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Abstract

The cellular mechanisms that result in the initiation and progression of emphysema are clearly
complex. A growing body of human data combined with discoveries from mouse models utilizing
cigarette smoke exposure or protease administration have improved our understanding of
emphysema development by implicating specific cell types that may be important for the
pathophysiology of COPD. The most important aspects of emphysematous damage appear to be
oxidative or protease stress and sustained macrophage activation and infiltration of other immune
cells leading to epithelial damage and cell death. Despite the identification of these associated
processes and cell types in many experimental studies, the reasons why cigarette smoke and other
pollutants result in unremitting damage instead of injury resolution are still uncertain. We propose
an important role for macrophages in the sequence of events that lead and maintain this chronic
tissue pathologic process in emphysema. This model involves chronic activation of macrophage
subtypes that precludes proper healing of the lung. Further elucidation of the cross-talk between
epithelial cells that release damage-associated signals and the cellular immune effectors that
respond to these cues is a critical step in the development of novel therapeutics that can restore
proper lung structure and function to those afflicted with emphysema.
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A. Introduction

In 1984, the National Institutes of Health in the U.S. funded a workshop which led to what is
still the official definition of emphysema, i.e., “a condition of the lung characterized by
abnormal, permanent enlargement of airspaces distal to the terminal bronchiole,
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accompanied by the destruction of their walls, and without obvious fibrosis” (Snider, et al.,
1985). While there is little question that alveolar walls are lost in emphysema, the
mechanism by which this loss occurs remains poorly understood. The lung has a complex
three-dimensional structure in which there needs to be continuous structural continuity from
the trachea down to the most peripheral alveoli at the visceral pleural surface. Indeed, it has
long been known that there are elastic fibers that run the entire length of the airway tree from
the trachea down to the respiratory bronchioles (Macklin, 1922-23). These elastic fibers are
located in the mucosa just outside the basement membrane, and they are responsible for the
corrugated cross sectional appearance seen in the airway lumen. This axial structural linkage
between the largest and smallest airways is essential for proper lung function, since it allows
the airways to lengthen with lung inflation thereby providing room for adjacent alveoli to
expand. It seems axiomatic that any damage to this mechanical linkage would lead to an
inability for alveoli to expand properly, and inflammation in either the alveoli or in the
airways that supply the alveoli could have direct impact on this mechanical coupling.

In particular, a few years ago McDonough and colleagues (McDonough, et al., 2011)
published work showing that there appeared to be a major obliteration of terminal
bronchioles in COPD patients with emphysema. Such obliteration likely resulted from a
chronic inflammation of these small airways that eventually led to disruption of the
structural elements that supported the subtended alveoli. COPD is a condition consisting of a
mix of varying degrees of chronic bronchitis and emphysema. In humans, emphysema rarely
appears without some level of associated airway inflammation, and this is true even in
patients whose primary cause is simply defective inhibition of neutrophil elastase (Cosio, et
al., 2016). Inflammation is also present in animal models of emphysema, although as will be
discussed later in detail, the cell profile may be different from what is seen in humans. In
this review, though we are focused primarily on emphysema, it is impossible to ignore the
structural connection of alveoli to the airways, since anything that impairs this link will lead
to loss of alveoli. This concept is illustrated in Figure 1, and the question still remains as to
which comes first, the inflammation in the smallest airways with subsequent loss of the
structural fibers supporting the acini, or inflammation in the alveoli with subsequent loss of
alveoli and the most peripheral connections of the supporting elastic matrix. Indeed there is
evidence that inflammation in the small airways leads to structural damage in the wall
(Hogg, et al., 1968, Leopold and Gough, 1957), which would be consistent with the loss of
the distal acini being a secondary event as in Figure 1-panel B. However, in humans all of
the data on the most peripheral airways is of necessity cross-sectional and often in a limited
number of subjects, so assessing the initiating events is not possible. Nevertheless, what is
clear is that inflammatory cells are playing critical roles in this progressive destruction of
lung tissue. It is an objective of this review is to provide a better understanding of their role
in the pathologic etiology of both COPD and emphysema, especially in animal models
where progressive changes can be studied.
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B. Mouse models of emphysema

i) Assessment of functional and structural changes in emphysema

Quantification of the extent of the lung tissue destruction in emphysema is not always a
simple task. For, one, in humans the manifestation of emphysema is often quite
heterogeneous, so one needs to be able to define a boundary where one will make the
measurement. In humans, this is often done with CT imaging, where lung density below
some defined threshold is used as a marker for emphysema (Wang, et al., 2013)). When lung
tissue is destroyed, CT density decreases and the extent of emphysema can be quantified
across the whole lung. Although people with larger lungs have bigger alveoli as assessed by
CT density (Brown, et al., 2015), the magnitude of density changes in emphysema are far
greater than the differences that would be seen between healthy large and small lungs. While
decreased CT density has been shown in animal models of emphysema, this is not widely
utilized. The method normally used in preclinical models is to quantify changes in the
postmortem histology, an approach clearly not appropriate for humans. The common metric
is based on the mean distances between septal walls, but like alveolar size assessed by CT
density (Brown, Wise, Kirk, Drummond and Mitzner, 2015), this metric also increases with
lung volume (Hsia, et al., 2010). Thus in both human and animal models, it is essential to
measure the lung volume changes with emphysema. These structural changes are impacted
by inflammation in both the small airways and parenchyma, and this will be considered in
the subsequent sections.

