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BACKGROUND 

Chronic respiratory diseases are major causes of morbidity and mortality, 

comprising 7% of deaths and 4% of disability adjusted life years (DALYs) 

worldwide (1-2). Asthma and chronic obstructive pulmonary disease (COPD) 

affect approximately 300 and 210 million people, respectively, with most of 

the deaths associated with both disorders occurring in low- and middle-

income countries. In 2005 asthma was responsible for 255,000 deaths, 

whereas COPD was the cause of approximately 3 million deaths worldwide. 

The majority of asthma deaths occur in individuals with a severe form of the 

disease (5–10% of asthmatics), which is not effectively managed with the 

standard asthma therapy (i.e., glucocorticoid and β2-adrenoceptor agonist 

combination therapy). Similarly in COPD, there are no treatments that can 

halt the progression of the disease. Additionally, acute exacerbations of both 

asthma and COPD (where disease symptoms become acutely more severe) 

are major causes of hospitalizations and death in patients. Again, there is 

little that can be done to effectively limit the severity or reduce the frequency 

of these events. With asthma being the most common chronic disease 

amongst children and COPD predicted to become the 3rd leading cause of 

death by 2030, clearly these two conditions represent very large unmet 

medical needs that require urgent attention. In recent years, drug discovery 

efforts have largely centered around two different approaches – the 

improvements on existing therapies like bronchodilators and glucocorticoids, 

and novel therapeutic approaches aimed at specific molecular targets. 

Where, the latter approaches are becoming particularly important. For such 

approach, biological models of disease are vital for the development of all 

therapies, for instance, it has become commonplace to validate the “central 

role” of a particular molecular target in the pathogenesis of either asthma or 

COPD by characterizing the responses of particular target gene, either 
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knocked-out or overexpressed, in the most relevant system before in vitro 

and after in vivo models. Therefore, the development of a new drug is the 

direct consequence of the model system quality employed.  

Clearly, data from clinical specimens demonstrating the target has an 

association with the disease or correlation with disease progression is as, if 

not more, important for validating a particular target for drug discovery 

purposes; however, data from biological models provide the cause–effect 

relationship between target and disease-like phenotype that is a very 

powerful form of evidence that cannot be easily obtained in the clinic. 

ASTHMA and COPD is a prime example of a “complex disease,” a term that 

has become popular for characterizing those pathologies that appear to have 

multifaceted etiologist and an entanglement of underlying mechanisms. The 

moniker of complex disease, however, often tends to belie a general lack of 

understanding about what is going on, and this pathologists are no exception. 

Indeed, asthma and COPD is more properly regarded as a syndrome than a 

disease because it is defined on the basis of clinical characteristics rather 

than underlying mechanisms, and there remains a great deal of controversy 

about which of the possible mechanisms are the most important (3). The 

principal characteristics of asthma are reversible airflow obstruction, 

hyperresponsiveness of the lungs to challenge with smooth muscle agonists, 

and airway inflammation. Not surprisingly, allergy heads the list of causative 

suspects, but it is by no means alone. Exercise, cold air, and emotional stress 

are also known triggers of asthma (4), leading to the notion that asthma itself 

represents merely the common clinical endpoint of a number of distinct 

disease processes (5-6). 

As with most human diseases, studies in laboratory animals have produced 

much of what we currently think we know about the mechanisms responsible 
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for asthma. Obviously, the relevance and validity of these studies are tied to 

how well we can produce accurate animal equivalents of human asthma. The 

development of such “animal models” is still very much a work in progress; 

although many of the various features of asthma have been convincingly 

recapitulated in animals, invariably every animal model misses some 

important aspect of the human syndrome (7). Also, very few animals 

spontaneously develop a condition with any similarity to asthma, the most 

reminiscent being an allergic syndrome in cats (8) and the condition known as 

heaves in horses (9).  

If asthma is a condition peculiar to humans for some reason, then having it 

manifest in its entirety in a laboratory animal may simply be impossible. On 

the other hand, given that we still do not fully understand what asthma in 

humans actually is, it remains difficult to know whether an animal really has it 

or not. Accordingly, much of the challenge in studying animal models of 

asthma lies in phenotyping them properly, particularly as asthma is defined in 

humans in terms of phenotype rather than underlying pathology.  

In this thesis, we therefore focus on the issue of how to assess the 

relevant function, structure molecular events in the mice lungs,  fusing 

together: histological, FACS analysis and non-invasive in vivo 

molecular imaging technologies. 
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ASTHMA and COPD 

Along with chronic obstructive pulmonary disease (COPD), bronchitis and 

emphysema, asthma is a disease of the airways: in the past it had been very 

difficult to define asthma, since, as we now know, the basic characteristics 

(airway inflammation, airway hyper responsiveness, airway obstruction and 

airway remodeling) of all the chronic lung diseases partially overlap.    

A recent definition given by Global Initiative for Astma (GINA) states that 

“asthma is a chronic inflammatory disorder of the airways in which many cells 

and cellular elements play a role. The chronic inflammation is associated with 

airway hyper responsiveness that leads to recurrent episodic of wheezing, 

breathlessness, chest tightness, and coughing, particularly at night or in the 

early morning. These episodes are usually associated with widespread, but 

variable, airflow obstruction within the lung that is often reversible either 

spontaneously or with treatment” (10).  

Asthma treatment either with β2-adrenoceptor agonists or glucocorticoids is 

nowadays more likely to control and decrease the frequency of clinical 

symptoms as well as its eventual exacerbations, rather than to cure the cause 

of asthma disease.  

Asthma pathogenesis is complex and heterogeneous as it is driven by 

different risk factors including environmental and genetic factors which are 

not to be considered independent but interactive in asthma inception (11). 

The identification of the risk factors underlying the onset, expression and 

morbidity of asthma has been very important and helpful to better understand 

some features of its pathogenesis.  

Although the cause of asthma is unknown, there are several risk factors that 

influence the development of asthma. These can be divided into host factors 

and environmental risk factors (12). 
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The allelic distribution of genes pre-disposing to atopy or airway hyper 

responsiveness is a typical host factor which determines asthma 

development and phenotype. Typical environmental factors are allergens 

(indoor or outdoor allergens, such as these originating from domestic mites, 

furred animals, cockroach, fungi, molds, yeasts and pollen), infections (mainly 

viruses), occupational sensitizers, tobacco smoke (both active and passive 

smoking) and indoor or outdoor pollution by gasses and particulate matter 

(PM). 

Allergens such as dust mite, ragweed and aspergillus are among the potential 

inducers of asthma. (13). 

Dust mite is a very small creature invisible to unaided eye that lives indoors in 

warm, moist places like the insides of pillows and mattresses. The digestive 

proteins in its feces are one of the major inducers of allergic reactions like 

asthma by inhalation. Pollens grains released into the air by ragweed, a weed 

that grows in rural, warm and humid areas, are determinant in hay fever an 

asthma-triggering condition. Aspergillus fumigatus is a fungal which airborne 

spores can aggravate asthmatic conditions promoting pulmonary airway 

hyperreactivity (AHR) and remodeling after repeated contact. Allergen-driven 

asthma is known as allergic or atopic asthma and it’s often defined as the 

estrinsic form of this disease while the intrinsic form intended as non-atopic 

asthma is triggered by other stimuli (viral respiratory infections, air pollution, 

smoke exposure, sensitizing agents in work environment, exercise and cold) 

(14-15); it usually develops in childhood persisting also in adulthood. 

In their efforts to unravel the pathogenesis of asthma, researchers have 

mainly focussed on the basic immunologic mechanisms resulting in unwanted 

or exaggerated inflammation. Many uncertainties remain concerning why and 

how asthma develops during lifetime. The emerging hypothesis is that a 

failure of endogenous immune regulated tolerance mechanisms might be 



7 

 

Involved. Alternatively, exposure to a more or less specific cocktail of 

allergens or pollutants might also lead to the development of an asthmatic 

phenotype. Regardless of the mechanism, exposure of the airways to foreign 

agents (allergens or chemical agents) often represents the very first cause for 

an immune derailment. 

In later stages, sensitized individuals will be more susceptible to develop 

airway inflammation and symptoms. These processes can be present for a 

limited time or become chronic. In that view, the pathogenesis of allergic 

asthma comprises 3 phases: sensitization, acute inflammation and chronic 

disease. 

The association between exposure to inhalable pollutants such as cigarette 

smoke and particularly matter (e.g. diesel exhaust) and respiratory morbidity 

has been recognized for a long time. The epidemiological association of 

increased exposure to air pollutants and the rise in frequency of wheezing 

illnesses led to the assumption that these pollutants are actively involved in 

the pathogenesis of asthma. While there is no doubt that inhaled pollutants 

can exacerbate the symptoms of asthma, it is also considerable (though less 

well established) that they play a role in inducing asthma or at least in driving 

incipient asthma into clinically obvious manifestations of the disease. 

Asthma has a significant genetic component, in fact, thanks to the genome-

wide screening approach, it is now known that there are different genes 

predisposing to airway hyper responsiveness and to atopy (allergic reactions) 

associated with the developing of the asthmatic phenotype (16-17).  

The definition of asthma derives from analysis of bronchoalveolar lavage 

(BAL) fluids and induced sputum of asthmatics as well as from bronchoscopy 

analysis, lung specimen biopsies and autopsy in patients with fatal asthma. 

These were the primary methods used to study asthma and they have been 

very successful in evidencing the role of inflammation in asthma disorder. 
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Nonetheless, the advancement of asthma knowledge and the underlying 

pathophysiological mechanisms have been achieved through studies in 

animal models which have shed light on the cellular and molecular events 

that occur in asthma pathology (18.)  

Allergic asthma has been the asthmatic phenotype mostly used to outline the 

disease pathogenesis because it is very easy to replicate in laboratory under 

controlled conditions. In fact, upon inhalation of allergens which have the 

capacity to penetrate mucus and epithelial barriers, a cascade of immune-

mediated reactions that leads to chronic airway inflammation occurs in 

sensitized subjects. Th2 cytokines are the major actors triggering the 

activation and the infiltration of inflammatory cells (eosinophils, lymphocytes T 

CD4+ and mast cells) in the airways, as well as inducing the airway 

obstruction. There are two major mechanisms underlying airway obstruction 

in asthma: the type I hypersensitivity and the type IV hypersensitivity. The 

former mechanism is based on immune-mediated reactions that can be 

divided in two phases: the early phase and the late phase responses. During 

the early phase response which usually resolves within an hour, Th2-

cytokines IL-4 and IL-9 activate either lymphocytes B for the synthesis of 

immunoglobulin E (IgE) and the airway mast cells which release pro-

inflammatory mediators such as histamine, prostaglandins, cysteinyl 

leukotrienes and reactive oxygen species that induce contraction of airway 

smooth muscle, mucus secretion and edema (figure 1). These reactions are 

the bases of the acute airway inflammation characterized by bronchospasm 

and mucus hyper-secretion which are also controlled by the stimulation of the 

parasympathetic nervous system. Figure 2 better show the complexity of the 

disease. In the late-phase response which occurs 6-9 hours after antigen 

challenge, other Th2-cytokines like IL-5 and IL-13 induce the recruitment and 

activation of inflammatory cells (eosinophils, lymphocytes, basophils and 
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macrophages) in the bronchial airways which release further inflammatory 

mediators promoting airway obstruction. The type IV hypersensitivity 

characterizing the non-atopic asthma inception also involves Th2 cytokines 

(19-20). The activation of inflammatory and immune cells is crucial in the 

perpetuation of airway inflammation: the resulting chronic inflammation, 

deriving from repeated exposure to allergen, seems to be responsible for 

epithelial cell shedding due to tight junction and extracellular matrix 

destruction caused by mast cell and eosinophil proteolytic enzymes. 

 

 

Figure 1. There are two mechanisms underlying airway obstruction in asthma: the type I hypersensitivity and 

the type IV hypersensitivity.  

 

These latter have been shown to alter the epithelia cells attachment to the 

basement membrane and the bronchial smooth muscle function. When 

injured, the epithelium has an intrinsic capacity to reconstitute and it has been 

observed in asthmatic patients that once epithelium is reformed, the goblet-

cells and submucosal glands undergo hyperplastic, hypertrophic and 

metaplastic alterations while the lamina reticularis of the basement 

membrane looks thicker because of deposition of collagen resulting in the so 

called “subephithelial fibrosis” (21-22-23) All these events, together with 
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smooth muscles hyperplasia and hypertrophy lead to a thickened, engorged 

and edematous airway wall as well as a narrowing of the airway lumen which 

in addition to plasma exudation reduces airway calibre and mucociliary 

clearance (24-25) (figure 2). These structural changes are known as airway 

remodeling and contribute to the decrease of the elastic recoil of the lung 

parenchyma leading to airflow obstruction and to an increased bronchial 

hyperreactivity to a variety of stimuli (26). Considering airflow limitation, lung 

function heterogeneity and variability, symptom frequencies and levels as well 

as responsesiveness to treatments, asthma can be subdivided in four forms: 

intermittent, mild persistent, moderate persistent and severe persistent. 

Asthma is sustained by the activity of T lymphocytes bearing CD4+ receptors. 

T lymphocytes CD4+ releases Th2-cyotkines and enhance the perpetuation 

of airway inflammation because of their long-lived nature and their “immune 

memory” (27). 
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Figure 2. Diesel exhaust particles (DEP) and cigarette smoke affect allergic sensitization and the 

development or exacerbation of asthma. Similar proposed mechanisms for both inhalable pollutants, 

obtained from human, mouse and in vitro data are shown. Both DEP and cigarette smoke induce tissue 

damage and oxidative stress, resulting in a pulmonary inflammation with increased neutrophils and T-cells, 

and increased pro-inflammatory cytokines. This creates an environment which facilitates allergic 

sensitization. Cell types and mediators that are increased upon the combination of allergen and inhalable 

pollutant exposure (both DEP and cigarette smoke) and which are specifically associated with allergic 

asthma are indicated with a small black arrow. (Maes et al. Respiratory Research 2010, 11:7) 
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Figure 3. Asthma histopathology. Differences between a bronchial with a normal airflow and a bronchial 

with an obstructed airflow consisting in a contracted smooth muscle, decreased lumen diameter, mucous  

hypersecretion, inflammation and swelling.  

 

Eosinophils are thought to be the key effectors in asthma pathogenesis and 

airway inflammation since they have been found to be present in an 

increased number in sputum and BAL fluid of asthmatics. In addition it has 

been proved that there is a significant association between asthma severity 

and eosinophil activation in the airways (28-29). 

Eosinophils maturation is driven by IL-5 and, once matured, they are very rich 

in crystalloid granules that are source of inflammatory proteins including 

major basic protein (MBP), eosinophil cationic proteins (ECP), eosinophil-

derived neurotoxins (EDN) and peroxidase: all these proteins are cytotoxic to 

the respiratory epithelium. The intracellular granules also incite histamine 

release by inducing the degranulation of mast cells and basophils. MBP is an 

endogenous antagonist of muscarinic autoreceptors M2 which activity leads 

to an increased bronchospasm response to the vagal nerve stimulation (30). 

