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Abstract

Over the past few decades, neutrophils and macrophages had co-occupied center stage as the
critical innate immune cells underlying the pathobiology of cigarette smoke-induced chronic
obstructive pulmonary disease and lung parenchymal destruction (i.e., emphysema). While chronic
exposure to smoke facilitates the recruitment of innate immune cells into the lung, a clear role for
adaptive immunity in emphysema has emerged. Evidence from human studies specifically point to
a role for recruitment and activation of pathogenic lymphocytes and lung antigen-presenting cells
in emphysema; similarly, animal models have confirmed a significant role for autoimumnity in
progressive smoke-induced emphysema. Increased numbers of activated antigen-presenting cells,
Th1 and Th17 cells, have been associated with smoke-induced lung inflammation and production
of the canonical cytokines of these cells, IFN-y and IL-17, correlates with disease severity. These
exciting new breakthroughs could open new avenues for developing effective new therapies for
smoke-induced emphysema.
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Emphysema: an important & underdiagnosed feature of chronic
obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD) broadly encompasses chronic bronchitis
with or without lung parenchymal destruction (emphysema). COPD is currently the fourth
leading cause of death in the world but is expected to become the third by 2020 [1,101].
Whereas tobacco smoking in western societies is considered the main causative factor in
COPD, in developing nations chronic exposure to toxins (e.g., coal dust and biomass fuels)
and chronic respiratory infections, together with a rapidly rising prevalence of tobacco
smoking, all contribute significantly to the increase in the incidence of COPD. The most
common clinical presentation of COPD includes symptoms of chronic bronchitis that consist
of the presence of a daily cough productive of sputum for 3 months of a year for 2
consecutive years. The diagnosis of emphysema, on the other hand, is made based on
histology or radiographic findings that describe the disappearance of lung tissue. Most often,
the predominant location of emphysema is found in the upper lobes, but a more uniform
distribution throughout the lung fields is found in a subset of smokers with a-1-antitrypsin
(0-1AT) deficiency [2,3]. The lack of specific symptoms in smokers with milder forms of
emphysema largely explains the often long delay in diagnosis. Compounding this issue,
pulmonary function tests and conventional chest roentgenograms are insensitive means of
detecting the early stages of emphysema [4,5]. Consequently, smokers all too often present
at their initial clinical evaluation with severe physical limitation and end-stage disease.

Computed tomography (CT) scanning of the chest, the most reliable noninvasive method of
detecting emphysema, is not conducted as a routine part of evaluating symptomatic smokers
and most radiology reports do not commonly describe the presence or quantify the extent of
emphysema (Figure 1). Consequently, a complete phenotypic characterization of lung
disease in smokers is often delayed until the onset of self-reported clinical symptoms and
findings of airflow obstruction on pulmonary function tests, which further obscures the true
prevalence and extent of tissue damage in the smoking population. Furthermore,
epidemiological studies have shown that lung cancer risk is strongly associated with
radiographic emphysema, independent of airflow obstruction [6,7]. The immune-mediated
pathophysiological processes in the lungs of smokers that lead to emphysema and lung
cancer is currently under intense investigation. However, because not all smokers develop
emphysema and/or lung cancer, the role of genetic susceptibility in combination with
environmental factors is thought to play an important role in disease initiation.

Genetic basis of emphysema & autoimmunity

The genetic basis of emphysema is consistent with a heritable multifactorial trait that is
reminiscent of a number of autoimmune genetic disorders [8]. Although cigarette smoke can
provoke activation and recruitment of inflammatory cells to the lung, not all smokers
develop the clinical features of smoker’s lung disease. The exact prevalence of emphysema
is currently unknown and, to date, the only known gene linked to increased risk of early
onset emphysema is mutations in the a-1AT protein [9], encoded by SERPINAL gene, but
many other susceptibility loci have been considered [10,11]. Allelic variance in SERPINA1
accounts for only 1-2% of all diagnosed cases of emphysema, suggesting that many
additional genes, as yet undiscovered, influence the expression of the disease. Furthermore,
even among carriers of different forms of a-1AT proteins, there is a large phenotypic
variability, suggesting that together modifier genes and environmental exposure exert a
combined effect.
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Recent technological advances in high-throughput genetic analyses have promoted the
collection of new information about the genetics of COPD and emphysema. The three basic
approaches include:

» Candidate gene-association studies;
» Linkage analysis in multiplex families;
*  Genome-wide association studies.