With regard to functional assessment of the emphysematous pathology, although there are
many mouse studies where ventilation mechanics are measured, these measurements are
generally unrelated to the standard assessments of pulmonary function during forced
expiration normally done in humans. This is unfortunate, since the ability to perform
equivalent measurements in mice and human subjects may facilitate the translation of results
in mouse models to human disease. To circumvent this lack of functional correspondence,
the lung diffusing capacity for carbon monoxide (DLCO) (Miller, et al., 2013, Ogilvie, et al.,
1957), can be measured. This is a common and easily made measurements in human
subjects, but this measurement has only rarely been done in mouse models. We have
reported a simple approach that circumvents the problems with measurement of diffusing
capacity in mice (Fallica, et al., 2011, Limjunyawong, et al., 2015c). This procedure results
in a very reproducible measurement, that is sensitive to a host of pathologic changes in the
lung phenotype, including being able to follow the emphysematous changes over
time(Limjunyawong, et al., 2015a).

il) Smoke-induced models of emphysema

Chronic exposure to cigarette smoke in rodents can mimic several features of COPD,
including accumulation of inflammatory cells and mediators, elevation of oxidative stress,
mucus hypersecretion, decline in lung function, mild degrees of emphysema, airway
remodeling, pulmonary hypertension, as well as increase pulmonary inflammation
associated with exacerbation (Vlahos and Bozinovski, 2014, Wright and Churg, 2010). The
cigarette smoke induced centrilobular emphysema lesion resembles what is seen in smokers
whose pathology begins from the respiratory bronchioles and spreads peripherally (Antunes
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and Rocco, 2011). Thus, this experimental model has been used to gain mechanistic insight
into the pathogenesis of emphysema, particularly related to inflammation and oxidative
stress.

Since Huber et al. first described morphologic and physiologic alterations following smoke-
induced emphysema in rats in the 1980s (Huber, et al., 1981), a wide variety of cigarette
smoke-induced animal models of emphysema have been use in different laboratories. There
is no standard protocol in terms of duration, frequency, source or route of cigarette smoke
exposure. Smoke exposure intervals range from 1 to 3 sessions per day with different
number of cigarettes smoked in each session (from 2 up to 40 cigarettes a day), 5 to 7 days
weekly for 2 to 36 weeks in total (Cendon, et al., 1997, Gao, et al., 2010, Hautamaki, et al.,
1997, Rinaldi, et al., 2012, Shapiro, et al., 2003, Wright and Churg, 1990, Xu, et al., 2004,
Zheng, et al., 2009, Zhou, et al., 2012). Different routes of exposure have also been used.
Although most studies burn and then passively expose the smoke to the whole animal, some
studies have used nose-only smoke exposure systems to target smoke directly to the
respiratory system, thereby avoiding confounding effects of the animals’ fur cleaning
(Nemmar, et al., 2012, Nemmar, et al., 2013, Rinaldi, Maes, De Vleeschauwer, Thomas,
Verbeken, Decramer, Janssens and Gayan-Ramirez, 2012). Moreover, while most systems
use side stream smoke (similar to passive smoking in humans), mainstream smoke exposure
has also been employed to simulate active smoking (Atkinson, et al., 2011, Obot, et al.,
2004, Stinn, et al., 2013, Suzuki, et al., 2009). Despite these widely differing smoke
exposures in animal models, generally all of the exposed animals will develop some degree
of emphysema, and this is an important difference from human cigarette smoke exposures
where less than 20% of smokers get clinical emphysema (Fletcher and Peto, 1977).

Although smoke exposure has relevance to humans, there are some serious limitations and
disadvantages of its use in a model system, notably the need for long exposure periods and
the associated high housing costs, the relatively mild emphysema that is observed, and the
relatively stable lung structure after smoking is stopped (Churg, et al., 2011, Motz, et al.,
2008, Wright and Churg, 2010). Smoke from biomass sources other than tobacco has been
shown to have similar effects in animal models. Hu and colleagues compared smoke
generated either from 25 gram grain crust (typical biomass fuel used for cooking), or from
cigarettes and found that biomass smoke could induce the same degree of pulmonary
inflammatory BAL cells, systemic oxidative stress, and emphysema as induced by cigarette
smoke (Hu, et al., 2013). Similarly, emphysematous changes could be induced by dried dung
smoke exposure in rabbits (Fidan, et al., 2006), or by exposing rats to 1 month of daily cow
dung smoke (Lal, et al., 2011).

iii) Protease-induced models of emphysema

The first reported experimental emphysema model was done in rats by intratracheal
instillation of papain (a plant protease) into rats (Gross, et al., 1965). This animal model of
emphysema was established shortly after the discovery of an association between a1l-AT
deficiency and emphysema in humans (Eriksson, 1964). These clinical and experimental
observations led to the hypothesis that the development of emphysema was due to an
imbalance between proteases and anti-proteases in the lung. Since the protease activity of
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papain depends on its purity and source, other more accessible proteases have been adapted
for these emphysema models in a variety of animal species, including porcine pancreatic
elastase (Hayes, et al., 1975, Kaplan, et al., 1973), human neutrophil elastase (Kuraki, et al.,
2002, Lafuma, et al., 1991), collagenase (Snider, et al., 1977), and several others.