Eosinophils also secrete bronchoconstrictors like cysteinyl leukotriene (Cyst-

LT), prostaglandins, IL-5, IL-13 and GM-CSF sustaining the ongoing airway 

inflammation (31-32). Other eosinophil products contributing to airway 

inflammation persistence and to the surface shedding of the epithelium are 
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lysosomal elastases (cathepsins) and matrix metalloproteases (MMPs) which 

intensify the responsiveness of the airways (33-34). 

Along with eosinophils, mast cells are also crucial in asthma pathogenesis: 

they release pro-inflammatory molecules including autacoids and neutral 

proteases such as tryptase and chymase which have been proved to 

enhance bronchial responsiveness by sensitizing bronchial smooth muscle to 

histamine, to contribute to the airway wall remodeling by stimulating 

fibroblasts proliferation and to promote the increase of basement membrane 

thickness (35-36). 

Although the presence of macrophages in asthmatic airways is very scarse, 

they are also involved in the induction of airway obstruction and 

hyperresponsiveness. Macrophages produce and secrete a group of matrix 

metalloproteinases (MMPs) and cathepsins that degrade various extracellular 

matrix macromolecules (ECM). Macrophages and neutrophils are more likely 

to be recruited in high number either soon after asthma attacks, to be then 

replaced by eosinophils after repeated sensitization, and during disease 

exacerbations. 

Th2-cytokines (IL-4, IL-5, IL-9 and IL-13) have been demonstrated to be 

crucial molecules for asthma inception and persistence, driving most of the 

inflammatory reactions characterizing this disease. They play an important 

role in antigen presentation as well as in the recruitment of inflammatory cells. 

They are extracellular signaling proteins released by a variety of cells among 

which are also inflammatory cells (37). IL-5 and IL-13 have been proved to be 

the pivotal mediators of inflammation response (38). There are evidences that 

blocking either IL-5 or IL-13 activity inhibits airway hyperresponsiveness, 

mucus production and airway eosinophilia and that overexpression of IL-13 

induces secretion of proteolytic enzymes such as matrix metalloproteinase 

promoting airway remodeling which may lead to emphysema (39). While IL-
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13 is a potent mucus secretion stimulator that contributes to airway 

obstruction, IL-5 is principally responsible for eosinophil maturation, 

proliferation, activation and recruitment within the airway epithelium as well as 

of their prolonged survival; it also promotes the eosinophilic granule-mediated 

airway wall remodeling as well as an augmented hyperresponsiveness (40).  

IL-4 is known to trigger the initiation of the inflammation response to antigen, 

while IL-9 is involved in mast cells infiltration in the airway and may have a 

role in epithelial cells hyperplasia and hyperthropy (41).  

Other pro-inflammatory cytokines found to be determinants in asthma include 

GM-CSF (Granulocyte-Macrophage Colony Stimulating Factor) which 

contributes to the persistence of eosinophilic activity in the airways, and TNF-

α (Tumour Necrosis Factor-α) which activates the secretion of further pro-

inflammatory cytokines (42). 

Chemotactic cytokines involved in the trafficking of leukocytes into airway 

tissues of asthmatics include eotaxins and RANTES (Regulated on 

Activation, Normal T cell Expressed, and Secreted) which principally regulate 

the infiltration of eosinophils. Matrix metalloproteinases are proteolytic 

enzymes which are part of the large zinc-dependent endopeptidase family. 

They are thought to be essential for the development, turnover and 

degradation of ECM components. In addition, they are also involved in 

epithelial repair mechanisms as well as in cytokine and chemokine activities 

thus controlling leukocytes trafficking in the tissue (43). These enzymes do 

also contribute to asthma pathogenesis since their activity on ECM might lead 

to the loss of lung parenchyma integrity. The MMPs found to be highly 

expressed in the sputum of asthmatic patients are MMP-2 (gelatinase A) and 

MMP-9 (gelatinase B)  which are mainly released by macrophages as well as 

by eosinophils and they principally act on denatured collagens like gelatins 

hence contributing to airway remodeling . The pronounced activity of MMPs 



15 

 

derives from an imbalance between the activity of MMPs and the action of the 

tissue inhibitors of metalloproteinases (TIMPs) secreted by alveolar 

macrophages Together with MMPs,  Cathepsins (CTS) are important 

contributors to lung inflammatory events. These proteolytic enzymes are 

intracellularly expressed and activated at the low pH found in the lysosomes 

of cells like eosinophils, fibroblasts, macrophages, neutophils and epithelial 

cells and they promote the intracellular protein turnover (44).  

Cathepsins have been also seen to play a critical role in the physiological 

process of apoptosis by promoting protein degradation within the lysosome. 

However, during inflammatory conditions, their intracellular activity in the 

apoptosis of inflammatory cells (eosinophils and neutrophils) seems to be 

blocked or altered, leading to a chronic and perpetuating survival of these 

cells (45).  

The majority of these lysosomal proteases, which activities have been found 

in the BAL fluid of asthmatics (cathepsins B, H, K, L and S), is cysteine 

proteases with papain-like activity. Their contribution to the degradation of the 

basement membrane and ECM components enhances the degeneration of 

airway remodeling (46).  

Histopathological analysis shows that asthmatic epithelium presents gross 

denuded and/or desquamated areas thus explaining the observed 

hyperreactivity to non-specific agents. In asthma, epithelium undergoes 

different structural changes in which the increased expression of pro-

inflammatory transcription factors like NFkB (Nuclear Factor kappa B) and 

AP-1 (Activator Protein 1) plays a crucial role.  

Moreover in acute phase of the disease, airway has been inflitered by 

polymorphonuclear leukocytes (PMNs) in response to bacterial and viral 

infections represents a pivotal feature of lung inflammatory reactions and is 

both  directly and indirectly involved in most lung pathologies (47). 



16 

 

Mobilization of PMNs to inflamed lungs is modulated by a complex interplay 

between cytokines, endothelial cells, and neutrophils. During the acute-phase 

response to infectious agents in human, inflammatory cytokines such as IL-

1β, TNF-α and IL-8, secreted by a variety of immune and non immune cell 

types, induce a strong PMNs infiltration that sometimes fail to control the 

infection, and may even contribute to the development of lesions in the lung. 

Since its discovery in 1986 (48), the role of ubiquitous NF-κB transcription 

factors has been extensively studied in tumorigenesis, immunity, and 

inflammatory responses, and its dysregulated activation has been associated 

to malignancies as well as to inflammatory pathological conditions. The 

activation of NF-κB is controlled through inhibitory IκB proteins, and the 

kinase that phosphorylates IκBs: the IκB kinase (IKK) complex (49). Specific 

NF-κB binding sites are present in promoters of a large number of genes (50), 

and inflammatory processes are controlled through NF-κB-dependent 

transcription of cytokines, chemokines, cell adhesion molecules, factors of the 

complement cascade, and acute phase proteins. 

In the lungs, several noxious/inflammatory stimuli activate NF-κB, including 

intact bacteria, Gram-negative bacterial lipopolysaccharides (LPS), ozone, 

and silica delivered directly to the airways, as well as systemic inflammatory 

insults such as sepsis, haemorrhage, and direct liver injury (51). In rodent 

models of lung inflammation induced by LPS, pre-treatment with relatively 

nonspecific inhibitors of NF-κB activation was found to decrease lung 

inflammation, and mice deficient in both RelA (the transactivating subunit of 

NF-κB) and type 1 TNF receptor (TNFR1) showed impaired neutrophil 

recruitment to the lungs in response to LPS, when compared to wild-type 

controls as well as TNFR1-deficient mice (52). 

Taken together, these studies suggest an important role for NF-κB in the 

initiation of signaling leading to an inflammatory response in the lungs. 
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However, it has also been suggested that NF-κB may play a role in the 

resolution phase of the inflammatory reaction, possibly through anti-apoptotic 

effects and the expression of proteins limiting inflammation (53).  Therefore, 

cellular distribution, intensity and/or duration of NF-κB activation may result in 

either self-limitation of lung inflammation or its progression to tissue injury 

(54).  

A widely used tool to evaluate the effects of inhaled pollutants, allergen or 

infection on the development and aggravation of asthma consists in 

epidemiological studies. Controlled exposure studies in humans are 

informative as well, but are limited by practical and ethical issues. The use of 

animal models leads to more insights regarding the role of inhalable 

pollutants during sensitization and inflammation in asthma, with a unique 

opportunity to unravel the effects on the different phases of the development 

of the asthma pathology (Figure 4). The mouse has emerged as the animal of 

choice for modelling this disease (55). 

Because of the prevalence of asthma and the complexity of this multifactorial 

and multicellular disease, it has become important to establish relevant 

animal models to better aid in the discovery of therapeutic agents. Preclinical 

research using animal models of pulmonary inflammation has been critical for 

understanding the pathophysiology of asthma and for developing new 

therapies, and a variety of mouse models of asthma have been developed 

that capture specific inflammatory mechanisms of asthma (56). In normal 

healthy animals, it is necessary to immunize and challenge the mice with 

specific antigens (57-58) to induce allergic asthma-like pulmonary 

inflammation. These types of animal models have helped to establish asthma 

as a unique form of chronic airway inflammation involving lymphocytes, mast 

cells, and eosinophils. Among these, eosinophils are the predominant effector 

cells for tissue damage and pulmonary dysfunction, and airway eosinophil 
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influx correlates well with the severity of airway hyperreactivity. Once 

eosinophils have infiltrated the lung, numerous inflammatory changes in the 

airways are triggered, including the release of a wide variety of 

immunomodulatory molecules, which can directly damage airway epithelium, 

cause degranulation of basophils and mast cells (59), and prime the lung for 

subsequent occurrences of allergic pulmonary inflammation (60-61).  

 

Figure 4. Schematic presentation of how the effects of environmental exposure (aero)immunization and 

airway challenge on the 3 different phases of the asthma pathology (sensitization, acute inflammation and 

chronic disease) can be dissected in mice. (Maes et al. Respiratory Research 2010, 11:7) 
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MOLECULAR IMAGING 

Morphological observations have driven the course of biology ever since the 

first microscope was built in the late sixteenth century. Molecular imaging is a 

rapidly emerging biomedical research discipline that extends such 

observations in living subjects to a more meaningful dimension. It may be 

defined as the visual representation, characterization, and quantification of 

biological processes at the cellular and subcellular levels within intact living 

organisms. It is a novel multidisciplinary field, in which the images produced 

reflect cellular and molecular pathways and in vivo mechanisms of disease 

present within the context of physiologically authentic environments. The term 

“molecular imaging” implies the convergence of multiple image-capture 

techniques, basic cell/molecular biology, chemistry, medicine, pharmacology, 

medical physics, biomathematics, and bioinformatics into a new imaging 

paradigm. Present imaging technologies rely mostly on nonspecific 

macroscopic physical, physiological, or metabolic changes that differentiate 

pathological from normal tissue rather than identifying specific molecular 

events (e.g., gene expression) responsible for disease. Molecular imaging 

usually exploits specific molecular probes as the source of image contrast. 

This change in emphasis from a nonspecific to a specific approach 

represents a significant paradigm shift, the impact of which is that imaging 

can now provide the potential for understanding of integrative biology, earlier 

detection and characterization of disease, and evaluation of treatment. 

The emergence of molecular imaging strategies is largely due to recent 

unprecedented advances in molecular and cell biology techniques, the use of 

transgenic animal models, availability of newer imaging drugs and probes that 

are highly specific, and successful development of small-animal imaging 

instrumentation. These factors, along with continued expansion of scientific 

horizons in the current post-genomic era, have been pivotal in the drive 
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toward a new standard that allows linking established in vitro and cell culture 

experimental assays to imaging studies within living subjects. This now 

creates the possibility of achieving several important goals in biomedical 

research, namely, (62) to develop non-invasive in vivo imaging methods that 

reflect specific cellular and molecular processes, for example, gene 

expression, or more complex molecular interactions such as protein–protein 

interactions; to monitor multiple molecular events near-simultaneously; to 

follow trafficking and targeting of cells; to optimize drug and gene therapy; to 

image drug effects at a molecular and cellular level; to assess disease 

progression at a molecular pathological level; and to create the possibility of 

achieving all of the above goals of imaging in a rapid, reproducible, and 

quantitative manner, so as to be able to monitor time-dependent 

experimental, developmental, environmental, and therapeutic influences on 

gene products  in the same animal or patient. Molecular imaging probes can 

now also be developed by taking advantage of the rapidly increasing 

knowledge of available cellular/molecular targets. The merger of molecular 

biology and medical imaging is facilitating rapid growth of this new field by 

providing methods to monitor cellular/molecular events adapted from 

conventional molecular assays, for example, reporter gene assays. The 

present frenetic pace of advancements in biotechnology and functional 

genomics (63) is resulting in parallel progress in molecular imaging 

innovations and applications. The development, validation, and application of 

these novel imaging techniques in living subjects should further en- hence our 

understanding of disease mechanisms and go hand in hand with the 

development of molecular medicine (64). Molecular imaging in living subjects 

offers distinct advantages when compared with conventional in vitro and cell 

culture research techniques in biology. Although in vitro studies in basic 

biological research have been, and remain, a mainstay for defining 
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biochemical and gene expression pathways, the in vitro approach has been 

less successful in deciphering physiological whole-body contributions of 

proteins, in which redundancies and differences in regulation can alter the 

outcome from that initially predicted. In contrast to cell and tissue culture, in 

vivo animal models allow the assessment of phenomena such as tolerances, 

complementation, and redundancy in biological pathways (65). Molecular 

imaging permits both the temporal and the spatial biodistribution of a 

molecular probe and related biological processes to be determined in a more 

meaningful manner throughout an intact living subject. Visualization of 

functions and interactions of a particular gene becomes easier in a more 

realistic manner that respects the dynamics of complex biological networks 

and of complete and holistic biological systems in the entire living subject. 

Molecular imaging assays in intact living animals could be of further benefit in 

resolving biological questions raised by pharmaceutical scientists. Transgenic 

animals are useful in guiding early drug discovery by “validating” the target 

protein, evaluating test compounds, determining whether the target is 

involved in any toxicological effects of test compounds, and testing the 

efficacy of compounds to ensure that the compounds will act as expected in 

man (66). The implementation of molecular imaging approaches in this drug 

discovery process offers the strong advantage of being able to meaningfully 

study a potential drug labelled for imaging in an animal model, often before 

phenotypic changes become obvious, and then quickly move into human 

studies. It is likely that preclinical trials can be accelerated to rule out drugs 

with unfavorable biodistribution and/or pharmacokinetics prior to human 

studies. A further advantage over in vitro and cell culture experimentation 

may be achieved by repetitive study of the same animal model, using 

identical or alternative biological imaging assays at different time points. This 

reveals a dynamic and more meaningful picture of the progressive changes in 
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biological parameters under scrutiny, as well as possible temporal 

assessment of therapeutic responses, all in the same animal without recourse 

to its death. This yields better quality results from far fewer experimental 

animals. Another benefit of molecular imaging assays is their quantitative 

nature. The images obtained are usually not just subjective or qualitative, as 

is the case with standard use of several conventional medical imaging 

modalities, but instead, usually provide meaningful numerical measures of 

biological phenomena.  Such quantitative data could even be considered 

more useful than similar data obtainable in vitro or ex vivo, on account of 

preserving the intactness and the physiology of the experimental subject. 

