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Abstract 

 

Chronic obstructive pulmonary disease (COPD) is one of the most common respiratory 

diseases and a major cause of morbidity and mortality worldwide. Disturbed innate immune 

processes characterize the pathogenesis of COPD. Vitamin D deficiency is very common in 

COPD patients and has been associated with disease severity. Interestingly, a number of 

mechanistic evidence from animal and in vitro studies has demonstrated important innate 

immunomodulatory functions of vitamin D, including anti-inflammatory, anti-oxidative and 

antimicrobial functions. In this review, we will discuss in detail how these innate 

immunomodulatory functions of vitamin D could provide therapeutic potential in COPD 

patients. Finally, the remaining challenges associated with vitamin D therapy in COPD 

patients will be discussed. 
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Introduction 

Chronic obstructive pulmonary disease (COPD) is a chronic disease characterized by 

progressive expiratory airflow limitation, which is not fully reversible (Decramer, et al., 

2012). Cigarette smoking is the major risk factor for COPD. Currently, COPD is the fourth 

leading cause of death worldwide, while prevalence and mortality rates are still increasing. 

With progression of the disease, COPD patients become more susceptible to exacerbations, 

which are primarily caused by respiratory bacterial and viral infections (Wedzicha and 

Seemungal, 2007). COPD exacerbations are an important cause of hospitalization, reduced 

quality of life and mortality. When presenting with an acute exacerbation, COPD patients are 

often treated with inhaled corticosteroids. However, the majority of COPD patients appear to 

be resistant to the anti-inflammatory effects of corticosteroids (Barnes, 2013;Culpitt, et al., 

2003).  

 

The pathophysiology of COPD includes small airway disease (or chronic bronchiolitis), 

characterized by thickening and fibrosis of small airways, and emphysema, which both 

contribute to airflow limitation. In COPD patients, the airflow limitation is associated with an 

abnormal inflammatory response in the airways and lung parenchyma. The inflammatory 

response involves both innate immune cells (neutrophils, macrophages) and adaptive immune 

cells (T and B lymphocytes) but also involves the activation of structural cells, including 

airway epithelial cells (Barnes, 2014). Inhaled cigarette smoke induces pulmonary 

inflammation through activation of pro-inflammatory pathways, including the nuclear factor-

kappa B (NF-κB) pathway and the p38 mitogen-activated protein kinase (MAPK) pathway. 

The oxidative stress resulting from cigarette smoke and inflammatory cells further amplifies 

the inflammation in COPD (Kirkham and Barnes, 2013). In addition to enhanced pulmonary 

inflammation and oxidative stress, COPD is characterized by an impaired host defense in the 
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lungs (Berenson, et al., 2006;Taylor, et al., 2010). This potentially leads to increased bacterial 

colonization of the lower airways, which may in turn predispose COPD patients to acute 

exacerbations.  

 

With the discovery of important immunomodulatory properties of vitamin D, the interest for a 

potential role for vitamin D in COPD has increased over the years. Vitamin D deficiency 

(defined as serum 25-hydroxyvitamin D < 20 ng/ml) has shown to be highly prevalent in 

COPD patients and furthermore correlates with disease severity, as assessed by forced 

expiratory volume in 1 second (FEV1) (Berg, et al., 2013;Janssens, et al., 2010;Persson, et al., 

2012;Romme, et al., 2013). Low serum levels of vitamin D have furthermore been associated 

with characteristic disease features of COPD, including reduced and faster lung function 

decline (Afzal, et al., 2014;Berg, et al., 2013;Black and Scragg, 2005;Janssens, et al., 

2010;Lange, et al., 2012), severity of CT-defined emphysema (Berg, et al., 2013) and 

increased risk at upper respiratory infections (Cannell, et al., 2006;Ginde, et al., 2009) and 

COPD exacerbations (Heulens, et al., 2013;Lehouck, et al., 2012). Although an intervention 

trial with vitamin D supplementation in COPD patients did not show an overall effect on 

exacerbation rates, a post-hoc analysis did reveal that vitamin D supplementation may 

significantly reduce the number of exacerbations in COPD patients with severe vitamin D 

deficiency (25-hydroxyvitamin D < 10 ng/ml) at baseline (Lehouck, et al., 2012). The 

observed benefit of vitamin D supplementation in COPD patients with established vitamin D 

deficiency has recently been confirmed by the ViDiCo trial, demonstrating a clinically and 

statistically significant reduction of moderate to severe exacerbations (Martineau, et al., 

2014). 
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Abundant mechanistic in vitro as well as in vivo animal studies suggest a potential 

involvement of vitamin D in various pathogenic processes in COPD, as shown in Fig. 1. In 

this review, we will discuss how vitamin D could be a therapeutic agent in COPD through its 

effect on inflammation, antimicrobial responses, lung remodeling, oxidative stress and the 

anti-inflammatory effects of corticosteroids. Although vitamin D has been shown to play an 

important role in adaptive immunity, emphasis will be put on the effect of vitamin D on 

pulmonary innate immunity (alveolar macrophages, neutrophils and airway epithelial cells), 

which constitutes the driving force of perpetuating inflammation in COPD. Finally, we will 

discuss the challenges associated with the use of vitamin D therapy as an anti-inflammatory 

agent in COPD patients. 
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Effect of vitamin D on important pathogenic processes in COPD 

 

Local vitamin D metabolism in the innate immune system 

Vitamin D is obtained primarily through conversion of 7-dehydrocholesterol in the skin by 

UV light, and to a lesser extent from the diet. Activation of vitamin D requires two 

hydroxylations. The first hydroxylation occurs in the liver and leads to the production of 25-

hydroxyvitamin D, the main circulating form of vitamin D and determinant of vitamin D 

status. Subsequently, 25-hydroxyvitamin D is converted by CYP27B1 (1α-hydroxylase) into 

the biologically active 1,25-dihydroxyvitamin D, which occurs mainly in the kidneys. 1,25-

dihydroxyvitamin D exerts its biological functions by binding to the vitamin D receptor 

(VDR). After ligand binding, a heterodimer is formed with the retinoid X receptor (RXR) and 

this VDR-RXR complex binds to specific genomic sequences (vitamin D response elements, 

VDRE) in the promoter region of target genes, whereby gene expression is regulated. In 

addition to this well-known genomic signaling, 1,25-dihydroxyvitamin D can also exert non-

genomic actions by interacting with signaling pathways outside the nucleus (Losel and 

Wehling, 2003). In the kidneys, expression of CYP27B1 and thus 1,25-dihydroxyvitamin D 

production is strictly regulated by calcium, phosphorus and their regulating hormones 

(including parathyroid hormone), thereby maintaining calcium and bone metabolism. 

Negative feedback is provided by 1,25-dihydroxyvitamin D itself through downregulation of 

CYP27B1 and upregulation of CYP24A1 (24-hydroxylase) (which catalyzes the first step in 

vitamin D catabolism), thereby preventing the excessive production of 1,25-dihydroxyvitamin 

D. 

 

Expression of both CYP27B1 and VDR has been found in various cell types of the lung 

innate immune system, including airway epithelial cells, macrophages and neutrophils 
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(Hansdottir, et al., 2008;Monkawa, et al., 2000;Overbergh, et al., 2000;Provvedini, et al., 

1983;Takahashi, et al., 2002). Consequently, conversion of 25-hydroxyvitamin D into the 

biologically active 1,25-dihydroxyvitamin D can occur locally in the lungs and in this way act 

in an autocrine or paracrine fashion to exert its immunomodulatory functions. In sharp 

contrast to the renal regulation of CYP27B1, the expression of CYP27B1 in immune cells is 

controlled by immune signals. For example, in monocytes/macrophages, CYP27B1 

expression is upregulated by IFN-γ, LPS and TLR2/1 ligands (Esteban, et al., 2004;Liu, et al., 

2006;Overbergh, et al., 2000). In further contrast with the renal control of 1,25-

dihydroxyvitamin D production, negative feedback control by 1,25-dihydroxyvitamin itself is 

lacking in immune cells. In this regard, expression of CYP27B1 in immune cells is not 

suppressed by 1,25-dihydroxyvitamin D (Overbergh, et al., 2000). Finally, it has been shown 

that macrophages express a truncated, catabolically inactive form of CYP24A1, thereby 

preventing catabolism of 1,25-dihydroxyvitamin D (Ren, et al., 2005). The latter suggests that 

macrophages are able to maintain an over-production of 1,25-dihydroxyvitamin D, which 

could promote innate effector functions. Besides the vast amount of studies in myeloid-

derived cells, little is known about the mechanisms regulating vitamin D metabolism in 

airway epithelial cells. 

 

How could vitamin D influence lung inflammation in COPD? 

Recognition of particles from cigarette smoke by airway epithelial cells and alveolar 

macrophages results in the activation of intracellular signaling pathways, including the NF-κB 

and p38 MAPK pathways. The activity of both NF-κB and p38 MAPK is enhanced in 

epithelial cells and alveolar macrophages of COPD patients (Caramori, et al., 2003;Di 

Stefano, et al., 2002;Rajendrasozhan, et al., 2008;Renda, et al., 2008). These pathways are 

pivotal in driving the inflammatory response in COPD patients and, once activated, lead to the 
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enhanced secretion of a number of inflammatory cytokines and chemokines, including IL-1β, 

IL-6, IL-8, TNF-α and MCP-1. In response to these inflammatory signals, neutrophils, 

monocytes and T lymphocytes rapidly migrate into the lungs and further promote the 

inflammatory response.  

