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Preface to ”Lung Diseases: Chronic 
Respiratory Infections”

It is a real pleasure to introduce this Special Issue on chronic respiratory infections. Indeed, 
chronic respiratory infections are a hot topic in the recent literature, with the increasing evidence of 
the important role of Pseudomonas, pulmonary nontuberculous mycobacteria, and fungi in different 
chronic diseases, namely bronchiectasis, cystic fibrosis, and chronic obstructive pulmonary disease 
(COPD). The decision on how to treat these infections must incorporate several clinical, 
microbiological, immunological, and radiographic features.

Substantial work has been done by investigators worldwide in an attempt to answer key 
questions related to the epidemiology, prevention, diagnosis, and treatment of chronic respiratory 
infections, and in this Special Issue the reader will find some interesting new insights on the 
pathogenesis, immunological features, and possible new treatment approaches of chronic respiratory 
infections.

We tried to have a well-balanced mix of original and review articles to cover this important topic 
giving both scientific and practical information, and I am sure that this Special Issue will be of interest 
to specialists as well as general practitioners.

Francesco B. Blasi

Special Issue Editor
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Acute and chronic respiratory infections are the leading causes of morbidity and mortality
worldwide [1]. A better understanding of the epidemiology, pathophysiologic mechanisms and
potential new treatments of chronic respiratory infections is one of the main issues in the management
of chronic respiratory infections.

In this special issue, 9 original research studies and 5 reviews have been published (see Table 1).

Table 1. Contributions to the special issue "Lung Diseases: Chronic Respiratory Infections".

Authors Title Type Key Messages

Douglas JE et al. [2] Taste Receptors Mediate Sinonasal
Immunity and Respiratory Disease

Review Upper airway epithelium bitter taste
receptors stimulation, specifically T2R38,
potentiate the local innate
immune response

Shiratori B et al. [3] Immunological Roles of Elevated
Plasma Levels of Matricellular
Proteins in Japanese Patients with
Pulmonary Tuberculosis

Original
Research

Matricellular proteins, including
osteopontin and galectin-9, seems to have
an immunoregulatory, rather than
inflammatory, effect in the context of
TB pathology

An J et al. [4] Polydeoxyribonucleotide ameliorates
lipopolysaccharide-induced lung
injury by inhibiting apoptotic cell
death in rats

Original
Research

In an animal model,
polydexyribonucleotide (PDRN)
demonstrated an anti-inflammatory effect,
decreasing inflammatory cytokines,
and suppressing apoptosis. Further
studies will address the possible use of
PDRN as a new treatment of lung injury.

Florence JM et al. [5] Disrupting the Btk pathway
suppresses COPD-like lung
alterations in atherosclerosis prone
ApoE−/− mice following regular
exposure to cigarette smoking

Original
Research

Bruton’s tyrosine kinase (Btk) is involved
in the regulation of inflammatory
processes in the lungs by regulating the
expression of matrix metalloproteinase-9
in the alveolar compartment. In an animal
model, the pharmacological inhibition of
Btk showed protective effects in the lung
exposed to cigarette smoke

Lorè NI et al. [6] Synthesized heparan sulfate
competitors attenuate
Pseudomonas aeruginosa lung infection

Original
research

Competitors of heparan sulfate, N-acetyl
heparin and glycol-split heparin reduce
leukocyte recruitment and
cytokine/chemokine production in an
animal model of acute and chronic
P. aeruginosa pneumonia. In vitro data
suggest a reduction in biofilm formation

Int. J. Mol. Sci. 2018, 19, 3051; doi:10.3390/ijms19103051 www.mdpi.com/journal/ijms1
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Table 1. Cont.

Authors Title Type Key Messages

Carnell SC et al. [7] Targeting the bacterial cytoskeleton of
the Burkholderia cepacia complex for
antimicrobial development: a
cautionary tale

Original
Research

Bacterial cytoskeleton destabilizing
compounds seem to be potentially
harmful in the treatment of
Burkholderia cepacia complexes as it
induces an increase in bacterial
virulence factors.

Bragonzi A et al. [8] Enviromental Burkholderia cenocepacia
strain enhances fitness by serial
passages during long-term chronic
airway infections in mice

Original
research

Multiple passages of
Burkholderia cenocepacia are associated
with an increased ability to induce
chronic lung infections in an animal
model with clones with high virulence

Bacci G et al. [9] A different microbiome gene
repertoire in the airways of cystic
fibrosis patients with severe lung
disease

Original
Research

Analysis of the microbiome in severe lung
disease of cystic fibrosis patients has
shown that there is an increase in
virulence- and resistance-related genes.

Everaerts S et al. [10] Aspergillus fumigatus detection and
risk factors in patients with
COPD–bronchiectasis overlap

Original
Research

Aspergillus fumigatus presence in the
airways is prevalent in COPD patients
with bronchiectasis, particularly in the
presence of steroid treatment

Maiz L et al. [11] Fungi in bronchiectasis: a concise
review

Review Candida albicans and Aspergillus fumigatus
appear to be the most prevalent fungi
isolated in bronchiectasis

Faverio P et al. [12] Characterizing non-tuberculous
Mycobacteria infections in
bronchiectasis

Original
Research

In a prospective, observational study of
261 adult bronchiectasis patients,
non-tuberculous mycobacteria (NTM)
infections have been evaluated. NTM
isolation seems to be a frequent event in
bronchiectasis patients. Cylindrical
bronchiectasis, a CT “tree-in-bud” pattern
and a history of weight loss are
parameters that might help to suspect the
occurrence of a NTM infection.

Maselli DJ et al. [13] Inhaled antibiotic therapy in chronic
respiratory disease

Review The review analyzes the evidence on the
use of inhaled antibiotics in patients with
cystic fibrosis, bronchiectasis and
non-tuberculous mycobacteria (NTM)
infections. Further studies are needed to
define the role of inhaled antibiotics.

Miravittles M et al. [14] Chronic respiratory infections in
patient with chronic obstructive
pulmonary disease: what is the role of
antibiotics?

Review Chronic infection is associated with
COPD exacerbations. Antibiotic use in
acute events is controversial but may be
important in patients with higher risk of
poor outcomes. Antibiotic prophylaxis
remains controversial

Fastrès A et al. [15] The lung microbiome in idiopathic
pulmonary fibrosis: a promising
approach for targeted therapies

Review The literature analysis seems to indicate
the need for clinical trials of long-term
antibiotherapy to see if can act as an
immunomodulator and an
antibioprophylaxis to prevent acute
exacerbations

The first group of articles analyzes different possible pathways of the immune and inflammatory
response, before proposing possible diagnostic and treatment interventions [2–5].

Douglas et al. [2] analyzed the evidence from the literature on the enhancement of upper
respiratory innate immunity due to bitter taste receptors and the possible roles of individual taste
differences in the clinical management of patients with upper respiratory infections. The main bitter
taste receptor, T2R38, responds to bitter compounds produced by invading bacteria, which potentiates
the immunological response through the innate response. The authors suggest that the possible role
of bitter taste receptors could be a target for therapeutic interventions aimed to enhance the immune
response to bacteria.
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The potential role of matricellular proteins as immunomodulators is addressed in the paper
by Shiratori et al., which analyzed the plasma levels in Japanese patients affected by pulmonary
tuberculosis or latent tuberculosis compared to healthy controls [3]. The correlations between
matricellular proteins, such as osteopontin, soluble CD44 and galectin-9, and severity scores seems to
indicate that these proteins can be predictors of tuberculosis-related inflammation and clinical severity.

The role of anti-inflammatory compounds in preventing lung injury was assessed in the original
research by An et al. [4]. In an animal model, using lipopolysaccharide (LPS) tracheal instillation,
the authors identified Polydexyribonucleotide (PDRN) as a potent agent for reducing the excessive
apoptosis that plays a key role in the progression of lung injury induced by LPS, suggesting that PDRN
should be evaluated as a potential therapeutic agent for the treatment of lung injuries.

The regulation of inflammatory processes in the lung through the new potential targets was
analyzed in the original research published by Florence et al. [5]. The authors demonstrate that Bruton’s
tyrosine kinase (Btk) and matrix metalloproteinase-9 (MMP-9) specific siRNA can down-regulate lung
inflammation in a mice model. Both Btk and specific inhibitors of MMP-9 are suggested as potential
therapeutic targets.

The second group of papers addresses the control of difficult-to-treat Gram-negative bacteria that
are associated with recurrent and/or persistent lung infections [6–9].

Chronic Pseudomonas aeruginosa infections are associated with high inflammation levels in the
airways and in the lung. Heparan sulfate competitors have been evaluated by Lorè et al. as possible
anti-inflammatory compounds [6]. The authors analyzed the efficacy of different heparan sulfate
competitors in reducing leukocyte recruitment, cytokine/chemokine production and bacterial burden
that is associated with acute and chronic Pseudomonas infections using both in vitro and in vivo models.

N-acetyl heparin and a glycol-split heparin resulted in decreased inflammation, biofilm formation
and bacterial burden, suggesting that these compounds can be novel therapeutic approaches for
Pseudomonas infections.

Burkholderia cepacia complex (BCC) is a difficult-to-treat group of opportunistic pathogens that
mainly affect cystic fibrosis and immunocompromised patients. Carnell et al. [7] analyzed the potential
antimicrobial efficacy and effect of a new antimicrobial compound S-(4-chlorobenzyl)isothiourea
hydrochloride (Q22) on the virulence-related traits of BCC bacteria. This drug is an inhibitor of one
cytoskeletal protein, which is namely the actin homolog MreB.

Unfortunately, Q22 appears to enhance the BCC virulence and proinflammatory potential in an
in vitro model. Moreover, in the in vivo model, exposure to Q22 seems to increase the level of resistance
to H2O2-induced oxidative stress by BCC strains and the compound was toxic to the mice.

Bragonzi et al. [8] reported the ability of a BCC Mex1 strain to rapidly establish respiratory
tract chronic infections in mice following serial passages. This capacity is apparently not related to
phenotypic and genetic changes, but is probably linked to an increased virulence.

Microbiome gene repertoire in the airways of cystic fibrosis patients with severe lung disease has
been evaluated by Bacci et al. [9]. Metagenomics investigation of the bacterial communities resulted
in the identification of a high prevalence of genes that have been related to antibiotic resistance and
virulence mechanisms in patients with more severe disease.

The third group of articles analyzed fungi and non-tuberculous mycobacteria (NTM)
epidemiology and potential new treatment approaches in patients with bronchiectasis and cystic
fibrosis [10–12]. Everaerts et al. reported the results of a study addressing the potential role of
galactomannan detection in the induced sputum of COPD and COPD–bronchiectasis overlap patients
for the diagnosis of Aspergillus fumigatus infections [10]. Patients with COPD–bronchiectasis overlap
have a higher rate of positive results. The authors suggest that galactomannan detection in induced
sputum may provide a sensitive marker for Aspergillus fumigatus infections.

In the same line, Maiz et al., in a concise review, analyzed the role of fungal infections in
patients with bronchiectasis [11]. The authors discussed the problems related to the diagnosis,
epidemiology and clinical significance. Moreover, the need for further research into the lung
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mycobiome and its interactions with viral and bacterial microbiota in the pathogenesis of bronchiectasis
was underlined.

In the last few years, an increasing interest in NTM pulmonary involvement has been reported
in different diseases [16]. Faverio et al. reported an observational, prospective study describing
the management, in real life, of NTM pulmonary infections in a cohort of 261 adult bronchiectasis
patients [12]. In 12% of these patients, a NTM pulmonary infection has been demonstrated with an
association with cylindrical bronchiectasis, a history of weight loss and a “tree-in-bud” radiological
pattern. Only 1/3 of these patients achieved culture conversion without recurrence. This study shows
a fairly high incidence of NTM infection and gives some insights on the possible clinical parameters
that are associated with an increased risk of NTM infection.

Inhaled antibiotic therapy in chronic respiratory diseases is another important topic analyzed in
this special issue [13,14]. Inhaled antibiotic therapy has many potential benefits in the management
of chronic respiratory infections, which are mainly related to the high concentration in the target
site, increasing the potential efficacy and reducing systemic exposure by minimizing the toxicity [17].
Maselli et al. reviewed the potential role of inhaled antibiotic treatment in patients with cystic fibrosis,
bronchiectasis and NTM pulmonary infections [13]. In cystic fibrosis, inhaled antibiotics have been
demonstrated to significantly improve the disease management by reducing exacerbations in addition
to improving lung function and quality of life [18].

Inhaled antibiotic treatment efficacy in bronchiectasis is still an open and challenging question.
No inhaled antibiotics have been approved in this indication even if the experts indicate that this
therapy is a treatment of choice for the management of chronic respiratory infections in these
patients [19].

Maselli et al. also analyzed the data on the use of this approach in NTM pulmonary infections,
reporting promising results of inhaled liposomal amikacin, which was recently confirmed by the FDA
approval of one formulation for human use [20].

COPD is another respiratory disease where antibiotics are largely used. Miravitlles et al. reviewed
the role of antibiotics in treating and preventing COPD exacerbations [14]. Antibiotics should be
reserved for the treatment of exacerbations of patients with severe disease and presenting a cluster of
symptoms, including increased sputum purulence and worsening dyspnea. Long-term preventive
therapy with antibiotics is controversial and should be used cautiously due to the potential side effects,
increase in resistance rate and microbiome alterations.

The microbiome is increasingly reported as a potential actor in the pathogenesis of idiopathic
pulmonary fibrosis [21]. In this special issue, Fastres et al. analyzed the potential role of the lung
microbiome as a therapeutic target in idiopathic pulmonary fibrosis [15]. The authors conclude
that antibiotic therapy, particularly long-term, may have a role in controlling exacerbations and
immunomodulating the inflammatory response.

In conclusion, I would like to thank all the authors who contributed to this Special Issue.
The articles that were published illustrate the advances in the research in chronic respiratory infections,
which provides important insights that will help all the clinicians in improving the diagnosis and
management of these important diseases.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The bitter taste receptor T2R38 has been shown to play a role in the pathogenesis of chronic
rhinosinusitis (CRS), where the receptor functions to enhance upper respiratory innate immunity
through a triad of beneficial immune responses. Individuals with a functional version of T2R38 are
tasters for the bitter compound phenylthiocarbamide (PTC) and exhibit an anti-microbial response
in the upper airway to certain invading pathogens, while those individuals with a non-functional
version of the receptor are PTC non-tasters and lack this beneficial response. The clinical ramifications
are significant, with the non-taster genotype being an independent risk factor for CRS requiring
surgery, poor quality-of-life (QOL) improvements post-operatively, and decreased rhinologic QOL
in patients with cystic fibrosis. Furthermore, indirect evidence suggests that non-tasters also have a
larger burden of biofilm formation. This new data may influence the clinical management of patients
with infectious conditions affecting the upper respiratory tract and possibly at other mucosal sites
throughout the body.

Keywords: taste receptors; chronic rhinosinusitis; mucociliary clearance; airway physiology; biofilm;
innate immunity; upper respiratory infection

1. Introduction

The upper airway is constantly exposed to a number of pathogens, toxins, and other irritative
particulates that are typically successfully defended against by the upper airway innate immune
defenses. Recently, the bitter taste system, far from its site of original identification in taste buds, has
been implicated in this defense pathway with implications for the pathogenesis of upper respiratory
infectious/inflammatory diseases and biofilm formation. This review will present recent evidence for
the role of the bitter taste receptor T2R38 in chronic rhinosinusitis (CRS) and put forth support for
an expanded role for individual taste differences in the clinical management of patients with upper
respiratory infections.

Bitter taste is one of five unique tastes in addition to salty, sour, sweet, and umami that humans are
capable of perceiving. Receptors for each of these tastes are present in the oral cavity, where bitter taste
receptors (T2Rs) specifically signal the ingestion of potentially toxic substances and mediate aversive
behavior [1]. As G protein-coupled receptors (GPCRs), T2Rs feature seven transmembrane domains but
are unique in having a short extracellular N-terminus, in contrast with other taste receptors (e.g., T1R
sweet taste receptors) [2–4]. Recently, T2Rs have also been identified in extraoral sites including,
but not limited to, the upper and lower respiratory tracts, skin, thyroid, gastrointestinal tract, and
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testes [1,5–10]. Within the airway, the bitter taste receptor T2R38 has specifically been identified on
ciliated epithelial cells [11–13]. T2Rs in upper respiratory cells appear to utilize most of the canonical
bitter taste signaling cascade including phospholipase C β2 and TRPM5 (transient receptor potential
cation channel subfamily M member 5), but interestingly not gustducin, the G-protein classically
associated with T2Rs in the tongue (Figure 1) [11,14]. In the airway, a ligand for the human T2R38
appears to be acyl-homoserine lactones (AHLs), quorum sensing molecules secreted by gram-negative
organisms [1]. Additionally, the extraoral expression of T2Rs has been hypothesized to cause many of
the poorly understood off target effects of many medications, which are often bitter in taste [15].

Figure 1. Intracellular taste receptor signaling. Binding of the bitter compound phenylthiocarbamide
(PTC) to the T2R38 bitter taste receptor in sinonasal epithelial cells results in activation of an
undetermined G-protein that then activates phosopholipase C isoform β2 (PLCβ2), resulting in
increased inositol 1,4,5-trisphosphate (IP3) [16]. IP3 induces the release of calcium (Ca2+) from
the endoplasmic reticulum. Ca2+-dependent activation of TRPM5 channels (transient receptor
potential cation channel subfamily M member 5) depolarizes the membrane and results in bitterness
perception [1,17,18].

The bitter taste receptor family includes approximately 25 different T2Rs, each of which is encoded
by a corresponding bitter taste receptor gene (TAS2Rs) [19]. One of the most well-studied receptors
among this group is the bitter taste receptor T2R38, which is encoded by the TAS2R38 gene and was
first characterized molecularly in 2005 [20]. It is specifically responsive to the bitter compounds
phenylthiocarbamide (PTC), propylthiouracil (PROP), the plant compound goitrin (common in
cruciferous vegetables), and other chemically similar substances [21]. Prior studies show that TAS2R38
exists in two common haplotypes that are either functional and respond to its bitter agonists, or are
non-functional and are not activated by its bitter agonists, based on three missense single nucleotide
polymorphisms (SNPs) [20]. The specific coding logic is further detailed below. Many common
bitter foods such as broccoli, Brussels sprouts, coffee, and beer contain compounds that agonize
T2R38 and as such, genetic variability in TAS2R38 influences dietary preferences through differences
in psychophysical bitterness perception [22]. Further, the extraoral expression of T2R38 has been
shown to influence upper respiratory immunity with clinically significant effects on CRS [14,23].
In the paragraphs below, we discuss the state of knowledge on the expression pattern of T2R38
in the upper respiratory epithelium, its role in the pathogenesis of CRS and other respiratory
conditions, the emerging understanding of its influence on biofilm formation, and the implications for
clinical treatment.

2. Genetic Variability of TAS2R38

As previously mentioned, the TAS2R38 gene features two common haplotypes that confer
significant phenotypic variability in bitterness sensitivity. There exist three SNPs within the gene that
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each produce an amino acid change (P49A, A262V, and V296I), resulting in two common haplotypes: a
proline-alanine-valine (PAV) haplotype that is exquisitely sensitive to PTC due to successful signal
transduction and intracellular calcium release (Figure 1), and an alanine-valine-isoleucine (AVI)
haplotype that is relatively insensitive to PTC due to an absence of signal transduction. Thus,
individuals can either be homozygous for the PAV allele (so-called “tasters” for their ability to
taste PTC), homozygous for the AVI allele (“non-tasters” for their relative inability to taste PTC),
or heterozygous (intermediate tasters with variable PTC sensitivity) [8]. Importantly, the AVI
haplotype exists in a significant portion of the population, with frequency ranging from zero
to 66.7% in various subgroups [24]. Of note, there are three less common TAS2R38 haplotypes
(AAI (alanine-alanine-isoleucine), PVI (proline-valine-isoleucine), and AAV (alanine-alanine-valine)),
each of which show intermediate sensitivity to PTC; however, these sub-types make-up only 1%–5%
of the Caucasian population and up to 20% of the African American population and will not be further
discussed here [20,25].

3. Mechanisms of Upper Airway Immunity

There are two primary cell types within the upper airway epithelium, goblet cells and ciliated
cells, which work synergistically to keep the mucosa clean. Goblet cells, which produce mucin, a
proteinaceous substance that physically traps pathogens and other foreign particles within the airway
surface liquid (ASL), and ciliated cells, which beat in a coordinated fashion to propel mucin out of the
airway [26–29]. Together, these cells contribute to the crucial process of mucociliary clearance (MCC)
that physically clears the area of trapped pathogens and particles (Figure 2).

Figure 2. Mechanisms of upper airway innate immunity. Ciliated epithelial and goblet cells work in
concert to rid the airway epithelium of foreign pathogens and other toxins through a process known
as mucociliary clearance (MCC). Goblet cells secrete mucin that physically traps bacteria and other
toxins while ciliated epithelial cells beat in a coordinated fashion to expel trapped pathogens from
the airway. Ciliated cells also produce antimicrobial peptides and nitric oxide (NO), which both are
directly bactericidal. NO also results in increased ciliary beat frequency, enhancing MCC.

Additionally, the epithelium produces a number of compounds that enhance the local immune
response. Specifically, ciliated cells produce antimicrobial peptides (AMPs) as well as nitric
oxide (NO) that work to inhibit pathogen colonization [30]. These peptides include defensins,
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lactoferrin, and cathelicidins. β-defensin 1 and 2, specifically, are effective against both gram-positive
and gram-negative bacteria, with particular potency against gram-negative bacteria such as
Pseudomonas aeruginosa and Klebsiella pneumonia [14]. Nitric oxide has parallel benefits: local increase in
NO concentration enhances the process of MCC by increasing ciliary beat frequency (CBF), while also
inducing direct DNA damage as a reactive oxygen species, leading to bacterial cell death [11].

Bacteria and other pathogens like fungi have naturally developed mechanisms to evade these
immune responses and secrete compounds including pyocyanin and pyoverdin that paralyze cilia,
or aflatoxin that slows cilia, thereby dismantling the crucial process of MCC [31,32]. Additionally,
gram-negative microbes also secrete a class of compounds known as AHLs that communicate within
a bacterial community to report microbial density, thereby coordinating virulence through biofilm
formation, toxin secretion, and acquisition of antibiotic resistance [33,34]. Biofilms are a particularly
challenging form of infection to treat as they represent a coalescence of single-cell, planktonic bacteria
into a bacterial community with a glycocalyx scaffold that increases bacterial adherence, limits
antibiotic penetration, and prevents phagocytosis by immune cells. Additionally, biofilms provide
a chronic source of shedding bacteria, toxins, and antigens that stimulate the immune system and
generate persistent localized inflammation. In patients with CRS, biofilms have been associated with
persistent infections and poor treatment outcomes [35–37].

4. Taste Receptors and Upper Airway Immunity

As with the signaling pathway in taste buds, stimulation of taste receptors on airway cells
with bitter agonists like denatonium benzoate (DB) induces an intracellular calcium release [14].
Additionally, early studies found that murine solitary chemosensory cells (SCCs) respond directly
to AHLs, but the exact T2R responsible for this activation was undetermined [38]. Thus, early work
demonstrated that non-ciliated murine nasal cells that express bitter taste signaling proteins are
activated by gram-negative quorum-sensing molecules.

Our laboratory has utilized a culture technique known as the air-liquid interface culture (ALI)
to facilitate a better understanding of these pathways in human upper airway immunity [39,40].
The technique recapitulates the natural polarization of the airway epithelium, enabling in vitro
modeling of cell activation, signaling, and response to pathogen invasion [11,14].

Investigating human sinonasal epithelial cultures, our group demonstrated that the gram-negative
AHLs N-butyryl-L-homoserine lactone (C4HSL) and N-3-oxo-dodecanoyl-L-homoserine lactone
(C12HSL) activate T2R38, which in the human is exclusively expressed in ciliated cells, not SCCs [11,41].
Stimulation of T2R38 in human ciliated cell leads to intracellular calcium release and activation of nitric
oxide synthase leading to the production of NO [11]. The NO diffuses across the cell membrane into the
overlying mucus and has direct bactericidal activity. [42–45]. Additionally, NO triggers an increase in
CBF, promoting removal of offending pathogens from the airway [46,47]. Importantly, NO production
by activation of the functional (PAV) T2R38 occurs at physiologic concentrations of AHLs (1–10 μM),
as evidenced by in vitro experiments comparing the response of ALIs to conditioned media from
P. aeruginosa either with or without the capability of producing AHLs [11]. Further, this process occurs
through a pathway consistent with what is known of intracellular taste receptor signal transduction,
producing activation of phosopholipase C isoform β2 (PLCβ2) and the non-selective cation channel,
TRPM5 [15,16,48]. This pathway occurs in a genotype-dependent manner akin to that in taste buds;
T2R38-AVI individuals do not exhibit the crucial NO response to the gram-negative AHLs [14]. Thus, it
follows that non-tasters might be at increased risk of gram-negative bacterial invasion and persistence,
which may contribute to T2R specific alterations in the upper respiratory microbiome.

While AHLs in the human nose stimulate T2Rs on ciliated cells to activate NO production, AHLs
in the mouse nose stimulate T2Rs on SCCs (discrete non-ciliated cells) to induce a cholinergic-mediated
neurogenic inflammatory response [38,49,50]. While acetylcholine release has not been demonstrated
following stimulation of human SCCs, in vitro studies have found that activation of T2Rs present
on human SCCs by DB and other bitter tasting compounds such as absinthin, parthenolide, and
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amoraogentin results in a release of intracellular Ca2+, which propagates to the surrounding epithelial
cells via gap junctions and stimulates release of AMP stores [14] (Figure 3). Significantly, this immune
activation does not occur with AHL stimulation of human SCCs. It is hypothesized that an as
yet unidentified bacterial product/byproduct triggers T2Rs on human SCCs to activate this robust
antimicrobial defense pathway.

Figure 3. Taste receptor-dependent upper airway immunity. Ciliated epithelial cells express T2R38
while solitary chemosensory cells (SCCs) express both T2Rs and T1Rs. Gram-negative bacteria produce
acyl-homoserine lactones (AHLs), which bind to and activate T2R38, producing an intracellular cascade
activating PLCβ2 and production of IP3. This increases nitric oxide (NO) production through the
activation of nitric oxide synthase (NOS), which both directly kills bacteria and enhances ciliary beating.
Additionally, presumed other bitter bacterial byproducts activate an as yet unknown T2R(s) on solitary
chemosensory cells and, through typical taste receptor intracellular signaling including gustducin,
yields increased Ca2+. This Ca2+ diffuses into adjacent ciliated cells via gap junctions where it produces
increased antimicrobial peptide (AMP) secretion, killing pathogens. Due to glucose (glc) consumption
by bacteria, microbial colonization also decreases the T1R-mediated inhibition of SCC Ca2+ release,
thereby contributing to enhanced antimicrobial peptide production.

Interestingly, T1R2+3 sweet taste receptors are also present on SCCs, where they are influenced
in parallel by the presence of bacteria. Glucose is present in the airway due to a physiological “leak”
across the epithelium [51]. Upon glucose binding the SCC sweet taste receptor, Ca2+ release is blocked,
leading to decreased AMP release [14]. During microbial invasion, glucose concentration is decreased
due to bacterial consumption. Thus, in the presence of local bacterial overgrowth/infection, the tonic
sweet taste receptor brake on SCC activity is relieved, yielding local antimicrobial peptide secretion
and reduction in the local microbes (Figure 3). Additionally, studies using sweet receptor antagonists
such as lactisole demonstrate the specific inhibition in AMP release by the sweet receptor [14,52,53],
while glucose transport inhibitors such as phloretin and phlorizin do not [14]. Clinically, this pathway
has important implications, as individuals with diseases of glucose homeostasis such as diabetes
mellitus have chronically elevated ASL glucose, and are known to suffer from a greater frequency of
respiratory infections than patients without diabetes [54,55]. Diabetic patients with CRS also exhibit
smaller improvements in QOL measures following sinus surgery [56].

5. Conditions of Defective Airway Immunity

Numerous diseases exist for which the pathways of airway immunity are important. We will
discuss two of these conditions: CRS, which is a common syndrome effecting the upper airway and
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paranasal sinuses, and cystic fibrosis (CF), a disease affecting both the upper and lower airways.
Patients suffering from CRS experience significant inflammation of the upper respiratory epithelium,
with a resultant overproduction of mucin and a defect in MCC. Symptoms can include rhinorrhea,
hyposmia, headaches, nasal obstruction, and facial pressure/pain. When these symptoms persist for
three months or more and on a physical exam there are objective findings of nasal purulence or polyps,
or paranasal sinus opacification on radiographic imaging, patients are given the diagnosis of CRS.
The syndrome of CRS results in significant decrements in patient quality of life (QOL), as measured by
the Sinonasal Outcome (SNOT-22) test, with individuals reporting lower QOL measures than patients
with serious heart and lung diseases [57,58]. Treatment for CRS is initially medical, with courses of
culture directed antibiotics, potent anti-inflammatories such as steroids, as well as topical irrigation
with saline and/or steroid solutions. When symptoms persist despite medical therapy, patients are
offered a surgical intervention known as functional endoscopic sinus surgery (FESS) to ventilate and
drain the sinuses as well as optimize the exposure of the sinonasal epithelium to topical treatments
(Figure 4).

 

Figure 4. Treatment algorithm for chronic rhinosinusitis (CRS). CRS is diagnosed after symptoms,
including headache, hyposmia, rhinorrhea, and nasal congestion persist for greater than three months.
Treatment is initiated medically with oral antibiotics and steroids as well as topical steroids and
nasal irrigation. Should symptoms persist, patients are offered surgical intervention with functional
endoscopic sinus surgery (FESS). Continued symptoms of recalcitrant CRS are managed with repeated
courses of culture-directed antibiotics, steroids, and topical treatment with revision sinus surgery
when indicated.

While gram-positive bacteria such as Streptococcus pneumoniae are most frequently responsible for
sinusitis and particularly acute sinusitis, recalcitrant CRS is more commonly linked with sinonasal
biofilm formation and gram-negative bacteria such as P. aeruginosa, making antibiotic choice for
coverage and penetration more complex [31]. The pathway mediated by bitter taste receptors in upper
airway immunity directly influences these features characteristic of CRS.

Clinical studies first employed a retrospective analysis evaluating the frequency of
TAS2R38 genotypes within the non-polypoid CRS population undergoing FESS. Results found
a disproportionate number of non-tasters (TAS2R38-AVI/AVI genotype) within the population,
demonstrating that tasters (TAS2R38-PAV/PAV) are less likely to require surgical intervention for
their CRS, likely due to enhanced upper airway immunity [59]. A follow-up prospective study
confirmed that the non-taster genotype is an independent risk factor for CRS requiring surgical
intervention [23]. More recently, a prospective study assessing post-operative improvement in SNOT-22
scores found that homozygous tasters experienced greater improvement in scores at one, three, and six
months post-operatively as compared with heterozygotes and homozygous non-tasters [60]. Similar
observations have recently been confirmed in a Canadian [61] and Polish cohort of patients [62].
However, an Italian cohort found no association between TAS2R38 genotype and CRS either with or
without polyps [63]. A significant limitation of this study is its small non-polyp population (n = 17),
given that the genotype relationship has been previously shown to be exclusive to this CRS sub-group.

CF, in contrast, is an autosomal recessive genetic disorder caused by defective transcellular ion
transport across the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR), which is encoded
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by the CFTR gene. The disease is most commonly caused by the ΔF508 mutation but can be caused
by one of almost 200 different mutations. [64,65]. While the preponderance of symptoms manifest in
the lower airway epithelium, the disease affects all mucosal surfaces and nearly 50% of CF patients
also suffer from CRS, with one-third of who require surgical management [66–69]. Because CF is
characterized by a preponderance of P. aeruginosa colonization and biofilm formation, a link with bitter
taste receptors has been hypothesized. A retrospective analysis identified that TAS2R38 genotype
correlates with both SNOT-22 scores and rhinologic-specific symptoms in CF patients [70]. Further, as
the understanding of taste receptors in biofilm formation and gram-negative respiratory infections
grows, an even more significant role for TAS2R38 genotype in CF may be revealed.

6. Taste Influence on Biofilm

Biofilms not only influence CRS and CF, but also contribute significantly to treatment-resistant
infections throughout the body [37,71]. Recently, a study sought to identify whether PTC sensitivity, as
a proxy for TAS2R38 genotype, is linked with biofilm formation based on the understanding of the role
of T2R38 in upper airway immunity. Endoscopic nasal swabs were obtained from patients with CRS
both with and without polyps, and analyzed using the Calgary biofilm detection assay. Results found
an inverse linear relationship between biofilm formation and PTC sensitivity, indicating that patients
with poor bitterness sensitivity (decreased T2R38 function) yielded more ex-vivo biofilm biomass [72].
While this correlation was true for the entire CRS cohort of patients, it was exclusively driven by those
patients without polyps, likely due to different immunologic pathways driving polyp and non-polyp
CRS [73]. Additionally, by using PTC taste sensitivity rather than TAS2R38 genotype, this study is
a proof of concept for the idea that a simple taste test can easily approximate genotype, simplifying
the costly and time-consuming process of genotyping. However, further studies are necessary to
definitively prove that bitterness sensitivity and expression of T2R38 in taste buds directly correlate
with that in the nasal epithelium.

7. Conclusions

The understanding of the role of the bitter taste receptors in upper respiratory immunity continues
to grow. What is clear is that bitter taste receptors, specifically T2R38, are expressed in the upper airway
epithelium where they respond to bitter compounds produced by invading bacteria to potentiate the
local innate immune response. Due to common individual genetic variation, non-taster individuals
do not benefit from this taste receptor-dependent pathway of upper airway immunity and are at
increased risk of gram-negative upper respiratory infections and non-polypoid CRS. Because of the
role that biofilms play in the pathogenesis of recalcitrant respiratory disease, which has been directly
correlated with TAS2R38 genotype, it is likely that broader conclusions may be drawn about local
immune responses at diverse sites throughout the body.

Going forward, taste receptors may be targeted for topical therapeutic intervention by using
bitter compounds to directly activate the sinonasal bitter taste receptors. One could argue that a bitter
taste panel may guide the ideal bitter compound(s) for individualized therapeutic intervention. This
precision medicine could optimize individual treatment responsiveness, decreasing the use of oral
steroids and antibiotics, limiting their contribution to the growing epidemic of antibiotic resistance [74].
Interestingly, this pathway has been largely tied to gram-negative bacteria. However, gram-positive
bacteria are responsible for the large majority of CRS cases and the common pathogen S. aureus has
been found to induce NO production in human upper airway epithelium, though through a process
that is independent of T2R38 [75]. A better understanding of this process would have implications for
the treatment of both acute and chronic sinusitis.

Additionally, future studies should aim to directly correlate the expression of T2R38 in the oral
and nasal epithelium, as well as to assess the feasibility of instilling bitter compounds in nasal lavages
or sprays to evaluate the benefit of taste receptor-targeted topical therapies. Because the T2R38 bitter
taste receptor is one of only 25 different bitter taste receptors, it is necessary to understand how all
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bitter taste receptors, the so-called “bitterome”, work in concert to influence upper airway innate
defenses [76]. By contrast with the bitter taste system, the sweet taste system remains relatively
poorly understood and presents an opportunity for significant advances in understanding. With this
knowledge, it is likely that the principles first identified and characterized within the sinonasal
epithelium will become applicable to many mucosal sites throughout the body, with implications for
the use of extraoral taste receptors in the treatment of a diverse group of infectious processes.
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Abstract: Elevated matricellular proteins (MCPs), including osteopontin (OPN) and galectin-9 (Gal-9),
were observed in the plasma of patients with Manila-type tuberculosis (TB) previously. Here, we
quantified plasma OPN, Gal-9, and soluble CD44 (sCD44) by enzyme-linked immunosorbent assay
(ELISA), and another 29 cytokines by Luminex assay in 36 patients with pulmonary TB, six subjects
with latent tuberculosis (LTBI), and 19 healthy controls (HCs) from Japan for a better understanding
of the roles of MCPs in TB. All TB subjects showed positive results of enzyme-linked immunospot
assays (ELISPOTs). Spoligotyping showed that 20 out of 36 Mycobacterium tuberculosis (MTB) strains
belong to the Beijing type. The levels of OPN, Gal-9, and sCD44 were higher in TB (positivity of
61.1%, 66.7%, and 63.9%, respectively) than in the HCs. Positive correlations between OPN and Gal-9,
between OPN and sCD44, and negative correlation between OPN and ESAT-6-ELISPOT response,
between chest X-ray severity score of cavitary TB and ESAT-6-ELISPOT response were observed.
Instead of OPN, Gal-9, and sCD44, cytokines G-CSF, GM-CSF, IFN-α, IFN-γ, IL-12p70, and IL-1RA
levels were higher in Beijing MTB-infected patients. These findings suggest immunoregulatory, rather
than inflammatory, effect of MCPs and can advance the understanding of the roles of MCPs in the
context of TB pathology.

Keywords: tuberculosis; osteopontin; galectin-9; CD44; Beijing genotype MTB
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1. Introduction

In 2000, Bornstein et al. proposed that there is a family of secreted extracellular matrix (ECM)
proteins termed “matricellular” proteins to highlight their influence on cell-matrix interactions [1].
Based on this definition, several proteins have now been identified as matricellular proteins
(MCPs), including connective-tissue growth factors, galectins [2] and osteopontin (OPN) [3]. MCPs
participate in wound repair, inflammation, and cancer progression by binding to their receptor [3].
The multitasking aspects of MCPs are derived from the different structural proteins, cell-surface
receptors, proteases, and cytokines with which these proteins come into contact in the local
environment of various tissues.

Among infectious diseases, Mycobacterium tuberculosis (MTB) infection remains a global public
threat due to its ability to evade the host immune system by various mechanisms, including inhibition
of phagolysosome fusion within phagocytes or induction of anti-inflammatory cytokine secretion [4].
Abnormal turnover of MCPs in the development of granulomas and cavities are the typical pulmonary
manifestations of TB [5], in which chronic inflammation is activated, leading to tissue damage and
subsequent tissue remodeling [6]. MCPs are expressed at low levels in normal adult tissues but are
promptly up-regulated during tissue repair and remodeling processes [7]. In a previous study, we
observed the expression of OPN and Gal-9 in TB granuloma [8]. We also confirmed the high level
of plasma OPN in subjects with Manila genotype MTB from the Philippines [9] and in TB patients
from Indonesia [8]. The intact form of OPN, also reported as full-length OPN (FL-OPN), is involved
in the complex pathways of coagulation and fibrinolysis, where multiple sites of FL-OPN serve as
a thrombin-cleaved target. During this process, the OPN fragments are produced. Among those
fragments, proteolytic cleavage of FL-OPN by thrombin (between Arg168 and Ser169) generates a
functional fragment of N-terminal thrombin-cleaved OPN (trOPN), which contains a cryptic binding
site for integrins α9β1 and α4β1 that enhances the attachment of trOPN to integrins. Elevation of
trOPN levels has been reported in the recovery phase of dengue virus infection [10].

Galectin-9 (Gal-9), a β-galactoside-binding MCP that induces apoptosis, chemoattraction, and
necrosis, stimulates bactericidal activity in mouse TB models by binding to its receptor, T-cell
immunoglobulin and mucin domain-containing molecule-3 (Tim3) [11,12]. Tim3-expressing T cells
accumulate during chronic TB infection, produce less IL-2 and TNF but more IL-10, and are functionally
exhausted. Such T-cell exhaustion impairs immunity and is detrimental to the outcome of MTB
infection [13]. On the other hand, Gal-9 is reported to stimulate regulatory T cells and is produced
by them in an autocrine manner, indicating that they have immunoregulatory functions [14]. Gal-9
and Tim-3 expression in CD4+ and CD8+ T cells increases during TB infection in humans compared to
healthy individuals [15]. As a result, the recovery of T-cell function against MTB is associated with
the blockage of TIM3 [16]. The associations of Gal-9 with the severity of the diseases were also found
in dengue virus [17] and malaria infection [18], suggesting that manipulation of Gal-9 signals has
an immunotherapeutic potential and may represent an alternative approach to improving immune
responses to infections and/or vaccines [19]. Based on these findings, Gal-9 is proposed to be a soluble
molecule responsible for an immune checkpoint [20].

CD44, a polymorphic transmembrane glycoprotein encoded by a single gene located on
chromosome 11, one of OPN receptors, is involved in signaling and in regulating immune responses,
and contributes to clinical manifestations [21]. Increased OPN and CD44 expression was reported in
adult T-cell leukemia cells [22]. Meanwhile, CD44 glycosylation directly controls binding affinity of
Gal-9 for fibrin and for immobilized fibrinogen and, therefore, participates in a wide variety of cell-cell
or cell-matrix interactions, including tumor invasion and metastases [23]. CD44, along with CD25, is
used to track early T-cell development in the thymus, and CD44 expression is an indicative marker for
effector-memory T cells. Both functions involve a mechanism of CD44-regulated apoptosis resistance
in T-cell subpopulations, namely Th1 cells [24]. On the other hand, the sCD44 level in TB patients has
not been examined.
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Interferon γ (IFN-γ)-producing TB antigen-specific CD4+ effector T cells and memory T cells
can be monitored by an enzyme-linked immunospot assay (ELISPOT) [25], in which galectin-9–CD44
interaction enhances stability and function of adaptive regulatory T cells (Tregs), promoting Foxp3
expression and, therefore, suppressing effector T cell responses during infection [26]. Spoligotyping
methods have been applied to identify the Beijing genotype of MTB that has been demonstrated as an
independent risk factor of treatment failure [27]. In this study, results of various current diagnostic
methods and clinical findings were also analyzed in view of the function of MCPs. Our results showed
an important immunological role of elevated OPN, Gal-9, and sCD44 levels in MTB infection.

2. Results

2.1. Clinical Findings

The study includes 36 patients with active pulmonary TB, six LTBI patients, and 19 HCs. All HCs
tested negative for T-SPOT.TB, and all TB patients tested positive for T-SPOT.TB. Laboratory data on
the TB patients are summarized in Table 1. The majority of TB patients had low values of hemoglobin
and hematocrit. Analysis of differential blood cell counts in TB patients showed frequent neutrophilia
and lymphocytopenia. Plasma C-reactive protein (CRP) levels were above the reference range in 32
(88.8%) TB patients. Among the 36 patients with active pulmonary TB, 20 and 16 were infected with
Beijing and non-Beijing type MTB, respectively. Moreover, 16 non-Beijing MTB isolates were found
to be Latin American-Mediterranean-9 strain (one patient) and T2 strain (one patient); EAI2_Manila
strain (two patients) and T3-OSA strain (two patients); a new type of strain (five patients) and T1 strain
(five patients).
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Table 1. Characteristics of HC, LTBI, and TB individuals.

Parameter Ref.
HC (n =

19)
LTBI (n = 6) TB (n = 36) p Value

Antropometric data

Age: year; median (range) 34
(19–67) 63 (36–71) 59.5 (19–86) 0.007

Gender: male; n (%) 12 (63) 5 (83) 28 (78) 0.43

Laboratory findings: median
(range)

RBC (106/μL)
Male 4.5–5.5;

Female 4.0–5.0 na 4.65
(4.35–5.12)

4.44
(2.72–5.57) 0.443

Hemoglobin (g/dL) 14–18 na 14.6
(14.2–15.3) 13.1 (8.9–17.5) 0.064

Hematocrit (%) 40–48 na 43.6
(40.9–46.0)

39.65
(25.5–51.9) 0.059

WBC (103/μL) 4.5–11 na 7.64
(5.34–9.96)

7.33
(3.84–16.22) 0.945

Neutrophil (%) 38–80 na 57.35(51.9–75.7) 75.2
(57.0–89.6) 0.014

Lymphocyte (%) 15–40 na 33.1
(18.2–39.6) 14.1 (2.8–34.8) 0.007

Monocyte (%) 4–7 na 6 (4.9–7.7) 6.9 (3.4–11.2) 0.035
Eosinophil (%) 0–8 na 1.1 (0.4–4.1) 1.4 (0–11.4) 0.902
Platelet (103/μL) 140–390 na 267 (203–280) 305 (125–564) 0.228

CRP (mg/dL) 0–0.3 na 0.055
(0.04–0.07) 6 (0.04–21.5) 0.002

Genotype (Beijing strain
MTB %)

73.0, year 2010,
Japan na na 55.6 na

ALT (Units) 4–37 na 20.5 (11–29) 15 (8–103) na

Creatinine (mg/dL) 0.5–1.5 na 0.74 (0.42–11) 0.71
(0.57–0.86) na

Age differences among the groups were analyzed by the Kruskal-Wallis test, gender differences by the Chi-square
test, and laboratory findings by the Mann-Whitney test; p < 0.05 means a significant difference; na: not applicable.

2.2. Luminex and ELISA

Luminex assay was applied to determine the levels of pro-inflammatory markers that are
important in cell signaling and promote systemic inflammation. The results showed high levels
of IFN-γ, IL-8, IP-10, and TNF-α in the TB group compared to HCs (Table 2). Plasma levels of other
25 biomarkers were below the measurable levels or did not show differences among the groups.
Plasma OPN, Gal-9, and sCD44 were significantly higher in TB patients than in HCs. Plasma Gal-9
and sCD44 concentrations were higher in patients with LTBI than in HCs. In contrast, despite low
levels of OPN in both HCs and LTBI, there was no significant difference between patients with TB
and patients with LTBI (Figure 1A–C). Unlike OPN, the FL-OPN and trOPN levels in the TB group
did not differ from those in the HCs (Table 2). Spearman′s correlation analysis revealed a significant
correlation between OPN and Gal-9, and between sCD44 and OPN, but not between Gal-9 and sCD44
in TB patients (Figure 2D–F). In TB patients, the levels of both OPN and sCD44 were associated with
lymphocytopenia and the levels of CRP, IL-8, IP-10, and OPN significantly correlated with neutrophils,
whereas sCD44 correlated with white blood cell counts and TNF-α, but such a correlation was not
observed in HCs. In spite of the significant correlation between OPN and FL-OPN in the TB patients,
OPN did not correlate with trOPN (Figure 3A,B). Although Gal-9 did not show a correlation with
either OPN or sCD44 (Table 3), there was a correlation of Gal-9 with alanine aminotransferase (ALT)
and creatinine. Plasma OPN, Gal-9, and sCD44 did not discriminate between patients with Beijing and
non-Beijing MTB (Figure 1G–I).
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Table 2. Biomarker levels measured by Luminex assay and ELISA in HCs and TB patients.

Biomarker HC TB p Value

IFNγ (pg/mL) 4.46 (0.42–19.38) 8.13 (2.12–41) 0.0065
IL-8 (pg/mL) 1.585 (0.38–7.52) 7.26 (0.6–31.07) <0.0001
IP-10 (pg/mL) 235.8 (132.2–472.8) 864.6 (219.3–3051) <0.0001
TNFα (pg/mL) 3.88 (2.83–8.34) 10.11 (2.19–24.83) <0.0001
OPN (ng/mL) 19.63 (9.31–111.64) 28.62 (10.59–170) 0.012
Gal-9 (ng/mL) 14.0 (0–120) 171.5 (0–470) 0.0002

sCD44 (ng/mL) 118.57 (91.02–141.41) 159.66 (98.89–346.2) <0.0001
FL-OPN (nmol/mL) 5.20 (2.83–14.45) 1.75 (0.52–43.91) >0.05
rtOPN (pmol/mL) 0 (0–26.73) 0.87 (0–347.95) >0.05

Of the 29 cytokine/chemokine indicators examined in each group, 15 indicators (IL-1α, IL-1β, IL-2,
IL-3, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12p40, IL-13, IL-15, IL-17A, MIP-1α, and TNF-β) were excluded
from statistical analyses because their median levels were below the detection level. EGF, VEGF,
MCP-1, MIP-1β, eotaxin, G-CSF, GM-CSF, IFN-α2, IL-12p70, and IL-1RA did not differ among the
groups. OPN, Gal-9, and sCD44 differed between groups. FL-OPN and trOPN did not differ among
the groups.

Table 3. Correlations of OPN, Gal-9, and sCD44 with other laboratory parameters and biomarkers in
TB patients.

Measurements
OPN sCD44 Gal-9

r (P) r (P) r (P)

WBC (103/μL) Ns 0.388 (0.019) Ns
Neutrophil (%) 0.517 (<0.0001) Ns Ns

Lymphocyte (%) −0.569 (<0.0001) −0.558 (<0.0001) Ns
CRP (mg/dL) 0.757 (<0.0001) 0.534 (0.001) Ns
IL-8 (pg/mL) 0.474 (0.013) 0.524 (0.005) Ns
IP-10 (pg/mL) 0.420 (0.029) 0.542 (0.003) Ns

TNFα Ns 0.446 (0.020) Ns
ALT Ns Ns 0.375 (0.024)
Cre Ns Ns 0.377 (0.023)

Ns: not significant.

 
(A) (B) (C) 

Figure 1. Cont.
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(G) (H) (I) 

Figure 1. OPN, Gal-9 and sCD44 in groups under study. Comparison of plasma levels of OPN (A);
Gal-9 (B); and sCD44 (C) among HC, LTBI, and TB patients. Correlations among OPN, Gal-9, and
sCD44 in TB patients (D–F); comparison of OPN (G); Gal-9 (H); and sCD44 (I) between Beijing and
non-Beijing genotype.

Figure 2. ELISPOTs reaction and OPN levels. ELISPOT assays are plotted as the number of specific
PBMCs against the indicated stimulus (A); a negative correlation was observed between the ELISPOT
for ESAT-6 and OPN in TB (B); and this correlation was not seen in the LTBI group (C).
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Figure 3. OPN, full-length OPN, n-half OPN, and ESAT-6 SFC count in TB patients. A comparison of
plasma levels of OPN with full-length OPN (A) and with n-half OPN (B); and a comparison of ESAT-6
ELISPOT SFC counts with full-length OPN (C) and with n-half OPN (D).

2.3. ELISPOTS

All HCs tested negative for ESAT-6 or CFP-10 because the SFC (cutoff = 6) was lower than the
cutoff; none of them showed total SFC ≥ 8 in ESAT-6 and CFP-10 assays. In the TB group, one
sample was negative for ESAT-6 (SFC = 5) and CFP-10 (SFC = 3); the total SFC was no less than 8,
and the result was considered positive. In the LTBI group, one sample with negative Esat-6 (SFC = 5)
and CFP-10 (SFC = 0) was considered indeterminate because total SFC was less than 8. Therefore,
the sensitivity of ELISPOTs for TB and LTBI was 100% and 83.3%, respectively (Figure 1A). There
was a negative correlation between ESAT-6 SFC and OPN levels (Figure 1B) in TB but not in LTBI
(Figure 1C). Nonetheless, ESAT-6 did not correlate with either FL-OPN or trOPN (Figure 3C,D), nor
was a correlation detected between OPN levels and CFP10. Moreover, none of 19 markers tested by
Luminex showed any correlation with either ESAT-6 or CFP-10 responses.

2.4. Sensitivity and Specificity

ROC analysis revealed that OPN, Gal-9, sCD44, IP-10, and anti-TBGL IgG could discriminate
active TB (ATB) from HC, in spite of varied discriminatory power indicated by an AUC comparison.
IP-10 (92.6% sensitivity and 93.3% specificity) was more effective than OPN (p < 0.001) and anti-TBGL
IgG (p < 0.05). sCD44 (63.9% sensitivity and 100% specificity) was more effective than OPN (Table 4).
Of note, in spite of greater discriminatory power of IP-10 and sCD44, there was no significant difference
between these two tests (Figure 4B), nor was a difference found between OPN and anti-TBGL assays
(Figure 4A). No valid discrimination was found between ATB and LTBI in terms of the MCPs due to
small number of LTBI subjects (Figure 4C).
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Table 4. Sensitivity and specificity.

Analytes
Youden
Index

Cutoff
Sensitivity

(%)
Specificity

(%)
AUC Comparison

OPN 0.4006 25.1 61.1 79 0.706 a b
Gal-9 0.6667 120 66.7 100 0.798

sCD44 0.6389 141.4 63.9 100 0.846 a
IP-10 0.8593 400.3 92.6 93.3 0.965 b a

Anti-TBGL
IgG 0.5058 1.6 61.1 89.4 0.762 a

A cutoff was calculated based on TB and HC data from the Youden index. The discriminatory power of each
test was evaluated by the area under curve (AUC) comparison. a, b, a significant difference between the AUCs
of the indicated tests; a, p < 0.05, b, p < 0.001.

Figure 4. Sensitivity and specificity analysis for OPN, anti-TBGL IgG, IP-10, and sCD44. Comparison
between ATB and HCs (A,B), no significant difference between the areas under curve (AUC) of OPN
and anti-TBGL IgG, IP-10, or sCD44, p > 0.05. Strong discriminatory power of IP-10 and sCD44;
p < 0.0001 for both (A). Comparison between ATB and LTBI, no significant discriminatory power
of OPN, Gal-9, and sCD44 in LTBI and ATB (p > 0.05) due to the inadequacy of LTBI subjects (C).
No significant difference between the AUC of OPN and Gal-9, between Gal-9 and sCD44, but difference
between OPN and sCD44 (p = 0.014) (C).

2.5. Clinical Biomarkers, Chest X-rays, and Genotype

OPN and sCD44 showed positive correlations with inflammatory markers and a negative
correlation with lymphocyte counts (p < 0.001). On the contrary, Gal-9 levels did not show any
correlation with inflammatory and hematological markers, but correlated positively with ALT and
creatinine (Table 3). Analysis of patients′ chest radiographs showed cavity formation in 12 (33.3%)
patients. Patients with lung cavities had significantly lower levels of hemoglobin and hematocrit and a
higher differential number of monocytes and higher CRP, anti-TBGL IgG, and IP-10 levels (Table 5).
In contrast, the levels of OPN, sCD44, and Gal-9 were not significantly higher in cavity-positive
ATB subjects.
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Table 5. Comparison of laboratory findings between TB patients with and without cavity
lung formation.

Parameter
Normal Value

(Range)
Cavity (−) (n = 24)

Cavity (+) (n =
12)

p Value

Hemoglobin (g/dL) 14–18 13.8 (8.9–17.5) 12.4 (9.9–14.7) 0.0454
Hematocrit (%) 40–48 42 (25.5–51.9) 37.5 (28.4–41.4) 0.0208
Monocyte (%) 4–7 6.2 (3.4–10) 8.3 (4.9–10.2) 0.0054
CRP (mg/dL) 0–0.3 3.27 (0.04–21.5) 8.67 (0.08–17.97) 0.0478
IP-10 (pg/mL) 132.2–472.8 751.5 (219.3–2735) 1570 (369.7–3051) 0.0408
Anti-TBGL IgG

(U/mL) <2 13.3 (0.1–62.6) 1.11 (0–72.6) 0.0123

CXR Score 0 92.46 (82.4–100) 131.84
(104.34–140) 0.0001

The CXR score correlated with a higher proportion or higher number of monocytes and IL-12p70.
The CXR score in cavity-positive and cavity-negative TB patients was analyzed further. In the former
subgroup, ESAT-6 SFC showed an inverse correlation with CXR (Table 6). In the latter subgroup,
IL-12p70 correlated with CXR (Table 6). No significant differences in plasma OPN, Gal-9, or sCD44
were observed between subjects with Beijing and non-Beijing MTB (Figure 1G–I). Nonetheless, higher
G-CSF, GM-CSF, IFN-α, IFN-γ, IL-12p70, and IL-1RA concentrations were detected in Beijing MTB
subjects (Table 7). Among these six makers, levels of IFN-α, IFN-γ, and IL-1RA were higher in Beijing
MTB subjects compared to the HCs (Table 7, Kruskal-Wallis test, p < 0.05).

Table 6. CXR score and biomarkers in TB patients.

Parameter CXR Scorer (p)
CXR Scorer (p)

Cavity (+) Cavity (−)

Monocytes (%) 0.502 (0.003) Ns Ns
OPN Ns Ns Ns

sCD44 Ns Ns Ns
IP-10 0.452 (0.027) Ns Ns
Gal-9 Ns Ns Ns

IL-12p70 0.517 (0.01) Ns 0.574 (0.032)
ESAT-6 SFC Ns −0.6185 (0.0425) Ns

Ns: no significant.
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Table 7. Laboratory and biomarker values in patients infected by Beijing or non-Beijing strains of
Mycobacterium tuberculosis (MTB).

Parameter HC
Beijing Type (n =

20)
Non-Beijing Type (n

= 16)
p Value

Laboratory
findings

RBC (106/μL) na. 4.28 (2.72–5.16) 4.64 (3.86–5.57) 0.0465
Total protein

(g/dL) na. 7.05 (5.41–8.03) 7.69 (6.54–8.14) 0.0323

Biomarker
(pg/mL)

G-CSF 48.48 (12.19–90.49) 56.94 (21.69–106.36) 38.12 (14.06–73.07) 0.0388
GM-CSF 4.24 (0.44–18.98) 12.29 (0.83–48.8) 5.84 (0.44–14.6) 0.0300
IFNα 11.07 (0–56.49) 32.87 (1.67–60.81) a 7.53 (0–40.97) 0.0034
IFNγ 4.46 (0.42–19.38) 16.02 (3.09–41) a 4.71 (2.12–17.84) 0.0141
IL-12p70 2.74 (1.35–15.06) 8.22 (1.85–29.77) 2.62 (0.03–7.13) 0.0007

IL-1RA 17.79 (0–81.26) 51.96 (8.56–217.37)
a 14.02 (0–78.44) 0.0095

IP-10 235.78
(132.2–472.75)

877.12
(219.29–2814.69) a

864.57
(369.67–3051.48) b >0.05

Cavity n (%) 0 8 (40) 4 (25) >0.05

CXR score 0 102.23 (82.4–140) 109.74 (82.77–140) >0.05

Differences among the groups in terms of laboratory biomarkers were analyzed by the Kruskal-Wallis test;
p < 0.05 indicates a significant difference between Beijing and non-Beijing MTB groups; a indicates a significant
difference between groups Beijing MTB and HC, p < 0.05; b indicates a significant difference between groups
non-Beijing MTB and HC; p < 0.05. na., no applicable.

3. Discussion

It is known that cells producing IFN-γ after stimulation with ESAT-6 and CFP-10 are CD4+

effector memory cells in both HIV-infected [28] and uninfected subjects [29]. A very low proportion
of MTB-specific effector T cells is found in the blood compared with the infected tissue, indicating
the differences in the cellular immune response and regulatory mechanisms between focal sites
and systemic levels [30]. OPN is a multifunctional phosphorylated glycoprotein that is synthesized
by a variety of immune and non-immune cells, and it participates in the balance between the Th1
and Th2 responses and in granulomatous reactions [31,32]. A negative correlation was observed
between OPN and ESAT-6 ELISPOTs (Figure 1B), in addition to the negative correlation of OPN with
lymphocyte counts (Table 3), which could be explained by increased migration of lymphocytes toward
the lesion in response to OPN signaling [33]. OPN-induced T-cell migration may initiate suppression
of hyperinflammation [33] and prevent the contact between peripheral lymphocytes and MTB bacilli,
to the extent of compartmentalization of MTB bacteria and lower risk of dissemination [34,35]. Since
OPN showed a correlation with sCD44, one of the memory T-cell markers [36], it may also reflect
the activation of memory T cells in the lesion. Of note, we did not observe a correlation between
OPN and a CFP-10 cellular response, in support of the discrepancies between results of ESAT-6 and
CFP-10 assays [37]. Nevertheless, the component of secreted OPN responsible for summoning T-cell
immigration is still unknown. Therefore, we tested the correlation among ESAT-6 SFC, FL-OPN,
and trOPN, which did not show a statistical association with one another. It is more than obvious
that the FL-OPN level exceeds the trOPN level, in addition to a correlation between OPN and
FL-OPN, suggesting that FL-OPN is responsible as one of components of OPN. Another culprit
may be MMP-cleaved OPN [32]. Nevertheless, these components were not demonstrated in this study.