It is very important to emphasize that the degree of emphysema progressively worsens (at
least for 26 weeks) after this single insult of pancreatic elastase (Kuhn and Tavassoli, 1976,
Snider and Sherter, 1977), even though the activity of exogenous enzymes is destroyed by
endogenous protease inhibitors within 24 hours following administration (Stone, et al.,
1988). The administration of elastase inhibitors has a protective effect only when given
immediately before or immediately after elastase challenge-they are not effective even if
given 4 hours after the insult (Gudapaty, et al., 1985, Kleinerman, et al., 1980, Stone, et al.,
1981). The persistent emphysematous change in this animal model thus may have
similarities with observations in humans with emphysema, where the emphysema continues
to progress even after stopping smoking (Mohamed Hoesein, et al., 2013, Rutgers, et al.,
2000). The mechanism of these chronic progressive changes is not clear, but it suggests that
host endogenous responses triggered by an acute injury to the lung epithelium/endothelium
may be sufficient to trigger a chronic non-resolving, self-perpetuating cycle of inflammation
and lung damage. Indeed, it has been suggested that only 20% of parenchymal tissue loss
after elastase administration is caused directly by the enzyme, while the remaining 80%
results from the host inflammatory response (Lucey, et al., 2002). This progressive feature of
the elastase insult makes it a tractable model to study mechanisms underlying the
progressive loss of alveolar tissue, repair/remodeling of tissue in response to injury, and the
relationship between altered structure and pulmonary functions/mechanics in emphysema
(Hamakawa, et al., 2011, Hou, et al., 2013, Ito, et al., 2005, Kurimoto, et al., 2013, Lanzetti,
et al., 2012, Takahashi, et al., 2014). And this model has been used to explore potential drug
and intervention therapy to slow the emphysema progression (Massaro and Massaro, 1997,
Moreno, et al., 2014, Rubio, et al., 2004).

Although the instillation of proteases can induce emphysema, these models have several
drawbacks. First is the obvious distinction that elastase instillation is not a physiologically
relevant initiation event in human emphysema. The elastase model, however, is generally not
used to study the chronic, low-level environmental events associated with the initiation of
emphysema. Rather the aim is to investigate the molecular, cellular and genetic processes
that prevent the lung from properly healing and lead to progressive emphysema. It is
important to note that none of these animal models faithfully mimic the phenotypes seen in
human COPD, since they generally lack the chronic airway inflammation and mucus
hypersecretion that are major symptoms in this pathology.

iv) Infection and Emphysema — viral and bacterial exacerbation models

Emphysema in murine models can be caused by Nippostrongylus brasiliensis infection. .
brasiliensis is a natural nematode parasite of rats that has been used as a human hookworm
infection model to study host T helper 2 (Th2) protective immunity (Camberis, et al., 2003,
Finkelman, et al., 2004). In rodents, free-living third-stage (L3) larvae of N. brasiliensis that
have penetrated the skin, migrate via the circulation to the lung where they penetrate into the
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alveolar spaces via enzyme-assisted mechanical destruction of the respiratory epithelium.
The larval worms reside in the lungs for ~2 days during which they molt, become moatile,
and ascend the airway tree to the oral cavity where they are swallowed. The final stages of
development takes place in the small intestine where the adult forms of the parasites mate
and the females produce embryonated eggs which are passed with the feces (Camberis, Le
Gros and Urban, 2003). N. brasiliensis infection in mice is self-limiting and the adult
parasites are expelled from the gastrointestinal tract between 9-13 days post-infection
(Camberis, Le Gros and Urban, 2003, Ogilvie, 1971).

Although this nematode resides in the lung only for less than 2 days, it induces strong long-
lasting Type 2 immune responses characterized by increasing levels of Th2 cells, IL-4,
IL-13, IgE, eosinophils, basophils, mast cells and Type 2 innate lymphoid cells (ILC2s), as
well as alternatively-activated (M2) macrophages, which are thought to promote tissue repair
of the damage caused by the worms (Allen and Maizels, 2011, Marsland, et al., 2008b, Min,
et al., 2004, Nair, et al., 2005, Reece, et al., 2006, Voehringer, et al., 2004). Infection with N.
brasiliensis results in a chronic inflammatory response in the lung leading to progressive
destruction of alveolar walls accompanied by an enlargement of airspace size resembling
emphysema in humans (Heitmann, et al., 2012, Marsland, et al., 2008a, Turner, et al., 2013).
This prolonged helminth-induced lung damage is associated with the hemosiderin positive
macrophages with an alternatively activated (M2) phenotype marked by the induction of
Arginase (arg), Retnla (fizz1) and Chi3I3 (ym1) expression. These M2 macrophages
exhibited substantially up-regulated MMP-12 for up to 6 months, suggesting a persistent
role of Th2 cells and M2 macrophages in the chronic progression of emphysema (Marsland,
Kurrer, Reissmann, Harris and Kopf, 2008a).

C. Innate and Adaptive Immunity in the Pathogenesis of Emphysema

i) Overview of Innate and adaptive immunity in the lung

The lung has by far the most extensive direct interaction with the external environment of
any barrier surface. In order to carry out its prime function of gas exchange the lung needs to
maintain an adaptive and dynamic interface that is capable of responding to ever changing
chemical, particulate and microbial exposures. A vast majority of these exposures cause no
substantive harm, and through the coordinated action of the evolved biophysical barriers and
passive molecular defenses the mammalian lung is able to maintain the efficiency of the
conducting airways and gas exchange surfaces. A subset of these environmental exposures
presents sufficient levels of danger to warrant activation of inducible innate and adaptive
immune responses. By virtue of its abilities to rapidly resolve inflammation, repair cellular
damage and physiologically adapt to limited losses in functional capacity, the lung is adept
at handling most acute challenges. However, chronic exposure to certain harmful substances
or microbes challenges the normal scheme of regulated inflammation such that cell and
tissue damage is not properly resolved and repaired, which can lead to a enduring loss of
lung function due to fibrotic disease or progressive destruction of alveoli. The lung has
evolved a number of unique molecular and cellular strategies that balances the requirement
to efficiently neutralize the myriad minor environmental challenges encountered daily in a
manner that avoids chronic inflammation. While acute inflammation is required to rapidly
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and robustly deal with toxic and infectious agents that could quickly overwhelm host
defenses and cause unsustainable lung damage, it needs to be regulated such that it avoids
compromising the delicate gas exchange surfaces of the lung. Disruption of this balanced
regulation that governs the appropriate nature, intensity and duration of inflammation is the
underlying cause of many persistent lung diseases.