 

Interestingly, the active form of vitamin D has been shown to exert anti-inflammatory effects 

by inhibiting NF-κB and MAPK activity (Hansdottir, et al., 2010;Takahashi, et al., 

2002;Zhang, et al., 2012) (Fig. 1). In the inactive state, NF-κB is sequestered in the cytoplasm 

by interaction with IκB. Upon cell activation by proinflammatory stimuli, IκB is 

phosphorylated by IκB kinase (IKK), leading to the degradation of IκB by the proteasome. 

Subsequently, free NF-κB can translocate to the nucleus where it activates transcription of 

several proinflammatory cytokines (e.g. IL-6, IL-8, TNF-α). Several mechanisms have been 

proposed explaining how vitamin D could counteract the activity of NF-κB. For example, in 

vitro 1,25-dihydroxyvitamin D inhibited the translocation of the NF-κB complex to the 

nucleus in several cell types including macrophages and airway epithelial cells, either by 

upregulation of IκB expression (Cohen-Lahav, et al., 2006;Hansdottir, et al., 2010;Riis, et al., 

2004) or by direct interaction of 1,25-dihydroxyvitamin D-VDR with IKK, thereby blocking 

IKK activity (Chen, et al., 2013). However, vitamin D could also inhibit the binding of NF-

κB to DNA and in this way may interfere in the transcriptional activity of NF-κB 

(D'Ambrosio, et al., 1998;Harant, et al., 1998). Another central transducer of inflammatory 

signals leading to the activation of several transcription factors is the p38 MAPK pathway. In 

this regard, inhibition of p38 MAPK activity in monocytes by 1,25-dihydroxyvitamin D was 

linked to the induction of MAPK phosphatase-1 (MKP-1), which dephosphorylates p38 and 

inhibits its subsequent activation (Zhang, et al., 2012). A similar mechanism was found in 
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prostate cells where induction of MKP-5 by 1,25-dihydroxyvitamin D was responsible for 

inhibition of p38 MAPK activity (Nonn, et al., 2006). 

 

The inhibitory effect of 1,25-dihydroxyvitamin D signaling on major inflammatory pathways 

results in the decreased expression of pro-inflammatory cytokines and chemokines in 

macrophages, dendritic cells, neutrophils and airway epithelial cells (Ferreira, et al., 

2014;Hansdottir, et al., 2010;Korf, et al., 2012;Takahashi, et al., 2002;Zhang, et al., 2012) 

(Fig. 1). Therefore, vitamin D signaling could contribute to the decreased influx of 

inflammatory cells in COPD and consequently dampen the inflammatory response. In an 

animal model of acute lung injury, it has already been shown that peroral or intratracheal 

administration of 1,25-dihydroxyvitamin D inhibits the recruitment of neutrophils after LPS 

inhalation (Takano, et al., 2011). In mice, vitamin D deficiency furthermore exacerbated 

neutrophil infiltration into the lungs after challenge with Aspergillus fumigatus (Li, et al., 

2014), and also in a model of allergic airway disease, neutrophil influx was increased in 

vitamin D deficient mice (Gorman, et al., 2013). Moreover, knockout of the VDR in mice 

increased neutrophilic infiltration in the lungs, which was accompanied by enhanced activity 

of NF-κB and elevated levels of MCP-1 and the neutrophil chemoattractant KC in the lungs 

(Sundar, et al., 2011). 

 

How could vitamin D influence antimicrobial defense in COPD? 

Alveolar macrophages and neutrophils are responsible for a broad set of host defense 

functions including recognition and phagocytosis of pathogens. However, in COPD, a 

growing body of evidence suggests that alveolar macrophages and neutrophils are defective in 

their antimicrobial functions. In this regard, alveolar macrophages from COPD patients show 

reduced phagocytic uptake of bacteria commonly found during exacerbations, such as S. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

11 
 

pneumoniae and nontypeable H. influenzae (Berenson, et al., 2006;Taylor, et al., 2010). In 

vitro, it was shown that cigarette smoke impairs both the phagocytic and respiratory burst 

function, necessary for the effective killing of the phagocytized material, of neutrophils 

(Green and Carolin, 1967;Stringer, et al., 2007). In vivo studies in mice furthermore confirm 

that cigarette smoke exposure impairs the phagocytic uptake of bacteria by alveolar 

macrophages, resulting in an increased bacterial load in cigarette smoke-exposed animals 

(Harvey, et al., 2011;Ortega, et al., 1994;Phipps, et al., 2010). This reduced phagocytic 

capacity of alveolar macrophages and neutrophils in COPD may lead to chronic colonization 

of the lower airways and consequently to acute exacerbations. Macrophages from COPD 

patients are not only defective in the uptake of microbes, but also in the phagocytosis of 

apoptotic cells (‘efferocytosis’) (Hodge, et al., 2003;Hodge, et al., 2007;Kirkham, et al., 

2004). Impaired phagocytosis of apoptotic neutrophils leads to decreased neutrophil clearance 

and thereby increased secondary necrosis and release of toxic cell contents, perpetuating 

inflammation in COPD (Vandivier, et al., 2006).  

 

In vitro studies have shown that 1,25-dihydroxyvitamin D can enhance the phagocytic 

capacity as well as the respiratory burst functions of monocytes (Goldman, 1984;Sly, et al., 

2001;Tokuda and Levy, 1996;Xu, et al., 1993). The effect of vitamin D on monocyte 

phagocytosis is most likely explained by the pro-differentiating effects of vitamin D on 

these monocytes, which adopt a more mature phenotype (Goldman, 1984). Whether 

vitamin D can enhance the phagocytic uptake of microbes or apoptotic cells by mature 

alveolar macrophages, which has shown to be defective in COPD, has yet to be 

investigated. In VDR knockout mice, no defects were observed in the ex vivo phagocytic 

and respiratory burst capacities of peritoneal macrophages (Mathieu, et al., 2001). Whereas 

the effect of vitamin D on alveolar macrophage phagocytosis is still debatable, vitamin D 
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may certainly enhance pulmonary antimicrobial defense by stimulating the production of 

antimicrobial peptides (Korf, et al., 2014) (Fig. 1). Antimicrobial peptides, such as 

cathelicidin and defensin-β2, are produced in the lungs by several cell types, including 

airway epithelial cells, macrophages and neutrophils, and are very effective in killing a 

number of Gram-positive and Gram-negative antibiotic-resistant strains, such as 

Pseudomonas and Staphylococcus aureus and different viruses (Tjabringa, et al., 2006). 

VDREs were identified in the promoters of the genes for both cathelicidin and defensin-β2, 

indicating that 1,25-dihydroxyvitamin D-VDR signaling can stimulate the transcription of 

these genes (Wang, et al., 2004). Indeed, in several cell types including monocytes and 

neutrophils, 1,25-dihydroxyvitamin D was shown to upregulate the expression of 

cathelicidin and to a lesser extent defensin-β2, showing the potential of vitamin D as an 

antimicrobial agent in COPD (Gombart, et al., 2005;Wang, et al., 2004).  

 

Several human intervention studies have demonstrated that vitamin D supplementation 

reduced the risk for respiratory tract infections (Bergman, et al., 2012;Gunville, et al., 

2013;Laaksi, et al., 2010;Majak, et al., 2011;Manaseki-Holland, et al., 2012). However, for 

COPD in particular, limited data are available. Although COPD exacerbations are often 

caused by respiratory infections, the association between vitamin D levels and risk at COPD 

exacerbations is debatable, as several studies show negative results (Kunisaki, et al., 

2012;Puhan, et al., 2014;Quint, et al., 2012). However, preliminary results of Bellocchia and 

colleagues have shown that severe vitamin D deficiency increases the risk at frequent 

exacerbations and hospitalizations in COPD (Bellocchia, et al., 2013). Moreover, in an 

intervention trial with vitamin D supplementation in COPD patients, vitamin D supplemented 

patients with severe vitamin D deficiency at baseline showed a reduced number of 

exacerbations compared to the placebo group, although no overall effect of vitamin D 
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supplementation on exacerbations were observed. In this intervention trial, the ex vivo 

phagocytosis of E. coli by peripheral blood monocytes was found to be improved in COPD 

patients which had received vitamin D supplementation compared to placebo and these 

differences were even more pronounced in the subgroup of subjects with severe vitamin D 

deficiency at baseline (Lehouck, et al., 2012).  

 

How could vitamin D influence lung remodeling in COPD? 

The chronic airflow limitation characteristic of COPD is a result of parenchymal destruction 

(emphysema) and/or small airway disease (obstructive bronchiolitis). In COPD, there is a 

disruption of the balance between proteases and anti-proteases, resulting in increased 

proteolytic activity in the lungs of COPD patients. This imbalance results in the destruction of 

parenchyma and thus development of emphysema. Epithelial cells, macrophages and 

neutrophils release a variety of proteases, including neutrophil elastase, cathepsins and matrix 

metalloproteinases. Increases in matrix metalloproteinases MMP-1, MMP-2, MMP-8, MMP-9 

and MMP-12 have been demonstrated in the lungs of COPD patients (Finlay, et al., 

1997;Molet, et al., 2005;Segura-Valdez, et al., 2000). 