OPN levels are higher in patients with extensive TB/HIV coinfection than in patients with a single
disease of TB or HIV [38]. HIV has been proposed to infect memory T cells preferentially, and efficient
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transfer of the R5 virus to effector memory T cells has also been observed [39,40]. We have reported
the increased amount of OPN in an AIDS-TB case, though this patient showed lymphadenopathy and
did not have granuloma of the lungs [41]. Probably, OPN was synthesized in activated lymph nodes
and immune cells in this patient, and we have reported that macrophages are the main producer in the
lymph nodes of adult T-cell leukemia patients [21]. In this particular case of AIDS/TB, OPN did not
decrease after antiretroviral therapy despite the fall of the viral load [41], and OPN was retained as
a component of the immune reconstitution (IRIS) that takes place during antiretroviral therapy [42].
These data suggest that OPN could be synthesized in response to both TB and HIV infection and serve
as a marker of complex disease activity such as IRIS.

Gal-9 appeared to reflect disease severity as reported for other diseases, such as malaria and
dengue, because of its association with ALT and creatinine [17,18] (Table 3). The levels of ALT and
creatinine are indicators of systemic severity of TB infection [43]. The association of these molecules
with Gal-9 in TB cases supports the idea that Gal-9 could either influence the outcome of MTB infection
or indicate the state of disease [44]. Like many immunological pathways, the Gal-9 pathway functions
via binding of Gal-9 to its receptor TIM3 prior to the initiation of the MCP-mediated signaling,
before regulation of intracellular antimicrobial processes and of long-term immunological memory,
as well as physiological homeostasis [45]. In vitro TIM3 blockade—in co-culture experiments with
MTB-infected macrophages from TB patients with or without HIV co-infection—promotes bacterial
killing and enhances IL-1β secretion by infected cells, as well as the IFN-γ release by T cells [12].
Therefore, the interaction of Gal-9 and TIM3 serves as an immune checkpoint rather than leading
to inflammation [20]. Regimens incorporating therapeutics targeting such immune checkpoints are
urgently needed to improve the clinical management of multidrug-resistant TB (MDR-TB) when the
TB drug options are diminished for patients with MDR-TB infection [46]. Drugs enhancing T-cell
activity, depleting Treg cells, and inhibiting the immune checkpoint have been reported, in agreement
with the potential of targeting of the Gal-9–TIM3 interaction.

In this study, for the first time, we reported a high plasma concentration of sCD44 in ATB compared
to HCs, in the sense of discriminatory power comparable to that of IP-10 (Figure 4B, p > 0.05). The
discriminatory power of sCD44 is higher than that of OPN. Nonetheless, like OPN and Gal-9, sCD44
is related to immune regulation. Without the recruitment of other non-MTB inflammatory diseases
in this study, it is implausible to make a conclusion about the reliability of these markers for TB
diagnosis. IP-10, a chemokine secreted from cells stimulated with interferon and lipopolysaccharides,
is a chemoattractant for activated T cells [47]. IP-10 concentrations correlated with the plasma OPN
level (Table 3). A similar finding has also been reported, except that decreased IP-10 and OPN levels
were reported as markers of negative conversion in sputum smears. Nevertheless, only IP-10 correlates
with CRP and inflammation [48]. In our study, significantly higher levels of plasma IP-10 in cavitary
TB patients (Table 5), and the correlation between IP-10 and CXR score (Table 6) are in agreement with
IP-10’s role as an inflammation inducer. In addition to an inflammatory marker of TB [49], serum IP-10
also increased in chronic hepatitis C [50] and autoimmune diseases [51].

Beijing genotype MTB has been the most prevalent in East Asia [52] because of its virulence
and resistance to drugs and BCG vaccination. Treatment failure and relapse have also been found
to be associated with Beijing genotype MTB [53]. On the other hand, other researchers, and our
group, have reported that the rates of MDR-MTB among Beijing and non-Beijing family strains are
not statistically significantly different in Beijing MTB-predominant regions [27,54]. Highly intense
inflammation of Beijing genotype MTB infection may be detected by assaying inflammatory cytokines.
Nevertheless, we did not detect differences in IP-10, sCD44, OPN, or Gal-9 concentrations between
Beijing and non-Beijing TB infections; plasma concentrations of other cytokines, including G-CSF,
GM-CSF, IFN-α, IFN-γ, IL-12p70, and IL-1RA, were found to be higher in Beijing MTB-infected subjects
than in non-Beijing MTB-infected subjects. An increased level of IL-12p70 was found to be associated
with a high CXR sore, in support of the more severe lung damage in Beijing MTB infection compared to
non-Beijing MTB infection [55]. G-CSF and GM-CSF also play a role in the regulation of macrophages
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and dendritic cells to facilitate granuloma in the development of a cavity [56]. Therefore, a high
percentage of patients with a cavity were observed in the Beijing MTB group (40%) compared to the
non-Beijing MTB group (25%) in this study. Unlike those cytokines, MCPs are involved in not only
inflammation, but also immune regulation, and their concentrations were not affected by the genotype
of MTB in this study.

4. Materials and Methods

4.1. Study Subjects

The study was conducted at Double-Barred Hospital, Tokyo, Japan, and Tohoku University,
Sendai, Japan, between May 2014 and 2015. The study protocol was approved by the Ethics
Committee of Fukujuji Hospital, Japan Anti-Tuberculosis Association and Graduate School of Medicine
(NO. 2014-1-122, January 2014), Tohoku University. Written informed consent was obtained from all
the enrolled subjects. All of the procedures were conducted in accordance with the Declaration
of Helsinki.

Patients with culture-confirmed TB diagnosis according to WHO guidelines [57] were included in
the active TB group (n = 36); none of these patients had taken anti-TB medication. Healthy control
subjects (HCs; n = 19) had no TB-related symptoms, and exhibited negative T-SPOT.TB (Oxford
Immunotec, Oxford, UK) results. Subjects who showed positive T-SPOT.TB results or were positive
in Interferon-γ release assays (IGRAs) and without TB clinical manifestations were categorized as
patients with latent tuberculosis (LTBI; n = 6). Exclusion criteria were as follows: impossibility to
obtain informed consent, cancer, and human immunodeficiency virus infection.

Each subject donated a 7-mL heparinized and 7-mL EDTA-treated peripheral-blood sample.
The EDTA-blood samples were centrifuged within 30 min of collection, and plasma was stored at
−80 ◦C until further analyses. Heparinized blood samples were sent from Double-Barred Cross
Hospital and delivered to Tohoku University by a courier service within 24 h. All laboratory data were
obtained from patients’ medical records and at the point of sample collection.

The TB patients were categorized into cavity-positive or cavity-negative in accordance with the
presence or absence of cavities on chest X-ray images. A scoring method was used on the basis of
the affected lung area and the presence of a cavity in order to conduct the comparison of TB lung
lesion severity. The score was calculated as the percentage of lung affected plus 40 if cavitation was
present [58].

4.2. Spoligotyping

To differentiate Beijing and non-Beijing genotypes of MTB, spoligotypes of clinical MTB isolates
were determined as described previously [19]. Acid-fast bacilli (AFB) smear staining and Ogawa
medium culture were conducted to confirm the MTB infection. To identify the most prevalent genotype,
DNA samples were isolated from the colonies in culture. One colony was picked and resuspended in
0.5 mL of Tris-EDTA. The mixture was subjected to a 95 ◦C boil-and-cool cycle for decontamination
before processing for spoligotyping. Briefly, the DR region was amplified with a primer pair, and the
polymerase chain reaction (PCR) products were hybridized to a set of 43 spacer-specific oligonucleotide
probes, which were covalently bound to membranes. The spoligo-international type was determined
by comparing spoligotypes with the international spoligotyping database [20].

4.3. ELISPOTs

Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood samples
over Ficoll-Paque Plus (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) and resuspended in
the AIM V medium (Gibco, Grand Island, NE, USA) at the concentration of 2.5 × 105 per 100 μL.
M. tuberculosis infection was determined using T-SPOT.TB (Oxford Immunotec, Oxford, UK), according
to the manufacturer’s recommendation. A test result was considered reliable if the spot-forming cell
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(SFC) number in the positive-control well was >20, and in the negative control well was <10. Positive
results were scored as positive if the SFC number of either ESAT-6 or CFP-10 well was >6. If the
total number of SFCs of ESAT-6 and CFP-10 was ≤8, the test result was considered indeterminate.
Spots were counted with an automated Immunospot Analyzer, CTL (Cellular Technologies, Cleveland,
OH, USA).

4.4. ELISA

Plasma concentrations of OPN were determined using the Human Osteopontin DuoSet ELISA
Development System Kit (R and D Systems, Minneapolis, MN, USA) [21]. In this ELISA kit, the
proprietary capture monoclonal antibody and the detection polyclonal antibodies were both raised
against recombinant human OPN (NS0-derived, amino acids Ile17-Asn300). To determine the
full-length OPN and trOPN, two separate ELISA kits (IBL, Gunma, Japan) were used. In the FL-OPN
kit, a polyclonal rabbit antibody (O-17) specific to the N terminus of OPN (Ile17-Gln31, accession
# NP_000573.1) was used as a capture antibody, and a mouse monoclonal antibody (10A16) raised
against synthetic peptides corresponding to the internal sequence of human OPN (Lys166-Glu187)
served as a detector antibody. Therefore, this kit does not allow us to detect trOPN. Meanwhile, the
trOPN ELISA assay was performed using an anti-trOPN monoclonal antibody (34E3) as the capture
antibody, and the O-17 antibody as the detection antibody. This capture antibody specifically reacts to
the epitope Ser162–Arg168 exposed by thrombin and does not react with matrix metalloproteinase
3 or 7 (MMP-3 or -7)-cleaved N-terminal trOPN [10,59]. Gal-9 was quantified using a human Gal-9
ELISA kit (Galpharma Co., Ltd., Takamatsu, Japan), as described previously [17]. The concentration
of soluble CD44 was measured by means of the Human CD44 ELISA kit (Abcam, Cambridge, MA,
USA), as described previously [21]. Samples, reagents, and buffers were prepared according to the
manufacturers′ manuals.

4.5. Luminex Assays

Twenty-nine cytokine and chemokine species, including epidermal growth factor (EGF), eotaxin,
granulocyte macrophage-colony stimulating factor (GM-CSF), G-CSF, interferon-alpha2 (IFN-α), IFN-γ,
interleukin 1 alpha (IL-1α), IL-1β, IL-1 receptor antagonist (IL-1RA), IL-2, IL-3, IL-4, IL-5, IL-6, IL-7,
IL-8, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, IL-17a, IFN-γ-inducible protein-10 (IP-10), monocyte
chemotactic protein 1 (MCP-1), macrophage-inducible protein 1α (MIP-1α), MIP-1β, tumor necrosis
factor α (TNF-α), TNF-β, and vascular endothelial growth factor (VEGF), in plasma were measured
using a commercially available kit (Milliplex Human Cytokine and Chemokine multiplex assay kit,
Merck Millipore, Billerica, MA, USA) by Luminex methods, as reported previously [17]. The assay was
performed according to manufacturer′s instructions and the concentrations of cytokines/chemokines
were calculated by comparing the assay readings with a five-parameter logistic standard curve on a
Bioplex-200 instrument (Bio-Rad, Hercules, CA, USA). All of the results were expressed in pg/mL.

4.6. Data Analyses

Data are expressed as the median and range. Significance of differences for more than two groups
was tested by the Kruskal–Wallis analysis. Significance of differences between two groups was tested
by the Mann-Whitney U analysis. Correlations were determined using Spearman′s nonparametric test.
These analyses were carried out in the GraphPad Prism 6 software (GraphPad, San Diego, CA, USA).
Furthermore, receiver operating characteristic (ROC) curves were constructed to study the diagnostic
utility of OPN, Gal-9, sCD44, and IP-10. The area under curve (AUC) and cutoff analyses were
conducted by means of the MedCalc statistical software Version 16.8.4 (Ostend, Belgium). A difference
was assumed to be significant at p < 0.05.
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5. Conclusions

In conclusion, this study showed that the levels of OPN, Gal-9, sCD44, and IP-10 could help to
understand the immune network of MCPs in TB, in addition to their diagnostic value in MTB infections,
especially in the presence of a lung cavity. Higher plasma concentration of OPN in association with a
low-ESAT-6-ELISPOT-response could help to understand the immunopathogenesis of TB. A high level
of sCD44 and Gal-9 in MTB infection could also predict MTB-related inflammation and clinical severity.
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Abstract: Lung injury is characterized by diffuse lung inflammation, alveolar-capillary destruction,
and alveolar flooding, resulting in respiratory failure. Polydexyribonucleotide (PDRN) has an
anti-inflammatory effect, decreasing inflammatory cytokines, and suppressing apoptosis. Thus,
we investigated its efficacy in the treatment of lung injury, which was induced in rats using
lipopolysaccharide (LPS). Rats were randomly divided into three groups according to sacrifice time,
and each group split into control, lung injury-induced, and lung injury-induced + PDRN-treated
groups. Rats were sacrificed 24 h and 72 h after PDRN administration, according to each
group. Lung injury was induced by intratracheal instillation of LPS (5 mg/kg) in 0.2 mL
saline. Rats in PDRN-treated groups received a single intraperitoneal injection of 0.3 mL distilled
water including PDRN (8 mg/kg), 1 h after lung injury induction. Percentages of terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)-positive, cleaved caspase-3-,
-8-, and -9-positive cells, the ratio of Bcl-2-associated X protein (Bax) to B-cell lymphoma 2 (Bcl-2),
and expressions of inflammatory cytokines (tumor necrosis factor-α, interleukin-6) were decreased
by PDRN treatment in the LPS-induced lung injury rats. Therefore, treatment with PDRN reduced
lung injury score. This anti-apoptotic effect of PDRN can be ascribed to the enhancing effect of PDRN
on adenosine A2A receptor expression. Based on these results, PDRN might be considered as a new
therapeutic agent for the treatment of lung injury.

Keywords: lung injury; lipopolysaccharide; polydexyribonucleotide; apoptosis; adenosine A2A receptor

1. Introduction

Acute lung injury (ALI) is characterized by disruption of the alveolar-capillary membrane barrier
and resultant pulmonary edema, and is associated with proteinaceous alveolar exudate [1]. Mortality
from ALI decreased in the past decade, due in part to the implementation of lung-protective ventilation
strategies, however, ALI-related lethality remains high [2]. Thus, new pharmacological therapies based
on the ALI pathogenesis are needed.
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The pathophysiological mechanisms of ALI are complex and this disease is caused by
various factors. Among them, endotoxins are the most important pathogenic component [3,4].
Cytokine-mediated inflammation is implicated in the pathogenesis of ALI [5]. Increased local
and systemic inflammatory mediators such as tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6),
and activated leukocytes may cause systemic inflammation [6]. Furthermore, increasing evidence
suggests that apoptosis also plays an important role in the progression of ALI [4,7].

Apoptosis represents one form of cell death including autophagic cell death and autonomous
necrosis. Apoptosis is a mechanism to remove excessively damaged or potentially harmful cells to
maintain normal cellular homeostasis [8,9]. Although apoptosis is a ‘clean’ form of cell death, apoptotic
cells that are not rapidly removed eventually undergo secondary necrosis associated with leakage
of cellular content and inflammation, leading to severe tissue damage [10]. Tang et al. [11] reported
that alveolar cell apoptosis likely contributes to ALI in response to various environmental stimuli
by inducing endothelial and epithelial barrier dysfunction. DNA fragmentation that is characteristic
of apoptotic cell death is detected by terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) assay [12]. Caspases are a family of proteases that play an essential role
in programmed cell death and inflammation. Caspase-3 is a key executor of apoptosis, whereas
caspase-8 and caspase-9 are the initiator caspases and they are most likely to act on caspase-3 [13].
The cleaved forms of caspases activate pro-apoptotic pathways leading to DNA degradation and cell
death [13]. In addition to caspases, B-cell lymphoma 2 (Bcl-2) family proteins also play an important
role in the regulation of apoptosis. Bcl-2 family proteins are classified as anti-apoptotic proteins
including Bcl-2 and Bcl-XL, and pro-apoptotic proteins, such as Bcl-2-associated X protein (Bax) and
BH3 interacting-domain death agonist (Bid). The balance between pro-apoptotic and anti-apoptotic
Bcl-2 family members determines the mitochondrial response to apoptotic stimuli [14]. The imbalance
between pro-apoptotic and anti-apoptotic mediators causes apoptosis and increases susceptibility to
lung injury [15].

The actions of adenosine are mediated through the following G protein-coupled receptors, namely
A1, A2A, A2B, and A3, which are expressed diversely in immune cells [16]. Among them, the adenosine
A2A receptor is found in most cells associated with wound healing [17]. Polydeoxyribonucleotide
(PDRN), extracted from the sperm of salmon, has been shown to stimulate tissue repair in chronic
wounds and burns [18]. PDRN stimulates vascular endothelial growth factor expression by activating
the adenosine A2A receptor [19,20]. PDRN has also been shown to inhibit apoptosis and inflammation
in the experimental gastric ulcer [20].

Although PDRN is known to promote wound healing and suppress apoptotic cell death, the effects
of PDRN on lung injury have not been reported. In the present study, we investigated the effect of
PDRN treatment on lipopolysaccharide (LPS)-induced lung injury using rats. For this study, analysis
of lung injury score was performed by hematoxylin and eosin (H&E) staining. Additionally, TUNEL
assay, immunohistochemistry for cleaved caspase-3, -8, -9, and Western blotting for Bax, Bcl-2, TNF-α,
IL-6, and adenosine A2A receptors were performed.

2. Results

2.1. Effect of Polydexyribonucleotide (PDRN) on Histological Alteration and Lung Injury Score

Histological alterations and lung injury scores are presented in Figure 1. At 24 h after LPS
administration, intra-alveolar hemorrhage and fibrin, interstitial edema, and acute and chronic
inflammatory cell infiltration moderately occupying the alveolar lumen were seen. At 72 h after
LPS administration, intra-alveolar hemorrhage and fibrin, interstitial edema, and acute and chronic
inflammatory cell infiltration severely occupying the alveolar lumen were seen. However, patch
intra-alveolar macrophages were seen 24 h after PDRN treatment and normal-looking alveolar
structures, except type II pneumocytes hyperplasia were observed 72 h after PDRN treatment.
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Figure 1. Effect of polydeoxyribonucleotide (PDRN) treatment on the lung injury score. Upper:
Photomicrographs of lung injury. The scale bar represents 100 μm. (A) Control and 24 h after sacrifice
group; (B) Lung injury and 24 h after sacrifice group; (C) Lung injury with PDRN-treatment and 24 h
after sacrifice group; (D) Control and 72 h after sacrifice group; (E) Lung injury and 72 h after sacrifice
group; (F) Lung injury with PDRN-treatment and 72 h after sacrifice group. Lower: Lung injury score
in each group. * represents p < 0.05 compared to the control and 24 h after sacrifice group. # represents
p < 0.05 compared to the lung injury and 24 h after sacrifice group.

The lung injury scores were 0.75 ± 0.25 in the control and 24 h after sacrifice group, 3.37 ± 0.26 in
the lung injury and 24 h after sacrifice group, 2.25 ± 0.36 in the lung injury with PDRN-treatment and
24 h after sacrifice group, 0.78 ± 0.22 in the control and 72 h after sacrifice group, 3.62 ± 0.26 in the
lung injury and 72 h after sacrifice group, and 2.62 ± 0.46 in the lung injury with PDRN-treatment and
72 h after sacrifice group.

These results indicate that lung injury score was significantly increased by the induction of lung
injury (p < 0.05), whereas, PDRN treatment significantly decreased lung injury score (p < 0.05).

2.2. Effect of PDRN on Percentage of Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End
Labeling (TUNEL)-Positive Cells

Photomicrographs of TUNEL-positive cells in the lung tissues are shown in Figure 2. Percentages
of TUNEL-positive cells were 7.87 ± 1.96% in the control and 24 h after sacrifice group, 66.37 ± 4.51%
in the lung injury and 24 h after sacrifice group, 41.12 ± 4.13% in the lung injury with PDRN-treatment
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and 24 h after sacrifice group, 8.75 ± 1.47% in the control and 72 h after sacrifice group, 68.75 ± 4.21%
in the lung injury and 72 h after sacrifice group, 47.50 ± 8.93% in the lung injury with PDRN-treatment
and 72 h after sacrifice group.

 

Figure 2. Effect of polydeoxyribonucleotide (PDRN) treatment on the percentage of terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)-positive cells. Upper:
Photomicrographs of TUNEL-positive cells. The scale bar represents 100 μm. Red arrows represent
TUNEL-positive cells. (A) Control and 24 h after sacrifice group; (B) Lung injury and 24 h after sacrifice
group; (C) Lung injury with PDRN-treatment and 24 h after sacrifice group; (D) Control and 72 h after
sacrifice group; (E) Lung injury and 72 h after sacrifice group; (F) Lung injury with PDRN-treatment
and 72 h after sacrifice group. Lower: Percentages of TUNEL-positive cells. * represents p < 0.05
compared to the control and 24 h after sacrifice group. # represents p < 0.05 compared to the lung injury
and 24 h after sacrifice group.

These results indicate that DNA fragmentation was significantly increased by the induction of
lung injury (p < 0.05), whereas PDRN treatment significantly decreased DNA fragmentation (p < 0.05).

2.3. Effect of PDRN on Percentages of Cleaved Caspase-3-, -8-, and -9-Positive Cells

Photomicrographs of cleaved caspase-3-, -8-, and -9-positive cells are presented in Figure 3.
The percentage of caspase-3-positive cells was 8.62 ± 1.52% in the control and 24 h after sacrifice group,
62.25 ± 7.44% in the lung injury and 24 h after sacrifice group, 38.75 ± 4.57% in the lung injury with
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PDRN-treatment and 24 h after sacrifice group, 8.87 ± 1.39% in the control and 72 h after sacrifice
group, 67.12 ± 6.11% in the lung injury and 72 h after sacrifice group, 41.50 ± 6.37% in the lung injury
with PDRN-treatment and 72 h after sacrifice group.

Cleaved caspase-3

 
Cleaved caspase-8

 

Figure 3. Cont.
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Cleaved caspase-9 

 

Figure 3. The effect of polydeoxyribonucleotide (PDRN) treatment on the percentages of cleaved
caspase-3-, -8-, -9-positive cells. Upper: Cleaved caspase-3-positive cells. (Top) Photomicrographs of
cleaved caspase-3-positive cells. (Down) Percentages of cleaved caspase-3-positive cells in each group.
Middle: Cleaved caspase-8-positive cells. (Top) Photomicrographs of cleaved caspase-8-positive
cells. (Down) Percentages of cleaved caspase-8-positive cells in each group. Lower: Cleaved
caspase-9-positive cells. (Top) Photomicrographs of cleaved caspase-9-positive cells. (Down)
Percentages of cleaved caspase-9-positive cells in each group. The scale bar represents 100 μm. Red
arrows represent cleaved caspase-positive cells. (A) Control and 24 h after sacrifice group; (B) lung
injury and 24 h after sacrifice group; (C) lung injury with PDRN-treatment and 24 h after sacrifice
group; (D) control and 72 h after sacrifice group; (E) lung injury and 72 h after sacrifice group; (F) lung
injury with PDRN-treatment and 72 h after sacrifice group. * represents p < 0.05 compared to the
control and 24 h after sacrifice group. # represents p < 0.05 compared to the lung injury and 24 h after
sacrifice group.

Percentage of cleaved caspase-8-positive cells was 7.50 ± 1.05% in the control and 24 h after
sacrifice group, 29.87 ± 5.40% in the lung injury and 24 h after sacrifice group, 20.37 ± 3.40% in the
lung injury with PDRN-treatment and 24 h after sacrifice group, 5.62 ± 1.06% in the control and 72 h
after sacrifice group, 33.12 ± 7.15% in the lung injury and 72 h after sacrifice group, 25.75 ± 4.53% in
the lung injury with PDRN-treatment and 72 h after sacrifice group.

Percentage of cleaved caspase-9-positive cells was 9.12 ± 1.80% in the control and 24 h after
sacrifice group, 49.00 ± 7.52% in the lung injury and 24 h after sacrifice group, 35.87 ± 6.37% in the
lung injury with PDRN-treatment and 24 h after sacrifice group, 10.00 ± 2.82% in the control and 72 h
after sacrifice group, 48.25 ± 6.19% in the lung injury and 72 h after sacrifice group, 27.87 ± 4.80% in
the lung injury with PDRN-treatment and 72 h after sacrifice group.
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These results indicate that cleaved caspase-3, -8, and -9 expressions were significantly increased
by the induction of lung injury (p < 0.05), whereas, PDRN treatment significantly decreased cleaved
caspase-3, -8, and -9 expressions (p < 0.05).

2.4. Effects of PDRN on Expressions of Bax and Bcl-2

To verify the effect of PDRN on the expression of apoptotic proteins, the relative expressions of
Bax and Bcl-2 were ascertained (Figure 4). When the level of Bax (24 kDa) in the control and 24 h after
sacrifice group was set at 1.00, the level of Bax was 1.31 ± 0.11 in the lung injury and 24 h after sacrifice
group, 0.85 ± 0.17 in the lung injury with PDRN-treatment and 24 h after sacrifice group, 0.84 ± 0.09
in the control and 72 h after sacrifice group, 1.52 ± 0.22 in the lung injury and 72 h after sacrifice group,
0.98 ± 0.08 in the lung injury with PDRN-treatment and 72 h after sacrifice group.

Figure 4. Effect of polydeoxyribonucleotide (PDRN) treatment on the Bcl-2-associated X protein (Bax)
and B-cell lymphoma 2 (Bcl-2) expressions. Actin was used as an internal control (46 kDa). Upper:
The results of band detection using the enhanced chemiluminescence (ECL) detection kit. Groups
are labeled as follows: (A) Control and 24 h after sacrifice group; (B) Lung injury and 24 h after
sacrifice group; (C) Lung injury with PDRN-treatment and 24 h after sacrifice group; (D) Control and
72 h after sacrifice group; (E) Lung injury and 72 h after sacrifice group; and (F) Lung injury with
PDRN-treatment and 72 h after sacrifice group. Lower: The relative expressions of Bax and Bcl-2 in
each group. * represents p < 0.05 compared to the control and 24 h after sacrifice group. # represents
p < 0.05 compared to the lung injury and 24 h after sacrifice group.

When the level of Bcl-2 (26–29 kDa) in the control and 24 h after sacrifice group was set at 1.00,
the level of Bax was 0.19 ± 0.02 in the in the lung injury and 24 h after sacrifice group, 0.52 ± 0.00 in
the lung injury with PDRN-treatment and 24 h after sacrifice group, 0.53 ± 0.07 in the control and 72 h
after sacrifice group, 0.32 ± 0.04 in the lung injury and 72 h after sacrifice group, 0.51 ± 0.08 in the
lung injury with PDRN-treatment and 72 h after sacrifice group.

When the ratio of Bax to Bcl-2 in the control and 24 h after sacrifice group was set at 1.00, the ratio
of Bax to Bcl-2 was 6.88 ± 1.07 in the in the lung injury and 24 h after sacrifice group, 1.61 ± 0.32 in the
lung injury with PDRN-treatment and 24 h after sacrifice group, 1.59 ± 0.05 in the control and 72 h
after sacrifice group, 4.88 ± 1.11 in the lung injury and 72 h after sacrifice group, 1.98 ± 0.31 in the
lung injury with PDRN-treatment and 72 h after sacrifice group.

These results indicate that induction of lung injury enhanced Bax expression and inhibited Bcl-2
expression (p < 0.05), resulting in enhanced Bax to Bcl-2 ratio (p < 0.05). However, PDRN treatment
suppressed Bax expression and enhanced Bcl-2 expression of (p < 0.05), resulting in suppressed Bax to
Bcl-2 ratio (p < 0.05).
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2.5. Effect of PDRN on Adenosine A2A Receptor and Inflammatory Cytokines Expressions

To verify the effect of PDRN on adenosine A2A receptor, TNF-α, and IL-6 expressions, their relative
expressions were ascertained (Figure 5). When the level of adenosine A2A receptor (44 kDa) in
the control and 24 h after sacrifice group was set at 1.00, the level of adenosine A2A receptor was
0.29 ± 0.03 in the in the lung injury and 24 h after sacrifice group, 0.55 ± 0.02 in the lung injury with
PDRN-treatment and 24 h after sacrifice group, 1.03 ± 0.10 in the control and 72 h after sacrifice
group, 0.61 ± 0.07 in the lung injury and 72 h after sacrifice group, 0.95 ± 0.05 in the lung injury with
PDRN-treatment and 72 h after sacrifice group.

Figure 5. Effect of polydeoxyribonucleotide (PDRN) treatment on the adenosine A2A receptor, tumor
necrosis factor-α (TNF-α), and interleukin-6 (IL-6) expressions. Actin was used as an internal control
(46 kDa). Upper: The results of ban detection using the enhanced chemiluminescence (ECL) detection
kit. (A) Control and 24 h after sacrifice group; (B) Lung injury and 24 h after sacrifice group; (C) Lung
injury with PDRN-treatment and 24 h after sacrifice group; (D) Control and 72 h after sacrifice group;
(E) Lung injury and 72 h after sacrifice group; and (F) Lung injury with PDRN-treatment and 72 h after
sacrifice group. Lower: The relative expressions of adenosine A2A receptor (left), TNF-α (middle),
and IL-6 (right) in each group. * represents p < 0.05 compared to the control and 24 h after sacrifice
group. # represents p < 0.05 compared to the lung injury and 24 h after sacrifice group.

When the level of TNF-α (26 kDa) in the control and 24 h after sacrifice group was set at 1.00,
the level of TNF-α was 1.27 ± 0.09 in the in the lung injury and 24 h after sacrifice group, 1.01 ± 0.04
in the lung injury with PDRN-treatment and 24 h after sacrifice group, 0.70 ± 0.06 in the control and
72 h after sacrifice group, 1.54 ± 0.08 in the lung injury and 72 h after sacrifice group, 0.70 ± 0.04 in the
lung injury with PDRN-treatment and 72 h after sacrifice group.

When the level of IL-6 (21 kDa) in the control and 24 h after sacrifice group was set at 1.00, the level
of adenosine IL-6 was 1.24 ± 0.01 in the in the lung injury and 24 h after sacrifice group, 0.62 ± 0.15 in
the lung injury with PDRN-treatment and 24 h after sacrifice group, 0.90 ± 0.08 in the control and 72 h
after sacrifice group, 1.31 ± 0.06 in the lung injury and 72 h after sacrifice group, 0.66 ± 0.09 in the
lung injury with PDRN-treatment and 72 h after sacrifice group.

These results indicate that adenosine A2A receptor expression was significantly decreased by the
induction of lung injury (p < 0.05), whereas, TNF-α and IL-6 expressions were significantly increased in
the lung tissues (p < 0.05). However, PDRN treatment significantly increased adenosine A2A receptor
expression (p < 0.05) and suppressed TNF-α and IL-6 expressions (p < 0.05).

3. Discussion

LPS is the most important pathogenic component that contributes to the development of ALI,
and intratracheal instillation of LPS has been commonly used to induce an animal model of ALI [21,22].
Once LPS, an exogenous toxin, enters the bloodstream, it elicits systemic inflammation that mimics the
initial clinical features of ALI [23,24]. In this model, LPS induces the early expression of inflammatory
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mediators, leukocyte accumulation, and apoptosis in the lung tissue, causing pulmonary edema and
mortality [24–26].

Histological examination of ALI shows hemorrhage and edema [27]. Lung injury scores from
histological analysis are commonly used to evaluate the severity of lung injury; pathological findings
include alveolar capillary congestion, hemorrhage, infiltration, or aggregation of inflammatory cells in
the airspace or interstitium, and thickening of the alveolar wall/hyaline membrane [24,28,29].

In the present study, intratracheal instillation of LPS produced a lung injury model in rats. Alveolar
capillary congestion, hemorrhage, infiltration of inflammatory cells, and thickness of the alveolar walls
were observed, and then lung injury score was assessed after intratracheal LPS instillation.

Apoptosis is an important contributor to the aggravation of lung diseases, such as ALI and chronic
obstructive pulmonary disease. Furthermore, the cellular environment of these acute and chronic lung
diseases favors the delayed clearance of apoptotic cells [7,30]. Excessive apoptosis and/or deficient
efferocytosis may affect lung disease outcomes [9,31,32]. Intratracheal instillation of LPS has been
shown to increase inflammatory cytokines and apoptotic factors, such as caspases, Bax, and DNA
fragmentation in the lung tissues, resulting in ALI symptoms [2,24]. Thus, excessive apoptosis plays a
key role in the progression of ALI.

In the present study, percentages of TUNEL-positive, cleaved caspase-3-, -8-, -9-positive cells,
the ratio of Bax to Bcl-2, and expressions of inflammatory cytokines (TNF-α, IL-6) were increased
following intratracheal LPS instillation, suggesting that LPS potentiated apoptosis.

Activation of adenosine A2A receptors in human monocytes and animal macrophages inhibits
the secretion of cytokines [33]. Adenosine binds to the adenosine A2A receptor, which attenuates
apoptotic cell-induced nitric oxide formation and the consequent neutrophil chemoattractant induction
through the activation of the adenylate cyclase pathway [34,35]. Jeon et al. [20] reported that PDRN,
an adenosine A2A receptor agonist, inhibited apoptosis in a gastric ulcer animal model.

In the present study, the expression of the adenosine A2A receptor was suppressed by intratracheal
instillation, whereas PDRN treatment led to its overexpression in LPS-induced lung injury rats.
These results indicate that PDRN potently activates the adenosine A2A receptor in the lung injury.

Cyclic adenosine 3′,5′-monophosphate (cAMP) plays a key role in the modulation of cell death.
When coupled with G-protein, adenosine A2A receptor triggers or inhibits production of cAMP
depending on the physiological conditions. Adenosine A2A receptor activates production of cAMP [36].
In pulmonary epithelial cells, increment of cAMP by adenosine A2A receptor inhibits apoptosis by
release of anti-apoptotic proteins [34,37,38].

In the present study, percentages of TUNEL-positive, cleaved caspase-3-, -8-, -9-positive cells,
the ratio of Bax to Bcl-2, and expressions of inflammatory cytokines were inhibited by PDRN treatment
in LPS-induced lung injury rats.

In conclusion, treatment with PDRN reduced lung injury score. This improving effect of PDRN
on lung injury may be due to the enhanced effect of PDRN on adenosine A2A receptor expression.
These results demonstrate that PDRN treatment inhibits apoptosis and decreases lung injury score
following lung injury. Based on this study, PDRN can be considered as a new remedy for the treatment
of lung injury.

4. Materials and Methods

4.1. Animals and Grouping

Adult male Sprague-Dawley rats, weighing 250 ± 10 g (nine weeks old), were used for the
experiments. All experimental procedures were carried out in accordance with the Guidelines for the
Care and Use of Animals approved by the National Institutes of Health Council for management and
use of laboratory animals. The study was approved by the Institutional Care and Use Committee of
Kyung Hee University (KHUASP[SE]-16-026; 1 April 2016). The rats were housed under controlled
temperature (23 ± 2 ◦C) and lighting (08:00 to 20:00, 12 h) conditions with food and water available
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ad libitum. The rats were randomly divided into six groups (n = 6 in each group) according to the
sacrifice time and treatments: Control and 24 h after sacrifice group, lung injury and 24 h after sacrifice
group, lung injury with PDRN-treatment and 24 h after sacrifice group, control and 72 h after sacrifice
group, lung injury and 72 h after sacrifice group, and the lung injury with PDRN-treatment and 72 h
after sacrifice group.

4.2. Induction of Lung Injury and PDRN Treatment

The lung injury model was induced following the previously-described method [15,21].
After being anesthetized with Zoletil 50® (10 mg/kg, i.p.; Vibac Laboratories, Carros, France),
lung injury was induced in rats by intratracheal instillation of LPS (5 mg/kg, Sigma Chemical Co.,
St. Louis, MO, USA) in 0.2 mL saline; the control treatment consisted of intratracheal instillation of
an equal volume of normal saline. Rats in the PDRN-treated groups intraperitoneal received a single
injection of 0.3 mL distilled water including PDRN (8 mg/kg, Pharmaresearch Products Co., Ltd.,
Gyung-Gi Do, Korea), 1 h after lung injury. For the effective concentration of PDRN, preliminary
experimental results and a previous study by Jeon et al. [20] were considered. Therefore, we used a
dose of 8 mg/kg PDRN in this study.

4.3. Tissue Preparation

According to the previous described method [20,39], the rats were sacrificed at 24 h and 72 h
after PDRN administration. The animals were anesthetized using Zoletil 50® (10 mg/kg, i.p.; Vibac
Laboratories), transcardially perfused with 50 mM phosphate-buffered saline (PBS), and the right
lobe of the lung harvested. The lungs were fixed in 4% paraformaldehyde (PFA), dehydrated in
graded ethanol, treated with xylene, infiltrated with paraffin, and embedded. A paraffin microtome
(Thermo Co., Cheshire, UK) was used to make 5 μm thick coronal slices and the slices were placed
on the coated slides. The slides were dried at 37 ◦C overnight on a hot plate. Six slice sections were
collected from each lung sample.

4.4. Hematoxylin and Eosin Staining

H&E staining was conducted as the previous described method [20]. The slides were immersed
in Mayer’s hematoxylin (DAKO, Glostrup, Denmark) for 30 seconds, rinsed with tap water until clear,
dipped in eosin (Sigma Chemical Co., St. Louis, MO, USA) for 10 seconds, and again rinsed with water.
The slides were air-dried at room temperature and then dipped twice in 95% ethanol, twice in 100%
ethanol, twice in 50% ethanol, and 50% xylene solution, and twice in 100% xylene. Finally, coverslips
were mounted using Permount® (Fisher Scientific, Waltham, MA, USA).

4.5. Analysis of Lung Injury Score

Lung injury scores were obtained with the previously-described method [24,29]. Images of H&E
stained slides were taken with an Image-Pro® plus computer-assisted image analysis system (Media
Cyberbetics Inc., Silver Spring, MD, USA) attached to a light microscope (Olympus, Tokyo, Japan).
Inspectors who did not know the identity of the slide evaluated the image. The sections were assessed
for alveolar capillary congestion, hemorrhage, infiltration or aggregation of inflammatory cells in the
airspace or interstitium, as well as the thickness of the alveolar wall/hyaline membrane formation.
Each characteristic was scored from 0 to 3 (0 = absence; 1 = mild; 2 = moderate; 3 = prominent).

4.6. TUNEL Assay

TUNEL analysis was conducted with the previously-described method [20,39] using an In Situ Cell
Death Detection Kit® (Roche, Mannheim, Germany). The paraffin slides with embedded lung tissue
were deparaffinized with xylene, rehydrated in graded ethanol, and rehydrated with running water for
5 min. The tissues were denatured for 10 min in boiling 10 mM citric acid (pH 6.0), and allowed to stand
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at room temperature for 10 min. The sections were post-fixed in ethanol-acetic acid (2:1), and then
rinsed. The sections were then incubated with proteinase K (100 μg/mL), rinsed, incubated in 3% H2O2,
permeabilized with 0.5% Triton X-100, rinsed again, and incubated in the TUNEL-reaction mixture.
The sections were rinsed and visualized using Converter-POD with 0.05% 3,3′-diaminobenzidine
(DAB). The slides were air-dried overnight at room temperature, and coverslips were mounted using
Permount® (Fisher Scientific, Waltham, MA, USA).

4.7. Cleaved Caspase-3, -8, and -9 Immunohistochemistry

Immunohistochemistry for cleaved caspase-3, -8, and -9 was performed with the
previously-described method [13,20]. The paraffin slides with embedded lung tissue were
deparaffinized in xylene, rehydrated in graded ethanol, and rehydrated in running water for
5 min. The tissues were denatured for 10 min in boiling 10 mM citric acid (pH 6.0), and allowed
to stand at room temperature for 10 min. The sections were incubated overnight with rabbit
anti-cleaved caspase-3, -8, and -9 antibodies (Cell Signaling Technology Inc., Danvers, MA, USA)
at a dilution of 1:200. The sections were incubated for 1 h with biotinylated anti-rabbit secondary
antibody (Vector Laboratories, Burlingame, CA, USA). The sections were subsequently incubated
with avidin-biotin-peroxidase complex (Vector Laboratories, Burlingame, CA, USA) for 1 h at room
temperature. Immunoreactivity was visualized by incubating the sections in a solution consisting of
0.05% 3,3-DAB and 0.01% H2O2 in 50 mM Tris-buffer (pH 7.6) for approximately 3 min. The slides
were air-dried overnight at room temperature, and coverslips were mounted using Permount®

(Fisher Scientific, Waltham, MA, USA).

4.8. Western Blot Analysis of Adenosine A2A Receptor, Bax, Bcl-2, TNF-α, and IL-6

Western blot was conducted with the previously-described method [20,39]. Lung tissues were
homogenized using lysis buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 10% glycerol,
1% Triton X-100, 1.5 mM MgCl2·6H2O, 1 mM EGTA, 1 mM PMSF, 1 mM Na2VO4, and 100 mM NaF,
then centrifuged at 10,000× g for 30 min. Protein content was measured using a Bio-Rad colorimetric
protein assay kit (Bio-Rad, Hercules, CA, USA). Protein of 30 μg from each sample was separated
on SDS-polyacrylamide gels and transferred onto a nitrocellulose membrane. Rabbit adenosine
A2A receptor antibody (1:1000; Abcam, Cambridge, UK), goat TNF-α antibody (1:1000; Santa Cruz
Biotechnology, Dallas, TA, USA), goat IL-6 antibody (1:1000; Santa Cruz Biotechnology, Dallas, TA,
USA), mouse β-actin antibody (1:1000; Santa Cruz Biotechnology, Dallas, TA, USA), mouse Bax
antibody (1:1000; Santa Cruz Biotechnology, Dallas, TA, USA), and mouse Bcl-2 antibody (1:1000;
Santa Cruz Biotechnology, Dallas, TA, USA) were used as the primary antibodies. Horseradish
peroxidase-conjugated anti-mouse antibody (1:2000; Vector Laboratories, Burlingame, CA, USA)
for β-actin, Bax, and Bcl-2, anti-goat antibody (1:2000; Vector Laboratories, Burlingame, CA, USA)
for TNF-α, IL-6, and anti-rabbit antibody (1:3000; Vector Laboratories, Burlingame, CA, USA) for
adenosine A2A receptor were used as the secondary antibodies. Experiments were performed at room
temperature except for membrane transfer. Membrane transfer was performed at 4 ◦C using a cold
pack and pre-chilled buffer. Band detection was performed using an enhanced chemiluminescence
(ECL) detection kit (Santa Cruz Biotechnology, Dallas, TA, USA). To compare the relative expressions
of proteins, we used the Molecular AnalystTM version 1.4.1 (Bio-Rad, Hercules, CA, USA) to calculate
the detected bands.

4.9. Data Analysis

Data analysis was conducted with the previously-described method [20,39]. Histological
observations were performed and percentages of TUNEL-positive and cleaved caspase-3-, -8-,
-9-positive cells in lung tissue slices were calculated using an Image-Pro® Plus computer-assisted
image analysis system (Media Cyberbetics Inc., Silver Spring, MD, USA) attached to a light microscope
(Olympus, Tokyo, Japan). For calculation of TUNEL-positive and cleaved caspase-3-, -8-, -9-positive
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cells, five visual fields were selected randomly from each sample and at least 100 cells per field were
counted at 200× magnification. The percentages of TUNEL-positive and cleaved caspase-3-, -8-,
-9-positive cells were calculated as follows: positive cells/total cells × 100 (%).

Statistical analysis was performed using one-way analysis of variance (ANOVA) and Duncan’s
post-hoc test. The results were expressed as mean ± standard error of the mean (SEM). Significance
was set at p < 0.05.
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ALI Acute lung injury
PDRN Polydeoxyribonucleotide
LPS Lipopolysaccharide
IL Interleukins
Bax Bcl-2-associated X protein
Bcl-2 B-cell lymphoma 2
Bid BH3 interacting-domain death agonist
TNF-α Tumor necrosis factor-alpha
TUNEL Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
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Abstract: Chronic obstructive pulmonary disease (COPD) is associated with severe chronic inflammation
that promotes irreversible tissue destruction. Moreover, the most broadly accepted cause of COPD is
exposure to cigarette smoke. There is no effective cure and significantly, the mechanism behind the
development and progression of this disease remains unknown. Our laboratory has demonstrated
that Bruton’s tyrosine kinase (Btk) is a critical regulator of pro-inflammatory processes in the lungs
and that Btk controls expression of matrix metalloproteinase-9 (MMP-9) in the alveolar compartment.
For this study apolipoprotein E null (ApoE−/−) mice were exposed to SHS to facilitate study in a
COPD/atherosclerosis comorbidity model. We applied two types of treatments, animals received either a
pharmacological inhibitor of Btk or MMP-9 specific siRNA to minimize MMP-9 expression in endothelial
cells or neutrophils. We have shown that these treatments had a protective effect in the lung. We have
noted a decrease in alveolar changes related to SHS induced inflammation in treated animals. In summary,
we are presenting a novel concept in the field of COPD, i.e., that Btk may be a new drug target for this
disease. Moreover, cell specific targeting of MMP-9 may also benefit patients affected by this disease.

Keywords: chronic lung inflammation; emphysema; second hand smoke; Bruton’s tyrosine kinase;
matrix metalloproteinase-9

1. Background

Second hand smoke (SHS) can illicit damage to lung tissue by altering signaling pathways that
regulate both inflammatory responses and repair processes in the alveolar compartment. In fact,
the induction of abnormal inflammation by SHS is a well-recognized underlying cause of pathogenic
features characteristic of chronic obstructive pulmonary disease (COPD) [1]. A substantially enhanced
inflammatory immune response in the airways and lungs is a hallmark of COPD. Natural history of
the disease classically begins with inflammatory changes in the larger airways (chronic bronchitis).
Remodeling and narrowing of the small airways and parenchymal tissue destruction with airspace
enlargement (emphysema) are also well-recognized features of COPD [1,2].

Development of novel therapies for COPD would not be possible without animal models that
adequately reflect pathophysiology of this disease. Animal models utilizing cigarette smoke exposure
display the characteristic features of human COPD including accumulation of inflammatory cells,
small airway fibrosis/remodeling, mucus hyper-secretion, lung dysfunction and development of
emphysema [3]. In mouse models of COPD, chronic exposure of mice to cigarette smoke triggers
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typical pathological hallmarks of the disorder, such as pulmonary inflammation, airway remodeling
and airspace enlargement caused by the destruction of alveolar walls [3–10].

Novel studies from our laboratory have shown that activation of Bruton’s tyrosine kinase (Btk)
was significantly increased in lungs during severe inflammation [11,12]. Btk belongs to a family of Tec
kinases, non-receptor intracellular tyrosine kinases. Tec kinases typically reside in an inactive form in
the cytoplasm, and are translocated to the membrane fraction upon cell stimulation where they initiate
downstream signaling cascades [11,13]. We have also noted that Btk may regulate expression of matrix
metalloproteinase-9 (MMP-9) in the lung [11,12]. Matrix metalloproteinases (MMPs) are proteolytic
enzymes capable of degrading matrix components. This process is beneficial in normal physiological
states, but can be harmful in pathological conditions. Significantly, increased levels of MMP-9 have
been detected in the lungs of smokers with COPD [14] as well as smoke exposed mice [5,10,15].

It should be stressed that exposure of mice to SHS remains the best animal system for defining, testing,
and evaluating novel drug targets for COPD [3]. The model of apolipoprotein E deficient (ApoE−/−)
mice that we employed in the study mimics systemic co-morbidities of COPD and accurately reflects
multiple aspects of the corresponding clinical disease [4–7,15]. We have applied two types of treatments to
ApoE−/− mice exposed to SHS. The animals received either a pharmacological inhibitor of Btk or MMP-9
specific siRNA to minimize MMP-9 expression in endothelial cells or neutrophils. We previously reported
on the impact of these treatments with respect to the atherosclerotic aspect of this model [16]. Here we
show that all treatments resulted in reduction of pulmonary changes related to COPD progression.
Targeting Btk or cell specific expression of MMP-9 may be prospective treatments for COPD patients.

2. Results

2.1. Exposure to SHS Induces Alveolar Destruction and Airspace Enlargement in Lungs of ApoE−/− Mice

Hart’s Elastin stain was used to assess alveolar wall destruction in lungs of ApoE−/− mice on
standard rodent chow or “Western Diet” (WD) fed mice with or without SHS exposure. Evaluation of
alveolar wall condition was based on observation of airspace elastin, its appearance and continuance.
In normal mice airspace elastin appears as thin continuous strands which outline alveolar walls [17,18].
As shown in Figure 1a, alveolar destruction in the SHS exposed animals is visible as a loss of elastic round,
intact alveoli. Moreover appearance of elastin nodules is a consequence of alveolar destruction, and result
from recoil of severed elastin strands upon loss of tension [19,20]. Black arrows denote possible breaks in
elastic fibers in lungs of mice exposed to SHS. Destruction of alveolar walls was assessed by counting
numbers of breaks in elastic fibers and the numbers were significantly higher in smoke exposed animals
(Figure 1b).

Figure 1. Cont.
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Figure 1. Hart’s Elastin stained lung tissue sections from ApoE−/− mice. ApoE−/− mice were fed
rodent chow without (Chow) or with second hand smoke exposure (Chow + SHS). Other groups were
fed Western Diet without (WD) or with smoke exposure (WD + SHS). (a) Representative images are
shown. Black arrows point out strand breaks in alveolar walls, 20x objective used. Destruction of alveolar
walls was assessed by counting numbers of breaks in elastin fibers (b). Groups exposed to SHS scored
significantly higher, the Kruskal-Wallis ANOVA on ranks was used to assess statistical significance
between groups (p < 0.001) followed by post hoc testing with Dunn’s multiple comparison test for
groups of interest (p < 0.05), four to six mice per group were analyzed, * Significant difference detected.

To study the differences in airspace enlargement in lungs of ApoE−/− mice with or without
cigarette smoke exposure we calculated the mean linear intercept length (MLI) [21] using Hematoxylin
and Eosin stained lung tissue sections. As shown in Figure 2, the MLI was significantly higher in
smoke exposed mice fed regular diet (Figure 2B) as well as in mice fed WD and exposed to smoke
relative to non-smoking groups (Figure 2B).

Figure 2. Morphometric analysis of lung sections from ApoE−/− mice fed rodent chow without
(Chow) or with second hand smoke exposure (Chow + SHS) or fed Western Diet without (WD) or
with smoke exposure (WD + SHS). Representative image of hematoxylin and eosin stained lung tissue
section from ApoE−/− mice (Air spaces—A and Ductal spaces—D) (a). The MLI calculated using
hematoxylin and eosin stained lung sections (b). Groups exposed to SHS scored significantly higher.
For airspace group scores the Kruskal–Wallis ANOVA on ranks was used to assess statistical significance
(p < 0.001) followed by post hoc testing with Dunn’s multiple comparison test for Chow ± SHS groups
(p < 0.05). As Dunn’s test did not give a p value for the pairwise comparison of WD ± SHS groups,
the non-parametric Mann-Whitney test with Bonferroni correction for multiple comparisons was used
instead (p = 0.016). For ductal space group scores one way ANOVA was used (p < 0.001) followed by
post hoc Fisher’s least significant difference tests. Chow ± SHS (p < 0.001), WD ± SHS (p = 0.004),
three to five mice per group were evaluated. * Significant difference detected.
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2.2. Exposure to SHS Triggers an Increase in Airway Wall Collagen in Lungs of ApoE−/− Mice

Picro-Sirius Red stained lung sections were examined under plane polarized light to visualize
collagen content of the airway walls. This method is known to have higher specificity for collagen
as well as allowing differentiation between thick and fine fibers missed by traditional trichrome
methods [22]. When viewed with polarized light the hue of collagen fibers is indicative of collagen
fiber thickness with very fine fibers appearing green while thick fibers produce a yellow to orange/red
birefringence with respect to increasing thickness [22]. As shown in Figure 3 the layer of airway
collagen is wider and comprised much more of thick fibers in smoke exposed and/or western diet fed
mice relative to non-smoking chow fed controls as indicated by the shift in birefringence (increased
orange/red color). Statistical analysis is presented in Figure 3b.

Figure 3. Collagen deposition in lungs of ApoE−/− mice fed rodent chow without (Chow) or with
second hand smoke exposure (Chow + SHS) or fed Western Diet without (WD) or with smoke exposure
(WD + SHS). Picro-sirius red stained lung tissue sections were viewed under regular light (left panels)
or polarized light (right panels). Representative images are shown (a). Differences in intensity of
red-orange birefringence from Picro-sirius red stained airways were evaluated using ImageJ software.
Results were expressed as mean red component intensities (b). Groups exposed to SHS and/or WD
scored significantly higher than the chow fed, air only group (p < 0.05). Kruskal-Wallis ANOVA on
ranks was used to assess statistical significance between groups (p < 0.001) followed by post hoc testing
with Dunn’s multiple comparison test for groups of interest, four to five mice per group were evaluated.
* Significant difference detected.

2.3. Treatments with a Pharmacological Inhibitor of Btk or MMP-9 Specific siRNA Targeting Either Endothelial
Cells or Neutrophils Causes a Decrease in Alveolar Changes Related to COPD Progression

We subsequently applied long term treatments to ApoE−/− mice fed WD and exposed to SHS.
As these mice had increased lung MMP-9 (Figure S1), treatments were designed to directly or indirectly
reduce lung MMP-9 levels (Figure S2). The animals received either a pharmacologic inhibitor of Btk
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(PCI-32765) or MMP-9 directed siRNA designed to minimize cell specific MMP-9 expression in endothelial
cells or neutrophils. These treatments were protective in ApoE−/− mice fed WD and exposed to SHS.

Hart’s Elastin stain was used to analyze airway destruction/strand breaks in alveolar walls of
ApoE−/− mice exposed to cigarette smoke and treated with Btk inhibitor, or MMP-9 siRNA targeting
endothelial cells and neutrophils. As shown in Figure 4, fewer elastin breaks were observed in lungs
of mice treated with Btk inhibitor and with MMP-9 siRNA targeting endothelial cells (Figure 4) or
neutrophils (Figure 5).

Figure 4. Analysis of alveolar elastin breaks in lungs of ApoE−/− mice fed WD and exposed to SHS
only (WD + SHS), with Btk inhibitor treatment (WD + SHS/Btk Inh.), or treated with endothelial cell
targeted siRNA for MMP-9 (WD + SHS/MECA-32 siRNA MMP-9). Representative images are shown.
Black arrows point out strand breaks in alveolar walls (a). Destruction of alveolar walls was assessed
by counting numbers of breaks in elastin fibers (b). Groups receiving treatment scored significantly
lower than the control group (p < 0.05). Kruskal–Wallis ANOVA on ranks was used to assess statistical
significance between groups (p < 0.001) followed by post hoc testing with Dunn’s multiple comparison
test for groups of interest, four to six mice per group were evaluated. * Significant difference detected.

Hematoxylin and eosin staining was used for morphometric analysis of airspace enlargement
and to calculate MLI length which was significantly lower in mice that received the Btk inhibitor and
MMP-9 siRNA targeting endothelial cells (Figure 6a), as well as in mice treated with MMP-9 directed
siRNA designed to minimize cell specific MMP-9 expression in neutrophils (Figure 6b).

Moreover, we employed Picro-Sirius Red staining to analyze airway collagen deposition in lungs of
ApoE−/− mice exposed to smoke and treated with Btk inhibitor or MMP-9 siRNA. As shown in Figure 7
there was a decrease in collagen deposition and less thick collagen fibers in treated animals relative
to control mice. Collagen deposition in airways was significantly decreased in mice treated with the
Btk inhibitor (Figure 7b). The difference in lung vasculature collagen content did not reach statistical
significance for treated mice compared to untreated animals although vascular collagen content was
substantially lower in mice that received endothelial cell targeted MMP-9 specific siRNA (Figure 7b).
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We also noted a decrease in airway collagen deposition in mice that received neutrophil targeted MMP-9
directed siRNA (Figure 8a,b) and again vascular collagen content was substantially lower in mice that
received neutrophil targeted MMP-9 specific siRNA but this difference did not reach statistical significance.

Figure 5. Analysis of alveolar elastin breaks in lungs of ApoE−/− mice fed WD and exposed to SHS
only (WD + SHS) or treated with neutrophil targeted siRNA for MMP-9 (WD + SHS/Ly6G siRNA
MMP-9). Black arrows point out strand breaks in alveolar walls (a). Destruction of alveolar walls was
assessed by counting numbers of breaks in elastin fibers (b). The treatment group scored significantly
lower than the control groups (p < 0.001). The non-parametric Mann–Whitney test was used to assess
statistical significance between groups, four to five mice per group were analyzed. * Significant
difference detected.

Figure 6. (a) Morphometric analysis of lungs from ApoE−/− mice fed WD and exposed to SHS only
(WD + SHS), with Btk inhibitor treatment (WD + SHS/Btk Inh.), or treated with endothelial cell
targeted siRNA for MMP-9 (WD + SHS/MECA-32 siRNA MMP-9) showed reduced scores in treatment
groups (p < 0.05). Kruskal-Wallis ANOVA on ranks was used to assess statistical significance between
groups (p < 0.001) followed by post hoc testing with Dunn’s multiple comparison test for groups of
interest, four to six animals per group were evaluated, with two groups of control animals combined.
(b) Analysis of MLI in lungs of ApoE−/− mice fed WD and exposed to SHS or fed WD and exposed
to SHS plus treatment with neutrophil targeted siRNA for MMP-9 (WD + SHS/Ly6G siRNA MMP-9)
showed reduced scores in the treatment group (p > 0.001). Student’s t-test was used to assess statistical
significance, four mice per group were analyzed. * Significant difference detected.
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Figure 7. Collagen deposition in lungs of ApoE−/− mice fed WD and exposed to SHS only (WD + SHS),
with Btk inhibitor treatment (WD + SHS/Btk Inh.), or treated with endothelial cell targeted siRNA for
MMP-9 (WD + SHS/MECA32 siRNA MMP-9). Picro-sirius red stained lung sections from ApoE−/−

mice were viewed under regular light (left panels) or polarized light (right panels). Representative
images are shown (a). Differences in hue of Picro-sirius red stained airways were evaluated using
ImageJ software. Results are expressed as mean red component intensities (airway) or mean total
intensity (vasculature) (b). Btk inhibition or EC targeted MMP-9 specific siRNA impacted collagen
deposition in the airways or lung vasculature respectively. Kruskal-Wallis ANOVA on ranks was
used to assess statistical significance in red intensity between groups (p < 0.081). As Dunn’s multiple
comparison test was not possible we assessed the reduction observed in the Btk inhibitor treated group
using the non-parametric Mann-Whitney test with Bonferroni correction for multiple comparisons
(p = 0.019). For mean vascular intensity one way ANOVA was used to assess differences between
groups (p = 0.227) and as Fishers least significant difference test was not possible, we assessed the
reduction observed in the MECA-32 siRNA MMP-9 treated group using Student’s t-test with Bonferroni
correction for multiple comparison (p = 0.097), four to six animals per group were evaluated, with two
groups of control animals combined. * Significant difference detected.

