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INTRODUCTION 

1. Lung transplantation 

By improving life quality of patients and increasing their survival rates, lung transplantation (LTx) is 

considered the best option in many end-stage lung diseases, such as emphysema, cystic fibrosis and 

pulmonary arterial hypertension [1]. The first lung transplantation was carried out in 1963 at the University 

Hospital of Mississippi on a patient affected by lung neoplasia. Despite the success of the surgical operation, 

unfortunately the patient died after 18 days for renal failure and infection [2]. 

With a 27% survival rate at 10 years, currently LTx has one of the poorest long-term outcomes compared to 

other solid organ transplantations, such as liver (70%), kidney (58%), heart (56%) or intestine (44%) [3]. 

Although double lung transplantation (DLTX) was demonstrated to be more effective than single 

transplantation (SLTX), it is more complicated being typically associated with increased perioperative 

complications and early mortality [4]. Thus, due to the lack of available organs, the SLTX option is usually 

preferred over the former [5,6]. Given the high probability of rejection that leads to either acute or chronic 

loss graft function [7], a major problem in solid organ transplantation is represented by acute allograft 

rejection (AR). This response is a well-known process in which the recipient organism does not recognize a 

new organ as self and, in the effort to destroy it, triggers immune response. Vertebrates have evolved 

sophisticated mechanisms that permit recognition of self from non-self-organs, enabling them to protect 

their integrity and respond to pathogens. This mechanism, called allo-recognition, is driven by T cells 

recognition from foreign major histocompatibility complexes (MHC I and II). The function of MHC molecules 

is to bind peptide fragments derived from pathogens and display them on the cell surface for recognition by 

the appropriate T cells. As a consequence, virus-infected cells are killed, macrophages are activated to wipe 

up bacteria living in their intracellular vesicles and B cells are activated to produce antibodies that neutralize 

extracellular pathogens. 

These molecules are encoded by highly polymorphic genes located on the short harm of chromosome 6. In 

humans they are known as HLA (Human Leukocyte Antigen) and represent an important advantage against 

pathogens making individuals unique. The reverse of the medal is that this process creates problems after 

graft. 

Both classes of MHC are involved in the direct and indirect pathways of recognition.  MHC molecules of class 

I, expressed on the membrane of many cells, show exogenous and endogenous peptides to CD 8+ T cells.  

MHC molecules of class II are present on B lymphocytes and dendritic cells’ surface and show exogenous 

peptides to CD 4+ T cells [8,9]. 

In the direct pathway, MHC molecules (both I and II classes) are exposed on the surface of antigen-presenting 

cells (APC) and are directly exposed to CD8+ and CD4+ T cells. In the indirect pathway, when APCs are 

destroyed, recipient dendritic cells expose antigens to CD4+ T cells [9,10]. 
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Lung transplantation outcome is frequently unlucky also due to the constant exposure of lungs to 

environmental viruses, bacteria and fungi. The presence of pathogens [11] can cause infections which 

stimulate the immune response thus facilitating the onset of the acute rejection [12]. The most frequent type 

of acute rejection is mediated by T cells, in which CD4+ produces cytokines with the consequent activation 

of CD8+, neutrophils and alveolar macrophages. Moreover, interleukin 17 (IL-17) activates the neutrophilic 

migration triggering IL-8, a neutrophilic chemo-attractant cytokine [13,14]. 

The other type of rejection, also known as Chronic Lung Allograft Dysfunction (CLAD), is chronic and 

represents the most severe cause of long-term failure of lung transplantation. The term CLAD encompasses 

a myriad of clinical features (summarized in Table 1) that cause a lung allograft not to achieve or maintain 

normal function over time. [Update on Chronic Lung Allograft Dysfunction [15,16]. 

 

Table1. Clinical features of the two BOS phenotypes 

 RAS BOS 

Onset 
Late, but can occur at any time. It represents 

around 30% of CLAD cases 

Late, 2-3 years post-transplant, but can also occur 

early. 70% prevalence at 10 years post-

transplantation 

Pathophysiology 
Restrictive (for example FEV1 ≤ 80% and TLC ≤ 

90% of the basal value) 
Obstructive (FEV1 ≤ 80% of best-FEV1) 

HRCT Imaging 

Presence of parenchymal infiltrates and diffuse 

alveolar damage (DAD). ± Bronchiectasis, ± air 

entrapment 

Air trapping often present. Absent or minimal 

infiltrates. ± Bronchiectasis. 

Histopathology 
Fibrosis, thickening of the septa and pleura. DAD 

often present. ± OB. 

Bronchiolitis Obliterans (OB) difficult to diagnose 

by transbronchial biopsy 

Clinical course 
Generally progressive. Prognosis significantly 

worse than BOS 

Generally progressive but can stabilize. A 

consistent chronic bacterial infectious state may 

be present 

 

 

 

The holy grail of current CLAD research is the identification of novel molecular markers for the different 

subtypes of CLAD, not only to recognize patients who could potentially develop CLAD, but also to use as 

prognostic markers after CLAD onset [17]. 

At the beginning CLAD was used to describe obliterative bronchiolitis (OB) but, more recently, it was proved 

that it is the histological hallmark of a more heterogeneous condition [18,19]. This condition includes the 

following two distinct phenotypes: 

 

• Bronchiolitis Obliterans Syndrome (BOS) 



 

7 
 

• Restrictive Allograft Syndrome (RAS) 

 

It has been estimated that the probability to develop CLAD five years after LTx is about 50%. This valuation is 

given by the sum of the probability to contract BOS (35%) and that of developing RAS (15%). The survival 

rate, after 10 years, is of 16% for RAS and 31% for BOS [18,19]. From a clinical point-of-view, CLAD is defined 

as an irreversible decline in the forced expiratory volume in one second (FEV1) often due to acute rejection 

[20]. 

RAS, which is also called restrictive CLAD or rCLAD, is characterized by restrictive chronic decline of FEV1 of 

at least 20% and a decline in total lung capacity (TLC) of at least 10% compared to post-operative baseline 

TLC.  It can occur at any time after transplantation. The average survival time after the onset is of about 541 

days and this makes RAS one of the most significant causes of death after the development of CLAD. From 

the histological analysis of the lung this phenotype shows alveolar damage, an extensive fibrosis in the 

alveolar interstice, visceral pleura and interlobular septa.  

 

2. Bronchiolitis Obliterans Syndrome 

According to the last report of the International Society for Heart and Lung Transplantation (ISHLT) registry, 

median survival after lung transplantation is 6.5 years [1]. 

BOS, the most common phenotype of chronic rejection, is characterized by a persistent and irreversible 

obstructive pulmonary function defect. It is a heterogeneous condition in which 5 stages with an increasing 

rate of severity, have been evidenced.  The classification of this disorder is shown in Table 2. 

 

Table 2. Different stages of BOS 

Stage FEV1 levels 

0 FEV1 > 90% of baseline & FEF25-75% > 75% of baseline 

0-p FEV1 81-90% of baseline &/or FEF25-75% ≤ 75% of baseline 

I FEV1 66-80% of baseline 

II FEV1 51-65% of baseline 

III FEV1 ≤ 50% of baseline 

 

 

As shown in the Table above, the classification is mainly based on changes in FEV1 i.e. the maximum post-

transplant FEV1 of 100% predicted value (the mean of the two best post-operative FEV1 values with at least 

3 weeks interval between the measurements) and the reduction in the mean Forced Expiratory Flow during 

the middle half of the forced vital capacity (FEF 25-75%). These are the parameters used as an early marker 

for BOS or potential BOS. It was also estimated that the average survival rate is from 3 to 5 years and it has 
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been proved that patients with an early (< 2 years post-transplant) or a high degree of onset (FEV1 decline 

>35%) have less survival compared to patients with late and low -grade onset [21]. 

BOS is a chronic obstructive disease: it can arise during the first year after transplantation and the 

developmental rate increases in the following years (Fig.1). A high percent (30-50%) of patients develops BOS 

three years after transplantation and after ten years this percent raises to 90% [22]. The pathology is 

histologically characterized by diffused obliterative bronchiolitis (OB) lesions, with a high level of myo-

fibroblasts, but a relatively intact peripheral lung tissue [19]. 

As mentioned above, the histological hallmark of BOS is OB, an inflammatory/fibrotic process affecting 

bronchioles. It is characterized by sub-epithelial fibrosis which can lead to partial or complete luminal 

occlusion [23, 24]. 

 

 

 

Figure 1. Schematic figure of chronic obstructive disease 

 

2.1.   Pathogenesis and risk factors 

While being driven by alloimmune and non-alloimmune mechanisms, due to its complexity, the precise 

pathogenesis of BOS is still unclear [25, 27]. The current hypothesis predicts at first a lymphocytic infiltration 

in the sub-mucosa, followed by the epithelial damage which can cause a chronic inflammation that leads the 

epithelial to mesenchymal cell transition (EMT) mediated by fibroblasts [20]. This causes the formation of 

myo-fibroblasts and continues with the development of fibrosis and the complete obliteration of the airway 

lumen. The development of BOS can be summarized in the three steps (epithelial damage, cellular 

bronchiolitis, aberrant reparation) shown in the scheme of Figure 2 [18]. 
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Figure 2. Biochemical steps which involve the development of BOS 

 

 

Briefly, due to the constant exposition of lungs to external environment, pathogens and allergens, the first 

step that activates the innate immune response involves the Toll Like Receptors (TLR). TLR is a family of 

receptors (13 types) which are exposed by hematopoietic and parenchymal cells involved in pathogens 

recognition [24]. This leads to bronchiolar epithelial damage and consequent necrosis with mucosal 

ulceration. Pollution and genetic features of the donor and of the recipient can be the cause of several non-

immunological risk factors such as viral infections, acute rejection or gastro-esophageal reflux. All these 

factors up-regulate dendritic cells in the epithelium mainly attracting lymphocytes followed by the epithelial 

damage with consequent stimulation of inflammation and ending with the production of chemo- and 

cytokines [17, 28]. 

In the second step of the mechanism, as a consequence of the epithelial damage worsening, dendritic cells 

can secrete cytokines which increase inflammation by activating other inflammatory cells such as 

lymphocytes, macrophages, neutrophils [18]. With the obliteration of the airway lumen the immune 

response becomes chronic. Among the produced cytokines, IL-17 and IL-8, involved in the activation of 

neutrophils (that is a characteristic of BOS), should be mentioned [13, 17]. IL-8 remains the most important 

factor involved in the neutrophil recruitment and activation after lung transplantation [29]. Neutrophils 

increase the epithelial damage through the production of mediators such as reactive oxygen species (ROS) 

and proteases such as elastase and metalloproteins [30]. Other cells involved in the pathology of BOS are: 

Th1, Th2, Th17 and Treg [31]. These cells work at the reparation of the epithelium for which a fragile balance 
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between effector type immune responses (type Th1, Th2, Th17) and regulatory type immune response (Treg) 

is required. The disruption of this balance may lead to fibro-obliteration of airways and consequent BOS.  

Th17 mediates the production of cytokines IL-17 and IL-23 and is associated with autoimmunity; its job is to 

recruit neutrophils. The epithelial damage can also activate the auto immunity process with the production 

of antibodies which are formed after the exposure of antigens by damaged epithelium. These antibodies 

degrade lungs tissue through granzymes [18]. 

The third step is characterized by an aberrant reparation in which a fibro-proliferative phase occurs. This 

reaction is triggered by growth factors such as Platelet Derived Growth Factor (PDGF), Fibroblast Growth 

Factor (FGF), TGF beta and TNF alpha. All these factors increase the action of fibroblasts and myoblasts ending 

with fibrosis and collagen deposition which obliterates the lumen of small airway tissues [32]. 

The numerous factors which increase the probability to develop BOS are classified as alloimmune acute 

(acute rejection and HLA mismatch) and non-alloimmune factors (infections, gastroesophageal reflux and 

genetic features).  Acute rejection represents the most common cause in BOS development. Although it can 

present with recurrent, severe or late episodes, all of them contribute to the injury. The severity of acute 

rejection is indicated as “A” and “B” grades. The grade “A” indicates the infiltration of perivascular 

inflammatory cells into the interstice and alveolar space. “B” grade, also known as lymphocytic bronchiolitis 

(LB), is characterized by peri-airway lymphocyte infiltration [33]. 

In humans, MHC molecules, also known as Human leukocytes antigens (HLA), mediate the T cell response 

and have an important role in the defense against pathogens. While being well-known that allograft reject is 

caused by the cytotoxic effect of CD4+ and CD8+ T cells, it has also been proved to be associated with an 

increasing number of HLA mismatches between donor and recipient. Also, the production of HLA antibodies 

is involved in chronic rejection [7, 33]. 

The other group is composed by non-alloimmune dependent risk factors, such as chronic low-degree 

infections which can amplify inflammatory responses and increase the risk of BOS. Infection by cy- 

tomegalovirus (CMV) results in increased epithelial cell HLA I and II expression causing an up-regulation of 

pro-inflammatory cytokines and allergenic response. In addition to Epstein-Barr virus that can increase the 

risk of BOS onset [7, 23, 34], other examples are bacterial infections with Chlamydia pneumoniae and 

Aspergillus [31, 35]. It can be speculated that inflammation caused by all these infections induce a condition 

of chronic inflammation that leads to BOS. 

A very common consequence of lung transplantation is Gastroesophageal (GE) reflux which may play a role 

in BOS pathogenesis as suggested by the presence of bile acids and pepsin in samples of bronchoalveolar 

lavage fluid (BALf) [36]. 

Despite the rapid advances in lung transplant surgery, the unknown pathogenesis of BOS and the inefficacy 

of treatment remain the Achilles’ Heel for long-term survival [37]. 
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3. Role of proteases and protease inhibitors in lung homeostasis 

Proteases are a group of enzymes able to hydrolyze peptide bonds.  This feature makes their role essential 

in the control of multiple biological processes in all living organisms [38]. Indeed, proteases regulate the fate, 

localization, and activity of many proteins, modulate protein-protein interactions, create new bioactive 

molecules, contribute to cellular information, influence proliferation and differentiation, tissue 

morphogenesis, homeostasis, inflammation, immunity, cell death and can have pro- and anti-fibrotic 

activities.  

Based on their specificity, they can be divided into the following four classes:  

• serine proteases 

• cysteine proteases 

• aspartic acid proteases 

• metallo proteases 

In normal physiological conditions, proteases and their inhibitors (anti-proteases) are in tight balance, any  

alteration in proteolytic systems leading to different pathological conditions such as cancer, 

neurodegenerative disorders and inflammatory and cardiovascular diseases (Fig. 3) [39]. 

 

Figure 3. Lung protease and antiproteases balance 

 

 

 

For example, the deficiency of anti-proteases and their decreased activity in chronic obstructive pulmonary 

diseases (COPD) contributes to the development of emphysema and mucus hypersecretion. This 

protease/anti-protease imbalance has been suggested to result from neutrophil infiltration in lung [40].  
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Mainly for this reason, the majority of research into the role of neutrophil serine proteases in the lung has 

been so far focused on human neutrophil elastase (HNE). 

 

3.1.   Serine-Proteases 

Neutrophil elastase, proteinase 3 (PR3), and cathepsin G (Cat G) are the most important serine-proteases 

associated with lung damage [41]. They are coded by ELANE, PRTN3, CTSG genes respectively. All three are 

members of the chymotrypsin family and are expressed by neutrophils. [42] 

As mentioned above, neutrophils play an important role during disease pathogenesis. They are able to carry 

out phagocytosis, release lytic enzymes and produce reactive oxygen intermediate (ROI) which have 

antimicrobial function [43-45]. Furthermore, a high number of these cells was evidenced by the analysis of 

BAL fluid samples from patients affected by CLAD [40]. Neutrophils secrete proteolytic enzymes which can, 

under appropriate conditions, cause tissue damage. This is the rationale for considering neutrophils an 

important marker of CLAD.  

Serine proteases belong to the largest endo-proteases family and are characterized by the presence of a 

nucleophilic serine residue in the active site [46]. The serine target is the carboxyl moiety of the peptide with 

which it forms an acyl-enzyme intermediate [47]. The nucleophilic feature is given by the presence of a group 

of three amino acids (Asp-His-Ser) which, while being far in the primary structure, are close to each other in 

the tertiary one [48]. 

The secondary structure of proteases is usually characterized by the presence of two β-barrel domains, each 

of them composed of six antiparallel β-sheet connected through a linker segment and a C-terminal α helix 

[48-50]. Three catalytic residues are located at the junction of the two β-barrels and the active cleft is 

perpendicular to the junction [42] allowing Serine 195 to carry out the catalytic reaction. The structural 

conformation is shown in Figure 4. 
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Figure 4. Protease's structure. 

 

Proteases are present in all kingdoms and in viral genome too, although with different distribution. 

Serine proteases may be classified in four types, two of which PA (chymotrypsin-like) and SB (subtilisin-like) 

are well-represented by chymotrypsin and subtilisin, respectively, while the other two SC (α/β-hydrolase 

fold) and SF ( Signal peptidase I ) contain several less specific peptidases. PA clan (about 75% of human serine 

proteases) is divided into three subfamilies based on their substrate specificity: trypsin-like proteases that 

usually cleave proteins after a positively charged residue (such as lysine and arginine); chymotrypsin-like that 

process their substrate after large hydro-phobic residues (leucine and alanine) and elastase-like serine 

proteases that group neutrophil elastase and proteinase 3. They usually cleave substrate after a valine 

residue [51]. 

While being involved in many fundamental processes such as digestion, coagulation and immune response 

[52] these enzymes can be a threat for the cells (Fig. 5). For this reason, many strategies have been developed 

during the evolution to control their activity.  

 

https://en.wikipedia.org/wiki/Signal_peptidase
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Figure 5. Neutrophil degranulation’s 

 

The first is the production of all proteases as inactive zymogens that are subsequently activated upon 

cleavage by other proteases. Often the localization of enzymes modulates their activity or they can be stored 

in granules bound to proteoglycans, avoiding the contact with their cytoplasmic targets. Furthermore, the 

low pH value inside granules maintains proteases less active. Another factor is the presence of serine 

proteases inhibitors, called serpins whose action is based on a suicide mechanism which traps proteases in 

an irreversible stable complex (Fig. 6A and Fig. 6B). 

 

 

Figure 6B. Trapping mechanism  
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Figure 6B. Trapping mechanism of serine by serine protease inhibitor 

 

The protease binds and cleaves the reactive center loop (RCL) of serpins, a homogeneous family of 

glycoproteins found especially in eukaryotes, but also in bacteria, archea and viruses. This bond causes a 

conformational change known as stressed-to-relaxed transition that closely links RLC into the serpin body 

[53-55]. 

 

Neutrophil elastase  

Neutrophils are produced in the bone marrow from pluripotent stem cells and then released in the 

bloodstream where, in healthy people, they reach a concentration of 1.5 to 5 x 109 cells/liter. 

Although in blood of healthy individuals neutrophils survive about eight hours, upon inflammation their 

longevity increases up to five days [56]. When inflammation bursts in peripheral tissues, they are soon 

recruited in that site. Neutrophils are composed by granules and, upon infection, they migrate through the 

blood stream and, rolling along the endothelium, they activate and move themselves in the interstice. In the 

activated state, intracellular granules fuse with cell membrane and, through degranulation, they release a 

variety of proteases.  
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Their targets are small hydrophobic residues such as Ala, Val, Ser or Cys and they are considered highly 

cationic proteases because of their important content of positively charged residues located in the activation 

domain loop [42]. One of the most important lytic enzymes studied in current research on proteases is 

neutrophil elastase [57]. Its release is triggered by inflammatory stimuli such as TNFα, G-CSF and C5a, being 

strongly increased by contact with ECM or cellular surfaces [44]. 

