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Preface

The last decade has seen the emergence of COPD as a major health problem world-
wide. The recognition of this has stimulated the biomedical community to actively
research in this area, towards understanding the pathogenesis of this devastating
disease. This book contains a mixture of summaries of complex molecular pathogenic
mechanisms, emerging new clinical entities and novel treatments. The book begins
with sections on pathogenesis, innate immunity, anti-proteinase function and a review
of the relationship between hypothesis, basic science and the development of a related
treatment. These chapters are followed by description of the newly recognized
association between pulmonary fibrosis within COPD and state-of-the art descriptions
of novel bronchoscopic treatments and new strategies for the management of the
common clinical problem of air leaks. It is currently an exciting time in COPD, and it is
hoped that this book will stimulate further interest in this hitherto relatively neglected
disease.

Dr Ravi Mahadeva

Director of the Cambridge COPD Centre and Clinical Director for Respiratory Medicine,
Cambridge University Hospitals Foundation Trust and Associate Lecturer,
Department of Medicine, University of Cambridge

United Kingdom






Pathogenic Mechanisms in Emphysema:
From Protease Anti—-Protease
Imbalance to Apoptosis

Raja T. Abboud

Division of Respiratory Medicine,

University of British Columbia at Vancouver General Hospital,
Seymour Health Centre Vancouver,

Canada

1. Introduction

In 1963, Laurel and Erickson reported their discovery of severe aj-antitrypsin (AAT) deficiency
and its association with emphysema (Laurell & Erickson, 1963). Soon after, Gross and
coworkers reported that emphysema was induced in rats by the intratracheal instillation of a
proteolytic enzyme (Gross et al.,1965). These findings led to the proteolytic hypothesis of
emphysema (Janoff, 1985) which considers that emphysema develops as a result of the
smoking-induced release of proteolytic enzymes from the increased number of neutrophils
and macrophages in the lung. Proteolysis of lung connective tissue (more specifically elastin)
occurs because the released proteases may not be fully inhibited by antiproteases, resulting in
emphysema. However, although proteolysis may have a significant pathogenic role
particularly in AAT deficiency, other pathogenic mechanism, such as oxidants either from
inhaled smoke or from inflammatory cells, inflammation, T lymphocyte cell mediated
immunity, and apoptosis have a significant pathogenic role (MacNee, a2005).

This chapter, based on a previous review article (Abboud & Vimalanathan, 2008), updated
and revised following a Pub-Med search, and will cover protease-antiprotease imbalance
and apoptosis, as pathogenic mechanisms in emphysema. The pathogenic role of oxidants,
inflammatory cells, and cell mediated immunity will be covered in other chapters.

2. Protease-antiprotease imbalance in severe antitrypsin deficiency

The hypothesis that the main pathogenic mechanism in emphysema in severe AAT
deficiency is due to protease-antiprotease , is well supported by evidence since AAT is the
main inhibitor of neutrophil elastase. Since this topic will be discussed in detail in another
chapter, this paragraph will serve as a brief introduction. In severe AAT deficiency, anti-
elastase protection in the lung interstitium and alveolar space is markedly decreased in
proportion to the decreased plasma levels to about 15-20 % of normal, and does not fully
protect the lung against released neutrophil elastase. Neutrophil elastase is a potent
elastolytic enzyme, which induces emphysema when injected intratracheally in
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experimental animals (Janoff et al.,1977; Senior et al,1977). Smoking increases the number
of neutrophils in the lung, and induces the release of neutrophil elastase (Fera et al., 1986;
Abboud et al. 1986). The released neutrophil elastase may not be fully inhibited by the
severely deficient AAT levels leading to proteolytic activity and the development of
emphysema. The positive correlation between increased leucocyte elastase concentration
and severity of emphysema in patients with severe AAT deficiency, supports a
pathogenic role for neutrophil elastase in AAT deficient emphysema (Kidokoro et
al., 1977).

3. Protease antiprotease imbalance in copd without severe antitrypsin
deficiency

In contrast, in smokers with COPD without AAT deficiency , there is less evidence to
support protease antiprotease imbalance as a pathogenic mechanism in emphysema,
compared with AAT deficient smokers, because there is no definitive evidence of severe
antiprotease deficiency to lead to unopposed proteolysis in the lung. Smoking may cause a
protease-antiprotease imbalance in the lung by decreasing the functional activity of AAT
and other protease inhibitors in the lung interstitium and “alveolar” lining fluid, and by
increasing the amount of elastolytic proteases released in the lung. Some studies reported
that smokers had decreased anti-elastase activity of AAT in BAL, compared with
nonsmokers (Gadek et al., 1979; Carp et al., 1982). However, this reported degree of
inactivation was not confirmed by later studies (Stone et al., 1983; Boudier et al.,, 1983;
Abboud et al., 1985).

3.1 Studies evaluating neutrophil elastase in emphysema

Cigarette smoking can induce the release of neutrophil elastase (NE) in BAL of healthy
volunteers (Fera et al., 1986), and intense smoking can acutely increase plasma NE levels
(Abboud et al., 1986). NE released in the lung may be taken up and internalized by
alveolar macrophages (AM) (Campbell et al., 1979) . A study evaluating BAL in 28
patients with COPD supported a role for NE and protease-antiprotease imbalance by
showing that NE levels in BAL correlated directly and BAL anti-elastase activity
correlated inversely with emphysema, assessed by CT scan and carbon monoxide
diffusing capacity (Fujita et al.1990). Another study of older volunteers reported
increased levels of NE in AM of smokers with CT scan evidence of emphysema
(Betsuyaku et al., 1995), suggesting that NE release in the lung and its uptake by AM could
have been a pathogenic factor in emphysema. NE bound to elastin may continue to
degrade elastin despite the presence of active AAT in the surrounding medium (Morrison
et al., 1990). All these findings support a potential role for NE in the development of
human emphysema, despite the lack of severe inactivation of AAT in the lung. The
pathogenic role of NE was also confirmed in a mouse NE-knockout exposed to cigarette
smoke, where the resulting emphysema was reduced by 59% compared with control
smoke-exposed mice (Shapiro et al., 2003). This was not all a direct effect of the absence of
NE activity, but partly secondary to decreased macrophage recruitment in the absence of
NE; it could be also partly due to the lack of degradation by NE of tissue inhibitors of
metalloproteases which inhibit macrophage elastase activity.
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3.2 Potential role of macrophage proteases in emphysema

It is likely that macrophage proteases have a pathogenic role for in human emphysema.
Investigators reported that young smokers dying accidentally had an increased number of
macrophages in the respiratory bronchioles (Niewoehner et al.,, 1974), in the same region
where centrilobular emphysema develops in smokers without AAT deficiency. Morphometry
of resected human lungs indicated that the extent of emphysema was directly related to the
numbers of AM but not neutrophils (Finkelstein et al., 1995). These two studies suggested a
potential role of macrophages in emphysema. Elastolysis by AM in vitro was not inhibited by
AAT, while that of neutrophils was inhibited ( Chapman et al., 1984; Chapman & Stone 1984).
This finding supported a pathogenic role for AM elastolytic enzymes in emphysema, since
these AM enzymes would not be inhibited by AAT, the major protease inhibitor in plasma and
interstitial fluid. Subsequently, investigators demonstrated several elastolytic enzymes in
human AM: cathepsins L and S (Reilly et al., 1989; Reilly et al.,1991; Shi et al.,1992), the matrix
metalloproteases (MMPs) MMP-2 and MMP-9, previously termed 72 & 92 kDa collagenases
respectively (Senior et al., 1991) and MMP-12 also named macrophage metallo-elastase
(Shapiro et al., 1993). In addition, interstitial collagenase or MMP1, a non-elastolytic enzyme ,
induced emphysema in transgenic mice expressing MMP1 (D’ Armiento et al., 1992; Foronjy et
al 2003), by degrading type III collagen ( Shiomy et al., 2003).

Several studies support a pathogenic role for AM in human emphysema, by comparing
findings in subjects with and without emphysema Cultured AM from patients with
emphysema showed increased elastolytic activity compared with that of AM from patients
with bronchitis or other lung diseases (Muley et al., 1994). In a study of 34 healthy smokers
(mean age 46 yr), there was a significantly greater AM cell counts in BAL in those with
emphysema by computed tomography (CT) compared to those without emphysema; this
finding indicated a greater AM elastase load in the lungs in those with emphysema, since
the AM elastolytic activity/cell was similar in the two groups (Abboud et al., 1998). AM
obtained by BAL from 10 emphysema patients, had increased expression of MMP9 and
MMP1, when compared with 10 matched controls (Finlay et al., 1997). Emphysematous lung
tissue had significantly higher levels of MMP9 and MMP2 compared with control non-
involved lung tissue; and showed elastolytic activity corresponding to MMP2 and MMP9
(Ohnishi et al.,1998). A study using immunohistochemistry of lung tissue, showed increases
in MMP1, MMP2, MMPS8, and MMP9 in lung tissue from COPD patients compared with
controls (Segura-Valdez et al., 2000). There was increased expression of MMP1 in the lungs
of patients with emphysema (Imai et al., 2001); however, the MMP1 was localized to the
type Il epithelial cells and not macrophages.

Cigarette smoke induced emphysema in mice requires MMP12; mice homozygous for a
knockout of the MMPI12 gene, in contrast to controls, did not develop emphysema in
response to cigarette smoke exposure (Hautamaki et al., 1997). However, MMP12 is much
more highly expressed in mice compared with humans. A study in COPD patients reported
that the number of AM in BAL expressing MMP12 and the level of MMP12 expression was
higher in COPD than in controls (Molet et al., 2005). Increased MMP levels by ELISA in
induced sputum from 26 stable COPD patients were significantly higher than healthy
smokers, never smokers, and former smokers (Demedst et al., 2006); in addition MMP12
enzyme activity in the COPD subjects was markedly increased compared with non-smokers.
These two studies support a potential pathogenic role for MMP12 in human emphysema.



4 Emphysema

Smoking and pro-inflammatory stimuli can induce message expression of AM elastases and
proteases, which could lead to protease-antiprotease imbalance. Smokers have increased
expression of cathepsin L in AM compared to non-smokers (Takahashi et al.,1993), and also
increased activity of cathepsin S in AM lysates (Reilly et al., 1991). Pro-inflammatory
mediators induce expression of MMPs, such as the marked increase in mRNA for MMP12 in
cultured AM by lipopolysaccharide (LPS) (Shapiro et al., 1993). TNF-a and IL-1f increased
expression of MMP9 by human macrophages without increasing its inhibitor, tissue
inhibitor of metalloprotease ( TIMP1) (Saren et al., 1996); these two cytokines , which are
increased in COPD, may thus lead to a protease-antiprotease imbalance between MMP9 and
its inhibitor. The release of TNF-a in mice by cigarette smoke was dependent on MMP-12
(Churg et al., 2003), and was abolished in MMP12 knockout mice; TNF-a accounted for 70%
of the smoke induced emphysema in the mouse (Churg et al., 2004). In-vitro studies showed
that AM from patients with COPD released more MMP9 than AM from healthy smokers,
and MMP9 release was increased by IL-1f, LPS, and cigarette smoke solution (Russell et al.,
2002a) . The same investigator reported that MMPs, cysteine and serine proteases
contributed to the in-vitro elastolysis by human AM during the 72 hr evaluation (Russell et
al., 2002b), indicating the difficulty in implicating a specific protease in lung destruction.

A recent study (Omachi et al.,2011) evaluated plasma MMP9 levels in relation to progression
of emphysema over a period of one year, in 126 subjects with severe AAT deficiency who
were on placebo treatment in a clinical trial evaluating AAT augmentation therapy. They
found that higher baseline plasma MMP-9 levels were associated with lower values of FEV;
and CO diffusing capacity (p=0.03), but not CT scan lung density. Moreover, MMP-9 levels
predicted a decline in CO pulmonary diffusing capacity (p=0.04) and worsening lung
density by CT scan (p=0.003). This relationship may not apply in human emphysema
without severe AAT deficiency. A thorough and elaborate study evaluated the role of
MMP?9 in cigarette smoke induced emphysema in mice and humans (Atkinson et al., 2011); I
will restrict my review to the human findings. Macrophage MMP-9 mRNA isolated by laser
capture micro-dissection from 5 human lungs obtained at the time of lung transplantation
were similar in areas of lung with and without emphysema. The investigators also enrolled
subjects who had completed a National Lung Screening Trial and were free of cancer or an
inflammatory or immune disorder into their emphysema biomarker study. Of these 38 had a
CT scan emphysema index >10% and were considered to be “emphysema-sensitive”, while
47 had an emphysema index of <5% and were “emphysema-resistant” controls. Circulating
monocyte MMP9 mRNA showed a positive correlation with emphysema index for all
subjects (p=0.02), and a more significant correlation in the “emphysema-sensitive” group (p-
0.01), but there was no statistical difference in results between the two groups. There was no
correlation of circulating monocyte MMP9 mRNA with the lung injury markers used, Clara
cell secretory protein and surfactant protein-D. It would be interesting to check the
correlation of emphysema extent with MMP9 plasma levels, which may be a better marker
of MMP?9 release in the lungs than levels in circulating monocytes.

In studies from my laboratory on alveolar macrophages (AM) lavaged from resected lung
specimens, the level of mRNA expression of MMP1 in AM showed a significant positive
correlation with the extent of emphysema by CT scan (Wallace et al., 2008). In addition,
MMP12 mRNA expression was increased in current smokers vs ex-smokers, and there was
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there was a significant negative correlation between MMP12 gene expression and carbon
monoxide diffusing capacity. These results support a pathogenic role for both MMP1 and
MMP12 in human emphysema. A pathogenic role for cathepsin K in the development of
emphysema was demonstrated in smoke-exposed guinea pigs compared with controls, and
there were also data supporting increased expression of cathepsin K in lungs of emphysema
patients ( Golovatch et al., 2009).

Fig 1 is a diagram of potential mechanisms leading to protease antiprotease imbalance and
emphysema.

Mechanisms Leading to Protease-Antiprotease
Imbalance and Emphysema

Epith Tial cells
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Fig. 1. Diagram showing the pathways leading to smoking-induced protease-antiprotease
imbalance in the lung. (Reproduced from Abboud, R., & Vimanalathan, S. (2008), with
permission of the publisher, Int ] Tuberc Lung Dis )

Smoking induces epithelial cells to produce cytokines which stimulate neutrophils and
macrophages. Cigarette smoke also acts directly on neutrophils and macrophages to activate
them . Cigarette smoke has oxidants which can inactivate antiproteases, in addition to
antiprotease inactivation by oxidants released by macrophages and neutrophils.

The stimulated neutrophils and macrophages release proteolytic enzymes. Neutrophil
elastase can activate MMPs, while MMPs can inactivate aj-antitrypsin. Not shown in the
diagram, is the role of MMP-12 in releasing TNF-a, which amplifies the inflammatory
reaction. These processes lead to a protease-antiprotease imbalance, which can degrade lung
elastin and connective tissue; if sustained, this will lead to emphysema.
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3.3 Role of polymorphisms in MMPs

An MMP polymorphism (C-15621) was associated with emphysema by CT scan in one
Japanese study (Minematsu et al, 2001) and with upper lobe emphysema in another
Japanese study (Ito et al., 2005), and with COPD in a Chinese population (Zhou et al., 2004).

A study from Russia evaluated gene polymorphisms of G(-1607)GG of MMP1, C(-1562)T of
MMP9, and A(-82)G of MMP12, and found the frequencies did not differ significantly between
318 COPD patients compared with 319 healthy controls (Korytina et al., 2008). However, the
(-1562)T allele of MMP9 was significantly higher in the Global Initiative for Chronic
Obstructive Lung Disease (GOLD) stage IV COPD than in stages II and III, indicating that this
allele predisposed to severe disease; it also predisposed to early onset of COPD (age < 55 yr).

A multicentre European study determined 26 single nucleotide polymorphisms (SNP)s,
covering reported SNP variations, in MMPs- 1, 9 and 12 from 977 COPD patients and 876
non-diseased smokers of European descent and evaluated their association with disease
singly and in haplotype combinations (Haq., et al. 2010). They used logistic regression to
adjust for age, gender, centre, and smoking history. They reported that the common A-A
haplotypes of two SNPs in MMP-12 (rs652438 and rs2276109), were associated with severe
or very severe disease ( GOLD Stages III and IV) (p= 0.0039).

This review has focused on neutrophil and macrophages proteases, but proteases from other
cells such as lung fibroblasts, and myofibroblasts, and dendritic cells may also be involved.

3.4 Role of the macrophage protease inhibitors TIMPs and cystatin C, and other
protease inhibitors in emphysema

It is likely that it is the balance between macrophage proteases and their respective
antiproteases that has a pathogenic role in emphysema. TIMPs are the endogenous
inhibitors of MMPs; human AM release TIMP1 and TIMP2 (Shapiro et. 1992). AM from
COPD patients release less TIMP1 in vitro than those from smokers without COPD and non-
smokers (Pons et al., 2005), predisposing to proteolysis by MMPs. TIMP3 is the only TIMP
that binds strongly to the extracellular matrix. TIMP3 knockout mice demonstrate
progressive airspace enlargement and enhanced collagen degradation without inflammation
or increased elastin breakdown (Leco et al., 2001). However, there are no reported
associations between TIMP 3 polymorphisms and COPD. A polymorphism in the TIMP2
gene (G853A) was associated with COPD in a Japanese study (Hirano et al., 2001), and in an
Egyptian population (Hegab et al., 2005).

Cystatin C is present in most biological fluids, and is a potent inhibitor of cathepsins.
Cystatin C is a major product of AM (Chapman et al., 1990) and is secreted by AM from
smokers at higher levels than non-smokers (Warfel et al.,, 1991) The concentrations of
cathepsin L and its inhibitor cystatin C were both significantly increased in BAL fluid from
smokers with emphysema compared with those without emphysema; however there was no
significant difference in cathepsin L activity in BAL between the two groups (Takeyabu et
al., 1998). There are no reports of deficiency or polymorphisms in cystatin C in relation to
emphysema or COPD.

Polymorphisms in the Serpina2 gene, which encodes the protease nexinl ( plasminogen
activator inhibitor type 1), were associated with COPD in a Boston population study (Demeo
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et al., 2006), and validated in two large family-based and case-control association studies
( Zhu et al., 2007). Polymorphism of the SERPINA2 gene was also recently found associated
with emphysema in consecutive autopsy cases in Japan (Fujimoto et al.,, 2010). Decreased
activity of the plasminogen activator inhibitor type 1 in the lung can lead to increased activity
of plasminogen , which can promote lung matrix degradation (Chapman et al.,1984).

3.5 Role of oxidants in protease-antiprotease imbalance

As indicated in a previously quoted review article on pathogenesis of COPD (MacNee,
a2005), oxidants have a significant pathogenic role in COPD. The gaseous phase of cigarette
smoke contains many reactive oxidants such as superoxide anion, nitric oxides and
peroxynitrites, as reviewed recently (MacNee b2005; Lin & Thomas 2010). Oxidants and free
radicals inhaled in tobacco smoke, can damage airway epithelial cells, and impair
antioxidants, such as glutathione to non-reducible glutathione-aldehyde derivatives (van
Der Toorn et al,, 2007). Oxidants from tobacco smoke may also inactivate antiproteases,
predisposing to a protease-antiprotease imbalance from the increased numbers of
neutrophils and macrophages in smokers” lungs. Oxidants from cigarette smoke may also
directly damage components of the lung connective tissure matrix, and interfere with elasin
repair and synthesis (MacNee & Tuder 2009). Neutrophils and macrophages themselves
when activated also release oxidants, such superoxides,, and nitric oxides, and contribute to
the oxidative burden. Although antioxidants such as glutathione, catalase and superoxide
dismutase protect the tissues against oxidants, the oxidant/antioxidant balance may tip in
favor of oxidants leading to oxidative stress.

Patients with COPD have increased levels of hydrogen peroxide and of 8-isoprostane (a
peroxidation product of arachidonic acid) in exhaled breath condensates compared with
controls (MacNee b2005). Healthy smokers had reduced histone deacetylase activity in
bronchial biopsies and in alveolar macrophages obtained by lavage, when compared with age
matched nonsmoking controls (Ito, K., et al., 2001). These investigators also demonstrated that
smoking resulted in a greater release of TNF-a from the alveolar macrophages when
stimulated by IL-1P, which they considered was due to the suppressive effect of smoking on
histone deacetylation. This suppressive effect on histone deacetylation results in increased
acetylation, causes local unwinding of DNA, and allows increased inflammatory gene
expression, which may contribute to the development of COPD. A later study confirmed
decreased histone deacetylase acidity in resected lungs of COPD patients, and concluded that
there was a progressive decrease in activity with increasing severity of COPD (lIto, K,, et al.,
2005). They also reported increased expression of IL-8 mRNA in lung tissue in COPD.

Oxidative stress may be determined non-invasively by measurement of oxidation products
in exhaled breath condensates. According to a recent review article, the following markers
of oxidative stress have been increased in exhaled breath condensates of subjects with
COPD: hydrogen peroxide, nitrite, nitrosothiols, 8-isoprostane, and thiobarbituric acid
reactive substances (Lee & Thomas, 2009). Oxidative stress is also indicated by the presence
of biomarkers in blood indicative of lipid peroxidation., such as 4-hydroxy-2-nonenal
(MacNee & Tuder 2009; Fischer, B.M., et al., 2011). The latter recent review article (Fischer,
B.M,, et al., 2011) also quoted published reports of increased levels of 4-hydroxy-2-nonenal,
in both airways and alveoli of COPD patients, and also increased blood levels of
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malondialdehyde (an end product of lipid peroxidation) in COPD due to tobacco smoking
as well as wood smoke exposure. 4-hydroxy-2-nonenal can increase gene expression of pro-
inflammatory mediators such as IL-8, monocyte chemoattractant protein-1 (MacNee &
Tuder 2009). Reactive oxygen species can also directly or indirectly induce pro-
inflammatory mediators such as IL-1, TNF-aq, II-6, and IL-8 (Rahman & Adcock 2006).

The mRNA of inflaimmatory cytokines, chemokines, oxidant and antioxidant enzymes,
proteases and antiproteases was evaluated in peripheral lung tissues from 14 COPD subjects
and compared with 19 subjects without COPD undergoing lung resection for lung cancer
(Tomaki, M., et al, 2007). They reported that mRNA, for catalase, two glutathion S-
transferases, microsomal epoxide hydrolase, and TIMP2 were significantly decreased in COPD
lung tissues compared with the non-COPD controls. On the other hand, the expressions of
mRNA for IL-13, IL-8, and monocyte chemotactic protein-1 (MCP-1) were significantly
increased in COPD lungs. Most of these changes were also associated with cigarette smoking.
Their data suggest that in addition to the impairment in antioxidant defenses, upregulation of
cytokines and chemokines may be involved the development of COPD.

3.6 Role of inflammatory mediators and cytokines in protease-antiprotease imbalance

The last paragraph of page 4, reviewed the effects of TNF-a and IL-13, on inducing
expression of MMP9 by human macrophages without increasing its inhibitor TIMPI,
predisposing to possible protease-antiprotease imbalance. In this section, I will briefly
discuss these 2 pro-inflammatory cytokines and an additional one IL-8, which have been
included in a review article on inflammatory mediators (Chung, K.F., 2005).

Imbalances between IL-1p and its antagonists in COPD have been reported in 15 patients
with stable COPD compared with age matched healthy controls (Sapey, E., et al., 2009).
Although mean concentrations of IL-13 in COPD were not different from controls, mean
concentrations of their receptor antagonists (IL-RA & IL-1sRII) were markedly reduced,
suggesting that IL-1p may have pathogenic role in COPD. In contrast, there were no
difference in TNF-a and its antagonists in COPD patients compared with controls. A case
control trial in Egyptian subjects over 60 years compared 3 groups of 30 subjects matched by
age and sex, consisting of healthy subjects, COPD without any comorbidities, and COPD
with cardiovascular disease but no other comorbidities (Amer, M.S., et al., 2010). There was
no significant difference in the serum levels of IL-1p, TNF-a, or C reactive protein (CRP)
between the control subjects and the COPD subjects with no cardiac disease. The group with
cardiovascular disease had increased IL-1p and CRP ( but not TNF-a) levels compared with
the other 2 groups. However, the increase in IL-1p and CRP cannot be definitely attributed
to the more severe COPD in the 3rd group, since it could be secondary to the cardiovascular
comorbidity.

A study from Korea evaluated four potentially functional polymorphisms in the IL-1f in 311
COPD patients and 386 healthy controls and found polymorphisms that significantly
increased the odds ratio of developing COPD (Lee, ].M., et al., 2008). In addition, they reported
that a polymorphism in the II-1{3 receptor antagonist gene IL-1RN afforded some protection.

Induced sputum from patients with moderate to severe COPD, had increased neutrophils,
and increased levels of IL-8 and TNF-a, when compared with that of healthy cigarette
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smokers and normal non-smoking controls, (Keatings, V.M., et al., 1996). The increase in IL-
8 was confirmed in a later study evaluating IL-8 in bronchoalveolar lavage fluid of COPD
patients compared with controls (Pesci, A., et al., 1998).

Cytokine mRNA for IL-8, macrophage inflammatory protein-la (MIP-1a), and MCP-1 were
quantified using laser-capture microdissection of human bronchial epithelial cells and
alveolar macrophages (Fuke, S., et al., 2004). The authors found that mRNA levels for IL-8,
MIP-1a and MCP-1 were higher in bronchial epithelial cells of smokers with airflow
obstruction and/or emphysema, compared with results in smokers without airflow
obstruction or emphysema. However, there was no difference in macrophage mRNA levels
for these cytokines between the 2 groups. Their findings support the role of the bronchiolar
cells as the source of these increased chemokine levels in early COPD.

Although TNF-a has a major pathogenic role in experimental emphysema (Churg, A., et al,,
2004), it does not appear to be as implicated in emphysema in human COPD. One study
compared gene polymorphism in 169 Dutch COPD patients compared with Dutch controls,
and reported an increased frequency of the G/A genotype in patients without radiological
emphysema (Kucukaycan, M., et al., 2002). Another study from Italy compared 63 male
patients with COPD with 86 healthy controls, and found no difference in gene
polymorphisms between the two groups (Ferrarotti, L, et al., 2003).

It is likely that the pathogenic role of mediators and cytokines will be elucidated in
multicenter studies evaluating pathogenetic mechanisms in COPD in association with large
longitudonal clinical trials.