Finally, we tested the level of MMP-9 in lung homogenates of ApoE−/− mice exposed to smoke
and treated with Btk inhibitor and MMP-9 siRNA targeting endothelial cells and neutrophils. Figure 9a
and supplemental Figure S3 shows that the level of MMP-9 is reduced in mice that received the Btk
inhibitor as well as animals that were treated with MMP-9 directed siRNA targeted to endothelial cells.
Reduced lung MMP-9 in animals treated with MMP-9 directed siRNA targeting neutrophils is shown
in Figure 9b.
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Figure 8. Collagen deposition in lungs of ApoE−/− mice fed WD and exposed to SHS only (WD + SHS),
or treated with PMN targeted siRNA for MMP-9 (WD + SHS/Ly6G siRNA MMP-9). Picro-sirius red
stained sections from ApoE−/− mice were viewed under regular light (left panels) or polarized
light (right panels). Representative images are shown (a). Differences in hue of Picro-sirius red
stained airways were evaluated using ImageJ software. Results are expressed as mean red component
intensities (airway) or mean total intensity (vasculature) (b). PMN targeted MMP-9 specific siRNA
impacted collagen deposition. The non-parametric Mann-Whitney test (airway, p > 0.001) or Student’s
t-test (vasculature, p = 0.098) were used to assess statistical significance between groups as indicated by
group normality, five mice per group were evaluated. * Significant difference detected.

Figure 9. Levels of MMP-9 in lung homogenates (a). Western blot from ApoE−/− mice fed WD and
exposed to SHS only (WD + SHS), with Btk inhibitor treatment (WD + SHS/Btk Inh.), or treated
with endothelial cell targeted siRNA for MMP-9 (WD + SHS/MECA-32 siRNA MMP-9). Three mice
per group were analyzed (b). Western Blot from ApoE−/− mice fed WD and exposed to SHS only
(WD + SHS) or treated with neutrophil targeted siRNA (WD + SHS/Ly6G siRNA MMP-9). Four animals
per group were analyzed.
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3. Discussion

Emphysema/COPD, a smoking-related complex inflammatory airway disease, is the third leading
cause of death in the United States [1,3]. Persistent chronic inflammation associated with COPD
eventually triggers irreversible tissue destruction [1]. Current treatments for COPD do not effectively
inhibit chronic inflammation or reverse the pathology of disease, and at the same token do not
successfully target the factors that initiate and drive the long-term progression of disease. Regrettably
treatment options are very limited and mainly focus on improving quality of life [2]. This limitation
is due to a lack of understanding for the mechanisms and mediators that drive the induction and
progression of chronic inflammation, emphysema and altered lung function. It should be stressed
that airflow limitation in COPD is not fully reversible. At present, casual interventions that can stop
progression of this disease are not available [1]. There is a clear need for new therapies that can prevent
the induction and progression of COPD [3].

Animal models remain essential for the development of novel therapies. Exposure of mice
to cigarette smoke triggers characteristic features of human COPD including the accumulation of
pro-inflammatory cells and mediators, small airway fibrosis/remodeling, mucus hypersecretion,
lung dysfunction, and the development of emphysema. In addition, models that mimic systemic
co-morbidities are equally important [3–8]. Moreover, existing treatments for COPD are mainly focused
on symptom alleviation (especially dyspnea) and reduction in exacerbations [2,23]. A hallmark of
COPD is an enhanced inflammatory immune response in the airway and the lung. Targeting this
pathway is a logical approach to the treatment of COPD [2].

Vascular abnormalities are well known as comorbidities of COPD [24,25]. They include endothelial
dysfunction, arterial stiffness and atherogenesis. Furthermore pulmonary vascular collagen deposition
is observed in patients with mild COPD as well as smokers suggesting it too contributes to the web of
comorbidities associated with COPD [26]. Similarly, cardiovascular problems go hand in hand with
decline in lung function in smokers. In addition, recent studies indicate that vascular inflammation,
endothelial dysfunction and oxidative modification of lipids may contribute to the pathogenesis of
COPD [25,27,28]. Therefore, it comes as no surprise that abnormal morphology and a substantial
decrease in lung function are found in ApoE−/− mice which are susceptible to cardiovascular issues
and are prone to atherosclerosis [4–7,29]. Exposure to cigarette smoke causes premature emphysema,
abnormal lung inflammation, and airspace enlargement with altered mechanical properties in lungs
of these mice [4–7]. Additionally, deposition of thick collagen fibers around airways in smoke
exposed animals, a suspected source of increased airway stiffness and associated airway resistance,
was observed as well as vascular deposition. These observations have also been reported in an
elastase induced emphysema mouse model [20]. In the study we employed atherosclerosis prone
apolipoprotein E deficient (ApoE−/−) mice as an animal model which mimics systemic co-morbidities
of COPD and accurately reflects the corresponding clinical disease [4–7,15]. Our findings in this
emerging comorbidity model revealed reduced alveolar changes associated with COPD progression
in cigarette exposed ApoE−/− mice treated with either Btk inhibitor, or siRNA directed to MMP-9.
Previous studies have made direct comparisons of lung alterations in ApoE−/− and WT mice are
made in the context of smoke exposure and western diet/HFD respectively. In one such study relative
to WT mice ApoE−/− mice were shown to have similar if not greater lung macrophage and neutrophil
numbers following SHS exposure, as well as higher levels of lipid peroxidation, chemokines (MCP-1
and KC), MMP-9 and MMP-12, greater mean linear intercept, and reduced eNOS activity. Additionally
several of these factors were increased significantly in ApoE−/− mice relative to WT mice without
smoke exposure [5]. Another study showed ApoE−/− mice fed a high fat/high cholesterol (western)
diet for 12 weeks had significantly increased septal thickening and mean linear intercepts relative
to WT mice fed western diets and ApoE−/− mice fed a standard chow diet as well as increases in
CD68 and TLR4 positive cells in lung tissue. Furthermore ApoE−/− mice fed a western diet had
significantly higher BALF TNF-α, IL-4, IL-6, IL-17, and IFN-γ compared to normal chow fed ApoE−/−
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mice [29]. Additionally, recent reviews contain excellent discussions on the emergence of this model in
CVD/COPD comorbidity studies [4,30].

Btk plays a critical role in the pathophysiology of inflammatory lung diseases [11,12].
Therefore, we hypothesized that it may also contribute to alveolar changes related to progression of
COPD. Indeed, administration of a specific pharmacological inhibitor of Btk was protective in ApoE−/−

mice fed WD and exposed to SHS. Further, MMPs, and specifically MMP-9, have been implicated in
pathogenesis of COPD [14]. Brajer et al. showed a correlation between higher concentrations of MMP-9
in serum and increased progression of systematic inflammation in COPD patients [23]. Significantly,
recent studies from our laboratory indicate that Btk may regulate expression of MMP-9 in lungs [11,12].
In agreement with this observation, we have noted a decrease in MMP-9 levels in lungs of mice treated
with a Btk inhibitor. Moreover, animals that received siRNA specific for MMP-9 targeted to endothelial
cells or neutrophils through conjugation with F(ab’)2 fragments of cell specific markers MECA-32
and Ly6G 1A8 respectively displayed diminished alveolar changes related to COPD progression.
Meijer et al. also implicated the importance of neutrophil involvement in COPD [31]; interestingly Btk
inhibition may moderate neutrophil activity regarding excessive inflammation in the lungs. Both Btk
and MMP-9 appear to be attractive targets for alleviation of COPD progression.

One limitation of our current research design involved using a pharmacological inhibitor of
Btk which was capable of inhibiting Btk in cell types other than neutrophils. However, silencing
Btk specifically in neutrophils is a viable route for future experiments; a method utilizing
cell-specific siRNA targeting Btk in neutrophils has been previously established in our laboratory [12].
Further studies with a cell-specific siRNA for Btk may be ideal for targeting desired cell types within
the lungs. Furthermore, our study design employed intravenous injection of both the Btk inhibitor
and siRNA conjugates. Although this method is known to allow treatments such as ours to enter the
lungs [32], an intranasal approach may potentially improve lung specific cell targeting, and therefore
be a preferred approach for future studies involving siRNA-based treatments. This study is further
limited by the lack of non-specific (scrambled) siRNA control treatment groups. However, in a previous
publication from our lab [12] we demonstrated specificity of MMP-9 directed siRNA relative to control
(scrambled) siRNA in vivo in neutrophils alongside BTK directed siRNA, additionally the Btk directed
siRNA specificity was shown in vitro relative to control siRNA. In the previously employed short
duration model fewer treatments were required and including these controls was both necessary for
establishing specificity and economically feasible. For an experimental duration such as we used
here with a premium modified siRNA product, unfortunately, addition of control siRNA groups was
cost prohibitive. The siRNA used in both studies is a very high quality product which we have had
great success with, therefore it was felt that addition of this control group would not alter the results
obtained under the current design. Additionally, the current study observed silencing of MMP-9
exclusively in endothelial cells and neutrophils. Future studies regarding both Btk and MMP-9 in other
cell types such as macrophages are of interest for our lab and perhaps others [33]. Irrespective of the
limitations, our findings provide evidence that through Btk signaling MMP-9 may play a significant
role in the development of lung inflammation and ultimately the progression of COPD.

4. Methods

4.1. Animal Studies

All studies involving animals were approved by the IACUC (Institutional Animal Care and
Use Committee) at the University of Texas Health Science Center at Tyler (protocol 514, initial
approval received 04/25/2012), and conform to National Institutes of Health guidelines. Age matched
female Murine Pathogen Free ApoE−/− mice were divided into four treatment groups consisting
of either animals fed a high fat, high cholesterol Western Diet (WD) (D12079B, Research Diets Inc.,
New Brunswick, NJ, USA) with and without SHS exposure or animals fed standard rodent chow
(PicoLab Rodent Diet 20, LabDiet, St. Louis, MO, USA) with and without SHS exposure. Mice were
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exposed to passive cigarette smoke using a whole-body smoke exposure system (TE-10B, Teague
Enterprises, Woodland, CA, USA), as previously described [16]. Briefly, mice were exposed to
a combination of 11% mainstream and 89% side stream smoke from 40 3R4F reference cigarettes
twice daily, 5 days a week for up to 11 weeks. Control (nonsmoking) animals were exposed to
ambient air only. Treatment animals were injected intravenously [tail vein injection] with either
Bruton’s tyrosine kinase inhibitor (BTK Inh) PCI-32765 (Selleck Chemicals, Houston, TX, USA) or
siRNA specific for MMP-9 (Invitrogen, Carlsbad, CA, USA) conjugated with F(ab’)2 fragments of
anti-mouse neutrophil antibody (clone Ly-6G 1A8, Bio X Cell, West Lebanon, NH, USA) or anti-mouse
endothelial cell antibody (clone MECA-32, Bio X Cell). F(ab’)2 fragments were generated with Pierce
F(ab’)2 Preparation Kit (Thermo Fisher Scientific, Waltham, MA, USA) and conjugated to a siRNA
carrier using T3-Max Conjugation Kits (Bioo Scientific, Austin, TX, USA). Treatments began after
7 weeks of WD/SHS exposure and lasted 2 or 4 weeks while continuing regular WD/SHS exposure.
Control animals were exposed only to WD/SHS throughout the experiments. Five to six animals per
treatment group and four to five animals per control group were used.

Following SHS exposure with/without treatment, mice were euthanized and the thoracic cavity
was opened; blood was collected directly from the right ventricle. The renal vein was then cut and
excess blood was flushed from the vasculature through the heart with cold PBS. The largest lung lobe
was fixed for histology using ExCell Plus (American MasterTech, Lodi, CA, USA) and the remaining
lobes were homogenized for further analysis.

4.2. Histochemical Evaluation of Emphysemic Changes

For histochemical analysis, fixed lungs were embedded in paraffin and sectioned for staining.
Tissue sections were stained with Hart’s Elastin, Picro-Sirius Red (PSR), Hematoxylin and Eosin.

Differences in hue of PSR red stained airways were evaluated using ImageJ software. For airway
analysis images were converted to RGB format, then the airway was selected as the region of interest
(ROI) and mean intensities of only the red components were measured to exclude background and thin
(green) fibers. Results were expressed as red intensity for each ROI. Differences in lung vasculature
collagen content were measured in ImageJ by converting color images to gray-scale, selecting
vasculature as the ROI, and measuring mean intensities. MLI was calculated to quantify airspace
enlargement according to a previously described method [21] using Hematoxylin and Eosin stained
lung tissue sections. Hart’s Elastin stained lung sections were employed to analyze a destruction of
alveolar walls (breaks in elastic fibers) [17–20].

4.3. Western Blotting

Lung homogenates were normalized for equal protein concentration based on Bradford assay
results, denatured in reducing Laemmle sample buffer, and then loaded into SDS-PAGE gel. Separated
proteins were transferred to a polyvinylidene difluoride membrane (Pall Corp., Port Washington,
NY, USA). The membrane was blocked and incubated with anti-MMP-9 antibody (C-20), anti-Actin
antibody (I-19), or anti-cyclophilin D antibody (C-14) (Santa Cruz Biotechnology, Dallas, TX, USA)
followed by HRP conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA, USA).
Bound antibodies were detected using enhanced chemiluminescence reagents (Bio-Rad Clarity ECL,
Hercules, CA, USA). Finally, the membrane was exposed to X-ray film (HXR0810, Hawkins X-Ray
Supply, Oneonta, AL, USA).

4.4. Statistics

Results are expressed as the mean ± STD. Differences between multiple groups were evaluated
by one way ANOVA or the non-parametric Kruskal-Wallis ANOVA on ranks as dictated by variance/
normality followed by post hoc analysis with Fisher’s least significant difference test or Dunn’s multiple
comparison test respectively. In cases where Dunn’s test was unable to yield a direct evaluation
for significance comparisons between groups of interest were performed using the nonparametric
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Mann-Whitney test with Bonferroni correction for multiple comparisons. Differences between paired
groups were evaluated with Student’s t-test or the non-parametric Mann-Whitney rank sum test
as dictated by variance/normality. The specific analyses used are indicated in individual figure
legends. All statistics were performed using SIGMAPLOT 11 (Systat Software Inc., San Jose, CA, USA).
Significance was defined as p < 0.05.

5. Conclusions

Cell specific targeting of Bruton’s tyrosine kinase (Btk) and/or matrix metalloproteinase-9
(MMP-9) may have potential as treatments for COPD in patients. Inhibition of Btk showed promising
protective effects in the lungs of our animal model, WD fed, SHS exposed ApoE−/− mice. Similarly,
silencing MMP-9 in endothelial cells or neutrophils considerably diminished the progression of COPD
characteristics in this animal model. Focusing prospective treatment options around disrupting the
Btk pathway may prove to be ideal pursuits for future clinical research in COPD.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/19/2/343/s1.
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Abbreviations

ApoE−/− apolipoprotein E-deficient
Btk Bruton’s tyrosine kinase
Btk Inh. Bruton’s tyrosine kinase inhibitor PCI-32765 (Ibrutinib)
COPD Chronic obstructive pulmonary disease

Ly6G
Monoclonal antibody (clone 1A8) against Lymphocyte Antigen 6 Complex Locus G, a
specific marker of mouse neutrophils

MECA-32
Monoclonal antibody (clone MECA-32) against mouse pan-endothelial cell antigen, a
specific marker of mouse endothelial cells

MMPs matrix metalloproteinases
MMP-9 matrix metalloproteinase-9
PSR picro-sirius red
SHS second hand smoke
WD Western Diet
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Abstract: Several chronic respiratory diseases are characterized by recurrent and/or persistent infections,
chronic inflammatory responses and tissue remodeling, including increased levels of glycosaminoglycans
which are known structural components of the airways. Among glycosaminoglycans, heparan sulfate
(HS) has been suggested to contribute to excessive inflammatory responses. Here, we aim at
(i) investigating whether long-term infection by Pseudomonas aeruginosa, one of the most worrisome
threat in chronic respiratory diseases, may impact HS levels, and (ii) exploring HS competitors
as potential anti-inflammatory drugs during P. aeruginosa pneumonia. P. aeruginosa clinical strains
and ad-hoc synthesized HS competitors were used in vitro and in murine models of lung infection.
During long-term chronic P. aeruginosa colonization, infected mice showed higher heparin/HS
levels, evaluated by high performance liquid chromatography-mass spectrometry after selective
enzymatic digestion, compared to uninfected mice. Among HS competitors, an N-acetyl heparin
and a glycol-split heparin dampened leukocyte recruitment and cytokine/chemokine production
induced by acute and chronic P. aeruginosa pneumonia in mice. Furthermore, treatment with HS
competitors reduced bacterial burden during chronic murine lung infection. In vitro, P. aeruginosa
biofilm formation decreased upon treatment with HS competitors. Overall, these findings support
further evaluation of HS competitors as a novel therapy to counteract inflammation and infection
during P. aeruginosa pneumonia.

Keywords: Pseudomonas aeruginosa infections; glycosaminoglycans; anti-inflammatory drugs;
mouse models; chronic respiratory diseases

1. Introduction

Chronic respiratory diseases with different etiology, such as cystic fibrosis (CF), non-CF
bronchiectasis, idiopathic pulmonary fibrosis (IPF) and advanced chronic obstructive pulmonary
disease (COPD) show common traits such as recurrent and/or persistent infections, together
with chronic inflammatory responses and immunopathology [1–3]. In particular, Pseudomonas
aeruginosa infections are associated with an exaggerated inflammatory response, including neutrophil
recruitment, and excessive tissue remodeling. The pathophysiological mechanisms underlying this
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immunopathological scenario in response to P. aeruginosa infections during chronic airway diseases
remain to be deciphered.

The lung extracellular matrix represents a highly dynamic complex of fibrous proteins,
glycoproteins, and proteoglycans, that composes the non-cellular aspect of tissues and varies in
composition according to pathophysiological circumstances. In this context, glycosaminoglycans
(GAGs) are long, linear, and heterogeneous polysaccharides formed by repetition of disaccharide
units, that not only represent principal components of the extracellular matrix, but are also distributed
in the subepithelial tissue, bronchial walls and airway secretions [4]. They include hyaluronic acid,
dermatan sulfate (DS), keratan sulfate, heparin and chondroitin sulfate (CS), but the most abundant
in the lung parenchyma is heparan sulfate (HS). HS binds several effector molecules, known to be
involved in chronic respiratory disease such as COPD and CF. For example, the binding of chemokines
to GAGs is thought to favor the generation of the chemotactic gradient [5] responsible for leukocyte
recruitment to the site of infection/injury. In addition, HS can bind cytokines and chemokines, such as
interferon-(IFN-)γ and interleukin-(IL-)8, protecting them from proteolytic degradation and, thus,
increasing their activities [6,7]. Therefore, high neutrophil recruitment in the airways of patients with
chronic respiratory diseases may be due not only to increased chemokines expression, but also to
their increased stability and prolonged activity when they are bound to HS. This pathological scenario
would finally include also tissue remodeling and fibrosis.

Reports indicate that not only the amounts, but also sulfation of GAGs are markedly increased
in CF tissues. Secretion of HS is elevated in CF airways, potentially correlating with the exaggerated
inflammatory response described in the CF lung [7]. HS levels are increased also in the bronchoalveolar
lavage fluid (BALF) of COPD patients with bacterial infections and during exacerbations [8].
In addition, high levels and sulfation of HS have been described also in patients with IPF [9].

Taking into consideration both the increased levels of HS in the context of chronic respiratory
diseases and their potential involvement in the pathogenesis, the disruption of the interaction between
HS and cytokines/chemokines may impact the inflammatory response. Specific GAG mimetics have
been used to target some of these interactions in in vitro models [10]. In this context, we recently
tested and characterized several synthesized HS competitors, in particular chemically modified
derivatives of heparin with attenuated anticoagulant activity. These HS competitors not only bind to
cytokines/chemokines [10], as natural endogenous HS does, but also inhibit the activity of neutrophil
elastase (NE), a protease involved in the progression of lung fibrosis and in the sustainment of the
inflammatory response in chronic respiratory diseases.

To date, the relevance of HS during P. aeruginosa infections, that characterize many chronic
respiratory diseases, has not yet been addressed. Here, we utilized mouse models of lung infection to
(i) investigate whether chronic P. aeruginosa lung infection may impact HS composition, and (ii) explore
the potential anti-inflammatory activity of synthesized HS competitors in vivo. We report that:
(i) chronic P. aeruginosa lung infection increased the levels of specific HS disaccharide building
blocks; (ii) two HS competitors, in particular an N-acetyl heparin and a glycol-split heparin,
named respectively C23 and C3gs20, reduced the inflammatory response during acute and chronic
P. aeruginosa lung infections, and decreased also the bacterial burden in a model of long-term chronic
airways colonization.

2. Results

2.1. Evaluation of Specific HS Disaccharides and Their Levels in a Murine Model of Chronic P. aeruginosa
Airways Infection

Taking into consideration the increased levels of GAGs in the lungs of mice chronically infected
with P. aeruginosa for 28 days [11], we evaluated GAG species in this mouse model of chronic
airway infection. C57Bl/6NcrlBR mice were inoculated with P. aeruginosa AA43 isolate embedded in
agar-beads and with sterile agar beads (Ctrl group). After 28 days murine lungs were homogenized,
centrifuged and supernatants were separated from pellets to distinguish released GAGs from those
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present as structural components of the extracellular matrix, respectively. Only lungs from mice
that were still infected at 28 days post-challenge were analysed for their GAG content by selective
enzymatic digestion [12,13]. High performance liquid chromatography-mass spectrometry (HPLC-MS)
profiles of digestion products showed the presence of oligosaccharides from heparin/HS (Figure 1a
and Supplementary Figure S1b), but not from other GAGs such as CS or DS. The amount of CS/DS
was probably under the limit of detection. Digestion with heparinases lyases produced mainly
disaccharides and traces of tetrasaccharides and hexasaccharides. It is known that the presence of the
3-O-sulfated glucosamine renders the glycosidic bond between N-acetylated, 6-O-sulfated glucosamine
and the unsulfated glucuronic acid impervious to the action of heparinases [14]. Indeed, we detected
tetrasaccharides probably bearing the trisulfated glucosamine residue like Δ4,4,0, but also other
tetrasaccharides, i.e., Δ4,3,0 and Δ4,2,1, probably due to a limited efficiency of the enzymatic digestion,
despite the excess of enzymes. Thus, we considered the disaccharidic composition, that represents more
than the 90% of the digestion products in both infected and uninfected mice. The overall composition
of digestion products indicated the presence of HS-like structure rather than heparin, due to the
scarce presence of the trisulfated disaccharide (Δ2,3,0) and the high presence of monosulfated or
monoacetylated disaccharides (Δ2,1,0 and Δ2,1,1). Indeed, comparing the integrals of HPLC peaks
of disaccharides to the sum of the relative integrals (Figure 1b), an increase in digestion products
in infected mice when compared to control uninfected mice was observed, with the prevalence of
the monosulfated and disulfated disaccharides over the other species detected. More in details,
this difference was observed in pellets of lung homogenates (Supplementary Figure S1a), indicating
that chronic P. aeruginosa lung infection increased the levels of structural HS. Differently, no significant
differences were found in the supernatants of infected lungs compared to those of Ctrl uninfected
lungs (Supplementary Figure S1a,b).

2.2. Structure and Efficacy of Synthesized HS Competitors in the Mouse Model of Acute P. aeruginosa
Airways Infection

We designed and characterized specific heparin derivatives to generate compounds able to act
as competitors of endogenous HS in the murine lung. In particular, these HS competitors have
been prepared starting from unmodified pig mucosal heparin (PMH) (Table 1) by targeted chemical
modification able to strongly diminish/abolish its anticoagulant activity while maintaining the ability
to interact with other proteins [10]. The first set of HS competitors included glycol-split heparin C3gs20

and N-acetyl heparin C23, prepared as described previously [15]. In Figure 2, the major repeating
disaccharide unit of heparin derivatives and the structure of the glycol-split uronic acid are shown.

Size is an important parameter that can influence the binding of HS competitors to proteins,
especially the minimum length that is required to establish an interaction. For the second set of HS
competitors to be tested, two structurally low molecular weight (LMW) analogues of C3gs20 and C23
have been prepared by controlled reductive deamination, in order to improve the bio-availability
of compounds and to verify the influence of dimensions on the activity of derivatives. In addition,
the second set of synthesized HS competitors included compounds MMW C3gs90 and MMW C3gs45,
that have been partially desulfated in order to increase the percentage of non-sulfated uronic acids
reactive to the glycol-splitting modification to obtain a higher percentage of flexible joints along the
chains. The MW of the first and second sets of compounds prepared (Table 1) ranged from 8 to 17.2 kDa,
assuring an interaction with both IL-8 and human NE (12–14-mers for NE and 18-mer for IL-8) [16,17]
which are known to be relevant to chronic inflammatory conditions. Notably, under controlled
periodate oxidation conditions it is possible to limit the cleavage of glycosidic bonds without significant
depolymerization of the HS competitors, as in the case of C3gs20. Nevertheless, the combination of
desulfation followed by glycol-splitting led to decrease in the MW of MMW C3gs45 and MMW C3gs90

proportionally to the increase of glycol-splitting, as expected.
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Figure 1. Disaccharide products of the digestion of heparin/HS from murine lungs after chronic
P. aeruginosa infection. C57Bl/6NcrlBR mice were intratracheally injected with 1–2 × 106 colony
forming units (CFUs) of P. aeruginosa isolate AA43 embedded in agar-beads (Infected) or with sterile
agar-beads (Ctrl). After 28 days, lungs were perfused, recovered, homogenized and separated into
pellets and supernatants. After removal of proteins, lipids and DNA, the presence of GAGs was verified
by NMR. Samples were digested with a cocktail of heparin lyases to selectively degrade heparin/HS
and recovered digestion products were desalted and finally analyzed by HPLC-MS. (a) Base Peak
Chromatogram of digestion products from the pellet of one Ctrl uninfected (upper panel) and one
infected (lower panel) lung homogenate from C57Bl/6NcrlBR mice. The unsaturated bond of the
terminal uronic acid is indicated by Δ, and the number of monomers, the number of sulfates and the
number of acetyls are reported; (b) The graph shows the amount of each disaccharide species detected
in the whole lung of an infected and an uninfected Ctrl mouse; 100% is considered the sum of peak areas
of one whole lung from infected mouse lungs containing the highest amount of disaccharides. The data
are pooled from at least two independent experiments (n = 6–15). Data are the mean ± standard
error of the mean (SEM) of at least three samples per type which have been processed independently.
Statistical significance is indicated: *** p < 0.001.

Table 1. Structural characteristics of synthesized HS competitors originating from PMH (MW 20 kDa,
%NAc 15).

HS Competitors MW (kDa) N-acetyl (%) Glycol-Split (%)

C23 17.2 100 0
C3gs20 16.5 14.6 20

LMW C23 8 91 0
LMW C3gs20 8 14.6 18
MMW C3gs45 12.6 14.6 45
MMW C3gs90 9.6 14.6 90

The average molecular weight (MW), percentage of N-acetyl substitution in glucosamine residues and percentage
of glycol-split (gs) uronate residues (cleavage by periodate oxidation of vicinal diols in unsubstituted D-GlcA and
L-IdoA residues) is reported. Samples MMW C3gs90 and MMW C3gs45 have been partially desulfated in order to
increase the percentage of uronic acids reactive for the glycol-splitting modification. Samples LMW C23 and LMW
C3gs20 have been obtained by controlled reductive deamination of PMH. LMW, low MW; MMW, medium MW.
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Figure 2. Structures and characteristics of synthesized HS competitors. The repeating disaccharide
unit of compounds (R1 and R2 = H/SO3

−, R3 = H/SO3
−/COCH3) is shown. The uronic acid is

predominantly in the form L-iduronic acid (L-IdoA and L-IdoA-2-O-sulfate; ~80%) with D-glucuronic
acid (D-GlcA; ~20%) making up the remainder. (a) Structure of the canonical disaccharide building
block of heparin; (b) The glycol-split uronic acid residue present in compounds C3gs20, MMW C3gs90

and MMW C3gs45.

Heparin derivatives have been shown to exert beneficial effects in inflammation [18]. We thus
evaluated the impact of C3gs20 and C23 on leukocyte recruitment in the murine BALF following acute
P. aeruginosa lung infection. Mice were infected with the P. aeruginosa AA2 isolate [11,19], known to
be highly virulent, and treated subcutaneously with these compounds (30 mg/kg). We found that
neither C23 nor C3gs20 affected the lung bacterial burden when compared to the vehicle (Figure 3a).
C23 significantly reduced the number of total leukocytes in comparison to the vehicle (Figure 3b)
and in particular neutrophils (Figure 3c) in the BALF, although the neutrophil percentages were not
significantly different between mice treated with the compound and those treated with the vehicle
(C23 vs. vehicle p = 0.057). Differently, C3gs20 had only moderate inhibitory effects on leukocyte
recruitment. C23 significantly reduced also IL-6, IL-12 (p40), granulocyte colony-stimulating factor
(G-CSF) and monocyte chemoattractant protein-1 (MCP-1) when compared to the vehicle (Table 2).
C3gs20 reduced inflammatory mediators but at lower extent and with a statistically significant difference
only for IL-6 levels (Table 2). Differently, when the second set of HS competitors, including LMW
C3gs20, LMW C23, MMW C3gs90 and MMW C3gs45, were tested in this murine model, they did not
affect either the bacterial burden or the recruitment of leukocytes, including neutrophils, in the BALF
(Supplementary Figure S2).

Overall, these results indicate C23 and C3gs20 as the most promising anti-inflammatory
compounds in the mouse model of acute P. aeruginosa lung infection.

Table 2. Levels of cytokines and chemokines in murine lungs during acute P. aeruginosa lung infection
(6 h) and subcutaneous treatment with C3gs20 or C23 (30 mg/kg).

Cytokine/Chemokine
Level (pg/500 μg Lung) p Value

Vehicle C3gs20 C23 C3gs20 vs. Vehicle C23 vs. Vehicle

IL-4 3.31 ± 0.27 3.54 ± 0.19 3.37 ± 0.63 ns ns
IL-6 232.9 ± 8.53 176.9 ± 15.95 159.7 ± 7.14 ** ***

IL-12p40 10.97 ± 0.79 9.21 ± 0.76 7.86 ± 0.68 ns *
IL-12p70 83.98 ± 3.46 93.98 ± 9.67 87.04 ± 6.45 ns ns

IL-13 124.68 ± 8.49 140.26 ± 6.32 114.37 ± 5.33 ns ns
IL-17A 6.77 ± 0.78 6.85 ± 0.21 6.66 ± 0.99 ns ns
Eotaxin 353.62 ± 22.52 450.79 ± 33.85 341.3 ± 71.56 ns ns
G-CSF 542 ± 10.56 465.8 ± 37.58 426.9 ± 36.53 ns *
IFN-γ 538.19 ± 15.12 525.13 ± 72.72 462.34 ± 54.04 ns ns
MCP-1 1327 ± 89.7 1239 ± 111.1 864.2 ± 118.6 ns *
MIP-1β 1302.61 ± 124.2 1308.63 ± 142.3 1003.01 ± 191.9 ns ns

RANTES 195.83 ± 19.19 247.57 ± 39.04 248.55 ± 46.88 ns ns

Data are expressed as mean ± SEM. Statistical significance is indicated: * p < 0.05, ** p < 0.01, *** p < 0.001.
ns: not significant. MIP-1β, macrophage inflammatory protein-1β; RANTES, regulated on activation normal T
expressed and secreted.
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Figure 3. Modulation of the host response by synthesized HS competitors in a mouse model of acute
P. aeruginosa lung infection. C57Bl/6NcrlBR mice were intratracheally injected with 5 × 106 CFUs of
the highly virulent P. aeruginosa isolate AA2. Mice were subcutaneously treated with HS competitors
(30 mg/kg) or their vehicle two hours before and two hours after the challenge and sacrificed 6 h
post-infection. BALF and lung were recovered. (a) Total CFUs in the lungs were evaluated; (b) Total
cell and (c) neutrophil recruitment was analyzed in BALF. The data are pooled from at least two
independent experiments (n = 7–8). CFUs in individual mice are represented as dots and horizontal
lines represent median values. Cells are represented as mean ± SEM. Statistical significance is indicated:
* p < 0.05.

2.3. Efficacy of Synthesized HS Competitors in Mouse Models of Chronic P. aeruginosa Airways Infection

Next, we tested the ability of HS competitors to reduce inflammation during the development
and the course of chronic P. aeruginosa lung infection. First, we evaluated the effect of C3gs20 and C23 in
an agar-beads mouse model of chronic lung infection running for 14 days. C57Bl/6NcrlBR mice were
chronically infected with P. aeruginosa AA43 isolate, known to persist in the lung with an incidence
of colonization around 30–40% [11], and treated subcutaneously with C3gs20 and C23 starting from
the day of infection. We found that the incidence of chronic lung colonization was reduced in mice
infected with C3gs20 when compared to those treated with the vehicle (13% for C3gs20 and 33% for
C23 vs. 33% for vehicle; Figure 4a), although this difference did not reach statistical significance.
We also observed a trend to a decrease in lung CFUs in mice treated with C3gs20 in comparison to
vehicle (Figure 4b). In addition, C23 significantly reduced the recruitment of total leukocytes, including
neutrophils, in comparison to vehicle (Figure 4c,d). A similar trend was observed also for C3gs20.
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Figure 4. Modulation of the host response by synthesized HS competitors in a mouse model of chronic
P. aeruginosa lung infection (14 days). C57Bl/6NcrlBR mice were intratracheally injected with 1–2 × 106

CFUs of the P. aeruginosa isolate AA43 embedded in agar-beads. Mice were treated subcutaneously with
HS competitors (30 mg/kg) or vehicle every day starting from the day of infection for 14 days. At the
sacrifice, BALF and lung were recovered. (a) Bacterial clearance (white) and incidence of colonization
(green) were determined; (b) CFUs were evaluated in total lung of mice still infected at the sacrifice.
Total cell (c) and neutrophil (d) recruitment was analyzed in BALF. The data are pooled from two
independent experiments (n = 14–15). CFUs in individual mice are represented as dots and horizontal
lines represent median values. Cells are represented as mean ± SEM. Statistical significance is indicated:
* p < 0.05, ** p < 0.01.

We then investigated whether C3gs20 and C23 also impacted an established chronic P. aeruginosa
lung infection. Thus, we extended the P. aeruginosa chronic infection for 28 days and started the
treatment with HS competitors and vehicle after ten days from the infection, once chronic infection is
well-established [20]. We previously showed that this mouse model of P. aeruginosa persistence
is highly stable in terms of incidence of colonization and bacterial burden up to three months,
and reproduces detectable chronic inflammation and tissue damage for long-term [11,20]. By using
this schedule of treatment, the incidence of chronic P. aeruginosa lung colonization was not affected
by HS competitors and remained stable (percentages of mice still colonized after 28 days: vehicle,
30.4%; C3gs20, 30%; C23, 30.8%). However, C3gs20 and C23 significantly increased murine body weights
when compared with the vehicle, indicating that they promoted a better health status (Figure 5a).
In addition, C3gs20 and C23 significantly decreased the bacterial burden in the lung in comparison to the
vehicle (Figure 5b). C3gs20 significantly decreased the infiltration of leukocytes, including neutrophils,
in the BALF (Figure 5c,d), and the levels of inflammatory mediators, such as IL-1β, IL-12p70, IL-17A,
G-CSF and KC in comparison to the vehicle (Table 3). C23 showed a similar trend, although only the
differences of leukocyte infiltration and IL-17A level reached a statistical significance (Figure 5c and
Table 3). Other markers were not affected by these compounds as shown in Table 3.
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Figure 5. Modulation of the host response by synthesized HS competitors in a mouse model of
long-term chronic P. aeruginosa lung infection (28 days). C57Bl/6NcrlBR mice were intratracheally
injected with 1–2 × 106 CFUs of the P. aeruginosa isolate AA43 embedded in agar-beads. Mice were
treated subcutaneously with HS competitors (30 mg/kg) or vehicle every day starting from ten days
post-infection. At the sacrifice, BALF and lung were recovered. (a) Changes from initial body weight
were calculated for each group of mice at regular intervals. (b) Total CFUs in the lungs were evaluated.
(c) Total cell and (d) neutrophil recruitment was analyzed in BALF. The data are pooled from at least
two independent experiments (n = 20–26). CFUs in individual mice are represented as dots and
horizontal lines represent median values. The other parameters are represented as mean ± SEM.
Statistical significance is indicated: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Table 3. Levels of cytokines and chemokines in murine lungs during chronic P. aeruginosa lung infection
(28 days) and subcutaneous treatment with C3gs20 or C23 (30 mg/kg).

Cytokine/Chemokine
Level (pg/500 μg Lung) p Value

Vehicle C3gs20 C23 C3gs20 vs. Vehicle C23 vs. Vehicle

IL-1α 26 ± 3.14 6.91 ± 0.47 7.75 ± 0.75 ns ns
IL-1β 24.04 ± 4.92 10.42 ± 2.11 15.93 ± 2.63 * ns
IL-2 4.49 ± 1.10 nd nd n/a n/a
IL-5 2.96 ± 0.37 2.85 ± 1.03 3.52 ± 0.60 ns ns
IL-9 99.56 ± 12.57 132.10 ± 24.21 116.00 ± 19.28 ns ns
IL-10 3.89 ± 0.25 3.10 ± 0.84 3.19 ± 0.47 ns ns

IL-12p40 11.27 ± 1.07 10.15 ± 1.13 10.20 ± 0.49 ns ns
IL-12p70 8.93 ± 1.17 4.62 ± 1.19 5.74 ± 0.90 * ns

IL-13 98.20 ± 14.41 76.03 ± 14.45 98.11 ± 14.37 ns ns
IL-17A 7.94 ± 1.27 3.29 ± 0.66 4.41 ± 0.90 ** *
Eotaxin 264.20 ± 30.39 135.20 ± 49.53 237.40 ± 34.22 ns ns
G-CSF 4.62 ± 0.95 2.57 ± 0.54 3.89 ± 0.21 * ns

GM-CSF 29.95 ± 2.66 nd 28.82 ± 10.48 n/a ns
IFN-γ 5.22 ± 0.71 3.90 ± 1.03 6.13 ± 0.79 ns ns

KC 13.92 ± 2.64 7.91 ± 0.69 11.71 ± 1.47 * ns
MCP-1 84.93 ± 9.12 70.74 ± 12.04 67.41 ± 7.78 ns ns
MIP-1β 16.94 ± 1.99 15.80 ± 2.38 16.04 ± 2.05 ns ns

RANTES 6.95 ± 0.59 6.86 ± 1.04 8.47 ± 1.07 ns ns
TNF-α 6.59 ± 0.33 4.44 ± 0.63 7.55 ± 0.81 ns ns

Data are expressed as mean ± SEM. Statistical significance is indicated: * p < 0.05, ** p < 0.01. ns: not significant;
nd: not detectable; n/a: not applicable. GM-CSF, granulocyte-macrophage colony-stimulating factor;
KC, keratinocyte chemoattractant, TNF-α, tumor necrosis factor alpha.
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When we tested the impact of other HS competitors on the host response in this mouse model of
chronic lung infection, we found that neither MMW C3gs90 nor MMW C3gs45 affected either bacterial
burden or leukocytes recruitment (Supplementary Figure S3).

Overall these results indicated that C3gs20 and C23 have a dual effect: on inflammation, containing
leukocyte recruitment in the site of infection, and on infection, reducing the bacterial load.

Taking into consideration the effect of C3gs20 and C23 on P. aeruginosa bacterial burden in the
mouse model of chronic P. aeruginosa infection, we asked whether C3gs20 and C23 could have any
anti-bacterial activity. We did not find any change in minimum inhibitory concentrations after
challenge with up to 512 μg/mL. When we investigated the effect on biofilm formation, both C3gs20

and C23 induced a statistically significant reduction of AA43 sessile fraction in a dose-dependent
fashion (Figure 6). These data suggest an inhibitory effect exerted by C3gs20 and C23 on P. aeruginosa
biofilm formation.
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Figure 6. Effect of synthesized HS competitors on P. aeruginosa biofilm formation. P. aeruginosa strain
AA43 was grown for 24 h at 37 ◦C either in the absence or presence of different concentrations of
C3gs20 (a) and C23 (b). Biofilm biomass was quantified by staining with crystal violet and absorbance
measurements at OD600. Absorbance of planktonic bacteria in the culture medium was measured
at OD600. Results are expressed as the ratio between biofilm absorbance and planktonic bacteria
absorbance normalized on the value obtained for AA43 treated with isotonic saline (vehicle). The data
derive from three independent experiments in triplicate. Values represent the mean ± SEM. Statistical
significance is indicated: * p < 0.05.

3. Discussion

Increased levels of GAGs including HS, the most abundant in the lung parenchyma, are common
to several chronic respiratory diseases, including CF, COPD and IPF [1,2,5]. Whether P. aeruginosa
infections may contribute to the increase of HS is still an open question. Clinical data are difficult to
interpret due to the large number of confounding variables. Here, using mouse models of lung infection,
we demonstrated that long-term chronic P. aeruginosa lung infection induces structural changes in HS
as shown by increased amounts of specific HS disaccharide building blocks. In addition, our results
indicate that two synthesized HS competitors, in particular N-acetyl heparin and glycol-split heparin,
named respectively C23 and C3gs20, competing with endogenous HS, dampen the inflammatory
response induced by P. aeruginosa and reduce the bacterial burden.

To our knowledge, despite several reports indicating increased levels of highly sulfated HS
in the airways of patients affected by chronic respiratory diseases, there are no studies analyzing
specifically the impact of bacterial infections on HS levels and composition in the lung. We previously
demonstrated that P. aeruginosa persistence was associated with a progressive increase of sulfated
GAGs in murine lungs [11]. Here, we focused on HS composition and found that long-term
chronic P. aeruginosa lung colonization led to an increase of specific HS disaccharides, in particular
mono- and di-sulfated ones, in the pellet of murine lungs. This finding suggests that P. aeruginosa
infection increases mainly structural HS, rather than contributing to released HS. In this regard, HS
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has been detected also in the BALF in COPD patients [8] and in the sputum sol of patients with
bronchiectasis [21] indicating HS degradation. However, no reports indicate a correlation between HS
levels in airway secretions and bacterial infection. Future clinical studies should determine a potential
correlation between bacterial infections/colonization, including by P. aeruginosa, and the levels and
sulfation of HS in the lungs of patients with chronic respiratory diseases. In addition, we analyzed the
HS composition in the lung of C57Bl/6NcrlBR mice. Since the murine genetic background determines
infection outcomes [22–24], it would be interesting to clarify whether it can also affect the composition
of the extracellular matrix by using different inbred and outbred murine lines.

Besides maintaining lung tissue structure, HS may modulate the behavior of cells by binding
growth factors and by interacting with cell surface receptors [4,25]. In addition, it can interact with
proteases and cytokines/chemokines impacting on immunopathology. Taking into consideration
these evidences and our findings on the increase of HS during chronic P. aeruginosa lung infection,
we explored a HS inhibitory strategy in mouse models of infection. We chose to chemically modify
heparin to synthesize competitors of the endogenous HS, thanks to its structural similarity to HS
and its commercial availability; moreover, it is commonly used in hospitals as an anticoagulant
drug and considered to be safe. Recently, these synthesized HS competitors with low or absent
anticoagulant activity have been shown to bind to IL-8 and TNF-α and to inhibit the activity
of NE in vitro [10], suggesting that these compounds could preserve the connective tissues and
limit inflammation in vivo. When tested in murine models, C23 and C3gs20 reduced neutrophilic
recruitment and cytokines/chemokines production both in acute and chronic P. aeruginosa lung
infection. These results support the finding that HS binding to chemokines may contribute to leukocyte
recruitment in the site of infection/injury by generating the chemotactic gradient as well as increasing
pro-inflammatory activities of chemokines by protecting them from proteolytic degradation [5–7].
It can be hypothesized that synthesized HS competitors may reduce levels of endogenous HS,
thus reducing the chemotactic gradient. In this regard, a HS reduction secondary to decreased
inflammation and infection may be plausible after long-term chronic lung infection. However, it would
be unlikely that these compounds can directly reduce HS, taking into account their effects after
short-term acute P. aeruginosa infection. Differently, we speculate that synthesized HS competitors
could have competed with endogenous HS for the binding to cytokines/chemokines, thus leading
to their degradation/elimination. Further studies to elucidate these mechanisms are necessary,
in particular to evaluate the amount of chemokines still bound to endogenous HS during treatment with
synthesized HS competitors in vivo. Anyhow, the reduction of neutrophilic recruitment could lead to
a decreased immunopathology by itself, since it implies lower levels of neutrophil proteases, including
NE. In addition, taking into consideration that HS competitors inhibit NE activity [10], reduced tissue
remodeling and fibrosis could be expected. In fact, NE, a protease described as abundant in the
airways of patients affected by chronic respiratory diseases [26], degrades several components of the
extracellular matrix, including elastin [27], thus contributing to the tissue remodeling and fibrosis [4],
and ultimately aggravating the immunopathology. In this context, several attempts to inhibit NE
have been carried out, also in clinical studies on patients with respiratory diseases, although with
contrasting results [26].

One of the off-target effects of anti-inflammatory treatments is the impairment of the host defense
that can lead to the exacerbation of the infection [20,28–30]. However, we did not observe an increase
in P. aeruginosa burden in the model of acute lung infection. Next, we set-up two schedules of
treatment in the mouse model of chronic lung infection. In the 14-day-lasting model of chronic lung
colonization, mice had been treated starting from the day of infection. In such a model, synthesized
HS competitors could interfere in particular with the early immune response, thus impacting the
development and the progression of chronic lung infection. Differently, in the 28-day-lasting model
of chronic lung colonization, mice were treated starting from ten days post-infection to evaluate
effects of HS competitors on well-established chronic lung infection. In both schedules, we adopted
the P. aeruginosa AA43 isolate, which can establish chronic infection in C57Bl/6NcrlBR mice with
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an incidence of colonization around 30–40% [11] starting from seven days post-infection. This choice
is fundamental when the aim is determining the impact of anti-inflammatory treatment on the host
defense, since an increase in the number of mice still colonized after long-term or in P. aeruginosa load
could be observed. For instance, using this isolate we recently demonstrated that the IL-17A pathway
impairment increased both the incidence of colonization and bacterial burden [20]. Unexpectedly,
C3gs20 and C23 impacted P. aeruginosa infection and, in particular, they reduced the bacterial burden in
murine lungs after long-term chronic lung infection.

When administered in different schedules of P. aeruginosa lung infection and treatment, C3gs20

and C23 showed slight differences: C23 was more potent in inhibiting the inflammatory response in
the model of acute lung infection, while C3gs20 was more effective in the model of long-term chronic
infection, where it decreased the bacterial burden, and it was more potent in hampering in vitro
P. aeruginosa biofilm formation. We may speculate that these different activities may be addressed to
the structures of synthesized HS competitors. Indeed, C23 is a N-acetyl heparin, with charge density
and distribution similar to that of HS. Therefore, it is potentially able to mimic HS in its interactions
and to compete by sequestering cytokines/chemokines from endogenous HS, thus rendering them
more susceptible to degradation. Differently from C23, C3gs20 maintains the negative charge density
of PMH and displays chain flexibility thanks to the glycol-split modification. In this context, its more
potent anti-biofilm activity could be due to several interactions: (i) because of its negative charges,
it could bind Ca++, known to form a bridge between polyanionic alginate molecules that stabilizes
biofilms [31]; (ii) it could interact with biofilm polysaccharides, impeding their binding; (iii) it could
counteract the binding between single P. aeruginosa cells. However, there could be other explanations
to the decrease of P. aeruginosa burden after long-term chronic lung colonization following treatment
with C23, and in particular C3gs20. In fact, HS has been found to be a cell receptor for P. aeruginosa
and a binding site for bacterial flagella, and this could suggest another role during infection [32,33].
Further studies based on additional structural modifications of these compounds could provide new
insights into their biological activities during host–pathogen interplay. Moreover, the reduction of
the bacterial burden by HS competitors during P. aeruginosa pneumonia suggests that the potential
synergy between these compounds and antibiotics currently used in clinics should be investigated.

4. Materials and Methods

4.1. Ethics Statement

Animal studies strictly followed the Italian Ministry of Health guidelines for the use and care of
experimental animals. This study was performed following protocols approved by the Institutional
Animal Care and Use Committee (IACUC, protocols #502 of 14 July 2011 and #812 of 28 July 2016)
of the San Raffaele Scientific Institute (Milan, Italy). Research with P. aeruginosa clinical strains has
been approved by the responsible physician at the CF Center at Hannover Medical School, Germany.
Additional information is available in the Supplementary Materials.

4.2. Bacterial Strains

Sequential P. aeruginosa isolates (AA2 and AA43) were recovered from CF patients and previously
characterized for genotypic and phenotypic traits, and virulence [19,34,35]. AA2, expressing
several virulence factors, including swimming motility, twitching motility and protease secretion,
was isolated at the onset of chronic infection. Differently, AA43, a variant with adaptive phenotypes,
including mucoidy, absence of swimming motility, low twitching motility and production of protease,
was collected after seven years of chronic colonization. AA2 has previously been shown to induce
high in vitro and in vivo acute virulence, while AA43 has been shown to be attenuated, but capable of
developing chronic lung infection [11,19,36].
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4.3. Mouse Strain

C57Bl/6NcrlBR (Charles River, Calco, Lecco, Italy), 8 to 10 weeks old, were maintained in specific
pathogen-free conditions at the San Raffaele Scientific Institute (Milan, Italy).

4.4. HS Competitors Synthesis and Characterization

Compounds are HS competitors obtained by chemical modification of PMH in order to
reduce the anticoagulant activity whilst maintaining the anti-inflammatory potential. In particular,
the N-acetyl heparin C23 and glycol-split heparin derivatives C3gs20, MMW C3gs90 and MMW C3gs45,
were generated as previously described [15,37] and characterized by 13C-NMR [10] (Supplementary
Figure S4a). Additional information is available in the Supplementary Materials. In addition, two LMW
variants of C23 and C3gs20 were produced by depolymerization of PMH through reductive deamination
with nitrous acid using a NaNO2/heparin ratio of 1:7, as explained in detail in the Supplementary
Materials, followed by the same modifications introduced on full-length derivatives. These LMW were
characterized by HSQC-NMR (Supplementary Figure S4b). The average MWs were determined at
a concentration of 5 mg/mL employing Viscotek HP-SEC-TDA as previously described [38].

4.5. Mouse Models of Acute and Chronic P. aeruginosa Infection

In the acute infection model, mice were injected intratracheally with 5 × 106 CFUs of
planktonic P. aeruginosa AA2 isolate, following established procedures [11,19,39]. Mice were treated
subcutaneously with 30 mg/kg of synthesized HS competitors [40–42] or with vehicle (isotonic saline)
two hours before and two hours after infection, and sacrificed six hours post-infection.

In the chronic infection model, mice were injected intratracheally with 1–2 × 106 CFUs of
P. aeruginosa AA43 isolate, embedded in agar beads, following established procedures [11,30,39].
The bacterial load was previously set-up as the minimum inoculum to establish chronic infection [43].
Another group of mice (Ctrl) was intratracheally injected with sterile beads. For the analysis of
HS/heparin levels, one batch of infected mice and the Ctrl group were sacrificed after 28 days from
the infection, lungs were perfused with isotonic saline to avoid the contamination by circulating
HS/heparin, recovered, homogenized and centrifuged. Pellets and supernatants were separated and
lyophilized. For the analysis of HS competitor efficacy, one batch of infected mice was treated once
a day as described above starting from the day of infection and sacrificed 14 days post-infection.
Another batch of mice was treated once a day as described above starting from ten days post-infection
and sacrificed 28 days post-infection.

BALF and lung were recovered and processed, and total/differential cell count and bacterial
burden evaluated, as previously described [39]. Further information on the procedures are present in
the Supplementary Materials.

4.6. HS/heparin Analysis in Murine Lungs

Samples were defatted by washing with chloroform/methanol, then with ethyl ether and
freeze-dried, recovered in dPBS with 2 mM CaCl2 and subjected first to proteolytic cleavage with
Proteinase K at 55 ◦C for 48 h, then to DNase I digestion at 37 ◦C for 48 h. After boiling for 10 min
to stop the reaction, samples were filtered on 0.2 μm filters, then purified by 3 kDa ultrafiltration to
remove digestion fragments. Purified samples were analyzed by 1H-NMR and eventually subjected
to a second protease digestion. Digestion of CS by Chondroitinase ABC was carried out in a 50 mM
sodium acetate/phosphate buffer (1:1 v/v), pH 8 at 37 ◦C for 48 h. After inactivation by boiling for
10 min samples were filtered onto 0.45 μm cut-off filters.

Digestion of heparin and HS with a cocktail of heparin lyases I–II-III (Grampian Enzymes,
Aberdeen, UK), was carried out at 37 ◦C for 48 h, then stopped by boiling for 10 min followed by
0.2 μm filtration. Products were recovered by 3 kDa ultrafiltration, desalted and lyophilized. 100 μL
sample solution was prepared for HPLC-MS analysis on a LC system coupled with an ESI-Q-TOF
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mass-spectrometer (micrOTOFq, Bruker Daltonics, Bremen, Germany). The chromatographic
separation was performed using a Kinetex C18 analytical column (100 × 2.1 mm, 2.6 μm particle
size, Phenomenex, Torrance, CA, USA) with Security Guard Cartridges Gemini C18 (4 × 2.0 mm,
Phenomenex). A binary solvent system was used for gradient elution at 0.1 ml/min of solvent A
(10 mM DBA, 10 mM CH3COOH in water) and solvent B (10 mM DBA and 10 mM CH3COOH in
methanol): t 0′ 10%B, t 35′ 40%B, t 85′ 50%B, t 88′ 90%B, t 95′ 10%B. Disaccharide standards were
purchased from Iduron, Manchester, UK. Data were processed by the DataAnalysis software (HyStar
Compass, version 3.2, Bruker Daltonics).

4.7. Evaluation of Cytokines/Chemokines

Cytokines/chemokines and growth factors were measured by Bioplex in the lung homogenates,
according to the manufacturer’s instructions [11].

4.8. Evaluation of P. aeruginosa Biofilm Formation

Biofilm production was evaluated using the method of staining with crystal violet, as previously
described [44]. AA43 was grown for 24 h at 37 ◦C either in the absence or presence of different
concentrations of C3gs20 and C23 (10 μg/mL, 1 μg/mL and 0.1 μg/mL). Biofilm biomass was quantified
by staining with crystal violet and absorbance measurements at OD600. Absorbance of planktonic
bacteria in the culture medium was measured at OD600. Results are expressed as the ratio between
biofilm absorbance and planktonic bacteria absorbance normalized on the value obtained for AA43
treated with the vehicle. Further details can be found in the Supplementary Materials.

4.9. Statistics

Statistics were performed with GraphPad Prism. Data analysis was performed using one-way
ANOVA followed by Dunnett’s analysis to correct for multiple comparisons for CFU counts, cellular
counts and cytokine/chemokines quantification. Incidences of chronic colonization were compared
using Fisher exact test. Two-way ANOVA with Bonferroni’s Multiple Comparison test was used to
compare changes in body weight. p <0.05 was considered significant.

5. Conclusions

In conclusion, our study shows that chronic P. aeruginosa lung infection increased HS levels
in the murine lungs, and that interfering with this phenomenon dampened the inflammatory
response. We indeed demonstrated that synthesized HS competitors decreased leukocyte recruitment
and cytokine/chemokine production both during acute P. aeruginosa infection, and during the
development and the course of chronic lung infection in mice. In addition, these compounds reduced
P. aeruginosa infection in the agar-beads mouse model. Overall, these data support further evaluation
of HS competitors as novel therapeutic molecules to counteract excessive inflammation induced by
P. aeruginosa pulmonary infections in patients affected by chronic respiratory diseases.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/19/1/207/s1.
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Abstract: Burkholderia cepacia complex (BCC) bacteria are a group of opportunistic pathogens that
cause severe lung infections in cystic fibrosis (CF). Treatment of BCC infections is difficult, due to the
inherent and acquired multidrug resistance of BCC. There is a pressing need to find new bacterial
targets for antimicrobials. Here, we demonstrate that the novel compound Q22, which is related to the
bacterial cytoskeleton destabilising compound A22, can reduce the growth rate and inhibit growth of
BCC bacteria. We further analysed the phenotypic effects of Q22 treatment on BCC virulence traits,
to assess its feasibility as an antimicrobial. BCC bacteria were grown in the presence of Q22 with a
broad phenotypic analysis, including resistance to H2O2-induced oxidative stress, changes in the
inflammatory potential of cell surface components, and in-vivo drug toxicity studies. The influence
of the Q22 treatment on inflammatory potential was measured by monitoring the cytokine responses
of BCC whole cell lysates, purified lipopolysaccharide, and purified peptidoglycan extracted from
bacterial cultures grown in the presence or absence of Q22 in differentiated THP-1 cells. BCC bacteria
grown in the presence of Q22 displayed varying levels of resistance to H2O2-induced oxidative
stress, with some strains showing increased resistance after treatment. There was strain-to-strain
variation in the pro-inflammatory ability of bacterial lysates to elicit TNFα and IL-1β from human
myeloid cells. Despite minimal toxicity previously shown in vitro with primary CF cell lines, in-vivo
studies demonstrated Q22 toxicity in both zebrafish and mouse infection models. In summary,
destabilisation of the bacterial cytoskeleton in BCC, using compounds such as Q22, led to increased
virulence-related traits in vitro. These changes appear to vary depending on strain and BCC species.
Future development of antimicrobials targeting the BCC bacterial cytoskeleton may be hampered if
such effects translate into the in-vivo environment of the CF infection.

Keywords: antimicrobial; cytoskeleton; Burkholderia
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1. Introduction

The Burkholderia cepacia complex (BCC) constitutes a group of over 20 closely related opportunistic
respiratory pathogen species associated with life-threatening infections in cystic fibrosis (CF) and
other immunocompromised patients. Of these species, B. cenocepacia and B. multivorans are the most
prevalent causes of infections in CF patients, and some strains have proved to be highly transmissible
between CF patients. BCC infections may remain established for many months, or even years, with
clinical outcomes highly variable and unpredictable; in some cases, they can lead to a severe and
often fatal complication known as “cepacia syndrome”. Cepacia syndrome is characterised by a
rapid clinical decline, with high fevers and bacteraemia, progressing to severe pneumonia and death;
its existence has led to BCC bacteria emerging as important respiratory pathogens within the CF
community. Their intrinsic and acquired resistance to most clinically relevant antimicrobials makes
BCC infections notoriously difficult to eradicate or manage. Understandably, due to concerns over
this multidrug resistance in BCC and other respiratory pathogens, such as Pseudomonas aeruginosa,
the development of new and novel antimicrobials is urgently required.

