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Abstract

Heterogeneity in the development and progression of cigarette
smoke-induced lung diseases strongly argues for a need to improve
the clinical and phenotypic characterization of patients with
chronic obstructive lung disease and emphysema. Smokers with
emphysema are at a much higher risk for accelerated loss of lung
function, increased cardiovascular morbidity, and development
of lung cancer. Recent evidence in human translational studies
and animal models suggests that emphysema is associated with
activation of specialized antigen-presenting cells and that
cigarette smoke can disrupt the induction of immune tolerance in
the lungs. Quantitative assessment of cytokines expressed by
autoreactive T lymphocytes in response to human lung elastin
fragments has shown a strong positive correlation between

T helper Type 1 (Thl) and Th17 cells’ immune responses

and emphysema. In search of factors that could reduce the
threshold for induction of autoimmune inflammation, we
have discovered that cleavage of complement protein 3 (C3)
generates bioactive molecules (e.g., C3a) and activates lung
antigen-presenting cells. The autocrine and paracrine function
of C3a and its receptor are required in T cell-mediated
inflammatory responses to cigarette smoke in both human and
preclinical models of emphysema. Targeting upstream molecules
that reduce the potential for generation of autoreactive T cells
could lead to the development of novel therapeutics to prevent
progression of emphysema in smokers.
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Despite substantial advances in the current
understanding of the pathogenesis of cigarette
smoke-induced chronic lung inflammation
and emphysema, disease heterogeneity and
the unpredictable rate of disease progression
remain a conundrum. In particular,
fundamental questions remain regarding how
genetic and environmental factors could affect
disease severity, age of onset, and disease
progression in active and former smokers
(1-3). Emerging data from large clinical
studies show emphysema phenotype as one
of the main factors associated with high
morbidity and mortality; accordingly, the

S164

importance of phenotype characterization in
smokers has become an essential component
of observational and interventional studies
in recent years (4). However, susceptibility
to emphysema varies greatly among
asymptomatic smokers, and its prevalence
is difficult to estimate because appropriate
diagnostic tests are universally delayed until
significant respiratory symptoms develop.
To date, smoking cessation remains the
best intervention to reduce the rapid
decline in lung function, whereas medical
interventions reduce only the number

of disease exacerbations (5). In this report,

we describe how critical observations in
longitudinal studies in smokers have provided
the rationale for subsequent studies on

the role of innate and acquired immunity

in the pathogenesis of emphysema.

Autoimmunity in Emphysema:
Link to Disease Progression

In the Lung Health Study, a large, multicenter
longitudinal study in which researchers

prospectively assessed the rate of lung function
decline in smokers with normal lung function,
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an increased incidence of FEV; decline was
observed in active smokers; however,

a subpopulation of active smokers maintained
normal lung function (6). Interestingly, this
study also documented a significant decline in
FEV] in a subpopulation of sustained quitters,
indicating that rapid loss of lung function
could occur in susceptible individuals despite
smoking cessation (6). This heterogeneity in
susceptibility to cigarette smoke-induced
lung destruction supports a role for activation
of acquired immune memory responses to
cigarette smoke (7, 8).

Development of early-onset emphysema
in highly susceptible smokers might be
attributable in part to underdetected
mutations in the a;-antitrypsin (A1AT)
gene locus (e.g., ZZ, MZ, MS). However,
in the vast majority of individuals, the
genetic factors responsible for increased
susceptibility to emphysema remain largely
unknown (9). Indeed, several large studies
have shown that although multiple genes
contribute to increased risk of emphysema,
each individual gene shows only a modest
and independent effect (10, 11).

These recent discoveries suggest that the
genetic basis for smoke-induced emphysema
phenotype is compatible with a heritable
multifactorial trait, similar to the genetic basis
for autoimmune diseases. We proposed that
lung parenchymal destruction in smokers
with emphysema may in part be secondary to
loss of peripheral tolerance to self-antigens
(e.g., lung elastin fragments) or to
development of autoimmune responses to
neoantigens (8). Under normal conditions,
strong autoreactive T lymphocytes are
efficiently eliminated in the thymus, whereas
immature but committed T cells with low
affinity to self could emerge, providing
a highly variable number of autoreactive
T cells in the circulation. Environmental and
genetic factors, as well as interaction with
tolerogenic or activating antigen-presenting
cells, could govern the state of autoreactive
T-cell expansion (self-reactivity) (12).
Chronic exposure to cigarette smoke is a
potent stimulator of lung antigen-presenting
cells (13, 14) that can promote loss of
peripheral tolerance (Figure 1) (15-17). Given
the finding that activated T and B cells are
present in the lungs of former smokers
(18, 19), we proposed the hypothesis that
activation of lung antigen-presenting cells
in susceptible smokers could unleash
autoreactive T cells that propagate a vicious
cycle and promote lung destruction even in
the absence of exposure to smoke (20).

