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Bronchiectasis is a complex chronic respiratory condition traditionally characterized by
chronic infection, airway inflammation, and progressive decline in lung function. Early
diagnosis and intensive treatment protocols can stabilize or even improve the clinical
prognosis of children with bronchiectasis. However, understanding the host immunologic
mechanisms that contribute to recurrent infection and prolonged inflammation has been
identified as an important area of research that would contribute substantially to effective
prevention strategies for children at risk of bronchiectasis. This review will focus on the
current understanding of the role of the host immune response and important pathogens
in the pathogenesis of bronchiectasis (not associated with cystic fibrosis) in children.
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INTRODUCTION
Bronchiectasis is a complex chronic respiratory condition traditionally characterized by recurrent
infection, airway inflammation, and progressive decline in lung function. The defining symptom
common to children with bronchiectasis is chronic wet cough. Region-specific studies suggest that
geographic locality and socioeconomic environment play a large role in determining the likely etiology of bronchiectasis in children. Cystic fibrosis, primary immune deficiency, defects in mucociliary
clearance mechanisms (primary ciliary dyskinesia, congenital malformations), and aspiration of a
foreign body increase susceptibility to respiratory infection and are known to be associated with
bronchiectasis in children. However, on a global scale, lower respiratory infection in the absence of
known underlying conditions accounts for the greatest number of bronchiectasis cases (1). The focus
of this review will be bronchiectasis with no known underlying disorder in children.
In underprivileged populations, including populations within affluent societies (such as Indigenous
populations of Australia, New Zealand, and Alaska), severe lower respiratory infection early in life
is the most likely cause of bronchiectasis (2–4). Globally, it is estimated that severe bacterial or viral
pneumonia accounts for approximately 60% of the cases of postinfection pediatric bronchiectasis.
Measles and tuberculosis combined account for 25% (1). Although pneumonia is a significant risk
factor for bronchiectasis, only a proportion of children develop bronchiectasis following an episode
of pneumonia (5). The mechanisms involved in progressing from acute lower respiratory infection
to chronic inflammation and persistent infection are poorly understood.
Early diagnosis and intensive treatment protocols can stabilize or even improve the clinical prognosis of children with bronchiectasis (6, 7). Over the decades, considerable advances have been made
in identifying the pathogens associated with recurrent or chronic infection. However, understanding
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the host immunologic mechanisms that contribute to recurrent
infection and prolonged inflammation has been identified as an
important area of research that would contribute substantially to
effective prevention strategies for children at risk of bronchiectasis (8, 9).
This review will begin by exploring the role of the child’s
immune response in establishing an environment conducive to
the recurrent infection and chronic inflammation characteristic
of bronchiectasis. This will be followed by a discussion of the
important pathogens associated with bronchiectasis in children
and the obstacles in treating and preventing these infections. The
review will conclude with “the road forward” areas of research
identified by the authors as important for the advancement of
understanding and addressing the pathogenesis of bronchiectasis
in children.

bronchiectasis. As a result, much of the current knowledge of
airway inflammation in children with bronchiectasis is derived
from small, cross-sectional studies, retrospective chart reviews
and extrapolation of data from studies of bronchiectasis in adults.
Despite these limitations, studies of bronchiectasis in children
from various environments consistently show neutrophilic
inflammation of the airways (11–13) as well as elevated levels
of associated proinflammatory cytokines (IL-8, TNFα, IL-1β,
and IL-6) (11, 14–16) and anti-microbial compounds (IP-10
and LL-37) (16), consistent with an inflammatory response to
bacterial assault. However, in addition to neutrophilic inflammation, eosinophilic inflammation has been described in young
Australian Indigenous children newly diagnosed with bronchiectasis (13), suggesting complex inflammatory pathways may
contribute to bronchiectasis.
Neutrophilic airway inflammation is also characteristic of
bronchiectasis in adults. Neutrophil counts and inflammatory
cytokines including IL-1β, IL-6, IL-8, and TNFα are elevated
during periods of infective exacerbation (17, 18) and these key
markers of inflammation continue to persist during periods
of apparent clinical stability (17, 19). Increased levels of inflammatory markers in the lungs are associated with more severe respiratory symptoms, including poorer lung function (11, 20–22)
and correlate positively with the anatomical extent of bronchiectasis (20).
Pediatric studies are important to our understanding of the
pathogenesis of bronchiectasis. Inflammation in the absence of
bacterial infection in children with relatively newly recognized
disease could mean that neutrophilic inflammation is an indication of abnormal immune regulation, rather than a symptom of
chronic infection.

PATHOPHYSIOLOGY OF
BRONCHIECTASIS
Over recent years, considerable efforts have been made to understand airway inflammation associated with bronchiectasis. Some
parallels exist between bronchiectasis and other chronic respiratory disorders, including cystic fibrosis and chronic obstructive
pulmonary disease (COPD), in relation to airway inflammation.
As a result, inflammatory processes involved in cystic fibrosis
and COPD are sometimes used in an attempt to understand the
pathophysiology of bronchiectasis. However, cystic fibrosis and
COPD have distinctly different etiologies from bronchiectasis
in children and extrapolating data, particularly to the pediatric
setting, should be done with caution. Nevertheless, similarities
between the chronic respiratory conditions suggest that bronchiectasis arises from exaggerated and/or dysregulated inflammation in response to challenge from respiratory pathogens. Thus,
the “vicious circle” hypothesis of self-perpetuating infection,
inflammation, and tissue damage first described by Cole in 1986
(10) remains the most likely explanation for the pathogenesis
of bronchiectasis. What remains in question is, what causes the
highly controlled immune response to become dysregulated?
The innate inflammatory response is one of the rapid response
units of the immune system. When pathogens penetrate the
physiological barriers, such as the epithelium, a series of highly
regulated cellular and non-cellular events coordinate to rapidly
contain the infection. In addition to its role as a first response
unit, the inflammatory response also orchestrates the initiation
of the pathogen-specific adaptive response. When functioning
optimally, the initial inflammatory process resolves as rapidly as
it begins, maintaining tissue homeostasis. Dysfunction, whether
an exaggerated initial response or delay in resolution, may cause
an accumulation of potent cytotoxic compounds that can damage host tissue and provide an environment conducive to further
infection.

SYSTEMIC INFLAMMATION
Although traditionally recognized as an inflammatory disease of
the airways, there is a growing body of evidence that bronchiectasis may also include a systemic inflammatory component. While
studies in children have found limited indication of systemic
inflammation using standard clinical markers of inflammation [C-reactive protein (CRP), total white cell count, protein,
platelets] (16), a study of 22 children found that children with
bronchiectasis (clinically stable) had a higher proportion of
circulating proinflammatory lymphocytes (producing TNFα,
IFN-γ, perforin, and granzyme), compared with children without suppurative lung conditions (23). This study was small and
cross-sectional in design; however, it raises the possibility that a
low-grade level of systemic inflammation is present in children
with bronchiectasis and not currently detected by standard
investigations.
Systemic inflammation is relatively common in adults with
bronchiectasis. Elevated levels of circulating inflammatory cells
(neutrophils and total white cell count) as well as soluble serum
mediators [including transforming growth factor (TGF)-β, CRP,
fibrinogen, and soluble adhesion molecules] have been described
in adults with long-standing disease (17, 24–27). A high level of
systemic inflammation is associated with an accelerated decline
in lung function (28). Therefore, novel markers to monitor

AIRWAY INFLAMMATION
Difficulties associated with obtaining lower airway specimens
from young children have precluded comprehensive study
of the localized inflammatory mechanisms contributing to
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Eosinophils

low-grade systemic inflammation may be important for managing and preventing progression of disease in children.

Eosinophils comprise a small but potent proportion of the leukocyte population in circulation and in the lungs. Recruitment and
activation of eosinophils are associated with several respiratory
disorders including asthma and eosinophilic bronchitis, as well
as parasite infection. Although rarely reported in association
with bronchiectasis, our studies have identified a high prevalence
of airway eosinophilia in Australian Indigenous children with
bronchiectasis, which correlates with circulating eosinophils
(13, 16). Limited investigations implicated a possible role for
viruses in elevated airway eosinophils (16); however, it is likely
that airway eosinophilia in children with bronchiectasis has
multiple etiologies, including parasite infection, coexistent
asthma, and hypersensitivity to fungi. In adults with chronic
airway diseases, including bronchiectasis, eosinophilia is thought
to be associated with more severe disease (33). Therefore, it is
important to understand the etiology of airway eosinophilia and
its contribution to the perpetuation of chronic inflammation and
the pathogenesis of bronchiectasis.

THE ROLE OF NEUTROPHILS IN
BRONCHIECTASIS
Neutrophilic inflammation of the airways is often present in
bronchiectasis, both in the presence and apparent absence of bacterial infection. In the healthy lung, the neutrophil is one of the
key cells involved in driving the inflammatory response against
invading pathogens. Neutrophils are recruited from peripheral
circulation by local populations of macrophages and neutrophils. Circulating neutrophils rapidly migrate to the airways in
response to proinflammatory mediators including IL-1β, IL-8,
and TNFα. The primary role of the neutrophil is to eliminate the
invading pathogen, first by phagocytosis, followed by release of an
arsenal of antimicrobial products within the phagosome. When
significantly stimulated, neutrophils degranulate and deploy
potent proteases (including neutrophil elastase, cathepsin, and
myeloperoxidase). Inadvertently, the release of these proteases
can also degrade matrix proteins of the host’s airway walls and
promote further inflammation. In the healthy lung, this process
is tightly regulated to prevent excessive damage to host tissue.
Impaired function and/or dysregulation of neutrophils are proposed as important in the pathogenesis of bronchiectasis.
There are currently no data regarding neutrophil function
in children. However, impaired neutrophil function has been
described in adults with bronchiectasis, and this is associated
with more severe disease (29–31). King and colleagues (30)
demonstrated a high prevalence of impaired bacterial-specific
oxidative burst function by circulating neutrophils in a large
group of adults with bronchiectasis. Furthermore, patients with
a low capacity for neutrophil-generated oxidative burst also demonstrated a reduced capacity for intracellular bactericidal activity
by the neutrophils. These data, however, were not reflected in
two small studies of adult bronchiectasis where no impairment
in oxidative burst by circulating neutrophils was found (29, 32),
although impairment of airway neutrophils was observed (29).
The discrepancies between these data may be attributed to the
methods used to induce oxidative burst (bacterial phagocytosis
versus synthetic peptide) or the clinical characteristics of the
study cohorts (age and severity of disease). In the study by
King and colleagues, phagocytosis and intracellular killing were
investigated using a bacterial challenge, which may represent
an alternate and more accurate pathway of activation compared
with using peptide as the challenge. Despite the conflicting data,
both studies found evidence of impaired microbicidal activity,
albeit in different populations of neutrophils, suggesting that
functional phagocytosis accompanied by impaired intracellular
killing may be one strategy employed by pathogens to establish
an intracellular niche and avoid host clearance mechanisms. The
possibility that impaired phagocytosis and intracellular killing
mechanisms correlate with disease severity highlights the need
to investigate the role of neutrophil function in the progression
of bronchiectasis in children who are in the early stage of chronic
disease.

Frontiers in Pediatrics | www.frontiersin.org

Macrophages

Macrophages are phagocytic cells with multiple phenotypes.
They are the most abundant cell in the uninflamed lung, typically
comprising 85–95% of the cellular profile of bronchoalveolar lavage (BAL) fluid (34). They reside in and around interstitial tissue
(interstitial macrophages) and within the surfactant fluid lining
the alveoli (alveolar macrophages).
Hodge and colleagues recently showed, for the first time,
alveolar macrophage dysfunction in children with bronchiectasis
(15). Compared with control children, alveolar macrophages
from children with bronchiectasis had a reduced capacity for
both efferocytosis of bronchial epithelial cells and phagocytosis of
non-typeable Haemophilus influenzae (NTHi). Impaired efferocytosis of apoptotic epithelial cells and neutrophils has also been
described in adults with asthma and COPD (35, 36). Efficient
efferocytosis is paramount in preventing secondary necrosis and
the release of toxic factors into the lung microenvironment. An
impaired ability to clear both apoptotic host cells and pathogens
would likely contribute to an environment conducive to tissue damage and persistent infection and the pathogenesis of
bronchiectasis.

ADAPTIVE IMMUNE RESPONSES
Bacterial infection plays an important role in the pathogenesis
of bronchiectasis in children. Severe lower respiratory infection
during infancy is a significant risk factor for bronchiectasis (37),
and idiopathic bronchiectasis in adults is often traced back to a
history of lower respiratory infection in childhood (38). NTHi is
the pathogen most commonly associated with bronchiectasis [as
reviewed in Grimwood 2011 (9)]. However, NTHi is also present
as a commensal organism in children without respiratory disease
(39, 40). Despite the dual existence of NTHi as commensal organism and important respiratory pathogen (41), little is known
about the development of natural immunity to NTHi. While it
remains undisputed that the localized physiologic characteristics
of bronchiectasis itself contribute to an environment supportive
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of recurrent and persistent infection (dilated airways, excessive
mucus retention, dysfunctional cilia), complementary studies
in children (42) and adults (43–45) have shown that the adaptive immune response, particularly the cell-mediated immune
response, is an important factor contributing to recurrent respiratory infection with NTHi.

have the capacity to switch between IFN-γ (Th1) and IL-4 (Th2)
polarized responses (50). CD8+ phenotype switching has not
been investigated with respect to chronic NTHi infection; however, CD8+ T-cells from adults with bronchiectasis demonstrated
a non-specific capacity to produce IFN-γ that was not realized
in response to a specific challenge with NTHi (44). Phenotype
switching is one mechanism that may explain this.
Collectively, these studies suggest that children and adults
with bronchiectasis likely have the necessary cell-mediated
immune architecture to respond to NTHi. Children with recent
onset disease and adults with established bronchiectasis have a
universal capacity to produce IFN-γ that is similar to healthy
controls, but fail to do so in response to NTHi. This raises the
possibility of using therapeutic strategies, such as vaccination,
to improve immunity to NTHi by promoting the protective Th1
response. Data in support of this strategy showed that in children
with bronchiectasis, the capacity to produce IFN-γ in response to
NTHi was highest in those who had received three or more doses
of a pneumococcal conjugate vaccine that contained H. influenzae
protein D (PHiD-CV) (51), a surface protein expressed by
H. influenzae, not present in the HiB vaccine (52). Protein D has
adjuvant properties that likely contributed to the higher cytokine
responses in the PHiD-CV-vaccinated children.