HNE is a 218 amino acids glycoprotein encoded by the ELANE (and PRTN3) gene located in the terminal region 

of short arm of chromosome 19.  The coding genes have five exons and four introns [58, 59]. The protease 

binding site defines the substrate specificity of protease. For example, the pocket of HNE S1 is characterized 

by hemispheric and hydrophobic moieties, formed by the presence of Val190, Phe192 Ala213, Val216, 

Phe228, and of the disulfide bridge Cys191–Cys220 [60]. HNE acts intracellularly with antimicrobial peptides 

and the membrane-associated NADPH oxidase system which produces reactive oxygen metabolites to kill 

pathogens inside the phagolysosome [62]. 

The active enzymes are released in the extracellular space where they may meet inhibitors protease proteins 

which usually are in plasma and bind them, maintaining a balance between protease and its inhibitor. 

The elastase level in the protease liberation site of healthy people overcomes that of antiproteases, but, 

farther away, this level decreases and elastase can be neutralized (Fig. 7) [62-64]. 

When elastase concentration is not correctly balanced by that of its inhibitor (Alpha 1 antitrypsin, AAT), many 

inflammatory diseases that compromise tissue integrity may develop. This is exactly what has been observed 

in a group of patients affected by COPD in which the excess of proteases results in a lung tissue damage [65]. 

 

 

Figure 7. Schematic representation of the human neutrophil elastase (HNE) life cycle 
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3.2.    Serine protease inhibitors (Serpins) 

Cells have developed many strategies to neutralize protease’s activity, a typical example being the production 

of inhibitors. The largest family of protease inhibitors is represented by Serpins (Serine Protease Inhibitor). 

More than 1000 types, classified by a distinctive three-dimensional (3D) structure, have been identified in 

the different kingdoms [66, 67].  They are divided in 16 groups, nine of which are characteristic of humans 

[54]. Serpin family is composed by homologous glycoproteins the first of which was described by Hunt in 

1980 [68]. To allow proteolysis to occur only when it is necessary, their production in an organism is 

regulated. They are involved in many intracellular and extracellular processes, such as coagulation, apoptosis 

and cell migration [69-71].  

Serpins are characterized by the presence of a homogeneous core domain composed of 350-500 amino acids 

although the total length can vary based on the glycosylation level and on N- and C-terminal extension [72]. 

In native conformation amino acids fold in an N-terminal helical domain and a β-barrel domain at the C-

terminal (Fig. 8).  

 

 

Figure 8. Serpin’s structure 
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The conserved region is characterized by nine α helices (hA-hI), three β sheets (A, B, C) and a reactive center 

loop (RCL) which is fundamental to interact with the target active site cleft of protease.  The RCL is flexible 

and composed by 20-24 residues with a sequence which is similar to that of the natural protease’s target.  

The most important residue in RCL defines the inhibitory specificity of the serpin and is indicated as P1. The 

surrounding residues (P4-P4’) play an important role in protease’s recognition by increasing the affinity of 

the interaction [53, 73, 74]. To increase their stability, serpins must incorporate RCL into the β sheet A, 

forming a metastable state where RCL acts as a bait for target proteases, followed by serpin cleavage 

between P1 and P1’ residues [53, 72, 73]. Although the protease-anti protease linkage is not a key-and-lock 

mechanism, it allows to regulate serpins activity by modulating the RCL accessibility. This binding between 

protease and its inhibitor, also known as stressed-to-relaxed transition, increases serpin stability. 

The protease binds its inhibitor through an ester bond formed between the catalytic Ser 195 of protease and 

the carbonyl group of P1 residue, forming the acyl enzyme intermediate. The protease catalytic loop results 

relaxed by the RCL which pulls serpin against its target and, thanks to this clash, the oxyanion hole is broken 

(Fig.9). The loss of protease affinity for Ca2+ suggests a disorder in the binding site [75]. In this conformation, 

protease is stably bound with its inhibitor although the complex can be broken by low density lipoprotein 

receptor related proteins. As shown by fluorescence studies [76] this determines a distortion in the final 

structure and a high level of disorder (compared to native conformation) that prevents the acyl intermediate 

hydrolysis [53, 72, 77].  

 

 

Figure 9. Covalent bond between protease’s Ser195 and P1 Met. The narrows show that in normal condition there is the 

formation of an oxyanion hole and a salt bridge between Asp 194 of protease and Lys 328 of serpin 
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Alpha 1 antitrypsin (AAT) 

As cited above, one of the major proteinase inhibitors is AAT, an acute phase protein that, while being mainly 

produced by hepatocytes, is  also synthesized by monocytes, macrophages, lungs cells and some cancer cells. 

It circulates in blood stream with a molecular weight of 52 kDa and a half-life of 4-5 days [78]. Human body 

produces ~34 mg/kg/day of AAT and the plasma concentration of this protein is 1-2 g/L. Circulating levels can 

increase upon infection and inflammation [79]. 

Its natural substrate is the serine protease HNE, which binds to Met358-Ser359, and the interaction between 

these proteins is considered one of the strongest linkages known in biology, the association constant being 

6.5 X 107 M-1 s-1. 

Nevertheless, it is also able to neutralize cathepsin G, proteinase 3, myeloperoxidase and α-defensin 

produced by neutrophils, chymase and tryptase from mast cells, trypsin from pancreas, granzyme B from T- 

lymphocytes and the serine proteases of coagulation cascade. With more than 90% of activity, this makes 

AAT the most important anti-protease in human organisms. 

Increasing evidence demonstrates that AAT, besides its well-known anti-protease properties, reduces 

production of pro-inflammatory cytokines, induces anti-inflammatory cytokines, and interferes with 

maturation of dendritic cells. As shown by the increased pulmonary levels of AAT upon lung infection, its 

action in lungs is fundamental because not only it modulates inflammation, but also protects tissues from 

pathogens [80, 81]. During acute response phase, the enzyme moves from plasma to interstitial tissues and 

it can reach biological fluids, such as alveolar fluid, saliva, tears, milk, bile, semen, urine and cerebrospinal 

fluid [82, 83] 

 

Molecular structure 

 AAT is characterized by a conserved structure that contains three β sheets (A, B and C), nine α helices and 

the exposed active loop (Fig. 10). It is composed by 394 amino acids and 3 glycosylated side chains which are 

linked to 3 asparagine residues (Asn46, Asn83, Asn247). This post-transcriptional modification occurs in the 

endoplasmic reticulum (ER) and represents a sort of quality-control mechanism because only proteins which 

are correctly folded can leave the ER [84]. 

It was evidenced by crystallographic analysis that the enzyme has a globular structure, the active site being 

located on a surface protrusion which contains the reactive amino acid i.e. a Met in position 358. The 

conversion of this Met in Met sulfoxide (i.e. by oxidants from cigarette smoke) makes the protein less potent 

in its function [85]. 
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Figure 9. Alpha-1-antitrypsin structure. 

 

 

Genetics information 

SERPINA1, the alpha 1 antitrypsin coding gene, is located on the long arm of chromosome 14 (14q32.1). The 

gene is composed by four coding, three untranslated exons and six introns (Fig. 11). This gene has different 

starting sites and alternative splicing sites which may potentially produce various transcripts. For example, 

while the promoter in hepatocytes is located on exon C1,  in monocytes it is located upstream exon 1B [84, 

86, 87]. 

 

 

 

Figure 11. SERPINA 1 gene's structure 

 

Basal expression in steady state is regulated by promoters, while other elements on DNA, known as 

enhancers, modulate the expression during inflammation. Upstream hepatocytes’ starting site many regions 
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able to modulate basal expression, such as nuclear factor-1α (HNF-1α) binding site are evidenced. Humoral 

regulation is modulated by interleukins (IL-1, IL-6), β-interferon and oncostatin-M which work through a 3’ 

enhancer located downstream promoter [84, 88]. In monocytes and other cell types, SERPINA1 gene is 

regulated by a different group of transcription factors, known as Sp1 family [89]. SERPINA1 is a highly 

polymorphic gene characterized by more than 150 mutations. Different alleles formed are involved in severe 

pathological conditions.  

Each variant is classified based on its electrophoretic migration speed in a pH gradient, the two most common 

mutated alleles being S (slow) and Z (very slow) compared to the normal variant M.  

Based on their effect, variants are divided in four classes: normal, functional, deficient and null which reflect 

a mutated level of the protein in the blood stream. 

The extraordinary impact of serpins on multiple molecular regulatory pathways is evident in genetic 

abnormalities wherein regulation of normal functions by serpins is lost. In the genetic serpinopathies, genetic 

mutations can cause either loss of function or pathologic aggregates leading to loss of local function.  

 The most frequent and severe is the Z variant which is caused by a mutation on exon 5 leading to a 

substitution of glutamic acid at position 342 for a lysine. Other point mutations (i.e. Glu264Val) have been 

described in the literature [90]. 

The null variants, also known as Q0, cause the detection of very low levels of AAT in the blood due to the 

presence of a truncated protein. The most important variant, characterized by a severe deletion involving an 

important portion of the gene, is called Q0 Isola di Procida. Another important variant is Q0 granite falls 

which presents a frame shift mutation that causes abnormalities in mRNA splicing. The protein is totally 

absent in serum  of patients  characterized by this genotype who, usually, develop emphysema [91]. The 

absence of protein can be explained by two mechanisms, i.e. its intracellular degradation, like in M 

heerlevariant, or intracellular accumulation as in the case of M malton variant [92]. 

Although protein has a low affinity in binding its target, functional variants present a normal protein 

concentration in the blood stream. An example is the Pittsburg variant which binds thrombin instead of 

proteases [82]. This condition can lead to the protein misfolding and polymerization with a consequent 

accumulation in the endoplasmic reticulum of hepatocytes. This process increases the probability that these 

people develop a chronic liver disease. 

 

Alpha 1 antitrypsin deficiency (AATD) 

Alpha 1 antitrypsin deficiency was first reported in 1963 by Laurell and Eriksson who noted a link between 

low serum level of this protein and symptoms of pulmonary emphysema [93]. It is a pathological condition, 

inherited in an autosomal codominant manner, characterized by low circulating levels of this protein. Its 

clinical features are pulmonary emphysema, liver cirrhosis and, less frequently, skin disease panniculitis. 
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As mentioned before, the most severe among the high number of pathologic mutations of this protein, is the 

Z variant. Patients with this variant accumulate AAT in endoplasmic reticulum of hepatocytes increasing cells 

stress level, mitochondrial dysfunction and autophagy that lead to chronic liver disease. ER stress is caused 

by an accumulation in this organelle of unfolded proteins where they are eliminated by two possible 

mechanisms: autophagy or ER-associated protein degradation machinery (ERAD). 

As demonstrated by Stockley and colleagues [94], alpha 1 antitrypsin level correlates with lung pathology, 

the lack of this antiprotease activity being associated with premature development of pulmonary 

emphysema. The lung damage is probably associated to cigarette smoke that, as mentioned before, is able 

to oxidize the active methionine reducing the functioning protein’s level. This increases the number of 

neutrophils and consequently of serine proteases in the airway epithelium (Fig.12).  

These data lead to the conclusion that the balance between protease and inhibitors is crucial for a correct 

homeostasis [93]. 

 

 

 

Figure 12. SERPINA 1 gene's structure 
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AIM 
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AIM 

Early and long-term graft and patient survival after lung transplantation continue to be challenged by primary 

graft dysfunction and by chronic allograft dysfunction or bronchiolitis obliterans syndrome (BOS).  While the 

neutrophilic component is known to play an important role in the pathogenesis and maintenance of this 

condition, the exact pathogenesis of BOS is still unknown. It has been speculated that it may result from the 

combination of several triggers which, by causing innate/adaptive immune reactions, lead to immune 

activation responsible for the induction of the neutrophilic inflammation. This inflammatory phase is 

ultimately followed by a fibro-proliferative phase of fibrocytes/fibroblasts originating from mesenchymal 

stromal cells.  

The current research aimed at the identification of potential biomarkers of BOS that could be useful not only 

for a better diagnosis of the disease but also for the development of novel drugs that can improve the quality 

of life of patients. The identification of markers that could predict the development and progression of BOS 

is crucial for preventing the irreversible phase of the disorder with the final goal of improving the survival of 

lung transplant recipients. 

 

My presentation has been divided into four chapters as follows: 

 

Chapter 1: Proteomics 

The application of the MudPIT technology and of bioinformatics tools described, allowed me to identify a 

number of proteins differentially expressed in a pool of Stable (n= 10), BOS0p (n= 10), BOSI (n= 10) and 

BOSII/III (n= 6) individuals.  

A few, from among these proteins, evidence that oxidative stress and inflammation play an important role in 

the progression of the disorder.  

 

Chapter 2: Metabolomics 

This approach was applied “in parallel” with the proteomic analysis to the same samples described in 

previous chapter. Aim of this investigation was to characterize the level of metabolites in BALf from stable 

and BOS patients (BOS0p and BOSI; BOSII/III have not been considered). The results of this approach 

confirmed that the release of ROS species by neutrophils and macrophages during inflammatory states could 

play a role in lung injury with the consequent increase of mucus secretion and development of BOS. 

 

Chapter 3: Proteases and Anti-Proteases study 

Given the importance of neutrophilic components in BOS pathogenesis, this pilot work aimed to obtain a 

global picture of the protease/antiprotease balance in the BALf of 7 stable and 6 BOSII/III lung transplant 
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recipients. Proteases are secreted by neutrophils whose recruitment may enhance their concentration thus 

causing an unbalance in the equilibrium between proteases (HNE) and protease inhibitors (AAT). To 

understand whether AAT and other anti-proteases still maintain their full capacity to inhibit elastase, 

electrophoretic and western blotting profiles of samples from these individuals have been analyzed and 

compared. 

 

Chapter 4: Current Studies 

Current researches should focus on the development of a specific and sensitive assay to detect a HNE-specific 

fibrinogen degradation product (Aα-Val360) and on AAT augmentation therapy. 
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DEMOGRAPHIC AND CLINICAL FEATURES OF PATIENTS 

 

● Patients analyzed 

In this work a group of 36 patients from Pneumology ward of Fondazione IRCCS Policlinico San Matteo, Pavia, 

Italy, was analysed. Based on their clinical features they were classified as stable (S, n=10), potential BOS 

(BOS 0p, n=10), BOS I (BOS I, n=10), BOS II and BOS III (BOS II + III, n=6). From a clinical point-of-view, stable 

were individuals that, at >2 years post-transplant, came up with still stable lung function, in the total absence 

of acute rejection or infection. BOS diagnosis and severity grades have been assessed according to published 

guidelines [95, 96]. The current classification of BOS severity is based on FEV1changes in and is indicated as 

BOS 0p if FEV1 is 81−90% of the best FEV1 value obtained after transplantation; BOS I when FEV1 is 66−80% 

of the best value; BOS II when FEV1 is 51−65% of the best and BOS III if FEV1 is ≤50%. 

All patients were Caucasian nonsmokers, the female/male ratio was 4:1 and their median age was 51 years 

(range 45-73 years). BALf samples were collected between 2014 and 2015.  

All subjects underwent clinical analysis to exclude a possible genetic alpha 1 antitrypsin deficit and none of 

them resulted positive for this condition before transplantation. Furthermore, patients which showed any 

kind of infection were excluded from this project. 

All of them signed an informed consent to undergo bronchoscopy. 

The experimental procedures to which these patients have been submitted are summarized in Table 3. 

Table 3: Number of patients investigated and experimental procedures applied. 

Experimental Approaches 
Stable 
(n=10) 

BOS 0p 
(n=10) 

BOS I 
(n=10) 

BOS II +BOS III 
(n=6) 

Gel-based techniques 
(Cap.1) 

4 3 - 6 

Gel-free techniques  
(Cap.1) 

10 10 10 6 

NMR Analysis 
(Cap.2) 

10 10 10 - 

1-DE Analysis 
(Cap.3) 

4 3 - 6 
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● Clinical treatment of patients  

After transplantation, an immunosuppression protocol (IS) must necessarily be applied. However, over the 

years, some changes have occurred to front pathologies correlated with a long-term therapy. In fact, while 

until 2007 the administered drugs were Ciclosporin A, Azathioprine and Prednisone, currently drugs designed 

are Tacrolimus, Mycophelonate and Prednisone. This therapy was often modulated during the years because 

of many side effects, such as kidney failure [95]. 

Selected subjects underwent a program of surveillance and on-need bronchoscopy at 1; 3; 6; 12; 24 months 

and upon clinical needs, such as a decline in lung function and at diagnosis of chronic lung rejection. Biopsy-

proven episodes of acute rejection (AR) were treated with steroid boluses and, in case of AR recurrence or 

persistence, with a standard anti-thymoglobulin course and a modulation of the IS regimen. 

BOS diagnosis and severity were based on recent guidelines [97, 98] and BOS 0p patients were treated for 3 

months with a low dose of azithromycin, a treatment that was demonstrated to decrease airway neutrophils 

and IL-8 and increase FEV1 in BOS-affected people [98]. 

All patients underwent analysis to exclude gastroesophageal reflux. In affected subjects, a massive anti-reflux 

therapy was carried out. 

Since 2003, when lungs failure associated with CLAD diagnosis occurred, patients were referred to the 

Apheresis Unit for compassionate ECP treatment [99]. Also the cytomegalovirus surveillance protocol was 

detailed elsewhere [100].  

All patients gave their informed consent to BAL collection. 
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BAL FLUID COLLECTION AND PROCESSING 

Bronchoalveolar lavage (BAL) is a procedure in which a bronchoscope is passed through the mouth or nose 

into the lungs and fluid is flushed into a small part of the lung and then recollected for examination. BAL is 

the most common manner to sample the components of the epithelial lining fluid and to determine the 

protein composition of the pulmonary airways. 

BAL lavage fluid samples were obtained from patients during fiberoptic bronchoscopy performed for routine 

to monitor organ rejection. Briefly, the distal tip of the bronchoscope was wedged into the middle lobe or 

lingular bronchus; a total of 150 ml of warm sterile saline solution was instilled in five subsequent 30 ml 

aliquots which were sequentially retrieved by gentle aspiration. The first aliquot collected (20 ml) was used 

for a series of analysis including microscopic and cultural examination of common bacteria and fungi and 

direct/cultural investigations for respiratory viruses. The returned fluid from the second to the fifth aliquots 

was pooled and further processed as the BALf. Cells were recovered by centrifugation at 1,500 rpm for 10 

min and supernatant divided in aliquots (30 ml each) which were stored immediately after processing at -

80°C until use. 
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CHAPTER 1 

Proteomics 

 
 

 

 

 

 



 

30 
 

MATERIAL AND METHODS 

 

● Two-dimensional electrophoresis (2-DE) 

Two-dimensional electrophoresis separates proteins based on their isoelectric point (first dimension) and 

molecular weight (second dimension). 

After precipitation with TCA, BALf proteins (200 µg) were dissolved in 125 µl of rehydration buffer and loaded 

on a non- linear immobilized pH gradient (pH 3-10, 7 cm IPG) strips. The 2-DE protocol is described in Table 

4. 

 

Table 4: 2-DE protocol. 

Time Voltage Applied Temperature 

1h 0 V (rehydration) 20 °C 

8h 30 V 16 °C 

1h 120 V 16 °C 

30 min 300 V 16 °C 

3h From 330 V to 3500 V 

(linear ramping) 

16 °C 

10 min 500 V 16 °C 

Overnight (>7h) Constant 7950 V (to 

reach a total of 62 

KV/h) 

16 °C 

 

Six hours after the start, Isoelectrofocusing (IEF) run was stopped, pieces of paper were positioned between 

IGP strip and the electrodes and IEF restarted [101]. 

Reduction/alkylation steps were applied between the first and the second dimension. The focused IPG strips 

were incubated for 15 min at room temperature in 6 M urea, 2% w/v dithiothreitol (DTE) and for 15 min in 

an equilibration buffer containing 2,5% w/v iodoacetamide (IAA). 

The second dimension was carried out on 12% SDS-polyacrylamide gels at a constant current of 10 mA per 

strip. 