The majority of clinically available antibiotics generally target synthetic pathways, such as
DNA synthesis, protein synthesis, and RNA synthesis (reviewed in [1]), suggesting that there is
a need to identify new bacterial therapeutic targets that have an important cellular function or role.
A number of groups have revealed the presence of the bacterial cytoskeleton, and its potential as
an antimicrobial target has been recognized [2]. One cytoskeletal protein of particular interest is the
widely conserved actin homolog, MreB. This plays a role in a number of cellular functions, including
maintaining cell shape in rod-like bacteria. More recently the role of MreB has been found to be
associated with cell-surface-located virulence factors, further emphasizing the suitability of this protein
as an antimicrobial target. In the case of P. aeruginosa, MreB is required for motility and cell surface
localisation of the type IV pilus, a cell surface adhesin important for adhesion to mammalian cells
during infection and biofilm formation [3]. Additionally, Bulmer and colleagues have demonstrated
the MreB-associated cytoskeletal protein MreC is required for expression of Salmonella Typhimurium
type three secretion system-1 (T3SS-1) and flagella complexes, both important pathogenicity factors
required for colonisation and invasion of the intestine in vivo [4].

To date, few inhibitors of MreB have been identified. S-(3,4-dichlorobenzyl) isothiourea
hydrochloride (A22) is a small molecule inhibitor of MreB, originally identified as an inhibitor of
replication in E. coli [5]. A22 has an antimicrobial effect on a range of Gram-negative bacteria; however,
very little is known about the effects of A22 on virulence factor expression. Studies of Shigella flexneri
have shown that exposure to sub-MIC levels of A22 can reduce its ability to invade CHO-K1 cells
in vitro [6]. A further inhibitor of MreB, CBR-4830, was identified via a whole-cell antibacterial screen
for growth inhibitors of efflux-compromised P. aeruginosa strains [7]. CBR-4830 is a novel indole MreB
inhibitor chemically distinct from A22.

Recently, we assessed the antimicrobial activity of a panel of A22-related isothiourea hydrochloride
derivatives against multi-drug resistant clinical isolates of P. aeruginosa and BCC [8]. Here, we extend
the use of the lead candidate from this panel, S-(4-chlorobenzyl) isothiourea hydrochloride, named
Q22, a putative MreB inhibitor (also described as C2 by Nicholson et al.), and study the effects of
this compound on virulence-related traits of BCC bacteria [8]. We show that sub-lethal treatment
of BCC with Q22 altered virulence phenotypes, including increased resistance to oxidative stress
and pro-inflammatory potential, suggesting caution should be taken when targeting the bacterial
cytoskeleton of BCC for antimicrobial development.
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2. Results

2.1. Q22 Treatment Alters Cell Morphology, Reduces Growth Rate, and Inhibits Growth of
B. cenocepacia Species

Having recently established the antimicrobial activity of both A22 and Q22 against a panel of
BCC strains [8], we wanted to further analyse the effect of Q22 on growth and morphology of a
panel of BCC bacteria (Table 1). Initially we used B. cenocepacia J2315 as a test organism to determine
appropriate growth permissive levels of Q22 (Figure 1A). B. cenocepacia J2315 is a clinical ET-12
epidemic strain isolated from a CF patient [9]. Q22-treated B. cenocepacia J2315 cultures showed a
reduction in growth rate in a concentration-dependent manner (Figure 1A; 0 μg/mL vs. 40 μg/mL
Q22; p ≤ 0.05)). Based on these results, 30 μg/mL Q22 was selected as an appropriate, sub-lethal,
growth-permissive concentration for subsequent experiments. Upon exposure to 30 μg/mL Q22, all
BCC strains tested, including those listed in Table 1, demonstrated a reduction in growth rate (as
previously [8]). The degree of growth rate reduction varied between strains, and a lesser reduction
was observed upon exposure to Q22 when compared to A22. Changes in cell morphology from rod to
cocci forms were confirmed by scanning electron microscopy, supporting disruption of the MreB-based
cytoskeleton (Figure 1B).

Table 1. Bacterial strains used in this study.

Species Description Source

B. cenocepacia LMG16656 (J2315) Clinical isolate, CF patient, ET-12 epidemic strain BCCM
B. cenocepacia LMG18829 Clinical isolate, CF patient, epidemic strain BCCM
B. multivorans LMG13010 Clinical isolate, CF patient BCCM

B. vietnamiensis LMG16232 Clinical isolate, CF patient BCCM

BCCM, Belgian Coordinated Collection of Micro-organisms.

Figure 1. Growth and morphological changes induced by Q22 treatment. (A) Growth of B. cenocepacia
J2315 in the absence or presence of increasing concentrations of Q22 (0, 20, 30, 40 μg/mL); (B) scanning
electron microscope images of B. cenocepacia J2315, untreated and after treatment with 30 μg/mL Q22
at 6 h timepoint.

2.2. Q22 Treatment Alters Ability of B. cenocepacia to Resist H2O2-Induced Oxidative Stress

BCC bacteria are exposed to reactive oxygen species (ROS) during colonisation and infection
of the CF lung, and have a number of strategies to combat this form of stress [10,11]. We evaluated
the susceptibility of Q22-treated and untreated BCC cultures to H2O2 (Figure 2). The reduction in
viability upon H2O2 exposure varied between BCC strains when grown without drug treatment,
with B. cenocepacia strains LMG18829 and J2315 showing the greatest resistance at 20 mM H2O2

(Figure 2B,C).
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Figure 2. Survival of B. cepacia complex (BCC) strains exposed to H2O2 in vitro. Late-stationary-phase
cells were treated with varying concentrations of H2O2, 0 mM (A), 10 mM (B), and 20 mM (C), as
described under Section 4. Samples were plated in triplicate for colony counts, and percentage survival
(expressed as % viability) was calculated relative to colony counts of untreated bacteria. * p < 0.05.
Isolates included B. cenocepacia LMG16656 (J2315), B. cenocepacia LMG18829, B. multivorans LMG13010,
and B. vietnamiensis LMG16232 (see Table 1).

When compared to untreated controls, we observed an increase in H2O2 resistance for strain
J2315 that was statistically significant (Figure 2C, p < 0.05).

2.3. Q22 Treatment Does Not Alter Lipopolysaccharide Profile of B. cenocepacia Strains

We analysed the crude LPS profiles of WCLs prepared from BCC cultures exposed to Q22, to
determine if this compound alters LPS composition when compared to untreated WCLs. WCLs were
prepared from BCC strains grown in the presence and absence of 30 μg/mL Q22. Of the four strains
tested, no significant differences in the LPS electrophoretic profile were observed. J2315 showed
no difference in profile at all. To further assess if there were any changes in LPS structure, LPS was
isolated from Q22-treated and untreated cultures of B. cenocepacia LMG18829, and lipid A extracted and
analysed further by MALDI-TOF mass spectrometry (Table 2). Both LPS and lipid A showed a mixture
of differently-acylated species, both carrying Ara4N residues on the polar heads. Interestingly, the
Q22-treated LMG18829 strain also carried an unsubstituted tetra-acylated lipid A species, absent in the
untreated strain (Table 2). However, no other significant differences in LPS structure were observed.

Table 2. Structural analysis of B. cenocepacia LMG18829 lipid A.

B. cenocepacia LMG18829 Untreated
B. cenocepacia

LMG18829 + 30 μg/mL Q22

Lipid A Species Intensity (%) Mass Intensity (%) Mass

tetra-acylated lipid A 58.8 1444.9
tetra-acylated lipid A + Ara4N 100 1576.4 100 1576.1

tetra-acylated lipid A + 2 Ara4N 87.8 1707.5 60 1707.0
penta-acylated lipid A + Ara4N 48.7 1800.9 38.2 1801.0

penta-acylated lipid A + 2 Ara4N 39 1934.0 29 1932.2

Negative ion MALDI-TOF spectrum analysis of lipid A isolated from B. cenocepacia LMG18829, grown in the
presence and absence of 30 μg/mL Q22.

2.4. Q22 Treatment Alters Proinflammatory Potential of BCC Strains

BCC LPS has potent endotoxic activity and can elicit high levels of pro-inflammatory
cytokines [12,13]. To determine if chemical disruption of the bacterial cytoskeleton using compound
Q22 alters the endotoxic potential of the bacteria, we stimulated differentiated THP-1 cells with WCLs,
known to be rich in LPS, prepared from cultures exposed to Q22. Pro-inflammatory cytokine responses
characteristic of those encountered within the host during BCC infection (TNFα and IL-1β) were
measured. Data demonstrated a variable strain-dependent increase in cytokine induction when cells
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were stimulated with lysates obtained from bacteria exposed to Q22, compared to those obtained
from untreated bacteria. This significant strain-specific increase was noted for both TNFα (Figure 3A;
p < 0.01) and IL-1β (Figure 3B; p < 0.05) responses for Q22-treated B. cenocepacia strain J2315, as well as
for TNFα (Figure 3A; p < 0.01) for Q22-treated B. cenocepacia strain LMG18829.

Figure 3. Cytokine responses of THP-1 cells, stimulated with Q22-treated and untreated preparations.
Cytokine responses at 6 h post-stimulation with whole cell lysates of BCC strains B. cenocepacia
J2315, B. cenocepacia LMG18829, B. multivorans LMG13010, and B. vietnamiensis LMG16232. (A) TNFα;
(B) IL-1β. TNFα responses at 6 h post stimulation with whole cell lysates, purified lipopolysaccharide
(LPS) (C), or purified peptidoglycan (PG) (D) from BCC strain B. cenocepacia J2315. Comparison of
profiles from cells stimulated with and without a CD14 antibody pre-incubation step (C). * p < 0.05.

To determine whether this strain-specific increase in pro-inflammatory response was
LPS-dependent, we pre-incubated THP-1 cells with a CD14 antibody prior to stimulation, to block
the TLR4-dependent stimulatory pathway used by LPS. The increased TNFα response observed with
B. cenocepacia J2315 Q22-treated lysates was not abolished with the CD14 antibody treatment, suggesting
the increased cytokine release was not LPS-driven (Figure 3C). This was further confirmed by observing
the TNFα response of THP-1 cells, stimulated with purified LPS extracted from B. cenocepacia J2315
cultures grown in the presence and absence of Q22. Results demonstrated no significant difference
in TNFα response, obtained by stimulation with B. cenocepacia J2315 LPS purified from treated and
untreated cultures (Figure 3C). This is in agreement with our finding that the LPS profile of B. cenocepacia
J2315 was not changed after Q22 treatment.

Peptidoglycan (PG) is a significant structural and immune-stimulatory component of the bacterial
cell wall, and could plausibly be affected by cytoskeletal disruption. To determine if the observed
increase in pro-inflammatory potential of the B. cenocepacia WCLs could be attributed to PG, we isolated
PG from two different BCC species, B. cenocepacia J2315 and B. multivorans LMG13010, each grown
in the presence and absence of 30 μg/mL Q22. The purified PG was subsequently used to stimulate
THP-1 cells, and TNFα responses were measured. Both BCC strains tested showed an increase in TNFα
production when the bacteria were exposed to 30 μg/mL Q22 prior to PG extraction, when compared
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to untreated controls; however, only the increase between the treated and untreated B. cenocepacia J2315
samples was statistically significant (p < 0.05) (Figure 3D).

2.5. Q22 Toxicity In-Vivo Studies in Zebrafish and Mouse Models

Preliminary experiments demonstrated negligible toxicity in THP-1 cells or CF primary bronchial
epithelial cells (data not shown) [14].

Ultimately, the potential for in-vivo toxicity must be considered when developing a compound for
antimicrobial use; therefore, we aimed to determine the effects of Q22 in vivo, utilising the zebrafish
embryo BCC infection model established by Vergunst and colleagues [15], and the BCC mouse lung
infection model optimised by Bragonzi and co-workers [16]. We aimed to extend the in vivo toxicity
testing in these models prior to Q22 infection protection assessment.

Zebrafish embryos, 30 h post-fertilisation, were incubated in different concentrations of Q22 in
embryo water. Whereas 100% of untreated control embryos and embryos incubated in 6.4 μg/mL
Q22 survived during a five-day observation period, a dose-dependent killing was observed with
higher doses of Q22 than were anticipated to be needed for antimicrobial effects (Figure 4; p < 0.0001).
A concentration of 64 μg/mL was lethal for the embryos on day five, but embryos started to die on
day three when incubated in embryo water with 640 μg/mL, a concentration that killed most of the
embryos on day four of the treatment. These results clearly indicate the toxicity of the compound
for zebrafish larvae, even at concentrations that are close to the appropriate bacterial, sub-lethal,
growth-permissive concentration of 30 μg/mL.

Figure 4. Toxicity of Q22 in the zebrafish embryo model. Zebrafish embryos were exposed to increasing
concentrations of Q22 (6.4 μg/mL; 64 μg/mL; 640 μg/mL) at 30 high power field and monitored for
survival for up to 120 h post-incubation. Data expressed as percentage survival.

Results of the preliminary toxicity study in mice demonstrated that mice exposed to higher
doses of Q22 100 mg/kg (Group 1) and 50 mg/kg (Group 2) after IT administration of Q22 were
moribund (could not right themselves after being placed in lateral recumbence), and thus were killed
and the experiment terminated (Table 3). Those mice exposed to the lower dose, 25 mg/kg Q22
(Group 3), demonstrated reduced mobility when compared with control mice during the first two
days of treatment, and lungs showed signs of inflammation and damage macroscopically after four
days. All control mice were healthy after treatment (Group 4). Based on these results suggesting
significant pulmonary toxicity, and in the interests of animal welfare, no further in-vivo experiments
were performed.
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Table 3. Toxicity of Q22 in the mouse model.

Group Dose Q22 (mg/kg) Results

1 100 Mice died immediately after intra-tracheal administration of Q22

2 50 Mice died immediately after intra-tracheal administration of Q22

3 25 Mice showed reduced mobility compared with controls during first
2 days after treatment. Lungs were inflamed and damaged after 4 days

4 0 Mice were healthy after treatment

Mice were injected IT with increasing concentrations of Q22 (25 mg/kg; 50 mg/kg; 100 mg/kg) and monitored for
up to 4 days post administration.

3. Discussion

Although the emergence of drug-resistant bacteria is a pressing issue, there are few antimicrobials
in development for the treatment of infections caused by these organisms [17]. We assessed the
bacterial cytoskeleton as a potential novel antimicrobial target, using the highly antibiotic-resistant
BCC as a model group of organisms. To target the bacterial cytoskeleton, we tested the A22-related
compound S-(4-chlorobenzyl) isothiourea hydrochloride (named Q22 in this study) as a potential
antimicrobial candidate, and measured phenotypic changes in the virulence traits of BCC. In addition
to the expected changes in growth and morphology observed with other Gram-negative bacterial
species [4,18,19], we also observed unexpected increases in resistance to H2O2-induced oxidative
stress and the pro-inflammatory potential of Q22 treatment in selected strains. BCC strains are known
to show a heterogeneity with other phenotypes, even across apparently clonal isolates [20]. Hence,
the variation herein appears consistent with these prior data.

We are unable to provide a mechanistic explanation for this increased resistance to H2O2-induced
stress in strain J2315. It is possible that the physiological changes in cell shape and structure may alter
the release or access to oxidative stress-related enzymes, such as catalases, which may vary between
strains. The concept of a drug treatment providing an opportunistic pathogen with the increased
capacity to combat ROS is a concern. This is highly relevant, as protection against ROS, such as
hydrogen peroxide, is important for the survival of BCC persister cells [21]. Persister cells are cells that
have entered a dormant, multidrug-tolerant state, and are thought to play a role in the recalcitrance of
biofilm-related infections in vivo.

Furthermore, in-vitro data generated during this study has suggested that Q22 treatment can
increase the pro-inflammatory potential of certain BCC. As Q22 has been shown to depolymerise MreB
in other Gram-negative organisms [22], it is possible that by depolymerising the bacterial cytoskeleton
of BCC, Q22 may alter the structure of important bacterial pathogen-associated molecular patterns
(PAMPs) located within the cell wall. Our data suggests that Q22 does not significantly affect the
structure of the LPS component of the outer membrane, but may have an effect on the PG component.
To confirm a role for PG in the changes in cytokine response of Q22-treated strains, we are currently
investigating the structure of PG extracted from Q22-treated bacteria.

Recently, Q22 has been described as a breakdown product of an antibacterial compound,
MAC13243, found to inhibit the bacterial lipoprotein targeting chaperone LolA, identified during a
chemical genome screen [23]. Saturation transfer difference (STD) NMR analysis revealed that Q22
directly interacts with LolA in vitro. Therefore, we must consider that potential interactions of Q22
with LolA may contribute to the phenotypic changes seen here.

In conclusion, we have shown that sub-inhibitory concentrations of Q22 can alter and affect
the phenotypic traits of certain BCC. Importantly, in contrast to earlier studies performed in vitro
(unpublished data), our studies demonstrate that Q22 is highly toxic for zebrafish larvae and mice,
which suggest that this compound is an unacceptable candidate for drug development for the treatment
of human disease.
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Furthermore, as destabilisation of the bacterial cytoskeleton using compounds such as Q22 can
lead to unexpected increases of in-vitro, virulence-related traits, we believe future development of
antimicrobials targeting the BCC bacterial cytoskeleton may be hampered if such effects translate into
the in-vivo environment of CF infection, and consider that caution must be taken. Future studies that
study a wider panel of isolates may help understand how widespread our observations are across the
BCC. Further studies to help our understanding of the mechanistic basis of this increased virulence are
imperative for developing alternative control strategies.

4. Materials and Methods

4.1. Ethics Statement

Mammalian studies were conducted according to protocols approved by the San Raffaele Scientific
Institute (Milan, Italy) Institutional Animal Care and Use Committee (IACUC), and adhered strictly
to the Italian Ministry of Health guidelines for the use and care of experimental animals. Zebrafish
(Danio rerio) were kept and handled in compliance with the guidelines of the European Union for
handling laboratory animals (http://ec.europa.eu/environment/chemicals/lab_animals/home_en.
htm). Studies performed at VBMI are approved by the Direction Départementale de la Protection
des Populations (DDPP) du Gard (ID 30-189-4). The experiments were terminated before the larvae
reached the free feeding stage and did not classify as animal experiments according to the 2010/63/EU
Directive. Approval date: 1 October 2014.

4.2. Bacterial Strains and Growth Conditions

The bacterial strains used in this study are included in the international BCC reference panel [20]
and are described in Table 1. BCC strains were grown at 37 ◦C in Luria-Bertani (LB) broth,
unless otherwise indicated. Q22, kindly provided by Prof. John Perry [8], was maintained in
methanol at 1 mg/mL and stored at −20 ◦C. Bacterial stocks were maintained at −80 ◦C as 20%
glycerol suspensions.

4.3. Q22 Treatment

Q22 treatment doses were based on sub-MIC concentrations, unless otherwise indicated [8].
To measure the effects of Q22 treatment on BCC cell morphology and growth, overnight bacterial
cultures were subcultured 1:500 into fresh LB broth, in the absence or presence of Q22, and incubated at
37 ◦C with shaking. LB broth was supplemented with Q22 at the 0 h timepoint. Samples were removed
at selected timepoints as indicated. BCC were additionally grown in the presence of corresponding
volumes of methanol, as a diluent control. A viable count of bacteria in cultures grown in the presence
and absence of Q22 was taken to confirm acceptable use of optical density as a measure of growth.
Scanning electron microscope images of the resulting cells were taken.

4.4. Hydrogen Peroxide (H2O2) Protection Assay

The ability of BCC strains to survive H2O2 exposure was measured, as previously described [10].
Briefly, BCC cultures were grown and shaken at 37 ◦C in LB, supplemented with Q22, diluent control
(methanol), or no supplementation until the late stationary phase. The optical density was determined
and samples were standardised to a concentration of 1 × 108 cfu. Each strain was treated with varying
H2O2 concentrations (0–20 mM) and incubated with shaking at 25 ◦C for 30 min. Control samples
received distilled H2O in place of the H2O2 treatment. Appropriate serial dilutions were plated in
triplicate on LB agar plates. Colonies were counted after 48 h incubation, and percentage survival
calculated by comparison with colony counts obtained from untreated samples.
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4.5. Isolation of Bacterial Whole Cell Lysates (WCLs)

Whole cell lysates (WCLs) were prepared as described, with additional modifications [24]. Briefly,
strains were grown overnight on Brain Heart Infusion (BHI) agar plates or in BHI broth to an optical
density of ~1.8 at 600 nm. Broth grown bacteria were harvested by centrifugation and washed once
with phosphate-buffered saline (PBS), to remove growth media and supplements prior to standardising
to an optical density of 0.2 at 600 nm. Bacterial suspensions were disrupted by sonication with a
Branson 150 sonifier (six cycles, 30 s on, 30 s off) and incubated with 200 μg/mL deoxyribonuclease II
(Dnase II) (Sigma-Aldrich, Saint Louis, MO, USA) at 37 ◦C for 1 h. WCLs were treated with 2 mg/mL
Proteinase K (Sigma-Aldrich) at 60 ◦C for 2 h, boiled for 20 min (inactivating Proteinase K), and stored
at −80 ◦C until required.

4.6. Purification of Lipopolysaccharide (LPS)

Lipopolysaccharide (LPS) was extracted and purified using a modified version of the hot-water
phenol method previously described [25]. Strains were grown to late log phase in nutrient broth
containing 0.5% yeast extract at 37 ◦C. Bacteria were harvested by centrifugation at 1000× g,
re-suspended in a minimal volume distilled water, and freeze-dried. Pellets were re-suspended
in distilled water and sonicated on ice. The resulting sonicated suspension was subjected to Dnase II
digestion (final concentration 200 μg/mL) at 37 ◦C for 2 h, followed by Proteinase K digestion (final
concentration 1 mg/mL) at 60 ◦C for 2 h. After boiling for 20 min, an equal volume was mixed with hot
phenol and incubated at 70 ◦C for 20 min with regular mixing. The suspension was cooled on ice and
centrifuged at 800× g. The water-soluble phase was removed and dialysed against repeated changes
of fresh distilled water for 72 h. Ultracentrifugation at 39,500× g for 6 h at 13 ◦C was undertaken, and
the supernatant was discarded. The resulting pellet was dissolved in a minimal volume of ultrapure
distilled water and freeze-dried. Protein and DNA contamination levels were assessed using a Pierce™
BCA Protein Assay (Thermo Scientific, Waltham, MA, USA) and UV spectrophotometry, respectively,
to ensure an LPS purity level of at least 95% was obtained. LPS samples were analysed by sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and visualised using a Pierce™
Silver Stain kit (Thermo Scientific).

After removal of organic solvents under a vacuum, the lipooligosaccharide (LOS) fraction was
precipitated from concentrated phenol solution with water; the precipitate was washed with aqueous
80% phenol, and then three times with cold acetone and then lyophilized. The LOS fractions were
analyzed by SDS-PAGE on 16% gels, which were stained with silver nitrate

4.7. Isolation of Lipid A

Free lipid A was obtained by hydrolysis of LOS (with 10 mM sodium acetate buffer pH 4.4,
(100 ◦C, 3 h). The solution was extracted three times with chloroform/methanol/H2O (100:100:30
v/v/v) and centrifuged (4 ◦C, 5000× g, 15 min). The organic phase contained the lipid A, and the
water phase contained the core oligosaccharide.

4.8. Matrix Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF) Mass Spectrometry

MALDI-TOF mass spectra of the intact LOS were recorded in the negative polarity on a Perseptive
(Framingham, MA, USA) Voyager STR equipped with delayed extraction technology. Ions formed by
a pulsed UV laser beam (nitrogen laser, λ = 337 nm) were accelerated by 24 kV.

LOS and lipid A sample preparation: R-type LOS MALDI preparation was performed as recently
reported in detail [26]. MALDI preparation of lipid A was performed as described [27]. Briefly,
samples were dissolved in chloroform/methanol (1:1 v/v), whereas matrix solution was prepared by
dissolving 2,4,6-trihydroxyacetophenone (THAP) in methanol/0.1% trifluoroacetic acid/acetonitrile
(7:2:1). A sample/matrix solution mixture (1:1 v/v) was deposited (1 μL) onto the MALDI plate and
left to dry at room temperature.

88



Int. J. Mol. Sci. 2018, 19, 1604

4.9. Purification of Peptidoglycan (PG)

Sacculi were isolated from BCC as described [28], with the following modifications. BCC cells
(800 mL) were grown to an optical density of 0.6 at 600 nm and harvested by centrifugation at 7500× g
for 15 min at 4 ◦C. The cell pellet was re-suspended in 6 mL of ice-cold sterile dH2O. The cell suspension
was added dropwise to 6 mL boiling 8% sodium dodecyl sulphate (SDS) solution. The solution was
boiled for a further 30 min, and the resulting cell suspension pelleted by centrifugation at 130,000× g
for 60 min at 25 ◦C. The pellet was washed repeatedly with dH2O until the supernatant was free of
SDS, as determined by a published assay [29].

4.10. Cell Culture

THP-1 human monocytes [30] were kindly donated by Prof. John Taylor and were maintained at
37 ◦C with 5% CO2 in RPMI-1640 medium (Sigma-Aldrich), supplemented with 10% foetal calf serum
(Sigma-Aldrich), 1% penicillin/streptomycin (Sigma-Aldrich) and 1% L-glutamine (Sigma-Aldrich).
To differentiate the monocytes into macrophage-like cells, 300 μL cells at a concentration of
0.5 × 106 cells/mL was transferred into 24-well tissue culture plates and incubated at 37 ◦C with
5% CO2 for 24 h in the presence of 2.5 ng/mL phorbol myristate acetate (PMA) (Sigma-Aldrich). Prior
to stimulation, the differentiated cells were washed with PBS.

4.11. Stimulation Assays and Cytokine Quantification

Differentiated THP-1 cell lines were stimulated for 6 h with either 12.5 μL/mL bacterial whole
cell lysate, 100 ng/mL LPS, or 100 μg/mL PG as indicated. Culture supernatants were harvested and
assayed for cytokine (TNFα and IL-1β) production using Human DuoSet® ELISA Kits (R&D Systems,
Abingdon-On-Thames, UK). Where indicated, differentiated THP-1 cells were pre-incubated with
CD14 antibody (Monosan, Uden, The Netherlands, Mon1108, final concentration 400 ng/mL) for 1 h
prior to stimulation.

4.12. Zebrafish Model

To determine the toxicity of compound Q22 in vivo, zebrafish embryos staged 30–32 h
post-fertilisation (hpf) were incubated with E3 embryo medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM
CaCl2, 0.33 mM MgSO4) containing increasing concentrations (0, 6.4 μg/mL, 64 μg/mL or 640 μg/mL)
of Q22. A stock solution of 6.4 mg/mL was freshly prepared in E3. Embryos, individually plated in
a 24-well plate (experiment 1: n = 10 per treatment), or in groups of 10–20 embryos in 6-well plates
(experiment 2: n = 40 per treatment; experiment 3: n = 50 per treatment) were incubated at 29 ◦C.
Embryos were observed for five days post-administration, and embryo death was determined by the
absence of a heartbeat.

4.13. Mouse Model

To determine the toxicity of compound Q22 in mammals, 8–10 week old male C57BL/6NCr mice,
20–22 g, from Charles River Laboratories, were housed in filtered cages under specific pathogen-free
conditions, and permitted unlimited access to food and water. Groups of two mice were inoculated
via the intratracheal (IT) route with varying doses (100 mg/kg; 50 mg/kg; 25 mg/kg) of Q22 dissolved
in 60 μL distilled dH2O. Control animals were exposed to 60 μL dH2O as a negative control. For
IT injection, mice were anesthetized by an intraperitoneal injection of Avertin (2,2,2-tribromethanol,
97%) in 0.9% NaCl, administered at a volume of 0.015 mL/g body weight. Mice were placed in a
supine position. The trachea was directly visualised by ventral midline, exposed and intubated with a
sterile, flexible 22 g cannula attached to a 1 mL syringe. After compound administration, moribund
mice (those that could not right themselves after being placed in lateral recumbence) were killed
before termination of the experiments. Remaining groups of mice were monitored twice daily for
the parameters: vocalisation, piloerection, attitude, locomotion, breathing, curiosity, nasal secretion,
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grooming, and dehydration. Mice that lost >25% of their body weight and had evidence of severe
clinical disease, such as scruffy coat, inactivity, loss of appetite, poor locomotion, or painful posture,
were sacrificed before the termination of the experiments with an overdose of carbon dioxide. Mice
were sacrificed by increasing CO2 administration, and lungs were harvested and observed for damage
and inflammation.

4.14. Statistical Methods

Statistical analysis was performed using a paired t-test where appropriate. Differences with p
values of <0.05 were considered statistically significant. For zebrafish survival studies, the data were
plotted using Kaplan–Meier survival curves (Prism GraphPad software version 6.03), and statistical
significance was determined with a log rank test.
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Abstract: Burkholderia cenocepacia is an important opportunistic pathogen in cystic fibrosis (CF)
patients, and has also been isolated from natural environments. In previous work, we explored
the virulence and pathogenic potential of environmental B. cenocepacia strains and demonstrated that
they do not differ from clinical strains in some pathogenic traits. Here, we investigated the ability
of the environmental B. cenocepacia Mex1 strain, isolated from the maize rhizosphere, to persist and
increase its virulence after serial passages in a mouse model of chronic infection. B. cenocepacia
Mex1 strain, belonging to the recA lineage IIIA, was embedded in agar beads and challenged
into the lung of C57Bl/6 mice. The mice were sacrificed after 28 days from infection and their
lungs were tested for bacterial loads. Agar beads containing the pool of B. cenocepacia colonies
from the four sequential passages were used to infect the mice. The environmental B. cenocepacia
strain showed a low incidence of chronic infection after the first passage; after the second, third
and fourth passages in mice, its ability to establish chronic infection increased significantly and
progressively up to 100%. Colonial morphology analysis and genetic profiling of the Mex1-derived
clones recovered after the fourth passage from infected mice revealed that they were indistinguishable
from the challenged strain both at phenotypic and genetic level. By testing the virulence of
single clones in the Galleria mellonella infection model, we found that two Mex1-derived clones
significantly increased their pathogenicity compared to the parental Mex1 strain and behaved
similarly to the clinical and epidemic B. cenocepacia LMG16656T. Our findings suggest that serial
passages of the environmental B. cenocepacia Mex1 strain in mice resulted in an increased ability to
determine chronic lung infection and the appearance of clonal variants with increased virulence in
non-vertebrate hosts.

Keywords: Burkholderia cenocepacia; mice; environmental; chronic infection; adaptation; lung tissues;
Galleria mellonella

1. Introduction

Cystic fibrosis (CF) is the most common lethal autosomal recessive disease in Caucasians,
with an incidence of approximately 1 in 2500 live births and a prevalence of approximately 100,000
CF patients worldwide [1]. The disease is caused by mutations in the cystic fibrosis transmembrane
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conductance regulator (CFTR) gene, that encodes a chloride channel localized in both secretory and
absorbing epithelia. CFTR dysfunction results in abnormal transport of sodium and chloride ions
across epithelia affecting the composition of secretions in the lung, gastrointestinal tract, pancreas,
liver and other secretory glands. In the airways, CFTR mutations result in a dehydrated viscous
mucus that compromises mucociliary clearance and predisposes CF patients to chronic bacterial
infections and airway inflammation [2,3]. Life expectancy in CF has improved dramatically in the last
few decades, with the median predicted survival age of people born between 2012 and 2016 now
43 years [4]; however, pulmonary infections remain the major cause of morbidity and mortality in
people with CF [5].

The CF respiratory tract is a highly diverse and complex ecosystem with a high heterogeneity
due to the various environmental conditions [6]. As suggested by Conrad and colleagues [7],
resources are limited in the CF lung, and ecologically diverse populations can evolve. Typically,
after a period of intermittent colonization of the lung, bacterial infections in CF rapidly become
chronic with bacteria persisting until the end of the disease. It is thought that bacterial strain(s) adapt
to the CF niche by changing their phenotype(s) and genotype(s) [8,9]; in particular, the persisting
pathogens can adapt to disease−specific environmental factors such as anaerobic mucus layers [2],
the pressure of the innate immune defence system of the immunocompetent host [3], and aggressive
antibiotic therapies administered during the chronic phase of the infection [10]. In accordance with
this hypothesis, when newly acquired bacterial strains from the environment are re-isolated after
a period of infection in CF lungs, their virulence and pathogenicity differ, as demonstrated for
Pseudomonas aeruginosa [11]. The adaptation process aims to increase the fitness/survival of bacteria in
CF lungs and is generated by the activation of a specific genetic program that can guarantee bacterial
genetic variability in stressful conditions [12]. This process ultimately results in therapy resistance,
a trait that contributes to the progression of the lung disease, the major cause of morbidity and
mortality in CF. To date, bacterial adaptation in CF has been widely described for P. aeruginosa; this
bacterium appears to undergo a characteristic adaptation process resulting in the production of
genetically and phenotypically diverse strains [13]. In this context, there is alarming evidence of
an increase in transmissible epidemic strains in major European centers with transmission observed
between unrelated CF patients [14,15]. Transmission between patients has been widely documented
for B. cenocepacia [16], however, our knowledge on the generation of transmissible strains is still
lacking. Among the Burkholderia cepacia complex (Bcc) species, B. cenocepacia is especially problematic
in CF patients [16–18]. Colonization of the lungs of CF patients by these bacteria is associated with
a decrease in long-term survival and, occasionally in a minority of patients, the development of
the so-called “cepacia syndrome”, that leads to a frequently fatal acute clinical decline [17]. Several
studies have revealed that B. cenocepacia is widespread in natural habitats such as the rhizosphere
of several crop plants, where it represents one of the predominant Bcc species [19–21]. Additionally,
it has been reported that B. cenocepacia from natural environments are indistinguishable from clinical
isolates [22,23] suggesting that humans may acquire Bcc directly from natural environments [21,24].
In support of this hypothesis, candidate determinants related to virulence and transmissibility are not
confined solely to clinical B. cenocepacia isolates but are also spread among environmental B. cenocepacia
isolates [25–27]. However, understanding of the adaptation process of environmental B. cenocepacia
strains to the CF airways is still poor [28]; and whether and how B. cenocepacia environmental strains adapt
to the airways of CF airways remains to be clarified. No data are available on the ability of environmental
B. cenocepacia strains to adapt to the CF host. Several years ago, Chung and colleagues [29] showed
that B. cenocepacia strains convert from a nonpersistent to a persistent phenotype in a mouse model
of pulmonary infection. In previous work, we explored the virulence and pathogenic potential of
environmental B. cenocepacia strains and demonstrated that they do not differ from clinical strains
in some pathogenic traits showing a similar capacity to maintain a chronic respiratory infection
due to the production of similar virulent factors [26]. Furthermore, although environmental strains
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appear to be less invasive than the clinical ones in polarized CF epithelial cells, they similarly affect
epithelia integrity by modulating the presence and distribution of the tight junction protein ZO-1 [27].

In this work, we investigated the host’s role on B. cenocepacia adaptation and pathogenicity.
We focused our attention on the environmental strain Mex1, belonging to B. cenocepacia IIIA. It was
collected from the rhizosphere of maize cultivated in a field in Mexico and had previously been
characterized for its pathogenicity in vitro and in vivo [26,27]. Notably, in a mouse model of chronic
infection, the Mex1 strain caused an extensive inflammatory cell infiltrate in the lung tissues, and has
shown a similar capacity to maintain a chronic respiratory infection as the clinical strain LMG16656T,
probably due to production of similar virulent factors in strains of different origin [26]. In view of
the fact that B. cenocepacia IIIA, among the Bcc species as well as the other recA lineages of B. cenocepacia
species, is particularly problematic for CF patients, we set up a mouse model of chronic infection
to investigate the microbe-host interaction of the environmental strain IIIA. Thus, we carried out
serial passages of the environmental B. cenocepacia Mex1 in mice, with each round of infection lasting
28 days. Next, we evaluated the ability of the rescued bacteria to adapt to the murine lung tissues
and to establish new chronic lung infections. Phenotypic analysis, genetic profiling and virulence of
the Mex1-derived clones were also investigated.

2. Results

2.1. Characteristics of B. cenocepacia Mex1 Strain

The environmental strain Mex1, belonging to B. cenocepacia IIIA, was collected from
the rhizosphere of maize cultivated in a field in Mexico [26]. Its main characteristics are reported
in Table 1. The environmental strain has already shown pathogenic potential in both in vitro and
in vivo models [26], a dramatic effect on tight junction integrity and on the presence and distribution of
the tight junction protein ZO-1 in CF epithelial monolayers [27]. B. cenocepacia Mex 1 strain is also able
to form biofilms in nutrient-rich media and can adhere to an abiotic surface as the clinical LMG16656T

strain [30,31].

Table 1. Characteristics of B. cenocepacia Mex1 strain.

Isolate
Name

Origin
Sequence
Type (ST)

Cci-Encoded
Genes

CF and Non-CF
Epithelial Cells

Transepithelial
Resistance (TER)

References

Mex1 maize rhizosphere
(Mexico) 423 positive low-level

invasion
strong disruption of

tight junction integrity [26,27]

2.2. Serial Passages of the Environmental B. cenocepacia Mex1 in Mice

We established sequential chronic infection in C57Bl/6 mice with B. cenocepacia Mex1 strain
embedded in agar beads. The schedule of experiments is reported in Figure 1. As previously reported,
the agar beads mimic the microaerobic/anaerobic environment that allows bacteria to grow in the form
of microcolonies and in the mucus of CF patients [2,32]. Sequential infections were established in
two groups of C57Bl/6NCrlBR mice challenged with 1.5 × 107 colony-forming units (CFU)/lung and
the infection was followed for almost one month (P1) (Figure 1).

At 28 days from the first challenge (P1), the incidence of chronic B. cenocepacia colonization was
30% in the first group of mice and 41.67% in the second group, with no significant difference between
the two groups of mice, confirming previous findings [26,30] (Figure 2A). No mortality was observed
and the median value of CFU recovered after 28 days was 7.12 × 105 and 1.06 × 105, in the first
and second group of mice, respectively (Figure 2B). For the second passage (P2), 192 single colonies
recovered from two infected mice (96 colonies for each mice) were re-grown in vitro separately in
a 96-well plate. All 96 colonies were pulled for two different agar bead preparations and injected in
two groups of mice, respectively. The same procedure for colony isolation and agar beads preparation
was followed for the third and the fourth passages of chronic infection (P3 and P4) (Figure 1).
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Figure 1. Schedule of sequential chronic B. cenocepacia lung infection in mice. Two groups of
C57Bl/6NCrlBR mice (n = 8–12) were inoculated with 1.5 × 107 CFU/lung of B. cenocepacia Mex1
strain embedded in agar beads for 28 days (P1). After 28 days, single colonies were recovered from
two groups of infected mice and were re-grown separately; then, they were pulled for two different agar
bead preparations and injected in two groups of mice (n = 8–9) (P2). The third and the fourth passages
in mice (n = 8–9) (P3 and P4) were carried out as P2 for 28 days each.

At the second serial passage in mice (P2), the percentage of infected mice increased significantly to
89% in one group and 75% in the second group (Fisher exact test: p = 0.0083 P1 vs. P2). Then, the third
and fourth passages (P3 and P4) carried out as described above led to an increase in the percentage of
infected mice of between 89% and 100%, respectively (Chi-square Test: p = 0.0002 P1 vs. P3; p = 0.0001
P1 vs. P3 and P4) (Figure 2A). There was no significant difference between the median value of CFU
recovered from the first to the fourth passages in the sub-group of mice maintaining the infection and
ranging between 1.14 × 105 and 1.32 × 106 CFU/lung (p value = 0.446 P1 vs. P4) (Figure 2B).
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Figure 2. Virulence of B. cenocepacia Mex1 after sequential passages in mice. C57Bl/6 mice were infected
for four sequential passages by bacteria collected from each passage of 28 days. At each passage
mice were sacrificed and evaluated for CFU and percentage of infected mice. (A) The percentage
of chronically infected mice at different passages. (B) The number of CFU of B. cenocepacia per lung
at different passages. Dots represent individual mice measurements and horizontal lines represent
the median values. Two groups of 8–12 mice were analyzed for each passage. Statistical significance is
indicated: ** p < 0.01, **** p < 0.0001.

2.3. Phenotypic and Molecular Characterization of Mex1 Adapted to Murine Lungs

Phenotypic and molecular characterization of bacterial isolates recovered after the fourth passage
in mice was carried out, in order to determine whether phenotypic or genetic adaptation occurred.
We examined the persistent variants isolated from two groups of eight and nine chronically
infected mice after the fourth sequential passages when the percentage of infected mice increased
to 100%. Growth on Burkholderia cepacia selective agar (BCSA) and genetic profiling by random
amplified polymorphic DNA (RAPD) analysis confirmed that the bacteria recovered were genetically
indistinguishable from the initially challenged Mex1 strain (Figure 3).
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Figure 3. Random amplified polymorphic DNA (RAPD) fingerprints of the B. cenocepacia Mex1
challenge and some of its persisting colonies isolated from infected mice. (A) The polymorphisms
were generated using RAPD primer 270. From left to right: L123, 123-bp molecular size marker
ladder; Mex1 strain; clone 410801; clone 410807; clone 410808; negative control. (B) The dendrogram
showing the clonal relatedness of some persisting colonies, performed with the Unweighted Pair Group
Method with Arithmetic mean (UPGMA) by using mathematic averages algorithm programs integral
to the Phoretix 1D Pro software. Lanes 2–5: Mex1 strain; clone 410801; clone 410807; clone 41080.

B. cenocepacia Mex1 strain and its derivatives were finally tested by PCR for the presence
of the cable pilin subunit gene (cblA), encoding the cable pilus. Both the parent and the Mex1
derivative strains were negative for cblA gene, while only the clinical B. cenocepacia strain LMG 16656
was found positive (data not shown). No differences in biofilm formation (Figure 4) or colonial
morphology (Figure 5) between the parental Mex1 and Mex1-derived clones were observed.
Indeed, the mucoid colonial morphology, as assessed on yeast extract mannitol (YEM) agar plates,
that correlates with higher levels of EPS production, appeared to be a distinct feature of the Mex1
strains as well as their derivative clones.

Figure 4. Biofilm formation of Mex1 and some of its derivatives in microtiter plate assay. No significant
difference among Mex1 and its derivative clones was found (p > 0.05, One-way ANOVA). The clinical
LMG16656T formed a higher biofilm in comparison with Mex1 (p = 0.0311, Student’s t-test). The amount
of biofilm was quantified by Crystal Violet staining. Absorbance was measured at 595 nm.
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Figure 5. Colonial morphology of Mex1, its derivative (41818 clone as an example) and the clinical
B. cenocepacia LMG16656T on YEM agar. Strains were grown at 37 ◦C for 48 h.

2.4. Survival and Relative Bacterial Loads of Mex1 and Its Derivative Clones in Infected G. mellonella Larvae

The G. mellonella model is a valuable experimental system for determining the virulence
properties of B. cepacia complex genetic mutants [33]. Thus, Mex1 and its derivatives recovered
after the fourth passage in mice were screened for their ability to kill G. mellonella wax moth
larvae. The resulting data were analyzed by determining the percentage survival of the infected
larvae (Figure 6) and by the Kaplan-Maier method (Figure 7). As expected, the environmental Mex1
strain was significantly less virulent than LMG16656 as assessed by the log-rank test (p = 0.0106),
demonstrating that the G. mellonella assays were suitable to identify differences in the virulence of
B. cenocepacia strains. Overall, most of the Mex1-derived clones were not significantly different from
the parental Mex1 strain, with two exceptions—strains 41803 and 41818—that appeared to be more
virulent than Mex1 (Figure 6B).

Figure 6. Percent survival of G. mellonella following inoculation with Mex1, Mex1-mouse persistent
derivatives and the clinical LMG16656T. The B. cenocepacia strains are indicated on the right: Mex1, thick
dashed line; LMG16656, thick dotted line. Y-axis, percent survival of larvae infected with the indicated
bacterial strains; X-axis, time post infection (days). Mex1-mouse persistent derivatives were recovered
from two groups of eight and 9 C57Bl/6 male mice, and coded as 40 (A) and 41 (B), respectively.
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Figure 7. Kaplan-Meier survival plots of larvae injected with the indicated strains. (A) The killing
ability of Mex1 compared with that of 41803 and 41818 Mex1-derived clones. (B) The killing ability of
LMG16656 compared with that of 41803 and 41818 Mex1-derived clones. Y-axis, percent survival of
larvae; X-axis, time (days) post infection. Statistical analysis was performed by log-rank test.

Accordingly, the Kaplan-Meier survival and the log-rank test showed a significantly higher
virulence of these two strains respect to Mex1, with p = 0.0156 and p = 0.0087 for 41803 and 41818,
respectively, while comparison with LMG16656 revealed no significant differences (p > 0.05) (Figure 7).
Subsequently, the 50% lethal dose (LD50) causing 50% death of infected larvae was determined.
Results indicated that the two reference strains, Mex1 and LMG16656, showed LD50 values
equal to 250 and 166, respectively. The Mex1-derivatives were more variable with LD50 ranging
from 25 (41821) to 500 (41819). The clones 41803 and 41818 were characterized by low LD50 values,
59 and 38 respectively.

Overall, we have demonstrated that the Mex1 derivative clones showed a different degree of
virulence in comparison with the parental strain. In particular, strains 41803 and 41818 were both
significantly more virulent than the parental Mex1 strains, with a virulence degree comparable to that
of the clinical LMG16656T strain.

3. Discussion

B. cenocepacia strains occur naturally in a wide range of environments and are able to persist in
human hosts, suggesting that the virulence factors needed to colonize animals and other habitats
are similar [34]. Among the natural environments, the rhizosphere is a huge reservoir for bacterial
species and a source of human pathogens, due to the enhanced biomass and microbial activity
as a result of exudation compounds from the roots [35]. In particular, the maize rhizosphere has
a strong influence on the specific host—B. cenocepacia interactions, and represents a privileged
environment of BCC strains [36,37]. It can also be considered as a reservoir for opportunistic
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human pathogenic bacteria [24]. Interactions with plant roots might pave the way for bacterial
adaptation to mammalian and human cells [35]. In this study, we aimed to investigate whether
the rhizosphere B. cenocepacia Mex1 strain, that showed a low level of virulence in vivo [26], can increase
its fitness in mice establishing niche adaptation through serial passages in a murine model.

Among the genetic lineages of B. cenocepacia species, recA lineage IIIA appears to have global
distribution, predominantly among patients with CF, with high transmissibility and a high mortality
rate [23,38,39]. Mex1 constitutes a rare environmental B. cenocepacia IIIA strain, isolated from the maize
rhizosphere in Mexico [26,27]. Mex1 has a unique sequence type (ST), the ST 423, but genetically it
is closely related to internationally spread clones as it belongs to the clonal complex 31, the largest
clonal complex of all STs reported in the Multi-Locus Sequence Typing (MLST) B. cepacia complex
database [16]. Until now, the adaptation process of B. cenocepacia to the host environment has been
investigated for clinical isolates only [40] and, despite the description of several virulent factors,
understanding is still poor [41]. Considering environmental B. cenocepacia strains, increased fitness
of the B. cenocepacia HI2424 strain, belonging to the recA lineage IIIB, has been shown suggesting
the adaptation of a soil isolate to the onion model [42]. In this case, B. cenocepacia adaptation was
associated with reduced virulence and a loss of pathogenicity to the nematode C. elegans. The large,
multireplicon genome and the presence of insertion sequences confer genome plasticity that could
explain the versatility of B. cenocepacia bacteria and their ability to rapidly adapt to new niches [28].
Environmental strains have defense mechanisms that confer to them a survival advantage in this niche
and they have been shown to infect various hosts, including mammals, nematodes and plants [43].

This study revealed that the rhizosphere B. cenocepacia Mex1 strain, with a low virulence in mice,
increased its ability to cause a chronic lung infection following serial passages in mice that adapt to
“local environmental” conditions in the murine lung tissues and establish chronic infections in almost
all the infected mice. Our results suggest that chemical-physical characteristics of the host play a role in
the selection of virulent bacteria. The phenotypic and genotypic tests we performed did not reveal any
differences between strains. Colonial morphology revealed that the phenotype of the Mex1-derived
clones recovered from infected mice were indistinguishable from the challenge strain. Our findings
suggest that the Mex1 strain and its derivative clones were mucoid, in agreement with results obtained
by Zlosnik and colleagues [44], who suggested that the capacity to elaborate EPS may be critical for
survival in the environment, the natural niche of B. cepacia complex bacteria. Serial passages in mice
did not determine any phenotypic switching from to nonmucoid to mucoid forms, as that of clinical
and virulent B. cenocepacia strains. Also, no differences were observed in the genetic fingerprinting of
the parental and the Mex1-derived clones. At any rate, RAPD analysis does not exclude the possibility
that point mutations, such as SNPs or other point mutations, may have occurred [45].

When we evaluated the virulence of Mex1-derived clones in the G. mellonella larvae infection
model, two Mex1-derived clones with a virulence degree more similar to that of the clinical and
epidemic LMG16656 strain were found, suggesting adaptation to mice and the acquisition or
differential expression of virulence factors. G. mellonella is an excellent model for assessing the virulence
for a range of microorganisms and provides a rapid and cost-effective alternative for screening a large
number of bacteria [46]. The wax moth larvae infection model has recently gained popularity in
Burkholderia research and has been employed to compare virulence among different BCC species [33].
Recently, it was used to assess the efficacy of the combination therapy (tobramycin with econazole or
miconazole) for B. cenocepacia [47]. From our results, we can speculate that the ability of B. cenocepacia
to survive and replicate in various growth niches is due to the high genomic plasticity of this bacterial
species and to the expression of host specific virulence factors. When properly regulated, this may help
it to compete for survival in different settings [41]. As also suggested by Koskiniemi and colleagues [48],
following growth inside a host selection can benefit bacterial mutants through an altered expression of
virulence genes that better suit the environment of the host.
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4. Materials and Methods

4.1. Bacteria and Culture Conditions

The bacterial strain used in this study and its properties are shown in Table 1.

4.2. Ethical Statement

Animal studies adhered strictly to the Italian Ministry of Health guidelines for the use and care of
experimental animals. This study was conducted according to protocols approved by the Institutional
Animal Care and Use Committee (IACUC, protocol #369 of 28 July 2008) of the San Raffaele Scientific
Institute (Milan, Italy).

4.3. Sequential Infection in Mice

Mex1 was included in the agar beads prepared according to the previously described method [26].
Briefly, bacteria were cultured overnight in nutrient broth (NB) at 37 ◦C to the stationary phase.
For agar beads preparation in P2–P4, bacteria isolated from plates were grown in NB broth in a 96-well
plate at 37 ◦C overnight, pooled and centrifuged at 4000 rpm for 10 min. The cells were harvested
by centrifugation and re-suspended in 1 mL of PBS (PH 7.4). Bacteria were added to 9 mL of 1.5%
NA and subsequently pipetted forcefully into 150 mL of heavy mineral oil, which was kept at 50 ◦C
for bead preparation. The size of the beads was verified microscopically and only those preparations
containing beads of 100 μm to 200 μm in diameter were used. The number of B. cenocepacia CFU in
the beads was determined by plating serial dilutions of the homogenized bacteria-bead suspension on
NA plates. The two groups of 8 and 12 C57Bl/6 male mice (Charles River), 6–8 weeks old (20–22 g)
were injected with 1.5–2.0 × 107 CFU/lung and the infection was followed for 28 days. Before
infection, mice were anesthetized as previously described [30]. After infection, mice were monitored
daily for the following clinical signs: coat quality, posture, ambulation, hydration status, and body
weight. After 4 weeks, mice were sacrificed, and the lungs were homogenized. Serially diluted lung
homogenate samples were plated on NA and the viable cell counts of B. cenocepacia were evaluated.
Bacterial strains were recovered and the percentage of infected mice was evaluated. Recovery of >1000
CFU from lung cultures was indicative of chronic infection. Next, for the second passage, 192 single
colonies recovered after 28 days, from two groups of infected mice were re-grown separately in 96 well
plates. Then, they were pooled for two different agar bead preparations and injected in two groups
of mice (n = 8–9, respectively). Thereafter, third and fourth passages in mice were carried out as
described above.

4.4. Molecular Characterization of Mex1-Derived Clones

4.4.1. Random Amplified Polymorphic DNA (RAPD) Fingerprinting

The environmental B. cenocepacia Mex1 strain and its persisting derivatives recovered from infected
mice were genetically typed by random amplified polymorphic DNA (RAPD) analysis, as previously
described [49]. Each strain was tested in triplicate, and the entire experiment was repeated three times
to verify the RAPD reproducibility. The generated fingerprints were analyzed using the Quantity
One software package (Bio-Rad Laboratories, Milan, Italy) and Phoretix 1D PRO software (Phoretix
International, Newcastle upon Tyne, UK). The Dice coefficient index was used as similarity measure.
The dendrogram was created within Phoretix 1D Pro software by using the unweighted pair group
method with arithmetic averages (UPGMA) method.

4.4.2. PCR Amplification of cblA Gene

The 664-bp cblA DNA coding for the cable pilus was amplified with the primers CBL1 and CBL2,
according to the procedure described by Clode and colleagues [50].
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4.5. Biofilm Formation

Biofilm formation was assessed using the 96-well plate assay and staining the sessile and
adherent cells with crystal violet (CV) as described previously [51], with minor modifications [28].
B. cenocepacia strains (Mex 1, Mex1-derived clones and the clinical LMG16656T) were inoculated from
pure cultures grown in M9 minimal medium to mid-exponential (OD600 ~0.5) phase into at least
6 wells of flat-bottomed 96-well polyvinyl chloride microtiter plates (Greiner Bio-one, Frickenhausen,
Germany). Biofilm biomass was quantified by crystal violet staining. Absorbance was measured
at 595 nm using a Victor3 multilabel counter (Perkin-Elmer, Milan, Italy). Each strain was tested in
triplicate, and the entire experiment was repeated three times.

4.6. Growth on YEM Yeast Extract-Mannitol (YEM) Agar

Overnight cultures of bacteria were harvested, standardized to an OD590 of 1.0 in PBS,
and adjusted to approximately 5 × 106 CFU·mL−1. This bacterial suspension was used to
inoculate (via a sterile pipette tip) yeast extract medium (YEM; 0.5 g of yeast extract L−1 and 4 g of
mannitol L−1 supplemented with 15 g of agar L−1) agar plates. Plates were incubated at 37 ◦C for 48 h
prior to measuring the capacities of isolates to elaborate EPS.

4.7. Screening of Mex1-Derived Clones in the G. mellonella Model

The G. mellonella infection assay was carried out as described by Uehlinger and colleagues [52]
with minor modifications. Overnight bacterial cultures were grown in Luria–Bertani (LB) broth, diluted
1:100 in the same medium and grown to an optical density at 600 nm (OD600) of 0.4. Cultures were
pelleted, resuspended in 10 mM MgSO4 plus 1.2 mg/mL ampicillin and adjusted to OD 600 = 1. A 5-μL
aliquot (approximately 1 × 106 CFU/mL) was injected into the hindmost left proleg. For 50% lethal
dose (LD50) experiments, a series of 10-fold serial dilutions containing from 106 to 0 bacteria were
injected into G. mellonella larvae. Ten to fifteen healthy larvae were injected for each strain and
incubated in Petri dishes at 30 ◦C in the dark. The number of live and dead larvae was scored 24, 48
and 72 h after infection; dead larvae were those that did not move in response to touch. All the tests
were performed in triplicate. Control larvae were injected with 5 μL of buffer only.

4.8. Statistical Analysis

In vivo data were statistically analyzed by using GraphPad Prism. Data analysis was performed
using a non-parametric two-tailed Mann-Whitney U-test for single comparison for CFU counts.
Incidences of chronic colonization were compared using Fisher exact test. Differences were considered
statistically significant at p values < 0.05.

Biofilm data were analyzed using One-way ANOVA (Prism GraphPad version 6.0 Software Inc.,
San Diego, CA, USA), considering p < 0.05 as the limit of statistical significance.

The Kaplan-Meier curves were used to compare the survival of groups of larvae injected with
the B. cenocepacia strains. Differences in survival were calculated by using the log-rank test. LD50 (CFU)
value of each strain was calculated by fitting a linear regression. Survival and LD50 were performed
using Prism GraphPad version 6.0. A p-value of <0.05 was considered to be statistically significant.

5. Conclusions

The present study evaluated the ability of the environmental B. cenocepacia Mex1 strain, isolated
from maize-rhizosphere, to persist and increase its virulence by serial passages during long-term
chronic airways infection in mice. In conclusion, we found that the environmental B. cenocepacia
strain increased its capacity to cause a chronic lung infection after serial passages in mice, adapting to
the local environmental conditions of murine lung tissues and establishing chronic infection. However,
how environmental bacteria adapt in the complex and variable environment of the host is still largely
unknown. Clonal variants with increased virulence in non-vertebrate hosts were found. However,
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in-depth characterization of Mex1 derivative clones by whole-genome sequencing and comparative
bioinformatics analysis is necessary to understand whether intraclonal diversification occurred;
this could lead to new targets for future anti-B. cenocepacia treatment strategies. Understanding
the mechanisms of niche specialization of environmental strains and identifying the common targets
of adaptation to the lung environment will allow us to evaluate the potential risk of infection with
opportunistic pathogens.
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Abstract: In recent years, next-generation sequencing (NGS) was employed to decipher the structure
and composition of the microbiota of the airways in cystic fibrosis (CF) patients. However, little is
still known about the overall gene functions harbored by the resident microbial populations and
which specific genes are associated with various stages of CF lung disease. In the present study,
we aimed to identify the microbial gene repertoire of CF microbiota in twelve patients with
severe and normal/mild lung disease by performing sputum shotgun metagenome sequencing.
The abundance of metabolic pathways encoded by microbes inhabiting CF airways was reconstructed
from the metagenome. We identified a set of metabolic pathways differently distributed in
patients with different pulmonary function; namely, pathways related to bacterial chemotaxis and
flagellar assembly, as well as genes encoding efflux-mediated antibiotic resistance mechanisms
and virulence-related genes. The results indicated that the microbiome of CF patients with low
pulmonary function is enriched in virulence-related genes and in genes encoding efflux-mediated
antibiotic resistance mechanisms. Overall, the microbiome of severely affected adults with CF seems
to encode different mechanisms for the facilitation of microbial colonization and persistence in
the lung, consistent with the characteristics of multidrug-resistant microbial communities that are
commonly observed in patients with severe lung disease.

Keywords: cystic fibrosis; lung disease; lung microbiome; shotgun metagenomics; bioinformatics;
metabolic pathways; virulence genes

1. Introduction

Subjects affected by cystic fibrosis (CF) experience a progressive loss of pulmonary functions
accompanied by an increased burden of chronic infections. The respiratory microbial composition is
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particularly relevant for patients with CF. In fact, bacterial lung infections reduce life expectancy in
patients with CF (the median predicted survival age is equal to 41.6, as reported in the Cystic Fibrosis
Foundation Patient Registry [1]), and represent the primary cause of morbidity and mortality in CF
patients [2]. In the last decade, the emergence of high-throughput sequencing approaches, coupled
with the development of new bioinformatics pipelines designed to cope with metagenomics data,
has revolutionized the study of complex bacterial communities such as the airway microbiota of
CF patients, thereby improving our understanding of this largely unknown “microbial black-box”.
This understanding of how a bacterial community changes over time and over the course of CF disease
progression has revealed a different bacterial community structure upon pulmonary exacerbations
(such as a reduced bacterial diversity and an increasingly conserved community composition) coupled
with a decline in pulmonary health, antibiotic treatment, and patient age [3–11]. No overall changes
in total bacterial density with exacerbation was observed [12], suggesting that shifts in the relative
abundance of bacterial community members, rather than changes in total bacterial density, are more
likely to be associated with alterations in clinical state [12].