Small airway disease in COPD includes goblet cell hyperplasia, increased airway smooth 

muscle cells as well as fibrosis in the airway wall (Hogg, 2004). Small airway fibrosis 

contributes to increased thickness of the airway wall and thereby contributes to airflow 

limitation. Transforming growth factor-beta (TGF-β) plays an important role in the 

development of small airway fibrosis in COPD and expression of TGF-β has been shown to 

be increased in the airway epithelium of COPD patients (de Boer, et al., 1998;Takizawa, et 

al., 2001). 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

14 
 

Mechanistic in vitro studies suggest that vitamin D may influence both emphysema 

development and small airway fibrosis. 1,25-dihydroxyvitamin D has been shown to inhibit 

the expression of several matrix metalloproteinases in different cell types, including 

monocytes and alveolar macrophages (Bahar-Shany, et al., 2010;Coussens, et al., 

2009;Lacraz, et al., 1994) (Fig. 1). In an animal model, knockout of VDR led to the 

development of early-onset emphysema, which was associated with increased activity of 

MMP-2, MMP-9 and MMP-12 (Sundar, et al., 2011). The increased extracellular matrix 

formation (including collagen) by fibroblasts in response to TGF-β takes part in the airway 

remodeling characteristic of COPD. 1,25-dihydroxyvitamin D has been shown to inhibit the 

proliferation and activation of murine fibroblasts treated with TGF-β1 and to reduce the 

expression of extracellular matrix proteins by these fibroblasts (Ramirez, et al., 2010) (Fig. 1). 

Furthermore, 1,25-dihydroxyvitamin D has also been shown to prevent intestinal and renal 

fibrosis through inhibition of TGF-β signaling (Ito, et al., 2013;Tao, et al., 2014).  

 

Although fibrotic remodeling in human airways has never been linked to vitamin D 

deficiency, indirect evidence may come from epidemiological studies showing positive 

associations between serum 25-hydroxyvitamin D levels, lung function (FEV1, FVC), both in 

the general population and COPD patients, and lung function decline (Afzal, et al., 

2014;Black and Scragg, 2005;Janssens, et al., 2010;Lange, et al., 2012). Low serum 25-

hydroxyvitamin D levels have furthermore been associated with the severity of CT-defined 

emphysema (Berg, et al., 2013). 

 

How could vitamin D influence oxidative stress in COPD? 

Oxidative stress occurs when reactive oxygen species (ROS) are produced in excess of the 

antioxidant defense mechanisms. In COPD, oxidative stress results from high concentrations 
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of oxidants present in cigarette smoke, but is also generated endogenously from the activation 

of inflammatory cells in the lungs, such as macrophages and neutrophils. Oxidative stress is 

an important amplifying mechanism in COPD pathogenesis by activating NF-κB and p38 

MAPK pathways, by inhibiting antiprotease activity, by impairing antimicrobial defenses and 

by increased release of TGF-β (Kirkham and Barnes, 2013). Moreover, oxidative stress has 

been shown to contribute to the defective ability of corticosteroids to repress inflammation in 

COPD patients (Barnes, 2013).  

 

As oxidative stress is a main player in various pathogenic processes in COPD, therapies 

targeting to reduce oxidative stress may be of crucial importance in COPD patients. A major 

contributing factor to the oxidative stress in COPD is the reduced expression of the 

transcription factor Nrf2 (nuclear factor erythroid 2-related factor 2), which is activated by 

oxidative stress and which is the transcriptional regulator of most antioxidant genes. In 

COPD, the expression and activity of Nrf2 has been shown to be decreased despite high levels 

of oxidative stress in the lungs (Goven, et al., 2008;Suzuki, et al., 2008). Several studies 

suggest that vitamin D or vitamin D analog therapy may suppress oxidative stress in several 

disease models (Noyan, et al., 2005;Tanaka, et al., 2011;Husain, et al., 2009;Fedirko, et al., 

2010;Hamden, et al., 2009), and this could be related to the effect of vitamin D on Nrf2 (Fig. 

1). Vitamin D analogs have been shown to activate Nrf2 in squamous carcinoma cells and 

myeloid leukemia cells (Lin, et al., 2002;Bobilev, et al., 2011). In the study of Nakai and 

colleagues, treatment of diabetic rats with maxacalcitol, a vitamin D analog, resulted in the 

reduced expression of Nrf2 and increased expression of its negative regulator Keap1 (Kelch-

like erythroid cell-derived protein with CNC homology-associated protein 1), together with 

suppression of NF-κB (Nakai, et al., 2014). These effects of vitamin D on Nrf2 might also 

have implications for the phagocytic capacity of alveolar macrophages, as it has been 
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demonstrated that restoration of Nrf2 activity results in improved phagocytosis of H. 

influenzae and P. aeruginosa by alveolar macrophages from COPD patients (Harvey, et al., 

2011).  

 

Effect of vitamin D on the anti-inflammatory action of glucocorticosteroids in COPD 

Glucocorticosteroids (GCs) are well-known for their anti-inflammatory actions. However, the 

inflammation in COPD has appeared to be unresponsive to the effects of GCs (Culpitt, et al., 

2003). This resistance to the anti-inflammatory effects of GCs is a major barrier to the 

effective treatment of COPD. 

 

GCs can suppress inflammation via different mechanisms. Binding of GCs to glucocorticoid 

receptors (GR) can result in the activation of anti-inflammatory genes, including MKP-1 and 

IL-10. However, the major anti-inflammatory action of GCs is to switch off the expression of 

several pro-inflammatory genes. In this case, GC-GR complexes translocate to the nucleus 

and recruit histone deacetylase 2 (HDAC2). This results in histone deacetylation, making the 

DNA inaccessible for pro-inflammatory transcription factors, including NF-κB, and 

consequently suppresses the expression of inflammatory genes. One of most characterized 

molecular mechanisms contributing to GC resistance in COPD is the decreased expression 

and activity of HDAC2 in alveolar macrophages, airways and peripheral lung in COPD 

patients (Ito, et al., 2004).  

 

Interestingly, vitamin D has been shown to enhance GC action. Zhang et al. (2012) 

demonstrated that vitamin D enhances responses to GC in human monocytes and murine bone 

marrow-derived macrophages by stimulating GC-induced upregulation of MKP-1, leading to 

a decrease in the production of proinflammatory mediators regulated by p38 MAPK (Zhang, 
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et al., 2012). Similar results were obtained by Searing and colleagues (2010), who found that 

levels of MKP-1 and IL-10 induced by vitamin D plus dexamethasone (a GC) in PBMCs from 

asthmatic children were greater than those induced by dexamethasone alone (Searing, et al., 

2010). Sutherland et al. (2010) demonstrated that reduced serum 25-hydroxyvitamin D levels 

in asthmatic patients are associated with reduced ex vivo responses of peripheral blood 

mononuclear cells to GCs, as shown by a reduction in GC-induced expression of MKP-1 

(Sutherland, et al., 2010). Furthermore, treatment of CD4+ regulatory T cells from subjects 

with GC-resistant asthma with 1,25-dihydroxyvitamin D in combination with dexamethasone 

restored the ability of these cells to release IL-10 up to levels similar to those in cells from 

GC-sensitive asthma patients (Xystrakis, et al., 2006). In the same study, it was shown that 

oral administration of vitamin D (0,5 µg/day) for 7 days to patients with GC-resistant asthma 

enhanced ex vivo T cell responses to dexamethasone. A small clinical trial furthermore 

demonstrated that (a 4-week) treatment with 1,25-dihydroxyvitamin D may improve the 

clinical responsiveness of GC-resistant asthma patients, as assessed by changes in FEV1 

(Nanzer, et al., 2014). This suggests that vitamin D therapy could possibly potentiate the 

therapeutic response to GCs in patients with GC-resistant asthma. Similar principles could 

apply in GC-resistant COPD patients, but relevant research is limited. To our knowledge, only 

one small sample size study has investigated the association between serum 25-

hydroxyvitamin D levels and responsiveness to inhaled CS treatment, as assessed by changes 

in FEV1 (Kunisaki and Rector, 2011). In this study, no correlation between baseline serum 

25-hydroxyvitamin D levels and changes in FEV1 after a short-term treatment (4 weeks) with 

inhaled CS was observed. 
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Therapeutic perspectives 

Due to its anti-inflammatory and antimicrobial functions (Fig. 1), vitamin D supplementation 

may have a beneficial therapeutic impact in COPD patients, in whom prevalence of vitamin D 

deficiency is high. However, different uncertainties remain to be addressed, as discussed 

below.  

 

Evidence from clinical trials 

Until now, two double-blind randomized placebo-controlled trials have investigated the effect 

of oral vitamin D supplementation on the incidence of exacerbations in COPD patients. In the 

single-center trial of Lehouck et al. (2012), 182 COPD patients with moderate to very severe 

COPD and a history of recent exacerbations were randomized to receive a monthly oral dose 

of 100.000 IU vitamin D3 or placebo for 1 year (Lehouck, et al., 2012). No overall effect of 

high-dose bolus vitamin D supplementation on exacerbation rate or time to first exacerbation 

was observed in the population as a whole. However, a post-hoc subgroup analysis in a 

limited amount of patients (n=30) with severe vitamin D deficiency (25-hydroxyvitamin D < 

10 ng/ml) at baseline showed a significant reduction in exacerbations in the vitamin D 

supplemented patients compared to placebo (rate ratio=0.57, p=0.042). These findings were 

recently confirmed by the ViDiCo trial (Martineau, et al., 2014). In this multi-center trial, 240 

COPD patients, recruited from both hospital and community settings, were randomly 

allocated to receive a 2-monthly oral dose of 120.000 IU vitamin D3 or placebo for 1 year. 