At the end of the electrophoretic run, gels were left in a fixative solution, containing methanol (40%) and 

acetic acid (7%), for 1 h and then were stained with ‘‘Blue silver’’ (colloidal Coomassie G-250 staining), 

according to Candiano et al [102]. 
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● In-situ digestion 

Briefly, the selected electrophoretic spots were carefully excised from the gel, placed into Eppendorf tubes, 

broken into small pieces and washed in 100 mM ammonium bicarbonate buffer pH 7.8 and 50% acetonitrile 

(ACN) until complete destaining. The gels were then dehydrated by addition of 200 µl ACN until the pieces 

became opaque-white color. ACN was finally removed, gel pieces were dried under vacuum for 10 min and 

then rehydrated by addition of 75 μL of 100 mM ammonium bicarbonate buffer pH 7.8, containing 20 ng/μl 

sequencing grade trypsin (Promega, Madison,WI, USA). The digestion was performed by incubating the 

mixture overnight at 37°C and the resultant peptides were extracted from gel matrix by a three-step 

treatment with 50 μl of 50% ACN, 5% trifluoroacetic acid (TFA) in water and finally with 100% ACN [103]. Each 

extraction involved 10 min of stirring followed by centrifugation and removal of the supernatant. The first 

supernatant and those obtained from extraction were pooled, dried and stored at -80°C until mass 

spectrometric analysis. At the moment of use, the peptide mixture was solubilized in 0,1% formic acid (FA). 

 

● LC-MS/MS 

The analyses were performed on a liquid chromatography-mass spectrometry (LC-MS, Thermo Finnigan, San 

Jose, CA, USA) system consisting in a thermostated column, a Surveyor auto sampler controlled at 25°C, a 

quaternary gradient Surveyor MS pump equipped with a diode array (DA) detector, and a Linear Trap 

Quadrupole (LTQ) mass spectrometer with electrospray ionization (EI) ion source controlled by Xalibur 

software 1.4. Analytes were separated by reverse-phase high performance liquid chromatography (RP-HPLC) 

on a Jupiter (Phenomenex, Torrance, CA, USA) C18 column (150 x 2 mm, 4 µm, 90 Å particle size) using a linear 

gradient (2-60% solvent B in 60 min) in which solvent A consisted of 0,1% aqueous FA and solvent B of ACN 

containing 0,1% FA. Flow rate was 0.2 ml/min. Mass spectra were generated in positive ion mode under 

constant instrumental conditions: source voltage 5.0 kV, capillary voltage 46 v, sheath gas flow 40 (arbitrary 

units), auxiliary gas flow 10 (arbitrary units), sweep gas flow 1 (arbitrary units), capillary temperature 200°C, 

tube lens voltage -105 V. MS/MS spectra, obtained by CID studies in the linear ion trap, were performed with 

an isolation width of 3 Th m/z, the activation amplitude was 35% of ejection RF amplitude that corresponds 

to 1.58 V. Data processing was performed using Peaks studio 4.5 software.  

 

● Protein detection 

The 2-DE gels were stained with “Blue silver” (colloidal Coomassie G-250 staining) [102]. This staining method 

has a sensitivity of 5-10 ng per spot and is compatible with mass spectrometry detection.  

In the first step, proteins were fixed in the gel by treatment with 40% methanol and 7% acetic acid for 1 h. 

Then, gels were incubated overnight in the staining solution (10% ortophosphoric acid, 10% ammonium 

sulfate, 20% methanol and 0,12% Coomassie Brilliant Blue G-250). Gels were initially bleached with 5% acetic 

acid and then with water until a transparent background was obtained. 
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● Reproducibility of the study 

To verify the reproducibility of the study, 2-DE maps were obtained in triplicate for each of the analyzed pool 

(see Table 3). Those presented in this report are the best representative gels among all generated that 

showed spots consistently present. Experimental steps concerning sample preparation, electrophoretic run 

and gel staining were performed “in parallel” on both pools. 

 

● PD- quest analysis 

Digital image of stained gels was acquired using the VersaDoc Imaging Model 3000 (Bio Rad) equipment and 

then subjected to qualitative and quantitative analysis using the PD-Quest version 8.0.1 software (Bio Rad). 

Thanks to the advanced algorithm of the software, the scanned images were filtered and smoothed to 

remove background noise, vertical or horizontal streaking and gel artefacts. They were also normalized to 

eliminate the variability of each sample. The software then determined the number of spots present and 

calculated their intensity by applying the following algorithm: peak value (ODs/image units) *σx*σy (standard 

deviations in x and y). The following step was the creation of a “Match Set” necessary to compare all the gels 

of a single group and to match the spots present. A synthetic image (called Master Gel) containing the 

information about all the spots of Match Set was created. The Master Gels of every group were finally 

compared each other through a Higher Master Set to create a Higher Master Gel (HGM) that contained all 

information about the whole analysis. 

 

● 2DC-MS/MS ANALYSIS 

Two-dimensional chromatography coupled to tandem mass spectrometry (2DC-MS/MS) was applied for the 

analysis of the whole BALf proteome. In Multidimensional Protein Identification Technology (MudPIT), BALf 

peptide mixture (5 μg from each pool) was loaded onto a strong cation exchange column (PolyLC-SCX column 

0.3 i.d. x 100 mm, 5µm, 300 Å, PolyLC), eluted stepwise with salt solutions of increasing molarity (10, 20, 40, 

80, 120, 200, 400, 600, 700 mM) and captured onto peptide traps for concentration and desalting prior to 

final separation by reverse phase C18 column (Biobasic-C18, 0.18 i.d. x 100 mm, 5µm, 300 Å, Thermo Fischer). 

The peptides, gradually eluting from the C18 column (3 min of column conditioning followed by a 65 min 

gradient of 5-95% CH3CN/0.1% HCOOH, flow rate of 130 μL/min), were analyzed by a mass spectrometer 

equipped with a NSI-ESI ion source and LTQ-Orbitrap XL mass analyzer (Thermo Fisher Scientific). The spray 

capillary voltage was set at 2.4 kV and the ion transfer capillary temperature was held at 220°C. For each step 

of peptides eluted from the C18 column, full MS spectra were recorded over a 400–1600 m/z range in positive 

ion mode, followed by five MS/MS events sequentially generated in a data-dependent manner on the Top 5 

ions selected from the full MS spectrum (at 35% collision energy), using dynamic exclusion of 0.5 min for 
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MS/MS analysis. System MudPIT management was performed by Xcalibur data system v.1.4 (Thermo Fisher 

Scientific, San Josè, CA, USA). 

 

● Data Analysis  

All data generated by MudPit were searched using the 3.3.1 Bioworks version, based on SEQUEST algorithm 

(Thermo Fisher Scientific, San Jose, CA, USA). The experimental MS/MS spectra were correlated to tryptic 

peptide sequences by comparison with the theoretical mass spectra obtained by in silico digestion of the 

human protein database (about 228763 entries), downloaded in January 2013 from the National Centre for 

Biotechnology Information (NCBI) website. To allow identification of peptide sequences and related proteins 

the following criteria were applied: trypsin as enzyme; three missed cleavages per peptide were allowed; 

mass tolerances of 50 ppm for precursor ions (threshold) and 0.8 Da for fragment ions were used. Validation 

based on separate target and decoy searches and subsequent calculation of classical score-based false 

discovery rates (FDR) were used for assessing the statistical significance of the identifications (FDR ≤ 1%). 

Finally, to assign a final score to proteins, the SEQUEST output data were filtered as follows: 1,5; 2.0; 2.25 

and 2.5 were chosen as minimum values of correlation score (Xcorr) for single-; double-; triple- and quadruple 

-charged ions, respectively. A total of 7 protein lists for each sample was obtained by averaging of the 

technical replicates.  

To improve the identification of differentially expressed proteins, two different approaches have been used: 

Linear Discriminant Analysis (LDA) and DAve and DCI indices inserted in MAProMa software [104]. 

 

● Linear Discriminant Analysis (LDA) 

Protein lists obtained by MudPIT replicate analyses have been aligned by Multidimensional Algorithm Protein 

Map (MAProMa), normalized through the Total Signal normalization methods [105] and processed by Linear 

Discriminant Analysis [106], to perform a reduction of data dimensions. LDA has been applied using a 

common covariance matrix and the protein selection was performed considering F ratio≥ 4 and p-value ≤ 

0.05. 

 

● DAve - DCI INDICES  

Protein lists obtained by MudPIT replicate analyses were aligned and, for each protein, the average spectral 

count (aSpC) corresponding to each analyzed condition (Stable and BOS) was calculated. Based on a direct 

correlation between the SpC (or SEQUEST-based score) and the relative abundance of the identified proteins 

[107], the four subgroups were pairwise compared by Differential Average (Dave) and Differential Confidence 

Index (DCI) indexes of the homemade MAProMa software [107].  

In particular, DAve, which evaluates changes in protein expression, is defined as (X-Y)/(X+Y)/0.5, while DCI, 

that evaluates the absolute of differential expression, is defined as (X+Y)*(X-Y)/2, where the X and Y terms 



 

34 
 

represent the SpC of a given protein in two compared samples. To select differentially expressed proteins, a 

threshold of 0.4 and 50 was applied to DAve and DCI, respectively.  
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RESULTS 

 

The goals of the present study were the following:  

• obtaining the proteomic profile of BALf from BOS patients   

• identifying the proteins differentially expressed between cohorts 

As shown in the scheme of Figure 12, a typical protocol for proteome analysis usually follows these essential 

steps: sample preparation, cleavage of proteins, separation of peptides followed by mass spectrometry 

analysis and database searching. 

 

 

 

 

Figure 12. Proteomics Workflow. The scheme shows the typical protocol for proteome analysis. 

Both in-gel and gel-free techniques have been applied to perform the proteomic studies described in this work. 
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● GEL BASED TECHNIQUE: Two-dimensional electrophoresis with nonlinear pH 3-10 gradient range 

To identify proteins differentially expressed in BALf of stable and BOS subjects, 2-DE analyses were performed 

“in parallel” on pooled (four Stable + three BOS0p patients and six BOSII+III patients) samples. Gels were 

scanned and spots were detected using the spot detection wizard tool, after defining and saving a set of 

detection parameters. The original gel scans were filtered and smoothed to clarify spots, remove vertical and 

horizontal streaks, and remove speckles. Three dimensional Gaussian spots were then created from filtered 

images. Three images were created from the process: the original raw 2-D scan, the filtered image and the 

Gaussian image. A match set for each pool was then created for comparison after the gel image had been 

aligned and automatically overlaid. If a spot was saturated, irregularly shaped, or otherwise of poor quality, 

then the Gaussian model was unable to accurately determine the quantity. In these cases, the spot was 

defined in the filtered image using the spot boundary tools. Thus, for each pool, a master gel was produced 

which included protein spots only if present at least in two out of the three gels. The master gel from pools 

showed similar patterns of proteins such that they could be matched each other. This facilitated the 

correlation of the gels and the creation of a virtual image, indicated as high master gel (HMG), comprehensive 

of all matched spots derived from master gels. The HMG produced by PD-Quest analysis confirmed the 

presence of differentially expressed proteins in BALf of these individuals. Spots indicated in red in Figure 13 

were unique to stable individuals; spots in blue were unique for BOS patients and spots in green were 

common to both cohorts. The differences evidenced in the proteomic profiles of these individuals support 

the view that the lung status is different between the cohorts. A few differential spots were excised, 

destained, digested with trypsin, and peptides were submitted   to LC-MS/MS. The MS fragmentation data 

were searched against the SwissProt studio 4.5 software. Unfortunately, the poor quality of MS spectra (most 

likely due to the small amount of the material) did not allow to identify/characterize the proteins that could 

discriminate the two cohorts investigated. 

. 
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Figure 13. Two-dimensional gel Electrophoresis of pool from BALf samples. 2DE maps obtained by performing IEF on 7 cm IPG 

strips with 3-10 NL pH range and SDS-PAGE in the second dimension on 12.5% T gels (a) 2DE of pool from stable patients; (b) 2DE of 

pool from BOS patients; (c) High Master Gel of  BALf samples: Labelled in green: common  spots between the two groups; Labelled 

in red/blue: unique spots of stable (red) and BOS (blue) 

 

 

 

 

Thus, to collect information on these proteins, a gel-free approach referred to as Multidimensional Protein 

Identification Technology (MudPIT), characterized by resolution and sensitivity higher than 2-DE, was 

explored.  

The MudPIT experiments have been carried out in the laboratories of the National Council Research (CNR) of 

Milan, where this sophisticated two-dimensional liquid-chromatographic system is available. 
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● GEL-FREE TECHNIQUE: Multidimensional Protein Identification Technology (MudPIT).  

Multidimensional Protein Identification Technology (MudPIT) is based on the use of two-dimensional 

chromatography coupled to tandem mass spectrometry (2DLC-MS/MS) (Fig.14). Briefly, following enzymatic 

digestion of a protein mixture, peptides are separated by a liquid chromatographic system consisting of a 

strong cation exchange (SCX) process as the first dimension followed by a reverse-phase (RP) process as the 

second. Peptides are then automatically delivered to a tandem mass spectrometer and MS/MS spectra are 

acquired and used to query protein sequence databases. MudPIT represents a technology that 

simultaneously allows separation of peptides, their sequencing and the identification of the corresponding 

proteins. By this way, mixtures of proteins within a wide isoelectric point (pI) and molecular weight (MW) 

range can be quantitatively characterized.  

 

 

 

 

Figure 14. Multi-dimensional protein identification technology (MudPIT). MudPIT combines ion-exchange with reversed-phase 

chromatography of peptide mixtures obtained from direct digestion of a protein extracts. Peptides are first loaded onto a strong 

cation exchange (SCX) column and then separated using different steps of increasing salt concentration. After this, the peptides are 

captured onto C18-traps (Trap1 and Trap2) and subsequently loaded into reverse phase C18 column. The peptides are eluted from 

hydrophobic column by means of acetonitrile gradient and the eluate is analyzed by high-resolution mass spectrometer (2DC-

MS/MS). 

 

The above-mentioned approach applied to the BALf samples (ten Stable, ten BOS0p, ten BOS1 and six 

BOSII+III patients) allowed to identify 10253 unique peptides and 3519 distinct proteins. All identified 

proteins were plotted according to their theoretical molecular weight (MW) and isoelectric point (pI). As 
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shown in the dendrogram (Fig. 15), a rapid visualization of the proteins that change upon comparison of two 

or more conditions, are evident in terms of color changes. 

 

 

Figure 15. Hierarchical Clustering. Heatmap and dendrogram of protein lists from BALf pools of stable, BOS0p, BOSI, BOSII+BOSIII 

and their technical replicates. Clustering was performed by computing the average spectral count (aSpC) value of proteins selected 

by Linear Discriminant Analysis (LDA). The blue and red colors indicate the different level of expression (under-expressed or over-

expressed respectively).  

 

Applying the Linear Discriminant Analysis (LDA) with p<0.01, about 300 LDA Significant Proteins (LDA-SP), 

including 147 differentially expressed proteins (DEP), were extracted as discriminants. Using DAve and DCI 

algorithms, MAProMa generates a figure (Figure S2) showing these 147 DEPs: 35 were the distinct proteins 

that resulted differentially expressed between stable and BOS 0p subjects (figure S1, panel a); 54 between 

stable and BOS1 (figure S1, panel b); 58 between stable and BOS II + BOS III (figure S1, panel c). The complete 

list of differential proteins for each comparison is reported in Supplementary Material (Tables S1, S2 and S3).  

Moreover, from a comparison among the three categories (Stable vs BOS0p; Stable vs BOS I; Stable vs BOS II 

+ III), interesting processes in which proteins with different level of expression were involved came to light. 

The function of proteins identified was rather heterogeneous. According to the literature, a significant 

proportion of these proteins was associated with general metabolism; others were related to immunological 

response and inflammation, tissue repair and proliferation, antioxidative processes, cytoskeleton.  

In particular, as far as the inflammatory processes are concerned, 25 DEP proteins were identified that 

confirmed the importance of neutrophilic components and oxidative stress in the onset of bronchiolitis [108-

113].  
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These proteins are listed in Table 5. 

 

 

 

Table 5. Inflammatory DEPs identified in BOS specimens analyzed by MudPIT. 

Reference Accession pI MW Stable BOS0p BOS1 BOS2+3 

    Score 

Matrix metalloproteinase-9 OS=Homo sapiens 

OX=9606 GN=MMP9 PE=1 SV=3 
P14780 6,06 78400 1,00 0,00 0,00 4,75 

Zinc finger protein 655 OS=Homo sapiens OX=9606 

GN=ZNF655 PE=1 SV=3 
Q8N720 7,14 57400 0,67 0,00 0,00 0,00 

Ubiquitin carboxyl-terminal hydrolase MINDY-2 

OS=Homo sapiens OX=9606 GN=MINDY2 PE=1 SV=2 
Q8NBR6 4,51 67100 0,67 0,00 0,00 0,00 

Immunoglobulin heavy constant alpha 2 (Fragment) 

OS=Homo sapiens OX=9606 GN=IGHA2 PE=1 SV=1 
P01877 6,1 36500 11,00 9,73 10,64 35,75 

Myeloperoxidase OS=Homo sapiens OX=9606 

GN=MPO PE=1 SV=1 
P05164 8,97 83800 1,33 0,00 0,73 14,75 

Immunoglobulin kappa constant OS=Homo sapiens 

OX=9606 GN=IGKC PE=1 SV=2 
P01834 6,52 11800 72,67 36,18 31,55 53,00 

Immunoglobulin heavy constant alpha 1 (Fragment) 

OS=Homo sapiens OX=9606 GN=IGHA1 PE=1 SV=1 
P01876 5,64 42800 17,00 14,64 15,09 42,50 

Lactotransferrin OS=Homo sapiens OX=9606 GN=LTF 

PE=1 SV=6 
P02788 8,12 78100 0,33 0,64 0,82 13,00 

Mucin-5B OS=Homo sapiens OX=9606 GN=MUC5B 

PE=1 SV=3 
Q9HC84 6,64 596000 2,67 0,18 1,27 26,25 

Keratin, type II cytoskeletal 4 OS=Homo sapiens 

OX=9606 GN=KRT4 PE=1 SV=4 
P19013 6,61 57300 0,00 0,45 0,73 6,25 

Immunoglobulin kappa variable 3D-11 OS=Homo 

sapiens OX=9606 GN=IGKV3D-11 PE=3 SV=6 
A0A0A0MRZ8 5,29 12600 1,67 0,00 0,09 0,75 

Cathepsin G OS=Homo sapiens OX=9606 GN=CTSG 

PE=1 SV=2 
P08311 11,19 28800 3,67 0,00 0,36 7,25 

Annexin A3 OS=Homo sapiens OX=9606 GN=ANXA3 

PE=1 SV=3 
P12429 5,92 36400 0,00 0,64 1,00 6,75 

Immunoglobulin lambda variable 3-21 OS=Homo 

sapiens OX=9606 GN=IGLV3-21 PE=1 SV=2 
P80748 5,29 12400 2,00 0,09 0,36 0,25 

S phase cyclin A-associated protein in the 

endoplasmic reticulum OS=Homo sapiens OX=9606 

GN=SCAPER PE=1 SV=2 

Q9BY12 7,44 158200 0,00 0,00 0,00 1,00 

Immunoglobulin heavy constant gamma 1 

(Fragment) OS=Homo sapiens OX=9606 GN=IGHG1 

PE=1 SV=1 

P01857 6,96 43900 139,67 26,55 30,09 53,75 

Mucin-5AC OS=Homo sapiens OX=9606 

GN=MUC5AC PE=1 SV=4 
P98088 7,02 585200 2,33 0,18 0,73 28,75 

https://www.uniprot.org/uniprot/P14780
https://www.uniprot.org/uniprot/Q8N720
https://www.uniprot.org/uniprot/P01834
https://www.uniprot.org/uniprot/P01876
https://www.uniprot.org/uniprot/P19013
https://www.uniprot.org/uniprot/A0A0A0MRZ8
https://www.uniprot.org/uniprot/P08311
https://www.uniprot.org/uniprot/P12429
https://www.uniprot.org/uniprot/P80748
https://www.uniprot.org/uniprot/Q9BY12
https://www.uniprot.org/uniprot/P01857
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Neutrophil gelatinase-associated lipocalin OS=Homo 

sapiens OX=9606 GN=LCN2 PE=1 SV=1 
P80188 8,5 22800 1,33 0,09 1,45 5,25 

Protein S100-A9 OS=Homo sapiens OX=9606 

GN=S100A9 PE=1 SV=1 
P06702 6,13 13200 10,00 0,27 5,55 34,75 

Patched domain-containing protein 3 OS=Homo 

sapiens OX=9606 GN=PTCHD3 PE=1 SV=3 
Q3KNS1 6,24 86800 1,00 0,00 0,00 0,50 

Immunoglobulin heavy variable 6-1 OS=Homo 

sapiens OX=9606 GN=IGHV6-1 PE=3 SV=1 
A0A0B4J1U7 9,2 13500 0,33 0,09 0,82 2,25 

Immunoglobulin heavy constant mu (Fragment) 

OS=Homo sapiens OX=9606 GN=IGHM PE=1 SV=1 
A0A1B0GUU9 6,15 51900 9,00 0,73 1,64 2,75 

Protein S100-A8 OS=Homo sapiens OX=9606 

GN=S100A8 PE=1 SV=1 
P05109 7,03 10800 1,00 0,27 2,09 23,75 

Alpha-1-antitrypsin OS=Homo sapiens OX=9606 

GN=SERPINA1 PE=1 SV=1 
P01009 5.37 46736 37,33 70,09 66,00 15,50 

Neutrophil elastase OS=Homo sapiens OX=9606 

GN=ELANE PE=1 SV=1 
P08246 9.35 28500 0.33 0 0,09 1,26 

 

A few words about the most representative proteins. 

