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5.1 Introduction

The main characteristic of bronchiectasis (BE) is permanent bronchial dilatation
with chronic airway inflammation and frequent infections. There is no simple cause
or mechanism to explain its pathophysiology, because bronchiectasis represents an
endpoint of various causes and of a complex interplay among inflammation, immune
response, and microorganisms that play a part in this chronic respiratory disease.

There are several limitations for identifying mechanisms of pathophysiology in
BE: (1) the lack of animal models for replicate bronchiectasis; (2) the numerous
and various pathological conditions that are implicated in its development; and (3)
the limited studies investigating the pathophysiology of this condition until very
recently [1].

5.1.1 Vicious Cycle

Cole in 1986 [2] proposed the first model to explain the pathogenesis of BE, calling
it a “vicious cycle” hypothesis. This hypothesis suggested that after an initial infec-
tious event that compromised mucociliary clearance, microorganisms will repro-
duce in the airway, provoking inflammation of and damage to the epithelium. The
persistence of microorganisms that chronically infect airways would attract more
inflammatory cells that release factors capable of injuring the airway and maintain-
ing inflammation. The chronic inflammation would make microbial clearance
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Fig. 5.1 Mechanisms involved in the vicious cycle

difficult by promoting more colonization closing—hence, the vicious cycle.
Although recent investigations proved that airways are not as sterile as previously
believed, the Cole hypothesis has been found to be applicable as a basis for research
and for clinical investigations. In fact, some mechanisms involved in the pathogen-
esis of BE related to inflammation, infection persistence, and tissue damage, have
now been clarified, using the "vicious cycle" as a framework. Today, it is recognized
that in the pathogenesis there is an inappropriate interplay between airway host and
microorganisms required to perpetuate the disease, leading to inefficient resolution
of inflammation and infection, structural damage, and progression of the disease.
New insights provide interesting information about the role of inflammation cells
and the new concept of microbiome (Fig. 5.1).

5.2 Neutrophils

BE is considered to be a neutrophil-driven disease because these cells are crucial to
its development and evolution. In the physiological host response against microor-
ganisms, neutrophils are rapidly recruited to airways, where they degranulate their
cytotoxic and immune molecules. The presence of a prominent number of neutro-
phils in the airway is one of the hallmarks of BE and it has been confirmed in spu-
tum, bronchoalveolar lavage, and in bronchial biopsies in association with
concomitant high levels of chemotactic molecules, such as CXCL-8 and leukotri-
enes LTB4 [3].

The neutrophilic airway infiltration was found also in the stable phase of the dis-
ease, and in the absence of any conventional microbiological isolate (negative cul-
ture). Nevertheless, in patients chronically infected with pathogens, the burden of the
neutrophils encountered was higher [4] than in patients with negative sputum/BAL
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culture. Dente et al. [5], in a cross-sectional study, examined inflammatory cells in
the sputum and exhaled breath condensate of stable patients. They confirmed an
increase of neutrophils in sputum that was higher in those with chronic Pseudomonas
aeruginosa. Moreover, they correlated inflammation with severity scores
(Bronchiectasis Severity Index), respiratory functional data, and the Leicester Cough
Questionnaire score. In this study, they also evaluated oxidative stress determining
malondialdehyde in breath condensate that was found to correlate with the number
of prior exacerbations in the previous year.

5.2.1 Inflammatory Cells Recruitment and Migration to
Airways (Fig. 5.2)

Neutrophils are recruited to distal airways due to the presence of high concentra-
tions of chemoattractants—mainly IL-1b, TNF-a, IL 8 and leukotriene b4 [4]—
that are contained in the airways. During migration to airways, neutrophils are
activated, and there is a shedding of L-selectin; express integrins CD11/CD18
bind to ICAM-1, VCAM-1 and selectins in the endothelial cells. The role of adhe-
sion molecules expressed on the surface of endothelial cells and leukocytes is
important in BE patients because these molecules are responsible for mediating
the migration of intravascular leukocytes into inflamed tissue [3]. In BE patients,
the expression of CD11b/CD18 in the neutrophil surface, and L-selectin shed-
ding, were reported to be normal, whereas in cystic fibrosis (CF), CD11b/CD18
was up-regulated and L-selectin was decreased [6]. Zheng et al. [7] have found
increased serum levels of E-selectin, ICAM-1, and VCAM-1 in stable bronchiec-
tasis patients. ICAM-1 increases, due to the raised levels of inflammatory cyto-
kines—mainly TNFa and IL-1b—and VCAM-1 are also expressed in the presence
of LPS. The increase of these adhesion molecules implies that they actively par-
ticipate in transporting neutrophils to inflamed sites. Interestingly, both E-selectin
and ICAM-1 levels were inversely related to forced expiratory volume in 1 s
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Fig. 5.2 Neutrophil recruitment to airways. From [3]
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(FEV1) and positively with the number of affected lobes. The authors suggest that
the source of this up-regulation of neutrophil migration could take place in the
endothelium of dilated airways.