To date, only a few genetic studies have explicitly examined emphysema as the main
diagnostic criteria to determine susceptibility loci in human smokers. One such study
attempted to identify genetic determinants of emphysema using genome-wide association
studies in a large cohort (using CT-based diagnosis of emphysema). Here they described a
SNP at the BICD1 locus, encoding a protein critical in dynein—dynactin interaction that was
significantly associated with emphysema and was verified in two different cohorts [12].
Most of the other reports, however, have examined the genetics of COPD without
distinguishing the individual component of emphysema as a risk factor [13]. In particular,
scanning the entire genome for SNPs associated with COPD (irrespective of the presence or
absence of emphysema), has led to the identification of several new risk genes, such as the
a-nicotinic acetylcholine receptor (CHRNA 3/5) and HHIP, involved in human COPD [14].
It should be noted, however, that some of the identified risk loci (e.g., CHRNA) have also
been linked to smoking behavior and risk of lung cancer [15,16], indicting the complexity of
the genetic-association studies in humans.

Despite some new insights into the genetics of smoke-induced lung disease, predictably, a
complex genetic basis is emerging where multiple genes contribute to the increased disease
risk, and a number of genes (with the exception of a-1AT) generally introduce a modest
independent effect [11]. This type of heterogeneity among different phenotypes within
smokers is quite reminiscent of the common genes that underlie multiple autoimmune
disorders because, much like genetic associations with autoimmunity, COPD gene
associations are extremely modest. These findings further indicate that the utility of
discovering the array of new genes may be to generate new hypothesis about the
pathogenesis of such diseases with complex heritable multifactorial trait [8].

Critical innate immune cells & enzymes in emphysema

Collectively, several classes of proteinases display elastolytic properties because when
administered intratracheally under experimental conditions, they can induce lung
parenchymal lesions that mimic smoke-induced emphysema [17]. The most frequently
associated and well-studied classes of proteinases implicated in human emphysema belong
to the MMPs and serine proteinase (neutrophil elastase [NE]) that are primarily produced by
macrophages and neutrophils, respectively [18]. In particular MMP9, MMP12 and NE are
among the most abundantly expressed enzymes reported in the lungs of smokers and are
required for induction of emphysema [19,20]. The activity of most of these enzymes is
controlled by endogenous inhibitors such as tissue inhibitors of metalloproteinases and
a-1AT, the principal antagonist of elastases. Beside their potent elastin-degrading property,
MMP12 could neutralize the action of a-1AT, re-enforcing the potent elastolytic function of
NE, while cigarette smoke exposure is sufficient to enhance elastase and reduce the activity
of elastase inhibitors [21]. These biochemical events are critically important to the
development of emphysema because elastin is an important matrix protein that is, in part,
responsible for both the structural integrity of the lung and its elastance (ability to stretch).
Loss of lung integrity in emphysema is due to the unopposed overproduction of elastases
expressed by inflammatory cells present in the lungs and the persistence of chronic
autoimmune inflammation directed against self-antigens in the lung [22,23].
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In parallel to the possible role of smoke-induced recruitment of inflammatory cells to the
lungs, proteolytic cleavage of matrix molecules have been shown to provide the necessary
environmental factors associated with human COPD [24,25]. In particular, collagen
degradation can elaborate N-acetyl Pro-Gly-Pro tripeptides that act as a potent neutrophil
chemoattractant in vivo, a process that is mediated through activation of CXCR2 [26].