Lactotransferrin (Lf) is a component of mucosal fluid and consists in a "chemical barrier" against external 

aggressions before adaptive immune response starts. In this respect, it is noteworthy that Lf concentrations 

are locally elevated in inflammatory disorders [114-117]. 

Cathepsin G (CatG) is a serine protease with trypsin- and chymotrypsin-like specificity. It is released by 

neutrophils in response to pro-inflammatory mediators leading to a progressive degradation of elastin, a 

hallmark in several lung diseases with fibrotic features [118, 119]. 

Annexin A3 (Anxa3) plays a role in the regulation of cellular growth and in signal transduction pathways. The 

changes in expression levels or localization of annexin may contribute to the pathological consequences and 

sequelae of human diseases. In particular, Anxa3 up-regulation was found to facilitate the metastases of lung 

adenocarcinoma [120]. 

Matrix metalloproteinase-9 may play an essential role in local proteolysis of the extracellular matrix and in 

leukocyte migration. It is an enzyme secreted by several cell types, including neutrophils and airway epithelial 

cells, as well as macrophages, which can be involved in COPD pathogenesis. MMP-9 provides the physiological 

remodeling of lung tissue but, when misregulated, may be associated with the development of lung diseases 

and their severity [121, 122].  

Airway mucin concentrations may serve as a hallmark of the failed mucus transport and intrapulmonary 

mucus accumulation that are central to the pathogenesis of chronic bronchitis [123]. 

Finally, the extracellular functions of Protein S100-A8 involve pro-inflammatory, antimicrobial, oxidant-

scavenging and apoptosis-inducing activities. Its pro-inflammatory activity includes recruitment of 

leukocytes, promotion of cytokine and chemokine production, and regulation of leukocyte adhesion and 

migration. 

https://www.uniprot.org/uniprot/P06702
https://www.uniprot.org/uniprot/Q3KNS1
https://www.uniprot.org/uniprot/A0A0B4J1U7
https://www.uniprot.org/uniprot/A0A1B0GUU9
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It has already been proved that the levels of S100-A9 in inflammatory BAL were increased compared to those 

of BAL from healthy subjects [124]. 

The level of these proteins in the different cohorts is shown in Fig. 16. 

 

 

 

 

Figure 16. Levels of the most representative proteins identified by LC-MS/MS. 

 

BOS is histologically characterized by early bronchiolar wall infiltration by lymphocytes, followed by a fibrotic 

process leading to small airway obliteration due to tissue remodeling and extracellular matrix (ECM) 

deposition. While it has been hypothesized that repeated epithelial injuries resulting from both alloimmune 

and non-alloimmune mechanisms contribute to the fibrotic process and airway obstruction [108], the cellular 

processes involved in BOS remain unclear. 

The action of neutrophilic proteases strongly supports the progression and speeds up this process promoting 

a quick remodeling of the ECM that stimulates fibrogenesis. The focal point concerning the hypothesis of 

COPD pathogenesis is the protease-antiprotease imbalance as reported in the Introduction [125]. 

A classic example of this phenomenon is represented by the deficiency of AAT which is commonly known as 

a major genetic factor in emphysema development [126]. 

AAT play a pivotal role against the destructing action made by these enzymes; thus, it appears clear that the 

balance between proteases and antiproteases is an efficient endogenous control mechanism essential for 

the effective resolution of inflammatory lung diseases. That AAT plays a pivotal role in the inhibition of 

proteases was demonstrated by observing the weak control of the neutrophilic proteases activity in the lower 

airways of AAT deficient patients with inflammatory episodes [127]. 
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The role of pulmonary AAT in the development of major complications in lung transplant recipients is still 

unclear. Further investigations are needed to obtain a clinical rationale for the AAT treatment in long-term 

post-transplant complications. With the aim of extending the survival of lung transplant recipients, we hope 

that our work will contribute to understand as quickly as possible when the irreversible phase of BOS begins. 

As stated above, the immune-modulator and anti-inflammatory AAT effect in this setting of patients has been 

previously suggested and investigated.  

The preliminary data provided by the MudPIT analysis indicate that the amount of HNE in BOS II/III patients 

is higher than in stable. As expected, the content of AAT in the same patients is lower than in stable (Fig. 17). 

The fact that AAT content in BOS0p/BOS I is higher than in BOS II/III subjects seems to confirm the capacity 

of the formers to counteract the inflammation. 
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Figure 17. HNE and AAT levels among the categories 
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CHAPTER 2 

Metabolomics 
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MATERIALS AND METHODS 

● Nuclear Magnetic Resonance (NMR) Analysis 

To evaluate different experimental conditions, BALf samples were submitted or not to a lyophilization step 

prior to their analysis. Freeze-dried samples were reconstituted in 10 mM deuterated phosphate buffer, pH 

7.4, either at the same concentration of the original sample or at higher concentration (1.75x, 3.5x, 5x or 

10x). Non-lyophilized ones were analyzed simply after adding 10% D2O to sample solution. 4,4-dimethyl-4-

silapentane-1-sulfonic acid (DSS, final concentration 0.1 mM) was added to all samples as internal reference 

of both concentration and chemical shift. The pH of each sample was verified with a Microelectrode (Mettler-

Toledo) for 5 mm NMR tubes and adjusted to pH 7.4 with small amounts of NaOD or DCl. All pH values were 

corrected for the isotope effect. The acquisition temperature was 298 K. All spectra were acquired on a 

Bruker AVANCE III 600 MHz NMR spectrometer equipped with a QCI (1H, 13C, 15N/31P and 2H lock) cryogenic 

probe. 1D 1H-NMR spectra were recorded with water suppression (cpmgpr1d or noesygppr1d pulse 

sequences in Bruker library) and 1024 scans, spectral width of 20 ppm, relaxation delay of 5 s. They were 

processed with a broadening of 0.3 Hz and automatically phased and baseline corrected. Chemical shifts 

values were internally calibrated to the DSS peak at 0.0 ppm. 

Metabolite identification and assignment were performed with the support of 2D NMR experiments, the 

Human Metabolome Database, the Biological Magnetic Resonance Data Bank, In particular, 1H,1H-TOCSY 

(TOtal Correlation SpectroscopY) spectra (dipsi2esgpphpp pulse sequence in Bruker library) were acquired 

with 120 scans and 512 increments, a mixing time of 80 ms and the relaxation delay was 2 s. 1H,13C-HSQC 

(Heteronuclear Single Quantum Coherence) spectra (hsqcetgppr pulse sequence in Bruker library) were 

acquired with 180 scans and 256 increments, a relaxation delay of 2.5 s.  

NMR spectra processing and peak peaking were performed by Mnova software package of Mestrelab 

(MestReNova v 9.0, 2013 Mestrelab Research S.L.). Before starting with the analysis of all samples, the 

reproducibility of runs was checked by assessing within-day and between-day repeatability, according to the 

protocol previously described and validated. 

● Statistical analysis 

Data were subjected to multivariate analyses in both unsupervised (through principal component analysis, 

PCA) and supervised mode (by orthogonal partial least squares discriminant analysis, OPLS-DA). Leave-one-

out-cross validation (LOOCV) has been applied to validate the model. OPLSDA models have been validated in 

order to understand whether the separation was statistically significant or due to random noise. This 

hypothesis was tested using the permutation tests in each permutation, as implemented in Metaboanalyst: 

an OPLSDA model was built between the data (X) and the permuted class labels (Y) using the optimal number 
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of components determined by previous cross validation calculations and based on the original class 

assignment. The pathway analysis was performed through the respective module present in MetaboAnalyst. 

 

 

RESULTS 

 

NMR spectroscopy is a robust and nondestructive metabolic method for probing the dynamics of metabolites 

in biological samples without the need for elaborate sample preparation [128, 129].  

This approach was applied to the same samples described in previous chapter. Aim of this investigation was 

to characterize the level of metabolites in BALf from stable and BOS patients in hope to identify potential 

diagnostic biomarkers which might aid in the diagnosis and/or treatment of lung diseases. NMR experiments 

have been carried out in the laboratories of the Department of Biotechnology and Biosciences, University of 

Milano-Bicocca, Milano, where this sophisticated system is available. A scheme of the procedure is shown in 

Figure 18. 

 

 

 

Figure 18. Scheme of experiments performed in chapter one and two 

 

 

 

Exploiting the NMR spectra, 38 polar metabolites, including amino acids, Krebs cycle intermediates, mono- 

and disaccharides, nucleotides, and phospholipid precursors, were identified in BALf samples. A typical 

profile, representative of all other obtained in this work, is shown in Figure 19.   
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A careful observation of these profiles also shows the constant presence of two signals of high intensity (at 

2.19 and 7.25 ppm), unambiguously identified as lidocaine. Given that topical lidocaine is usually 

administered through the flexible bronchoscope to reduce excessive coughing and patient discomfort during 

BAL collection, this finding was not that surprising. 

 

 

 

 

Figure 19. Expansion of different regions of the 1 H NMR spectrum of a BALf sample (representative of all others) with the 

assignment of the most abundant metabolites. His, histidine; Trp, tryptophane; Phe, phenylalanine; Tyr, tyrosine; Glc, glucose; Thr, 

threonine; Pro, proline; Ser, serine; Gly, glycine; Lys, lysine; Asn, asparagine; Asp, aspartate; Gln, glutamine; Glu, glutamate; Arg, 

arginine; Ala, alanine; Val, valine; Ile, isoleucine; Leu, leucine; FA, fatty acids. 

 

 

 

The absolute concentrations (μM) of the metabolites that are mainly responsible for the discrimination 

among the three classes (S, BOS 0p, and BOS I), represented as mean values ± SEM for each group, is shown 

in Table 6. 
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Table 6. Absolute concentrations (μM) of the metabolites that are mainly responsible for the three classes (S, BOS 0p, and BOS I) 

discrimination, represented as mean values ± SEM for each group 

 

 

 

 
 
 
 
 
 
 
 

 

 

 

 

 

The observation that the levels of these metabolites were different in the three cohorts prompted further 

investigations aimed at evaluating the usability of the same analyses on samples from transplanted subjects 

without BOS (stable, S, n = 10) or with BOS at different levels of severity (BOS 0p, n = 10; BOS I, n = 10), in 

an effort to detect signatures that could be correlated with proteomic results. BALf samples from BOS II and 

BOS III patients were not included in this part of the work due the intrinsic difficulty to obtain specimens 

from individuals severely affected that made the number of patients belonging to these categories very 

poor. 

When the experimental data sets were submitted to PCA analysis, the score plot obtained, while being able 

to discriminate totally Stable from BOS I subjects, showed a partial overlapping of BOS 0p to both S and BOS 

I samples (Fig. 20). These data were not surprising since BOS stage 0p (BOS 0p) is a clinical parameter 

detected on pulmonary function tests (PFTs) after lung transplantation to identify patients at risk to develop 

BOS. 

 

 Stable BOS0p BOS I 
 Mean SEM Mean SEM Mean SEM 

Acetate 0.583 0.204 1.176 0.326 0.928 0.228 

Acetone 0.207 0.073 0.337 0.120 0.790 0.376 

Alanine 0.353 0.130 0.591 0.181 1.173 0.381 

Creatine 0.116 0.043 0.408 0.148 0.392 0.070 

Ethanolamine 0.250 0.122 0.873 0.225 1.265 0.323 

Formate 0.250 0.068 0.873 0.170 1.265 0.150 

Glucose 0.250 0.568 0.873 2.135 1.265 1.826 

Glutamate 2.099 0.698 5.180 1.787 8.857 2.563 

Glycerol 2.004 0.710 5.167 1.227 6.738 1.083 

Isoleucine 0.439 0.249 0.194 0.088 0.444 0.113 

Lactate 1.652 0.536 4.351 0.800 7.387 1.697 

Leucine 0.907 0.380 0.644 0.215 1.834 0.512 

Taurine 1.273 0.458 5.640 1.424 6.619 1.083 

Threonine 1.637 0.590 2.524 0.804 3.510 0.796 

Valine 0.475 0.246 0.323 0.097 0.436 0.101 
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Figure 20. PCA score plots between S, BOS 0p and BOS 1 samples (Reprinted from Ciaramelli et al [130]) 

 

The loading plots from PCA allowed identification of the peaks responsible for S, BOS 0p, and BOS I separation 

and assignment of them to the corresponding metabolites (see Table 6). The concentrations of the most 

relevant metabolites for class discrimination were calculated integrating the corresponding signal(s). 

Interestingly, it can be observed that, while these metabolites are present in the NMR spectra of all groups, 

their different concentration allows to discriminate among groups.   

The MetaboAnalyst 3.0 platform, applied to list of metabolites identified using “human” as the specific model 

organism, allowed generation of a pathway analysis aimed at defining the relationships among them (Fig. 

21). This plot revealed that, among the pathways observed in this study, a critical role is played by the 

pyruvate and the taurine/hypotaurine pathways. 
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Figure 21. Summary of pathway analysis 

 

The detection of a few metabolites which may be related to the former pathway was not a matter of 

surprise. For example, lactate was previously shown to be present in airway secretions [131] and, based on 

experimental evidence, an increase in lactate production was found to be triggered by lung inflammation 

[132]. This allowed us to speculate that the increased lactate levels in BOS patients at different stages of 

severity could be consistent with an increased inflammatory state. The finding that the levels of a good 

number of branched chain amino acids (valine, leucine, isoleucine) was increasing with the severity of the 

disease somehow supported this hypothesis. In fact, that the amount of these amino acids secreted in BALf 

is correlated with different inflammatory states, such as sepsis, was previously demonstrated [133]. 

Taurine is also acknowledged for having a role in the regulation of cell volume, as a membrane stabilizing 

agent, and for its antioxidative, anti-inflammatory, and antiapoptotic effects [134-136]. Furthermore, the 

activity of the taurine transporter (Tau-T)  is strongly down-regulated by acidification, osmotic cell swelling, 

and exposure to reactive oxygen species (ROS). 

In summary, based on proteomic and metabolomic approaches, the release of ROS species by neutrophils 

and macrophages during inflammatory states, together with the production of eicosanoids by leukocytes, 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/taurine
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could play a role in lung injury with the consequent increase of mucus secretion and development of BOS. 

Given the clinical features of BOS 0p and BOS I patients, the fact that these cohorts can be separated much 

less efficiently than stable subjects may be considered a confirmation of data reliability. The possibility to 

include in the study also BOS II and BOS III patients would be the essential step to definitively confirm this 

speculation and to allow identifying which, among the metabolites detected, may be the best biomarker(s) 

of this disease. 

Part of this work was published on the Journal of proteome research [130]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

52 
 

CHAPTER 3 

Proteases and Anti-Proteases 
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MATERIALS AND METHODS 

 

● Reagents 

The Bicinchoninic Acid (BCA) Protein Assay kit was obtained from Thermo Scientific (Rockford, USA). 

Antibodies for detection of 1-AT and anti-mouse secondary antibodies were obtained from Abcam 

(Cambridge, UK). Antibody against Neutrophil Elastase was from Thermo Scientific (Rockford, USA). The 

standard p-nitroaniline (p-NA) and the peptide substrates MeOSuc-Ala-Ala-Pro-Val-NA and Suc-Ala-Ala-Pro-

Phe-NA used for the determination of human neutrophil elastase and cathepsin G activities were obtained 

from Bachem (Bachem GmbH, Germany). Unless otherwise stated, all other reagents were purchased from 

Sigma-Aldrich (St. Louis, MO) and were of analytical grade. Double-distilled water used for the preparation 

of all buffers and solutions  was prepared with a Millipore (Bedford, MA, USA) Milli-Q purification system. 

● AAT measurement 

AAT was measured in BAL by a rate immune nephelometric method (Immage 800 Immunochemistry System, 

Beckman-Coulter, USA). 

● BCA Protein Assay 

To obtain the exact protein concentration of each sample, the Bicinchoninic Acid (BCA) assay was applied 

[101]. Bovine serum albumin (BSA), in the range of concentration between 5 and 25 μg/ml, was the standard 

protein used to produce calibration curves.  

● Monodimensional electrophoresis (1-DE) 

An aliquot of each sample (50 µl containing 20 µg of proteins) was submitted to protein precipitation with 

trichloroacetic acid (TCA) according to the procedure of Yvon et al [137]. The pellets obtained after 

centrifugation were reconstituted in 10 μl of 50 mM Tris–HCl pH 8.3 containing 5% 2-mercaptoethanol, 2% 

sodium dodecylsulphate (SDS), 0.1% bromophenol blue (BPB) and 10% glycerol. Samples were incubated at 

90 °C for 10 min and then loaded on gel slabs.  

Electrophoresis was performed according to Laemmli [138] in 5% stacking gel and 12% running gel by applying 

a voltage of 150 V for 1 h.  

Gels were stained with ‘‘Blue silver’’ (colloidal Coomassie G-250 staining), according to Candiano et al [102].  

● Western Blotting 

Western blot (WB) analyses were performed starting from 10 µg of proteins submitted to precipitation with 

trichloroacetic acid (TCA, 1,22 M), separated by SDS-PAGE and transferred onto a Millipore polyvinyldivinyl 
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fluoride (PVDF) membrane (Billerica, MA, USA) by using a Trans Blot turbo system (BioRad). After 1h 

incubation in 5% milk (10 ml) diluted in PBS and three additional washes with PBST (10 ml), the membrane 

was incubated overnight with AAT antibody (ab9400, Abcam) at a 1:2500 dilution in 1% milk. After washing 

the membrane three times with PBST (10 ml), incubation with the secondary antibody Rabbit Anti-Mouse IgG 

H&L (HRP) (ab6728, Abcam) was carried out for 1 h at room temperature at a 1:2000 dilution in 1% milk in 

PBST. The membrane was finally washed three times with PBS and incubated in ECL Westar ηC Ultra 

(Cyanagen, Bologna, Italy) solution according to the provided protocol. Immunoblots were acquired with the 

ImageQuant LAS 4000 analyzer (GE Healthcare). The same procedure was applied for the identification of 

free and complexed HNE by using the anti HNE antibody (PA5-29659, Thermo).  