It has become abundantly clear that the epithelial cells that line the conducting and
respiratory airways are not simply passive barriers to limit access to chemical and biological
exposures, but vital local sensors that communicate the level of danger (Weitnauer, et al.,
2016). The major cell types that form the peudostratified cell layer of the conducting
airways include ciliated epithelial cells, mucus-producing goblet cells, non-ciliated secretory
club cells (formally termed Clara cells) and multipotent basal cells. The thin single-cell layer
that forms the alveoli consists of type I and type Il alveolar epithelial cells. The specialized
subsets of lung epithelial cells secrete a number of antimicrobial and enzymatic effectors
that, along with secretory IgA and mucus, serve as a physical and molecular barrier to limit
contact with the epithelium and to entrap and direct particulate matter and microbes for
mucociliary clearance and their ultimate degradation in the gastrointestinal tract (Hasenberg,
et al., 2013). Of the antigens that reach alveolar tissues, most are eliminated by lung-resident
macrophages and dendritic cells or are transported via lymphatic vessels to lung-draining
lymph nodes.

Under steady-state conditions, epithelial cells are polarized and maintain tight junctions that
prevent paracellular transport of microbes and harmful substances to underlying lung tissues.
In addition, the tight junctions block the access of molecules that activate Toll-like receptors
(TLR) that are deployed on the basolateral surface of lung epithelial cells. TLR agonists that
are able to breach this barrier are key danger signals for activating the strategically arrayed
cellular components of the innate immune defenses.

Lung epithelial cells achieve their sentinel function through the synthesis of a number of
contact-dependent and contact-independent factors that activate and regulate professional
immune cells. Deployment of CD200, PD-L1, avf6 integrin and E-cadherin on their baso-
lateral membrane modulates the activation of mononuclear cells and lymphocytes
(Weitnauer, Mijosek and Dalpke, 2016). Cytokines, such as IL-33, IL-25 and TSLP, and
stimulatory molecules such as arachidonic acid metabolites are released locally from
epithelial cells and can have an effect on the nature, intensity and duration of immune
activation (Hasenberg, Stegemann-Koniszewski and Gunzer, 2013, Pouwels, et al., 2014,
Tolle and Standiford, 2013, Weitnauer, Mijosek and Dalpke, 2016).

Lung-resident macrophages are another important regulator of pulmonary innate immunity,
determining whether to initiate certain inflammatory cascades or remain quiescent in
response to pathogenic or cellular damage (Day, et al., 2009). These cells are notoriously
poor stimulators of T cell proliferation, and have been described under a variety of
conditions to be regulatory in nature (Lambrecht, 2006). Maintaining a high threshold of
activation likely ensures that the healthy lung does not endure inflammation unless a specific
stimulus poses a serious threat to the host. With a challenge that exceeds the threshold of
activation, pathogen-associated molecular patterns (PAMPs) or danger-associated molecular
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patterns (DAMPS) released from cells undergoing regulated cell death (Pouwels, Heijink,
ten Hacken, Vandenabeele, Krysko, Nawijn and van Oosterhout, 2014) bind to receptors on
resident innate cells initiating canonical inflammatory signaling cascades, transcription
factor-mediated gene expression, and ultimately cytokine and chemokine production and the
recruitment of additional innate effector cells such as neutrophils, monocytes, eosinophils,
NK cells and innate lymphoid cells (ILC). Extracellular challenges are dealt with most
efficiently by neutrophils, monocytes, and eosinophils through the release the cytokines,
proteases, prostaglandins, leukotrienes, and reactive oxygen species that are important for
pathogen clearance and the initiation of tissue repair. NK cells play a key role in the innate
control and elimination of intracellular pathogens. Although our understanding of the
functions of ILCs in the lungs is still evolving, it is clear that type 2 ILCs (ILC2) along with
lung mast cells are critically important in the induction and maintenance of the type 2
immune responses associated with allergic inflammation and tissue repair.

Agents that are difficult to clear and warrant intensive, longer-term attention result in
activation of adaptive immune mechanisms. Cell-free antigens as well as antigens that have
been taken up by resident dendritic cells (DC) are trafficked to the lung-draining secondary
lymphoid tissues where they are processed and presented to antigen-specific CD4* helper T
cells, cytotoxic CD8™ T cells, and antibody-producing B cells of the nasal-associated
lymphoid tissue (NALT) or bronchus-associated lymphoid tissue (BALT) (Hasenberg,
Stegemann-Koniszewski and Gunzer, 2013). Antigen-specific antibody production increases
opsonization, phagocytosis, and degradation of toxic substances and microbial pathogens.
Antigen-specific effector CD4 and CD8 T cells traffic back to the lung to sites of injury and
infection where they enhance the local production of cytokines and effector molecules that
regulate inflammation and cell death until the agent is cleared. A network of antigen-specific
resident memory, effector memory and central memory T cells is established that can be
mobilized rapidly upon subsequent exposure to the same agent.

While the above inflammatory responses are critical for pathogen clearance, they also play a
significant role in responding to damage-associated molecular patterns (DAMPs) following
regulated necroptotic cell death of lung cells (Tolle and Standiford, 2013). As such,
inflammatory cells mediate epithelial repair through the release of additional extracellular
matrix components and epithelial growth factors (Crosby and Waters, 2010). These include
members of the epidermal and fibroblast growth factor families that are secreted by activated
resident macrophages and infiltrating leukocytes to jump-start the repair process, inducing
the spread of neighboring epithelium and fibroblasts to denuded surfaces. Furthermore, these
epithelial repair factors recruit progenitor cells, such as club cells in the bronchioles and
Type Il pneumocytes in the alveolar parenchyma, that are also necessary for the generation
of new healthy tissue. Importantly, transforming growth factor-beta (TGFp) signaling is
required to differentiate spreading epithelium and mesenchymal stem cells into
myofibroblasts, which further contribute to extracellular matrix deposition and cytoskeletal
remodeling.

