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Abstract

Chronic obstructive pulmonary disease (COPD), a major smoking-associated lung disorder
characterized by progressive irreversible airflow limitation, affects > 200 million people
worldwide. Individuals with COPD have increased susceptibility to respiratory infections,
resulting in exacerbations of the disease. A growing body of evidence indicates that multiple host
defense mechanisms, such as those provided by the airway epithelial barrier and innate immune
cells, including alveolar macrophages, neutrophils, dendritic cells and natural killer cells, are
broadly suppressed in COPD in a smoking-dependent manner. Inactivation of the innate immune
system observed in COPD smokersis remarkably similar to the immunosenescence phenotype
associated with aging. As a consequence of defective innate immune defense, the lungs of COPD
smokers are frequently colonized with pathogens and commonly develop bacterial and viral
infections, which cause secondary inflammation, a major driver of the disease progression. In this
review, we summarize the evidence from human studies related to disordering of the innate
immune system in COPD, discuss possible relationships between those changes and aging, and
provide insightsinto potential therapeutic strategies aimed at the prevention of COPD progression
via normalization of the disordered innate immune mechanisms.

Chronic obstructive pulmonary disease (COPD) affects > 200 million people worldwide,
representing a significant healthcare problem, especially among the elderly. Cigarette
smoking, the major risk factor for COPD, causes structural and functional alterationsin the
airways and alveolar region of the lung, leading to progressive irreversible airflow
limitation, the hallmark of COPD [1]. Although it has been postulated that COPD develops
as aresult of an exaggerated inflammatory response of the lung to cigarette smoking, the
primary mechanisms responsible for smoking-induced COPD pathogenesis remain unclear.
Existing anti-inflammatory therapies neither cure COPD nor are fully effectivein
controlling COPD progression once the disease is established, suggesting that mechanisms
other than inflammation play an important role in the pathogenesis of COPD. Since 20-25%
of COPD patients have no history of cigarette smoking, other factors, such as exposure to
occupational pollutants, previous respiratory diseases and other chronic diseases, altered
micronutrient status, alcoholism, obesity, limited physical activity, aswell as aging may be
important for the derangement of lung structure, function and innate immunity in some
COPD patients[1,2].

One common feature of COPD isincreased susceptibility to respiratory infections[3]. While
the respiratory tract and lung parenchyma are sterile in healthy individuals, pulmonary
colonization with various bacteria such as Haemaophilus influenzae, Streptococcus
pneumoniaand Moraxélla catarrhalisis found in up to 30% of COPD patients with stable
disease and in more than 50% of patients during COPD exacerbations [3]. The lower
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respiratory tract of COPD patients with no symptoms of infection exhibits remarkable
microbiome diversity with patterns of enriched bacteria different from those detected in the
proximal airways [4]. Given that small airways represent the primary anatomic site of
pathological changes associated with the development of COPD [1], it is possible that a
distinct type of host-microbe interactions initiated in the distal respiratory tract of COPD
patients play arole in the progression of the disease. In this context, the frequency of
bacterial colonization and frank infection strongly correlate with the disease severity [3].

Respiratory viruses, which can be detected in more than 10% of individuals with stable
COPD and about 50% of patients experiencing exacerbations, represent another important
cause of COPD exacerbations [3,5]. Rhinovirusis the most frequently detected virusin the
respiratory tract of COPD patients, followed by the influenza virus and respiratory syncytial
virus [5]. COPD patients infected with rhinovirus showed more severe symptoms, airway
obstruction and higher viral load than healthy smokers[6].

Together, the evidence supports the concept that microbial colonization and respiratory
infection represent important factors in the pathogenesis of COPD and suggests that host
defense mechanisms responsible for the protection of lung from respiratory pathogens are
suppressed in the lungs of individuals with COPD in a broad and rather non-specific
manner, indicative of fundamental defects in the innate immune system.

Innate Immunity in COPD

The lung innate immune system is comprised of 5 major components: the airway epithelial
barrier, alveolar macrophages, dendritic cells, neutrophils, and natural killer cells (Figure 1).