3.7 Role of T-lymphocytes and cell mediated immunity

Smokers with symptoms of chronic bronchitis and airflow limitation undergoing lung
resection for a localized lesion were found to have increased numbers of CD8+ T-
lymphocytes infiltrating the airway wall, which were increased compared with smokers
with normal lung function, while the number of neutrophils, macrophages, and CD4+ T-
lymphocytes were similar in the two groups (Saetta, M., et al., 1998). This suggested a
pathogenic role for CD8+ lymphocytes in the development and progression of COPD. The
subject of the role of lymphocytes in COPD is well covered by a recent review article (Gadgil
& Duncan 2008). T lymphocytes can cause tissue injury either directly by cytolysis or by
secreting pro-inflammatory mediators. Moreover, peripheral T-cells , specially CD8+ cells
are activated and secrete mediators ( Gadjil, A., et al., 2006). CD8+ lymphocytes appear to
have a role in the development and progression of COPD, as quoted from several references
in the review (Gadgil & Duncan 2008). CD8+ T-lymphocytes can mediate cell death directly
through secretion of cytotoxins such as granzyme and perforins, as quoted from other
references (Gadgil & Duncan 2008).

CD4+ T-cells can initiate downstream immune processes by releasing activating cytokines,
can amplify inflammatory reactions by other immune cells, and are essential for full
adaptive immune cytotoxicity by lowering the threshold of activation and promoting
survival of CD8+ T-cells (Gadgil & Duncan 2008). In addition, CD4+ T-cells are important
for the activation of antibody producing B-cells. In a previous study, they reported finding
circulating IgG autoantibodies against epithelial cells in about 70% of their COPD patients,
as compared with 10% of non-smoking controls, and 13% of cigarette smokers without
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evidence of lung disease (Feghali-Bostwick, C.A., et al., 2008). There was also immune
complex deposition in six end stage explanted lungs. These autoantibodies may have a
pathogenic role in airway epithelial injury in COPD. Also, a number of studies indicate that
the lymphocyte proliferations in COPD are driven by peptide antigens, and consider
various possibilities such as microbial peptide antigens, adenoviral antigens, tobacco smoke
related peptides, elastin peptides, and auto-antigens from apoptotic cells and cellular debris
(Gadgil & Duncan 2008).

4. Apoptosis and emphysema

This is an exciting new area of intense investigation which will further elucidate
pathogenetic mechanisms in emphysema and is likely to lead to specific therapies in the
future. Apoptosis refers to programmed cell death, affecting the endothelial capillaries and
the alveolar epithelium leading to the development of emphysema. This area of
investigation was initiated by the landmark study reporting that chronic blockade of
Vascular Endothelial Growth Factor (VEGEF) receptors in rats by a chemical SU5416,
induced alveolar septal apoptosis and enlargement of the air spaces indicating emphysema
(Kasahara et al., 2000). The apoptosis was mediated by caspase 3, a proteolytic enzyme
inducing apoptosis, and was prevented by treatment with a caspase inhibitor. The topic of
apoptosis is covered by recent reviews (Demedsts et al., 2006; Tuder et al., 2006, Morissette et
al., 2009, Macnee & Tuder 2009). Additionally, specific sections about alveolar cell apoptosis
and proliferation, aging and senescence, as well as mediators and signaling pathways, are
also covered in a comprehensive review article about the pathobiology of cigarette smoke-
induced COPD (Yoshida & Tuder, 2008). The pathways in apoptosis are involved, but may
be simplified to an extrinsic and intrinsic pathway, The extrinsic pathway is activated by
extracellular death ligands, such as those related to TNF-a which result in activation of
caspases (proteolytic enzymes involved in apoptosis). The intrinsic pathway is triggered by
cellular or DNA injury leading to the release of cytochrome C and apoptosis.

4.1 Human studies

Investigators studying human lung specimens to evaluate MMPs by immunohistochemistry
in lungs with emphysema compared with controls, also evaluated apoptosis by terminal
deoxynucleotide transferase-mediated dUTP nick-end labeling (TUNEL) assays, and were
the first to report increased endothelial cell apoptosis and, to a lesser extent alveolar
epithelial apoptosis in emphysema (Segura-Valdez et al., 2000). In 2001, the investigators
who showed that VEGEF blockade in rats induced apoptosis , reported results from human
lungs (Kasahara et al., 2001). The number of apoptotic epithelial and endothelial cells in
alveolar septa of emphysema lungs per unit of lung tissue nucleic acid was about double in
emphysema compared with normal lungs. In addition, VEGF, its receptor protein and
mRNA expression were reduced in emphysema lungs, suggesting that apoptosis due to a
decrease in endothelial maintenance factors may have a pathogenic role in emphysema,
However another study reported no significant difference in apoptotic index in the lungs of
10 smokers with emphysema compared with 5 smokers without emphysema (Majo et a.
2001). Another group reported increased apoptosis of alveolar epithelial and endothelial
cells as well as mesenchymal cells in lung tissue from 10 emphysema patients, compared
with 6 controls without emphysema (Imai et al.,2005), and there was significant inverse
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correlation of apoptosis with lung surface area. They also evaluated cell proliferation by
immunostaining for proliferating cell nuclear antigen (PCNA)., and reported that it was
increased but was not correlated with apoptosis index or lung surface area. Other investigators
evaluated apoptosis by flow cytometry in cells obtained by bronchoalveolar lavage in subjects
with COPD, and compared results in 16 exsmokers with 13 current smokers, and 20 non-
smoking volunteers (Hodge et al., 2005). There was a mean 87% increase in apoptotic airway
epithelial cells in COPD subjects, and a mean doubling of apoptosis by airway T lymphocytes
compared with non-smoking volunteers, but there was no difference between COPD subjects
still smoking and those who had quit. They concluded that this increased airway cell apoptosis
in COPD persists despite smoking cessation.

A study from Japan sought to evaluate the turnover of alveolar wall cells in emphysema by
comparing lung tissue specimens from 13 patients with emphysema who had lung volume
reduction surgery, 7 asymptomatic smokers and 9 non-smokers undergoing lung resection
for solitary lung cancers (Yokohori et., 2004). They reported that the percentages of alveolar
wall cells undergoing apoptosis and proliferation were higher in the emphysema patients
than asymptomatic smokers or non-smokers. They concluded that emphysema is a dynamic
process in which both alveolar cell wall apoptosis and proliferation are recurring. The same
investigators also demonstrated that activated caspase 3 (an enzyme inducing apostosis)
when instilled into the lungs of mice resulted in alveolar wall destruction and emphysema
(Aoshiba et al., 2003). A study of 16 end-stage lungs from subjects undergoing lung
transplantation for advanced emphysema (7 were due to AAT deficiency) were compared
with 6 unused donor lungs (Calabrese et al., 2005). The apoptotic index was significantly
increased in the emphysema lungs compared with controls, but the alveolar proliferation
was similar in emphysema and control lungs. They concluded that there was a marked
imbalance between alveolar apoptosis and alveolar proliferation in advanced emphysema.

In a study in patients undergoing lobectomy for lung cancer, there was increased apoptosis
of alveolar walls by TUNEL assay and increased proliferation of alveolar cells in 10 subjects
with emphysema, when compared with lungs from 10 asymptomatic smokers, and 10
nonsmokers (LIU et al. 2009). They also demonstrated increased apoptosis and decreased
numbers of Type II epithelial cells in the lungs with emphysema.

As a result of previous studies showing increased apoptosis in human lungs with
emphysema (Yokohori et al., 2004), and induction of apoptosis by caspase 3 in mice
(Aoshiba et al., 2003), these investigators (Aoshiba & Nagai, 2009) proposed a senescence
hypothesis as a pathogenic mechanism in emphysema. They speculated that cellular
senescence was the cause of the insufficient cellular proliferation in emphysema, and found
that senescence markers were increased in emphysema lungs. They considered that
smoking and aging caused alveolar and airway cells to senesce , and senescence decreased
tissue repair resulting in reduced cell numbers .

5. Conclusions

Protease-antiprotease imbalance is likely to have a major pathogenic role in the
development of emphysema in severe AAT deficiency. However the case in non-AAT
deficient smokers is not firmly established, but is supported by several studies showing
associations of emphysema with proteolyic enzyme levels or message expression, and by the
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association of polymorphisms with decline in lung function. It is also supported by a review
of animal models of cigarette smoke-induced COPD, where the opening sentence of the
Abstract supports the protease-antiprotease hypothesis of emphysema (Churg, A., et al,
2008). However there are other mechanisms that play a pathogenic role such as oxidants,
inflammation, and T lymphocyte induced immunity. Apoptosis is likely to have a significant
pathogenic role in emphysema and may be amenable to therapy in the future.
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1. Introduction

The mammalian immune system consists of two branches- innate and adaptive immune
systems and together they provide protection against infection. Innate immunity is a first
line of host defense and is responsible for immediate recognition of pathogens to prevent
microbial invasion. In addition innate immune responses also stimulate adaptive immune
system (Medzhitov and Janeway, 1997). Cellular components of innate immune system
include mucosal epithelial cells, macrophages, neutrophils, natural killer cells, basophils,
eosinophils and others. The airway mucosa represents the body’s largest mucosal surface
and is the first point of contact for inhaled microorganisms, environmental pollutants,
airborne allergens and cigarette smoke (Diamond et al., 2000). Airway mucosa provides
protection against potentially hazardous inhaled factors by multiple mechanisms. For
instance, mucus secreted by the airway epithelium covers the apical surface of airway
epithelium and traps inhaled microorganisms, allergens and particulate material. The
trapped material is then cleared by mucociliary escalator away from lungs and towards the
pharynx. Tight junctions between the polarized airway epithelial cells restrict the
paracellular movement of solutes and ions, and prevent pathogens from gaining access to
the submucosal compartment. In addition to its role as a physical barrier between
environmental factors and internal milieu, airway epithelial cells also play a critical role in
bridging innate and adaptive immune defenses (Hammad and Lambrecht, 2011; Kato and
Schleimer, 2007). Airway epithelial cells express number of innate immune receptors also
known as pattern recognition molecules, which recognizes pathogen-associated molecular
patterns (PAMPS) or danger-associated molecular patterns (DAMPS) to initiate appropriate
innate defense mechanisms. This includes elaboration of antimicrobial molecules, pro-
inflammatory cytokines and chemokines that recruits and activates other mucosal innate
immune cells. The responses of activated innate immune cells lead to recruitment of
immune cells into epithelium or airway lumen and initiate adaptive immune responses.
Continuous exposure to environmental stimuli, such as cigarette smoke, noxious gases or
other environmental hazards may lead to prolonged and aberrant activation of airway
epithelial cells resulting in excessive expression of pro-inflammatory cytokines and
chemokines that recruit large number of inflammatory cells into airway lumen. This in turn
leads to persistent inflammation, airway damage and abnormal repair, impaired innate
immune responses. There are reports suggesting that exposure to cigarette smoke also
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dampens the needed innate immune responses to infection, thereby promoting the
persistence of infecting organism. This may result in delayed but sustained inflammation
that can lead to progression of lung disease. In this chapter, we will discuss how the
impaired innate immune defense mechanisms fail to provide protection against invading
pathogens and its impact on progression of lung disease in patients with chronic obstructive
pulmonary disease (COPD).

2. Barrier function of airway epithelium

Airway epithelium lines the entire airway mucosa. In normal adult human, the large
airways are cartilaginous and mainly made up of ciliated cells, mucus producing goblet
cells, undifferentiated columnar cells and basal cells with a capacity to multiply and
differentiate into ciliated or goblet cells. Large airways are also surrounded by submucosal
and serous glands. As the large airways branches out, it gradually becomes non-
cartilaginous, loses surrounding submucosal and serous glands, the cells become more
columnar and cuboidal, and Clara secreting cells replace goblet cells in the small airways.
Airway epithelium also consists of other minor cell types such as neuroendocrine cells,
dendritic cells and others.

The three essential components that contributes to barrier function of airway epithelium are
mucociliary apparatus (Knowles and Boucher, 2002), intercellular tight and adherens
junctions (Pohl et al., 2009) that regulates epithelial paracellular permeability, and secreted
antimicrobial products that kill the inhaled pathogens (Bals and Hiemstra, 2004).

2.1 Mucociliary clearance

The primary players of mucociliary apparatus are mucus produced by goblet cells and
submucosal glands that overlay the airway epithelium and cilia. Mucociliary dysfunction
results in recurrent and persistent respiratory infections as evidenced in patients with cystic
fibrosis, ciliary dyskinesia and COPD (Bhowmik et al., 2009; Jansen et al., 1995; Livraghi and
Randell, 2007; Sethi, 2000). In COPD patients, the dysfunction of mucociliary clearance is
due to combined effect of mucus hypersecretion, increased viscosity of mucus and
dysfunction or loss of cilia (Mehta et al., 2008). The airway mucus is a viscoelastic gel and
contains more than 200 proteins, and it is secreted by goblet cells that are present in the
airway epithelium and by submucosal glands. The main components of airway mucus are
mucins, which are high molecular weight glycoproteins and cross link to form structural
framework of mucus barrier (Rose et al., 2001; Thornton et al., 2008). At least 12 mucins are
detected in human lungs, of these MUC5AC and MUCS5B are the predominant mucins in
normal airways (Rose and Voynow, 2006). Airways infection with virus or bacteria,
exposure to toxic agents such as cigarette smoke and pollutants that induce airway
inflammation and oxidative stress have been shown to upregulate expression of MUC5AC
and MUCS5B (Borchers et al., 1999; Casalino-Matsuda et al., 2009; Dohrman et al., 1998;
Gensch et al., 2004; Haswell et al., 2010; Shao et al., 2004). Cigarette smoke induces
expression of number of inflammatory mediators including IL-1p, IL-8, TNF-a, MCP-1,
leukotrienes through oxidative stress-related pathways from airway epithelial cells, resident
macrophages and infiltrated neutrophils, which can increase mucus secretion (Adcock et al.,
2011; Choi et al., 2010; Cohen et al., 2009; Mebratu et al., 2011). Cigarette smoke also causes
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mucus hypersecretion by increasing expression of hypoxia-induced factor 1 and growth
factors such as TGF-p, and EGF ligands (Yu et al., 2011a, b). Smokers with COPD also show
goblet cell metaplasia and submucosal gland hypertrophy (Innes et al., 2006). Increased EGF
receptor expression and activation and increased expression of platelet activating factor
caused by cigarette smoke are thought to play a role in development of goblet cell
metaplasia (Curran and Cohn, 2010; Komori et al., 2001; O'Donnell et al., 2004). Cigarette
smoke decreases water and ion transport by inhibiting apical chloride channel and
basolaterally located potassium channel in primary human and mouse airway epithelial
cells(Cohen et al., 2009; Savitski et al., 2009). This essentially reduces the periciliary liquid
layer in which cilia can beat rapidly and also increases the viscosity of mucus resulting in
reduced clearance of mucus from the airways. In addition, respiratory epithelial cells
exposed to cigarette smoke extract or condensate showed 70% less cilia and shorter cilia
compared to control cells (Tamashiro et al., 2009). Mice exposed to cigarette smoke although
showed slight increase in ciliary beat frequency at 6 weeks and 3 months, it was significantly
reduced at 6 months and these mice also showed significant loss of tracheal ciliated cells
(Simet et al., 2010). Decreased number of cilia, reduced ciliary function combined with
hypersecretion of mucin, increased viscoelasticity of secreted mucus in COPD patients can
lead to airways obstruction and promote persistence of trapped pathogens in the
airways(Rose and Voynow, 2006; Voynow et al., 2006). Persistence of bacteria or viruses can
further increase production of mucus in the airways (Baginski et al., 2006).

Normal ¥

Fig. 1. Airway epithelial cells isolated from COPD patient cultured at air/liquid interface
show more goblet cells (arrows) than the similarly grown normal airway epithelial cells.

Another feature that is frequently noted in airways of COPD patients is squamous
metaplasia (Araya et al., 2007) and it correlates with the severity of airway obstruction
(Cosio et al., 1978). The airway epithelium exposed to cigarette smoke responds by secreting
TGF-p (de Boer et al., 1998), which is required for repair of injured epithelium and maintain
homeostasis. However, chronic exposure to cigarette smoke can induce sustained
production of TGF- and increased TGF-P activation leading to expression of the 6
integrin, a TGF-p responsive gene (Wang et al, 1996). This in turn contributes to a
phenotypic switch from columnar ciliated to squamous epithelium (Masui et al., 1986a;
Masui et al., 1986b). Squamous epithelial cells secrete increased amounts of IL-1p, which
acts as a paracrine factor with adjacent airway fibroblasts to further activate TGF-p (Araya et
al., 2006), thereby increasing squamous metaplasia and further contributing to impaired
barrier function and persistence of inhaled pathogens.
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In our laboratory, we observed that cultured airway epithelial cells isolated from COPD
patients show goblet cell metaplasia, decreased number of ciliated cells (Figure 1), and
increased MMP activity suggesting that epigenetic changes that occur in vivo are maintained
even when cells are expanded ex vivo (Schneider et al., 2010). COPD epithelial cells also
showed increased viral load following rhinovirus challenge compared to normal cells.
Similarly, we also found that elastase/LPS exposed mice which show typical features of
COPD, including emphysema, airway remodeling, diffuse lung inflammation and goblet
cell hypertrophy, also showed increased persistence of virus compared to normal mice
following rhinovirus challenge and majority of the virus particles were observed in the
airway epithelium (Sajjan et al., 2009). Rinovirus infection increased mucin expression
further in these mice. Since goblet cells are the target for rhinovirus infection (Lachowicz-
Scroggins et al., 2010) we suggest that COPD airway epithelial cultures which have
increased number of goblet cells are more susceptible to rhinovirus infection than the
controls. Patients with COPD, cystic fibrosis and asthma show goblet cell metaplasia and
this may be one of the reasons these patients are more susceptible to rhinovirus infection. In
addition, airway epithelial mucins also interact with several other respiratory pathogens
including Pseudomonas aeruginosa, Staphylococcus aureus, Heamophilus influenza, Streptococcus
pneumonia, Burkholderia cenocepacia, influenza virus, adenovirus and coronavirus (Landry et
al., 2006; Matrosovich and Klenk, 2003; Plotkowski et al., 1993; Ryan et al., 2001; Sajjan and
Forstner, 1992; Sajjan et al., 1992; Walters et al., 2002). The bound pathogens which are
cleared under normal conditions, persist in the airway lumen when the mucociliary
clearance is impaired and initiate inflammatory response and damage the airway
epithelium.

2.2 Junctional adherens complexes and airway epithelial permeability

Epithelial permeability is maintained through the cooperation of two mutually exclusive
structural components: Tight junctions and adherence junctions on the lateral membranes
(Pohl et al., 2009). While tight junctions regulate the transport of solutes and ions across
epithelia, adherence junctions mediate cell to cell adhesion (Hartsock and Nelson, 2008;
Schneeberger and Lynch, 2004; Shin et al., 2006). Under homeostatic conditions, these
intercellular junctions prevent inhaled pathogens and also serve as signaling platforms that
regulate gene expression, cell proliferation and differentiation (Balda and Matter, 2009; Koch
and Nusrat, 2009). Therefore disassociation or sustained insult that affects junctional
complex will disrupt not only barrier function, but also prevent normal repair of airway
epithelium. Compared to control nonsmokers, airway epithelium is leaky,
hyperproliferative and abnormally differentiated in smokers (Hogg and Timens, 2009).
Consistent with this observation, various in vivo and in vitro studies showed that cigarette
smoke increases airway epithelial permeability (Boucher et al., 1980; Gangl et al.,, 2009;
Olivera et al., 2007; Serikov et al., 2006). Recently, transcriptome analysis of airway epithelial
cells from normal and COPD patients revealed global down-regulation of physiological
tight junction complex gene expression (Shaykhiev et al., 2011). Further, normal airway
epithelial cells exposed to cigarette smoke extract also showed similar down-regulation of
genes related to tight junction complex. This was associated with decreased expression of
PTEN and FOXO3A, a transcriptional factor in the PTEN pathway, suggesting that cigarette
smoke down-regulates expression of apical junctional complex genes by modulating PTEN
signaling pathway. Consistent with this notion, cigarette smoke in combination with IL-1p
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has been shown to induce disassembly of tight junction complex in endothelial cells by
suppressing PTEN activity (Barbieri et al., 2008). Chen et al showed that cigarette smoke
also alters epithelial permeability by disrupting cell polarity via activation of EGFR,
dissociation of P-catenin and E-cadherin from adherence junctional complex and
redistribution of apical MUC1 membrane bound mucin to cytoplasm (Chen et al., 2010). In a
homestatic epithelium, P-catenin cooperates with E-cadherin to form apical junctional
complex and maintain cell polarity (Xu and Kimelman, 2007). In airway regeneration or
oncogenic formation P-catenin translocates to nucleus, and activates canonical Wnt
signaling pathway (Mazieres et al., 2005 Tian et al., 2009). Similar to P-catenin, the
cytoplasmic tail of MUC1 also supports structural barrier during homeostasis (Chen et al.,
2010). Since cigarette smoke causes aberrant activation of both EGFR and canonical Wnt/ p-
catenin signaling (Khan et al., 2008; Lemjabbar et al., 2003), it is plausible that chronic
cigarette smoke exposure decreases barrier function and promote microbial invasion of
airway epithelium.

2.3 Antimicrobial products of airway epithelium

In addition to acting as a physical barrier, airway epithelial cells also secrete antimicrobial
substances, which include enzymes, protease inhibitors, oxidants and antimicrobial
peptides. Lysozyme is an enzyme found in airway epithelial secretions and exerts
antimicrobial effect against wide range of gram-positive bacteria by degrading
peptidoglycan layer (Ibrahim et al, 2002). Lysozyme is also effective against gram-
negative bacteria in the presence of lactoferrin, which disrupts the outer membrane
allowing lysozyme to gain access to peptidoglycan layer (Ellison and Giehl, 1991).
Lactoferrin is an iron-chelator and inhibit microbial growth by sequestering iron which is
essential for microbial respiration (Ganz, 2002). Lactoferrin also display antiviral activity
against both RNA and DNA viruses either by inhibiting binding of virus to host cells or
by binding to virus itself (van der Strate et al., 2001; Laube et al., 2006). Lactoferrin levels
increase in response to bacterial and viral infections. Epithelial cells produce protease
inhibitors, such as secretory leukoprotease inhibitor (SLPI), elastase inhibitor, al-
antiprotease and antichymotrypsin. These protease inhibitors mitigate the effects of
proteases expressed by pathogens and recruited innate immune cells. Administration of
SLPI decreased the levels of IL-8 and elastase activity in airway secretion of cystic fibrosis
patients (McElvaney et al., 1992).

Human beta defensins (hBD) are the most abundant antimicrobial peptides expressed on the
surface of airway epithelium and are effective against wide range of bacteria and viruses
(Ganz, 2003; Kota et al., 2008; McCray and Bentley, 1997). While hBD1 is constitutively
expressed, hBD2 to hBD4 expression is induced by LPS via NF-xB activation and also by IL-
1 (Becker et al., 2000; Singh et al., 1998). hBD2 is induced by P. aeruginosa infection in normal
but not in cystic fibrosis airway epithelia (Dauletbaev et al., 2002). Environmental factors
such as air pollutants decrease defensin gene expression in the airways (Laube et al., 2006).
In CF airway epithelia activity of hBD2 is also decreased due to increased salt concentration
(Goldman et al., 1997). Cathelicidins are another class of antimicrobial peptides and LL37 is
the only human cathelicidin identified to date. LL37 bind to LPS and inactivate its biological
function. Overexpression of human LL37 in CF mouse model increased Kkilling of P.
aeruginosa and reduced the ability of this bacterium to colonize the airways (Bals et al., 1998).
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Airway epithelial cells also generate oxidants such as nitric oxide (NO) and hydrogen
peroxide. Three NO synthases contribute to production of NO in airway epithelia: the
constitutively expressed NOS1 and NOS3 and inducible NOS2. Viral infections and pro-
inflammatory cytokines induce expression of NOS2 and defective NOS2 expression is
responsible for increased viral replication in cystic fibrosis and overexpression of NOS2
provides protection against viral infection (Zheng et al., 2003; Zheng et al., 2004). Hydrogen
peroxide is produced by dual oxidase 1 and 2. These belong to a family of NADPH oxidases
and are located in the plasma membrane and secrete hydrogen peroxide to extracellular
milieu. The dual oxidase-generated hydrogen peroxide in combination with thiocyanate and
lactoperoxidase generates the microbicidal oxidant hypothiocyanite , which effectively kills
both gram positive and gram negative bacteria and this innate defense mechanism is
defective in cystic fibrosis airway epithelium due to impaired transport of thiocyanate
(Moskwa et al., 2007).

In COPD patients, levels of lysozyme and SLPI decrease with bacterial infection, while
lactoferrin levels remain unchanged (Parameswaran et al., 2011). Lower levels of salivary
lysozyme in clinically stable COPD patients correlated with increased risk of exacerbations
(Taylor et al., 1995). Reduced lysozyme levels in COPD is thought to be due to degradation
by proteases elaborated by bacterial pathogens or neutrophils(Jacquot et al., 1985; Taggart et
al., 2001). These proteases also inactivate SLPI (Parameswaran et al., 2009). In addtion, SLPI
forms complexes with neutrophil elastase and binds to negatively charged membranes, thus
decreasing the levels of SLPI further in the airway secretions during infection. In clinically
stable patients however, the levels of SLPI were increased compared to smokers without
COPD and never smokers (Tsoumakidou et al., 2010). In contrast, hBD2 was absent in
COPD patients. Herr et al showed that hBD? is significantly reduced in pharyngeal wash
and suptum of current or former smokers compared to non-smokers, and exposure of
airway epithelium to cigarette smoke in vitro inhibited induction of HBD2 by bacteria (Herr
et al., 2009). Recently, we showed that COPD airway epithelial cells show a trend in
decreased expression of NOS2 and Duox oxidases and this was associated with impaired
clearance of rhinovirus (Schneider et al., 2010).

3. Innate immune receptors of airway epithelium

Airway epithelium in addition to providing a physical barrier, it also plays a pivotal role in
recognition of pathogens and releasing appropriate chemokine and cytokines to initiate an
inflammatory response. This inflammatory response includes recruitment of phagocytes to
clear pathogens that are not cleared by barrier function of epithelium, and immune cells,
such as dendritic cells and lymphocytes that initiate adaptive immune response. Airway
epithelium recognizes pathogens or pathogen associated molecular patterns (PAMPS) by
innate immune receptors also known as pattern recognition receptors (PRRs), which are
germ-line encoded receptors. One of best characterized PRRs are Toll-like receptors
(TLRs)(Akira et al., 2001; Medzhitov, 2001).