CELL-MEDIATED IMMUNE RESPONSES
In vitro challenge assays of blood mononuclear cells indicate that
the cell-mediated immune response to NTHi may be compromised in children with bronchiectasis. This was demonstrated by
a reduced capacity to produce IFN-γ in response to NTHi (42).
Importantly, this compromised cell-mediated immune response
was strongly associated with airway inflammation, specifically,
elevated levels of IL-1β and IL-6 (16), indicating a possible link
between localized inflammation and systemic adaptive immunity.
The mechanisms driving the association between airway inflammation and NTHi-driven IFN-γ in children with bronchiectasis
have not been determined. However, IL-1β and IL-6 are integral
to the initiation and phenotype of the adaptive immune response.
IL-1β drives the inflammatory cascade by localizing neutrophils
and promoting the production of inflammatory modulators such
as IL-6 and IFN-γ-inducible protein 10 (IP-10; CXCL10). IL-6
plays a complex role in the inflammatory response, from promoting inflammation to wound healing. Dysregulation of IL-6
pathways is associated with chronic inflammation (46). In addition to its inflammatory modulating properties, IL-6 is integral to
initiating the adaptive response and in directing its primary phenotype. In the lung, IL-6 polarizes the adaptive immune response
in favor of the humoral response by inhibiting IL-12 production
(47, 48) and by promoting the differentiation of B-cells into
antibody-producing plasma cells (49). These data suggest that
IL-6 and IL-1β may be more than simply markers of inflammation, but rather indicative of suboptimal T-helper pathways that
result in impaired clearance mechanisms and persistent infection.
Collectively these data support an association between impaired
cell-mediated immune responses to NTHi, dysregulated airway
inflammation, and the pathogenesis of bronchiectasis in children.
These data in children complement extensive studies of NTHispecific immune responses in adults (43, 44) to show that a Th1
polarized cell-mediated immune response contributes to protective immunity against NTHi. In these studies, King and colleagues
showed that circulating CD4+ T-helper cells from healthy adults
responded to an in vitro NTHi challenge with increased expression of IL-2 and IFN-γ, in a predominantly classic Th1 manner. In
contrast, the cytokine response from adults with bronchiectasis
and chronic NTHi infection was polarized in favor of IL-4 and
IL-10 and complemented by low expression of IL-2 and IFN-γ.
Several factors may contribute to the differences in cytokine
profiles generated in response to NTHi, including a reduction in
the size of the pool of CD4+ memory T-cells. However, King and
colleagues (44) showed that polarization of cytokine profiles was
in direct relation to a skewing of the cytokines produced, rather
than an overall reduction in the absolute number of CD4+ T-cells.
In addition to CD4+ T-cells, CD8+ cytotoxic T-cells have been
implicated in chronic infection with NTHi (44). CD8+ T-cells
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HUMORAL IMMUNE RESPONSES
The role of the humoral response in the pathogenesis of bronchiectasis is unclear. There are considerable published data showing
chronic colonization and active infection of the lower airways
with NTHi, despite the presence of an active humoral immune
response (42, 51, 53–55). Adults with chronic respiratory conditions, including bronchiectasis, chronic bronchitis, and COPD,
also exhibit a comprehensive humoral immune response against
NTHi, with ample amounts of specific total IgG, IgG subclasses,
IgA and IgM present in circulation (43, 45, 56). These antibodies
are functional against NTHi in vitro and, when combined with
serum complement, form a potent NTHi-clearance mechanism.
Although the amount of circulating immunoglobulin is age
dependent, children also appear to be proficient at producing
NTHi-specific IgG (42, 51, 57, 58). It is thought that this strong,
universal humoral response is one of the main reasons why NTHi
rarely causes systemic infection. However, high systemic antibody
levels do not appear to correlate with protection from respiratory
infections (42, 45).
Secretory IgA is the main immunoglobulin associated with
mucosal immunology. While data on NTHi-specific secretory
IgA are lacking, a small study of 25 adult patients indicated that
deficient secretory IgA was not associated with bronchiectasis or
chronic bronchitis (56). In contrast, in vitro studies have shown
that NTHi produces human IgA proteases that may facilitate its
internalization and persistent survival within lung epithelial cells
(59). It is plausible that impaired antibody function rather than
deficient levels of antibody may contribute to recurrent infection
with NTHi in bronchiectasis. Alternatively, the presence of bacterial biofilm or host bronchial secretions may impede the activity
of antibodies; however, there are no data to confirm or refute this
in children or adults with bronchiectasis.
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Cough swab, sputum, or BAL; b Studies differ in the specimens used for pathogen isolation and ways of reporting numbers or percentages therefore combined percentages are approximations only.
BAL, bronchoalveolar lavage; CFU, colony forming units; md, median; NP, nasopharyngeal; NTHi, non-typeable H. influenzae; sd, standard deviation.
a

2
6
11
11
16
9
0
2
7.9
5
17
6
2
9
10
12
8
8.5
10
22
23
17
17
37
16
14
20
New Zealand
United Kingdom
Turkey
United Kingdom
Saudi Arabia
Ireland
Australia (Indigenous)
Australia
Six countries
n = 60
n = 93
n = 111
n = 136
n = 151
n = 92
n = 104
n = 113
n = 860
Edwards et al. (2)
Eastham et al. (71)
Karadag et al. (73)
Li et al. (74)
Banjar (70, 120)
Zaid et al. (75)
Hare et al. (72)
Kapur et al. (12)
Combined studiesb

Age (years)
Setting

Studies reporting bacteria associated with bronchiectasis in
children are listed in Table 1. H. influenzae (specified as nontypeable, NTHi, in three studies) was the most common pathogen
identified, followed by S. pneumoniae and Moraxella catarrhalis
(2, 12, 70–75). These three species are commonly associated
with acute exacerbations in adults with bronchiectasis (76, 77).
While less common, combined results from all pediatric studies

Number

BACTERIAL PATHOGENS

Reference

TABLE 1 | Bacterial pathogens associated with bronchiectasis in children.

Specimen

Respiratory pathogens employ a variety of strategies to avoid
clearance by host defense mechanisms. When successful, these
strategies inhibit the host from effectively clearing infection and
contribute to an environment supportive of chronic infection
and associated inflammation. Some of the primary strategies
employed by common respiratory pathogens include formation of
protective structures such as biofilm (H. influenzae, Pseudomonas
aeruginosa, Staphylococcus aureus, and Streptococcus pneumoniae) (63, 64), secretion of immune-blocking agents such as
IgA proteases (H. influenzae) (65), and the secretion of toxins
which damage mucus-clearing structures (including cilia) of the
epithelium (66). Secreted proteases can damage the structure of
the bronchial wall, including cilia, hampering sputum clearance
from the lungs and promoting inflammatory processes by the
host. Biofilm has been reported in the lower airways of children
with bronchiectasis (67) and can impede the action of antibiotics
(68). Some pathogens associated with chronic respiratory infections, including H. influenzae and Mycobacterium tuberculosis,
can avoid the host humoral response by manipulating the host’s
own phagocytic cells; hijacking antimicrobial mechanisms and
establishing an intracellular niche (69).

55 (NTHi)
48
39
39
37
54
31 (NTHi)
32 (NTHi)
40

Haemophilus
influenza (%)

PERSISTENT INFECTION AND
BRONCHIECTASIS

Sputum
Variousa
Sputum
Variousa
NP swab, sputum
Sputum and BAL
BAL >104 CFU/mL
BAL ≥105 CFU/mL
Various

Streptococcus
pneumonia (%)

Moraxella
catarrhalis (%)

Pseudomonas
aeruginosa (%)

Staphylococcus
aureus (%)

Collectively, these data indicate that chronic infection with
NTHi is unlikely attributed to an overall deficiency in antibody
production. However, NTHi is a heterogeneous species and can
induce the production of strain-specific antibodies (54, 60).
Thus, it has been suggested that antibody specificity may explain
the inability of a previous infection to protect against a future
infection with NTHi. Contrary to this hypothesis, a considerable
degree of functional antibody cross-reactivity has been demonstrated between different NTHi strains (45). Furthermore, in
children and adults, there is a high turnover of strain carriage, and
multiple strains are often carried concurrently (61, 62). Hence,
it would be expected that a high level of antibody diversity is
circulating at any one time, which should significantly restrict the
number of infections regardless of strain specificity. These data do
not preclude the role of humoral immunity in protection against
respiratory infections with NTHi as humoral immunity likely
plays a significant role in protection from systemic and airway
disease. However, high prevalence of recurrent infection in the
presence of high levels of antibody supports the argument that
an increased susceptibility to infection with NTHi is more closely
linked to the cell-mediated immune response than the humoral
immune response.

0
8
17
4
7
15
3
5
7.6
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1–17 (md 10)
1.6–18.8 (md 7.2)
1–17.5 (md 7.4)
3–18 (md 12.1)
7.3 ± 4.1 (mean ± SD)
1.5–13 (md 6.4)
0.4–12.9 (md 2.4)
2.7–16 (md 5.3)
0.4–18.8
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indicate that P. aeruginosa and S. aureus have similar prevalence
to M. catarrhalis, although results are difficult to compare given
the different specimen types used (Table 1). The prevalence of
H. influenzae, S. pneumoniae, and M. catarrhalis in bronchiectasis forms the basis of empiric antibiotic therapy to treat acute
exacerbations in children (78). However, this evidence is based
primarily on cross-sectional studies of children who are clinically
stable and from retrospective chart reviews. Evidence for the role
of the five main bacteria in bronchiectasis is reviewed in the
following sections, together with data on resistance to β-lactam
and macrolide antibiotics, which are commonly used to treat
respiratory infections.

Resistance to ampicillin and other β-lactam antibiotics in
H. influenzae is generally limited to the production of β-lactamase
or, in the case of β-lactamase negative ampicillin-resistant
(BLNAR) strains, the presence of altered penicillin-binding
proteins (PBPs) (86). The overall prevalence of β-lactamase positive respiratory tract strains was 16.6% in a large international
surveillance study (PROTEKT) from 1999 to 2000, ranging from
3% in Germany to 65% in South Korea; only 0.07% of strains were
BLNAR (87). In another large international study, most clinical
H. influenzae strains were found to have an intrinsic macrolide
efflux mechanism and azithromycin minimum inhibitory concentrations (MICs) between 0.25 and 4 mg/L; only 1.3% had
high-level macrolide resistance (MIC >4 mg/L) due to ribosomal
alterations, while 1.8% were defined as hyper-susceptible (MIC
<0.25 mg/L) (88). In a cross-sectional study of 104 Australian
Indigenous children with bronchiectasis, 19 and 33% of NTHi
isolates from the NP and BAL, respectively, were β-lactamase
positive and 6% and 13%, respectively, were azithromycin resistant (MIC >4 mg/L); all other isolates tested had intermediate
azithromycin resistance (89).

NON-TYPEABLE Haemophilus influenzae
Haemophilus influenzae is a Gram-negative pleomorphic coccobacillus and non-capsulated (non-typeable) strains (NTHi)
are common colonizers of the upper respiratory tract (URT)
(40). As the bacterium most commonly isolated from the
airways of children and adults with bronchiectasis, NTHi likely
contributes substantially to recurrent respiratory infections. In
fact, the significance of NTHi in pediatric bronchiectasis was
noted 60 years ago (79) with the conclusion that “non-capsulated
H. influenzae is responsible for keeping the chronic inflammatory process smoldering in bronchiectatic individuals.” NTHi is
also an opportunistic pathogen associated with other respiratory
infections such as otitis media (OM), sinusitis, and pneumonia
in children (80).
There are a number of virulence factors employed by NTHi
that provide an environment conducive to infection and chronic
colonization (41). Some of these, including production of biofilm
and secretion of proteases, have been mentioned previously in
this review. Biofilm has recently been described in children with
bronchiectasis (67) and recent evidence from in vitro studies
suggests that NTHi may manipulate activated neutrophils into
facilitating the production of biofilm (81). NTHi also produces
human IgA proteases that, in vitro, contribute to invasion of and
survival within human respiratory epithelial cells (59).
Accurate identification of NTHi is important, since nonhemolytic strains of the closely related and primarily commensal,
Haemophilus haemolyticus, may be misidentified as NTHi by
phenotypic methods. Molecular detection methods found that
12–27% of nasopharyngeal (NP) isolates from healthy and otitisprone children, initially identified as NTHi using phenotypic
methods, were actually H. haemolyticus (82, 83). In Australian
Indigenous children with bronchiectasis, most phenotypic NTHi
isolates from the NP (87%) and BAL (88%) were confirmed as
H. influenzae using hpd#3 PCR, whereas most oropharyngeal
(OP) isolates (65%) were presumptive H. haemolyticus (84). NTHi
lower airway infection was also confirmed by using the hpd#3 PCR
quantitatively and comparing measures of bacterial density with
total and differential cell counts to gage the airway inflammatory
response to infection (85). These molecular studies differentiating
NTHi from H. haemolyticus have reaffirmed the importance of
NTHi as a lower airway pathogen in pediatric bronchiectasis and
shown that the NP rather than the OP is the preferred site for
NTHi carriage studies in this pediatric population.
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Streptococcus pneumoniae

Streptococcus pneumoniae (pneumococcus) is a Gram-positive
diplococcus and the second most common pathogen associated
with bronchiectasis in children (Table 1). At least 98 serotypes
have been identified on the basis of its polysaccharide capsule
(90). The capsule is an important virulence factor shielding
the organism from the host’s immune system (91) and also an
important vaccine target. Pneumococci colonize the nasopharynx of healthy individuals (92), but as opportunistic pathogens
they can cause acute local infections, such as OM, sinusitis,
and community-acquired bacterial pneumonia, or invade the
bloodstream resulting in meningitis or sepsis. These acute pneumococcal infections and their complications have been studied
extensively in children. Emerging evidence indicates a role for
Th17 immune pathways in protection from mucosal infection
with S. pneumoniae (93); however, little is known about the role
of pneumococci in establishing and maintaining persistent lower
airway or endobronchial infections in bronchiectasis. As severe
and recurrent pneumonia episodes early in life are significant risk
factors for bronchiectasis (37), it is plausible that early infection
with S. pneumoniae initiates immunologic events that contribute
to the pathogenesis of bronchiectasis.
From 1998 to 2000, the worldwide prevalence of pneumococcal pediatric respiratory tract isolates with high-level penicillin
resistance (MIC ≥2 mg/L) was estimated at 18%, with conspicuous differences between countries (94). Pneumococcal resistance to β-lactams is primarily mediated through alterations in
PBPs, with highly penicillin-resistant strains having more PBP
alterations than strains exhibiting intermediate resistance (MIC
0.12–1 mg/L). Macrolide resistance in pneumococcal pediatric
respiratory tract isolates worldwide was 25% overall (erythromycin
MIC ≥1 mg/L), exceeding penicillin resistance in 19 of 26 countries surveyed (94). Macrolide resistance occurs through two main
mechanisms; a ribosomal methylase and macrolide efflux system
(95). Azithromycin is reported to be effective against susceptible
strains of S. pneumoniae; however, the relevant MIC breakpoint
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Interest in S. aureus has intensified with the increasing
prevalence of infections caused by methicillin-resistant S. aureus
(MRSA) (115). MRSA is now endemic in many hospitals throughout
the world, with the highest rates (>50%) in North and South
America and south-east Asia (116). Studies of long-term macrolide treatment in cystic fibrosis patients with bronchiectasis
have also found high rates of macrolide resistance (up to 100%)
in S. aureus (117–119). We similarly found significantly higher
macrolide resistance in S. aureus NP isolates from Indigenous
children with bronchiectasis randomized to long-term azithromycin (100%) compared to placebo (40%); MRSA was present
but less common in both treatment groups (19 and 20% of
S. aureus isolates, respectively) (100). Importantly, all S. aureus
isolates were macrolide resistant following the conclusion of
the intervention (median 6-months later), providing the first
evidence (to our knowledge) of a lack of fitness cost for macrolide
resistance in this pathogen (100).

