It is 

widely accepted that that there are at least 2 subsets of murine monocytes with 

analogous human counterparts (Geissmann et al., 2003, Ziegler-Heitbrock et al., 

2010), a Gr-1 hi CCR2 hi subset and a Gr-1 lo CCR2 lo monocyte subset. The in situ 

tissue fates of these two subsets provides conflicting reports which may in part be 

due to differential fates dependent on local tissue factors. Geissmann and 

Sunderkotter report that Gr-1 hi and not  Gr-1 lo subsets are preferentially recruited to 

inflammatory sites in models of peritoneal inflammation (Geissmann et al., 2003, 

Sunderkotter et al., 2004). Conversely and more relevant to this study, in models of 

lung inflammation, the Gr-1 lo monocyte subset was able to transmigrate to 

inflammatory stimuli and develop into functional pulmonary dendritic cells and 

macrophages (Landsman et al., 2007). Similarly Maus et al demonstrated the 

recruitment of GR-1 lo monocytes to the alveolar space in models of lung 

inflammation (Maus et al., 2002a). The Gr-1 lo subset is also implicated in generating 

CD11b hi CD103 lo pulmonary DC’s (Jakubzick et al., 2008) that are more 

proinflammatory and generate more chemokines than the other pulmonary DC subset 



 121 

(CD103 hi, CD11b lo) (Beaty et al., 2007)(Beaty et al., 2007) and hence may be 

pivotal players in the ‘persistent’ phase of ALI. 

 

Controversy has remained over the roles of PBMs in potentially accentuating 

ALI, hence in investigating the role of PBMs in the ‘persistent phase’ of ALI I used 

3 independent techniques, all of which were administered for 2 consecutive days to 

ensure sustained depletion of PBMs (Tacke and Randolph, 2006). Caveats for each 

individual depletion technique exist, but the observation that all three depletion 

strategies attenuated neutrophil numbers in BAL in established ALI supports the 

therapeutic approach.  

 

The first technique I used was sLC administration. sLC has been extensively 

utilised in the literature to specifically deplete cells of the MPS (Van Rooijen and 

Sanders, 1994). However, there have only been a few attempts to deplete PBMs in 

models of ALI using sLC (Soehnlein et al., 2008a, Wilson et al., 2009). These 

studies used early time points and showed no significant effects on neutrophil 

recruitment to the acutely inflamed lung. The majority of neutrophil recruitment in 

these models would have been due to contributions from the marginated pool of 

neutrophils directed by resident AMs and the epithelium. The delayed treatment 

protocol I used resulted in a 70% reduction of total monocytes in the peripheral 

blood without affecting resting neutrophils or resident AMs. Optical biodistribution 

studies of liposomes demonstrated that the majority of liposomes remained within 

the RES system and bone marrow with minimal liposome distribution in lung 

regions. The systemic administration of LC resulted in both Gr-1 hi and lo subset 

reductions. However there was considerable ablation of both hepatic and splenic 

macrophage. In mice that had received i.t. LPS, sLC resulted in a significant 

decrease in neutrophil numbers in BAL at 48 hours. These observations suggested a 

major role of the PBM and/or it’s tissue descendent in the recruitment of neutrophils 

in ALI from the blood to the lung during the ‘persistent phase’. 

I therefore characterised another inducible method of monocyte ablation that 

would have reduced effects on the RES and consequently neutrophil clearance from 

blood. Others have previously described the generation and use of the transgenic 



 122 

CD11b-DTR mouse (Cailhier et al., 2006, Cailhier et al., 2005, Duffield et al., 2005). 

In the setting of ALI, this transgenic system offers a unique and sensitive means by 

which to ablate PBMs. Unlike other tissue resident macrophages, AMs are resistant 

to depletion in this system owing to their low/absent expression of CD11b (Medoff 

et al., 2009). This permits the selective ablation of PBMs with a 90 % reduction in 

both GR-1 hi and lo subsets. Interesting, and still under investigation, is the 

unexplained observation that neutrophils are not affected after DT administration in 

the CD11b-DTR mouse (Cailhier et al., 2005, Stoneman et al., 2007). I showed that 

blood derived neutrophils from transgenic mice are still able to up-regulate 

CD11b/mac-1 integrins after LPS stimulation in whole blood despite being exposed 

to DT. In therapeutic ablation models, there was a significant reduction in pulmonary 

neutrophil numbers in BAL at 48 hours. This also corresponded to histological 

evidence of reduced lung injury. There were no differences in the classic neutrophil 

chemokine KC at the time points selected but there was a significant reduction in 

lavage SDF-1. In the peripheral blood there was a significant reduction in 

neutrophilia suggesting that the mobilisation of marrow neutrophils was reduced. 

Given that the pulmonary production of SDF-1 is now recognised as a potential 

regulator of ongoing neutrophil recruitment to the inflamed lung, these findings 

suggests a potential cellular effect of PBMs contributing to pulmonary SDF- 1 

expression.  

 

Both sLC in wild type mice and DT administration in CD11b-DTR mice led 

to depletion of both the Gr-1 hi and lo monocyte subsets. Gr-1 hi monocytes express 

CCR2 and have been described as the prime ‘inflammatory’ monocyte subset 

(Ziegler-Heitbrock et al., 2010). To delineate if this subset contributed significantly 

to neutrophil influx, I used a low dose anti-murine CCR2 mAb that was unlikely to 

fully block the CCR2 axis (Schneider et al., 2005) yet demonstrated direct antibody 

dependent cell mediated cytoxicity (ADCC) of peripheral CCR2 expressing cells. 

This intervention resulted in a 95% reduction in Gr-1 hi monocytes but no depletion 

of Gr-1 lo monocytes and led to a less striking reduction in pulmonary neutrophilia at 

48 hours.  
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 The question of whether resident macrophage pools contributed to the 

reduction in neutrophil numbers in BAL was addressed by performing local 

compartmental ablation of resident AMs with direct i.t. administration of LC. This 

resulted in no reduction in neutrophil numbers measured at 48 hours. Systemic 

macrophage reconstitution similarly had no phenotypic effect but systemic 

mononuclear cell repletion partially rescued neutrophil numbers in BAL and in 

whole lung. This observation that mature macrophages are unable to rescue 

neutrophil numbers as opposed to freshly isolated BMNCs suggests that in vivo 

maturation of PBMs to their tissue descendents maybe a critical step. In that regard, 

recent descriptions of monocyte emigration and maturation to pulmonary DCs and 

macrophages in both naïve and inflammatory situations (Landsman et al., 2007, 

Jakubzick et al., 2008) highlight the possibility of targeting PBMs and impinging on 

DC/macrophage maturation in acute inflammation within the lung. The exact site of 

interruption of the inflammatory cascade is challenging to delineate. The greater 

effect of ablating both subsets using DTR mice and LC suggest that the Gr-1 lo subset 

plays a significant role in amplifying the inflammatory response. Similarly it is 

difficult in the current study to negate the occurrence of Gr-1 hi to lo in vivo switching 

in the different depletion methods as plasticity between Gr-1 hi to Gr-1 lo subsets is 

well recognised (Geissmann et al., 2008). Nevertheless, the current data support 

PBM depletion as a therapeutic strategy.  
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4.5 Summary 

 
In summary I have demonstrated a therapeutic intervention in reducing 

neutrophil numbers in BAL and consequent lung injury in established ALI. Direct 

manipulation/ablation of neutrophils is not therapeutically attractive given the short 

half life and constant turnover of neutrophils and that rendering patients neutropenic 

dramatically increases their susceptibility to bacterial infection. In contrast, by 

depleting monocytes and hence their tissue descendents in ALI, I have been able to 

sustain a treatment effect in the ‘persistent’ phase of ALI. This supports the further 

assessment and development of monocyte targeted therapies in ALI/ARDS. 
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CHAPTER 5 

DEVELOPMENT OF A NOVEL PEPTIDOMIMETC WITH ANTMICROBIAL 
ACTIVITY IN VITRO 
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5.1 Introduction 

 
Antibiotic resistance is ancient. The genes encoding beta-lactam and 

vancomycin resistance were present over 30,000 years ago (D'Costa et al., 2011). 

However, over the last 70 years, driven by antibiotic selection pressure, there has 

been an emergence of widespread antibiotic resistance amongst pathogens (Bush et 

al., 2011). The paucity of new, effective antimicrobial agents, are critical issues. 

Indeed, the rapid emergence of multidrug resistant pathogens in community and 

hospital settings heralds the return of the preantibiotic era (Spellberg et al., 2008). 

Examples of limitations of existing antibiotics include toxicity, low bioavailability at 

sites of chronic infection, rapid emergence of antimicrobial resistance and poor 

access to the intracellular niche (Schlossberg, 2006).  

 

The intracellular survival of pathogens in eukaryotic cells such as 

neutrophils, macrophages and epithelia is well recognized (Rosen et al., 2007, Anwar 

et al., 2009). These sites provide potential ‘niches’ for the creation of a chronic 

infective state in the host and also contribute to the pathogenesis of acute bacterial 

infections. Novel agents that permit the synergistic inhibition of bacterial growth in 

the intracellular and the extracellular compartments would be attractive as both 

prophylactic and therapeutic strategies. For such applications, agents should enter 

eukaryotic cells rapidly and efficiently without inducing toxicity. One approach is to 

utilise peptoids, defined as oligomers of N-substituted glycine (Simon et al., 1992). 

They are peptidomimetics in which the carbon is substituted for by nitrogen in the 

amide backbone (Fowler and Blackwell, 2009), mimicking the biological functions 

of antimicrobial peptides. They possess cell entry properties analogous to their 

peptide counterparts (Schroder et al., 2008, Unciti-Broceta et al., 2009) but are 

superior to peptides due to their increased resistance to proteolysis and increased cell 

entry permeability (Fowler and Blackwell, 2009). Peptoids have been designed to 

possess antibacterial activity (Masip et al., 2005) similar to naturally occurring 

antimicrobial peptides (AMPs), an abundant and diverse group of molecules with 

wide ranging structures and mechanisms of antimicrobial activity (Brogden, 2005). 

Characteristics of AMPs that confer specificity and antimicrobial activity include 
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cationic charge and induced amphipathic secondary structures where residues are 

segregated into cationic and hydrophobic regions (Powers and Hancock, 2003). To 

mimic these predefined requirements, peptoids have been generated to have similar 

properties (Chongsiriwatana et al., 2008) and termed ‘ampetoids’. Recent 

structure/function investigations of these ampetoids postulated the requirement for 

net cationic charge and moderate hydrophobicity for antimicrobial activity, alongside 

high hydrophobicity and strongly amphipathic structures for haemolytic activity 

(Chongsiriwatana et al., 2008). Balancing the antimicrobial and haemolytic activity 

of peptoids to result in a favorable sensitivity ratio (S.R.) (defined as ratio of the 

MIC and the 10% haemolytic dose) is fundamental to their clinical application 

(Chongsiriwatana et al., 2008).  

 

The peptoid used within the work described here is one that was originally 

designed for optimal non-toxic cellular delivery by the Bradley group (Unciti-

Broceta et al., 2009). It consists of nine lysine-containing repeating units and is 

hence termed nonalysine-like peptoid (NLLP). NLLP is a highly hydrophilic achiral 

cationic molecule with no induced amphipathicity. These attributes predict a low 

haemolytic and high cell penetrating ability. Additionally, due to its polylysine and 

net cationic charge it potentially confers antimicrobial activity. I utilised the non 

toxic cell entry properties of NLLPs to augment the intracellular antibacterial activity 

of leucocytes and epithelial cells. I chose to study the use of the NLLP in vitro 

against Staphyloccocus aureus, Pseudomonas aeruginosa, and Burkholderia cepacia 

complex (Bcc). P. aeruginosa is a major cause of nosocomial pneumonia and also the 

most commonly isolated pathogen in cystic fibrosis patients (Govan et al., 2007). S. 

aureus is widely recognised as a major cause of secondary pneumonia and sepsis 

(Garau et al., 2009). Pathogens in the Bcc are opportunistic bacteria that often infect 

the airways of patients with cystic fibrosis and are extraordinarily resistant to almost 

all clinically useful antibiotics (Govan et al., 2007). I chose to study the effects of 

NLLP on these pathogens as they cause major morbidity and mortality, the drug 

pipeline for each of them is diminishing, and they all have the potential for 

intracellular survival.  
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To assess the activity of the NLLP in vitro and to support its development as 

a potential new and novel antimicrobial agent, I initially tested the antimicrobial 

activity against multiplying and non-multiplying bacteria. Non-multiplying bacteria 

are often present within the intracellular niche and are also difficult to kill with most 

conventional antibiotics. The structure of the NLLP and the labelled NLLPs are 

shown in Figure 5.1. 

 

 

 
Figure 5.1. Chemical structure of NLLP and fluorescently labeled NLLPs 
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5.2 Aims 
To evaluate the potential for the NLLP to enter primary cells without 

inducing toxicity. To further evaluate if the NLLP had antimicrobial properties in 

vitro in both non-dividing and dividing bacterial cultures. 