3.1 Toll-like receptors

TLRs are type I transmembrane receptors with an extracellular domain that contains
leucine-rich-repeat motifs, a transmembrane domain and a cytoplasmic domain known as
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the toll/interleukin-1 receptor (TIR) homology domain (Hoffmann, 2003) (Figure 2). To date
thirteen TLRs have been identified in mammalian system. Only TLRs1 to 10 are expressed in
humans. TLRs], -2, -4, -5 and -6 are expressed on the cell surface and TLRs3, -7,- 8 and -9 are
expressed in the endosomes, lysozomes and the endoplastic reticulum. (Kawai and Akira,
2009). TLRs recognize a wide range of PAMPS- lipoproteins by TLRs 1, -2, and -6 (Aliprantis
et al., 1999; Schwandner et al., 1999; Takeuchi et al., 2001; Takeuchi et al., 2002), LPS by TLR4
(Poltorak et al., 1998), flagella by TLR5 (Hayashi et al., 2001), DNA by TLR9 (Hemmi et al.,
2000), and RNA by TLR3, -7 and -8 (Alexopoulou et al., 2001; Diebold et al., 2004; Heil et al.,
2004). TLR4 also recognizes respiratory syncytial virus (Kurt-Jones et al., 2000).
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Fig. 2. Impact of cigarette smoke on persistence of bacteria and inflammation. Under
homeostasis, TLR4 recognizes infecting bacteria and activates both MAP kinase and NF-kB
pathway to stimulate normal levels of CXCL-8, IL-6 and IL-1p to recruit neutrophils, which
clear bacteria. Decreased expression of TLR4 caused by acute exposure to cigarette smoke
attenuates release of CXCL-8, IL-6 and IL-1f, there by decreasing the neutrophil infiltration
and increasing the bacterial persistence. Under chronic exposure as noted in COPD patients,
if the TLR4 expression is increased, then chemokine and cytokine expression is increased
leading to decreased bacteria coupled with increased inflammation.

TLRs initiate signaling by MyD (myeloid differentiation primary-response protein) 88-
dependent and -independent pathways. Except for TLR3, all TLRs initiate signaling by MyD-
88-depnedent pathway to activate NF-xB. MyD88 is located in the cytoplasm and is similar to
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TLR in structure and has an N-terminal death domain, an intermediary domain and C-
terminal TIR domain. Upon recognition of PAMPs by TLRs, the TIR domain of TLR interacts
with TIR domain of MyD88 directly or indirectly via MyD88-adaptor like protein (MAL)/TIR
adaptor protein (TIRAP)(Horng et al., 2002; Li et al., 2005). TLR5, -7, -8 and -9 does not require
TIRAP to initiate signaling events that leads to NF«B activation (Horng et al, 2002).
Association of MyD88 to TLR leads to recruitment of IL-1R associated kinase (IRAK)-4, IRAK-
1, TNFR-associated factor 6 (TRAF6), which then through a number of kinases activates NF-«xB
and AP-1 and stimulates expression of CXCL-8, IL-6, IL-1B and TNF-a (Adachi et al., 1998;
Mukaida et al., 1990; Jeong and Lee, 2011). TLR4 also signals via MyD88-independent pathway
and the first supporting evidence came from the studies on MyD88 knockout mice, which
failed to respond normally to TLR2, -5, -7 and -9 ligands, but not to TLR4 (Kawai et al., 1999).
Later TLR4 endocytosed upon binding to LPS was shown to signal through TIR-domain-
containing adapter-inducing interferon (IFN)-B (TRIF) pathway similar to TLR3 (Alexopoulou
et al., 2001; Hoebe et al., 2003; Kagan et al., 2008). TLR2 was shown to be internalized and
stimulate type I interferon (IFN) response by MyD88-dependent pathway in virus-, but not
bacteria infected inflammatory monocytes (Barbalat et al., 2009).

The airway epithelium expresses all 10 TLRs, but the expression of TLR2 to TLR6 is stronger
than the others. Expression of TLRs7 through -10 is variable depending on type of cells used
(Mayer et al., 2007; Platz et al., 2004; Sha et al., 2004). Expression of TLRs 1 through -6 and -9
on the cell surface was confirmed by flow cytometry (Greene et al., 2005). However the
signaling from these TLRs depends on the expression of adaptor molecules and co-
receptors. Primary airway epithelial cells are hyporesponsive to LPS despite expressing
TLR4 and this is because of reduced surface expression of co-receptor CD14 and low
expression levels of co-stimulatory molecule MD2 (Jia et al., 2004). This may be necessary to
restrict TLR4 activation under unstimulated conditions to prevent chronic inflammation of
airways that is constantly exposed to inhaled bacteria and endotoxin. On the contrary, LPS
was shown to activate TLR4 signaling in small airway and alveolar epithelial cells even
though the TLR4 was localized to cytoplasmic compartment (Guillot et al., 2004). More
recently John et al attributed chronic colonization of bacteria in CF airways to decreased
expression of TLR4 in CF airway epithelial cells (John et al., 2010). TLR2, which is expressed
on the apical surface of polarized airway cells is mobilized into an apical lipid raft receptor
complex following P. aeruginosa infection and initiate signalling (Soong et al., 2004). TLR5
recgonizes flagella of P. aeruginosa and Burkholderia cenocepacia and activate NF-xB (Adamo
et al., 2004; Urban et al., 2004; Zhang et al., 2005). Haemophilus influenzae traverses polarized
airway epithelial cells by interacting with TLR2, which then activates p38 mitogen activated
protein (MAP) kinase and TGF-$ Signalling(Beisswenger et al., 2007). TLR3 recognizes
double stranded (ds)-RNA, an intermediate generated during RNA virus replication and
elicits chemokine and type I IFN responses by MyD88- independent signaling mechanism
(Gern et al., 2003; Wang et al., 2009). Upon ligation of ds-RNA, TRIF and TRAM (TRIF-
related adaptor molecule) are recruited to TIR domain of TLR3 and TRAM acts as a bridge
between TLR and TRIF and this allows activation of TRIF-dependent signaling leading to
activation of IRF3 via IKKe/TBK-1 to stimulate IFN production or activation of NF-«xB via
IKKa/IKKp to stimulate CXCL-8 expression (Kawai and Akira, 2008). The recognition of
double-stranded RNA by TLR3 also increases expression of hBD2 (Duits et al., 2003). Viral
or bacterial infection transcriptionally upregulates TLR3 expression (Liu et al., 2007; Sajjan et
al., 2006; Wang et al., 2009; Xing et al., 2011), thereby increasing viral induced cytokine and
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chemokine responses further. Stimulation of TLR2 or TLR3 also induces mucin expression
by activating MAP kinases and inducing EGF receptor signaling (Chen et al., 2004; Kohri et
al., 2002; Li et al., 1997; Zhu et al., 2009). MUC1, a transmembrane mucin is a negative
regulator of TLRs and therefore may play an important role in limiting TLR- induced
inflammatory responses (Ueno et al., 2008).

There are conflicting reports with regards to expression of TLRs and their role in innate
immune responses in patients with COPD. Airway epithelial cells from patients with severe
COPD showed decreased expression of TLR4, but not TLR2 (MacRedmond et al., 2007). In
contrast, recently Pace et al observed increased neutrophils and decreased apoptosis of
neutrophils in the bronchoalveolar lavage and increased expression of TLR4 in airway
epithelium of COPD patients providing evidence that increased TLR4 may contribute to
airway neutrophilia in COPD (Pace et al., 2011). Pace et al also demonstrated increased
TLR4 expression and concurrent increased CXCL-8 in response to LPS challenge in cigarette
smoke exposed airway epithelial cells(Pace et al., 2008), while other investigators showed
decreased TLR4 expression which was associated with reduced CXCL-8 and hBD2
production (Kulkarni et al., 2010; MacRedmond et al., 2007). Our preliminary studies
involving primary airway epithelial cells from COPD patients suggested heightened
expression of CXCL-8 in responses to P. aeruginosa infection compared to normal airway
epithelial cells (Ganesan and Sajjan, unpublished results). However, role of TLR in this
context is yet to be established. Whether TLR4 expression is decreased or increased it has
important implications in COPD airway inflammation and obstruction (Figure 2). The
decreased expression of TLR4 may lead to decreased innate immune responses and
increased persistence of infecting organism. On the other hand increased expression of TLR4
increases neutrophil recruitment and mucus production in response to bacterial or viral
infection, thereby leading to increased airways inflammation and obstruction.

3.2 RIG-I like receptors

Another family of PRRs that play a role in innate defense mechanisms of airway epithelial
cells is retinoic acid inducible (RIG)-I like receptors (RLR). This family of PRRs includes
RIG-I, MDA-5 (melanoma differentiation associated protein 5) and LGP-2 (Laboratory of
genetics and physiology 2). RLRs are the primary sensor molecules for detection of viral
RNA in the cytoplasm (Meylan and Tschopp, 2006; Sun et al., 2006). Both RIG-I and MDA-5
contain a caspase recruitment domain (CARD) and a RNA helicase domain (Kang et al.,
2002; Yoneyama et al., 2005; Yoneyama et al., 2004). On the other hand, LPG-2 has only RNA
helicase domain but not CARD domain, which is required for recruiting adaptor protein
MAVS (also known as VISA, Cardiff)(Yoneyama et al., 2005). Therefore recognition of viral
RNA by RIG-I and MDA-5 leads to IFN or chemokine response, and LPG-2 suppresses this
response (Yoneyama et al., 2005). RIG-I and MDA-5 recognize different RNA species. RIG-I
recognizes single stranded (ss)RNA viruses, such as influenza virus, paramyxoviruses and
deficiency in RIG-I increases the susceptibility of mice to RNA viruses (Kato et al., 2005).
RIG-I specifically binds to the 5'-triphosphate moiety, the signature of which is exposed in
the process of viral entry or replication. The host RNA which loses 5'triphosphate moiety
during processing is therefore not recognized by RIG-I preventing cytokine and chemokine
response due to self-recognition. RIG-I also recognizes short dsRNA (<1 kb) in 5'triphosphate-
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independent manner and induces IFN responses (Kato et al., 2008). On the other hand, MDA-5
recognizes long dsRNA that is >1 kb. Since viruses from picornaviridea family including
rhinovirus generate long dsRNA in infected cells, innate immune responses to these viruses
depends on recognition of viral RNA by MDA-5 (Kato et al., 2006; Wang et al., 2009). Mice
deficient in MDA-5 show increased inflammatory response, delayed IFN response and
significantly increased viral load up to 48 h after rhinovirus infection (Wang et al., 2011) . Both
RIG-I and MDA-5 uses a common adaptor protein called interferon beta promoter stimulator-1
(IPS-1, also known as MAVS, VISA, CARDIF)(Kawai et al., 2005; Meylan et al., 2005; Seth et al.,
2005; Xu et al., 2005). IPS-1 has a CARD domain which is homologous to RIG-I and MDA-5
and has a transmembrane domain at its C-terminal end that spans the mitochondrial
membrane (Seth et al.,, 2005). IPS-1 after binding to RIG-I or MDA-5 through CARD-CARD
interaction, activates IRF3 and NF-«xB via TBK1/IKKe and RIP-1/IKKa/IKK respectively.
IPS-1 also interacts with receptor-interacting protein-1 (RIP-1), which is a death domain and is
implicated in virus infection-induced IFN expression (Balachandran et al., 2004). However IPS-
1 interaction with RIP-1 via the non-CARD region facilitates NF-«B activation, rather than IRF3
activation. Therefore IPS-1 regulates both IRF3 and NF-xB activation upon binding to RIG-I or
MDA-5. IPS-1-deficient mice fail to activate IRF3 and NF-kB, with concomitant loss of type I
IFN and inflammatory cytokine induction after viral infection and show increased persistence
of virus (Kawai and Akira, 2008). Recently, cigarette smoke extract was demonstrated to
inhibit RIG-I-stimulated innate immune responses to influenza infection in bronchial organ
culture model (Wu et al., 2011). Exposure to cigarette smoke extract also interfered with STAT1
activation by IFN-y, a type II interferon which stimulates expression of various antiviral
proteins (Modestou et al., 2010). Further, cigarette smoke also attenuated the inhibitor effect of
IFN-y on RSV mRNA and protein expression. Eddleston et al demonstrated that exposure of
airway epithelial cells to cigarette smoke extract suppressed mRNA induction of CXCL-10 and
IFN-B by human rhinovirus and also viral dsSRNA mimic polyinosinic:polycytidylic acid (poly
I:.C) (Eddleston et al., 2011). This was found to be due to decrease in activation of the IFN-
STAT-1 and SAP-JNK pathways. Inhibition of antiviral responses, in particular IFN and
CXCL-10 responses appear to be due to acute exposure to cigarette smoke that occurs in vitro,
because the airway epithelial cells obtained from COPD patients showed antiviral responses to
rhinovirus infection which was in fact significantly higher than the cells obtained from non-
smokers (Schneider et al., 2010). Similar to our observations, mice exposed to cigarette smoke
and poly I:C or influenza virus showed increased IFN responses and this was attributed to
pathogenesis of COPD (Kang et al., 2008).

3.3 NOD-like receptors

Nod-like receptors (NLR) are a family of proteins and sense microbial signatures in the
cytosol. There are at least 22 identified NLRs in humans, although only few of them have
been functionally characterized. All of them have a central nucleotide binding domain and
C-terminal leucin-rich repeat domain, which possibly mediate ligand binding. In addition,
they also contain different N-terminal effector domains such as CARD domain, pyrin
domains or baculovirus inhibitor repeats and thus activate diverse downstream signaling
pathways (Chen et al.,, 2009; Fritz et al., 2006). The most widely studied among the CARD
containing NLRs are NOD1 and NOD2. NOD1 primarily recognizes peptidoglycan (PGN)
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derivative, y-D-glutamyl-mesodiaminopimelic acid from gram-negative bacteria
(Chamaillard et al., 2003; Girardin et al., 2003a), whereas, NOD2 is considered as a general
sensor of PGN through muramyl dipeptide (Girardin et al., 2003b). Upon recognizing PGN,
both NOD1 and NOD2 activate NF-kB-mediated proinflammatory response via RIP-2
(Hasegawa et al., 2008). Both NOD1 and NOD2 are highly expressed in immune and
inflammatory cells (Fritz et al., 2005; Kanneganti et al., 2007). These two NODs are also
expressed in airway epithelium and are induced by bacterial stimuli (Bogefors et al., 2010;
Mayer et al., 2007; Opitz et al., 2004; Travassos et al., 2005). NOD1 and NOD?2 contribute to
innate immune responses to different bacteria including Pseudomonas aeruginosa, Chlamydia
pneumonia, Haemophilus influenza and L. pneumophila both in vivo and in vitro (Clarke et al.,
2010; Frutuoso et al., 2010; Shimada et al., 2009; Zola et al., 2008).

NOD2 not only recognizes bacterial peptidoglycan, but also viral ssRNA. NOD2 deficiency
results in impaired type I IFN expression in vitro upon stimulation with viral ssRNA (Sabbah
et al., 2009). This was dependent on NOD?2 interaction with IPS-1 and activation of IRF3, but
not on activation of RIP-2. NOD2 deficient mice were also found to be more susceptible to
infection with respiratory syncytial virus and influenza virus than the wild-type mice.

Pyrin domain containing NLRs are normally called as NLRP. There are 14 members in this
NLR subfamily. At least NLRP1-3 form multiprotein complex named “inflammasomes” which
consists one or two NLRs, an adaptor molecule ASC (apoptosis-associated speck-like protein
containing a CARD), and caspase-1(Martinon et al., 2002). Inflammasomes respond to several
PAMPS or DAMPS and regulate caspase-1 mediated cell death called pyroptosis and
production of IL-1 and IL-18 at post-transcriptional level. Therefore, unlike other cytokines,
IL-1P production requires two signals. Signal I is often provided by TLRs which activates NF-
kB dependent pro-IL-1p, and signal II comes from inflammasomes, which mediate caspase 1-
dependent cleavage of pro-IL-1P to its mature form. The activators of NLRP3 are microbial
RNA, bacterial pore forming toxins, certain types of DNA and MDP (Kanneganti et al., 2006;
Mariathasan et al., 2006; Martinon et al., 2004; Meixenberger et al., 2010; Muruve et al., 2008).
Accordingly, NLRP3 null mice were shown to be susceptible to influenza virus, Streptococcus
pneumoniae and K. pneumonia infection (Kanneganti, 2010; Allen et al., 2009; Ichinohe et al.,
2010; Thomas et al., 2009). In addition NLRP3 is also activated by necrotic cells, uric acid
metabolites, ATP, biglycan, hyaluronan that might be released after tissue injury (Babelova et
al., 2009; Iyer et al., 2009; Mariathasan et al., 2006; Martinon et al., 2006; Yamasaki et al., 2009).

In addition to NLRP, NLRC4 (NLR family CARD domain containing) and NAIP5 (NLR
family, BIRdomain conaining) also form inflammasomes. While NAIP is expressed in both
lung macrophages and epithelial cells, NLRC4 is expressed only in macrophages (Diez et al.,
2000; Vinzing et al, 2008). NLRC4 inflammasome recognizes L. pneumophila and P.
aeruginosa flagellin present in the host cytosol, independently of TLR5 (Franchi et al., 2006;
Miao et al., 2006). NAIP controls intracellular replication of L. pneumophila depending on the
recognition of flagellin (Vinzing et al., 2008).

The widely expressed NLRX1 (NLR family member X1) is the only NLR receptor that is
localized to mitochondria and it negatively regulates RIG-I and MDA-5 receptors. NLRX-1
mediates production of reactive oxygen species upon bacterial infection (Moore et al., 2008;
Tattoli et al., 2008) and decreased dsRNA-stimulated IFN response.
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Although, there is no evidence that NLRs play a role in innate immune responses to
bacterial or viral infection in COPD so far, the emerging literature indicate inflammasome
forming NLRs may contribute to COPD pathogenesis. Inhaled cigarette smoke, oxidative
stress, necrotic cell death, hypoxia, hypercapnia may cause tissue injury and release of
DAMPs (uric acid, ATP) and this in turn activates NLRP3 inflammasome (Wanderer, 2008).
Consistent with this notion, uric acid concentration was increased in the bronchoalveolar
lavage of COPD patients (Wanderer, 2008). COPD patients also had significantly increased
amounts of IL-1 and this correlated with severity of the disease(Sapey et al., 2009). Mice
exposed to cigarette smoke also showed increased IL-1p in their lungs (Doz et al., 2008) and
finally mice overexpressing mature IL-1f in epithelial cells showed typical feature of COPD
including emphysema, lung inflammation with increased neutrophils and macrophages and
airway fibrosis (Lappalainen et al., 2005). ASC (inflammasome adaptor protein) null mice
showed attenuated inflammation after exposing to elastase and less uric acid. Elastase-
induced inflammation was significantly reduced in wild-type mice treated with uricase or
treated with IL-1R antagonist (Couillin et al., 2009). All these evidences suggest contribution
of inflammasome forming NLRP3 to COPD pathogenesis.

4. Innate immunity and co-infections

Nontypeable H. influenzae (NTHi), S. Pneumoniae and P. aeruginosa are detectable in lower
airways of appproximatley 25 to 50% of clinically stable COPD patients (Sethi and Murphy,
2008). Chronic colonization can alter the responses of airway epithelial cells and other innate
and adaptive immune cells to subsequent viral or bacterial infections leading to increased
severity of disease. Exacerbations due to concurrent or sequential infections was shown to
be associated with increased severity of disease at least in one-quarter of COPD patient
population (Papi et al., 2006; Sethi et al., 2006; Wilkinson et al., 2006). Risk of secondary
bacterial infection following a viral infection dates back to 19t century, when cases of
pneumonia correlated with influenza (flu) epidemic (McCullers, 2006). Influenza infection
increases risk of secondary bacterial infection by increasing binding or invasion of bacterial
pathogen to airway epithelial cells, desensitizing innate immune receptors such as TLRs,
and causing immunosuppression by increasing glucocorticosteriod expression (Beadling
and Slifka, 2004; Hament et al., 1999; Jamieson et al., 2010; McCullers, 2006; Seki et al., 2004;
Sun and Metzger, 2008). Respiratory syncytial virus infection increased persistence of P.
aeruginosa in mice and increased P. aeruginosa and NTHi binding to airway epithelial cells
(de Vrankrijker et al., 2009; Jiang et al., 1999; Van Ewijk et al., 2007). Respiratory syncytial
virus also increased persistence of NTHi by dysregulating the expression of B-defensin in
chinchilla model of respiratory infection (McGillivary et al., 2009). Rhinovirus which causes
common cold, in combination with S. pnuemoniae was associated with severe cases of
community-acquired pneumonia in children (Honkinen et al., 2011). Various in vitro studies
showed that rhinoviruses also increase bacterial binding to airway epithelial cells by
increasing the expression of bacterial receptors on airway epithelial cells or by facilitating
invasion of cells by bacteria (Ishizuka et al., 2003; Passariello et al., 2006). We demonstrated
that rhinovirus infection also increases paracellular permeability and promote bacterial
traversal across mucociliary- differentiated airway epithelium (Sajjan et al, 2008).
Rhinovirus infection also decreases bacterial PAMPS-induced proinflammatory response by
desensitizing TLRs (Oliver et al., 2008).
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Fig. 3. COPD airway epithelial cells are impaired in clearing infecting bacteria. This leads to
colonization of bacteria on the apical surface of airway epithelium. Subsequent rhinovirus
infection disrupts barrier function and promotes traversal and interaction of bacteria with
basolateral receptors leading to exaggerated chemokine response. At the same time COPD
airway epithelial cells also show increased generation of reactive oxygen species and
attenuated expression of antioxidant enzymes resulting in increased oxidative stress. This in
turn suppresses interferon (antiviral) response stimulated by secondary rhinovirus infection.
Together this may lead to persistence of bacteria and virus, and increased inflammation.

Impact of secondary viral or bacterial infection in patients colonized with bacteria is being
increasingly recognized in recent years. For instance, despite chronic colonization with P.
aeruginosa, cystic fibrosis patients show exacerbations periodically and some incidences are
associated with acquiring secondary viral or bacterial infections (Ong et al., 1989; Ramsey et
al., 1989; Wat et al., 2008). Similarly, in COPD patients who are chronically colonized with
NTHI, exacerbations were associated with acquisition of new strain of NTHi, other species
of bacteria or respiratory virus (Murphy, 2000; Murphy et al., 2008; Murphy et al., 2007; Papi
et al., 2006; Sykes et al., 2007; Wilson, 2000). Recently, we showed that secondary bacterial
infection in primary cystic fibrosis airway epithelial cells preinfected with P. aeruginosa
increases C-X-C chemokine responses by increasing the load of planktonic bacteria which
are more pro-inflammatory than their counterpart biofilm bacteria and also increased
paracellular invasion of bacteria in differentiated airway epithelial cells (Chattoraj et al.,
2011b). We also demonstrated that cystic fibrosis, but not normal airway epithelial cells
infected with bacteria show suppressed type I IFN response to subsequent rhinovirus
infection (Chattoraj et al., 2011a). This was due to increased oxidative stress in cystic fibrosis
airway epithelial cells. Airway epithelial cells from COPD patients show increased oxidative
stress similar to cystic fibrosis patients. Therefore we expect that bacterial preinfection may
suppress innate immune responses to subsequent virus infection in COPD cells. Consistent
with this notion, our preliminary studies indicate that infection with P. aeruginosa or NTHi
infection increases oxidative stress further and decreases expression of antioxidant genes in
COPD airway epithelial cells. In addition, we also observed suppression of IFN response in
COPD airway epithelial cells infected with bacteria to subsequent rhinovirus infection
(unpublished observations). Similar to our observations, LPS treatment was demonstrated
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to suppress IFN-p production in response to dsRNA in mice as well as in monocytes and
macrophages (Piao et al., 2009; Sly et al., 2009). This was due to increased expression of
SHIP, a MPA kinase phosphatase in LPS treated monocytes. In airway epithelial cells
however, P. aeruginosa infection induced suppression of IFN response to rhinovirus infection
was not due to increased expression of SHIP, but rather due to decreased Akt
phosphorylation (Chattoraj et al 2011) which is required for maximal activation of IRF3
(Dong et al., 2008; Sarkar et al., 2004). Previously, we have shown that expression of IFN
response to rhinovirus infection requires activation of IRF3 in airway epithelial cells (Wang
et al.,, 2009). Based on these experimental evidences, it is possible that 30% of COPD patients
who are chronically colonized with NTHi or P. aeruginosa in their lower airways may show
suppressed antiviral responses and increased chemokine expression (Figure 3). This may
lead to increased lung inflammation and progression of lung disease in COPD patients
following exacerbation due to co-infections.

5. Conclusion

The airway epithelium contributes significantly to innate immune system in the lungs. It
acts as a physical barrier that protects against inhaled substances and pathogens. Airway
epithelial cells also express plethora of innate immune receptors which recognizes both
PAMPS and DAMPS and stimulate appropriate responses to either clear the infecting
organism and to repair of injured epithelium. However in COPD, chronic exposure to
cigarette smoke or environmental hazards causes airway remodeling and also modulate
innate immune responses of airway epithelial cells to infection (Figure 4). This results in
impaired clearance of infecting organisms and aberrant cytokine and growth factor
expression and increased lung inflammation leading to progression of lung disease.

Normal airway epithelia |

Repeated exposure
to cigarette smoke

or environmental
hazards

v

Decreased barrier function
Decreased antimicrobial factors,
Itered expression of PRR;

Increased mu
production
Increased levels of
pro-inflammatory
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Fig. 4. A schematic representation depecting the combined effects of cigarette smoke or other
environmental hazards and bacterial infection on the progression of lung disease in COPD
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1. Introduction

Alpha-1 antitrypsin (AT) is a member of the serine proteinase inhibitor (SERPIN)
superfamily. It is an acute phase protein produced constitutively, primarily by hepatocytes,
and is secreted in to the plasma from where it diffuses into the lung. AT is the most
abundant proteinase inhibitor within the lung whose main physiological role is to regulate
neutrophil elastase (NE) liberated from activated neutrophils (Brantly et al., 1988a; Lomas
and Mahadeva, 2002).

The importance of AT in pulmonary biology was demonstrated by the association between
severe plasma deficiency and pulmonary emphysema (Laurell and Eriksson., 1963). These
findings in conjunction with Gross et al, 1965 formed the basis of the proteinase-
antiproteinase hypothesis for the development of emphysema and other lung diseases. It
was subsequently identified that the Z variant is the commonest cause of severe AT
deficiency. It results in aggregation of the protein in the hepatocyte (with a predisposition to
liver disease) resulting in a secretory defect and deficiency. Initially it was presumed that
NE and AT were the most important proteinase and anti-proteinase respectively within the
lung, but it is now appreciated that several proteinases and inhibitors exist within the lung
and other mechanisms are important e.g. apoptosis, ageing, oxidants. Nevertheless, no other
PI and proteinase have been so clearly linked with pulmonary emphysema, thus
emphasizing the important role of AT in lung biology. Despite this long association,
epidemiological studies suggest that AT deficiency is under-recognized or misdiagnosed
(Bull World Health Organ, 1997; ATS-ERS statement, 2003).