Under properly controlled homeostatic conditions, the lungs are returned to their quiescent
state once the offending antigen wanes and/or the physical damage is repaired. Major
contributing factors to immune regulation in the lungs include re-establishment of the
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balance between pro-inflammatory and anti-inflammatory cytokines, oxidants and
antioxidants, proteases and anti-proteases (Crosby and Waters, 2010). Chronic inflammatory
lung diseases can develop when these regulatory mechanisms fail to effectively stem the
responses initiated by repeated physical trauma, persistent exposure to toxins, or chronic
infection in genetically susceptible individuals.

ii) Inflammation following CS exposure

In developed countries, the dominant environmental risk factor for a patient to present with
COPD/emphysema is cigarette smoke (CS). It is important to note that other environmental
exposures are also important, especially in developing countries where up to 45% of COPD
patients have never smoked tobacco. In these settings exposure to indoor air pollution from
burning biomass fuels is a major determinant of COPD (Salvi and Barnes, 2009). It is also
important to consider that although a majority of COPD/emphysema cases are associated
with CS, only about 20% of smokers develop COPD (Pauwels and Rabe, 2004).

While CS has been the most studied risk factor for COPD/emphysema over the past two
decades, progress has been limited in defining the main mechanisms through which CS
works to increase risk in certain individuals. What has been shown is that chronic exposure
to the complex mix of chemical compounds and particulates found in CS interacts with host
genetics in a complex way to first induce inflammation and then amplify the inflammatory
response by perpetuating imbalances in the interconnected oxidant-antioxidant, protease-
antiprotease and cell death-clearance mechanisms in the lungs (Grabiec and Hussell, 2016,
Henson, et al., 2006).

CS and epithelial cells—CS has both direct and indirect effects on bronchial and
alveolar epithelial cells. In addition to influencing the expression and function of pattern
recognition receptors (PRR) and cytokines that alters the epithelial cells’ sensitivity to local
environmental changes, acute exposure to the toxic agents in CS results in epithelial cell
damage causing the release of DAMPs. One of the direct effects of cigarette smoke on
human bronchial epithelial cells both in vitro (Heijink, et al., 2012, Kulkarni, et al., 2010,
Mathis, et al., 2013, Schamberger, et al., 2015) and in vivo (Beane, et al., 2007, Harvey, et
al., 2007, Shaykhiev, et al., 2011) is to alter gene expression. Even short exposures to CS or
CS extracts results in a reduction in the number of ciliated cells, impaired barrier function
and reduced expression of genes associated with innate immunity including cytokines
(CX3CL1, IL-6, IL8), TLR5, IL4R and the receptor for prostaglandin E2. CS also increased
the number of club cells and goblet cells and elevated the levels of MUCSA.

In addition to perturbing their physiological status, components in CS directly and indirectly
induce apoptotic and necroptotic death in lung epithelial and endothelial cells resulting in
elevated levels of a spectrum of DAMPs and alarmins such as high-mobility group box 1
(HMGBL1), S-100, calthelicidins, uric acid, N-formylated peptides, extracellular ATP, and
IL-33 (Cicko, et al., 2010, Fallica, et al., 2016, Ferhani, et al., 2010, Kearley, et al., 2015,
Lommatzsch, et al., 2010, Pauwels, et al., 2010, Pauwels and Rabe, 2004). The persistently
elevated levels of DAMPs and alarmins found in the BAL fluid from COPD patients suggest
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a role for these factors in the maintenance of the distinctive inflammation associated with the
destruction of respiratory epithelium.

