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Abstract

Introduction—Club cell protein 16 (CC16) is the most abundant protein in bronchoalveolar 

lavage fluid. CC16 has anti-inflammatory properties in smoke-exposed lungs, and chronic 

obstructive pulmonary disease (COPD) is associated with CC16 deficiency. Herein, we explored 

whether CC16 is a therapeutic target for COPD.

Areas Covered—We reviewed the literature on the factors that regulate airway CC16 

expression, its biologic functions and its protective activities in smoke-exposed lungs using 

PUBMED searches. We generated hypotheses on the mechanisms by which CC16 limits COPD 

development, and discuss its potential as a new therapeutic approach for COPD.

Expert Opinion—CC16 plasma and lung levels are reduced in smokers without airflow 

obstruction and COPD patients. In COPD patients, airway CC16 expression is inversely correlated 

with severity of airflow obstruction. CC16 deficiency increases smoke-induced lung pathologies in 

mice by its effects on epithelial cells, leukocytes, and fibroblasts. Experimental augmentation of 

CC16 levels using recombinant CC16 in cell culture systems, plasmid and adenoviral-mediated 

over-expression of CC16 in epithelial cells or smoke-exposed murine airways reduces 

inflammation and cellular injury. Additional studies are necessary to assess the efficacy of 

therapies aimed at restoring airway CC16 levels as a new disease-modifying therapy for COPD 

patients.
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1. Introduction

1.1. COPD Overview

Chronic obstructive pulmonary disease (COPD) is a major cause of morbidity and mortality 

worldwide, and its incidence continues to increase. COPD is expected to become the third 

leading cause of death in the adult population by 20201. Interestingly, only a relatively small 

proportion of smokers develop clinical COPD2. Likely, exposure to environmental factors 

(such as cigarette smoke [CS] and pollutants) coupled with genetic factors affect an 

individual's susceptibility to develop the disease. Although COPD was first described more 

than two centuries ago, the pathways that contribute to this variable susceptibility to develop 

COPD remain unclear.

1.2. COPD therapies

Current medical therapies for COPD (inhaled long-acting muscarinic receptor antagonists, 

β2-agonist, corticosteroids, and oral phosphodiesterase-4 inhibitors) reduce symptoms but 

modify minimally the course of COPD3. Giving the limited effectiveness of these therapies, 

several potential new medications targeting pathways involved in the pathogenesis of COPD 

have been evaluated recently with negative results3;4;5. Thus, there is a huge unmet need to 

develop disease-modifying therapies for COPD patients. One molecule that has recently 

been linked to COPD is Club cell protein-16 (CC16) which is also known as CC10, 

uteroglobin, secretoglobin-1A1, Club cell secretory protein [CCSP], urine protein-1, and 

human protein-1. Biomarker studies of large human COPD cohorts and studies of CC16-

gene targeted mice in models of experimental COPD have provided strong evidence that CS-

induced reductions in CC16 expression in the airways promote COPD development and 

progression. Below, we will review the literature on CC16, outline the evidence supporting 

CC16 as a novel disease-modifying therapy for COPD, and the challenges associated with 

targeting CC16 as a novel therapy for COPD patients.

2. Club cell protein-16 (CC16)

2.1. Sources of CC16

Airway Club cells—The main source of CC16 is the Club cell (formerly called Clara cell) 

which is a non-ciliated, non-mucous secreting club-shaped cell present throughout the 

respiratory tract epithelium from the nose to the respiratory bronchioles. The density of Club 

cells throughout the respiratory tract varies substantially between species. In humans, Club 

cells represent 1% of all airway epithelial cells in the bronchioles and 5% in the respiratory 

bronchioles6. In mice and rats, Club cells are also distributed throughout the tracheo-

bronchial tree increasing in density from proximal to distal airways7. The main difference 
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between rodents and humans is that Club cells are found more frequently in the trachea and 

bronchi of rodents, while they are less abundant in the large airways of humans. Other 

organs that contain CC16-secreting cells are the prostate, ovaries, pancreas, mammary 

glands, and uterine endometrium8;9. However, there are conflicting reports on whether CC16 

is expressed in the kidney8;10. Club cells are associated with important functional activities 

such as cellular proliferation, and the biosynthesis, storage, and release of various secretory 

products including CC1611. Club cells have unique characteristics that allow their 

identification in the epithelial lining, such as a dome-shaped luminal surface projecting 

beyond that of other airway epithelial cells. Club cells also have electron dense cytoplasmic 

granules containing their principal product, CC1612. Club cells have the highest levels of 

cytochrome P450 oxidases, and play a crucial role in detoxifying xenobiotics in the human 

lung13. However, this property also renders the cells very susceptible to the cytotoxic effects 

of naphthalene and other toxins found in CS14.

Other CC16-expressing epithelial cells—Although the Club cells are the main 

producer of CC16, other lung cells also express this protein. Variants of CC16-expressing 

cells are localized in neuro-epithelial bodies15 and broncho-alveolar duct junctions16. These 

cells are either airway progenitor stem cells, or cells that contribute to the maintenance of 

stem cells, and are necessary for epithelial renewal15-17.

CC16-expressing leukocytes—A subset of stem cells has been identified in human and 

murine bone marrow cells (BMC) that express CC16 (CC16+ BMC)18;19. These cells also 

express CD45 (the common leukocyte antigen), and mesenchymal markers (e.g., CD73, 

CD90, and CD105), and are involved in alveologenesis and lung epithelial renewal. A recent 

study showed that CC16+ BMC regulate epithelial repair and lung inflammatory responses 

to injury20. In the latter study, CC16+ BMC were depleted in mice by transplanting their 

bone marrow with bone marrow from transgenic mice expressing a thymidine kinase suicide 

gene under the control of the CC16 promoter. Control mice received bone marrow from 

wild-type (WT) instead. When mice were treated with ganciclovir, this treatment selectively 

depleted all CC16-expressing BMC cells expressing thymidine kinase by generating an 

intracellular toxic metabolite of thymidine kinase. When challenged with naphthalene to 

induce acute lung injury, recipients that had CC16+ BMC depleted with ganciclovir had a 

slower rate of recovery of airway epithelial cell proliferation, higher leukocyte counts in 

bronchoalveolar lavage (BAL) samples, and lower arterial blood oxygen saturation levels 

than mice receiving WT BMC20. Interestingly, delivering recombinant murine CC16 by the 

intra-tracheal route to recipients lacking CC16+ BMC reduced these naphthalene-induced 

changes20.

There are conflicting reports on whether CC16 is expressed by inflammatory cells recruited 

to the lungs of different species. Willey et al. measured CC16 gene expression in human 

alveolar macrophages using real-time PCR and detected CC16 transcripts in all subjects21. 

Acute exposure of murine macrophages to CS increased their expression of CC16 as 

assessed by immuno-staining methods22. However, studies of cultured rat and rabbit alveolar 

macrophages did not detect either CC16 mRNA transcripts using real-time PCR, or 
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synthesis or secretion of CC16 protein by the cells using 35S methionine-labeling and pulse-

chase methods23,24.

2.2. CC16 gene structure and regulation of expression

In humans, the gene (SCGB1A1) that encodes CC16 is located on chromosome 

11q12.3-13.125. In mice, the CC16 gene (Scgb1a1) is located on chromosome 1826. The 

CC16 gene (Figure 1A) contains 18,108 base pairs (bp) in humans and 4,323 bp in mice, 

but the human and murine genes have the same structure (three exons and two introns)27. 