Airway epithelial barrier

The airway epithelium, a pseudostratified layer of epithelial cellslining the tracheobronchial
tree, istheinitial cell population that interacts with inhaled environmental contaminants,
including components of the cigarette smoke, respiratory pathogens and various toxic
substances present in the air. The normal differentiated airway epithelium is composed of
ciliated and mucus-producing cells, which function to remove microbes and other foreign
particles via mucociliary clearance mechanism. In addition, non-mucus secretory cells
produce antimicrobial and anti-inflammatory proteins, and basal cells function as stem/
progenitor cellsto constantly renew the differentiated cell populations. Apart from the
antimicrobial, pro-inflammatory and immunoregulatory potential of the airway epithelium
provided through epithelial cell-derived cytokines and host defense proteins, airway
epithelial cells provide aphysical barrier from the outside environment viatight- and
adherence junctions that keep adjacent epithelial cells physically connected to each other
and prevent passage of microbes and xenobiotics across the epithelial layer [7].

Cigarette smoking leads to dramatic changes in the airway epithelial architecture. Among
those changes are squamous metaplasia, replacement of differentiated ciliated and secretory
cells with squamous cells not present in the normal airways, and mucous cell hyperplasia,
which leads to airway obstruction due to increased secretion of mucus into the airway lumen
[8]. Further, there are decreased number of ciliated cells, shortening of ciliaand altered
ciliary beating, which together may significantly reduce the efficiency of the mucociliary
elimination of respiratory pathogens[8,9]. Smoking-induced mucus-producing cell
hyperplasiain the small airwaysis accompanied by loss of Claracells, a secretory cell
population enriched in the distal airways and responsible for the production of secretoglobin,
surfactant proteins and other host defense factors [10]. The reduced expression of the
polymeric immunoglobulin receptor/secretory component in the small airway epithelium,
which normally transports secretory immunoglobulin A to the mucosal surface to sample
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pathogens present in the airway lumen, correlates with the severity of airflow obstruction in
smokers with COPD [11]. In addition, cigarette smoke impairs airway epithelial generation
of effective antimicrobial defenses via suppression of activation of the nuclear factor (NF)-
kB, atranscription factor critical for various innate immune responses [12], and inhibition of
the molecular pathways necessary for interferon production in response to viral infection [5].
Moreover, smoking increases permeability of the airway epithelium [13] through broad
down-regulation of the transcriptional program responsible for the junctiona barrier
formation, which is further suppressed in COPD smokers[7,14].

Alveolar macrophages

Alveolar macrophages (AM) reside on the respiratory epithelial surface and thus are directly
exposed to the outside environment. As the pulmonary representatives of the mononuclear
phagocyte system, AM are responsible for a broad set of host defense functions including
recognition and phagocytosis of pathogenic material and apoptotic cells. Depending on the
nature of the stimuli, this leads to either production of pro-inflammatory cytokines and
antimicrobial factors (“classical activation” or M1-polarization) or generation of anti-
inflammatory and tissue remodeling factors critical for resolution of inflammation and tissue
repair (“aternative activation” or M2-polarization) [15].

The numbers of AM are significantly increased in the lungs of smokers, including those with
COPD, where AM accumulate in the areas of emphysematous destruction, and thereisa
correlation between the numbers of AM, airway obstruction and the severity of COPD [16].
A growing body of evidence suggests that increased AM number in healthy and COPD
smokersis accompanied by a broad suppression of the host defense function of these cells.
For example, AM isolated from individuals with COPD exhibit reduced capacity to
phagocytose bacteria commonly found in the lung of individuals with COPD, such as ~.
influenzae|[17].

Genome-wide transcriptional analysis has shown that AM isolated from healthy smokers
and smokers with COPD exhibit a broad inactivation of the M 1-polarization program critical
for the host defense function, accompanied by activation of various subtypes of the M2-
polarization [15]. Among the innate immune genes suppressed in the AM of smokers are the
type | chemokines CXCL9, CXCL11 and CCL5, inflammasome-related cytokines IL-1 beta
and I1L-18, complement-related proteins, antimicrobial peptide cathelicidin LL-37, and a
number of proteinsinvolved in IFN-gammasignaling [15]. The suppressed M 1-polarization
program in the AM of smokers can result from decreased levels of IFN-gamma, the major
activator of the M1 program, as numbers of lung IFN-gamma producing T cells are reduced
in smokers [18]. By contrast, the numbers of CD4+CD25+ regulatory T cells are increased
in the lung epithelial surface of smokers[19], which can maintain an immunosuppressive
microenvironment leading to AM deactivation. Another important mechanism of suppressed
innate immune function of AM in patients with COPD is a decreased ability to defend
against smoking-induced oxidative stress. Expression of NF-E2-related factor 2 (Nrf2),
which is akey transcription factor initiating antioxidant response, is significantly reduced in
COPD smokers[20], and restoration of its activity resultsin improved phagocytosis of H.
influenzaeand Psevidomonas agruginosaby AM isolated from individuals with COPD [21].