Adaptive immune response—While it is clear that CS-induced bronchitis/emphysema
is accompanied by a local accumulation of CD4 T cells, CD8 T cells, and B cells in the
airways and the alveolar compartment, the exact roles that these adaptive immune cells play
in the initiation and progression of disease remain to be defined. Increases in the number of
CD8* T cells and CD4* Th1 and Th17 cells have been associated with the development of
emphysema, and may be important for the maintenance of tissue-damaging innate cells in
the lungs (Barnes, 2009, Chang, et al., 2011, Di Stefano, et al., 2009, Hogg, Macklem and
Thurlbeck, 1968, Zhang, et al., 2013). Increased CD8* T cells and CD4* Th1 cells during
emphysema are associated with elevated IFNvy, TNF, IL-6, and IL-1p levels in the lungs
(Barnes, 2008). Moreover, these pro-inflammatory cytokines have all been shown to be
important for the development of airway inflammation and emphysema in certain contexts.
Specifically mouse strains deficient in the receptors for TNF and IL-1p as well as those
deficient in IL-6 are protected from emphysema, while strains that over-express TNF and
IFNy in the lungs promote the development of emphysema (Fujita, et al., 2001, Lundblad, et
al., 2005, Pauwels, Bracke, Maes, Pilette, Joos and Brusselle, 2010, Ruwanpura, et al., 2011,
Tasaka, et al., 2010, Thomson, et al., 2012, Wang, et al., 2000). However, these results have
not been consistent across multiple studies, with reports that anti-TNF treatment did little to
improve COPD, and that expression levels of IFNy and its receptor are reduced in cigarette
smokers (Shaykhiev, et al., 2009). In this same regard, CD8" T cell depletion abrogated the
development of cigarette smoke-induced emphysema, while SCID mice that lack all T and B
cells were not protected (Maeno, et al., 2007, Podolin, et al., 2013). Similarly conflicting
results have been obtained for IL-17-producing T cells, which are known to be critical for a
number of anti-bacterial host responses including neutrophil chemotaxis and activation
(Iwakura, et al., 2011). This is intriguing because COPD exacerbation is often associated
with elevated bacterial loads and neutrophils, and IL-17A-expressing cells have been shown
to be elevated in the bronchoalveolar lavage fluid collected from COPD patients (Chang,
Nadigel, Boulais, Bourbeau, Maltais, Eidelman and Hamid, 2011, Di Stefano, Caramori,
Gnemmi, Contoli, Vicari, Capelli, Magno, D’Anna, Zanini, Brun, Casolari, Chung, Barnes,
Papi, Adcock and Balbi, 2009, Eustace, et al., 2011, Zhang, Chu, Zhong, Lao, He and Liang,
2013). Furthermore, 1L-17A over-expression in the lungs recapitulates some features of
COPD, and IL-1B, IL-6, and TGFB, which contribute to the differentiation of CD4* Th17
cells, have all been shown to be associated with the development of experimental
emphysema (Churg, et al., 2009, Couillin, et al., 2009, Morris, et al., 2003, Park, et al., 2005,
Pauwels, Bracke, Maes, Pilette, Joos and Brusselle, 2010, Ruwanpura, McLeod, Miller,
Jones, Bozinovski, Vlahos, Ernst, Armes, Bardin, Anderson and Jenkins, 2011, Tasaka,
Inoue, Miyamoto, Nakano, Kamata, Shinoda, Hasegawa, Miyasho, Satoh, Takano and
Ishizaka, 2010). Recently, it was also demonstrated that IL-17A- and IL-17RA-deficiency
attenuated the severity of cigarette smoke-induced emphysema (Chen, et al., 2011, Shan, et
al., 2012). However, other studies have failed to find a correlation between IL-17 and its
receptor levels and COPD patients, and IL-17A was not essential for ozone-induced
emphysema (Pinart, et al., 2013, Pridgeon, et al., 2011). Thus, despite the suggestive
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associations for a role for IL-17A, the cellular and molecular mechanisms by which IL-17A
could impact human and experimental emphysema remain unknown.

iii) The inflammatory response to exogenous protease instillation

A single intratracheal instillation of elastase, the most widely used enzyme for this model of
emphysema (Shapiro, 2000, Snider, 1992, Snider, et al., 1986), results in inflammation,
edema, and hemorrhage that typically resolves in about a week (Kuhn and Tavassoli, 1976,
Shim, et al., 2010). The cellular response is characterized by a rapid, but transient, influx of
neutrophils followed in succession by slower more sustained increases in eosinophils and
lymphocytes (Figure 2). Immediately after administration of elastase, the population of lung-
resident macrophages decreases, but they quickly recover. Macrophages, eosinophils, and
lymphocytes (both CD4 and CD8 T cells) remain elevated for weeks in the post-elastase
lung and the elevation of these cells is associated with rapid and worsening lung damage that
can be visualized histologically (Limjunyawong, Craig, Lagasse, Scott and Mitzner, 2015a)
and measured by decrements in lung function (Figure 2 and Figure 3). At later times, there
are increased numbers of CD4+ and CD8+ T cells with significant enlargement of airspaces
within 21 days (Kurimoto, Miyahara, Kanehiro, Waseda, Taniguchi, lkeda, Koga, Nishimori,
Tanimoto, Kataoka, Iwakura, Gelfand and Tanimoto, 2013) (Figure 2). Increased ROS
production, elevated protease levels and apoptotic markers also appear in the lung during the
progressive stage of enzyme-induced emphysema (Ishii, et al., 2005, Lucey, Keane, Kuang,
Snider and Goldstein, 2002, Trocme, et al., 2015).

iv) Infection-Induced Inflammation and Emphysema

Cigarette smoke-induced emphysema models have been used to investigate the potential of
bacterial or viral infection to exacerbate the COPD phenotype. Several studies have reported
that exacerbation with bacteria (4. /nfluenzae), virus (rhinovirus), or a surrogate for virus-
induced innate immunity (poly(l:C)) accelerates the progression of cigarette smoke-induced
emphysema in mice (Foronjy, et al., 2014, Ganesan, et al., 2014, Kang, et al., 2008, Tanabe,
etal., 2013). In addition, mice exposed to cigarette smoke and then infected with influenza
virus HIN1 or H3N1 had increased in the number of immune cells in the BAL fluid and a
10-fold increase in lung virus titers (Bauer, et al., 2010, Gualano, et al., 2008). Of note, the
activated virus-specific CD8+ T cells in the lung of smoked mice produce a significantly
different cytokine profile compared to CD8+ T cells from non-smoked mice.

D. Proposed Model of Immunopathology in Emphysema

The cellular mechanisms that result in the initiation and progression of emphysema are
clearly complex. A growing body of human data combined with discoveries from mouse
models utilizing cigarette smoke exposure or protease administration have improved our
understanding of emphysema development by implicating specific cell types that may be
important for the pathophysiology of COPD (Campbell, 2000, Vestbo, et al., 2013). Resident
and infiltrating monocytes/macrophages, neutrophils, and lymphocytes appear responsible
for the local release of various proteases in the lungs, including cathepsins, the gelatinase
and collagenase matrix metalloproteinases (MMP) -1, -2, -8, -9, -13, and -14, and the
neutrophil and macrophage (MMP-12) elastases during emphysema (Hogg and Senior,
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2002). The increase in these lung proteases relative to their tissue inhibitors, such as TIMP-1
and a.1-antitrypsin, is believed to drive degradation of the collagen and elastin fibers that
comprise the alveolar septa contributing to the development of emphysematous lesions
(Mitzner, 2011). In addition to these cell types, the inflammatory activity of CD4* Th1 and
Th17 cells have also been associated with the progression of emphysema in human COPD
(Di Stefano, Caramori, Gnemmi, Contoli, Vicari, Capelli, Magno, D’Anna, Zanini, Brun,
Casolari, Chung, Barnes, Papi, Adcock and Balbi, 2009, Grumelli, et al., 2004). Although
clinical and experimental studies have provided a focused list of immune cells that are
implicated in the pathogenesis of COPD/emphysema, we are still largely in the dark
regarding the events that activate these cells over the course of the disease and, more
importantly, the mechanisms by which accelerated lung damage progresses in many
individuals - even following smoking cessation. An important step towards elucidating these
unidentified pathogenic mechanisms in chronic emphysema will likely be the discovery of
pathways that make a connection between damage to airway and alveolar epithelium and the
recruitment and activation of the leukocytes that mediate the disruption of lung structure and
function.