However, one exception to this can be made in cases in which general 

anesthesia of the living subject results in alteration of the biological function 

under investigation, as may occur; for example, in brain molecular imaging 

studies. 

 

PRINCIPLES OF OPTICAL IMAGING 

Optical Imaging (OI) modalities are based on the detection and quantification 

of bioluminescent or fluorescent light from the subject, through use of a 

cooled charged coupled device (CCD) camera. The relatively simple 

instrumentation and lack of requirement for radioactivity permits users to run 

experiments themselves without help or complicated chemistry and 

scheduling, putting the technology well within the reach of the average 

laboratory. The focus on optical imaging techniques for molecular imaging is 

driven in large part by the sensitivity for imaging optical contrast agents and 

reporter molecules in vivo. The lower limits of detection for optical imaging 

may reach picomolar or even femtomolar concentrations of an optical reporter 

or contrast agent. Combined with the minimal background of techniques such 

as bioluminescence imaging and fluorescence imaging in the near infrared 
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spectrum, the signal-to-background ratio for detecting specific molecular 

signals equals or exceeds that which can be achieved with other molecular 

imaging modalities. 

For light in the visible spectrum, absorption by hemoglobin and other 

molecules may reduce optical signals by approximately 10-fold per centimeter 

of tissue (67). To image fluorescence in deeper tissues, investigators have 

developed strategies for imaging near-infrared fluorescence (NIRF) with 

emission wavelengths between 650 and 900 nm. At these wavelengths, 

absorption of light by hemoglobin, lipids, and water is lowest, and tissue 

autofluorescence also is greatly reduced. As a result, the sensitivity for NIRF 

imaging agents is greatly enhanced, potentially allowing for tomographic 

optical imaging signals to be detected at depths of 7–14 cm (68). Differential 

absorption of light by tissues also produces images that are weighted toward 

optical reporters and probes that are located closer to the surface of a 

subject. While this limitation is being overcome with 3-dimensional imaging 

and analysis techniques such as fluorescence molecular tomography (FMT) 

(69). 

 

BIOLUMINESCENCE AND BLI SYSTEMS 

Bioluminescence imaging (BLI) is based on the sensitive detection of visible 

light produced during enzyme (luciferase)-mediated oxidation of a molecular 

substrate when the enzyme is expressed in vivo as a molecular reporter. 

Bioluminescence at the emission wavelength firefly luciferase (560 nm) can 

be imaged as deep as several centimeters within tissue, which allows at least 

organ-level resolution. This technology has been applied in studies to monitor 

transgene expression, progression of infection and inflammation, tumor 

growth and metastasis, transplantation, toxicology, viral infections, and gene 

therapy. BLI is simple to execute and enables monitoring throughout the 
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course of disease, allowing localization and serial quantification of biological 

processes without killing the experimental animal. This powerful technique 

can reduce the number of animals required for experimentation because 

multiple measurements can be made in the same animal over time, 

minimizing the effects of biological variation. Bioluminescence is appealing as 

an approach for in vivo optical imaging in mammalian tissues because these 

tissues have low intrinsic bioluminescence; therefore, images can be 

generated with remarkably high signal-to-noise ratios. A variety of different 

bioluminescent systems have been identified in nature, each requiring a 

specific enzyme and substrate. Although the most commonly used 

bioluminescent reporter for research purposes has been luciferase from the 

North American firefly (Photinus pyralis; FLuc), useful luciferases have also 

been cloned from jellyfish (Aequorea), sea pansy (Renilla; RLuc), corals 

(Tenilla), click beetle (Pyrophorus plagiophthalamus), and several bacterial 

species (Vibrio fischeri, V. harveyi) (70). 

Firefly luciferase was cloned in 1985 (71 Three years later, an assay to 

measure luciferase in mammalian cell lysates was developed (72) that 

enabled the luciferase gene to become a useful tool for in vivo studies of 

gene regulation. Luciferase is an excellent marker for gene expression 

because of its lack of post-translational modifications and an in vivo t1/2 of 

approximately 3 h (73). Firefly luciferase produces photons in a reaction that 

requires ATP, magnesium, and a benzothiazoyl–thiazole luciferin (figure 5). 

Light emission from the firefly luciferase-catalyzed luciferin reaction is broad-

band (530–640 nm) and peaks at 562 nm (74). This emission spectrum, 

coupled with the optical properties of biological tissue, allows light (especially 

with spectral content above 600 nm) to penetrate through several centimeters 

of tissue. Therefore, it is possible to detect light emitted from internal organs 

in mice that express luciferase as a reporter gene. The sensitivity of detecting 
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internal light sources is dependent on several factors, including the level of 

luciferase expression, the depth of labelled cells within the body (the distance 

that the photons must travel through tissue), and the sensitivity of the 

detection system (75). 

 

Figure 5. Schematic representation of bioluminescence imaging reporters.  Beetle luciferase enzymes 

(firefly,click beetle) expressed in cytoplasm of engineered cells catalyze production of light photons from the 

substrate luciferin in the presence of oxygen and ATP. Gaussia and Renilla luciferases use a different 

substrate,coelenterazine, andare independent of ATP. Inits native form, Gaussia luciferaseis secreted from 

cellsand reacts with substrate inthe extracellular space.  

 

Key advances in detector technology have led to substantial improvement in 

sensitivity and image quality. Photons are detected by specialized charge 

coupled device (CCD) cameras that convert photons into electrons after 

striking silicon wafers. CCD cameras spatially encode the intensity of incident 

photons into electrical charge patterns to generate an image. For BLI, the 

noise of the systems is reduced by super-cooling the CCD camera and 

mounting the camera in a light-tight box. These cameras are run by a 

computer for image acquisition and analysis. (Figure 6)  

Although BLI has been used successfully in a variety of applications to obtain 

semiquantitative information regarding biological processes in vivo, several 

issues must be considered when applying this technology. Simple 
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quantification of light emission may not provide a true representation of the 

biological effect studied. The luciferase reaction is a complex interaction of a 

variety of molecules, including ATP, oxygen, and luciferin (substrate). 

 

Figure 6. Schematic optical imaging instrumentation. A) mice as a light source, B) IVIS Lumina, which 

provides 2D BLI and FLI, C) example of quantification of BLI in mice. 

 

If ATP, oxygen, or exogenously administered luciferin is not abundantly 

present, light emission may not be a true representation of luciferase activity. 

Another issue with BLI is the limited and wavelength-dependent transmission 

of light through animal tissues. As a general rule, there is an approximate 10-

fold loss of photon intensity for each centimeter of tissue depth. Also, images 

are surface weighted, meaning that light sources closer to the surface of the 

animal appear brighter compared with deeper sources because of tissue 

attenuation properties. In addition, dynamic changes may occur in geometry 

(e.g., growing tumor, scar tissue) and/or the optical properties of tissues that 

affect light scatter or absorption and detected bioluminescence. Thus, 

although BLI provides a unique and powerful methodology, quantitative 

analysis must be approached with caution, and validation for each specific 
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application is necessary. In order to dynamically investigate in vivo the 

potentially different roles of NF-κB in the inflammatory response, a transgenic 

mouse model was developed expressing the minimal promoter of NF-κB and 

the luciferase gene as a reporter, allowing a direct monitoring of NF-κB 

activation by bioluminescence (76-77). BLI has proven to be very powerful 

technique for detecting luciferase reporter activity in intact animal models, 

facilitating real-time, molecular level analysis of disease progression. 

Nevertheless the generation, characterization, and colony management  of 

transgenic mice may be difficult, and typically very expensive. An alternative, 

relatively inexpensive approach is represented by the use of transient 

transgenic mice obtained through the infusion of a polyethylenimine 

(PEI)/DNA complex containing plasmids with specific responsive elements 

(RE) and luciferase as a reporter gene. This technique yields significant 

transfection in vivo, as was recently shown by imaging pulmonary NF-κB 

activation in LPS-treated mice (78). This approach has been used in our lab 

to investigate in vivo the role of IL-8 in the lung. One of the most remarkable 

properties of interleukin 8 (CXCL8/IL-8), a chemokine with known additional 

functions also in angiogenesis and tissue remodeling, is the variation of its 

expression levels. In healthy tissues, IL-8 is barely detectable, but it is rapidly 

induced by several folds in response to proinflammatory cytokines, bacterial 

or viral products, and cellular stress. Although mouse cells do not bear a clear 

homologous IL-8 gene, the murine transcriptional apparatus may well be 

capable of activating or repressing a heterologous IL-8 gene promoter driving 

a reporter gene. In order to induce a transient transgenic expression, mice 

were systemically injected with a bovine IL-8 promoter–luciferase, construct. 

Subsequently mice were monitored for luciferase expression in the lung by in 

vivo bioluminescent image analysis over an extended period of time (up to 60 

days) (79). 
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Generating transient transgenic mouse model where we can measure in non 

invasive the pathways activation of NF-kb and IL-8 it is crucial for 

understanding the molecular mechanic of the pathogenesis of the lung 

diseases and make them more druggable in order to test new anti-

inflammatory drugs following a therapeutic regimen.  

 

FLUORESCENCE AND IMAGING SYSTEM 

In fluorescence imaging (FLI), an external light source excites the fluorophore 

(which can be protein or chemical dye) converting it to an excited state, and 

the transferred light energy is emitted at a different wavelength as the 

fluorophore returns to its ground state Figure 7.  

 

Figure 7. Fluorescence imaging requires light of appropriate wavelength to excite the reporter molecule 

(fluorescent protein or dye molecule), resulting in emission of light with a defined emission spectrum for each 

reporter protein or dye. 

 

In contrast to bioluminescence, where light is emitted from within the subject 

following enzyme catalysed chemical energy release, with fluorescence, 

excitation light (of a specific wavelength) shined on the subject, is wave 

shifted by the fluorophore and emitted back out of the animal for detection 

using filters unique to the emitted light wavelength. Reporter strategies based 
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on delivery of genes coding for fluorescence proteins (FP) have been in use 

for many years (80). FP encoding cDNA can easily be included in vector 

constructs and serve as a monitoring tool for gene therapy. FP such as green 

fluorescent protein or GFP (from the Aequorea victoria jelly fish - the first 

isolated FP gene), have the powerful facet that they naturally fluoresce 

without the addition of substrates or enzymes. (Fluorophore + Excitation Light 

= Emission Light). These FP are suitable for cell and molecular biology as 

well as in vivo imaging since they are very stable and their chromophores 

form by autocatalytic cyclization without the need for cofactors. Genetic fusion 

of FP to proteins of interest permits 1:1 expression, facilitating quantitative 

imaging, particularly for in vitro imaging. There now exists a wide range of 

optimised and stabilised mutants of this gene emitting blue, cyan or yellow 

light, as well a number of fluorescent proteins isolated from other sources 

with orange, red and far-red spectra figure 8. 

 

Figure 8. Monomeric or tandem dimeric fluorescent proteins derived from Aequorea GFP or Discosoma 

RFP, expressed in bacteria and purified. This photo is a time exposure of fluorescences excited at different 

wavelengths and viewed through different cut off filters. 

 

 All FP are in the region of 25 kD in size. An advantage of the availability of 

these various FP (which now number more than 20) is that their unique 

emission wavelengths permit simultaneous imaging of multiple targets in cells 

and tissues. However, a number of issues have been identified for in vivo 
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fluorescence imaging. Excitation and emission wavelengths in the green 

range have limited penetration in mammalian tissues (1–5 mm) (81). Tissues 

also absorb excitation and fluoresce when excited at these wavelengths (due 

to tissue chromophores, such as oxy- and deoxy-hemoglobin, water, melanin 

and fat) Figure 9. 

Figure 9. Absorption and scattering 

lengths are longer for near-infrared 

compared with visible light. 

Fluorescence emission peaks for 

an assortment of fluorescent 

proteins are shown in the top panel 

atop plots of the absorption lengths 

of deoxy-hemoglobin8 (Hb; blue 

curve, left axis), oxy-hemoglobin8 

(HbO; red curve, left axis) and 

water9 (green curve, right axis). 

(Note that emission peaks do not 

necessarily convey a fluorophore’s 

perceived color.) The absorption 

lengths for hemoglobin were 

calculated from the molar extinction 

coefficients assuming a 

concentration of 2.2 mM 

hemoglobin, which is representative 

of human and mouse blood. The 

bottom panel shows the wavelength 

dependence of the scattering 

attenuation length of a tissue 

sample of human skin (black trace) 

 

Combined autofluorescence and emission signal absorption can result in a 

poor signal-to noise ratio. Imaging in the near-infrared spectrum increases 

tissue penetration and decreases non-specific autofluorescence. Longer 

wavelength such as DsRed isolated from Discosoma striata have been 

shown to have an advantage over GFP in that red light penetrates tissues 
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more efficiently than green. Hence, FP in this spectral region are currently the 

most useful for in vivo imaging, and include the more recent and brighter 

mCherry and mKate2. Nonetheless, poor signal-to-noise ratio limits usage of 

FLI in vivo, particularly in deep tissue. Advances in software and 

instrumentation are yielding improved sensitivity, quantification and spatial 

resolution. Modern multispectral systems are capable of capturing spectral 

information of each pixel of an image and with ‘spectral unmixing’ can 

separate wavelengths (including from different FP) and help remove 

autofluorescence. A potentially powerful approach to imaging of deep tissue 

involves fluorescence-mediated tomography (82). With this technique, the 

subject is exposed to continuous wave or pulsed light from different sources 

in an imaging chamber and emitted light captured by detectors arranged in a 

spatially defined order, followed by software processing to construct a 

tomographic image. Figure 10. 

 

Figure 10. Fluorescent molecular tomography system (FMT) on the left. The FMT® 2000 is a workhorse 3D 

fluorescence tomographic system with the ability to quantitate up to two fluorophores simultaneously. The 

system comes with two excitation laser channels (680 and 750 nm). On the right schematic representation of 

imaging technology. FMT laser-driven transillumination generates paired absorption and fluorescence data 

maps throughout the animal. The anesthetized mouse is comfortably placed portable Animal Imaging 

Cassette. Imaging sessions are rapid (2-3 minutes per animal), animal handling is simple and the mouse 

remains stable and immobilized for consistent, repetitive imaging results. Fluorescence quantified to the 

picomole at each point in the subject including deep tissue targets and fluorescence measurements 

calculated throughout the user-selected regions of Interest (ROI). 
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This strategy is still undergoing development, but studies in a wide range of 

contexts indicate promise for this (83). 

An alternative fluorescent imaging strategy to FP gene delivery involves 

delivery of a gene coding for a membrane bound antibody, capable of 

selectively binding a labelled antigen. For example, a membrane-anchored 

antipolyethylene glycol (anti-PEG) antibody reporter gene system has been 

developed and demonstrated to efficiently trap a range of pegylated imaging 

probes for multiple imaging systems including optical, Magnetic Resonance 

(MR) and PET(84). Furthermore, given the potential benefits of the more 

recently described quantum dot technology over traditional FP approaches, 

including reduced photo-bleaching and improved signal-to-noise ratio, 

exploitation of this approach in combination with cell/gene therapy also holds 

promise. FLI is also used outside of whole body imaging. For example, 

Intravital Microscopy refers to in vivo imaging of surface regions (in situ or 

invasively prepared), primarily to visualise microvasculature in real time at the 

cell-level (85). Fluorescently-labelled individual cells can be visualised in vivo 

using this approach. Fluorescence can also be utilised for ex vivo analyses of 

reporter gene activity, such as secreted alkaline phosphatase (SEAP), similar 

to the use of Gaussia luciferase. 