In previous studies [13,14], we provided new insights into the features of the bacterial communities
of patients with CF, improving our current knowledge about the airway microbiota composition
and polymicrobial interactions in patients following a severe decline in lung function and with
different lung disease statuses (normal/mild vs. moderate vs. severe). Although the description
of taxonomic groups colonizing the airways of CF patients has helped in the understanding of how
bacterial species change during disease progression, the overall gene content harbored by these
communities remains largely unknown. Since metabolic and functional features of a microbial species
are the dominant factors determining its ability to survive in a given environment (e.g., CF patients’
lungs) [15], untargeted metagenomic approaches may provide deep insights into the microbial CF lung
metagenome, permitting the identification of gene sets involved in functional pathways associated
with a worsening clinical condition [16].

In the present study, we performed a deep metagenomic investigation to probe the lung
microbiome of twelve CF patients with mild (Forced expiratory volume in one second (FEV1) > 70%)
and severe (FEV1 < 40%) lung disease. We aimed to investigate whether patients with different disease
severities may indeed have a different representation of “keystone genes” in their lung microbiota.
To the best of our knowledge, only a few works have already inspected the CF microbiome through
shotgun metagenomes, and most of them are case reports on a limited number of patients [17,18]
or on specific metabolic functions [19]. Moving away from taxonomic inventories towards a better
understanding of CF microbiome genes opens a new avenue for the identification of the microbial
gene repertoire associated with CF lung disease.

2. Results

2.1. Clinical Characteristics of Enrolled Patients and Culture-Based Diagnostic Microbiology

The clinical status of the individual subjects is reported in Table 1. The study cohort includes
twelve patients (aged 18–46 years; median = 28) with CF who were in stable clinical conditions, without
any pulmonary exacerbation and not undergoing antibiotic therapy (i.v. or oral) in the previous four
weeks before specimen collection. The normal/mild (FEV1 > 70% predicted) and severe (FEV1 < 40%
predicted) groups also differed in the extent of repeated antibiotic exposure and in their mean age
being equal to (mean ± standard error) 25.33 ± 2.216 and 33.83 ± 3.146 years in the normal/mild
and the severe group, respectively (two-tailed t-test; p value = 0.0313). In addition, the severe group
tended to receive more uniform antimicrobial agents by the inhalation of aerosolised antibiotics
during maintenance therapy, such as aerolized colistimethate and azithromycin, with respect to the
normal/mild group (Table 1). Traditional culture-based diagnostic microbiology revealed the presence
of Pseudomonas aeruginosa and Staphylococcus aureus, being the dominant bacterial species in patients
with severe and mild respiratory function, respectively (Table S1). Other minor taxa were Achromobacter
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xylosoxidans, Rothia mucilaginosa, Veillonella parvula, Stenotrophomonas maltophilia, Gemella sanguinis and
Escherichia coli.

Table 1. Demographic and clinical characteristics of patients with normal/mild (Forced expiratory
volume in one second (FEV1) > 70%) and severe (FEV1 < 40%) lung disease status enrolled in the study.

Study
ID

Age Gender CFTR Genotype BMI

Average
Annual
FEV1%
Value

Lung
Disease
Status

Number of
Exacerbations

in the Last
5 Years

Maintenance
Antimicrobial

Therapy 1

BS29 25 F F508del/L1077P 23.1 72 normal/mild 20 (2–7) AT
BS47 33 M F508del/N1303K 23.8 94 normal/mild 5 (1–2) AA, AC
MS1 30 F G1244 E/G1244 E 22.9 83 normal/mild 5 (0–4) AC

GNR19 18 M F508del/F508del 21.4 80 normal/mild 9 (1–3) None
GNR5 24 M F508del/12491G>A 22.7 72 normal/mild 9 (0–3) None
BNR22 22 F F508del/G85E 22.1 81 normal/mild 23 (2–7) AT, AZ
BS19 36 M F508del/W1282X 24.9 37 severe 18 (3–4) AC, AZ
BS51 36 M F508del/2789+5G>A 21 38 severe 16 (2–6) AC, AZ
BS85 34 M F508del/1259insA 18.8 21 severe 15 (2–5) AC, AZ

BNR15 46 F F508del/F508del 19.7 37 severe 16 (2–4) AC, AZ
BNR20 25 M F508del/F508del 23.3 36 severe 36 (4–11) AA, AC
BNR49 26 M N1303K/G85E 19.9 29 severe 10 (1–3) AC

1 AT, aerosolized tobramycin; AA, aerosolized aztreonam; AC, aerosolized colistimethate; AA, aerosolized
aztreonam; AZ, azithromycin.

2.2. Metabolic Community Structure between Patient Groups

Sequencing yielded > 15 M paired-end sequences for each sample, with 1–5% of them being
of putative microbial origin (the remaining being human DNA). This confirmed that human
contamination still represents a considerable drawback in the metagenomic analysis of human sputum
samples, as already reported in other metagenomics studies [20,21]. From 12 samples, a total of 5.4 M
microbial sequences (mean ± standard error per sample, 453,824 ± 41,349) were included in the
analysis (Table S2). The HMP Unified Metabolic Analysis Network (HUMAnN) analysis revealed
47 pathways which were differently distributed across all samples (Figure S1). The principal component
analysis (PCA) analysis on metabolic and regulatory data (Figure 1) explained almost 80% of the total
variance reporting a distinct sample distribution for normal/mild and severe patient groups.

Figure 1. Principal component analysis (PCA) based on the top twenty metabolic patterns. Each number
corresponds to a pathway reported in the figure legend, whereas each point corresponds to a different
patient. Point shape reflects patient groups.
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In particular, the separation of normal/mild samples from severe samples was largely driven
by 6 pathways: biotin metabolism (Ko:00780), geraniol degradation (Ko:00281), bacterial chemotaxis
(Ko:02030), valine leucine and isoleucine degradation (Ko:00280), the bacterial secretion system
(Ko:03070), and flagellar assembly (Ko:02040). The Kruskal–Wallis one-way analysis of variance
confirmed this result with five out of six previously identified pathways displaying higher values in
the severe group patients compared to the normal/mild ones (Figure 2). Overall, 31 pathways were
equally distributed between the two groups considered (Figures S2 and S3), whereas 16 pathways
were differentially distributed in the two groups, being found mainly in patients with normal/mild
(5 pathways) and severe disease (11 pathways), respectively (Figure 2).

 

Figure 2. Differences in metabolic and regulatory pathways detected with HMP Unified Metabolic
Analysis Network HUMAnN. Colors indicate statistically significant differences (p-value < 0.05) after
Kruskal–Wallis one-way analysis of variance. Values indicate mean and one standard deviation (bars).
Standardized abundances (x axis) were calculated as: [x − m(x)]/sd(x), where “SD” is the standard
deviation and “m” is the mean value.

2.3. Metagenomic Functional Differences Suggest Distinct Ecological Roles within the Cystic
Fibrosis Microbiome

In order to establish a set of gene putatively available in CF lung communities, metagenomic
reads were assembled into contigs. We were able to assemble an average of 1655 contigs (s.e. 526) per
sample (N50 values ranging from 645 to 1655) (Figure S4 and Table S2). The gene-calling step predicted
a mean of 5014 open reading frames (ORFs) with a standard error of 1266. The functional potential
harbored by microbiomes was inferred, predicting gene functions by homology using the evolutionary
genealogy of genes: non-supervised orthologous groups (eggNOG) database (Figure 3).

Both patient groups showed a massive presence of transporter proteins, with the severe group
reporting higher values than the normal/mild group. The Transporter Classification Database
(TCDB) analysis highlighted the possible presence of antibiotic resistance proteins indicating an
imbalanced distribution of the multidrug resistance efflux pumps of the ATP-binding cassette (ABC)
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and resistance–nodulation–cell division (RND) super-families between the two groups of patients.
In particular, patients with severe disease showed a high presence of both ABC and RND super-families
members (Figure S5), thus suggesting the presence of efflux-mediated antibiotic resistance mechanisms.
Virulence protein counts were normalized using the total number of ORFs predicted in each sample.
Virulence (and virulence-related) factors displaying a significant difference between groups (two-tailed
Student’s t-test p-value ≤ 0.05, alpha = 0.05) are shown in Figure 4 (individual values for each patient
are reported in Figures S6 and S7).

Figure 3. Distribution of functional categories obtained with an evolutionary genealogy of genes:
non-supervised orthologous groups (eggnog) analysis. Box plots for each eggNOG category found
for both groups of patients are reported in the left panel, whereas relative abundances for each group
are reported in the right panel (bars represent the average value and error bars indicate the standard
error for each measure). Significant differences between normal/mild and severe groups are flagged
with an asterisk. Boxes denote the interquartile range (IQR) between the 25th and the 75th percentile
(first and third quartiles), whereas the inner line represents the median. Whiskers represent the lowest
and highest values within 1.5 times IQR from the first and third quartiles. Outliers are reported using
white circles.

Figure 4. Virulence factor distribution across patient groups. Only factors displaying a significant
(Student’s t-test p-value ≤ 0.05) diverging distribution are reported. The bars represent the average
value for each category whereas the error bars indicate the standard error.
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A larger presence of virulence factors was found in patients with severe disease, with antibiotic
resistance as the third most abundant category. The Resfams analysis [22] suggests that the microbes
in CF airways encode a diverse set of antibiotic resistance mechanisms; among them, the multidrug
resistance efflux pumps are the most represented (Figure 5). Overall, 17 out of 18 antibiotic resistance
categories showed higher values in patients with severe disease, with 8 of them reporting significant
differences. As expected, efflux mediated systems were the most abundant categories, all reporting
higher values for severe patients than for normal/mild ones (Figure 5 and Figure S8). Our results are
supported by culture-based analysis, which reveals the presence of multi-drug resistant bacteria in the
severe group (Table S1).

Figure 5. Antibiotic resistance gene differentiate patient groups. Bar charts report the percentage
values of antibiotic resistance gene detected. Significant differences are reported with one asterisk
(p-value < 0.05). P values were obtained through a Student’s t-test on the number of genes detected.
Bars were drawn by computing the average percentage value of each resistance category whereas error
bars are reported using standard errors.

2.4. Relationship between Functional Potential and Taxonomic Microbial Composition

To further characterize the airway microbiome of CF patients, the correlation between the
taxonomic and functional structure of the microbial community was examined. The dissimilarity of
the taxonomic community was significantly correlated with the functional community dissimilarity
(Mantel test with Pearson correlation coefficient and 1000 permutations; p-values < 0.05), implying
a relation between the species distribution patterns and the functional distribution of the whole
airway community. Otherwise, the metabolic pathway distribution (Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis) was poorly correlated with other features, reporting significant correlations
only with antibiotic resistance gene distribution and taxonomic structure (Table S3).

To further identify the driving forces for the taxonomic distribution, the relative influence of
functional genes, metabolic pathway distribution, virulence factors, and antibiotic resistance genes
were rendered by using boosted tree models on principal components derived from each feature.
Principal components with an eigenvalue > 1 in total accounted for more than 85% of the total variance
and were therefore chosen for training boosted regression trees (Table S4). In boosted tree models,
measures of relative influence quantify the importance of a given predictor; the variables that have
a weak effect on prediction therefore have, by extension, scarcely an influence on the variable that
the model tries to predict [23]. Therefore, factors that have a minimal relative influence in predicting
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the abundance of a given taxon are poorly connected with the distribution of that taxon. Although
the use of orthogonal composite variables (as reported in the method section) reduced type I errors,
the contribution of each original variable cannot be inferred directly. To partially overcome this
limitation, the most dominant variables contributing to each component (top-50% eigenvalues of K, E,
A, and V) were reported in Table S4.

Based on the results reported in this study, the metabolic pathway distribution inferred with
KEGG (K) was the major factor able to predict the microbial taxonomic structure, whereas the gene
distribution obtained with eggNOG (E) had little influence on the whole community, affecting only the
distribution of a limited number of species (Figure 6).

Surprisingly, antibiotic resistance genes (A) were related to three bacterial species only:
Achromobacter xylosoxidans, Fusobacterium periodonticum, and an unclassified member of the Bordetella
genus. A. xylosoxidans strains, intrinsically resistant to many classes of antimicrobial agents, have been
associated with CF [24,25], as well as F. periodonticum, which has been reported to increase its presence
during exacerbation [26]. Conversely, virulence factors (V) (mainly comprising genes previously
identified in pathogenicity islands, virulence proteins, and antibiotic resistance genes Figures S7 and 4)
were not related to any particular species reporting the lowest values of relative influence.

Figure 6. Relative influence of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (K1 to
K5), gene frequencies (evolutionary genealogy of genes: non-supervised orthologous groups (eggnog)
database, E1 to E6), antibiotic resistance genes (Resfam database A1 and A2), and virulence factors
(microbial database of protein toxins, virulence factors and antibiotic resistance genes for bio-defense
applications (MvirDB), V1) for taxonomic structure of microbial lung community evaluated through
“booster regression trees” models. The relative influence of different principal component to each
bacterial species detected was clustered with the unweighted pair-group method with arithmetic mean
(UPGMA) method based on Pearson’s correlation and a tree was reported on the right side of the plot.
Boxes report the main group of taxa detected through a cluster analysis.
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3. Discussion

In an endeavor to better understand the complexity of CF microbiomes in patients with high/low
pulmonary function, we performed a metagenomics investigation of the bacterial communities in the
airways of patients with CF focusing on the identification of a set of functional features associated
with different lung disease statuses in the present study.

Sputum specimens, which represent by far the most widely used sample to access the airway
microbiota of CF disease [27–30], were collected from twelve patients with CF. As recently indicated
by Dickson and colleagues [31], although use of sputum can introduce an additional risk of upper
airway contamination, the presence of oropharyngeal microbiota does not obscure the meaningful
microbial signal in sputum which is correlated with established indices of lung health. To date, in CF
metagenomics, published studies have focused on the sputum derived from CF patients [17,32–34].
The shotgun metagenomics approach, which provides the gene catalogue of the microbial community,
allows an insight into some functional features to be gained (e.g., the presence of metabolic pathways
and potential antibiotic resistance genes), in addition to accurate species-level taxonomic assignments.

In the first metagenomic study performed by Willner and colleagues [33], the airways of diseased
and non-diseased individuals showed a potentially different microbial community metabolism
(inferred from the recovered gene catalogue of the microbiome), suggesting that the community
metabolism is dynamic and variable among patients differing in their health status. In the present
work, the abundances of metabolic pathways encoded by microbes inhabiting CF airways of patients
with high/low pulmonary function were reconstructed from the metagenome. The metabolic pathway
distribution described in this work was in accordance with the one described in other studies [19,32],
with pathways related to amino acid catabolism, nucleotide metabolism, and stress responses reporting
high values in both normal/mild and severe patients. Several pathways were uniformly distributed
among patients, regardless of their clinical condition, reflecting a large set of core functions typical
of host-associated microbes. Indeed, according to the previous studies mentioned above [19,32],
there was little variation in the metagenome pathway distribution, with sixteen pathways only
reporting different abundance values between the two groups of patients inspected here. Interestingly,
we identified a set of metabolic pathways correlated with the worsening of patients’ clinical conditions;
in particular, two pathways, the bacterial chemotaxis pathway (Ko:02030) and the flagellar assembly
pathway (Ko:02040), were reported as clinically relevant according to previous works [35–39]. Indeed,
one pathway was associated with Pseudomonas aeruginosa lung infection (bacterial chemotaxis pathway),
whereas the second (flagellar assembly pathway) was classified as a potent mediator of virulence
in Gram-negative bacteria such as P. aeruginosa strains. Moreover, the motB gene (a component of
the flagellar assembly pathway) is known to aid bacterial chemotaxis and flagellar assembly; also,
its product (a membrane protein, flagellar motor protein) was recognized as a potential novel vaccine
target in Vibrio cholerae [40]. We can hypothesize that the difference in the representation of the
above-mentioned pathways (Ko:02030 and Ko:02040) could rely on both P. aeruginosa strain differences
(between the two disease groups) as well as on the presence of other bacteria in the CF microbiome
which carry the same gene sets. The presence of P. aeruginosa and other Gram-negative strains that
could be responsible for the appearance of these pathways were also revealed by cultivation methods
analysis, as reported in Figure S9. However, the limited number of patients analyzed in our study does
not allow for definitive, statistically-based conclusion on this issue.

In addition to microbial genes involved in metabolic metabolism, genes involved in antibiotic
resistance are also powerful indicators of the microbial community’s adaptation to the CF lung [17].
Indeed, the top-50% KEGG pathways (reported in Table S4) were mainly involved in the metabolism
of amino acids and nucleotides and may be linked to bacterial proliferation and adaptation in the
lungs. An increased presence of genes involved in both nucleotide and amino acid metabolism may,
in fact, indicate a huge presence of both types of molecules which, in turn, may come from neutrophil
extracellular traps, bacterial biofilms and the action of human and bacterial proteases [32,41–44].
Moreover, a large number of genes classified with eggNOG belonged to the transporter families. Their
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further analysis by using the Transporter Classification Database (TCDB) permitted us to identify a
massive presence of families connected with antibiotic resistance mechanisms, especially in patients
with severe lung disease. The presence of genes related to antibiotic resistance mechanisms was
confirmed by the Hidden Markov model (HMM) (Resfams), which accurately predicts new resistance
functions from sequence alone [22]. The efflux-mediated system, which represents the widespread
drug resistance mechanism common to many microorganisms, was the most represented gene function.
Interestingly, the presence of P. aeruginosa and Staphylococcus aureus was not related to the differential
abundance of antibiotic resistance genes and virulence factors. Indeed, virulence and resistance
genes have been found to be spread throughout the whole CF bacterial community and are poorly
related to the presence of single taxa, suggesting that the emergence of these mechanisms should
be attributed to a particular clinical condition (normal/mild or severe lung disease) of CF patients.
In fact, significant differences in the percentage of total Antibiotic Resistance (AR) functions encoded
in microbial genomes between normal/mild and severe groups were found. Overall, there was a
significant AR mechanism enrichment in patients with severe lung disease due to several years of
exposure to antimicrobial drugs. It is well known that several antimicrobial agents and complex
regimens are used for prophylaxis, eradication, treatment of exacerbations, and chronic suppressive
therapy [45,46], paving the way for the emergence and spreading of AR mechanisms throughout
the lung microbial community. In particular, oral, intravenous, and inhaled antibiotic courses are
often frequent and prolonged, especially with increasing age and declining pulmonary status [47] as
those characterizing the patients with severe lung disease. As underlined by Zhao and colleagues [28],
an antibiotic administered closer to the time of sampling would be expected to have a greater impact on
the microbial community than that same antibiotic would have when administered at a longer interval
from the sampling time. Even if, on the date of sampling and in the 30 days before sample collection,
antibiotic administration through an IV route was not given to our patients, we can hypothesize that
patients with severe lung disease, having an average higher age than those from the normal/mild
group, experienced several years of exposure to antimicrobial drugs, leading to periodic selection for an
AR microbiota and resulting in a higher frequency and diversity of AR genes in their lung microbiota.
The depth and diversity of AR genes uncovered by metagenomic studies in CF patients with different
disease statuses brings to light the need for new strategies to combat antibiotic-resistant pathogens [48].
As reported by King and colleagues [49], the metagenomic profiles of human microbiota are becoming
increasingly characterized, and growing data suggests that imbalances of the microbiota could lead to
a disease status [50].

4. Materials and Methods

4.1. Ethics Statement

The study was approved by the Ethics Committees of Children’s Hospital and Research Institute
Bambino Gesù (Rome, Italy), Cystic Fibrosis Center, Anna Meyer Children’s University Hospital
(Florence, Italy) and G. Gaslini Institute (University of Genoa, Genoa, Italy) (Prot. N. 681 CM of
2 November 2012; Prot. N. 85 of 27 February 2014; Prot. N. FCC 2012 Partner 4-IGG of 18 September
2012). Informed written consent was given by all adult subjects before enrollment in the study.
All sputum specimens were produced voluntarily. All procedures were performed in agreement
with the “Guidelines of the European Convention on Human Rights and Biomedicine for Research in
Children” and the Ethics Committee of the three CF Centers involved. All measures were obtained
and processed ensuring patient data protection and confidentiality.

4.2. Patients

Twelve patients with CF (aged 18–46 years), older than six years, were enrolled in the study
between September 2012 and April 2013. The cohort consisted of clinically stable patients without
any pulmonary exacerbation and who were not undergoing antibiotic therapy (i.v. or oral) in the
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previous four weeks before specimen collection [51,52]. Patients were treated according to the current
standards of care [53] with at least four microbiological controls per year [54]. At each visit, clinical data
collection and microbiological status (colonizing pathogens with available cultivation protocols) were
performed according to the European CF Society standards of care [55]. Forced expiratory volume in
one second as a percentage of predicted (%FEV1) is a key outcome of the monitoring of lung function
in CF [56]. All enrolled patients had an absence of an acute pulmonary exacerbation. Patients were
classified into two groups, “normal/mild” (FEV1 > 70%) and “severe” (FEV1 < 40%), by estimating
their average annual FEV1 value on the basis of multiple spirometric measurements over the two years
before their enrollment. FEV1 values were measured according to the American Thoracic Society (ATS)
and the European Respiratory Society (ERS) standards [57,58]. The lower limit of age for subjects
with “normal/mild” disease was 15 years old, while that of subjects with severe disease was 25 years
old. The study was approved by the Ethics Committees of Children’s Hospital and Research Institute
Bambino Gesù (Rome, Italy), Cystic Fibrosis Center, Anna Meyer Children’s University Hospital
(Florence, Italy) and G. Gaslini Institute (University of Genoa, Genoa, Italy), as stated in the ethical
statement. The demographic and clinical characteristics of patients are reported in Table 1. The number
of exacerbations (as defined by a cluster of symptoms and signs as previously indicated [51,52]) was
determined in the five years before the enrollment.

4.3. Sample Processing

The microbiome analysis was performed on sputum samples. Upon expectoration, CF sputum
samples were immediately treated for 15 min with Sputolysin (Calbiochem, La Jolla, CA, USA) in
accordance with the manufacturer’s instructions and split into aliquots for culture and molecular
analyses. Aliquots for culturable analysis were immediately examined, and the remaining aliquots
were frozen and stored at −80 ◦C for subsequent DNA extraction and metagenomic analysis. Bacterial
detection and identification were performed as previously reported [13]. The microbiological status of
the individual subjects is reported in Table S2.

4.4. DNA Extraction Procedures and Sequencing

About 400 μl aliquots of frozen sputum were subjected to genomic DNA extraction using acetyl
trimethylammonium bromide (CTAB) protocol, according to the procedure previously reported [59].
Sample aliquots were spun at 10,000× g to pellet cellular material. After the removal of the supernatant,
cell pellets were re-suspended in 567 μL of autoclaved and 0.2 filtered TE pH 8 and incubated
for 1 h at 37 ◦C with 30 μL 10% sodium dodecyl sulfate (SDS) and 3 μL 20 mg/mL Proteinase K
(Sigma-Aldrich, St. Louis, MO, USA). Samples were then incubated for 10 min with 100 μL of 5 M
NaCl prepared with sterile water and 80 μL of CTAB/NaCl solution (4.1 g NaCl, 10 g CTAB in
100 mL sterile water). Following incubation, extracts were purified using phenol chloroform extraction,
and DNA was recovered by isopropanol precipitation. Pelleted DNA was washed twice with cold
70% ethanol, allowed to air dry, and re-suspended in 30 μL of sterile water. Quantity and integrity
of DNA extracted were assessed by Qubit 2.0 fluorometer (Invitrogen, Life technologies) and gel
electrophoresis, respectively. Library preparation and DNA sequencing were performed following
the standard pipelines for Illumina HiSeq 2000, PE100 sequencing (Beijing Genomics Institute, BGI,
Shenzhen, Guangdong, China), as described in Supplementary Information S1. Raw sequence data
reported in this study have been deposited in the National Center for Biotechnology Information
(NCBI) “Sequence Read Archive” (SRA) under the project accession PRJNA316056.

4.5. Bioinformatic Analyses

Sequence quality was ensured by trimming reads using StreamingTrim 1.0 [60], with a quality
cutoff of 20. Bowtie2 [61] was used to screen out human-derived sequences from metagenomic data
with the latest version of the human genome available in the NCBI database (GRCh38) as reference.
Sequences displaying a concordant alignment (a mate pair that aligns with the expected relative mate
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orientation and with the expected range of distances between mates) against the human genomes
were then removed from all subsequent analyses. Metabolic and regulatory patterns were estimated
using HUMAnN [62] and considered only those pathways with a coverage value ≥ 80%, whereas
the taxonomic microbial community composition was assessed using MetaPhlAn2 [63]. Reads were
assembled into contigs using the SPAdes microbial assembler [64] with automatic k-mer length
selection. To establish an airway microbiome gene catalog [65], we first removed contigs smaller than
500bp and then used MetaGeneMark [66] to predict open reading frames (ORFs). Translated protein
sequences obtained from assembled contigs were classified using Hmmer [67] with the eggNOG [68]
database trained on bacterial sequences (bactNOG). Each protein was classified according to its best hit
with an e-value lower than 0.001 as suggested in [69]. Proteins classified as transporters were further
inspected using Basic Local Alignment Search Tool (BLAST) against the Transporter Classification
Database (TCDB) [70] to obtain a more detailed classification. Similarly, the MvirDB [71] database was
used to inspect the distribution of virulence factors among our samples. We classified each sequence
based on its BLAST best hit with an e-value lower than 1 × 10−20 in order to minimize the number of
alignments that could be found by chance. Proteins that did not match any reference sequence were
excluded from the analysis. Finally, predicted proteins were screened for antibiotic resistance activity
based on the workflow described in [22] and validated for the Resfams database.

4.6. Statistical Analyses

All statistical analyses were implemented in R (R Core Team (2015), version 3.2.3, R Foundation
for Statistical Computing, Vienna, Austria) with the help of various packages. The distribution of
metabolic pathways was assessed using the principal component analysis (PCA) on normalized data
using the “rda” function of the vegan package version 2.3.2 [72]. The 20 metabolic pathways that
varied greatly between normal/mild and severe groups were selected through the similarity of the
percentages analysis (“simper” function) and used for PCA analysis (vegan 2.3.2). The Kruskal–Wallis
one-way analysis of variance was used to test whether the metabolic and regulatory pathways of
different patient groups originated from distinct distributions using the “Kruskal” function of the
agricolae package (version 1.2.3). The distribution of ortholog genes, virulence factors, and antibiotic
resistance mechanisms was normalized by the total number of open reading frames (ORFs) detected
for each sample, and the differences between normal/mild and severe groups were assessed using
the two-tailed Student’s t-test for each category (“t.test” function). The correlation between two
dissimilarity matrices, obtained from metagenomics data such as the metabolic pathway or gene
distribution, was assessed by using the Mantel test (vegan 2.3.2) as reported in other studies [73,74].
Basically, each table was transformed into a dissimilarity matrix using the “Bray–Curtis” dissimilarity
index. By doing so, all dissimilarity matrices were reduced to the same rank, making it possible
to use the Mantel test to inspect the correlation between them. The influence of gene patterns,
metabolic modules distribution, virulence factors, and antibiotic-resistance genes on the taxonomic
microbial composition was evaluated using “boosted regression tree” models [23] with 5000 trees,
10-fold cross-validation, and three-way interactions (gbm package version 2.1.1). Testing multiple
individual variables assumed to be correlated with each other may inflate type I errors due to the high
number of comparisons made [75]. To reduce the number of comparisons, and therefore to minimize
the number of false positive correlations [75], orthogonal composite variables were derived from
principal component analysis (PCA) for each factor explored, retaining only those components with an
eigenvalue > 1. The derived variables were used for training boosted regression trees, minimizing the
number of comparisons and, thus, reducing potential type I errors. A hierarchical cluster analysis was
performed based on the average linkage method with “Pearson’s distance” metrics (“hclust” function).
All graphical representations of data were performed using the ggplot2 package version 2.0.0 [76].
To minimize the type I errors in multiple comparisons, p-values where adjusted using a false discovery
rate (FDR).
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5. Conclusions

Our results highlight that different pulmonary conditions in patients with CF co-occur with a
different microbiome gene repertoire. In particular, an imbalanced distribution of virulence factors
along with AR genes and metabolic pathways has been found. Understanding the role of the CF airway
microbiome and detecting microbiome genes associated with lower lung function are key challenges for
the delivery of new potential biomarkers for the management of bacterial infection in CF patients and
the improvement of health care treatment. Our study was limited to twelve subjects; therefore, a larger
scale study is needed to more completely characterize the spectrum of microbiome changes associated
with the decreasing of pulmonary function. Longitudinal metagenomic analysis, which we plan to
evaluate in ongoing studies, may help in understanding imbalances down to the single gene level,
possibly helping to find new therapeutic strategies for targeting personalized disease phenotypes.
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Abstract: The role of Aspergillus fumigatus in the airways of chronic obstructive pulmonary disease
(COPD) patients with bronchiectasis is currently unclear. We searched for a sensitive and noninvasive
method for A. fumigatus detection in the sputum of COPD patients and addressed potential risk
factors for its presence. Induced sputum samples of 18 COPD patients and 17 COPD patients
with bronchiectasis were analyzed for the presence of A. fumigatus by culture, galactomannan
detection, and PCR. Of the patients with COPD–bronchiectasis overlap, 23.5% had a positive culture
for A. fumigatus versus 10.5% of COPD patients without bronchiectasis (p = 0.39). The median
sputum galactomannan optical density index was significantly higher in patients with COPD and
bronchiectasis compared with patients with COPD alone (p = 0.026) and ranged between the levels of
healthy controls and A. fumigatus-colonized cystic fibrosis patients. Both the presence of bronchiectasis
and the administration of systemic corticosteroids were associated with sputum galactomannan
(p = 0.0028 and p = 0.0044, respectively) and showed significant interaction (p interaction = 0.022).
PCR for Aspergillus was found to be a less sensitive method, but was critically dependent on the
extraction technique. The higher sputum galactomannan levels suggest a more abundant presence of
A. fumigatus in the airways of patients with COPD–bronchiectasis overlap compared with patients
with COPD without bronchiectasis, particularly when systemic corticosteroids are administered.

Keywords: sputum galactomannan; Aspergillus PCR; Aspergillus colonization; corticosteroids

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a highly prevalent disease, characterized by
progressive airflow limitation, which is caused by an abnormal inflammatory response to chronic
inhalation of irritants, mainly cigarette smoke [1]. Both small airways (obstructive bronchiolitis)
and parenchyma (emphysema) are affected. Bronchiectasis is defined by the presence of irreversibly
dilated and chronically inflamed bronchi. COPD and bronchiectasis have overlapping clinical features,
but the diagnostic criteria are very different. Whereas an irreversible obstructive lung function is
obligatory in COPD, bronchiectasis is diagnosed by structural airway abnormalities observed on
computed tomography (CT) of the thorax. The combined presence of COPD and bronchiectasis in
one patient is not rare. In cohorts of COPD patients, bronchiectasis has been described in 30–60% of
patients [2–5], whereas bronchiectasis cohorts report COPD as the underlying cause in approximately
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30% of patients [6,7].The recognition of an overlap is relevant, since these patients not only have a
worse prognosis [2,7,8], but their diagnostic and therapeutic approach is also different.

The pathogenesis of bronchiectasis is generally explained by a vicious circle of inflammation,
structural damage, impaired mucus clearance, bacterial colonization, and infection [9]. The underlying
mechanism for the development of bronchiectasis in a subset of COPD patients remains largely
unknown. Aspergillus fumigatus is a ubiquitous fungus, which is cleared from the airways by the
innate immune system. A damaged airway epithelium, inherited or acquired defects of the innate
immune system, and immunosuppressive drugs such as corticosteroids (CS) predispose to aspergillosis.
A. fumigatus colonization and sensitization associate with bronchiectasis and unfavorable outcomes
in asthma and cystic fibrosis (CF) [10–13]. In COPD, a history of exacerbations and the isolation of
pathogenic bacteria in sputum were suggested as potential risk factors for A. fumigatus [14]. Although
the clinical relevance is not clear, several retrospective studies showed that more than 20% of COPD
patients with A. fumigatus detected in respiratory samples eventually developed aspergillosis [15,16].
If A. fumigatus plays a causal role in the development of bronchiectasis is still a matter of debate.

One major reason for our limited understanding is the lack of sensitive and noninvasive methods
to detect A. fumigatus in the airways. Mycological culture is not sensitive nor standardized and has led
to an underestimation of A. fumigatus in the airways [17]. Other methods focus mainly on invasive
fungal disease and require invasive procedures, such as immunohistochemistry on airway biopsies or
galactomannan detection on bronchoalveolar lavage fluid. Galactomannan is a polysaccharide cell wall
component of Aspergillus species, which is not present in resting conidia but is secreted by the hyphae
during fungal growth. The determination of galactomannan by enzyme immunoassay in serum and
bronchoalveolar lavage fluid is validated for diagnosing an invasive Aspergillus disease, mainly in
immunocompromised patients. Molecular-based techniques such as polymerase chain reaction (PCR)
and next-generation sequencing are hampered by complex DNA extraction, high costs, and limited
experience with sputum samples. To investigate the role of A. fumigatus in patients with COPD,
we explored the feasibility of galactomannan detection and A. fumigatus PCR on sputum samples.

We assumed a more abundant presence of A. fumigatus in the sputum of patients with
COPD-bronchiectasis overlap and addressed the role of CS as a potential risk factor.

2. Results

2.1. Study Group Characteristics

Thirty-six COPD patients were included, of which 17 had bronchiectasis, with a median modified
Reiff score of 4. There were no significant differences between the two groups, apart from a significantly
lower median value of pack-years (p = 0.048) in patients with bronchiectasis. The results are shown
in Table 1.

Table 1. Characteristics of the study groups.

characteristic COPD without Bronchiectasis COPD with Bronchiectasis

Subjects, n 19 17
Hospitalized, % 42 65

Age, y 71 (60–75) 68 (63–79)
Male, % 84 88

BMI, kg/m2 25 (20–30) 22 (19–27)
Pack-years * 48 (40–55) 40 (25–45)

FEV1, % pred 51 (39–58) 41 (37–52)
DLCO, % pred 47 (40–57) 44 (26–53)

GOLD
I/II/III/IV, % 0/53/47/0 6/29/65/0
A/B/C/D, % 21/0/16/63 12/17/6/65
Eosinophils, % 1.4 (0.1–3.1) 2.3 (0.8–4.6)
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Table 1. Cont.

Characteritic COPD without Bronchiectasis COPD with Bronchiectasis

Eosinophils, μL 200 (0–300) 200 (100–350)
Total IgE, kU/L 83 (16–592) 43 (33–298)

mMRC 2 (1–2) 2 (1.5–3.5)
CAT 14 (12–20) 19 (13–24)

SGRQ 41.9 (30.6–53.4) 54.9 (37.3–66.7)
≥2 exacerbations/y, % 79 71

ICS, % 89 82
Modified Reiff score NA 4 (2.5–6.5)

Data are presented as n, % or median (interquartile range). COPD: chronic obstructive pulmonary disease, y: year,
BMI: body mass index, FEV1: forced expiratory volume in 1 s, % pred: percentage predicted, DLCO: diffusion
capacity of the lung for carbon monoxide, GOLD: Global initiative for chronic Obstructive Lung Disease stadia,
mMRC: modified Medical Research Council breathlessness scale, CAT: COPD Assessment Test, SGRQ: Saint Georges
Respiratory Questionnaire, ICS: inhaled corticosteroids. * p-value < 0.05. All other variables were not significantly
different between the groups.

2.2. A. fumigatus Antibodies

Patients with COPD-bronchiectasis overlap had a median A. fumigatus IgG value of 35.4 mg/L
versus 17.4 mg/L in COPD patients without bronchiectasis (p = 0.14). On the basis of both ImmunoCAP
measurement and skin prick test, three patients without (15.7%) and five patients with bronchiectasis
(29.4%) were sensitized to A. fumigatus (p = 0.37). The results are summarized in Table 2.

Table 2. A. fumigatus-related results.

Test COPD without Bronchiectasis COPD with Bronchiectasis p-Value

Subjects, n 19 17
A. fumigatus IgG, mg/L 17.4 (13.4–37.3) 35.4 (25.5–51.6) 0.14

A. fumigatus sensitization, % 15.7 29.4 0.37
A. fumigatus sputum culture, % 10.5 23.5 0.39
Sputum galactomannan, ODI 0.7 (0.4–1.5) 3.7 (0.6–5.7) 0.026

Data are presented as n, median (interquartile range) or %. COPD: chronic obstructive pulmonary disease,
A. fumigatus: Aspergillus fumigatus, ODI: optical density index. p-Value < 0.05 is captured in bold.

2.3. Fungal Sputum Culture

Four COPD patients with bronchiectasis (23.5%) had a positive A. fumigatus culture versus
two COPD patients without bronchiectasis (10.5%) (p = 0.39). Aspergillus nidulans was found in
samples of two COPD–bronchiectasis-overlap patients which were also positive for A. fumigatus.
When only inocula of 10 μL were considered, three out of six positive cultures were negative. Of the
non-inoculated control plates and of the healthy control samples, none grew A. fumigatus, but a positive
A. fumigatus culture was confirmed in all samples of cystic fibrosis patients with previously known
A. fumigatus colonization.

2.4. Sputum Galactomannan

The median sputum galactomannan ODI was significantly higher in patients with COPD-
bronchiectasis overlap compared with patients with only COPD (3.7 versus 0.7, p = 0.026) (Table 2).
The results of galactomannan measurements in Sputasol, sterile water, and three vials of amoxicillin
clavulanate were 0.0, 0.1, and 0.0 respectively. Thirteen sputum samples were retested and had a
median galactomannan inter-assay difference of 0.4, with a median coefficient of variation of 9.4%
(Supplementary Materials Table S1). The majority of patients was using inhalation corticosteroids
(ICS) (Table 1); we found no difference in sputum galactomannan between patients without ICS or
with medium or high dose ICS (Figure 1). In contrast to ICS, both bronchiectasis and systemic CS
were significantly associated with sputum galactomannan ODI (p = 0.0028 and p = 0.0044 respectively)
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in a two-way analysis of variance model. Furthermore, CS showed a stronger association with
galactomannan in the patients with COPD–bronchiectasis overlap compared with COPD patients
without bronchiectasis (p interaction = 0.022). The results are presented in Figure 2 and Table 3.
As galactomannan detection on sputum has not been validated, we compared our results to negative
and positive control samples and found them to be significantly different (p = 0.0012, Figure 3).
Moreover, all but one subjects with a positive A. fumigatus culture had a sputum galactomannan ODI
above 4 (Supplementary Materials Table S2).
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Figure 1. Inhaled corticosteroids and sputum galactomannan. Sputum galactomannan is presented as
optical density index. Every dot represents one sample, and the horizontal lines reflect the median values.
There was no significant difference in galactomannan values dependent on ICS dose. ODI: optical density
index, ICS: inhaled corticosteroids.

Figure 2. Effect of systemic corticosteroids on sputum galactomannan values. Sputum galactomannan
is presented as optical density index. Every dot represents one sample, and the horizontal lines
reflect the median values. ODI: optical density index, COPD: chronic obstructive pulmonary disease,
CS: systemic corticosteroids in the previous seven days.

Table 3. Associations with sputum galactomannan in COPD patients.

Bivariate Models

Estimate p-Value

CS in COPD without bronchiectasis (n = 19) 0.64 0.54
CS in COPD with bronchiectasis (n = 17) 4.17 0.0004

Multivariate Model

Estimate p-Value

Bronchiectasis 0.67 0.0028
CS 0.57 0.0044

Antibiotics 0.37 0.63
Bronchiectasis–CS interaction 3.43 0.022

Two bivariate general linear models were built with galactomannan as exposure: one for patients without and
one for patients with bronchiectasis showing that CS were only significant associated with galactomannan in
patients having bronchiectasis. One multivariate (two-way analysis of variance) general linear model was built
for all patients in which systemic corticosteroids and antibiotics administered in the seven days before sputum
induction were considered relevant. CS: systemic corticosteroids, COPD: chronic obstructive pulmonary disease,
p-values < 0.05 are shown in bold.
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Figure 3. Comparison of COPD sputum galactomannan with healthy and A. fumigatus-colonized CF
controls. Sputum galactomannan is presented as optical density index. Every dot represents one sample,
and the horizontal lines reflect the median values. Kruskal–Wallis test showed an overall significant
difference (p = 0.0012), with Dunn’s post-hoc comparison for multiple testing showing significant
differences between groups, indicated with * p < 0.05 and ** p < 0.01 (dashed lines). The comparison
of COPD + bronchiectasis with the other groups using Mann–Withney U-test showed significant
differences between groups, indicated with † p < 0.05 (solid lines). ODI: optical density index, COPD:
chronic obstructive pulmonary disease, CF: cystic fibrosis.

2.5. Sputum A. fumigatus PCR

When automated DNA extraction was used for A. fumigatus real-time PCR, only three samples
of COPD patients were found to be positive. All of them had high sputum galactomannan levels.
All healthy control samples had a negative PCR result, whereas seven out of twelve CF samples with
known A. fumigatus colonization had a positive PCR result. Five positive control sputum samples
were used to compare automated DNA extraction by EasyMAG and manual extraction by MycXtra®.
All samples had a positive A. fumigatus PCR result after manual DNA extraction compared to only two
positive samples after the automated extraction protocol (Table 4). The comparison between sputum
galactomannan and A. fumigatus PCR is shown in Supplementary Materials Table S2.

Table 4. Comparison of DNA extraction methods in five samples of cystic fibrosis patients with known
A. fumigatus colonization.

Subject Sputum Galactomannan, ODI PCR after EasyMAG Extraction, Ct PCR after MycXtra® Extraction, Ct

CF1 4.4 negative positive, 36.7
CF2 3.7 negative positive, 32.9
CF3 4.7 positive, 29.3 positive, 26.2
CF4 4.6 positive, 30.7 positive, 30.5
CF5 4.7 negative positive, 33.2

Sputum galactomannan is presented as optical density index. PCR is expressed as negative or positive with the
respective Ct value in case of positivity. CF: cystic fibrosis sample, ODI: optical density index, PCR: polymerase
chain reaction, Ct: cycle threshold.

3. Discussion

Sputum galactomannan levels suggest a higher load of A. fumigatus in COPD-bronchiectasis-
overlap patients compared to COPD patients without bronchiectasis. The sputum galactomannan
values were particularly higher in COPD-bronchiectasis-overlap patients that received systemic CS.

Fungal culture has a low sensitivity, even in proven aspergillosis, which contributes to an
underestimation of fungal presence in the airways [18]. In this study, 16.7% of all COPD patients
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showed A. fumigatus in sputum culture. A positive culture was not associated with clinical characteristics
or bronchiectasis. Previous studies reported A. fumigatus positive cultures in 14–37% of COPD
patients [14,19]. In general, culture procedures are not standardized, and the use of different media
and methodologies makes it hard to compare different studies. On the basis of a recent report that
emphasized the use of larger inocula for fungal culture, we compared sputum volumes of 10 μL
and 100 μL [20]. Indeed, we found a higher A. fumigatus culture yield by plating 100 μL of the
samples. Nevertheless, the lack of standardization and low sensitivity urges the need for other
detection methods.

An attractive, alternative method is the detection of galactomannan on sputum samples.
On bronchoalveolar lavage fluid, a galactomannan value of 0.5 is suggestive of the presence of
A. fumigatus, although this cut-off is under debate. Kimura et al. reported 1.2 as the optimal
sputum galactomannan cut-off to diagnose invasive aspergillosis in haematological patients [21],
whereas Baxter et al. used the 0.5 cut-off for Aspergillus positivity in adult CF sputum samples [22].
Recently, the sputum galactomannan results of patients with chronic pulmonary aspergillosis and
allergic bronchopulmonary aspergillosis were found to be much higher, with a cut-off above 6.5
for diagnosis [23]. Our study, which used a comparable homogenization of the samples as the
latter, found ODI values in the same range. Furthermore, we validated these results with negative and
positive controls, which were confirmed by culture and PCR. Despite the higher median galactomannan
ODI in COPD patients with bronchiectasis, our study was not able to define an appropriate cut-off.
The median coefficient of variation to evaluate inter-assay difference was acceptable, although we are
aware that the inter-assay difference was not optimal for some of our samples.

A. fumigatus PCR after automated DNA extraction was less sensitive than culture and
galactomannan detection on COPD sputum samples. Although the performance is good for clear, liquid
samples, our in-house protocol was not suitable for sputum samples, as it does not apply mechanical
forces prior to fungal DNA extraction. Manual DNA extraction with MycXtra, which includes
bead-beating, performed much better in five additionally collected positive control samples. Since this
method required a high sample volume, we were not able to apply this on the other, previously
collected study samples. Furthermore, manual extraction is labor-intensive and not suited for large
laboratories handling many samples on a daily basis. Any protocol for fungal DNA extraction and
PCR on sputum needs further optimization prior to its clinical use.

CS temper the innate immune response, thereby permitting A. fumigatus to persist and proliferate.
In our study, systemic administration of CS was significantly associated with higher sputum
galactomannan values, particularly in patients with COPD–bronchiectasis overlap. These findings
contrast with the study of Huerta et al. in which no association was found between Aspergillus cultures
and oral CS [14]. Differences in the studied population or in the dose of CS administered prior to the
analysis may explain these discrepancies. As the large majority of our study subjects on CS received
high doses in the context of acute exacerbation (40 mg prednisolone), dose–response relationships
could not be studied. Together, our data suggest that systemic CS induce a pronounced and rapid
growth of residing A. fumigatus in the airways, which may predispose to sensitization, bronchiectasis
development, or fungal infection. A local deposition of CS via inhalation may have similar effects.
Bafadhel et al. found that COPD patients with A. fumigatus-positive culture were on higher doses of
inhaled CS compared with culture-negative patients [19]. However, the significance of this association
was weak and could not be confirmed by others [14] nor by our analysis.

Although this study does not allow us to attribute causality, our findings support the hypothesis that
A. fumigatus contributes to the development and/or progression of bronchiectasis in COPD. We recently
showed that the sensitization to specific A. fumigatus allergens was associated with the presence of
bronchiectasis in COPD [5]. Next to an upregulation of the Th2 pathway, Aspergillus proteases may play
an important role through enhanced mucus production and airway remodeling [24,25]. So far, studies
that explored these relationships are solely based on fungal cultures, which may explain some of the
inconclusive results. Sputum galactomannan seems to provide a more sensitive marker for A. fumigatus
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detection in the airways of COPD patients. This advantage may serve new longitudinal observational
studies or even intervention trials in this area.

4. Materials and Methods

4.1. Study Design and Subjects

This academic, single-center study included COPD patients prospectively during hospitalization
or an outpatient visit. The inclusion criteria were an established diagnosis of COPD based on a
post-bronchodilator forced expiratory volume in 1 s (FEV1)/forced vital capacity (FVC) ratio < 0.7,
smoking history of at least 10 pack-years, available CT images of the thorax, and an FEV1 ≥ 30% (safety
measure for sputum induction). The exclusion criteria were ventilation (mechanical and noninvasive),
respiratory diagnosis other than COPD, mycobacterial disease, immunosuppression other than CS,
active cancer treatment, history of lung, tracheal, or laryngeal surgery, history of chest radiotherapy,
and presence of other inflammatory diseases such as rheumatoid arthritis and inflammatory bowel
disease. Investigators were blinded to the results of previous sputum cultures. None of the included
patients had a history of allergic or chronic bronchopulmonary aspergillosis, nor invasive Aspergillus
disease. The presence of bronchiectasis was assessed on CT scans of the lungs. All hospitalized patients
received standard therapy for an exacerbation: CS and antibiotics if indicated. They were included
after sufficient recovery from the acute event. Oral or intravenous CS and antibiotics administered in
the seven days before sputum induction were considered relevant. The study was approved by the
local Ethics Committee (Medical Ethical Board of the University Hospitals Leuven, Belgium—M11223)
and all patients signed informed consent before enrollment.

4.2. Pulmonary Function and Questionnaires

Post-bronchodilator spirometry was measured using standardized equipment (Whole Body
Plethysmograph, Vyaire, Vilvoorde, Belgium), according to the American Thoracic Society/European
Respiratory Society guidelines [26]. Diffusion capacity was measured by the single-breath carbon
monoxide gas transfer method [27]. The results are reported as percentages predicted of reference
values. The post-bronchodilator FEV1 was used to classify the patients according to the Global Initiative
for Chronic Obstructive Lung Disease (GOLD) classification. The patients completed the modified
Medical Research Council (mMRC) breathlessness scale [28], COPD Assessment Test (CAT™) [29],
and Saint Georges Respiratory Questionnaire (SGRQ), a self-administered health-related quality of
life measure.

4.3. CT Thorax

All subjects had a high-resolution CT (HRCT) of the thorax at least one year before enrollment.
All patients had inspiratory images with 1 mm slices. Bronchiectasis were defined based on Naidich’s
descriptions: bronchoarterial ratio > 1, lack of tapering, and presence of bronchus within 1 cm of the
costal pleura or abutting the mediastinal pleura [30]. All images were blinded to the other data and
scored using the modified Reiff score, assessesing the number of involved lobes (the lingula considered
separately) and the degree of bronchodilation (1 = tubular, 2 = varicose, and 3 = cystic) [31].

4.4. Eosinophils, Total IgE, A. fumigatus Sensitization, and A. fumigatus-Specific IgG

Blood samples were collected, and white blood cell count and differentiation were performed by
fluorescence flow cytometry (Sysmex XE-5000, Kobe, Japan). Total IgE, IgE against A. fumigatus extract,
recombinant antigens (rAsp f1-f4 and f6), and A. fumigatus IgG were determined by ImmunoCAP
fluoroenzyme-immunoassay (Phadia AB, Uppsala, Sweden). The skin prick test with crude A. fumigatus
extract (ALK, Almere, The Netherlands) was performed according to the guidelines [32].
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4.5. Sputum Collection, Homogenization, and Culture

In all COPD patients, sputum was induced by inhalation of hypertonic saline (concentration 3%,
4%, and 5% for 5 min each) generated by an Ultra-Neb ultrasonic nebulizer (DeVilbiss, Port Washington,
NY, USA) after pretreatment with 400 μg of inhaled salbutamol. The patient was asked to rinse the
mouth thoroughly with water and spit the sputum into a collection tube [33]. As negative and
positive control samples, induced sputum samples of 7 healthy controls and spontaneous samples
of 12 CF patients with known A. fumigatus colonization were collected, respectively. All samples
were immediately stored at −80 ◦C. For homogenization, an equal volume of Sputasol® (Oxoid,
Thermo Fisher, Hampshire, UK, 1.4% dithiothreitol) was added to each sample. The samples were
subsequently incubated at 37 ◦C for 30 min and shaken every 10 min. Two volumes of each sample,
10 and 100 μL, were inoculated on Sabouraud agar plates (Sabouraud with chloramphenicol (Bio-Rad,
Marnes-la-Coquette, France). The culture plates were incubated at 42 ◦C for 1 day and subsequently at
30 ◦C for 1 week. For each sample, an additional plate without inoculation was incubated as a control.
The growth was checked daily and the colonies were identified by microscopy.

4.6. Sputum Galactomannan Assay

Of the homogenized sputum, 300 μL was transferred to a sterile tube. An enzyme immunoassay
(Platelia™ Aspergillus Ag, Bio-Rad, Marnes-la-Coquette, France) was used to detect galactomannan.
The results are expressed as optical density index (ODI), the ratio of the optical density of the sample to
the mean cut-off control optical density. To exclude false positivity, galactomannan was determined in
Sputasol® and in the sterile water we used to prepare the Sputasol® solution. Furthermore, three vials
from different batches of amoxicillin clavulanate were tested, as some of the hospitalized patients
received this antibiotic, known to influence galactomannan results in previous reports [34]. Moreover,
13 sputum samples were retested to confirm the results.

4.7. Aspergillus PCR on Sputum

A. fumigatus real-time PCR was done following an in-house method with excellent performance
in European Aspergillus PCR Initiative (EAPCRI) evaluations. Nucleic acid extraction was semi-
automatically performed with EasyMAG (Biomérieux, Marcy l’ Etoile, France) using NucliSens
reagents as recommended by the manufacturer. Briefly, 500 μL of sputum samples was lysed in
the presence of magnetic silica beads and subsequently eluted. This method was compared with
a manual extraction method using MycXtra® (Myconostica, Cambridge, UK) in five additionally
collected CF sputum samples with known A. fumigatus colonization. The fungal DNA was extracted
as recommended by the manufacturer. Briefly, 1 mL of the homogenized sample was used for
extraction, then lysis, bead beating, and purification were performed to remove inhibiting substances
with reagents provided by the manufacturer. The nucleic acid extracts where used for real-time
PCR (Quantstudio™, Thermo Fisher Life technologies, Carlsbad, CA, USA). The comparative cycle
threshold was used to normalize data after running through 45 cycles. The used reagents are shown in
the online Supplementary Materials Table S3.

4.8. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 4 (GraphPad Software, La Jolla, CA,
USA) and SAS software version 9.4 (SAS Institute, Cary, NC, USA). Non-parametric tests were used
for analyses. Univariate comparisons were performed by Mann–Withney U-test and presented as
median ± interquartile range. The proportions of discrete variables were compared with χ2 test and
presented as absolute numbers and percentages. The comparison of four groups was performed
with the Kruskal–Wallis and post-hoc Dunn’s tests for multiple comparison. A multivariate model
was built for two-way analysis of variance to study the association between sputum galactomannan,
bronchiectasis, and CS. After performing bivariable models with sputum galactomannan as exposure,

131



Int. J. Mol. Sci. 2018, 19, 523

potential confounders of the association between sputum galactomannan and bronchiectasis were
included in the final model if they (1) changed the estimate of the multivariable model ≥10% or (2)
the variable was significantly associated with galactomannan and bronchiectasis. The interaction
between bronchiectasis and CS was included in the model. p-Values < 0.05 were considered significant
in all analyses.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/2/
523/s1.
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Abstract: Although the spectrum of fungal pathology has been studied extensively in immunosuppressed
patients, little is known about the epidemiology, risk factors, and management of fungal infections in
chronic pulmonary diseases like bronchiectasis. In bronchiectasis patients, deteriorated mucociliary
clearance—generally due to prior colonization by bacterial pathogens—and thick mucosity propitiate,
the persistence of fungal spores in the respiratory tract. The most prevalent fungi in these patients are
Candida albicans and Aspergillus fumigatus; these are almost always isolated with bacterial pathogens
like Haemophillus influenzae and Pseudomonas aeruginosa, making very difficult to define their clinical
significance. Analysis of the mycobiome enables us to detect a greater diversity of microorganisms
than with conventional cultures. The results have shown a reduced fungal diversity in most chronic
respiratory diseases, and that this finding correlates with poorer lung function. Increased knowledge
of both the mycobiome and the complex interactions between the fungal, viral, and bacterial
microbiota, including mycobacteria, will further our understanding of the mycobiome’s relationship
with the pathogeny of bronchiectasis and the development of innovative therapies to combat it.

Keywords: bronchiectasis; fungi; yeast; filamentous fungi; Candida albicans; Aspergillus; allergic
bronchopulmonary aspergillosis; mycobiome

1. Introduction

Bronchiectasis is defined as chronic inflammatory bronchial disease with irreversible dilation of
the bronchial lumen, and it can occur for a number of reasons. Clinically speaking, it usually presents
itself with chronic cough and expectoration, and also with recurrent infectious exacerbations. It is
mostly accompanied by chronic bacterial infection, as well as isolated yeast and filamentous fungi or
molds whose pathogenic role has not yet been clarified [1,2].

The airways are constantly exposed to environmental fungi. The ones that are most commonly
isolated in bronchiectasis patients are Candida albicans and Aspergillus spp. Of these, the various species
of Aspergillus spp. have the greatest pathogenic potential [3]. The inhalation of fungal spores and
conidias has little effect on healthy subjects as their immune mechanisms will function correctly.
In chronic pulmonary diseases, such as bronchiectasis, however, fungal growth is enhanced by
deteriorated mucociliary clearance, thick mucosity, and the fungis’ capacity to evade the host’s immune
mechanisms [3]. Although there are no published data about the real prevalence of co-colonization of
fungi and bacteria, in most cases, fungi are isolated with pathogens, such as Haemophillus influenzae or
Pseudomonas aeruginosa, making difficult to determine their pathogenic significance. However, they are
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associated with a persistent inflammatory response in the airways that can be measured accurately,
particularly in those patients with more marked respiratory deterioration.

Microbiological diagnostic techniques for fungal infection have developed enormously in
recent years. Although the traditional diagnostic methods (microscopic tests, biochemical analysis,
and cultures in selective media) are still used, in many instances they have been superseded
by new molecular techniques, such as metagenomic analysis, as well as by the application of
mass spectrometry (Matrix-Assisted Laser Desorption/Ionization Time-of-Flight—MALDI TOF)
technique [4]. These breakthroughs have made it possible to identify new fungal pathogens, although
more studies are needed to determine their clinical significance.

Anatomical modifications, as found in bronchiectasis and immunological alterations, as found in
immunosuppressive states, can give rise to a wide range of respiratory fungal diseases, from simple
colonizations to invasive aspergillosis or allergic bronchopulmonary aspergillosis (ABPA) [5].
These phenomena are difficult to diagnose in bronchiectasis patients, as their symptoms and
radiological presentation are not easily distinguishable from those of the underlying disease.
Furthermore, we are still lacking in uniform diagnostic criteria for some of these fungal diseases [6].

2. Pathogeny of Bronchiectasis

Bronchiectasis arises as a result of a vicious circle that is produced by bacterial infection and
inflammation [7]. The damage to the mucociliary system impedes the elimination of secretions and
propitiates the growth of microorganisms, such as bacteria, mycobacteria, and fungi in the airways.
Infection and inflammation cause structural bronchial damage and perpetuate this pathogenically
vicious circle. An imbalance between pro-inflammatory and anti-inflammatory products and an
incomplete resolution of the infection and inflammation, despite treatment and the immune response,
could play an important role in the progression of the disease [1]. The role of fungi in this process has
yet to be defined.

3. Microbiology of Bronchiectasis

The airways of bronchiectasis patients tend to be colonized by potentially pathogenic microorganisms.
The bacteria that are most commonly isolated in these patients are H. influenzae, P. aeruginosa, Streptococcus
pneumoniae, Staphylococcus aureus, and Moraxella catarrhalis [8]. Other microorganisms are also often found,
such as non-tuberculous mycobacteria (NTM) [9,10], yeasts, and filamentous fungi [11].

In the last ten years, the use of pyrosequencing methods to investigate all the genetic sequences
of the microorganisms that are present in the respiratory secretions has revealed an extremely varied
bacterial microbiota, which are comparable to that found in other chronic respiratory diseases [12].

4. Prevalence of Fungal Infection and Risk Factors

Healthy subjects quickly eliminate fungal conidias via the mucociliary system and then
phagocytize them via cells in the immune system. In patients with chronic respiratory diseases, such as
bronchiectasis, however, the deterioration of the mucociliary clearance system and thick mucosity
allow for these pathogens to persist, and, furthermore, create colonization mechanisms [13,14].
The prevalence of fungal colonization in the airways varies according to the geographical
area, the microbiological culturing, and identification methods used and the etiology of the
bronchiectasis [15,16]. Any comparison of studies is also complicated by the differing definitions of
colonization, infection, and persistence used therein [17,18].

