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General Introduction 
and Outline of the Thesis

JA Schrumpf

Department of Pulmonology, Leiden University Medical Center, Leiden, 
The Netherlands



Introduction 
Vitamin D is a well-recognized for its systemic role in calcium absorption and bone 
mineralization. In the airways, vitamin D enhances airway epithelial cell 
homeostasis and is a modulator of both innate and adaptive immune responses (1). 
The airway epithelium is the front line of the lung’s host defense and its main 
function is to clear and protect the airways from hazardous inhaled substances such 
pollutants and pathogens (2). These protective airway epithelial cell functions could 
be affected by for example genetic alterations and environmental insults in early 
life and/or the long-term exposure to inhaled toxicants, such as caused by cigarette 
smoking. Consequently, this may increase the susceptibility towards infections and 
eventually lead to (chronic) inflammation and aberrant immune responses, 
epithelial remodeling and repair (3, 4). Furthermore, studies have now shown that 
the airway epithelium from patients with chronic inflammatory lung diseases may 
differ from healthy subjects, and show signs of altered epithelial differentiation and 
aberrant repair (4-6). These findings support the hypothesis that the airway 
epithelium plays a central role in the pathogenesis of chronic inflammatory lung 
diseases such as asthma and chronic obstructive pulmonary disease (COPD).  

Vitamin D deficiency was classically known to be solely associated with bone 
diseases such as rickets until it gradually became evident that vitamin D deficiency 
was also associated with many other diseases including chronic inflammatory lung 
diseases such as asthma and COPD (1, 7-9). Several in vitro studies have already 
indicated that the active form of vitamin D [1,25 dihydroxy-vitamin D (1,25(OH)2D)] 
might protect the airway epithelium against injury by promoting integrity of the 
epithelial barrier, dampening immune responses and via the induction of the 
antimicrobial peptide (AMP) hCAP18/LL-37 (1). However, the precise impact of 
1,25(OH)2D) on the airway epithelium in a chronic inflammatory environment as 
observed in chronic lung diseases remains to be defined.  

The Airway Epithelium 
The lungs are in close contact with the external environment due to the large 
volumes of air inhaled on a daily basis. The airway epithelium lines the conducting 
airways and removes and eliminates potentially harmful substances and pathogens 
to protect the alveoli, where gas exchange occurs, from injury. The epithelium that 
lines the conducting airways is composed of a pseudostratified cell layer that 
consists of several epithelial cell types of which the major cell-types are ciliated 
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cells, secretory and basal cells (10). The basal cells are regarded as the main 
progenitor cells, that are able to renew and differentiate into intermediate cells 
followed by end-stage differentiation into secretory- or ciliated cells (5, 10). The 
ciliated cell is the main cell type of the airway epithelium that transports mucus 
produced by the submucosal glands and the goblet cells of the surface epithelium 
out of the airways through highly coordinated ciliary beating, generating a wavelike 
movement across the epithelial surface (11). Activation of the transcription factor 
forkhead box J1 (FOXJ1) is involved in the formation of ciliated cells (11), whereas 
Notch-signaling and activation of SAM pointed domain–containing ETS 
transcription factor (SPDEF) are the main inducers for secretory cell differentiation 
(12, 13). The goblet- and club cells are the secretory cells of the conducting airways. 
Whereas goblet cells are more prominent in the trachea and bronchi, club cells are 
most the predominant secretory cell type in the terminal and respiratory 
bronchioles (small airways). Goblet cells predominantly secrete gel-forming mucins 
such as mucin-5AC (MUC5AC) that trap particles in the gel-matrix to be removed 
through the mucociliary escalator, which is dependent on proper mucin-hydration 
and function of ciliated cells (14). Club cells are present throughout the airways and 
are the main source of club cell protein (CC16), which has been shown to contribute 
to epithelial homeostasis and to reduce inflammation and might therefore have 
protective features against development and progression of COPD (15). 
Furthermore, club cells also secrete antimicrobial compounds, surfactant proteins 
and mucins such as mucin-5B (MUC5B), which are known regulators of respiratory 
host defense and they express cytochrome P450 (CYP) enzymes such as CYP2F2 that 
neutralize xenobiotics (5, 15-17). The fact that CYP2F2 metabolizes some toxins into 
even more harmful substances might explain why club cells are more sensitive to 
these toxins than other airway epithelial cell types (Figure 1) (18). 
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Figure 1. The airway epithelium: cells that line and constitute the physical- and humoral barrier of 
the conducting airways. Physical defenses are provided by the mucociliary clearance and cell 
junctions forming the physical epithelial barrier, whereas humoral defenses are provided by the 
secretion of host defense molecules such as interferons (type I and III), antimicrobial peptides and 
proteins, cytokines, chemokines and lipid mediators. These mediators are also involved in regulating 
both innate and adaptive immune responses by attracting and activating immune cells in the 
submucosa. 