 

 

 

● In-Situ Digestion 

Enzymatic digestion of proteins was performed as previously described [103]. Briefly, the selected bands 

were carefully excised from the gel, placed into eppendorf tubes, broken into small pieces and washed with 

100 mM ammonium bicarbonate (AmBic) buffer pH 7.8 containing 50% ACN until complete destaining was 

achieved. The gel pieces were then dehydrated by adding 200 µL of ACN until they became opaque-white 

color. ACN was finally removed, gel pieces were dried under vacuum for 10 min and then rehydrated by 

adding 75 µL of 100 mM AmBic buffer pH 7.8 containing 20 ng/µL sequencing grade trypsin (Promega, 

Madison, WI, USA). The digestion was performed overnight upon incubation of the mixture at 37 ◦C and the 

resultant peptides were extracted from gel matrix by a three-step sequential treatment with 50 µL of 50% 

ACN, 5% TFA in water and finally with 100% ACN. Each extraction involved 10 min of stirring followed by 

centrifugation and removal of the supernatant. All supernatants were pooled, dried and stored at -80 °C until 

mass spectrometric analysis. At the moment of use, the peptide mixture was solubilized in 0.1% FA. 

 

● Liquid Chromatography Tandem Mass Spectrometry (LC–MS/MS) 

Analyses were performed on a liquid chromatography-mass spectrometry system (Thermo Finnigan, San 

Jose, CA, USA) consisting of a thermostated column, a surveyor auto sampler controlled at 25 ◦C, a quaternary 

gradient surveyor MS pump equipped with a diode array (DA) detector, and a linear trap quadrupole (LTQ) 

mass spectrometer with electrospray ionization (ESI) ion (Phenomenex, Torrance, CA, USA) C18 column (150 

× 2 mm, 4 µM, 90 Å particle size) using a linear gradient (2–60% solvent B in 60 min).  Solvent A consisted of 

0,1% aqueous FA and solvent B of ACN containing 0.1% FA. Flow rate was 0.2 mL/min. Mass spectra were 

generated in positive ion mode under constant instrumental conditions: source voltage 5.0 kV, capillary 

voltage 46 v, sheath gas flow 40 (arbitrary units), auxiliary gas flow 10 (arbitrary units), sweep gas flow 1 

(arbitrary units), capillary temperature 200 ◦C, tube lens voltage -105 V. MS/MS spectra, obtained by collision-
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induced dissociation (CID) studies in the linear ion trap, were performed with an isolation width of 3 Th m/z, 

the activation amplitude was 35% of ejection RF amplitude that corresponds to 1.58 V. Data processing was 

performed using Peaks studio 4.5 software. 

 

● Enzymatic assays 

The following simple colorimetric assay was utilized for the determination of HNE and  Cat G activities: 400 

µl of each sample were lyophilized, the pellet resuspended in 400 µl of incubation buffer (50 mM Tris HCl pH 

7,8 containing 500 mM NaCl) and the reaction started by adding 5 µl of the appropriate substrate (MeOSuc-

Ala-Ala-Pro-Val-NA for HNE and Suc-Ala-Ala-Pro-Phe-NA for CatG; final concentrations 2 mM and 20 mM 

respectively). The mixture was incubated at 37 °C for 10 min and the reaction was stopped by addition of 40 

µl of 0.27 M TCA. The content of nitroaniline (NA) released by peptide hydrolysis was determined by 

measuring the absorbance at 410 nm. One unit of enzyme activity was defined as the amount of enzyme 

required for the release of 1 µmol/min of NA. 
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PREMISE  

In accordance with what was discussed in the previous chapter, AAT/HNE balance plays an important role in 

homeostasis of the lung. It has been speculated that BOS results from several noxious triggers which cause 

innate/adaptive immune reactions, leading to immune activation (mainly T helper 17, Th-17) responsible for 

inducing the neutrophilic inflammation characteristic of the disorder. Given the tissue-protective and anti-

inflammatory properties of AAT, the interest in its influence in early and long-term complications post lung 

transplant has increased in recent years, also in light of the poor knowledge of complications which involve 

a high neutrophil recruitment, e.g., ischemia reperfusion injury and BOS [139-145]. 

In a healthy lung, antiproteases maintain a homeostatic balance with proteases, preventing damage that 

results from the excess of proteases activity [140, 141]. In many lung diseases, the inability of these anti-

proteases to regulate their specific proteases might contribute in part to the disease. Inherited α1-antitrypsin 

deficiency (AATD) is a clear example that the balance between proteases and antiproteases is one of the most 

important aspects of lung homeostasis. 

To get insights into this mechanism of control in BOS, possible proteomic variations in BALf from 13 lung 

transplanted patients classified as stable and BOS based on their clinical features (see paragraph 

Demographic and clinical features of patients) have been previously investigated.  

Data from electrophoretic and western blotting analyses were compared with those acquired from LC–MS. 

The neutrophil count, together with the determination of HNE and of Cat G activities provided information 

on the functionality of AAT, its balance with HNE, and its correlation to the degree and type of inflammation 

of the deep graft.  
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RESULTS 

 

The workflow of the experimental procedure is schematized in Figure 22.  

.  

 

Figure 22. Workflow of the experimental procedure. 

 

 

1) Identification of the HNE-AAT Complex 
The results of the electrophoretic runs performed on BALf of all subjects investigated are shown in Figure 23. 

Lanes 1 to 7 refer to the subjects belonging to Group 1 (Stable and BOS 0p) and 8 to 13 to those in Group 2 

(BOSII and BOSIII). It can be observed that two bands, at approximately 80 and 55 kDa, exceed in abundance 

over others.  
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Figure 23. 12.5% SDS-PAGE showing the protein profile of all the bronchoalveolar lavage fluid (BALf) samples considered. Group 1: 

lanes 1–7, Group 2: lanes 8–13 

 

 

Information on these two bands was obtained by blotting the gels on a PVDF membrane that was later 

incubated with an anti-AAT antibody. The results are shown in Figure 24.  

 

 

 

Figure 24. Western blotting with anti-AAT antibody of the same samples as in Fig 23. 

Group 1: lanes 1–7, Group 2: lanes 8–13 

 

 

Based on the presence/absence of the immune-reactive band at 80 kDa, individuals belonging to Group 1 

could be divided in two sub-classes:  subjects who did not exhibit this band (lanes 1 to 3) and those who 

showed it (lanes 4 to 7). Conversely, the image of the PVDF membrane obtained from patients belonging to 

Group 2 (lanes 8 to 13), mirrored that of the starting gel. In fact, the 80 kDa band was evident, although at 

different intensity, in all profiles, regardless of whether the BALf belonged to BOS II or BOS III patients. Based 

on the well-known molecular mass of AAT (Mr 52,0 kDa), the band at approximately 55 kDa was attributed 

to this protein. Likewise, on the basis of the sum of the theoretical molecular weights of AAT and HNE, the 

band at 80 kDa was tentatively attributed to the complex between these two proteins. While experimental 
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evidence was still lacking, the reactivity of the material under this band against the anti-AAT antibody was 

circumstantial evidence that it contained AAT. 

The presence of a band at approximately 80 kDa in SDS-PAGE had been previously observed 

only in vitro by other authors who speculated that it could correspond to the HNE-AAT complex [146, 147]. 

To definitively prove the existence of this inhibitory complex in BALf samples that showed this band, 

it was carefully excised, the protein extracted and submitted to the procedure detailed in the experimental 

section. Peptides generated from tryptic digestion were separated by LC–MS/MS and fragmentation data 

searched against the Swiss-Prot database [148, 149]. Data relative to the proteins present under the 80 kDa 

band (shown in Fig.25) allowed us to unambiguously identify both HNE and AAT [150]. The same procedure 

was applied to the band at approximately 55 kDa to confirm that it contained AAT. The data of Table 2 show 

that this band contained AAT contaminated by proteins with similar molecular weight which co-migrated 

with the former due to the resolution limits of 1D electrophoresis. Additional information concerning the 

primary sequence of all peptides identified for each protein analyzed is included in Table S4 of Supplementary 

material. 
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Figure 25.  Extraction procedure and identification of proteins under bands at 50 and 80 kDa by liquid chromatography–mass 

spectrometry (LC–MS/MS). 

 

 

Based on these data, the lack of the HNE-AAT complex in some subjects seems to be correlated with the low 

level of pulmonary inflammation. As shown below, this hypothesis is supported by the count of neutrophils 

and the determination of HNE/AAT activities in these subjects.  

 

2) Determination of AAT level and Protease Activities 

To answer the question of whether HNE had fully complexed AAT or was still partially present in BALf as a 

free, active enzyme, its activity was determined in all samples. The results summarized in Table 7 pointed 

out that significant levels of HNE activity were detectable only in BALf samples presenting the 80 kDa band 
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(Fig. 24). Conversely, the amount of AAT did not differ significantly among the samples with and without 

complex (Fig. 26). 

 

 

Table 7. Biochemical features of all samples analyzed. 

 

Sample 

# 

Clinical Classification of 

the Disorder 

AAT 

Assay  

(mg/dL) 

Neutrophil 

Count 

Elastase 

Specific 

Activity  

(mU/mg) 

Cathepsin G 

Specific Activity  

(mU/mg) 

Presence of the 80 

kDa Complex 

1 Stable 0.57* 1 n.d. ** n.d. ** NO 

2 Stable 1.00 1 0,08 n.d. NO 

3 Stable 0.32 1 n.d. n.d. NO 

4 Stable 0.79 34 0,725 n.d. YES 

5 Stable 0.37 30 1,06 0.14 YES 

6 Stable 0.40 1 n.d. n.d. YES 

7 BOS 0p 0.26 28 0,29 n.d. YES 

8 BOS II 2.50 94 4,44 0.57 YES 

9 BOS II 0.56 56 2,16 0.254  YES 

10 BOS II 0.12 40 2,98 n.d. YES 

11 BOS II 0.12 5 2,23 n.d. YES 

12 BOS III 0.13 10 n.d. n.d. YES 

13 BOSIII 0.13 15 1,56 n.d. YES 

* Values reported are the mean of three independent determinations. Standard deviation was within 5%. 

** n.d. = not detectable. 

 

Being that the Cathepsin G activity levels were lower than the LOD of the procedure, they could be 

estimated only in three samples (samples 5, 8 and 9). 

 

As shown in Figure 26, a reasonable correlation was observed between the specific activity of HNE and the 

number of neutrophils determined in all samples (Fig. 27). 
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Figure 26.  HNE activity level (a) with HNE specific activity of samples (b) and AAT average level (c).  
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Figure 27. Correlation between the specific activity of HNE and the count of neutrophils in samples analyzed 

 

3) Use of Western Blotting for HNE Detection 

The presence/absence of HNE in the BALfs of subjects investigated was checked by running the samples on 

SDS-PAGE and blotting the bands on a PVDF membrane that was incubated with anti-HNE antibody (Fig. 28). 

The absence of immune reactive bands in BALfs lacking the 80 kDa band (lanes 1 to 3) unambiguously 

demonstrated that these samples did not contain HNE. Conversely, the specimens that formed the complex 

showed the presence of two bands (lanes 4 to 13). Based on their migration on the gel, these bands were 

assigned to free and complexed HNE. Following the LC–MS procedure described above, HNE was identified 

in both bands (data not shown). 

 

 

Figure 28. Western blotting profile obtained upon incubation of all BALfs with the anti-HNE antibody. Lanes 1–3: samples not 

showing the 80 kDa band when incubated with anti-AAT. Lanes 4–13: sample showing the 80 kDa band. 
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 4) Inhibitory Capacity of AAT 

The inflammation-mediated cell oxidative stress was previously observed to inactivate in vitro AAT through 

a sort of oxidative cascade [146, 147]. This would prevent (partially or totally) its capacity to inhibit HNE. The 

efficiency of AAT towards HNE was checked in BALfs from subjects who did not show the HNE-AAT complex 

by adding exogenous HNE (2 µL; 0,2 mg/mL) to samples. After 15 min of incubation at 37 °C, an aliquot was 

submitted to SDS-PAGE and gels blotted on a PVDF membrane which was incubated with the anti-AAT 

antibody. Figure 29 illustrates the results relative to these samples before (lanes 1; 2 and 3) and after 

incubation (lanes 1 *; 2 * and 3 *). The formation of the 80 kDa band clearly indicated that the BALf sample 

was able to capture the “excess” of HNE thus suggesting that an amount of functional AAT was still present 

in these samples.  

When the same amount of exogenous HNE was added to samples which presented the complex, the 80 kDa 

band was seen to increase considerably. Figure 29 shows the results relative to a sample chosen at random 

among all available (sample #12). The results relative to other samples are shown in Figure S2 in the 

Supplementary Material. These data further support the hypothesis that AAT was functional in these 

samples. 

 

 

 

Figure 29. Western blotting of BALfs from the three patients without the 80 kDa band, before (1; 2 and 3) and after incubation with 

exogenous HNE (1 *; 2 * and 3 *). Western blotting of BALf from a patient with the 80 kDa band, before (12) and after incubation 

with exogenous HNE (12 *). 

 

 

 

 

Since the mere assay of HNE and AAT is not able to provide information on the level of activity of these 

proteins, we explored their capacity to interact. Given the inhibitory role of AAT and being neutrophil elastase 
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its main physiological target, the formation of a complex between them must be interpreted as the result of 

the protective effect of this inhibitor against the proteolytic action of the protease.  

The finding that a few samples of stable post-transplant subjects lacked this inhibitory complex was 

unexpected and opened the door to a series of questions. In fact, although the Western Blot analysis clearly 

indicated that all samples contained AAT, it did not provide information about the ability of this inhibitor to 

bind HNE in whole or in part. Thus, whether the lack of such complex in the BALf of the mentioned subjects 

should be ascribed to their pathological state, i.e., the low level of pulmonary inflammation, remained a 

speculation. In fact, while protease activity was undetectable in patients with a low level of lung 

inflammation, the formation of the complex could also have been prevented by possible inactivation 

processes at the expense of AAT occurring in the lungs of these individuals. This latter hypothesis was denied 

by the addition to the above samples of exogenous HNE, which lead to the formation of the complex. Instead, 

our findings supported the assumption that AAT was, at least in part, functional. 

This result arouses a major question. On the assumption that any pathological condition leads to a number 

of pulmonary physiological changes, could this complex be considered a biomarker of lung status? It seems 

logical to argue that free HNE would be a marker of the degree of injury more relevant than the complex. In 

fact, if the rate of formation of AAT–HNE complexes is limited by the amount of available AAT, then it would 

be easier to measure NE in excess in the lung. The fact that free elastase in inflamed tissues can only be 

detected if it is present in excess over AAT activity or if this anti-elastolytic function has been somehow 

modified, was previously observed by other authors [151, 152]. This is not the case of the patients under 

investigation. In fact, given that both the initial lack of the complex and its formation by addition of exogenous 

HNE cannot reflect with certainty an excess of the protease, our results point to a different conclusion. The 

unifying view that apparently emerges from these data is that not necessarily all recipients classified as 

“stable” based on their clinical/functional status, display the same conditions at a molecular level.  

The neutrophil count and detection of active HNE in tissues and fluids recovered from inflammatory sites 

might represent a critical step in tissue pathogenesis. In fact, significantly lower neutrophil levels in BALf from 

healthy subjects compared to BOS patients and the tendency of both HNE activity and the concentration of 

HNE-AAT complex to increase in these latter, had been previously observed [152]. Neutrophils produce 

antioxidants and are indispensable in forming the first line of defense during infection.  

Knowledge about the complications of high neutrophil recruitment is still poor and bronchoscopy with 

bronchoalveolar lavage seems to be the best diagnostic approach to investigate the local alterations at 

bronchial and alveolar levels. As shown in Table 7, while the number of neutrophils was very low in the BALf 

of the three stable individuals who did not present free elastase activity or complex formation, these numbers 

and the HNE activity were increasing along with the severity of the disease.  

Obviously, these data do not allow us to exclude that the lack of formation of the complex in some of our 

BALf samples was due to AAT modifications that made it unable to completely inhibit neutrophil elastase 
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activity. However, the addition of exogenous HNE to samples not showing the 80 kDa band and the 

consequent formation of this complex seemed to show the functionality of AAT present in these samples. 

The great increase observed in the 80 kDa band by addition of exogenous HNE was a further evidence that 

this hypothesis was most likely correct.  

The results of our study allowed us to demonstrate, for the first time, that not all BALf samples contain the 

complex between HNE and its specific inhibitor AAT. This could indeed represent a new frontier in the field 

of biomarker discovery of lung inflammation in subjects with HNE/AAT unbalance. 

While being obtained on a small number of samples, these results are indeed intriguing. If confirmed on a 

larger cohort of individuals, they would allow us to consider the AAT-HNE complex a reliable marker of 

pulmonary inflammation. 
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CHAPTER 4 

Current Studies 
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Aα(Val360) – A Fibrinogen-Derived Neoepitope Marker of Human Neutrophil 

Elastase Activity 

Alpha-1-antitrypsin deficiency is the only recognized genetic risk factor for chronic obstructive pulmonary 

disease, a leading cause of morbidity and mortality worldwide. The development of this lung disease is driven 

by a proteinase/anti-proteinase imbalance, in particular neutrophil elastase is considered to play an 

important role in disease pathogenesis. However, since its activity is inhibited within the neutrophil 

microenvironment, the direct confirmation of its role is difficult.  

The direct measurement of extracellular elastase activity is difficult due to the following reasons: 

• The released enzyme binds to substrate and to plasma proteinase inhibitors almost immediately 

upon its release from neutrophils 

• Detection by immunoassays is not able to distinguish between free enzyme and enzyme bound to 

inhibitors 

• Analysis of enzyme-inhibitor levels has the disadvantage to detect only the inactivated enzyme 

 

Alternative assay procedures dependent upon the detection of specific HNE cleavage products have thus 

been pursued. 

While the main target for extracellular elastase is elastin, the main intercellular physiological function of 

neutrophil elastase is the degradation of foreign organic molecules phagocytosed by neutrophils. By 

degrading almost all extracellular matrix and key plasma proteins, HNE is the most destructive enzyme. In 

addition to elastin and extra-cellular matrix proteins, neutrophil elastase is known to degrade types I–IV 

collagen, proteoglycan, fibronectin, platelet IIb/IIIa receptor, complement receptor, thrombomodulin, lung 

surfactant, and cadherins. [153, 154]. Moreover, it possesses fibrinogenolytic capacity, with a high 

susceptibility towards degradation of the Aα-chain. [155].  

Human fibrinogen (FBN) is a heterodimeric glycoprotein consisting of 3 non-identical chains, Aα, Bβ and ƴ. It 

has been recognized as a COPD biomarker [156]. As shown in Fig.30, elastase cleaves human fibrinogen at 

multiple sites: Aa (Val21), Aa (Val360), Aa (Thr568). The Aa (Val360) signal is present in all normal human plasma 

samples assayed to date and is elevated in cystic fibrosis plasma samples. 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0014299902021829?via%3Dihub#!
https://www.atsjournals.org/author/LEE%2C+WARREN+L
https://www.sciencedirect.com/science/article/pii/S0049384898001212?via%3Dihub#!
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Figure 30. Cleavage sites of Human fibrinogen Aα Chain 

 

Cartel et al. have developed a unique assay based on the detection of HNE-specific fibrinogen degradation 

product (Aα-Val360) [157]. They have demonstrated that the amount of this fragment is significantly greater 

in plasma of subjects with AAT deficiency than in healthy controls, indicating an imbalance in vivo in the 

protease/antiprotease ratio at sites of inflammation where fibrinogen is deposited. Therefore, Aα(Val360) 

may be considered a tool for identifying subjects with progressive disease at an early stage and as a 

measurement of the emphysematous status.  