Emphysema & autoimmune inflammation

A role for autoimmune-mediated inflammation in COPD was first suspected when
histological studies of human lung tissue revealed a preponderance of CD8* T cells in the
small and large airway biopsies in ever-smokers with COPD [27]. The Lung Health Study, a
multicenter longitudinal study of ever-smokers in the USA and Canada revealed a subset of
smokers who develop a more rapid decline in lung function despite a long period of
abstinence from smoking [28]. Together, these experimental and clinical findings provided a
strong rationale for a focused search for the presence of a dysregulated or systemic
autoimmune inflammatory disorder in smokers with emphysema [29].

Although all human autoimmune diseases differ greatly in terms of their clinical
manifestations, where studied in detail, these same syndromes are also remarkably similar
with respect to fundamental immune characteristics. In addition to unremitting inflammation
without apparent cause, many autoimmune syndromes are characterized by the enhanced
expression of a unique pattern of proinflammatory cytokines that include IFN-y, TNF and
the more recently described, 1L-17A [30]. Importantly, IFN-y and IL-17A are the canonical
cytokines secreted by major subsets of effector T helper cells, Thl and Th17 cells,
respectively. Experimental models of human autoimmune diseases have confirmed that both
Th1 and Th17 cells and cytokines are essential mediators of disease [31-33]. The
importance of TNF is further underscored by the transformative clinical importance of
inhibitors of the TNF signaling pathway that are now widely used to suppress debilitating
pain and inflammation in diverse autoimmune disorders [34]. In contrast to these studies,
mice lacking T and B cells develop smoke-induced emphysema, indicating that acute
exposure to smoke in mice is sufficient to induce lung disease [35]. Paradoxically, however,
not all smokers develop emphysema and, unlike the findings in humans, emphysematous
changes in the lungs of mice resolve following smoke cessation [36]. Therefore the role of
the adaptive immune system in development of lung parenchymal destruction in smokers is
most likely dependent on the heritable multifactorial trait that is currently under intense
investigation.

One of the first studies that detailed a potential role for autoimmunity in response to
cigarette smoke showed that former smokers with emphysema who were free of active
infection harbor lung Th1 cells [37]. The same study further revealed that while IFN-y does
not affect the production of MMP12, indirectly IFN-y inducible protein of 10 kDa (IP-10;
CXCL10) induces the expression of this MMP in lung tissue macrophages [37]. In
agreement with these findings, studies using human bronchoalveolar cells have shown that
Th1-specific chemokine receptors (e.g., CXCR3) are expressed in the lungs of humans with
COPD but not in other inflammatory disorders such as asthma [38].

Additional evidence of autoimmunity in COPD came from the discovery of a specific
memory T-cell recall response to elastin fragments in human smokers with emphysema [22].
T cells isolated from peripheral blood of ever-smokers showed a significant increase in
secretion of IFN-y, while no changes were noted in Th2 cytokines such as IL-4 and IL-13
[22]. Further analysis of T cells extracted from the peripheral lung of smokers with stable,
uncomplicated emphysema confirmed that these cells secrete IFN-y and IL-17A in the
absence of IL-4 and 1L-13 [39]. Thus, these studies were the first to confirm that human
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emphysema is characterized immunologically by the expression of the key autoimmune
signature consisting of Th1 and Th17 cells and their canonical cytokines and related
chemokine receptors.

The discovery of Thl and Th17 cytokines in the emphysematous lung further proved to be
the key to unlocking the immunological basis of how lung destruction results from smoking.
IL-17A promotes secretion of neutrophil-attracting chemokines, in part accounting for the
chronic neutrophilia of COPD [40]. IL-17A and IFN-y further act together to promote a pro-
elastolytic lung environment because chemokines induced by IFN-y such as CXCL10 and
IL-17A act directly to stimulate MMP12 secretion by macrophages. IL-17A further induces
the production of the chemokine CCL20, which attracts monocytes and promotes an
increase in recruitment of APCs in the lungs [33,39]. Thus, tobacco smoke acutely elicits
elastase secretion from innate immune cells [18], but ultimately recruitment of the APCs and
an increase in activation of lymphocytes that show a Th1/Th17 predominance underlies
chronic inflammation and progressive emphysema, even in individuals who have stopped
smoking.