C. albicans and Aspergillus spp. are the fungi that are most usually isolated in the respiratory
secretions of patients with chronic respiratory disease, and they are also the ones that are most often
cultured in patients with cystic fibrosis (CF) [19,20] and bronchiectasis [11,21,22]. Aspergillus fumigatus
is isolated from respiratory secretions of patients with CF in between 9% and 57% of samples, and the
rate is somewhat higher in the case of C. albicans.
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5. Yeasts

The yeasts most often found in bronchiectasis belong to the Candida spp. genus, with C. albicans
being the most common species. A recent analysis of the data derived from routine microbiological
cultures in various Spanish hospitals showed that C. albicans was isolated in 45.2% of the patients that
were studied [11]. Other fungal species were recovered from 5.2% of the patients.

It is also not uncommon to identify yeasts in these patients’ respiratory samples. Yeasts such
as Trichosporon beigelli and Saccharomyces cerevisiae form part of the normal microbiota of the upper
respiratory tract, digestive system, and even foodstuffs, but their possible implication in the processes
of colonization and infection is subject to debate. On the one hand, they could represent contamination
derived from the collection of the respiratory sample, but on the other hand, these types of yeast
have demonstrated a great immunogenic capacity, which could be linked to the impaired mucociliary
clearance found in this group of patients [6].

Finally, the so-called black yeasts have recently been noted in patients with bronchiectasis and
in CF. Exophiala dermatitidis is particularly prominent in this respect. In some cases in the literature it
was the only fungus isolated in patients with a deteriorated respiratory function, and their clinical
condition improved after the administration of antifungals and subsequent negative cultures [23].

Furthermore, as in the case of CF, chronic antibiotic treatment may be a major risk factor for
respiratory fungal colonization and infection, although more studies are needed to corroborate this
hypothesis. One study recently undertaken on bronchiectasis patients found that persistent C. albicans
was most common in those patients who were receiving chronic antibiotic treatment [11].

6. Filamentous Fungi

The various species of the Aspergillus spp. genus are the most prevalent filamentous fungi found
in bronchiectasis patients (24.2% in the aforementioned multi-centre study) [11]. A. fumigatus is the
most common species, followed by Aspergillus niger, Aspergillus terreus, and Aspegillus flavus. However,
there are huge variations in the prevalence of the fungi isolated in studies, for the reasons noted above.
For example, the prevalence of Aspergillus spp. in bronchiectasis ranges from 7% to 24% [11,24].

A. fumigatus has been the main focus of almost all of the research into fungal diseases, as it is
both the most prevalent and the most pathogenic. The other species of Aspergillus spp. tend to act
more as colonizers than as pathogenic agents. The distribution of the species varies according to the
geographical area, with a high prevalence of A. niger and A. terreus in Japan and of A. flavus in India
and China [25].

Almost all of the research into the risk factors that are associated with the isolation of Aspergillus
spp. and other fungi in the respiratory tract has been carried out on patients with CF [18], but even so,
its role in this population has still not been totally clarified. It has been suggested that the incidence of
Aspergillus spp. increases with age [26], with a greater severity of lung disease [26] and with chronic
antibiotic treatment [21,27,28].

Although chronic antibiotic treatment may be one of the most significant risk factors for fungal
respiratory infection, Máiz et al. did not find any such association with Aspergillus spp. Nevertheless,
they did link its persistence to greater purulence in the sputum [11]. The lack of this association
between Aspergillus spp. and antibiotic treatment could be due to the fact the culture of sputum
samples may not be the most appropriate way to detect the presence of Aspergillus spp. in the lower
respiratory tract [29–31], although the use of microbiological techniques that are not based on cultures
from respiratory samples has been hotly debated in the case of bronchiectasis patients. The detection of
the antigen of Aspergillus spp. or galactomannan in serum or bronchoalveolar lavage has been proposed
as a microbiological criterion for probable invasive aspergillosis in immunocompetent patients with
lung diseases, like Chronic obstructive pulmonary disease (COPD) and bronchiectasis, who also
fulfil other clinical criteria, such as pulmonary deterioration, frequent exacerbations after antibiotic
treatment, or high doses of steroids. These algorithms have only been applied to critical patients,
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however, further studies are required to validate the detection of galactomannan in immunocompetent
patients who do not need to be admitted to an intensive care unit [32–34].

Other species of filamentous fungi that have been described in this group of patients include
Scedosporium apiospermum and various species from the Fusarium and Penicillium geni. Filamentous
fungi from the Mucorales family, such as Rhizopus spp. and Mucor spp., have also been found.
Other species that have recently come to the fore include dematiaceous fungi, such as Alternaria
spp. and Bipolaris spp, whose presence is associated with allergic stimuli of the bronchial airway [35].

Improvements in the methods used for the microbiological identification of filamentous
fungi—including the recently introduced MALDI TOF technique—has made it possible to describe
“new” species, such as Geosmithia argillacea, which is associated with the appearance of exacerbations
in CF patients. Conventional identification techniques based on morphological characteristics usually
define this as Penicillium spp.

Such descriptions of “new” species also extend to so-called cryptic species that are related
to A. fumigatus: molecular biology techniques have revealed species associated with the Fumigati
section, such as A. ustus, which would be defined as A. fumigatus by morphological identification,
but nevertheless has a different profile of sensitivity to voriconazole [36]. Table 1 shows the species
that are most frequently found in bronchiectasis patients.

Table 1. Species most frequently found in patients with bronchiectasis not associated with cystic
fibrosis [6,11,21,23,37,38].

Yeasts Filamentous Fungi

Candida albicans Aspergllus fumigatus
Candida glabrata Aspergillus niger

Candida parapsilosis Aspergullus terreus
Saccharomyces cerevisiae Scedosporium apiospermum

Trichosporon beigellii Penicillium spp.
Exophiala dermatitidis Fusarium spp.

7. Pathogenic Mechanisms

Apart from the case of P. aeruginosa [39], little is known about the pathogenic role that is played by
other bacteria in bronchiectasis, but the role of fungi is even less documented. Most of the studies on the
pathogeny of fungi in respiratory diseases have focused on CF and COPD, and the European Academy
of Allergy and Clinical Immunology recently drew attention to our lack of knowledge about the
connections between fungal infection, the microbiome, and bronchiectasis [40]. So far, any microbiome
studies that could cast new light on this matter have placed a particular emphasis on CF [37] and
bacterial ecology [41].

The alterations in ciliary clearance and the bronchial tree destruction that occur during the
bronchiectasis process, along with the chronic inflammation that is associated with the colonization of
the mucosa by various bacterial and viral microorganisms, favour pathogenic colonization by fungi.
Moreover, the reduced ciliary clearance in the bronchial tree is particularly relevant in this respect.
Whilst healthy people can eliminate most fungal spores or conidias via ciliary clearance—with the
remainder being phagocytized by innate immune mechanisms—bronchiectasis patients are unable
to eliminate the majority of spores, as the fungal presence is too big for their impaired mucociliary
clearance. This means that fungi are retained in the mucosity of their respiratory tree and that, in the
case of filamentous fungi, they can invade tissue (colonization-infection processes), cause tissue
damage, and provide a stimulus to the humoral immune response [6].

There are three factors that can explain the contribution of fungi to the emergence of bronchiectasis:
antigens and fungal proteases; genetic susceptibility; and, interactions that may arise with other
microorganisms, such as mycobacteria.
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Both yeasts, and, more particularly, molds have elements in their cellular wall (elastase,
collagenase, trypsin, MUC5AC, chitin, β-glucan, gliotoxins) that can degrade the components of
the tissue matrix [38,42–45]. Fungal proteases are produced once the fungus has invaded the mucosa
and developed hyphas [46]. Animal models have shown that fungal proteases induce the production
of cytokines and other pro-inflammatory mediators [47–49]. Aspergillus spp. spores are also capable
of resisting phagocytic cells [50], neutrophils, and alveolar macrophages [51,52]. This hindrance to
the elimination of conidias by the airway macrophages triggers a response in the fungal hyphae,
the respiratory epithelial, dendritic and phagocytic cells, and the toll-like receptors [53]. Damage to
this line of defence can favour exposure to fungal antigens, producing a Th1-type response in healthy
people and a Th2-type response in ABPA patients [54]. Figure 1 presents a schematic summary of the
pathogenic mechanisms of fungi in bronchiectasis.

There are various factors that are implicated in the genetic susceptibility to suffer from fungal
diseases. For example, in the case of Allergic bronchopulmonary aspergillosis (ABPA), which is
unleashed by a Th2 response, an association has been demonstrated with dysfunctions of the
cystic fibrosis transmembrane conductance regulator [55], while variations in the prevalence of
polymorphisms may explain the differences in the prevalence of ABPA from one geographical area
to another.

Apart from fungal proteases and the susceptibility of the host, a third factor in the pathogeny
of fungal bronchiectasis is a possible interaction with other microorganisms, such as mycobacteria.
It has been demonstrated that Nontuberculous mycobacteria (NTM) can propitiate sensitization to
Aspergillus and play a major role in the appearance of ABPA in a susceptible host [56].

CF patients have also presented an association between ABPA and isolations of Aspergillus and
NTM in respiratory samples [57,58]. However, this apparent association could be spurious due to
the deterioration of the lung function and the presence of common risk factors for their isolation
(e.g., antimicrobial treatment).

 

Figure 1. Pathogenic mechanisms of fungi in bronchiectasis.

8. Clinical Significance and Association with Other Microorganisms

The clinical significance of fungal growth in the cultures of respiratory samples that were taken
from bronchiectasis patients has not been clearly established because, on the one hand, few studies have
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examined its epidemiology, and, on the other, the criteria usually applied to the definition of chronic
colonization are adapted from definitions of chronic colonization by other microorganisms, such as
P. aeruginosa [6]. The issue of clinical significance is complicated still further by the fact that fungi are
not usually isolated on their own. More than one fungal species may be found (the most common
being A. fumigatus and C. albicans) and they are often accompanied by other types of microorganisms,
such as bacteria.

Apart from the aforementioned association with NTM [59], the model of the relationship with
chronic bronchial infection described in the literature is very similar to that of CF patients, since there
is a relationship between the appearance of filamentous fungi (especially A. fumigatus) and chronic
bronchial infection by P. aeruginosa. No fungi are isolated, however, in the cultures of patients with
chronic colonization by H. influenzae [11]. Finally, the possible role of respiratory viruses in bronchial
inflammatory processes needs to be mentioned, as these could favour colonization by other types of
microorganisms, including bacteria and fungi.

9. Clinical Spectrum of Aspergillus

Various species of Aspergillus can colonize the airways without any pathogenic consequences,
but they are also capable of causing several types of disease: bronchitis due to Aspergillus spp.,
aspergilloma, chronic necrotizing aspergillosis, invasive aspergillosis, and asthmatic reactions
(bronchial asthma, extrinsic allergic alveolitis, and ABPA) (Figure 2). Aspergillus spp. can create
several different clinical pictures at the same time in a single patient, and these can evolve over time
in accordance with the progression of the underlying pathology and the patient’s immunity. All of
this makes it even more difficult to diagnose and treat fungal disease in bronchiectasis patients. Of all
the clinical pictures that are produced by fungi, the one most often associated with bronchiectasis is
allergic bronchopulmonary mycosis.

Figure 2. Pathogenic potential of Aspergillus spp. (arrow direction means more severity).

10. Allergic Bronchopulmonary Mycosis

Allergic bronchopulmonary mycosis is responsible for persistent asthmatic symptoms, pulmonary
eosinophilia, radiological infiltrates, and proximal bronchiectasis. There are many fungi that are
capable of triggering it [60,61], but A. fumigatus is behind more than 90% of cases, giving rise to what is
known as ABPA. The manifestations of this group of diseases are affected both by the virulence of the
fungus in question and by the patient’s atopic immunological response. The prevalence of ABPA in
idiopathic bronchiectasis is 10% [62]. A. terreus has been implicated in approximately 10% of patients
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with ABPA in Japan [63,64], but this species is not very pathogenic and is rarely associated with other
types of fungal disease in bronchiectasis. A. nidulans has also been described as a cause of ABPA in
bronchiectasis patients [65].

ABPA rarely causes bronchiectasis [66]. Both the European [2] and Spanish guidelines [1] for
bronchiectasis recommend ruling out ABPA in all of the patients diagnosed with bronchiectasis,
by screening by means of a total IgE serum test and specific IgE and IgG tests for A. fumigatus,
or alternatively a prick test for A. fumigatus [2]. These recommendations are often ignored, however,
as evidenced by a review recently undertaken in the United Kingdom [67].

It is difficult to diagnose ABPA in a bronchiectasis patient as both diseases share many clinical
and radiological characteristics. An attempt to unify the diagnostic criteria for ABPA has recently
been made in a review carried out by a working group from the International Society for Human and
Animal Mycology [55].

ABPA intensifies the deterioration in the lung function and increases the number of exacerbations
in both CF and bronchiectasis [68,69], but it is still not known whether the presence of A. fumigatus
and the triggering of ABPA are a cause or consequence of pulmonary deterioration. The mechanisms
by which sensitization to A. fumigatus gives rise to ABPA, and by which ABPA in its turn triggers
bronchiectasis, have not been clearly established, but it has been speculated that they could be the
result of remodelling of the airways subsequent to the inflammation that is caused by continuous
exposure to A. fumigatus [38].

Although ABPA is associated, in both CF and bronchiectasis, with a greater prevalence of airway
infection by other pathogenic microorganisms, such as NTM [56,57], it is not known whether this
association is due to defects in the cystic fibrosis transmembrane conductance regulator that could
occur in patients with bronchiectasis, or whether this explanation is only applicable to CF patients [70].

11. Mycobiome

The recent application of mass sequencing techniques with high-performance platforms and
amplification of total DNA in the respiratory secretions of patients with chronic bronchopulmonary
disease has made it possible to detect a wider range of microorganisms than was the case with
conventional cultures [71]. Apart from classic bacteria like P. aeruginosa, H. influenzae, S. pneumoniae,
and S. aureus, bacteria that grow exclusively in anaerobiosis have been found, along with molds and
yeast; these are known collectively as the mycobiome [72]. Differences have been observed between the
yeast identified in healthy individuals and those detected in patients with bronchiectasis or asthma [73],
suggesting that they could have a different significance in different contexts.

Most of the research undertaken on the microbiome in respiratory disease has involved small
sample sizes, as well as sputum samples (rather than bronchoaspiration), and as a result, its clinical
importance is still unclear. The main focus has been on the bacterial microbiome in CF, asthma,
and COPD [74–77], with only a few studies of bronchiectasis [12]. In the case of CF, fungi are detected
more often during exacerbations, and, in many cases, after antimicrobial treatment, although one
follow-up study of six patients who gave a series of respiratory samples and had their complete
microbiome analyzed presented a relative stability of the various fungal species found, including
Candida spp. [73].

Studies of the microbiome have demonstrated that resistance increases and bacterial diversity
decreases after antibiotic treatment, although this effect disappears a few weeks after the completion
of treatment, with a subsequent recovery of the previous microbial composition [77].

Apart from the infections that are already known to be caused by fungi, the lung mycobiome
can have inflammatory effects that can cause or aggravate chronic respiratory disease. Like bacteria,
fungi also contain pathogen-associated molecular patterns (PAMP), which are recognizable by pattern
recognition receptors that activate immune cells (macrophages, B and T cells), thereby triggering
inflammation. Given that fungi are omnipresent in the environment, the respiratory system’s
continuous exposure to them and their capacity to trigger an inflammatory process means that the
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mycobiome may contribute to lung damage, which makes it important to analyze it to establish its
real pathogenic role [78]. Most studies have found that, as in the case of bacteria, a reduction in fungal
diversity in respiratory diseases correlates with a poorer lung function (along the same lines as a
reduction in bacterial diversity). This reduced diversity could be caused by the excessive growth of one
fungal species or by the elimination of other species. Figure 3 shows the evolution of the mycobiome
in patients with chronic respiratory disease [72].

 

Figure 3. Evolution of the mycobiome in patients with chronic respiratory disease. Information has
been obtained from reference [72].

There are several justifications for research into the lung mycobiome in patients with
bronchiectasis. Firstly, the respiratory tract constitutes the main point of entry for fungal spores;
secondly, it has been demonstrated that bronchiectasis is a risk factor for fungal disease; and, thirdly,
fungi can exacerbate the respiratory deterioration of such patients. Increased knowledge of the
complex interactions between the fungal, viral and bacterial microbiota would probably propitiate the
development and implementation of innovative therapies. Improvements in sequencing techniques
and their interpretation (as well as a reduction in their cost) could be useful in furthering our
understanding of the microbiome in both healthy and sick people. Furthermore, research into the
relationship between the digestive and respiratory microbiota could also provide insight into the
pathogenesis of bronchiectasis.

12. Future Research

There are still many tasks pending with respect to fungi and bronchiectasis, such as,
for example, establishing their prevalence and the best method for detecting them; assessing the
pathogenic significance of individual species; verifying whether fungi are a cause or consequence of
bronchiectasis; defining the risk factors for fungal infection and the importance of sensitization to
fungi; and, evaluating tests to diagnose invasive aspergillosis in bronchiectasis patients and to detect
interactions between the mycobiome and the host.

In a document recently published by the EMBARC Clinical Research Collaboration, Aliberti set
out the following research priorities [79]:

1. Studies on bronchiectasis patients in a stable phase and in exacerbations, to evaluate how they
are affected by fungi.
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2. Studies on the microbiome (including bacteria and potentially pathogenic fungi) with detailed
data on phenotypical studies.

3. Studies on the prevalence of fungi.
4. Studies on fungi (both alone and in joint infection with other pathogens) in bronchiectasis patients

in a stable phase and in exacerbations, and on the impact of fungi on the severity and evolution
of the disease in these patients.

5. Studies to evaluate whether chronic antibiotics are a predisposing risk factor for fungal
respiratory diseases.

13. Conclusions

The growth of fungi in the conventional microbiological cultures of respiratory samples from
bronchiectasis patients has been linked to the triggering of inflammatory response in the bronchi.
The species that are most commonly found belong to the genera Aspergillus spp. and Candida spp.

Although we do not know the risk factors for fungal colonization and infection in bronchiectasis,
chronic antibiotic treatment is one of the most important risk factors. The clinical significance of the
growth of fungi in cultures of respiratory samples taken from bronchiectasis patients has still not
been clearly defined. Further studies that would make it possible to standardize and evaluate both
the microbiological criteria for defining chronic colonization and the methods used for culturing and
identifying fungi would provide us with more precise knowledge of the genera and species involved,
and of the role that fungi play in the clinical evolution of bronchiectasis patients.
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Abstract: Chronic airway infection is a key aspect of the pathogenesis of bronchiectasis. A growing
interest has been raised on non-tuberculous mycobacteria (NTM) infection. We aimed at describing
the clinical characteristics, diagnostic process, therapeutic options and outcomes of bronchiectasis
patients with pulmonary NTM (pNTM) disease. This was a prospective, observational study enrolling
261 adult bronchiectasis patients during the stable state at the San Gerardo Hospital, Monza, Italy,
from 2012 to 2015. Three groups were identified: pNTM disease; chronic P. aeruginosa infection;
chronic infection due to bacteria other than P. aeruginosa. NTM were isolated in 32 (12%) patients,
and among them, a diagnosis of pNTM disease was reached in 23 cases. When compared to chronic
P. aeruginosa infection, patients with pNTM were more likely to have cylindrical bronchiectasis and
a “tree-in-bud” pattern, a history of weight loss, a lower disease severity and a lower number of
pulmonary exacerbations. Among pNTM patients who started treatment, 68% showed a radiological
improvement, and 37% achieved culture conversion without recurrence, while 21% showed NTM
isolation recurrence. NTM isolation seems to be a frequent event in bronchiectasis patients, and few
parameters might help to suspect NTM infection. Treatment indications and monitoring still remain
an important area for future research.

Keywords: non-cystic fibrosis bronchiectasis; non-tuberculous mycobacteria; pulmonary infection

1. Introduction

Bronchiectasis represents a significant disease entity with increasing prevalence and substantial
impact on patients’ morbidity and mortality, as well as healthcare utilization [1]. Chronic airway
infection plays a key role in the pathogenesis of the disease sustaining a vicious cycle of inflammation
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and structural damage [2]. P. aeruginosa defines a specific clinical phenotype of bronchiectasis, and its
presence is clearly associated with worse patient outcomes [3–5]. The most frequently-isolated
bacteria in sputum from bronchiectasis patients include H. influenzae, P. aeruginosa, M. catarrhalis and
S. aureus. Among other pathogens, recent reports demonstrated an increasing role of non-tuberculous
mycobacteria (NTM) with a frequency ranging from one to 18% in bronchiectasis patients [6,7].

Anatomic alteration of the bronchi along with airway clearance impairment seem to be the
primum movens of chronic NTM infection, although some authors have also speculated about
a possible role of NTM in directly causing bronchiectasis [8,9]. Treatment in pulmonary NTM (pNTM)
remains extremely challenging in bronchiectasis. These patients usually meet per se two out of three
criteria for pNTM disease recommended by the 2007 American Thoracic Society (ATS)/Infectious
Diseases Society of America (IDSA), regardless of the presence of NTM, having both respiratory
signs/symptoms and radiographic abnormalities (bronchiectasis) [8]. Thus, translating current
evidence and recommendations for the general population with pNTM disease to a specific population
of bronchiectasis patients might not be fully appropriate. In view of this scenario, specific evidence
on NTM infection in bronchiectasis is needed to help physicians in identifying patients with pNTM
disease and treating them appropriately [10].

The objective of this study was to describe the clinical, functional and radiological characteristics
of bronchiectasis patients with pNTM infection, as well as the diagnostic process, therapeutic options
and outcomes. We also aimed at comparing the characteristics of bronchiectasis patients with pNTM
with those with a chronic infection due to P. aeruginosa or other bacteria.

2. Results

2.1. NTM Infection and pNTM Disease in Bronchiectasis

Among 261 bronchiectasis patients (median age: 69 years, 59% female) attending the clinic over
the study period, 141 (median age: 69 years, 58% female) had a positive microbiology finding in the
respiratory sample; see Figure 1. Among the entire study population, 136 (52%) patients underwent
bronchoscopy; when considering only those with a positive respiratory sample, the percentage of
patients who underwent bronchoscopy is as high as 61%. At least one NTM was isolated in 32 patients
(23% among patients with an isolated pathogen and 12% among all bronchiectasis patients). The most
common NTM were Mycobacterium avium complex (MAC) (24 patients, 17%), including 13 M. avium
and 11 M. intracellulare, and M. chelonae (two patients, 1.4%); see Table 1. M. gordonae was isolated
in four patients and was considered as a contaminant. Two NTM were isolated in one patient:
M. abscessus spp. and subsequently M. chelonae (no treatment was initiated in this case). None of
the NTM isolates were resistant to macrolides. NTM isolation was obtained from bronchoscopic
specimens in 59% of the patients and from sputum samples in the remaining 41%. A co-infection with
other bacteria was detected in 21 (66%) NTM patients, including P. aeruginosa (10 patients), S. aureus
(eight methicillin-susceptible and one methicillin-resistant S. aureus), H. influenzae (six patients) and
M. catarrhalis (two cases). A total of 22 (16%) patients had a nodular-bronchiectatic pattern for the
high-resolution computed tomography (HRCT) scan, eight (5.7%) patients a cavitary pattern and
two (1.4%) patients a bronchiectatic pattern. All patients, but four, had daily respiratory symptoms,
either cough or sputum production.

Among the 32 patients with a NTM isolation, a diagnosis of pNTM disease according to the
2007 ATS/IDSA guidelines was reached in 23 (72%) cases: 18 subjects started antibiotic treatment;
four patients refused any pharmacological treatment; while one patient had severe liver disease
contraindicating antibiotic treatment. Among the nine patients in whom the ATS/IDSA diagnosis of
pNTM disease was not reached, a lack of either the clinical (four cases) or microbiological criterion
(five cases) was observed. All, but one, did not start a specific antibiotic treatment, but were monitored
during follow-up. The only patient who started antibiotic treatment without reaching the ATS/IDSA
criteria had a MAC isolation on sputum and a cavitary pattern on HRCT.
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Figure 1. Division of the entire population according to microbiological isolations. PA = P. aeruginosa;
NTM = non-tuberculous mycobacteria; pts = patients.

Table 1. Non-tuberculous mycobacteria isolated in the study population.

Non-Tuberculous Mycobacteria

Mycobacterium avium complex 24
– M. avium 13
– M. intracellulare 11

M. gordonae – 4
M. chelonae – 2
M. kansasii – 1

M. abscessus spp. – 1
M. shimoidei – 1

2.2. Characteristics of Bronchiectasis Patients with NTM

Among the entire study population, 23 (8.8%) patients belonged to the pNTM group, 35 (13.4%)
to the P. aeruginosa group and 23 (8.8%) to the other bacteria group (including H. influenzae in 12 cases,
S. aureus in four cases, K. pneumoniae in three cases, M. catarrhalis in two cases, E. coli and S. pneumoniae
in one case). Four patients with both pNTM and P. aeruginosa were included in the pNTM group. Seven
patients with concomitant chronic infection with other bacteria and either pNTM or P. aeruginosa were
included in the pNTM or P. aeruginosa group, respectively; see Figure 1. Demographics, comorbidities,
clinical, radiological, functional and laboratory data of the three study groups are reported in Table 2,
and disease severity is summarized in Table 3.

Patients with pNTM were more likely to have cylindrical bronchiectasis and a “tree-in-bud”
pattern, as well as a history of weight loss in comparison to patients with P. aeruginosa. Furthermore,
patients with pNTM, including both those on active treatment and those in follow-up, showed a lower
disease severity and a lower number of pulmonary exacerbations at one-year follow-up compared to
patients with P. aeruginosa.
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Table 2. Demographics, comorbidities, radiological characteristics, symptoms, pulmonary function
and laboratory data according to the three study groups: pulmonary non-tuberculous mycobacteria
disease (pNTM); chronic infection with P. aeruginosa (Pseudomonas) and chronic infection with bacteria
other than P. aeruginosa (other bacteria).

Variables pNTM (n = 23)
Pseudomonas

(n = 31)
Other Bacteria

(n = 16)
p-Value

Demographics – – – –
Male, n (%) 10 (44) 15 (48) 6 (38) 0.79

Age, median (IQR) 70 (62–76) 72 (66–76) 60 (51–71) 0.77
BMI, median (IQR) 20.6 (18.7–25.1) 22.6 (21.6–25.2) 21.4 (18.1–27.2) 0.15
BMI < 18.5, n (%) 3 (19) 4 (13) 4 (27) 0.68

Prior tuberculosis, n (%) 4 (22) 3 (10) 1 (6) 0.39
Either smoker or ex-smoker, n (%) 11 (65) 13 (42) 6 (38) 0.23

Comorbidities, n (%) – – – –
Chronic obstructive pulmonary

disease 6 (35) 13 (42) 2 (13) 0.76

Asthma 1 (6) 3 (10) 4 (25) 1
Sinusitis 1 (6) 5 (16) 6 (38) 0.65

Cardiopathy 4 (25) 14 (45) 7 (44) 0.22
Arterial hypertension 6 (38) 17 (55) 6 (38) 0.36

Angina 0 2 (7) 1 (6) 0.54
Prior stroke 0 1 (3) 0 1

Vasculopathy 2 (13) 4 (13) 0 1
Atrial fibrillation 0 4 (13) 0 0.28

Valvulopathy 1 (6) 6 (19) 2 (13) 0.39
Congestive heart failure 0 2 (7) 0 0.54
Pulmonary hypertension 0 2 (7) 2 (13) 0.54

Diabetes 3 (18) 6 (19) 1 (6) 1
Liver disease 1 (6) 1 (3) 0 1

Cirrhosis 1 (6) 1 (3) 0 1
Chronic renal failure 0 2 (7) 0 0.54
Neurological disease 0 2 (7) 1 (6) 0.54

Rheumatological disease 0 5 (16) 1 (6) 0.15
Vasculitis 0 1 (3) 1 (6) 1

Gastroesophageal reflux disease 5 (31) 10 (32) 8 (50) 1
Immuno-deficit 0 1 (3) 4 (25) 1

Solid cancer 7 (39) 6 (19) 2 (13) 0.18
Haematological malignancy 0 2 (7) 1 (6) 0.54

Radiologic characteristics, n (%) – – – –
Cylindric 13 (87) * 16 (52) * 12 (75) 0.048

Cystic 2 (13) 11 (38) 3 (19) 0.16
Varicose 0 2 (7) 1 (6) 0.54

Tree-in-bud pattern 13 (57) * 7 (23) * 7 (44) 0.011

Symptoms, n (%) – – – –
Daily cough 9 (56) 22 (71) 8 (50) 0.35

Daily sputum 5 (31) 18 (58) 10 (63) 0.13
Haemoptysis 4 (25) 4 (13) 5 (31) 0.42

Dyspnoea 9 (56) 18 (58) 9 (56) 1
Recurrent pneumonias 1 (6) 0 5 (31) 0.34

Weight loss 6 (38) * 3 (10) * 3 (19) 0.045
Asthenia 7 (44) 16 (52) 7 (44) 0.76

PFTs – – – –
FEV1 %, median (IQR) 85 (56–100) 61.5 (49–81) 82 (52–100) 0.074

Laboratories collected during stable phase – – –
WBC × 103/mL, median (IQR) 6.4 (5.4–7.7) 7.4 (5.8–8.6) 7.13 (5.48–9.61) 0.19

CRP mg/mL, median (IQR) 0.57 (0.15–2.3) 0.5 (0.26–1.38) 0.97 (0.17–3.18) 0.76

* p < 0.05 (pNTM vs. Pseudomonas). BMI = body mass index, FEV1 = forced expiratory volume in 1 s,
WBC = white blood cells, CRP = C-reactive protein, PFT = pulmonary function test.
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Table 3. Disease severity and outcomes according to the three study groups: pulmonary
non-tuberculous mycobacteria disease (pNTM); chronic infection with P. aeruginosa (Pseudomonas)
and chronic infection with bacteria other than P. aeruginosa (other bacteria).

Bronchiectasis Severity and Outcome
pNTM
(n = 23)

Pseudomonas
(n = 31)

Other Bacteria
(n = 16)

p-Value

BSI, median (IQR) 7 (6–10) * 12 (9–15) * 6 (4–9) 0.004
One-year exacerbations, median (IQR) 0 (0–2) * 1 (0.75–3.25) * 0 (0–2) 0.043

One-year hospitalization (at least one/y), n (%) 2 (9) 5 (16) 0 0.94
One-year mortality, n (%) 1 (4.3) 1 (3.2) 0 0.76
Two-year mortality, n (%) 2 (8.7) 2 (6.5) 0 1

Three-year mortality, n (%) 4 (17.4) 4 (12.9) 0 0.9

* p < 0.05 (pNTM vs. Pseudomonas). BSI = bronchiectasis severity index.

In order to limit the confounding effect of multiple pathogens isolated from the same patient,
a subset analysis of patients with only NTM isolates (11 cases) vs. patients with NTM and other
pathogens co-infection (12 cases) was performed. No differences between groups were identified in
regards to all of the items evaluated in Tables 2 and 3.

2.3. Treatment and Outcomes of Bronchiectasis Patients with pNTM

Therapeutic regimens for pNTM are summarized in Figure 2. The regimen schedule was chosen
according to both the isolated pathogen and the radiologic pattern after multidisciplinary discussion
between pulmonologists and infectious disease physicians: six patients were on a three-times a week
schedule and 13 patients were on a daily regimen (patients infected by NTM other than MAC and with
a cavitary pattern on the HRCT scan were included in the latter group). All regimens included standard
antibiotic doses adjusted for either renal or liver function in the case of insufficiency. All medications
were given orally with the exception of amikacin and streptomycin. Median (IQR) treatment duration
was 18 (14–18) months. Nine patients experienced adverse events due to the antibiotic treatment,
including gastric intolerance (five cases), liver toxicity (two cases), thrombocytopenia (one case) and
visual toxicity (one case). A second line regimen was initiated in five patients (26%) because of the
presence of adverse events during the first line regimen in four cases and because of treatment failure
in one case; see Figure 2.

Among pNTM patients who started treatment, 13 (68%) showed a radiological improvement.
Among them, seven also experienced culture conversion after treatment with no recurrence (treatment
success). Median (IQR) duration of treatment for pNTM before culture conversion was 3 (2–4.5)
months. Three (16%) patients were still on active first line treatment at the time of the present
analysis. A total of four (21%) MAC patients had MAC isolation recurrence after treatment. One MAC
patient had a new isolation of M. gordonae on one sputum sample after treatment that was considered
contaminant. Median (IQR) duration of treatment for pNTM before culture conversion was 9 (5–16)
months. Four (21%) patients died during NTM therapy due to causes not directly related to pNTM:
two were not related to respiratory diseases, and two were caused by lung cancer. No differences
were found between groups in regards to solid cancer rates. Among the four patients who refused or
postponed treatment, none died. No statistically-significant differences were detected among groups
in regards to all-cause mortality at one-, two- and three-year follow-up; see Table 3.

Four out of the five pNTM patients who did not receive treatment showed no radiological
progression within the study period. They had a median (IQR) one-year exacerbations and
hospitalizations rate of 2 (0.5–3) and 0 (0–1.5), respectively. Three cases had also other pathogens
isolated on respiratory samples: P. aeruginosa (two cases), M. catarrhalis (one case), H. influenzae
(one case) and methicillin-resistant S. aureus (one case).
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Patients in the Pseudomonas and other bacteria groups also received long-term antibiotic therapy:
patients in the Pseudomonas group received long-term macrolide therapy in five cases (16%) and
long-term inhaled antibiotic therapy in four cases (13%) during the study period. Patients in the
other bacteria group received long-term macrolide therapy in two cases (13%) and long-term inhaled
antibiotic therapy in one case (6%) during the study period.

3. Discussion

This study shows that NTM are isolated in 12% of adult patients with bronchiectasis, while
a specific diagnosis of pNTM disease requiring treatment is reached in 8.8% of them. When considering
patients with at least one isolated pathogen, the prevalence of NTM is as high as 23%. MAC is the most
frequent mycobacteria, while a co-infection with other bacteria is present in the majority of the patients
(66%), including P. aeruginosa in almost one third of them. Patients with pNTM are more likely to
have cylindrical bronchiectasis and a “tree-in-bud” pattern on HRCT, a history of weight loss, a lower
disease severity and a lower number of pulmonary exacerbations compared to patients with chronic
infection with P. aeruginosa. Among pNTM patients treated according to 2007 ATS/IDSA guidelines,
only 37% achieved treatment success without recurrence, while 21% showed NTM isolation recurrence,
and 21% died during treatment.

Our prevalence of 12% of NTM isolation and 8.8% of pNTM disease is in line with a recent
meta-analysis reporting a 9.3% overall prevalence of NTM isolation in bronchiectasis patients
worldwide and with other data coming from European cohorts and showing NTM isolations in
2%–10% of the subjects [7,11–14]. Notably, NTM isolation in our cohort was mainly obtained from
bronchoscopic specimens. The high number of bronchoscopies we conducted according to our standard
operating procedures might have increased the rate of NTM isolations and, consequently, of pNTM
disease diagnosis (72% of cases with a NTM isolation). Differently from our study, Máiz et al. evaluated
the prevalence of NTM isolation and pNTM disease in a cohort of 218 adult bronchiectasis patients
in Spain considering only sputum samples [11]. The authors found a lower prevalence of both NTM
isolation and pNTM disease (8.3% and 2.3%, respectively) compared to our cohort. These previous data
suggest that the higher the number of bronchoscopies performed, the higher the probability of NTM
isolation and, consequently, of pNTM disease diagnosis. In addition, the presence of a tree-in-bud
pattern on HRCT scan and the inability to produce an adequate sputum sample were considered
an indication to perform bronchial aspirate (BAS)/bronchoalveolar lavage (BAL) according to our
standard operating procedures. This may also explain the high prevalence of pNTM disease diagnosis
in our cohort. Our finding of MAC being the most frequent NTM in bronchiectasis also confirms
previous data published by both Máiz and Mirsaeidi, who identified MAC in 50% and 80% of all
NTM isolates, respectively [11,15]. Furthermore, our data show that in NTM patients, the most
common co-infection is with P. aeruginosa (31%), and this is in line with previous experiences showing
a prevalence ranging from 27% to −52% [14,16]. Finally, we also identified S. aureus and H. influenzae
as other pathogens co-infecting bronchiectasis patients with NTM, as previously described [14].

Very scarce evidence supports experts’ opinion in suggesting when to perform culture for
mycobacteria in bronchiectasis patients [17]. According to our results, few clinical parameters might
be helpful in discriminating between NTM vs. chronic Pseudomonas infection in bronchiectasis. Key
findings that should be investigated and might lead physicians to consider a patient at higher risk for
NTM infection include weight loss, a tree-in-bud pattern and cylindrical bronchiectasis at HRCT scan.
Similarly to our results, Máiz and colleagues reported that a low body mass index was independently
associated with NTM isolation [11]. Notably, Koh et al. identified the presence of bronchiolitis, lobular
consolidations and cavities as radiological findings related to pNTM in 105 bronchiectasis patients [18].

Although two thirds of our patients had radiological improvement during treatment, only 37%
achieved culture conversion without recurrence, while 21% showed NTM isolation recurrence. Similar
results with a treatment success rate of 40%–60% and high rates of NTM isolation relapse or re-infection
(up to 50% of patients who completed treatment) have also been found in larger MAC cohorts [19–21].
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According to these results, it seems that, despite a successful antibiotic course, a large percentage of
bronchiectasis patients develop NTM recurrence.

In this scenario, the vicious cycle connected with bronchiectasis leading to impaired airway
clearance and chronic airways infection could be considered one of the main risk factors for pNTM
disease recurrence, together with other host (e.g., immunodeficiency) and environmental risk factors.
We might identify two possible repercussions on patients’ management: from a diagnostic point
of view, a higher relevance should be given to bronchiectasis severity, extension and radiological
worsening during follow-up in the prognostic definition of the disease. This, along with clinical and
microbiological criteria, could guide physicians in the decision making process whether to treat or
not patients with pNTM disease. From a therapeutic point of view, physicians should keep in mind
that a successful patient’s management requires therapeutic strategies for both NTM infection and
bronchiectasis. Airway clearance techniques, bronchodilators if indicated and exacerbations/infections
prevention should be started as soon as possible and continued after a specific antibiotic course.
A long-term macrolide regimen for frequent exacerbators is probably the only therapeutic strategy
that comes into conflict with proven or suspected pNTM disease, since macrolide monotherapy is
contraindicated in this latter case.

Other interesting observations can be pointed out in our cohort of bronchiectasis patients with
pNTM disease. Given the prolonged antimicrobial course with a number of potential side effects
(developed in 47% of our patients), a significant proportion of patients decides to postpone or refuse
treatment even when suggested otherwise (17% in our cohort, none died); similar results with treatment
discontinuation or refusal in 10%–30% of patients have also been described in other cohorts [20,21].
Furthermore, the morbidity and mortality related to patients’ multiple comorbid conditions can often
complicate short- and long-term outcomes [22], as described in our cohort where four patients died
during pNTM treatment and one patient did not start antimicrobial therapy because of the severity of
the comorbid conditions.

Although we present data from one of the largest cohorts of pNTM infection in adult
bronchiectasis patients described so far in Europe, some limitations of our study should be
acknowledged. On the one hand, the monocentric design limited our possibility to draw conclusions
concerning the comparison of NTM patients with those with other chronic infections and impacts the
generalizability of these and other results. Among four patients with pNTM disease who experienced
recurrence after treatment of the same NTM species, we were not able to differentiate between
true relapse vs. re-infection. On the other hand, the prospective nature of our study performed in
a referral centre for bronchiectasis gave us the opportunity to work on a homogeneous cohort of
patients with high quality data and with a complete clinical and microbiological history. Furthermore,
a few possible confounders should be listed. Firstly, an important proportion of pNTM patients
is on a prolonged antibiotic regimen with multiple drugs, including macrolides, which may have
affected the exacerbation rate. Secondly, since all patients with a tree-in-bud pattern on HRCT scan
without sputum production underwent bronchoscopy, the presence of tree-in-bud itself may self-select
for NTM. Thirdly, some patients in the pNTM group had also other respiratory isolates, including
P. aeruginosa (six cases) and other pathogens (six cases). One of the main limitations of the present
study is the impossibility to perform statistical analysis on patients with only NTM infection and no
other pathogen isolated due to the small sample size (11 patients had only NTM infection); therefore, in
the NTM pulmonary disease group, four patients had both NTM pulmonary disease and P. aeruginosa
chronic infection.

Future studies should focus on determining whether patients with NTM isolation and
bronchiectasis may benefit from different diagnostic criteria to define pNTM disease. Finally, given the
frequently unsatisfactory outcomes after treatment, further research is needed to evaluate whether
patients with pNTM disease and bronchiectasis may require specific therapeutic regimens, schemes
and durations of treatment.
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In conclusion, the isolation of NTM seems to be a frequent event in bronchiectasis patients,
especially among those with cylindrical bronchiectasis and a “tree-in-bud” pattern on HRCT, a history
of weight loss, a low disease severity and a low number of pulmonary exacerbations. Treatment
indication in this specific population, as well as monitoring patients’ response still remain important
areas for future research.

4. Materials and Methods

4.1. Study Design

This was a prospective, observational study of adult patients with bronchiectasis attending the
outpatient clinic at the San Gerardo Hospital, Monza, Italy, from 2012–2015. Consecutive patients
aged ≥18 years with a diagnosis of bronchiectasis on HRCT scan in a stable state were recruited.
Patients with cystic fibrosis or traction bronchiectasis due to pulmonary fibrosis were excluded.
The Institutional Review Board of the San Gerardo Hospital approved the study (ethical permission
code: 234, 30 September 2013), and patients signed an informed consent.

4.2. Data Collection and Microbiological Analysis

At the time of clinical assessment, all patients underwent the same comprehensive diagnostic
work-up as recommended by the 2010 British Thoracic Society (BTS) guidelines [17]. Demographics,
comorbidities, disease severity, respiratory symptoms, microbiology, radiological, functional and
laboratory findings in the stable state, long-term treatments and outcomes (including exacerbations,
hospitalizations and mortality) during a three-year follow-up were recorded. HRCT imaging was
performed using a 64-slice CT scanner. Sequential scanning was performed at maximal inspiration
from the apex to the diaphragm using 1-mm contiguous slices (1-mm set), while patients were in the
supine position. Images were reviewed by a consultant radiologist with 15-year experience of reporting
HRCT and a consultant respiratory physician with a major interest in bronchiectasis in order to define
nodular-bronchiectatic vs. cavitary vs. bronchiectatic patterns. They etiology of bronchiectasis was
evaluated as previously described [23]. The severity of bronchiectasis was evaluated according to the
bronchiectasis severity index (BSI) [24,25].

All bacteriology, including culture for both bacteria and mycobacteria, was performed on either
spontaneous sputum (for patients with a productive cough) or BAS/BAL samples. BAS/BAL were
collected in patients showing a HRCT appearance of a tree-in-bud pattern without productive cough.
Murray–Washington criteria for sputum quality were used in all cases, with all samples having less
than 10 squamous cells and more than 25 leukocytes per low-power microscope field.

4.3. Study Definitions and Outcomes

pNTM disease was defined according to the 2007 ATS/IDSA guidelines as the presence of both
clinical (pulmonary symptoms and radiographic abnormalities) and microbiological criteria (NTM
positive culture results from at least two separate sputum samples or one bronchoscopic specimen) [8].
Chronic infection was defined by the isolation of potentially-pathogenic bacteria in sputum culture on
two or more occasions, at least 3 months apart over a 1-year period [26]. A bronchiectasis exacerbation
was defined as a clinical diagnosis of exacerbation for which antibiotics were prescribed in the presence
of at least one (and usually more than one) of the following symptoms: increasing cough, increasing
sputum volume, worsening sputum purulence, worsening dyspnoea, increased fatigue/malaise, fever
and haemoptysis [17].

Study outcomes included exacerbations, hospitalizations and all-cause mortality at one-year
follow-up, as well as all-cause mortality at two- and three-year follow-up.
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4.4. Study Groups

The study population was divided according to the presence of bacteria and NTM: (1) patients
with pNTM disease; (2) those with chronic P. aeruginosa infection; and (3) those with chronic infection
due to bacteria other than P. aeruginosa. Patients with both pNTM disease and chronic infection with
either P. aeruginosa or other bacteria were included in the pNTM disease group, whereas patients with
a chronic infection with both P. aeruginosa and other bacteria were included in the P. aeruginosa group.

4.5. Statistical Analysis

Data were analysed using SPSS 21.0 for MAC OS (SPSS Inc., Chicago, IL, USA). Characteristics
of the population (including respiratory symptoms), radiological features, pulmonary function
tests (PFTs) and microbiological isolation, as well as study outcomes were considered for statistical
analysis. Continuous variables are expressed as median (interquartile range (IQR) 25th–75th percentile).
The difference of median (IQR) was evaluated by the Wilcoxon–Mann–Whitney U two-sample test.
Categorical data are expressed as frequencies and percentages and compared using the chi-square
or Fisher exact test where appropriate. All tests were 2-tailed, and a p-value <0.05 was considered
statistically significant.

Author Contributions: Study concept and design: Stefano Aliberti and Paola Faverio. Acquisition of data:
Paola Faverio, Anna Stainer, Giulia Bonaiti, Stefano C. Zucchetti, Edoardo Simonetta, Stefano Aliberti, and
Giuseppe Lapadula. Analysis and interpretation of data: Stefano Aliberti, Paola Faverio, Anna Stainer,
Giulia Bonaiti, Luigi Codecasa, James D. Chalmers, and Michael R. Loebinger. Drafting of the manuscript:
Stefano Aliberti, Paola Faverio, Anna Stainer, Giulia Bonaiti, Almerico Marruchella, Luigi Codecasa,
James D. Chalmers, and Michael R. Loebinger. Critical revision of the manuscript for important intellectual
content: all authors. Statistical analysis: Paola Faverio and Stefano Aliberti. Study supervision: Stefano Aliberti,
Michael R. Loebinger, James D. Chalmers, Andrea Gori, Francesco Blasi, and Alberto Pesci. Read and approved
the final manuscript: all authors.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

NTM non-tuberculous mycobacteria
pNTM pulmonary NTM
ATS American Thoracic Society
IDSA Infectious Diseases Society of America
MAC Mycobacterium avium complex
HRCT high-resolution computed tomography
BAS bronchial aspirate
BAL bronchoalveolar lavage
BTS British Thoracic Society
BSI bronchiectasis severity index

References

1. Poppelwell, L.; Chalmers, J.D. Defining severity in non-cystic fibrosis bronchiectasis. Expert. Rev. Respir. Med.
2014, 8, 249–262. [CrossRef] [PubMed]

2. Chalmers, J.D.; Aliberti, S.; Blasi, F. Management of bronchiectasis in adults. Eur. Respir. J. 2015, 45, 1446–1462.
[CrossRef] [PubMed]

3. Aliberti, S.; Lonni, S.; Dore, S.; McDonnell, M.J.; Goeminne, P.C.; Dimakou, K.; Fardon, T.C.; Rutherford, R.;
Pesci, A.; Restrepo, M.I.; et al. Clinical phenotypes in adult patients with bronchiectasis. Eur. Respir. J. 2016,
47, 1113–1122. [CrossRef] [PubMed]

4. McDonnell, M.J.; Jary, H.R.; Perry, A.; MacFarlane, J.G.; Hester, K.L.M.; Small, T.; Molyneux, C.; Perry, J.D.;
Walton, K.E.; de Soyza, A. Non cystic fibrosis bronchiectasis: A longitudinal retrospective observational
cohort study of Pseudomonas persistence and resistance. Respir. Med. 2015, 109, 716–726. [CrossRef]
[PubMed]

157



Int. J. Mol. Sci. 2016, 17, 1913

5. Finch, S.; McDonnell, M.J.; Abo-Leyah, H.; Aliberti, S.; Chalmers, J.D. A comprehensive analysis of the
impact of Pseudomonas aeruginosa colonization on prognosis in adult bronchiectasis. Ann. Am. Thorac. Soc.
2015, 12, 1602–1611. [PubMed]

6. Bonaiti, G.; Pesci, A.; Marruchella, A.; Lapadula, G.; Gori, A.; Aliberti, S. Nontuberculous mycobacteria in
noncystic fibrosis bronchiectasis. BioMed Res. Int. 2015, 2015, 197950–197958. [CrossRef] [PubMed]

7. Chu, H.; Zhao, L.; Xiao, H.; Zhang, Z.; Zhang, J.; Gui, T.; Gong, S.; Xu, L.; Sun, X. Prevalence of nontuberculous
mycobacteria in patients with bronchiectasis: A meta-analysis. Arch. Med. Sci. 2014, 29, 661–668. [CrossRef]
[PubMed]

8. Griffith, D.E.; Aksamit, T.; Brown-Elliott, B.A.; Catanzaro, A.; Daley, C.; Gordin, F.; Holland, S.M.;
Horsburgh, R.; Huitt, G.; Iademarco, M.F.; et al. An official ATS/IDSA statement: Diagnosis, treatment,
and prevention of nontuberculous mycobacterial diseases. Am. J. Respir. Crit. Care Med. 2007, 175, 367–416.
[CrossRef] [PubMed]

9. Okumura, M.; Iwai, K.; Ogata, H.; Mizutani, S.; Yoshimori, K.; Itoh, K.; Nakajima, Y.; Kudoh, S. Pulmonary
Mycobacterium avium complex (MAC) disease showing middle lobe syndrome—Pathological findings of
2 cases suggesting different mode of development. Kekkaku 2002, 77, 615–620. [PubMed]

10. Aliberti, S.; Masefield, S.; Polverino, E.; de Soyza, A.; Loebinger, M.R.; Menendez, R.; Ringshausen, F.C.;
Vendrell, M.; Powell, P.; Chalmers, J.D. Research priorities in bronchiectasis: A consensus statement from the
EMBARC clinical research collaboration. Eur. Respir. J. 2016, 48, 632–647. [CrossRef] [PubMed]

11. Máiz, L.; Girón, R.; Olveira, C.; Vendrell, M.; Nieto, R.; Martínez-García, M.A. Prevalence and
factors associated with nontuberculous mycobacteria in non-cystic fibrosis bronchiectasis: A multicenter
observational study. BMC Infect. Dis. 2016, 16, 437–444. [CrossRef] [PubMed]

12. Martínez-Cerón, E.; Prados, C.; Gómez-Carrera, L.; Cabanillas, J.J.; López-López, G.; Álvarez-Sala, R.
Non-tuberculous mycobacterial infection in patients with non-cystic fibrosis bronchiectasias. Rev. Clín. Esp.
2012, 212, 127–130. [CrossRef] [PubMed]

13. Fowler, S.J.; French, J.; Screaton, N.J.; Foweraker, J.; Condliffe, A.; Haworth, C.S.; Exley, A.R.; Bilton, D.
Nontuberculous mycobacteria in bronchiectasis: Prevalence and patient characteristics. Eur. Respir. J. 2006,
28, 1204–1210. [CrossRef] [PubMed]

14. Wickremasinghe, M.; Ozerovitch, L.J.; Davies, G.; Wodehouse, T.; Chadwick, M.V.; Abdallah, S.; Shah, P.;
Wilson, R. Non-tuberculous mycobacteria in patients with bronchiectasis. Thorax 2005, 60, 1045–1051.
[CrossRef] [PubMed]

15. Mirsaeidi, M.; Hadid, W.; Ericsoussi, B.; Rodgers, D.; Sadikot, R.T. Non-tuberculous mycobacterial disease is
common in patients with non-cystic fibrosis bronchiectasis. Int. J. Infect. Dis. 2013, 17, 1000–1004. [CrossRef]
[PubMed]

16. Zoumot, Z.; Boutou, A.K.; Gill, S.S.; van Zeller, M.; Hansell, D.M.; Wells, A.U.; Wilson, R.; Loebinger, M.R.
Mycobacterium avium complex infection in non-cystic fibrosis bronchiectasis. Respirology 2014, 19, 714–722.
[CrossRef] [PubMed]

17. Pasteur, M.C.; Bilton, D.; Hill, A.T. British thoracic society bronchiectasis non-CF guideline group. British
thoracic society guideline for non-CF bronchiectasis. Thorax 2010, 65, 1–58. [CrossRef] [PubMed]

18. Koh, W.J.; Lee, K.S.; Kwon, O.J.; Jeong, Y.J.; Kwak, S.H.; Kim, T.S. Bilateral bronchiectasis and bronchiolitis at
thin-section CT: Diagnostic implications in nontuberculous mycobacterial pulmonary infection. Radiology
2005, 235, 282–288. [CrossRef] [PubMed]

19. Wallace, R.J.; Brown-Elliott, B.A.; McNulty, S.; Philley, J.V.; Killingley, J.; Wilson, R.W.; York, D.S.; Shepherd, S.;
Griffith, D.E. Macrolide/Azalide therapy for nodular/bronchiectatic mycobacterium avium complex lung
disease. Chest 2014, 146, 276–282. [CrossRef] [PubMed]

20. Field, S.K.; Fisher, D.; Cowie, R.L. Mycobacterium avium complex pulmonary disease in patients without
HIV infection. Chest 2004, 126, 566–581. [CrossRef] [PubMed]

21. Xu, H.B.; Jiang, R.H.; Li, L. Treatment outcomes for Mycobacterium avium complex: A systematic review
and meta-analysis. Eur. J. Clin. Microbiol. Infect. Dis. 2014, 33, 347–358. [CrossRef] [PubMed]

22. Park, I.K.; Olivier, K.N. Nontuberculous mycobacteria in cystic fibrosis and non-cystic fibrosis bronchiectasis.
Semin. Respir. Crit. Care Med. 2015, 36, 217–224. [CrossRef] [PubMed]

23. Lonni, S.; Chalmers, J.D.; Goeminne, P.C.; McDonnell, M.J.; Dimakou, K.; de Soyza, A.; Polverino, E.;
van de Kerkhove, C.; Rutherford, R.; Davison, J.; et al. Etiology of non-cystic fibrosis bronchiectasis in adults
and its correlation to disease severity. Ann. Am. Thorac. Soc. 2015, 12, 1764–1770. [CrossRef] [PubMed]

158



Int. J. Mol. Sci. 2016, 17, 1913

24. Chalmers, J.D.; Goeminne, P.; Aliberti, S.; McDonnell, M.J.; Lonni, S.; Davidson, J.; Poppelwell, L.; Salih, W.;
Pesci, A.; Dupont, L.J.; et al. The bronchiectasis severity index. An international derivation and validation
study. Am. J. Respir. Crit. Care Med. 2014, 189, 576–585. [CrossRef] [PubMed]

25. McDonnell, M.J.; Aliberti, S.; Goeminne, P.C.; Dimakou, K.; Zucchetti, S.C.; Davidson, J.; Ward, C.; Laffey, J.G.;
Finch, S.; Pesci, A.; et al. Multidimensional severity assessment in bronchiectasis: An analysis of seven
European cohorts. Thorax 2016. [CrossRef] [PubMed]

26. Pasteur, M.C.; Helliwell, S.M.; Houghton, S.J.; Webb, S.C.; Foweraker, J.E.; Coulden, R.A.; Flower, C.D.;
Bilton, D.; Keogan, M.T. An investigation into causative factors in patients with bronchiectasis. Am. J. Respir.
Crit. Care Med. 2000, 162, 1277–1284. [CrossRef] [PubMed]

© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

159



 International Journal of 

Molecular Sciences

Review

Inhaled Antibiotic Therapy in Chronic
Respiratory Diseases

Diego J. Maselli 1,2, Holly Keyt 1,2 and Marcos I. Restrepo 1,2,*

1 Division of Pulmonary Diseases & Critical Care Medicine, South Texas Veterans Health Care System,
San Antonio, TX 78229, USA; masellicacer@uthscsa.edu (D.J.M.); keyt@uthscsa.edu (H.K.)

2 University of Texas Health at San Antonio, San Antonio, TX 78240, USA
* Correspondence: restrepom@uthscsa.edu; Tel.: +1-(210)-617-5256; Fax: +1-(210)-567-4423

Academic Editor: Francesco B. Blasi
Received: 13 April 2017; Accepted: 10 May 2017; Published: 16 May 2017

Abstract: The management of patients with chronic respiratory diseases affected by difficult to
treat infections has become a challenge in clinical practice. Conditions such as cystic fibrosis (CF)
and non-CF bronchiectasis require extensive treatment strategies to deal with multidrug resistant
pathogens that include Pseudomonas aeruginosa, Methicillin-resistant Staphylococcus aureus, Burkholderia
species and non-tuberculous Mycobacteria (NTM). These challenges prompted scientists to deliver
antimicrobial agents through the pulmonary system by using inhaled, aerosolized or nebulized
antibiotics. Subsequent research advances focused on the development of antibiotic agents able to
achieve high tissue concentrations capable of reducing the bacterial load of difficult-to-treat organisms
in hosts with chronic respiratory conditions. In this review, we focus on the evidence regarding the
use of antibiotic therapies administered through the respiratory system via inhalation, nebulization
or aerosolization, specifically in patients with chronic respiratory diseases that include CF, non-CF
bronchiectasis and NTM. However, further research is required to address the potential benefits,
mechanisms of action and applications of inhaled antibiotics for the management of difficult-to-treat
infections in patients with chronic respiratory diseases.

Keywords: aerosols; cystic fibrosis; bronchiectasis; nontuberculous mycobacteria

1. Introduction

Chronic respiratory diseases that produce bronchiectasis are associated with difficult-to-treat
infections that create a real challenge in clinical practice. Difficult-to-treat infections due to
multidrug-resistant (MDR) pathogens cause great concern for physicians, caregivers and patients,
because these infections are associated with high morbidity, mortality and healthcare system cost.
One of the cornerstones of the management of serious and difficult-to-treat infections is the use
of antibiotics [1–6]. However, the emergence of antimicrobial-resistant pathogens, the lack of
newly-developed therapies, and the high cost associated with management of these infections represent
major challenges in the care of patients with chronic respiratory diseases.

Patients with chronic respiratory diseases such as cystic fibrosis (CF) and non-CF bronchiectasis
may be affected by complex infections by Pseudomonas aeruginosa, Methicillin-resistant Staphylococcus
aureus, Burkholderia species and non-tuberculous Mycobacteria (NTM) [1–6]. Currently, there are limited
alternatives available for the management of patients with these serious infections. Inhaled antibiotics
have been used to treat respiratory tract infections for several decades [7]. Advantages of inhaled
antibiotic administration include the potential to deliver higher drug concentrations at the site of
infection without the systemic adverse effects observed with the use of parenteral or oral antibiotic
agents. However, clinical and technical issues have limited the advancement of the science in this
area of research. Over the past decades there has been increasing interest in development of inhaled
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antibiotics that may help with the management of (MDR) pathogens, particularly those that are
difficult to eradicate or that have a high chance of recurrence. Adjunctive therapies that combine
inhaled and systemic antibiotics may potentially increase the efficacy of these medications in the
care of patients with MDR pathogens and chronic respiratory disease. This narrative review will
describe the currently available evidence regarding the use of inhaled antibiotics for the treatment
of difficult-to-treat infections in patients with chronic respiratory diseases that include CF, non-CF
bronchiectasis and NTM pulmonary infections.