is controversial and depends on the site of infection. Treatment
failure has mostly been reported for community-acquired pneumonia (96), generally with MIC ≥8 mg/L (97). However, treatment failure has been reported for OM with MIC ≥2 mg/L (98).
In the cross-sectional study of 104 Australian Indigenous children
with bronchiectasis, 32 and 41% of S. pneumoniae isolates from
the NP and BAL, respectively, were penicillin non-susceptible
(no high-level penicillin resistance was detected) and 34 and
59%, respectively, were azithromycin resistant (azithromycin
MIC ≥12 mg/L) (89).
In a randomized controlled trial (RCT) of weekly azithromycin versus placebo in 78 Indigenous children with bronchiectasis
for up to 2 years, azithromycin resistance in S. pneumoniae from
NP swabs was significantly higher in the azithromycin (79%)
compared to placebo (8%) groups (99). However, resistance
declined (to 7%) following the conclusion of the intervention
(median 6 months later), indicating a fitness cost for macrolide
resistance in S. pneumoniae (100). Similarly, studies of singledose azithromycin and biannual mass treatments for trachoma
have shown increased rates of pneumococcal macrolide resistance followed by a decline in resistance after removal of antibiotic
pressure (101–103). This fitness cost of macrolide resistance in
S. pneumoniae will likely ensure its eventual elimination (replacement of resistant strains by susceptible strains) in the absence of
antibiotic selection (104).

Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative rod-shaped bacterium and opportunistic pathogen. P. aeruginosa is uncommon
in young children with bronchiectasis (12, 72) but is found in
older children (73, 74, 120) and adults with bronchiectasis
(76, 114, 121, 122). Lower respiratory infection with
P. aeruginosa is a predictor of accelerating lung function decline
(28, 123), severe disease, and mortality (124), and is therefore
likely associated with more advanced disease. Numerous mechanisms of antibiotic resistance have been attributed to P. aeruginosa
including intrinsic and acquired β-lactamases and multidrug
efflux pumps (125). No data were located on antibiotic resistance
in P. aeruginosa from children with bronchiectasis.

Moraxella catarrhalis

Moraxella catarrhalis is a Gram-negative, mostly β-lactamase
positive, diplococcus. Although much of the research into pediatric respiratory conditions focusses on NTHi and pneumococcus,
M. catarrhalis should not be overlooked. In a large cohort study
of children presenting with cough, M. catarrhalis was the only
pathogen that distinguished children with and without persistent
cough 28 days later (105). M. catarrhalis is also a common cause
of OM in infants and children and causes an estimated 2–4 million exacerbations of COPD in adults annually in the USA (106).
Most M. catarrhalis strains produce β-lactamase; 92% in
the PROTEKT study (87). In contrast, M. catarrhalis is almost
universally susceptible to azithromycin (87, 95, 107, 108),
although macrolide resistance has recently been reported in
China (109, 110), Japan (111, 112), and Pakistan (113). In
Australian Indigenous children with bronchiectasis, most
M. catarrhalis isolates from the NP (91%) and BAL (100%) were
β-lactamase positive; however, azithromycin resistance was not
tested (89). No data were located on macrolide resistance in
M. catarrhalis from children with bronchiectasis. Given the
increasing use of azithromycin for a range of conditions, it
may be prudent to monitor M. catarrhalis for development of
macrolide resistance.

INITIATION OF LOWER RESPIRATORY
INFECTION
Since lower airway infections result from aspiration of pathogenic bacteria originating in the upper airways (92), differences
in URT carriage in different populations may be important. Four
of the five main bacteria (P. aeruginosa being the exception)
associated with bronchiectasis are common colonizers of the
URT in children. Nasal or NP carriage of NTHi, S. pneumoniae,
and M. catarrhalis is common in young children, particularly
in day care centers (126, 127) and low-income countries
(128). However, very high rates (80–90%) have been reported
in Australian Aboriginal children (127, 129) and children in
some developing countries such as Papua New Guinea (PNG)
(130) and the Gambia (131, 132), which also have high rates
of pneumonia morbidity and mortality (133, 134). Australian
Aboriginal and Gambian infants acquire NP carriage of all three
main respiratory pathogens at a very early age (132, 135), and
the URT burden is higher in Indigenous than non-Indigenous
Australian children (127, 136).
Nasopharyngeal carriage of S. aureus is high in infants
<3 months old but declines rapidly as carriage of the three main
respiratory bacteria increases, reaching a low point at 1–2 years
(132, 137). Carriage increases again to reach its highest prevalence in children >5 years old (138, 139), as NP carriage of the

Staphylococcus aureus

Staphylococcus aureus is a Gram-positive coccal bacterium frequently found in the nose and on the skin and is a common cause
of skin and respiratory infections. It is commonly associated with
bronchiectasis in adults (76, 114). Although sometimes found
in the BAL of children with bronchiectasis (Table 1), its role in
pathogenesis is unknown.
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other three bacteria declines. If aspiration of S. aureus from the
URT contributes to bronchiectasis, then S. aureus lower airway
infection may be more common in older children.
In contrast, P. aeruginosa is not considered part of the normal
pharyngeal flora. In children with cystic fibrosis, carriage in the
URT has only been found in those with established lower airway
colonization (140). A recent study evaluated swabbing methods
to estimate URT bacterial carriage and found very low prevalence
of P. aeruginosa in all age groups (138). Aspiration of P. aeruginosa
into the lower airways is thus likely a rare event, which may help
to explain why this pathogen is especially uncommon in young
children with bronchiectasis.

lungs of Australian Indigenous children with bronchiectasis and
concurrent carriage and lower airway infection (72) suggests
recent aspiration of NP secretions, given the high turnover of NP
strains. However, multiple strains of NTHi and S. pneumoniae
have consistently been found more frequently in BAL compared
to NP specimens (72, 89). This suggests accumulation of strains
in the lower airways resulting from recurrent aspiration and
failure to eliminate prior strains. Multiple NTHi strains have also
been reported in sputum microbiology from adults with chronic
respiratory conditions (54, 76).
It is probable that the high and early burden of pathogens
in the nasopharynx of Indigenous children and children in low
income countries contributes to the high burden of acute and
chronic lower respiratory infections. Figure 1, adapted from
Cole’s original model (10) and modified to explain chronic lung
disease (145), illustrates an “extended vicious circle” hypothesis
to explain high rates of chronic endobronchial disorders such as
bronchiectasis.

MULTIPLE STRAIN CARRIAGE AND
PERSISTENCE OF INFECTION
A notable feature of NTHi carriage in populations with high
carriage rates is regular turnover of strains, and the multiplicity
of NP strains carried at any one time (62, 130, 141). Populations
with high S. pneumoniae carriage, such as Australian Aboriginal
(141, 142), Gambian (131), and PNG children (130), also have high
rates of simultaneous multiple serotype carriage; 10-fold higher
than that reported in other populations (143). Pneumococcal
serotypes are also regularly replaced; the mean duration of
S. pneumoniae carriage in Kenyan children was just over 30 days
(range 6.7–50 days for 28 serotypes) (144).
The high level of concordance between bacterial strains (NTHi
ribotypes and pneumococcal serotypes) in the nasopharynx and

CHALLENGES AND LIMITATIONS
Despite what we have learned about the microbiology of the lower
airways in children with bronchiectasis, there are challenges associated with identifying the pathogen responsible for a respiratory
exacerbation. Spontaneous or induced sputum is a reliable and
accessible source of specimen routinely used for microbiologic
analysis in adults. However, collecting sputum from young
children is problematic as they find it difficult to expectorate.
Although NP swabs may be a useful proxy, in practice, the

FIGURE 1 | The extended vicious circle hypothesis to explain high rates of chronic endobronchial disorders such as bronchiectasis. The high and early
burden of multiple pathogen species and strains in the nasopharynx of Indigenous children and children in low income countries (high-dose versus low-dose
exposure) likely contributes to their high burden of acute and chronic lower respiratory infections. Carriage without inflammation is usually cleared but may result in
pneumonia or invasive disease in the presence of virulent strains and/or underlying disease (unshaded boxes). Dense and diverse colonization causes neutrophilic
inflammation, mucosal tissue damage, increased mucus secretion, and decreased mucociliary clearance, leading to chronic mucosal disease, recurrent lower airway
infection, and bronchiectasis (shaded boxes). Persistent nasal discharge and chronic cough perpetuate this vicious circle, particularly where there is poor hygiene
and overcrowding, by increasing opportunities for transmission. High rates of transmission events result in an accumulation of strains at a rate greater than can be
cleared by the immune response (particularly in infants and young children) or by damaged mucosa, and the vicious circle (bold arrows) is repeated. Figure used
with permission from PNG Med J (145).
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organism responsible for an exacerbation is rarely identified, and
physicians generally rely on empiric evidence to treat respiratory
exacerbations in children with bronchiectasis.
Contamination with upper airway microflora is a potential
problem when lower airway specimens are obtained for bacterial
culture (146). Despite careful technique, contamination may
occur during BAL collection in young children as the tube used is
too narrow for the protected brush method. Quantitative culture
is used to exclude bacteria present in low numbers in BAL fluid
due to upper airway contamination; however, the threshold used
to define lower airway infection varies between studies. We and
others have used a cutoff of 104 colony forming units (CFU)/mL
BAL (72, 147, 148) in children. However, others have used different cutoffs, e.g., 103 CFU/mL in some adult studies (19, 146)
and 105 CFU/mL for infants with cystic fibrosis (149). Although
we validated a threshold of 104 CFU/mL to define NTHi lower
airway infection using correlation with quantitative PCR and
airway neutrophilia (85), alternative thresholds and other bacterial pathogens need investigation.
Identifying the pathogens responsible for lower airway
infections is further complicated by limitations in laboratory
methods. Only a small proportion of bacteria are detectable
using routine laboratory culture and identification of respiratory
pathogens from sputum or BAL alone does not prove causality
of infection.

only Porphyromonas sp. was dominant in OP specimens (153).
These data support the hypothesis that the dynamics of bacterial
populations in the nasopharynx are primarily responsible for
dysbiosis in the lungs of children with bronchiectasis although
both OP and NP analysis should be included in studies of the
lower airways.

VIRUSES
There are few data available with which to characterize the role of
viral infection in the pathogenesis of bronchiectasis in children.
However, recent data from two separate, prospective Australian
studies of children with bronchiectasis indicate that attention to
viruses is warranted. Respiratory viruses were associated with
48% of exacerbations in 69 Queensland children with bronchiectasis (154) and detected in the BAL of 44% of 68 clinically
stable children, primarily Indigenous, in the Northern Territory
(16). Furthermore, in a study of bronchiectasis in 58 adults in
Guangdong, China, respiratory viruses were detected during
49% of 100 exacerbations (155). In the two pediatric studies,
rhinovirus was the most commonly detected virus, while coronavirus, followed by rhinovirus and influenza were most common
in the adult study. Whether this difference in viral dominance
is demographically driven or associated with disease severity is
unknown. However, in both children and adults, the presence of
virus during respiratory exacerbation was associated with more
severe symptoms.
Respiratory viruses are an important cause of exacerbations in
other chronic respiratory illnesses including asthma and COPD
(156, 157). It has been postulated that viruses may alter immune
responses and promote respiratory exacerbations from bacterial infection (158). Furthermore, bacteria/virus coinfections
reportedly result in more severe symptoms (158, 159). Australian
Indigenous children carry a high burden of respiratory bacteria
from a very young age (135, 160). Increased nasopharyngeal
NTHi density has been shown in the presence of any one of
several respiratory viruses in Indigenous children with acute OM;
the most commonly detected viruses being rhinovirus, polyomavirus, and adenovirus (161). Adenovirus has also been associated
with suppurative lung conditions in children, particularly with
respect to bacterial coinfection (162).
Respiratory viruses are likely an under-recognized factor
contributing to acute exacerbations and persistent airway inflammation in children with bronchiectasis. Large, population-based
pediatric studies investigating the effect of viruses on airway
immunopathology are important to fully appreciate the contribution of viruses to chronic inflammation and the pathogenesis of
bronchiectasis in children.