Despite the limitations described here, in vivo FLI is nonetheless a powerful 

approach applicable to a wide range of situations and anatomical locations, 

proving its usefulness at depth penetrations, from micrometres (intravital 

microscopy) to centimetres (fluorescence molecular tomography) (86). 

Fluorescence molecular tomography (FMT) is a technique developed to 

three-dimensionally visualize deeper into the animal, and it is herein 

considered as a noninvasive molecular lung imaging tool for small animal 

imaging. FMT imaging has been a useful tool for imaging in vivo protease 

activities involved in several diseases like cancer, cardiovascular and 
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osteoporosis and among the enzymes imaged are cathepsins and matrix 

metalloproteinases (87-88). The fluorescent probes used in detecting the 

enzymatic activities are generally called “smart probes” or “activatable 

probes” which emit light changing their optical properties upon protease 

cleavage (89). (Figure 11) The availability of these probes has made this 

technique exploitable for studying lung diseases: different researchers 

including (90-91-92), have used this approach to assess allergic airway 

inflammation in asthma-induced short-term OVA or LPS mice model. The 

technology uses multi-projection illumination of the animal thorax and 

combines multi-projection light measurements from the thorax with 

mathematical models of photon propagation in tissue in a reconstruction 

scheme that produces quantitative three-dimensional images of fluorochrome 

biodistribution. Volumetric visualization and quantification of the fluorochrome  

 

Figure 11. Schematic representation of “smart” activatable probe 

 

in deep tissues; obtained in these studies confirmed and emphasized the role 

of eosinophil influx associated either with an increased protease activity in the 
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airway and disease severity. The FMT application to lung imaging is foreseen 

to play a markedly different role than microscopy, since the method achieves 

macroscopic resolutions similar to the ones of nuclear imaging. The benefits 

of FMT are associated with its ability for three-dimensional imaging and 

importantly the use of physical models of photon propagation that can 

account for the nonlinear signal variations in tissues as a function of 

fluorochrome depth and tissue optical properties and optical property 

heterogeneity (93-94). Therefore FMT can bring a new dimension in lung 

small animal research by allowing true quantification of optical signals and 

volumetric in vivo imaging of proteases using activatable probes, of receptors 

and other proteins by targeted probes or transgenic fluorescent protein gene-

reporter technology, and of functional characteristics with more conventional 

agents tracking vascular changes and permeability. By imaging at different 

wavelengths, many of these targets may be concurrently resolved. By further 

using safe, nonionizing radiation, FMT may be well suited to study disease 

progression and longitudinally characterize drug efficacy.  
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GOAL OF THE STUDY  

 

Animal Models and Luminescence vs Fluorescence 

The use of animal models in research it is a crucial step to unravel the effects 

on the different phases of  asthma progression and the mouse has emerged 

as the specie of choice for modelling this disease. Due to the complexity of 

asthma, it has become important to establish relevant animal models to better 

aid in the discovery, for understanding the pathophysiology of asthma and for 

developing new therapeutic approach. A variety of animal models have been 

developed that capture specific inflammatory mechanisms of asthma. 

Researchers using such established mouse models currently rely on invasive 

measures of pulmonary function and ex vivo characterization of pulmonary 

cellular infiltration. Although these assessments of disease status areused 

extensively and highly validated, they are terminal procedures that preclude 

the possibility of repeated, longitudinal assessment of test subjects.  

In contrast, optical in vivo imaging technologies of live animals like 

bioluminescence (BLI) and fluorescence molecular tomography (FMT)   

provides a tool for non-invasive repeated assessments of in situ biological 

processes, but it is not yet validated as a widespread metric in respiratory 

arena. Fluorescent protein detection has shown some success at preclinical 

levels, high background levels and poor tissue penetration of both excitation 

and emission waves restrict efficacy. Luminescence-based reporting systems 

display fewer drawbacks and autoluminescence is almost nonexistent. This 

absence of autoluminescence results in low background light emission 

permitting much higher sensitivity and specificity than fluorescence in some in 

vivo applications. Keeping in consideration the origin of all the diseases start 

at molecular level, the application of this technology results to be a very 

useful in drug discovery, because now a days, the pharmaceuticals are 
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pushing their research pipeline in targeting specific molecular mechanism. 

Due to the BLI characteristic listed above, this technology is very suitable for  

investigating molecular pathways in lung disorders. On the other hand, 

fluorescent technology, in our specific case FMT has been applied to monitor 

cellular infiltration to the lung in a chronic asthma mouse model. Smart 

probes have been used, because they can be direct injected in to the mice 

and activated by a specific protease secreted from inflammatory cells 

recruited into the lung by a different pro-inflammatory stimuli. Upon activation 

the probes emit fluorescent light that can be detected by FMT and associate 

with the number cellular infiltration and correlated with stage of the disease. 

 

The present study has two goals:  

 

1. The use of bioluminescent imaging technology to investigate the 

activation of IL-8 in mouse lung in vivo and the role the protein 

(quale proteina?) in acute pulmonary inflammation by a non 

invasive approach. 

 

2. The generation of a chronic asthma mouse model with established 

features of asthma in order to test new anti-inflammatory drugs 

following a therapeutic regimen and to set-up a reliable live-animal 

imaging method for monitoring with a longitudinal and repeated 

way the pathophysiologic processes and their biomarkers.  In this 

view, the Fluorescence Molecular Tomography (FMT) technology 

has been applied to quantify and visualize in a non-invasive way 

the progression of pulmonary inflammation in chronic asthma. 
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MATERIALS AND METHODS: GOAL 1 

 

Experimental Animals 

Female inbred FVB (7–8 week-old) mice were purchased from Harlan 

Laboratories Italy (San Pietro al Natisone, Udine). Animals were maintained 

under conventional housing conditions. Prior to use, animals were 

acclimatized for at least 5 days to the local vivarium conditions (room 

temperature: 20–24°C; relative humidity: 40–70%), having free access to 

standard rat chow and tap water. All experiments were carried out in rodents 

and exclusively included painless suppression of animals. All animal 

experiments were carried out in agreement with the revised "Guide for the 

Care and Use of Laboratory Animals" (95) and were approved by the 

Institutional Animal Care and Use Committee at Chiesi Farmaceutici.  

 

Reagents 

LPS (E. Coli) was from Sigma (St. Louis, MO); TNF-α (10 ng/ml) (Sigma), 

JetPEI was from Polyplus-transfection Inc (Euroclone, Milano, Italy). 

 

Vector  Characteristic and In Vivo Gene Delivery 

bIL-8-Luc was obtained by sub-cloning the 2030 bp IL8 bovine promoter, 

amplified by PCR from Madin-Darby bovine kidney (MDBK; ATCC #CCL-22) 

genomic DNA and subcloned into the digested pGL3basic vector (Promega) 

as previously described (96). We applied in vivo JetPEI (Polyplus 

Transfection) as a carrier for delivering DNA to lung tissues. The DNA and 

JetPEI mix was formulated according to the product manual with a final N/P 

ratio of 7. Briefly, 40 μg of bIL-8–luc or NF-κB-luc and 7 μL of JetPEI were 

each diluted into 200 μL 5% glucose. The two solutions were then mixed and 

incubated for 15 minutes at room temperature.The entire mixture was i.v. 
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injected into FVB mice and the expression of bIL-8–Luc was monitored 

through imaging with IVIS. 

 

Cell Cultures 

Mouse lung adenocarcinoma cell line of epithelial origin, LA-4 cells (ATTC, 

#CCL-196), was cultured in Dulbecco's modified essential medium (Sigma) 

containing 10% FBS, 2 mM of L-glutamine, 100 IU/ml of penicillin, 100 µg/ml 

of streptomycin, and 2.5 µg/ml of amphotericin B (Sigma). Cell culture plates 

or flasks were incubated at 37°C with 5% CO2 in air, in a humidified 

atmosphere. 

 

LA-4 Cells Characterization by RT-PCR for TNF-αRI and II and TLRs 

Total RNA from LA-4 cells was extracted with TriPure reagent (Roche) and 5 

μg of total RNA were reverse transcribed using Ready-To-Go, T-Primed First-

Strand Kit (Amersham Biosciences). Two microliters of the resulting cDNA 

were amplified in a final volume of 50 μl of 10 mM Tris–hydrochloride, pH 8.3, 

containing 0.2 mM deoxynucleotide triphosphates, 2.5 mM MgCl2, 50 mM 

KCl, 1 U of Taq polymerase (Invitrogen) and 0.25 μM of each primer listed in 

Table S1. The amplification program for TNF-αRI, II and GAPDH was 35 

cycles, each cycle consisting of denaturation at 94°C for 1 min, primer 

annealing at 55°C for 1 min, and chain elongation at 72°C for 1 min [33]. The 

amplification program for TLRs was 35 cycles, each cycle consisting of 

denaturation at 94°C for 1 min, primer annealing at 55°C for 1 min, and chain 

elongation at 72°C for 1 min [34]. PCR products were analyzed on a 2% 

agarose gel. 
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LA-4 Cell Electroporation 

LA-4 cells were cultured in a 75 cm2 flask. When growth reached 90% 

confluence cells were electroporated. bIL-8-Luc plasmid DNA (20 µg) diluted 

in 600 µl of DMEM without serum was electroporated (Equibio apparatus 

Wolf Laboratories Limit., York, UK) into LA-4 cells at 186 V, 960 µF, in 4-mm 

gap cuvettes (Wolf Laboratories Limit., York, UK)). Electroporated cells were 

plated in a twenty four-well plates and incubated in an atmosphere of 95% air 

and 5% CO2 at 37°C. 

 

Dual Luciferase Reporter Assay 

Twenty-four hours post electroporation, LA-4 cells in twenty four-well plates 

were treated with LPS (500 ng/ml) (Sigma) or TNF-α (10 ng/ml) (Sigma) for 

four hours. The luciferase reporter assay was performed with a Dual 

Luciferase Reporter Assay System kit (Promega Corp., Madison, WI, USA) 

according to the manufacturer’s specification with minor modifications. 

Following treatment, cells were washed with PBS and lysed with 100 µl of 

passive lysis buffer by freeze-thawing at −80°C. Ten microliters of the cell 

lysate were added to 50 µl of LAR and Luciferase activity was determined 

with a PerkinElmer Victor3 Multilabel Counter (PerkinElmer, Waltham, MA, 

USA), according to the manufacturer’s specifications. Experiments were 

performed with 4 replicates at each time point and each experiment repeated 

three times. Statistical differences were tested by One Way ANOVA followed 

by Dunnet’s post hoc test for group comparisons. 

 

Bronchoalveolar Lavage Fluid (BALF) and Cell Counting 

Bronchoalveolar lavage (BAL) was performed as previously described (96). 

Briefly, mouse tracheas were cannulated with an 18-gauge angiocathether 

(Becton Dickinson). Six hundred microliters of sterile HANK’S buffer were 
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instilled three times in the bronchial tree and collected for subsequent 

analysis. After centrifugation at 400 g for 10 minutes, the cell pellet was 

resuspended in 0.2 ml of PBS. Total cell number was counted with a particle 

counter (Dasit XT 1800J). The pellets deriving from the same animal were 

combined and resuspended in a volume of 0.2 ml and total and differential 

cell counts were performed within 2 hours using an automated cell counter 

(Dasit xt 1800 J, Sysmex). The cell count per animal was calculated from the 

number of cells for 1 ml of BALF multiplied for the volume used for the 

resuspension of the cell pellet. 

 

In Vivo Bioluminescence Imaging 

In vivo imaging was performed using an IVIS imaging system (Caliper Life 

Sciences, Alameda, CA). From 10 days after DNA delivery the transient 

transgenic mice were imaged in order to check the baseline activation of the 

IL-8 pathway. The day after transgenization, the mice were intratracheally 

challenged with LPS (12.5 µg/mouse) or TNF-α (1 µg/mouse) and the lungs 

imaged using bioluminescence (BLI) after 2, 4, 7 and 24 hours following 

intraperitoneal injection of 150 mg/kg luciferin. The mice were anesthetized 

with gas anaesthesia (isoflurane 2.5%), imaged for 5 minutes, 10 minutes 

and 15 minutes after luciferin injection in order to minimized the 

pharmacokinetic variability among mice. Photons emitted from specific 

regions were quantified using Living Image® software (Caliper Life Sciences, 

Alameda, CA). 

 

Data Analysis 

Experimental values were expressed as the mean and standard error of the 

mean (SEM). Statistical analysis was performed using one-way analysis of 

variance followed by Dunnett’s t test (* p < 0.05, ** p < 0.01). 
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RESULTS: GOAL 1 

ACUTE LUNG INFLAMMATION MOUSE MODEL 

 

The Bovine IL-8 Promoter is Responsive in Mouse Lung Cells in vitro. 

The bovine IL-8 promoter, mapped on Bos taurus chromosome 6 

(http://www.ncbi.nlm.nih.gov/mapview/maps.cgitaxid=9913&chr=6&query=uid

(207248,3567299)&QSTR=280828%5Bgene%5Fid%5D&maps=gene_set&c

md=focus), was previously cloned from bovine genomic DNA template and its 

activation at the transcriptional level tested with a luciferase reporter construct 

bIL-8-Luc. The luciferase construct was generated by sub-cloning the 2030 

bp IL-8 promoter in front of a pGL3 Luciferase reporter vector. The capability 

of mouse cells to trans-activate the bovine IL-8 promoter/luciferase reporter 

construct (bIL-8-Luc, Figure 12A) was first tested in an in vitro model. The 

expression of Toll Like receptors (TLRs,) was evaluated by RT-PCR in the 

LA-4 cell line, a mouse epithelial cell line from lung, TLR 1, 2, 3, 4, 5, 6, 8 and 

9 were detectable, while no expression of TLR7 was identified (Figure 12B). 