All these findings together seem to suggest that the recruitment process is rather
normal, although highly activated, due to the raised levels of chemoattractants [8]
capable of initiating and maintaining the process. It is worth pointing out that an
increased bacterial load (>1 x 107 cfu/ml) has been associated with higher serum
intercellular adhesion molecule-1, E-selectin, and vascular cell adhesion mole-
cule-1 [9].

5.2.2 Neutrophil Activity and Phagocytosis

The ability of neutrophils to eliminate microorganisms is based on three mecha-
nisms: (1) phagocytosis, through pattern recognition receptors; (2) degranulation of
its granules: defensins (human neutrophil peptides), proteases—mainly elastases—
mieloperoxidase, and lactoferrin; and (3) extruding DNA with the development of
neutrophil extracellular traps (NETs) which, acting in combination with other anti-
microbial proteins, enable the killing of microorganisms [10].

Although neutrophils in airways exhibited an abnormal function, it was con-
served before getting airways [11]. In blood, no differences in phagocytic capac-
ity or superoxide generation were found in idiopathic bronchiectasis when
compared with controls; however, in contrast, Ruchaud-Saparagnano et al.
described an enhancement of neutrophil phagocytosis and superoxide generation
induced by granulocyte-macrophage colonystimulating factor (GM-CSF) [12].

Neutrophils isolated in the sputum of both CF and BE patients exhibited defec-
tive phagocytosis [13]. That deficiency was related to a higher concentration of
HNP in the lung. HNP -1, —2, —3 aHNP are proteins stored in the neutrophilic
granules with an antimicrobial activity; high levels of HNP could exert an inhibi-
tory phagocytic function. Although the exact domain of HNP that determines the
disturbance in phagocytosis is not known, Voglis et al. [13] have reported depressed
surface Fcy RIII, actin-filament remodeling, enhanced intracellular Ca(2+), and
degranulation. These researchers suggested that HNP could be considered a poten-
tial target for novel treatments. Despite the high number of neutrophils recruited in
BE airways, its diminished phagocytosis favors a scenario that leads to inefficient
bacteria killing, along with increased damage by the release of its potent
proteases.

5.2.3 Neutrophil Elastase

The release of proteases, especially elastase, plays a key role in the pathogenesis.
Elastase that can digest phagocytized bacteria is also capable of destroying struc-
tural proteins such as elastin, fibronectin, collagen, al-antitrypsin, and tissue inhibi-
tors of matrix metalloproteinase [14]. Moreover, elastase is a potent secretagogue of
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Fig. 5.3 Neutrophil phagocytic impairment. From [3]

IL-8, IL-6 release; it stimulates mucSA gene expression and granulocyte colony-
stimulating factor (G-CSF). Finally, it also has cilliotoxic and cytotoxic properties
that contribute to airway damage; therefore, neutrophil elastase depresses many
innate defenses, facilitating P. aeruginosa infection [14]. There is a positive correla-
tion between elastase levels, inflammatory markers and total gelatinolytic activity in
sputum [15] with spirometric alterations and radiographic findings. In fact, elastase
concentration was positively correlated with a percentage of neutrophils in a 24 h
sputum volume, levels of IL-8 and TNF-a [16], and even sputum purulence.

Elastase has a considerably negative effect on phagocytosis and on the process of
inflammation resolution [17]. In fact, it causes a cleavage of phosphatidylserine
receptors to phagocytes, thereby disrupting the phagocytosis of apoptotic cells
(Fig. 5.3). The result is a delay in apoptosis clearance. Moreover, it has been reported
that a higher secondary cell necrosis and reduced number of macrophages was prob-
ably due to the concomitant proinflammatory cytokines [4], contributing to the per-
sistence of inflammation.

Recently, elastase has also been shown to trigger the expression of senescence
markers on bronchial epithelial cells [14]. In CF patients, three senescence markers
—pl6, gH2A X, and phospho-Chk2—were found to be highly expressed in airway
sections [18]. Elastase increased in vitro p16 expression and decreased CKD4 activ-
ity in CF bronchial epithelial cells [18]. In a small pilot study performed in eight BE
patients, telomere-induced senescence was investigated. A significantly increased
proportion of short telomeres was found without an increase in p16 expression, but
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with an increase in other senescent pathways, such as p21 and TAF, and with a
decrease in SIRT1 [19].