Airway epithelial innate host defense involves a physical barrier and a humoral 
barrier (Figure 1). The physical barrier of the epithelium is maintained by its tight- 
and adherens junctions and mucociliary clearance of trapped particles and 
pathogens (3). In chronic inflammatory airway diseases such as asthma and COPD, 
both of these defenses are compromised, which contributes to increased 
susceptibility towards infections (19). Furthermore, the ability to repair damage 
upon infection or exposure to toxicants is also impaired, and it has been 
hypothesized that aberrant repair results in remodeling of the airway epithelium 
such as reduced numbers of ciliated cells, goblet cell hyperplasia or epithelial-to 
mesenchymal transition (EMT) (20). EMT is a process characterized by a 
transformation of differentiated epithelial cells into mesenchymal cells (21). 
Furthermore, airway host defense is maintained via the humoral barrier provided 
by the secretion of host defense molecules such as antimicrobial proteins and 
peptides (AMPs), secretory immunoglobulin A (sIgA) and reactive oxygen species 
(ROS) (3). Furthermore upon activation of pattern recognition receptors (PRRs), 

4

Chapter 1



interferons, cytokines, chemokines and lipid mediators are released to promote 
viral clearance and to recruit and activate innate and adaptive immune cells (22, 
23). AMPs have, in addition to their broad-spectrum antimicrobial activity, also the 
ability to modulate immune responses and to promote wound repair (24). AMPs 
are either constitutively expressed at high levels or their expression can be induced 
upon activation of PRRs, cytokine and growth factor receptors, and by other 
mediators such as 1,25(OH)2D (25). In addition to AMPs, ROS also have 
antimicrobial features and are generated in airway epithelial cells by dual oxidases 
(DUOX), which are localized on the apical plasma membranes (26, 27). Epithelial 
clearance of viruses is generally promoted via the expression and release of type I 
and III interferons, which induces expression of a range of proteins that selectively 
interfere with virus replication, protein synthesis, or protein trafficking (23). In the 
chronic inflammatory lung diseases, aberrant secretion of AMPs and impaired 
expression of interferons contributes to defective clearance of pathogens, despite 
the increased production of ROS and influx of inflammatory cells (3, 23, 25, 28).  

Chronic Obstructive Pulmonary Disease (COPD) and Exacerbations  
COPD is a progressive lung disease characterized by chronic obstruction of airflow 
that interferes with normal breathing and is not fully reversible. The primary cause 
of COPD is exposure to noxious particles or gases such as tobacco smoking and 
environmental exposures to biomass fuels or air pollution, but also host factors 
such as genetics, abnormal lung development and aging may contribute to COPD 
development  (29). COPD is a major cause of chronic morbidity and is currently the 
3rd leading cause of death in the world (29, 30).  Exacerbations of COPD are episodes 
of acute worsening of symptoms that require additional therapy, accelerate disease 
progression and are a substantial burden on health-care systems worldwide 
through their effects on morbidity and mortality (29, 31). COPD exacerbations are 
mainly associated with by respiratory viral- and bacterial infections or by air 
pollution (31). As discussed in the previous paragraph, dysfunctional epithelial 
innate defense in the lungs of COPD patients likely contributes to the increased 
susceptibility towards bacterial and viral infections, and thereby to COPD 
exacerbations. Moreover, multiple studies have now demonstrated that COPD 
patients generally have lower serum 25(OH)D-levels, which are associated with an 
increased number and more severe exacerbations (8, 32). Studying the role of 
vitamin D in COPD exacerbations and airway epithelial innate immune defenses 
might therefore provide additional insight into the potential benefit of monitoring 
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vitamin D status of these patients and supplementation of patients with a vitamin 
D deficiency. 

Vitamin D Deficiency 
Vitamin D is a pleiotropic hormone that is well known for its role in regulating 
calcium (Ca2+) and phosphate (PO4

2-) homeostasis and bone mineralization. The 
receptor for 1,25(OH)2D (VDR) is however expressed in more than 40 tissues and 
regulates a large number of genes (approximately 0.8–5% of the total genome) (33). 
As a result, 1,25(OH)2D affects several cellular processes including proliferation, 
DNA repair, differentiation, apoptosis, membrane transport, metabolism, cell 
adhesion, and oxidative stress (33, 34). Vitamin D deficiency [serum 25(OH)D < 50 
nmol/L (35)] affects more than 30% of the children and adults worldwide and is 
linked to bone diseases such as rickets and osteoporosis, but also associated with 
many other diseases including cancer, type 2 diabetes, cardiovascular diseases, 
Alzheimer’s’ disease, muscle myopathy, multiple sclerosis, inflammatory bowel 
disease (IBD), psoriasis, and chronic inflammatory lung diseases including asthma 
and chronic obstructive pulmonary disease (COPD) (1, 7-9).  