Secondly, TNF-α and TNF-α receptor (TNF-αR) I and II were both found 

expressed in LA-4 cells (Figure 12C). Subsequently, LA-4 cells were 

transiently transfected by electroporation with the bIL-8-luc reporter construct 

and 24 h post transfection the cells were treated with TNF-α or LPS. In bIL-8-

luc transfected LA-4 cells, a 4 hour treatment with TNF-α increased luciferase 

signal up to 3 folds, while, similarly, a 4 hour treatment with LPS elicited a 2-

fold induction (Figure 12D). Signal intensity was expressed as folds of 

induction over the bIL-8-luc transfected vehicle-treated LA-4 cells. Results are 

reported as mean ± SD and significance attributed when P<0.05 (*) or 

P<0.01(**) 
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Figure 12. A) Schematic diagram (not to scale) of the Bos taurus chromosome 6 with the IL-8 gene locus 
comprising promoter and exons annotated by numbers. The 2 kb IL-8 promoter sequence, comprising the 
putative TATA box, the transcriptional start site (+1) and the UTR (red underlined) was cloned into the pGL3 
basic vector in front of the open reading frame of the Luciferase reporter. B) RT-PCR products of TLRs from 
1 to 9 and their corresponding amplicon size. GAPDH was used as an internal control and the amplification 
performed in the absence of reverse transcriptase (-RT) as a negative control. C) RT-PCR products of TNF-
αRI,II and their corresponding amplicon size. GAPDH was used as an internal control and the amplification 
performed in the absence of reverse transcriptase (-RT) as a negative control. D) IL-8 promoter activation 
after treatment of bIL-8-Luc transfected LA-4 cells with LPS or TNF-α, along with the untreated control 
(Untr.). Each experiment was done in quadruplicate, and each point represents the mean ± standard 
deviation of three experiments. Data were expressed as folds of induction (2,1 and 2,8 for LPS and TNF-α 
respectively) over vehicle-treated cells and statistical differences were tested by One Way ANOVA followed 
by Dunnet’s post hoc test for group comparisons. Results are reported as mean ± SD and significance 
attributed when P<0.05 (*) or P<0.01(**). 
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The Bovine IL-8 Promoter is Responsive in Mouse Lung in vivo 

Given the positive results obtained in vitro, bIL-8-luc reporter construct was 

tested in vivo. Mice were first transiently transgenized with bIL-8-luc or the 

Empty vector control (pGL3 basic) and 10 days post transgenization were 

intratracheally instilled with LPS or TNF-α. At different time points (3, 5 and 

24 hours) post instillation mice were monitored for luciferase expression in 

the lung by in vivo image analysis. Mice responded to both treatments with a 

robust induction already at 3 hours after instillation and the response still 

remained significant after 24 hours. In contrast no signal was observed for 

control mice treated with saline or transiently transgenized with the Empty 

vector (Figure 13A and B). Signal intensity was then expressed as folds of 

induction where the untreated control was considered as 1 (Figure 13C). This 

in vivo analysis demonstrated the striking specificity of the system and a 

better induction with a lower background compared to the data obtained in 

vitro. Results are reported as mean ± SD and significance attributed when 

P<0.05 (*) or P<0.01(**) 
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Figure 13. A) Representative images of groups of mice (n=3 per group) transiently transgenized with bIL-8-

Luc or Empty vector DNA and intratracheally instilled with LPS, TNF-α or vehicle (saline solution). Mice were 

monitored at 3, 5 and 24 hours post stimulation by BLI drawing a region of interest (ROI) over the chest. B) 

Light intensity quantification of the ROI using the LivingImage software. The experiment was repeated three 

times and each point represents the mean ± standard deviation of 9 animals. C) Data were expressed as 

folds of induction over vehicle-treated mice (Saline) and statistical differences were tested by One Way 

ANOVA followed by Dunnet’s post hoc test for group comparisons. Results are reported as mean ± SD and 

significance attributed when P<0.05 (*) or P<0.01(**). 
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Long Lasting Response of Bovine IL-8 Reporter Gene in vivo 

Similarly to in vitro transient transfections, the gene delivery system employed 

in vivo is expected to result in a transient expression of the delivered bIL-8-

Luc reporter construct. It was therefore important to assess the extent and the 

duration in vivo of the responsiveness of the bIL-8-Luc reporter construct. 

Mice transiently transgenized with bIL-8-Luc or the Empty vector were 

intratracheally instilled with LPS or TNF-α at 8, 32, 45 and 60 days post 

transgenization and 3, 5, or 24 h post treatment were monitored for luciferase 

expression in the lung by in vivo image analysis. Surprisingly, transiently 

transgenized mice responded to LPS or TNF-α up to 60 days after 

transfection (Figure 14) with the greater response at 32 days. In contrast, no 

signal was detectable in mice treated with saline or transiently transgenized 

with the Empty vector. Results are reported as mean ± SD and significance 

attributed when P<0.05 (*) or P<0.01(**). Thus, our data suggest that the 

same mice can be utilized or reutilized for at least 45 days after the 

administration of the reporter gene, saving animals and costs. This will offer 

the opportunity of monitoring every single animal over an extended time 

period. 
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Figure 14. A) Representative images of groups of mice (n=3 per group) transiently transgenized with bIL-8-
Luc or Empty vector DNA and intratracheally instilled with LPS, TNF-α or vehicle (saline solution) at 8, 32, 45 
and 60 days post transgenization. Mice were monitored at 3 hours post stimulation by BLI by drawing a 
region of interest (ROI) over the chest. B) Light intensity quantification of the ROI using the LivingImage 
software. The experiment was repeated three times and each point represents the mean ± standard 
deviation of 9 animals. C) Data were expressed as folds of induction over vehicle-treated mice (Saline) and 
statistical differences were tested by One Way ANOVA followed by Dunnet’s post hoc test for group 
comparisons. Results are reported as mean ± SD and significance attributed when P<0.05 (*) or P<0.01(**). 
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Bovine IL-8 Reporter Gene Response Correlates with White Blood Cells 

and Neutrophils Infiltration 

Since IL-8 is a major chemotactic polypeptide for neutrophils, we examined 

the correlation between bIL-8-Luc activation and neutrophils infiltration into 

the lung upon LPS or TNF-α stimulation. Ten days post bIL-8-Luc transient 

transgenization, the mice were intratracheally instilled with LPS, TNF-α or 

saline solution. Three hours post treatment, which was the time 

corresponding to the maximal bIL-8-luc activation and at 24 h post treatment, 

corresponding to the decline of the signal, the lungs of the treated mice were 

intratracheally washed and the broncho-alveolar lavage fluid (BALF) was 

assayed for the presence of infiltrating total white blood cells (WBC) and 

neutrophils. As shown in figure 15, WBC and neutrophils significantly 

increased in treated mice with respect to the untreated control, whereas the 

number of monocytes remained constant, a finding in line with the notion that 

monocytic infiltration is typically a late event of inflammatory responses. 

However, in terms of cellular infiltration response, LPS gave a better 

response than TNF-α. Thus a positive correlation between bIL-8-Luc reporter 

construct activation and white blood cells and neutrophils infiltration was 

observed. Results are reported as mean ± SD and significance attributed 

when P<0.05 (*) or P<0.01(**). 
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Figure 15. Cellular infiltration into the lung of mice intratracheally instilled with LPS, TNF-α or vehicle. The 

amount of White blood cells (WBC), Neutrophils (Neut) and Monocytes (Mono) found in BALF was 

expressed as number of cells per μl at 3 (A) and 24 hours (B) post treatment. The experiment was repeated 

three times and each point represents the mean ± standard deviation of 9 animals. Data were expressed as 

folds of induction over vehicle-treated mice (Saline) and statistical differences were tested by One Way 

ANOVA followed by Dunnet’s post hoc test for group comparisons. Results are reported as mean ± SD and 

significance attributed when P<0.05 (*) or P<0.01(**). 
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MATERIALS AND METHODS: GOAL 2 

 

Experimental Animals 

Female inbred Balb-C (7–8 week-old) mice were purchased from Harlan 

Laboratories Italy (San Pietro al Natisone, Udine). Animals were maintained 

under conventional housing conditions. Prior to use, animals were 

acclimatized for at least 5 days to the local vivarium conditions (room 

temperature: 20–24°C; relative humidity: 40–70%), having free access to 

standard rat chow and tap water. All experiments were carried out in rodents 

and exclusively included painless suppression of animals. All animal 

experiments were carried out in agreement with the revised "Guide for the 

Care and Use of Laboratory Animals" (95) and were approved by the 

Institutional Animal Care and Use Committee at Chiesi Farmaceutici.  

 

Allergengs 

The allergens considered in this study are among those recognized to be 

crucial in the inception and persistence of asthma:  

Dust mite (extracts of Dermatophagoides farinae),  

Ragweed (extracts Ambrosia artemisiifolia), 

Aspergillus (extracts of Aspergillus fumigatus).  

The dose of allergen given per mouse was 0.5 μg of dust mite, 5 μg of 

ragweed and 0.5 μg of aspergillus. 

 

In vivo imaging Probe  

Near infrared (NIR)-activatable “smart” probe (Perkin Elmer, Inc. Boston, MA, 

USA) was used for imaging protease activities in chronic asthma disease. 

ProSense® 680 MMPsense® 680 are protease activatable fluorescent in vivo 

imaging agent that is activated by key disease associated proteases such as 
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Cathepsin B, L, S and Plasmin and by matrix metalloproteinases (MMPs) 

including MMP-2, -3, -9 and -13 . Smart probes are optically silent in their 

unactivated state and becomes highly fluorescent following protease-

mediated activation. The probes are tail vein injected at 80 nmoles/Kg. 

 

Cytokines Analysis 

The cell-free supernatant of each sample of BAL fluid stored at -80ºC was 

used for simultaneous quantification of cytokines and chemokines by using 

the Bio-Plex™ 200 (Luminex) system (Bio-Rad Laboratories, Segrate, Milano, 

Italy). BAL fluid supernatants were analyzed by using the 23-Plex panel 

Mouse Cytokine Assay kit (Bio-Rad Laboratories, Segrate, Milano, Italy). 

 

Asthma Induction Protocol 

Mice anesthetized by inhalation of isoflurane (Isoba, Shering Plough) in the 

vetEquip box (VetEquip - Rodent Circuit Controller Plus Anaesthesia System 

- RC2+ -; 0.2% of isoflurane and 2l/min oxygen). 30 µl of the three allergens 

combined suspension, were intra-nasally administered DRA (Dust mite 0.5μg, 

Ragweed 5μg, Aspergillus fumigatus 0.5μg) twice per week for 8 weeks 

followed by 3 weeks of rest (no challenge). The control mice were given 30 µl 

of saline. The experimental set up is shown in figure 16. 

 

Figure 16. Asthma induction protocol. DRA challenge is represented by black arrow.  Challenge lasted till 8 

weeks followed by 3 weeks of rest. Circles represent time points selected for the characterization of disease 

progression. At 3-6-8 and 11 weeks those parameters have been evaluated: FMT, cellular count in BALF, 

histology and cytokines determination. 
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In vivo Fluorescence Imaging 

Both DRA challenged and control mice were randomly divided in two groups 

(Saline and DRA. From week 4 on, 24 hours prior to image acquisition and 

just before the second challenge of the week, a group received 200 μl of 

8mg/kg of ProSense 680 or MMPsense680 via tail vein injection. To minimize 

hair scattering in fluorescent signal, mice thorax and abdomen were 

completely shaved and depilated. On the day of image acquisition, animals 

were anesthetized with isoflurane and were properly positioned on a mouse 

portable imaging cassette (VisEn Medical, Inc. Bedford, MA, USA) which was 

then placed in the imaging chamber of the FMT 1500 (Fluorescence 

Molecular Tomography) imaging system (VisEn Medical, Inc. Bedford, MA, 

USA). The imaging chamber was heated and gas anesthesia maintained 

(0.2% of isoflurane and 2l/min oxygen). 

Through FMT “truequant” software version 2.2 (VisEn Medical, Inc. Bedford, 

MA, USA), the specific optical filters, for the detection of both exciting and 

emitting light of the NIR probes used, were set up in the FMT 1500 system. 

As imaging process began, a NIR diode laser, turned on the excitation 

wavelength of the fluorochhrome in use, transilluminated the animal’s thorax 

region. The light that propagated through the mouse was then collected by 

thermoelectrically cooled charge-device (CCD) placed on the opposite side of 

the imaged animal. Image acquisition lasted from 4 to 5 minutes per animal. 

The fluorescence data obtained were then reconstituted through specific 

algorithms by the FMT 1500 system “truequant” software to generate a three-

dimensional picture of fluorescence signal which was quantified in picomoles 

(pM). The quantification of the fluorochromes was relative to internal 

standards generated with known concentration of the specific NIR dye used. 
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Histological Analysis 

The lungs excided were delicately inflated with 0.6 l of formalin through a 

tracheal blunt needle, fixed in 10% neutral formalin and embedded 

longitudinally. The histological sections (3 μm) were stained with hematoxylin 

(a basic dye that stains the nuclei of cells in blue) and erythrosine (a food dye 

with properties similar to eosin that stains cell cytoplasm in pink). 

To evaluate Airway Inflammatory Infiltrates (AII) and Airway Epithelial 

Hyperplasia (AEH) in the lung specimens, seven airways per mouse were 

taken into consideration. In order to be regarded as suitable for this 

evaluation, airways needed to be completely intact and entirely contained in a 

200X microscopic field. Oblong airways were excluded from the analysis. 

AII and AEH, quantified in digitally acquired images analyzed with SIS 

software (Soft Imaging System GmbH), were measured as the area of 

inflammatory infiltrates and area of epithelium (in square micrometers) 

divided by the airway’s basement membrane perimeter (in micrometers).  

In detail, airway measurements included the perimeter of the basal 

membrane of the epithelium (AP), the area of the region circumscribed by the 

basal membrane (AA), the area of the lumen (AL) and the area covered by 

inflammatory infiltrates (AII).  AEH score, corresponding to (AA – AL) / AP 

and AII score corresponding to AII/AP was calculated for each airway. A 

mouse mean score and a mean total score for each group of mice were then 

calculated. 

 

Data Analysis 

Experimental values were expressed as the mean and standard error of the 

mean (SEM). Statistical analysis was performed using one-way analysis of 

variance followed by Dunnett’s t test (* p < 0.05, ** p < 0.01). 
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RESULTS: GOAL 2 

CHRONIC ASTHMA MOUSE MODEL 

 

In Vivo DRA -Induced Eosinophilia 

An increase in white blood cells (WBC) was observed in BALFs of DRA-

exposed animals starting from the first time-point at week 3 and picking up to 

week 8 figure 16 a. Three weeks after the last allergen sensitization (week 

11), the WBC infiltration decreased in the DRA mice remain 2.5 fold higher 

compare to the saline group. The same disease progression has been 

confirmed by histological analysis, figure 17. Among the inflammatory cells 

infiltrating the airways of DRA mice, eosinophils were the predominant 

population figure 16 b. In fact, the eosinophil infiltration was robust during the 

time points 3,6,8 weeks (p<0.01 vs saline control). At week 11, the eosinophil 

count in BALF decreased to a very low level, but still higher than the saline 

(p<0.05 vs saline control). The infiltration of lymphocytes was moderate but 

significant in DRA mice at the considered weeks 3,6,8 weeks (p<0.01 vs 

saline control), whereas the neutrophil counts were lower showing (p<0.05 vs 

saline control) only at week 3. On the other hand, control mice (saline-

sensitized) showed a very low influx of white blood cells in their lungs, with a 

predominance of macrophages, including pulmonary resident monocytes, 

data not shown. The lung tissue from DRA-challenged mice went through 

marked structural changes at both week 6 and 8 which persisted at a lower 

degree at week 11, as it can been seen in figure 17. After 6 and 8 weeks of 

DRA sensitization, mice showed a severe airway inflammation characterized 

by cellular infiltrates figure 18 a, airway epithelial hyperplasia accompanied by 

a thickening of bronchial airways which appeared moderate at week 6 

increasing markedly at week 8. Epithelial changes persisted at week 11 

decreasing to the level observed at week 6, figure 18 b. 
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Figure 16. Analysis of DRA-induced inflammatory cells in BAL fluids.  The BAL cells analysis was conducted 
at 3, 6, and 8 weeks of DRA challenge, and at 11 weeks (3 weeks after the last DRA exposure). At every 
time points  animals were sacrificed 24h after the second sensitization per week and just a few minutes after 
imaging acquisition. One Way ANOVA followed by Dunnet’s post hoc test for group comparisons. Results 
are reported as mean ± SEM and significance attributed when P<0.05 (*) or P<0.01(**). 
 