Vitamin D supplementation did not affect time to first moderate or severe exacerbation in the 

whole population. However, in accordance with the trial of Lehouck et al., a pre-specified 

subgroup analysis (n=148) revealed that time to first moderate or severe exacerbation was 

significantly reduced in vitamin D supplemented patients with vitamin D deficiency (25-

hydroxyvitamin D < 20 ng/ml) at baseline (hazard ratio=0.57, p=0.021) compared to placebo. 
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The results from these two trials suggest that benefits of vitamin D therapy may only be seen 

in vitamin D deficient COPD patients whose 25-hydroxyvitamin D levels are elevated over a 

certain threshold level by supplementation, rather than a continual improvement with any 

increase in vitamin D levels. This could also explain the lack of an overall effect in both trials. 

Randomized-controlled trials in COPD patients with baseline 25-hydroxyvitamin D levels 

below 20 ng/ml are therefore needed to confirm these findings. Alternatively, the overall null 

result in both trials may be related to inefficient vitamin D treatment, which could in turn be 

related to an ineffective dosing regimen (intermittent vs daily dosing) or dosage form, or an 

inadequate route of administration, as discussed below. Finally, the absence of therapeutic 

effect of vitamin D in the whole study population in both trials may be explained by COPD 

disease heterogeneity with regards to pathology, immunology and genetics, which could 

modify the response of COPD patients to vitamin D supplementation (Gold and Manson, 

2012). 

 

Furthermore, preventive trials assessing the effect of vitamin D supplementation on the risk 

for developing COPD will give better insights into the role of vitamin D in COPD 

pathogenesis. In the United States, a large randomized clinical trial among more than 20.000 

participants aged 50 years or older (lungVITAL study) is currently ongoing and will assess 

the effect of daily oral vitamin D supplementation (2000 IU) with or without fish oil (ich in 

omega-3 fatty acids) on pulmonary outcomes, including new-onset COPD, decline in lung 

function and COPD exacerbations (ClinicalTrials.gov Identifier: NCT01728571). 
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Remaining challenges 

Although results from observational studies as well as clinical trials show therapeutic 

potential for vitamin D in COPD patients, several challenges associated with vitamin D 

therapy in COPD patients remain to be addressed.  

 

Vitamin D supplementation is mainly provided via oral supplements. However, the optimal 

dosing regimen for oral vitamin D supplementation, either intermittent bolus dosing or daily 

dosing, remains a matter of debate. In clinical trials, intermittent bolus doses of vitamin D are 

often used to maximize patient compliance to the treatment. With bolus dosing, sporadic high 

doses of vitamin D result in a sharp rise in 25-hydroxyvitamin D to often supraphysiological 

concentrations at the time of administration (Ilahi, et al., 2008). However, very high levels of 

serum 25-hydroxyvitamin D have been associated with impaired immune responses, 

hypercalcemia and even mortality (Durup, et al., 2012;Martineau, 2012;Melamed, et al., 

2008;Nielsen, et al., 2010). Theoretically, the high transient peaks may result in a complete 

suppression of the immune system. Alternatively, high peaks of 25-hydroxyvitamin D may 

upregulate catabolic enzymes (CYP24A1) leading to local deficiency of the active metabolite 

after the transient peak serum levels. In order to avoid supraphysiological levels as well as 

substantial fluctuations in serum 25-hydroxyvitamin D levels, daily supplementation is likely 

to be preferable to a bolus dosing regimen. Different authors suggested furthermore that 

intermittent bolus dosing may be less effective than daily dosing for inducing non-classical 

actions of vitamin D (Hollis and Wagner, 2013;Vieth, 2009).  

 

Adding to the complexity of the vitamin D dosing regimen, the levels of 1,25-

dihydroxyvitamin D required to effectively elicit immunomodulatory functions in vivo in the 

lungs remain largely unknown. In vitro studies demonstrating anti-inflammatory and 
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antimicrobial functions of vitamin D often use remarkably higher concentrations of 1,25-

dihydroxyvitamin D than those found in serum. As conversion of 25-hydroxyvitamin D into 

1,25-dihydroxyvitamin D can occur locally in the lungs (Baeke, et al., 2010;Hansdottir, et al., 

2008;Monkawa, et al., 2000;Overbergh, et al., 2000) and the negative feedback mechanisms 

to control this conversion appear to be absent in immune cells (Overbergh, et al., 2000;Ren, et 

al., 2005), local concentration of 1,25-dihydroxyvitamin D within the lungs may reach 

relatively higher levels in the lungs than levels found in serum. However, 25-hydroxyvitamin 

D and especially 1,25-dihydroxyvitamin D concentrations were found to be significantly 

lower in the bronchoalveolar lavage (BAL) fluid compared to serum (Anandaiah, et al., 

2013;Liu, et al., 2012). It must be noted that concentrations of vitamin D within the BAL fluid 

may not be representative for the 1,25-dihydroxyvitamin D levels within the entire pulmonary 

system. Alternatively, assessment of local activation within the lungs compared to renal 

activation may be derived from the 1,25-dihydroxyvitamin D to 25-hydroxyvitamin D ratio in 

BAL compared to this ratio in serum. 

 

As high serum levels of vitamin D are associated with adverse side effects, much effort has 

been made towards the development of vitamin D analogs that still exert the beneficial effects 

of vitamin D, but without the hypercalcemic side effects. Unfortunately, many vitamin D 

analogs that successfully dissociated beneficial immunomodulatory functions from undesired 

side effects on calcium metabolism have not progressed beyond the preclinical stage. Only a 

few vitamin D analogs are currently on the market for treatment of immune diseases 

(Vojinovic, 2014). TX527 and maxacalcitol, two less hypercalcemic vitamin D analogs, have 

already been shown to inhibit NF-κB activity in vitro in several cell types, including 

monocytes (Gonzalez-Pardo, et al., 2013;Komine, et al., 1999;Stio, et al., 2007), showing the 

anti-inflammatory potential of vitamin D analogs. 
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In order to reduce systemic side effects and maximize the desired effectiveness of treatment 

locally in the lungs, alternative routes of administration of vitamin D rather than peroral 

administration must also be considered. In this regard, in an animal model of acute lung 

injury, intratracheal administration of 1,25-dihydroxyvitamin D was found to be more 

effective in dampening neutrophil recruitment into the lungs after LPS inhalation compared to 

peroral administration (Takano, et al., 2011). Development of a drug for inhaled 

administration is often a common strategy to achieve high efficiency locally in the lungs and 

additionally reduce systemic side effects. Takano and colleagues have demonstrated the anti-

inflammatory potential of inhalational delivery of vitamin D analogs, showing that the inhaled 

vitamin D analog TEI-A00114 inhibits neutrophil recruitment in an animal model of acute 

lung injury (Takano, et al., 2012). Therefore, delivery of vitamin D or alternatively vitamin D 

analogs via inhalation could be a promising and more directed approach for COPD patients. 

Liposome encapsulation could be an attractive delivery mode for targeting vitamin D to the 

lung via inhalation. Liposomal encapsulation could prolong therapeutic levels locally in the 

lungs, while reducing systemic toxicity (Allen and Cullis, 2013;Joshi and Misra, 2001). 

Furthermore, liposomal delivery could facilitate intracellular delivery of vitamin D, 

particularly to phagocytes. 

 

As vitamin D has been shown to enhance the anti-inflammatory activities of corticosteroids 

(Xystrakis, et al., 2006), vitamin D may also be administered as an adjuvant therapy, rather 

than as a sole replacement for current therapies. This could be an effective strategy, since the 

majority of COPD patients are resistant to even high doses of inhaled or oral corticosteroids. 

In asthma, low serum levels of 25-hydroxyvitamin D are associated with increased 

corticosteroid use (Searing, et al., 2010) and reduced GC responses in vitro (Sutherland, et al., 
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2010). Vitamin D could not only increase the responsiveness to GCs, but may also reduce the 

required dose of GCs, therefore limiting the systemic side-effects of GCs, including reduced 

bone density, increased fracture risk, and adrenal suppression (Lipworth, 1999). Moreover, 

reducing the required dose of inhaled GCs may also dampen the dose-dependent risk for 

bacterial pneumonia (Calverley, et al., 2007;Dransfield, et al., 2013;Ernst, et al., 

2007;Wedzicha, et al., 2008). 
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Conclusion 

The airways and lung parenchyma of COPD patients are characterized by exaggerated 

inflammation, increased oxidative stress, impaired host defense and lung remodeling. As 

vitamin D could positively affect each of these processes, vitamin D therapy may have great 

therapeutic potential in COPD patients, who often present with vitamin D deficiency. 

Appropriate antimicrobial treatment is essential in the treatment of acute exacerbations of 

COPD. However, repetitive and long-term treatment with antibiotics should still be avoided 

as they contribute to the multi-resistance of colonizing strains. Therefore, vitamin D could be 

a potential alternative due to its dual antimicrobial and anti-inflammatory properties in the 

(pulmonary) immune system. Moreover, as vitamin D has been shown to improve 

responsiveness to GCs, co-administration of inhaled GCs and vitamin D may enhance the 

anti-inflammatory effects of existing GC therapies in COPD patients. A subsequent lower but 

still efficacious dose of inhaled GCs may be beneficial by reducing the risk for pneumonia 

associated with high doses (Calverley, et al., 2007;Dransfield, et al., 2013;Ernst, et al., 

2007;Wedzicha, et al., 2008). 