 

5.3 Results 
 

5.3.1 NLLPs are delivered intracellularly without toxicity  
 

 
The highly hydrophilic, achiral non amphipathic structure of the NLLP 

anticipated highly efficient cell entry properties. The Bradley group have previously 

described the lack of toxicity of the NLLP in various cell lines (Unciti-Broceta et al., 

2009). I extended toxicity assays to primary cells obtained from healthy human 

volunteers and mice. The NLLP did not show any overt toxicity to freshly isolated 

human neutrophils or mononuclear cells at concentrations used in this study (up to 

10mM) (Figure 5.2). Toxicity assays were also performed on A549 cells (human 

alveolar epithelial cell line) (Figure 5.3) which showed no evidence of toxicity. Red 

cell haemolytic assays demonstrated the remarkably high threshold for membrane 

toxicity with no haemolytic dose recordable at concentrations of NLLP available in 

this study (up to 10mM) (Figure 5.4). Efficient cell entry was confirmed using 

confocal microscopy in all cells studied (Figure 5.5). This demonstrated punctate 

intracellular accumulation of the NLLP. This suggests intracellular 

compartmentalization but no definite compartment was indentified in this thesis. 

100% of cells (A549, primary neutrophils, monocytes, lymphocytes isolated from 

mice and healthy human volunteers) were labelled with no overt toxicity at 

concentrations used in this study.  
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Figure 5.2. Absence of leucocyte cell toxicity  
No reduction in pooled primary human neutrophil and monocyte viability after 
30mins of labelling measured by exclusion of propidium iodide. Experiments 
performed in quadruplicate on two different donors. Data expressed as means and 
95% C.I. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3. Absence of epithelial cell toxicity  
No reduction in esterase activity of A549 cells after 30 mins of NLLP labelling with 
increasing concentrations measured by calcein AM (relative fluorescence units 
(RFU)). Positive control of A549 treated cells with 1% Triton. Experiments 
performed in quadruplicate on three independent occasions. Data represent means 
and 95% C.I. ***p<0.0001 by one way ANOVA and Bonferroni’s post test. 

*** 
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Figure 5.4. Absence of red cell toxicity 
Haemolysis of human red cells after 45 minutes of incubation with NLLP. 
Experiments performed in triplicate on erythrocytes from three independent donors. 
Data represent means and 95% C.I.. Even at very high concentrations (20mM), only 
2 % haemolysis was observed. 
 
 
 
 
 
 
 
 

NLLP 
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Figure 5.5. NLLP is delivered intracellularly 
Confocal microscopy of NLLP intracellular accumulation in primary murine 
monocytes and neutrophils after 10 minutes of labelling with 10µm Cy5.5 NLLP. 
Cells were then fixed and imaged using a Zeiss Laser Scanning Confocal 
microscope. Green (actin), blue (DAPI), pink (NLLP). 
 
 
 
 
 

actin 

DAPI 

Cy5.5 
NLLP 

Merge 

monocyte neutrophil 



 133 

5.3.2 Microbicidal activity of NLLP against non-multiplying 
pathogenic bacteria 

 
 
Non-multiplying pathogenic bacteria persist in the intracellular niche (Anwar 

et al., 2009, Garcia-Medina et al., 2005, Martin and Mohr, 2000). Bacteria multiply 

very slowly intracellularly, providing a residual bacterial ‘pool’ from which further 

growth, infection and spread ensues (Hu et al., 2010, Gilbert et al., 1990). Both the 

intracellular niche and the slower replication of these pathogens lead them to be 

relatively protected from conventional antimicrobial therapeutics (Hu et al., 2010, 

Zeiler et al., 1985) The demonstration that the NLLP has optimised intracellular 

delivery capabilities, led me investigate the in vitro microbicidal activity against non-

multiplying cultures of S. aureus, B. cepacia, B. multivorans and P. aeruginosa, with 

pathogens resuspended PBS as previously described (Zeiler et al., 1985, Bahl et al., 

1997). In these assays, bacteria are grown to log phase in fully replete growth media 

(LB). The bacteria were then resuspended in PBS to maintain them in non-

multiplying conditions. Under these conditions the bacteria do not grow but remain 

viable. Under these conditions, NLLP displayed dose-dependent antibacterial activity 

with a 100% microbicidal activity against S. aureus (Figure 5.6) and P. aeruginosa, 

(PAO1 and PAO1 lux strain) a two log kill of B. cepacia and a one log kill of B. 

multivorans (Figure 5.6). The bactericidal concentrations (50-100µm) required to 

achieve potent activity in non–multiplying cultures were considerably lower than 

those required to achieve a MIC100 after growth in fully replete media (Figure 5.10).  
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Figure 5.6. Speed of kill with NLLP against non-multiplying bacterial strains 
NLLP was incubated with bacteria at different concentrations for 6 hours and at 
different time points CFU counts were performed. Results are representative of three 
independent experiments. 
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5.3.3 Structural disruption of prokaryotic cells 
 
 
To further elucidate structural effects of the NLLP on bacteria, electron 

microscopy (E.M.) of P. aeruginosa and S. aureus in the presence of 100 micromolar 

NLLP (Figure 5.7) in non-multiplying conditions analogous to Figure 5.6 was 

performed. E.M. demonstrated gross cell wall, membrane and septum distortion. 

. 
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Figure 5.7. Transmission electron microscopy of NLLP treated S. aureus (a) and 
P. aeruginosa (b). Bacterial cells (RN6390 and PAO1) were fixed after one hour of 
treatment with buffer control (untreated) or 100µM NLLP in non-multiplying 
conditions. Red arrow in panel (a) shows septum distortion and red arrow in panel 
(b) shows increase in periplasmic space. Blue arrow shows membrane extrusion 

 

 

 

 

a 
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5.3.4 NLLPs selectively permeabilise prokaryotic cells 
 
 

The striking membrane (blue arrow Figure 5.7) structural disruption of 

bacterial cells displayed on E.M. in contrast to complete absence of red cell 

haemolysis or obvious toxicity to eukaryotic cells displayed in Figures 5.2-5.4 led to 

the suggestion that the NLLP may selectively permeabilise prokaryotic cells. Given 

that the NLLP appeared to uniformly enter prokaryotic cells, a fundamental question 

to answer was if the NLLP would alter constitutive rates of cell death or apoptosis in 

neutrophils, or activate neutrophils upon exposure. Hence freshly isolated human 

neutrophils were exposed to 500µM NLLP continuously (Figure 5.8). In contrast to 

Figure 5.2 where cells were exposed for only 30 minutes, neutrophils were now co-

incubated with NLLP for 6 hours. In addition, 500µM NLLP was applied to a 

confluent layer of MRSA (Figure 5.9). Permeability of bacteria was assessed by 

propidium isodide (PI) staining. Permeabilty (PI staining) and apoptotic rate 

(Annexin V staining) of neutrophils were evaluated. Neutrophil activation upon 

exposure to NLLP was assessed by flow cytometric determination of neutrophil 

CD11b expression. N-formyl-methionine-leucine-phenylalanine (fMLP) was used as 

a positive control to activate cells to increase surface CD11b expression Also as 

controls, neutrophils were exposed to LPS (10ng/ml) (potent neutrophil priming 

agent that increases the lifespan of neutrophils) and Roscovitine (Rossi el al., 2006) 

(50µM) (cyclin dependent kinase inhibitor that promotes neutrophil apoptosis). The 

data show that the NLLP permeabilises MRSA (Figure 5.9) but does not 

permeabilise neutrophils, moreover no evidence of cellular activation was observed, 

nor was an effect on constitutive apoptosis observed. In summary, the NLLP appears 

to be inherently non toxic to eukaryotic cells (at least across the range of cells 

studied here) whilst killing bacteria. 
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Figure 5.8. NLLP does not affect viability of primary human neutrophils 

a) Rates of viable, apoptotic and necrotic neutrophils after exposure to drug 
treatments. Data show mean and S.D. n=3 independent donors conducted in 
triplicate. No significant difference between control, NLLP and LPS at 6 
hours by one way ANOVA and Bonferroni’s post test. 

b) CD11b expression on neutrophils under different conditions. fMLP 
(100ng/ml for 15 mins at 37oC) activates neutrophils and leads to 
upregulation of CD11b, NLLP induced no CD11b upregulation. 
Representative histogram plot of CD11b antibody staining measured by flow 
cytometry (representative of 3 independent experiments).. 

c) Representative flow cytometry plots of freshly isolated neutrophils 6 hours 
after co-incubation with control buffer, 10ng/ml LPS (apoptosis negative 
control), 50µM roscovitine (apoptosis positive control) and 500 µM NLLP. 
Left hand plot shows FSC/SSC gating of neutrophils for flow cytometric 
evaluation of PI/annexin V staining. No significant increase in constitutive 
apoptosis (Annexin V staining) or necrosis (PI staining) after 6 hours of 
continual exposure to NLLP (representative of 3 independent experiments). 
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Figure 5.9. NLLP permeabilise bacteria  
(Top panel)Fluorescent micrograph with blue filter. 107 CFU/ml MRSA were 
adhered to a well in a 24 well plate in PBS at 37 0C with buffer control for 1 hour 
and stained with Propidium Iodide (PI). Note occasional PI positive bacteria 
coloured red. (X40 magnification). 
 
(Bottom panel):Fluorescent micrograph with blue filter. 107 CFU/ml MRSA adhered 
to a well in a 24 well plate in PBS supplemented with 500µM NLLP at 37 0C for 1 
hour and stained with PI (X40magnification). Note PI positive bacteria. 
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5.3.5 NLLPs retain activity against multiplying bacteria 
 
 

The ability to kill bacteria in PBS was encouraging, the next question was 

their relative potency to kill bacteria that were actively growing. Hence the NLLPs 

were tested against a panel of clinically relevant bacterial pathogens for MIC 

determination. Log phase MRSA and MSSA grown in fully replete Muller Hinton 

Broth (MHB) remained sensitive to NLLP treatment albeit at higher concentrations 

to achieve complete MIC100 whereas Bcc and P. aeruginosa clearly were growth 

inhibited but did not achieve a MIC100 at the concentrations used in this study (Figure 

5.10). Other strains of S. aureus also remained susceptible to killing by NLLP under 

multiplying conditions. Even though the concentrations of NLLP required to 

completely kill multiplying MRSA and MSSA were 2 fold greater than in non 

multiplying conditions, the absence of any detectable haemolysis at 30 fold higher 

concentrations (10mM) than were effective in the MIC assays (300µM) generates a 

favourable selectivity ratio for the clinical application of the NLLP. 

 

 

 

 

 

 

 

 



 141 

 
 

 

Figure 5.10 NLLP displays antimicrobial activity against multiplying bacteria 
NLLP in increasing concentration was incubated with bacteria in complete media 
(MHB) at 370C in a thermostatted plate shaker overnight and absorbance measured 
every 15 minutes. At the end of the overnight experiment, cultures were plated for 
CFU determination to confirm kill effects. NLLP displayed clear MIC100 against 
MSSA and MRSA under these conditions and also decreased the growth of Bcc and 
P. aeruginosa. These results were confirmed in 3 independent experiments. 
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5.3.6 Therapeutic augmentation of intracellular bacterial 
clearance in vitro  
 

The demonstration that the NLLP enters cells rapidly without inducing 

toxicity and that it possesses antibacterial activity led me to test in vitro if the NLLP 

could treat epithelial cells which had been pre-infected with slowly growing 

intracellular bacteria. I utilised methodologies to visualise and quantify real-time 

growth of S. aureus within A549 epithelial cells over a 16 hour time-course (Figures 

5.11-13). S .aureus (GFP-Newman) were internalised into A549 cells and the assay 

performed and quantified as previously described (Qazi et al., 2004). Briefly, 

monolayers of epithelial cells grown to confluence were co-incubated with S. aureus 

and centrifuged to enhance bacterial-epithelial interaction and subsequent 

internalisation. Non-internalised bacteria were removed by subsequent treatment 

with lysostaphin. Following this methodology, intracellular localisation of bacteria in 

A549 epithelial cells was confirmed by confocal microscopy (Figure 5.11). NLLP 

treatment in this in vitro model demonstrated bacterial killing and striking prevention 

of bacterial induced epithelial cell death measured by staining with Sytox orange 

(Fig 5.12). Similar assays were performed in non-internalised S. aureus on epithelial 

cells. In these experiments, S. aureus was incubated in co-culture with epithelial cells 

but without centrifugation or lysostaphin treatment. The initial growth of S. aureus in 

these assays was much more rapid (Fig 5.13) and photomicrographs of wells 

demonstrated killing of S. aureus (Fig 5.13). These assays demonstrated the ability 

of the NLLP to treat pre-infected epithelial cells with extracellular and intracellular 

bactericidal effect and prevention of bacterial-mediated epithelial toxicity.  
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Figure 5.11 GFP S. aureus are internalised. GFP-Newman S. aureus were 
incubated with A549 cells in an internalisation assay and confocal microscopy 
performed to confirm intracellular localisation. Top panel shows A549 cells imaged 
by confocal scanning with A549 nulcei stained with DAPI (red) and GFP S. aureus 
(green) (150µM scale bar). Bottom panel shows transverse and orthogonal images of 
a cell confirming intracellular GFP S. aureus. The bottom panel shows a merged 
image of an A549 cell stained with DAPI (blue), actin (brown) and GFP bacteria 
(green) (10µm scale bar). Z stacks were performed to confirm intracellular 
localisation of bacteria. 
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Figure 5.12. Real time in vitro quantification of internalised bacterial growth 
and epithelial toxicity and NLLP treatment  
Confluent A549 epithelial cells were seeded in a 24 well plate and assays conducted 
over 16 hours with photomicrographs captured at the end of the experiment and 
quantitative data captured throughout the 16 hours using a thermostated Biotek plate 
reader. Top panels show fluorescence photomicrographs of wells with internalised S. 
aureus, treated with 500 µM NLLP or buffer control. This demonstrates S. aureus-
mediated epithelial cell death in untreated wells (as shown by sytox positive Sytox 
orange stain) and bacterial overgrowth compared to striking prevention of epithelial 
death and no bacterial overgrowth in wells treated with NLLP. Bottom panel shows 
16 hour quantification of bacterial growth measured by optical density at A540 
kinetically at 30 minute intervals in a 24 well plate on a Biotek plate reader. 
Measurements indicate extracellular bacterial growth. Representative data from 
experiments carried out in quadruplicate on three independent occasions are shown.  
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Figure 5.13. Real time in vitro quantification of non-internalised bacterial 
growth and epithelial toxicity and NLLP treatment  
Confluent A549 epithelial cells were seeded in a 24 well plate and assays conducted 
over 16 hours with photomicrographs captured at the end of the experiment and 
quantitative data captured throughout the 16 hours using a thermostated Biotek plate 
reader measuring absorbance. Top panels show fluorescence photographs of wells 
with non-internalised S. aureus, treated with 500µM NLLP or buffer control. This 
demonstrates S. aureus mediated epithelial cell death in untreated wells (sytox 
positive) and bacterial overgrowth compared to large numbers of dead bacteria 
(sytox positive) and prevention of epithelial death in wells treated with NLLP.  
Bottom panel shows 16 hour quantification of bacterial growth measured by optical 
density at A540 kinetically at 30 minute intervals in a 24 well plate on a Biotek plate 
reader. Measurements indicate extracellular bacterial growth. Representative well 
from experiments carried out in quadruplicate on three independent occasions are 
shown. 
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5.3.7 Prophylactic augmentation of bacterial clearance in 
vitro  
 