 

Figure 17. Histology time course:  Representation of lung sections,  at 8 and 11 weeks, of saline and DRA 
challenged group. Hematoxilin/erythrosin-stained examined by light microscopy. 
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DRA sensitization was proved to increase the levels of pro-inflammatory 

mediators such as IL-5, IL-4, KC, IL-17, RANTES and  IL-12(p40) in the lungs 

of mice. The increase of these cytokines are in agreement with the cellular 

phenotype found in BAL fluid. 

 

 

Figure 18. Histological findings of Airway Inflammatory Infiltrate and Airway Epithelial Hyperplasia were 
scored  at 3 6-8-10 and 12 weeks. The time course of histological evaluation was in agreement with cellular 
infiltration in BALF. (n=6 animals/time point) 

 

 

 
Figure 19. Analysis of DRA-induced pro-inflammatory mediators in BAL fluids. Pro-inflammatory mediators 
were measured with Bio-Plex assay system. Animals were sacrificed 24h after the second sensitization at 
week 8 and just after image acquisition. One Way ANOVA followed by Dunnet’s post hoc test for group 
comparisons. Results are reported as mean ± SEM and significance attributed when P<0.05 (*) or 
P<0.01(**). 
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CHRONIC ASTHMA MOUSE MODEL 

 

In Vivo Fluorescent Molecular Tomography  Imaging  

DRA-challenged mice and control mice were administered cathepsins (CTS) 

and metalloproteinases (MMPs) specific detector probes: ProSense 680 and 

MMPSense 680. The florescent light observed derives from the activation of 

the probes (optically silenced) as they contact their molecular targets, CTS 

and MMPs secreted by inflammatory cells (eosinophils, macrophages and 

epithelial cells). Here we imaged the activity of these proteases within the 

lung region of the mice, by selecting the region of interest (ROI) delimitated 

by the purple boxes as it can be seen in figure 20 c  and figure 21 c.  

 

Figure 20. A) Representative images of same saline and DRA mice at 3 and 8 week treated with 
ProSense680. B) Correlation between WBC and fluorescence  signal .C) Quantification of the fluorescent 
signal in pmoles in the ROI designed.  
 

The ROIs are presented in a three-dimensional form that allows the 

localization of the enzymatic activities and their spread through lung tissue: 

from the surface into the deep inner part of lung tissue.  

FMT in vivo imaging of mice thorax revealed high levels of fluorescent signal 

in the DRA-challenged animals compared to the control animal  figure 20 c 

treated with ProSense. Cellular infiltrates in BAL fluid was plotted against 

ProSense fluorescent signal that showed a positive correlation with the total 

number of WBC present in BAL fluids, figure 20 b. 



57 

 

 

Figure 21. A) Representative images of same saline and DRA mice at 3 and 8 week treated with 

MMPSense680. B) Correlation between WBC and fluorescence  signal .C) Quantification of the fluorescent 

signal in pmoles in the ROI designed. 

 

In vivo imaging of the activity of MMPs in DRA-sensitized mice showed a 

good signal at 3 and 8 week  figure 20 c and again a good correlation, figure 

20 c has been found. This experiment suggested that, both probes can be 

used for evaluating chronic asthma progression in mouse, even if all the 

classical analysis such as histology, cellular phonotype need to be done.  
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DISCUSSION 

A hallmark of tissue inflammation following chemical, physical or 

microbiological insults is the recruitment of white blood cells to the injured 

tissue, which is orchestrated by chemotactic polypeptides named 

chemokines, among which IL-8 is one of the most remarkable. A significant 

correlation between IL-8 levels and neutrophil infiltration in diseases has been 

reported. IL-8 is an essential factor for acute inflammation and induces the 

infiltration of T lymphocytes into inflamed tissue. Recent studies have also 

demonstrated that IL-8 is involved in non-inflammatory reactions like 

angiogenesis (97). In addition, systemic administration of IL-8 rapidly induces 

migration of hematopoietic stem cells from bone marrow to peripheral blood 

(98). These results suggest that IL-8 also regulates non-inflammatory 

physiological reactions in vivo. 

IL-8 transcriptional activation is closely correlated with the initiation of acute 

inflammatory responses and thus is an ideal indirect read-out for monitoring 

the activation of inflammatory pathways targeting IL-8 expression. IL-8 

homologs in many species have been cloned, including human (99), 

macaque (100), Sooty mangabey (101), bovine (102), sheep (103), pig (104), 

dog (105), rabbit (106), Guinea pig (107) and chicken (108); however, a 

homolog of IL-8 has not been described in small rodents, including mice. In 

this study we developed a useful murine model for monitoring IL-8 expression 

in vivo. To this aim the bovine IL-8 promoter was chosen for two main 

reasons. First, lung inflammation-associated diseases in ruminants are very 

important in terms of economic loss for the beef meat industry; according to a 

report of the Committee for Animal Health Research Programs, major 

disease-related losses attributed to respiratory infections were calculated to 

be ~400 million Euros per year; therefore the creation of an innovative in vivo 

platform for testing new respiratory anti-inflammatory drugs targeting specific 
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pathways, such as IL-8, would be highly desirable. Second, all the information 

obtained on IL-8 bovinized mice can be easily employed for the human lung 

inflammation associated diseases, due to the high similarity existing between 

respiratory diseases in ruminants and human. 

Although the minimal responsive sequence for the bovine IL-8 promoter is 

represented by the first 200 bp starting from the putative transcriptional 

initiation site, a 2 kb large version of the promoter was utilized (96) in order to 

include most of the potentially relevant binding sites for transcription factors. 

Moreover, recently two IL-8 promoter haplotypes have been characterized: 

the type 1, less sensitive to LPS and TNF-α and the type 2 with higher 

sensitivity to LPS and TNF-α (109). 

Because IL-8 was previously shown to be expressed by a human epithelial 

cell line derived from lung after specific stimuli (110), the bIL-8 reporter 

construct was initially tested in vitro in a mouse lung epithelial cell line, LA-4, 

which expresses TLRs and TNF-αRs. Although mice and rats do not have IL-

8 gene, bovine IL-8 promoter/luciferase reporter construct was expressed at 

detectable levels in transfected LA-4 cells and was significantly induced upon 

treatment with LPS or TNF-α. This simple but extremely informative 

experiment demonstrates that mouse cells have the transcriptional machinery 

for transactivating a heterologous IL-8 promoter/luciferase reporter construct. 

To functionally test the IL-8 promoter/luciferase reporter construct in mice, an 

in vivo bioluminescent imaging (BLI) approach was exploited. BLI is a 

sensitive tool that is based on the detection of light emission from cells or 

tissues (111). The utility of reporter gene technology makes it possible to 

analyze specific cellular and biological processes in a living animal through in 

vivo imaging methods. Bioluminescence from luciferase gene expression, as 

is the case of the reporter construct employed during this study, is the most 

widely used. Because mammalian tissues do not naturally emit 
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bioluminescence, in vivo BLI has considerable appeal because images can 

be generated with absence of background signal. BLI requires an expression 

cassette consisting of the bioluminescence reporter gene (in this case was 

luciferase) under the control of a selected promoter (in this experimental 

setting a bovine IL-8 gene promoter) driving the reporter. In order to induce 

light production, the substrate luciferin must be provided by intravascular or 

intraperitoneal injection. 

Furthermore, a more robust fold-induction in response to LPS or TNF-α was 

obtained in the lung of bIL-8-luc DNA injected. Noteworthy, bIL-8-luc 

transiently transgenized mice could be stimulated with LPS or TNF-α up to 60 

days. Thus, the capability to monitor a biological process longitudinally in the 

same mouse represents an obvious advance for functional as well as 

pharmacological studies. The correlation between WBC and neutrophils 

infiltration and luciferase expression following LPS or TNF-α stimulation is in 

accordance with the recognized IL-8 role as a key factor in orchestrating 

inflammation, thus further validating the association between IL-8 

transcriptional activation and pulmonary inflammation in the experimental 

setting that we here adopted. Although a bovine promoter was used in this 

study as a proof of concept, the results of the study suggest that IL-8 

promoter regions derived from other species, including primates, could also 

be utilized in this experimental setting. 

IL-8 exerts a wide variety of actions on pulmonary disease pathophysiology in 

ruminants and human during bacterial or viral infection, acute respiratory 

distress syndrome (ARDS), reperfusion injury and transplantation, lung 

injuries due to physical and chemical conditions, allergic inflammation and 

asthma, idiopathic pulmonary fibrosis and other diffuse lung diseases, 

including lung cancer (112-113). The absence of IL-8 and its receptor 

orthologs in small rodents hindered the possibility of testing novel strategies 
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targeting IL-8 using mice as a convenient small size experimental animal 

model. We filled the gap by generating a mouse model transiently expressing 

a reporter gene under the control of an IL-8 promoter which is suitable to 

functionally study IL-8 promoter in a convenient small size experimental 

animal model. 

The other part of thesis, we therefore focus on: 

1) set-up of a model of chronic asthma, where animals were exposed 

intranasally to a combination of 3 natural allergens (dust mite, ragweed and 

aspergillus: DRA) for 8 weeks, twice a week, followed by a 3-4 week rest 

period. 

2) access to disease progression in non-invasive way using fluorescent 

molecular tomography 

Asthma is an example of a “complex disease,” a term that has become 

popular for characterizing those pathologies that appear to have multifaceted 

etiologies and an entanglement of underlying mechanisms. Asthma is a 

chronic inflammatory disease of the airways characterized by a T cell-driven 

eosinophil and mast cell inflammation that leads to intermittent, reversible 

airway obstruction. Not surprisingly, allergy heads the list of causative 

suspects, but it is by no means alone.  As with most human diseases, studies 

in laboratory animals have produced much of what we currently think we 

know about the mechanisms responsible for asthma. Obviously, the 

relevance and validity of these studies are tied to how well we can produce 

accurate animal equivalents of human asthma. The development of such 

“animal models” is still very much a work in progress; although many of the 

various features of asthma have been convincingly recapitulated in animals, 

invariably every animal model misses some important aspect of the human 

syndrome. Accordingly, much of the challenge in studying animal models of 
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asthma lies in phenotyping them properly, particularly as asthma is defined in 

humans in terms of phenotype rather than underlying pathology. 

In a recent paper by Goplen  (114) it was reported that chronic exposure to 

multiple allergens( extracts of dust mite, ragweed, and aspergillus species), 

leads to the development of chronic asthma. DRA model could represent a 

step forward in asthma modelling  because it can be used to test therapeutic 

agents without performing a de novo allergen challenge once the chronic 

inflammation is established. We decided to set-up a DRA mouse model 

because the experimental models have been developed so far, did not 

reproduce specific mechanisms of human asthma. These models are useful 

for the investigation of immunological mechanisms and of cellular recruitment 

but fail to reproduce most of the morphological and functional features of the 

human disease.  An additional drawback of these models has been the 

transient nature of the airway pathology that peaks 24 to 72 hours after 

challenge with the antigen and resolves in 1 to 2 weeks.  It is thus a common 

practice in preclinical drug development to pre-treat animals with a 

therapeutic agent before an allergen challenge and then study the outcome:  

this represents a simplistic approach, since in human chronic asthma a 

preventive treatment is unrealistic. Modelling chronic asthma in mice is 

problematic since repeated exposure to a single antigen can down-regulate 

the inflammation, greatly limiting usefulness of these experimental systems. 

Therefore, more realistic model of asthma are needed for the investigation of 

the pathophysiology of the disease and for the identification of novel 

therapeutic agents. Another limitation is due to the conventional assessments 

of asthma that currently relies on invasive measures of pulmonary function 

and ex vivo characterization of pulmonary cellular infiltration. Although these 

assessments of disease status are used extensively and highly validated, 

they are terminal procedures that preclude the possibility of repeated, 
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longitudinal assessment of test subjects. The ability to noninvasively visualize 

and quantify the underlying biological processes in mouse pulmonary models 

in vivo would provide a significant advance in characterizing disease 

processes and the effects of therapeutics. 

Our results confirm that multiple allergen exposure breaks tolerance and 

induces an airway pathology that persists long after the allergen exposure. 

DRA administration led to reactive changes consisting of inflammation and 

epithelial hyperplasia reaching a maximum score at week 8 that persisted till 

week 11 in treated animals after a rest period of three weeks, even if with a 

lower degree of severity. 

In particular, we observed an increase in airway inflammation and epithelial 

hyperplasia at morphometric analysis, increased number of inflammatory 

cells as lymphocytes and eosinophils.  

Access to asthma progression with fluorescent molecular tomography in non–

invasive way showed a good correlation between ProSense and MMPsense 

fluorescent signal and cellular infiltration, this data suggesting that cathepsin  

and metalloproteases activation could be a good read-out for measuring the 

disease progression. 

Our study demonstrated the utility of quantitative fluorescence tomography, 

paired with a proteases-activatable imaging agent to quickly, noninvasively, 

and accurately measure the severity of pulmonary cellular infiltration in mice.  

In conclusion we developed a chronic asthma model characterized by an 

eight-week, twice a week, intranasal challenge of triple allergens (DRA) in 

female Balb/C mice. This model  reproduces some features of human chronic 

asthma consisting of inflammation and epithelial hyperplasia that persists 

after allergen withdrawal. Moreover, we have demonstrated the ability of the 

FMT imaging to noninvasively visualize and quantify inflammation in the lung 

in a robust and consistent manner. The consistency of the quantitative 
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tomography and its excellent correlation with BAL assessment and histology 

provides a powerful tool for monitoring the disease and probably quantifying 

the effect of therapeutic interventions. The DRA mouse model and FMT 

technology are good example where many expertise has to work together in 

order to understand the complexity of asthma. DRA reproduces many of the 

feature of the human disease, and it could represent a valuable tool for drug 

discovery approach, mimic what is real happen in the clinic. In the next future 

we intend to go deeper in understanding the DRA model using FMT 

technology to screen the mice before entering in the experiments in order to 

redefine the treated group in more precise manner, less mice used, less 

variability, each mouse will be the control of itself and the evaluation will be 

based on individual analysis. Moreover we intend to apply DRA model and 

FMT for evaluating pharmacological responses in longitudinal studies, where 

test subjects could be monitored before during and after the pharmacological 

intervention. Non-invasive technology are unique tool for monitoring 

molecular events and the disease progression in chronic asthma models  and 

acute lung injury. 

The fusion between BLI and FMT is one of next step of our research 

commitment  as well, by using the same mice previously transgenized with a 

specific plasmid DNA and after challenged with DRA.  BLI will be used to look 

at the pathology at molecular level and FMT to stage the disease progression 

in the same mice. 

This new insight open up a new door in preclinical research where a specific 

molecular events and the consequence of it will be monitor in the latter stage 

of the disease in the same mouse longitudinally and science will make a step 

further. 