2. Cystic Fibrosis

Cystic fibrosis (CF) is a multisystem autosomal recessive disorder affecting approximately 70,000
people worldwide and 30,000 people in the United States (US) [8]. CF is caused by dysfunction of
the cystic fibrosis transmembrane conductance regulator (CFTR) protein, an ion channel located on
the apical surface of epithelial cells which is responsible for chloride and bicarbonate transport across
the cell membrane [9]. The results of CFTR dysfunction are abnormally thick and viscous secretions
in the airways and impaired mucociliary clearance. The natural history of CF is characterized by
recurrent lower-respiratory tract infections, often caused by drug-resistant pathogens such as S. aureus,
P. aeruginosa, Burkholderia cepacia complex, Stenotrophomonas maltophilia, and others [8]. Recurrent
infections contribute to a cycle of chronic inflammation, airway destruction and the development of
bronchiectasis, leading ultimately to progressive decline in lung function.

However, with advances in diagnostic and therapeutic techniques, patients with CF have an
increasing life span [10]. In 2014, there were more adults alive with CF than children for the first time.
Inhaled antibiotic therapy has significantly contributed to improved survival [8]. Generally, inhaled
antibiotics have been shown to improve lung function, delay decline in lung function, prolong time
to exacerbations and improve quality of life in people with CF [10]. Despite these improvements,
there is more work to be done: CF continues to cause mortality at an early age; the median predicted
survival age in the US in 2015 was 41.6 years [8]. The most common cause of death in patients with CF
continues to be respiratory/cardiorespiratory disease, mostly related to infectious complications [8].

One of the most prevalent pathogens in the CF airway is P. aeruginosa [8]. More than half of
patients in the US with CF have at least one strain of P. aeruginosa, including MDR P. aeruginosa.
However, the prevalence of P. aeruginosa has declined over the past decades. Advances in delivery
and the increased availability of inhaled antibiotics, as well as the widespread implementation of
therapy to eradicate initial acquisition of P. aeruginosa, has contributed to this decline [1,11]. As the
prevalence of P. aeruginosa has decreased, there has been a sharp rise in the prevalence of S. aureus in CF
airways, including methicillin-resistant S. aureus (MRSA). S. aureus is now the most prevalent organism
in the CF airway. From 2000 to 2015, the prevalence of MRSA increased five-fold with most strains
being hospital-acquired infections (approximately two-thirds), compared to community-acquired
infections (approximately one-third) [8,12–14]. Other common pathogens causing respiratory illness in
patients with CF include Haemophilus influenzae, which is more common in infants and young patients,
S. maltophilia, Achromobacter species and B. cepacia complex [8] (Table 1). More than 10% of patients
with CF have cultures positive for mycobacterial species [8].

Table 1. Common pathogens in patients with cystic fibrosis (CF) and median age of first infection
(CFFPR 2015).

Pathogen Percent with Infection Median Age in Years at First Infection

S. aureus 70.6 3.6
P. aeruginosa 47.5 5.5

methicillin-resistant S. aureus (MRSA) 26.0 11.9
H. influenzae 15.5 2.6
S. maltophilia 13.6 10.0

multi-drug resistant P. aeruginosa (MDR-PA) 9.2 22.4
Achromobacter sp. 6.1 14.3
B. cepacia complex 2.6 19.9
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2.1. Pseudomonas aeruginosa and Cystic Fibrosis (CF)

P. aeruginosa is the most common pathogen in the airways of patients with CF and is associated
with accelerated decline in lung function as well as higher morbidity and mortality [15,16]. Infections
due to P. aeruginosa range in severity from colonization without an immunologic response to severe
pneumonia. However, once acquired, P. aeruginosa is difficult to eradicate and patients frequently
become chronically infected [1,17]. Over time P. aeruginosa strains undergo a phenotypic change to the
mucoid phenotype, characterized by production of alginate and associated with even greater difficulty
in eradication of the pathogen [1,17]. The Leeds criteria were developed to help researchers describe
P. aeruginosa infections in patients [18]. By this system, chronic infection is defined as having more
than 50% of cultures positive for P. aeruginosa in the prior year. In 2015, 30% of patients in the US
had chronic P. aeruginosa infection [8]. That same year, 17% of patients had intermittent P. aeruginosa
infection (<50% of cultures positive for P. aeruginosa), 29% were free from P. aeruginosa in the prior year,
and 18% had never had a positive P. aeruginosa culture. Chronic infection is associated with increased
morbidity and mortality in patients with CF and the natural history of these infections is punctuated
by periods of acute pulmonary exacerbations. Currently, the only US FDA-approved indication for
inhaled antibiotics is for chronic P. aeruginosa infection in patients with CF.

2.2. Systemic vs. Inhaled Antibiotics

There are several systemic antipseudomonal agents available for use including extended-spectrum
penicillins, aminoglycosides, cephalosporins, fluoroquinolones, monobactams, and others. The most
commonly used systemic regimens for treatment of P. aeruginosa infections consist of intravenous (IV)
β-lactams combined with aminoglycosides [19]. The rationale for combined treatment is based on the
knowledge that P. aeruginosa strains develop resistance to antimicrobial agents relatively easily [15].
There is a lack of high-quality evidence demonstrating a clear benefit of this approach, nonetheless,
it is considered to be standard of care in the US and recommended by the CF Pulmonary Guidelines
Treatment of Pulmonary Exacerbations [3].

Systemic delivery of antipseudomonal antibiotics exposes patients to the potential for significant
toxicity. For example, tobramycin is an aminoglycoside commonly administered IV for treatment
of acute exacerbations of CF. However, IV tobramycin does not penetrate well into the sputum,
at a peak reaching only approximately 12% of serum levels. Because bactericidal effect can only be
reliably produced with concentrations 25 times the minimum inhibitory concentration (MIC), high
doses are required to achieve concentrations inhibitory to P. aeruginosa in the airway [20]. These
high doses increase the risk of systemic adverse events such as nephrotoxicity and ototoxicity [10,21].
IV administration of broad-spectrum antibiotics also disrupts the normal gut flora, increases risk for
secondary infections such as Clostridium difficile, and may promote drug resistance [22].

The delivery of antibiotics via inhalation poses significant advantages for treating lower airway
infections compared to systemic (oral or IV) therapy. Inhaled therapy allows for targeted delivery
of high-concentrations of medications directly to intended the site of activity with minimal systemic
absorption and toxicity [23]. In the 1980s, administration of tobramycin via inhalation for the treatment
of infections caused by P. aeruginosa in CF patients resulted in higher concentrations of the drug at
the site of activity with minimal systemic absorption [24,25]. Since then, additional antibiotics have
been studied in patients with chronic PA infections, including: tobramycin (available as a solution
for inhalation (TSI) or dry-powder inhaler (TIP)), aztreonam for inhalation solution (AZLI), colistin,
and inhaled fluoroquinolones. With the increase in prevalence of S. aureus in the CF airway, there is a
burgeoning increase in development of nebulized vancomycin as well.

These aerosolized antibiotics reduce the frequency of exacerbations, reduce airway bacterial
density, improve pulmonary function, and improve quality of life in patients with CF [26]. Therefore,
these medications are considered to be standard of care as part of chronic management of pulmonary
disease associated with CF, and are recommended by the American Thoracic Society (ATS) in their CF
Pulmonary Guidelines [2].
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2.3. Tobramycin

Tobramycin, an aminoglycoside with activity against P. aeruginosa, was one of the first inhaled
antibiotics studied in CF (Table 2). Systemic absorption of inhaled tobramycin is low and up to
95% of patients achieve a sputum concentration of drug at least 25 times the MIC, with a median
serum/sputum concentration of 0.01 [27]. Such high concentrations are required for effective killing of
P. aeruginosa because aminoglycosides bind to mucins in sputum and reduce the availability of effective
antibiotic [27]. Tobramycin solution for inhalation (TSI) can be administered using the PARI LC PLUS®

jet nebulizer and the DeVilbiss Pulmo-Aide® compressor in approximately 20 min or using the PARI
eFlow® electronic nebulizer in approximately 7 min [28]. The drug is administered twice daily. It has
been well-established that cyclic treatment with TSI is associated with improved pulmonary function,
decreased sputum density, fewer hospitalizations and decreased need for systemic antibiotics.

A specific formulation of tobramycin for inhalation was developed in the 1980s and in landmark
trials published in the early 1990s, patients with moderate-to-severe lung disease who were treated
with TSI had significant improvements in forced expiratory volume in one second (FEV1), reduced
rates of hospitalization, and decreased hospitalization days compared to patients who received
placebo [26,29,30]. Follow-up studies in younger patients and those with milder lung disease
demonstrated that treatment with TSI twice daily for 28 days was safe and resulted in decreased
density of P. aeruginosa in the lower airways, decreased rates of pulmonary exacerbations requiring
hospitalization, but without significant impact on lung function [31,32].

The initial TSI trials established the practice of the intermittent 28-day “on/off” regimens for
inhaled antibiotics. This design was based on the observation that there was minimal additional
improvement in lung function after four weeks of therapy in conjunction with the concern for selection
of resistant bacteria. However, in an early phase trial, patients treated with continuous tobramycin
had improvement in lung function that remained above baseline for 12 weeks [33]. More recently,
the use of continuous therapy either with a single agent or as alternating therapy, has increased
in an effort to prevent exacerbations and decline in lung function [34]. A 28-week, multicenter,
randomized, double-blind, placebo-controlled trial was conducted to evaluate the use of continuous
alternating therapy with TSI and aztreonam compared to intermittent TSI alone [35]. The trial faced
difficulty with enrolling patients and did not achieve statistical significance but suggested a potential
benefit in reduction of pulmonary exacerbations (by 25%), rates of hospitalization (by 35%), treatment
with non-study antibiotics and median time to first exacerbation (175 days vs. 140 days). Further
studies are needed to determine the optimal duration of therapy and whether there is a benefit with
continuous therapy.

The optimal regimen and duration of treatment for a first positive culture for P. aeruginosa is
also unclear. The ELITE trial, a multicenter, open-label, randomized study was designed to answer
this question in patients with newly-acquired P. aeruginosa infection [36]. Patients were randomized
to 28 or 56 days of treatment with standard doses of TSI administered twice daily. More than 90%
of patients had negative cultures for P. aeruginosa one month after the end of treatment without
significant difference between the two groups. Patients also remained P. aeruginosa-free for more than
two years after treatment with no significant difference in the median time to recurrence between the
two groups [36].

The role of TSI in acute pulmonary exacerbations is unclear. Small retrospective studies have
demonstrated no significant difference between treatment with inhaled or IV antipseudomonal
antibiotics during acute exacerbations [37–39]. A small pilot study of 20 patients with CF patients
chronically infected with P. aeruginosa compared 14 days of IV tobramycin vs. TSI 300 mg twice a
day [40]. Although the study was small, there was a significant improvement in the time to next
exacerbation requiring hospitalization in the TSI group (8.9, mean = 4.7 vs. 4.3, mean = 1.3 months;
p < 0.001). Patients that received IV therapy developed higher levels of proteinuria and other markers
of tubular injury compared to inhaled therapy. Of note, patients in the study were treated with twice-
or thrice-daily dosing of IV tobramycin whereas once daily, extended-interval dosing is recommended
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by CF consensus guidelines based on specific evidence for decreased nephrotoxicity in children. Larger
randomized controlled trials are lacking and therefore, current pulmonary guidelines recommend
against this treatment approach.

TSI is generally well tolerated; the most common side effects include cough (41–88%), voice
alteration (12–16%), and tinnitus (3%) [26,31,32,41]. Symptoms are typically transient and resolve
with discontinuation of the medication. However, complaints of tinnitus may be one of the sentinel
symptoms of cochlear toxicity and should be carefully evaluated.

Recently, tobramycin inhalation powder (TIP) has been evaluated as an alternative to TSI. The dry
powder formulation uses a T-326 inhaler, has shorter administration time and decreases the potential
for contamination of the device but with increased side effects and tolerability issues [28]. This type of
formulation may be preferred by patients because of the shorter administration duration compared to
TSI [42]. With respect to pharmacokinetic properties, similar medication levels were observed with
112 mg of tobramycin powder every 12 h compared to 300 mg of TSI [43]. Konstan et al. reported that
TIP formulation was non-inferior to TSI in an open-label study of 553 patients with CF who were over
the age of six [44]. Compared to TSI, TIP had similar efficacy in terms of lung function and sputum
P. aeruginosa density but could be delivered much faster (5.6 min vs. 19.7 min; p < 0.001). The rates of
cough and overall discontinuation of study drug were much higher in the TIP group, however, despite
this, overall satisfaction and quality of life scores were higher in the group of patients who were able
to tolerate and were subsequently assigned to the dry-powder formulation [44]. A study evaluated
the safety of TIP after one year of exposure (7 cycles) in 62 patients with CF [45]. This presentation of
tobramycin was overall well tolerated with no apparent serious adverse events. The most common
side effects were cough (15%), impaired hearing (10%) and respiratory tract infections (10%). This
safety profile is consistent with prior studies [44,46].

Table 2. Studies of inhaled tobramycin in CF patients with P. aeruginosa present in sputum.

Study/Year Preparation Dose/Frequency Duration Patient Population Key Outcomes after Treatment

MacLusky 1989 [30] TSI 80 mg/TID 32 months n = 27 Stability in pulmonary function,
controls showed decline

Smith 1989 [33] TSI 600 mg/TID 12 weeks n = 22 Improved symptoms, decrease in
bacterial density

Ramsey 1993 [29] TSI 600 mg/TID 12 weeks, 28 days
on, 28 days off n = 71 Improved pulmonary function

Ramsey 1999 [26] TSI 300 mg/BID 24 weeks (on/off
every 28 days) n = 520 Improved pulmonary function

and decreased hospitalizations

Gibson 2003 [31] TSI 300 mg/BID 28 days n = 21 Treatment reduced lower airway
P. aeruginosa density

Murphy 2004 [32] TSI 300 mg/BID 28 days on, 28 days
off (7 cycles)

n = 184, mild
lung disease Decreased hospitalization rates

Konstan 2011 [44] TIP or TSI 112 mg/BID or
300 mg/BID

28 days on, 28 days
off (3 cycles) n = 517

Comparable efficacy, but greater
satisfaction with inhalation
powder

Galeva 2013 [46] TIP 112 mg/BID 28 days on, 28 days
off (1 cycle) n = 62 Trend towards improvement in

the lung function

BID, twice daily; TID, three times daily; TSI, tobramycin solution for inhalation; TIP, tobramycin inhalation powder.

2.4. Aztreonam

Aztreonam is a monobactam antibiotic delivered intravenously or via inhalation, with activity
against P. aeruginosa and other Gram-negative pathogens. Early randomized, double-blind,
placebo-controlled trials conducted in patients with CF were short-term but demonstrated positive
results with the use of aztreonam solution for inhalation compared to placebo (Table 3). McCoy et al.
demonstrated in 211 patients with CF receiving intermittent inhaled tobramycin that administration of
inhaled aztreonam twice or three times daily using the PARI eFlow (Altera)® electronic nebulizer for
28 days significantly increased time to next respiratory exacerbation compared to placebo (92 days
vs. 71 days; p = 0.002), improved FEV1 by 6.3–10.3%, and improved quality of life scores compared
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to placebo [47]. Retsch-Bogart et al. also demonstrated improvement in FEV1 and quality of life
scores, as well as a decrease in hospital days in patients using inhaled aztreonam compared to placebo
(0.5 days vs. 1.5 days; p = 0.049) [48].

Given that the use of inhaled antipseudomonal antibiotics for patients with chronic P. aeruginosa
infection is now well established, long-term, placebo-controlled trials of specific inhaled antibiotics
are not feasible. However, a longer, 18-month, open label study in 195 patients with a mean age of 26
years, suggested that long-term use of inhaled aztreonam for 28 days every other month is safe and
effective [49]. This study demonstrated improvement in pulmonary function and quality of life scores
without an increase in resistance to aztreonam. The findings were more significant with three times a
day use compared to twice a day [50]. In addition, a study of 273 individuals with CF aged six years
or older demonstrated improved lung function and fewer exacerbations over three 28-day cycles of
inhaled aztreonam compared with inhaled tobramycin [51]. These beneficial effects have not been
observed in CF patients with other pathogens. For instance, a double-blind, randomized trial evaluated
the effects of inhaled aztreonam three times daily for 24 weeks or placebo in 100 CF patients with
chronic B. cepacia infection [52]. No significant differences were observed in lung function, exacerbation
rates, use of antibiotics or hospitalizations. Until further studies are carried out, aztreonam is only
recommended for CF patients with P. aeruginosa infection.

Inhaled aztreonam is generally well tolerated. The most commonly reported adverse reactions
include cough (32–35%), headache (6–11%), bronchospasm (6–10%), nasal congestion (7–10%),
nasal congestion (7–10%), and rhinorrhea (7%) [47,48,53]. There are reports of patients having
bronchoconstriction with use and, therefore, providers should consider a monitored trial dose
particularly in patients with severe lung disease.

Table 3. Studies of inhaled aztreonam in CF patients with P. aeruginosa present in sputum
(or Burkholderia spp.).

Study Preparation Dose/Frequency Duration Patient Population Key Outcomes after Treatment

McCoy 2008 [47] AZLI 75 mg/BID or TID 28 days with 56
days of follow-up

n = 211, receiving
inhaled tobramycin

Decreased exacerbation rates,
improved lung function and
respiratory symptoms

Retsch-Bogart 2009 [48] AZLI 75 mg/TID 28 days n = 164
Improved lung function and quality
of life scores, and decreased number
of hospital days

Oermann 2010 [49] AZLI 75 mg/BID or TID 28 days on, 28 days
off (up to 9 cycles) n = 195

TID-treated patients demonstrated
greater improvements in lung
function and respiratory symptoms

Assael 2013 [51] AZLI or TSI 75 mg/TID (AZLI) or
300 mg/BID (TSI)

28 days on, 28 days
off (up to 9 cycles) n = 273

AZLI-treated patients experienced
improved lung function
compared to TSI

Tullis 2014 [52] AZLI 75 mg/TID 24 weeks n = 100, Burkholderia spp.
present in the sputum No improvement in lung function

Flume (2016) [35] AZLI + TSI 75 mg/TID +
300 mg/BID

Alternating 28 days
of tobramycin, 28
days of aztreonam

for 28 weeks

n = 90 Trend towards a reduction in
exacerbations and hospitalizations

AZLI, aztreonam solution for inhalation; BID, twice a day; TID, three times a day; TSI, tobramycin solution
for inhalation.

2.5. Colistin

Colistin belongs to the polymyxin group of antibiotics. It was first discovered in the mid-20th
century as a fermentation product of the bacteria Bacillus colistinus and acts as a deterrent to interfere
with the structure and function of bacterial cell walls [54]. Colistin is bactericidal and active against
Gram negative bacteria including P. aeruginosa. Nebulized colistin is a preferred inhaled therapy for
patients with CF and chronic P. aeruginosa in the United Kingdom and has been used for decades in
Europe (Table 4). A prospective, double-blind, placebo-controlled study of 40 patients with CF, aged
7–35 years, compared three months of nebulized colistin to placebo and found that patients treated
with colistin had improved symptom scores, slower decline in lung function and reduced inflammatory
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parameters [55]. Hodson et al. compared TSI and colistin in 115 patients with CF who were chronically
infected with P. aeruginosa. Patients were randomized to receive TSI or colistin twice daily for four
weeks [56]. Treatment with TSI resulted in a significant improvement in the primary endpoint of
relative change in lung function compared to baseline. There was no significant improvement in the
colistin-treated patients but both groups had significant decline in bacterial density [56].

Table 4. Studies of inhaled colistin in CF patients with P. aeruginosa present in sputum.

Study Preparation Dose/Frequency Duration Patient Population
Key Outcomes
after Treatment

Jensen 1987 [55] CSI 1 million units/BID 3 months n = 40
Improvements in symptom
scores and slower decline in
lung function

Hodson 2002 [56] CSI or TSI 80 mg/BID(CSI) or
300 mg/BID(TSI) 4 weeks n = 115

TSI improved lung function
but CSI did not. Both
decreased bacterial load

Schuster 2013 [57] CDP or TSI
1.6 million units/BID

(CDP) or
300 mg/BID (TSI)

28 days on, 28 days
off (3 cycles) n = 380

CDP was non-inferior to TSI,
but the primary endpoint
regarding lung function was
not reached

CSI, colistin solution for inhalation; CDP, colistin dry powder; TSI, tobramycin solution for inhalation; BID, twice a day.

Colistin has also been reformulated as a dry powder inhaler and was found to be non-inferior to
TSI in a 24-week, randomized, non-blinded trial of 380 patients with CF [57]. However, both study
groups failed to reach the primary endpoint of the trial, which was an improvement in FEV1 [57].

The most significant adverse effect reported in association with nebulized colistin is bronchospasm.
Bronchoconstriction with a transient decrease in FEV1 has been reported in up to 17.7% of
patients [56,58–60]. This can be mitigated by administration of a short-acting β-2 agonist prior to
treatment. Colistin has not been approved for use in the US due to a report of a patient death
associated with inhalation of pre-mixed solution of colistin. After mixing colistin with sterile water,
it undergoes conversion to the bioactive form which has a component (polymyxin E1) that is toxic
to lung tissue. Premixing colistin into aqueous solution and storing it for more than 24 h results in
increased concentrations of polymyxin E1 and increased potential for toxicity [61]. Despite this, colistin
is used in CF centers in the US for chronic P. aeruginosa infection.

2.6. Fluoroquinolones

Fluoroquinolones are important antipseudomonal antibiotics and inhaled preparations have been
studied in CF patients with chronic P. aeruginosa infections (Table 5). Inhaled levofloxacin is the most
recently introduced and is currently approved for use in Europe for patients with CF and chronic
P. aeruginosa infection. Early trials compared varying doses of inhaled levofloxacin (120, 240 mg daily,
240 mg twice daily) to placebo in 151 patients and demonstrated a dose-dependent improvement
in lung function and significant decrease in the incidence of acute pulmonary exacerbations over 28
days [62]. More recently, a phase 3, open-label randomized trial compared the safety and efficacy of
levofloxacin 240 mg inhaled twice daily to standard doses of TSI in 282 patients with CF who were
at least 12 years of age. Between the two groups, there was no difference in lung function or adverse
effects at 28 days [63]. Flume et al. compared the safety and efficacy of a 28-day course of levofloxacin
inhalation solution to placebo in a multinational, randomized, double-blind trial in 330 patients with
CF. Although there was an improvement in the relative change in FEV1 percent predicted from baseline
(mean difference 1.31%, p = 0.01), there was in the patients randomized to levofloxacin compared to the
placebo arm [64]. Possible explanations for these results include insufficient antibiotic concentrations,
dissimilarities in the study populations or an inappropriate definition of an exacerbation. The most
commonly reported adverse events with levofloxacin administration include cough, taste disturbances,
tiredness or weakness. It is contraindicated in pregnant or breastfeeding patients, those with epilepsy
and those with a history of tendon disorders related to the use of fluoroquinolone antibiotics.
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Ciprofloxacin has been formulated into a dry powder for inhalation (DPI) [65,66] and a liposomal
form [21,67], and because of its adequate tolerability profile and minimal systemic exposure it has
been considered for the treatment of patients with chronic pulmonary conditions and P. aeruginosa
infection. The DPI form of ciprofloxacin is delivered via a T-326 inhaler and employs the PulmoShere®

technology, which uses an emulsion-based spray-drying process to produce highly dispersible low
density particles [68]. Ciprofloxacin DPI has been tested in patients with CF with various results [69–72].
A phase 1, randomized, single-blind, placebo-controlled trial explored the effects of ciprofloxacin DPI
in 25 patients with CF and chronic infection with P. aeruginosa [69]. Ciprofloxacin was detected at
microbiological active concentrations (sputum) and no serious adverse events or changes in pulmonary
function were reported. These results led to a phase 2b, randomized, double-blind, controlled trial that
studied the effects ciprofloxacin DPI at 32.5 or 48.75 mg twice a day for 28 days or placebo in CF patients
colonized with P. aeruginosa [71]. Patients treated with ciprofloxacin DPI did not achieve a significant
improvement with either dose in FEV1 from baseline compared to placebo (p = 0.154). The density of
P. aeruginosa was lower after therapy in the treated group compared to placebo; the mean P. aeruginosa
colony count expressed as log10 CFU/g was 6.73 vs. 7.08 for the 32.5 mg dose (p < 0.001) and 6.77 vs.
7.37 for the 48.75 mg dose (p = 0.002), but the effects were not sustained after four weeks of therapy.
Additional phase 3 studies, with longer treatment duration are required before the role of inhaled
ciprofloxacin in CF can be determined. The most common side effects reported with ciprofloxacin DPI
are bitter taste (14–94%), bronchospasm (50–67%), headache (17–33%) and cough (3–17%) [69–71].

Table 5. Studies of inhaled fluoroquinolones in CF patients with P. aeruginosa present in sputum.

Study Preparation Dose/Frequency Duration Patient Population
Key Outcomes
after Treatment

Geller 2011 [62] LSI 120 or 240 mg daily
or 240 mg BID 28 days n = 151

Dose dependent increase in
lung function and decrease
in exacerbations

Stuart Elborn 2015 [63] LSI or TSI 240 mg/BID (CSI) or
300 mg/BID (TSI)

28 days on, 28 days
off (3 cycles) n = 282 LSI was non-inferior to TSI

with regards to lung function

Flume 2016 [64] LSI 240 mg/BID 28 days n = 330
Improvement in lung function
but no difference in time to
next exacerbation

Dorkin 2015 [71] CiDP 32.5 mg or 48.75
mg/BID 28 days n = 286

No significant improvements
in lung function compared
to placebo

BID, twice a day; CiDP, ciprofloxacin dry powder; LSI, levofloxacin solution for inhalation; TSI, tobramycin solution
for inhalation.

3. Non-Cystic Fibrosis Bronchiectasis

Bronchiectasis is a permanent dilation of the airways often associated with chronic respiratory
symptoms such as persistent cough, excessive sputum production and recurrent pulmonary
infections [4]. In patients without cystic fibrosis (CF), the presence of bronchiectasis can be
secondary to a wide range of conditions. Non-CF bronchiectasis (NCFB) has been linked to
autoimmune diseases (i.e., rheumatoid arthritis), impaired secretion clearance (i.e., primary ciliary
dyskinesia), immunodeficiency (i.e., common variable immunodeficiency), previous infections
(i.e., Mycobacterium tuberculosis), preexisting pulmonary conditions (i.e., chronic obstructive pulmonary
disease) and others [72]. While NCFB was previously considered a rare disease, in the past decades its
prevalence has increased [73]. This is likely due to increased physician recognition and the widespread
availability of computed tomography, but other factors such as antibiotic prescription practices, and
environmental and geographical factors may be influencing these observations [74,75]. The prevalence
of NCFB ranges from 500 to 1100 per 100,000 persons, and is more common among women and older
individuals [63,76–78].

The pathophysiology of NCFB has been well characterized. In the susceptible host, an initial
pulmonary insult (i.e., infection or inflammation) will result in a permanent dilation of the
airways. These changes in the architecture the airways will affect normal airway secretion clearance.
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The accumulation of mucus will in turn favor the development of infections, which lead to further
inflammation and distortion of the airways. This concept is known as the “vicious cycle” of
bronchiectasis [72]. Therefore, pulmonary infections play a pivotal role in the development and
worsening of NCBF and their management plays an integral part in the care of these patients. The most
common pathogens identified in patients with NCFB are H. influenzae (55–29%) and P. aeruginosa
(28–12%), although in up to a fifth of cases a pathogen cannot be identified [79–83]. Other respiratory
pathogens identified in patients with NCFB using cultures, quantitative polymerase chain reaction
(PCR) technique, or by ribosomal gene pyrosequencing include S. maltophilia, B. cepacia complex,
M. catarrhalis, S. aureus, and various species of Prevotella and Veillonella [81–83]. Most recently,
the United States Bronchiectasis Research Registry (n = 1826) reported that 63% of the patients included
in the cohort had evidence of non-tuberculous mycobacteria (NTM) [84]. The most common NTM
isolated was M. avium complex, followed by M abscessus/chelonae. The patients that participated in
this study originated from tertiary referral centers with an interest in NTM, which may explain the
difference in the reported prevalence of NTM compared to studies from other parts of the world [84].

The type of organism identified in patients with NCFB has important implications. Patients with
positive cultures for P. aeruginosa have worse outcomes compared to those with other pathogens [85–88].
For instance, a retrospective study exploring the clinical characteristics and outcomes of 539 patients
with NCFB showed that those with positive sputum cultures with P. aeruginosa had worse pulmonary
function compared to those with other pathogens [85]. Similar findings were reported in a prospective
study of 142 patients, in which FEV1 and diffusion of carbon monoxide were significantly lower in
those with positive testing for P. aeruginosa [86]. A Spanish, single-center study of 76 patients with
NCFB revealed that accelerated lung function decline was independently associated with chronic
colonization with P. aeruginosa (odds ratio 30.4, 95% confidence interval 3.8 to 39.4, p = 0.005) [87].
Exploring the rates of health care utilization, a longitudinal retrospective observational cohort study of
155 patients with NCFB showed that hospital admissions were significantly higher in a P. aeruginosa
infected group compared to patients infected with H. influenzae (1.3 vs. 0.7 admissions per year,
p = 0.035) [88]. Moreover, the presence of P. aeruginosa has been linked to worse quality of life and
greater risk for hospitalization [89,90]. There is also a strong association between increased mortality
and the identification of P. aeruginosa in patients with NCFB [90,91]. Using a phenotypic cluster analysis
based on a microbiologic analysis and the sputum production characteristics, a study showed that
NCFB patients with chronic infection with P. aeruginosa had significantly more exacerbations, worse
pulmonary function and quality of life, and increased markers of inflammation [92]. The reasons
why P. aeruginosa has such a profound effect on patients with NCFB is multifactorial and related to
its virulence factors. This pathogen can survive in wide fluctuations of pH, nutrient limitations and
resists multiple classes of antibiotics [93,94]. A key feature of this organism is the ability to form a
biofilm, which limits its exposure to host defense mechanisms and antibiotics [93,94]. For these reasons,
patients with NCFB require cultures during routine visits as surveillance in addition to periods of
exacerbation, as these not only may guide therapy, but may also identify patients at risk for poor
outcomes [4].

Antimicrobial therapies continue to play a central role in the therapy of NCFB as maintenance
and during exacerbations. Systemic antibiotics may have a higher toxicity profile, require intravenous
access, and medical personnel are often employed for appropriate and safe delivery. Inhaled antibiotics
are an attractive alternative for patients with pulmonary infections. The objective of inhaled antibiotics
is to provide the highest concentrations of active drug at the site of infection without risking systemic
toxicity. Various inhaled antibiotics have been studied in patients with NCBF with variable results and
while both inhaled ciprofloxacin products are completing phase 3 trials, no inhaled antibiotics have
been approved.
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3.1. Tobramycin

The efficacy of tobramycin in patients with CF and P. aeruginosa infections, has led to various
studies in NCFB cohorts (Table 6). An initial placebo-controlled, multicenter, double-blind, randomized
study explored the efficacy and safety of tobramycin solution in 74 patients with NCFB and
P. aeruginosa [95]. The patients in the treatment group (n = 37) had a significant decreased in the
mean P. aeruginosa colony forming units (CFU) per gram of sputum compared to no change in the
control group (n = 37). Additionally, P. aeruginosa was eradicated in 35% of patients in the treatment
group with substantial improvement in clinical symptoms. No significant differences were observed
in the development of tobramycin-resistant strains or in the pulmonary function test results. Patients
that received inhaled tobramycin experienced more dyspnea (32% vs. 8%), cough (41% vs. 24%),
wheezing (16% vs. 0%) and chest discomfort (19% vs. 0%) compared to placebo, but it did not
limit the delivery of therapy. A subsequent study that explored the effects of three cycles of 14
days of tobramycin solution and 14 days off therapy in 41 patients with NCBF and a history of
P. aeruginosa revealed improvements in the mean pulmonary total symptom severity scores (reduction
of 1.5 units, p = 0.006) and St. George Respiratory Questionnaire scores (reduction of 9.8 units,
p < 0.001) [96]. Notably, 22% of the patients withdrew from the study due to adverse events, which
more commonly were respiratory: cough (43.9%), dyspnea (34.1%), and increased sputum production
(29.3%). A double-blind, placebo-controlled study explored clinical outcomes in 30 patients with
NCFB and chronic infection with P aeruginosa treated with 300 mg of aerosolized tobramycin or
placebo twice daily in two cycles, each for six months, with a one-month washout period [97]. Despite
the small sample size of the study, the investigators reported an improvement in the number of
admissions (0.15 ± 0.37 vs. 0.75 ± 1.16, p = 0.038) and days of admission to the hospital (2.05 ± 5.03
vs. 12.65 ± 21.8, p = 0.047) compared to placebo, but no difference was observed in antibiotic use,
number of exacerbations, pulmonary function or quality of life markers. Bronchospasm was the most
frequently reported adverse event (13%), but responded well to bronchodilator therapy. In addition,
inhaled tobramycin has been studied in addition to systemic antibiotics during an acute exacerbation
of NCFB. A double-blind, multicenter study evaluated the effects of inhaled tobramycin solution or
placebo in addition to oral ciprofloxacin in 53 NCFB patients and known P. aeruginosa infection during
an acute exacerbation [98]. Patients who received double therapy had a trend towards greater rates of
eradication (37.5% vs. 20%, p = 0.18) compared to single oral ciprofloxacin, but cure rates and relapse
rates were similar in both groups. No systemic adverse reactions were observed, but respiratory
adverse events (wheezing) were again reported more frequently in patients that received inhaled
tobramycin compared to placebo (50% vs. 15%, p < 0.01). Based on the current evidence, the use of
inhaled tobramycin cannot be recommended for patients with NCFB on a routine basis or during
an exacerbation. Despite improvements in some clinical and microbiologic parameters, the studies
have small sample sizes and with relatively short-lived exposures and it remains undetermined if
prolonged courses of therapy may induce microbiologic resistance. Respiratory adverse events can be
present in up to 50% of the patients and this may limit the use of this therapy, particularly in those
patients with reactive airways diseases, such as asthma. Future studies, with larger sample sizes and
more prolonged exposures that resemble clinical practice may identify subgroups of patients that have
greater benefits while limiting adverse events.

Preliminary data suggest that tobramycin inhalation powder is well tolerated in NCFB, with
cough being the most frequently encountered side effect (13%), but larger studies are still needed to
evaluate the efficacy and optimal dose of this medication [99].
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Table 6. Studies of inhaled tobramycin in NCFB patients with P. aeruginosa present in sputum.

Study/Year Preparation Dose/Frequency Duration Patient Population
Key Outcomes
after Treatment

Barker 2000 [95] TSI 300 mg/BID 28 days n = 74 Decrease in bacterial load

Scheinberg 2005 [96] TSI 300 mg/BID 14 days on, 14 days
off (3 cycles) n = 41 Improvements in

respiratory symptoms

Drobnic 2005 [97] TSI 300 mg/BID 6 months n = 30
Improvement in the number
of admissions and days of
admission to the hospital

Bilton 2006 [98]
Oral ciprofloxacin

or oral
ciprofloxacin + TSI

750 mg/BID
(ciprofloxacin)

300 mg/BID (TSI)
2 weeks n = 53, with an acute

exacerbation

Double therapy resulted in a
trend towards greater rates of
eradication, but cure rates and
relapse rates were similar in
both groups

BID, twice a day; TSI, tobramycin solution for inhalation.

3.2. Ciprofloxacin

Inhaled ciprofloxacin, both DPI [100] and liposomal form [101–104], has been studied in NCFB
(Table 7). A multicenter, phase 2 study of 124 patients with NCFB and positive respiratory cultures
for pre-defined potential pathogens received 28 days of DPI ciprofloxacin 32.5 mg twice a day against
placebo [100]. Subjects in the treatment group (n = 60) had significantly increased rate of pathogen
eradication (35% vs. 8%, p = 0.001) and an important reduction in total sputum bacterial load counts
compared to placebo (n = 64). Importantly, a reduction CFUs was observed in subjects with P. aeruginosa
and H. influenzae, the most common pathogens affecting NCFB patients. Adverse events were comparable
in both groups, including bronchospasm, which occurred rarely (5.0% vs. 4.7%, p = 1.0).

Table 7. Studies of inhaled ciprofloxacin in NCFB patients with P. aeruginosa present in sputum.

Study/Year Preparation Dose/Frequency Duration Patient Population
Key Outcomes
after Treatment

Wilson 2013 [100] CiDP 32.5 mg/BID 28 days n = 24 Reduction in the bacterial load

Bilton 2010 [101] ILC 150 mg or
300 mg/daily 28 days n = 36 Both doses resulted in a

reduction in the bacterial load

Bilton 2011 [102] ILC 100 mg or
150 mg/daily 28 days n = 96 Both doses resulted in a

reduction in the bacterial load

Serisier 2013 [103] ILC + CiSI 150 mg (ILC) +
60 mg (CiSI)/daily

28 days on, 28 days
off (3 cycles) n = 42

Delayed time to first
pulmonary exacerbation and
reduction in the bacterial load

Haworth 2017 [104] ILC + CiSI 150 mg (ILC) +
60 mg (CiSI)/daily

28 days on, 28 days
off (6 cycles) n = 582

Increase in the median time to
first exacerbation that
required antibiotics and a
decrease in the annual rate of
exacerbations (regardless of
the need of antibiotics)

BID, twice daily; CiDP, ciprofloxacin dry powder; CiSI, ciprofloxacin solution for inhalation; ILC, inhaled
liposomal ciprofloxacin.

The liposomal form of inhaled ciprofloxacin has potential advantages, including controlled and
prolonged release of the drug at the site of action, protection against drug degradation, reduced
systemic exposure and augmented cellular uptake [104]. This form of ciprofloxacin is delivered using a
PARI LC Sprint® nebulizer and PARI TurboBoy-S® compressor [21,67]. A phase 2 study of 36 patients
with NCFB explored the effects of once a day inhaled liposomal ciprofloxacin at two different doses for
28 days [105]. Both doses (150 and 300 mg) were effective at reducing P. aeruginosa CFUs in the sputum
compared to baseline measures by 3.5 log (p < 0.001) and 4.0 log (p < 0.001) units, respectively. Patients
tolerated the study drug well [101]. Similar findings were observed in a multicenter, randomized,
double-blind, placebo-controlled trial (ORBIT-1) of inhaled liposomal ciprofloxacin (100 or 150 mg) for
28 days in 96 NCFB patients [102]. Patients of both treatment arms exhibited significant decrease in
P. aeruginosa CFUs compared to placebo and the medication was well tolerated. These results lead to
the development of a phase 2, multicenter, randomized study (ORBIT-2) testing the effects of inhaled

170



Int. J. Mol. Sci. 2017, 18, 1062

liposomal (150 mg) and free (60 mg) ciprofloxacin or placebo on 42 NCFB patients with more than
two bronchiectasis exacerbations in the previous year and positive cultures for P. aeruginosa at the
time of screening [103]. Compared to placebo (n = 22), treatment with inhaled liposomal ciprofloxacin
(n = 20) delayed time to first pulmonary exacerbation (median 134 vs. 58 days, p = 0.057), significantly
decreased the sputum bacterial density of P. aeruginosa (−4.2 ± 3.7 vs. −0.08 ± 3.8 log10 CFU/g,
p = 0.02), and had a similar adverse effect profile. Two identical trials, ORBIT-3 and ORBIT-4, that
included 582 NCFB patients with chronic infection of P. aeruginosa, compared the effects of placebo
and 48 weeks of the combination of inhaled liposomal (150 mg) and free ciprofloxacin (60 mg) in a 28
days on and 28 days off regimen for six cycles [99]. Patients treated with the liposomal ciprofloxacin
had an increase in the median time to first exacerbation that required antibiotics and a decrease in the
annual rate of exacerbations (regardless of the need of antibiotics) compared to placebo [99]. As with
previous trials, inhaled liposomal ciprofloxacin was associated with reduction in the bacterial load. No
improvements in lung function were observed and the treatment was well tolerated with similar rates
of adverse events in both study groups [104]. Taking into consideration the findings of the recent trails,
inhaled ciprofloxacin has been associated with reductions in the bacterial load and improvement in
important clinical outcomes. Hence, inhaled liposomal ciprofloxacin is an attractive treatment option
for NCFB for with chronic infection of P. aeruginosa.

3.3. Other Antibiotics

There is a paucity of studies evaluating inhaled antibiotics other than tobramycin and ciprofloxacin
in NCFB. A randomized study evaluated the use of nebulized gentamycin (80 mg) twice daily for
12 months compared to placebo in 65 patients with NCFB [106]. Important inclusion criteria were:
positive pathogenic bacteria isolated from sputum cultures, at least two exacerbations the prior year,
ability to tolerate nebulized gentamicin, and no chronic use of antibiotics [106]. Inhaled gentamycin
was studied using gentamicin injectable solution reconstituted for nebulization using 0.9% saline
and the Porta-Neb Ventstream® nebulizer. At the end of the study, the treatment group had higher
rates of eradication of P. aeruginosa and other respiratory pathogens compared to placebo (30.8% vs.
8.7% and 92.8% vs. 38.5%, p < 0.001). Additionally, patients treated with gentamycin experienced
fewer exacerbations, had an increased time to first exacerbation, and had improvements in symptom
scores. Despite these improvements, none of the treatment effects were sustained after three-month
treatment-free follow-up period [106].

The use of aztreonam for inhalation solution has been shown to be effective in patients with
CF [47,48]. Because of these observations, two identical randomized multicenter phase 3 trials (AIR-BX1
and AIR-BX2) were designed to evaluate the effects of inhaled aztreonam for four weeks or placebo in
patients with NCFB [107]. For this study the Altera® Nebulizer System was used to deliver the study
drug. All of the 540 patients included in the trials had positive sputum for susceptible Gram-negative
pathogens. Although patients exposed to aztreonam had decrease in sputum bacterial density, this did
not translate into significant improvements in respiratory symptoms or time to exacerbation. Adverse
events were more frequently reported in the aztreonam groups compared to placebo: dyspnea (46% vs.
35%, p < 0.01) and fatigue (30% vs. 20%, p < 0.01). The discrepancies between the aztreonam CF studies
and the results from the AIR-BX1 and AIR-BX2 trials may be due to suboptimal dosing schemes,
different airway clearance regimens, and potential overlap with other diseases in older NCFB patients.

Inhaled colistin has gained interest for the treatment of NCFB because of its antipseudomonal
properties. A study explored the effects of inhaled colistin (1 million IU twice a day for six months) vs.
placebo in 144 NCFB patients and chronic infection with P. aeruginosa [108]. Colistin was studied using
the I-neb® adaptive aerosol delivery device, which monitors the time and peak flow of the initial three
breaths during the nebulization and then delivers therapy intermittently at the start of inspiration to
optimize drug delivery [109]. Using this device, therapy is completed in approximately three minutes.
The use of inhaled colistin failed to meet the primary endpoint of time to exacerbation versus placebo
(165 days vs. 111 days, p = 0.11) [108]. In a post-hoc analysis, in those patients considered adherent to
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therapy, inhaled colistin reduced the median time to exacerbation (168 days vs. 103 days, p = 0.038)
and improved respiratory symptoms. Adverse events were similar in both study arms (total adverse
events: 64% in the colistin group vs. 54% in the placebo group, p = 0.25) [108]. In another study, colistin
(1 million IU twice a day for 12 months) was compared to conventional therapy in 39 patients with
NCFB and chronic infection with P. aeruginosa [110]. Patients that received therapy did not experience
any improvement in exacerbation rates. Notably, 25% of the patients of the treatment group stopped
the therapy due to adverse effects, mainly respiratory. The discrepancies of tolerability between these
two studies may be related to the age of the patients included (mean age 59.2 years vs. 77.7 years) and
the duration of the study (6 months vs. 12 months) [108,110]. Future, longer duration studies with an
emphasis on dose ranging are still needed to understand the potential benefits of inhaled gentamycin,
aztreonam and colistin in NCFB. Based on the current evidence these therapies cannot be recommend
for routine use in patient with NCFB.

4. Non-Tuberculous Mycobacteria

Nontuberculous mycobacteria (NTM) are common pathogens found in the environment and
isolated from many parts of the world [111]. Over past decades increasing rates of human disease
secondary to NTMs have been reported [112–114]. NTMs could affect multiple organs, but pulmonary
disease is the most common reason for clinical symptoms as a result of NTM inhalation. However,
not always the identification of NTMs determine pulmonary disease. Several scientific organizations
have published evidence based guidelines for the diagnosis and management of NTM disease [5,6].
The distribution of NTM species varies according to the geographic reasons, but most of the published
data are reported from Europe (United Kingdom), North America (United States of America and
Canada), Israel and Japan. The most commonly identified NTM that causes lung disease are
Mycobacterium avium complex (MAC), M. abscessus complex (MABSC) and M. kansasii. In the US,
inhaled antibiotics are used in up to 10% of the patients with NTM infections [84].

NTM infection are commonly found in patients with risk factors such as chronic lung diseases
such as COPD, asthma, alpha-1 antitrypsin deficiency, CF, non-CFB, primary ciliary dyskinesia,
and allergic bronchopulmonary aspergillosis [112]. However, patients without pre-existing lung
disease such as the classic report of “Lady Windermere Syndrome”, that occurs in white, tall, thin
women with pectum excavatum and mitral valve prolapse has been described. These patients
usually present with a middle lobe syndrome with bronchiectasis. In addition, NTM lung disease
has been found in conditions such as GERD, immunodeficiency and the use of some medications
(e.g., immunosuppressive medications, proton pump inhibitors) [84]. Several studies suggest that
patients with CF bronchiectasis managed with inhaled antibiotics may be prone to NTM infection.
The exact mechanism is unclear, but microbiome balance may play a role, and changes induced
by inhaled antibiotics may promote the emergence of NTM in patients with CF, that were initially
suppressed by other bacterial species that competed for the same lung environment. However, a study
that included 30 MABSC cases and 60 NTM negative CF patients found no association between inhaled
antibiotics and MABSC infection [115].

Treatment of pulmonary NTM, especially M. abscessus, is complex, requiring multiple systemic
antibiotics for long periods of time. However, there is important toxicity and limited efficacy adds
to the level of complexity in patients who do not respond to initial therapy, and who have refractory
disease or recurrence. The data regarding the use of inhaled antibiotics for patients with NTM is limited.
Olivier et al. identified 20 patients with bronchiectasis treated with inhaled amikacin for refractory
NTM lung disease [116]. The dosing scheme selected used consisted of an initial dose of 250 mg once
daily, followed by 250 mg twice daily after two weeks if no dysphonia was reported. Patients were then
told to increase the dose to 500 mg twice daily after two weeks if tolerated. The patients had positive
cultures for M. abscessus (n = 15) and MAC (n = 5). The patients received a median of duration therapy
of 60 months (ranges from 6 to 190 months) and a follow-up of 19 months. Forty percent of patients had
a least one culture, but only 25% (5/20 patients) had persistent negative cultures throughout the follow
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up period. Symptomatology improved, unchanged and worsened in 45%, 35% and 20%, respectively.
Radiological worsening on chest CT scans was noted in 55%, with improvement in 30% and no change
in 15%, respectively. Adverse events limited the continuation of inhaled amikacin in seven patients
(35%), mainly due to ototoxicity (10%), hemoptysis (10%), and less commonly nephrotoxicity, persistent
dysphonia and vertigo (one patient for each adverse event). This observational study suggests that
in patients who fail standard systemic therapy, the use of inhaled amikacin may bring some benefit,
but with an important rate of adverse events, that should be explained to the patients [116]. Some
experts, recommend inhaled amikacin as a step-down therapy in patients presenting drug toxicity
with systemic antibiotics. The British Thoracic Society Guidelines currently available for public
consultation recommend that MABSC lung disease patients should receive an initial phase of systemic
antibiotic treatment followed by a continuation phase of a combined regimen of inhaled and/or oral
antibiotics. The recommendation was graded D based on evidence level 3 or 4 (e.g., non-analytical
studies, case series, case reports and expert opinion). In conclusion, inhaled amikacin should be
considered in place of IV amikacin when systemic administration is impractical, contraindicated
or long-term treatment with aminoglycosides is required, particularly for patients with pulmonary
disease due to MABSC, MAC, M. xenopi, and M. malmoense, For patients with CF, the CF foundation
and the ECFS [6] recommend that the continuation phase with oral macrolide therapy should be
combined with inhaled amikacin and in addition 2–3 oral antibiotics such as minocycline, clofazimine,
moxifloxacin, and linezolid.

Recent hope has been given to a novel formulation of liposomal amikacin that may prevent the
adverse events related to free amikacin. Rose et al. investigated the activity of an inhaled formulation
of liposomal amikacin in an in vitro and in vivo murine model of NTM infection [117]. Macrophage
monolayers were infected with MAC and MABSC and treated with liposomal amikacin vs. free
amikacin for four days assessing bacterial survival. The authors found that liposomal amikacin was
more effective in eliminating intracellular MAC and MABSC compared to free amikacin [117]. In the
in vivo model, inhaled liposomal amikacin showed similar reduction of MAC in the lungs as systemic
amikacin and no development of acquired resistance [117]. Olivier KN and collaborators performed a
double-blind phase II randomized controlled trial that assessed the efficacy and safety of once-daily
(590 mg) inhaled liposomal amikacin for the treatment of MAC and MABSC lung disease compared to
placebo [118]. The modified intent-to-treat analysis of 89 patients with MAC or MABSC showed that
despite the primary endpoint of baseline to Day 84 change on a semiquantitative mycobacterial growth
scale was not achieved. Improvement of other endpoints such as sputum conversion, six-minute-walk
distance and limited systemic toxicity were observed among subjects refractory MAC lung disease
treated with inhaled liposomal amikacin versus placebo [118].

Most recently, the applications of liposomal ciprofloxacin in NTM have been investigated in
pre-clinical studies. The efficacy of two different formulations inhaled liposomal ciprofloxacin, Dual
Release Ciprofloxacin for Inhalation (DRCFI) and Ciprofloxacin for Inhalation (CFI), was compared to
a non-liposomal ciprofloxacin solution and empty liposomes (control) in mice infected intranasally
with MAC subspecies Hominissuis [119]. One week after infection, the different formulations were
administered intranasally daily for three weeks. Treatment DRCFI or CFI resulted in significant
reduction in CFUs from (1.1 ± 0.5) × 107 to (2.5 ± 0.6) × 106 and (2.3 ± 0.4) × 106, respectively.
Treatment with the solution of non-liposomal ciprofloxacin and empty liposomes resulted in no
changes in the bacterial load. A subsequent, in vitro study demonstrated that a CFI was able to inhibit
MAC subspecies Hominissuis microaggregates and biofilm formation on plastic surfaces and cultured
epithelial cells, providing further evidence of the antimicrobial properties of this preparation [120].
Similar reductions in biofilm formation after treatment with liposomal ciprofloxacin were observed in
macrophage monolayers infected with M. avium, M. abscessus and MAC subspecies hominissuis [121].
These observations are promising and warrant further in vivo study, particularly given the urgent
need for therapeutic alternatives in these difficult to eradicate pathogens.
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In conclusion, there are limited data regarding the use of inhaled antibiotics for the management of
patients with NTM pulmonary infections. However, as suggested previously, clinicians treating NTM
pulmonary infections should consider the use of inhaled antibiotics when systemic administration is
impractical or impossible, aminoglycosides are contraindicated due to systemic adverse effects, long
term therapies are needed or palliation of symptoms is the goal of treatment.

5. Future Directions

The use of inhaled antibiotics has increased over the last decades in respiratory conditions and
the scope of their use is still not completely understood in CF, NCFB and NTM pulmonary infections.
In CF, there is an increased interest in the applications of inhaled antibiotics to treat Gram-positive
infections given the increase rate of these infections [8]. For instance, an ongoing, double-blind,
comparator-controlled, randomized study will evaluate the use of nebulized vancomycin vs. placebo
in CF patients with chronic infection with MRSA [122]. Another area of interest is the effects of
combining different types of antibiotics. Post hoc analyses of a dataset of previous trial of CF patients
treated with tobramycin explored the effects of concomitant use oral azithromycin by study subjects
on clinical outcomes [123,124]. Azithromycin was shown to potentially reduce the antimicrobial
effects of tobramycin possibly by inducing bacterial stress responses [123,124]. These results have
important implications as a significant number of patients with CF utilize oral macrolides and inhaled
antibiotics. Future studies are still required to elucidate the complex interactions that may occur with
the combination of antibiotics.

Although the results of the recent trials regarding the benefit of inhaled antibiotics in NCFB
have not led to the routine use of these therapies, there are still areas of uncertainty that deserve
further evaluation. NCBF is a heterogeneous disease and further classifying patients beyond the
chronic infection (or not) of P. aeruginosa might be required to identify better target subgroups [92].
Adverse events may limit the use of some of these antibiotics, particularly in the elderly, so dose
ranging studies and better patient selection algorithms are still warranted. There has been success
with oral macrolides in the reduction of exacerbation rates patients with NCFB, however it is unclear
the effect of these chronic antibiotic administration on the microbiome [125,126]. Future studies may
explore the use of inhaled antibiotics in conjunction with oral therapies (possibly at lower doses) to
maximize antimicrobial effects while limiting toxicity [98]. It is not clear if the use oral macrolides
in NCFB may have a similar impact on the antibacterial properties of inhaled therapies as seen in
CF patients. It is imperative to better understand the factors that could explain why some inhaled
antibiotics are effective in CF compared to NCFB. Recognition of these disease characteristics may
further aid the clinicians in the selection and treatment of appropriate inhalational therapies for these
patients with NCFB.

The success in development of liposomal formulations of antibiotics has promoted new avenues
of research in the delivery of lung-targeted medications. Their effects on infected macrophages and
biofilms have promising applications in CF, NFCF, and pulmonary NTM infections [121]. In addition
to lipid nanocarriers, other polymers have shown promise in the controlled delivery of medications
via permeabilization through shell hydrolysis and medium dissolution [127,128]. Through these
mechanisms it may be possible to better tailor antibiotic release rates improving the duration of the
delivery while achieving target peak concentrations [128,129].

Finally, as our understanding of the role of the microbiome in the outcomes of patients with
bronchiectasis increases it might be possible to better select antibiotic strategies. There is increasing
evidence that bacterial communities interact with one another and the effects of antibiotics in these
interactions are incompletely understood. Because patients with CF, NCFB, and NTM infections often
receive IV and oral antibiotics in conjunction with inhaled antibiotics, the interactions between the
microbial populations are particularly relevant. Newer, more sensitive molecular techniques are able
to identify microorganisms that may not be identified with standard methods [82,130]. It is remains
unclear how this information may guide the clinician when selecting antibiotic therapy, but might
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be important in patients in which microbiome studies reveal that P. aeruginosa is not the dominant
pathogen. Future studies are needed to explore the benefits of inhaled antibiotics in subgroups of
patients with bronchiectasis stratified according to microbiome signatures.

6. Conclusions

Great advances have been made in the field of inhaled antibiotics, especially in CF and NCFB.
As technology continues to improve the delivery of these medications, clinicians will require balancing
the potential benefits of inhaled antibiotics with toxicity and the development of resistance. This is
of particular importance in patients with CF, which are now living longer because of the availability
of treatments targeting specific gene mutations and will require prolonged antibiotic therapy. Future
studies are still required to determine which subgroups of patients with NCFB have the highest
likelihood of benefits with inhale antibiotics. The applications of inhaled antibiotics in NTM infections
are less understood, and further studies are needed to establish the role of these treatments in this
patient population. Combination therapy of oral and inhaled antibiotics may lead to important
interactions that are only partially understood. The results of ongoing trials evaluating the use of
inhaled antibiotics are eagerly awaited to establish if these can be added to the armamentarium of
therapies for patients with CF, NCFB and NTM infections.
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Abstract: Chronic infections are associated with exacerbation in patients with chronic obstructive
pulmonary disease (COPD). The major objective of the management of these patients is the prevention
and effective treatment of exacerbations. Patients that have increased sputum production, associated
with purulence and worsening shortness of breath, are the ones that will benefit from antibiotic
therapy. It is important to give the appropriate antibiotic therapy to prevent treatment failure,
relapse, and the emergence of resistant pathogens. In some patients, systemic corticosteroids are
also indicated to improve symptoms. In order to identify which patients are more likely to benefit
from these therapies, clinical guidelines recommend stratifying patients based on their risk factor
associated with poor outcome or recurrence. It has been identified that patients with more severe
disease, recurrent infection and presence of purulent sputum are the ones that will be more likely
to benefit from this therapy. Another approach related to disease prevention could be the use of
prophylactic antibiotics during steady state condition. Some studies have evaluated the continuous
or the intermittent use of antibiotics in order to prevent exacerbations. Due to increased bacterial
resistance to antibiotics and the presence of side effects, several antibiotics have been developed to
be nebulized for both treatment and prevention of acute exacerbations. There is a need to design
long-term studies to evaluate these interventions in the natural history of the disease. The purpose
of this publication is to review our understanding of the role of bacterial infection in patients with
COPD exacerbation, the role of antibiotics, and future interventions.

Keywords: chronic respiratory infections in COPD; exacerbations of chronic obstructive pulmonary
disease; antibiotics; bacteria; prevention; colonization

1. Introduction

It is important to determine the role of bacteria and other pathogens in chronic obstructive
pulmonary disease (COPD) patients with stable disease and during exacerbations. In these COPD
patients, the isolation of “potentially pathogenic microorganisms” (PPMs) in respiratory samples
ranges between 20% and 60% of cases [1–3]. The most common PPMs seen in COPD patients are
Hemophilus influenza, Moraxella catharralis, Streptococcus pneumonia, Pseudomonas etc. [1–3]. The bacterial
infection is predominantly found in the lower airway of these patient but can also be responsible
for upper airway infections such as acute sinusitis. Some studies have suggested that these bacteria
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contribute to chronic airway inflammation leading to COPD progression [1,2,4]. Therefore, it has been
suggested that the term chronic bronchial infection would be more appropriate when addressing the
presence of significant concentrations of PPMs in the lower airways of stable COPD patients [2,5].
Patients with chronic bronchial infection may constitute a subgroup of individuals that may be called
“infective phenotype” [2]. Our ability to identify bacteria by analysis of conserved 16S rRNA in bacteria
has allowed the identification of the lung microbiota (present in the upper airway, sinus, bronchial tree
etc.) [6]. We now recognize that the human’s airway is covered by a large variety of bacterial species
that we were not able to culture using conventional methods [6]. The number of studies examining the
microbiome of the lower airways is limited and there is some overlap between bacteria seen in COPD
and healthy individuals [7]; however, a recent study has reported a significantly different bacterial
community in patients with very severe COPD compared with nonsmokers, smokers and patients
with cystic fibrosis [8]. Studies are clearly needed to understand the role of these microbiomes in
healthy individuals and COPD patients and how to recognize that an “acute infection” is present;
furthermore, we need to understand the impact of antibiotics—given for either acute exacerbations, or
chronic long-term administration—on these bacterial communities.

The use of antibiotics in chronically infected patients may be associated with a reduction of
bacterial load, and prevention of acquisition of a new bacterial strain; all these effects are associated
with a reduction in the frequency and severity of COPD exacerbations. The role of prophylactic
antibiotics for the prevention of COPD exacerbations was first studied during the 1950s and 1960s. The
problem with these studies was that, at the time, we did not have an adequate definition of COPD; we
had a small number of patients; we used narrow-spectrum antibiotics, and not well-defined end-points.
After completion of these studies, there was increased concern regarding the development of bacterial
resistance; therefore, no new studies were conducted for several years [9]. It was not until the late 1990s,
with the availability of new classes of antibiotics and better understanding on the pathophysiology of
COPD exacerbation, that new long-term antibiotic studies were conducted.