Two transcription stimulatory regions localized between +49 and −320 bp upstream from the 

transcriptional start site in the DNA have been identified (Figure 1B) which are named 

region-I and region-II. In the human CC16 gene, region-I is centered around −110 bp, and 

region-II around −220 bp27.

Transcriptional regulation of CC16 expression—Transcription factors that modulate 

CC16 expression in mice and rats include the forkhead transcription factors28, hepatocyte 

nuclear factor-3α (HNF-3α), and HNF-3β29, thyroid-specific enhancer binding protein (T/

EBP)/NKX226, and the homeodomain factor thyroid transcription factor-1 [TTF-1]23. 

Members of the C/EBP family of transcription factors also bind to proximal sites in the rat 

and murine CC16 promoter. Interestingly, the onset of C/EBP-α expression in Club cells 

correlates with strong increases in CC16 expression by the cells indicating that C/EBP-α 
binding to the promoter increases differentiation-dependent CC16 gene expression in Club 

cells. C/EBP −α and TTF-1 act synergistically to increase CC16 gene expression in mice23. 

In humans, both HNF-3α and HNF-3β bind to the CC16 promoter to increase CC16 

expression. Whether C/EBP regulates the expression of the human CC16 gene is not 

clear30;31, but this activation may depend on the presence of specificity protein-1 (Sp1) and 

Sp3 transcription factors23. Other transcriptional factors that regulate CC16 expression 

include activation protein-1 (AP-1) and the octamer family of transcription factors32. All 

these factor bind to region-I. Region-II has a positive effect on the SCGB1A1 promoter, but 

is not as important as region-I for regulating the transcription of CC1632. Less is known 

about transcription factors that down-regulate CC16 expression. However, chicken 

ovalbumin upstream promoter transcription factors (COUP-TFs) may repress CC16 

expression in cells other than Club cells in vivo33.

Glucocortocoids (GCs) and hormones—GCs increase the synthesis of CC16 in the 

airways34, but regulation of CC16 expression by GCs, varies between species. In healthy 

human subjects, inhaled LPS induces leakage of CC16 from the airways into the circulation 

that can be blocked by GCs35. In rats, GCs do not increase CC16 expression in Club cells 

following severe airway epithelial injury36. Tissue-specific expression of the CC16 gene is 

regulated by several steroid hormones including estrogen and progesterone in lung, 

esophagus, and uterus, and the non-steroid hormone, prolactin, further augments CC16 

expression in the uterus37.

Mediators of inflammation—Cytokines such as interferon-γ (IFN-γ) and tumor 

necrosis factor-α (TNF-α) increase CC16 expression by Club cell and human bronchial 

epithelial cell lines in vitro38;39. Interleukin-10 (IL-10), a cytokine with anti-inflammatory 
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properties, increases CC16 expression in a lung adenocarcinoma cell line40. After intranasal 

treatment of pregnant mice with IL-10, CC16 mRNA levels increase in embryonic lung 

epithelial cells30. IL-10 increases CC16 gene expression at the steady state mRNA level (as 

assessed by RT-PCR) and this is mediated by IL-10 signaling through the IL-10 receptor to 

activate the homeodomain T/EBP transcription factor30. Exposing airway epithelium to 

IL-13 induces Club cell differentiation into goblet cells associated with loss of CC16 

expression and increases in mucin gene expression41.

2.3. CC16 protein structure

CC16 has a molecular mass of 16,000 daltons, and belongs to the secretoglobin subfamily of 

proteins. CC16 is a homodimeric protein with identical 70-amino acid subunits linked in an 

anti-parallel orientation by two disulfide bonds that are formed between Cys3 and Cys69’, 

and Cys3’ and Cys69. Each of the subunits forms three α-helices with one β-turn between 

the second and third α-helices42. The two disulfide bridges stabilize the CC16 dimer and 

contribute to the formation of a central hydrophobic cavity which contains Tyr’21 and Tyr21’. 

This cavity is sufficiently large in volume to accommodate small hydrophobic molecules 

such as progesterone, polychlorinated biphenyls, or retinol43;44;45. Each of the CC16 

monomers also forms minor hydrophobic cavities42;46;47. Although the biologic function of 

these minor hydrophobic cavities is not clearly understood, hydrophobic ligands such as 

prostaglandin D2 (PGD2) and PGF2α can be sequestered into these cavities reducing the 

activities of these prostaglandins48;49.

CC16 is expressed by humans, rodents, non-human primates, dogs, cats, horses, cattle, 

sheep, pigs, and lagomorphs, and is thought to be present in all mammals. The CC16 amino 

acid sequence is almost fifty percent identical in mammals, suggesting that CC16 has 

important roles in lung biology50. In healthy volunteers, CC16 is the most abundant protein 

in the bronchoalveolar lavage fluid (BALF) accounting for nearly 2-3% of its total protein 

content in concentrations that range from 1-5 μg/mL51. Given that epithelial lining fluid 

(ELF) is usually diluted ~100-fold in BALF, this suggests that undiluted ELF has CC16 

concentrations ~100-500 μg/mL52. CC16 produced by airway Club cells diffuses from the 

ELF into the serum, and then it is excreted by the kidneys in humans and rodents7. Mean 

plasma CC16 concentrations in healthy human non-smokers are reported to be ~10-15 

ng/mL. However, a recent study reported 6.4 ng/mL as the median serum CC16 

concentration in a larger cohort of 201 healthy non-smokers53. It should be noted that 

measurements of CC16 concentrations using ELISAs can be highly variable depending on 

the assay used 54.

CC16 isoforms—Several isoforms of CC16 have been identified in airway fluids from 

patients with severe airway inflammation, including premature infants in respiratory 

distress55;56 and adults exposed to inhaled industrial chemicals with respiratory 

complications57. One isoform found in tracheal aspirate fluids of premature infants was 

associated with subsequent development of neonatal bronchopulmonary dysplasia (BPD)55. 

These isoforms were primarily identified through their altered isoelectric points in two-

dimensional gels, indicating shifts in total surface charge and overall conformation. At 

present there are no published studies that characterize the chemical modifications present in 
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these isoforms, or their potential alterations to CC16 protein structure and/or biological 

activities.

2.4. CC16 expression during lung development

During a normal pregnancy, CC16 is detectable in amniotic fluid samples at 14-16 weeks of 

gestational age. Thereafter, CC16 levels increase exponentially until gestational weeks 

30-34, and CC16 levels in amniotic fluid samples are highest just before birth58;59. In 

preterm infants, CC16 lung levels are correlated directly with lung maturity and reduced 

during systemic inflammatory responses in the fetus60;61. Low lung CC16 levels occur in 

premature infants with the acute respiratory distress syndrome of prematurity62, and low 

lung levels are linked to the subsequent development of BDP63. The mechanisms by which 

low CC16 lung levels in premature infants lead to subsequent abnormal lung development 

are not clear. However, it is noteworthy that infants that develop BDP and survive to 

adulthood have changes in their lungs that resemble some of those in COPD lungs including 

airspace enlargement and gas trapping64;65 and reduced FEV1
66. A randomized, placebo-

controlled clinical trial of a single dose of rCC16 delivered by the intra-tracheal route to 

premature infants with respiratory distress syndrome having low CC16 levels in tracheal 

aspirate fluid (TAF) samples showed that this therapy was well tolerated, and resulted in a 

significant reduction in leukocyte counts and a strong trend towards reduced IL-6 levels in 

TAF samples62. Interestingly, prenatal exposure to CS is associated with decreased 

expression of CC16 in fetal rat lungs67, but this correlation has not been confirmed in human 

neonates68.