Metabolism of Vitamin D 
Vitamin D enters the body either via food intake or as a result of its synthesis in the 
skin under the influence of UV-light (Figure 2). In the intestine, vitamin D2 or vitamin 
D3 enters the circulation actively from the lumen by apical membrane transporters 
or by passive diffusion through enterocytes (36). In the skin, UVB radiation triggers 
conversion of the cutaneous reservoir of 7-dehydrocholesterol into pre-vitamin D3. 
After isomerization of pre-vitamin D3 into vitamin D3, this secosteroid is removed 
from the skin through binding to the vitamin D binding protein (VDBP) and 
transported into the circulation (37). This VDBP-bound vitamin D2 or vitamin D3, 
which has a half-life of one day, is transported to the liver where it is converted by 
vitamin D-25-hydroxylases (CYP2RI and CYP27A1) into 25-hydroxy-vitamin D 
[25(OH)D]. However, recent studies showed that also other cell types such as 
airway epithelial cells, keratinocytes, monocytes/macrophages and intestinal 
epithelial cells express CYP2RI and CYP27A1, and thus are able to (locally) convert 
vitamin D3 into 25(OH)D3 (38, 39). 25(OH)D (both 25(OH)D2 and 25(OH)D3) is the 
main circulating form of vitamin D, which has a half-life of 20 days and its levels are 
used to assess vitamin D status in the clinic (40). This inactive 25(OH)D needs to be 
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converted into the active 1,25 dihydroxy-vitamin D (1,25(OH)2D) by 25-
hydroxyvitamin D-1α-hydroxylase (CYP27B1) in the kidney, locally in tissues or in 
several types of immune cells (41-44). 1,25(OH)2D binds the nuclear vitamin D 
receptor (VDR), which heterodimerizes with the retinoic acid receptor (RXR) to 
interact with vitamin D response elements (VDREs) that are present on the 
promoter region of vitamin D target genes (33, 45). The VDR-RXR-complex needs 
additional corepressors (NCoR, SMRT) and/or co-stimulators (SRC-1, CBP, MED1) to 
silence or initiate gene transcription (46, 47). In addition to promoting or 
suppressing gene expression via binding of 1,25(OH)2D to the nuclear (nVDR) and 
RXR, 1,25(OH)2D furthermore interacts with membrane-bound VDR (mVDR), 
known as 1,25(OH)2D-membrane-associated, rapid response steroid-binding 
protein (1,25D-MARRS). mVDR is present in the caveolae and induces rapid non-
genomic responses through e.g. the generation of second messengers such as Ca2+ 
and/or activation of proteins kinases such as mitogen-activated protein kinases 
(MAPK) (48). Furthermore, 1,25(OH)2D regulates its own negative feedback by 
several mechanisms, for example via direct induction of the catabolic enzymes 25-
hydroxyvitamin D-24-hydroxylase (CYP24A1) and CYP3A4 (49, 50). CYP24A1 is 
expressed in most tissues and converts both 25(OH)D and 1,25(OH)2D into 
23,25(OH)2D or 24,25(OH)2D and 1,24,25(OH)3D respectively, which are further 
converted into inactive metabolites and excreted in the bile (49, 51). CYP3A4 is 
mainly expressed in the liver and small intestines and contributes to the metabolic 
clearance of 25(OH)D and 1,25(OH)2D by converting 25(OH)D into 4β,25(OH)2D, and 
1,25(OH)2D into 1,23R,25(OH)2D or 1,24S,25(OH)2D (50). Expression of both 
CYP27B1 and CYP24A1 in the kidneys is tightly regulated to maintain optimal Ca2+ 
and PO4

2--levels in the circulation. When Ca2+-levels are low, parathyroid hormone 
(PTH) is secreted by the pituitary glands, which in turn reduces Ca2+ excretion and 
reabsorption of PO4

2- (52). PTH further induces expression of CYP27B1 and 
represses expression of CYP24A1 in the kidneys (52). This will increase the levels of 
1,25(OH)2D in the circulation, which promotes intestinal Ca2+ and PO4

2- absorption 
(52). These elevated circulating Ca2+ and PO4

2- levels will subsequently induce 
expression of fibroblast growth factor 23 (FGF-23) in osteocytes and osteoblasts 
and impair secretion of parathyroid hormone (PTH) by the parathyroid glands (34). 
In the kidneys, FGF-23 suppresses expression of CYP27B1 and induces expression 
of CYP24A1, thereby inhibiting the synthesis and promoting degradation of 
1,25(OH)2D (34) (Figure 2).  
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Figure 2. Endocrine vitamin D metabolism.  See text for details and references. 