We keep working hard in the field and we strongly believe that the way will be 

very long, but we know that is the right path to follow.  
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Abstract

One of the most remarkable properties of interleukin 8 (CXCL8/IL-8), a chemokine with known additional functions also in
angiogenesis and tissue remodeling, is the variation of its expression levels. In healthy tissues, IL-8 is barely detectable, but it
is rapidly induced by several folds in response to proinflammatory cytokines, bacterial or viral products, and cellular stress.
Although mouse cells do not bear a clear homologous IL-8 gene, the murine transcriptional apparatus may well be capable
of activating or repressing a heterologous IL-8 gene promoter driving a reporter gene. In order to induce a transient
transgenic expression, mice were systemically injected with a bovine IL-8 promoter–luciferase construct. Subsequently mice
were monitored for luciferase expression in the lung by in vivo bioluminescent image analysis over an extended period of
time (up to 60 days). We demonstrate that the bovine IL-8 promoter–luciferase construct is transiently and robustly
activated 3–5 hours after LPS and TNF-a instillation into the lung, peaking at 35 days after construct delivery. Bovine IL-8
promoter–luciferase activation correlates with white blood cell and neutrophil infiltration into the lung. This study
demonstrates that a small experimental rodent model can be utilized for non-invasively monitoring, through a reporter
gene system, the activation of an IL-8 promoter region derived from a larger size animal (bovine). This proof of principle
study has the potential to be utilized also for studying primate IL-8 promoter regions.
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Introduction

Severe respiratory diseases in ruminants and human are character-

ized by pneumonia with extensive infiltration of polymorphonuclear

inflammatory cells (PMNs) in small airways and alveoli, by the

accumulation of fibrinous oedema in the alveoli, pleura surface and

interlobular septa, by hemorrhage, vascular thrombosis and coagula-

tive parenchymal necrosis of the lung [1,2].

Several bacteria and viruses overcoming host defense mecha-

nisms and proliferating in the lung are the main triggering factors

of lung inflammation and polymorphonuclear leukocytes (PMNs)

are directly and indirectly responsible for most of the lung

pathologies and lesions [2,3]. Mobilization of PMNs in the

inflamed lung is modulated by the interactions of leucocytes and

cytokines. During the acute-phase response of the pneumonic

process caused by infectious agents in ruminants and human, the

inflammatory cytokines such as IL-1b, TNF-a and IL-8, secreted

by a variety of immune and non immune cell types, induce a

strong PMNs mobilization and an increased inflammatory

response [2,3]. PMNs mobilization does not always effectively

combat the infection and may also contribute to the development

of lesions in the lung. During the development of lung

inflammation IL-1b and TNF-a are initially produced, thereby

inducing a strong IL-8 secretion, the most potent PMNs

chemotactic and activating factor. IL-1b, TNF-a and especially

IL-8, promote PMNs-mediated tissue injury by stimulating

degranulation of PMNs and extracellular release of arachidonic

acid metabolites, toxic oxygen radicals and proteolytic enzymes

[4]. Hence, IL-8 could be considered a downstream event that is

dependent, at least in part, on the prior secretion of early response

cytokines such as IL-1b and TNF-a [1,2,4] and this assumption

has very important implications for therapeutic strategies directed

toward the modulation of inflammatory cytokines. First of all

pharmacologic molecules inhibiting or antagonizing the biological

effect of inflammatory cytokines should be mainly directed toward

IL-8. Next, anti-cytokine drugs should be administrated very early

to prevent irreversible lung lesions [5,6].

Interleukin-8 (CXCL8/IL-8) is secreted by a variety of immune

and non immune cell types. The human chemokine IL-8 is an 8.5-

kDa C-X-C chemokine member of the CXC chemokine family,

which acts through the G protein-coupled receptors CXCR1 and

CXCR2. IL-8/CXCL8 complex is capable of activating the

expression of adhesion molecules in endothelial cells [7] and is an

important chemoattractant for neutrophils [8] as well as T-cells [9]

and monocytes [10]. In neutrophils, in particular, IL-8 induces

shape changes, exocytosis of stored proteins, and the respiratory
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burst, resulting in the release of superoxide anions and hydrogen

peroxide. IL-8 is also involved in a wide variety of pathological

processes, including host defenses against bacterial infections,

angiogenesis and immune disorders [11]. One of the most

remarkable property of IL-8 is the rapid variation of its expression

levels in response to numerous stimuli. In healthy tissues, IL-8 is

barely detectable, but it is rapidly induced in response to pro-

inflammatory cytokines such as tumor necrosis factor alpha (TNF-

a) or IL-1, bacterial or viral products, and cellular stress.

Different signaling pathways coordinately regulate IL-8 transcription

as well as mRNA stabilization in response to external stimuli. Maximal

IL-8 amounts are generated by a combination of three different

mechanisms: first, derepression of the gene promoter; second,

transcriptional activation of the gene by nuclear factor-kappaB (NF-

kB) and JUN-N-terminal protein kinase (JNK) pathways; and third,

stabilization of the mRNA by the p38 mitogen-activated protein kinase

pathway. This complex regulation renders cells capable of rapidly

increasing and, at the same time, to fine-tuning the amount of IL-8

secreted, thereby tightly controlling the extent of leukocytes attracted to

the site of tissue injury.

Although post-transcriptional regulation of IL-8 expression has

been shown to be important, transcriptional regulation linked to

the activation of pro-inflammatory molecule receptors, such as

TLRs, IL-1 and TNF-a receptors, remains crucial in modulating

IL-8 expression [12]. Available data suggested that the NF-kB and

JNK pathways are indispensable for the transcriptional regulation

of IL-8 expression. Using the chromatin immune-precipitation

technique, Nissen and Yamamoto demonstrated the binding of

p65 NF-kB to the IL-8 promoter and the subsequent formation of

a TNF-a-stimulated pre-initiation complex containing inducible

phosphorilated RNA polymerase II [13,14]. Therefore, establish-

ing an in vivo molecular read-out to monitor IL-8 induction

following a specific inflammatory stimulus would be of great value

for testing new strategies directed toward the transcriptional

modulation of IL-8 production. Although the manifestation of

lung diseases in ruminants overlaps in most respect the manifes-

tation of lung diseases in human [2,3], the use of ruminants

(bovine, sheep or goat) as animal models is very costly and

demanding in terms of maintenance and the availability of

advanced genetic or immunologic resources is significantly limited

when compared with those available for rodent studies. On the

other hand, no clear-cut IL-8 homolog in rat or mouse has been

identified so far, although MIP-2 and KC may be functional

homologs of IL-8 in mice [15]. Furthermore, IL-8 binds to two

types of IL-8 receptors in humans, while mouse has only one

potential IL-8 receptor (homolog of human CXCR2). Although

mice lack an exact homolog of IL-8, the murine CXCR2 homolog

is activated by other neutrophils chemoattractants, namely MIP-2

and KC. Indeed, gene targeting of CXCR2 in mice exhibited

inhibition of neutrophil infiltration into inflamed tissue [16] and

mice transiently overexpressing IL-8 exhibit excessive accumula-

tion of neutrophils in the microcirculation of the lung, liver, and

spleen [15]. Based on the above information it was hypothesized

that, although mouse cells do not bear a clear homologous of IL-8

gene, murine transcriptional apparatus may nonetheless be

capable of activating or repressing a heterologous IL-8 gene

promoter driving a reporter gene. The possibility of monitoring in

small rodents in vivo luciferase reporter genes under the control of

cytokine promoters derived from other species would be of great

value for studying the pathophysiology of inflammatory responses

as well as to test interventions aimed at modulating such responses.

In the present study this hypothesis was successfully tested by

utilizing a molecular imaging approach based on a previously well

characterized bovine IL-8 promoter/luciferase reporter construct

[17] in mice. This study paves the way to non-invasive imaging

approaches for studying mechanisms and signaling pathways

underlying regulation of IL-8 expression.

Results

The Bovine IL-8 Promoter is Responsive in Mouse Lung
Cells in vitro

The bovine IL-8 promoter, mapped on Bos taurus chromosome

6 (http://www.ncbi.nlm.nih.gov/mapview/maps.cgitaxid=9913&

chr =6&query=uid(207248,3567299)&QSTR=280828%5Bgene%

5Fid%5D&maps=gene_set&cmd=focus), was previously cloned from

bovine genomic DNA template and its activation at the transcriptional

level tested with a luciferase reporter construct bIL-8-Luc. The

luciferase construct was generated by sub-cloning the 2030 bp IL-8

promoter in front of a pGL3 Luciferase reporter vector [17]. The

capability of mouse cells to trans-activate the bovine IL-8 promoter/

luciferase reporter construct (bIL-8-Luc, Fig. 1A) was first tested in an

in vitro model. The expression of Toll Like receptors (TLRs,) was

evaluated by RT-PCR in the LA-4 cell line, a mouse epithelial cell line

from lung, TLR 1, 2, 3, 4, 5, 6, 8 and 9 were detectable, while no

expression of TLR7 was identified (Fig. 1B). Secondly, TNF-a and

TNF-a receptor (TNF-aR) I and II were both found expressed in LA-

4 cells (Fig. 1C). Subsequently, LA-4 cells were transiently transfected

by electroporation with the bIL-8-luc reporter construct and 24 h post

transfection the cells were treated with TNF-a or LPS. In bIL-8-luc

transfected LA-4 cells, a 4 hour treatment with TNF-a increased

luciferase signal up to 3 folds, while, similarly, a 4 hour treatment with

LPS elicited a 2-fold induction (Fig. 1D). Signal intensity was

expressed as folds of induction over the bIL-8-luc transfected vehicle-

treated LA-4 cells. Results are reported as mean 6 SD and

significance attributed when P,0.05 (*) or P,0.01(**).

The Bovine IL-8 Promoter is Responsive in Mouse Lung in
vivo

Given the positive results obtained in vitro, bIL-8-luc reporter

construct was tested in vivo. Mice were first transiently transgenized

with bIL-8-luc or the Empty vector control (pGL3 basic) and 10 days

post transgenization were intratracheally instilled with LPS or TNF-

a. At different time points (3, 5 and 24 hours) post instillation mice

were monitored for luciferase expression in the lung by in vivo image

analysis. Mice responded to both treatments with a robust induction

already at 3 hours after instillation and the response still remained

significant after 24 hours. In contrast no signal was observed for

control mice treated with saline or transiently transgenized with the

Empty vector (Fig. 2A and B). Signal intensity was then expressed as

folds of induction where the untreated control was considered as 1

(Fig. 2C). A further control was established with mice transiently

transgenized with different promoter reporter constructs such as

STAT-1-Luc and ELK-1-Luc and no signal was detected after LPS

or TNF-a treatment (Figure S1).

This in vivo analysis demonstrated the striking specificity of the

system and a better induction with a lower background compared

to the data obtained in vitro. Results are reported as mean 6 SD

and significance attributed when P,0.05 (*) or P,0.01(**).

Long Lasting Response of Bovine IL-8 Reporter Gene in
vivo

Similarly to in vitro transient transfections, the gene delivery

system employed in vivo is expected to result in a transient

expression of the delivered bIL-8-Luc reporter construct. It was

therefore important to assess the extent and the duration in vivo of

the responsiveness of the bIL-8-Luc reporter construct. Mice
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transiently transgenized with bIL-8-Luc or the Empty vector were

intratracheally instilled with LPS or TNF-a at 8, 32, 45 and 60

days post transgenization and 3, 5, or 24 h post treatment were

monitored for luciferase expression in the lung by in vivo image

analysis. Surprisingly, transiently transgenized mice responded to

LPS or TNF-a up to 60 days after transfection (Fig. 3) with the

greater response at 32 days. In contrast, no signal was detectable in

mice treated with saline or transiently transgenized with the

Empty vector. Results are reported as mean 6 SD and

significance attributed when P,0.05 (*) or P,0.01(**).

Thus, our data suggest that the same mice can be utilized or

reutilized for at least 45 days after the administration of the

reporter gene, saving animals and costs. This will offer the

opportunity of monitoring every single animal over an extended

time period.

Bovine IL-8 Reporter Gene Response Correlates with
White Blood Cells and Neutrophils Infiltration

Since IL-8 is a major chemotactic polypeptide for neutrophils,

we examined the correlation between bIL-8-Luc activation and

neutrophils infiltration into the lung upon LPS or TNF-a
stimulation. Ten days post bIL-8-Luc transient transgenization,

the mice were intratracheally instilled with LPS, TNF-a or saline

solution. Three hours post treatment, which was the time

Figure 1. In vitro characterization of bIL-8-Luc reporter construct. A) Schematic diagram (not to scale) of the Bos taurus chromosome 6 with
the IL-8 gene locus comprising promoter and exons annotated by numbers. The 2 kb IL-8 promoter sequence, comprising the putative TATA box, the
transcriptional start site (+1) and the UTR (red underlined) was cloned into the pGL3 basic vector in front of the open reading frame of the Luciferase
reporter. B) RT-PCR products of TLRs from 1 to 9 and their corresponding amplicon size. GAPDH was used as an internal control and the amplification
performed in the absence of reverse transcriptase (-RT) as a negative control. C) RT-PCR products of TNF-aRI,II and their corresponding amplicon size.
GAPDH was used as an internal control and the amplification performed in the absence of reverse transcriptase (-RT) as a negative control. D) IL-8
promoter activation after treatment of bIL-8-Luc transfected LA-4 cells with LPS or TNF-a, along with the untreated control (Untr.). Each experiment
was done in quadruplicate, and each point represents the mean 6 standard deviation of three experiments. Data were expressed as folds of
induction (2,1 and 2,8 for LPS and TNF-a respectively) over vehicle-treated cells and statistical differences were tested by One Way ANOVA followed
by Dunnet’s post hoc test for group comparisons. Results are reported as mean 6 SD and significance attributed when P,0.05 (*) or P,0.01(**).
doi:10.1371/journal.pone.0039716.g001
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corresponding to the maximal bIL-8-luc activation and at 24 h

post treatment, corresponding to the decline of the signal, the

lungs of the treated mice were intratracheally washed and the

broncho-alveolar lavage fluid (BALF) was assayed for the presence

of infiltrating total white blood cells (WBC) and neutrophils. As

shown in Fig. 4, WBC and neutrophils significantly increased in

treated mice with respect to the untreated control, whereas the

number of monocytes remained constant, a finding in line with the

notion that monocytic infiltration is typically a late event of

inflammatory responses. However, in terms of cellular infiltration

response, LPS gave a better response than TNF-a. Thus a positive

correlation between bIL-8-Luc reporter construct activation and

white blood cells and neutrophils infiltration was observed. Results

are reported as mean 6 SD and significance attributed when

P,0.05 (*) or P,0.01(**).

Discussion

A hallmark of tissue inflammation following chemical, physical

or microbiological insults is the recruitment of white blood cells to

the injured tissue, which is orchestrated by chemotactic polypep-

tides named chemokines, among which IL-8 is one of the most

remarkable. A significant correlation between IL-8 levels and

neutrophil infiltration in diseases has been reported. IL-8 is an

essential factor for acute inflammation and induces the infiltration

of T lymphocytes into inflamed tissue. Recent studies have also

demonstrated that IL-8 is involved in non-inflammatory reactions

like angiogenesis [18]. In addition, systemic administration of IL-

8 rapidly induces migration of hematopoietic stem cells from

bone marrow to peripheral blood [19]. These results suggest that

IL-8 also regulates non-inflammatory physiological reactions in

vivo.