1.1 Nomenclature and detection of mutants

The AT protein is an extremely polymorphic molecule; there are over 100 variants of AT
resulting from mutations in the SERPINAI gene. They are named by the letter of the
alphabet according to the migration of the glycosylated form of the protein on isoelectric
focusing (IEF). The wildtype protein is therefore termed M-AT as it is associated with
normal level of serum AT and it has a medium rate of migration on IEF. Variants that
migrate faster than M-AT are classified as A to L or slower than M-AT are classified as N to
Z (A being the fastest and Z the slowest) (Brantly et al., 1988a; 1991; Cox et al., 1980;
Fagerhol and Laurell, 1967). On the basis of their plasma level and function, the majority of
individuals are M homozygotes (M1-5 subtypes).
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1.2 Genotyping

Currently, diagnosis of AT deficiency is based on the measurement of AT levels in the
serum and/or phenotyping by IEF of the serum within a narrow pH range on the
polyacrylamide gel. The latter has been standard practice for many years, but is time
consuming, difficult to interpret and limited to a few reference laboratories. Genotyping by
real-time PCR and Restriction Fragment-Length Polymorphism PCR (RFLP-PCR) are highly
effective, relatively inexpensive and reliable, and as a consequence are now commonly
performed. Direct sequencing of coding exons of the gene can also be used as an adjunct in
selected cases to clarify genotyping (Zorzetto et al., 2008; Miravitlles et al., 2010).

1.3 Alpha-1-antitrypsin gene expression

The AT gene is located on chromosome 14q31-32.1, and is co-dominantly expressed
(Schroeder et al., 1985; Bull World Health Organ, 1997; Brantly et al., 1988). The gene is 12 kb
in length and contains seven exons (Ia, b ¢ and II-V) and six introns. Exon I contains the 3’
untranslated promoter sequences: la and Ib contains the promoter sequence for
macrophage-specific, and Ic for hepatocyte-specific transcription, respectively. The coding
regions (Exons II-V) are 1434 base-pairs (bp) in length and the reactive centre is within Exon
V (Long et al., 1984). Aside from the promoter elements, there are other regulatory
sequences including an enhancer element in the 5' and 3' flanking sequences of exonic
regions of the AT gene. A polymorphism in the 3’ flanking region is associated with
susceptibility to COPD (Kalsheker et al., 1987, Morgan et al., 1992). A map of single
nucleotide polymorphisms (SNPs) in the 5' and 3' flanking regions showed that among the
15 SNPs, five SNPs increased the risk of COPD by 6- to 50-fold (Chappell et al., 2006). These
polymorphisms within regulatory sequences are associated with normal basal plasma levels,
but can result in reduced levels of AT transcription in response to stimulation in vitro, which
is postulated to relate to the susceptibility to COPD (Henry et al., 2001; Chappell et al., 2006).
However, this has not been proven in vivo (Mahadeva et al., 1998; de Faria et al., 2005;
Courtney et al., 2006, Brennan, 2007).

1.4 Variants associated with alpha-1 antitrypsin deficiency

The commonest cause of severe deficiency in Caucasians is Z-AT (Glu342Lys). Four percent
of North Europeans carry this variant, and amongst them 1/2000 are PiZ homozygotes
(Fagerhol, 1974). The frequencies of PiZ are 1/2700 in USA and 1/5000 in UK (Cook, 1975;
de Serres, 2002; Brantly et al., 1988a). The distribution of the genetic types (PI alleles) of AT
has been investigated in many populations. Some variants are only common in specific
populations; the Z mutant is rare in Asian and African populations, whereas the S (364 Glu-
Val) variant is more frequent in the Mediterranean area. The plasma level of the principal
AT phenotypes are MM (20-39 umol/L), MS (19-35 umol/L), SS (14-20 umol/L), MZ (13-23
pmol/L), SZ (9-15 umol/L), ZZ (2-8 pmol/L). About 20 variants are associated with lower
but detectable AT in plasma (Table 1). The dysfunctional Pittsburgh (M358R) variant
converts AT from an elastase inhibitor to a thrombin inhibitor due to mutation in the active
site. The Null (QO) variants occur as a result of insertion or deletion of nucleotides. They are
associated with only trace amounts (less than 1%) of AT in plasma and associated with
increased risk for emphysema (Bull Health World Organ, 1997; ATS-ERS, 2003).
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Variants Mutations Mechanism of deficiency Clinical References
disease
Severe
V4 (E342K) polymerization in liver =~ Emphysema Oakeshott et
cells; reduced inhibitory  Liver disease al., 1985;
activity; deficiency Carell, 1990;
Ogushi et al.,
1987
Siiyama (F53S)  polymerization in liver cells Emphysema Seyama etal.,
and plasma; deficiency ~ Liver disease 1991
Mmalton  (52Phe polymerization in liver =~ Emphysema Cox and
deleted) cells; deficiency Liver disease  Billingsley,
1989;Roberts
et al., 1984
Mheerlen  (P369L) intracellular degradation; Emphysema Kramps et al.,
deficiency 1981
Mprocida  (L41P) decreased inhibitory Emphysema Takahashi et
activity; deficiency al., 1988;
Holmes et al.,
1990 (a)
P (D256V) intracellular degradation; Emphysema Holmes etal.,
deficiency 1990 (b)
Pittsburgh (M358R) altered substrate specificity Serous Owen et al.,
bleeding 1983
Mild
S (E264V) incorrect splicing of mRNA; Elliott et al.,
abnormal intracellular 1996a;
degradation; Schindler,
polymerization in liver cells 1984; Engh et
al., 1989
I (R39C) polymerization; slightly =~ Emphysema Mahadeva et
decreased inhibitory al., 1999;
activity; mild deficiency Graham et al.,
1989; Baur and
Bencze, 1987
Mminerat (G67E)  aberrant posttranslational Emphysema Curiel et al.,
Springs biosynthesis; loss of 1990
conserved Gly; disturbed
packing; degraded in liver
cells; decreased inhibitory
activity; deficiency
F (R223C)  polymerization; decreased Okayama et
inhibitory activity al., 1991;
Hayes et al.,
1992

Table 1. Alpha-1-antitrypsin variants associated with plasma deficiency
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1.5 Molecular structure of aq-antitrypsin

AT consists of three f-sheets, eight a-helices, and a reactive centre loop (RCL), which
contains the residues that directly interact with the proteinase substrate (Fig. 1). p-Sheet A is
composed of five strands spreading along the long axis of the protein: the first strand has 5-6
residues and the other strands have 12-15 residues. In the native conformation, the 17 amino
acid RCL locates at an external position in relation to the body of the molecule between the
C-terminus of P-sheet A3 and the N-terminus of B-sheet C1. The N-terminal side of the
reactive loop including M358 (P1) is directly related to the recognition and binding of the
substrate (Fig. 1) (Song et al., 1995; Silverman et al., 2001; Elliott et al., 1996a; Ryu et al., 1996;
Kim et al., 2001)

Mobile RCL

Shutter
domain

Pathways of polymerization of al-antitrypsin. The structure of al-antitrypsin is centred on p-sheet A
and the mobile RCL. Polymer formation results from the Z-AT (E342K at P17; Z) or other mutations in
the shutter domain, which open p-sheet A to favour partial loop insertion and the formation of an
unstable intermediate (M*). The patent 3-sheet A can accept either the loop of another molecule, to form
a dimer (D), which then extends into polymers (P), or else its own loop, to form a latent conformation
(L). The individual molecules of AT within the polymer are shown in different shades of grey.
Reproduced from Lomas and Mahadeva, 2002.

Fig. 1. Mechanism of Z al-antitrypsin polymerization

1.6 Physiology and function of as-antitrypsin

AT is a 394 amino acid (52 KDa) glycoprotein produced primarily by hepatocytes. Other
cells produce the protein to a lesser extent in peripheral blood monocytes, alveolar
macrophages and bronchial epithelial cells and gastrointestinal mucosa. (Brantly et al.,
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1988a; Cichy et al., 1997). Daily production of AT is 34 mg/kg. The large amount of AT in
the circulation and lung is primarily present to control the activity of elastase in the lung.
NE is the main substrate for AT, accordingly it inhibits 90% of the NE in circulation and
interstitium of lung. AT also inhibits the serine proteinases cathepsin G and proteinase 3.

1.7 Other biological effects of alpha-antitrypsin

In addition to acting as an antiproteinase, AT plays important role in modulating
inflammation. It may inhibit immune responses, and fibroblast-proliferation and fibroblast
procollagen production thereby contributing to repair and matrix production (Dabbagh et
al., 2001), and have antibacterial activities (Hadzic et al., 2006), and also blocks the cytotoxic
and stimulatory activity of defensins (Hiemstra et al., 1998). AT also has direct and indirect
anti-apoptotic properties by inhibiting caspase-3 or NE mediated apoptosis, respectively
(Petrache et al., 2006). AT is also involved in calcium-induced activation mechanisms; AT
inactivates calpain I (p-calpain), induces a rapid cell polarization and random migration of
neutrophils The role of AT in neutrophil regulation was further supported by its ability to
transiently increase calcium from intracellular stores, which is linked to neutrophil
polarization. AT modulated increase in intracellular lipids, activation of the Rho GTPases,
Racl and Cdc42, and extracellular signal-regulated kinase (ERK1/2) all these kinases are
indeed found to be activated or phosphoryated in polarized neutrophils with significant
mobility (Al-Omari et al., 2011). Furthermore, a recent study demonstrated that AT can
control immune complex-mediated neutrophil chemotaxis by inhibiting ADAM-17 (TACE)
activity and preventing the release of glycosylphosphatidylinositol-linked (GPI-linked)
membrane protein, FcyRIIIb, from the cell (Bergin et al., 2010). The same study also
demonstrated in vivo, that AT is a potent inhibitor of neutrophil chemotaxis in Z-AT
individuals compared with M-AT individuals correlating with increased chemotactic
responses of both CXCR1 and immune complex receptor (FcyRIIIb) (Bergin et al., 2010).

1.8 Mechanism of proteinase inhibition

The process of inhibition is initiated by the specific binding of the proteinase to the RCL of
AT to form a non-covalent Michaelis complex and is one of “suicide substrate inhibition”
(Gettins, 2002). The inhibitory mechanism of AT relies upon cleavage of the methionine-
serine P1-P1” by NE (1:1 AT-elastase complex). The protease is then swung 70 A@1A=01
nm) from the upper pole to the lower pole of the protein in association with the insertion of
the reactive loop as an extra strand into B-sheet A. The complex inactivates the protease by
distortion of the catalytic triad at the active site (Huntington et al., 2000; Wilczynska et al.,
1997; Stratikos and Gettins, 1997). The stable complex is subsequently recognized and
cleared by the liver. The complexes are short lived (a few hours) in the circulation compared
with the native AT (5-6 days), and the low-density lipoprotein receptor related protein
(LRP) on liver cells appears to be the principal receptor for clearance of the AT-proteinase
complexes (Kounnas et al., 1996).

1.9 Mutations and their effect on conformation of AT

Molecular mobility and the P1 methionine is essential for elastase inhibitory behaviour, but
is also its Achilles heel making the molecule vulnerable to the effects of critically situated
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point mutations and oxidation (Stein and Carrell, 1995). AT molecules can undergo
conformational transitions, which not only inactivate is antiproteinase function, but also
confers it with other biological properties.

2 Conformations and their effect on structure and function of a;-antirypsin
2.1 Conformations of aj-antirypsin

In vivo AT can exist in different conformational forms; native, oxidized, polymerized,
oxidized-polymers, RCL cleaved and latent, and the AT-elastase complex. The
conformational changes can be the result of inflammation, such as the cleavage by non-
target proteinases and oxidation by reactive oxygen species (ROS). Mutaations e.g Z, S
predispose it to polymerization. Whilst these conformations result in a loss of proteinase
inhibitory activity, they can have biological effects such as inflammatory cell activation and
chemotaxis, cytokine release or apoptosis (Janciauskiene, 2001).

2.2 Oxidized AT

Oxidation of AT is a sulphoxide modification of the methionine residues of AT (Johnson and
Travis, 1979; Beatty et al., 1980; Taggart et al., 2000). Methionine can be attacked by various
oxidants, such as peroxide, hydroxyl radicals, hypochloride, chloramines and peroxynitrite
(Vogt, 1995; Rahman and MacNee, 1996), which are mainly produced by activated
inflammatory cells. Oxidized AT (Ox-AT) in vivo has been confirmed by the finding that the
inactive AT purified from the inflammatory synovial fluid contains methionine sulphoxide
residues, and that 41% of total AT in the fluid is inactive, oxidized and/or cleaved (Zhang et
al., 1993). Smoking is a major external source of oxidants (Rahman and MacNee, 1996; Church
and Pryor, 1985; Schaberg et al., 1992). In smoking-related emphysema, 5-10% of total AT is in
the oxidized state (Wong and Travis, 1980). Oxidation of the P1 methionine (M358)
significantly reduces the activity of AT against NE to 1/2000 of the normal (Johnson and
Travis, 1979). Recent data demonstrates that oxidation of Z-AT promotes polymerization of Z-
AT thus increasing the risk of emphysema of Z-AT deficient patients (Alam et al., 2011). Ox-
AT has also been shown to stimulate release of MCP-1 and IL-8 from lung epithelial cells (Li et
al.,, 2009) and stimulate monocyte activation, inducing an elevation in MCP-1, IL-6, TNF-a
expression and NADPH oxidase activity (Moraga and Janciauskiene., 2004)

2.3 Polymerized form

The Z-variant accumulates in the hepatocyte involving a process of loop-sheet
polymerization whereby the RCL of one molecule inserts into 3-sheet A of a second and so
on to form chains of Z-AT polymers (Lomas et al., 1992; Mahadeva et al., 1999). M-AT has
not been found to polymerize in vivo (Mahadeva et al., 2005). Polymerization can occur in
other variants of AT, such as Siiyama, Mmalton, I, and S (Mahadeva et al., 1999;
Janciauskiene et al., 2004; Elliott et al., 199b). I ay-antitrypsin and S-AT polymerize slower
than Z-AT but faster than M-AT, and hence are associated with less severe plasma
deficiency (Dafforn et al.,1999).

The occurrence of Z-AT polymerization in vivo has been confirmed by the finding of AT
polymers in lungs (Elliot et al., 1998b; Mulgrew et al., 2004). Polymers of Z-AT are found in
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emphysematous alveolar walls (Mahadeva et al., 2005). Polymers of Z-AT are chemotactic for
neutrophils (Parmar et al., 2002; Mulgrew et al., 2004). Polymers of Z-AT are also ineffective
anti-inflammatory molecules or inhibitors of NE, (Alam et al., 2011; Bergin et al., 2010; Al-
Omari et al., 2011). Recent findings show that ER accumulation of Z-AT polymers is associated
with up-regulation of PKR-like ER kinase (PERK), regulator of G-protein signaling (RGS) 16,
and calnexin, and NF-«B activation and secretion of inflammatory mediators; IL-6 and IL-8 in
keeping with activation of the ER overload response (EOR) linked to excess inflammatory
activity of the Z-AT cell (Alam et al., Unpublished observation).

3. Mechanisms of disease and pathology
3.1 Alpha-1-antitrypsin associated diseases

The normal plasma concentration of AT is about 30 pM, providing 24 pM in lung
interstitium, which is thought to be critical in inhibiting elastase. It has been calculated that a
concentration of 11 pM of plasma AT is the threshold for providing sufficient AT in the lung
(Wewers et al., 1987; Stockely, 2003). Hence, although some phenotypes of AT are associated
with abnormally low concentrations of AT in the plasma; PiMS: 80% of normal, PiSS: 60%;
PiMZ: 57.5%, only PiSZ, 40%, and PiZ:10-15% and Null variants have been linked to the
development of lung disease (Brantly et al., 1988a;b). AT deficiency appears to be under-
diagnosed in some populations (Bull World Health Organ, 1997; de Serres, 2003) with only a
small proportion of those predicted according to allele frequencies to have AT deficiency to
have been identified: 4.5% in UK, 6% in Sweden, and 5% in USA (Tobin et al., 1983; Larsson,
1978; Silverman et al., 1989).

3.2 Z as-antitrypsin associated lung disease

Cigarette smoking is the most important independent risk factor for the development of
emphysema in the Western world. A landmark study (Fletcher et al., 1977) showed that 15
to 25% of smokers with normal AT develop clinically significant COPD, and that the rate of
FEV1 (forced expiratory volume in 1 second) decline was around 50 ml/year in smokers
compared with 25 ml/year in non-smokers. Among the AT-deficient population, the decline
of FEV1 is 70 ml/year in current smokers compared with 41 ml/year in ex-smokers
(Piitulainen and Eriksson, 1999). Smokers with severe deficiency of AT develop symptoms
of emphysema 10-15 years earlier than those non-smoking individuals and have a higher
mortality (Buist et al., 1983; Janus et al., 1985).

Severe AT deficiency usually due to Z-AT accounts for about 2% of cases of emphysema
(Morse, 1978), and has also been linked to asthma and bronchiectasis (Parr et al., 2007;
Eden et al., 1997; King et al., 1996; Bleumink and Klokke, 1985). Individuals, who have
never smoked, rarely develop symptoms before the age of 50. Twenty-40% of patients
have chronic bronchitis and bronchiectasis, and about half have exacerbations (Needham
and Stockley, 2004). Most PiZ non-index cases have normal or slightly abnormal lung
function in the absence of symptoms (Tobin et al., 1983). The development of lung disease
is intimately related to cigarette smoking. However, the severity of lung disease can show
some variability: lung function is well maintained in some AT-deficient smokers, while
can be impaired in non-smokers (Brantly et al., 1988b; Janus et al., 1985). It is also
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postulated that host factors, such as individual bronchodilator reversibility, baseline lung
function, sex, age, and other unidentified genetic factors as well as other environmental
factor such as dust-exposure and recurrent respiratory infections may influence the
clinical phenotype (Needham and Stockley, 2004). A recent familial study estimated
heritability for FEV1/forced vital capacity (FVC) in 378 ZZ homozygotes from 167 families
identified cigarette smoking as the genetic modifier in the pathogenesis and severity of
COPD (DeMeo et al., 2009).

3.3 MZ aq-antitrypsin associated lung disease

The serum levels of AT in MZ heterozygotes is lower than in MM homozygotes (Section
1.4), but whether MZ individuals have an increased risk of COPD remains controversial.
Increased COPD risk in this group may have public health implications because there are
about 117 million of MZ and MS phenotypes worldwide (de Serres 2002; Brantly et al.,
1991). Many studies have addressed the risk of lung function reduction and increased risk
of COPD in MZ heterozygotes, but the results have not been consistent. A meta-analysis
demonstrated increased risk of COPD in MZ compared to MM, but there was no
difference in mean FEV; between MZ and MM individuals when combining the results
from population-based studies (Hersh et al., 2004), which is in agreement with a cohort of
MZ heterozygotes analyzed from the Danish Alpha-1-Antitrypsin Deficiency Registry
(Seersholm et al., 2000) and a longitudinal study of the general population in Arizona
(Silva et al., 2003). Many of the previous studies have been limited by small sample sizes,
varying phenotype definitions, or failure to adjust for smoking. However, recent studies
investigated two large, well characterized populations of current and ex-smokers, a case-
control study and a multicenter family-based study using quantitative CT scan
measurements of emphysema and airway disease, established an association of reduced
FEV1/FVC in MZ compared to MM (Sandhaus et al., 2008; Serheim et al., 2010). This
suggests that at least some MZ heterozygotes are more susceptible to the development of
COPD. Interestingly, MZ with a low smoking history (<20 pack-year) had more severe
emphysema on chest CT scan. It remains to be established whether all MZ individuals
have an increased risk or whether a subset is more susceptible because of other genetic or
environmental factors.

3.4 Mechanism of Z as-antitrypsin-related emphysema

The majority of emphysema occurs in cigarette smokers who have normal AT
concentrations and smoking can injure the lungs by many mechanisms, such as, A.
increasing the oxidant burden (Alam et al., 2011; Church and Pryor, 1985; Carp and Janoff,
1978); B. direct stimulation of neutrophils and macrophages to produce proteinases
(Bracke et al., 2005, Hautamaki et al., 1997); C. inactivation of AT and other proteinase
inhibitors by oxidation (Alam et al., 2011; Wong and Travis, 1980); D. interfering the
repairing process by repeated damage (Janoff et al., 1983). These mechanisms can all occur
in Z-AT individuals. However, there are some noteable differences in emphysema due to
Z-AT compared to those with normal AT. Firstly, the emphysema has a predilection
(although not exclusively) at least initially to affect the lower lobes in Z-AT emphysema
compared with the upper lobes in M-AT emphysema. Secondly, the emphysema in Z-AT
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individuals tends to have more polymorpholeucocytes compared with M-AT emphysema
(Morrison et al., 1987).

The main mechanism contributing to the development of emphysema in individuals with Z-
AT is the imbalance of AT-elastase, in favour of elastase caused by severe AT deficiency. It is
now well established that the conformational changes originating from this mutation
predispose Z-AT molecules to irreversible polymerization, with consequent accumulation
within the ER of hepatocytes (Lomas et al., 1992; Mahadeva et al., 2002). As a consequence,
only approximately 15% of the molecules produced reach the circulation. In addition, in the
presence of cigarette smoking a major portion of these secreted proteins has been shown to
be either oxidized monomeric AT or in its polymeric form (Alam et al., 2011), which are
inactive as proteinase inhibitors. Z-AT also has a reduced activity against elastase
(Oakeshhott et al., 1985; Lomas et al., 2003). The inactivation of AT as in M-AT related
emphysema can also occur by cleavage by non-target proteinases. The end result of these
processes is a further reduction in the quantity of functional AT.

Polymeric conformation of Z-AT has also been found in Z-AT emphysematous lungs in
association with neutrophils (Mahadeva et al., 2005). Polymers of Z-AT are also thought to
contribute the inflammation and lung damage in emphysema. Polymers of Z-AT are
thought to be produced locally within the lung, however, a recent study reported finding of
polymers of Z-AT not only in the lung, but also in the serum of transgenic mice expressing
human Z-AT that had been exposed to cigarette smoke (Alam et al., 2011) (Section 3.4).
Formation of Z-AT polymers may be accelerated by local inflammation e.g. bacterial
infection. The polymers are themselves chemotactic for human neutrophils in vitro and in
vivo and are co-localized with neutrophils in the alveoli of individuals with Z-AT-related
emphysema (Elliott et al., 1998a; Parmar et al., 2002; Mulgrew et al., 2004). The transition of
native Z-AT to polymers inactivates its anti-proteinase and anti-inflammatory function, and
also converts it to a pro-inflammatory stimulus and may explain the excess numbers of
neutrophils in bronchoalveolar lavage fluid (BALF) and lung tissue from Z-AT
homozygotes (Morrison et al., 1987; Mahadeva et al., 2005) and in transgenic Z-AT mice
(Alam et al., 2011). The presence of polymers may also contribute to the progression of PiZ
lung disease after smoking cessation.

3.5 Cigarette smoking and emphysema

Z-AT related emphysema is potentiated by cigarette smoking, characteristically occurring in
the third to fourth decade compared with fifth to sixth decade in non-smokers (Luisetti and
Seersholme, 2004; Evald et al., 1990). The mechanism of accelerated decline in smokers with
Z-AT is in part due to the independent effects of cigarette smoke, but also due to oxidation
of Z-AT which promotes polymerization (production of oxidized polymers) of Z-AT (Fig. 2)
(Alam et al., 2011). Polymers are inactive as an anti-elastase, and are not only unable to
perform their normal anti-inflammatory role, but are also chemotactic for neutrophils (Alam
et al., 2011; Mulgrew et al., 2004; Morrison et al., 1987; Parmar et al., 2002; Bergin et al., 2010;
Al-Omari et al., 2011). The acceleration of COPD by cigarette smoke in Z-AT individuals
exemplifies the critical importance of gene-environmental interactions to the development
of COPD. This provides a molecular explanation for the striking association of premature
emphysema in ZZ homozygotes who smoke.
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Proposed model for the pathogenesis of emphysema in patients with Z-AT deficiency. Cigarette smoke
induces oxidation of Z-AT, which accelerates Z-AT polymerization. Plasma deficiency and reduced
inhibitory activity of Z-AT would be exacerbated by the oxidation and polymerization of AT within the
lungs, thereby further reducing the antiproteinase screen. Conversion from a monomer to a polymer
results in a loss of anti-inflammatory effect. Z-AT polymers also act as a pro-inflammatory stimulus to
attract and activate neutrophils, resulting in further increase in neutrophils and liberation of NE thereby
imbalance of AT-elastase in the favour of NE leading to tissue damage and subsequently causing
emphysema. Adapted from Alam et al., 2011.

Fig. 2. Schematic diagram depicting the role of conformations of al-antitrypsin and the
interaction with cigarette smoke in the development of emphysema.

4. Prognosis and review of current treatments
4.1 Treatment of Z as-antitrypsin-associated lung disease

The major goals in the management of patients with Z-AT related emphysema are to
prevent lung disease, and to reduce progression of the disease. Smoking cessation and
standard management for COPD with normal AT levels is of crucial importance once the
diagnosis has been made. Repeated respiratory infections can lead to permanent lung injury
in patients with Z-AT deficiency. Thus, reducing exacerbation rate is also essential.

Purified plasma AT (half-life of 4.5 day) and recombinant AT (half-life of a few hours) are
both commercially available. Currently four different preparations of purified plasma AT
are available worldwide; Prolastin®, Zemaira™, Aralast™ and Trypsone® and have been
approved for use by the regulatory agencies in several countries (Table 2). The former three
preparations are available in the United States at an estimated cost of $60,000 to $150,000 per
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year (Gildea et al., 2003). There is no definitive evidence to suggest superiority (specific
functional inhibitor activity) of any one of the formulation comparing them to Prolastin.
Prolastin was the first approved human purified plasma AT, which is usually administrated
intravenously at 60 mg/kg weekly. This dose increased the serum AT level and remained
above the putative protective threshold level of 11pM/L after 3 weeks of infusion. However
only 2% of the infused purified plasma AT drug reaches to the lung and therefore
administration via aerosol has also been assessed (Wencker et al., 1998; Hubbard et al., 1989;
Smith et al., 1989). Some positive effects of augmentation therapy have been observed in
those with moderately impaired lung function (FEV: 30-65%) (Alpha-1-antitrypsin-
Deficiency-Study-Group, 1998; Abusriwil and Stockley, 2006), and some studies have also
demonstrated that the treatment reduces airway LTB4, which plays important role in
exacerbations (Stockley et al., 2002). However, the therapeutic effect of augmentation
therapy is debated due to the lack of a randomized controlled clinical trial (Burrows, 1983;
Wewers and Gadek, 1987). There are however problems with conducting such studies: in
particular the large numbers of patients with this rare disease required for placebo-
controlled and randomized clinical trials; the length of follow-up required to assess efficacy
and the limited supply and cost of the treatment (Abusriwil and Stockley, 2006).