MICROBIOME
Improvements in culture-independent molecular technologies
show that the bronchial tree is host to a diverse microbiota, including respiratory pathogens, in people without respiratory illness
(150). Thus, it is difficult to distinguish pathogenic colonization
from commensal or opportunistic colonization in an individual
patient. Nevertheless, members of the phylum Proteobacteria
(which includes Haemophilus and Moraxella spp.) were strongly
associated with airway disease (COPD and asthma) in adults and
children (150).
The concept of dysbiosis (microbial imbalance) in intestinal
flora has a long history and the associated literature is huge. In
contrast, the healthy lung was long considered to be sterile, so
that characterization of a healthy lung microbiome is a relatively
recent development. Studies using 16S rRNA gene sequencing
found that bacterial communities of the healthy lung overlapped
those found in the mouth but at lower concentrations, while NP
samples showed a different composition (151, 152). Bacteroidetes,
particularly Prevotella spp., were frequently found in the mouth
and lungs of healthy adults and children (150–152).
A recent study using 16S rRNA gene sequencing found that
the microbiota in BAL specimens from 78 young children with
chronic lung disease (36 had bronchiectasis) includes taxa present
in both NP and OP specimens (153). Diversity using Simpson’s
index was significantly lower in NP swabs compared to OP and
BAL specimens, reflecting the more common dominance of individual operational taxonomic units (OTUs) in the NP microbiota
(153). Dominant OTUs (>50% relative abundance) in NP and
BAL specimens included M. catarrhalis, H. influenzae, S. aureus,
and mitis group streptococci (which includes S. pneumoniae);
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IMPACT OF ANTIBIOTICS
Antibiotic therapy forms the cornerstone of bronchiectasis
management in children. Antibiotics are prescribed to reduce
symptoms, prevent exacerbations, and preserve lung function
by reducing lower airway bacterial load and inflammation (163).
Amoxicillin remains the antibiotic of choice for acute respiratory
infections due to its long history of clinical success, acceptability,
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limited side effects, and relatively low cost. High doses of amoxicillin can be prescribed for penicillin-resistant pneumococci, but
clinical failure may indicate another infecting pathogen that is a
β-lactamase producer. This mode of resistance can be overcome
by antibiotics containing β-lactamase inhibitors such as clavulanic acid. Oral amoxicillin-clavulanate is usually prescribed
as initial empiric therapy for children with bronchiectasis and
mild-to-moderate exacerbations (163).
The macrolide antibiotic azithromycin is often used long term
for the management of bronchiectasis in children and adults (8).
Azithromycin does not require refrigeration and can be taken
orally once a week and is therefore more easily managed in resource
poor settings. Azithromycin has been used in pediatric patients
since 1991 and has been found to be safe and well-tolerated in
the single-dose regimen as well as the conventional 3-day and
5-day regimens (164). Macrolides are active against S. pneumoniae, H. influenzae, M. catarrhalis, and S. aureus (165, 166); they
have no bactericidal effects against P. aeruginosa but do inhibit
biofilm formation (166). Macrolides have immunomodulatory
properties and antibacterial effects (166), decreasing inflammation, inhibiting bronchial hyper-responsiveness, and improving
mucus clearance (167), and may therefore play an important role
in the management of bronchiectasis.
Three reviews (166, 168, 169) of maintenance macrolide
therapy (2–24 months duration) for bronchiectasis have reported
six RCTs in adults and four in children (99, 170–172). Macrolide
therapy was associated with reduced frequency of exacerbations
in adults (risk ratio [RR] 0.42, P < 0.001) and children (RR 0.50,
P < 0.001) (169), often with other improvements in pulmonary
function and reduced sputum volume. Only one RCT of lowdose erythromycin versus placebo in children with HIV-related
bronchiectasis found no difference in the frequency of exacerbations (172). Increased macrolide resistance in NP bacteria
(S. pneumoniae and S. aureus) was found in the only RCT in
children which detailed microbiologic outcomes (99). However,
adherence to medication in the Australian azithromycin group
was significantly associated with lower carriage of any pathogen
and fewer macrolide-resistant pathogens (95% of New Zealand
children took ≥70% of their weekly doses as directly observed
therapy was practiced) (100). Better adherence to treatment will
not only optimize clinical benefit (99) but also by lowering the
bacterial load and minimizing prolonged periods of sub-MIC
antibiotic concentrations, it may also reduce the risk of macrolide
resistance (100). This has important implications for physicians
when considering long-term macrolide antibiotics for children
with bronchiectasis, since adherence <70% was a significant risk
factor for macrolide resistance (100).

vaccination of people with COPD (177). A more effective oral
vaccine may improve mucosal protection (178) and reduce the
incidence and/or severity of respiratory infections caused by
NTHi.
Pneumococcal polysaccharide vaccines were developed to
prevent pneumonia caused by S. pneumoniae and include serotypes causing the most invasive pneumococcal disease (IPD). The
23-valent polysaccharide vaccine was introduced in 1983 (179)
and is still in use today. However, while the antibody response to
immunization with polysaccharide is satisfactory in most people
over the age of two, the response is less satisfactory between
6 months and 2 years of age and very poor in children < 6months
old (180). Conjugation of pneumococcal polysaccharides to a carrier protein improves immune responses among infants. The first
licensed pneumococcal conjugate vaccine (PCV7) introduced in
2000 contained seven serotypes causing most IPD in children
<5 years old in the USA (181). Vaccines including more serotypes
have subsequently been produced, including a 10-valent pneumococcal NTHi protein D conjugate vaccine (PHiDCV) (182)
and PCV13, licensed in 2010 (183).
PCVs have been very effective in reducing the incidence of
IPD caused by vaccine serotypes (184–186). However, PCVs
have been less effective in reducing pneumonia (a risk factor for
bronchiectasis); reductions in radiologically confirmed (likely
bacterial) pneumonia of 20–22% have been described in some
populations (187, 188) but no reduction in others (189). Limited
impact on pneumonia incidence may be due to the relative
contribution of vaccine-type pneumococci in a setting where
multiple other pathogens (including pneumococcal serotypes not
in the vaccine) are prevalent.
There are few published clinical trials assessing the impact
of PCVs in children with bronchiectasis, although vaccination
is currently recommended (78). A clinical trial of PHiDCV in
children with protracted bacterial bronchitis, chronic suppurative lung disease, and bronchiectasis (collectively referred to as
chronic endobronchial disorders), with respiratory exacerbation
as the primary outcome, is currently underway (190). We have
recently found that carriage serotypes of S. pneumoniae (mostly
non-vaccine types in PCV-vaccinated populations) have a similar
propensity to cause lower airway infection in Australian children
with chronic endobronchial disorders (191). From these data,
it may be argued that PCVs will have little impact on lower
respiratory infection in this population. However, PHiDCV may
be effective against mucosal infection with NTHi (192), and we
await the full findings of the clinical trial (190).
Further molecular studies are required, since not all H. influenzae strains have the hpd genes encoding Haemophilus protein
D (193). This has implications for H. influenzae identification,
and other gene targets have been used (194, 195). There are also
important implications for vaccine targeting, and studies are
needed to determine the prevalence of hpd negative strains in
different populations and different sites of carriage and infection
and to investigate other potential NTHi vaccine antigens.
Vaccines targeting the other three main bacterial pathogens
in pediatric bronchiectasis, M. catarrhalis, P. aeruginosa, and
S. aureus are not yet commercially available; their development
has been reviewed by others (196–198).

IMPACT OF VACCINES
Currently, there is no commercially available vaccine specifically targeting NTHi, the main bacterial pathogen in pediatric
bronchiectasis. Oral vaccines against infection with NTHi have
been successful in reducing the number and severity of exacerbations, as well as carriage, in adults with COPD and chronic
bronchitis (173–176). However, a systematic review found
the benefit was too small to advocate widespread NTHi oral
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ANTI-INFLAMMATORIES

breath condensate (201) and biomarkers from upper airway
mucosal secretions (202) and blood (23) reflective of lower airway
inflammatory processes.

Inhaled anti-inflammatories may be a strategy to manage the
intense and persistent airway inflammation associated with
bronchiectasis. Inhaled non-steroidal anti-inflammatories
(NSAIDs) and corticosteroids have been proposed as potential
agents in the management of bronchiectasis (8). However, two
recent systematic reviews of randomized, controlled clinical
trials found no evidence to support the use of inhaled NSAIDs
(199) or corticosteroids (200) in children with bronchiectasis.
These reviews emphasize a gap in knowledge regarding novel
therapeutics to address airway inflammation in children with
bronchiectasis. There is a need for clear data regarding the effect
of inhaled anti-inflammatories on airway inflammation and the
long-term effect of anti-inflammatories on recurrent infection in
children with bronchiectasis, prior to introducing them into the
therapeutic regime.

Understanding the Mechanisms
Responsible for Immune Dysfunction

Dysregulated airway inflammation appears to be linked to the
functional phenotype of the adaptive immune response (16);
however, the direction of this association, be it cause or effect, is
unknown and likely complex and questions remain regarding the
transition between acute and chronic responses. Inappropriate
T-cell responses may increase susceptibility to infection with
NTHi and prolong inflammation due to ineffective clearance
mechanisms. Dysregulated IL-6 and IL-1β pathways in the
lungs may promote an environment supportive of Th2 and Th17
polarized responses, increasing susceptibility to infection with
NTHi and viruses. It is also plausible that chronic inflammation
may contribute to impaired macrophage activation and T-cell
responses, resulting in an environment of immune tolerance or
exhaustion. Understanding immunologic mechanisms behind
the chronic symptoms of bronchiectasis will greatly inform
targeted management practices.

THE ROAD FORWARD
The past decade has seen tremendous advances in our understanding of the immunologic parameters associated with bronchiectasis. Bronchiectasis is a complex condition involving suboptimal
adaptive immune responses and dysregulated inflammatory
responses that culminate in recurrent and persistent infection.
However, current management strategies for children continue to
rely primarily on antibiotic therapy for the treatment or prevention of acute bacterial infection and physiotherapy for airway
clearance. While these strategies are important, a novel, multidirectional approach is required to address the impaired adaptive
immune responses and dysregulated inflammatory mechanisms
responsible for chronic inflammation and persistent infection.
Novel, plausible therapeutic directives may include targeting airway inflammation through the use of inhaled anti-inflammatories
or improving adaptive immune responses to pathogens important
to the pathogenesis of bronchiectasis. However, both approaches
require a commitment to understanding the complex immunology associated with suboptimal immune responses and protective
immune pathways, prior to developing and incorporating immunomodulating therapeutics to the management of bronchiectasis
in children. Understanding the mechanisms driving the immunopathology of bronchiectasis has the potential to revolutionize
therapeutics and management strategies for children. Here, we
consider future research endeavors to advance management and
prevention of bronchiectasis in children.

Improving Immunity to NTHi

Limited data suggest that it may be possible to improve immunity
to NTHi in children with bronchiectasis. Vaccination with a PCV
containing a single-NTHi antigen was associated with higher
NTHi-driven IFN-γ responses (51). While it appears that a strong
IFN-γ response is important for immunity to NTHi, the specific
cytokine profile that correlates with protection is unknown.
Indeed, while the IFN-γ levels produced by children with bronchiectasis who received the vaccine approached levels obtained
by healthy control children, the children with bronchiectasis also
produced higher levels of Th2-associated cytokines (IL-13 and
IL-5), suggesting generation of a mixed Th1/Th2 response. As
mixed Th1/Th2 responses are associated with suboptimal protection from pertussis (203), effective vaccine development will rely
on understanding the functional cell-mediated phenotype that
best correlates with protection from infection with NTHi.

Does Immune Dysfunction Extend to
Pathogens Other Than NTHi?

Non-typeable Haemophilus influenzae is the most common
known pathogen identified in the lower airways of children with
bronchiectasis; however, other respiratory pathogens, including
viruses, are also common. Furthermore, accumulating data indicate that the airways are host to a diverse microbiota, including
respiratory pathogens, in people without respiratory disease.
Thus, distinguishing infection from opportunistic colonization can be difficult. It has been proposed in the literature that
respiratory disease may be better characterized by changes in
the phenotypic profile of the microbiota (150). Detailed data
investigating the relative effect of changes in the lung microbiota
on immune function in children are lacking. Such studies would
provide important information regarding immune development
and the pathogenesis of bronchiectasis.

Developing Non-Invasive Methods to
Define and Monitor Airway Inflammation

Rapid advancements in therapeutics against persistent inflammation are hindered by difficulties in monitoring their effect
on airway inflammation. Obtaining lower airway specimens
from children is challenging. Young children find it difficult to
expectorate until at least 7 years of age and bronchoscopy with
lavage is an invasive procedure performed under anesthesia.
Non-invasive approaches for monitoring inflammation in the
lungs, including the resolution of inflammation, are required.
Approaches that warrant investigation include the use of exhaled

Frontiers in Pediatrics | www.frontiersin.org

11

May 2017 | Volume 5 | Article 123

Pizzutto et al.

Bronchiectasis in Children: Immunology/Microbiology

Bacterial Load Thresholds to Define
Lower Airway Infection

studies are needed to determine the prevalence of hpd-negative
NTHi strains in different populations and different sites of carriage
and infection and to investigate other potential vaccine antigens
in NTHi and other pathogens. This information may prove valuable in the development of vaccines and therapeutic agents.

Respiratory societies have introduced guidelines for collecting
BAL fluid for microbiologic and immunologic analysis. However,
instrumentation, technique, and sample preparation can vary
widely between centers and between individual operators. The
effect this has on the phenotype or quality of the sample must be
considered when reporting results. Although we have validated a
threshold of 104 CFU/mL to define NTHi lower airway infection
in our setting (85), alternative thresholds should be investigated.
Multiple biologic and clinical markers consistent with disrupted
airway homeostasis should be considered when developing algorithms to define thresholds of infection. Further, the association
between bacterial load and inflammatory markers may differ
between bacterial species. Well-defined thresholds of infection
that can account for operational variables are important for
understanding the contribution of each pathogen to lower airway
inflammation in children with bronchiectasis.

CONCLUDING STATEMENT
Suboptimal adaptive immune responses, in addition to dysregulated local inflammatory responses, likely contribute to an environment conducive to chronic or recurrent infection. An effective
management strategy for bronchiectasis in children requires an
understanding of the adverse immunologic events leading to
recurrent infection and persistent inflammation. Promoting an
environment that supports efficient pathogen clearance and rapid
resolution of inflammatory responses should be forefront in our
future endeavors to combat a condition that should be largely
preventable.

Genome Studies

AUTHOR CONTRIBUTIONS

Whole genome sequencing (WGS) is needed to understand
virulence and antibiotic resistance determinants in important
bacterial pathogens. We have reported higher rates of resistance
in BAL compared to NP isolates for NTHi, S. pneumonia, and
M. catarrhalis (89). Lower airway strains may harbor a significantly higher proportion of genetic variants that favor persistence
or confer antimicrobial resistance compared to NP strains from
the same children and/or asymptomatic carriers. Further, WGS

SP, KH, and JU wrote and edited the review.

FUNDING
This work is supported by National Health and Medical Research
Council of Australia, Early Career Fellowships 1113302 (SP) and
1072870 (KH) and project grant 1042601 (JU).