Extending the above assays to models of prophylaxis and augmentation of 

cellular antimicrobial activity, I utilised A549 cells and neutrophils. Freshly isolated 

human neutrophils were loaded with NLLP and extensively washed to ensure no 

residual extracellular NLLP prior to coincubation with S. aureus at a ratio of 1:2 

(neutrophil:pathogen) (Naylor et al., 2007). Increased bactericidal effects were 

observed in NLLP-loaded neutrophils (Figure 5.14). Incubation of NLLP with 

neutrophils did not affect the rate of apoptosis or necrosis or lead to activation of 

neutrophils (Figure 5.10). Experiments were also carried out in A549 cells and 

similar to results obtained in the in vitro treatment models, a significant decrease in 

bacterial growth was demonstrated in cells preloaded with NLLP (Figure 5.15). 

Further confocal microscopy of these A549 cells confirmed colocalisation of Rho-

NLLP and S. aureus within the intracellular compartment (Figure 5.16). Thus the in 

vitro data provided evidence of intracellular bactericidal activity of NLLPs as well as 

demonstrating compartmental intracellular co-localisation of NLLP with bacteria. 
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Figure 5.14. Prophylactic in vitro augmentation of intracellular antibacterial 
activity in neutrophils. 0.5 X 106 neutrophils were incubated with 500 µM NLLP 
for 10 mins followed by 6 washes. 15 mins later cells were incubated with 1X 106 
CFU/ml of S. aureus (RN6390). Neutrophils and bacteria were co-incubated for 2 
hours and cell lysates plated in serial dilution for overnight culture. Results represent 
mean and 95% C.I of three separate donors on three independent occasions. Analysis 
by one way ANOVA and Bonferroni’s post test. Overall p value is p=0.0005. Left 
hand column show growth of bacteria at 2 hours from initial innoculum, 
demonstrating that live growing bacteria were used and also that co-incubation with 
neutrophils at 2 hours are not particularly efficient at killing S. aureus. 
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S. aureus             +                 +               +  
Neutrophils             -                  +               + 
NLLP                    -                  -                + 
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Figure 5.15. Prophylactic in vitro augmentation of intracellular antibacterial 
activity in epithelial cells. 500µM NLLP was added to A549 for 15 minutes and 
then extensively washed off prior to the addition of 1x106 S. aureus and 
internalisation of bacteria as in Figure 5.14. Following this quantification of bacterial 
growth kinetically every 30 mins for 14 hours on Biotek plate reader. Total bacterial 
count estimated by optical density measurements at 540nm. Data represent means 
and S.E.M. Analysed by 2 way ANOVA and Bonferroni’s post test.  
 
 
 
 
 
 
 
 

** 
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Figure 5.16. NLLP and GFP S. aureus co-localise in A549 epithelial cells. A549 
cells were preloaded with Rho-NLLP then incubated with 500µM GFP S. aureus. 
Confocal microscopy 4 hours later demonstrates intracellular co-localisation of Rho-
NLLP and GFP S .aureus (yellow arrow). 
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5.4 Discussion 

 
To develop and apply the NLLP in vitro and in vivo (Chapter 6), the Bradley 

group developed chemistries to link the NLLP with a variety of fluorophores (Figure 

5.1) to examine the distribution microscopically, macroscopically and non-invasively 

in preclinical models. In regard to non-invasive imaging further pursued in Chapter 

6, we chose to label NLLPs with NIR fluorophores that readily allow serial detection 

by non-invasive optical imaging platforms (Ntziachristos, 2009). Microscopic 

imaging of loaded primary cells (Figure 5.5) revealed the cytosolic accumulation of 

the NLLP in a punctate vesicular distribution as previously demonstrated in cell lines 

(Unciti-Broceta et al., 2009).  

 

A priori assumptions of the efficacy of naturally occurring AMPs and their 

abundance in nature have directed the synthesis of peptidomimetics primarily with 

amphipathic properties (Chongsiriwatana et al., 2008) containing spatially separated 

hydrophobic and hydrophilic residues. Few reports detail the utility of highly 

cationic lysine rich achiral structures with no engineered hydrophobic elements. The 

data presented here demonstrate that the NLLP combines antimicrobial and 

intracellular delivery properties to generate a molecule with prophylactic and 

therapeutic antibacterial action in vitro.  

 

I first evaluated toxicity in a range of primary murine and human cells. The 

selectivity ratio (S.R.) is a key determinant of clinical applicability and represents the 

antmicrobial activity vs 10% red cell haemolytic ability of antimicrobial agents. The 

concentrations of NLLP available to me (up to 20mM) never approached 10% 

haemolysis (Figure 5.4). Hence the S.R. is not recordable. Recent antimicrobial 

peptoid generation has focused on generating optimal S.Rs in comparison to 

pharmaceutical agents such as pexiganan (Ge et al., 1999). Thus even despite the 

higher MICs (measured in growth phase) compared to other antimicrobial peptoids 

(Chongsiriwatana et al., 2008) the S.R. of NLLP against pathogens in this study is 

extremely high. The microbicidal activity of our hydrophilic NLLP was evaluated 
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against common causative pathogens of pneumonia  which are difficult to treat- S. 

aureus P. aeruginosa and B. cepacia. 

 

The demonstration that the NLLP has antibacterial activity against slow-

growing stationary phase bacteria (Figures 5.6-5.7) is encouraging. It is likely that 

non-dividing bacteria are common in persistent infections such as endocarditis, 

osteomyelitis and in biofilm infections (Mascio et al., 2007). Additionally, within the 

intracellular niche, pathogens may adopt a growth arrested phenotype supporting 

colonisation and persistence (Burns et al., 1996, Tierrez and Garcia-del Portillo, 

2005). These findings support the utility of the NLLP in targeting slow growing 

intracellular pathogens, combining its cell entry properties alongside its antimicrobial 

properties. 

 

The hydrophilic nature of the NLLP raises intriguing questions about the 

mechanism of bacterial killing. Current understanding of structure-function 

relationships and mechanisms of AMP and peptoid bacterial killing suggest wide 

ranging possibilities from cell wall disruption, membrane permeabilisation and direct 

chromosomal damage (Brogden, 2005). The precise mechanisms in peptoid/peptide-

bacterial interactions remain elusive. In the case of the NLLP, the E.M. images 

(Figure 5.7) clearly show ultrastructural disturbances of the pathogens. There is a 

significant increase in the periplasmic space in the PAO1 after NLLP treatment 

suggesting osmotic flux. In S. aureus, NLLP exposure leads to distorted cell size and 

shape with clear alteration in the dividing septum. The ability of the NLLP to kill 

bacteria in stationary phase suggests a mechanism that does not solely involve the 

synthetic machinery of the bacteria. Not surprisingly Gram positive bacteria are more 

susceptible to NLLP killing given the absence of an outer membrane. The staining of 

bacteria with a cell permeable dye (Figure 5.9) suggests membrane damage but the 

temporal nature of this damage has not been elucidated in this study. Many AMPs 

possess hydrophobic elements that traditionally have been thought to mediate 

membrane insertion and pore formation (Brogden, 2005). The absence of such 

moieties in this compound infers alternative mechanisms may play a role in 
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membrane disruption in prokaryotic cells upon exposure to positively charged 

molecules.  

 

Augmenting intracellular antimicrobial activity is a novel application of 

peptoids and one that potentially has wide ranging clinical application. Several 

epithelial surfaces are constantly exposed to bacteria and are often a site for 

persistent bacterial survival (van Schilfgaarde et al., 1999, Garcia-Medina et al., 

2005). Epithelial cell death and apoptosis in response to bacterial infection also 

contribute to pathological damage to the host and within the lung leads to 

compromised barrier function and consequent acute lung injury (Martin, 2008). Thus 

strategies to augment the resistance of epithelial surfaces to bacterial invasion and 

subsequent ‘damage’ provide an attractive strategy to prevent the establishment and 

consequences of infection. The data in this chapter showed striking prevention of 

bacterial-mediated epithelial cell death in both prophylactic and treatment models of 

in vitro infection with S. aureus (Fig 5.12-5.15), a pathogen that is particularly good 

at establishing intracellular infection (Qazi et al., 2004).  

 

Neutrophils are vital antimicrobial innate effector cells recruited to sites of 

acute inflammation and constitute the first line of cellular defence in bacterial 

infection (Haslett, 1999). Augmentation of neutrophil bactericidal activity by 

NLLPs, the demonstration that NLLP labelling does not alter the constitutive rate of 

neutrophil apoptosis or necrosis (Fig 5.8) and the evidence that NLLP labelled 

neutrophils track to sites of inflammation (Dhaliwal et al., 2011) support further 

studies to demonstrate the utility of ‘hijacking’ the neutrophil to deliver 

antimicrobials to sites of chronic pyogenic infections. The application of this novel 

strategy may be utilised in conditions characterized by poor neutrophil function e.g. 

chronic granulomatous disease (Roesler et al., 1991) or in conditions characterised 

by persistent neutrophil recruitment and inadequate pathogen clearance such as 

chronic abscess (Bamberger and Herndon, 1990). Indeed pathogens such as S. aureus 

‘hijack’ neutrophils, remaining viable within the cell and inducing neutrophil 

necrosis or apoptosis (Roesler et al., 1991, Naylor et al., 2007, Anwar et al., 2009) . 
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Such subversive pathogen survival contributes to host damage and pathogen 

persistence.  

 

5.5 Summary 

 
In summary, the NLLP was delivered non-toxically and efficiently into 

eukaryotic cells. It displayed antimicrobial activity against non-dividing and dividing 

bacterial strains. The NLLP was delivered intracellularly and retained antimicrobial 

activity within epithelial cells and also neutrophils. It prevented pathogen mediated 

cytotoxcity of A549 epithelial cells. 
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CHAPTER 6 

IN VIVO APPLICATION OF A NOVEL PEPTIDOMIMETIC 
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6.1 Introduction 

 
The synthesis of NLLP which possessed both cell labeling and antimicrobial 

properties provided a reagent to test in vivo in models of cell tracking and infection. 

The models developed aimed to initially explore if the NLLP had any in vivo 

activity. Important questions concerned its activity to treat early infection, to 

potentially attenuate the acquisition of infection in ‘already’ inflamed lungs and to 

provide epithelial protection. The delivery of a novel compound to animals requires 

knowledge of its biodistribution and basic toxicology profile. Hence the early 

biodistribution of NLLP loaded cells and also of free NLLP in mice using non-

invasive whole body biophotonic imaging was assessed. The pathogens against 

which the NLLP was initially tested in Chapter 5, (S. aureus, Bcc complex and P. 

aeruginosa) were used again in in vivo models. The delivery route chosen for the 

NLLP was by direct i.t. delivery in models of pulmonary infection. Whilst most 

clinical antibiotics are given systemically, there is clear utility in delivering 

intrapulmonary antibiotics (Murray et al., 2011). The direct compartmental delivery 

overcomes potential problems with systemic absorption and also, if effective, it may 

permit a lower delivered total dose. 
 