2.5. Regulation of CC16 protein levels by inhalation of pollutants

Acute environmental exposures generally cause transient increases in CC16 BALF and 

plasma levels, but repeated exposures usually result in lower plasma and BALF CC16 levels 

in humans and other animals. Toxic compounds that reduce BALF and serum CC16 levels 

include oxidant-rich air pollutants such as CS69;70;71, nitrogen dioxide72, ozone73, 

chlorination products74;75, and toxic particles such as silica76 and wood smoke77 which is an 

important risk factor for COPD in developing countries. Pollutants likely reduce Club cell 

CC16 expression via their toxic effects on the cells. Club cells express cytochrome P450 at 

very high levels and are responsible for metabolizing most of the pollutants that are inhaled 

into the lung14. However, their immediate exposure to pollutants and their generation of 

toxic metabolites of pollutants can render Club cells very susceptible to toxin-induced 

injury.

2.6. CC16 expression in COPD patients

Blood and BALF CC16 levels—CC16 levels have been measured in plasma, serum, and 

BALF samples in several COPD cohort studies. In a small COPD cohort (mean forced 

expiratory volume in the first second [FEV1] 55± [SD] 7% of predicted), Bernard et al were 

the first to report that serum and BALF CC16 levels were significantly lower in COPD 

patients than non-smoker controls54. This group was also the first to report that serum levels 

were lower in smokers versus healthy non-smokers78. In the large Evaluation of COPD 

Longitudinally to Identify Predictive Surrogate Endpoints (ECLIPSE) cohort, significantly 
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reduced serum CC16 levels were detected in healthy smokers and COPD patients compared 

with non-smokers controls79. However, no correlation was found between serum CC16 

levels and the severity of COPD. In the same study, when the COPD patient were divided by 

active versus former smoker status, the median serum CC16 levels were lower in current 

than in former smokers in Global Initiative for Chronic Obstructive Lung Disease (GOLD) 

stage II-III but not in GOLD stage IV COPD patients.

In the Lung Health Study (which studied a cohort of predominantly mild to moderately-

severe COPD patients) reduced serum CC16 levels were associated with accelerated decline 

in FEV1 over 9 years80. In this cohort, active smokers had the lowest serum CC16 levels, 

sustained quitters had the highest levels, and intermittent quitters had intermediate levels. 

These investigators suggested that low serum CC16 levels could serve as a useful predictive 

biomarker of rapid decline in FEV1 in COPD patients that are intermittent quitters. Studies 

of the Lovelace Smokers Cohort revealed that plasma CC16 levels are associated with 

chronic bronchitis and decline in lung function even before subjects develop COPD81.

Early life events have been linked to the pathogenesis of COPD82. A recent study83 assessed 

longitudinal data on serum CC16 concentrations, and assessed their relationship to decline in 

FEV1 and incidence of airflow limitation in adults who were free from COPD at baseline in 

the population-based Tucson Epidemiological Study of Airway Obstructive Disease 

([TESAOD], the European Community Respiratory Health Survey ([ECRHS-Sp], and the 

Swiss Cohort Study on Air Pollution and Lung Diseases in Adults ([SAPALDIA]. This 

study also measured CC16 serum levels in samples from children aged 4-6 years in the 

Tucson Children's Respiratory Study, the United Kingdom Manchester Asthma and Allergy 

Study, and the Swedish Barn/Children, Allergy, Milieu, Stockholm, Epidemiological survey 

birth cohorts to assess whether low serum CC16 levels in childhood predict subsequent lung 

function83. This study found that low serum CC16 levels are associated with reduced lung 

function in childhood, accelerated lung function decline in adulthood, and development of 

moderate airflow limitation in the general adult population83.

Biphasic changes in serum CC16 levels in CS-exposed mammals—Studies of 

smaller cohorts of humans show that inhaling smoke induces a biphasic response in CC16 

serum levels. In firefighters, acute smoke exposures induce transient increases in serum 

CC16 levels that return to baseline within 10 days69;54 which is likely to be due to smoke-

induced lung epithelial cell injury, increased epithelial cell permeability, and increased 

diffusion of CC16 from the epithelial lining fluid into the circulation84. However, more 

chronic smoke exposures reduce CC16 levels at different rates in various biologic samples. 

For example, a decrease in CC16 levels in nasal lavage fluids (but not in serum samples) is a 

very early effect of inhaling CS which can be detected in adolescent humans with a 

cumulative smoking history of < 1 pack-years85. Longer pack-year smoking histories are 

needed to reduce serum CC16 levels86;87;88, and one study reported a linear dose-response 

relationship between smoking history and serum CC16, the latter decreasing on average by 

about 15% for each 10 pack-year increase in smoking history86;87;88. Similarly, in rats 

exposed acutely to CS, serum CC16 levels increase 2-4 h later (likely due to CS-induced 

increased lung epithelial permeability), and return to baseline within 24 h89. Chronic CS 

exposure leads to reduced airway (and likely serum) CC16 expression90;91.
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Other factors that affect serum CC16 serum levels—Serum CC16 levels are 

affected by factors other than COPD and smoke exposures. CC16 is excreted by the kidney 

and serum CC16 levels are increased in patients with impaired renal function92. Serum 

CC16 levels are lower in healthy males than healthy females due to higher glomerular 

filtration rates in males versus females92. Serum CC16 levels are also altered in lung 

diseases other than COPD including other diseases linked to smoking cigarettes such as lung 

cancer and idiopathic pulmonary fibrosis (IPF). As is the case for COPD, lung cancer is 

associated with lower serum CC16 levels93;94. Patients with asthma also have lower serum 

CC16 levels than healthy controls95;96. In marked contrast, serum CC16 levels are higher in 

patients that have both emphysema and IPF than controls without lung disease, and levels 

are higher still in patients that have IPF but not COPD97.

Airway CC16 expression—Few studies have evaluated airway CC16 expression in 

COPD patients. Pilette et al. found that airway CC16 expression is inversely correlated with 

the severity of airflow obstruction (measured as reductions in FEV1) in COPD patients98. 

Laucho-Contreras et al. confirmed these findings and showed that patients with GOLD 

stages III-IV COPD have much lower airway CC16 immunostaining than GOLD stages I-II 

COPD patients90. Chen et al. found that increased CC16 levels in bronchoalveolar lavage 

fluid (and plasma) samples correlated with improvement in bronchial dysplasia following 

smoking cessation99.

2.7. Genetic and epigenetic regulation of CC16

A genome-wide association study (GWAS) performed on the ECLIPSE cohort identified 

significant associations between the presence of eleven single nucleotide polymorphisms 

(SNPs) and serum CC16 levels in COPD patients100. However, these findings were not 

replicated in other COPD cohorts (the International COPD Genomics Network [ICGN] and 

COPD-Gene), probably because of smaller sample sizes in the latter cohorts and differences 

in the cohort inclusion criteria100. In the Lovelace Smokers cohort, one SNP within the 

CC16 promoter was associated with chronic bronchitis, two different SNPs were linked to 

rapid decline in lung function, and all three SNPs are associated with altered plasma CC16 

levels81. Thus, plasma CC16 levels and SNPs in the CC16 locus may be useful for 

identifying subjects at increased risk of developing COPD and targeting them for earlier 

intervention.