Drug Manufacturer Method of  Minimum specific Countries approved for
preparation functional use
(viral inhibitor activity
inactivation) per mg total
protein
Prolastin® Talecris Pasteurization >0.35mg Argentina, Austria,
Biotherapeutics, Bahamas, Barbados,
Research Traingle Belgium, Bermuda,
Park, NC Canada, Denmark,
Finland, Germany,
Greece, Guam, Ireland,
Italy, Netherlands,
Norway, Oman,
Poland, Portugal,

Puerto Rico, Qatar,
Spain, Sweden,

Switzerland, US
Zemaira™ CSL Behring,  Pasteurization =20.7 mg Us
King of Prussia,
PA
Aralast™  Baxter, Deerfield, Solvent >0.55 mg Us
(which was IL detergent and
initially nanofiltration
called
Respitin)
Trypsone® Grifols, SA. Solvent >0.7 mg Argentina, Brazil,
detergent and Chile, Mexico, Spain,

nanofiltration

Table 2. Preparations of purified human plasma antitrypsin are available world wide
Modrykamien and Stoller, 2009; Stockley et al., 2010; Louie et al., 2005; Barker et al., 1997.
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A recent study analyzed results from two randomized, double-blind, placebo-controlled
trials to date; a 2-center Danish-Dutch study (n = 54) and the 3-center EXAcerbations and CT
scan as Lung Endpoints (EXACTLE) study (n = 65) (Stockley et al.,, 2010). The study
investigated the efficacy of IV AT augmentation therapy on emphysema progression using
CT densitometry over an average mean follow-up of about 2.5 years. The study confirmed
that IV augmentation therapy significantly reduces the decline in lung density. Decline from
baseline to last CT scan was -4.082 g/L versus -6.379 g/L for placebo, with the treatment
difference of 2.297 (95% ClI, 0.669 to 3.926; p=0.006), the corresponding annual declines were
-1.73 and -2.74 g/L/yr, respectively) and may therefore reduce the future risk of mortality in
patients with AT deficiency related emphysema, in favour of IV AT augmentation therapy.

There is no evidence that IV augmentation therapy with purified plasma AT preparations is
effective in MZ genotypes. MZ patients are at risk for accelerated airflow obstruction/lung
disease as mentioned above and that augmentation therapy in MZ patients can be
associated with side effects (Stoller et al., 2003/2009). The Medical and Scientific Advisory
Committee of the Alpha-1 Foundation (Sandhaus et al., 2008) concluded that augmentation
therapy for MZ phenotypes should be avoided.

4.2 Alpha-1 antitrypsin deficiency and Lung volume reduction surgery

Recently lung volume reduction surgery (LVRS) has been proposed as a treatment for
severe emphysema. Over the years studies reported both in favour and against LVRS in AT
deficient patients (Dauriat et al., 2006; Tutic et al., 2004). Because LVRS offers only short-
term benefits for most AT deficient patients LVRS should not be recommended in these
patients pending additional studies (ATS-ERS, 2003). This data is further supported by
landmark studies from the National Emphysema Treatment Trial (NETT) (Fishman et al
2003; Stoller et al 2007) that included 1218 randomized subjects and 10 who were
randomized had severe Z-AT deficiency and underwent LVRS. Deficient individuals had a
shorter duration in FEV; rise, smaller increase in exercise capacity at 6 months, and higher
mortality (20% vs. 0% compared with medical treatment) after 2 years. Although these
conclusions are inherently limited by the small number of patients analyzed, LVRS cannot
clearly be recommended for this population based on the above data (Stoller et al 2007). In
addition, most patients with Z-AT deficiency have lower lobe predominant emphysema,
which showed the least surgical benefit in NETT (leading to worse outcomes in good
exercise capacity patients) (Stoller et al 2007). Although LVRS has small functional gains and
a shorter-lasting effect in AT deficient patients than in patients with normal AT emphysema,
it could potentially serve as a bridging procedure that postpones the need for lung
transplantation (Dauriat et al., 2006; Tutic et al, 2004). Emerging techniques for
bronchoscopic lung volume reduction are covered in another chapter.

4.3 Alpha-1 antitrypsin deficiency and Lung transplantation

End stage pulmonary emphysema is the most common indication for lung transplantation
worldwide. Lung transplantation is considered in patients with declining lung function or
symptomatic patients with a poor quality of life after receiving all conservative treatment
options including smoking cessation and rehabilitation programmes. A functional
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improvement and better quality of life are clear benefits deriving from lung transplantation,
while a survival advantage has not yet been proven (Marulli and Rea, 2008). Studies have
shown advantage of single versus double lung transplantation for COPD or AT deficiency.
However, a common cause of death PiZ post transplantation was due to pulmonary
infection and bronchiolitis obliterans syndrome (BOS), and sepsis in the presence of excess
NE (Meyer et al., 2001; Tanash et al., 2011; de Perrot et al., 2004). A recent study analyzed a
total of 83 PiZZ patients with severe emphysema who underwent lung transplantation
between 1990 and June 2010 compared to 70 age, gender, smoking history and lung function
matched controls (Tanash et al., 2011). Of 83 transplanted patients, 62 (75%) underwent
single-lung transplantation. During follow-up, 37 (45%) deaths occurred in transplanted
patients and 45 (64%) in the non transplanted patients. In the transplanted patients, the
estimated median survival time was 11 years (95% confidence interval [CI] 9 to 14 years),
compared with 8 years (95% CI 4 to 6 years) for the non transplanted patients (p = 0.006)
(Tanash et al., 2011). Constant annual death rates due to BOS and other complications result
in a 50% 5-year survival (Patterson and Cooper, 1995). In addition, Mal and colleagues (Mal
et al., 2004) have shown an association between cigarette smoking induced NE activity and
recurrence of pulmonary emphysema in the transplanted lung of a 49 year old PiZ patient
11 years after receiving single lung transplant. Therefore, lung transplantation should only
be offered to selected candidates.

4.4 Treatment of Z a1-antitrypsin-associated liver disease

A major distinction between pathogenesis of lung and liver disease in Z-AT deficiency is
loss of function and gain of function, respectively. In liver disease it relates to the
intracellular accumulation of misfolded and unsecreted AT from hepatocytes rather than
unopposed elastolysis in the lung due to lack of AT. Therefore, augmentation therapy does
not confer protect against and not indicated for liver disease relating to severe AT
deficiency. Other strategies have been assessed for treatment of Z-AT related liver disease
including targeting a lateral hydrophobic cavity to prevent polymerization, and enhancing
clearance of Z-AT aggregates by drugs promoting autophagy (Zhou et al., 2004; Burrows et
al., 2000; Mallya et al., 2007; Hedvegi et al., 2010; Devlin et al., 2001; Kaushal et al., 2010).
These methods reduce intracellular aggregation of Z-AT but do not increase the secretion Z-
AT. Use of short synthetic peptides targeting p-sheet A may show therapeutic potential for
Z-AT related liver and lung disease (Figure 3) (Chang et al., 2006; 2009; Alam et al,,
Unpublished observation).

5. Novel treatments in development
5.1 Gene therapy

Future therapies for a;-antitrypsin deficiency include gene therapy. Supplementing AT by
gene delivery is an alternative way to increase the local AT in lung. Preclinical studies
have shown that the Adeno-associated viral vector is capable in increasing the AT
concentration to over 11pM in the lung. The safety and efficiency of this approach is
under evaluation (Flotte, 2002; Flotte et al., 2004; Stecenko and Brigham, 2003; Flotte and
Mueller, 2011).
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1y, S
B.Polymer inhibition by targeting [3-sheet A

A. Z mutation (E342K) perturbs the structure of AT to allow opening of B-sheet A, which then accepts
the RCL of another molecule to form a dimer (left) that can extend to form chains of polymers as
depicted in Fig. 1. 12-mer peptide can anneal to f-sheet A thereby preventing polymer formation (right).
B. Z mutation allows partial insertion of the RCL. This opens the lower part of B-sheet A thereby
favouring polymerization (left). Understanding the configuration of the reactive loop and interacting
with B-sheet A prompted the hypothesis that a 6-mer with homology to P7. of the RCL would
specifically bind to Z-AT and so prevent polymerization and explained why the 12-mer peptide
preferentially bound to M-AT (right). Reproduced and adapted from Lomas and Mahadeva, 2002;
Mahadeva et al., 2002; Chang et al., 2009.

Fig. 3. Representation Z al-antitrypsin polymerization and the design of a selective
inhibitor.

6. Summary

Alpha-1l-antitrypsin is the most important proteinase inhibitor in maintaining the
proteinase/antiproteinase balance within the lung. The recognition of the association
between plasma deficiency of al-antitrypsin and emphysema over 40 years ago has led to
the proteinase-antiproteinase hypothesis of lung disease which remains central to
understanding lung biology. In the last 20 years there has been significant progress in our
understanding of al-antitrypsin. Alpha-1 antitrypsin may modulate other biological
processes such as apoptosis and inflammatory cell recruitment. Z al-antitrypsin
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polymerizes within the liver and this accounts for its severe plasma deficiency, and al-
antitrypsin polymers may have a role in the progression of emphysema, but this requires
further investigation. Recent and ongoing studies should clarify the role of augmentation
therapy and lung volume reduction in subgroups of PiZZ homozygotes, and the
understanding of polymer formation has raised the exciting prospect of developing new
therapeutic strategies for the liver and lung disease associated with Z al-antitrypsin.
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1. Introduction

The long history of investigations into the causes and potential treatments of emphysema
encompasses a vast array of chemical and biological research disciplines. A key finding that
played a major role in initiating these inquiries occurred in 1963 when Laurell and
Eriksson[1] found that individuals with a genetic deficiency in serum alpha-1-antitrypsin
(AAT) were prone to develop pulmonary emphysema[2]. This genetic linkage was given a
mechanistic basis when Turino and colleagues in 1969 discovered that patients with reduced
inhibition of pancreatic elastase also lacked serum AAT and were prone to develop severe
pulmonary emphysema[3]. Subsequent studies in the early 1970s confirmed that excessive
elastase activity due to lack of AAT was in fact the genetic mechanism responsible for the
onset of emphysema [4-7]. A key environmental connection was made with the discovery
that cigarette smoke increased macrophage secretion of elastase[8] in the lungs, oxidized
AAT[9], and that the chemical irritants in smoke recruited neutrophils to the lungs via
chemotaxis[10-12]. This integrated genetic-environmental understanding firmly established
elastase inhibition as a mechanistic target for preventing the alveolar destruction
characteristic of emphysema.

The validation of elastase[13, 14 ] as a protein target for treating emphysema, motivated
three different therapeutic approaches, 1) infusing patients with AAT purified from
serum[15], 2) development of small molecule inhibitors[13, 16, 17], 3) novel association of
small peptides[18] and synthetic inhibitors [19] with albumin microspheres. The first
approach is a biological therapeutic, the second approach is a chemical therapeutic, and the
third approach is a prescient recognition that in vivo efficacy will likely require long lung
residence time pharmacodynamics. The Pharmaceutical industry launched several major
multi-decade programs to develop orally available small molecule inhibitors, while
apparently completely ignoring the concurrent academic medical research beginning to
unravel the complex biology of emphysema and its indication that oral delivery of small
molecules was unlikely to have any therapeutic benefit. Interestingly, a completely different
basic research discipline, X-ray crystallography, had a seminal impact on the class of
molecules from which Zeneca derived their clinical candidate. The first structure[20] was
solved In 1976 by Alber, Petsko, and Tsernoglou, which showed atomic resolution details of
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elastase digesting a substrate. Sawyer and colleagues deposited the first high resolution
crystal structure of porcine pancreatic elastase[21] into the protein data bank, and in 1982
Hughes and colleagues[22] solved a structure of the enzyme bound to a trifluoroacetyl
dipeptide inhibitor (deposited in the PDB in 1986), thus making high resolution structures
with and without bound ligand available to the research community. The trifluoroacetyl
motif (shown in Figure 1) became a cornerstone of Zeneca’s small molecule research
program[23-32], which resulted in the clinical candidate ICI 200,880[33]that was halted due
to lack of efficacy in Phase II clinical trials.

Y

Fig. 1. Co-crystal structure taken from the protein data bank file 2EST. This structure shows
the catalytic serine (shown in space fill) performing a nucleophilic attack on the carbon of
the ketone attached to a trifluoromethyl group - the fluorines are shown in light blue. The
highly electronegative fluorine atoms significantly enhance the electropositive nature of this
carbon and hence trifluoromethyl-ketone molecules have a high affinity for elastase.

Even as the first therapeutics were being developed, a report on neutrophil lung recruitment
via elastin peptide chemotaxis [34] gave the first indications of the complexity and
immunological involvement [35] in the development of pulmonary diseases. Elastase digests
elastin resulting in peptide fragments that elicit circulating neutrophils to enter the lungs.
These neutrophils secrete fresh elastase causing new lung damage, new elastin peptide
fragments and recruitment of new neutrophils again secreting fresh elastase into the lungs
in a destructive feedback loop. These studies already presented evidence that inhibiting
elastase in the short term would be insufficient to treat emphysema. Compounding the
complexity, early elastase inhibitors administered intraperitoneally that showed promise in
stemming emphysema, cleared rapidly [36] in vivo with concomitant renal nephropathy [17].
The complex interplay between lung injury and immune response that begins with a single
intratrachael instillation of elastase motivated many detailed studies aimed at elucidating
the basic biology of emphysema progression. Early key findings on the long term effects on
lung tissue of only one exposure to elastase includes, 1) ultrastructural changes occurring 16
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days later [37], 2) dose related changes in pulmonary function after 4 weeks [38], 3) 14 day
lung residence time of the enzyme complexed with alpha-macroglobulin [39], 4) resistance
to AAT inactivation in the presence of activated neutrophils [40], 5) uptake by alveolar
macrophages with subsequent re-release of elastase [41]. Additionally, activated neutrophils
can secrete elastase for over 12 days [42].

2. Lessons from the Stone lab

While the complex biology of emphysema most likely precludes treatment using a simple
small molecule elastase inhibitor strategy, important physiological parameters essential for
developing an effective therapeutic modality were reported by Stone and Lucey between
1988 and 1991. These investigators showed that, 1) one intratracheal dose of elastase causes
maximum damage after 4 weeks [43], 2) a potent elastase inhibitor given intratracheally in
170-fold molar excess has a lung half-life of 4 minutes (Figure 2) and actually results in
worse emphysema relative to animals given saline with no elastase [44], 3) covalently
linking an active small molecule to a polymer of hydroxyethyl-aspartamide (stationary
phase for hydrophilic column chromatography) results in a lung half-life of 441 minutes and
amelioration of elastase induced emphysema [45]. This collection of results indicates that
long lung residence time is an essential component of any meaningful emphysema
treatment and that elastase must be down-regulated continuously for at least 4 weeks.

Lungs Rapidly Clear Small Molecules

Intratracheal Instillation of Lung Therapeutic ~ 5 Minute half-iife
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Fig. 2. This is a recreation of the data from Phil Stone’s lab showing that small molecule
elastase inhibitors have a lung half-life of 4-5 minutes. It is important to understand that these
experiments were conducted by intratracheally instilling the small molecule elastase inhibitor
and thus 100% of the dose was initially deposited into the lungs. Small molecules administered
orally will result in only a tiny fraction of the dose ever actually entering the lungs.
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3. Combining inhibitors with surfactant replacement therapy

Even though Zeneca’s clinical candidate ICI 200,880 was halted in Phase II clinical trials for
lack of human efficacy, the molecule possessed two essential features of a drug, 1) high affinity
anti-elastase activity, and 2) it was deemed safe to give to humans as evidenced by passing
Phase I clinical trials. When the small molecule chemistry work of Zeneca is combined with the
in vivo biology work of Phil Stone, the logical conclusion is that an efficacious in vivo
emphysema treatment requires that ICI 200,880 somehow be recast so that it spreads across the
vast surface area of the lungs and resists being expelled into systemic circulation. If such a
recasting could be achieved, the long lung residence time could result in an immune response,
thus ultimately negating the treatment. So the next logical step places the strong constraint that
any adjuvant molecule used to do the recasting must naturally reside in the lungs. A natural
lung molecule that has the intrinsic properties of spreading across the vast surface area of the
lungs is a defining property of the lung surfactants.

Fig. 3. NMR structure of residues 1-25 from the N-terminal of surfactant peptide B taken
from the protein data bank file 1IDFW. An important feature of this peptide is its
amphiphilic structure as illustrated by having one face composed of hydrophobic residues
and the opposite face composed of charged and hydrophilic amino acids.

Human lung surfactant is a complex mixture of lipids and peptides that was extensively
studied in the 1980s when it was realized that delivering surfactant harvested from animals to
the lungs of severely pre-term infants is a life-saving [46-52] procedure. Early biophysical
studies of lung surfactant indicated that it was ~90% lipids and ~10% protein by weight [53].
Detailed analysis showed that the protein component was actually made up of 4 different
molecules, 2 larger hydrophilic proteins and 2 smaller hydrophobic proteins [54, 55].
Remarkably, when 1% or 0.1% by weight of the smallest of these proteins isolated from lavage
fluid was added to synthetic phospholipids, both mixtures essentially eliminated dynamic
surface tension in biophysical experiments [56, 57], a result that the investigators admitted was
truly startling. The protein with such astounding surface active properties is a 79 residue
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peptide now called surfactant protein B. What is even more amazing is that subsequent
biophysical studies demonstrated that the first 25 amino acids possesses essentially identical
surface active properties[58, 59] to the whole protein (Figure 3). Further confirmation of the
importance of the first domain of surfactant protein B comes from Discovery Labs with their
Phase I clinical studies that one dose of (Lys-Leu-Leu-Leu)s [60] a mimetic of SP-B 1-25 added
to cow lavage dramatically reduces mortality in severely preterm infants [61].

4. Conclusion

The long, involved, complicated history of emphysema integrates genetics, protein and
small molecule therapies, medicinal chemistry, crystallography, biophysics, and several
other research disciplines. Interestingly, all of this complexity can lead to a rather simple
conclusion - that covalently linking Zeneca’s clinical candidate to the first 25 residues of
surfactant peptide B (Figure 4) would be an effective long acting anti-emphysema treatment
if delivered intratracheally. When these studies were carried out[62], one dose of the SP-B
(1-25)-Zeneca peptide-small molecule construct completely protected rodents exposed to
near lethal doses of the human neutrophil elastase for 4 weeks (Figures 5&6). Of course it
remains to be seen whether or not this simple idea will prove to be efficacious in humans,
because recent studies have demonstrated that AAT plays a complex multifactorial role in
the recruitment of neutrophils into the lungs. For example, Li[63] and colleagues have
demonstrated that oxidized AAT induces lung epithelial cells to release IL-8, resulting in
CXCR1 mediated neutrophil chemotaxis into the lungs, while Bergin[64] and coworkers
have shown that glycosylated AAT sequesters IL-8 disrupting activation of CXCR1 and
neutrophil mobilization. To further complicate matters, calpain[65] induces TNF-alpha
mediated neutrophil chemotaxis and AAT binds to and inhibits calpain[66] thus preventing
lung neutrophil infiltration by yet another mechanism. Even with all of this complexity and
its implications that antioxidant therapy may be beneficial, the long established destructive
role of unchecked elastase activity makes this enzyme a central target for inhibiting the
progression of the alveolar wall destruction characteristic of emphysema as evidenced by
the extensive pharmaceutical development that has gone into this endeavor, which includes
small molecules from ONOJ[67], Merck[68], Zeneca[24], and Glaxo[69] (Figure 7).

Covalently Link a Clinically Relevant Emphysema
Treatment to Surfactant Peptide B 1-25

SP-B,.p5-NH

Fig. 4. A small molecule from the Zeneca family of fluoro-peptidomimetics covalently linked
to the N-terminal of the first 25 residues of surfactant peptide B.
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Fig. 5. Emphysema is induced in rodents by intratracheally instilling human neutrophil
elastase. When elastase is administered with a potent Zeneca small molecule inhibitor, the
rodents develop emphysema after 4 weeks to the same degree as rodents given no inhibitor.
The small molecule was in 70-fold molar excess concentration relative to elastase.

Lung Sactions From 4 Animals Instilled with HNE and Inhibitor Linked to Lung Peptide — Expert In Blind
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Fig. 6. When this exact same small molecule was covalently linked to the fragment of
surfactant peptide B as shown in Figure 4, one dose given in 30 fold molar excess completely
protected the animal for 4 weeks. All animals were dosed with a mixture of HNE and either
the Zeneca small molecule or the Zeneca small molecule covalently attached to the
surfactant peptide and sacrificed after 4 weeks.
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Fig. 7. Small molecule elastase inhibitors from ONO, Merck, Zeneca, and Glaxo.
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1. Introduction

Combined pulmonary fibrosis and emphysema (CPFE) is one of smoking-related lung
diseases.

Emphysema is characterized by the permanent abnormal enlargement of airspaces distal to the
terminal bronchioles, accompanied by destruction of their walls. The characteristics of
emphysema do not, by definition, include thickening of the alveolar septa and fibrosis.
However, coincidental idiopathic pulmonary fibrosis (IPF) and emphysema was firstly
reported in 1990 by Wiggins et al (Wiggins ], et al, 1990) in London. Smoking-related
interstitial lung diseases (SRILD) include desquamative interstitial pneumonia (DIP),
respiratory bronchiolitis-related interstitial lung disease (RB-ILD), pulmonary Langerhans’ cell
histiocytosis (LCH) and idiopathic pulmonary fibrosis (IPF) (Ryu JH, et al., 2001). Tobacco
smoking is also major course of emphysema and chronic obstructive pulmonary disease
(COPD). Smoking is a common risk factor for both emphysema and pulmonary fibrosis.
Recently, the occurrence of both emphysema and pulmonary fibrosis in the same patient has
received increased attention as the syndrome of combined pulmonary fibrosis and
emphysema (CPFE) (Cottin V, et al., 2005). It has been demonstrated that CPFE syndrome is
not rare because on a series of 110 patients with IPF, 28% of them with at least 10% of the lung
affected with emphysema, and thus are considered to have CPFE (Mejia M, et al., 2009).

2. Clinical characteristics of CPFE

In Japan Hiwatari et al (Hiwatari N, et al., 1993) reported nine patients with pulmonary
emphysema and IPF among 152 pulmonary emphysema patients in 1993. Those patients
were all men and heavy smokers. Odani ef al (Odani K, et al.,, 2004) reported 31 patients
combined with pulmonary emphysema and IPF among 14900 patients who underwent chest
CT from January 1996 to March 2001 at Kochi Medical School Hospital in Japan. The CT of
all patients showed the coexistence of emphysema with upper lung field predominance and
diffuse parenchymal lung disease with significant pulmonary fibrosis predominantly in the
lower lung fields (Figure 1). Centriacinar emphysema was present in 24 of the 31 (77%)



80 Emphysema

patients and paraseptal emphysema in 11 of 31 patients (35%). Honeycombing, which is one
of the most common findings of usual interstitial pneumonia, was present in 24 of the 31
patients (77%). In 2005 Cottin ef al (Cottin V, et al., 2005) conducted a retrospective study of
61 patients with CPFE and characterized this association as a distinct entity. They reported
that sixty patients were male, dyspnea on exertion was present in all patients, basal crackles
were found in 87% and finger clubbing in 43%. Pulmonary function tests showed preserved
lung volumes and strongly impaired lung diffusing capacity for carbon monoxide (DLCO).
They showed that pulmonary hypertension was frequent in patients with CPFE with 47% of
patients with estimated systolic right ventricular pressure 245 mmHg at echocardiography
and the 5-yr probability of survival was 25% in patients with pulmonary hypertension
compared with 75% in those without pulmonary hypertension at diagnosis (Figure 2). They
also confirmed these findings by right heart catheterization on a retrospective multicenter
study and concluded that the patients with CPFE and pulmonary hypertension have a
dismal prognosis despite moderately altered lung volume and flows (Cottin V, et al., 2010).
The risk of developing pulmonary hypertension is much higher in CPFE than in IPF without
emphysema (Mejia M, et al., 2009). Pulmonary hypertension was a critical determinant of
the prognosis.

Fig. 1. Imaging in a 66-year-old male with combined pulmonary fibrosis and emphysema
(CPEE). Chest high-resolution computed tomography of the bilateral upper lung fields (a)
shows centriaciner + paraseptal emphysema with thick walled bulla and of the bilateral
lower lung fields (b) shows reticular opacities and traction bronchiectasis.
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Fig. 2. Total survival of patients with combined pulmonary fibrosis and emphysema (CPFE)
(a); 5-yr survival was 55%. Survival for subjects with CPFE stratified on the basis of
pulmonary hypertension (PH) (b); 5-yr survival was significantly less in patients with
pulmonary hypertension (25%) compared with those without pulmonary hypertension
(75%) at diagnosis.

We retrospectively examined the clinical characteristics of 47 patients with CPFE based on
the findings of chest HRCT consecutively recruited from outpatients attending Shinshu
University Hospital between October 2004 and June 2007 (Kitaguchi Y, et al., 2010). The
clinical characteristics of CPFE patients were compared with those of emphysema-dominant
COPD patients without parenchymal lung disease (COPD without fibrosis). Forty-six of the
47 CPFE patients were male. Paraseptal emphysema was particularly common in the CPFE
group, although centriacinar was dominant in the COPD without fibrosis (Table 1). All
CPEFE patients showed the coexistence of emphysema with upper lung fields predominance
and diffuse parenchymal lung disease with significant pulmonary fibrosis with lower lung
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fields predominance. Honeycombing, ground-glass opacities and reticular opacities were
present in 75.6%, 62.2% and 84.4% of CPFE patients, respectively. Thick-walled bullae were
characteristic in CPFE and observed in more than one half of the CPFE patients.

Twenty-seven of the 47 CPFE patients (57.4%) showed a FEV;/FVC ratio within the normal
range and the other patients showed milder airflow limitation, although the presence of
severe emphysema (Table 2, 3). All CPFE patients showed lower lung volume and DLCO
than the patients with COPD without fibrosis as previously reported. Desaturation during
6-min walking test in CPFE patients tended to be more severe than in COPD without
fibrosis patients, if the level of FEV; or 6-minute walking distance was equal (Figure 3).
These findings suggest that CPFE patients show severe dyspnea and severe hypoxemia on
effort in spite of subnormal spirometry findings.

CPFE COPD
LAA score 13.2+0.9** 18.9+0.7
Upper lobe 5.6+0.3** 6.7£0.2
Middle lobe 4.3£0.3%* 6.2+0.2
Lower lobe 3.3+£0.4** 5.9+0.3
Emphysema type
centriacinar, % 11 (24.4%)** 49 (59.8%)
panacinar +centriacinar, % 7 (15.6%)* 26 (31.7%)
paraseptal, % 15 (33.3%)** 7 (8.5%)
paraseptal +centriacinar, % 12 (26.7%)** 0(0.0%)
IP distribution
Upper lobe 8 (17.0%)
Middle lobe 18 (38.3%)
Lower lobe 47 (100.0%)
IP pattern
Thick-walled bulla, n (%) 26 (57.8%)
honeycombing, n (%) 34 (75.6%)
reticular opacity, n (%) 38 (84.4%)
ground glass opacity, n (%) 28 (62.2%)
consolidation, n (%) 6 (13.3%)
traction bronchiectasis, n (%) 18 (40.0%)
peribronchovascular thickening, n (%) 4 (8.9%)
architectural distortion, n (%) 7 (15.6%)

Values are the mean+SEM - *p<0.05 and **p<0.01 vs. COPD.