To generate this cleavage product, FBN (200 nmol) was incubated with HNE (1 nmol) for 1 h at 37ºC.  From 

among the several fractions separated by HPLC (Fig. 31), the Aα(Val360) fraction was collected and its purity 

demonstrated by chromatography [158]. 

 

 

Figure 31. Generation of Multiple Cleavage Products from Human Fibrinogen by HNE 

 

 

There is evidence that the Aa (Val360) Neoepitope is a time dependent product of the HNE-FBN incubation 

(Fig. 32). 
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Figure 32. Incubation of human fibrinogen and HNE as a function of time at an 

 enzyme ratio of 1:250 

 
 

To detect Aα-Val360 in biological fluids Cartel et al developed an antiserum against this specific FBN 

neoepitope. To this purpose they submitted rabbits to an immunization protocol with Thyroglobulin-

CJTSESSV (Fig. 33) to produce specific Ab against Aα-Val360 on the Aα chain of fibrinogen. 

 

 

 

 
 

Figure 33. Thyroglobulin-CJTSESSV employed to develop the specific Ab against Aα-Val360 
 
 
 
 
 

 
The results of this experiment are shown in the western blotting of Figure 34. 
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Figure 34. Western Blotting to confirm the production of the specific Ab against  Aα-Val360  

 

 
A specific and sensitive assay is crucial to detect the low levels of Aα-Val360.  

To this purpose, I have spent three months at the laboratory of Dr. Stolk, head of the Department of 

Pulmonology, Leiden University Medical Center (NL) to use a DELFIA® immunoassay, a suitable alternative to 

traditional ELISA, in which the use of an enzyme is not required.  

The technical procedure is shown in Figure 35: 
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Figure 35. Technical protocol of DELFIA assay 

 

 

DELFIA® Enhancement Solution is used to create a fluorescent Europium chelate for measuring DELFIA time-

resolved fluorescence (TRF) assays as show in Fig. 36. The chelates have been developed from three 

lanthanides with spectra clearly distinguishable based on decay time and wavelength. The narrow emission 

peak is 613 nm for Europium (Eu). 

 

 

Figure 36. comparison between DELFIA and ELISA assays 

 

These preliminary experiments were aimed to develop the appropriate experimental conditions for 

measuring Aα-Val360 in plasma samples obtained from healthy controls (n=10) and AATD patients (n=23). 

The results shown in Figure 37 evidence that significant differences between the two cohorts could be 

identified.  
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Figure 37. Aα360 Levels in Human Plasma 

 

Based on these encouraging results, the intention would be to apply the same approach on BALf samples 

from lung transplant patients to detect Aα-Val360 as a new biomarker of HNE activity and to perform new 

western blotting to validate the procedure. 

As compared to colorimetric ELISA, the DELFIA has a 10-fold enhancement of sensitivity and this increase 

allows for the use of lower sample volumes per well and will certainly be useful for those researchers who 

need to quantitate low levels of this fibrinopeptide.  
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AAT augmentation therapy 

Although currently BOS has no effective therapies, what matters to patients (and doctors) is to stop or slow 

down the decline of FEV1 [94, 159, 160]. To this purpose, future treatments will have to make use of 

combinations of drugs and treatments that, as much as possible, prevent the onset of the disease or stabilize 

it once established. Current therapies are aimed at reducing exposure to risk factors such as infection and 

production of autoantibodies and anti-HLA antibodies. 

Alpha-1 antitrypsin augmentation therapy (<11 μmol/L) was developed, since the late nineties, originally for 

patients with chronic obstructive pulmonary disease associated with AAT deficiency (161, 162). Cost 

effectiveness of intravenous augmentation therapy needs to be improved and, to slow down the FEV1 

decline, aerosol administration is the most suitable candidate to counteract proteolytic tissue damage. 

Inhalation therapy is painless and relatively convenient and offers the opportunity for easier and more 

efficient delivery of AAT directly to the respiratory system [163]. 

As known, AAT deficiency is not the only condition characterized by neutrophilic inflammation and increased 

proteolytic activity. This was the rationale for hypothesizing that inhaled AAT in the airspaces could improve, 

slow or stop the progression of bronchiectasis in BOS patients.  

Our proposal is that the “best” BOS stage should be selected to start with the administration of Alpha-1 

antitrypsin. Obviously, only an appropriate longitudinal analysis of patients that develop BOS disease could 

answer this question. 

A preliminary longitudinal study on 14 patients confirmed that the formation of AAT-HNE complex was 

concomitant with the level of severity of BOS. Based on these data, it can be speculated that BOS I is the most 

appropriate stage for Alpha-1 antitrypsin administration. Being this stage characterized by possible 

reversibility of pulmonary alterations, it could represent a good starting point for treatment of patients. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

https://context.reverso.net/traduzione/inglese-italiano/no
https://context.reverso.net/traduzione/inglese-italiano/therapies
https://context.reverso.net/traduzione/inglese-italiano/slow+down+the
https://context.reverso.net/traduzione/inglese-italiano/decline
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Figure S1. 147 differentially expressed proteins: 35 were the distinct proteins that resulted differentially expressed between stable 
and BOS 0p subjects (figure S1 panel a); 54 between Stable and BOS1 (figure S1 panel b); 58 between stable and BOS II + BOS III 

(figure S1 panel c). 
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Table S1. Distinct proteins that resulted differentially expressed between stable and BOS 0p subjects 

 

 

 

Table S2. Distinct proteins that resulted differentially expressed between stable and BOS I 

 

Reference Accession DAVE_ DCI_

Protein S100-A9 OS=Homo sapiens OX=9606 GN=S100A9 PE=1 SV=1 P06702 1,86 27

Immunoglobulin heavy constant mu (Fragment) OS=Homo sapiens OX=9606 GN=IGHM PE=1 SV=1 A0A1B0GUU9 1,65 37

Immunoglobulin heavy constant gamma 1 (Fragment) OS=Homo sapiens OX=9606 GN=IGHG1 PE=1 SV=1 A0A0A0MS08 1,31 6775

Keratin, type I cytoskeletal 9 OS=Homo sapiens OX=9606 GN=KRT9 PE=1 SV=3 P35527 1,19 13

Leucine-rich alpha-2-glycoprotein OS=Homo sapiens OX=9606 GN=LRG1 PE=1 SV=2 P02750 1,14 30

Immunoglobulin heavy constant gamma 3 (Fragment) OS=Homo sapiens OX=9606 GN=IGHG3 PE=1 SV=1 A0A286YES1 1,11 302

Immunoglobulin heavy constant gamma 2 (Fragment) OS=Homo sapiens OX=9606 GN=IGHG2 PE=1 SV=1 A0A286YEY4 0,99 381

Fibrinogen gamma chain OS=Homo sapiens OX=9606 GN=FGG PE=1 SV=1 C9JC84 0,95 12

Immunoglobulin heavy constant gamma 4 (Fragment) OS=Homo sapiens OX=9606 GN=IGHG4 PE=1 SV=1 A0A286YFJ8 0,87 87

Mesothelin (Fragment) OS=Homo sapiens OX=9606 GN=MSLN PE=1 SV=1 H3BUX1 0,80 12

Histidine-rich glycoprotein OS=Homo sapiens OX=9606 GN=HRG PE=1 SV=1 P04196 0,76 13

Fibrinogen beta chain OS=Homo sapiens OX=9606 GN=FGB PE=1 SV=2 P02675 0,75 19

Immunoglobulin kappa constant OS=Homo sapiens OX=9606 GN=IGKC PE=1 SV=2 P01834 0,74 2087

Galectin-3-binding protein OS=Homo sapiens OX=9606 GN=LGALS3BP PE=1 SV=1 Q08380 0,70 12

Serum albumin OS=Homo sapiens OX=9606 GN=ALB PE=1 SV=2 P02768 0,66 16321

Hemopexin OS=Homo sapiens OX=9606 GN=HPX PE=1 SV=2 P02790 0,48 445

Actin, cytoplasmic 1 OS=Homo sapiens OX=9606 GN=ACTB PE=1 SV=1 P60709 -0,56 -131

Beta-actin-like protein 2 OS=Homo sapiens OX=9606 GN=ACTBL2 PE=1 SV=2 Q562R1 -0,57 -28

Complement C3 OS=Homo sapiens OX=9606 GN=C3 PE=1 SV=2 P01024 -0,60 -1407

Alpha-1-antitrypsin OS=Homo sapiens OX=9606 GN=SERPINA1 PE=1 SV=3 P01009 -0,61 -1759

Actin, alpha cardiac muscle 1 OS=Homo sapiens OX=9606 GN=ACTC1 PE=1 SV=1 P68032 -0,62 -41

ITIH4 protein OS=Homo sapiens OX=9606 GN=ITIH4 PE=1 SV=1 B7ZKJ8 -0,70 -18

Hemoglobin subunit alpha OS=Homo sapiens OX=9606 GN=HBA1 PE=1 SV=2 P69905 -0,71 -42

Plasma protease C1 inhibitor OS=Homo sapiens OX=9606 GN=SERPING1 PE=1 SV=2 P05155 -0,71 -42

Polymeric immunoglobulin receptor OS=Homo sapiens OX=9606 GN=PIGR PE=1 SV=4 P01833 -0,74 -225

Transthyretin OS=Homo sapiens OX=9606 GN=TTR PE=1 SV=1 P02766 -0,77 -38

Hemoglobin subunit beta OS=Homo sapiens OX=9606 GN=HBB PE=1 SV=2 P68871 -0,80 -205

Hemoglobin subunit delta (Fragment) OS=Homo sapiens OX=9606 GN=HBD PE=1 SV=1 E9PEW8 -0,86 -49

POTE ankyrin domain family member F OS=Homo sapiens OX=9606 GN=POTEF PE=1 SV=2 A5A3E0 -0,88 -20

Annexin A2 OS=Homo sapiens OX=9606 GN=ANXA2 PE=1 SV=2 P07355 -1,00 -11

Intercellular adhesion molecule 1 OS=Homo sapiens OX=9606 GN=ICAM1 PE=1 SV=2 P05362 -1,30 -19

BPI fold-containing family B member 1 OS=Homo sapiens OX=9606 GN=BPIFB1 PE=1 SV=1 Q8TDL5 -1,57 -62

Uteroglobin OS=Homo sapiens OX=9606 GN=SCGB1A1 PE=1 SV=1 P11684 -1,72 -247

Uteroglobin OS=Homo sapiens OX=9606 GN=SCGB1A1 PE=1 SV=1 E9PN95 -1,72 -159
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Table S3. Distinct proteins that resulted differentially expressed between stable and BOS II/III 

 

Reference Accession DAVE_ DCI_

Leucine-rich alpha-2-glycoprotein OS=Homo sapiens OX=9606 GN=LRG1 PE=1 SV=2 P02750 1,45 31

Immunoglobulin heavy constant mu (Fragment) OS=Homo sapiens OX=9606 GN=IGHM PE=1 SV=1 A0A1B0GUU9 1,39 36

Fibrinogen gamma chain OS=Homo sapiens OX=9606 GN=FGG PE=1 SV=1 C9JC84 1,27 14

Fibronectin OS=Homo sapiens OX=9606 GN=FN1 PE=1 SV=4 P02751 1,16 63

Immunoglobulin heavy constant gamma 1 (Fragment) OS=Homo sapiens OX=9606 GN=IGHG1 PE=1 SV=1 A0A0A0MS08 1,16 6577

Fibrinogen beta chain OS=Homo sapiens OX=9606 GN=FGB PE=1 SV=2 P02675 1,08 22

Immunoglobulin heavy constant gamma 3 (Fragment) OS=Homo sapiens OX=9606 GN=IGHG3 PE=1 SV=1 A0A286YES1 1,07 299

Alpha-2-macroglobulin OS=Homo sapiens OX=9606 GN=A2M PE=1 SV=3 P01023 1,04 180

Histidine-rich glycoprotein OS=Homo sapiens OX=9606 GN=HRG PE=1 SV=1 P04196 1,03 14

Alpha-1B-glycoprotein OS=Homo sapiens OX=9606 GN=A1BG PE=1 SV=4 P04217 0,87 45

Immunoglobulin heavy constant gamma 4 (Fragment) OS=Homo sapiens OX=9606 GN=IGHG4 PE=1 SV=1 A0A286YFJ8 0,81 84

Immunoglobulin heavy constant gamma 2 (Fragment) OS=Homo sapiens OX=9606 GN=IGHG2 PE=1 SV=1 A0A286YEY4 0,76 343

Haptoglobin OS=Homo sapiens OX=9606 GN=HP PE=1 SV=1 P00738 0,73 184

Immunoglobulin kappa constant OS=Homo sapiens OX=9606 GN=IGKC PE=1 SV=2 P01834 0,70 2028

Mesothelin (Fragment) OS=Homo sapiens OX=9606 GN=MSLN PE=1 SV=1 H3BUX1 0,68 11

Alpha-1-antichymotrypsin OS=Homo sapiens OX=9606 GN=SERPINA3 PE=1 SV=2 P01011 0,63 20

Hemopexin OS=Homo sapiens OX=9606 GN=HPX PE=1 SV=2 P02790 0,53 467

Apolipoprotein A-I OS=Homo sapiens OX=9606 GN=APOA1 PE=1 SV=1 P02647 0,44 303

Protein S100-A9 OS=Homo sapiens OX=9606 GN=S100A9 PE=1 SV=1 P06702 0,43 16

Alpha-1-antitrypsin OS=Homo sapiens OX=9606 GN=SERPINA1 PE=1 SV=1 A0A024R6I7 -0,41 -934

Complement C4-A OS=Homo sapiens OX=9606 GN=C4A PE=1 SV=1 A0A140TA32 -0,41 -167

Pulmonary surfactant-associated protein A2 OS=Homo sapiens OX=9606 GN=SFTPA2 PE=1 SV=1 Q8IWL1 -0,43 -331

Keratin, type I cytoskeletal 9 OS=Homo sapiens OX=9606 GN=KRT9 PE=1 SV=3 P35527 -0,45 -22

Complement C4-B OS=Homo sapiens OX=9606 GN=C4B PE=1 SV=2 P0C0L5 -0,49 -222

Gelsolin OS=Homo sapiens OX=9606 GN=GSN PE=1 SV=1 P06396 -0,52 -13

Alpha-1-antitrypsin OS=Homo sapiens OX=9606 GN=SERPINA1 PE=1 SV=3 P01009 -0,55 -1481

Galectin-3-binding protein OS=Homo sapiens OX=9606 GN=LGALS3BP PE=1 SV=1 Q08380 -0,59 -39

Beta-actin-like protein 2 OS=Homo sapiens OX=9606 GN=ACTBL2 PE=1 SV=2 Q562R1 -0,66 -37

Hemoglobin subunit alpha OS=Homo sapiens OX=9606 GN=HBA1 PE=1 SV=2 P69905 -0,67 -38

Complement C3 OS=Homo sapiens OX=9606 GN=C3 PE=1 SV=2 P01024 -0,75 -2201

Actin, cytoplasmic 1 OS=Homo sapiens OX=9606 GN=ACTB PE=1 SV=1 P60709 -0,76 -239

Hemoglobin subunit beta OS=Homo sapiens OX=9606 GN=HBB PE=1 SV=2 P68871 -0,80 -205

Actin, alpha cardiac muscle 1 OS=Homo sapiens OX=9606 GN=ACTC1 PE=1 SV=1 P68032 -0,80 -72

Keratin, type II cytoskeletal 1 OS=Homo sapiens OX=9606 GN=KRT1 PE=1 SV=6 P04264 -0,81 -92

POTE ankyrin domain family member F OS=Homo sapiens OX=9606 GN=POTEF PE=1 SV=2 A5A3E0 -0,85 -18

Hemoglobin subunit delta (Fragment) OS=Homo sapiens OX=9606 GN=HBD PE=1 SV=1 E9PEW8 -0,86 -49

Annexin A1 OS=Homo sapiens OX=9606 GN=ANXA1 PE=1 SV=2 P04083 -0,88 -70

CD44 antigen OS=Homo sapiens OX=9606 GN=CD44 PE=1 SV=3 P16070 -0,89 -11

Polymeric immunoglobulin receptor OS=Homo sapiens OX=9606 GN=PIGR PE=1 SV=4 P01833 -0,89 -355

Transthyretin OS=Homo sapiens OX=9606 GN=TTR PE=1 SV=1 P02766 -0,96 -67

Plastin-2 OS=Homo sapiens OX=9606 GN=LCP1 PE=1 SV=6 P13796 -1,05 -19

Plasma protease C1 inhibitor OS=Homo sapiens OX=9606 GN=SERPING1 PE=1 SV=2 P05155 -1,09 -134

Annexin A2 OS=Homo sapiens OX=9606 GN=ANXA2 PE=1 SV=2 P07355 -1,34 -34

Annexin A5 OS=Homo sapiens OX=9606 GN=ANXA5 PE=1 SV=2 P08758 -1,35 -36

Intercellular adhesion molecule 1 OS=Homo sapiens OX=9606 GN=ICAM1 PE=1 SV=2 P05362 -1,43 -32

Vimentin OS=Homo sapiens OX=9606 GN=VIM PE=1 SV=4 P08670 -1,59 -68

Uncharacterized protein OS=Homo sapiens OX=9606 PE=4 SV=1 A0A087WZY1 -1,60 -72

BPI fold-containing family B member 1 OS=Homo sapiens OX=9606 GN=BPIFB1 PE=1 SV=1 Q8TDL5 -1,66 -104

Basic salivary proline-rich protein 2 OS=Homo sapiens OX=9606 GN=PRB2 PE=1 SV=3 P02812 -1,70 -35

Uteroglobin OS=Homo sapiens OX=9606 GN=SCGB1A1 PE=1 SV=1 P11684 -1,76 -344

Uteroglobin OS=Homo sapiens OX=9606 GN=SCGB1A1 PE=1 SV=1 E9PN95 -1,77 -227

Alpha-amylase 2B OS=Homo sapiens OX=9606 GN=AMY2B PE=1 SV=1 P19961 -1,80 -309

Alpha-amylase 1 OS=Homo sapiens OX=9606 GN=AMY1A PE=1 SV=2 P04745 -1,80 -522
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Reference Accession DAVE_ DCI_

Pigment epithelium-derived factor OS=Homo sapiens OX=9606 GN=SERPINF1 PE=1 SV=4 P36955 2,00 11

Histidine-rich glycoprotein OS=Homo sapiens OX=9606 GN=HRG PE=1 SV=1 P04196 2,00 16

Fibronectin OS=Homo sapiens OX=9606 GN=FN1 PE=1 SV=4 P02751 1,92 68

Fibrinogen gamma chain OS=Homo sapiens OX=9606 GN=FGG PE=1 SV=1 C9JC84 1,82 14

Mesothelin (Fragment) OS=Homo sapiens OX=9606 GN=MSLN PE=1 SV=1 H3BUX1 1,82 14

Leucine-rich alpha-2-glycoprotein OS=Homo sapiens OX=9606 GN=LRG1 PE=1 SV=2 P02750 1,76 32

Vitamin D-binding protein OS=Homo sapiens OX=9606 GN=GC PE=1 SV=1 D6RF35 1,54 29

Alpha-1B-glycoprotein OS=Homo sapiens OX=9606 GN=A1BG PE=1 SV=4 P04217 1,42 52

Hemopexin OS=Homo sapiens OX=9606 GN=HPX PE=1 SV=2 P02790 1,32 679

Fibrinogen beta chain OS=Homo sapiens OX=9606 GN=FGB PE=1 SV=2 P02675 1,29 23

cDNA FLJ55673, highly similar to Complement factor B (EC 3.4.21.47) OS=Homo sapiens OX=9606 PE=1 SV=1 B4E1Z4 1,23 88