 

Although an abundance of epidemiological and mechanistic studies support the potential 

benefit of vitamin D therapy in COPD patients, more well-designed trials are necessary to 

unravel the potential efficacy of vitamin D therapy in COPD patients. Here, the administration 

dose, form of vitamin D and route of administration should be taken into consideration. 

Additionally, it must be noted that vitamin D therapy may only be effective in COPD patients 

with defined vitamin D deficiency, as demonstrated in two intervention trials with high-dose 

vitamin D supplementation in COPD patients (Lehouck, et al., 2012;Martineau, et al., 2014). 

Taken together, despite the clear potential of vitamin D in reversing a disturbed innate 

immune defense in COPD, many unknowns remain. Further research is needed to implicate 
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the therapeutic potential of local upregulation of vitamin D signaling in the lungs of patients 

with COPD.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

26 
 

Authorship contributions 

Wrote or contributed to the writing of the manuscript: Heulens, Korf, and Janssens 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

27 
 

References 

 

Afzal S, Lange P, Bojesen SE, Freiberg JJ and Nordestgaard BG (2014) Plasma 25-

hydroxyvitamin D, lung function and risk of chronic obstructive pulmonary disease. Thorax 

69:24-31. 

Allen TM and Cullis PR (2013) Liposomal drug delivery systems: from concept to clinical 

applications. Adv Drug Deliv Rev 65:36-48. 

Anandaiah A, Sinha S, Bole M, Sharma SK, Kumar N, Luthra K, Li X, Zhou X, Nelson B, 

Han X, Tachado SD, Patel NR and Koziel H (2013) Vitamin D rescues impaired 

Mycobacterium tuberculosis-mediated tumor necrosis factor release in macrophages of HIV-

seropositive individuals through an enhanced Toll-like receptor signaling pathway in vitro. 

Infect Immun 81:2-10. 

Baeke F, Takiishi T, Korf H, Gysemans C and Mathieu C (2010) Vitamin D: modulator of the 

immune system. Curr Opin Pharmacol 10:482-496. 

Bahar-Shany K, Ravid A and Koren R (2010) Upregulation of MMP-9 production by 

TNFalpha in keratinocytes and its attenuation by vitamin D. J Cell Physiol 222:729-737. 

Barnes PJ (2013) Corticosteroid resistance in patients with asthma and chronic obstructive 

pulmonary disease. J Allergy Clin Immunol 131:636-645. 

Barnes PJ (2014) Cellular and molecular mechanisms of chronic obstructive pulmonary 

disease. Clin Chest Med 35:71-86. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

28 
 

Bellocchia M, Masoero M, Vaudano A, Ciuffreda A, Malinovschi A and Bucca C (2013) 

Vitamin D, exacerbations and hospitalizations in COPD patients. Eur Respir J 42:Suppl 57 

P1530. 

Berenson CS, Garlipp MA, Grove LJ, Maloney J and Sethi S (2006) Impaired phagocytosis of 

nontypeable Haemophilus influenzae by human alveolar macrophages in chronic obstructive 

pulmonary disease. J Infect Dis 194:1375-1384. 

Berg I, Hanson C, Sayles H, Romberger D, Nelson A, Meza J, Miller B, Wouters EF, 

MacNee W, Rutten EP, Romme EA, Vestbo J, Edwards L and Rennard S (2013) Vitamin D, 

vitamin D binding protein, lung function and structure in COPD. Respir Med 107:1578-1588. 

Bergman P, Norlin AC, Hansen S, Rekha RS, Agerberth B, Bjorkhem-Bergman L, Ekstrom 

L, Lindh JD and Andersson J (2012) Vitamin D3 supplementation in patients with frequent 

respiratory tract infections: a randomised and double-blind intervention study. BMJ Open 2. 

Black PN and Scragg R (2005) Relationship between serum 25-hydroxyvitamin d and 

pulmonary function in the third national health and nutrition examination survey. Chest 

128:3792-3798. 

Bobilev I, Novik V, Levi I, Shpilberg O, Levy J, Sharoni Y, Studzinski GP and Danilenko M 

(2011) The Nrf2 transcription factor is a positive regulator of myeloid differentiation of acute 

myeloid leukemia cells. Cancer Biol Ther 11:317-329. 

Calverley PM, Anderson JA, Celli B, Ferguson GT, Jenkins C, Jones PW, Yates JC and 

Vestbo J (2007) Salmeterol and fluticasone propionate and survival in chronic obstructive 

pulmonary disease. N Engl J Med 356:775-789. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

29 
 

Cannell JJ, Vieth R, Umhau JC, Holick MF, Grant WB, Madronich S, Garland CF and 

Giovannucci E (2006) Epidemic influenza and vitamin D. Epidemiol Infect 134:1129-1140. 

Caramori G, Romagnoli M, Casolari P, Bellettato C, Casoni G, Boschetto P, Chung KF, 

Barnes PJ, Adcock IM, Ciaccia A, Fabbri LM and Papi A (2003) Nuclear localisation of p65 

in sputum macrophages but not in sputum neutrophils during COPD exacerbations. Thorax 

58:348-351. 

Chen Y, Zhang J, Ge X, Du J, Deb DK and Li YC (2013) Vitamin D receptor inhibits nuclear 

factor kappaB activation by interacting with IkappaB kinase beta protein. J Biol Chem 

288:19450-19458. 

Cohen-Lahav M, Shany S, Tobvin D, Chaimovitz C and Douvdevani A (2006) Vitamin D 

decreases NFkappaB activity by increasing IkappaBalpha levels. Nephrol Dial Transplant 

21:889-897. 

Coussens A, Timms PM, Boucher BJ, Venton TR, Ashcroft AT, Skolimowska KH, Newton 

SM, Wilkinson KA, Davidson RN, Griffiths CJ, Wilkinson RJ and Martineau AR (2009) 

1alpha,25-dihydroxyvitamin D3 inhibits matrix metalloproteinases induced by 

Mycobacterium tuberculosis infection. Immunology 127:539-548. 

Culpitt SV, Rogers DF, Shah P, De MC, Russell RE, Donnelly LE and Barnes PJ (2003) 

Impaired inhibition by dexamethasone of cytokine release by alveolar macrophages from 

patients with chronic obstructive pulmonary disease. Am J Respir Crit Care Med 167:24-31. 

D'Ambrosio D, Cippitelli M, Cocciolo MG, Mazzeo D, Di LP, Lang R, Sinigaglia F and 

Panina-Bordignon P (1998) Inhibition of IL-12 production by 1,25-dihydroxyvitamin D3. 

Involvement of NF-kappaB downregulation in transcriptional repression of the p40 gene. J 

Clin Invest 101:252-262. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

30 
 

de Boer WI, van SA, Sont JK, Sharma HS, Stolk J, Hiemstra PS and van Krieken JH (1998) 

Transforming growth factor beta1 and recruitment of macrophages and mast cells in airways 

in chronic obstructive pulmonary disease. Am J Respir Crit Care Med 158:1951-1957. 

Decramer M, Janssens W and Miravitlles M (2012) Chronic obstructive pulmonary disease. 

Lancet 379:1341-1351. 

Di Stefano A, Caramori G, Oates T, Capelli A, Lusuardi M, Gnemmi I, Ioli F, Chung KF, 

Donner CF, Barnes PJ and Adcock IM (2002) Increased expression of nuclear factor-kappaB 

in bronchial biopsies from smokers and patients with COPD. Eur Respir J 20:556-563. 

Dransfield MT, Bourbeau J, Jones PW, Hanania NA, Mahler DA, Vestbo J, Wachtel A, 

Martinez FJ, Barnhart F, Sanford L, Lettis S, Crim C and Calverley PM (2013) Once-daily 

inhaled fluticasone furoate and vilanterol versus vilanterol only for prevention of 

exacerbations of COPD: two replicate double-blind, parallel-group, randomised controlled 

trials. Lancet Respir Med 1:210-223. 

Durup D, Jorgensen HL, Christensen J, Schwarz P, Heegaard AM and Lind B (2012) A 

reverse J-shaped association of all-cause mortality with serum 25-hydroxyvitamin D in 

general practice: the CopD study. J Clin Endocrinol Metab 97:2644-2652. 

Ernst P, Gonzalez AV, Brassard P and Suissa S (2007) Inhaled corticosteroid use in chronic 

obstructive pulmonary disease and the risk of hospitalization for pneumonia. Am J Respir Crit 

Care Med 176:162-166. 

Esteban L, Vidal M and Dusso A (2004) 1alpha-Hydroxylase transactivation by gamma-

interferon in murine macrophages requires enhanced C/EBPbeta expression and activation. J 

Steroid Biochem Mol Biol 89-90:131-137. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

31 
 

Fedirko V, Bostick RM, Long Q, Flanders WD, McCullough ML, Sidelnikov E, Daniel CR, 

Rutherford RE and Shaukat A (2010) Effects of supplemental vitamin D and calcium on 

oxidative DNA damage marker in normal colorectal mucosa: a randomized clinical trial. 

Cancer Epidemiol Biomarkers Prev 19:280-291. 

Ferreira GB, Gysemans CA, Demengeot J, da Cunha JP, Vanherwegen AS, Overbergh L, Van 

Belle TL, Pauwels F, Verstuyf A, Korf H and Mathieu C (2014) 1,25-Dihydroxyvitamin D3 

promotes tolerogenic dendritic cells with functional migratory properties in NOD mice. J 

Immunol 192:4210-4220. 