The most common causes of COPD exacerbations (ECOPD) are infections that are produced by
bacteria (40–60%), viruses (about 30%) and atypical bacteria (5–10%) [10,11]. For the last 25 years,
the clinical criteria described by Anthonisen et al. [12] have been incorporated in clinical guidelines
to help in selecting patients that require empiric antibiotic therapy [13]. More recent studies have
identified a change in color, for example, purulence is a good surrogate marker for the presence of
bacterial infection [14–16]. Furthermore, only a change in sputum color was identified as a predictor of
good response to antibiotics in a placebo-controlled clinical trial in patients with mild to moderate
COPD [17]. Therefore, change in sputum color or increased purulence are the only clinical features
that help clinicians to decide whether to use an antibiotic in ambulatory ECOPD. The purpose of this
publication is to review the role of bacterial infection in patients with COPD both in stable conditions
and exacerbation, as well as the role of antibiotics, and what other interventions can impact patients.

2. Molecular Aspects of Antibiotics Activity

There is an increased incidence of antibiotic resistance that is driven largely by inappropriate use
of large volumes of antibiotics in animals, food and humans. The increased volume of antibiotics use
results in increased selective pressure on bacteria which contributes to the development of resistance.
There is a need to develop novel agents that work via different pathways to help overcome bacteria
resistance. Recent studies have looked into novel agents of other pathways such as reactive oxygen
species (ROS) and oxygen radicals, as an antimicrobial mechanism that may be effective in treating
infections [17]. ROS have high antimicrobial activity against Gram-positive and Gram-negative
bacteria, viruses and fungi; they also prevent and break down biofilm. ROS include superoxide
anion (O2−), peroxide O2

−2, hydrogen peroxide (H2O2), hydroxyl radicals (OH), and hydroxyl ions
(OH−) [18]. ROS act as antimicrobials through a complex mechanism, i.e., hydrogen peroxide appears
to directly elicit ROS’s antimicrobial action by its activity in thiol groups in enzymes and proteins,
DNA and bacterial cell membrane. These compounds possess concentration-dependent activity and
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toxicity; and their half-life can be short. ROS can be delivered to the site of infection in various
ways such as ROS gels allowing sustained continuous release of ROS to target sites [19]. Therefore,
ROS can be used to treat local infections such as cavities, prosthetic devices and, by other delivery
systems, to the respiratory and urinary epithelium. These functions make ROS highly suitable for
chronic inflammatory conditions, where antibiotics are frequently overused and relatively ineffective,
such as lung infections in patients with chronic lung diseases such as COPD. The first entirely novel
antimicrobial agent to reach early clinical use employing ROS a mechanism has been developed for
wound management [20]. ROS agents are also effective at preventing the formation of, and disrupting
existing biofilm. These mechanisms can also have important application in respiratory conditions such
as in patients undergoing mechanical ventilation [21].

Polysulfides are another substance that has recently been recognized for signaling ROS. Sulfites
have been found to have a great role in the origin of life and are an important regulator and modulator
of metabolism and signaling in all species including bacteria, and fungus [22]. Stepwise oxidation
produces hydrogen persulfide radicals which can be oxidized to intermediate reactive sulfide species
that work very similarly to ROS [23]. The “next frontier” of sulfide biology will be the understanding
on these molecules and their effect in bacterial cell metabolism [24]. Therefore, the development
of these novel antibacterial compounds using ROS could also have an important role in infection
prevention and antimicrobial stewardship in chronic lung conditions.

COPD exacerbation is defined as an acute worsening of patients’ respiratory symptoms that
results in additional therapy; these events can be precipitated by several factors; the most common
cause is respiratory infections [25]. Compared to stable COPD, during ECOPD, a much larger
percentage of patients have PPMs in addition to significantly higher concentrations of bacteria in the
airways [26]. Treatment with appropriate antibiotics significantly decreases the bacterial burden by
eradicating bacteria—reducing clinical failure and risk of progression to more severe infections, such
as pneumonia [25,27].

While the increased airway inflammation present during ECOPD is reduced following antibiotic
treatment, this resolution has been shown to be dependent on bacterial eradication [28]. Patients that
have a relapse of their symptoms and/or required re-hospitalization could attribute this to persistent
bacterial infection.

Among the major goals of COPD treatment in the current guidelines is the prevention of acute
exacerbations [29]. Clinical studies have shown that long-term continuous or intermittent use of
antibiotics has a beneficial effect of reducing exacerbation frequency and extending the time to the
next exacerbation [30,31]. The mechanism underlying this improvement is unclear. The benefit of
long-term antibiotic treatment could be related to changes in bacteria flora and changes in airway
inflammation, but there are no clinical studies that support these hypotheses. Macrolides are known to
have antibacterial and anti-inflammatory activity; recent data also suggested that they have antiviral
activity and possibly disrupt biofilm formation in the airway. In 1987, Anthonisen, et al. [12] reported
the results of a large-scale placebo-controlled trial designed to determine the efficacy of antibiotics
in ECOPD. In this study, 173 COPD patients (mean FEV1(%) = 33%) were monitored for 3.5 years.
Patients were classified based on their symptoms: Type 1 ECOPD patients had increased shortness
of breath, increased sputum production, and change in sputum purulence and received any of the
following antibiotics (amoxicillin, trimethoprim-sulfamethoxazole, co-trimoxazole, or doxycycline).
In these patients, there was a significant improvement in symptoms as compared with placebo; there
was no significant difference in the success rates between antibiotics and placebo in patients that
had only one of these symptoms (called Type 3). Patients treated with antibiotics had a more rapid
improvement in peak flow and a greater percentage of clinical success. In addition, the length of
their illness was two days shorter for the antibiotic-treated group. The major limitation of this study
was the lack of microbiology data; these investigators assumed that all antibiotics that they used for
treating their patients were equivalent. It is important to point out that this study was conducted in
the 1980s; since that time, we have seen significant changes in bacterial resistance and also in patients’
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demographic characteristics. Allegra et al. [32] found a significant benefit using amoxicillin-clavulanate
therapy compared with placebo in patients with moderate to severe disease. There was a significant
success rate at day 5 in the antibiotics treated group (86% versus 50% in the placebo group, p < 0.01)
and lower frequency of recurrent exacerbations. Another publication compared the efficacy of
amoxicillin-clavulanate versus placebo in patients with mild and moderate COPD (patients with
spirometry values FeV1 50–80%) that confirmed the findings of Allegra et al. [32]. These studies
demonstrated the superiority of using antibiotics in these patients. Furthermore, the median time
to the next exacerbation was also significantly prolonged in patients receiving antibiotics compared
to placebo (233 days compared with 160 days, p < 0.05). Interestingly, this study demonstrated
that sputum purulence was the most reliable marker of clinical failure in the placebo group [25].
A more recent study—a randomized, placebo-controlled trial—investigated the efficacy of doxycycline
in addition to systemic corticosteroids in the treatment of hospitalized patients with ECOPD. This
study showed that patients treated with doxycycline were not different to those in the placebo group
regarding the primary end-point (clinical success at day 30) but showed superior results in some of the
secondary end-points (clinical cure on day 10, microbiological success, open-label use of antibiotics
and symptoms resolution). Although some of these outcomes are not clinically relevant, the antibiotic
treatment was superior in patients with higher plasma levels of C-reactive protein [33]. The poor results
observed with doxycycline at day 30 could be explained by the antibiotic bacteriological spectrum and
local bacterial resistance patterns.

During an ECOPD, it has been suggested that antibiotics can reduce the burden of bacteria in
the airway and, in some patients, can impact the progression of the event to more severe infections,
such as pneumonia. A prospective, randomized, double-blind, placebo-controlled trial, evaluated
the use of ofloxacin versus placebo in 90 patients with ECOPD who required mechanical ventilation;
it showed that the antibiotic-treated group had a significantly lower in-hospital mortality rate (4%
vs. 22%, p = 0.01) and reduced length of hospital stay (14.9 vs. 24.5 days, p = 0.01) compared with
the placebo group. In addition, the ofloxacin-treated patients were less likely to develop pneumonia,
especially during the first week of mechanical ventilation [27].

Antibiotic Resistance

It has recently been recognized that antibiotic resistance is a major public-health problem
worldwide, and international efforts are needed to counteract its emergence. Repeated and improper
use of antibiotics is increasingly being recognized as the main cause of this emerging resistance [34].
Therefore, the identification of clinical characteristics that identify patients with ECOPD that can be
safely treated without antibiotics is extremely important. In the case of mild to moderate ambulatory
patients, the absence of sputum purulence and low values of C-reactive protein are associated with
high rates of clinical cure without antibiotics [35]. Another study in hospitalized patients with
ECOPD reported similar short- and long-term outcomes in patients with purulent sputum treated
with antibiotics compared with patients with non-purulent sputum not treated with antibiotics. These
data suggested that clinicians can use the presence or absence of changes in sputum color (purulence)
as a way to limit the use of antibiotics; it is suggested that the use of antibiotics could be avoided in
this latter group [36].

After the decision to initiate empirical antibiotic therapy, the choice of antibiotic must be
considered. The reported relapse rates for patients with ECOPD range from 17% to 32%, and
differ according to the antibiotics prescribed [37,38]. An international, multicenter study compared
moxifloxacin to amoxicillin/clavulanic acid in patients with moderate to severe COPD (mean
FEV1(%) = 39%) and clinical risk factors at 8 weeks post-therapy. There were no significant differences
in the primary end-point of the study; however, moxifloxacin resulted in significantly lower clinical
failure and higher bacteriological eradication in the sub-population of patients with bacterial pathogens
isolated from sputum at inclusion [39]. These results suggest that, in confirmed bacterial ECOPD,
the choice of antibiotic, particularly in severe patients, may result in different outcomes and justifies

186



Int. J. Mol. Sci. 2017, 18, 1344

antibiotic selection based on patterns of antimicrobial resistance and the clinical characteristics of
the patients.

3. Use of Antibiotics to Prevent Chronic Obstructive Pulmonary Disease Exacerbations

One of the unmet needs in the treatment of COPD is the prevention of COPD exacerbations
in patients with recurrent bacterial infections. Long-term use of antibiotics has been suggested
as a possible approach in these patients. In the last decade, several studies have been published
showing the continuous long-term use of antibiotics in COPD patients [30,40–43] and one employing
intermittent/pulsed treatment [23]. Suziki et al. [40] reported the first open-label study on
erythromycin in the prevention of ECOPD. The investigators reported that the antibiotic-treated
group showed a significant decrease in one or more exacerbations (11%) compared to the control group
(56%) and less hospitalizations (p 0.007). Another study by Seemugal et al. [41] also showed that using
erythromycin over a 12-month period led to a significant reduction in exacerbations but no differences
in lung function changes or inflammatory markers. More recent publications showed significant
reductions in inflammatory markers at 6 months with azithromycin [44] and erythromycin [43].
The most recent pivotal study evaluated the efficacy of daily azithromycin (250 mg/day) compared
with placebo in a 12-month prospective trial in the prevention of COPD exacerbation [30]. These
investigators reported that the use of antibiotics was associated with a 27% decrease in the frequency
of exacerbation and significantly prolonged median time to an exacerbation. These investigators also
reported that patients with moderate COPD, who were current smokers and had not been treated
with long-acting bronchodilators were the most likely to benefit from the antibiotic therapy. More
recently, Pomares et al. [42], in a retrospective study, showed significant reduction in exacerbations,
hospitalizations and length of stay. The main concern related to the use of prophylactic antibiotics has
been the development of bacterial resistance and the impact on the normal microbiota [37]. Another
approach recently published by Sethi et al. [31] is on the intermittent use of antibiotics. In this study,
the investigators use moxifloxacin given once daily for 5 days; the treatment was repeated every
8 weeks for a total of six courses of therapy. Although the study’s primary end-point was not met—a
25% reduction in exacerbations in the per-protocol population—in a post-hoc analysis, patients with
moderate-severe COPD and with purulent or muco-purulent sputum at baseline showed a 45%
decrease in exacerbations. It is also important to highlight that this study was not associated with
increased bacterial resistance, but we do not know whether the investigators prolonged the clinical
study to determine an association with the development of resistance [31]. Therefore, there is a need
for long-term studies and also with different antibiotics to understand the efficacy of prophylactic
therapy and the risk bacteria resistance.

The main issue that we will need to understand before we can recommend the “routine” use
of antibiotics to prevent ECOPD is what is the impact on patients’ normal microbiota. For example,
in the study by Albert et al. [30], patients that received azithromycin showed increased incidence of
macrolide-resistant pathogens in nasopharyngeal swabs. Clearly, this intervention was affecting the
individual’s normal microbiota [45].

4. Dosing Strategies of Antibiotics

There are no standard procedures that determine the dose and duration of antibiotic treatment
in patients with ECOPD. The standard duration of antibiotic administration in ECOPD used to
be 10 days. A shorter duration of therapy has very important advantages such as reduction of
exposure that will result in decreased bacterial resistance and decreased side effects. Fallagas et al. [46]
published a meta-analysis that included seven randomized controlled trials that demonstrated, in
over 3083 patients, that short duration of antibiotics was as effective and safe as longer-therapy.
Another study that included 21 double-blind studies showed that short-term antibiotics demonstrated
clinical cure rates at both early and long-term follow-up; bacteriological response was also similar to
that achieved with conventional therapy in patients with mild-moderate COPD exacerbations [47].
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Therefore, these data demonstrate that short-term antibiotic use is associated with enhanced
compliance, decreased resistance and costs. Furthermore, more recent studies demonstrated that a short
course of antibiotics for 5 days using quinolones therapy was similar to long-term antibiotic treatment
in patients with COPD exacerbation, as indicated by the clinical and bacteriological outcomes [48].
Similar findings were reported using high-dose quinolones with more rapid resolution of symptoms
and faster recovery rates compared with traditional therapy with non-quinolones therapy [49].

5. Combination of Antibiotics and Systemic Corticosteroids

In severe COPD patients, the development of exacerbations is common in the use of both
antibiotics and systemic corticosteroids. There is no clear data on whether antibiotics have additional
benefits when given to patients that have also been treated with systemic corticosteroids. Sachs
and colleagues [50] suggested that antibiotics did not provide additional clinical benefit when
corticosteroids were given. These findings were irrespective of patients’ clinical characteristics such
as sputum color or bacterial involvement. It is important to point out that this study had several
limitations including a small sample size (n = 71), a mild population, and enrolled COPD and asthma
patients. In a study by Daniels et al. [33], the lack of an effect with doxycycline in addition to systemic
corticosteroids (the primary end-point being clinical success on day 30) may be related to the scarce
antibacterial activity of doxycycline against pathogens such as S. pneumoniae and H. influenza; however,
treatment with corticosteroids could help in patients with a more inflammatory response such as those
with high C-reactive protein. More recent studies suggest that there are different phenotypes of COPD
exacerbations, and systemic corticosteroids may be beneficial in those with predominant eosinophilic
inflammation [51]. The different inflammatory profile of COPD exacerbations will need to be taken into
consideration in the design of clinical trials examining the efficacy of antibiotics and/or corticosteroids
in this disease. Today, we can only assess the host inflammatory response by non-specific markers
such as C-reactive protein. It will be very interesting to design future clinical studies that take into
consideration the host response in the randomization process to the presence or absence of antibiotics.

6. Measuring Effects and Outcomes

Clinical and microbiological end-points in clinical trials of antibiotic treatment of ECOPD are
not well defined. Microbiological results depend on the production of a good quality sputum sample,
which results in a positive sputum culture in only 20–50% of the patients. Clinical results are still based
on the definition of Chow et al. [52]: “End-points are defined as cure (a complete resolution of signs
and symptoms associated with the exacerbation) or improvement (a resolution or reduction of the
symptoms and signs without new symptoms and signs associated with the exacerbation)”. “Clinical
success is considered when either cure or improvement is observed”. “Failure is defined as incomplete
resolution, persistence or worsening of symptoms that require a new course of antibiotics and/or
oral corticosteroids or hospitalization”. Evaluation is usually performed at the end-of-therapy visit
(days 9–14). This short time frame may not allow the identification of clinical relapses if they occur
after initial improvement. Some antibiotics may decrease bacterial load sufficiently to produce an
improvement in symptoms that can be perceived as a clinical success at the end of treatment, but
when treatment is discontinued, the remaining microorganisms will increase in number and produce
recurrent symptoms of exacerbation [53].

In patients with COPD, it is difficult to evaluate their symptoms both during stable conditions
and exacerbations. In order to improve the recognition of patients’ symptoms, there is growing interest
in the use of diary cards and standardized questionnaires to evaluate these conditions. The use of
symptom-based diary cards may allow the quantification of the intensity and duration of patient
symptoms over time and could be used to assess treatment outcomes [54–56]. There is a recent
initiative, funded by regulatory agencies as well as pharmaceutical companies, called the Exacerbations
of Chronic Pulmonary Disease Tool (EXACT) [57]. This is a new patient-reported outcome (PRO)
diary that was developed to quantify patients’ daily symptoms before and after an exacerbation.
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The EXACT is a validated instrument that will aid in the quantification of the frequency, severity,
and duration of exacerbations. It consists of 14 items that can be incorporated in the form of an
e-diary, with scores ranging from 0 to 100 and higher scores indicating a more severe exacerbation.
Some standardized quality-of-life questionnaires have been proven to be responsive to changes in
health status during or after an exacerbation. The Saint George’s Respiratory Questionnaire (SGRQ)
has been shown to be useful in monitoring recovery from ECOPD [58]. There is a derivative of the
SGRQ that is called COPD Assessment Test (CAT), a short 8-item questionnaire that has been proven
to provide a reliable score of patients’ symptoms both during stable conditions and exacerbation.
The CAT score may also help to quantify the symptoms’ severity during exacerbations [59,60]. The
generic European quality-of-life scale (EQ-5D) has been proven to be responsive to recovery from
ECOPD [61,62] and is a good predictor of treatment failure [62]. The COPD Severity Score (COPDSS)
is a severity scale developed by Eisner et al. [63] that is responsive to recovery from exacerbations
and provides better predictive value for clinical success than that provided by the usual physiologic
and clinical variables [51]. However, these quality-of-life or disease severity questionnaires have not
been adequately tested in comparative clinical trials of therapies for ECOPD. In conclusion, the use
of antibiotics in patients with COPD exacerbation should be limited to those patients with severe
disease that have frequent exacerbations that required prior antibiotics use and or hospitalizations.
It is important to point out that these patients should be treated with long-acting bronchodilators and
anti-inflammatory therapy.

7. Clinical Guidelines

The current clinical guidelines of antibiotic treatment in ECOPD are based on the Anthonisen
disease severity criteria [12] and recommend the use of antibiotics in those patients that have all three
key symptoms (increased cough, purulence, and shortness of breath). In addition, antibiotics are also
recommended in patients with severe ECOPD or hospitalized patients with only two of the three
symptoms (increased purulence of sputum) and/or in patients that require invasive or non-invasive
ventilation [13]. The Canadian Respiratory Society guidelines was the first publication to suggest the
use of antibiotics based on the patient’s risk factors for poor outcome and correlated these findings
with the most likely pathogens involved (Table 1) [64,65].

Table 1. Chronic obstructive pulmonary disease exacerbation risk classification based on patients’
clinical characteristics and most frequent microorganism.

Severity Classification FEV1 (% Predicted) Most Frequent Microorganisms

Mild to moderate COPD without risk factors >50%

H. influenzae
M. catarrhalis
S. pneumoniae
C. pneumoniae
M. pneumoniae

Mild to moderate COPD with risk factors >50%
H. influenzae
M. catarrhalis

PRSP

Severe COPD 30–50%

H. influenzae
M. catarrhalis

PRSP
Enteric Gram negatives

Very severe COPD <30%

H. influenzae
PRSP

Enteric Gram negatives
P. aeruginosa

Risk factors include: age, use of prior antibiotics within the last 4–6 weeks, prior exacerbations. FEV1: forced
expiratory volume in one second. PRSP: penicillin-resistant S. pneumoniae. Modified from ref. [64,65].

189



Int. J. Mol. Sci. 2017, 18, 1344

In general, COPD guidelines do not recommend the use of long-term antibiotics for the prevention
of exacerbations. However, evidence of the efficacy of macrolides and, to a lesser extent, quinolones,
has been accumulating over recent years. More recent guidelines have included, for the first time,
a recommendation related to the long-term use of antibiotics in a specific subgroup of severe COPD
patients that have chronic bronchitis, and or bronchiectasis [64,66]. These patients should have an
early follow-up to evaluate side effects, such as deafness, and frequent sputum cultures to monitor
bacteria resistance patterns. This treatment must be monitored closely for the possible development of
side effects and/or changes in the patterns of bacterial resistance.

8. Future Developments of Antibiotics for COPD

Inhaled antibiotics have been developed to deliver lower doses that can obtain higher tissue
concentration, maximizing pharmacodynamic parameters and minimizing systemic exposures.
Inhaled antibiotics are widely used in the treatment of a number of respiratory tract infections,
including cystic fibrosis (CF) [67] and bronchiectasis [68,69].

To date, there has been only one report investigating the use of inhaled antibiotics in patients
with COPD. The study, conducted by Dal Negro et al. [70], reported the effect of nebulized tobramycin
solution given for 14 days, twice daily, in patients with severe COPD. These investigators evaluated the
clinical outcomes and inflammatory markers in patients that were colonized with multidrug-resistant
Pseudomonas aeruginosa. This study demonstrated that two-week treatment with nebulized tobramycin
resulted in a 42% decrease in the incidence of exacerbations compared with the prior 6 months and
substantial reduction in pro-inflammatory markers. Ongoing and future trials using inhaled powder
formulation of antibiotics (quinolones) will provide information on whether inhaled antibiotics are a
useful therapeutic option in the prevention of ECOPD. Multiple clinical trials have been conducted
(clinicaltrials.gov) on the use of inhaled antibiotics in patients with other chronic lung infections such
as cystic fibrosis, and bronchiectasis; or as a prevention of infection in patients receiving mechanical
ventilation; however, there are no studies that evaluate the use of inhaled antibiotics in COPD patients
with exacerbations.

9. Conclusions

Chronic infections are associated with exacerbation in patients with COPD. Prevention and
effective treatment of exacerbations are major objectives in the management of these patients. COPD
exacerbations are associated with accelerated decline in lung function, worsening quality of life,
increased morbidity, and mortality. Antibiotics are recommended for patients with severe COPD with
an acute exacerbation that includes the presence of key clinical signs (increased sputum purulence
and worsening shortness of breath). The use of antibiotics in COPD patients with an exacerbation and
the presence of these symptoms is associated with clinical benefit, but treatment failure and relapse
rates can also be high—mainly in cases of inadequate antibiotic therapy. Therefore, it is important to
identify the patients at greatest risk of poor outcomes, since they are the patients who will likely derive
the greatest benefits from early treatment with the most potent antibiotic therapy.

The long-term use of antibiotics remains controversial. While several studies showed beneficial
effects—reducing frequency of exacerbations/hospitalizations and extending time to the next
exacerbations—there are also concerns related to side effects and the development of bacterial
resistance. Patients with frequent exacerbations and severe underlying disease will benefit from
systemic antibiotic treatment during the exacerbation. In the future, more studies will also show that
inhaled and/or nebulized routes will be effective.
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Abstract: This review focuses on the role of the lung microbiome in idiopathic pulmonary fibrosis.
Although historically considered sterile, bacterial communities have now been well documented in
lungs both in healthy and pathological conditions. Studies in idiopathic pulmonary fibrosis (IPF)
suggest that increased bacterial burden and/or abundance of potentially pathogenic bacteria may
drive disease progression, acute exacerbations, and mortality. More recent work has highlighted the
interaction between the lung microbiome and the innate immune system in IPF, strengthening
the argument for the role of both host and environment interaction in disease pathogenesis.
Existing published data suggesting that the lung microbiome may represent a therapeutic target,
via antibiotic administration, immunization against pathogenic organisms, or treatment directed at
gastroesophageal reflux. Taken altogether, published literature suggests that the lung microbiome
might serve in the future as a prognostic biomarker, a therapeutic target, and/or provide an
explanation for disease pathogenesis in IPF.

Keywords: idiopathic pulmonary fibrosis; IPF; interstitial lung diseases; microbiome; microbiota

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a rare lung disease of unknown origin which leads rapidly to
death [1,2]. However, the rate of progression of the disease varies among individuals and is still difficult
to predict [3]. The prognosis of IPF is poor with a median survival of three to five years after diagnosis
without curative therapies besides lung transplantation. However, two antifibrotic drugs, pirfenidone
and nintedanib, are known to be effective in slowing down disease progression and in reducing lung
related mortality [4,5]. The factors leading to disease initiation and progression remain incompletely
known [1]. The current disease paradigm is that repetitive micro-injury to the alveolar epithelium
by unknown environmental triggers (e.g., cigarette smoke, gastric microaspiration, particulate dust,
viral infections or lung microbial composition) in genetically susceptible individuals leads to aberrant
wound healing resulting in fibrosis rather than normal repair [6]. Numerous epidemiologic and genetic
studies illustrate that genetic and environmental factors contribute to the risk of developing IPF [7].
In parallel to the different clinical phenotypes and genotypes discovered, molecular mechanisms
promoting disease biology are also heterogeneous, and may involve an extensive array of different
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pathways and processes including apoptosis [8], oxidative stress [9], intra-alveolar coagulation [10],
endoplasmic reticulum stress [9], and telomere shortening [11]. Previous studies have identified several
genetic variants both associated with sporadic and familial forms of IPF that confer an individual
predisposition to develop the disease [12,13]. Of interest, genes involved in host-bacterial defense,
including alpha-defensin, have previously been described as up-regulated in IPF patients compared
with control [14]. These studies suggest that genetic susceptibility in innate immune defense may
play a role in the pathogenesis of IPF, and lend support to the concept that microbiota, through its
interaction with the host immune system, may contribute to the sequence of events that result in
fibrosis. Other reasons suggesting that infection by modulating microbial communities might interfere
with fibrosis initiation or perpetuation processes are supported by the finding that immunosuppressive
therapy decreases the progression-free survival time in IPF patients [6]. Besides these observations,
adding antibiotics such as cotrimoxazole to specific anti-fibrotic therapies improves quality of life
and reduces mortality [15]. Moreover, it is now widely recognized that despite the ancient dogma,
the lungs are not sterile [16]. Culture-independent techniques have permitted to identify numerous
micro-organisms coexisting in the lungs, such as bacteria, viruses and fungi [16,17]. This natural
community of microorganisms, collectively known as the microbiome, populates our respiratory tract,
and its role in healthy lung function is increasingly recognized. Not surprisingly, alterations to this
respiratory microbiome are seen in multiple respiratory disorders. In the past few years, studies
investigating the lower airway microbiome using these culture-independent techniques have shown
an increased bacterial burden and taxonomic differences in IPF compared to healthy subjects [18,19].
Alterations of the microbiome may also drive disease progression or acute exacerbation [20]. While IPF
microbiome studies have been able to derive bacterial genus and burden, they have not been able to
establish a causal, mechanistic link to disease process or progression. It remains unclear whether the
changes in lung microbiome reported in the IPF studies are a cause of the disease, or a consequence
either of an underlying immune defense defect or of architectural changes. Therefore, recent studies
aimed to investigate how the lung microbial community influences host defenses [21,22].

In this review we are going to approach successively the respiratory microbiome in healthy
subjects and the main alterations described in IPF microbiome, during stable disease and during
exacerbations, as well as its interaction with the host response. We have performed a systematic search
in PubMed by typing the words: (“Microbiota”[Mesh]) and ((“Lung Diseases, Interstitial”[Mesh]) or
“Idiopathic Pulmonary Fibrosis”[Mesh]) and (microbiome) and ((“Lung Diseases, Interstitial”[Mesh])
or “Idiopathic Pulmonary Fibrosis”[Mesh]), and selecting those thought to be relevant. Publications
dates of selected papers range from 2010 to 2017.

2. Microbiome in Healthy Lungs

The epithelial surfaces of the respiratory tract, previously thought to be sterile, have been
shown, by using culture-independent techniques, to accommodate dynamic microbial communities.
High-throughput bacterial 16s-rRNA sequencing has been described to identify bacterial DNA in
95.7% of bronchoalveolar lavage (BAL) specimens compared with conventional culture techniques,
which detected bacteria in 39.1% of BAL samples [23].

The bacterial communities of healthy lungs closely resemble those of the mouth [24], while being
two to four times lower in terms of bacterial burden. In lung tissues, a range from 10 to 100 bacterial
cells per 1000 human cells has been previously reported [25]. It is also interesting to point out that
despite differences in pH, temperature and oxygen concentration, the microbiome of healthy subjects is
relatively constant between individuals [26,27]. The most four represented phyla in normal airways are
Bacteroidetes (including the genus Prevotella sp.), Firmicutes (including the genera of Streptococcus sp.
and Veillonella sp.) and, to a lesser extent, Proteobacteria and Actinobacteria [27–29].

The exact composition of the lung microbiota results from three main factors. The first one is
microbial immigration due to microaspiration of gastric content, direct mucosal dispersion from the
oro-nasal cavities, and to the inhalation of air. The second one is the microbial elimination, which results
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from the mucociliary clearance, cough and immunity. Finally, the third factor is the local microbial
growth environment that includes notably nutrient availability, oxygen tension, pH and temperature.
As a consequence of those three factors, the lung microbiota represents a steady state between microbial
influx, efflux and reproduction rates, the latest being mostly altered in case of pathological processes.
In every lung disease studied to date, the lung microbiome is altered compared with that of healthy
subjects [30].

Given the sensitivity of the molecular technologies employed, an obvious concern in many
studies is contamination of samples from the upper respiratory tract when sampling, providing
a false representation of the true microbiome [18,19]. Although most of the published studies
have characterized the lung microbiome of healthy subjects using BAL samples, the potential for
oropharyngeal contamination should be addressed [31,32]. Besides, in healthy subjects, variation
of the lung microbial community composition at spatially distinct lung sites within individuals
have been shown [28], however, it remains lower than intersubject community variation [27]. It has
recently been demonstrated that contamination contributes negligibly to microbial communities in
bronchoscopically acquired specimens, validating the use of bronchoscopy to investigate the lung
microbiome [32]. Bronchoscopy is not the only step where contamination can be introduced in studies
of the microbiome. Significant variation has also been found when comparing microbiome data from
the same patient samples using different sequencer platforms and methodologies [21,33]. Reagents
and extraction kits are also significant sources of contamination and become particularly important
with low biomass samples, like those generated from the respiratory tract [34,35]. Moreover, it must
be remembered that sequencing DNA from a BAL sample provides a “snapshot” in time of the
microbial diversity of the lower airways, but does not evaluate the dynamic changes that may be
occurring longitudinally.

Beyond studying the microbiota, a small minority of studies have focused on fungi and viruses.
Recent studies have shown that commensal fungi not only affect the host immune system, but can
also affect bacterial composition and have a particularly important influence during restoration of the
bacterial microbiota after antibiotic treatment [36]. Virome is known to be highly variable in lungs and
is thought to be a trigger in multiple lung diseases [37].

3. Microbiota in IPF (Idiopathic Pulmonary Fibrosis)

Even if the exact pathophysiology of IPF is still incompletely understood, the microbiome
is suspected to play a role in the pathology [38]. Indeed, bacteria can cause epithelial alveolar
injury on their own, but can also activate an immune cascade response due to their presence
alone [39], the following pro-inflammatory and pro-fibrotic cascades resulting in alterations of the
lung architecture.

The hypothesis that IPF progression is influenced by microbes is supported by the finding that
immunosuppression increased the risk of death and hospitalization [6]. Another clue concerning the
role of bacteria in IPF pathogenesis is the effect of antibiotics on the natural history of the disease.
Sulgina and al. attempted to treat 181 IPF patients with cotrimoxazole for 12 months [15], and showed
a decreased mortality rate and an increased quality of life, with a decreased need of oxygenotherapy,
however, it did not translate into an improvement of pulmonary function. Respiratory infections were
also less frequent among the treated group. Unfortunately, almost one-third of patients receiving
cotrimoxazole withdrew from the trial due to side effects, mostly rash and nausea.

The microbiome of IPF patients is distinct from healthy individuals: their bacterial load is overall
higher, and the genera Haemophilus, Streptococcus, Neisseiria and Veillonella sp. are more abundant in
patients with IPF compared to controls [40]. It is also very different from the mouth microbiome in
comparison to healthy subjects, which suggests a microbial selection in the lower respiratory tract in
chronic lung disease [27], as each disease seems to have its own microbial signature, including a loss
of diversity along with dysbiosis [41].
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The first exploratory application of a culture-independent molecular technique in IPF studied the
microbiome in BAL from 17 IPF patients [42]. Using 16s-rRNA gene polymerase chain reaction (PCR)
and degenerating gel electrophoresis (DGGE), the study found organisms often associated with the
oropharynx, as well as uncultured bacterial sequences corresponding to the Streptococcus, Neisseria and
Actinobacterium sp. genera. Interestingly, bacterial DNA was not detected in five out of eight patients
colonized with Pneumocystis jirovecii, suggesting this fungus may impair bacterial colonization of the
airways [42].

A small study then investigated the upper and lower respiratory tract microbiota in a heterogenous
group of 18 patients with interstitial lung disease (ILD), including five with idiopathic interstitial
pneumonia (IIP), six patients with pneumocystis associated pneumonia and nine healthy controls [43].
The 16s-rRNA gene sequencing of BAL revealed no significant differences in the microbiome between
ILD and healthy controls. There was a signal toward lower bacterial diversity in the IIPs but this was
not statistically significant.

Later on, a multicenter cohort study of Correlating Outcomes with biochemical Markers
to Estimate Time-progression in idiopathic pulmonary fibrosis (COMET) [19], retrospectively
characterized the lung microbiota in 55 IPF patients with no active infection at the time of screening by
sequencing the genome of the bacteria found in baseline bronchoalveolar lavage fluid (BALF) samples.
The study also followed-up participants prospectively at 16 weeks intervals up to 80 weeks in order to
provide longitudinal outcome data. In that study, the most prevalent OTUs (operational taxonomic
unit) in IPF patients were Prevotella, Veillonella and Cronobacter sp. Moreover, the presence of a specific
Streptococcus or Staphylococcus OTU (among all Streptococcus and Staphylococcus OTUs) above a certain
threshold was associated with a faster-progressing disease, after adjusting for age, sex, smoking status,
respiratory function, six-minute-walk test and the presence of gastro-intestinal reflux [19]. However,
those OTUs were only found in less than half of the IPF cohort; their presence is thus insufficient
to explain the disease pathogenesis on its own but these findings open the possibilities to use those
OTUs as prognostic biomarker for disease progression. A limitation to this study is that 16S rRNA
sequencing could not be used for species-level identification. Further work, in the form of either
culture-specific or microbe-specific sequencing, is needed to formally identify these bacteria.

A large study published in 2014 investigated 65 well-defined IPF patients and 44 controls which
included 27 healthy controls and 17 patients with moderate chronic obstructive pulmonary disease
(COPD) [18]. The first notable finding was a twofold higher bacterial load (quantified by 16S rRNA
gene/mL BALF) in IPF BALF compared with control subjects (p < 0.0001). Secondly, there was a
significant association between patients with higher BALF bacterial load and disease progression at
six months (defined by a decline in forced vital capacity (FVC) by 10%, or death) compared with
controls (p = 0.02). Furthermore, it was possible to stratify patients according to bacterial burden
in order to predict mortality risk, patients with higher bacterial burden having an increased risk
of mortality (hazard ratio: 4.59) compared with patients with low bacterial burden. After logistic
regression analysis, the abundance of Veillonella, Neisseria, Streptococcus and Haemophilus sp. remained
significantly associated with IPF. Moreover, the study found that patients carrying a minor allele at
the MUC5B promoter had a lower bacterial burden, providing a mechanistic link between bacterial
burden and a mutation known to be relevant in IPF.

4. Host Microbial Interactions in IPF

Today, it is still unclear whether changes in microbiome seen in IPF are a cause or a consequence
of the disease. The PANTHER trial [6] has identified an increase in mortality with immunosuppressive
therapies, suggesting a role of a deficient host immunity in the pathogenesis of the disease. In addition,
acute infection is also associated with a greater mortality rate in IPF patients, highlighting once
more the crucial role of the immune system in the natural history of the disease [44]. Consequently,
studies investigating whether the lung microbiome influences the host defense in IPF are needed.
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Search for associations between alterations in the lung microbial community in IPF and host immune
response in IPF have been addressed in recent publications [21,22].

In a study from Molyneaux et al. [21], the authors investigated a cohort of 60 patients with IPF
from the Interstitial Lung Disease Unit at the Royal Brompton Hospital, London, and 20 matched
healthy controls. All participants underwent BAL and blood sample collection. In IPF patients, BAL
was performed at baseline. Moreover, for the longitudinal follow-up of these patients, peripheral blood
samples were obtained and pulmonary function was further tested up to 12 months after diagnosis.
Researchers analyzed gene expression of the host and found two particular groups of genes whose
expression correlated with an IPF diagnosis, with higher bacterial burden in the BALF, and specific
OTUs. The genes identified also correlated with an increase of neutrophils in both BAL and blood
samples. These groups included genes involved in host defense response (Nlrc4, Pglyrp1, Mmp9, Defa4).
Additionally, that team found two genes encoding specific antimicrobial peptides (Slpi and Camp).
Several of the identified genes were linked to poor survival and disease progression. These results
suggest a host response to alterations of the respiratory microbiome in IPF, suggesting that these
microbial changes would possibly trigger a response associated with the damage often observed in
IPF patients. As they conclude, “the bacterial communities of the lower airways may act as persistent
stimuli for repetitive alveolar injury in IPF” [21].

Another independent study [22] evaluated peripheral blood mononuclear cell (PBMC) gene
expression, BALF microbiome and in vitro fibroblast responsiveness to cytosine-phosphate-guanine
(CpG) antigenic stimulus in 68 IPF patients. Relative inhibition of several gene signaling pathways
was associated with reduced progression-free survival time (PFS); some pathways were involved in
immune inflammatory response and pathogen infection-like regulation of autophagy, while others are
involved in pattern recognition receptors such as Toll-like receptor signaling pathway for example.
The down-regulation of immune response pathways is associated with modifications in the abundance
of specific OTUs. Indeed, they showed that the decrease of nucleotide binding oligomerization
domain (NOD)-like receptor signaling is associated with increased abundance of Streptococcus sp. OTU,
and that this phenomenon is correlated with poorer PFS. Staphylococcus and Prevotella sp. OTUs are
also associated with poorer PFS, with decreased expression of immune response pathways genes and
with overexpression of TLR-9 in PBMC. Finally, the increased presence of a specific Veillonella sp. OTU
is correlated with increased CpG fibroblast responsiveness. This study demonstrates that host defense,
as assessed by immune pathway gene expression, may be modulated by variations in the lower airway
microbiome and that bacteria with increased abundance and decreased diversity are associated with
decreased immune pathway genes expression and poorer PFS. This study also demonstrates that
host-microbiome interaction may influence immune-mediated fibroblast responsiveness.

On the other hand, Wang et al. [45] have attempted to treat IPF patients with aerosolized
interferon-gamma as a single therapy. The diversity of the microbiome was not impacted by the
treatment; however, the study established a connection between the composition of the microbiome
and the disease phenotype regarding inflammatory and fibrotic markers in the lung mucosa,
suggesting once more an interaction between host immunity and microbiome.

5. Microbiome Effect on IPF Prognosis and Exacerbation

The progression of IPF is marked with exacerbations, similar to a number of chronic lung
diseases. Acute exacerbations are associated with a particularly poor prognosis. Among patients
with acute exacerbations, non-survivors had shorter durations of dyspnea, lower arterial oxygen
tension (PaO2)/inspiratory oxygen fraction (FiO2) ratios, higher C reactive protein (CRP) levels, higher
percentages of neutrophils and lower percentages of lymphocytes in BALF compared with survivors.
Amongst those factors only CRP was found to be an independent predictor of survival, suggesting that
infection (either bacterial or viral) and/or inflammation can be one of the pathogenic mechanisms
contributing to acute exacerbations [46].
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An exacerbation is currently defined as “an acute, clinically significant deterioration of
unidentifiable cause in a patient with underlying IPF” [44], and it requires formal exclusion of an
infection for clinical diagnosis. However, the exact pathogenesis of acute exacerbations remains
unknown, and it is currently unclear whether it represents an accelerated phase of an underlying
fibroproliferative process or an exaggerated lung injury response to unidentified preceding or
coexistent infection [20]. Factors supporting a role for infection in exacerbation include the fact
that respiratory tract infections in individuals with IPF confer a mortality risk indistinguishable from
that seen with acute exacerbations. Moreover, the definition has been challenged by recent studies
of the lung microbiome during IPF exacerbations and its influence on disease progression [18,20].
Such studies show that a high bacterial burden at the time of diagnosis seem to be a biomarker for a
more-rapidly progressive disease with an increased risk of mortality [18].

Another study on 20 patients with diagnosed acute exacerbations of IPF and 15 matched controls
with stable IPF who underwent bronchoscopy and DNA extraction has shown that IPF patients
presented an increased bacterial burden during exacerbations, up to four times higher [20]. Their BALF
also contained more neutrophils compared to stable IPF patients. This raises the possibility of bacteria
playing a role in exacerbations, regardless of the presence of an active infection. They also analyze
16S rRNA gene qPCR and pyrosequencing in both stable and acute exacerbation group in order to
explore changes in the BAL microbiota. In case of acute exacerbation there was a notable change in
the microbiota with an increase in two potentially pathogenic Proteobacteria OTUs, Campylobacter sp.
and Stenotrophomonas sp., coupled with a significant decrease in Veillonella sp., and Campylobacter sp.,
although best known as a gastrointestinal pathogen, was previously identified in the respiratory
microbiota of individuals with severe COPD. Its presence in the respiratory microbiota is likely to arise
from silent micro-aspiration of gastric contents [20]. To summarize these observations, this pilot study
suggests that bacteria may play a causative role in acute exacerbation of IPF. The apparent translocation
of bacteria usually confined to the gastrointestinal tract also suggests a role for micro-aspiration.
Results of this study, although requiring a prospective longitudinal study for validation, provide a
rationale for clinical trials of prophylactic antibiotics as a strategy to prevent acute exacerbations in
individuals with IPF.

6. Conclusions and Perspectives

All of these findings open the possibility of a place for antibiotherapy in IPF patients; in particular,
they provide a rationale for clinical trials of long-term antibiotherapy acting as an immunomodulator
and an antibioprophylaxis to prevent acute exacerbations. In the future, an improved knowledge
of the dynamic alterations of the lung microbiome might help to select appropriate, targeted and
more personalized antibiotherapy in the course of the disease, in particular in IPF exacerbations.
In this context, more advanced metagenomic analyses are required to elucidate the functional role of
individual bacterial genera and communities in IPF progression.

As recent studies demonstrated interactions between host immune response and microbial
community in IPF, further studies will probably focus on the exploration of therapeutic approaches
targeting modulation, not only of the lung microbial community of patients with IPF, but of specific
components of the innate immune system.
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Abbreviations

IPF Idiopathic pulmonary fibrosis
BAL Bronchoalveolar lavage
DGGE Degenerative gel electrophoresis
PCR Polymerase chain reaction
ILD Interstitial lung disease
IIP Idiopathic interstitial pneumonia
COMET Correlating outcomes with biochemical markers to estimate time-progression
BALF Bronchoalveolar lavage fluid
OTU Operational taxonomic unit
COPD
FVC

Chronic obstructive pulmonary disease
Forced vital capacity

PBMC
CpG

Peripheral blood mononuclear cell
Cytosine-phosphate-guanine

PFS Progression-free survival time
NOD
PaO2
FiO2

Nucleotide binding oligomerization domain
Lower arterial oxygen tension
Inspiratory oxygen fraction

CRP C-reactive protein

References

1. Raghu, G. Idiopathic pulmonary fibrosis: Guidelines for diagnosis and clinical management have advanced
from consensus-based in 2000 to evidence-based in 2011. Eur. Respir. J. 2011, 37, 743–746. [CrossRef]
[PubMed]

2. Guiot, J.; Moermans, C.; Henket, M.; Corhay, J.L.; Louis, R. Blood biomarkers in idiopathic pulmonary
fibrosis. Lung 2017, 195, 273–280. [CrossRef] [PubMed]

3. Ley, B.; Ryerson, C.J.; Vittinghoff, E.; Ryu, J.H.; Tomassetti, S.; Lee, J.S.; Poletti, V.; Buccioli, M.; Elicker, B.M.;
Jones, K.D.; et al. A multidimensional index and staging system for idiopathic pulmonary fibrosis.
Ann. Intern. Med. 2012, 156, 684. [CrossRef] [PubMed]

4. Nathan, S.D.; Albera, C.; Bradford, W.Z.; Costabel, U.; du Bois, R.M.; Fagan, E.A.; Fishman, R.S.; Glaspole, I.;
Glassberg, M.K.; Glasscock, K.F.; et al. Effect of continued treatment with pirfenidone following clinically
meaningful declines in forced vital capacity: Analysis of data from three phase 3 trials in patients with
idiopathic pulmonary fibrosis. Thorax 2016, 71, 429–435. [CrossRef] [PubMed]

5. Richeldi, L.; Cottin, V.; du Bois, R.M.; Selman, M.; Kimura, T.; Bailes, Z.; Schlenker-Herceg, R.; Stowasser, S.;
Brown, K.K. Nintedanib in patients with idiopathic pulmonary fibrosis: Combined evidence from the
TOMORROW and INPULSIS(®) trials. Respir. Med. 2016, 113, 74–79. [CrossRef] [PubMed]

6. Raghu, G.; Anstrom, K.J.; King, T.E.; Lasky, J.A.; Martinez, F.J. Idiopathic Pulmonary Fibrosis Clinical
Research Network, Prednisone, Azathioprine, and N-Acetylcysteine for pulmonary fibrosis. N. Engl. J. Med.
2012, 366, 1968–1977. [CrossRef] [PubMed]

7. Kaur, A.; Mathai, S.K.; Schwartz, D.A. Genetics in idiopathic pulmonary fibrosis pathogenesis, prognosis,
and treatment. Front. Med. 2017, 4, 154. [CrossRef] [PubMed]

8. Matsushima, S.; Ishiyama, J. MicroRNA-29c regulates apoptosis sensitivity via modulation of the cell-surface
death receptor, Fas, in lung fibroblasts. Am. J. Physiol. Lung Cell. Mol. Physiol. 2016, 311, 1050–1061.
[CrossRef] [PubMed]

9. Cheresh, P.; Kim, S.J.; Tulasiram, S.K.D. Oxidative stress and pulmonary fibrosis. Biochim. Biophys. Acta Mol.
Basis Dis. 2013, 1832, 1028–1040. [CrossRef] [PubMed]

10. Mercer, P.F.; Chambers, R.C. Coagulation and coagulation signalling in fibrosis. Biochim. Biophys. Acta Mol.
Basis Dis. 2013, 1832, 1018–1027. [CrossRef] [PubMed]

11. Dai, J.; Cai, H.; Li, H.; Zhuang, Y.; Min, H.; Wen, Y.; Yang, J.; Gao, Q.; Shi, Y.; Yi, L. Association between
telomere length and survival in patients with idiopathic pulmonary fibrosis. Respirology 2015, 20, 947–952.
[CrossRef] [PubMed]

201



Int. J. Mol. Sci. 2017, 18, 2735

12. Fingerlin, T.E.; Murphy, E.; Zhang, W.; Peljto, A.L.; Brown, K.K.; Steele, M.P.; Loyd, J.E.; Cosgrove, G.P.;
Lynch, D.; Groshong, S.; et al. Genome-wide association study identifies multiple susceptibility loci for
pulmonary fibrosis. Nat. Genet. 2013, 45, 613–620. [CrossRef] [PubMed]

13. Noth, I.; Zhang, Y.; Ma, S.-F.; Flores, C.; Barber, M.; Huang, Y.; Broderick, S.M.; Wade, M.S.; Hysi, P.;
Scuirba, J.; et al. Genetic variants associated with idiopathic pulmonary fibrosis susceptibility and mortality:
A genome-wide association study. Lancet Respir. Med. 2013, 1, 309–317. [CrossRef]

14. Yang, I.V.; Fingerlin, T.E.; Evans, C.M.; Schwarz, M.I.; Schwartz, D.A. MUC5B and idiopathic pulmonary
fibrosis. Ann. Am. Thorac. Soc. 2015, 12, 193–199. [CrossRef]

15. Shulgina, L.; Cahn, A.P.; Chilvers, E.R.; Parfrey, H.; Clark, A.B.; Wilson, E.C.F.; Twentyman, O.P.;
Davison, A.G.; Curtin, J.J.; et al. Treating idiopathic pulmonary fibrosis with the addition of co-trimoxazole:
A randomised controlled trial. Thorax 2013, 68, 155–162. [CrossRef] [PubMed]

16. Kiley, J.P.; Caler, E.V. The lung microbiome a new frontier in pulmonary medicine. Ann. Am. Thorac. Soc.
2014, 11, 66–70. [CrossRef] [PubMed]

17. Dickson, R.P.; Erb-Downward, J.R.; Martinez, F.J.; Huffnagle, G.B. The microbiome and the respiratory tract.
Annu. Rev. Physiol. 2016, 78, 481–504. [CrossRef] [PubMed]

18. Molyneaux, P.L.; Cox, M.J.; Willis-Owen, S.A.G.; Mallia, P.; Russell, K.E.; Russell, A.-M.; Murphy, E.;
Johnston, S.L.; Schwartz, D.A.; Wells, A.U.; et al. The role of bacteria in the pathogenesis and progression of
idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 2014, 190, 906–913. [CrossRef] [PubMed]

19. Han, M.L.K.; Zhou, Y.; Murray, S.; Tayob, N.; Noth, I.; Lama, V.N.; Moore, B.B.; White, E.S.; Flaherty, K.R.;
Huffnagle, G.B.; et al. Lung microbiome and disease progression in idiopathic pulmonary fibrosis:
An analysis of the COMET study. Lancet Respir. Med. 2014, 2, 548–556. [CrossRef]

20. Molyneaux, P.L.; Cox, M.J.; Wells, A.U.; Kim, H.C.; Ji, W.; Cookson, W.O.C.; Moffatt, M.F.; Kim, D.S.;
Maher, T.M. Changes in the respiratory microbiome during acute exacerbations of idiopathic pulmonary
fibrosis. Respir. Res. 2017, 18, 29. [CrossRef] [PubMed]

21. Molyneaux, P.L.; Willis-Owen, S.A.G.; Cox, M.J.; James, P.; Cowman, S.; Loebinger, M.; Blanchard, A.;
Edwards, L.M.; Stock, C.; Daccord, C.; et al. Host-microbial interactions in idiopathic pulmonary fibrosis.
Am. J. Respir. Crit. Care Med. 2017, 195, 1640–1650. [CrossRef] [PubMed]

22. Huang, Y.; Ma, S.-F.; Espindola, M.S.; Vij, R.; Oldham, J.M.; Huffnagle, G.B.; Erb-Downward, J.R.;
Flaherty, K.R.; Moore, B.B.; White, E.S.; et al. Microbes are associated with host innate immune response in
idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 2017, 196, 208–219. [CrossRef] [PubMed]

23. Dickson, R.P.; Erb-Downward, J.R.; Prescott, H.C.; Martinez, F.J.; Curtis, J.L.; Lama, V.N.; Huffnagle, G.B.
Analysis of culture-dependent versus culture-independent techniques for identification of bacteria in
clinically obtained bronchoalveolar lavage fluid. J. Clin. Microbiol. 2014, 52, 3605–3613. [CrossRef] [PubMed]

24. Venkataraman, A.; Bassis, C.M.; Beck, J.M.; Young, V.B.; Curtis, J.L.; Huffnagle, G.B.; Schmidt, T.M.
Application of a neutral community model to assess structuring of the human lung microbiome. MBio 2015,
6, e02284-14. [CrossRef] [PubMed]

25. Sze, M.A.; Dimitriu, P.A.; Hayashi, S.; Elliott, W.M.; McDonough, J.E.; Gosselink, J.V.; Cooper, J.;
Sin, D.D.; Mohn, W.W.; Hogg, J.C. The lung tissue microbiome in chronic obstructive pulmonary disease.
Am. J. Respir. Crit. Care Med. 2012, 185, 1073–1080. [CrossRef] [PubMed]

26. Charlson, E.S.; Bittinger, K.; Haas, A.R.; Fitzgerald, A.S.; Frank, I.; Yadav, A.; Bushman, F.D.; Collman, R.G.
Topographical continuity of bacterial populations in the healthy human respiratory tract. Am. J. Respir. Crit.
Care Med. 2011, 184, 957–963. [CrossRef] [PubMed]

27. Dickson, R.P.; Erb-Downward, J.R.; Freeman, C.M.; McCloskey, L.; Beck, J.M.; Huffnagle, G.B.; Curtis, J.L.
Spatial variation in the healthy human lung microbiome and the adapted island model of lung biogeography.
Ann. Am. Thorac. Soc. 2015, 12, 821–830. [CrossRef] [PubMed]

28. Erb-Downward, J.R.; Thompson, D.L.; Han, M.K.; Freeman, C.M.; McCloskey, L.; Schmidt, L.A.; Young, V.B.;
Toews, G.B.; Curtis, J.L.; Sundaram, B.; et al. Analysis of the lung microbiome in the “healthy” smoker and
in COPD. PLoS ONE 2011, 6, e16384. [CrossRef] [PubMed]

29. Morris, A.; Beck, J.M.; Schloss, P.D.; Campbell, T.B.; Crothers, K.; Curtis, J.L.; Flores, S.C.; Fontenot, A.P.;
Ghedin, E.; Huang, L.; et al. Comparison of the respiratory microbiome in healthy nonsmokers and smokers.
Am. J. Respir. Crit. Care Med. 2012, 187, 1067–1075. [CrossRef] [PubMed]

30. Dickson, R.P.; Erb-Downward, J.R.; Huffnagle, G.B. Towards an ecology of the lung: New conceptual models
of pulmonary microbiology and pneumonia pathogenesis. Lancet Respir. Med. 2014, 2, 238–246. [CrossRef]

202



Int. J. Mol. Sci. 2017, 18, 2735

31. Grønseth, R.; Drengenes, C.; Wiker, H.G.; Tangedal, S.; Xue, Y.; Husebø, G.R.; Svanes, Ø.; Lehmann, S.;
Aardal, M.; Hoang, T.; et al. Protected sampling is preferable in bronchoscopic studies of the airway
microbiome. ERJ Open Res. 2017, 3, 00019–2017. [CrossRef] [PubMed]

32. Dickson, R.P.; Erb-Downward, J.R.; Freeman, C.M.; McCloskey, L.; Falkowski, N.R.; Huffnagle, G.B.;
Curtis, J.L. Bacterial topography of the healthy human lower respiratory tract. MBio 2017, 8, e02287-16.
[CrossRef] [PubMed]

33. Hewitt, R.J.; Molyneaux, P.L. The respiratory microbiome in idiopathic pulmonary fibrosis. Ann. Transl. Med.
2017, 5, 250. [CrossRef] [PubMed]

34. Salter, S.J.; Cox, M.J.; Turek, E.M.; Calus, S.T.; Cookson, W.O.; Moffatt, M.F.; Turner, P.; Parkhill, J.; Loman, N.J.;
Walker, A.W. Reagent and laboratory contamination can critically impact sequence-based microbiome
analyses. BMC Biol. 2014, 12, 87. [CrossRef] [PubMed]

35. Willner, D.; Daly, J.; While, D.; Grimwood, K.; Wainwright, C.E.; Hugenholtz, P. Comparison of DNA
extraction methods for microbial community profiling with an application to pediatric bronchoalveolar
lavage samples. PLoS ONE 2012, 7, e34605. [CrossRef] [PubMed]

36. Erb-Downward, J.R.; Falkowski, N.R.; Mason, K.L.; Muraglia, R.; Huffnagle, G.B. Modulation of
post-antibiotic bacterial community reassembly and host response by candida albicans. Sci. Rep. 2013,
3, 2191. [CrossRef] [PubMed]

37. Moradi, P.; Keyvani, H.; Javad, M.S.-A.; Karbalaie, N.M.H.; Esghaei, M.; Bokharaei-Salim, F.;
Ataei-Pirkooh, A.; Monavari, S.H. Investigation of viral infection in idiopathic pulmonary fibrosis among
Iranian patients in Tehran. Microb. Pathog. 2017, 104, 171–174. [CrossRef] [PubMed]

38. Maher, T.M.; Wells, A.U.; Laurent, G.J. Idiopathic pulmonary fibrosis: Multiple causes and multiple
mechanisms? Eur. Respir. J. 2007, 30, 835–839. [CrossRef] [PubMed]

39. Molyneaux, P.L.; Maher, T.M. Respiratory microbiome in IPF: Cause, effect, or biomarker? Lancet Respir. Med.
2014, 2, 511–513. [CrossRef]

40. Molyneaux, P.L.; Maher, T.M.; Maher, T.M. The role of infection in the pathogenesis of idiopathic pulmonary
fibrosis. Eur. Respir. Rev. 2013, 22, 376–381. [CrossRef] [PubMed]

41. Faner, R.; Sibila, O.; Agustí, A.; Bernasconi, E.; Chalmers, J.D.; Huffnagle, G.B.; Manichanh, C.;
Molyneaux, P.L.; Paredes, R.; Pérez, B.V.; et al. The microbiome in respiratory medicine: Current challenges
and future perspectives. Eur. Respir. J. 2017, 49, 1602086. [CrossRef] [PubMed]

42. Friaza, V.; la Horra, Cd.; Rodríguez-Domínguez, M.J.; Martín-Juan, J.; Cantón, R.; Calderón, E.J.;
del Campo, R. Metagenomic analysis of bronchoalveolar lavage samples from patients with
idiopathic interstitial pneumonia and its antagonic relation with Pneumocystis jirovecii colonization.
J. Microbiol. Methods 2010, 82, 98–101. [CrossRef] [PubMed]

43. Garzoni, C.; Brugger, S.D.; Qi, W.; Wasmer, S.; Cusini, A.; Dumont, P.; Gorgievski-Hrisoho, M.;
Mühlemann, K.; von Garnier, C.; Hilty, M. Microbial communities in the respiratory tract of patients
with interstitial lung disease. Thorax 2013, 68, 1150–1156. [CrossRef] [PubMed]

44. Collard, H.R.; Moore, B.B.; Flaherty, K.R.; Brown, K.K.; Kaner, R.J.; King, J.T.E.; Lasky, J.A.; Loyd, J.E.; Noth, I.;
Olman, M.A.; et al. Acute exacerbations of idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 2007,
176, 636–643. [CrossRef] [PubMed]

45. Wang, J.; Lesko, M.; Badri, M.H.; Kapoor, B.C.; Wu, B.G.; Li, Y.; Smaldone, G.C.; Bonneau, R.; Kurtz, Z.D.;
Condos, R.; et al. Lung microbiome and host immune tone in subjects with idiopathic pulmonary fibrosis
treated with inhaled interferon-γ. ERJ Open Res. 2017, 3, 00008-2017. [CrossRef] [PubMed]

46. Song, J.W.; Hong, S.-B.; Lim, C.-M.; Koh, Y.; Kim, D.S. Acute exacerbation of idiopathic pulmonary fibrosis:
Incidence, risk factors and outcome. Eur. Respir. J. 2011, 37, 356–363. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

203





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

International Journal of Molecular Sciences Editorial Office
E-mail: ijms@mdpi.com

www.mdpi.com/journal/ijms





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03897-339-3


	Blank Page