Dendritic cells

Dendritic cells (DC) are a specialized population of mononuclear cells responsible for
recognition and uptake of pathogenic materials. Airway DC reside adjacent to epithelial
cells and extend cytoplasmic protrusions to sample luminal antigens and interact with
environmental signals. The DC migrate to local lymphoid tissues, such as regional lymph
nodes or mucosal lymphoid aggregates, for presentation of the processed antigensto
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lymphocytes, initiating adaptive immune response to pathogens. Increased number of DC
expressing langerin, a marker of immature DC, has been found in the small airways of
patients with COPD [22]. The number of mature DC, as defined by the expression of the
maturation marker CD83, is significantly reduced in the small airways and alveoli of
smokers with COPD [23]. COPD smokers have 100-fold fewer DC in the bronchial
epithelium compared to healthy controls, and the numbers of airway intraepithelial DC
normalize following smoking cessation [24]. Consistent with this, cigarette smoke exposure
decreased the frequency and activation status of lung DC and reduced the capacity of DC to
stimulate T cells and initiate antiviral immune responses in animal studies [25].

By contrast to AM and DC, neutrophils are innate immune cells present in the lung tissue
under steady-state conditionsin small numbers, but rapidly migrate to the sites of infection
or injury in response to adistinct set of pro-inflammatory chemoattractants released by
epithelial cellsand AM. Once in the lung parenchyma, neutrophils phagocytose bacteria and
release antimicrobial factors and highly reactive oxidants that inactivate pathogens.
However, these mediators can also damage host tissue if the neutrophil-mediated
inflammatory response is not properly controlled.

In COPD, the neutrophil-mediated response is rather directed against the lung tissue itself,
as increased number of neutrophils observed in COPD is not accompanied by effective
elimination of bacteriabut instead, contributes to the severity of airway obstruction and
emphysema [26]. In the small airways of individuals with severe COPD, neutrophils are
found within the epithelia layer, and the number of neutrophils correlates with epithelial
proliferation and airflow limitation [27]. Neutrophil elastase, one of the major neutrophil-
derived products in the lungs of individuals with COPD, can cause many pathological
features of COPD, including emphysematous destruction of lung tissue [26].

There is evidence that the host defense function of neutrophilsisimpaired in COPD.
Neutrophilsisolated from the blood of individuals with moderate to severe COPD showed
decreased chemotaxisin response to classical chemoattractants such as bacterial protein N-
formyl-Met-L eu-Phe (fMLP) and the pro-inflammatory cytokine interleukin (IL)-8, with a
correlation between the reduced chemotaxis of neutrophilsto fMLP and the degree of
airflow limitation [28]. Further, neutrophils from individuals with COPD migrate faster than
those from healthy subjects, but the accuracy of migration toward known chemoattractants,
such asfMLP and IL-8, is markedly reduced [29]. Cigarette smoke components can inhibit
the oxidative burst and phagocytic capacities of neutrophils[26,30].

Natural Killer Cells

Natural killer (NK) cells are innate immune cells that sense virus infected, transformed or
stressed cells in an antigen-non-specific manner. NK cells secrete an array of cytokines,
including IFN-gamma, TNF-alpha, and IL-12 necessary for activation of other immune
cells, helping to destroy virus infected and transformed cells via secretion of perforin and
other cytotoxic factors. Smokers have marked depression of NK cell activity [31] and there
is recent evidence that exposure of human NK cellsto cigarette smoke inhibits |FN-gamma
and TNF-apha production, perforin expression and cytotoxic activity of these cells[31].
While the numbers and function of NK cellsin the lung of healthy and COPD smokers are
controversial, reduced NK cell activity has been observed in the blood of individuals with
COPD [32].
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Inflammation in COPD