CC16 expression can also be regulated by epigenetic mechanisms. A genome-wide DNA 

methylation analysis found that the CC16 locus is hyper-methylated in the bronchial 

epithelial samples obtained from the small airways of healthy smokers compared with 

samples obtained from healthy non-smokers. These results suggest that epigenetic silencing 

of CC16 expression might contribute to the low CC16 airway expression and reduced 

plasma and BALF CC16 levels that have been reported in smokers and COPD patients101. 

Whether smokers and COPD patients have other epigenetic modifications of the CC16 locus 

(e.g., increased histone acetylation) or express micro RNAs that could regulate CC16 

expression is not known.
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2.8. CC16 function in animal models with COPD

Several animal models have been used to evaluate the effects of CS exposure on CC16 

expression in vivo and the activities of CC16 in regulating the development of COPD.

Expression of CC16 in CS-exposed animals

Murine studies: Miert et al. reported that serum CC16 levels were increased in mice 

exposed acutely to CS and that levels were directly related to the CS concentration89. 

Transient increases in CC16 expression also occurred in alveolar macrophages and alveolar 

ductal cells in mice exposed acutely to CS. In the same study, BALF CC16 levels were 

reduced and were lowest in mice exposed to the highest CS concentrations, suggesting that 

CS exposure depletes airway Club cells of CC16. In chronic CS exposure models, Laucho-

Contreras et al. detected decreased CC16 expression in the airway epithelium of WT mice 

exposed to CS for up to 6 months along with an indirect relationship between CC16 

expression and the duration of the CS exposure90. A second study showed that 4 months of 

CS exposure reduced airway CC16 expression in WT mice91.

Studies of other animals: CC16 expression also has been evaluated in non-human primates 

(NHPs) exposed to CS. Zhu et al91 found that chronic CS exposure decreased airway 

epithelial CC16 expression by rhesus monkeys (Macaca mulatta). Polverino et al 

demonstrated that 4 weeks of CS-exposure was sufficient to decrease airway CC16 

expression in Macaca fascicularis NHPs102.

CC16 function in CS-exposed mice—Two different strains of CC16 deficient 

(CC16−/−) mice have been generated using different gene-targeting constructs103;104. 

However, only one of these strains has been studied in COPD models103. Park et al. exposed 

wild-type (WT) and CC16-deficient (CC16−/−) mice to CS or air for 6 months and found 

similar increases in airspace enlargement, small airway remodeling, and lung macrophage 

and polymorphonuclear neutrophil (PMN) counts80. Using the same strain of CC16−/− mice, 

Laucho-Contreras et al. found that CC16−/− mice exposed to CS for 6 months had greater 

airspace enlargement, small airway remodeling, mucus metaplasia, and rates of apoptosis of 

alveolar and bronchial epithelial cells than CS-exposed WT mice (Figure 2)90. In the latter 

study, CS-exposed CC16−/− mice also had greater increases in lung macrophage and PMN 

counts, higher lung levels of some pro-inflammatory mediators (CCL5 and matrix 

metalloproteinase-9 [MMP-9]) and one pro-fibrotic mediator (active transforming growth 

factor β1 [TGF-β1]), but lower lung levels of anti-inflammatory IL-10 than CS-exposed WT 

mice. Zhu et al also reported that CS-exposed CC16−/− had greater airspace enlargement and 

lung inflammatory cell counts than CS-exposed WT mice91. It is not clear why Park et al did 

not find differences in emphysema development in CS-exposed WT and CC16−/− mice, but 

this could be due (in part) to differences in the CS exposure methods used (nose-only 

exposures in the Park study versus longer-duration whole-body exposures in the Laucho-

Contreras and Zhu studies).

CC16's potential functions in organs other than the lung in COPD: One line of the two 

CC16−/− murine lines that have been generated thus far spontaneously develops glomerular 

disease. CC16 binds with high-affinity to fibronectin and thereby prevents the self-
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aggregation of fibronectin monomers104. In the CC16−/− lines of mice that develops renal 

lesions, these are due to abnormal deposition of multimeric fibronectin in the glomeruli in 

the absence of CC16104. However, the other line of CC16−/− mice that were studied in the 

CS-induced COPD model by all three laboratories (vide supra) do not spontaneously 

develop renal lesions for reasons that are not clear. However, it is noteworthy that delivering 

rCC16 to WT mice with experimental crescentic glomerulonephritis attenuates the 

progression of this disease105;106. As COPD is associated with systemic inflammation, these 

results suggest that rCC16 therapy has potential to reduce inflammation and associated 

tissue injury in organs other than the lung in COPD patients.

2.9. Mechanisms underlying CC16's protective activities in COPD

CC16 may limit the development and progression of COPD, in part, by reducing CS-

induced pulmonary inflammation to limit emphysema development. CC16 has anti-

inflammatory activities in various models of pulmonary inflammatory diseases other than 

COPD such as allergen-induced airway inflammation107;108, bleomycin-induced pulmonary 

inflammation109;110, and airway respiratory syncytial viral infections and inflammation in 

mice111. It is noteworthy that macrophages are required for emphysema development in 

mice112, and CC16 reduced lung macrophage counts in CS-exposed mice90. CC16 also has 

anti-fibrotic activities in the CS-exposed lung by limiting the development of small airway 

fibrosis.

Anti-inflammatory effects of CC16 on different cells implicated in the 
pathogenesis of COPD—CC16 is reported to have anti-inflammatory effects on various 

cells implicated in the pathogenesis of COPD including lung epithelial cells and 

inflammatory cells.

Airway epithelial cells: CC16 limits airway epithelial cell production of IL-8, a key pro-

inflammatory molecule produced in COPD lungs. CC16−/− nasal epithelial cells produce 

greater amounts of IL-8 when activated with IL-1β than cells from WT mice both in vitro 

and in vivo113. Moreover, plasmid-mediated over-expression of CC16 in the nasal 

epithelium of CC16−/− mice reduces their increased release of IL-8 when IL-1β is 

administered113. Gamez et al reported that epithelial cells isolated from COPD airways 

produce more IL-8 compared with cells isolated from healthy smoker and non-smoker 

airways, and this increased release of IL-8 was reduced by adding rCC16 to the COPD cell 

cultures114. Also, rCC16 reduces LPS- or IL-13-stimulated production of IL-8 (and also 

MUC5AC) by human bronchial epithelial cells115.

PMNs: Purified native CC16 inhibits chemotaxis of human PMNs leukocytes towards N-

formyl-methionyl-leucyl-phenylalanine (fMLP) in a dose-dependent manner (Figure 3)116. 

Studies of horses with recurrent airway obstruction (which is similar to human asthma) 

found that: 1) equine CC16 was present in airway PMNs in animals that developed 

neutrophilic airway inflammation; and 2) incubating blood and BAL PMNs with CC16 

significantly reduced the respiratory oxidative burst and increased the phagocytic activity of 

PMNs117. During LPS-induced acute lung injury, lung PMN counts were higher in CC16−/− 
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vs. WT mice118. However, to our knowledge, there have been no studies of the effects of 

CC16 on the function of PMNs from COPD patients or animals with experimental COPD.