The role of B cells and, in particular, a pathogenic role for autoreactive antibodies has
further been investigated in human COPD [41,42]. Using a multiple dilution technique to
measure anti-elastin antibodies in plasma based on an internal standard in a well-
characterized group of smokers, we reported an increase in the titers of anti-elastin
antibodies in subjects with emphysema when compared with smokers without emphysema
[22]. Recently, using a less rigorous method of antibody measurement (single dilution) in
stored serum samples in smokers or nonsmokers, no correlation was found between airway
obstruction and antiproline or anti-elastin antibodies [43]. Similarly, a small case report of
subjects with emphysema and fibrosis failed to show significant elevation of anti-elastin
antibodies [44]. These studies detected anti-elastin antibodies in smokers but not all found
associations between such antibodies and COPD, which could be due to the differences in
methodological and or in stratification of smokers which, unlike the original report [22],
were not based on CT evidence of clinically significant emphysema. Moreover, few, if any,
autoimmune inflammatory diseases are driven exclusively by pathogenic antibodies and
antibodies to self-proteins have been reported to exist in disease-free subjects [45,46]. Thus,
because of the inherent difficulties in detecting autoreactive antibodies and interpretation of
their clinical significance [47,48], our studies have focused on autoreactive T cells, which
we have specifically shown to be pathogenic and, relative to autoantibodies, are more
definitively identified using modern immunological techniques.

Role of lung APCs in emphysema

In search of factors that might operate as breaks or accelerators of inflammation in
emphysema, our focus has shifted to lung APCs that are critical in activating lymphocytes
required for durable immunological memory. CD4* and CD8* T cells traverse the body and
are typically activated only by professional APCs, such as dendritic cells (DC), including
myeloid DCs and plasmacytoid DC subtypes [49]. By virtue of their long dendritic
processes, myeloid DCs are thought to pick up antigens through cell surface receptors (e.g.,
CD205), but the final antigen presentation in the context of MHC molecules to T cells is
facilitated through receptor-mediated endocytosis and antigen processing in deep lysosomes
or peripheral endosomes [50]. Additional studies to further characterize specific APC
subsets in normal and diseased lung and their specific costimulatory molecules (CD80,
CD86, CD83, CD40) showed a functional role for T-cell activation in human emphysema
[39]. How DCs undergo this unique maturation process remains an intense area of
investigation, but lack of robust costimulatory molecule expression has been shown to
induce tolerance against foreign antigens (e.g., ovalbumin), which is marked by the
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induction of antigen-specific immunosuppressive cells or Tregs [51]. Although difficult to
assess rigorously, under normal conditions, human lung DC are thought to lack
costimulatory molecules and therefore favor immunosuppressive Treg development.
Unfortunately for smokers, the tolerogenic mission of the lung is usurped by mature myeloid
DCs replete with costimulatory molecules that readily activate proinflammatory T cells [39].

The immunophenotype of lung APCs in current and never smokers has been evaluated
[52,53]. Further, clinical data derived from lung function studies and chest CT scans have
shown positive correlations between disease severity and activated APCs (expressing
costimulatory markers CD80, CD83, CD86) concomitant with a marker of activated CD4* T
cells (CD69) [39]. Mature APCs expressing costimulatory molecules could activate CD4* T
cells; however, members of the B7 family of costimulatory molecules (CD80 and CD86),
which bind to CD28 to activate T cells, can also efficiently bind to CTLA-4 on CD4*T cells
and deliver an inhibitory signal. Therefore, the complex interplay between T cells and DCs
requires better understanding of the nature of T-cell activation status and DC maturation
under normal and pathogenic conditions. These findings indicate that T cells become
activated through signals from lung APCs, implying that a process more fundamental than
activated T cells most likely is the ultimate endogenous governor of the pathobiology of
smoke-induced emphysema. Future studies are needed to dissect the genes regulating
activated lung APCs that play a key role in promoting T-cell activation.