COPD has been traditionally viewed as a chronic inflammatory disease, which developsin
response to noxious particles or gas, most commonly from tobacco smoking [1]. Thisview
has been supported by observations of increased numbers of classical inflammatory cell
types, such as neutrophils and AM, in the lungs of smokers, including those with COPD,
correlating with disease severity [1,16,26]. As summarized above, the host defense potential
of these cellsin individuals with COPD is significantly reduced in a smoking-dependent
manner. Thus, smoking-induced inflammation is unique in the way that accumulation of
inflammatory cellsin the lung is not coupled to the effective innate immunity but, instead,
leads to progressive lung tissue injury. In addition, genome-wide transcription studies show
that there is abroad suppression of the transcriptional programs related to inflammation in
the small airway epithelium and AM of smokers with COPD during exacerbation-free
periods [15,33].

Defective innate immunity in the lungs of smokers likely contributes to the increased
frequency of bacterial and viral infections, acommon cause of COPD exacerbations, and
facilitates secondary inflammation caused by respiratory pathogens[3]. For example, in
response to rhinovirus infection, acommon cause of COPD exacerbations, airway epithelial
cells of individuals with COPD produce elevated levels of chemokines CXCL1, 5, and 8in
association with high viral load [5]. Indeed, there is extensive data showing increased
expression of inflammatory genes, such as chemokines important for the recruitment of
leukocytes, including neutrophils, by epithelial cells of COPD smokers in association with
disease severity [34]. This observation is consistent with increased number of neutrophilsin
the lungs of COPD patients infected with this virus[6], accompanied by defective
production of interferons necessary for effective antiviral defense [5]. Viral infection of the
lung further suppresses the lung innate immune system via degradation of antimicrobial and
anti-inflammatory proteins such as secretory leukoprotease inhibitor (SLPI) and lactoferrin,
leading to secondary bacterial infection [35]. In turn, bacterial pathogens commonly
colonizing the lung of individuals with COPD, such as H. /influenzacand P. aeruginosa, can
further promote inflammation and facilitate viral infection by increasing expression of the
rhinovirus receptor ICAM-1 on airway epithelial cells[5]. Thus, chronic inflammation in
COPD isinitiated and maintained by complex relationships of the lung cells with respiratory
pathogens, resulting in a broad suppression of lung innate immune mechanisms.

Smoking- and COPD-associated changes in the architecture of the airway epithelial barrier
can also contribute to lung inflammation. Loss of Clara cellsin the small airways of smokers
[10] leads to decreased production of anti-inflammatory protein secretoglobin 1A1 (also
known as Clara cell protein). Squamous metaplasia, acommon histologic lesion in the
airway epithelium of individuals with COPD [8], is associated with increased production of
proinflammatory cytokines IL-1 aphaand IL-1 beta [36] and decreased expression of
antimicrobial factors, such as SLPI, which normally limits the inflammatory damage of the
lung tissue by inhibiting neutrophil elastase [37]. Further, disorganization of the junctional
barrier in the airway of COPD smokers results in increased permeability of the airway
epithelium [7,13,14], which may allow microbial products or cigarette smoke components to
diffuse through the epithelial layer and activate inflammatory cellsin the airway mucosa

Relationships Between Innate Immunity, COPD and Aging

The broad suppression of the innate immunity in smokers and individuals with COPD
resembl es the immunosenescence phenotype, a general decrease in the host defense
potential of various immune cells, associated with aging, accompanied by an increased
susceptibility to infections and cancer [38]. Although aging-related changes in human lung
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innate immunity have not been studied in detail, aging is generally associated with
aterations in the whole network of innate immune cells with a pattern similar to that in
COPD (Tablel). Thereis evidence that aging is associated with decreased epithelia barrier
function [39], abnormalitiesin respiratory cilia structure and function [40], and reduced
antimicrobial/anti-inflammatory protein production by epithelial cells, including SLPI [41].
Similar to COPD, aging is associated with increased number of phagocytes, both
monocytes/macrophages and neutrophils, accompanied by significant suppression of the
host defense function of these cells, such as decreased phagocytotic potentia of tissue-
resident macrophages, inefficient chemotaxis and decreased bactericidal functions of
neutrophils, and alterations in the number and activity of DC and NK cells[38]. Age-
associated immunosuppression is commonly accompanied by chronic low-grade
inflammation, a phenomenon described as “inflamm-aging” [38], similar to COPD, in which
respiratory infections, developing as aresult of impaired host defense in the lung, can dicit
secondary inflammation [3].