All these elastase effects are decisive for disease progression; in fact, elastase
quantification has a better predictive value for lung function decline in comparison
with other biomarkers (AUROC 0.68) [20]. This points to elastase as a potential
target to contain disease, with some ongoing studies using oral inhibitors [21].

5.2.4 Metalloproteases

Matrix metalloproteinases (MMPs) are activated by neutrophil elastase and are able
to degrade airway matrices, therefore playing a crucial role in extracellular matrix
modelling. Their levels (except for tissue inhibitors of metalloproteinases, TIMP-1)
correlated positively with sputum IL-8 and TNF-a, suggesting their relationship
with neutrophil airway inflammation. Sputum MMP-8, MMP-9 and MMP-9/
TIMP-1 ratio were found to be significantly increased in BE patients and positively
correlated with clinical measures, including high-resolution computed tomography
(HRCT) scores, spirometry, P. aeruginosa isolation, and the Bronchiectasis Sever-
ity Index [22].

The environment of neutrophils, elastases, cytokines, MMP, and chemoattrac-
tants leads to ongoing inflammation, along with the destruction of airways of bron-
chial walls. This scenario hampers bacterial elimination and contributes to
maintaining airway damage. The result is persistent infection that is enhanced by
the fact that microorganisms also develop mechanisms directed to evading host
response, such as biofilm or hypermutation [23].

5.3  OtherCells
5.3.1 Macrophages

An increase in macrophages has been reported [4], although their specific role is not
well defined. They promote neutrophil chemotaxis [24], coordinate inflammatory
response by synthesis of TNF-a, IL-8, LTB4 and elastolytic enzymes, and finally
eliminate apoptotic cells. The higher number of apoptotic neutrophils reported in
BE patients is probably secondary to their impaired phagocytosis by macrophages
due to the presence of excessive elastase [17]. Wat et al. have also found an abun-
dance of secondary necrotic cells macrophages in sputum, and lower numbers of
macrophages capable of amplifying inflammation compared levels of neutrophil
apoptosis during an exacerbation [4].
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5.3.2 Natural Killer (NK)

These cells accumulate in the lung parenchyma during inflammation and recruit
neutrophils and T lymphocytes as part of the host response against microorganisms.
Boyton and Altmann [25] have reported a functional impairment of NK that may
favor the development of bronchiectasis, with increased risk of chronic bacterial
infection. These events, together with excessive NK cell activation, create a highly
inflammatory lung environment which, in turn, lead to the perpetuation of chronic
infection.

5.4 Mucins

Mucins are the major macromolecular component of the mucus gel in health [26].
Mucus is a protective airway coating secreted in the healthy airways, composed of
water, salt, and proteins. The correct balance of these components is essential for
the protective function of the mucus layer. Experimental studies and clinical stud-
ies in other chronic lung diseases have suggested the crucial role that mucins play
in airway defense against bacterial infections [27, 28]. In bronchiectasis, one study
has evaluated the relationship among secreted mucins (MUC2, MUC 5 AC, and
MUCB) and the presence of bacterial airway colonization [29]. In this study,
authors included 50 stable bronchiectasis patients, showing that chronically colo-
nized patients had higher MUC2 sputum levels compared with those without air-
way colonization. In addition, those patients colonized by P. aeruginosa showed
the highest levels, and there is a correlation of MUC2 and MUCS5AC levels with
disease severity and neutrophil elastase activity, suggesting a role of mucins in
airway defense in bronchiectasis.

5.5 Microbiome

In recent years, understanding of human lung microbiome has increased. The new
technology of bacterial ribosomal RNA sequencing and related techniques have
transformed our understanding of the relationship between microbial ecology and
human health. Healthy airways are not sterile, and the diverse bacterial communi-
ties that exist in the oral cavity and upper airways constantly enter the lungs through
micro-aspiration and are eliminated via mucociliary clearance and immune response
[30-32].

Bacterial infection is central to our understanding of the pathophysiology of
bronchiectasis. Traditional culture-based microbiology techniques have revealed
the importance of such well-characterized pathogens as Haemophilus influenzae
and P. aeruginosa [3]. However, microbiome studies have been causing an evolu-
tion in our understanding of these diseases. Previously unrecognized organisms are
found in the microbiome of patients with bronchiectasis both when clinically stable
and during exacerbation. Tunney et al. reported that complex polymicrobial
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communities were present in the lungs of patients with bronchiectasis, including
high numbers of anaerobic bacteria such as Prevotella, Veillonella. and Actinomyces
[33]. In this study, the authors showed that microbial load and community composi-
tion—both before and after antibiotic treatment of patients with acute pulmonary
exacerbations—were stable, suggesting that changes in lung microbiota composi-
tion do not account for pulmonary exacerbations.