Finlay GA, O'Driscoll LR, Russell KJ, D'Arcy EM, Masterson JB, FitzGerald MX and 

O'Connor CM (1997) Matrix metalloproteinase expression and production by alveolar 

macrophages in emphysema. Am J Respir Crit Care Med 156:240-247. 

Ginde AA, Mansbach JM and Camargo CA, Jr. (2009) Association between serum 25-

hydroxyvitamin D level and upper respiratory tract infection in the Third National Health and 

Nutrition Examination Survey. Arch Intern Med 169:384-390. 

Gold DR and Manson JE (2012) Severe vitamin D deficiency: a prerequisite for COPD 

responsiveness to vitamin D supplementation? Ann Intern Med 156:156-157. 

Goldman R (1984) Induction of a high phagocytic capability in P388D1, a macrophage-like 

tumor cell line, by 1 alpha, 25-dihydroxyvitamin D3. Cancer Res 44:11-19. 

Gombart AF, Borregaard N and Koeffler HP (2005) Human cathelicidin antimicrobial peptide 

(CAMP) gene is a direct target of the vitamin D receptor and is strongly up-regulated in 

myeloid cells by 1,25-dihydroxyvitamin D3. FASEB J 19:1067-1077. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

32 
 

Gonzalez-Pardo V, Verstuyf A, Boland R and Russo de BA (2013) Vitamin D analogue TX 

527 down-regulates the NF-kappaB pathway and controls the proliferation of endothelial cells 

transformed by Kaposi sarcoma herpesvirus. Br J Pharmacol 169:1635-1645. 

Gorman S, Weeden CE, Tan DH, Scott NM, Hart J, Foong RE, Mok D, Stephens N, Zosky G 

and Hart PH (2013) Reversible control by vitamin D of granulocytes and bacteria in the lungs 

of mice: an ovalbumin-induced model of allergic airway disease. PLoS One 8:e67823. 

Goven D, Boutten A, Lecon-Malas V, Marchal-Somme J, Amara N, Crestani B, Fournier M, 

Leseche G, Soler P, Boczkowski J and Bonay M (2008) Altered Nrf2/Keap1-Bach1 

equilibrium in pulmonary emphysema. Thorax 63:916-924. 

Green GM and Carolin D (1967) The depressant effect of cigarette smoke on the in vitro 

antibacterial activity of alveolar macrophages. N Engl J Med 276:421-427. 

Gunville CF, Mourani PM and Ginde AA (2013) The role of vitamin D in prevention and 

treatment of infection. Inflamm Allergy Drug Targets 12:239-245. 

Hamden K, Carreau S, Jamoussi K, Miladi S, Lajmi S, Aloulou D, Ayadi F and Elfeki A 

(2009) 1Alpha,25 dihydroxyvitamin D3: therapeutic and preventive effects against oxidative 

stress, hepatic, pancreatic and renal injury in alloxan-induced diabetes in rats. J Nutr Sci 

Vitaminol (Tokyo) 55:215-222. 

Hansdottir S, Monick MM, Hinde SL, Lovan N, Look DC and Hunninghake GW (2008) 

Respiratory epithelial cells convert inactive vitamin D to its active form: potential effects on 

host defense. J Immunol 181:7090-7099. 

Hansdottir S, Monick MM, Lovan N, Powers L, Gerke A and Hunninghake GW (2010) 

Vitamin D decreases respiratory syncytial virus induction of NF-kappaB-linked chemokines 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

33 
 

and cytokines in airway epithelium while maintaining the antiviral state. J Immunol 184:965-

974. 

Harant H, Wolff B and Lindley IJ (1998) 1Alpha,25-dihydroxyvitamin D3 decreases DNA 

binding of nuclear factor-kappaB in human fibroblasts. FEBS Lett 436:329-334. 

Harvey CJ, Thimmulappa RK, Sethi S, Kong X, Yarmus L, Brown RH, Feller-Kopman D, 

Wise R and Biswal S (2011) Targeting Nrf2 signaling improves bacterial clearance by 

alveolar macrophages in patients with COPD and in a mouse model. Sci Transl Med 3:78ra32. 

Heulens N, Decramer M and Janssens W (2013) Severe vitamin D deficiency: a biomarker of 

exacerbation risk? Am J Respir Crit Care Med 187:214-215. 

Hodge S, Hodge G, Ahern J, Jersmann H, Holmes M and Reynolds PN (2007) Smoking alters 

alveolar macrophage recognition and phagocytic ability: implications in chronic obstructive 

pulmonary disease. Am J Respir Cell Mol Biol 37:748-755. 

Hodge S, Hodge G, Scicchitano R, Reynolds PN and Holmes M (2003) Alveolar 

macrophages from subjects with chronic obstructive pulmonary disease are deficient in their 

ability to phagocytose apoptotic airway epithelial cells. Immunol Cell Biol 81:289-296. 

Hogg JC (2004) Pathophysiology of airflow limitation in chronic obstructive pulmonary 

disease. Lancet 364:709-721. 

Hollis BW and Wagner CL (2013) Clinical review: The role of the parent compound vitamin 

D with respect to metabolism and function: Why clinical dose intervals can affect clinical 

outcomes. J Clin Endocrinol Metab 98:4619-4628. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

34 
 

Husain K, Ferder L, Mizobuchi M, Finch J and Slatopolsky E (2009) Combination therapy 

with paricalcitol and enalapril ameliorates cardiac oxidative injury in uremic rats. Am J 

Nephrol 29:465-472. 

Ilahi M, Armas LA and Heaney RP (2008) Pharmacokinetics of a single, large dose of 

cholecalciferol. Am J Clin Nutr 87:688-691. 

Ito I, Waku T, Aoki M, Abe R, Nagai Y, Watanabe T, Nakajima Y, Ohkido I, Yokoyama K, 

Miyachi H, Shimizu T, Murayama A, Kishimoto H, Nagasawa K and Yanagisawa J (2013) A 

nonclassical vitamin D receptor pathway suppresses renal fibrosis. J Clin Invest 123:4579-

4594. 

Ito K, Hanazawa T, Tomita K, Barnes PJ and Adcock IM (2004) Oxidative stress reduces 

histone deacetylase 2 activity and enhances IL-8 gene expression: role of tyrosine nitration. 

Biochem Biophys Res Commun 315:240-245. 

Janssens W, Bouillon R, Claes B, Carremans C, Lehouck A, Buysschaert I, Coolen J, Mathieu 

C, Decramer M and Lambrechts D (2010) Vitamin D deficiency is highly prevalent in COPD 

and correlates with variants in the vitamin D-binding gene. Thorax 65:215-220. 

Joshi M and Misra AN (2001) Pulmonary disposition of budesonide from liposomal dry 

powder inhaler. Methods Find Exp Clin Pharmacol 23:531-536. 

Kirkham PA and Barnes PJ (2013) Oxidative stress in COPD. Chest 144:266-273. 

Kirkham PA, Spooner G, Rahman I and Rossi AG (2004) Macrophage phagocytosis of 

apoptotic neutrophils is compromised by matrix proteins modified by cigarette smoke and 

lipid peroxidation products. Biochem Biophys Res Commun 318:32-37. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

35 
 

Komine M, Watabe Y, Shimaoka S, Sato F, Kake K, Nishina H, Ohtsuki M, Nakagawa H and 

Tamaki K (1999) The action of a novel vitamin D3 analogue, OCT, on immunomodulatory 

function of keratinocytes and lymphocytes. Arch Dermatol Res 291:500-506. 

Korf H, Decallonne B and Mathieu C (2014) Vitamin D for infections. Curr Opin Endocrinol 

Diabetes Obes 21:431-436. 

Korf H, Wenes M, Stijlemans B, Takiishi T, Robert S, Miani M, Eizirik DL, Gysemans C and 

Mathieu C (2012) 1,25-Dihydroxyvitamin D3 curtails the inflammatory and T cell stimulatory 

capacity of macrophages through an IL-10-dependent mechanism. Immunobiology 217:1292-

1300. 

Kunisaki KM, Niewoehner DE and Connett JE (2012) Vitamin D levels and risk of acute 

exacerbations of chronic obstructive pulmonary disease: a prospective cohort study. Am J 

Respir Crit Care Med 185:286-290. 

Kunisaki KM and Rector TS (2011) Vitamin D and responses to inhaled fluticasone in severe 

chronic obstructive pulmonary disease. Int J Chron Obstruct Pulmon Dis 6:29-34. 

Laaksi I, Ruohola JP, Mattila V, Auvinen A, Ylikomi T and Pihlajamaki H (2010) Vitamin D 

supplementation for the prevention of acute respiratory tract infection: a randomized, double-

blinded trial among young Finnish men. J Infect Dis 202:809-814. 

Lacraz S, Dayer JM, Nicod L and Welgus HG (1994) 1,25-dihydroxyvitamin D3 dissociates 

production of interstitial collagenase and 92-kDa gelatinase in human mononuclear 

phagocytes. J Biol Chem 269:6485-6490. 

Lange NE, Sparrow D, Vokonas P and Litonjua AA (2012) Vitamin D deficiency, smoking, 

and lung function in the Normative Aging Study. Am J Respir Crit Care Med 186:616-621. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

36 
 

Lehouck A, Mathieu C, Carremans C, Baeke F, Verhaegen J, Van EJ, Decallonne B, Bouillon 

R, Decramer M and Janssens W (2012) High doses of vitamin D to reduce exacerbations in 

chronic obstructive pulmonary disease: a randomized trial. Ann Intern Med 156:105-114. 