Table 1. Chest HRCT findings in patients with combined pulmonary fibrosis and
emphysema (CPFE, n=47) and emphysema dominant COPD without fibrosis (COPD, n=82).
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CPFE COPD
number 47 82
Sex, female/male 1/46 8/74
Body mass index, kg/m? 22.9+0.4** 20.5+0.3
Smoking history, packs - year 58.7+4.4 59.443.0
Non-COPD 27 (57.4%) 0(0.0%)
COPD 20 (42.6%) 82 (100.0%)
Stage I 8 (17.0%) 8(9.8%)
Stage Il 8 (17.0%)** 34 (41.5%)
Stagelll 4 (8.5%)** 30 (36.6%)
StagelV 0(0.0%)* 10 (12.2%)
Complication of lung cancer ~ n (%) 22 (46.8%)** 6 (7.3%)
squamous cell carcinoma 12 (54.5%)** 3 (50.0%)
small cell carcinoma 2(9.1%) 0 (0.0%)
adenocarcinoma 7 (31.8%) 3 (50.0%)
LCNEC 1(4.5%) 0(0.0%)

n (%), Values are the mean+SEM - *p<0.05 and **p<0.01 vs. COPD.

Table 2. Clinical characteristics in patients with combined pulmonary fibrosis and
emphysema (CPFE) and emphysema dominant COPD without fibrosis (COPD).

CPFE COPD
%VC, % 94.743.5 96.612.4
FEV1, % of pred. 79.0+3.1** 54.742.7
FEV1/FVC, % 71.84£2.0%* 48.0+£1.2
FRC, % of pred. 89.9+5.8** 112.5+2.7
RV, % of pred. 114.7+10.3** 181.74¢5.5
RV/TLC, % 37.3+1.9** 50.5+1.1
%DLco, % 39.6+2.5** 57.7+2.2
PaO,, torr 68.612.3 70.0£1.3
PaCO,, torr 39.340.9 40.510.6
al-AT, mg/dl 15315 190438
CRP, mg/dl 1.1£0.3 0.5+0.1
KL-6, U/ml 1058+166 -

Values are the meantSEM - **p<0.01 vs. COPD.

Table 3. Pulmonary function tests and laboratory data in patients with combined pulmonary
fibrosis and emphysema (CPFE, n=47) and emphysema dominant COPD without fibrosis

(COPD, n=82).
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Fig. 3. Relationship between ASpO2 during a 6-minute walking test and FEV1 or 6 minute-

walking distance (6MWD) in patients with combined pulmonary fibrosis and emphysema
(CPFE) and emphysema dominant COPD without fibrosis (COPD).

3. Higher incidence of lung cancer

In the series of our retrospective study, twenty-two of the 47 CPFE patients (46.8%) had lung
cancer whereas only 7.3% of the patients with COPD without fibrosis had (Table 2)
(Kitaguchi Y, et al., 2010). There were no significant differences in histological type of cancer
between CPFE and COPD without fibrosis group. Odani et al (Odani K, et al., 2004) also
reported higher incidence of lung cancer and 42% (13 patients) of CPFE were complicated
lung cancer as well as our report and squamous cell carcinoma was the most common
histological type. On the other hand, Nakayama et al reported that 18 of 127 patients with
COPD (14%) were complicated with lung cancer in Japan (Nakayama M, et al., 2003).
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According to a clinical study of IPF based on autopsy studies in elderly patients performed
in Japan, lung cancer developed in approximately 23% of the IPF patients (Araki T, et al.,
2003). Therefore, the complicated ratio of lung cancer might be higher in CPFE patients than
in COPD and IPF patients. However, the evidence is poor because of retrospective study
and a single institution study may have some selection bias. Further investigations are
needed to clarify whether CPFE is an independent risk factor for lung cancer, its role in
susceptibility to lung cancer.

Fig. 4. Imaging in a 78-year-old male with CPFE complicated with lung cancer (squamous
cell carcinoma) in the left lung S4. Chest HRCT images before left upper lobectomy (A, B)
and after upper lobectomy (C, D). Two months later, the patients developed exacerbation of
interstitial pneumonia, new diffuse bilateral ground-glass opacities superimposed on a
background of reticular opacities and honeycombing with basal and peripheral
predominance (E, F).

When the patients with CPFE are complicated with lung cancer, it may have a profound
influence on their prognosis because of poor operability and difficulties in chemotherapy.
Usui et al (Usui K, et al., 2011) retrospectively reviewed the data for 1143 patients with lung
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cancer. CPFE, emphysema and fibrosis were identified in 8.9%, 35.3% and 1.3% patients
with lung cancer, retrospectively. The median overall survival of CPFE patients was
significantly less than that of normal patients or that of patients with emphysema alone. Of
interest, 76% of lung cancers in patients with CPFE were diagnosed at an advanced stage.
Also, fatal severe acute lung injury occurred more frequently (19.8%) in CPFE, irrespective
of the treatment modality. Especially, postoperative lung injury occurred in nine of 33
patients with CPFE. Therefore, the presence of CPFE may be higher risk for postoperative
lung injury as well as the presence of interstitial lung disease (Chiyo M, et al., 2003). Figure 4
shows imaging in a 78-year-old male with CPFE complicated with lung cancer (squamous
cell carcinoma) in the segment 4 of left lung admitted to our hospital. He was underwent left
upper lobectomy for lung cancer. However, two months later, he developed severe
exacerbation of interstitial pneumonia, and dies due to respiratory failure.

4. Pathogenesis

Little is known about the pathogenesis of CPFE. Concerning with parenchymal lung disease
in CPFE, usual interstitial pneumonia (UIP) has been the most common histopathological
finding, and there are no differences in histological findings from IPF. IPF and pulmonary
emphysema have distinct clinical and pathological characteristics, and have been considered
to be separate disorders. In spite of such differences, animal experiments have suggested
that the same lung injury might result in either fibrosis or emphysema. Connective tissue
synthesis during the healing phase may be the critical determinant (Niewoehner DE, et al.,
1982). Hoyle et al. (Hoyle GW, et al., 1999) reported that the overexpression of platelet-
derived growth factor-B induced both emphysema and fibrotic lung disease in the
developing and adult lung of transgenic mice. It has been also shown that the
overexpression of TNF-alpha driven by the surfactant protein C promoter (Lundblad LK, et
al., 2005), IL-13 (Fulkerson PC, et al., 2006), and transforming growth factor-beta 1 (Lee CG,
et al., 2006) in transgenic mice induces pathological changes consistent with both
emphysema and pulmonary fibrosis. These pathological changes might represent an
experimental animal model of CPFE. The tissue effects of these factors might depend on the
balance of apoptosis, proteolysis and fibrosis and might regulate the degree of emphysema
and/or fibrosis in the injured lung. It has been recently reported a 32-year-old women,
never smokers, with CPFE and her daughter at 3 months of age showed having fibrosing
interstitial pneumonia, and both the mother and daughter had a mutation of the surfactant
protein-C (SFTPC) gene (Cottin V, et al., 2011). It is suggested that an individual’s genetic
background may predispose some smokers to the development of CPFE. Further studies are
needed to elucidate these phenomena.

5. Conclusion

CPFE patients had some different clinical characteristics in comparison with emphysema
and interstitial lung disease and should be included as a smoking-related lung disease. The
patients with CPFE show severe dyspnea, unexpected subnormal spirometry findings,
severely impaired DLCO, hypoxemia at exercise, characteristic imaging feature, and a high
probability of severe pulmonary hypertension and lung cancer. A strict follow-up is
therefore required because of higher rate of complicated pulmonary hypertension and lung
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cancer and acute exacerbation may occur after lung surgery in CPFE. HRCT plays an
important role in diagnose CPFE and evaluating the occurrence of lung cancer and an acute
exacerbation of CPFE. CPFE syndrome is an important entity and is a matter of growing
interest by respiratory clinicians.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) that presents a growing cause for mortality
worldwide [1, 2] is characterized by chronic bronchitis, obstructive bronchiolitis and
emphysema. The most important etiologic factor is cigarette smoking, but occupational and
environmental dusts as well as genetic factors contribute to COPD developing. The
exposure to these noxious inhaled agents lead to abnormal pathogenic reactions like a
permanent airway inflammation, imbalance between proteinases and antiproteinases,
impairment of elastin repair and increased oxidative stress with subsequent lung
parenchyma destruction [3]. The progressive permanent enlargement of airspaces distal to
terminal bronchioles results in a decrease in lung elastic recoil, air trapping and
hyperinflation, thus leading to airflow limitation and increased residual volume. These
alterations of respiratory mechanics cause the symptoms of dyspnoea, limited exercise
capacitiy and reduced quality of life. Therapeutic recommendations for COPD consisting of
bronchodilators, glucocorticosteroids, long term oxygen therapy and rehabilitation are
common insufficient in advanced COPD [4]. Therefore, surgical treatments like Lung
Volume Reduction Surgery (LVRS) and lung transplantation should be considered in
advanced disease. The resection of emphysematous lung tissue results in improvement of
lung elastic recoil with subsequent increased expiratory flow. Furthermore, the reduction of
hyperinflation allows the diaphragm to function more effectively and increases the global
inspiratory muscle strength [5].

Already in the 1950s, the first lung volume reduction surgery has been performed to achieve
lung volume reduction with subsequent improvement of respiratory mechanics leading to
decreased breathlessness on exertion and increased exercise capacity. Although a
physiological improvement could be observed, the surgical treatment did not attract
attention due to high perioperative mortality [6]. Just in the 1990s the surgical treatment was
reintroduced and the positive results have been confirmed in several trials [7-10]. The most
known trial related to LVRS is the multicenter “National Emphysema Treatment Trial”
(NETT) [10] comparing the surgical treatment to standard medical care in 1.218 patients
with severe emphysema. The results of NETT showed that patients with predominantly
upper lobe emphysema experienced significant improvement in clinical outcome
measurements. However, the 90-day mortality rate in the surgery group was 7.9% and thus
significant higher than in the medical-therapy group. Particularly, in patients with non
upper lobe predominant emphysema and poor lung function, a high mortality could be



90 Emphysema

observed. Therefore, different bronchoscopic approaches have been developed imitating the
LVRS but with less morbidity and mortality.

Until now, there are various techniques of Endoscopic Lung VolumeReduction (ELVR)
extending the therapeutic strategies in patients withsevere emphysema. In general,
reversible blocking techniques and irreversible, non-blocking techniques can be
distinguished. The application of these different techniques is dependent on the emphysema
distribution and degree of collateral ventilation. Therefore, an accurate patient selection has
great importance.

2. Reversible, blocking techniques

The first and most known method of endoscopic lung volume reduction is the implantation
of valves in targeted most destroyed lung compartments in patients with heterogeneous
emphysema [11]. These blocking devices allow the air to be expelled during expiration but
prevent the air entering the target lobe during inspiration and so facilitating atelectasis to
achieve lung volume reduction. Two different valves are available: endobronchial valves
(EBV, Zephyr ®, Pulmonx, Inc., Palo Alto, Calif., USA) and intrabronchial valves (IBV,
Spiration®, Olympus Medical Co., Tokio, Japan).

2.1 Implantation technique

The endobronchial (figure 1) and intrabronchial valves (figure 2) only differentiate in shape,
but the implantation technique and their functional principle is very similar. The
endobronchial valves consist of a cylindrical nitinol framework, whereas the intrabonchial
valves have got an umbrella shaped nitinol skeleton. Both valves are covered by a silicone
membrane. Endobronchial valves are available in two different sizes, intrabronchial valves
in three different sizes. Prior to valve implantation, the diameter of the bronchus that is
considered to be blocked by the valves is estimated by using the measurement wings of the
delivery system or a special balloon catheter. Afterwards, the appropriately sized valves are
preloaded in a delivery catheter that can be introduced through a 2.8 mm or larger working
channel of a standard flexible bronchoscope. The catheter is placed in the airway of the
target lobe and by retracting the sheath, the valve can be deployed easily that expanded
against the bronchial wall. The procedure can be performed under general anesthesia as
well as under conscious sedation and takes generally 10 to 30 minutes depending on the
number of valves that are placed.

2.2 Endobronchial valves (EBV)

The first published trials related to endoscopic lung volume reduction by valves were about
the implantation of EBV in patients with severe heterogeneous emphysema by Toma et al.
and Snell et al. in 2003 [12; 13]. Since then, several series have been published [14; 15]. The
biggest and most noted trail however is the “Endobronchial Valve for Emphysema
Palliation Trial” (VENT) that has been published by Sciurba et al. in 2007 [16]. In this
prospective trial, 321 patients with severe emphysema were randomly assigned in a 2:1 ratio
to receive endobronchial valve treatment or standard medical care. 6 months following the
treatment, the results referring to the lung function test revealed a mean between group-
difference of 6.8% in FEV1.
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Fig. 1. Endobronchial valve.

Fig. 2. Intrabronchial valve.
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Furthermore, a mean between-group difference of 5.8% in the 6-minute-walk distance could be
detected. Among the patients who received EBV, there was a greater reduction in the lung
volume of the target lobe measured by high-resolution computed tomography (HRCT). At 12
months, the complication rate was 10.3% in the EBV group versus 4.2% in the control group.
Some predictive characteristics were observed in sub analysis of this study. The beneficial
effects were greatest in patients with presence of high heterogeneity of their emphysema
distribution and an accurate lobar exclusion by the valves. Furthermore, interlobar fissure
integrity that was analyzed as a surrogate for collateral ventilation (CV) in the computed
tomography has also been observed as an independent predictor of treatment response.
Therefore it is thought that CV is one of the most relevant factors responsible for valve
therapy failure. Nowadays, there are two different options to predict the CV and thus the
success of valve treatment. On the one hand, fissure integrity can be assessed in the HRCT,
on the other hand, a catheter-based endobronchial approach providing quantitatively
measurement of collateral resistance has been proposed (figure 3). In one double-blind
prospective study in 2010 evaluating the safety and feasibility of this catheter-based system
25 patients with heterogeneous emphysema underwent the endobronchial determination of
collateral resistance by using the catheter-based system followed by an EBV treatment [17].
In all patients, the resistance measurement was safely and successfully achieved. A
correlation of the measurements with the event of atelectasis after ELVR was found in 90%
of the analyzable cases. In a following multicenter study covering patients with severe
heterogeneous upper lobe or lower lobe predominant emphysema, the accuracy of this
catheter-based system in correctly predicting the target lobe volume reduction was
evaluated [18]. Following the CV measurement by using the catheter-based system a
complete occlusion of the target lobe by EBV was performed. The target lobe volume
reduction after the valve implantation was assessed by HRCT 30 days following the
intervention. Out of 80 patients, CV assessment prospectively showed a low CV in 51
patients and a high CV in 29 patients. The accuracy of the catheter-based system in correctly
predicting the target lobe volume reduction was found to be 75%. Therefore, this
quantitatively measurement of collateral ventilation predicts of whether endoscopic lung
volume reduction would be successfully or not.

2.3 Intrabronchial valves (IBV)

There are also several published trials confirming the efficacy of the treatment with
intrabronchial valves in patients with heterogeneous emphysema. In most of these studies a
bilateral incomplete occlusion of both lobes in patients with upper lobe predominant
emphysema was performed to minimize the risk of pneumothorax. The results showed an
improvement in health-related quality of life and regional lung volume changes measured
by quantitative and qualitative analysis of HRCT [19; 20; 21]. However, in all these studies
no significant change in lung function test or 6-minute-walk test could be observed.
Therefore, it is thought, that bilateral partial closure leads to redistribution of ventilation but
avoid atelectasis with subsequent absence of improvement of these objective clinical
outcome measures. To evaluate this hypothesis, a randomized prospective study comparing
unilateral complete versus bilateral incomplete endoscopic lung volume reduction by IBV
implantation in 20 patients with severe upper lobe predominant emphysema was performed
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[22]. The results demonstrated a greater benefit in patients receiving the unilateral
endoscopic lung volume reduction with complete occlusion of one lobe. Significant
differences were evaluated in FEV1 (+32.5% vs. +2.5%) as well as in the 6-minute-walk test
(+43m vs. -19m). In conclusion, unilateral treatment with complete occlusion appears
superior to bilateral incomplete treatment but with higher risk of pneumothorax.

Fig. 3. Catheter-based measurement of collateral ventilation. At the tip of the catheter, there
is a balloon, that is be inflated within the airway to isolate the target lobe. The air is directed
through the catheter to the console for measurement of air flow and air pressure.

3. Irreversible, non-blocking techniques

Besides the blocking devices, there are various non-blocking techniques for bronchoscopic
emphysema therapy. Implantation of lung volume reduction coils, polymeric lung volume
reduction, bronchoscopic thermal vapour ablation and creation of airway bypasses can be
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distinguished. These techniques seem to be independent of collateral ventilation, however
these methods are irreversible.

. : &
Fig. 4. Chest x-ray following the implantation of lung volume reduction coils in the right
upper lobe. In courtesy of Prof. Dr. med. CP Heussel, Thoraxklinik Heidelberg.

3.1 Lung Volume Reduction Coils (LVRC)

One of these non-blocking endoscopic techniques is the implantation of lung volume
reduction coils (LVRC, PneumRx, Inc., Mountain View, Calif., USA). These coils consisting
of a nitinol wire have got a preformed shape that results in parenchymal compression and
thus achieving a lung volume reduction. For implantation, the airway is identified
bronchoscopically. Afterwards a low stiffness guidewire is advanced into the airway under
fluoroscopic guidance with a distance of 15 mm between the distal end of the guidewire and
the pleura. Next, a catheter is passed over the guidewire. Then the guidewire is removed
and a straightened LVRC is introduced. As the catheter is pulled back, the coil assumes its
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preformed shape leading to parenchymal compression. Figure 4 shows a chest x-ray
following implantation of coils in the right upper lobe. In a pilot study using coils in
heterogeneous as well as in homogeneous emphysema, the patients with predominant
heterogeneous disease appeared to show more substantial improvements in pulmonary
function, lung volumes, 6 minute walk test and quality of life measures than patients with
homogeneous disease [23]. According to these results, a study investigating the efficacy of
LVRC treatment in 16 patients with only severe heterogeneous emphysema was performed
[24]. 12 patients were treated bilaterally, 4 patients underwent treatment in one lobe. A
median of 10 coils per lobe were placed. LVRC treatment in all patients resulted in
significant improvements in pulmonary function, exercise capacity and quality of life, with
an acceptable safety.

3.2 Polymeric Lung Volume Reduction (PLVR)

Polymeric lung volume reduction (PLVR, Aeris therapeutics, Inc. Woburn, Mass., USA)
consists of administration of a foam sealant in the destroyed lung compartment resulting in
local inflammatory reaction. This inflammation leads to fibrosis and scarring with
subsequent lung volume reduction (figure 5a and 5b). PLVR can be offered to patients with
heterogeneous disease, but also patients with homogeneous disease experience
improvement after PLVR. However, further trials evaluating the efficacy of PLVR in
patients with severe homogeneous emphysema are needed.

The sealant is administered via a special single lumen catheter that is inserted through the
working channel of a standard flexible bronchoscope until its tip extends approximately 4
cm from the tip of the scope. During the administration of the sealant, the bronchoscope is
maintained in wedge position preventing backflow of the sealant at the airway subsegment.
The injection time of the sealant that is prepared in a syringe takes about 10-20 seconds. The
bronchoscope should be maintained in wedge position for one minute following delivery to
allow complete in situ polymerization. Afterwards, the bronchoscope is repositioned at the
next subsegment and the procedure is repeated [25].

The first studies related to PLVR showed encouraging results with beneficial effects in
selected patients with heterogeneous emphysema [26; 27] as well as with homogeneous
emphysema [28]. Furthermore, a multicenter dose-ranging study revealed, that patients who
received high dose treatment with 20 ml per subsegment experienced greater improvement
in clinical outcomes than patients with a low dose treatment with 10 ml per subsegment
[27]. In these trials, biological reagents were instillated to initiate an inflammatory reaction
and a collapse of targeted lung portions, but it then was replaced by synthetic AeriSeal foam
that allows a simpler production without blood products.

In one recently published multicenter trial, 25 patients with severe upper lobe predominant
emphysema underwent PLVR by using AeriSeal foam [29]. All patients tolerated the
treatment without significant adverse events. However, a flu-like reaction following the
procedure could be detected in all patients. 24 weeks after the PLVR, physiological and
clinical benefits were observed. Furthermore, efficacy responses were better among the
patients with COPD GOLD (Global Initiative for Chronic Obstructive Lung Disease) stage
I than among patients with COPD GOLD stage IV.
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(b)

Fig. 5. Computed tomography acquired prior to polymeric lung volume reduction (a) in the
left upper lobe and matched CT scan (b) taken 6 months following the treatment. The shift
of the interlobar fissure shows the target lobe volume reduction. In courtesy of Prof. Dr.
med. CP Heussel, Thoraxklinik Heidelberg.
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3.3 Bronchoscopic Thermal Vapor Ablation (BTVA)

Bronchoscopic thermal vapor ablation (BTVA, Uptake Medical, Seattle, Wash., USA) is an
alternative method that is very similar to PLVR. This technique consists of a vapor generator
and a special InterVapor catheter used to deliver heated water vapor bronchoscopically to
the most destroyed lung regions. The vapor induces an inflammatory reaction with
subsequent fibrosis and scarring leading to lung volume reduction (figure 6a and 6b).

(b)

Fig. 6. Computed tomography taken prior to bronchoscopic thermal vapor ablation (a) in the
right upper lobe. 6 months following the treatment a lobar volume reduction can be
observed (b). In courtesy of Prof. Dr. med. CP Heussel, Thoraxklinik Heidelberg.



98 Emphysema

After identifying the target airway bronchoscopically, the InterVapor catheter is introduced
through the working channel of the flexible bronchoscope. At the tip of the catheter there is
a balloon that can be inflated within the airway so that the target lung region is isolated.
Next, a predetermined dose of 125° C heated water vapor is delivered via the special
InterVapor catheter.

In a 2009 reported study, 11 patients with heterogeneous emphysema treated by unilateral
BTVA confirmed the feasibility and an acceptable safety profile [30]. Furthermore, an
improvement of health-related quality of life could be observed. A recently published
multinational single arm study evaluated the efficacy of the bronchoscopic thermal vapor
ablation in 44 patients with upper lobe predominant emphysema. 24 patients received
BTVA in the right upper lobe, 20 patients were treated in the left upper lobe in a single
procedure with a target vapor dose of 10 cal/g. During the procedure, no adverse events
could be observed. The most common adverse events following the treatment were COPD
exacerbations, pneumonia and haemoptysis. 6 months following the treatment, efficacy data
showed a 48% reduction of treated lobar volume assessed by HRCT measurement.
Furthermore, the patients experienced significant improvement in lung function, exercise
capacity and health-related quality of life [31].

3.4 Airway bypass

The creation of extra-anatomic passageways through the normal bronchial wall allowing the
trapped air to escape presents a method of endoscopic lung volume reduction in patients with
severe homogeneous emphysema (EASE, Broncus Technologies, Inc. Mountain View, USA).

The procedure is performed by using a standard flexible bronchoscope. After identifying the
appropriate airway, a Doppler probe is used to confirm the absence of vessels behind the
airway wall. Afterwards, the wall is punctured by a transbronchial needle. A balloon
catheter is advanced into this hole and the balloon is inflated to enlarge the hole. After
repeated confirmation of absence of vessels, a drug-eluting stent (DES) is placed to keep the
bypass open over time. The trapped air can escape by bypassing the small airways leading
to a lung volume reduction.

In one large prospective, sham-controlled study - EASE trial (Exhale Airway Stents for
Emphysema) - 315 patients with severe homogeneous emphysema were subdivided into
two groups [32]: only 208 patients out of the 315 patients received the airway bypasses.
Immediately post procedure, reductions in lung volume could be evaluated demonstrating
proof of concept for airway bypass. However, for the overall group, the initial benefit
decreases by 6 months so that at least no sustainable benefit could be recorded with airway
bypass in the patients with homogeneous emphysema. The most probable cause for loss of
initial benefit is stent occlusion by mucus. Therefore, improvement of durability is required
before airway bypasses could be recommend as beneficial therapy.

4. Patient selection

An accurate patient selection is the most important and most difficult issue in the area of
endoscopic lung volume reduction. The various approaches require different conditions that
must be fulfilled to achieve beneficial outcome. Therefore a treatment algorithm is necessary
for identifying the best candidates for the different techniques of endoscopic lung volume
reduction.
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Patients with severe emphysema have to undergo a screening basic examination
programme including lung function testing (spirometry, bodyplethysmography, diffusing
capacity measurements), blood gases and exercise tests (6-minute-walk test).
Electrocardiogramm, echocardiogram, chest x-ray as well as laboratory testing provide to
evaluate patient’s clinical status prior to bronchoscopic intervention. To determine the
emphysema distribution as well as fissure integrity, high resolution computed tomography
scan at full inspiration and perfusion scan are necessary. Different visual scoring systems
e.g. YACTA®, Pulmo® or Volume® can be used for detailed quantitative emphysema
analysis. As alternative method to fissure analysis by HRCT, the catheter-based
measurement can be performed to evaluate the degree of collateral ventilation.

High Resolution Computed Tomography (HRCT)
and Perfusion Scan

/\

Heterogeneous Emphysema Homogeneous Emphysema
A4
Fissure analysis in HRCT and/or Under
catheter-based measurement of investigation

collateral ventilation (CV)

/\

Low collateral ventilation High collateral ventilation
(cv-) (CV+)
y /\
Valve Treatment:
Upper lobe Lower lobe
Complete predominant predominant
occlusion of emphysema emphysema
target upper or
lower lobe l
Up to present:
No ELVR option
Coil- PLVR BTVA
Implantation

Fig. 7. Patient selection and therapy algorithm.