Role of respiratory infections in progression of autoimmunity &
emphysema

The otherwise stable deterioration in lung function that characterizes COPD is punctuated in
many patients by bouts of disease exacerbation marked by sudden, but transient worsening
of lung function in the setting of an acute and febrile pneumonic or bronchitic syndrome.
These episodes are thought to represent bouts of airway infection with viruses, especially
human rhinovirus, or bacteria such as Haemophilus influenza [54,55]. Patients usually
respond to anti-inflammatory therapy with glucocorticoids and antibiotics, but may not
return to baseline lung function and often require mechanical ventilatory support [56-58].
However, activation of the costimulatory signals through pathogen-recognition receptors
and Toll-like receptors on APCs most likely can activate this critical cell population in the
lung and may initiate or worsen extant autoimmune inflammation in smokers [59-61]. Thus,
emphysema appears to be a Th1/Th17-driven lung inflammatory process that is initiated by
cigarette smoke and possible recurrent infections in which both the innate and autoimmune
components promote elastolysis, loss of lung integrity and impaired lung function
[39,56,62].

Emerging hypothesis on the autoimmune inflammatory causes of
emphysema

The intriguing clinical and pathological observations made over the past few years have
opened the door to a new concept: in susceptible individuals, cigarette-smoke exposure may
trigger long-lasting inflammatory memory T-cell responses that can persist beyond the
immediate period of exposure to cigarette smoke. Given that not all smokers develop lung
disease, we propose that the perpetual inflammation seen in ever-smokers with emphysema
is driven by multiple insults that include:

»  T-cell activation to specific lung matrix and cell-derived antigens (e.g., elastin,
collagen or endothelial fragments);
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»  Presentation of lung-specific antigens that results in the accumulation of activated,
autoreactive T cells;

»  Transient production of the cytokines that induce proliferation of autoreactive T
cells (i.e., IL-6, IL-1 and IL-17A);

»  Positive-loop feedback, in part governed by genetic factors that shapes the host
response and may increase the clonal T-cell sensitivity to Th1/Th17 cytokines in
the lung.

Most importantly, the continuous recruitment of activated lung APCs could further ensure
propagation of autoinflammatory T-cell responses and the development of chronic
progressive lung destruction [33]. Although activation and clonal expansion of T cells most
likely plays an exceedingly important role in chronic inflammation, individual genetic
susceptibility factors that govern how the immune system responds to antigens most likely
contribute importantly to the resulting degree of autoimmune inflammation. As a result,
during the multistep activation and expansion of autoreactive T cells, a spectrum of disease
severity is seen in human smokers (Figure 2). This model of autoimmune inflammation
could provide a reason as to why despite smoking cessation, the lung inflammation rages on
[63].

Expert commentary

The presence of chronic autoreactive systemic inflammation increasingly appears to be most
strongly associated with emphysema in ever-smokers. Unresolved questions regarding the
wide spectrum of lung diseases seen in smokers have prompted a large global mobilization
of resources to assess different subphenotypes of human smokers. Most likely differences in
response to antigens (self or foreign) by the major immune effector cells in the peripheral
blood and lung APCs will provide a clue to the pathogenesis of emphysema. Although the
fundamental mechanism by which lung inflammation is sustained in humans remains
unknown, the finding that autoimmunity involving elastin and perhaps other endogenous
antigens presents a solid platform to begin this important search [22,23]. Even more
fundamentally, however, we can postulate that the act of smoking triggers an as yet
unknown innate inflammatory response that activates lung APCs. This signaling pathway
could comprise adjuvant-like ligands generated during smoking-induced lung damage that
signal through APC-activating TLRs. The many chemically reactive molecules identified in
cigarette smoke could further sufficiently alter the antigenic character of endogenous
molecules such as elastin to render them more reactive to T and B cells, thereby breaking the
lung tolerogenic state that normally precludes such autoreactivity. Obviously, much work
remains before our understanding of emphysema pathogenesis begins to impact how we
predict, diagnose and treat this devastating malady. However, we may now have a roadmap
for dissecting the relevant cells and molecular pathways that probably play key roles in
gaining this insight.