6.2 Aims 

 
To evaluate if the NLLP could provide therapeutic and prophylactic 

antimicrobial efficacy in pulmonary models of infection. Specifically to determine; 

• Biodistribution 

• If there is no significant cellular toxicity in vivo 

• In pulmonary models of infection, 

-Therapeutic antimicrobial effect 

-Prophylactic therapeutic effect 

 

 

 



 156 

6.3 Results 
 
6.3.1 NLLPs can be delivered in vivo without inducing overt 

toxicity 
 
The favourable therapeutic potential and non toxic profile of the NLLP in 

vitro (Chapter 5) led next to investigating in vivo toxicity and distribution of the 

NLLP. Delivery of NLLP i.v and i.t. (Figure 6.1) led to no overt murine toxicity or 

deaths in any experiments conducted. I.t. delivery of NLLP did not lead to significant 

cellular influx in BAL (Figure 6.2) 
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Figure 6.1. NLLP administed via the direct i.t. route remains within the thorax. 
Cy 7- NLLP was delivered i.t. (2mg/kg) or i.v. (8mg/kg). Animals were then imaged 
24 hours later to observe biodistribution. I.t. delivery appeared to remain localised to 
the thoracic region. Images were acquired on the Xenogen Spectrum with bandpass 
filters 750nm/820nm using 10 second image acquisition. Images representative of 
n=3 animals per group. 
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Figure 6.2. Pulmonary delivery of NLLP does not induce acute inflammation. 
Top panel; 2mg/kg NLLP was instilled i.t and BAL performed 18 hours later. Total 
cell count in BAL was not significantly increased. Data represent mean and 95% 
C.I.. N=3 per group. NS by Student’s t-test (p=0.098). Bottom panels show 
representative cytospins of BAL (X40 magnification) from each group. 
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6.3.2 NLLP provides long term labeling of the alveolar 

epithelium 
 

After direct i.t. delivery of NLLP, sequential non-invasive whole body optical 

imaging was performed. Compartmental delivery of the Cy7-NLLP showed retention 

of fluorescence within the thorax over an entire four-week period (Figure 6.3). After 

four weeks, animals were killed and organs exposed to ensure fluorescent 

localisation in the thorax (Figure 6.3). A subset of animals received i.t. Rho-NLLP 

and histological analysis of lung cryosections confirmed delivery to the airways and 

alveolar epithelium without translocation to adjacent blood vessel wall endothelium 

(Figures 6.4-6.5). 
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Figure 6.3. I.t. delivery of the NLLP. 
Left panel shows non-invasive fluorescence molecular tomography (FMT) 
reconstruction, two weeks after i.t. delivery of 2mg/kg NLLP. Animals were imaged 
using the FMT 2500. The FMT image shows the non-invasive reconstruction of 
airway fluorescence (blue indicates presence of Cy-7 NLLP). Right panel shows 
confirmation at necroscopy of the same animal at four weeks of thoracic 
compartmental retention of Cy7-NLLP. Animals were imaged using the Xenogen 
Spectrum, fluorescent image superimposed upon photographic image. 
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Figure 6.4. Histological cryosection (X40) of murine lung after delivey of Rho-
NLLP showing delivery to a major airway and alveoli without delivery to 
adjacent blood vessels (B.V.). 2mg/kg Rho-NLLP delivered i.t. 24 hours earlier. 
Murine lung was retrieved, inflated and fixed prior to cryosectioning. Images were 
captured on a Zeiss flouresecent microscope and assessed using Openlab 3 software 
(red color represents Rho-NLLP). The boxes indicate an airway wall and a blood 
vessel. There is no fluorescence in the blood vessel wall.  
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Figure 6.5 NLLP is effectively delivered to alveoli.  
2mg/kg Rho-NLLP was delivered i.t. to mice and cryosections were prepared 24 
hours later. Retrieved lungs were inflated and fixed with OCT prior to 
cryosectioning. Images were obtained using a Zeiss flouresecent microscope and 
captured using Openlab 3 software. Magnification X100, red colour indicates Rho-
NLLP. 
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6.3.3 Ex vivo NLLP labeled leucocytes adoptively transferred 

to mice remain viable and functional in vivo 
 

Direct pulmonary delivery of the NLLP appeared to show no overt toxicity or 

inflammatory profile. The demonstration that the NLLP could rapidly enter primary 

leucocytes in vitro without inducing cell death in Chapter 5 was encouraging. To 

further investigate the functional effects of labeling cells with NLLP, neutrophils and 

BMDMs labeled with Cy7 NLLP ex vivo were administered to mice and their 

presence within the mice observed by non-invasive imaging. Bone marrow 

neutrophils were labeled with NLPP and administered i.v. to mice that had 

established LPS induced subcutaneous (s.c.) inflammation. Cy7-NLLP neutrophils 

specifically trafficked to s.c. LPS implants compared to PBS implants. In these 

experiments, myeloperoxidase (MPO) was imaged using systemic administration of 

luminol to mice. Luminol reacts with MPO to generate light (Gross et al., 2009). 

Further BMDMs labeled with Cy7-NLLP were instilled i.t. into mice. These 

BMDMs were also transfected with adenovirus encoding luciferase (Ad-luc). 

Exogenous administration of luciferin demonstrated luminescence within the 

thoracic cavity implying the cells were functional and viable in situ.  

 

The central premise of these two experiments was to demonstrate that the 

cells remain viable in situ to generate light (detected as luminescence) after the 

administration of substrates (luminol or luciferin). The Cy-7 shows the site of the 

cells in vivo but not their viability. 
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Figure 6.6. NLLP labelled neutrophils track to sites of inflammation.  
a) Subcutaneous myeloperoxidase signal (after i.p. luminol) in mouse that received 
60µg of Escherichia coli LPS in matrigel in left flank and PBS in matrigel in the 
right flank 24 hours previously. Mouse is prone in image.  
b) Cy-7-NLLP labeled primary murine neutrophils adoptively transferred i.v. to the 
same mouse showing co-localisation in the left flank. Images were acquired on the 
Xenogen Spectrum (Caliper LS). Mouse is prone in image. 
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Figure 6.7. NLLP labeled BMDMs delivered i.t. remain viable in situ. 5x106 Ad-
luc transfected and Cy7-NLLP labeled BMDMs were delivered i.t. and mice were 
imaged 24 hours later. a) Mouse imaged using the Xenogen Spectrum. The 
fluorescence image was acquired with 750/820nm filters for 5 seconds and 
superimposed on a photographic image. b) Same mouse imaged immediately after 
for 10 minutes with open filter after i.p. luciferin injection (to detect Ad-luc) 15 mins 
prior to imaging. Images show both fluorescence and luminescence in thoracic cavity 
indicating presence of labeled cells that are functionally competent. 
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6.3.4 NLLP has potent antmicrobial activity in vivo 
 

After demonstrating in vitro antibacterial activity and compartmental in vivo 

delivery of NLLP, I investigated whether the NLLP retained therapeutic antibacterial 

activity in a pneumonia model. PAO1 lux (a pathogen carrying a plasmid that confers 

intrinsic bioluminescence (Fink et al., 2011) was instilled i.t. (Figure 3.1, page 37). 

Kinetic growth curves from initial dosing experiments permitted assessment of the 

effect of instilling 2mg/kg NLLP i.t. 30 minutes after PAO1 lux and demonstrated 

reduced bioluminescence over time in treated animals in vivo with imaging 

performed continuously 6 hours after treatment (Figure 6.8). To confirm in vivo 

imaging, lungs from animals were retrieved and imaged ex vivo and CFU/ml 

enumerated from lung homogenates. 
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Figure 6.8. NLLP delivery attenuates PAO1 growth in murine pnemonia 

(a) Whole body bioluminescent image of mice 9 hours after PAO1 
administration. 3 animals per group received i.t. administration of 108 CFU 
PAO1 and then 30 minutes later 2mg/kg NLLP i.t. (top row) or buffer control 
(bottom row). 6 hours after i.t. administraton, mice were anesthetised by i.p. 
injection and imaged continuously for 2.5 hours. Images were captured at 15 
minute intervals using the Xenogen Spectrum (Caliper LS). Images show live 
bioluminescent bacteria (blue) in the thoracic and nasal regions of infected 
mice at the end of the experiment. 

(b) Quantitative analysis of thoracic bioluminescence in the 2 groups illustrated 
in a). Data show mean and S.E.M. of photon counts per second for every time 
point imaged in each group. Significant attenuation of bacterial growth was 
observed between 8 and 9 hours after infection (2-way ANOVA with 
Bonferronis post-hoc test for repeated measures.*P<0.05, **P<0.005). 
Blocked squares are NLLP and blocked circles are control groups. 

(c) Ex vivo retrieval of lungs with imaging and quantification of bioluminescence 
at the end of the experiments outlined in a) and b) confirmed in vivo imaging 
results (*P<0.05 by Student’s t-test). 
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6.3.5 Prophylactic administration of NLLP promotes 

clearance of secondary infection in vivo 
 

An important question surrounding the delivery and utility of 

peptidomimetics has been their efficacy in already inflamed tissues at risk of 

infection (Labiris and Dolovich, 2003). In the setting of established severe lung 

inflammation, opportunistic pulmonary infections have significant attributable 

morbidity and mortality (Conway Morris et al., 2010, Bauer et al., 2005, Markowicz 

et al., 2000). Hence an in vivo model of established LPS-induced lung inflammation, 

followed by bacterial instillation, was developed (Figure 6.9). Mice that received 

Rho-NLLP cleared pathogens more effectively (Figure 6.9). Furthermore, BAL 

demonstrated NLLP loading of the mononuclear cells (defined as Ly6G-negative) 

and neutrophils (defined as Ly6G-positive) populations (Figure 6.10).  
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Figure 6.9. NLLP protects inflamed lung from secondary infection.  
Mice received 10µg i.t. LPS to induce active lung inflammation, followed by 2mg/kg 
Rho-NLLP, in turn followed by S. aureus. NLLP significantly reduced growth of S. 
aureus in BAL fluid. Graphic data are presented as mean and 95% C.I.  ***P=0.004 
by Student’s t-test. N= 3 per group. 
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Figure 6.10. I.t .  NLLP labels leucocytes in lungs with established inflammation. 
Flow cytometric analysis was performed on BAL from mice in the experiment 
described in Figure 6.9. Rho-NLLP labelling of Ly6G positive neutrophils and Ly6G 
negative mononuclear cells. Light grey represents histograms from buffer-
administered animals and dark grey represents histograms from Rho-NLLP-
administered animals. The lower panels show representative confocal images of 
mononuclear cells (a) and neutrophils (b) from each gate (obtained by flow sorting 
the respective gates) illustrating Rho-NLLP loading. Cells ere stained with DAPI 
(blue) and Rho-NLLP (red) and merged with phase. 
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6.3.6 Prophylactic pulmonary administration of NLLP 

attenuates the systemic translocation of B. cepacia and 
attenuates clinical sepsis in mice 

 
B. cepacia is regarded as one of the most antibiotic-resistant pathogens in 

modern medicine. Approximately 30% of patients with cystic fibrosis (CF) who are 

infected with B. cepacia succumb to a fatal fulminating pneumonia termed cepacia 

syndrome (Govan et al., 2007), and acquisition of B. cepacia infection dramatically 

reduces survival of CF patients (Jones et al., 2004). Murine models of pulmonary B. 

cepacia infection demonstrate epithelial and macrophage invasion (Chu et al., 2004), 

and translocation from the thoracic compartment to the systemic circulation (Chiu et 

al., 2001). Few agents have been reported that have the potential to prevent or 

attenuate the translocation of B. cepacia in vivo. Interestingly only four accounts of 

the successful antibiotic treatment of cepacia syndrome in CF patients have been 

recorded (Grimwood et al., 2009). The widespread, prolonged retention of NLLP in 

the lung (Figures 6.3-5) led me to investigate the potential of NLLP to attenuate the 

growth of B. cepacia and systemic translocation. NLLP significantly attenuated local 

and systemic bacterial loads (Figure 6.11). BAL fluid retrieved from mice pre-treated 

with NLLP was characterised by reduced pulmonary haemorrhage (Figure 6.12), and 

by reduced protein leak across the alveolar-capillary membrane (Figure 6.12). NLLP 

also led to clinical improvement, as assessed via an objective clinical scoring system 

(Figure 6.12).  
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Figure 6.11.  Prophylactic pulmonary delivery of NLLP attenuates B.cepacia 
infection and bacterial translocation after pulmonary infection 
a) Experimental protocol to demonstrate the utility of prophylactic NLLP in 
attenuating subsequent B. cepacia pulmonary infection. 
b) CFU/ml of B. cepacia recovered from homogenates of lungs and BAL from mice 
18 hours after bacterial instillation. N=9 per group. Data are expressed as means and 
95% C.I. The results were significant by Student’s t test (**p<0.005, **p<0.001).  
c) CFU/ml of B.cepacia recovered from homogenates of blood and visceral organs 
from mice 18 hours after bacterial instillation. N=9 per group. Data are expressed as 
means and 95 % C.I. * p<0.05) by Student’s t test. 
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Figure 6.12.  Prophylactic pulmonary delivery of NLLP attenuates B. cepacia 
infection  
a) Cytospin of BAL (X40) of animal that received control buffer (left panel) and B. 
cepacia infection shows prominent neutrophil accumulation, red cells (black arrow) 
and intracellular presence of bacteria (red arrow). Cytospin (right panel) of NLLP 
treated animal shows absence of red cells and few bacteria.  
b) Total protein in BAL (µg/ml). NLLP pretreated mice had a 66% reduction in total 
protein reflecting reduced alveolar-endothelial disruption. N=9 per group. Graphic 
data represent mean and 95% C.I. p=0.0039 by students  t-test.. 
c) Clinical scores reduced in NLLP pre-treated mice. N=9. Means and 95% C.I.. 
p=0.0004 by student’s t test. 
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6.4 Discussion 

 
The initial biodistribution studies (Figure 6.1& 6.3) with the NLLP showed 

the remarkable compartmental retention of the NLLP in vivo in situ. The 

cryosections (Figures 6.4-6.5) demonstrated the ability of the NLLP to selectively 

label the epithelium without translocation to blood vessels. Indeed cellular delivery 

strategies have been used to enable long term airway delivery in preclinical models 

using protein transduction domains (PTDs) (Kinyanjui and Fixman, 2008). These 

protein transduction domains have been based on HIV–tat and are arginine rich. 