According to the VENT, following inclusion criteria should be fulfilled: forced expiratory
volume in 1 s (FEVy) < 45%, total lung capacity (TLC) > 100%, residual volume (RV) >150 %,
a partial pressure of arterial carbon dioxide of 50 mm Hg or less, a partial pressure of
arterial oxygen of at least 45 mm Hg (without oxygen therapy), a 6-minute-walk distance of
> 140 m. Greatest beneficial effects can be observed in patients with a severe hyperinflation
with a RV > 200% and a high RV/TLC. Depending on the emphysema distribution and the
fissure integrity, the method of endoscopic lung volume reduction is chosen (see figure 1).
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5. Complications
5.1 Valve Implantation

The most common adverse event following valve implantation is pneumonia distal the valves
despite the valves allow secretion to pass. The VENT revealed a pneumonia rate of 4.2% [16].
In 1/3 of these cases, valve removal was necessary for recovery. In very rare cases,
development of bronchiectasis can be observed distal the valves requiring valve removal.
Another frequent risk is pneumothorax after valve treatment. Therefore, pneumothorax must
be ruled out by chest x-ray 2 hours and 24 h following the intervention. Pneumothorax occurs
particularly in patients who experience a great improvement in clinical outcome following
valve placement due to a rapid atelectasis. Chest tube drainage is required in some patients
with lung collapse. In case of persistent fistula, the removal of one of the implanted valves
provides lung expanding and thus sealing fistula. Surgical intervention is only needed to treat
fistula that remains persistent despite of adequate chest tube drainage and valve removal.
Development of granulation tissue formation that is often associated with bleeding
complication is another side effect related to valves due to the pressure of the valves on the
mucosa. Cryotherapy is recommended for the treatment of severe granulation tissue
formation. New or worsening hypercapnia is another adverse event. Therefore, repeated blood
gas analysis following the valve implantation is required. Only in few cases non-invasive
ventilation and/or valve removal is necessary. COPD exacerbation, mild haemoptysis, chest
pain and valve migration are other anticipated complications to valve treatment.

5.2 Coil Implantation

Side effects rated as possibly related to either the procedure or the device are haemoptysis,
dyspnoea, cough, COPD exacerbations, peumonia and chest pain. Pneumothorax can also
occur following coil implantation. To minimize risk of pneumothorax, a distance of at least
15 mm to pleura should be kept.

5.3 Polymeric Lung Volume Reduction and Bronchoscopic Thermal Vapor Ablation

The effect of PLVR and BTVA is based on an inflammatory reaction that results in fibrosis,
scarring and shrinking. Due to this inflammation, the majority of the patients experience a
“flu-like” reaction with dyspnoea, transient fever, pleuritic chest pain, leucocytosis, elevated
C-reactive protein and infiltration in chest x-ray. This inflammatory response is self-limiting
and resolves within 24-96 h with supportive care. Especially, systemic application of
glucocorticosteroids is useful to diminish the symptoms following PLVR. Furthermore, a 7-
day course of antibiotic prophylaxis for one week is required in each patient. Other adverse
effects following PLVR and BTVA include COPD exacerbation, pneumonia, bronchitis or
haemoptysis.

6. Conclusion

Endoscopic lung volume reduction presents an encouraging therapy modality for patients
with advanced emphysema. However, efficacy depends strictly on patient selection
requiring an appropriate diagnostic and treatment algorithm for identifying the best
candidates for each of the various ELVR techniques. Complete lobar occlusion by valve
implantation provides an effective option for patients with severe heterogeneous upper lobe
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or lower lobe predominant emphysema and low collateral ventilation. Irreversible, non-
blocking techniques that seem to be independent of collateral ventilation are minimally
invasive endoscopic approaches for patients with upper lobe predominant emphysema.
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1. Introduction

Prolonged air leak is one of the most common post-operative complications encountered
after thoracic surgical operations involving mobilization or resection of lung parenchyma.
Air leak typically manifests as persistent bubbling in a chest tube drainage system, but may
also present with increasing subcutaneous emphysema or pneumothorax in a post-operative
patient. No universal consensus exist as to the exact duration of air leak which constitutes a
prolonged air leak, but it is generally regarded to exist if it is present for more than 5 days(1-
4) or 7 days(2, 5-7) after initial surgery. It is an important complication that results in
increased length of stay(8-15) and has been associated with other post-operative
complications such as pneumonia(12, 14, 16), empyema(9, 10, 16) and ICU re-admission(12).

Patients with emphysema form a significant proportion of patients which will undergo
thoracic surgical operations. Chronic smoking and emphysema predisposes an individual to
developing a pneumothorax(17, 18) or carcinoma of the lung(19, 20) that may require
surgical intervention for treatment. In addition, lung volume reduction surgery plays a role
in the management of certain patients with advanced emphysema(21). Conversely,
emphysema is regarded as a risk factor for developing prolonged air leak in cases where
patients with emphysema require an operation(7). This is presumably because the
underlying lung substrate in patients with emphysema is more easily injured during
surgery and takes longer to heal.

The role of emphysema as a risk factor for prolonged air leak has been inferred from
numerous surgical case series which reliably demonstrate that patients noted pre-
operatively to have emphysema will have a higher incidence of prolonged air leak.
However, a major weakness of these studies, is that they are heterogenous in their definition
of prolonged air leak, patient population (eg age, definition of impaired lung function), type
of operation performed (eg video assisted vs open, chemical vs mechanical pleurodesis,
type/extent of resection) and methods used to prevent air leak (eg use of pleural tenting),
which limits the ability to compare between individual studies. In addition, several studies
analyzing the specific risk factors for developing this complication have consistently shown
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that low FEV1 or FEV1/FVC will increase the risk of developing prolonged air leak after
either pulmonary resection or lung volume reduction surgery (see below for details).

Fig. 1. Severe subcutaneous emphysema in a patient with underlying emphysema with
prolonged air-leak.

For surgical pleurodesis, several authors have described their experience in performing this
operation on both primary spontaneous pneumothorax and secondary spontaneous
pneumothorax (which mainly consist of patients with underlying emphysema). The reported
incidence of prolonged air leak in patients with primary spontaneous pneumothorax
undergoing surgical pleurodesis has been reported to range from 0-3.8%, while it has been
reported to range from 7.1-29.1% for patients with secondary spontaneous pneumothorax. A
similar trend is also demonstrable in patients undergoing pulmonary resection for carcinoma
of the lung, with an incidence of prolonged air leak of 4.2-18.2% in patients without
underlying emphysema, compared to 5.4-44% in patients with underlying emphysema.
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Author Patient population Type of Definition of |Incidence of Incidence of
pleurodesis  |prolonged |PAL in primary |PAL in
air leak spontaneous secondary
(PAL) pneumothorax [spontaneous
pneumothorax
Hatzetal. |95 patients with VATS, >2 days 2.1% 7.1%
(22) primary spontaneous  |excision of
pneumothorax blebs,
requiring surgery pleurectomy
14 patients with or talc powder
secondary spotaneous  |(mechanical or
pneumothorax chemical
requiring surgery (5 pleurodesis)
COPD patients)
Mouroux et |75 patients with VATS, >7 days 0 16.7%
al. (23) primary spontaneous  |excision of (excluded 1 (excluded 4
pneumothorax blebs, pleural patient who patients who
requiring surgery abrasion or required required
22 patients with pleurectomy conversionto  |conversion to
secondary spontaneous |(mechanical open open
pneumothorax pleurodesis) thoracotomy)  |thoracotomy)
requiring surgery (13
COPD patients)
Noppen et |28 patients with 31 VATS,bleb  |>24 hours |0 26%
al. (24) episodes primary ablation by
spontaneous electrocautery,
pneumothorax talc powder
requiring surgery (chemical
20 patients with 23 pleurodesis)
episodes of secondary
spontaneous
pneumothorax
requiring surgery (6
COPD patients)
Passlick et |65 patients with VATS, >7 days 1.7% 16.6% (excluded
al. (25) primary spontaneous  |excision of (excluded 6 10 patients who
pneumothorax blebs, pleural patients who  [required
requiring surgery abrasion * required conversion to
34 patients with pleurectomy conversion to  |open
secondary spontaneous (mechanical open thoracotomy)
pneumothorax pleurodesis) thoracotomy)
requiring surgery (24
COPD patients)
Shaikhreza [480 patients with 550  |VATS, >5 days 3.8% 14.9%
etal. (26) episodes of primary excision of
spontaneous blebs, pleural
pneumothorax abrasion,
requiring surgery pleurectomy
89 patients with 94 or talc powder
episodes of secondary |(mechanical or
spontaneous chemical
pneumothorax pleurodesis)

requiring surgery (all
patients with COPD)
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Author Patient population Type of Definition of |Incidence of Incidence of
pleurodesis  |prolonged |PAL in primary |PAL in
air leak spontaneous secondary
(PAL) pneumothorax [spontaneous
pneumothorax
Tanaka et al. |130 patients with 100  [Open >5 days 3% 29.1%
(27) episodes of primary thoracotomy,
spontaneous excision of
pneumothorax blebs, pleural
requiring surgery abrasion
67 patients with 24
episodes of secondary
spontaneous
pneumothorax
requiring surgery (22
COPD patients)

Table 1. Studies comparing the incidence of prolonged air leak in patients with primary
versus secondary spontaneous pneumothorax undergoing surgical pleurodesis.

Author Patient Type of pulmonary |Definition of |Incidence of Incidence of PAL
population resection prolonged air [PAL in patients |in patients with
leak (PAL) |without COPD |COPD
Lee et al. 133 patients with |Pneumonectomy  [Not defined |6.7% 5.4%
(28) FEV1 >80% (9.8% vs 10.6%), (excludes (excludes
predicted bilobectomy (4.5% pneumonectomy |pneumonectomy
104 patients with |vs 6.7%), lobectomy patients) patients)
FEV1<80% (84.2% vs 81.7%),
predicted wedge resection
(1.5% vs 1.0%)
Santambrogio|45 patients with |Upper lobectomy |>7 days 13.3% 16.2%
etal. FEV1 >80% (64.4% vs 58.1%),
(29) predicted other lobectomy
43 patients with |(35.6% vs 41.9%)
FEV1 <80%
predicted
Sekine etal. |166 patients with |Pneumonectomy  |>10 days 4.2% (excludes |18.8% (excludes
(30) FEV1 >70% (13.9% vs 18%), pneumonectomy [pneumonectomy
predicted & bilobectomy (13.9% patients) patients)
FEV1/FVC>70% |vs 19.2%),
78 patients with (lobectomy (68.7%
FEV1 <70% vs 58.8%),
predicted & segmentectomy and
FEV/FVC<70% |wedge resection
(2.4% vs 3.9%)
Subotic et al. |47 patients with |Pneumonectomy |Not defined |[18.2% (excludes |44% (excludes
(31) FEV1/FVC (53.2% vs 28.6%), pneumonectomy |pneumonectomy
>70% upper lobectomy patients) patients)
35 patient with  |(23.4% vs 34.3%),
FEV1/FVC<70% |other lobectomy
(23.4% vs 37.1%)

Table 2. Studies comparing the incidence of prolonged air leak in patients with COPD
versus those without COPD undergoing pulmonary resection.
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Author Patient Type of lung Type of intra- Definition of  (Incidence of
population volume operative prolonged air |PAL
reduction adjuncts used leak (PAL)
surgery
Ciccone etal.  |250 patients, Bilateral LVRS |Pleural tenting  |>7 days 45.2%
(32) mean pre-op via median
FEV126% of sternotomy
predicted
DeCamp et al. |580 patients, Bilateral VATS |Variety of >7 days 45%
(12) mean pre-op (30%) methods (not
FEV126.8% of |Bilateral LVRS |standardized)
predicted via median including
sternotomy buttressing,
(70%) sealants, tenting
and pleurodesis
Ledreretal. |23 patients, Bilateral VATS |Buttressed staple |>7 days 39%
(33) mean pre-op (61%) lines
FEV125% of  |Bilateral LVRS
predicted via median
sternotomy
(39%)

Table 3. Studies reporting the incidence of prolonged air leak in patients undergoing lung
volume reduction surgery.

For lung volume reduction surgery, the incidence of prolonged air leak is much higher,
ranging from 39-45.2%. This is expected, as the operation is conducted on both lungs, and
usually on patients with more advanced underlying lung disease.

This review will discuss the pathogenesis, risk factors, intra-operative and post-operative
management strategies for prolonged air leak in patients with emphysema based on current
available literature. In addition, we propose an algorithm for the management of prolonged
air leak in this group of patients based on this discussion, and also define specific criteria for
surgical intervention for prolonged air leak that we follow at our institution. Several recent
reviews have previously discussed the problem of prolonged air leaks, but do not focus
specifically on patients with emphysema(3, 4) or neglect to discuss the utility of surgical
intervention in greater detail(2, 34) which we believe plays an important role for this
challenging clinical problem, particularly in the small number (but no less important) of
patients who are refractory to all other forms of therapy.

2. Pathogenesis and factors influencing incidence of prolonged air leak in
patients with emphysema

Some degree of post-operative air leak is generally unavoidable in operations involving
pulmonary resection or mobilization, usually reflective of an alveolo-pleural fistula arising
from exposed alveoli, whereas more severe leaks suggest fistulas arising from larger, more
proximal bronchi(5, 7). The duration of the leak is related to the severity of the air leak as
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well as the time taken for the exposed parenchyma to heal, which occurs via an
inflammatory reaction that results in granulation tissue formation and fibrin deposition(7).
Moreover, this process is widely accepted to be facilitated by re-expansion of the lung to
allow contact between the lung and parietal pleura.

Thus, it would follow that factors that would increase the risk of prolonged air leak include
impaired wound healing (older age, more severe underlying emphysema), greater intra-
operative surgical trauma (re-operations, extensive adhesions) and incomplete lung
expansion post-operatively. This has been confirmed by a number of studies on patients
undergoing pulmonary resection which have looked at specific factors that influence the
incidence of prolonged air leak, summarized below.

Though no study looked specifically at risk factors for prolonged air leak in patients with
emphysema undergoing pulmonary resection, DeCamp and colleagues(12) analyzed the
data from the surgical arm of the National Emphysema Treatment Trial and found that the
following factors increase the risk developing air leak after lung volume reduction surgery:

¢ Caucasian race (however, only 4.7% of trial participants were from minorities, so there
may be an element of selection bias)

¢ Inhaled (but not oral) steroid use

e  Poorer pulmonary function (lower FEV1 predicted or DLCO predicted)

e  Upper lobe disease

¢ Pleural adhesions

Whether this can be extrapolated to patients with emphysema undergoing other forms of
thoracic operations has not been demonstrated.

Author Patient population Definition of Incidence of Risk factors identified
prolonged air prolonged air
leak leak
Abolhoda et |100 patients undergoing |>7 days 26% -FEV1/FVC <50%
al. (11) open upper lobectomy
Brunelli et al. |588 patients undergoing |>7 days 15.6% - low predicted post-
(16) open lobectomy or operative FEV1
bilobectomy - pleural adhesions
- upper lobectomy
Brunelli et al. {658 patients undergoing |>5 days 13% - age >65
(35) open lobectomy - FEV1 <80% predicted
- pleural adhesions
-BMI <255
Cerfolio et al. |669 patients undergoing |>4 days 8% - male gender
(36) lobectomy, -FEV1 <79% predicted
segmentectomy or wedge - steroid use
resection - lobectomy as
opposed to lesser
resection
Isowaetal. |138 patients undergoing |>10 days 18.1% - diabetes
(37) open lobectomy or - low serum albumin
segmentectomy
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Author Patient population Definition of Incidence of Risk factors identified
prolonged air prolonged air
leak leak
Lee et al. (38) [580 patients undergoing |>7 days 18.6% - low FEV1 predicted
open lobectomy or -low DLCO2
segmentectomy predicted
- pleural adhesions
Liberman et [1393 patients undergoing |>5 days 5.6% - female gender
al. (14) open lobectomy or - history of smoking
bilobectomy - low FEV1 predicted
Riveraetal. [24,113 patients >7 days 6.9% - male gender
(39) undergoing open - low BMI
lobectomy, bilobectomy, - high dyspnea score
segmentectomy, bulla - pleural adhesions
resection or LVRS - upper lobe disease
- type of resection
(LVRS > bilobectomy
> lobectomy /
segmentectomy >
bulla resection)
Stolz et al.(13)|134 patients undergoing |>7 days 9.7% -FEV1 <70% and
open loebectomy FEV/FVC<70%

Table 4. Studies analyzing risk factors for prolonged air leak in patients undergoing
pulmonary resection.

Based on the above mentioned factors, methods geared to the prevention of prolonged air
leaks aim to minimize intra-operative surgical trauma or ensure more complete lung
expansion. These approaches can be broadly divided into intra-operative and post-operative
strategies.

3. Intra-operative strategies for prevention of prolonged air leak
3.1 General

The thoracic surgeon should ensure that lung tissue is handled as carefully as possible
during dissection and manipulation to ensure minimal trauma, particularly in patients with
emphysema, where the underlying lung is fragile. Any obvious parenchymal tears that are
identified during surgery should be repaired meticulously. In addition, the remaining lung
should be completely mobilized and decortication should be performed if necessary to aid
maximal re-expansion of remaining lung tissue after pulmonary resection.

3.2 Fissureless technique for lobectomy

Conventional lobectomy involves dissection of lung parenchyma within the fissures by
sharp or blunt dissection for exposure of the pulmonary artery that may result in air leaks.
The fissureless technique involves exposing the pulmonary artery without such dissection,
only using staplers for division of lung parenchyma when it is required(40, 41).

Although the efficacy of this technique has not been studied in patients with emphysema
specifically, two previous studies on a general population of patients undergoing
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pulmonary resection have shown that this technique significantly decreases the incidence of
prolonged air leak. Gomez-Caro and associates(42) demonstrated in a randomized
prospective study of 63 patients undergoing either lobectomy or bilobectomy, that the
incidence of prolonged air leak (>5 days) in patients whom a fissureless technique was
employed was 3.2%, compared to 21.8% for those in whom conventional dissection was
performed. A more recent retrospective case control study by Ng et al.(43) looking at 93
patients undergoing right upper lobectomy only, revealed similar results, with patients in
the fissureless technique group having an incidence of prolonged air leak (>7 days) of 7.6%,
compared to 22.2% in patients in the conventional lobectomy group.

3.3 No cut plication (non-resectional) technique for lung volume reduction surgery

For lung volume reduction surgery, an alternative technique involving no cut plication has
been described by various authors as having lower rates of prolonged air leak while having
short to intermediate term improvement in pulmonary function comparable to conventional
lung volume reduction surgery(44-47). With this alternative technique, lung tissue is folded
up or pushed down onto itself before being stapled together instead of performing staple
excision of lung tissue in traditional lung volume reduction surgery.

Swanson and colleagues reported that in their series of 50 procedures performed on 32
patients, the incidence of prolonged air leak (>7 days) was only 8.6%(44). In a series of 20
patients operated by Iwasaki and associates, they reported that no patient had an air leak
beyond 5 days(45). The largest reported series of 66 patients at Tor Vergata University by
Tacconi, Pompeo and Mineo, demonstrated an incidence of prolonged air leak (>7 days) of
18% in patients undergoing non-resectional lung volume reduction surgery under thoracic
epidural anaesthesia, compared to 40% of patients in a control group undergoing
conventional lung volume reduction surgery under general anaesthesia(48).

Moreover, Pompeo and colleagues at the Tor Vergata University also recently published a
randomized control trial comparing 32 patients undergoing non-resectional lung volume
reduction surgery with thoracic epidural anaesthesia against 31 patients undergoing
conventional lung volume reduction surgery with general anaesthesia and found that the
incidence of prolonged air leak in the former was 18.8% compared to 48.4% for the latter,
while survival and improvement in post-operative pulmonary function were similar in both
groups (49). The same group also compared the results of 41 patients undergoing non-
resectional lung volume reduction surgery under thoracic epidural anaesthesia against 19
patients undergoing non-resectional lung volume reduction surgery under general
anaesthesia, and found that the occurrence of prolonged air leak was similar between the
two groups (12.1% vs 26.3%, p=0.26), which suggests that the type of lung volume reduction
surgery rather than the type of anaesthesia was the main factor in determining risk of
prolonged air leak(50).

The above published data indicate that this technique may potentially be superior to the
traditional lung volume reduction surgical approach in terms of reducing morbidity from
prolonged air leak. However, the long-term durability of pulmonary function improvement
after plication is still not known, as the studies so far have only involved small numbers of
patients and only limited follow-up, thus more research on this technique is required before
its widespread adoption can be recommended.
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3.4 Buttress material for staple lines

Another area of study in the intra-operative prevention of air leaks during thoracic surgery has
been the use of buttress material for staple lines, which in theory would help reinforce the
fragile staple lines and thus prevent air leak from these areas of weakness. A variety of
buttress materials have been described for this purpose, both synthetic (eg
polytetrafluoroethylene(51), polydioxanone(52)) and biological [bovine pericardial strips(53-
56), bovine collagen(57), autologous parietal pleura(58)]. However, only a few have been
investigated in clinical practice, the most widely studied of which are bovine pericardial strips.
Unfortunately, the cost of using these are high(57), and the few small studies that have been
performed on a general population of patients undergoing pulmonary resection have not
shown a clear benefit(53, 54). Several studies directed at emphysema patients specifically have
been performed with more consistent results, but these are limited to those undergoing lung
volume reduction surgery or bullectomy(55, 56, 58). On the other hand, an analysis of factors
influencing post-operative air leak in patients undergoing lung volume reduction surgery in
the National Emphsema Treatment Trial did not find that use of staple line buttressing
(regardless of material) helpful in preventing or shortening duration of air leak(12).

In summary, current evidence suggest that the use of buttressing staple lines in patients
with emphysema undergoing lung volume reduction surgery or bullectomy may be useful
in reducing incidence of prolonged air leak, but its use in other operations, particularly
pulmonary resection has not been demonstrated.

A table summarizing the results of the various studies mentioned above is presented below.

Author Butress Patient population |Definition of|Incidence of |Timeto |Length of
material prolonged |prolonged air [chest tube |stay
air leak leak removal |(mean)
(mean)
Miller et Bovine 80 patients N/A N/A 59vs6.3 |8vs9
al.(53) pericardial undergoing open days, days,
strips + stapler |lobectomy (65) or p=0.62 [p=0.24
vs stapler alone |segmentectomy (15)
Venuta et Bovine 30 patients >7 days 0% vs 20% vs IN/A 44vs78
al.(54) pericardial undergoing open 10% vs 7.2 days

strips + stapler |lobectomy
vs stapler alone

Vs
conventional
cautery, clamp
and ties
Hazelrigg et |Bovine 123 patients with  |N/A N/A 79vs10.4(8.6 vs 11.4
al.(55) pericardial emphysema days, days,
strips + stapler |{undergoing p=0.04  |p=0.03
vs stapler alone|unilateral VATS
LVRS
Stammberger |Bovine 65 patients with Not defined |15.6% vs 7.6vs9.7 (127 vs
et al.(56) pericardial emphysema 21.2% days, 15.7 days,
strips + undergoing p=0.045 |p=0.14

staplers vs bilateral VATS
stapler alone |LVRS
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Author Butress Patient population |Definition of|Incidence of |Timeto |Length of
material prolonged |prolonged air|chest tube |stay
air leak leak removal |(mean)
(mean)
Baysungur et |Autologous |22 patients with >7 days 0% vs83% |27vs48 [42vs59
al.(58) pleura + emphysema days, days,
stapler vs undergoing open p=0.04  [p=0.09
stapler alone  |bullectomy
Fischel et Bovine 56 patients with  [>7 days 35.7% vs 8.6 vs10.4|N/A
al.(57) pericardial emphysema 44.6% days
strips + staples |{undergoing
vs Bovine bilateral VATS
collagen + LVRS
staples

Table 5. Studies comparing the utility of buttressing staple lines in preventing prolonged air

leak.

3.5 Pulmonary sealants

Pulmonary sealants have been the focus of a large amount of research in the area of intra-
operative prevention air leaks, with over a dozen studies on various types of sealants
including fibrin glue(59-62), PEG-based sealants(63-70) and coated collagen patches(71-73).
However, as with studies on other strategies, these papers have generally not focused on
patients with emphysema, and individually these studies each have small cohort sizes with
very mixed patient populations as well as varying methods for reporting efficacy.

Moreover, the overall results of these studies so far have found no clear advantage in their
routine use on all patients(74). Thus, the use of sealants should best be reserved for patients
at highest risk for developing post-operative prolonged air leak(35, 38), especially since rare
complications, particularly empyema(63, 67, 75) may arise from the use of pulmonary
sealants. Indeed, the studies which have focused on patients with emphysema have more
consistently shown a significant reduction in the incidence of post-operative prolonged air
leak and length of stay(62, 73).

Author Surgical |Patient population|Definition of |Incidence of|Time to chest | Length of
sealant prolonged air |prolonged |tube removal [stay (mean)
leak air leak (mean)
Fleisher et Fibrin 28 patients >7 days 143% vs  [6.0vs5.9 9.8vs11.5
al.(59) gluevs  |undergoing open 7.1% days, p=0.95 |days, p=0.21
none lobectomy
Wong et Fibrin 66 patients N/A N/A 6 vs 6 days, |8vs9 days,
al.(60) gluevs  |undergoing open p=0.8 p=0.57
none lobectomy, (median) (median)
segmentectomy or
decortication
Fabian et Fibrin 100 patients >7 days 2% vs16%, [3.5vs 5.0 4.6vs49
al.(61) gluevs  |undergoing open p=0.015 days, p=0.02 |days,
none bilobectomy, p=0.318
lobectomy,
segmentectomy or
wedge resection
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Author Surgical |Patient population|Definition of |Incidence of|Time to chest |Length of
sealant prolonged air |prolonged |tube removal |stay (mean)

leak air leak (mean)

Porte et al.(63) |PEG 124 patients >6 days 13% vs N/A 9.2vs 8.6
based undergoing open 22%, p=not days, p=not
sealant vs |bilobectomy or significant significant
none lobectomy

Wain et al.(64) |[PEG 172 patients >7 days 25% vs7% |4.5vs5.2 74vs10.1
based undergoing open days, p=0.41 |days, p=0.78
sealant vs |bilobectomy,
none lobectomy,

segmentectomy or
wedge resection

Allen et al.(65) [PEG 161 patients >7 days 14% vs 6.8 vs 6.2 6 vs 7 days,
based undergoing open 12%, days, p=0.679 |p=0.04
sealant vs |bilobectomy, p=0.813 (median) (median)
none lobectomy,

segmentectomy,
wedge resection,
decortications or
LVRS

De Leyn et PEG 121 patients N/A N/A 390vs3.92 [13vs12

al.(66) based undergoing open days, p=0.559 |days,
sealant vs |lobectomy or (median) p=0.292
none segmentectomy (median)

Macchiarini et |[PEG 24 patients N/A N/A 6.1vs 6.9 13vs14.4

al.(67) based undergoing open days, p=0.9 |days, p=0.4
sealant vs |bilobectomy,
none lobectomy or

wedge resection

Venuta et PEG 50 patients >7 days 8% vs 20% |5.6 vs 10 8vs11.6

al.(68) based undergoing days, p=0.03 |days,
sealant vs |lobectomy p=0.009
none

D’Andrilliet |PEG 203 patients N/A N/A N/A 57vs6.2

al.(69) based undergoing open days, p=0.18
sealant vs |bilobectomy,
none lobectomy,

segmentectomy or
wedge resection

Tan et al.(70) |PEG 121 patients N/A N/A 4vs3days |6vs7days
based undergoing open (median) (median)
sealant vs |bilobectomy,
none lobectomy or

wedge resection

Lang et al.(71) |Coated  |189 patients Not defined  |4.2% vs N/A N/A
collagen |undergoing open 3.2%
patch vs  |lobectomy
none

Anegg et Coated  |173 patients >7 days 24% vs 51vs6.3 62t07.7

al.(72) collagen |undergoing open 32.46%, days, p=0.022|days, p=0.01
patch vs  |lobectomy or p=0.282
none segmentectomy
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Author Surgical |Patient population|Definition of |Incidence of|Time to chest |Length of
sealant prolonged air |prolonged |tube removal |stay (mean)

leak air leak (mean)

Rena et al.(73) |Coated |60 patients with  [>7 days 3.3% vs 3.53vs59 [587vs7.5
collagen |COPD 26.7%, days, p=0.002|days, p=0.01
patchvs |undergoing open p=0.029
none lobectomy or

segmentectomy

Moser et Fibrin 25 patients with  |>7 days 4.5% vs 2.83vs588 |N/A

al.(62) gluevs  |emphysema 31.8%, days, p<0.001
none undergoing p=0.031

bilateral VATS
LVRS

Tansley et Bovine 52 patients N/A N/A 4vs5days, |6vs7days,

al.(76) based undergoing open p=0.012 p=0.004
surgical |lobectomy, (median) (median)
adhesive |segmentectomy or
vsnone |other resection

Belcher et al. |Bovine 102 patients >7 days 18% vs 5vs5days, |8vs7days,

(75) based undergoing open 23%, p=0.473 p=0.382
surgical |bilobectomy, p=0.627
adhesive |lobectomy,
vs fibrin  [segmentectomy,
glue or other resection

Table 6. Studies comparing the utility of pulmonary sealants in preventing prolonged air leak.