A critical aspect of the leukocyte-associated damage response in the lungs is initiated when
alarmins such as IL-33 (Molofsky, et al., 2015) are released following acute or chronic
damage to lung epithelial cells. IL-33 is released predominantly from type Il alveolar
epithelial cells in the lung (Fleming, et al., 2015, Pichery, et al., 2012) and can engage its
receptor (ST2) on the surface of various leukocyte populations, including type 2 innate
lymphoid cells (ILC2s) that produce molecules such as amphiregulin and IL-13 (Molofsky,
Savage and Locksley, 2015) to promote repair. In this regard, a recent report provides insight
into the one of the possible roles of cigarette smoke as a risk factor by demonstrating that a
key alteration induced by smoke in mice is an increase in the levels of epithelial-derived
IL-33 (Kearley, Silver, Sanden, Liu, Berlin, White, Mori, Pham, Ward, Criner, Marchetti,
Mustelin, Erjefalt, Kolbeck and Humbles, 2015). This conditioning of the alveolar
epithelium by cigarette smoke results in an increase in the intracellular levels of IL-33 in
type Il epithelial cells that can be released upon subsequent epithelial cell death. In addition,
cigarette smoke elevates cellular responsiveness to 1L-33 by increasing ST2 expression on
the surface of macrophages and NK cells.

With the identification that a number of potent IL-13-producing effector cells (ILC2s,
eosinophils, basophils, mast cells, Th2 cells) can express the IL-33-specific receptor
component ST2, it is becoming clear that IL-33-responsive cells are largely responsible for
the initiation of many aspects of Type 2 immunity, including CD4* Th2 cell maintenance,
M2 macrophage activation, mast cell and eosinophil activation, and epithelial wound repair
(Kurowska-Stolarska, et al., 2009, Yang, et al., 2013b). Interestingly, 1L-33 levels were
found to positively correlate with declining lung function in GOLD Stage 111/IV COPD
patients (Kearley, Silver, Sanden, Liu, Berlin, White, Mori, Pham, Ward, Criner, Marchetti,
Mustelin, Erjefalt, Kolbeck and Humbles, 2015), and was shown to be required for the viral
exacerbation of cigarette smoke-induced lung injury in mice, in part through the activation
of inflammatory macrophages (Kurowska-Stolarska, Stolarski, Kewin, Murphy, Corrigan,
Ying, Pitman, Mirchandani, Rana, van Rooijen, Shepherd, McSharry, Mclnnes, Xu and
Liew, 2009, Yang, et al., 2013a). Furthermore, it has been shown that IL-33 amplifies M2
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activation directly in peritoneal macrophages and, in consort with 1L-4 and/or IL-13, in bone
marrow-derived and alveolar macrophage activation (Kurowska-Stolarska, Stolarski, Kewin,
Murphy, Corrigan, Ying, Pitman, Mirchandani, Rana, van Rooijen, Shepherd, McSharry,
Mclnnes, Xu and Liew, 2009, Yang, Grinchuk, Urban, Bohl, Sun, Notari, Yan, Ramalingam,
Keegan, Wynn, Shea-Donohue and Zhao, 2013a). While additional work is needed, there is
mounting evidence that the 1L-33-ST2-M2 macrophage axis plays a central role in the
mechanism that results in emphysema.

IL-13 and other factors released from innate and adaptive cells result in M2 activation of
lung-resident macrophages, which in turn are tasked with regulating this repair-associated
Th2-like inflammation. For example, M2-derived factors including Fizz1/Relma and
Arginase-1 have been shown to limit IL-13-dependent fibrotic repair processes such as
collagen deposition, eosinophil infiltration, CD4* T cell activation, and granuloma formation
(Wynn, 2015). During a properly regulated response, these M2 cells can also receive
additional signals from the local environment that transition them towards a phenotype
capable of remodeling newly deposited extracellular matrix components through the
production of tissue proteases (Borthwick, et al., 2016, Novak and Koh, 2013). It is possible
that a dysregulation of these macrophage-coordinated repair mechanisms establishes a
detrimental cycle that is the basis for the destructive lung pathology observed in progressive
emphysema as illustrated in Figure 4. Indeed, selective depletion of lung resident
macrophages and recruited monocytes ameliorates elastase-induced emphysema in mice
(Ueno, et al., 2015).

This hypothesis is supported by the observation that monocytes/macrophages are
persistently elevated in human COPD/emphysema and are a prominent feature in all the
rodent models (Barnes, 2016, Byrne, et al., 2015, Grabiec and Hussell, 2016). Given what
we know about the nature of the cellular damage that is associated with the initiation of
COPD/emphysema and proposed role for macrophages in the chronic progression of
disease, it is interesting to view emphysema progression as a dysregulation of the repair-
remodeling mechanism in the lungs. This paradigm is illustrated by the model in Figure 4.