Vitamin D and Chronic Inflammatory Lung Diseases  
Systemic levels of biologically active 1,25(OH)2D are tightly regulated to achieve 
sufficient Ca2+ and PO4

2- levels levels for optimal bone mineralization, whereas in 
mucosal tissues local 1,25(OH)2D activation or inactivation can result in 1,25(OH)2D 
levels that are elevated or decreased (7). The inflamed mucosal tissues of the 
airways in COPD and asthma patients are constantly exposed to pathogens and to 
several inflammatory mediators. However, the effects of this exposure on local 
levels of 1,25(OH)2D in mucosal tissues of the lung and gut are currently unclear. 
This may however be relevant since many diseases with chronic inflammation of 
the lung such as asthma and COPD are also associated with vitamin D deficiency (8, 
53, 54). These patients have furthermore dysregulated immune responses, altered 
microbiome composition, impaired epithelial barrier function and aberrant 
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secretion of host defense molecules thereby increasing their susceptibility towards 
infections (55-57). Since 1,25(OH)2D is involved in many of these processes, it might 
provide protection against these features. This may occur via various mechanisms 
induced by 1,25(OH)2D, including the maintenance of the integrity of the mucosal 
barrier and the promotion of killing of pathogens (e.g. via the induction of the 
antimicrobial peptide hCAP18/LL-37) (1). Mechanistic studies have furthermore 
shown that 1,25(OH)2D is an important mediator of both innate and adaptive 
immune responses, suggesting the importance of 1,25(OH)2D in various immune-
related diseases (58). COPD patients have an increased risk for vitamin D deficiency, 
which is associated with an increased number and more severe exacerbations (8, 
32). Studying the role of 1,25(OH)2D in COPD exacerbations and airway epithelial 
innate immune defenses might therefore provide additional insight into the 
potential benefit of monitoring 25(OH)D levels in these patients and 
supplementation of patients with a vitamin D deficiency. 
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Outline of the Thesis 
The overall aim of the studies described in this thesis is to elucidate the role of 
inflammation on the protective effects of vitamin D on respiratory host defense in 
chronic airway diseases with a specific focus on COPD. First, an introduction into 
the central role of the respiratory epithelium during homeostasis and in the 
pathogenesis of chronic inflammatory lung diseases such as COPD is provided, 
followed by a general introduction into vitamin D metabolism and vitamin D 
deficiency in COPD patients (Chapter 1). In the experimental studies that are 
described in this thesis, the effects of vitamin D (inactive 25(OH)D and active 
1,25(OH)2D) and inflammation are studied using in vitro models of primary 
bronchial epithelial cells. In these models, we will study the effects of toxic, 
inflammatory and microbial exposures such as cigarette smoke (chapter 2), 
cytokines (chapter 3 and 4), bacteria (chapter 4) and viruses (chapter 5) on airway 
epithelial host defense mechanisms with a focus on 1,25(OH)2D-mediated epithelial 
host defense mechanisms, i.e. expression of the AMP hCAP18/LL-37 (Figure 3).  