Five-year view

Current estimates are that the prevalence of COPD in the world will continue to rise despite
a steady decline in cigarette consumption in western countries; this is in part owing to the
lag in time for disease manifestation and a sharp rise in smoking habits in developing
countries. In the next 5 years, the results of several ongoing multicenter studies will provide
a better understanding of the pathobiology of human emphysema. Predictably,
characterizing distinct clinical phenotypes and identifying the susceptibility genes will
provide new guidance to the clinicians to not only provide personalized treatment to those
with pure emphysema, airway obstruction or mixed types, but also will provide means to
screen and identify smokers who are at a higher risk of developing COPD, and more
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specifically, lung destruction seen in emphysema. This goal will aid in implementation and
delivery of personalized medicine to those at risk, and will potentially bring to light smokers
with emphysema who may be at a higher risk of developing lung cancer who should be
screened more effectively. Detection of a number of proteins or their modified forms that
could pose as self-antigens in humans could provide useful tools for screening smokers with
lung parenchymal damage, and offer therapy aimed to halt the destructive action of the
pathogenic T cells in the lungs. In mice, evidence is mounting that many of the early
immunological changes occur in response to pathogenic APCs prior to the onset of lung
disease; while this could also be true in humans, there is no evidence to support this
contention at the present time. Therefore, longitudinal T-cell-based studies in early smokers
could help identify whether development of pathogenic T cells take place at an early time
point during chronic exposure to smoke.
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Figure 1. Positive correlation between emphysema (computerized tomography-based
quantification) and airflow obstruction (pulmonary function tests) in ever-smokers

FEV; and FVC ratios were plotted against quantified measurement of emphysema using a
CT scan of the chest in former (open squares) and current (closed squares) ever-smokers (n
= 128). There are significant correlations between a decrease in airway obstruction (FEV1/
FVC) ratio and an increase in percentage of emphysema in each group (p < 0.0001; r2 = 0.41
and r2 = 0.31 for current and former smokers, respectively). Note, however, that significant
emphysema (>7% emphysema) is detected in 18 subjects with no evidence of airway
obstruction (FEV1/FVC >70%). The dashed vertical bar indicates the threshold for
emphysema (>7%) and the dashed horizontal bar represents the threshold for airway
obstruction (FEV1/FVC <70%). Solid black line is correlation line (smokers) and dotted
black line represents correlation in former smokers. FEV: Forced expiratory volume in 1 s;
FVC: Forced vital capacity.

Expert Rev Clin Immunol. Author manuscript; available in PMC 2013 January 1.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Kheradmand et al.

MHC class Il

) MMP12 C
IL-17A

N T

Macrop
Expert Rev. C

Figure 2. Autoimmune inflammation that causes emphysema

Schematic diagram of possible mechanisms in lung CD1a* dendritic cells, lung
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macrophages and CD4* T-cell interaction in autoimmune-mediated destruction of lung
parenchyma. Cigarette smoke could activate macrophages and induce CCL20 expression,
which in turn, could recruit and activate CD1a* lung dendritic cells. CD4™ T cells receive
positive costimulatory signals from lung dendritic cells that present antigen through MHC 11
molecules and induce development of Thl and Th17 subsets of T cells in the lung. The
chronic presence of the relevant Thl and Th17 chemokines could further induce MMP12
production and result in uncontrolled elastolysis in human lungs. mDC: Myeloid dendritic

cell.
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