Alpha-1-antichymotrypsin OS=Homo sapiens OX=9606 GN=SERPINA3 PE=1 SV=2 P01011 1,23 25

Haptoglobin OS=Homo sapiens OX=9606 GN=HP PE=1 SV=1 P00738 1,22 221

Immunoglobulin heavy constant mu (Fragment) OS=Homo sapiens OX=9606 GN=IGHM PE=1 SV=1 A0A1B0GUU9 1,18 35

Apolipoprotein A-I OS=Homo sapiens OX=9606 GN=APOA1 PE=1 SV=1 P02647 1,14 474

Complement C4-A OS=Homo sapiens OX=9606 GN=C4A PE=1 SV=1 A0A140TA32 1,01 114

Immunoglobulin heavy constant gamma 1 (Fragment) OS=Homo sapiens OX=9606 GN=IGHG1 PE=1 SV=1 A0A0A0MS08 0,98 6250

Complement C4-B OS=Homo sapiens OX=9606 GN=C4B PE=1 SV=2 P0C0L5 0,98 113

Actin, alpha cardiac muscle 1 OS=Homo sapiens OX=9606 GN=ACTC1 PE=1 SV=1 P68032 0,96 14

Immunoglobulin heavy constant gamma 3 (Fragment) OS=Homo sapiens OX=9606 GN=IGHG3 PE=1 SV=1 A0A286YES1 0,94 287

Ceruloplasmin OS=Homo sapiens OX=9606 GN=CP PE=1 SV=1 P00450 0,90 213

Immunoglobulin heavy constant gamma 2 (Fragment) OS=Homo sapiens OX=9606 GN=IGHG2 PE=1 SV=1 A0A286YEY4 0,89 367

Immunoglobulin heavy constant gamma 4 (Fragment) OS=Homo sapiens OX=9606 GN=IGHG4 PE=1 SV=1 A0A286YFJ8 0,89 88

Beta-actin-like protein 2 OS=Homo sapiens OX=9606 GN=ACTBL2 PE=1 SV=2 Q562R1 0,86 11

Alpha-1-antitrypsin OS=Homo sapiens OX=9606 GN=SERPINA1 PE=1 SV=1 A0A024R6I7 0,84 602

Actin, cytoplasmic 1 OS=Homo sapiens OX=9606 GN=ACTB PE=1 SV=1 P60709 0,84 50

Alpha-1-antitrypsin OS=Homo sapiens OX=9606 GN=SERPINA1 PE=1 SV=3 P01009 0,83 577

Serum albumin OS=Homo sapiens OX=9606 GN=ALB PE=1 SV=2 P02768 0,78 17724

Alpha-2-macroglobulin OS=Homo sapiens OX=9606 GN=A2M PE=1 SV=3 P01023 0,76 160

Immunoglobulin kappa constant OS=Homo sapiens OX=9606 GN=IGKC PE=1 SV=2 P01834 0,60 1880

Serotransferrin OS=Homo sapiens OX=9606 GN=TF PE=1 SV=3 P02787 0,55 362

Complement C3 OS=Homo sapiens OX=9606 GN=C3 PE=1 SV=2 P01024 0,52 378

Immunoglobulin lambda-like polypeptide 5 OS=Homo sapiens OX=9606 GN=IGLL5 PE=1 SV=1 A0A0B4J231 0,45 22

Hemoglobin subunit beta OS=Homo sapiens OX=9606 GN=HBB PE=1 SV=2 P68871 0,43 27

Immunoglobulin heavy constant alpha 1 (Fragment) OS=Homo sapiens OX=9606 GN=IGHA1 PE=1 SV=1 A0A286YEY1 -0,55 -315

Transthyretin OS=Homo sapiens OX=9606 GN=TTR PE=1 SV=1 P02766 -0,75 -36

Immunoglobulin heavy constant alpha 2 (Fragment) OS=Homo sapiens OX=9606 GN=IGHA2 PE=1 SV=1 A0A0G2JMB2 -0,75 -279

Keratin, type II cytoskeletal 1 OS=Homo sapiens OX=9606 GN=KRT1 PE=1 SV=6 P04264 -0,81 -92

Protein S100-A9 OS=Homo sapiens OX=9606 GN=S100A9 PE=1 SV=1 P06702 -1,00 -215

Annexin A1 OS=Homo sapiens OX=9606 GN=ANXA1 PE=1 SV=2 P04083 -1,01 -104

Deleted in malignant brain tumors 1 protein OS=Homo sapiens OX=9606 GN=DMBT1 PE=1 SV=2 Q9UGM3 -1,18 -20

Uteroglobin OS=Homo sapiens OX=9606 GN=SCGB1A1 PE=1 SV=1 P11684 -1,27 -27

Uncharacterized protein OS=Homo sapiens OX=9606 PE=4 SV=1 A0A087WZY1 -1,36 -24

Uteroglobin OS=Homo sapiens OX=9606 GN=SCGB1A1 PE=1 SV=1 E9PN95 -1,36 -24

Keratin, type II cytoskeletal 6A OS=Homo sapiens OX=9606 GN=KRT6A PE=1 SV=3 P02538 -1,51 -11

Mucin-5B OS=Homo sapiens OX=9606 GN=MUC5B PE=1 SV=3 Q9HC84 -1,58 -147

Alpha-amylase 1 OS=Homo sapiens OX=9606 GN=AMY1A PE=1 SV=2 P04745 -1,60 -111

Alpha-amylase 2B OS=Homo sapiens OX=9606 GN=AMY2B PE=1 SV=1 P19961 -1,60 -71

Basic salivary proline-rich protein 2 OS=Homo sapiens OX=9606 GN=PRB2 PE=1 SV=3 P02812 -1,63 -21

Myeloperoxidase OS=Homo sapiens OX=9606 GN=MPO PE=1 SV=1 P05164 -1,63 -47

Mucin-5AC OS=Homo sapiens OX=9606 GN=MUC5AC PE=1 SV=4 P98088 -1,69 -189

BPI fold-containing family B member 1 OS=Homo sapiens OX=9606 GN=BPIFB1 PE=1 SV=1 Q8TDL5 -1,78 -252

Protein S100-A8 OS=Homo sapiens OX=9606 GN=S100A8 PE=1 SV=1 P05109 -1,82 -94

Lactotransferrin OS=Homo sapiens OX=9606 GN=LTF PE=1 SV=6 P02788 -1,87 -47

Histone H4 OS=Homo sapiens OX=9606 GN=HIST1H4A PE=1 SV=2 P62805 -2,00 -11

Keratin, type II cytoskeletal 4 OS=Homo sapiens OX=9606 GN=KRT4 PE=1 SV=4 P19013 -2,00 -10

Annexin A3 OS=Homo sapiens OX=9606 GN=ANXA3 PE=1 SV=3 P12429 -2,00 -14
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Table S4. Primary sequence of all peptides identified for each protein 

 
 

 

 

 
Figure S2. Western blotting of BALf from patients with the 80 kDa band before and after incubation with exogenous HNE* (left to 

right in both panels). 
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Abstract: The neutrophilic component in bronchiolitis obliterans syndrome (BOS, the main form  of chronic lung rejection), plays a 

crucial role in the pathogenesis and maintenance of the disorder. Human Neutrophil Elastase (HNE), a serine protease responsible of 

elastin degradation whose action is counteracted by α1-antitrypsin (AAT), a serum inhibitor specific for this protease. This work aimed to 

investigate the relationship between HNE and AAT in bronchoalveolar lavage fluid (BALf) from stable lung transplant recipients and 

BOS patients to understand whether the imbalance between proteases and inhibitors is relevant to the development of BOS. To reach 

this goal a multidisciplinary procedure was applied which included: (i) the use of electrophoresis/western blotting coupled with liquid 

chromatography-mass spectrometric analysis; (ii) the functional evaluation of the residual antiprotease activity, and (iii) a neutrophil 

count. The results of these experiments demonstrated, for the first time, the presence of the complex between HNE and AAT in a 

number of BALf samples. The lack of this complex in a few specimens analyzed was investigated in relation to a patient’s lung 

inflammation. The neutrophil count and the determination of HNE and AAT activities allowed us to speculate that the presence of the 

complex correlated with the level of lung inflammation. 

 
Keywords: alpha 1-antitrypsin; bronchoalveolar lavage fluid; bronchiolitis obliterans syndrome; neutrophils; elastase; lung 

 

 

1. Introduction 

Much of the lung destruction in acute and chronic lung diseases is caused by the deleterious activities of multiple proteases, 

among which human neutrophil elastase (HNE) is the serine protease mostly responsible of elastin degradation [1,2]. HNE is a serine 

protease secreted by neutrophils and it was shown to orchestrate inflammation through the activation of cathepsin B and matrix 

metalloprotease 2 (MMP-2) whose upregulation contributes to pulmonary infection and tissue 
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destruction [3,4]. Given this role of HNE, it can be postulated that its neutralization with a specific anti-protease would automatically 

inhibit the upregulation of other proteases, thus lessening the overall protease burden. This could prevent/decrease lung destruction and 

contribute to the restoration of lung host defense [3]. The specific inhibitor of HNE is α1-antitrypsin (AAT), a 52 kDa glycoprotein mainly 

produced and secreted (70–80%) by hepatocytes. In small amounts, it is also synthesized by monocytes, macrophages, pulmonary 

alveolar cells and by intestinal and corneal epithelium [5–8]. AAT provides more than 90% of the anti-proteinase activity in human serum, 

the remaining 10% being provided by β-2 macroglobulin. Inherited α1-antitrypsin deficiency (AATD) is a clear example that the balance 

between proteases and antiproteases is one of the most important aspects of lung homeostasis. Being that the increased levels of HNE 

positively correlated with the severity of emphysema, a careful monitoring of the ratio between the amount of protease and its specific 

inhibitor is vital for these patients [9,10]. 

Despite the high specificity of AAT  for HNE, additional skills which support the key role of    this inhibitor in regulating inflammatory 

response have recently been evidenced. Numerous reports, in fact, have shown its ability to neutralize a broad range of other serine 

proteases and different classes of proteases, which include proteinase-3, myeloperoxidase, cathepsin G (Cat. G), metalloproteases and 

cysteine-aspartic proteases [11–17]. 

The role of the AAT/HNE balance in homeostasis of the lung was investigated by Pajdak et al. [14] by means of an immune-

electrophoretic procedure. This approach allowed researchers to observe the presence of AAT-HNE complexes in bronchoalveolar 

lavage fluid (BALf) from patients with inflammatory lung disease, asthma and lung cancer. 

More recently, both HNE activity and AAT concentration have been quantified by Hirsch et al. [16] in a cohort of lung transplant recipients 

by means of a titration assay and an enzyme-linked immunosorbent assay (ELISA). Their study was focused on the possible role of 

alterations in antiprotease defense and of oxidant activities for the pathogenesis of chronic rejection after lung transplantation, an 

increasingly widely applied therapy for end-stage  lung  diseases  in  the  past two decades. 

Long-term survival of a lung graft is hampered by the occurrence of chronic lung allograft dysfunction (CLAD) that occurs in 

nearly 50% of patients by the fifth post-transplant (Tx) year [17]. 

According to a recent classification, CLAD presents two major clinical phenotypes: the so-called obstructive form of bronchiolitis 

obliterans syndrome (BOS, nearly 70% of cases) [18], and the newly-described restrictive allograft syndrome (RAS) [19,20]. While 

being the most frequent one, the exact pathogenesis of BOS is still unknown, although the neutrophilic component seems to play a 

significant role in the maintenance of this condition. It has been speculated that BOS results from several noxious triggers which cause 

innate/adaptive immune reactions, leading to immune activation (mainly T helper 17, Th-17) responsible for inducing the neutrophilic 

inflammation characteristic of the disorder. Given the tissue-protective and anti-inflammatory properties of AAT, the interest in its 

influence in early and long-term complications post lung transplant has increased in recent years, also in light of the poor knowledge 

of complications which involve a high neutrophil recruitment, e.g., ischemia reperfusion injury and BOS [21–27]. In this context, BALf 

seems to meet the requirements for being an important tool for the study of changes in cell type and/or number and solutes that occur in 

the lower respiratory tract of lung transplant recipients. Identification in this fluid of potential biomarkers of BOS 

development/evolution would indeed offer a unique opportunity to actively intervene on the progression of the disease [28]. 

To obtain a global picture of the protease/antiprotease balance in the lungs of transplant recipients, BALf samples from these patients 

were investigated in this work. Data from electrophoretic and western blotting analysis were compared with those acquired from liquid 

chromatography–mass spectrometry (LC–MS). The neutrophil count, together with the determination of HNE and of Cat. G activities 

provided information on the functionality of AAT, its balance with HNE, and its correlation to the degree and type of inflammation of the 

deep graft tissue. 
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2. Materials and Methods 
 

2.1. Reagents 

Antibodies for detection of AAT and secondary anti-mouse antibodies were obtained from Abcam (Cambridge, UK). HNE, together 

with a bicinchoninic acid (BCA) protein assay kit were obtained from Thermo Scientific (Rockford, IL, USA). The standard p-nitroaniline (p-

NA) and the peptide substrates used for the determination of human HNE and Cat. G activities (MeOSuc-Ala-Ala-Pro-Phe-NA and Suc-

Ala-Ala-Pro-Phe-NA, respectively) were from Bachem (Bachem AG, Bubendorf, Switzerland). Unless otherwise stated,  all other 

analytical grade reagents were purchased from Sigma-Aldrich    (St. Louis, MO, USA). Double-distilled water used for the preparation of 

all buffers was prepared with a Millipore (Bedford, MA, USA) Milli-Q purification system. 

2.2. Patients 

The lung transplanted patients (n = 13) investigated in this study were enrolled at the Pneumology Unit of the IRCCS Policlinico San 

Matteo Foundation, Pavia, Italy. Based on their clinical features, they were classified as stable (S), potential BOS (BOS0p), BOSII (BOSII) 

and BOSIII (BOSIII) patients. Stable were individuals that, at >2 years post-transplantation, came up with still stable lung function, in the 

total absence of acute rejection or infection. Diagnosis of BOS and of its grades of severity were assessed according to published 

guidelines [29–31]. The current classification of BOS severity is based on changes in the forced expiratory volume in the first second 

(FEV1) and is indicated as BOS0p if FEV1 is 81–90% of the best FEV1 value obtained after transplantation; BOSI (patients not 

considered in this study) when FEV1 is 66–80% of the best value; BOSII when FEV1 is 51–65% of the best, and BOSIII if FEV1 is ≤50%. 

Individuals under investigation in this study were divided in two groups according to these characteristics. The first (Group1) contained 

seven subjects: six S and one BOS0p; the second (Group2) six subjects: four BOSII and two BOSIII. The immune suppression (IS) 

protocol applied to these patients was reported elsewhere [32]. All of them underwent surveillance and bronchoscopy at 1, 3, 6, 12, and 

24 months plus on clinical need, which included the decline of lung function, and at diagnosis of chronic lung rejection. Biopsy-proven 

episodes of acute rejection (AR) [33] were treated with steroid boluses and, in case of AR recurrence or persistence, with a standard anti-

thymoglobulin course and a modulation of the IS regimen. The surveillance protocol was reported elsewhere [34]. Patients diagnosed with 

BOS0p were prescribed a three-month course of chronic low-dose azithromycin. At the same time, patients underwent a gastro-

esophageal reflux assessment and a maximization of anti-reflux medical treatment. In case of a further decline consistent with BOSI 

diagnosis, since 2003 patients have been referred to the Apheresis Unit for compassionate ECP (extracorporeal photopheresis) treatment 

[35]. Additionally, the cytomegalovirus surveillance protocol was detailed elsewhere [36]. Patients enrolled for this study were investigated 

for α1-antitripsin deficiency (AATD) at the time of listing for lung transplantation according to standard algorithm [37]. None of them 

resulted positive for intermediate or severe AATD. All transplanted patients were  given a low-dose steroid treatment (0.05–0.1 mg/kg 

body weight of prednisone) as a part of the triple immunosuppressive regimen. Given that all patients were submitted to the same 

treatment, this was not expected to have any influence on the measurements performed on samples analyzed. All patients gave their 

informed consent to BALf collection. 

The demographic and clinical features (including age, gender, CLAD occurrence and treatment strategies) of patients considered 

in this study are detailed in Table1. 
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Table 1. Demographic data of individuals considered in this study. 
 

Sample # Age Sex CLAD Months from CLAD Azithromycin ECP Immunosuppressive Therapy 

1 65 M Stable n.d. * No No CsA, AZA 

2 51 M Stable n.d. * No No TAC, MMF 

3 64 M Stable n.d. * No No TAC, MMF 

4 56 M Stable n.d. * No No CsA, AZA 

5 34 M Stable n.d. * No No CsA, AZA 

6 57 M Stable n.d. * No No CsA, AZA 

7 42 M BOS0p 13.57 Yes No TAC, MMF 

8 62 M BOS2 1.00 No No CsA 

9 28 M BOS2 2.57 Yes No TAC, MMF 

10 62 M BOS2 1.00 No No TAC, MMF 

11 63 F BOS2 1.00 Yes No TAC, AZA 

12 26 M BOS3 23.43 Yes Yes TAC 

13 53 F BOS3 38.87 No Yes CsA, RAD 

* not determined. CsA: Cyclosporin A; TAC: Tacrolimus; RAD: Everolimus; MMF: Mycofenolate Mofetil; AZA: 

Azathioprine; CLAD: chronic lung allograft dysfunction. None of the samples were obtained during Azithromycin 

treatment. 

 
2.3. BALf Collection and Processing 

BALf collection was performed as previously described [28]. Briefly, the distal tip of the bronchoscope was wedged into the middle 

lobe or lingular bronchus and a total of 150 mL of warm sterile saline solution was instilled in five subsequent 30 mL aliquots which were 

sequentially retrieved by gentle aspiration. The first aliquot collected (20 mL) was used for a series of analyses which included microscopic 

and cultural examination of common bacteria and fungi and direct/cultural investigations for respiratory viruses. The returned fluid from the 

second to the fifth aliquots was pooled and further processed as BALf. Cells were recovered by centrifugation at 1500× g rpm for 10 min 

and supernatant divided in aliquots (30 mL each) which were stored at −80 ◦C immediately after processing, until use. 

2.4. AAT Measurement 

AAT was measured in BALf by a rate immune nephelometric method (Immage 800 Immunochemistry System, Beckman-Coulter, Brea, 

CA, USA). 

2.5. BCA Protein Assay 

The exact protein concentration in each sample was determined by applying the bicinchoninic acid (BCA) assay [38] using bovine 

serum albumin (BSA), in the range of concentration between 5 and 25 µg/mL, to produce the calibration curves. 

2.6. 1D-PAGE 

An aliquot of each sample (20 µg of protein) was submitted to protein precipitation with trichloroacetic acid (TCA), according to Yvon 

et al. [39]. After centrifugation, the pellet was reconstituted in 10 µL of 50 mM Tris–HCl pH 8.3 containing 5% 2-mercaptoethanol, 2% 

sodium dodecylsulphate (SDS), 0.1% bromophenol blue (BPB) and 10% glycerol. Samples were incubated at 90 ◦C for 10 min and 

then loaded on gel slabs. Electrophoresis was performed according to Laemmli [40] in 5% stacking gel and 12.5% running gel by applying 

a voltage of 150 V for 1 h. Gels were stained with colloidal Coomassie G-250, according to Candiano et al. [41] 
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2.7. Western Blotting 

Ten micrograms of proteins were precipitated by addition of 1.22 M trichloroacetic acid (TCA) and the pellet recovered after 

centrifugation was submitted to sodium dodecyl sulphate - polyacrylamide gel electrophoresis (SDS-PAGE). Protein bands were 

transferred onto a Millipore polyvinyldivinyl fluoride (PVDF) membrane (Billerica, MA, USA) by using a trans blot turbo system (BioRad). 