Mononuclear phagocytes: Adenoviral-mediated over-expression of CC16 decreases the 

release of two Th2 cytokines involved in COPD pathogenesis (TGF-β and IL-10) from 

stimulated with supernatant from human non-small cell lung carcinoma cells40. CC16 

protein also reduces the migration of macrophages to chemoattractants119. During 

bleomycin-induced pulmonary fibrosis in mice, CC16−/− alveolar macrophages express 

more TGF-β than WT macrophages109. In CC16−/− mice, peritoneal and alveolar 

macrophages have a post-translational modification of annexin-1 (ANXA1 or lipocortin-1) 

which is an anti-inflammatory protein, converting it to a more acidic form120. The CC16-

dependent ANXA1 modifications in peritoneal macrophages indicate that airway epithelial 

alterations can induce changes in immune cells at other mucosal sites120. During 

experimentally-induced BPD in WT mice121, decreases in airway CC16 expression occur 

and are associated with increases in lung levels of the acidic isoform of annexin-1. 

Interestingly, annexin-1 has a region of homology with CC16122, and both annexin-1 and 

CC16 mediate some of the anti-inflammatory properties of glucocorticoids.

Anti-fibrotic activities of CC16: Small airway fibrosis contributes significantly to the fixed 

airflow obstruction that is characteristic of COPD. There is evidence that CC16 limits small 

airway fibrosis CS-exposed mice as CS-exposed CC16−/− mice had greater small airway 

fibrosis than CS-exposed WT mice90. It is noteworthy that CC16 has anti-fibrotic activities 

in other models of lung injury. CC16−/− mice developed more severe pulmonary fibrosis 

when exposed to bleomycin96 and more severe airway remodeling in a model of 

bronchiolitis obliterans which was attenuated by treating the animals with rCC16123.

The mechanisms underlying CC16's anti-fibrotic activities in CS-exposed small airways are 

not clear. However, CC16 regulates several pathways that are linked to the development of 

small airway fibrosis including CS-induced lung inflammation. It is noteworthy in this 

respect, that products of PMNs [myeloperoxidase124] and macrophages [MMP-7, -9, and 

-12] promote small airway fibrosis in CS-exposed animals125;126. CC16 also reduces lung 

levels of active TGF-β (a potent pro-fibrotic cytokine that stimulates fibroblasts to produce 

interstitial collagens) in CS-exposed mice90 and bleomycin-treated mice109. The mechanism 

by which CC16 reduces lung levels of active TGF-β in CS-exposed lungs is not known. 

However, CC16 reduces MMP-7 activity in a preterm lamb model of infant respiratory 

distress syndrome (RDS)125, and reduces lung levels of MMP-9 in CS-exposed mice90. 

MMPs including MMP-9 can activate latent TGF-β127;128. Thus, it is possible that CC16 

reduces lung levels of MMPs and other proteinases produced by inflammatory cells that 

activate TGF-β. In addition, CC16 may have direct activities on fibroblasts to promote small 

airway fibrosis as it inhibits agonist-induced activation of fibroblasts and fibroblast 

chemotaxis in vitro129;130;131. Furthermore, rCC16 also inhibits angiogenesis (which can 

contribute to tissue remodeling) by reducing the binding of endothelial cells to fibronectin, 

and their subsequent proliferative and migratory responses in vitro132.

Molecular pathways involved in CC16's protective activities in the CS-exposed 
lung—CC16 inhibits activation of several pro-inflammatory signaling pathways, the most 
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well-characterized of which are inhibition of phospholipase A2 (PLA2) enzyme activity 

(thereby suppressing the arachidonic acid cascade) and suppression of nuclear factor kappa 

B (NFκB) activation.

Inhibition of PLA2 enzyme activity: In vitro experiments first demonstrated that CC16 

inhibits the sPLA2 pro-inflammatory pathway. CC16 inhibits multiple PLA2 enzymes 

including secretory PLA2-type 1b (s PLA2-type 1b), sPLA2-type 2a45;133, and cPLA2-type 

IV134. CC16 binds to calcium135 and phosphatidylcholine43 which serve as a co-factor or 

substrate for sPLA2, respectively. Calcium is required for binding of CC16 or sPLA2 to 

cationic micelles. CC16 also interferes with the interaction of sPLA2 and the aqueous lipid 

interface which is a necessary step for the initial activation of this enzyme136. One study 

demonstrated that CC16 inhibits the migration of fibroblasts by reducing sPLA2 activity in 

these cells129;137.

Inhibition of NFκB activation: CC16 inhibits activation of NFκB in lung cancer cells138, 

uterine endometrial cells139 and airway epithelial cells113; 48 in vitro. Plasmid-mediated 

over-expression of CC16 in nasal epithelial cells inhibits NFκB activation by blocking the 

phosphorylation of the inhibitor of NFκB subunit-α (IκB-α) thereby reducing degradation 

of this inhibitor113. To our knowledge, there is only one study that assessed whether CC16 

regulates the sPLA2 and/or NFκB pro-inflammatory pathways during the development of 

COPD90. This study found that CC16−/− mice have higher lung levels of sPLA2 enzyme 

activity at baseline than WT mice, but CC16−/− and WT mice had similar lung levels of 

sPLA2 enzyme activity when exposed to CS suggesting that CC16 does not limit CS-

induced lung inflammation and injury in mice by inhibiting sPLA2 activity. However, 

additional studies are needed determine whether CC16 inhibits the activity of cPLA2 (the 

cytosolic Type IV enzyme) in CS-exposed lungs. The same study reported that CS-exposed 

CC16−/− mice had higher NFκB activation in their lungs than CS-exposed WT mice90. 

Furthermore, adenoviral-mediated over-expression of CC16 in airway epithelial cells of both 

WT and CC16−/− mice that were exposed acutely to CS led to reductions in lung 

macrophage counts, alveolar epithelial cell apoptosis, and airway mucin expression and 

these changes were associated with reduced CS-induced NFκB activation in the lungs90. 

However, additional studies are needed to determine whether CC16's protective activities in 

the lung are mediated by this protein inhibiting activation of NFκB in the lung and the 

mechanisms involved140.

Putative receptors for CC16—Only a few studies have assessed whether CC16 mediates 

its effects on cells by binding to a receptor, and no single receptor identified thus far explains 

all of the observed effects of CC16. Listed below are several receptors that have been 

implicated in transducing CC16 signaling in vitro (vide infra). However, it is important to 

note that the exact mechanisms by which CC16 mediates its anti-inflammatory activities in 

the CS-exposed lung (including whether or not it binds to a receptor) have not been 

determined.

a) fMLP receptors (FPRs): FPRs are a family of three different seven-spanning domain 

transmembrane, G-protein couple receptors (FPR1-3). FPR1 and FPR2 are expressed on 
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PMN, monocyte, and macrophage surfaces. FPR3 is expressed by monocytes, macrophages, 

and dendritic cells but not PMNs. All three receptors are activated by the chemoattractant N-

formyl methionyl-leucyl-phenylalanine (fMLP). FPR2 is also a receptor for annexin-A1, 

lipoxin-A4 (ALX receptor), and serum amyloid A (SAA)141 which is a pro-inflammatory 

mediator that promotes PMN migration142. Lipoxin-A4 inhibits the actions of SAA in vitro 
by binding non-competitively to FPR2/ALX. In COPD patients, there is evidence that lung 

levels of pro-inflammatory SAA are high and overwhelm the protective signaling of anti-

inflammatory lipoxin-A4 through FPR2/ALX143. CC16 also interacts with FPR2 and 

thereby reduces FPR2's response to SAA on human primary fibroblast-like synoviocytes141. 