Such PTDs have been limited due to the inherent toxicity of the arginine rich 

sequences and also protease degradation. In this regard the NLLP has significant 

advantages. The nitrogen substitution within the backbone confers significant 

protease stability (Fowler and Blackwell, 2009) along with the lysine rich structure 

offering low toxicity compared to arginine. The NLLP showed no overt toxicity in 

vivo in any of the models tested. This is in concordance with the low toxicity profile 

in vitro (Chapter 5).  

 

The achiral hydrophilic cationic structure is clearly antimicrobial (Chapter 5) 

but its rapid cellular entry may preclude efficacy in the extracellular environment as 

the NLLP rapidly traverses cell membranes. As such an initial in vivo experiment 

involved administering NLLP after the establishment of PAO1 infection (Figure 6.8). 

This showed evidence of a direct antimicrobial effect in support of earlier in vitro 

data (Chapter 5). The mode of delivery of direct intrapulmonary administration has 

significant advantages in permitting a lower effective dose, compartment specific 

delivery and also direct clinical relevance as antibiotics are now being delivered via 

both nebulisers and inhalers to patients (Murray et al., 2011). 

 

The next series of in vivo experiments involved prophylactic administration 

of NLLP. The long term compartmental retention and diffuse alveolar entry (Figure 

6.3-6.5) demonstrated in vivo cellular entry. The key aim of the in vivo work was to 

demonstrate in vivo evidence of an intracellular antimicrobial effect. As such the 

timing of NLLP delivery (18-24 hours prior to bacterial challenge) would ensure that 
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any antimicrobial effect would not be mediated by free extracellular NLLP. The 

concentration of any remaining extracellular NLLP was not determined but was 

presumed to be negligible at this time point owing to observations in vitro systems 

where all labeled NLLP was delivered intracellularly. The attenuation of bacterial 

infection in both established inflammation (Figure 6.9) and in models of multi-drug 

resistant pathogens (Fig 6.11-6.12) suggests that the NLLP may mediate such an 

effect. 

 

Indeed, an in vivo model of pulmonary epithelial infection and translocation 

of pathogens to the systemic circulation is provided by Bcc complex (Chiu et al., 

2001) The compartmental long term delivery of the NLLP to the respiratory 

epithelium led me to test whether pre-delivery of the NLLP could attenuate B. 

cepacia pathogenicity by reducing the translocation of pathogens to the systemic 

circulation. The decreased recovery of pathogens in the lungs, and visceral organs 

(spleen, liver) in these experiments support the use of the NLLP as a novel strategy 

to prevent the translocation of these pathogens. Indeed, NLLP may yield a strategy to 

eradicate B. cepacia in intracellular and slow growing biofilms in CF patients. To 

date, no peptidomimetic has ever shown any favourable in vivo profile against B. 

cepacia. 

 

The experiments were performed to demonstrate the potential for in vivo 

efficacy of the NLLP. The direct intrapulmonary route was chosen as this obviated 

significant concerns about systemic biodistribution along with permitting local 

epithelial delivery. There are clearly limitations to the experiments particularly as no 

intravenous, dose ranging or survival studies were conducted which are further 

discussed in Chapter 7. I envisage that the most promising use of the NLLP will be 

in situations in which intracellular antibiotic activity will be essential. It is also not 

without possibility that the NLLP could be used in synergy with other antibiotics or 

indeed be coupled to other antibiotics to drive them into the intracellular niche 

providing a ‘double dose’ of antibiotic. These and other potential applications are 

further discussed in Chapter 7. 
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6.5 Summary 

 
In summary, initial experiments demonstrated the potential to use the NLLP 

to provide therapeutic and prophylactic antimicrobial activity in vivo. The long term 

compartmental retention of the NLLP in epithelial cells provides a potential barrier 

to prevent bacterial entry and systemic dissemination.  
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CHAPTER 7 

               GENERAL DISCUSSION 
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7.1 Summary of findings 

 
7.1.1 Characterisation of a murine model of ALI 

 
LPS is a commonly used stimulus for initiating ALI in preclinical models 

(Matute-Bello et al., 2008). In this thesis I used direct i.t. administration of LPS 

which clearly induced a neutrophilic influx within the alveolar space. The direct i.t. 

administration was optimised and validated for pulmonary delivery (Figure 3.1) 

using optical whole body imaging. This model was spontaneously resolving, at 96 

hours, when total numbers of neutrophils had reduced to baseline levels (Figure.3.2) 

Total protein in the BAL was used as a surrogate of alveolar capillary membrane 

damage and was significantly raised at 48 hours (Figure 3.2). Histological analysis of 

lungs showed findings consistent of ALI with a predominant neutrophilic influx and 

evidence of hyaline membrane deposition (Figure 3.3). A key neutrophil chemokine 

KC was absent after 24 hours within the lavage, consistent with studies showing the 

rapid tapering of locally produced neutrophil chemokines in inflammatory milieu 

(Figure 3.4). The ablation of peripheral blood neutrophils 12 hours after the delivery 

of LPS had a significant effect on the total number of neutrophils retrieved at lavage 

at 48 hours supporting established studies describing late phase neutrophil 

recruitment in LPS injury (Petty et al., 2007, Chignard and Balloy, 2000) (Figure 

3.6). Micro CT scanning of LPS-treated mice, showed the resolution of 

intrapulmonary oedema (Figure 3.7). 

 

In summary, i.t. LPS in mice produced a reversible model of ALI 

characterised by increased alveolar neutrophila, protein vascular leak and oedema. 

Peripheral blood neutrophil ablation at 12 hours, at a time point when local alveolar 

chemokines were low, resulted in a significant reduction of neutrophil counts in BAL 

at 48 hours suggesting an ongoing neutrophil influx independent of alveolar 

chemokines in this model. 
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7.1.2 Monocyte depletion in the ALI model 

 
Three distinct techniques were used in this thesis to induce PBM depletion. 

LC given i.p. depleted PBMs without affecting A.M. numbers (Figure 4.3). sLC did 

however lead to both hepatic and splenic macrophage depletion (Figure 4.2). sLC 

resulted in a reduction in both Gr-1hi and Gr-1 lo monocytes in peripheral blood 

(Figure 4.5) and consequently when administered 6 hours after LPS instillation, 

resulted in a significantly reduced phenotype of lung injury at 48 hours (Figures 4.6-

8). Optically tagged LC did not accumulate in lungs (Figure 4.1). To confirm that 

intra-alveolar macrophages did not play a significant role in neutrophil influx in this 

model, LC was administered i.t. and total alveolar neutrophil count determined at 48 

hours. No significant reduction in neutrophil count was observed (Figures 4.9-4.10).  

 

Targeted CCR2 /Gr-1 hi PBM depletion with a depleting mAB resulted in a 

40% reduction in alveolar neutrophils at 48 hours supporting the role of CCR2hi 

PBMs in murine ALI (Figures 4.11-14). 

 

To further investigate the role of the PBM, the transgenic CD11b-DTR 

mouse was used. Characterisation of DT administration in this model demonstrated 

that AMs were not affected (Figures 4.19-21). Given that CD11b is a major integrin 

expressed on neutrophils, experiments were conducted to confirm that neutrophils 

themselves were not affected. Neutrophils in DT treated mice were not depleted after 

DT administration (Figuress 4.16-18) and they upregulated CD11b expression upon 

LPS stimulation (Figure 4.16). DT administration in established ALI, resulted in 

significant attenuation of neutrophil numbers at 48 hours, a reduction in alveolar 

total protein and an anti-inflammatory phenotype of increased IL-10 in lavage 

(Figures 4.22-28).  

 

Peripheral blood kinetics of mice treated with DT showed a reduction in the 

mobilisation of blood neutrophils in these treated groups (Figure 4.29). Repletion 

experiments in this model showed the rescue of neutrophil recruitment only with 

peripheral mononuclear cell replenishment. No rescue was observed with i.t. 
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macrophage delivery or peripheral blood lymphocyte delivery (Figures 4.30-33). The 

inflammatory DC phenotype recently characterised to secrete numerous neutrophil 

chemokines, the CD11bhi CD11chi, MHC II hi DC (Beaty et al., 2007) was increased 

in LPS treated mice (Figure 4.34) and depleted in DT treated mice. PBM 

replenishment partially rescued this phenotype in the inflamed lung (Figure 4.35). 

 

In summary, targeted PBM depletion during the persistent phase of murine 

ALI significantly attenuates neutrophil numbers and lung injury at 48 hours. The 

table below shows the different depletion methodologies and effects on BAL 

neutrophil numbers. 
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7.1.3 Development of a novel peptidomimetic displaying 

antimicrobial activity in vitro 
 

A cell labeling agent was designed for optical imaging and eukaryotic cell 

entry. Along with these properties, the NLLP also possessed antimicrobial activity. 

The NLLP is an achiral peptoid possessing no amphipathicity (Figure 5.1). It showed 

no demonstrable eukaryotic cell toxicity at high doses (Figures 5.2-3). It did not 

induce red cell haemolysis at very high concentrations. Only 2% red cell haemolysis 

was observed at 20mM (Figure 5.4). It rapidly entered eukaryotic cells, and produced 

100% labeling as measured by flow cytometry. It appeared intracellularly in a 

punctate distribution (Figure 5.5). On incubation with freshly isolated human 

neutrophils, no evidence of cell activation was observed by flow cytometry (Figure 

5.8).  

 

In comparison, low concentrations induced bacterial cell death in stationary 

conditions (Figures 5.6-7) (bacteria suspended in PBS). The NLLP was bactericidal 

against Gram positive and Gram negative pathogens. MSSA and MRSA were killed 

as was Pseudomonas. Importantly multi-drug resistant Burkholderia species were 

also killed in vitro in PBS. E.M images demonstrated striking evidence of bacterial 

cell wall/membrane damage (Figures 5.7). Under different conditions, in which 

bacteria were suspended in MHB and grown overnight, the NLLP also showed 

significant antimicrobial activity (Fig 5.10). 

 

Moving these observations further, an assay system of intracellular infection 

was developed (Figures 5.11-12). The NLLP prevented S. aureus mediated epithelial 

cell death in preloaded or treatment models (Figures 5.12,13,15). Co-localisation 

studies showed the NLLP and S. aureus co-localising in punctate structures (Figure 

5.16). Similar preloading of freshly isolated neutrophils, showed lower recoverable 

bacteria (Figure 5.14). 
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In summary the NLLP showed antimicrobial activity against both stationary 

phase and growing bacteria. It showed no eukaryotic cell toxicity and it maintained 

antimicrobial effect within the intracellular niche. 

 

7.1.4 In vivo application of the novel peptidomimetic 

 
The in vivo antibiotic properties of the NLLP were investigated. Initial 

studies showed that the NLLP induced no detectable inflammatory response when 

instilled i.t. (Figure 6.2). No neutrophils were detected in the BALF. Fluorescently 

tagged (Cy7) NLLP remained within the pulmonary tract for up to 4 weeks (Figure 

6.3). Detailed histology showed it did not cross from the alveolar region to the 

endothelium (Figures 6.4-6). Ex vivo labeled neutrophils tracked to inflammatory 

sites and i.t. delivered BMDMs remained viable in vivo demonstrating the lack of 

toxicity to primary cells (Figures 6.6-7). 

  

Three models of infection were established to demonstrate in vivo 

functionality of the NLLP. Initially a model of early PAO1 infection demonstrated 

the ability of the NLLP to kill extracellular bacteria in situ (Figure 6.8). Secondly, a 

model in which pre-existing inflammation was induced with LPS was followed by 

NLLP and then bacteria (Figures 6.9-6.10) and the thirdly in which NLLP was 

delivered prior to inoculation of B. cepacia (Figs 6.11-12). All of the models 

demonstrated significantly attenuated bacterial growth in NLLP treated animals. 

 

In summary the NLLP showed long term persistence in vivo within the 

pulmonary tract. No obvious toxicity was observed. The prior delivery of NLLP 

significantly attenuated B. cepacia  in vivo.  
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7.2 Limitations of data 

 
7.2.1 Characterisation of a murine model of ALI 
 

The main limitation of the murine model is the appropriateness to ALI and human 

disease per se. LPS is a commonly used inciting mediator of neutrophil influx 

(Matute-Bello et al., 2008), yet clinically sepsis from systemic sources is a common 

initiator of ALI/ADS (Rubenfeld et al., 2005). ALI/ARDS is characterised by 

endothelial/epithelial damage (Ware and Matthay, 2000). In human disease extra-

thoracic causes of ALI initiate damage to the endothelium as the primary event. In 

that regard, the intrapulmonary delivery of LPS may not have a significant effect on 

endothelium (Matute-Bello et al., 2008). A model which recapitulates endothelial 

damage is the systemic infusion of LPS via an osmotic pump (Matute-Bello et al., 

2008). However, this model comes with increased morbidity and severity and 

involves a surgical procedure. The methods of evaluating ALI are also limited in this 

study. Standard histology as shown in figures 3.3, 4.2, 4.7 show only subjective 

histology and more objective measures are required. In that regard formal 

quantitative blinded histological scoring of the images is required. Indeed formal 

scoring of the histology has now been conducted (Dhaliwal et.al, 2012) providing 

evidence that these are representative. Additionally another method to score whole 

murine lungs objectively would be whole ex vivo microCT of murine lungs with 

quantitative density mapping.  