However, assigning key roles for epithelial-derived alarmins and macrophages in no way
excludes other cytokines and immune cells from contributing to the pathogenesis of
emphysema. Given their prominence in the lungs after cigarette smoke exposure and elastase
administration, the neutrophil is a logical candidate as another key component in the
progression of disease. However, neutrophil depletion during the early stages of the response
had no impact on the rate or degree of emphysematous change in the elastase model
(unpublished data). Beyond myeloid cells, a great deal of effort has also focused on
defining the role of lymphocytes in COPD leading to emphysema. In particular, recent work
has identified IL-17A-producing Th17, CD8*, and v T cells as being associated with
emphysema in cigarette smoke models and in human cases of COPD (Chang, Nadigel,
Boulais, Bourbeau, Maltais, Eidelman and Hamid, 2011, Di Stefano, Caramori, Gnemmi,
Contoli, Vicari, Capelli, Magno, D’Anna, Zanini, Brun, Casolari, Chung, Barnes, Papi,
Adcock and Balbi, 2009, Eustace, Smyth, Mitchell, Williamson, Plumb and Singh, 2011,
Shan, Yuan, Song, Roberts, Zarinkamar, Seryshev, Zhang, Hilsenbeck, Chang, Dong, Corry
and Kheradmand, 2012, Zhang, Chu, Zhong, Lao, He and Liang, 2013). There is also very
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recent evidence of a key role for IL-17A not only associated with acute exacerbations (Roos,
et al., 2015b), but also in those patients with the most severe COPD (Roos, et al., 2015a).
Furthermore, mice deficient in IL-17A or IL-17RA were shown to have attenuated severity
of emphysema following cigarette smoke exposure (Chen, Pociask, McAleer, Chan, Alcorn,
Kreindler, Keyser, Shapiro, Houghton, Kolls and Zheng, 2011, Shan, Yuan, Song, Roberts,
Zarinkamar, Seryshev, Zhang, Hilsenbeck, Chang, Dong, Corry and Kheradmand, 2012). As
the evidence grows to support an important role for IL-17 in the pathogenesis of emphysema
in both humans and animal models, outstanding questions regarding the cellular sources and
relevant targets of 1L-17 remain. While T cell-derived IL-17 may be important under certain
circumstances, models in which WT levels of emphysema can be achieved in T cell deficient
animals (D’Hulst A, et al., 2005, Maeno, Houghton, Quintero, Grumelli, Owen and Shapiro,
2007, Podolin, Foley, Carpenter, Bolognese, Logan, Long, Harrison and Walsh, 2013) imply
an innate cellular source of this cytokine is sufficient. Furthermore, while elevated CD4 and
CD8 T cell levels are a prominent feature of lungs undergoing emphysematous changes in
both humans and mice, the fact that lymphocyte-deficient and WT mice have nearly
identical levels of emphysema after cigarette smoke (D’Hulst A, Maes, Bracke, Demedts,
Tournoy, Joos and Brusselle, 2005, Maeno, Houghton, Quintero, Grumelli, Owen and
Shapiro, 2007, Podolin, Foley, Carpenter, Bolognese, Logan, Long, Harrison and Walsh,
2013) and elastase exposure (unpublished data) suggests that the presence of adaptive
immunity is not an absolute requirement for disease manifestation under certain conditions.

E. Summary

In summary, it is clear that the pathogenesis of emphysema is complex and not fully
understood. The most important aspects of emphysematous changes appear to be sustained
oxidative stress and cell damage mediated directly or indirectly by macrophage and other
cells of the innate and adaptive immune system leading to evermore-extensive epithelial cell
death and increasing decrements in lung function. Despite advances in the identification of
these associated processes and cell types, the mechanisms underlying why cigarette smoke
and other environmental challenges result in progressive damage instead of injury resolution
remain to be defined. Further elucidation of the cross-talk between epithelial cells that
release damage-associated signals and the cellular immune effectors that respond to these
cues is a critical step in the development of novel therapeutics that can restore proper lung
structure and function to those afflicted with emphysema.
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Figure 1.
Two Models of Parenchymal Airspace Enlargement in Emphysema

Panel A - Alveolar inflammation leads to the destruction of alveolar walls and disruption of
the elastic fibers that link the acinus to the terminal airways. In addition to causing airspace
enlargement, this allows the terminal bronchioles to recoil and obstruct.

Panel B - Inflammation in the terminal bronchioles causes wall thickening, obstruction, and
ultimate severing or stretching of the elastic connective tissue fibers. In addition to allowing
the bronchioles to recoil and obstruct, this loss of support for the distal acinus leads to
folding and ultimate destruction of unsupported alveolar walls and enlargement of the duct.
From [Mitzner, W. Emphysema--a disease of small airways or lung parenchyma? NEJM
365:1637-1639, 2011. Copyright © 2011Massachusetts Medical Society. Reprinted with
permission.]
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Cellular Dynamics and Lung Damage in the Elastase Model of Emphysema. Relative
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changes in the numbers of neutrophils, macrophages, eosinophils, and lymphocytes in the
lungs of mice after intratracheal administration of an emphysema-inducing dose of elastase.
The histological panels present representative images of the lung at zero, one and three

weeks after elastase administration. Bars represent 100 pum.
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Figure 3.

Changes in Two Key Lung Function Parameters in Response to Challenge with Elastase.
Total lung capacity (TLC) and diffusion factor for carbon monoxide (DFCQO) were measured
at various times after intratracheal elastase administration in BALB/cJ mice. TLC and

DFCO were measured as described in (Limjunyawong, et al., 2015b).
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Figure 4.
Model for the Roles of Innate and Adaptive Immune Responses in the Induction and

Persistence of Lung Damage in Emphysema. See text for detailed explanation.
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