REFERENCES

10. Cole PJ. Inflammation: a two-edged sword – the model of bronchiectasis. Eur
J Respir Dis Suppl (1986) 147:6–15.
11. Guran T, Ersu R, Karadag B, Karakoc F, Demirel GY, Hekim N, et al.
Withdrawal of inhaled steroids in children with non-cystic fibrosis bronchiectasis. J Clin Pharm Ther (2008) 33(6):603–11. doi:10.1111/j.1365-2710.
2008.00951.x
12. Kapur N, Grimwood K, Masters IB, Morris PS, Chang AB. Lower airway
microbiology and cellularity in children with newly diagnosed non-CF bronchiectasis. Pediatr Pulmonol (2012) 47(3):300–7. doi:10.1002/ppul.21550
13. Pizzutto SJ, Grimwood K, Bauert P, Schutz KL, Yerkovich ST, Upham JW,
et al. Bronchoscopy contributes to the clinical management of indigenous
children newly diagnosed with bronchiectasis. Pediatr Pulmonol (2013)
48(1):67–73. doi:10.1002/ppul.22544
14. Baines J, Upham J, Yerkovich S, Chang A, Marchant J, Carroll M, et al.
Mediators of neutrophil function in children with protracted bacterial
bronchitis. Chest (2014) 146(4):1013–20. doi:10.1378/chest.14-0131
15. Hodge S, Upham JW, Pizzutto S, Petsky HL, Yerkovich S, Baines KJ, et al. Is
alveolar macrophage phagocytic dysfunction in children with protracted bacterial bronchitis a forerunner to bronchiectasis? Chest (2016) 149(2):508–15.
doi:10.1016/j.chest.2015.10.066
16. Pizzutto SJ, Upham JW, Yerkovich ST, Chang AB. High pulmonary levels
of IL-6 and IL-1β in children with chronic suppurative lung disease are
associated with low systemic IFN-g production in response to non-typeable
Haemophilus influenzae. PLoS One (2015) 10(6):e0129517. doi:10.1371/
journal.pone.0129517
17. Chalmers JD, Smith MP, McHugh BJ, Doherty C, Govan JR, Hill AT. Shortand long-term antibiotic treatment reduces airway and systemic inflammation in non-cystic fibrosis bronchiectasis. Am J Respir Crit Care Med (2012)
186(7):657–65. doi:10.1164/rccm.201203-0487OC
18. Loukides S, Bouros D, Papatheodorou G, Lachanis S, Panagou P, Siafakas NM.
Exhaled H(2)O(2) in steady-state bronchiectasis: relationship with cellular

1. Brower KS, Del Vecchio MT, Aronoff SC. The etiologies of non-CF bronchiectasis in childhood: a systematic review of 989 subjects. BMC Pediatr (2014)
14(1):299. doi:10.1186/s12887-014-0299-y
2. Edwards EA, Asher MI, Byrnes CA. Paediatric bronchiectasis in the twenty-first
century: experience of a tertiary children’s hospital in New Zealand. J Paediatr
Child Health (2003) 39(2):111–7. doi:10.1046/j.1440-1754.2003.00101.x
3. Kapur N, Karadag B. Differences and similarities in non-cystic fibrosis
bronchiectasis between developing and affluent countries. Paediatr Respir
Rev (2011) 12(2):91–6. doi:10.1016/j.prrv.2010.10.010
4. Singleton RJ, Valery PC, Morris P, Byrnes CA, Grimwood K, Redding G,
et al. Indigenous children from three countries with non-cystic fibrosis
chronic suppurative lung disease/bronchiectasis. Pediatr Pulmonol (2013)
49(2):189–200. doi:10.1002/ppul.22763
5. O’Grady KA, Torzillo PJ, Chang AB. Hospitalisation of Indigenous children
in the Northern Territory for lower respiratory illness in the first year of life.
Med J Aust (2010) 192(10):586–90.
6. Bastardo CM, Sonnappa S, Stanojevic S, Navarro A, Mondejar Lopez P,
Jaffe A, et al. Non-cystic fibrosis bronchiectasis in childhood: longitudinal growth and lung function. Thorax (2009) 64:246–51. doi:10.1136/
thx.2008.100958
7. Kapur N, Masters IB, Chang AB. Longitudinal growth and lung function in
pediatric non-CF bronchiectasis – what influences lung function stability?
Chest (2010) 138:158–64. doi:10.1378/chest.09-2932
8. Chang AB, Marsh RL, Smith-Vaughan HC, Hoffman LR. Emerging drugs for
bronchiectasis. Expert Opin Emerg Drugs (2012) 17(3):361–78. doi:10.1517/
14728214.2012.702755
9. Grimwood K. Airway microbiology and host defences in paediatric non-CF
bronchiectasis. Paediatr Respir Rev (2011) 12(2):111–8. doi:10.1016/j.
prrv.2010.10.009

Frontiers in Pediatrics | www.frontiersin.org

12

May 2017 | Volume 5 | Article 123

Pizzutto et al.

19.
20.
21.

22.

23.

24.
25.
26.
27.
28.

29.
30.
31.

32.

33.

34.
35.
36.

37.

Bronchiectasis in Children: Immunology/Microbiology

composition in induced sputum, spirometry, and extent and severity of
disease. Chest (2002) 121(1):81–7. doi:10.1378/chest.121.1.81
Angrill J, Agustí C, de Celis R, Rañó A, Gonzalez J, Solé T, et al. Bacterial
colonisation in patients with bronchiectasis: microbiological pattern and risk
factors. Thorax (2002) 57(1):15–9. doi:10.1136/thorax.57.1.15
Drost N, D’Silva L, Rebello R, Efthimiadis A, Hargreave FE, Nair P. Persistent
sputum cellularity and neutrophils may predict bronchiectasis. Can Respir J
(2011) 18(4):221–4. doi:10.1155/2011/920465
Guran T, Ersu R, Karadag B, Akpinar IN, Demirel GY, Hekim N, et al.
Association between inflammatory markers in induced sputum and clinical
characteristics in children with non-cystic fibrosis bronchiectasis. Pediatr
Pulmonol (2007) 42(4):362–9. doi:10.1002/ppul.20587
Moermans C, Heinen V, Nguyen M, Henket M, Sele J, Manise M, et al. Local
and systemic cellular inflammation and cytokine release in chronic obstructive pulmonary disease. Cytokine (2011) 56(2):298–304. doi:10.1016/j.
cyto.2011.07.010
Hodge G, Upham JW, Chang AB, Baines KJ, Yerkovich ST, Pizzutto SJ, et al.
Increased peripheral blood pro-inflammatory/cytotoxic lymphocytes in
children with bronchiectasis. PLoS One (2015) 10(8):e0133695. doi:10.1371/
journal.pone.0133695
Ergan Arsava B, Coplu L. Does airway colonization cause systemic inflammation in bronchiectasis? Tuberk Toraks (2011) 59(4):340–7. doi:10.5578/
tt.2934
Ip M, Lam WK, Chan JC, Liong E. Systemic effects of inflammabronchiectasis. Respir Med (1991) 85(6):521–5. doi:10.1016/
tion in 
S0954-6111(06)80271-4
Mak JC, Ho SP, Leung RY, Ho PL, Ooi C, Tipoe GL, et al. Elevated levels of
transforming growth factor-beta(1) in serum of patients with stable bronchiectasis. Respir Med (2005) 99(10):1223–8. doi:10.1016/j.rmed.2005.02.039
Wilson CB, Jones PW, O’Leary CJ, Hansell DM, Dowling RB, Cole PJ, et al.
Systemic markers of inflammation in stable bronchiectasis. Eur Respir J
(1998) 12(4):820–4. doi:10.1183/09031936.98.12040820
Martínez-García MA, Soler-Cataluña J-J, Perpiñá-Tordera M, RománSánchez P, Soriano J. Factors associated with lung function decline in
adult patients with stable non-cystic fibrosis bronchiectasis. Chest (2007)
132(5):1565–72. doi:10.1378/chest.07-0490
Chalmers JD, Turnbull K, Doherty C, Govan JR, Hill A. Impaired neutrophil
phagocytosis and receptor expression in non-CF bronchiectasis. Eur Respir J
(2013) 42(Suppl 57):2065.
King PT, Hutchinson P, Holmes PW, Freezer NJ, Bennett-Wood V,
Robins-Browne R, et al. Assessing immune function in adult bronchiectasis.
Clin Exp Immunol (2006) 144(3):440–6. doi:10.1111/j.1365-2249.2006.03091.x
Voglis S, Quinn K, Tullis E, Liu M, Henriques M, Zubrinich C, et al.
neutrophil peptides and phagocytic deficiency in bronchiectatic
Human 
lungs. Am J Respir Crit Care Med (2009) 180(2):159–66. doi:10.1164/
rccm.200808-1250OC
Ruchaud-Sparagano MH, Gertig H, Hester KL, Macfarlane JG, Corris PA,
Simpson AJ, et al. Effect of granulocyte-macrophage colony-stimulating
factor on neutrophil function in idiopathic bronchiectasis. Respirology (2013)
18(8):1230–5. doi:10.1111/resp.12138
Wark PA, Saltos N, Simpson J, Slater S, Hensley MJ, Gibson PG. Induced
sputum eosinophils and neutrophils and bronchiectasis severity in allergic
bronchopulmonary aspergillosis. Eur Respir J (2000) 16(6):1095–101.
doi:10.1034/j.1399-3003.2000.16f13.x
de Blic J, Midulla F, Barbato A, Clement A, Dad I, Eber E, et al. Bronchoalveolar
lavage in children. Eur Respir J (2000) 15:217–31. doi:10.1183/09031936.00.
15121700
Simpson JL, Gibson PG, Yang IA, Upham J, James A, Reynolds PN, et al.
Impaired macrophage phagocytosis in non-eosinophilic asthma. Clin Exp
Allergy (2013) 43(1):29–35. doi:10.1111/j.1365-2222.2012.04075.x
Hodge S, Hodge G, Scicchitano R, Reynolds PN, Holmes M. Alveolar
macrophages from subjects with chronic obstructive pulmonary disease
are deficient in their ability to phagocytose apoptotic airway epithelial cells.
Immunol Cell Biol (2003) 81(4):289–96. doi:10.1046/j.1440-1711.2003.
t01-1-01170.x
Valery PC, Torzillo PJ, Mulholland K, Boyce NC, Purdie DM, Chang AB.
Hospital-based case-control study of bronchiectasis in indigenous children
in central Australia. Pediatr Infect Dis J (2004) 23(10):902–8. doi:10.1097/01.
inf.0000142508.33623.2f

Frontiers in Pediatrics | www.frontiersin.org

38. King PT, Holdsworth SR, Farmer M, Freezer N, Villanueva E, Holmes PW.
Phenotypes of adult bronchiectasis: onset of productive cough in childhood
and adulthood. COPD (2009) 6(2):130–6. doi:10.1080/15412550902766934
39. Leach AJ, Wigger C, Hare K, Hampton V, Beissbarth J, Andrews R, et al.
Reduced middle ear infection with non-typeable Haemophilus influenzae,
but not Streptococcus pneumoniae, after transition to 10-valent pneumococcal non-typeable H. influenzae protein D conjugate vaccine. BMC Pediatr
(2015) 15:162. doi:10.1186/s12887-015-0483-8
40. Satzke C, Turner P, Virolainen-Julkunen A, Adrian PV, Antonio M, Hare KM,
et al. Standard method for detecting upper respiratory carriage of
Streptococcus pneumoniae: updated recommendations from the World
Health Organization pneumococcal carriage working group. Vaccine (2013)
32(1):165–79. doi:10.1016/j.vaccine.2013.08.062
41. Erwin AL, Smith AL. Nontypeable Haemophilus influenzae: understanding
virulence and commensal behavior. Trends Microbiol (2007) 15(8):355–62.
doi:10.1016/j.tim.2007.06.004
42. Pizzutto SJ, Yerkovich ST, Upham JW, Hales BJ, Thomas WR, Chang AB.
Children with chronic suppurative lung disease have a reduced capacity
to synthesize interferon-gamma in vitro in response to non-typeable
Haemophilus influenzae. PLoS One (2014) 9(8):e104236. doi:10.1371/journal.
pone.0104236
43. King PT, Hutchinson PE, Johnson PD, Holmes PW, Freezer NJ, Holdsworth SR.
Adaptive immunity to nontypeable Haemophilus influenzae. Am J Respir Crit
Care Med (2003) 167(4):587–92. doi:10.1164/rccm.200207-728OC
44. King PT, Ngui J, Farmer MW, Hutchinson P, Holmes PW, Holdsworth SR.
Cytotoxic T lymphocyte and natural killer cell responses to non-typeable
Haemophilus influenzae. Clin Exp Immunol (2008) 152(3):542–51.
doi:10.1111/j.1365-2249.2008.03667.x
45. King PT, Ngui J, Gunawardena D, Holmes PW, Farmer MW, Holdsworth SR.
Systemic humoral immunity to non-typeable Haemophilus influenzae. Clin
Exp Immunol (2008) 153(3):376–84. doi:10.1111/j.1365-2249.2008.03697.x
46. Gabay C. Interleukin-6 and chronic inflammation. Arthritis Res Ther (2006)
8(Suppl 2):S3. doi:10.1186/ar1917
47. Demedts IK, Bracke KR, Maes T, Joos GF, Brusselle GG. Different roles
for human lung dendritic cell subsets in pulmonary immune defense
mechanisms. Am J Respir Cell Mol Biol (2006) 35(3):387–93. doi:10.1165/
rcmb.2005-0382OC
48. Dodge IL, Carr MW, Cernadas M, Brenner MB. IL-6 production by pulmonary dendritic cells impedes Th1 immune responses. J Immunol (2003)
170(9):4457–64. doi:10.4049/jimmunol.170.9.4457
49. Xu W, Joo H, Clayton S, Dullaers M, Herve MC, Blankenship D, et al.
Macrophages induce differentiation of plasma cells through CXCL10/IP-10.
J Exp Med (2012) 209(10):1813–23, S1–2. doi:10.1084/jem.20112142
50. Sad S, Marcotte R, Mosmann TR. Cytokine-induced differentiation of precursor mouse CD8+ T cells into cytotoxic CD8+ T cells secreting Th1 or Th2
cytokines. Immunity (1995) 2(3):271–9. doi:10.1016/1074-7613(95)90051-9
51. Pizzutto SJ, Yerkovich ST, Upham JW, Hales BJ, Thomas WR, Chang AB.
Improving immunity to Haemophilus influenzae in children with chronic
suppurative lung disease. Vaccine (2015) 33(2):321–6. doi:10.1016/j.
vaccine.2014.11.024
52. Kelly DF, Moxon ER, Pollard AJ. Haemophilus influenzae type B conjugate vaccines.Immunology(2004)113(2):163–74.doi:10.1111/j.1365-2567.2004.01971.x
53. Groeneveld K, Eijk PP, van Alphen L, Jansen HM, Zanen HC. Haemophilus
influenzae infections in patients with chronic obstructive pulmonary disease
despite specific antibodies in serum and sputum. Am Rev Resp Dis (1990)
141(5 Pt 1):1316–21. doi:10.1164/ajrccm/141.5_Pt_1.1316
54. Sethi S, Wrona C, Grant BJB, Murphy TF. Strain-specific immune response to
Haemophilus influenzae in chronic obstructive pulmonary disease. Am J Respir
Crit Care Med (2004) 169(4):448–53. doi:10.1164/rccm.200308-1181OC
55. Yi K, Sethi S, Murphy TF. Human immune response to nontypeable
Haemophilus influenzae in chronic bronchitis. J Infect Dis (1997) 176(5):
1247–52. doi:10.1086/514119
56. Atis S, Tutluoglu B, Salepci B, Ocal Z. Serum IgA and secretory IgA levels
in bronchial lavages from patients with a variety of respiratory diseases.
J Investig Allergol Clin Immunol (2001) 11(2):112–7.
57. Hales BJ, Chai LY, Elliot CE, Pearce LJ, Zhang G, Heinrich TK, et al.
Antibacterial antibody responses associated with the development of asthma
in house dust mite-sensitised and non-sensitised children. Thorax (2012)
67(4):321–7. doi:10.1136/thoraxjnl-2011-200650

13

May 2017 | Volume 5 | Article 123

Pizzutto et al.