Evidence for Elastin-Specific
Autoreactive T Cells
in Emphysema

In support of the hypothesis that loss

of tolerance to self-proteins could

direct T-cell-mediated autoimmune
inflammation in the lungs, several
components of the lung matrix molecules,
including collagen and elastin, have been
shown to degrade when exposed to potent
enzymes released by activated neutrophils
and macrophages (21-23). Examination
of lung explants from former smokers
showed large numbers of activated CD4
and CD8 T cells that were biased to

T helper Type 1 (Thl) and Th17 cells
expressing IFN-y and IL-17, respectively
(24). An increased relative abundance of
Thl and Th17 cells was found in the lung
parenchyma of former smokers with
emphysema compared with the lung
parenchyma of former smokers without
emphysema. Furthermore, lung antigen-
presenting cells expressing CD1a and
belonging to a myeloid dendritic cell
(mDC) lineage were found to express
several costimulatory molecules, including
CD83, CD86, and major histocompatibility
complex class II markers, indicating an
activated state (24). Autologous culture of
CD1 mDCs isolated from the lungs of
smokers with emphysema induced T-cell
proliferation and increased IFN-y and IL-17
expression compared with control mDCs in
nonemphysematous lungs (24).

Human elastin is a hydrophobic molecule
with repeats of glycine, valine, and proline that
form a highly insoluble and durable matrix
protein designed to last throughout the lives
of most species (25). When we generated
20-amino acid peptide sequences with
overlapping 10-mers that spanned the
whole human elastin molecule, we found
several highly immunogenic segments (26).
Employing the in vitro T-cell responses to
synthetic 20-mer overlapping elastin
peptides, we identified sequences that
bound to major histocompatibility complex
class II (DRB1) with strong affinity and
showed the strongest cognate cytokine
secretion in T cells (26). We used
a combination of elastin stimulation and
dilutional cloning techniques to clone
several lines of T cells that were highly
reactive to elastin peptides and secreted
IL-6 and IFN-v upon stimulation with
elastin fragments (26).
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The presence of autoreactive T cells
in smokers with emphysema was highly
correlated with decline in 6-minute walk
distance over the course of 5 years and with
the degree of lung function abnormality
(i.e, FEV %, diffusion capacity of carbon
monoxide, quantitative measurement of
emphysema on imaging studies) (26).
Therefore, discovery and cloning of elastin-
specific autoreactive T cells in smokers with
emphysema provides the first experimental
evidence in support of the hypothesis
that loss of tolerance to self-antigens or
neoantigens may be an important causative
factor in emphysema development in
a subset of smokers. It should be noted,
however, that the presence of autoreactive
T and B cells against self-antigens in
smokers with emphysema does not
prove causality and could represent an
epiphenomenon. Nonetheless, our cloning
of elastin-specific T cells in the peripheral
blood that secrete IL-6 and IFN-vy in
response to their cognate antigen
(e.g., elastin fragments) represents
immunological evidence for the possible
functional significance of autoreactive
immune responses in smokers with
emphysema (26).

Chronic Obstructive
Pulmonary Disease
Exacerbation: Activation of
Complement Proteins

in Emphysema

We and others have searched for factors
that could potentially lower the threshold
for the loss of peripheral tolerance to
self-antigens or neoantigens in the lungs
during disease exacerbation. There is direct
and indirect evidence for perturbations
in factors associated with complement
proteins and their regulatory elements
that can activate T cells (27, 28). Prior work
showed that an increased concentration
of proinflammatory cytokines (e.g.,

IL-6, IL-1B, IL-17) is among the most
important hallmarks of smoke-mediated
inflammation in the lung. Decreased
expression or function of peroxisome
proliferator-activated receptor (PPAR)-vy
has been associated with a number of
autoimmune diseases (29-31), and lack
of this transcription factor in antigen-
presenting cells (14, 32) or macrophages
(33) results in spontaneous development
of lung inflammation and emphysema.
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Figure 1. Schematic diagram of possible mechanisms involved in loss of peripheral tolerance in cigarette smoke-induced emphysema. Under normal
conditions, signals from tolerogenic antigen-presenting cells (APCs) in the lungs or regional lymph nodes promote maintenance of peripheral tolerance;
self-reactive T cells emerging from the thymus remain nonresponsive to self-antigens (left side). However, cigarette smoke downregulates peroxisome
proliferator-activated receptor (PPAR)-y, which in turn activates SPP7 gene expression and increases several costimulatory molecules (e.g., CD1a, CD86,
major histocompatibility complex class Il) on lung APCs. In susceptible smokers, possibly with lower thresholds for developing autoimmune T cells (e.g.,
higher number of self-reactive T cells or exaggerated responses to cigarette smoke activation of APCs), antigen-specific autoreactive helper T Type 1 (Th1)
and Th17 cells clonally expand when they come in contact with activated APCs and promote a slow but progressive form of lung destruction (right side).
Cigarette smoke induces recruitment of innate immune cells. Enzymes released by activated neutrophils and macrophages (e.g., neutrophil elastase,
matrix metalloproteinase 12 [MMP12]) could activate complement proteins (e.g., C3, C3a) and their receptors (e.g., C3aR), thereby accelerating the
development of autoreactive Th1 and Th17 cells and lung destruction in smokers. Tregs =regulatory T cells.