CC16 binding to FPR2 also inhibits PMN migration towards fMLP in vitro (Figure 
3)144;145. Whether this occurs in CS-exposed lungs is not clear, but by inhibiting PMN 

migration into the CS-exposed lung, CC16 could reduce CS-induced lung inflammation and 

destruction mediated by PMN proteinases and other products.

b) Toll-like receptor-4 (TLR4) expression: During LPS-mediated acute lung injury, 

surface expression of TLR4 was higher on lung macrophages from CC16−/− than WT 

mice118 suggesting that CC16 reduces the expression of TLR4 on activated lung 

macrophages. In the latter study, lung macrophage TLR4 expression levels were correlated 

with higher lung inflammatory responses (higher lung levels of IL-6 and TNF-α) and 

increased release of TNF-α from alveolar macrophages in CC16−/− mice. One of the many 

functions of TLR4 is to activate the NFκB pathway and CC16-mediated reductions in TLR4 

expression on macrophages (Figure 3) could also contribute to the anti-inflammatory effects 

of CC16 in experimental COPD118.

c) Other receptors: Other molecules have been implicated as receptors for CC16, but 

additional studies are needed to better define their role. For example, cubilin146, which is 

mainly localized in the kidney, is involved in the excretion of CC16147. Cubilin is also 

expressed by lung epithelial cells and contributes to high-density lipoprotein uptake by 

alveolar epithelium148 and lung cancer cells149. CC16 was recently identified as a ligand of 

the lipocalin-1 receptor, and CC16 binding to lipocalin-1 reduces the migration and invasion 

of carcinoma cells in vitro150.

2.10. Therapeutic approaches for CC16 in COPD

Several human cohort and animal studies have linked CS-induced loss of CC16 airway 

expression to the genesis and progression of COPD80;90;91;53;81. These results suggest that 

CC16 augmentation approaches might have therapeutic efficacy in COPD. This hypothesis 

is supported by several experimental findings outlined below.

In vitro studies—The efficacy of recombinant CC16 (rCC16) has been examined in cell 

culture systems. Tokita et al115 activated human bronchial epithelial cells with IL-13 or LPS 

and incubated them with or without rCC16 in concentrations similar to serum levels found in 

healthy adult humans (20 ng/mL). The rCC16 treatments inhibited MUC5AC and IL-8 

expression (Figure 3) and reduced activation of NFκB and extracellular signal-regulated 

kinase (ERK1/2) in the IL-13- or LPS-activated cells. Gamez et al. showed that rCC16 
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inhibited the CSE-induced release of IL-8 from bronchial epithelial cells isolated from 

COPD patients114.

Augmenting CC16 expression in epithelial cells and cell lines using recombinant adenoviral 

vectors inhibits the development of cellular phenotypes linked to COPD. For example, 

plasmid-mediated over-expression of CC16 in human bronchial epithelial cells reduced 

IL-1β-induced release of IL-8 (Figure 3), suppressed the proliferation of human lung cancer 

cells in vitro and increased their rates of apoptosis151;152, and reduced NFκB activation in 

the cells113. Treating cells involved in the pathogenesis of COPD (e.g., fibroblasts129, 

PMNs153, and macrophages118) with recombinant CC16 also inhibited their migration to 

chemoattractants in vitro (Figure 3).

In vivo studies—Adenoviral vectors have been used to over-express CC16 in mice with 

inflammatory lung disease. Adenoviral-mediated over-expression of CC16 in the airways of 

mice with allergen-induced airway inflammation reduced airway hyper-responsiveness and 

airway inflammation154. Adenoviral-mediated over-expression of CC16 in airway epithelial 

cells in mice exposed acutely to CS reduced CS-induced lung inflammation and alveolar 

septal cell apoptosis (which both contribute to emphysema development), and also reduced 

airway mucus metaplasia90. These changes were associated with reduced activation of 

NFκB in the lung90. As gene therapy using viral vectors for other diseases such as cystic 

fibrosis has been associated with challenges (including the development of effective viral 

vectors, host immune responses to the vectors, and the possibility that insertional 

mutagenesis will occur)155, it is not clear whether this approach will be feasible for 

increasing CC16 levels in COPD airways.

Recombinant CC16 protein could be delivered to the lungs of COPD patients as clinical 

trials for rCC16 in premature human infants with RDS at high risk of developing BPD are 

ongoing. Initial results indicate that a single dose of rCC16 can be delivered safely to infants 

by the intra-tracheal route, and that it reduces indicators of acute lung inflammation and 

injury62. Also, another biologic protein (α1-antitrypsin; AAT) is being used to treat AAT-

deficient emphysema patients in the USA. Thus, rCC16 therapy might be feasible as a 

therapeutic approach for COPD patients having low CC16 blood and lung levels. Thus far, 

rCC16 therapy has only been tested in naphthylene-treated mice lacking CC16+ BMCs20. 

Delivering 30 μg of rmCC16 to these mice daily by the intra-tracheal route beginning 24 h 

after naphthalene delivery reduced lung leukocyte counts, improved blood oxygen saturation 

levels, and surprisingly increased airway CC16 expression in the animals, suggesting that 

rCC16 limits Club cell injury and stabilizes endogenous production of CC16 by airway 

cells.

Limitations of rCC16 protein replacement as a therapeutic strategy for COPD
—Delivering exogenous CC16 to CS-exposed animals or COPD patients may have some 

limitations as a new therapeutic approach for COPD. First, in order for rCC16 protein to be 

considered as a viable approach for ambulatory COPD patients, CC16 would need to be 

delivered by the inhaled route in high enough doses with a dosing frequency sufficient to 

effectively increase lung CC16 levels. This approach can be challenging to accomplish for 

proteins156. Also, rCC16 protein would need to be resistant to oxidative inactivation as CS 
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contains high concentrations of reactive oxygen and nitrogen species, and these oxidants are 

generated by CS-activated lung cells. The development of antibodies to rCC16 could limit 

the potential of this approach if these antibodies are produced and cross-react with 

endogenous CC16, thereby reducing lung levels of active endogenous CC16. The potential 

to suppress expression of native CC16 in the lungs was identified and may also limit the 

utility of rCC1662. However, the dose and dosing frequency of rCC16 could be optimized to 

reduce the development of this potential problem.

Small molecule approaches—Orally-available small molecules that boost CC16 levels 

in COPD lungs would be a very attractive approach for ambulatory CC16-deficient COPD 

patients. However, to date, there is only one report in the literature showing that a small 

molecule increases CC16 levels in cells. Shiyu et al found that polydatin (a precursor of 

resveratrol) induced CC16 expression in LPS-treated BEAS-2B cells and also in the lungs of 

rats with acute lung injury157. However, there have not been any studies of polydatin or 

other small molecules that increase CC16 expression by airway epithelial cells in CSE-

treated cell culture systems or animal models of COPD.

3. Conclusions

CC16 levels in blood and lung samples are reduced when humans and experimental animals 

are exposed to CS. There are conflicting reports on whether CS-induced reductions in CC16 

directly contribute to the genesis and progression of COPD in mice. One of three published 

studies indicated that CC16 has no role in COPD genesis or progression80, but two 

subsequent studies90;91 reported that CC16 robustly limits the development of several CS-

induced lung pathologies (illustrated in Figure 2). Our review of the literature strongly 

supports the notion that CC16 limits COPD development, but whether CC16 mediates its 

protective activities by inhibiting NFκB activation in the CS-exposed lung has not been 

conclusively proven. It is possible that CC16 has other yet-to-be-identified protective 

activities in lungs exposed to CS.