Bronchiectasis in Children: Immunology/Microbiology

58. Wiertsema SP, Corscadden KJ, Mowe EN, Zhang G, Vijayasekaran S,
Coates HL, et al. IgG responses to pneumococcal and Haemophilus influenzae protein antigens are not impaired in children with a history of recurrent
acute otitis media. PLoS One (2012) 7(11):e49061. doi:10.1371/journal.
pone.0049061
59. Clementi CF, Hakansson AP, Murphy TF. Internalization and trafficking of
nontypeable Haemophilus influenzae in human respiratory epithelial cells
and roles of IgA1 proteases for optimal invasion and persistence. Infect
Immun (2014) 82(1):433–44. doi:10.1128/IAI.00864-13
60. Bernstein JM, Faden HS, Loos BG, Murphy TF, Ogra PL. Recurrent
otitis media with non-typable Haemophilus influenzae: the role of serum
bactericidal antibody. Int J Pediatr Otorhinolaryngol (1992) 23(1):1–13.
doi:10.1016/0165-5876(92)90074-Y
61. Mukundan D, Ecevit Z, Patel M, Marrs CF, Gilsdorf JR. Pharyngeal colonization dynamics of Haemophilus influenzae and Haemophilus haemolyticus in
healthy adult carriers. J Clin Microbiol (2007) 45(10):3207–17. doi:10.1128/
JCM.00492-07
62. Smith-Vaughan HC, McBroom J, Mathews JD. Modelling of endemic carriage
of Haemophilus influenzae in Aboriginal infants in Northern Australia. FEMS
Immunol Med Microbiol (2001) 31(2):137–43. doi:10.1111/j.1574-695X.2001.
tb00510.x
63. Bjarnsholt T, Jensen PO, Fiandaca MJ, Pedersen J, Hansen CR, Andersen CB,
et al. Pseudomonas aeruginosa biofilms in the respiratory tract of cystic
fibrosis patients. Pediatr Pulmonol (2009) 44(6):547–58. doi:10.1002/
ppul.21011
64. Hall-Stoodley L, Stoodley P. Evolving concepts in biofilm infections. Cell
Microbiol (2009) 11(7):1034–43. doi:10.1111/j.1462-5822.2009.01323.x
65. Fernaays MM, Lesse AJ, Cai X, Murphy TF. Characterization of igaB, a second
immunoglobulin A1 protease gene in nontypeable Haemophilus influenzae.
Infect Immun (2006) 74(10):5860–70. doi:10.1128/IAI.00796-06
66. Bailey KL, LeVan TD, Yanov DA, Pavlik JA, DeVasure JM, Sisson JH,
et al. Non-typeable Haemophilus influenzae decreases cilia beating via
protein kinase Cepsilon. Respir Res (2012) 13:49. doi:10.1186/1465-992113-49
67. Marsh RL, Thornton RB, Smith-Vaughan HC, Richmond P, Pizzutto SJ,
Chang AB. Detection of biofilm in bronchoalveolar lavage from children with
non-cystic fibrosis bronchiectasis. Pediatr Pulmonol (2015) 50(3):284–92.
doi:10.1002/ppul.23031
68. Starner TD, Zhang N, Kim G, Apicella MA, McCray PB Jr. Haemophilus
influenzae forms biofilms on airway epithelia: implications in cystic fibrosis.
Am J Respir Crit Care Med (2006) 174(2):213–20. doi:10.1164/rccm.200509-1
459OC
69. Wolf AJ, Desvignes L, Linas B, Banaiee N, Tamura T, Takatsu K, et al.
Initiation of the adaptive immune response to Mycobacterium tuberculosis
depends on antigen production in the local lymph node, not the lungs. J Exp
Med (2008) 205(1):105–15. doi:10.1084/jem.20071367
70. Banjar H. Clinical profile of Saudi children with bronchiectasis. Indian
J Pediatr (2007) 74(2):149–52. doi:10.1007/s12098-007-0008-z
71. Eastham KM, Fall AJ, Mitchell L, Spencer DA. The need to redefine
non-cystic fibrosis bronchiectasis in childhood. Thorax (2004) 59(4):324–7.
doi:10.1136/thx.2003.011577
72. Hare K, Grimwood K, Leach A, Smith-Vaughan H, Torzillo P, Morris P,
et al. Respiratory bacterial pathogens in the nasopharynx and lower airways
of Australian indigenous children with bronchiectasis. J Pediatr (2010)
157(6):1001–5. doi:10.1016/j.jpeds.2010.06.002
73. Karadag B, Karakoc F, Ersu R, Kut A, Bakac S, Dagli E. Non-cystic-fibrosis
bronchiectasis in children: a persisting problem in developing countries.
Respiration (2005) 72:233–8. doi:10.1159/000085362
74. Li AM, Sonnappa S, Lex C, Wong E, Zacharasiewicz A, Bush A, et al. Non-CF
bronchiectasis: does knowing the aetiology lead to changes in management?
Eur Respir J (2005) 26(1):8–14. doi:10.1183/09031936.05.00127704
75. Zaid AA, Elnazir B, Greally P. A decade of non-cystic fibrosis bronchiectasis
1996–2006. Ir Med J (2010) 103(3):77–9.
76. King PT, Holdsworth SR, Freezer NJ, Villanueva E, Holmes PW. Microbiologic
follow-up study in adult bronchiectasis. Respir Med (2007) 101(8):1633–8.
doi:10.1016/j.rmed.2007.03.009
77. Kelly MG, Murphy S, Elborn JS. Bronchiectasis in secondary care: a comprehensive profile of a neglected disease. Eur J Intern Med (2003) 14(8):488–92.
doi:10.1016/j.ejim.2003.10.002

Frontiers in Pediatrics | www.frontiersin.org

78. Chang A, Bell S, Byrnes C, Grimwood K, Holmes P, King P, et al. Chronic suppurative lung disease and bronchiectasis in children and adults in Australia
and New Zealand. Med J Aust (2010) 193(6):356–65.
79. Allibone EC, Allison PR, Zinnemann K. Significance of H. influenzae in
bronchiectasis of children. Br Med J (1956) 1(4981):1457–60. doi:10.1136/
bmj.1.4981.1457
80. Murphy TF, Faden H, Bakaletz LO, Kyd JM, Forsgren A, Campos J, et al.
Nontypeable Haemophilus influenzae as a pathogen in children. Pediatr Infect
Dis J (2009) 28(1):43–8. doi:10.1097/INF.0b013e318184dba2
81. Langereis JD, Hermans PW. Novel concepts in nontypeable Haemophilus
influenzae biofilm formation. FEMS Microbiol Lett (2013) 346(2):81–9.
doi:10.1111/1574-6968.12203
82. Murphy TF, Brauer AL, Sethi S, Kilian M, Cai X, Lesse AJ. Haemophilus
haemolyticus: a human respiratory tract commensal to be distinguished from Haemophilus influenzae. J Infect Dis (2007) 195(1):81–9.
doi:10.1086/509824
83. Kirkham LA, Wiertsema SP, Mowe EN, Bowman JM, Riley TV, Richmond PC.
Nasopharyngeal carriage of Haemophilus haemolyticus in otitis-prone
and healthy children. J Clin Microbiol (2010) 48(7):2557–9. doi:10.1128/
JCM.00069-10
84. Hare KM, Binks MJ, Grimwood K, Chang AB, Leach AJ, Smith-Vaughan H.
Culture and PCR detection of Haemophilus influenzae and Haemophilus
haemolyticus in Australian indigenous children with bronchiectasis. J Clin
Microbiol (2012) 50(7):2444–5. doi:10.1128/JCM.00566-12
85. Hare KM, Marsh RL, Binks MJ, Grimwood K, Pizzutto SJ, Leach AJ, et al.
Quantitative PCR confirms culture as the gold standard for detection of lower
airway infection by nontypeable Haemophilus influenzae in Australian indigenous children with bronchiectasis. J Microbiol Methods (2013) 92(3):270–2.
doi:10.1016/j.mimet.2012.12.013
86. Tristram S, Jacobs MR, Appelbaum PC. Antimicrobial resistance in
Haemophilus influenzae. Clin Microbiol Rev (2007) 20(2):368–89. doi:10.1128/
CMR.00040-06
87. Hoban D, Felmingham D. The PROTEKT surveillance study: antimicrobial
susceptibility of Haemophilus influenzae and Moraxella catarrhalis from
community-acquired respiratory tract infections. J Antimicrob Chemother
(2002) 50(Suppl S1):49–59. doi:10.1093/jac/dkf810
88. Peric M, Bozdogan B, Jacobs MR, Appelbaum PC. Effects of an efflux mechanism and ribosomal mutations on macrolide susceptibility of Haemophilus
influenzae clinical isolates. Antimicrob Agents Chemother (2003) 47(3):
1017–22. doi:10.1128/AAC.47.3.1017-1022.2003
89. Hare KM, Leach AJ, Morris PS, Smith-Vaughan H, Torzillo P, Bauert P,
et al. Impact of recent antibiotics on nasopharyngeal carriage and lower
airway infection in indigenous Australian children with non-cystic fibrosis
bronchiectasis. Int J Antimicrob Agents (2012) 40(4):365–9. doi:10.1016/j.
ijantimicag.2012.05.018
90. Jauneikaite E, Tocheva AS, Jefferies JM, Gladstone RA, Faust SN,
Christodoulides M, et al. Current methods for capsular typing of Streptococcus
pneumoniae. J Microbiol Methods (2015) 113:41–9. doi:10.1016/j.
mimet.2015.03.006
91. Shenoy AT, Orihuela CJ. Anatomical site-specific contributions of pneumococcal virulence determinants. Pneumonia (Nathan) (2016) 8:7. doi:10.1186/
s41479-016-0007-9
92. Bogaert D, de Groot R, Hermans PW. Streptococcus pneumoniae colonisation:
the key to pneumococcal disease. Lancet Infect Dis (2004) 4(3):144–54.
doi:10.1016/S1473-3099(04)00938-7
93. Wang Y, Jiang B, Guo Y, Li W, Tian Y, Sonnenberg GF, et al. Cross-protective
mucosal immunity mediated by memory Th17 cells against Streptococcus
pneumoniae lung infection. Mucosal Immunol (2016) 10:250–9. doi:10.1038/
mi.2016.41
94. Jacobs MR. Worldwide trends in antimicrobial resistance among common
respiratory tract pathogens in children. Pediatr Infect Dis J (2003) 22(8
Suppl):S109–19. doi:10.1097/00006454-200308001-00002
95. Jacobs MR, Johnson CE. Macrolide resistance: an increasing concern for
treatment failure in children. Pediatr Infect Dis J (2003) 22(8 Suppl):S131–8.
doi:10.1097/00006454-200303000-00005
96. Rzeszutek M, Wierzbowski A, Hoban DJ, Conly J, Bishai W, Zhanel GG. A
review of clinical failures associated with macrolide-resistant Streptococcus
pneumoniae. Int J Antimicrob Agents (2004) 24(2):95–104. doi:10.1016/j.
ijantimicag.2004.03.008

14

May 2017 | Volume 5 | Article 123

Pizzutto et al.

Bronchiectasis in Children: Immunology/Microbiology

97. Nuermberger E, Bishai WR. The clinical significance of macrolide-resistant
Streptococcus pneumoniae: it’s all relative. Clin Infect Dis (2004) 38(1):99–103.
doi:10.1086/380126
98. Dagan R, Klugman KP, Craig WA, Baquero F. Evidence to support the rationale that bacterial eradication in respiratory tract infection is an important
aim of antimicrobial therapy. J Antimicrob Chemother (2001) 47(2):129–40.
doi:10.1093/jac/47.2.129
99. Valery P, Morris P, Byrnes C, Grimwood K, Torzillo P, Bauert P, et al. Long-term
azithromycin for indigenous children with non-cystic-fibrosis bronchiectasis
or chronic suppurative lung disease (Bronchiectasis Intervention Study): a
multicentre, double-blind, randomised controlled trial. Lancet Respir Med
(2013) 1(8):610–20. doi:10.1016/S2213-2600(13)70185-1
100. Hare KM, Grimwood K, Chang AB, Chatfield MD, Valery PC, Leach AJ,
et al. Nasopharyngeal carriage and macrolide resistance in indigenous
children with bronchiectasis randomized to long-term azithromycin or
placebo. Eur J Clin Microbiol Infect Dis (2015) 34(11):2275–85. doi:10.1007/
s10096-015-2480-0
101. Leach AJ, Shelby-James TM, Mayo M, Gratten M, Laming AC, Currie BJ,
et al. A prospective study of the impact of community-based azithromycin
treatment of trachoma on carriage and resistance of Streptococcus pneumoniae. Clin Infect Dis (1997) 24(3):356–62. doi:10.1093/clinids/24.3.356
102. Coles CL, Mabula K, Seidman JC, Levens J, Mkocha H, Munoz B, et al.
Mass distribution of azithromycin for trachoma control is associated
with increased risk of azithromycin-resistant Streptococcus pneumoniae
carriage in young children 6 months after treatment. Clin Infect Dis (2013)
56(11):1519–26. doi:10.1093/cid/cit137
103. Haug S, Lakew T, Habtemariam G, Alemayehu W, Cevallos V, Zhou Z,
et al. The decline of pneumococcal resistance after cessation of mass
antibiotic distributions for trachoma. Clin Infect Dis (2010) 51(5):571–4.
doi:10.1086/655697
104. Maher MC, Alemayehu W, Lakew T, Gaynor BD, Haug S, Cevallos V, et al. The
fitness cost of antibiotic resistance in Streptococcus pneumoniae: insight from
the field. PLoS One (2012) 7(1):e29407. doi:10.1371/journal.pone.0029407
105. O’Grady KF, Grimwood K, Sloots TP, Whiley DM, Acworth JP, Phillips N,
et al. Upper airway viruses and bacteria and clinical outcomes in children
with cough. Pediatr Pulmonol (2017) 52(3):373–81. doi:10.1002/ppul.23527
106. Murphy TF, Parameswaran GI. Moraxella catarrhalis, a human respiratory
tract pathogen. Clin Infect Dis (2009) 49(1):124–31. doi:10.1086/599375
107. Bell JM, Turnidge JD, Jones RN, SENTRY Regional Participants Group.
Antimicrobial resistance trends in community-acquired respiratory tract
pathogens in the Western Pacific Region and South Africa: report from the
SENTRY antimicrobial surveillance program, (1998–1999) including an
in vitro evaluation of BMS284756. Int J Antimicrob Agents (2002) 19(2):125–
32. doi:10.1016/S0924-8579(01)00475-7
108. Soley CA, Arguedas A. Single-dose azithromycin for the treatment of children with acute otitis media. Expert Rev Anti Infect Ther (2005) 3(5):707–17.
doi:10.1586/14787210.3.5.707
109. Liu Y, Zhao C, Zhang F, Chen H, Chen M, Wang H. High prevalence and
molecular analysis of macrolide-nonsusceptible Moraxella catarrhalis
isolated from nasopharynx of healthy children in China. Microb Drug Resist
(2012) 18(4):417–26. doi:10.1089/mdr.2011.0175
110. Liu Y, Xu H, Xu Z, Kudinha T, Fan X, Xiao M, et al. High-level macrolideresistant Moraxella catarrhalis and development of an allele-specific PCR
assay for detection of 23S rRNA gene A2330T mutation: a three-year study
at a Chinese tertiary hospital. Microb Drug Resist (2015) 21(5):507–11.
doi:10.1089/mdr.2014.0217
111. Iwata S, Sato Y, Toyonaga Y, Hanaki H, Sunakawa K. Genetic analysis of a
pediatric clinical isolate of Moraxella catarrhalis with resistance to macrolides and quinolones. J Infect Chemother (2015) 21(4):308–11. doi:10.1016/j.
jiac.2014.11.002
112. Kasai A, Ogihara S, Yamada K, Tanimichi Y, Nishiyama H, Saito R. Prevalence
and molecular analysis of macrolide-resistant Moraxella catarrhalis clinical
isolates in Japan, following emergence of the highly macrolide-resistant strain
NSH1 in 2011. J Med Microbiol (2015) 64(7):708–13. doi:10.1099/jmm.0.000076
113. Shaikh SB, Ahmed Z, Arsalan SA, Shafiq S. Prevalence and resistance pattern
of Moraxella catarrhalis in community-acquired lower respiratory tract
infections. Infect Drug Resist (2015) 8:263–7. doi:10.2147/IDR.S84209
114. Steinfort DP, Brady S, Weisinger HS, Einsiedel L. Bronchiectasis in central
Australia: a young face to an old disease. Respir Med (2008) 102(4):574–8.
doi:10.1016/j.rmed.2007.11.007
Frontiers in Pediatrics | www.frontiersin.org