Both smokers and COPD patients are more susceptible for respiratory infections 
and various studies have shown that cigarette smoke exposure may alter airway 
epithelial cell composition. We therefore first aimed to investigate in Chapter 2 if 
chronic cigarette smoke-exposure during epithelial differentiation alters expression 
of constitutively expressed host defense molecules and host defense mechanisms 
through its effect on airway epithelial cell differentiation. Cigarette smoke exposure 
also induces expression of TGF-β1 in airway epithelial cells. This pleiotropic cytokine 
is elevated in COPD patients, and in addition to its ability to promote fibrosis, TGF-
β1 also impairs airway epithelial host defense mechanisms. Therefore, we next 
focused in Chapter 3 on investigating the effects of TGF-β1 on expression of 
constitutively expressed host defense molecules and on the expression of the 
1,25(OH)2D-induced hCAP18/LL-37. We furthermore determined mechanisms 
underlying behind the impaired effects of TGF-β1 on respiratory host defense by 
investigating direct effects of TGF-β1 on CAMP (hCAP18/LL-37) transcription, on 
vitamin D metabolism and on VDR expression. In Chapter 4, we continued to 
investigate the effects of proinflammatory cytokines (TNF-α, IL-1β, IL-17A), 
elevated in the airways of COPD and/or in steroid resistant asthma patients, on 
vitamin D-metabolism and on 25(OH)D and 1,25(OH)2D-mediated expression of 
hCAP18/LL-37. To determine if the 25(OH)D and 1,25(OH)2D-mediated respiratory 
host defense was affected by exposure to proinflammatory cytokines, we assessed 
epithelial antimicrobial activity against nontypeable Haemophilus influenzae. 
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Chapter 5 describes the immunomodulatory effects 25(OH)D and 1,25(OH)2D on 
virus-induced (Poly[I:C])-inflammatory responses in airway epithelial cells. In 
addition, the effects of Th2 inflammation -present in the airways of both allergic 
asthma and a subset of COPD patients- on vitamin D metabolism and 25(OH)D and 
1,25(OH)2D-mediated expression of hCAP18/LL-37 was investigated. To translate 
our findings to a more clinical level in Chapter 6, a study design is provided that 
describes a multicenter randomized controlled trial that aims to investigate if 
vitamin D supplementation can indeed protect against COPD exacerbations in a 
population of vitamin D deficient COPD patients. Finally, in Chapter 7 a review of 
all the current knowledge of the effects of disease-associated factors such as 
inflammation and cigarette smoke exposure on availability and signaling of 
1,25(OH)2D in the lungs of patients with COPD and other chronic lung diseases is 
provided, followed by an general overview and discussion of the results that are 
presented in this thesis in Chapter 8. 

  

Figure 3. Unknown effects of inflammation on vitamin D metabolism and epithelial host defense in 
the airways. The separate components of this figure are discussed in the various chapters of this 
thesis, as indicated by the chapter (Ch) numbers. Vitamin D receptor, VDR; Biologically active vitamin 
D, 1,25(OH)2D; 25-hydroxyvitamin D-1α-hydroxylase, CYP27B1; circulating inactive vitamin D, 
25(OH)D; 25-hydroxyvitamin D-24-hydroxylase, CYP24A1.  

1

General Introduction and Outline of the Thesis

11



References 
 

1. Herr C, Greulich T, Koczulla RA, Meyer S, Zakharkina T, Branscheidt M, Eschmann R, Bals R. The 
role of vitamin D in pulmonary disease: COPD, asthma, infection, and cancer. Respir Res 
2011; 12: 31. 

2. Hiemstra PS, McCray PB, Jr., Bals R. The innate immune function of airway epithelial cells in 
inflammatory lung disease. The European respiratory journal 2015; 45: 1150-1162. 

3. Loxham M, Davies DE. Phenotypic and genetic aspects of epithelial barrier function in asthmatic 
patients. J Allergy Clin Immunol 2017; 139: 1736-1751. 

4. Shaykhiev R, Crystal RG. Early events in the pathogenesis of chronic obstructive pulmonary 
disease. Smoking-induced reprogramming of airway epithelial basal progenitor cells. 
Annals of the American Thoracic Society 2014; 11 Suppl 5: S252-S258. 

5. Vieira Braga FA, Kar G, Berg M, Carpaij OA, Polanski K, Simon LM, Brouwer S, Gomes T, Hesse L, 
Jiang J, Fasouli ES, Efremova M, Vento-Tormo R, Talavera-López C, Jonker MR, Affleck K, 
Palit S, Strzelecka PM, Firth HV, Mahbubani KT, Cvejic A, Meyer KB, Saeb-Parsy K, Luinge 
M, Brandsma C-A, Timens W, Angelidis I, Strunz M, Koppelman GH, van Oosterhout AJ, 
Schiller HB, Theis FJ, van den Berge M, Nawijn MC, Teichmann SA. A cellular census of 
human lungs identifies novel cell states in health and in asthma. Nature Medicine 2019; 
25: 1153-1163. 

6. Gohy ST, Hupin C, Fregimilicka C, Detry BR, Bouzin C, Chevronay HG, Lecocq M, Weynand B, 
Ladjemi MZ, Pierreux CE, Birembaut P, Polette M, Pilette C. Imprinting of the COPD airway 
epithelium for dedifferentiation and mesenchymal transition. European Respiratory 
Journal 2015; 45: 1258-1272. 

7. Holick MF. The vitamin D deficiency pandemic: Approaches for diagnosis, treatment and 
prevention. Reviews in Endocrine and Metabolic Disorders 2017; 18: 153-165. 