There is growing evidence that CC16 augmentation approaches may have efficacy in 

limiting CS-induced inflammation based upon results in cell culture systems and a murine 

model of toxin-induced airway injury. So far, only one study using an acute (one month) CS 

exposure of mice, has shown that CC16 augmentation using adenoviral vectors limits CS-

induced lung inflammation and airway mucus metaplasia90. Whether this approach would 

also reduce emphysema progression, small airway fibrosis, and chronic bronchitis 

phenotypes that contribute to symptoms in COPD patients is not clear. While delivering 

rCC16 to CC16-deficient COPD lungs represents an alternative approach, it is not clear 

whether adequate amounts can be delivered safely to the lung to achieve a therapeutic effect. 

However, this may be the only option for patients with advanced airway remodeling and few 

functional CC16-secreting airway epithelial cells. On the other hand, the most attractive 

approach would be to develop orally-available small molecules that boost CC16 expression 

by airway epithelial cells through activation of CC16 transcription or by switching off 

epigenetic silencing of CC16. Only one small molecule has been identified that increases 

CC16 expression in airway epithelial cells (polydatin)157, but its mechanism of action is not 

clear. There is a need for additional studies to increase our knowledge about CC16's 
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mechanism of action, identify potential receptors and signaling pathways, and effects other 

than anti-inflammatory actions in COPD lungs.

4. Expert Opinion

The key findings of the research done in this field thus far include the overwhelming 

evidence that inhaling CS and the development of COPD are associated with CC16 

deficiency in blood and lung samples. CC16 deficiency is independently and significantly 

linked to rapid rate of decline in lung function in COPD patients and the chronic bronchitis 

COPD phenotype80;81. There is evidence that CC16 limits several acute and chronic lung 

pathologies in CS-exposed mice (see Figure 2)90;91. Also, CC16 augmentation using 

adenoviral vector approaches reduces CS-induced lung inflammation and mucus metaplasia 

in mice90, and treating lung epithelial cells (including cells from COPD patients) with 

rCC16 limits their pro-inflammatory responses to signals that are present in COPD 

lungs115;114.

The main weaknesses of the research conducted on CC16 in COPD to date include the 

failure to fill a number of key knowledge gaps in this field. For example, the mechanisms by 

which CC16 protects the lung from CS-induced inflammation and injury and the key cell 

types that are protected by this protein in the CS-exposed lung are not known. It is also not 

known whether delivering rCC16 to the lungs has efficacy in limiting the progression of 

some or all of the key lung pathologies that develop in CS-exposed animals. In addition, 

previous research studies have not determined whether CC16 deficiency is linked to COPD 

phenotypes other than rapid decline in FEV1 and chronic bronchitis. It is also not known 

whether CC16 deficiency increases the systemic inflammatory response in COPD patients.

The potential that future research in this field holds is that it may: 1) identify the receptors or 

signaling pathways by which CC16 protects the lung from CS-induced injury; 2) show that 

delivering rCC16 to the lungs limits the progression of COPD in CS-exposed experimental 

animals; 3) identify the lung pathologies that are ameliorated by rCC16 in animal models; 

and 4) identify the subgroups of COPD patients that are most likely to respond to therapy.

The ultimate goal of this research area is to determine whether CC16 augmentation 

approaches are as a first-in-class disease-modifying therapy for COPD patients having both 

low plasma CC16 levels and the specific phenotypes that are likely to respond to rCC16 

therapy such as a rapid decline in FEV1, chronic bronchitis80;81;158 and other yet-to-be 

identified COPD phenotypes such as patients with small airway-predominant disease. 

Another goal is to determine whether plasma CC16 levels can be used to select patients 

likely to respond to therapy and also to monitor responses to therapy.

The additional research studies needed to achieve these goals include studies that will test 

the therapeutic efficacy of rCC16 in pre-clinical models of COPD such as CS-exposed mice. 

If efficacy of rCC16 is demonstrated in these pre-clinical models, rCC16 could then be 

advanced to clinical trials in subgroups of COPD patients having low serum CC16 levels 

that are identified as having phenotypes that are the most likely to respond to this therapy. 

Additional studies could then be done to measure CC16 serum levels in treated and 
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untreated patients to determine whether serum CC16 levels predict responses to therapy. To 

advance rCC16 augmentation therapy into human COPD patients, it will also be necessary 

to better understand CC16's protective mechanism of action in the COPD lung. Studies 

could definitely determine whether CC16 mediates its protective activities by inhibiting 

NFκB activation in the lung and identify the receptors (if any) through which CC16 signals 

using gene silencing and over expression studies, and pharmacologic inhibitors and agonists 

in cell culture systems.

There are a number of challenges that will be encountered in achieving these goals. These 

include the identification of the human COPD phenotypes that are most likely to respond to 

therapy which will require studies of serum CC16 levels in subgroups of carefully 

phenotyped COPD patients (e.g. patients with emphysema- versus small airway disease-

predominant disease). It will also be necessary to determine the optimal method to deliver 

rCC16 to the lungs (e.g., intranasal versus aerosolized delivery), and optimize protein 

formulation for delivery to the lung and the dose and dosing frequency to induce a 

therapeutic effect while maintaining a good safety profile. Additional challenges include the 

possibility that rCC16 therapy may have side effects. In particular, it will be important to 

determine whether rCC16 therapy elicits an immune response leading to the generation of 

antibodies that could cross-react with endogenous protein thereby exacerbating CC16 

deficiency and possibly disease progression in COPD patients. Another hurdle will be 

determining whether or not serum CC16 levels can be used to monitor responses to therapy, 

as both COPD and renal impairment both increase with age, and renal impairment reduces 

excretion of CC16 leading to higher serum CC16 serum levels.

In short term, future studies will likely test the efficacy of rCC16 augmentation therapy in 

pre-clinical studies aimed at evaluating the tolerance, safety, and efficacy of the protein. If 

rCC16 has efficacy in animal models of COPD, thereafter, the safety profile of rCC16 

therapy will be tested in COPD patients with low plasma CC16 levels and/or the COPD 

phenotypes that would be most likely to response to the therapy, followed by larger clinical 

trials evaluating efficacy of rCC16 therapy in COPD patients. In addition, efforts will be 

made to develop orally-available small molecules that are shown to augment CC16 

expression in cell culture systems and CS-exposed animals. Orally-available small 

molecules that augment CC16 expression, while expensive to develop, would be ideal for 

treating stable COPD patients in a community setting. In the longer term, studies would test 

the efficacy of these small molecules in randomized clinical trials in stable COPD patients.

It is not known whether COPD patients having low serum CC16 levels have increased rates 

of acute exacerbations of COPD (AECOPD) or more severity AECOPD. If this is the case, 

future studies could test the efficacy of rCC16 therapy in patients with AECOPD140 which 

are associated with increased lung and systemic inflammation, high morbidity and mortality, 

and high healthcare costs159. It is noteworthy that CC16 has anti-viral actions160;161 and 

viral upper respiratory tract infections [URTIs] are common causes of AECOPD162;163. 