115. Lo DK, Hurley MN, Muhlebach MS, Smyth AR. Interventions for the
eradication of methicillin-resistant Staphylococcus aureus (MRSA) in
people with cystic fibrosis. Cochrane Database Syst Rev (2013) 2:CD009650.
doi:10.1002/14651858.CD009650.pub2
116. Stefani S, Chung DR, Lindsay JA, Friedrich AW, Kearns AM, Westh H, et al.
Meticillin-resistant Staphylococcus aureus (MRSA): global epidemiology
and harmonisation of typing methods. Int J Antimicrob Agents (2012)
39(4):273–82. doi:10.1016/j.ijantimicag.2011.09.030
117. Hansen CR, Pressler T, Hoiby N, Johansen HK. Long-term, low-dose azithromycin treatment reduces the incidence but increases macrolide resistance in
Staphylococcus aureus in Danish CF patients. J Cyst Fibros (2009) 8(1):58–62.
doi:10.1016/j.jcf.2008.09.001
118. Phaff SJ, Tiddens HA, Verbrugh HA, Ott A. Macrolide resistance of
Staphylococcus aureus and Haemophilus species associated with long-term azithromycin use in cystic fibrosis. J Antimicrob Chemother (2006) 57(4):741–6.
doi:10.1093/jac/dkl014
119. Tramper-Stranders GA, Wolfs TF, Fleer A, Kimpen JL, van der Ent CK.
Maintenance azithromycin treatment in pediatric patients with cystic
fibrosis: long-term outcomes related to macrolide resistance and pulmonary function. Pediatr Infect Dis J (2007) 26(1):8–12. doi:10.1097/01.
inf.0000247109.44249.ac
120. Banjar HH. A review of 151 cases of pediatric noncystic fibrosis bronchiectasis
in a tertiary care center. Ann Thorac Med (2007) 2(1):3–8. doi:10.4103/18171737.30354
121. McDonnell MJ, Jary HR, Perry A, MacFarlane JG, Hester KL, Small T, et al.
Non cystic fibrosis bronchiectasis: a longitudinal retrospective observational
cohort study of Pseudomonas persistence and resistance. Respir Med (2015)
109(6):716–26. doi:10.1016/j.rmed.2014.07.021
122. Rogers GB, Bruce KD, Martin ML, Burr LD, Serisier DJ. The effect of
long-term macrolide treatment on respiratory microbiota composition
in non-cystic fibrosis bronchiectasis: an analysis from the randomised,
double-blind, placebo-controlled BLESS trial. Lancet Respir Med (2014)
2(12):988–96. doi:10.1016/S2213-2600(14)70213-9
123. Guan WJ, Gao YH, Xu G, Lin ZY, Tang Y, Li HM, et al. Characterization of
lung function impairment in adults with bronchiectasis. PLoS One (2014)
9(11):e113373. doi:10.1371/journal.pone.0113373
124. Loebinger MR, Wells AU, Hansell DM, Chinyanganya N, Devaraj A,
Meister M, et al. Mortality in bronchiectasis: a long-term study assessing the
factors influencing survival. Eur Respir J (2009) 34(4):843–9. doi:10.1183/
09031936.00003709
125. Logan LK, Gandra S, Mandal S, Klein EY, Levinson J, Weinstein RA, et al.
Multidrug- and carbapenem-resistant Pseudomonas aeruginosa in children,
United States, 1999–2012. J Pediatric Infect Dis Soc (2016). doi:10.1093/jpids/
piw064
126. De Lencastre H, Kristinsson KG, Brito-Avo A, Sanches IS, Sa-Leao R,
Saldanha J, et al. Carriage of respiratory tract pathogens and molecular
epidemiology of Streptococcus pneumoniae colonization in healthy children
attending day care centers in Lisbon, Portugal. Microb Drug Resist (1999)
5(1):19–29. doi:10.1089/mdr.1999.5.19
127. Stubbs E, Hare K, Wilson C, Morris P, Leach AJ. Streptococcus pneumoniae and noncapsular Haemophilus influenzae nasal carriage and hand
contamination in children: a comparison of two populations at risk of
otitis media. Pediatr Infect Dis J (2005) 24(5):423–8. doi:10.1097/01.inf.
0000160945.87356.ca
128. Adegbola RA, DeAntonio R, Hill PC, Roca A, Usuf E, Hoet B, et al.
Carriage of Streptococcus pneumoniae and other respiratory bacterial
pathogens in low and lower-middle income countries: a systematic review
and meta-analysis. PLoS One (2014) 9(8):e103293. doi:10.1371/journal.
pone.0103293
129. Hare KM, Smith-Vaughan HC, Leach AJ. Viability of respiratory pathogens
cultured from nasopharyngeal swabs stored for up to 12 years at 70 degrees
C in skim milk tryptone glucose glycerol broth. J Microbiol Methods (2011)
86(3):364–7. doi:10.1016/j.mimet.2011.06.016
130. Gratten M, Montgomery J, Gerega G, Gratten H, Siwi H, Poli A, et al. Multiple
colonization of the upper respiratory tract of Papua New Guinea children
with Haemophilus influenzae and Streptococcus pneumoniae. Southeast Asian
J Trop Med Public Health (1989) 20(4):501–9.
131. Obaro SK, Adegbola RA, Banya WA, Greenwood BM. Carriage of pneumococci after pneumococcal vaccination. Lancet (1996) 348(9022):271–2.
doi:10.1016/S0140-6736(05)65585-7
15

May 2017 | Volume 5 | Article 123

Pizzutto et al.

Bronchiectasis in Children: Immunology/Microbiology

132. Kwambana BA, Barer MR, Bottomley C, Adegbola RA, Antonio M. Early
acquisition and high nasopharyngeal co-colonisation by Streptococcus
pneumoniae and three respiratory pathogens amongst Gambian new-borns
and infants. BMC Infect Dis (2011) 11:175. doi:10.1186/1471-2334-11-175
133. Lehmann D. Demography and causes of death among the Huli in the Tari
Basin. P N G Med J (2002) 45(1–2):51–62.
134. Greenwood B. Epidemiology of acute lower respiratory tract infections,
especially those due to Haemophilus influenzae type b, in the Gambia, West
Africa. J Infect Dis (1992) 165(Suppl 1):S26–8. doi:10.1093/infdis/165Supplement_1-S26
135. Leach AJ, Boswell JB, Asche V, Nienhuys TG, Mathews JD. Bacterial
colonization of the nasopharynx predicts very early onset and persistence
of otitis media in Australian aboriginal infants. Pediatr Infect Dis J (1994)
13(11):983–9. doi:10.1097/00006454-199411000-00009
136. Watson K, Carville K, Bowman J, Jacoby P, Riley TV, Leach AJ, et al.
Upper respiratory tract bacterial carriage in aboriginal and non-aboriginal
children in a semi-arid area of Western Australia. Pediatr Infect Dis J (2006)
25(9):782–90. doi:10.1097/01.inf.0000232705.49634.68
137. Regev-Yochay G, Dagan R, Raz M, Carmeli Y, Shainberg B, Derazne E,
et al. Association between carriage of Streptococcus pneumoniae and
Staphylococcus aureus in children. JAMA (2004) 292(6):716–20. doi:10.1001/
jama.292.6.716
138. Coughtrie AL, Whittaker RN, Begum N, Anderson R, Tuck A, Faust SN, et al.
Evaluation of swabbing methods for estimating the prevalence of bacterial
carriage in the upper respiratory tract: a cross sectional study. BMJ Open
(2014) 4(10):e005341. doi:10.1136/bmjopen-2014-005341
139. Kuehnert MJ, Kruszon-Moran D, Hill HA, McQuillan G, McAllister SK,
Fosheim G, et al. Prevalence of Staphylococcus aureus nasal colonization in the United States, 2001–2002. J Infect Dis (2006) 193(2):172–9.
doi:10.1086/499632
140. Taylor CJ, McGaw J, Howden R, Duerden BI, Baxter PS. Bacterial reservoirs in
cystic fibrosis. Arch Dis Child (1990) 65(2):175–7. doi:10.1136/adc.65.2.175
141. Gratten M, Manning K, Dixon J, Morey F, Torzillo P, Hanna J, et al. Upper
airway carriage by Haemophilus influenzae and Streptococcus pneumoniae
in Australian aboriginal children hospitalised with acute lower respiratory
infection. Southeast Asian J Trop Med Public Health (1994) 25(1):123–31.
142. Hare KM, Morris P, Smith-Vaughan H, Leach AJ. Random colony selection
versus colony morphology for detection of multiple pneumococcal serotypes in nasopharyngeal swabs. Pediatr Infect Dis J (2008) 27(2):178–80.
doi:10.1097/INF.0b013e31815bb6c5
143. Huebner RE, Dagan R, Porath N, Wasas AD, Klugman KP. Lack of utility of
serotyping multiple colonies for detection of simultaneous nasopharyngeal
carriage of different pneumococcal serotypes. Pediatr Infect Dis J (2000)
19(10):1017–20. doi:10.1097/00006454-200010000-00019
144. Abdullahi O, Karani A, Tigoi CC, Mugo D, Kungu S, Wanjiru E, et al. Rates
of acquisition and clearance of pneumococcal serotypes in the nasopharynges of children in Kilifi District, Kenya. J Infect Dis (2012) 206(7):1020–9.
doi:10.1093/infdis/jis447
145. Hare KM, Smith-Vaughan HC, Leach AJ. The bacteriology of lower respiratory infections in Papua New Guinean and Australian Indigenous children.
PNG Med J (2010) 53(3–4):151–65.
146. Loens K, Van HL, Malhotra-Kumar S, Goossens H, Ieven M. Optimal
sampling sites and methods for detection of pathogens possibly causing
community-acquired lower respiratory tract infections. J Clin Microbiol
(2009) 47(1):21–31. doi:10.1128/JCM.02037-08
147. De Schutter I, De Wachter E, Crokaert F, Verhaegen J, Soetens O, Pierard D,
et al. Microbiology of bronchoalveolar lavage fluid in children with acute
nonresponding or recurrent community-acquired pneumonia: identification
of nontypeable Haemophilus influenzae as a major pathogen. Clin Infect Dis
(2011) 52(12):1437–44. doi:10.1093/cid/cir235
148. Wurzel DF, Marchant JM, Yerkovich ST, Upham JW, Mackay IM, Masters IB,
et al. Prospective characterisation of protracted bacterial bronchitis (PBB) in
children. Chest (2014) 145(6):1271–8. doi:10.1378/chest.13-2442
149. Armstrong DS, Grimwood K, Carlin JB, Carzino R, Olinsky A, Phenlan PD.
Bronchoalveolar lavage or oropharyngeal cultures to identify lower respiratory
pathogens in infants with cystic fibrosis. Pediatr Pulmonol (1996) 21(5):267–75.
doi:10.1002/(SICI)1099-0496(199605)21:5<267::AID-PPUL1>3.3.CO;2-G
150. Hilty M, Burke C, Pedro H, Cardenas P, Bush A, Bossley C, et al. Disordered
microbial communities in asthmatic airways. PLoS One (2010) 5(1):e8578.
doi:10.1371/journal.pone.0008578
Frontiers in Pediatrics | www.frontiersin.org