Others studies have detected more than 140 bacterial species in the sputum and
bronchoalveolar lavage of patients with bronchiectasis [34-36]. H. influenzae, P.
aeruginosa, Streptococcus pneumoniae, Veilonella dispar and Neiserria subflava
were reported to be the most common ones. Bacterial community composition was
related to lung function and neutrophils count [35], suggesting that characteristics
of lower airways microbiota in bronchiectasis was correlated significantly with
clinical markers of disease. In addition, stratification of patients on the basis of pre-
dominant bacterial taxa (P. aeruginosa, H. influenzae and other taxa) was more
clinically informative than conventional culture [34, 36]. The predominance of P.
aeruginosa, followed by the Veilonella species, was the best predictor of future
exacerbations frequency, while H. influenzae's predominance communities had sig-
nificantly fewer episodes. Furthermore, the presence of P. aeruginosa and H. influ-
enzae was related to increased inflammatory disease in terms of C-reactive protein
(CRP), IL-8, and IL-1p.

Other studies have characterized the airway microbiome following antibiotic
treatment. Patients included in the BLESS trial [37] who had received long-term
erythromycin treatment changed the composition of respiratory microbiota more
than those who received the placebo [34, 36]. These changes were most substantial
in patients with airway infections dominated by organisms other than P. aeruginosa,
and primarily reflected reductions in the relative abundance of H. influenzae and
increases in intrinsically macrolide-tolerant organisms. These findings suggested
potentially deleterious consequences of maintenance macrolide treatment on the
composition of airway microbial community, and were not detected using tradi-
tional cultures.

In some studies, researchers have begun to evaluate the role of "host response”
and their relationship to the lung microbiome in various chronic lung diseases [38,
39]. The key to understanding the pathogenesis of these diseases may reside in deci-
phering the complex interactions between the host, pathogen, and resident micro-
biota during stable disease and exacerbations. In bronchiectasis, a recent study
evaluated the relationships among lung microbiome and MMPs [40]. In this study,
the authors evaluated the concentrations of nine MMPs and four tissue inhibitors of
metalloproteinases in induced sputum from 86 bronchiectasis patients and eight
healthy controls, and related their levels to airway microbiota classified as P.
aeruginosa-dominated, H. influenzae-dominated, and dominated by other species.
The main results were that increased MMP levels (particularly MMP-8 and MMP-
1) and MMP/TIMP rations, were found in patients with bronchiectasis, compared
with healthy controls. Regarding microbiomes, MMP profiles differed according to
the dominant pathogen. Patients in whom P. aeruginosa was dominant had increased
MMP-9 activity, while patients with H. influenzae dominance had increased
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MMP-1, MMP-2, and MMP-8 activity (Fig. 5.4). These findings suggested a pos-
sibility of differential airway remodelling according to airway microbiology.

In summary, although all of these finding may be clinically relevant, the role of
lung microbiomes in the pathophysiology of bronchiectasis is not yet completely
understood. Further studies concentrating on better understanding of the relation-
ship with the host immune response are crucial for increasing our knowledge in this
promising field.

5.5.1 Microbiome and Inmunology

New evidence shows the role of dysbiosis and specific bacteria in modulating
T-cell differentiation. Moreover, it is also possible that intestinal microbiome
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drives changes in lung microbiota and lung-immune differentiation. The term
"immune dysregulation" has been considered in the pathogenesis of BE, since in
that disease an immune deficiency of various causes, or hyperimmune activation,
may be found [41]. Several immune deficiency conditions have been associated
with BE as a deficit of IgG subclasses, common variable immunodeficiency, low
mannose-binding lectin levels, hyper IgE syndrome, and a defect in the transporter
associated with antigen presentation [42]. On the other hand, in chronic granulo-
matous disease, inflammatory activation may coexist along with a component of
immune deficiency.