Li P, Xu X, Cao E, Yu B, Li W, Fan M, Huang M, Shi L, Zeng R, Su X and Shi Y (2014) 

Vitamin D deficiency causes defective resistance to Aspergillus fumigatus in mice via 

aggravated and sustained inflammation. PLoS One 9:e99805. 

Lin R, Nagai Y, Sladek R, Bastien Y, Ho J, Petrecca K, Sotiropoulou G, Diamandis EP, 

Hudson TJ and White JH (2002) Expression profiling in squamous carcinoma cells reveals 

pleiotropic effects of vitamin D3 analog EB1089 signaling on cell proliferation, 

differentiation, and immune system regulation. Mol Endocrinol 16:1243-1256. 

Lipworth BJ (1999) Systemic adverse effects of inhaled corticosteroid therapy: A systematic 

review and meta-analysis. Arch Intern Med 159:941-955. 

Liu MC, Xiao HQ, Brown AJ, Ritter CS and Schroeder J (2012) Association of vitamin D and 

antimicrobial peptide production during late-phase allergic responses in the lung. Clin Exp 

Allergy 42:383-391. 

Liu PT, Stenger S, Li H, Wenzel L, Tan BH, Krutzik SR, Ochoa MT, Schauber J, Wu K, 

Meinken C, Kamen DL, Wagner M, Bals R, Steinmeyer A, Zugel U, Gallo RL, Eisenberg D, 

Hewison M, Hollis BW, Adams JS, Bloom BR and Modlin RL (2006) Toll-like receptor 

triggering of a vitamin D-mediated human antimicrobial response. Science 311:1770-1773. 

Losel R and Wehling M (2003) Nongenomic actions of steroid hormones. Nat Rev Mol Cell 

Biol 4:46-56. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

37 
 

Majak P, Olszowiec-Chlebna M, Smejda K and Stelmach I (2011) Vitamin D 

supplementation in children may prevent asthma exacerbation triggered by acute respiratory 

infection. J Allergy Clin Immunol 127:1294-1296. 

Manaseki-Holland S, Maroof Z, Bruce J, Mughal MZ, Masher MI, Bhutta ZA, Walraven G 

and Chandramohan D (2012) Effect on the incidence of pneumonia of vitamin D 

supplementation by quarterly bolus dose to infants in Kabul: a randomised controlled 

superiority trial. Lancet 379:1419-1427. 

Martineau AR (2012) Bolus-dose vitamin D and prevention of childhood pneumonia. Lancet 

379:1373-1375. 

Martineau AR, James WY, Hooper RL, Barnes NC, Jolliffe DA, Greiller CL, Islam K, 

McLaughlin D, Bhowmik A, Timms PM, Rajakulasingam RK, Rowe M, Venton TR, 

Choudhury AB, Simcock DE, Wilks M, Degun A, Sadique Z, Monteiro WR, Corrigan CJ, 

Hawrylowicz CM and Griffiths CJ (2014) Vitamin D supplementation in patients with 

chronic obstructive pulmonary disease (ViDiCO): a multicentre, double-blind, randomised 

controlled trial. Lancet Respir Med. 

Mathieu C, van EE, Gysemans C, Decallonne B, Kato S, Laureys J, Depovere J, Valckx D, 

Verstuyf A and Bouillon R (2001) In vitro and in vivo analysis of the immune system of 

vitamin D receptor knockout mice. J Bone Miner Res 16:2057-2065. 

Melamed ML, Michos ED, Post W and Astor B (2008) 25-hydroxyvitamin D levels and the 

risk of mortality in the general population. Arch Intern Med 168:1629-1637. 

Molet S, Belleguic C, Lena H, Germain N, Bertrand CP, Shapiro SD, Planquois JM, Delaval 

P and Lagente V (2005) Increase in macrophage elastase (MMP-12) in lungs from patients 

with chronic obstructive pulmonary disease. Inflamm Res 54:31-36. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

38 
 

Monkawa T, Yoshida T, Hayashi M and Saruta T (2000) Identification of 25-hydroxyvitamin 

D3 1alpha-hydroxylase gene expression in macrophages. Kidney Int 58:559-568. 

Nakai K, Fujii H, Kono K, Goto S, Kitazawa R, Kitazawa S, Hirata M, Shinohara M, 

Fukagawa M and Nishi S (2014) Vitamin D activates the Nrf2-Keap1 antioxidant pathway 

and ameliorates nephropathy in diabetic rats. Am J Hypertens 27:586-595. 

Nanzer AM, Chambers ES, Ryanna K, Freeman AT, Colligan G, Richards DF, Timms PM, 

Martineau AR, Griffiths CJ, Corrigan CJ and Hawrylowicz CM (2014) The effects of 

calcitriol treatment in glucocorticoid-resistant asthma. J Allergy Clin Immunol 133:1755-

1757. 

Nielsen NO, Skifte T, Andersson M, Wohlfahrt J, Soborg B, Koch A, Melbye M and 

Ladefoged K (2010) Both high and low serum vitamin D concentrations are associated with 

tuberculosis: a case-control study in Greenland. Br J Nutr 104:1487-1491. 

Nonn L, Peng L, Feldman D and Peehl DM (2006) Inhibition of p38 by vitamin D reduces 

interleukin-6 production in normal prostate cells via mitogen-activated protein kinase 

phosphatase 5: implications for prostate cancer prevention by vitamin D. Cancer Res 

66:4516-4524. 

Noyan T, Balaharoglu R and Komuroglu U (2005) The oxidant and antioxidant effects of 25-

hydroxyvitamin D3 in liver, kidney and heart tissues of diabetic rats. Clin Exp Med 5:31-36. 

Ortega E, Barriga C and Rodriguez AB (1994) Decline in the phagocytic function of alveolar 

macrophages from mice exposed to cigarette smoke. Comp Immunol Microbiol Infect Dis 

17:77-84. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

39 
 

Overbergh L, Decallonne B, Valckx D, Verstuyf A, Depovere J, Laureys J, Rutgeerts O, 

Saint-Arnaud R, Bouillon R and Mathieu C (2000) Identification and immune regulation of 

25-hydroxyvitamin D-1-alpha-hydroxylase in murine macrophages. Clin Exp Immunol 

120:139-146. 

Persson LJ, Aanerud M, Hiemstra PS, Hardie JA, Bakke PS and Eagan TM (2012) Chronic 

obstructive pulmonary disease is associated with low levels of vitamin D. PLoS One 

7:e38934. 

Phipps JC, Aronoff DM, Curtis JL, Goel D, O'Brien E and Mancuso P (2010) Cigarette 

smoke exposure impairs pulmonary bacterial clearance and alveolar macrophage 

complement-mediated phagocytosis of Streptococcus pneumoniae. Infect Immun 78:1214-

1220. 

Provvedini DM, Tsoukas CD, Deftos LJ and Manolagas SC (1983) 1,25-dihydroxyvitamin 

D3 receptors in human leukocytes. Science 221:1181-1183. 

Puhan MA, Siebeling L, Frei A, Zoller M, Bischoff-Ferrari H and Ter RG (2014) No 

association of 25-hydroxyvitamin D with exacerbations in primary care patients with COPD. 

Chest 145:37-43. 

Quint JK, Donaldson GC, Wassef N, Hurst JR, Thomas M and Wedzicha JA (2012) 25-

hydroxyvitamin D deficiency, exacerbation frequency and human rhinovirus exacerbations in 

chronic obstructive pulmonary disease. BMC Pulm Med 12:28. 

Rajendrasozhan S, Yang SR, Kinnula VL and Rahman I (2008) SIRT1, an antiinflammatory 

and antiaging protein, is decreased in lungs of patients with chronic obstructive pulmonary 

disease. Am J Respir Crit Care Med 177:861-870. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

40 
 

Ramirez AM, Wongtrakool C, Welch T, Steinmeyer A, Zugel U and Roman J (2010) Vitamin 

D inhibition of pro-fibrotic effects of transforming growth factor beta1 in lung fibroblasts and 

epithelial cells. J Steroid Biochem Mol Biol 118:142-150. 

Ren S, Nguyen L, Wu S, Encinas C, Adams JS and Hewison M (2005) Alternative splicing of 

vitamin D-24-hydroxylase: a novel mechanism for the regulation of extrarenal 1,25-

dihydroxyvitamin D synthesis. J Biol Chem 280:20604-20611. 

Renda T, Baraldo S, Pelaia G, Bazzan E, Turato G, Papi A, Maestrelli P, Maselli R, Vatrella 

A, Fabbri LM, Zuin R, Marsico SA and Saetta M (2008) Increased activation of p38 MAPK 

in COPD. Eur Respir J 31:62-69. 

Riis JL, Johansen C, Gesser B, Moller K, Larsen CG, Kragballe K and Iversen L (2004) 

1alpha,25(OH)(2)D(3) regulates NF-kappaB DNA binding activity in cultured normal human 

keratinocytes through an increase in IkappaBalpha expression. Arch Dermatol Res 296:195-

202. 

Romme EA, Rutten EP, Smeenk FW, Spruit MA, Menheere PP and Wouters EF (2013) 

Vitamin D status is associated with bone mineral density and functional exercise capacity in 

patients with chronic obstructive pulmonary disease. Ann Med 45:91-96. 

Searing DA, Zhang Y, Murphy JR, Hauk PJ, Goleva E and Leung DY (2010) Decreased 

serum vitamin D levels in children with asthma are associated with increased corticosteroid 

use. J Allergy Clin Immunol 125:995-1000. 