The ability to dynamically image neutrophil influx at a cellular level using 

advanced techniques such as dual photon in vivo microscopy using lung windows 

would have allowed more detailed and temporal characterisation. In that regard, a 

recent publication using dual photon microscopy and monocyte depletion has 

supported the findings discussed in this thesis (Kreisel et al., 2010). 
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7.2.2 Monocyte depletion in ALI model 

 
Three methods were characterised and utilised in this thesis to deplete PBMs. 

Each of the methods has significant limitations if performed alone. LC induces 

significant and widespread macrophage apoptosis most notably within the spleen and 

liver. Additionally, sLC when administered during established LPS lung injury leads 

to increased peripheral blood neutrophil counts. The second avenue for PBM 

depletion, the CD11b–DTR transgenic mouse permitted the depletion of monocyte 

subsets after DT administration and despite no obvious effects on neutrophils, other 

CD11b expressing cells are likely to have been depleted. Indeed reports detail 

lymphocyte depletion using this strategy (Cailhier et al., 2005). The CCR2 mAb 

induced T cell mediated depletion of circulating CCR2 hi cells and again may lead to 

the depletion of other cells that bear CCR2 (Bruhl et al., 2007).  

 

  A major limitation of the work presented is the absence of mechanism of 

monocyte-mediated control of neutrophil recruitment. The study was designed to 

establish the effect of temporal depletion in established ALI in mice. Given the 

pleiotropic effects of the depleting agents themselves, it is difficult to conclusively 

prove the contribution of individual cellular subtypes. One study described a single 

ion channel within monocytes that controlled subsequent neutrophil chemokine 

release (Yamamoto et al., 2008), however I postulate that the mechanism or multiple 

mechanisms may act at the bone marrow, blood, interstitium and alveolar levels. 

 

A significant improvement to the work presented would have been subset 

addbacks to mice as part of the replenishment experiments. Indeed these were 

attempted but the yield obtained of pure viable monocytes negated further 

development. In my hands, 40 mice were needed for individual add-backs after flow 

sorting. Hence these experiments were abandoned. 

 

Clearly temporal depletion of monocytes is potentially dangerous, given the 

crucial immunomodulatory role they play in host defence against pathogens. In the 

work presented here, no data has been shown that describes the effect of monocyte 
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depletion in the context of pathogen related ALI/ARDS and subsequent outcome. A 

significant advantage would have been to additionally develop bacterial models of 

ALI/ARDS and observe outcome after PBM depletion. 

 

7.2.3 NLLP in vitro 

 
The in vitro experiments described demonstrated that the NLLP displayed 

intrinsic antimicrobial activity. In vitro, these experiments have been conducted in 

PBS to represent slow growing but viable pathogens and also in MHB overnight in 

growth conditions. An inherent limitation in these experiments is the very artificial 

conditions in which the pathogens are grown. The killing assays for all of the 

experiments were additionally conducted in cation free media. Many antimicrobials 

in development have been shown to be inactivated by cations and their subsequent 

development stopped. However in the case of the NLLP, in vivo effects were 

observed which negated this concern. The co-culture systems developed permitted 

the real time dynamic evaluation of bacterial growth in both epithelial cells and 

neutrophils. For the epithelial cells a cell line was used which is derived from an 

alveolar cell carcinoma. This inherently has distinct differences from primary 

pulmonary epithelium. The confocal data showed punctate co-localisation of 

pathogen and NLLP but no subcellular characterisation has been performed in these 

experiments to support or refute endosomal trafficking. Additionally the in vitro 

intracellular experiments only report on the effects on the GFP-Newman strain, 

whereas other pathogens may have behaved very differently or been too virulent or 

displayed no co-localisation with the NLLP and no subsequent killing. 

 

Although permeabilisation of bacteria has been suggested by the positive PI 

staining of treated bacteria, no mechanistic or temporal data have been generated to 

elucidate if membrane permeabilisation is a primary or secondary event in bacteria. 
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7.2.4 NLLP in vivo 

 
The major emphasis of the utility of the NLLP was as a prophylactic against 

nosocomial pathogens that are commonly acquired and also against the acquisition of 

drug-resistant pathogens. A major limitation of the data presented here are that only 

one model of acute pneumonia was demonstrated therapeutically in vivo. This was in 

part due to the nature of acute murine pneumonia models which are characteristically 

rapid and very unpredictable but also as the major emphasis was on attenuation of 

subsequently acquired pulmonary infection. Another major limitation was that no 

dose ranging experiments were performed to prove efficacy in a dose dependent 

manner and as such a much lower dose may have been supported for further 

development. No toxicokinetic or pharmacokinetic data were collected regarding 

NLLP delivery. Although very preliminary data show no acute neutrophil 

recruitment in control mice, no data were generated to investigate the long term 

sequelae at a cellular level of NLLP delivery or of effects on AM function which 

may be deleterious. An obvious major and inherent limitation in these studies is that 

mice are not the natural hosts for these pathogens. As such any data derived from 

these studies should be viewed with a degree of caution.  

 

7.3 Future directions 
 

7.3.1 Modeling ALI  

 
The modeling of ALI to investigate possible therapeutic intervention has been 

subject to detailed review (Matute-Bello et al., 2008). Briefly, no one method 

succinctly reproduces human disease seen in ALI and ARDS. Indeed this is also 

centrally due to the fact that ALI/ARDS itself is a very heterogeneous syndrome with 

a multitude of inciting stimuli. Nevertheless LPS does reproducibly and 

characteristically induce neutrophil influx. A significant recent advancement in the 

field of modeling LPS induced ALI has been the description of translational systems 

(Proudfoot et al., 2011). These involve both the ex vivo whole human lung perfusion 
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system (Lee et al., 2009) and also inhaled LPS to healthy human volunteers 

(Proudfoot et al., 2011). These two significant advancements allow the delivery of 

LPS and the response to interventions to be studied in more ‘human’ systems. Mice 

are inherently tolerant to LPS and this may be overcome by using such systems. 

Indeed since the completion of the work described in this thesis, I have been 

involved in both a human LPS inhalation study (Brittan et al., 2012) and now also 

the development of an ex vivo whole lung perfusion system. Performing temporal 

and targeted monocyte depletion in these models may well permit a much more rapid 

jump to human disease than one being used in mice. 

 

Also as mentioned previously, the advent and introduction of more 

sophisticated and high resolution ‘real-time’ imaging techniques such as both probe 

based confocal laser endomicroscopy (pCLE) (Salaun et al., 2010) and also ex vivo 

dual photon microscopy should permit more detailed mechanistic insight into disease 

pathogenesis in these models. 

 

7.3.2 Temporal strategies for monocyte depletion 

 
The temporal and specific targeting of PBMs in disease is an exciting and 

very challenging prospect. This study concentrated on methodologies in murine 

models of ALI. Translating these to humans is challenging and potentially not viable. 

Encapsulated bisphosphonates have been administered to humans previously but 

given the widespread depletion of macrophages in both the liver and spleen and 

significant ‘off target effects’, this is not a viable solution. The most promising 

strategy to use is a targeted CCR2 depleting monoclonal antibody. Indeed this is a 

real possibility in the near future. Again significant ‘off target effects’ may be 

observed and the most recent description of dramatic and devastating effects of 

trialling a monoclonal antibody at Northwick Park (Suntharalingam et al., 2006) 

highlights real concerns with this approach. Developing cell specific targeting agents 

is also a major area of work. During this period of study, I have been involved in 

developing new strategies for cell specific targeting (Svensen et al., 2011). With 
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refinement, these approaches offer a unique and tractable strategy for monocyte 

specific targeting. 

 

Delineating mechanisms of monocyte-mediated neutrophil recruitment is 

challenging in this setting. Studies have clearly shown that monocytes have a diverse 

transcriptosome (Ziegler-Heitbrock et al., 2010) and clearly have potential to amplify 

the inflammatory response. Studies published in Nature Medicine show the 

importance of the TRPM2 calcium channel in monocyte mediated neutrophil efflux 

(Yamamoto et al., 2008). The CD11chi monocyte descendent has also been shown to 

be a potent producer of neutrophil chemokines (Beaty et al., 2007). As such it is 

highly likely that the mechanisms are diverse but monocyte ‘centric’. It may be 

unreasonable to expect to tease out a single putative pathway. 

 

As discussed in chapter 1, monocytes are required in health and disease. They 

have been implicated in pleiotropic immunomodulatory functions ranging from 

orchestrating the innate inflammatory response, pathogen phagocytosis, directing 

tissue repair and resolution of inflammation. These roles demonstrate the critical role 

they play in tissue homeostasis. Their depletion may hence have serious detrimental 

sequalae. In particular their role in clearing bacterial infection (Serbina & Pamer, 

2006) is a major consideration and potential hurdle to applying monocyte depletion 

in humans.  

Moving from mouse to man is also a bold step. There are considerable 

differences in monocyte composition in murine blood (equal numbers of CCR2hi and 

CCR2 lo monocytes) and human blood (>90% CCR2 hi monocytes). Hence targeted 

subset depletion strategies will almost certainly have significantly differing effects 

between the species. Little is currently known regarding the kinetics of monocyte 

recrudescence after depletion in humans and this is also a major current limitation. In 

mice monocytes reappear in peripheral blood at 12-18 hours after depletion (Tacke & 

Randolph, 2006). This parallel knowledge is required in humans prior to developing 

depletion strategies. 
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In taking, monocyte depletion forward in man, iterative steps will be 

required. The main concern will be safety in both health and disease. As such the 

first step will be to perform depletion in healthy volunteers followed by depletion in 

experimental models. A potential next step hence will be the use of mononucuclear 

apheresis in healthy volunteers and also in a model of LPS inhalation in humans. In 

that regard, I have been involved in developing these ‘next’ experimental steps (Barr 

et al., 2012, Brittan et al., 2012).  

 

7.3.3 Novel antimicrobials based on peptoidic structures 

 
The discovery of the NLLP was exciting and also very challenging. Initially 

it was designed as a cell labelling agent for in vivo optical imaging (Dhaliwal et al., 

2011) with no anticipated antimicrobial action given its achiral non-amphipathic 

structure. No previous descriptions exist to my knowledge of achiral molecules 

having such broad antimicrobial efficacy. Indeed the inability to see toxic effects at 

exceedingly high concentrations in vitro initially led to my having concern about the 

batch quality and assay systems. Hence five independent batches were synthesised, 

none of which had haemolytic activity. All of the batches showed rapid and non-

toxic eukaryotic cell entry. Clearly the potential of this agent to act as an intracellular 

antibiotic then became very real and exciting. Whole body optical imaging 

demonstrated remarkable long-term compartmental retention of the Cy7-NLLP. In 

the future, the remarkably low toxicity profile and long term compartmental retention 

within epithelium supports the additional use of the NLLP as a tool to deliver 

therapeutics to the respiratory epithelium. Cell penetrating peptides have been used 

as lung delivery tools in vivo (Kinyanjui and Fixman, 2008) but their further 

applications have been hindered by reports of cellular and whole animal toxicity. 

NLLPs may obviate these concerns.  

 

The observation that the NLLP enters leucocytes (Figure 6.10) and epithelial 

cells (Figure 6.5) in vivo is not surprising given the earlier in vitro data. A major 

mechanism of AMPs is via immunomodulatory effects on host cells (Scott et al., 

2002). This ‘inflammomodulation’ is currently being investigated for the NLLP but 
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was not investigated to any extent in this thesis. The initial in vitro work with the 

NLLP demonstrated no alteration in the constitutive rate of PMN apoptosis or 

necrosis and neither did the NLLP induce neutrophil activation (Figure 5.10). This 

innocuous nature of cell entry may preclude ‘inflammamodulatory’ actions of AMPs 

such as LL-37 (Scott et al., 2002) that may be mediated by its hydrophobic tail which 

the NLLP lacks. 

 

Since completing the work in this thesis, I have tried the agent on further 

clinical strains of bacteria and also mycobacteria. Indeed, the NLLP displays 

antimicrobial activity against mycobacteria (a patent application has been filed on 

the 6th October 2011 on which I am the first inventor, patent: PE954390GB). Clearly 

the main focus of ongoing work is to understand the mechanism of antimicrobial 

activity, to improve its potency and lower the MICs and to develop more in vivo 

systems to evaluate its efficacy. Again, since the completion of this work, more 

potent analogues have been synthesised. This has to be in concert with improving 

yield for scaled production. To further understand mechanism, ultrastructural single 

molecule fluorescent imaging may yield critical answers to delineate the inherent 

effects on eukarytotic and prokaryotic membranes (Cronin et al., 2009). These 

studies are now underway with collaborators. Early work has demonstrated that the 

NLLP ruptures prokaryotic membrane mimics within 5 seconds with concentrations 

as low as 5nM suggesting that membrane rupture is the primary bactericidal 

mechanism. 

 

7.3.4 Optical molecular imaging to characterise, direct and 
monitor therapeutic interventions 

 
There is a pressing need to develop and apply molecular imaging strategies 

for inflammatory diseases. Despite numerous advances in critical care and infectious 

diseases, no reliable methodologies exist for the accurate stratification of ALI/ARDS 

or indeed for the diagnosis of nosocomial infection. Whilst these are not described in 

this thesis, methodologies developed during this body of work are now being used to 

develop such diagnostics and are a direct result of the interdisciplinary nature of 
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work resulting from this thesis. OMI offers the ability to visualise individual cell 

effects in vivo in situ in man. Future work will aim to develop new imaging agents 

that can detect the fate of the PBMs by direct in situ labeling strategies and also 

using molecular beacons to investigate the transcriptional activity of monocytes and 

their progeny. 