The current state-of-the-art of lung immunology in BE is still uncertain, due to
the few studies carried out on airway cells. Boyton and Altmann [25, 41] proposed
a pathway for TH17 immunity. According to them, diverse microbiota species may
interact with innate receptors on antigen-presenting cells favoring induction and
differentiation of TH 17- CD4 cells. These cells secrete IL 17 in response to bacte-
ria, and local IL 17 leads to neutrophilia and mucous secretions. Although the main
effect of the Th 17 pathway is defending against microorganisms, it may also cause
damage to the airways. A persistent TH17 activation could drive to produce ectopic
lymphoid follicles with CD4 T-cells and B-cells. The activation of a TH17 pathway
was studied in endobronchial biopsies and in broncoalveolar lavage. Chen et al. [43]
found that Th17 cytokines—IL 17A and IL 23—were significantly higher in bron-
chiectasis than in control subjects, and had a higher gene expression of IL-17A,
IL-1p, IL-8, and IL-23 in biopsies.

5.6 Histopathology

The main characteristic of BE is permanent irreversible dilatation of bronchial air-
ways accompanied by wall thickening and the loss of distal narrowing. This general
basic description comes from classic and older publications on lungs, from autop-
sies, or from surgery. In fact, there is a lack of recent pathology descriptions from a
wide range of patients in distinct phases of these diseases. Traditionally, three mor-
phologic types were described, from the less to the more severe: cylindrical, vari-
cose, and cystic. Cylindrical BE presents thick-walled bronchi reaching the lung
periphery (at 1 cm of lung), with peribronchial fibrosis and without normal tapering.
The term "varicose BE" is due to the “varicose vein” aspect caused by the irregular
bronchial wall. "Cystic BEs" are in general groups of cysts that may be filled with
air or mucus, with a patchy distribution [44].

The thickening of bronchial airways is caused by inflammation, and normal
mucosal and muscular layers are substituted by edema, ulceration, or fibrosis [45].
In later stages, polymorphonuclear transmural inflammation can be associated with
micro-abscesses of airways. In proximal airways, the structural cartilage can be
diminished, provoking a corresponding reduction of supportive structure. Proximal
bronchi or distal bronchioles may be filled with mucus or necrotic debris, eventually
forming plugs that obstruct airways. In the most advances phases, neovascular bron-
chial arterioles with thick walls have been described. In 1952, Whitwell [46] coined
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the term "follicular bronchiectasis,” due to the presence of an excessive formation
of lymphoid tissue—follicles and nodes—within the walls of dilated bronchi. That
finding was more frequently accompanied by an enlargement of proximal lymph
nodes. The distribution and location depends on the etiology and/or cause of
bronchiectasis.

Nowadays, high-resolution computed tomography (HRCT) has become the bet-
ter non-invasive method for envisaging gross pathologic features in BE: morphol-
ogy, distribution, extent, and severity [47]. A bronchus is considered dilated by
HRCT when the luminal airway diameter is more than 1.5 times the adjacent vessel,
and mucus or plugs filling the bronchus can also be observed. When small airways
are affected, peripheral, irregular, short (2-4 mm) linear branching markings are
noted and the term “tree-in-bud pattern” is applicable. Cysts in the bronchial wall
are a feature of more destructive bronchiectasis; in more advanced cases, the grape-
like cysts appear in clusters (cystic bronchiectasis).

The most modern immune-staining techniques, and the more frequent use of
bronchial biopsies, have been providing detailed information with regard to the
inflammatory cell types. Zheng et al. [48] in endobronchial biopsies in stable patients,
have shown higher neutrophils, macrophages, and TNFa. The higher density of
MMP-8 and MMP-9 positive cells in the lamina propia of airways was correlated
with neutrophils, but not with macrophages [49]. Gaga et al. [24] in research on 12
patients, described inflammation with neutrophils, CD4+ T-cells, and CD68+ macro-
phages, increased IL-8 expression, and mucous gland hypertrophy in up to 40% of
some tissue sections. The T-cells and IL-8+ cells' infiltration was lower in patients
receiving corticosteroids. The presence of higher T-cell counts—CD4+, CD8+, and
IL-17+ in airways—was observed in children with bronchiectasis, whether it was
from cystic fibrosis or not. Tan et al. demonstrated submucosal Th17 (CD4 + IL-17+)
lymphocytes in endobronchial biopsies along with IL-17+ neutrophils, yoT cells,
and natural killer cells in the BE airways [50]. Recently, Chen et al. studied the gene
expression of IL-17A, IL-1f, IL-8, and IL-23 in endobronchial biopsies, and Th17
pathway cytokines in bronchoalveolar lavage fluid [7], showing no differences for
IL-17A gene expression. However, gene expression of IL1f and IL- 8 was signifi-
cantly higher in BAL fluid, while IL-8 and IL-1a levels showed significant relation-
ships with clinical measures and airway microbiology.
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