Several factors associated with COPD pathogenesis can explain why the innate immune
system in this disease acquires aging-like characteristics. Since development of pathologic
changes in the lung resulting in reduction of lung function progresses very slowly over
several decades of cigarette smoking, individuals with COPD develop symptoms when they
are>40 yr of age[1]. Thus, similaritiesin patterns of the innate immunity dysregulation in
COPD smokers and healthy elderly people can be due to both the overall older age of COPD
smokers compared to the general population together with the chronic immunosuppressive
effect of cigarette smoking. Smoking is associated with induction of senescence of the
structural cells of the lung [42], and it likewise may cause premature aging of the innate
immune cells. Further, similar to aging-associated immunosenescence that contributes to
increased susceptibility of the elderly to malignancies, suppression of the innate immune
mechanisms in COPD patients may explain why COPD is associated with increased risk for
the development of lung cancer [1]. In addition, telomere shortening in circulating
leukocytes has been observed in COPD patients independent from smoking statusin
association with increased expression of inflammatory markers [43], suggesting that disease-
specific factors may be responsible for premature aging of immune cells and providing
potential mechanism for dysregulation of innate immune system in COPD patients who
never smoked.

Therapeutic Perspectives

In the context that COPD is associated with a broad, smoking-induced suppression of the
innate immune system, effective prevention of COPD progression should include strategies
aimed at the normalization of the disordered components of innate immunity. Since multiple
elements of the innate immunity are impaired in COPD and may represent parts of the
common pathologic process initiated by cigarette smoking, prospective therapies should be
directed at correcting a number of disordered elements at the same time, by targeting
common pathologic mechanisms. Certainly, smoking cessation should be considered one of
the primary approaches, as most of the altered innate immune features in COPD represent
the consequence of the immunosuppressive effect of cigarette smoking. For COPD patients
having other risk factors, which can potentially alter innate immune mechanisms in addition
to or independent from cigarette smoking, such as exposure to occupational pollutants,
alcoholism, obesity, chronic rena failure, insufficient physical activity, and altered
micronutrient status [1], specific measures related to the relevant co-factors of disease
pathogenesis should be considered as a primary therapeutic strategy. In addition, COPD
therapies such as glucocorticoids, oxygen supplementation and methyxanthines have a
potential to suppress innate immunity [44,45], suggesting that therapeutic strategies to
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augment innate defense mechanismsin COPD patients should aim at compensation of both
disease-related and potential therapy-associated aterations in the host defense system.

Correction of epithelial barrier and defense mechanisms

Based on the knowledge that signaling via epidermal growth factor receptor (EGFR)
mediates smoking-induced disruption of the airway epithelial barrier integrity [14], therapies
aimed at local control of the EGFR activity in the airways may be beneficial to improve host
defense function of the airway epithelium in COPD smokers. Another strategy could be
augmenting epithelial-derived host defense proteins with antimicrobia and/or anti-
inflammatory properties significantly decreased in the COPD lung, such as SLPI [46]. In
addition, physical exercise can help remove excessive mucus from the airways and, thereby,
improve the physiological status of the mucociliary barrier.

Augmentation of anti-oxidant response

The ability to maintain appropriate anti-oxidant response by lung cellsis critical for the
endogenous protection against smoking-induced oxidative stress. NF-E2-related factor
(Nrf2), akey transcription factor that induces expression of numerous antioxidant genes, is
down-regulated in the AM of smokers and individuals with COPD in association with aging
[20]. Pharmacological reactivation of Nrf2 by sulforaphane restored the ability of AM from
individuals with COPD to recognize and phagocytose the COPD-relevant bacteria H.
influenzaeand P, aeruginosa[21]. Ancther strategy to augment anti-oxidant defense in the
lungs of COPD patients can be aerosolization of glutathione, a potent antioxidant which has
been shown to improve smoking-suppressed host defense response of airway epithelial cells
to H. influenzae[12].