 

7.4 Conclusion 

 
ALI/ARDS is responsible for significant morbidity and mortality (Rubenfeld 

et al., 2005). As yet no targeted pharmaceutical agents exist that attenuate this 

disease process in humans. A large part of this failure of translation may be due to 

the fact that stratification of ALI/ARDS in clinical practice is relatively immature.  

 

The monocyte has been implicated in ALI/ARDS pathogenesis and in this 

study I show that temporal delayed depletion of PBMs significantly attenuated 

established ALI. Distinct methods revealed similar results supporting the further 

development of monocyte depletion as a potential therapy for ALI. This work has led 

directly to a randomised control trial of monocyte depletion in a human model 

utilisng an experimental model of human LPS lung inflammation. Additionally a 

collaboration has been established to allow me to have access to the humanised 

version of the CCR2 mAb in the near future. These exciting opportunities will allow 

me to further investigate the role of the monocyte in human lung disease. 

 

The second part of my thesis described the discovery of a novel antimicrobial 

peptoid. This work, based on initial in vivo imaging, led to a very exciting body of 

work that has now led to a patent filing and clinical development of the peptoid to 

prevent acute infection in transplanted skin cells. Further work is needed to improve 

the potency and bioavailability of the NLLP and to delineate its mechanism. 

 

During the completion of this thesis, I have developed the field of OMI 

preclinically and clinically and my work has now led onto a dedicated programme of 
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work to translate OMI into man in the setting of ALI, nosocomial infection, 

fibroproliferation and cancer in Edinburgh.  
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APPENDIX 1- PUBLICATIONS ARISING FROM THESIS 
 

The following paper was specifically highlighted by an editorial; 

 

• Monocytes Control Second-Phase Neutrophil Emigration in Established 

Lipopolysaccharide-induced Murine Lung Injury. Dhaliwal K, Scholefield E, 

Ferenbach D, Gibbons M, Duffin R, Dorward DA, Morris AC, Humphries D, 

Mackinnon A, Wilkinson TS, Wallace WA, van Rooijen N, Mack M, Rossi 

AG, Davidson DJ, Hirani N, Hughes J, Haslett C, Simpson AJ. Am J Respir 

Crit Care Med. 2012 Sep 15;186(6):514-24.  

 

•  In vivo mononuclear cell tracking using superparamagnetic particles of iron 

oxide: feasibility and safety in humans.Richards JM, Shaw CA, Lang NN, 

Williams MC, Semple SI, MacGillivray TJ, Gray C, Crawford JH, Alam SR, 

Atkinson AP, Forrest EK, Bienek C, Mills NL, Burdess A, Dhaliwal K, 

Simpson AJ, Wallace WA, Hill AT, Roddie PH, McKillop G, Connolly TA, 

Feuerstein GZ, Barclay GR, Turner ML, Newby DE. Circ Cardiovasc 

Imaging. 2012 Jul;5(4):509-17.  

 

• Macrophage/monocyte depletion by clodronate, but not diphtheria toxin, 

improves renal ischemia/reperfusion injury in mice. Ferenbach DA, 

Sheldrake TA, Dhaliwal K, Kipari TM, Marson LP, Kluth DC, Hughes J. 

Kidney Int. 2012 Oct;82(8):928-33. 

 

• Imaging inflammation: Molecular strategies to visualize key components of 

the inflammatory cascade, from initiation to resolution. Dorward DA, Lucas 

CD, Rossi AG, Haslett C, Dhaliwal K. Pharmacol Ther. 2012 May 22.  

 

• Pulmonary and systemic effects of mononuclear leukopheresis. 

Barr L, Brittan M, Conway Morris A, Stewart A, Dhaliwal K, Anderson N, 

Turner M, Manson L, Simpson AJ. Vox Sang. 2012 Apr 12.  
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• A novel subpopulation of monocyte-like cells in the human lung after LPS 

inhalation. 

Brittan M, Barr L, Conway Morris A, Duffin R, Rossi F, Johnston S, Monro 

G, Anderson N, Rossi AG, McAuley DF, Haslett C, Hirani N, Dhaliwal K, 

Simpson AJ. Eur Resp Journal, 2012. Jul:40(1):206-14. 

 

The following was paper was featured as a front-cover article; 

 

• Far red and NIR dye-peptoid conjugates for efficient immune cell labelling 

and tracking in preclinical models. Dhaliwal, K., Escher, G., Unciti-Broceta, 

A., McDonald, N., Simpson, A. J., Haslett, C. & Bradley, M. Nov-2011.  

Med chem comm. 2, 11, p. 1050-1053.  

 

• Cyclophilin A is a damage-associated molecular pattern molecule that 

mediates acetaminophen-induced liver injury. 

Dear JW, Simpson KJ, Nicolai MP, Catterson JH, Street J, Huizinga T, Craig 

DG, Dhaliwal K, Webb S, Bateman DN, Webb DJ. J Immunol. 2011 Sep 

15;187(6):3347-52.  

 

• Screening of a combinatorial homing peptide library for selective cellular 

delivery. 

Svensen N, Díaz-Mochón JJ, Dhaliwal K, Planonth S, Dewar M, Armstrong 

JD, Bradley M. 

Angew Chem Int Ed Engl. 2011 Jun 27;50(27):6133-6.  

 

• Safe and efficient in vitro and in vivo gene delivery: tripodal cationic lipids 

with programmed biodegradability. Unciti-Broceta, A., Moggio, L., 

Dhaliwal, K., Pidgeon, L., Finlayson, K., Haslett, C. & Bradley, M. 2011. 

Journal of Materials Chemistry. 21, 7, p. 2154-2158.  

 

• Ly6Chi monocytes direct alternatively activated profibrotic macrophage 

regulation of lung fibrosis. Gibbons MA, MacKinnon AC, Ramachandran P, 
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Dhaliwal K, Duffin R, Phythian-Adams AT, van Rooijen N, Haslett C, 

Howie SE, Simpson AJ, Hirani N, Gauldie J, Iredale JP, Sethi T, Forbes SJ. 

Am J Respir Crit Care Med. 2011 Sep 1;184(5):569-81. 

 

• Multi-modal molecular imaging approaches to detect primary cells in 

preclinical models. 

Dhaliwal K, Alexander L, Escher G, Unciti-Broceta A, Jansen M, Mcdonald 

N, Cardenas-Maestre JM, Sanchez-Martin R, Simpson J, Haslett C, Bradley 

M. 

Faraday Discuss. 2011;149:107-14; discussion 137-57. 

 

• C5a-mediated neutrophil dysfunction is RhoA-dependent and predicts 

infection in critically ill patients. Morris AC, Brittan M, Wilkinson TS, 

McAuley DF, Antonelli J, McCulloch C, Barr LC, McDonald NA, Dhaliwal 

K, Jones RO, Mackellar A, Haslett C, Hay AW, Swann DG, Anderson N, 

Laurenson IF, Davidson DJ, Rossi AG, Walsh TS, Simpson AJ. 

Blood. 2011 May 12;117(19):5178-88. Epub 2011 Feb 3. 

 

• Diagnostic importance of pulmonary interleukin-1{beta} and interleukin-8 in 

ventilator-associated pneumonia. Thorax. 2010 Mar; 65(3):201-7. Conway 

Morris A, Kefala K, Wilkinson TS, Moncayo-Nieto OL, Dhaliwal K, Farrell 

L, Walsh TS, Mackenzie SJ, Swann DG, Andrews PJ, Anderson N, Govan 

JR, Laurenson IF, Reid H, Davidson DJ, Haslett C,Sallenave JM, Simpson 

AJ. 

 

• Pain in neonates during screening for retinopathy of prematurity using 

binocular indirect ophthalmoscopy and wide-field digital retinal imaging: a 

randomised comparison. Arch Dis Child Fetal Neonatal Ed. 2009 Oct 8 

Dhaliwal CA, Wright E, McIntosh N, Dhaliwal K, Fleck BW. 

 

• C5a mediates peripheral blood neutrophil dysfunction in critically ill patients. 

Am J Respir Crit Care Med. 2009 Jul 1;180(1):19-28. 
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Conway Morris A, Kefala K, Wilkinson TS, Dhaliwal K, Farrell L, Walsh 

T, Mackenzie SJ, Reid H, Davidson DJ, Haslett C, Rossi AG, Sallenave 

JM, Simpson AJ. 

 

• Trappin-2 promotes early clearance of Pseudomonas aeruginosa through 

CD14-dependent macrophage activation and neutrophil recruitment. Am J 

Pathol. 2009 Apr;174(4):1338-46.  

Wilkinson TS, Dhaliwal K, Hamilton TW, Lipka AF, Farrell L, Davidson 

DJ, Duffin R, Morris AC, Haslett C, Govan JR, Gregory CD, Sallenave 

JM, Simpson AJ. 

 

The following was paper was featured as a front-cover article; 

• Dunking doughnuts into cells--selective cellular translocation and in vivo 

analysis of polymeric micro-doughnuts. Chem Commun (Camb). 2008 Aug 

14;(30):3507-9 

Alexander L, Dhaliwal K, Simpson J, Bradley M. 

 

• Galectin-3 reduces the severity of pneumococcal pneumonia by augmenting 

neutrophil  

function. Am J Pathol. 2008 Feb;172(2):395-405 

Farnworth SL, Henderson NC, Mackinnon AC, Atkinson KM, Wilkinson 

T, Dhaliwal K, Hayashi K, Simpson AJ, Rossi AG, Haslett C, Sethi T. 
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APPENDIX 2- INVITED PRESENTATIONS 

 
World Molecular Imaging Conference- Dublin-September 2012 

Optical imaging of neutrophil activation in acute lung injury- selected abstract for oral presentation 

Royal College of Physicians Edinburgh- Respiratory symposium-March 2012 

Imaging Inflammation 

International Symposium on Equine Internal and Emergency Medicine-
Edinburgh- February 2012 

Similarities between horse and man 

Royal Society of Chemistry Imaging Symposium- London-November 2011 

Optical Molecular Imaging from bench to bedside 

Association of Inhalational Toxicologists- Oxford-October 2011 

The next generation of in vivo assays for human health 

Faraday Discussion- Healthcare Theranostics-Edinburgh-September 2010  

Novel therranostic applications of cell delivery sysytems and Imaging 

Royal Society of Edinburgh and Academy of Medical Sciences- Edinburgh-
May 2010 

Imaging Inflammation- opening the optical tool box 

30th International Symposium on Critical Care and Emergency Medicine-
Brussels-March 2010 

PET imaging in critical care 

30th International Symposium on Critical Care and Emergency Medicine-
Brussels-March 2010 

Monocyte depletion in acute lung injury- a novel therapeutic avenue 

30th International Symposium on Critical Care and Emergency Medicine-
Brussels-March 2010 

Optical imaging in critical care- c los ing plenary sess ion of the next 30 years in critical care 

Winter British Thoracic Society- London-December 2009 

Optical Imaging- imaging mini symposium 

Max-Planck Institute- Gottingen- November 2009 

Optical imaging in models of lung inflammation 

Association of Inhalational Toxicologists- Chester-October 2009 

Opening the optical toolbox to see lung inflammation and toxicology 

World Molecular Imaging Conference- Montreal-September 2009 

Optical imaging in murine models of lung infection- selected abstract for oral presentation 
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Regensburg Medical School-Regensburg- May 2009 

Monocyte ablation in Acute Lung Injury 

UCL Intensive Care Department seminar series- London-May 2009 

Towards therapies for Acute Lung Injury 

European Society of Molecular Imaging-Barcelona-May 2009 

Imaging murine models of lung inflammation- invited industrial roadshow 

Visen Optical Roadshow symposium- Edinburgh-Jan 2009 

Optical imaging- a new and cheap way to see 

World Molecular Imaging Congress- Nice-September 2008 

Optical imaging to delineate effects of monocyte ablation in a model of Acute Lung Injury 
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APPENDIX 3- Response to referees comments  

 
The following referees comments and responses are related to the paper published in 

the American Journal of Respiratory and Critical Care Medicine (Dhaliwal K. et al. 

2012). 

 

Dear Professor Walley  
 
Thank you very much for the opportunity to respond to the reviewers’ comments. 
We have conducted a range of further experiments as suggested by yourself and the 
reviewers. These have included; 
 

1) Further flow cytometric assessment of neutrophil transmigration using 
injection of conjugated antibodies  

2) Vascular permeability assessment using Evans Blue injection 
3) Arterial blood gas analysis 
4) Liver and spleen digestions to accurately assess macrophage depletions 
5) Cytometric bead arrays of cytokines in lavages 
6) Pulmonary function assessment 
7) Quantal scoring of histology 
8) Initial assessment of monocyte depletion in a Pseudomonas infection model 
9) Assessement of neutrophil depletion using the monoclonal CCR2 depleting 

antibody 
 

We have answered all of the reviewers’ comments and have added text and data to 
the manuscript accordingly. The added data support the central, original finding that 
neutrophil recruitment is dependent on monocytes in late phase ALI in mice. We 
believe the changes made in response to the reviewers’ helpful comments 
significantly strengthen the manuscript. 
 
Each comment from the reviewers is marked below (in italics) followed by our 
response (in regular text). 
 
Editor’s comment 
 
An additional model of lung inflammation should be employed using live bacteria. 
 
Response 
 
We have included a model of Pseudomonas lung injury. In this new model, there is a 
significant reduction in alveolar neutrophils after monocyte depletion. These early 
data have been added to the supplementary section  
Reviewer 1. 
(C1)To better appreciate the clinical relevance of their findings, the authors need to 
provide more clinically relevant outcome parameters, e.g. wet-to-try weight ratios of 
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the lungs, indicators of oxygenation (pulse oximetry or ABG). 
 