8. Zhu M, Wang T, Wang C, Ji Y. The association between vitamin D and COPD risk, severity, and 
exacerbation: an updated systematic review and meta-analysis. International Journal of 
Chronic Obstructive Pulmonary Disease 2016; 11: 2597-2607. 

9. Brehm JM. Vitamin D and Asthma—Life After VIDA? Current Allergy and Asthma Reports 2014; 14: 
461. 

10. Crystal RG. Airway basal cells. The "smoking gun" of chronic obstructive pulmonary disease. 
American journal of respiratory and critical care medicine 2014; 190: 1355-1362. 

11. Tilley AE, Walters MS, Shaykhiev R, Crystal RG. Cilia dysfunction in lung disease. Annu Rev Physiol 
2015; 77: 379-406. 

12. Chen G, Korfhagen TR, Xu Y, Kitzmiller J, Wert SE, Maeda Y, Gregorieff A, Clevers H, Whitsett JA. 
SPDEF is required for mouse pulmonary goblet cell differentiation and regulates a network 
of genes associated with mucus production. J Clin Invest 2009; 119: 2914-2924. 

13. Rock JR, Gao X, Xue Y, Randell SH, Kong Y-Y, Hogan BLM. Notch-dependent differentiation of 
adult airway basal stem cells. Cell Stem Cell 2011; 8: 639-648. 

14. Ramos-Martínez E, López-Vancell MR, Fernández de Córdova-Aguirre JC, Rojas-Serrano J, 
Chavarría A, Velasco-Medina A, Velázquez-Sámano G. Reduction of respiratory infections 
in asthma patients supplemented with vitamin D is related to increased serum IL-10 and 
IFNγ levels and cathelicidin expression. Cytokine 2018; 108: 239-246. 

12

Chapter 1



15. Laucho-Contreras ME, Polverino F, Gupta K, Taylor KL, Kelly E, Pinto-Plata V, Divo M, Ashfaq N, 
Petersen H, Stripp B, Pilon AL, Tesfaigzi Y, Celli BR, Owen CA. Protective role for club cell 
secretory protein-16 (CC16) in the development of COPD. Eur Respir J 2015; 45: 1544-
1556. 

16. Laucho-Contreras ME, Polverino F, Tesfaigzi Y, Pilon A, Celli BR, Owen CA. Club Cell Protein 16 
(CC16) Augmentation: A Potential Disease-modifying Approach for Chronic Obstructive 
Pulmonary Disease (COPD). Expert Opin Ther Targets 2016; 20: 869-883. 

17. Roy MG, Livraghi-Butrico A, Fletcher AA, McElwee MM, Evans SE, Boerner RM, Alexander SN, 
Bellinghausen LK, Song AS, Petrova YM, Tuvim MJ, Adachi R, Romo I, Bordt AS, Bowden 
MG, Sisson JH, Woodruff PG, Thornton DJ, Rousseau K, De la Garza MM, Moghaddam SJ, 
Karmouty-Quintana H, Blackburn MR, Drouin SM, Davis CW, Terrell KA, Grubb BR, O'Neal 
WK, Flores SC, Cota-Gomez A, Lozupone CA, Donnelly JM, Watson AM, Hennessy CE, Keith 
RC, Yang IV, Barthel L, Henson PM, Janssen WJ, Schwartz DA, Boucher RC, Dickey BF, Evans 
CM. Muc5b is required for airway defence. Nature 2014; 505: 412-416. 

18. Buckpitt A, Chang AM, Weir A, Van Winkle L, Duan X, Philpot R, Plopper C. Relationship of 
cytochrome P450 activity to Clara cell cytotoxicity. IV. Metabolism of naphthalene and 
naphthalene oxide in microdissected airways from mice, rats, and hamsters. Mol 
Pharmacol 1995; 47: 74-81. 

19. Gohy ST, Hupin C, Pilette C, Ladjemi MZ. Chronic inflammatory airway diseases: the central role 
of the epithelium revisited. Clinical & Experimental Allergy 2016; 46: 529-542. 

20. Spella M, Lilis I, Stathopoulos GT. Shared epithelial pathways to lung repair and disease. Eur 
Respir Rev 2017; 26: 170048. 

21. Hou W, Hu S, Li C, Ma H, Wang Q, Meng G, Guo T, Zhang J. Cigarette Smoke Induced Lung Barrier 
Dysfunction, EMT, and Tissue Remodeling: A Possible Link between COPD and Lung 
Cancer. Biomed Res Int 2019; 2019: 2025636-2025636. 