Immunomodulation

Since both infection and inflammation play significant rolesin the progression of COPD,
therapies that simultaneously target these components of COPD pathogenesis could be
particularly useful. The macrolide antibiotic azithromycin, which in addition to its
antibacterial effects has anti-inflammatory properties, has been shown to be effectivein
prevention of COPD exacerbations [47] and restoration of the defective phagocytic function
of AM in COPD [48]. Inhibition of the phosphoinositidine 3-kinase (PI3K), one of the key
mediators of pathologic processes in the airways of smokers, could be beneficial in
restoration of the altered innate defense functionsin COPD patients, such as neutrophil
chemotaxis [29]. Defective phagocytosis and NK cell activity in COPD can be restored by
immunomodulator glycophosphopeptical [32]. Therapeutic overexpression of elafin, an
epithelium- and innate immune cell-derived antimicrobial peptide and elastase inhibitor, can
protect from emphysematous lung tissue injury by neutrophil elastase, and, in addition,
augment host defense through potentiation of lung DC activation [49]. Zinc
supplementation, which has the potential to improve NK cell function while reducing
systemic inflammatory markersin healthy elderly [50], could be a candidate approach to
normalize disordered innate immunity in COPD. A number of promising anti-inflammatory
and immunomodulatory therapeutic strategies, such as drugs that interfere with adhesion
molecules, cytokine signaling and lipid metabolism, have become the focus of extensive
investigation [47], although their potential to augment function of specific components of
innate immune system suppressed in the lungs of COPD patients remains largely unknown.

In summary, COPD can be viewed as a chronic lung disease with a broad smoking-
dependent suppression or premature aging of various components of the innate immune
system. This may underlie the increased frequency of respiratory infections and secondary
inflammation, the major factors that drive progression of the disease (Figure 1). Therefore,
effective prevention of COPD development should include therapeutic strategies aimed at
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normalization of the disordered components of the innate immune system. Given remarkable
heterogeneity of COPD-associated clinical and biologic phenotypes [1,33], these therapeutic
strategies should be designed in a personalized manner, i.e. based on the knowledge of
particular cellular and molecular alterations in the innate immune system in each individual
patient.
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Figure 1. Therole of disordered innateimmunity in COPD pathogenesis
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Various environmental and endogenous factors determine the status of the innate immune
system in the lung, which includes the airway epithelial barrier composed of different
populations of airway epithelial cells (ciliated, mucus-producing, secretory Clara, basal
cells) connected to each other via apical junctions, and host defense cells of the
hematopoietic origin such as alveolar macrophages, dendritic cells, neutrophils, and NK
cells. Chronic exposure to cigarette smoke and other harmful factors, as well as endogenous
processes in the lung such as aging and pathological changes associated with prior diseases
can suppress the host defense potential of the innate immune mechanismsin the lung,
leading to increased susceptibility to respiratory infections which cause secondary
inflammation and, thereby, contribute to lung tissue destruction and progressive decline in
lung function in COPD patients. In addition, COPD-associated inflammation and tissue
damage further suppress innate immune mechanisms in the lung.
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Table |

Innate Immunity Changes Associated with COPD and Aging: Similarities and Potential Therapeutic
Strategies?

Parameter COPD Aging Potential therapies
Epithelium
Junctional barrier integrity 1 1 Anti-EGF/EGFR
Ciliated cell integrity and function 1 1 augmentation of SLPI
Antimicrobial factor expression ! ! glutathione aerosol
Macrophage
Number 1 1 anti-oxidants (Nrf2 activator, glutathione aerosol)
Phagocytotic capacity ! !
Antimicrobial factor expression 1 1 macrolide antibiotics
Dendritic cell
Number ! i augmentation of elafin
Maturation ! !
Capacity to activate T cells 1 1
Neutrophil
Number 1 1 PI3K inhibitors
Chemotaxis 1 1 glycophosphopeptical
Antibacterial potential ! ! anti-oxidants (gl utathione)
NK cells
Number 11 1 glycophosphopeptical
Activity ! ! zinc supplementation

lAbbreviations COPD, chronic obstructive pulmonary disease; EGF, epidermal growth factor; EGFR, EGF receptor; SLPI, secretory
leukoprotease inhibitor; SCGB1A1, secretoglobin 1A 1 (commonly known as Clara cell protein CC10); Nrf2, NF-E2-related factor 2; PI3K,
phosphoinositidine 3-kinase; NK cells, natural killer cells
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