3.6 Minimizing post-resectional spaces

Minimizing the potential space left behind after pulmonary resection allows for a more
complete apposition of the lung surface with the parietal pleura to encourage the resolution
of any post-operative air leak. Usually this can be accomplished with straightforward means
such as the proper placement of chest tubes, division of the inferior pulmonary ligament
and lysis of all adhesions at the conclusion of surgery or the use of adequate analgesia, chest
physiotherapy or bronchoscopy to clear the airways of mucus and blood post-operatively to
promote maximal re-expansion of the residual lung (7). In the event that the above
mentioned methods are insufficient, several techniques have been described, including the
creation of a pleural tent, creation of a pneumoperitoneum or deliberate diaphragmatic
paralysis.

Again, interpretation of the results of studies on these methods to reduce post-resectional
spaces is complicated by the heterogenous inclusion criteria and method of reporting
outcomes in these studies. Furthermore, almost none have looked specifically at patients
with emphysema, thus making it difficult to simply extrapolate the results of these studies
to patients with emphysema.

Nonetheless, amongst the methods mentioned previously, pleural tenting has been the most
widely studied technique for preventing prolonged air leak by minimizing post-resectional
spaces. This involves stripping the parietal pleural over the apex, which is then resutured
over the chest wall to produce an extrapleural space(7, 77). It has been used as a means for
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controlling the size of the potential space post-pulmonary resection in the upper thoracic
cavity, and thus has been predominantly studied in patients undergoing upper lobectomy.

In a retrospective review on risk factors for prolonged post-operative air leak, Brunelli and
associates(16) noted that patients with upper lobectomies who underwent a pleural tent had
a significantly decreased duration of air leak compared to those who did not undergo a
similar adjunctive procedure. Nevertheless, he later published a retrospective case matched
analysis comparing patients with prolonged air leak after pulmonary resection and those
without, which did not demonstrate that pleural tenting conferred any protective effect(9).
DeCamp et al.(12) in reviewing the factors influencing air leak post-lung volume reduction
surgery in patients from the National Emphysema Treatment Trial also did not find a
significant decrease in incidence or duration of air leak in patients who underwent tenting
compared to those who did not undergo tenting.

In addition, a number of randomized prospective studies have also been performed to
assess its efficacy, and in general, the studies conducted on pleural tenting have shown an
overall beneficial effect in terms of decreasing incidence of air leak, time to chest tube
removal and length of stay. However, this procedure adds to operative time and may cause
bleeding(35) though these were not shown to be significantly increased compared to
controls in the studies below.

The table below summarizes the results of the randomized prospective studies performed to
evaluate this technique.

Author Patient Definition of Incidence of Time to chest  |Length of stay
population prolonged air  |prolonged air  |tube removal |(mean)
leak leak (mean)
Brunelli et 200 patients >7 days 14% vs 32% 7vs11.2 days, |8.2vs11.6 days,
al.(77) undergoing open p=0.003 p<0.0001 p<0.0001
upper lobectomy
or bilobectomy
(100 with tenting
vs 100 without)
Allama et 48 patients >5 days 9% vs 40%, 4.6 vs 5.6 days, |4.96 vs 5.7 days,
al.(78) undergoing open p=0.02 p=0.11 p=0.05
upper lobectomy
(23 with tenting
vs 25 without)
Okur et al.(79) |40 patients >5 days 0vs30% 4.3 vs 7.4 days, |7.6vs 9.35 days,
undergoing open p<0.0001 p=0.024
upper lobectomy
or bilobectomy
(20 with tenting
vs 20 without)

Table 7. Studies comparing the utility of pleural tenting in preventing prolonged air leak.

Conversely, the creation a pneumoperitoneum has been utilized to minimize the post-
resectional space in the lower thoracic cavity. This has been described as both an intra-
operative adjunct to prevent prolonged air leak(80) as well as a post-operative technique(81-
83) to treat it. It can be accomplished through instillation of air into the peritoneal cavity by
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a variety of means, including under direct vision through a transdiaphragmatic opening
made in the diaphragm during surgery(80), via insertion of a peritoneal dialysis catheter
under local anesthesia(81), or with the aid of a Veres needle under local anesthesia(82, 83) .

A small randomized prospective trial by Cerfolio and colleagues(80) studied 16 patients
undergoing right middle and lower bilobectomy, dividing them into a group who underwent
intra-operative pneumoperitoneum creation and a group who did not undergo this procedure.
0/8 patients with an intra-operative pneumoperitoneum had air leak by POD3, compared to
4/8 patients who did not have an intra-operative pneumoperitoneum (p<0.001). Moreover,
patients in the former group had a median hospitalization stay of 4 days compared to 6 days
for patients in the latter group (p<0.001). Thus, this is an interesting technique, but conclusions
on its efficacy are difficult to draw based on the limited data available. The results of post-
operative pneumoperitoneum creation will be discussed later in the section on post-operative
strategies for management of prolonged air leak.

Deliberate diaphragmatic paralysis is an alternative method used to decrease the potential
space in the lower thoracic cavity to allow for more rapid resolution of air leak. Several
means are available to achieve this, including infiltration of the phrenic nerve with local
anesthetic, phrenic nerve crush or sectioning. The main drawback of diaphragmatic
paralysis is the compromise in ventilatory function and cough mechanism. Thus, the use of
para-phrenic local anesthetic has the advantage over phrenic nerve crush or sectioning, in
that it only resulting in temporary paralysis, so that diaphragmatic function may recover
after the effect of the local anesthetic wears off. A recent case report by Clavero and
associates(84) explains how an epidural catheter can be placed in close proximity of the
phrenic nerve through video-assisted thoracoscopic surgery or thoracotomy, so that the
managing physician can dictate the exact duration of diaphragmatic paralysis required to
resolve the air leak before reversing the effect of the local anesthetic infusion. However, no
large studies specifically describing the use of diaphragmatic paralysis for preventing
prolonged air leaks are available.

4. Post-operative strategies for management of prolonged air leak
4.1 Bronchoscopy and endobronchial techniques

Bronchoscopy plays an important role in the post-operative management of prolonged air
leak. It can be used to clear the airways of mucus and blood to aid maximal re-expansion of
the lung to promote resolution of air leaks. Furthermore, it should be performed in all
patients with persistent air leak to exclude stump dehiscence, as its presence will often
necessitate surgery to treat the problem. Should surgery be contraindicated for whatever
reason, a large number of endobronchial approaches have been studied as an alternative
therapeutic option for bronchopleural fistulas, including the use of glue(85, 86),
polidocanol(87), tetracycline(88), coils(89), surgicel(90), gelfoam(91), tracheobronchial
stents(92), atrial septal defect closure devices(93) and even lasers(94). Unfortunately,
experience with these techniques have been limited to mostly case reports and case series,
with no controlled studies comparing the different methods or comparing them against
surgical therapy. A recent systematic review of several of the larger case series by West et al.
(95) showed that among 85 patients with post-pneumonectomy bronchopleural fistulas,
endobronchial therapy (40 fibrin glue, 15 cyanoacrylate glue, 19 polidocanol, 6 lasers, 5
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stents) succeeded in treating only 30% of them. Overall mortality was 40%, with many
patients requiring multiple bronchoscopic procedures or additional surgical drainage.

In addition, the placement of endobronchial valves is a new technique that has emerged
recently for the treatment of persistent air leak in patients with underlying lung disease
such as emphysema that are not candidates for more extensive procedures such as
surgery(96, 97). Endobronchial one-wave valves inserted via bronchoscopy were initially
developed as an investigational technique to treat emphysema by promoting atelectasis of
emphysematous lungs distal to the valve, which would allow air to exit via the valve but
not re-enter. They have now been used in selected patients with persistent air leaks, in
hope that they accelerate closure of the leak by minimizing flow of air through the
leak(98).

The procedure can be performed either under sedation or general anesthesia, using either a
flexible or rigid bronchoscope. A balloon tipped catheter is used to provide selective
bronchial occlusion to determine the segmental or subsegmental airway that results in the
greatest decrease in air leak. The endobronchial valve is then inserted in these airways (98,
99). The results of the two largest series on endobronchial valve placement are summarized
below, and the overall conclusion is it is a promising mode of therapy particularly for
patients with no other therapeutic options.

Author Patient Duration of [Number of Duration of |Duration of Complications
population |air leak patients with  |chest tube |hospitalization
prior to improvement |drainage [|after valve
valve after valve |placement
placement placement |(median)
(median) (median)
Travaline |40 patients |20 days 37 (92.5%) 7.5 days 11 days 6 (valve
etal.(98) |with expectoration,
underlying malpositioning
lung disease of the valve
(30% COPD) requiring
that had redeployment,
persistent pneumonia,
air leaks oxygen
(17.5% post- desaturation and
operative) MRSA
colonization)
Gillespie et|7 patients |28 days 7 (100%) 16 days 3 days Nil
al.(99) with
underlying
lung disease
(71% COPD)
that had
persistent
air leaks
(71% post-
operative)

Table 8. Studies reporting the efficacy of endobronchial valve placement in the treatment of

prolonged

air leak.
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4.2 Bedside pleurodesis

Instillation of a sclerosing agent into the pleural space elicits an inflammatory reaction in the
pleura that allows for the obliteration of the pleural space and resolution of an air leak. A
variety of agents have been described for this purpose, including silver nitrate(100),
quinacrine(101), minocycline(102), tetracycline(103), doxycycline(104), erythromycin(105),
bleomycin(106), iodopovidone(107), talc powder(14) and autologous blood(108-111). Be that as
it may, contemporary literature has mainly focused on autologous blood for treatment of
persistent post-operative air leaks, so the utility of the other agents for this clinical context are
not as well known. Also, these studies were not limited to patients with emphysema, so their
results may not be directly applicable for these patients with persistent post-operative air
leaks. However, based on available published data, bedside pleurodesis is a reasonably
efficacious modality of treatment with few adverse effects, so it is often used as first line
therapy for patients with prolonged air leak, even in our own institution.

Several small observational studies have demonstrated the efficacy and safety of autologous
blood in treating post-operative prolonged air leak(108-110). In these studies, patients with
prolonged air leak (>5-10 days) after undergoing a variety of operations (lobectomy, wedge
resection, bullectomy, lung volume reduction or decortication) were treated with 1-2
injections of autologous blood pleurodesis with resolution of air leak in all patients within
48 hours of therapy. No major complications occurred except for fever, pneumonia or
prolonged pleural effusion in a minority of patients.

In addition, Shackcloth et al.(111) performed a randomized prospective study on 20 post-
lobectomy patients with prolonged air leak (>5 days) to evaluate autologous blood
pleurodesis compared to controls. They showed that there was a statistically significant
(p<0.001) reduction in median time to chest tube removal (6.5 vs 12 days) and hospital
discharge (8 vs 13.5 days) with autologous blood pleurodesis. One patient in the pleurodesis
arm however developed an empyema.

As for the other forms of chemical pleurodesis, Liberman and associates(14) reported their
experience with 41 patients who underwent chemical pleurodesis (30 talc, 7 doxycycline, 1
doxycycline+talc, 1 bleomycin, 1 bleomycin+talc) for prolonged air leak (>5 days) after
undergoing lobectomy or bilobectomy. Sclerosis was successful in 40 patients (97.6%), with
the remaining one patient having to undergo a pectoralis major flap for persistent air leak
despite talc pleurodesis. Also, one patient developed empyema after talc pleurodesis.

As indicated above, complications of bedside pleurodesis include mainly consist of fever,
pain and empyema. In addition, the most feared complication of talc pleurodesis is a
systemic inflammatory response to talc that can result in acute respiratory distress
syndrome(112, 113) particularly if the talc particle size is small(114). However, it has
previously been found to be not associated with increased mortality in a meta-analysis of
patients with malignant pleural effusion undergoing talc pleurodesis(115).

4.3 Post-operative creation of pneumoperitoneum

As mentioned previously, the creation of a pneumoperitoneum has been described as both
an intra-operative as well as a post-operative method of controlling prolonged air leaks.
This involves the instillation of air into the peritoneal cavity via insertion of a peritoneal
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dialysis catheter under local anesthesia(81), or with the aid of a Veres needle under local
anesthesia(82, 83). The creation of a pneumoperitoneum is often combined with a form of
pleural sclerosis, such as talc(81, 82) or autologous blood(83), to aid the resolution of air
leak. Several potential disadvantages of this technique include the risk of insertion of
peritoneal dialysis catheter / Veres needle (eg bleeding, injury to intra-abdominal viscera)
and possible respiratory compromise from the creation of the pneumoperitoneum.

Not many studies have been performed to evaluate this modality of therapy, except for a
few isolated case reports, so the technique has shown promise in treatment of some patients
but has not been evaluated on a large scale basis. Handy and associates(81) reported the
successful use of this technique to resolve a persistent air leak of more than 3 weeks
duration in a patient with emphysema who underwent lung volume reduction surgery. De
Giacomo and colleagues(82) described the use of post-operative pneumoperitoneum to
manage persistent air leak (>5 days) in 14 patients who underwent pulmonary resection for
lung cancer, with resolution of the air leak occurring within 4-12 (mean 8) days after the
procedure. The most recent paper assessing this technique by Korasidis et al.(83)
demonstrated that combined post-operative pneumoperitoneum and autologous blood
patch was able to control prolonged air leak (>3 days) present in 39 patients who underwent
pulmonary resection for lung cancer within 144 hours of therapy. No major complications
with the technique were reported by any of the above studies.

4.4 Optimal chest tube management and outpatient chest tube management

Appropriate chest tube management has also been shown to influence the duration of post-
operative air leak. With respect to chest tube suction, it may be viewed in one of two ways.
Firstly, chest tube suction may promote pleural apposition to decrease duration of air leaks,
or alternatively, suction may cause tension on suture lines to prolong air leaks. The
experience in lung volume reduction surgery had previously demonstrated that duration of
prolonged air leak was decreased by avoiding routine chest tube suction in these
patients(116).

This was subsequently investigated in several randomized prospective studies to see if this
also held true in patients undergoing other forms of thoracic operations. For patients
undergoing apical pleurectomy following primary spontaneous pneumothorax, Ayed
demonstrated that converting to water seal (no suction) after a period of initial active
suction significantly decreased the risk of prolonged air leak and duration of chest tube
drainage compared to active suction throughout(117). A similar benefit of converting to
water seal after a period of initial active suction for patients undergoing pulmonary
resection (lobectomy, segmentectomy or wedge resections) was demonstrated by two
separate groups(118, 119). However, a comparable study by Brunelli and associates(120)
showed that water seal had no advantage over active suction when limited to a population
of patients undergoing lobectomy. A follow-up study demonstrated that in patients
undergoing lobectomy, alternate suction (at night) and water seal (during the day) was
better than water seal alone(121).

A different approach was evaluated by Alphonso and colleagues, who studied a mixed
cohort of patients undergoing a variety of operations (VATS as well as open lobectomy,
wedge resections, lung biopsies or pneumothorax operations) and found that adopting
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water seal immediately after surgery showed no difference in air leak duration compared to
active suction(122).

Whether these approaches are applicable to patients with underlying emphysema
undergoing pulmonary resection or pleurodesis has yet to be conclusively demonstrated,
but a strategy of minimizing duration of chest tube suction or alternating it with water seal
would be prudent based on evidence available so far. In addition, it should be noted that
patients on water seal, particularly those with large air leaks, should be monitored for
evidence of increasing subcutaneous emphysema or enlarging pneumothorax, as these

patients will need to be placed back on active suction to prevent clinical deterioration(118).

Author Patient population [Chest tube Definition of  |Incidence of  |Time to chest
management prolonged air |prolonged air |tube removal
leak leak (mean)
Ayed(117) 100 patients Initial chest tube [>5 days 2% vs 14% 2.7 vs 3.8 days
undergoing VATS [suction, then (p=0.03) (p=0.004)
pleurodesis for water seal vs
primary active suction
spontaneous throughout
pneumothorax
Cerfolio et 33 patients Initial chest tube |NA NA NA
al.(118) undergoing suction, then
bilobectomy, water seal vs
lobectomy, active suction
segmentectomy or |throughout
wedge resection
Marshall et 68 patients Initial chest tube |NA NA 3.33vs 547
al.(119) undergoing suction, then days (p=0.06)
lobectomy, water seal vs
segmentectomy or |active suction
wedge resection  |throughout
Brunelli et 145 patients Initial chest tube [>7 days 27.8% vs 30.1% |11.5 vs 10.3
al.(120) undergoing suction, then (p=0.8) (p=0.2)
bilobectomy or water seal vs
lobectomy active suction
throughout
Brunelli et 94 patients Initial chest tube |>7 days 19% vs 4% 8.6 vs 5.2 days
al.(121) undergoing suction, then (p=0.02) (p=0.002)
bilobectomy or water seal vs
lobectomy alternating
suction (at night)
and water seal
(during the day)
Alphonso et |239 patients Immediate water |>6 days 10.1% vs 7.8% |NA
al.(122) undergoing seal vs active (p=0.62)
lobectomy, suction
segmentectomy, |throughout
wedge resection or
pneumothorax
operations

Table 9. Studies comparing the utility of chest tube management strategies in preventing
prolonged air leak.
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An alternative strategy to prolonged air leaks is the use of Heimlich valves or portable
chest drainage systems to allow for early discharge of patients who are otherwise ready to
be discharged from hospital apart from their prolonged air leak. Heimlich valves are one
way valves originally used for the outpatient management of a pneumothorax, and two
studies have shown that they can be successfully used to discharge select patients with
prolonged air leak early with relatively few complications(123, 124). Portable chest tube
drainage systems have an additional advantage over Heimlich valves in that they are able
to handle fluid drainage in addition to air leak and can also be connected to active suction
when required(125). In conclusion, outpatient chest tube management appears to be an
acceptable approach that is fairly safe for managing most patients with prolonged air leak
if they are reliable enough to handle their Heimlich valve or portable chest tube system on
their own at home.

Author Patient population Type of outpatient |Duration of Complications
chest tube outpatient chest
management tube management
(mean)
McKenna et 25 patients post-lung Heimlich valve  |7.7 days Nil
al.(124) volume reduction surgery
with prolonged air leak (>
5 days)
Ponn et al.(123) |45 patients post Heimlich valve  |7.5 days 1 pneumonia

lobectomy, wedge
resection or bullectomy
with prolonged air leak

(not defined)
Rieger et 36 patients post- Portable chest 11.2 days 1 cellulitis, 1
al.(125) lobectomy, tube system with localized
segmentectomy, wedge |suction empyema, 1
resection, pleurodesis, recurrence of
pericardial window, pneumothorax
mediastinal dissection or
esophagogastrectomy

with prolonged air leak or
excessive drainage

Table 10. Studies reporting the use of Heimlich valves or portable chest tube systems in the
outpatient treatment of prolonged air leak.

As to which patients with prolonged air leak are suitable for discharge without suction,
Cerfolio and colleagues(126) reported that they successfully discharged 199 post-pulmonary
resection patients with a suctionless portable device safely without complications as long as
there was no development of a new or enlarging pneumothorax or subcutaneous
emphysema after converting the original chest tube suction to water seal. More importantly,
most of these patients had their air leak resolve by the end of 2 weeks of outpatient chest
tube therapy, and for the remaining 57 who still had air leak, the chest tube was safely
removed if these patients were asymptomatic, had no increase in pneumothorax or new
subcutaneous emphysema on the outpatient device. There were no complications except for
the development of empyema in 3 of these 57 patients (5.7%), but these 3 patients were
immunocompromised and were on chronic steroid therapy.
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4.5 Re-operation

If all else fails, in cases of persistent air leak that is refractory to methods described above,
re-operation can be considered to look for the source of air leak and perform therapeutic
maneuvers. Often this can be accomplished with video assisted thoracoscopy, such as
described by Suter and associates(127), who managed to identify the source of air leak
thoracoscopically in 3 patients who had prolonged air leak after pulmonary resection. The
air leaks were subsequently sealed with direct application of fibrin glue or pleurodesis with
silver nitrate.

However, patients with massive, severe prolonged air leaks, particularly those with a
concomitant large pleural space problem, usually require a more extensive operation such
as a thoracoplasty or muscle flap transposition via an open thoracotomy. Thoracoplasty, the
reduction of thoracic cavity by removal of ribs, is rarely done as it results in thoracic
deformity, restriction in shoulder mobility and decreased respiratory function(7, 128). As
such, muscular flap transpositions have become the preferred technique, and we have
developed the combined latissimus dorsi-serratus anterior transposition flap for this
purpose. We have previously described 5 patients who underwent this technique (two
COPD patients with pneumothorax refractory to conservative management, one COPD
patient with prolonged air leak post lung volume reduction surgery, two patients with
bronchopleural fistula/empyemas), with resolution of air leak that allows the chest tubes to
be removed within 5 days after surgery and no recurrence of air leak noted at 1 year follow-
up(129).

Fig. 2. (a) The latissimus dorsi and proximal slips of the serratus anterior are raised as
pedicled flaps via a lazy S incision from mid-axillary line to the inferior limit of the
latissimus dorsi. An axillary window is then created by resecting the 2nd and 3rd ribs
superior to the serratus anterior.
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Fig. 2. (b) Latissimus dorsi and serratus anterior reflected to demonstrate the axillary
window. The latissimus dorsi flap is then passed though the axillary window and laid over
the lung to obliterate the pleural space and seal the air leak.
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Fig. 2. (c) Serratus anterior flap is rotated anteriorly over the latissimus dorsi flap to close the
axillary window. Primary closure of the incision was then performed.

At our institution, our indications for surgical air leak repair with flap reconstruction are (1)
severe air leaks (high leak rate or continuous leak despite application of chest tube suction),
(2) persistent air leak exceeding 4 weeks despite conservative management (or beyond 1
week for patients with underlying lung disease such as COPD), and (3) significant pleural
dead space defined radiologically by absence of pleural-pleural contact despite maximal re-
expansion efforts(16, 36, 130).

The operation is performed via a muscle sparing posterolateral thoracotomy with a lazy-S
incision extending from the axilla to the lumbar region. Then, the latissimus dorsi and the
serratus anterior muscle flaps are raised, with care taken to ensure that the serratus anterior
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flap is sufficient to cover the intended axillary window (usually by raising muscle slips from
the 2nd to 4th ribs) but sparing the lower slips of muscle that insert into the scapula to avoid
scapular winging. Creation of the axillary window involves resection of the second to fourth
ribs centered over the mid-axillary line which allows good exposure of the underlying lung
for surgical treatment (eg suture repair of parenchymal tears, decortication) and allows the
latissimus dorsi to the passed through without compressing its vascular pedicle. The
latissimus dorsi is loosely anchored over the lung and a chest tube is inserted after a final
check for air leak. The axillary window is then closed with the serratus anterior muscle flap
and the skin incision is closed over a subcutaneous drain.

Fig. 3. Pre-operative chest x-ray (left) showing a large potential pleural space with resulting
persistent air leak in this patient who had underwent bilateral lung volume reduction
surgery, and post-operative chest x-ray (right) showing effective re-expansion of the right
lung after the placement of the latissimus dorsi flap.

We believe our technique has several distinct advantages, as firstly it offers direct
visualization for repair of diseased lung parenchyma via an open thoracotomy. Secondly,
the latissimus dorsi flap provides a large, well vascularised surface for the lung to adhere to
for healing. Moreover, the large mass of the muscle eliminates any pleural dead space and
facilitates subsequent controlled re-expansion of the lung with time. Finally, the serratus
anterior flap compartmentalizes the pleural cavity from the large subcutaneous space
created by the latissimus dorsi harvest to prevent seroma formation or spread of infection
between compartments. Minimal functional disability occurs after these muscle harvests,
and scapular winging is prevented by sparing the lower slips of the serratus anterior muscle
and the long thoracic nerve. This is in contrast to other methods for reducing pleural dead
space which may only be sufficient to deal with a small volume of space (pleural tenting,
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pneumoperitoneum), or reduces the patient’s functional lung reserve (phrenic nerve
paralysis, thoracoplasty).

Other muscular flaps that have been described in contemporary literature to eliminate
potential pleural spaces (though these have been traditionally ascribed for managing
empyema spaces rather than persistent air leaks) include isolated pectoralis major (14, 131),
latissimus dorsi (131, 132), serratus anterior (131), rectus abdominis(131, 133) and the
trapezius flaps (131, 134). However, we have found in our own experience that these flaps
either lack the reach or necessary bulk in order to properly treat the large pleural space
problems that we have encountered. Thus, we feel that this combination muscle flap
technique is an important and useful tool in the thoracic surgeon’s armamentarium in
dealing with recalcitrant post-operative air leaks in a variety of situations, particularly in
patients with a background of impaired respiratory function such as severe emphysema.

Fig. 4. Two months after the initial operation, this patient has good recovery of shoulder
function.

5. Summary

In summary, prolonged air leak is a common problem for patients with emphysema
undergoing thoracic surgery that is associated with significant morbidity. Clinicians
involved in the surgical care of this group of patients should be aware of the various factors
which can further increase the risk of this complication occurring and need to know the
various measures that should be employed to prevent this problem, as well as the treatment
options available should prolonged air leak occur even if preventive measures are taken.
Based on the review of best available evidence as discussed previously, we propose a
suggested algorithm for the management of prolonged air leaks in patients with
emphysema with gradual progression of therapy similar to what has been proposed by
others(2-4) but that also takes into account criteria for surgical intervention as we have
mentioned earlier.
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Fig. 5. Proposed algorithm for the management of prolonged air leaks in patients with
emphysema.
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