Segura-Valdez L, Pardo A, Gaxiola M, Uhal BD, Becerril C and Selman M (2000) 

Upregulation of gelatinases A and B, collagenases 1 and 2, and increased parenchymal cell 

death in COPD. Chest 117:684-694. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

41 
 

Sly LM, Lopez M, Nauseef WM and Reiner NE (2001) 1alpha,25-Dihydroxyvitamin D3-

induced monocyte antimycobacterial activity is regulated by phosphatidylinositol 3-kinase 

and mediated by the NADPH-dependent phagocyte oxidase. J Biol Chem 276:35482-35493. 

Stio M, Martinesi M, Bruni S, Treves C, Mathieu C, Verstuyf A, d'Albasio G, Bagnoli S and 

Bonanomi AG (2007) The Vitamin D analogue TX 527 blocks NF-kappaB activation in 

peripheral blood mononuclear cells of patients with Crohn's disease. J Steroid Biochem Mol 

Biol 103:51-60. 

Stringer KA, Tobias M, O'Neill HC and Franklin CC (2007) Cigarette smoke extract-induced 

suppression of caspase-3-like activity impairs human neutrophil phagocytosis. Am J Physiol 

Lung Cell Mol Physiol 292:L1572-L1579. 

Sundar IK, Hwang JW, Wu S, Sun J and Rahman I (2011) Deletion of vitamin D receptor 

leads to premature emphysema/COPD by increased matrix metalloproteinases and lymphoid 

aggregates formation. Biochem Biophys Res Commun 406:127-133. 

Sutherland ER, Goleva E, Jackson LP, Stevens AD and Leung DY (2010) Vitamin D levels, 

lung function, and steroid response in adult asthma. Am J Respir Crit Care Med 181:699-704. 

Suzuki M, Betsuyaku T, Ito Y, Nagai K, Nasuhara Y, Kaga K, Kondo S and Nishimura M 

(2008) Down-regulated NF-E2-related factor 2 in pulmonary macrophages of aged smokers 

and patients with chronic obstructive pulmonary disease. Am J Respir Cell Mol Biol 39:673-

682. 

Takahashi K, Nakayama Y, Horiuchi H, Ohta T, Komoriya K, Ohmori H and Kamimura T 

(2002) Human neutrophils express messenger RNA of vitamin D receptor and respond to 

1alpha,25-dihydroxyvitamin D3. Immunopharmacol Immunotoxicol 24:335-347. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

42 
 

Takano Y, Mitsuhashi H, Ishizuka S, Takahashi K, Chokki M, Takenouchi K, Gao Q, Tanaka 

H, Hazato A, Tabe M, Furuya M, Manabe K and Ueno K (2012) TEI-A00114: a new vitamin 

D3 analogue that inhibits neutrophil recruitment in an acute lung injury hamster model while 

showing reduced hypercalcemic activity. Steroids 77:1535-1542. 

Takano Y, Mitsuhashi H and Ueno K (2011) 1alpha,25-Dihydroxyvitamin D(3) inhibits 

neutrophil recruitment in hamster model of acute lung injury. Steroids 76:1305-1309. 

Takizawa H, Tanaka M, Takami K, Ohtoshi T, Ito K, Satoh M, Okada Y, Yamasawa F, 

Nakahara K and Umeda A (2001) Increased expression of transforming growth factor-beta1 

in small airway epithelium from tobacco smokers and patients with chronic obstructive 

pulmonary disease (COPD). Am J Respir Crit Care Med 163:1476-1483. 

Tanaka M, Tokunaga K, Komaba H, Itoh K, Matsushita K, Watanabe H, Kadowaki D, 

Maruyama T, Otagiri M and Fukagawa M (2011) Vitamin D receptor activator reduces 

oxidative stress in hemodialysis patients with secondary hyperparathyroidism. Ther Apher 

Dial 15:161-168. 

Tao Q, Wang B, Zheng Y, Jiang X, Pan Z and Ren J (2014) Vitamin D Prevents the Intestinal 

Fibrosis Via Induction of Vitamin D Receptor and Inhibition of Transforming Growth Factor-

Beta1/Smad3 Pathway. Dig Dis Sci. 

Taylor AE, Finney-Hayward TK, Quint JK, Thomas CM, Tudhope SJ, Wedzicha JA, Barnes 

PJ and Donnelly LE (2010) Defective macrophage phagocytosis of bacteria in COPD. Eur 

Respir J 35:1039-1047. 

Tjabringa GS, Ninaber DK, Drijfhout JW, Rabe KF and Hiemstra PS (2006) Human 

cathelicidin LL-37 is a chemoattractant for eosinophils and neutrophils that acts via formyl-

peptide receptors. Int Arch Allergy Immunol 140:103-112. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

43 
 

Tokuda N and Levy RB (1996) 1,25-dihydroxyvitamin D3 stimulates phagocytosis but 

suppresses HLA-DR and CD13 antigen expression in human mononuclear phagocytes. Proc 

Soc Exp Biol Med 211:244-250. 

Vandivier RW, Henson PM and Douglas IS (2006) Burying the dead: the impact of failed 

apoptotic cell removal (efferocytosis) on chronic inflammatory lung disease. Chest 129:1673-

1682. 

Vieth R (2009) How to optimize vitamin D supplementation to prevent cancer, based on 

cellular adaptation and hydroxylase enzymology. Anticancer Res 29:3675-3684. 

Vojinovic J (2014) Vitamin D receptor agonists' anti-inflammatory properties. Ann N Y Acad 

Sci 1317:47-56. 

Wang TT, Nestel FP, Bourdeau V, Nagai Y, Wang Q, Liao J, Tavera-Mendoza L, Lin R, 

Hanrahan JW, Mader S and White JH (2004) Cutting edge: 1,25-dihydroxyvitamin D3 is a 

direct inducer of antimicrobial peptide gene expression. J Immunol 173:2909-2912. 

Wedzicha JA, Calverley PM, Seemungal TA, Hagan G, Ansari Z and Stockley RA (2008) 

The prevention of chronic obstructive pulmonary disease exacerbations by 

salmeterol/fluticasone propionate or tiotropium bromide. Am J Respir Crit Care Med 177:19-

26. 

Wedzicha JA and Seemungal TA (2007) COPD exacerbations: defining their cause and 

prevention. Lancet 370:786-796. 

Xu H, Soruri A, Gieseler RK and Peters JH (1993) 1,25-Dihydroxyvitamin D3 exerts 

opposing effects to IL-4 on MHC class-II antigen expression, accessory activity, and 

phagocytosis of human monocytes. Scand J Immunol 38:535-540. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

44 
 

Xystrakis E, Kusumakar S, Boswell S, Peek E, Urry Z, Richards DF, Adikibi T, Pridgeon C, 

Dallman M, Loke TK, Robinson DS, Barrat FJ, O'Garra A, Lavender P, Lee TH, Corrigan C 

and Hawrylowicz CM (2006) Reversing the defective induction of IL-10-secreting regulatory 

T cells in glucocorticoid-resistant asthma patients. J Clin Invest 116:146-155. 

Zhang Y, Leung DY, Richers BN, Liu Y, Remigio LK, Riches DW and Goleva E (2012) 

Vitamin D inhibits monocyte/macrophage proinflammatory cytokine production by targeting 

MAPK phosphatase-1. J Immunol 188:2127-2135. 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

45 
 

Footnotes 

 

Financial support: WJ is senior clinical investigator of FWO Vlaanderen. This work is 

supported by AstraZeneca chair and FWO Vlaanderen [G.0B11.13]. 

 

Reprint requests to: Wim Janssens, Katholieke Universiteit Leuven, Herestraat 49, O&NI 

box 706, 3000 Leuven, Belgium; wim.janssens@uzleuven.be  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 9, 2015 as DOI: 10.1124/jpet.115.223032

 at A
SPE

T
 Journals on M

arch 13, 2015
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #223032 
 

46 
 

Figure legends 

 

Fig. 1. Potential therapeutic innate immune targets for vitamin D in the pathogenesis of 

COPD 

Cigarette smoke activates epithelial cells and alveolar macrophages, leading to the activation 

of major inflammatory pathways, including NF-κB and p38 MAPK pathways. Activation of 

these intracellular pathways results in the production of several cytokines and chemokines, 

which attract inflammatory cells (neutrophils, T cells and monocytes) to the lungs. Cigarette 

smoke itself and activated inflammatory cells contribute to oxidative stress in the airways of 

COPD patients. Several cell types, including neutrophils and alveolar macrophages, release 

proteases, which break down connective tissue and thereby contribute to emphysema. 

Moreover, epithelial cells release TGF-β, which stimulates the proliferation of fibroblasts and 

consequently fibrosis in the small airways, resulting in small airway disease (chronic 

bronchiolitis). In COPD, the phagocytic function of alveolar macrophages has shown to be 

defective, potentially resulting in increased bacterial colonization of COPD airways. Vitamin 

D may have therapeutic potential in COPD by inhibition of TGF-β signaling, inhibition of 

NF-κB and p38 MAPK pathways and production of inflammatory cytokines and chemokines, 

inhibition of oxidative stress, stimulation of antimicrobial peptide production and potentially 

by stimulating the phagocytic capacity of alveolar macrophages. MAPK, mitogen-activated 

protein kinase; NF-κB, nuclear factor- kappa B; TGF-β, transforming growth factor-beta 
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