Thus, future studies could test the efficacy of rCC16 delivered during the winter months 

(when viral URTIs are more common) in reducing the AECOPD rates in COPD subjects 

who have frequent AECOPD.
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In the coming years, we predict that studies will provide additional insights into the factors 

that regulate CC16 expression in the airways including genetic and epigenetic regulation of 

CC16 expression. If the CC16 locus is shown to be hypermethylated in COPD airways 

leading to reduced CC16 expression, future approaches could be developed to demethylate 

the CC16 locus and thereby provide alternative therapies that augment CC16 expression in 

COPD airways. In addition, as SNPs in the CC16 locus have been identified that are 

associated with altered CC16 levels in lung samples100, it may be possible to use CC16 

genotype to select individuals that might response to CC16 augmentation therapy.

Areas of research in this area that are of particular interest to us include identifying the 

mechanisms by which CC16 mediates its protective effects in the CS-exposed lung including 

identifying the key cell types that are protected from CS-induced injury by CC16, and the 

receptors and signaling pathways that are involved. We are also interested in determining 

whether rCC16 augmentation approaches can reduce COPD-like lung disease in CS-exposed 

mice and, if so, in human COPD patients with low serum CC16 levels and the phenotypes 

that will respond to this therapy. We are also interested in performing studies to validate 

serum CC16 levels as a prognostic biomarker for COPD or a biomarker that predict 

responses to rCC16 therapy, and to determine whether CC16 deficiency is linked to 

increased systemic inflammation in COPD patients.
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List of Abbreviations

AAT α1-antitrypsin

AECOPD Acute exacerbations of COPD

ALX receptor Receptor for annexin-A1, lipoxin-A4

ANXA1 Annexin-1

AP-1 Activation protein-1

BALF Bronchoalveolar lavage fluid

BMC Bone marrow cells

bp Base pairs

BPD bronchopulmonary dysplasia
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CC16−/− CC16-deficient mice

CC16 Club cell protein 16

CCSP Club cell secretory protein

COPD Chronic obstructive pulmonary disease

COUP-TFs Chicken ovalbumin upstream promoter transcription factors

cPLA2 Cytosolic phospholipase A2

CS Cigarette smoke

ECLIPSE Evaluation of COPD Longitudinally to Identify Predictive 

Surrogate Endpoints

ELF Epithelial lining fluid

ERK1/2 Extracellular signal-regulated kinase 1/2

FEV1 Forced expiratory volume in the first second

fMLP N-formyl-methionyl-leucyl-phenylalanine

FPRs fMLP receptors

GCs Glucocorticoids

GOLD Global Initiative for Chronic Obstructive Lung Disease

GWAS Genome-wide association study

HFN Hepatocyte nuclear factor

ICGN International COPD Genomics Network

IFN-γ Interferon-γ

IL Interleukin

IκB-α Inhibitor of NFκB subunit-α

LPS Lipopolysaccharide

MMPs Metalloproteinases

NFκB Nuclear factor kappa B

NHPs Non-human primates

PGD2 Prostaglandin D2

PGF2α Platelet grown factor 2α

PLA2 Phospholipase A2
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PMN Polymorphonuclear neutrophil

rCC16 Recombinant CC16

RT-PCR Real Time PCR

SAA Serum amyloid A

SAR Small airway remodeling

SNPs Single nucleotide polymorphisms

Sp1 and Sp3 Specificity protein-1 and specificity protein-3

sPLA2 Secretory phospholipase A2

TAF Tracheal aspirate fluids

T/EBP Thyroid-specific enhancer binding protein

TGF-β1 Tumor grown factor-β1

TLR4 Toll-like receptor-4

TNF-α Tumor Necrosis factor-α

TTF-1 Thyroid transcription factor-1

URTIs Viral upper respiratory tract infections

WT Wild-type
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Article highlights box

• CC16 is a major product of Club cells and it is a marker of epithelial 

airway injury.

• COPD is associated with CC16 deficiency as CC16 BALF and serum 

levels are lower in COPD patients versus smokers without COPD, and 

lower in smokers without COPD than healthy non-smoker controls.

• Low serum CC16 levels are linked to rapid rate of decline in lung 

function in COPD patients and to the chronic bronchitis COPD 

phenotype.

• CC16 protects lungs from cigarette smoke-induced pulmonary 

inflammation and injury. CC16 deficiency in mice leads to greater 

cigarette smoke-induced pulmonary inflammation, bronchial and 

alveolar epithelial cell apoptosis, mucus metaplasia, increases in lung 

compliance, airspace enlargement, and small airway fibrosis.

• Adenoviral vector-mediated over-expression of CC16 reduces release 

of pro-inflammatory mediators by activated epithelial cell cultures in 
vitro, and reduces pulmonary inflammation, lung epithelial cell 

apoptosis, and mucus metaplasia in the lungs of smoke-exposed mice.

• Adding recombinant CC16 (rCC16) to activated epithelial cell cultures 

decreases their release of pro-inflammatory mediators and expression 

of mucins.

• The beneficial effects of delivering or over-expressing CC16 in cells or 

smoke-exposed murine lungs are associated with reduced nuclear 

translocation of the pro-inflammatory transcription factor, NFκB.

• Currently, there are no published studies determining whether chronic 

delivery of rCC16 in COPD patients is safe and reduces cigarette 

smoke-induced lung inflammation or injury.

• CC16 augmentation approaches including delivering rCC16 to the 

lungs of COPD patients could represent a first-in-class disease 

modifying therapy for COPD by boosting key anti-inflammatory 

pathways that are down-regulated in COPD lungs.
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Figure 1. A diagram of the human SCGB1A1 gene
In A, the human CC16 (SCGB1A1) gene is localized in chromosome 11q12.3. The gene has 

18,108 bases pairs and contains three exons and two introns. There are four Alu repeats 

including three in intron 1 and one in intron 2. B shows the promoter regions of the human 

SCGB1A1 gene which contains two binding regions. Region I (I) is located ~110 bp 

upstream and region II (II) is located around −220 bp upstream of the transcription initiation 

site. The region-I is the binding site for several transcription factors that are known to 

regulate CC16 expression: hepatocyte nuclear factors α and β (HNF-α/β), activation 

protein-1 (AP-1), and the transcription factor Octamer (Oct) and also for transcription 

factors that inhibit CC16 expression: chicken ovoalbumin upstream promoter transcription 

factors (COUP-TFs). Region-II binds transcription factors that enhance transcriptional 

activation of the gene when region I is activated, and also contains binding sites for HNFs.
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Figure 2. CC16 protects murine lungs from developing several lung pathologies when exposed to 
cigarette smoke
Left panel: In acute CS exposure models (up to 12 week of CS exposure) CC16−/− mice 

develop greater increased bronchial and alveolar epithelial apoptosis (second and third 

panel), lung inflammation (increases in lung macrophage and PMN counts and lung levels of 

pro-inflammatory cytokines) and greater mucus metaplasia (increased numbers of Muc5ac 

positive airway epithelial cells) than WT mice. Right panel: In mice exposed chronically to 

CS (24 weeks) CC16−/− mice had greater increases in lung compliance, and greater airspace 

enlargement (a readout of emphysema) and greater fibrosis around small airways (with 

increased deposition of type-I collagen and fibronectin) than WT mice.
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Figure 3. Effects of CC16 on the function of different cellular types implicated in the 
pathogenesis of COPD
The figure illustrates the known effects of CC16 on different cells involved in the 

pathogenesis of COPD including PMNs, monocytes, macrophages, fibroblast and airway 

epithelial cells.
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