We recently showed that cigarette smoke
decreases the expression of PPAR-v,

an antiinflammatory nuclear receptor
transcription factor (13, 14). Our group
was the first to show that, after mice
develop emphysema and despite
continued exposure to cigarette smoke,
intranasal administration of ciglitazone
(an agonist of PPAR-y) can reduce lung
inflammation and emphysema (14).

The molecular mechanisms by which
induction of PPAR-y results in lung
repair, as well as how cigarette smoke
reduces expression and/or function of
PPAR-v, remains unclear; however,

this is an active area of investigation.
Furthermore, IL-17 plays a critical role
in smoke-induced emphysema in humans
and in mouse models of the disease

(13, 34-37). Adoptive transfer of lineage-
negative CD11b"CD11c* mDCs isolated
from the lungs of smoke-exposed mice
to naive mice recapitulates smoke-induced
lung disease, indicating a direct causal
relationship between this cell

population and emphysema (13).
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In an animal model of emphysema, we
show that, in contrast to lung mDCs isolated
from wild-type mice exposed to chronic
smoke, lung mDCs from C3- and C3ar-
deficient mice exposed to chronic smoke
have attenuated IL-6 expression and fail to
induce IL-17 in CD4 T cells. These findings
provide direct evidence that the mechanism
underlying the attenuated response to smoke
in C37/~ and C3aR™~ mice involves failure
of lung mDCs to induce proinflammatory
and acquired immune responses. The
prominent deposition of C3 in the lungs of
smokers with emphysema and increased C3
concentration in the plasma of smokers with
emphysema further support a role for
complement-mediated activation of immune
responses in the development of emphysema
(28). Increased expression of C3a receptor
(C3aR) on mDCs is required for effective
activation and clonal expression of
autoreactive Th17 cells in the lungs.
Collectively, in addition to the loss of self-
tolerance in smokers with emphysema, we
propose a new protease-dependent pathway
for C3a generation: proteinases secreted
by innate immune cells (e.g., neutrophil

elastase, cathepsin G, matrix
metalloproteinase 12) cleave C3 to release
C3a, which acts on mDCs to upregulate
cell surface expression of its own receptor
(e.g., C3aR) (Figure 1).

Several studies have shown increased
lung remodeling in response to acute cigarette
smoke exposure (38, 39). Unclear, however, is
whether activation of complement proteins
or accumulation of neutrophils and
macrophages in chronic inflammatory
conditions induce fibrosis in the lungs. In
response to 4 months of cigarette smoke
exposure, chest computed tomography and
mean linear intercept examination of lung
showed reduced lung density and increased
lung volume consistent with physiological
and histological features of emphysema (13).
Further, immunization with elastin peptides
results in activation of the acquired immune
responses and destruction of the elastin-
rich organs (40). Similarly, human
emphysematous lungs harbor a distinct
subset of Th17 cells and elastin-specific
B cells, indicating that acquired immune
responses are activated in the lungs of
smokers with emphysema (20, 24, 41).
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Conclusions

Development and progression of
emphysema in current or former smokers
is a complex process with an expanding
list of several known and unknown
contributors that include age, race, sex,
genetics, and environmental factors.
Experimental and translational research
has shown that each of these factors could
contribute to some facet of smoke-induced
lung disease and that aging and its effect
on acquired immune responses may play
a more prominent role in the progression
of emphysema and merits future
investigation. In addition to innate
immune cells (e.g., neutrophils and
macrophages) that are recruited to the
lung in response to cigarette smoke,
recent human association studies, as well
as preclinical models of smoke-induced

emphysema, have confirmed that acquired
immune cells (T and B cells) and lung
antigen-presenting cells are also activated
in smoke-induced lung inflammation
(14, 24, 42, 43). Ever-smokers with
emphysema harbor elastin-specific
autoreactive T cells in their peripheral
blood long after smoking cessation, and
the degree of activated T cells correlates
with loss of lung function (26). Although
memory T cells that are reactive to self-
antigens or neoantigens are present in
former smokers, it is unclear whether
there are mechanisms by which immune
tolerance could be restored and/or
autoreactive T cells could be removed.
Whether activation of C3 in the lungs
by innate immune cells via their secreted
proteinase is a bystander consequence of the
increase in inflammation driven by smoke,
as well as whether genetic factors regulate

this process, remains unknown. Given that
few treatment options are in the pipeline
that provide symptomatic relief for smokers
with emphysema, there is a strong unmet
need for delivering new biologics to slow
down disease progression in the right target
population. Activation of the C3a/C3aR
complement cascade appears to play an
important role in the pathogenesis of
emphysema, which suggests that targeting
C3 cleavage and/or suppressing the active
fragments could be used to treat this disease.
These findings introduce a new field of
investigation related to the mechanism
and kinetics of T-cell activation and the
consequences of the smoke-induced
activation of complement protein

in the lungs. B

Author disclosures are available with the text
of this article at www.atsjournals.org.
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