22. Lambrecht BN, Hammad H. The immunology of the allergy epidemic and the hygiene hypothesis. 
Nature Immunology 2017; 18: 1076. 

23. Vareille M, Kieninger E, Edwards MR, Regamey N. The airway epithelium: soldier in the fight 
against respiratory viruses. Clin Microbiol Rev 2011; 24: 210-229. 

24. Hiemstra PS, Amatngalim GD, van der Does AM, Taube C. Antimicrobial Peptides and Innate Lung 
Defenses: Role in Infectious and Noninfectious Lung Diseases and Therapeutic 
Applications. Chest 2016; 149: 545-551. 

25. Amatngalim GD, Hiemstra PS. Airway Epithelial Cell Function and Respiratory Host Defense in 
Chronic Obstructive Pulmonary Disease. Chin Med J (Engl) 2018; 131: 1099-1107. 

26. Rada B, Leto TL. Oxidative innate immune defenses by Nox/Duox family NADPH oxidases. Contrib 
Microbiol 2008; 15: 164-187. 

27. Sarr D, Toth E, Gingerich A, Rada B. Antimicrobial actions of dual oxidases and lactoperoxidase. J 
Microbiol 2018; 56: 373-386. 

28. Lecaille F, Lalmanach G, Andrault P-M. Antimicrobial proteins and peptides in human lung 
diseases: A friend and foe partnership with host proteases. Biochimie 2016; 122: 151-168. 

29. https://goldcopd.org. 2019. 
30. Haussler MR, Whitfield GK, Kaneko I, Haussler CA, Hsieh D, Hsieh J-C, Jurutka PW. Molecular 

Mechanisms of Vitamin D Action. Calcified Tissue International 2013; 92: 77-98. 
31. Wedzicha JA, Seemungal TAR. COPD exacerbations: defining their cause and prevention. The 

Lancet 2007; 370: 786-796. 

1

General Introduction and Outline of the Thesis

13



32. Janssens W, Bouillon R, Claes B, Carremans C, Lehouck A, Buysschaert I, Coolen J, Mathieu C, 
Decramer M, Lambrechts D. Vitamin D deficiency is highly prevalent in COPD and 
correlates with variants in the vitamin D-binding gene. Thorax 2010; 65: 215-220. 

33. Bouillon R, Carmeliet G, Verlinden L, van Etten E, Verstuyf A, Luderer HF, Lieben L, Mathieu C, 
Demay M. Vitamin D and human health: lessons from vitamin D receptor null mice. 
Endocrine reviews 2008; 29: 726-776. 

34. Christakos S, Dhawan P, Verstuyf A, Verlinden L, Carmeliet G. Vitamin D: Metabolism, Molecular 
Mechanism of Action, and Pleiotropic Effects. Physiological Reviews 2016; 96: 365-408. 

35. Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA, Heaney RP, Murad MH, 
Weaver CM. Evaluation, Treatment, and Prevention of Vitamin D Deficiency: an Endocrine 
Society Clinical Practice Guideline. The Journal of Clinical Endocrinology & Metabolism 
2011; 96: 1911-1930. 

36. Reboul E. Intestinal absorption of vitamin D: from the meal to the enterocyte. Food & Function 
2015; 6: 356-362. 

37. Holick MF. The Cutaneous Photosynthesis of Previtamin D3: A Unique Photoendocrine System. 
Journal of Investigative Dermatology 1981; 77: 51-58. 

38. DiFranco KM, Mulligan JK, Sumal AS, Diamond G. Induction of CFTR gene expression by 
1,25(OH)2 vitamin D3, 25OH vitamin D3, and vitamin D3 in cultured human airway 
epithelial cells and in mouse airways. The Journal of Steroid Biochemistry and Molecular 
Biology 2017. 

39. Vantieghem K, Overbergh L, Carmeliet G, De Haes P, Bouillon R, Segaert S. UVB-induced 
1,25(OH)2D3 production and vitamin D activity in intestinal CaCo-2 cells and in THP-1 
macrophages pretreated with a sterol Δ7-reductase inhibitor. Journal of Cellular 
Biochemistry 2006; 99: 229-240. 

40. Smith JE, Goodman DS. The turnover and transport of vitamin D and of a polar metabolite with 
the properties of 25-hydroxycholecalciferol in human plasma. Journal of Clinical 
Investigation 1971; 50: 2159-2167. 

41. Adams  JS, Clemens  TL, Parrish  JA, Holick  MF. Vitamin-D Synthesis and Metabolism after 
Ultraviolet Irradiation of Normal and Vitamin-D-Deficient Subjects. New England Journal of 
Medicine 1982; 306: 722-725. 