151. Charlson ES, Bittinger K, Haas AR, Fitzgerald AS, Frank I, Yadav A, et al.
Topographical continuity of bacterial populations in the healthy human
respiratory tract. Am J Respir Crit Care Med (2011) 184(8):957–63.
doi:10.1164/rccm.201104-0655OC
152. Bassis CM, Erb-Downward JR, Dickson RP, Freeman CM, Schmidt TM,
Young VB, et al. Analysis of the upper respiratory tract microbiotas as the
source of the lung and gastric microbiotas in healthy individuals. MBio
(2015) 6(2):e00037. doi:10.1128/mBio.00037-15
153. Marsh RL, Kaestli M, Chang AB, Binks MJ, Pope CE, Hoffman LR, et al.
The microbiota in bronchoalveolar lavage from young children with chronic
lung disease includes taxa present in both the oropharynx and nasopharynx.
Microbiome (2016) 4(1):37. doi:10.1186/s40168-016-0182-1
154. Kapur N, Mackay IM, Sloots TP, Masters IB, Chang AB. Respiratory viruses
in exacerbations of non-cystic fibrosis bronchiectasis in children. Arch Dis
Child (2014) 99(8):749–53. doi:10.1136/archdischild-2013-305147
155. Gao YH, Guan WJ, Xu G, Lin ZM, Tang Y, Lin ZM, et al. The role of viral
infection in pulmonary exacerbations of bronchiectasis in adults: a prospective study. Chest (2014) 147(6):1635–43. doi:10.1378/chest.14-1961
156. Kurai D, Saraya T, Ishii H, Takizawa H. Virus-induced exacerbations in asthma
and COPD. Front Microbiol (2013) 4:293. doi:10.3389/fmicb.2013.00293
157. Yerkovich ST, Hales BJ, Carroll ML, Burel JG, Towers MA, Smith DJ, et al.
Reduced rhinovirus-specific antibodies are associated with acute exacerbations of chronic obstructive pulmonary disease requiring hospitalisation.
BMC Pulm Med (2012) 12:37. doi:10.1186/1471-2466-12-37
158. Beadling C, Slifka MK. How do viral infections predispose patients to
bacterial infections? Curr Opin Infect Dis (2004) 17(3):185–91. doi:10.1097/
00001432-200406000-00003
159. Potena A, Caramori G, Casolari P, Contoli M, Johnston SL, Papi A.
Pathophysiology of viral-induced exacerbations of COPD. Int J Chron
Obstruct Pulmon Dis (2007) 2(4):477–83.
160. Jacoby P, Carville KS, Hall G, Riley TV, Bowman J, Leach AJ, et al. Crowding
and other strong predictors of upper respiratory tract carriage of otitis
media-related bacteria in Australian aboriginal and non-aboriginal children.
Pediatr Infect Dis J (2011) 30(6):480–5. doi:10.1097/INF.0b013e318217dc6e
161. Binks MJ, Cheng AC, Smith-Vaughan H, Sloots T, Nissen M, Whiley D, et al.
Viral-bacterial co-infection in Australian indigenous children with acute
otitis media. BMC Infect Dis (2011) 11:161. doi:10.1186/1471-2334-11-161
162. Wurzel DF, Mackay IM, Marchant JM, Wang CY, Yerkovich ST, Upham JW,
et al. Adenovirus species C is associated with chronic suppurative lung diseases in children. Clin Infect Dis (2014) 59(1):34–40. doi:10.1093/cid/ciu225
163. Grimwood K, Bell SC, Chang AB. Antimicrobial treatment of non-cystic
fibrosis bronchiectasis. Expert Rev Anti Infect Ther (2014) 12(10):1277–96. d
oi:10.1586/14787210.2014.952282
164. Ruuskanen O. Safety and tolerability of azithromycin in pediatric infectious
diseases: 2003 update. Pediatr Infect Dis J (2004) 23(2 Suppl):S135–9.
doi:10.1097/01.inf.0000112528.75956.41
165. Neu HC. Clinical microbiology of azithromycin. Am J Med (1991)
91(3A):12S–8S. doi:10.1016/0002-9343(91)90395-E
166. Masekela R, Green RJ. The role of macrolides in childhood non-cystic
fibrosis-related bronchiectasis. Mediators Inflamm (2012) 2012:134605.
doi:10.1155/2012/134605
167. Hoban DJ, Zhanel GG. Clinical implications of macrolide resistance in
community-acquired respiratory tract infections. Expert Rev Anti Infect Ther
(2006) 4(6):973–80. doi:10.1586/14787210.4.6.973
168. Figueiredo B, Ibiapina C. The role of macrolides in noncystic fibrosis bronchiectasis. Pulm Med (2011) 2011:751982. doi:10.1155/2011/751982
169. Gao YH, Guan WJ, Xu G, Tang Y, Gao Y, Lin ZY, et al. Macrolide therapy
in adults and children with non-cystic fibrosis bronchiectasis: a systematic
review and meta-analysis. PLoS One (2014) 9(3):e90047. doi:10.1371/journal.
pone.0090047
170. Koh YY, Lee MH, Sun YH, Sung KW, Chae JH. Effect of roxithromycin
on airway responsiveness in children with bronchiectasis: a double-blind,
placebo-controlled study. Eur Respir J (1997) 10(5):994–9. doi:10.1183/090
31936.97.10050994
171. Yalcin E, Kiper N, Ozcelik U, Dogru D, Firat P, Sahin A, et al. Effects
of clarithromycin on inflammatory parameters and clinical conditions
in children with bronchiectasis. J Clin Pharm Ther (2006) 31(1):49–55.
doi:10.1111/j.1365-2710.2006.00708.x
172. Masekela R, Anderson R, Gongxeka H, Steel H, Becker P, Green R. Lack
of efficacy of an immunomodulatory macrolide in childhood HIV related
16

May 2017 | Volume 5 | Article 123

Pizzutto et al.

173.

174.

175.

176.

177.

178.
179.
180.
181.

182.
183.

184.
185.

186.

187.

188.

189.

Bronchiectasis in Children: Immunology/Microbiology

bronchiectasis: a randomised, placebo-controlled trial. J Antivir Antiretrovir
(2013) 5(2):44–9. doi:10.4172/jaa.1000062
Clancy R, Cripps A, Murree-Allen K, Yeung S, Engel M. Oral immunisation
with killed Haemophilus influenzae for protection against acute bronchitis
in chronic obstructive lung disease. Lancet (1985) 2(8469–70):1395–7.
doi:10.1016/S0140-6736(85)92559-0
Lehmann D, Coakley KJ, Coakley CA, Spooner V, Montgomery JM, Michael
A, et al. Reduction in the incidence of acute bronchitis by an oral Haemophilus
influenzae vaccine in patients with chronic bronchitis in the highlands of
Papua New Guinea. Am Rev Respir Dis (1991) 144(2):324–30. doi:10.1164/
ajrccm/144.2.324
Foxwell AR, Cripps AW, Dear KB. Haemophilus influenzae oral whole
cell vaccination for preventing acute exacerbations of chronic bronchitis.
Cochrane Database Syst Rev (2006) (4):CD001958. doi:10.1002/14651858.
CD001958
Tandon MK, Phillips M, Waterer G, Dunkley M, Comans P, Clancy R. Oral
immunotherapy with inactivated nontypeable Haemophilus influenzae
reduces severity of acute exacerbations in severe COPD. Chest (2010)
137(4):805–11. doi:10.1378/chest.09-1382
Teo E, House H, Lockhart K, Purchuri SN, Pushparajah J, Cripps AW, et al.
Haemophilus influenzae oral vaccination for preventing acute exacerbations of chronic bronchitis and chronic obstructive pulmonary disease.
Cochrane Database Syst Rev (2014) (9):CD010010. doi:10.1002/14651858.
CD010010.pub2
Clancy RL, Dunkley ML. Oral non-typable Haemophilus influenzae enhances
physiological mechanism of airways protection. Clin Exp Immunol (2010)
161(1):127–33. doi:10.1111/j.1365-2249.2010.04142.x
Austrian R. The pneumococcus at the millennium: not down, not out. J Infect
Dis (1999) 179(Suppl 2):S338–41. doi:10.1086/513841
Douglas RM, Riley ID. Pneumococcal disease and its prevention with polyvalent pneumococcal polysaccharide vaccines – a review. Intern Med J (1979)
9(3):327–38. doi:10.1111/j.1445-5994.1979.tb04152.x
Black S, Shinefield H, Fireman B, Lewis E, Ray P, Hansen JR, et al. Efficacy,
safety and immunogenicity of heptavalent pneumococcal conjugate vaccine
in children. Northern California Kaiser Permanente Vaccine Study Center
Group. Pediatr Infect Dis J (2000) 19(3):187–95. doi:10.1097/00006454200003000-00003
Croxtall JD, Keating GM. Pneumococcal polysaccharide protein D-conjugate
vaccine (Synflorix; PHiD-CV). Paediatr Drugs (2009) 11(5):349–57.
doi:10.2165/11202760-000000000-00000
Centers for Disease Control and Prevention. Licensure of a 13-valent pneumococcal conjugate vaccine (PCV13) and recommendations for use among
children – advisory committee on immunization practices (ACIP), 2010.
MMWR Morb Mortal Wkly Rep (2010) 59(9):258–61.
Roche PW, Krause V, Cook H, Barralet J, Coleman D, Sweeny A, et al.
Invasive pneumococcal disease in Australia, 2006. Commun Dis Intell (2008)
32(1):18–30.
Palmu AA, Jokinen J, Borys D, Nieminen H, Ruokokoski E, Siira L, et al.
Effectiveness of the ten-valent pneumococcal Haemophilus influenzae protein
D conjugate vaccine (PHiD-CV10) against invasive pneumococcal disease:
a cluster randomised trial. Lancet (2013) 381(9862):214–22. doi:10.1016/
S0140-6736(12)61854-6
Kaplan SL, Barson WJ, Lin PL, Romero JR, Bradley JS, Tan TQ, et al. Early
trends for invasive pneumococcal infections in children after the introduction of the 13-valent pneumococcal conjugate vaccine. Pediatr Infect Dis J
(2013) 32(3):203–7. doi:10.1097/INF.0b013e318275614b
Black SB, Shinefield HR, Ling S, Hansen J, Fireman B, Spring D, et al.
Effectiveness of heptavalent pneumococcal conjugate vaccine in children
younger than five years of age for prevention of pneumonia. Pediatr Infect
Dis J (2002) 21(9):810–5. doi:10.1097/00006454-200209000-00005
Tregnaghi MW, Saez-Llorens X, Lopez P, Abate H, Smith E, Posleman A, et al.
Efficacy of pneumococcal nontypable Haemophilus influenzae protein D conjugate vaccine (PHiD-CV) in young Latin American children: a double-blind
randomized controlled trial. PLoS Med (2014) 11(6):e1001657. doi:10.1371/
journal.pmed.1001657
O’Grady K, Carlin J, Chang A, Torzillo P, Nolan T, Ruben A, et al. Effectiveness
of 7-valent pneumococcal conjugate vaccine against radiologically diagnosed

Frontiers in Pediatrics | www.frontiersin.org

190.

191.

192.

193.

194.
195.

196.
197.
198.
199.

200.
201.
202.

203.

pneumonia in indigenous infants in Australia. Bull World Health Organ
(2010) 88(2):139–46. doi:10.2471/BLT.09.068239
O’Grady KA, Grimwood K, Cripps A, Mulholland EK, Morris P, Torzillo PJ,
et al. Does a 10-valent pneumococcal-Haemophilus influenzae protein
D conjugate vaccine prevent respiratory exacerbations in children with
recurrent protracted bacterial bronchitis, chronic suppurative lung disease
and bronchiectasis: protocol for a randomised controlled trial. Trials (2013)
14:282. doi:10.1186/1745-6215-14-282
Hare KM, Smith-Vaughan HC, Chang AB, Pizzutto S, Petsky HL, McCallum
GB, et al. Propensity of pneumococcal carriage serotypes to infect the lower
airways of children with chronic endobronchial infections. Vaccine (2017)
35(5):747–56. doi:10.1016/j.vaccine.2016.12.059
Leach AJ, Wigger C, Andrews R, Chatfield M, Smith-Vaughan H, Morris PS.
Otitis media in children vaccinated during consecutive 7-valent or 10-valent
pneumococcal conjugate vaccination schedules. BMC Pediatr (2014)
14(1):200. doi:10.1186/1471-2431-14-200
Smith-Vaughan HC, Chang AB, Sarovich DS, Marsh RL, Grimwood K,
Leach AJ, et al. Absence of an important vaccine and diagnostic target in
carriage- and disease-related nontypeable Haemophilus influenzae. Clin
Vaccine Immunol (2014) 21(2):250–2. doi:10.1128/CVI.00632-13
Witherden EA, Tristram SG. Prevalence and mechanisms of beta-lactam
resistance in Haemophilus haemolyticus. J Antimicrob Chemother (2013)
68(5):1049–53. doi:10.1093/jac/dks532
Price EP, Sarovich DS, Nosworthy E, Beissbarth J, Marsh RL, Pickering J, et al.
Haemophilus influenzae: using comparative genomics to accurately identify
a highly recombinogenic human pathogen. BMC Genomics (2015) 16:641.
doi:10.1186/s12864-015-1857-x
Ren D, Pichichero ME. Vaccine targets against Moraxella catarrhalis.
Expert Opin Ther Targets (2016) 20(1):19–33. doi:10.1517/14728222.2015.
1081686
Grimwood K, Kyd JM, Owen SJ, Massa HM, Cripps AW. Vaccination against
respiratory Pseudomonas aeruginosa infection. Hum Vaccin Immunother
(2015) 11(1):14–20. doi:10.4161/hv.34296
Giersing BK, Dastgheyb SS, Modjarrad K, Moorthy V. Status of vaccine
research and development of vaccines for Staphylococcus aureus. Vaccine
(2016) 34(26):2962–6. doi:10.1016/j.vaccine.2016.03.110
Pizzutto SJ, Upham JW, Yerkovich ST, Chang AB. Inhaled non-steroid
anti-inflammatories for children and adults with bronchiectasis. Cochrane
Database Syst Rev (2016) 1:CD007525. doi:10.1002/14651858.CD007525.
pub3
Kapur N, Bell S, Kolbe J, Chang AB. Inhaled steroids for bronchiectasis.
Cochrane Database Syst Rev (2009) (1):CD000996. doi:10.1002/14651858.
CD000996.pub2
Harrison CM, Andersen CC. Exhaled breath measures of inflammation:
are they useful in neonatal chronic lung disease? Arch Dis Child (2005)
90(1):F6–10. doi:10.1136/adc.2003.040709
Folsgaard NV, Schjorring S, Chawes BL, Rasmussen MA, Krogfelt KA, Brix S,
et al. Pathogenic bacteria colonizing the airways in asymptomatic neonates
stimulates topical inflammatory mediator release. Am J Respir Crit Care Med
(2013) 187(6):589–95. doi:10.1164/rccm.201207-1297OC
Ross PJ, Sutton CE, Higgins S, Allen AC, Walsh K, Misiak A, et al.
Relative contribution of Th1 and Th17 cells in adaptive immunity to
Bordetella pertussis: towards the rational design of an improved acellular
pertussis vaccine. PLoS Pathog (2013) 9(4):e1003264. doi:10.1371/journal.
ppat.1003264

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Copyright © 2017 Pizzutto, Hare and Upham. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

17

May 2017 | Volume 5 | Article 123