L-8 transcriptional activation is closely correlated with the

initiation of acute inflammatory responses and thus is an ideal

indirect read-out for monitoring the activation of inflammatory

pathways targeting IL-8 expression. IL-8 homologs in many

species have been cloned, including human [12], macaque [20],

Sooty mangabey [21], bovine [22], sheep [23], pig [24], dog

[25], rabbit [26], Guinea pig [27] and chicken [28]; however, a

homolog of IL-8 has not been described in small rodents,

including mice. In this study we developed a useful murine

model for monitoring IL-8 expression in vivo. To this aim the

bovine IL-8 promoter was chosen for two main reasons. First,

lung inflammation-associated diseases in ruminants are very

important in terms of economic loss for the beef meat industry;

according to a report of the Committee for Animal Health

Research Programs, major disease-related losses attributed to

respiratory infections were calculated to be ,400 million Euros

per year; therefore the creation of an innovative in vivo platform

for testing new respiratory anti-inflammatory drugs targeting

specific pathways, such as IL-8, would be highly desirable.

Second, all the information obtained on IL-8 bovinized mice

can be easily employed for the human lung inflammation

associated diseases, due to the high similarity existing between

respiratory diseases in ruminants and human.

Although the minimal responsive sequence for the bovine IL-8

promoter is represented by the first 200 bp starting from the

putative transcriptional initiation site, a 2 kb large version of the

promoter was utilized [17] in order to include most of the

potentially relevant binding sites for transcription factors. More-

over, recently two IL-8 promoter haplotypes have been charac-

terized: the type 1, less sensitive to LPS and TNF-a and the type 2

with higher sensitivity to LPS and TNF-a [29].

Because IL-8 was previously shown to be expressed by a human

epithelial cell line derived from lung after specific stimuli [30,31],

the bIL-8 reporter construct was initially tested in vitro in a mouse

lung epithelial cell line, LA-4, which expresses TLRs and TNF-

aRs. Although mice and rats do not have IL-8 gene, bovine IL-8

promoter/luciferase reporter construct was expressed at detectable

levels in transfected LA-4 cells and was significantly induced upon

treatment with LPS or TNF-a. This simple but extremely

informative experiment demonstrates that mouse cells have the

transcriptional machinery for transactivating a heterologous IL-8

promoter/luciferase reporter construct.

To functionally test the IL-8 promoter/luciferase reporter

construct in mice, an in vivo bioluminescent imaging (BLI) approach

was exploited. BLI is a sensitive tool that is based on the detection of

light emission from cells or tissues [32]. The utility of reporter gene

technology makes it possible to analyze specific cellular and

biological processes in a living animal through in vivo imaging

methods. Bioluminescence from luciferase gene expression, as is the

case of the reporter construct employed during this study, is the

most widely used. Because mammalian tissues do not naturally emit

bioluminescence, in vivo BLI has considerable appeal because images

can be generated with absence of background signal. BLI requires

an expression cassette consisting of the bioluminescence reporter

gene (in this case was luciferase) under the control of a selected

promoter (in this experimental setting a bovine IL-8 gene promoter)

driving the reporter. In order to induce light production, the

substrate luciferin must be provided by intravascular or intraper-

itoneal injection. To date, there have been no reports of toxicity

related to repeated dosing of substrates [32].

Although delivery of cationic polyethylenimine (PEI)/DNA

complex could cause mortality when injected in mice in a strain

dependent manner, we observed 100% survival rate when bIL-8-

luc DNA was intravenously injected in FVB mice. Furthermore, a

more robust fold-induction in response to LPS or TNF-a was

obtained in the lung of bIL-8-luc DNA injected mice than in bIL-

8-luc DNA transfected LA-4 cells. Indeed, bIL-8-luc DNA may

have transfected several lung cell types, leading to the signal

amplification orchestrated by the complex cellular network of the

lung parenchyma. Although this is an important issue to be

explored, it is out of the scope of the present study.

Noteworthy, bIL-8-luc transiently transgenized mice could be

stimulated with LPS or TNF-a up to 60 days. Thus, the

capability to monitor a biological process longitudinally in the

same mouse represents an obvious advance for functional as well

as pharmacological studies. The correlation between WBC and

neutrophils infiltration and luciferase expression following LPS or

TNF-a stimulation is in accordance with the recognized IL-8 role

Figure 2. bIL-8-Luc reporter construct response in vivo. A) Representative images of groups of mice (n = 3 per group) transiently transgenized
with bIL-8-Luc or Empty vector DNA and intratracheally instilled with LPS, TNF-a or vehicle (saline solution). Mice were monitored at 3, 5 and 24 hours
post stimulation by BLI drawing a region of interest (ROI) over the chest. B) Light intensity quantification of the ROI using the LivingImage software.
The experiment was repeated three times and each point represents the mean 6 standard deviation of 9 animals. C) Data were expressed as folds of
induction over vehicle-treated mice (Saline) and statistical differences were tested by One Way ANOVA followed by Dunnet’s post hoc test for group
comparisons. Results are reported as mean 6 SD and significance attributed when P,0.05 (*) or P,0.01(**).
doi:10.1371/journal.pone.0039716.g002
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as a key factor in orchestrating inflammation, thus further

validating the association between IL-8 transcriptional activation

and pulmonary inflammation in the experimental setting that we

here adopted. Although a bovine promoter was used in this study

as a proof of concept, the results of the study suggest that IL-8

promoter regions derived from other species, including primates,

could also be utilized in this experimental setting.

IL-8 exerts a wide variety of actions on pulmonary disease

pathophysiology in ruminants and human during bacterial or

viral infection, acute respiratory distress syndrome (ARDS),

reperfusion injury and transplantation, lung injuries due to

physical and chemical conditions, allergic inflammation and

asthma, idiopathic pulmonary fibrosis and other diffuse lung

diseases, including lung cancer [2,4]. The absence of IL-8 and its

receptor orthologs in small rodents hindered the possibility of

testing novel strategies targeting IL-8 using mice as a convenient

small size experimental animal model. We filled the gap by

generating a mouse model transiently expressing a reporter gene

under the control of an IL-8 promoter which is suitable to

functionally study IL-8 promoter in a convenient small size

experimental animal model.

Materials and Methods

Construct
bIL-8-Luc was obtained by sub-cloning the 2030 bp IL8 bovine

promoter, amplified by PCR from Madin-Darby bovine kidney

(MDBK; ATCC #CCL-22) genomic DNA and subcloned into the

digested pGL3basic vector (Promega) as previously described [17].

Whereas STAT-1-Luc and ELK-1-Luc containing the minimal

promoter of STAT-1 and ELK-1 human gene were obtained from

Switchgear Genomics.

Cell Cultures
Mouse lung adenocarcinoma cell line of epithelial origin, LA-4

cells (ATTC, #CCL-196), was cultured in Dulbecco’s modified

essential medium (Sigma) containing 10% FBS, 2 mM of L-

glutamine, 100 IU/ml of penicillin, 100 mg/ml of streptomycin,

and 2.5 mg/ml of amphotericin B (Sigma). Cell culture plates or

flasks were incubated at 37uC with 5% CO2 in air, in a humidified

atmosphere.

LA-4 Cells Characterization by RT-PCR for TNF-aRI and II
and TLRs

Total RNA from LA-4 cells was extracted with TriPure reagent

(Roche) and 5 mg of total RNA were reverse transcribed using

Figure 3. Long lasting response of bIL-8-Luc reporter construct. A) Representative images of groups of mice (n = 3 per group) transiently
transgenized with bIL-8-Luc or Empty vector DNA and intratracheally instilled with LPS, TNF-a or vehicle (saline solution) at 8, 32, 45 and 60 days post
transgenization. Mice were monitored at 3 hours post stimulation by BLI by drawing a region of interest (ROI) over the chest. B) Light intensity
quantification of the ROI using the LivingImage software. The experiment was repeated three times and each point represents the mean 6 standard
deviation of 9 animals. C) Data were expressed as folds of induction over vehicle-treated mice (Saline) and statistical differences were tested by One
Way ANOVA followed by Dunnet’s post hoc test for group comparisons. Results are reported as mean 6 SD and significance attributed when P,0.05
(*) or P,0.01(**).
doi:10.1371/journal.pone.0039716.g003

Figure 4. White blood cells and neutrophils infiltration. Cellular infiltration into the lung of mice intratracheally instilled with LPS, TNF-a or
vehicle. The amount of White blood cells (WBC), Neutrophils (Neut) and Monocytes (Mono) found in BALF was expressed as number of cells per ml at
3 (A) and 24 hours (B) post treatment. The experiment was repeated three times and each point represents the mean 6 standard deviation of 9
animals. Data were expressed as folds of induction over vehicle-treated mice (Saline) and statistical differences were tested by One Way ANOVA
followed by Dunnet’s post hoc test for group comparisons. Results are reported as mean 6 SD and significance attributed when P,0.05 (*) or
P,0.01(**).
doi:10.1371/journal.pone.0039716.g004
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Ready-To-Go, T-Primed First-Strand Kit (Amersham Bioscienc-

es). Two microliters of the resulting cDNA were amplified in a

final volume of 50 ml of 10 mM Tris–hydrochloride, pH 8.3,

containing 0.2 mM deoxynucleotide triphosphates, 2.5 mM

MgCl2, 50 mM KCl, 1 U of Taq polymerase (Invitrogen) and

0.25 mM of each primer listed in Table S1. The amplification

program for TNF-aRI, II and GAPDH was 35 cycles, each cycle

consisting of denaturation at 94uC for 1 min, primer annealing at

55uC for 1 min, and chain elongation at 72uC for 1 min [33]. The

amplification program for TLRs was 35 cycles, each cycle

consisting of denaturation at 94uC for 1 min, primer annealing

at 55uC for 1 min, and chain elongation at 72uC for 1 min [34].

PCR products were analyzed on a 2% agarose gel.

LA-4 Cell Electroporation
LA-4 cells were cultured in a 75 cm2 flask. When growth

reached 90% confluence cells were electroporated. bIL-8-Luc

plasmid DNA (20 mg) diluted in 600 ml of DMEM without serum

was electroporated (Equibio apparatus Wolf Laboratories Limit.,

York, UK) into LA-4 cells at 186 V, 960 mF, in 4-mm gap cuvettes

(Wolf Laboratories Limit., York, UK)). Electroporated cells were

plated in a twenty four-well plates and incubated in an atmosphere

of 95% air and 5% CO2 at 37uC.

Dual Luciferase Reporter Assay
Twenty-four hours post electroporation, LA-4 cells in twenty

four-well plates were treated with LPS (500 ng/ml) (Sigma) or

TNF-a (10 ng/ml) (Sigma) for four hours.

The luciferase reporter assay was performed with a Dual

Luciferase Reporter Assay System kit (Promega Corp., Madison,

WI, USA) according to the manufacturer’s specification with

minor modifications. Following treatment, cells were washed with

PBS and lysed with 100 ml of passive lysis buffer by freeze-thawing

at 280uC. Ten microliters of the cell lysate were added to 50 ml of

LAR and Luciferase activity was determined with a PerkinElmer

Victor3 Multilabel Counter (PerkinElmer, Waltham, MA, USA),

according to the manufacturer’s specifications. Experiments were

performed with 4 replicates at each time point and each

experiment repeated three times. Statistical differences were tested

by One Way ANOVA followed by Dunnet’s post hoc test for

group comparisons.

Experimental Animals
Female inbred FVB (7–8 week-old) mice were purchased from

Harlan Laboratories Italy (San Pietro al Natisone, Udine). Animals

were maintained under conventional housing conditions. Prior to

use, animals were acclimatized for at least 5 days to the local

vivarium conditions (room temperature: 20–24uC; relative hu-

midity: 40–70%), having free access to standard rat chow and tap

water. All experiments were carried out in rodents and exclusively

included painless suppression of animals. The experiments comply

with the Principles of Animal Care (publication no. 85–23, revised

1985) of the National Institutes of Health and with the current law

of the European Union and Italy (D. L.vo 116/92). The present

project was approved by the Ethical Committee of the University

of Parma (Italy).

In vivo Gene Delivery
We applied in vivo JetPEI (Polyplus Transfection) as a carrier for

delivering DNA to lung tissues. The DNA and JetPEI mix was

formulated according to the product manual with a final N/P ratio

of 7. Briefly, 40 mg of bIL-8–luc, STAT-1-Luc, ELK-1-Luc or

pGL3 basic reporters and 7 mL of JetPEI were each diluted into

200 mL 5% glucose. The two solutions were then mixed and

incubated for 15 minutes at room temperature. The entire mixture

was i.v. injected into FVB mice and the expression of bIL-8–Luc,

STAT-1-Luc, ELK-1-Luc or pGL3 basic reporters was monitored

through imaging with IVIS.

In vivo Bioluminescence Imaging (BLI)
In vivo imaging was performed using an IVIS imaging system

(Caliper Life Sciences, Alameda, CA). From 10 days after DNA

delivery the transient transgenic mice were imaged in order to

check the baseline activation of the IL-8 pathway. The day after

transgenization, the mice were intratracheally challenged with

LPS (12.5 mg/mouse) or TNF-a (1 mg/mouse) and the lungs

imaged using bioluminescence (BLI) after 2, 4, 7 and 24 hours

following intraperitoneal injection of 150 mg/kg luciferin. The

mice were anesthetized with gas anaesthesia (isoflurane 2.5%),

imaged for 5 minutes, 10 minutes and 15 minutes after luciferin

injection in order to minimized the pharmacokinetic variability

among mice. Photons emitted from specific regions were

quantified using Living ImageH software (Caliper Life Sciences,

Alameda, CA).

Bronchoalveolar Lavage Fluid (BALF) and Cell Counting
Bronchoalveolar lavage (BAL) was performed as previously

described [35]. Briefly, mouse tracheas were cannulated with an

18-gauge angiocathether (Becton Dickinson). Six hundred micro-

liters of sterile HANK’S buffer were instilled three times in the

bronchial tree and collected for subsequent analysis. After

centrifugation at 400 g for 10 minutes, the cell pellet was

resuspended in 0.2 ml of PBS. Total cell number was counted

with a particle counter (Dasit XT 1800J). The pellets deriving from

the same animal were combined and resuspended in a volume of

0.2 ml and total and differential cell counts were performed within

2 hours using an automated cell counter (Dasit xt 1800 J, Sysmex).

The cell count per animal was calculated from the number of cells

for 1 ml of BALF multiplied for the volume used for the re-

suspension of the cell pellet.

Statistics
Experiments were performed with 4 replicates at each time

point and each experiment repeated three times. Data were

analysed using One Way ANOVA followed by Dunnet’s post hoc

test for group comparisons. Results are reported as mean 6 SD

and significance attributed when P,0.05 (*) or P,0.01(**).

Supporting Information

Figure S1 Representative images of groups of mice
(n = 3 per group) transiently transgenized with ELK-1-
Luc or STAT-1-Luc DNA and intratracheally instilled
with LPS or TNF-a. Mice were monitored at 3, 5 and 24 hours

post stimulation by BLI and no signal was detectable.

(TIF)

Table S1 List of primers used in this work.

(DOC)
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