After 1 h incubation in 5% milk diluted in phosphate buffer saline (PBS) and three washes with phosphate buffer saline containing 0.1% 

Tween 20 (PBST), the membrane was incubated overnight with AAT antibody (ab9400; Abcam, Cambridge, UK) at a 1:2500 dilution in 

1% milk. The membrane was washed three times with PBST (10 mL), incubated with the secondary antibody, rabbit anti-mouse IgG H&L 

(HRP) (ab6728, Abcam), at a 1:2000 dilution in 1% milk in PBST, for 1 h at room temperature. The membrane was washed again (three 

times) with PBS and incubated in ECL Westar ηC Ultra (Cyanagen, Bologna, Italy) solution according to the provided protocol. The 

same procedure was applied for the identification of free and complexed HNE by using the anti HNE antibody (PA5-29659, Thermo 

Scientific) at a 1:1000 dilution. 

All immunoblots were acquired with the ImageQuant LAS 4000 analyzer (GE Healthcare Chicago, IL, USA). 

2.8. Enzymatic Assays 

The determination of HNE and Cat. G activities was carried out by applying a previously described colorimetric assay [42–

44]. The original sample solution was exchanged into the incubation buffer by withdrawing an aliquot of each sample (400 µL), which 

was lyophilized and the pellet taken up in 400 µL of 50 mM Tris HCl pH 7,8 containing 500 mM NaCl. The reaction was started by 

the addition of 5 µL of the appropriate substrate, i.e., MeOSuc-Ala-Ala-Pro-Phe-NA for HNE and Suc-Ala-Ala-Pro-Phe-NA for 

CatG. The final concentrations were 2 mM and 20 mM respectively. The mixture was incubated at 37 ◦C for 10 min and the reaction 

was stopped by addition of 40 µL of 0.27 M TCA. The values of absorbance at 410 nm provided the amount of p-nitroaniline (p-NA) 

released by peptide hydrolysis. The limit of detection (LOD) for p-NA was <1 µM. One unit of enzyme activity was defined as the amount 

of enzyme required for the release of 1 µmol/min of p-NA. 

2.9. In-Situ Digestion 

Enzymatic digestion of proteins was performed as previously described [45]. Briefly, the selected bands were carefully excised 

from the gel, placed into eppendorf tubes, broken into small pieces and washed with 100 mM ammonium bicarbonate (AmBic) buffer pH 

7.8 containing 50% acetonitrile (ACN) until complete de-staining was achieved. The gel pieces were then dehydrated by adding 200 µL 

of ACN until they became opaque-white color. Acetonitrile was finally removed, gel pieces were dried under vacuum for 10 min and 

then rehydrated by adding 75 µL of 100 mM AmBic buffer pH 7.8, containing 20 ng/µL sequencing grade trypsin (Promega, Madison, 

WI, USA). The digestion was performed overnight upon incubation of the mixture at 37 ◦C and the resultant peptides were extracted from 

gel matrix by a three-step sequential treatment with 50 µL of 50% ACN, 5% trifluoroacetic acid (TFA) in water and finally with 100% 

ACN. Each extraction involved 10 min of stirring followed by centrifugation and removal of the supernatant. All supernatants were 

pooled, dried and stored at 

−80 ◦C until mass spectrometric analysis. At the moment of use, the peptide mixture was solubilized in 0.1% formic acid (FA). 

2.10. Liquid Chromatography Tandem Mass Spectrometry (LC–MS/MS) 

Analyses were performed on a liquid chromatography-mass spectrometry system (Thermo Finnigan, San Jose, CA, USA) 

consisting of a thermostated column, a surveyor auto sampler controlled at 25 ◦C, a quaternary gradient surveyor MS pump equipped 

with a diode array (DA) detector, and a linear trap quadrupole (LTQ) mass spectrometer with electrospray ionization (ESI) ion 
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source controlled by Xcalibur software 1.4 (Thermo Fisher Scientific, Waltham, MA, USA). Analytes were separated by reverse-phase 

high performance liquid chromatography (RP-HPLC) on a Jupiter (Phenomenex, Torrance, CA, USA) C18 column (150 × 2 mm, 4 µM, 

90 Å particle size) using a linear gradient (2–60% solvent B in 60 min) in which solvent A consisted of 0,1% aqueous FA and solvent B 

of ACN containing 0.1% FA. Flow rate was 0.2 mL/min. Mass spectra were generated in positive ion mode under constant instrumental 

conditions: source voltage 5.0 kV, capillary voltage 46 v, sheath gas flow 40 (arbitrary units), auxiliary gas flow 10 (arbitrary units), sweep 

gas flow 1 (arbitrary units), capillary temperature 200 ◦C, tube lens voltage −105 V. MS/MS spectra, obtained by collision-induced 

dissociation (CID) studies in the linear ion trap, were performed with an isolation width of 3 Th m/z, the activation amplitude was 35% of 

ejection RF amplitude that corresponds to 1.58 V. Data processing was performed using Peaks studio 4.5 software. 

 

2.11. Workflow of the Procedure Followed in the Present Study 

The workflow shown in Figure1summarizes the key steps of this study. 

 

 

 
 

3. Result
s 

Figure 1. Workflow of the experimental procedure. 

 

3.1. Identification of the HNE-AAT Complex 

The results of the electrophoretic runs performed on the BALf of all subjects investigated are shown in Figure2, panel A. Lanes 

1 to 7 refer to the subjects grouped in Group 1 (Stable and BOS 0p) and 8 to 13 to those in Group 2 (BOSII and BOSIII). It can be 

observed that two bands, at approximately 80 and 55 kDa, exceed in abundance over others. Information on these two bands was 

obtained by blotting the gels on a PVDF membrane that was later incubated with an anti-AAT antibody. The results are shown in panel B 

of Figure2.  Based on the presence/absence of the immune-reactive band at    80 kDa, individuals belonging to Group 1 could be 

divided in two sub-classes: those who did not exhibit this band (lanes 1 to 3) and those who showed it (lanes 4 to 7). Conversely, the 

image of the PVDF membrane obtained from patients belonging to Group 2 (lanes 8 to 13), mirrored that of the starting gel. The 80 

kDa band was evident, although at different intensity, in all profiles, regardless of whether the BALf belonged to BOS II or BOS III 

patients. Based on the well-known molecular mass of AAT (Mr 52,0 kDa), the band at approximately 55 kDa was attributed to this 

protein.  Likewise,  on the basis of the sum of the theoretical molecular weights of AAT and HNE, the band at 80 kDa 
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was tentatively attributed to the complex between these two proteins. While experimental evidence was still lacking, the reactivity of 

the material under this band against the anti-AAT antibody was circumstantial evidence that it contained AAT. 

 

Figure 2. Panel A: 12.5% SDS-PAGE showing the protein profile of all the bronchoalveolar lavage fluid (BALf) 

samples considered. Group 1: lanes 1–7, Group 2: lanes 8–13. Panel B: Western blotting with anti-AAT antibody 

of the same samples as in panel A. 

The presence of a band at approximately 80 kDa in SDS-PAGE  had been previously observed  in vitro also by other authors who 

speculated that it could correspond to the HNE-AAT complex [46,47]. To definitively prove the existence of this inhibitory complex in BALf 

samples that showed this band, it was carefully excised and the protein submitted to the procedure detailed in the experimental 

section. Peptides generated from tryptic digestion were separated by LC–MS/MS and fragmentation data searched against the Swiss-

Prot database [48,49]. Data relative to the proteins present under the 80 kDa band (shown in Table2) allowed us to unambiguously 

identify both HNE and AAT. The same procedure was applied to the band at approximately 55 kDa to confirm that it contained AAT. The 

data of Table2show that this band contained AAT contaminated by proteins with similar molecular weight which co-migrated with the 

former due to the limits of resolution of 1D electrophoresis. Additional information concerning the primary sequence of all peptides 

identified for each protein analyzed is included in Table S1 of the Supplementary Information. 

 

Table 2. Proteins identified by liquid chromatography–mass spectrometry (LC–MS/MS) under bands at 50 and 

80 kDa. 

Molecular 

Weight 

 
Accession Mass (kDa) Score (%) Coverage (%) Description 

 

α1-antitrypsin OS = 

80 kDa sp|P01009|A1AT_HUMAN 46,737 67 9.33% 
 

 
sp|P08246|ELNE_HUMAN 28,518 62 3.37% 

Homo sapiens GN = 

SERPINA1 PE = 1 SV = 3 

Neutrophil elastase OS = 

Homo sapiens GN = 

ELANE PE = 1 SV = 1 
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Molecular 

Weight 

 

Table 2. Cont. 

 
Accession Mass (kDa) Score (%) Coverage (%) Description 

 
Serum albumin OS = 

55 kDa sp|P02768|ALBU_HUMAN 69,367 98 11.82% 
 

 
sp|P01009|A1AT_HUMAN 46,737 85 6.70% 

 

 
sp|P01859|IGHG2_HUMAN 35,901 60 4.29% 

Homo sapiens GN = ALB 

PE = 1 SV = 2 

α1-antitrypsin OS = Homo 

sapiens GN = SERPINA1 

PE = 1 SV = 3 

Ig γ-2 chain C region OS 

= Homo sapiens GN = 

IGHG2 PE = 1 SV = 2 
 

 

 

3.2. Determination of AAT Amount and of Protease Activities 

To answer the question of whether HNE had fully complexed AAT or was still partially present in BALf as a free, active enzyme, 

the activity of HNE was determined in all samples. The results summarized in Table3pointed out that significant levels of HNE activity 

were detectable only in BALf samples presenting the 80 kDa band. Conversely, the amount of AAT did not differ significantly among 

samples. 
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* Values reported are the mean of three independent determinations. Standard deviation was within 5%. ** n.d. 

= not detectable. 
 

Being that the Cat. G activity levels are lower than the LOD of the procedure, they could be estimated only in two samples 

(samples 8 and 9). 

As shown in Figure3, a reasonable correlation was observed between the specific activity of HNE and the number of neutrophils 

determined in all samples. 
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Figure 3. Correlation between the specific activity of HNE and the count of neutrophils in samples analyzed. 

3.3. Use of Western Blotting for HNE Detection 

The presence/absence of HNE in the BALfs of subjects investigated was checked by running  the samples on SDS-PAGE and 

blotting the bands on a PVDF membrane that was incubated with anti-HNE antibody (Figure4). The absence of immune reactive bands 

in BALfs lacking the 80 kDa band (lanes 1 to 3) unambiguously demonstrates that these samples do not contain HNE. Conversely, the 

specimens that formed the complex showed the presence of two bands (lanes 4 to 13). Based on their migration on the gel, these 

bands were assigned to free and complexed HNE. Following the LC–MS procedure described above, HNE was identified in both bands 

(data not shown). 

 

Figure 4. Western blotting profile obtained upon incubation of all BALfs with the anti-HNE antibody. Lanes 1–

3: samples not showing the 80 kDa band when incubated with anti-AAT. Lanes 4–13: sample showing the 80 kDa 

band. 

3.4. Inhibitory Capacity of AAT 

The inflammation-mediated cell oxidative stress was previously observed to inactivate in vitro AAT through a sort of oxidative 

cascade [46,47]. This would prevent (partially or totally) its capacity to inhibit HNE. The efficiency of AAT towards HNE was checked in 

BALfs from subjects who did not show the HNE-AAT complex by adding exogenous HNE (2 µL; 0.2 mg/mL) to samples. After 15 min of 

incubation at 37 ◦C, an aliquot was submitted to SDS-PAGE and gels blotted on a PVDF membrane which was incubated with the anti-

AAT antibody. Figure5, panel A, illustrates the results relative to these samples before (lanes 1; 2 and 3) and after incubation (lanes 1 *; 

2 * and 3 *). The formation of 
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the 80 kDa band clearly indicated that the BALf sample was able to capture the “excess” of HNE thus suggesting that an amount of 

functional AAT was still present in these samples. 

When the same amount of exogenous HNE was added to samples which presented the complex, the 80 kDa band was seen to 

increase considerably.  Figure5, panel B, shows the results relative to    a sample chosen at random among all available (sample #12). 

The results relative to other samples are shown in Figure S1 in the Supplementary Material. These data further support the hypothesis 

that AAT was functional in these samples. 

 

Figure 5.  (A) Western  blotting of BALfs from the three patients without the 80 kDa band,  before   (1; 2 and 

3) and after incubation with exogenous HNE (1 *; 2 * and 3 *). (B) Western blotting of BALf from a patient 

with the 80 kDa band, before (12) and after incubation with exogenous HNE (12 *). 

4. Discussion 

Previous studies had already reported that BOS progression is associated with a protease/antiprotease imbalance [16]. To get insights 

into this mechanism of the control of inflammatory lung diseases, possible variations in the protease/antiprotease balance of BALf from 

two different cohorts were evaluated. Lung transplant recipients, both stable and developing BOS after lung transplantation, have been 

investigated. Since the mere assay of HNE and AAT involved in the process is not able to provide information on the level of activity of 

these proteins, we explored their capacity to interact. The existence of this complex in the BALf samples of cystic fibrosis patients had 

previously been demonstrated by a double-ligand ELISA [50]. The finding that a few samples of stable post-transplant subjects lacked 

this inhibitory complex was unexpected and opened the door to a series of questions. In fact, although the Western Blot analysis clearly 

indicated that all samples contained AAT, it did not provide information about the ability of this inhibitor to bind HNE in whole or in part. 

Thus, whether the lack of such complex in the BALf of the mentioned subjects should be ascribed to their pathological state, i.e., the low 

level of pulmonary inflammation, remained a speculation. In fact, while protease activity was undetectable in patients with a low level of 

lung inflammation, the formation of the complex could also have been prevented by possible inactivation processes at the expense of 

AAT occurring in the lungs of these individuals. This latter hypothesis was denied by the addition to the above samples of exogenous 

HNE, which lead to the formation of the complex. Instead, our findings supported the assumption that AAT was, at least in part, 

functional. 

This result arouses a major question. On the assumption that any pathological condition leads to a number of pulmonary 

physiological changes, could this complex be considered a biomarker of lung status? It seems logical to argue that free HNE would be a 

marker of the degree of injury more relevant than the complex. In fact, if the rate of formation of AAT–HNE complexes is limited by the 

amount of 
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available AAT, then it would be easier to measure NE in excess in the lung. The fact that free elastase in inflamed tissues can only be 

detected if it is present in excess over AAT activity or if this anti-elastolytic function has been somehow modified, was previously observed 

by other authors [51,52]. This is not the case of the patients under investigation. In fact, given that both the initial lack of the complex and 

its formation by addition of exogenous HNE cannot reflect with certainty an excess of the protease, our results point to a different 

conclusion. The unifying view that apparently emerges from these data is that not necessarily all recipients classified as “stable” based on 

their clinical/functional status, display the same conditions at a molecular level. The neutrophil count and detection of active HNE in 

tissues and fluids recovered from inflammatory sites might represent a critical step in tissue pathogenesis. In fact, significantly lower 

neutrophil levels in BALf from healthy subjects compared to BOS patients and the tendency of both HNE activity and the concentration of 

HNE-AAT complex to increase in these latter, had been previously observed [16].  Neutrophils produce antioxidants and are indispensable  

in forming the first line of defense during infection. In addition to the well-known anti-protease traits, evidence has been increasing in the 

last years that AAT has tissue-protective, anti-inflammatory and immune-regulating properties that can affect most inflammatory cells 

[22]. As a consequence, the concern that AAT has a great influence in early and long-term outcomes post lung transplantation has gained 

much interest [53]. Despite this interest, knowledge about the complications of high neutrophil recruitment is still poor and bronchoscopy 

with bronchoalveolar lavage seems to be the best diagnostic approach to investigate the local alterations at bronchial and alveolar levels. 

As shown in Table3, while the number of neutrophils was very low in the BALf of the three stable individuals who did not present free 

elastase activity or complex formation, these numbers and the HNE activity were increasing along with the severity of the disease. In this 

context, it is no wonder that our attention has also been drawn to the investigation of AAT functionality. It has been recently reported that 

macrophages or neutrophils have the potential ability to alter its activity in a manner that would allow neutrophil elastase to accumulate 

[54]. However, while several studies have assumed that oxidation of AAT promotes detection of free HNE activity in vivo [46,47], very 

poor experimental evidence still supports this contention. The reason is that almost all studies of AAT function after its oxidation in vitro 

or in vivo have been limited to the determination of its ability to inhibit exogenous porcine pancreatic elastase [54]. Obviously, our data 

do not allow us to exclude the fact that the lack of formation of the complex in some of our BALf samples was due to AAT modifications 

that made it unable to completely inhibit neutrophil elastase activity. However, the addition of exogenous HNE to samples not showing 

the 80 kDa band and the consequent formation of this complex seemed to show the functionality of AAT present in these samples. The 

great increase observed in the 80 kDa band by addition of exogenous HNE was a further evidence that this hypothesis was most likely 

correct. 

5. Limitations of the Study 

The sample size of individuals investigated represents a limitation of the present study. We would like to note that this research was 

conceived as a feasibility study whose aim was of acquiring a global vision of the protease/antiprotease balance in patients affected by 

BOS at different levels of severity. In an effort to work with well-characterized cohorts, great attention was paid to excluding sources   of 

excessive variability and this choice necessarily lessened the sample size. Thus,  the distribution  of single versus double lung transplant 

procedures was similar, recipients affected by AATD were excluded, as were similar types of transplant indications, analogous IS 

regimen, NO azithromycin treatment at time of sampling, and appreciable length of post-transplant FU for enrolled stable recipients. 

The observed variability in sampling time is related to the evolution of BOS, whose grading reflects disease severity. While in some cases 

the evolution towards more severe disease is fast, in other cases patients evolve to BOSIII grade more slowly. Patients numbers 12 and 13 

had been sampled after several months of disease course. The severity of disease however was not necessarily associated with a higher 

degree of inflammation. 
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That the investigation was limited to subjects with stable pulmonary function and patients affected by BOS II and BOS III can be 

considered another limitation of this work. However, the decision of not considering the BOSI patients at this stage of the work reflects 

the abovementioned need to avoid potential sources of variability. In fact, the possible reversibility of pulmonary alterations, common 

to this stage of BOS, could represent a confounding factor that may have affected the results. Finally, the demographic data shown in 

Table1might highlight the heterogeneity of the lung transplant recipients considered in this study. We consider this hypothetical 

heterogeneity not relevant for the purposes of our work. In fact, we focused our investigation only on the assessment of the AAT/HNE 

balance at graft level in patients submitted to double lung transplantation that were influenced only by graft acceptance/rejection 

status. 

Of course, we are aware that a high-quality set of samples does not necessarily eliminate the risk of relying on poor evidence of 

data and that, to obtain more concrete answers about a condition that is largely still shrouded in mystery, larger-scale studies will be 

essential. 

These results are preliminary and must, obviously, be validated on a larger cohort of patients that should involve individuals with 

different levels of BOS severity and co-morbidities associated with the presence of chronic rejection that could affect the 

protease/antiprotease balance. 

6. Conclusions 

This pilot work aimed to obtain a global picture of the protease/antiprotease balance in the BALf of two different cohorts of lung 

transplant recipients. The results of our study allowed us to demonstrate, for the first time, that not all BALf samples contain the complex 

between HNE and its specific inhibitor AAT. The lack of this complex in some subjects seems to be correlated with the low level of 

pulmonary inflammation, as suggested by the count of neutrophils and the determination of HNE/AAT activities in these subjects. The 

confirmation of these data on a larger cohort of individuals would allow us to consider the AAT-HNE complex a marker of pulmonary 

inflammation. This could indeed represent a new frontier in the field of biomarker discovery of lung inflammation in subjects with 

HNE/AAT unbalance. The identification of markers that could predict the development and progression of BOS is crucial for preventing 

the irreversible phase of the disorder with the final goal of improving the survival of lung transplant recipients. 
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