(R1)We provided measures of total protein in lung bronchoalveolar lavage as 
indicators of injury in the original manuscript. Additionally we now show 
supplemental data with arterial blood gas measurements in animals that received DT 
in the CD11b DTR model with monocyte depletion. To further model ALI, we 
administered 100 micrograms of LPS to generate PaO2/FiO2 <300mmHg (to 
simulate clinical ALI). With monocyte depletion in this model, PaO2/FiO2 ratios 
increased significantly, without development of ALI. 
 
(C2)Given the numerous interventions affecting leukocyte subpopulations, the 
authors need to provide both absolute and relative differential white cell counts after 
ALL interventions, including those with LPS administration, e.g. summarized in a 
table. Otherwise, the reader cannot fully appreciate the authors' findings. 
 
(R2) A table summarizing the data is now included . This details the degree of PBM 
depletion as well as the BAL leucocyte counts, including absolute and differential 
white cell counts for neutrophils and mononuclear cells for all the interventions. 
 
(C3)Considering the otherwise very detailed and extensive flow cytometry work, it is 
surprising that the authors have not provided data to better describe the recruitment 
of neutrophils into the lung, i.e. intravascular versus interstitial versus alveolar. 
There are established protocols to study the pulmonary recruitment of neutrophils in 
greater detail, using the same antibodies as in this study (e.g., J Clin Invest. 2006 
Mar;116(3):695-702 J Clin Invest. 2006 Dec;116(12):3211-9. 
 
(R3) The papers described used an assay using a large quantity of an antibody 
generated from a hybridoma that we did not have access to. We have now purchased 
and conjugated an antibody to perform these studies. Using a Gr-1 conjugated 
antibody to exclude circulating blood neutrophils in flow digested lungs, we show a 
significant reduction in transendothelial migration of neutrophils after monocyte 
depletion in the CD11b DTR model and using liposomal clodronate which is in 
concordance with recent findings using clodronate and dual photon imaging (Kreisal 
D et al, 2010).  
 
Reviewer 2. 
(C4) Figure1.  Infiltrated cells in the CLOD group seem to be more than the control 
group. Please quantify the macrophage number in both groups.  
 
(R4) To quantify macrophages, BAL has been performed on CLOD treated animals 
vs PBS liposome treated animals. No increase in macrophages was observed. This is 
shown in supplemental Figure 2B. 
 
(C5)  Figure 2.  In Fig 2A, what are percentages for CD11bGr1 double positive 
cells?  In Figure 2B, you should quantify the histological changes. Did depletion of 
PBMs affect BAL protein, lung wet-to-dry weight ratio, and lung vascular 
permeability? Increase of neutrophil emigration does not mean development of 
pulmonary edema and increase of lung vascular permeability, and these conditions 
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determine the outcome of LPS-induced acute lung injury. 
 
(R5) The percentages of cells have been added to the flow plots. The histological 
changes have been quantified using a scoring method and added to the text . As a 
marker of lung injury and endothelial injury, total protein was assayed in the BAL, 
this was significantly reduced and is added to the figure . Vascular permeability was 
also significantly reduced measured by Evans blue extravasation and subsequent 
formamide extraction. This data has been added to the figure. 
 
 
(C6) Figure 3.  Fig 3A. It is confusing to use CD11b as a marker of neutrophils, is 
Gr1 (Ly6G) a better marker for neutrophils? This should be addressed clearly. Ly6C 
and Ly6G should be used to define monocytes or neutrophils.  Fig 3G - change of 
cells should be quantified.  
 
(R6) In Figure 3A neutrophils were identified in whole blood and gated using 
characteristic FSC/SSC profiles. The aim of this experiment was to demonstrate that 
the integrin CD11b was still functional and capable of upregulation on the surface of 
neutrophils in response to LPS in the CD11b-DTR mouse after DT administration. 
Hence it was essential to measure CD11b in this experiment.  
In Figure 3G, representative histology is shown. Livers and spleens have been 
digested and F4/80 cells quantified with flow cytometry. The data has been added to 
the text. There was no change of macrophage numbers in the lungs of mice receiving 
DT as quantified by bronchoalveolar lavage as shown in Figure 3F. 
 
(C7) Figure 4.  Fig 4A, what are percentages of CD11bGr1 double positive cells? 
Fig 4B should be scored for histological changes. Fig 4E, what is the hypothesis for 
measuring SDF-1 and IL-10? Which cell populations contribute to these changes? 
Are these factors changed in the other monocyte depletion conditions? Did depletion 
of PBM by CD11b-DTR affect BAL protein, lung wet-to-dry weight ratio, and lung 
vascular permeability?  
 
(R7) The percentages of CD11b Gr1 cells are now displayed in Figure 4A. Scoring 
of histology demonstrated a reduction in injury . SDF-1 has been postulated to be 
responsible for ongoing neutrophil recruitment as described by Petty et al (2008). 
The hypothesis for measuring this is based upon the SDF-1/CXCR4 axis and bone 
marrow release of neutrophils. SDF-1 has been shown to be a potent neutrophil 
chemokine. This is described in the manuscript . IL-10 is an anti-inflammatory 
chemokine, and we hypothesized that reduced neutrophil infiltration would result in 
a relatively anti-inflammatory phenotype in the lung. In the other models, SDF-1 is 
not significantly reduced. In this study we have not identified the source of the SDF-
1. Total protein is reduced in DT-treated CD11b-DTR mice, reflecting reduced 
injury, as shown in Figure 4D. A reduction in vascular permeability was shown by 
imaging the pulmonary accumulation of intravenously administered Cy-7-labeled 
albumin (Figure 4G). We have also now perfomed Evans blue permeability studies 
which shows a significant  60% reduction in vascular permeability. 
 
(C8)    Figure 5. Fig5 A, what are percentages of CD11bGr1 double positive cells? 
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Did specific Gr1hiCCRhi monocyte depletion affect BAL protein, lung wet-to-dry 
weight ratio, and lung vascular permeability? 
 
(R8) The percentages of double positive cells are marked on the figure 5A.  CCR2 
depletion showed a trend for reduced total protein in BAL as a marker of 
endothelial–epithelial injury. This has been added to the figure 5. Vascular 
permeability was not significantly reduced. 
 
(C9)   Figure 6. The most isolated bone marrow derived mononuclear cells are 
lymphocytes. Please notify how many are monocytes in the bone marrow derived 
MNCs. Some studies indicated that administration of bone marrow MNCs protects 
LPS-induced ALI (Prota LF, 2011; Yamada M, 2005), why is this finding is 
different? This should be discussed. The same question for Fig 7B. How can you 
prove CD11b expressing DC in the lung are from transferred BM-MNCs? 
 
(R9) In the bone marrow-derived MNCs we used protocols derived from Peridas et 
al 2010 (reference added to the manuscript). Of the CD45 positive cells, 60% are 
lymphocytes, the remainder are monocytes. The findings of bone marrow MNCs 
protecting LPS-induced ALI are now discussed in the text. In the study of Prota LF 
et al, the injury was assessed 28 days after intratracheal LPS. In our work, the injury 
was assessed at 48 hours during the acute phase. Similarly the studies by Yamada et 
al (2005) show that bone marrow-derived progenitor cells are critical in restoring 
alveolar function and architecture at 1 week. We propose that the acute phase of 
inflammation driven by monocytes may be detrimental to the host but that late phase 
mononuclear cell recruitment may be beneficial. Regarding the evidence that CD11b 
expressing DC are from the transferred BM-MNCs, in this study we have not 
performed lineage tracing to prove this but studies previously published (Beatty et al, 
2008) support the role of circulating myeloid-derived monocytes contributing to the 
DC pool in the inflamed lung. We have included all the comments and caveats in the 
text of the discussion. 
 
(C10).  In the discussion section, page 13, depletion of resident increased BAL 
neutrophils at 48 h in LPS-treated mice, which findings support this? Fig E3 has 
showed there are no differences. In addition, systemic macrophage reconstitution 
had no phenotypic effect, which findings support this statement? 
 
(R10). There is a trend for an increase in neutrophils (non significant) in the mice 
receiving 10 micrograms of LPS (Fig E3). We have changed this in the discussion 
section. Systemic macrophage reconstitution did not affect neutrophil numbers in 
BAL (these data were not previously shown but are now in the supplemental 
figures). 
 
(C11).  Studies have shown that LC depletion of alveolar macrophages increases 
neutrophil recruitment (Beck-Schimmer B, 2005), please compare this difference in 
the discussion section. 
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(R11). We have commented on such studies in the discussion section These studies 
further support our contention that the alveolar macrophage is not directing the 
ongoing influx of neutrophils – in contrast circulating monocytes are responsible. 
 
Reviewer 3. 
 
(C12) Figure 1A: Lung images are not well chosen, as the depicted PBS treated lung 
shows disrupted tissue and only minor amount of lung parenchyma. Furthermore, in 
the lungs of the CLOD treated group, the cellularity seems increased. This should be 
explained by the authors – is this a reaction to liposomal clodronate or its 
compoments? A better control would be a liposome formula – maybe this can be 
discussed / commented on by the authors and at least a comparative experiment 
demonstrating comparable cellular and cytokine responses to liposomal control 
versus PBS should be provided. Also, a numeric (at least semiquantitative) 
assessment should be performed on histology sections for cellularity and cell 
subpopulations. 
 
(R12) We apologise for this oversight. Improved lung images have been chosen at 
higher resolution. The quantitative comparison of alveolar macrophage numbers has 
been evaluated and shown in supplemental figure 2B which show no increase in 
alveolar macrophage number. BAL did not show any increased inflammatory 
cellularity.. Liposomes containing PBS were used as control vehicles. A cytokine 
bead array profile of lavage from CLOD L vs PBS L administered systemically 
showed no significant differences for inflammatory cytokines (IL-1, TNF, IL-6). 
 
(C13) In general it is not clear, whether BALF and histopathological analyses were 
performed on same animals. If this is true, how much did prior lavage affect the 
subsequent histopathological findings.  
 
(R13) Subsets of animal lungs were processed for histopathological analyses without 
prior BALF. This has been made clearer in the methods. 
 
(C14) F4/80 is not only expressed on peripheral blood monocytes/ macrophages but 
also on residential alveolar macrophages. Therefore, by usage of this marker it 
seems difficult to differentiate between a reduction in recruited PBMs or a primary 
reduction in rAMs. 
 
(R14) We have shown the AMs are not affected by either DT in the CD11b-DTR 
mice, or by systemic liposomal clodronate in wild-type mice. This has been shown 
by no reduction in the number of AMs retrieved at BAL and also by the phenotypong 
of AM as CD11c hi , CD11b lo explaining their resistance to DT . As the reviewer 
indicates, F4/80 immunohistochemistry labels both infiltrating monocytes and 
resident AMs. The images were included to demonstrate the reduction in F4/80 
staining of lungs in monocyte-depleted lungs primarily due to reduced monocyte 
infiltration, given that AMs are not affected by systemic liposomal clodronate in 
wild-type mice or by DT in the CD11b-DTR mouse. 
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(C15) Figure 3, E2, E3: a student t test on a n = 3 or n = 4 does not reveal valid 
results and should not be performed. If the n is this low, a Mann-U Whitney test may 
provide more valid results. Usually, a t test can be considered if n equal or larger 
than 5. 
 
(R15) We apologise for this oversight. A Mann-Whitney test has been performed on 
these data and results included in the figures and manuscript which show no 
significant difference between the groups in Figs 3, E2, E3 as was also previously 
found with the students t-test. 
 
 
(C16) CCR2 is expressed on neutrophils. How do the authors exclude that the 
observed effects of the MC21 antibody are not directly secondary to depletion of 
neutrophils rather than indirectly through the depletion of CCR2hi GR1hiPBMs? 
 
(R16) We fully agree that CCR2 is expressed on neutrophils. CCR2 knockout mice 
have normal numbers of circulating neutrophils. The administration of MC21 
antibody did not reduce circulating neutrophil numbers (data added as text ) in naïve 
mice. However in inflammatory conditions, neutrophils may upregulate CCR2 and 
may be more sensitive to MC21, and this possibility has been added to the 
manuscript However, the manuscript describes two other methods of depletion to 
control for this. 
 
 
(C17) Acute lung injury is a major cause for mortality in our patients, but no 
survival experiments are shown in this study. The authors show an indirect correlate 
for decreased lung injury by describing cellularity, neutrophil influx, protein leakage 
and cytokine levels. However, neither survival studies nor pulmonary function 
studies are shown. Based on the acuity of the disease and the potential relevance of 
the presented data it is suggested to 1) show the clinical impact of the model chosen 
for ALI on survival, 2) demonstrate whether the deletion of PBMs not only reduces 
surrogate markers of lung injury but also improves survival. Not necessary, but 
certainly strengthening the manuscript, would be information on lung function. 
 
(R17) Under the current UK home office animal licence under which these studies 
were conducted, survival studies are not permitted. Indeed in the UK, few murine 
studies are permitted in academic institutions that have survival endpoints. 
Therefore, instead, we have gone on to perform non-invasive whole body 
plethysmography in mice. The results demonstrated significant differences in favour 
of monocyte depletion. Additionally arterial blood gas that have now been performed  
show improvements in oxygenation  
 
(C18) The Introduction section needs to be shortened. Some of the aspects touched 
upon should be moved into the Discussion section. 
 
(R18) We have made changes accordingly and agree that this improves the 
manuscript. 
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