42. Hansdottir S, Monick MM, Hinde SL, Lovan N, Look DC, Hunninghake GW. Respiratory Epithelial 
Cells Convert Inactive Vitamin D to Its Active Form: Potential Effects on Host Defense. The 
Journal of Immunology 2008; 181: 7090-7099. 

43. Stoffels K, Overbergh L, Giulietti A, Verlinden L, Bouillon R, Mathieu C. Immune Regulation of 25-
Hydroxyvitamin-D3-1α-Hydroxylase in Human Monocytes. Journal of Bone and Mineral 
Research 2006; 21: 37-47. 

44. Zehnder D, Bland R, Williams MC, McNinch RW, Howie AJ, Stewart PM, Hewison M. Extrarenal 
Expression of 25-Hydroxyvitamin D3-1α-Hydroxylase1. The Journal of Clinical 
Endocrinology & Metabolism 2001; 86: 888-894. 

45. Wang T-T, Tavera-Mendoza LE, Laperriere D, Libby E, Burton MacLeod N, Nagai Y, Bourdeau V, 
Konstorum A, Lallemant B, Zhang R, Mader S, White JH. Large-Scale in Silico and 
Microarray-Based Identification of Direct 1,25-Dihydroxyvitamin D3 Target Genes. 
Molecular Endocrinology 2005; 19: 2685-2695. 

14

Chapter 1



46. Tagami T, Lutz WH, Kumar R, Jameson JL. The Interaction of the Vitamin D Receptor with Nuclear 
Receptor Corepressors and Coactivators. Biochemical and Biophysical Research 
Communications 1998; 253: 358-363. 

47. Meyer MB, Pike JW. Corepressors (NCoR and SMRT) as well as Coactivators are Recruited to 
Positively Regulated 1α,25-Dihydroxyvitamin D(3)-Responsive Genes. The Journal of 
steroid biochemistry and molecular biology 2013; 136: 120-124. 

48. Hii CS, Ferrante A. The Non-Genomic Actions of Vitamin D. Nutrients 2016; 8: 135-135. 
49. Jones G, Prosser DE, Kaufmann M. 25-Hydroxyvitamin D-24-hydroxylase (CYP24A1): Its 

important role in the degradation of vitamin D. Archives of Biochemistry and Biophysics 
2012; 523: 9-18. 

50. Wang Z, Schuetz EG, Xu Y, Thummel KE. Interplay between vitamin D and the drug metabolizing 
enzyme CYP3A4. The Journal of steroid biochemistry and molecular biology 2013; 136: 54-
58. 

51. Sakaki T, Sawada N, Komai K, Shiozawa S, Yamada S, Yamamoto K, Ohyama Y, Inouye K. Dual 
metabolic pathway of 25-hydroxyvitamin D3 catalyzed by human CYP24. 2000; 267: 
6158-6165. 

52. Quarles LD. Endocrine functions of bone in mineral metabolism regulation. J Clin Invest 2008; 
118: 3820-3828. 

53. Limketkai BN, Mullin GE, Limsui D, Parian AM. Role of Vitamin D in Inflammatory Bowel Disease. 
Nutr Clin Pract 2017; 32: 337-345. 

54. Jolliffe DA, Greenberg L, Hooper RL, Griffiths CJ, Camargo CA, Kerley CP, Jensen ME, Mauger D, 
Stelmach I, Urashima M, Martineau AR. Vitamin D supplementation to prevent asthma 
exacerbations: a systematic review and meta-analysis of individual participant data. The 
Lancet Respiratory Medicine 2017; 5: 881-890. 

55. De Rose V, Molloy K, Gohy S, Pilette C, Greene CM. Airway Epithelium Dysfunction in Cystic 
Fibrosis and COPD. Mediators of Inflammation 2018; 2018: 20. 

56. Martini E, Krug SM, Siegmund B, Neurath MF, Becker C. Mend Your Fences: The Epithelial Barrier 
and its Relationship With Mucosal Immunity in Inflammatory Bowel Disease. Cellular and 
molecular gastroenterology and hepatology 2017; 4: 33-46. 

57. Heijink IH, Nawijn MC, Hackett TL. Airway epithelial barrier function regulates the pathogenesis 
of allergic asthma. Clin Exp Allergy 2014; 44: 620-630. 

58. Colotta F, Jansson B, Bonelli F. Modulation of inflammatory and immune responses by vitamin D. 
Journal of Autoimmunity 2017; 85: 78-97. 

 

 
  

1

General Introduction and Outline of the Thesis

15


