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Ágrip 

Auking þekking á lífeðlisfræði D-vítamíns hefur leitt í ljós að D-vítamín er ekki 

eingöngu mikilvægt fyrir beinheilsu heldur gegnir það mörgum öðrum hlutverkum. 

D-vítamín hefur áhrif á bæði ósérhæfða og sérhæfða ónæmissvörun. 

Faraldsfræðilegar rannsóknir benda til þess að skortur á D-vítamíni tengist aukinni 

tíðni á sýkingum í öndunarvegi og bólgusjúkdómum í lungum t.d. astma. Reykingar 

hafa einnig slæm áhrif á lungu og auka líkur á ýmsum lungnasjúkdómum og 

sýkingum. Aðalmarkmið þessa verkefnis var að skoða umbrot D-vítamíns í 

lungnaþekjufrumum og hvernig D-vítamín hefur áhrif á ónæmissvörun í lungum. 

Sérstök áhersla er lögð á áhrif D-vítamíns á viðbrögð lungnaþekjufruma við 

veirusýkingum. Að auki voru skoðuð áhrif reykinga á umbrot D-vítamíns í 

lungaþekjufrumum og jafnframt áhrif reykinga á sjálfsát stórátfruma í lungum. 

Allar tilraunir a lungnaþekjufrumum voru gerðar á „primary‟ frumum frá efri 

öndunarvegum manna. Til að kanna áhrif veira notuðum við Respiratory Syncytial 

Veiru (RSV). Stórátfrumur voru fengnar með berkjuspeglun á sjálfboðaliðum sem 

reyktu eða höfðu aldrei reykt.  

Þessar rannsóknir sýna fram á að lungnaþekjufrumur geta umbreytt 25-

hydroxyvítamíni D3 (geymslu form) í 1,25-díhydroxyvítamín D3 (virkt form) og 

jafnframt að veirusýking leiðir til aukinnar myndunar á 1,25D. D-vítamín hefur áhrif 

á hvernig lungnaþekjufrumur bregðast við RSV sýkingu og eykur myndun á 

örverudrepandi efnum en minnkar framleiðslu flakkboða og frumuboða. Enginn 

munur var á fjölda veira í frumuræktunum sem höfðu verið meðhöndlaðar með D-

vítamíni og frumuræktunum þar sem ekkert D-vítamín var til staðar. Vægari 

bólgusvörun og óbreytt magn veiru, gæti dregið úr einkennum og jafnvel haft áhrif á 

dánartíðni RSV sýkinga og hugsanlega annarra veirusýkinga. D-vítamín hefur fáar 

aukaverkanir, er ódýrt og auðvelt að nálgast og gæti reynst hjálplegt við meðferð 

veirusýkinga í öndunarfærum. Jafnframt eru sýndar frumniðurstöður sem gefa til 

kynna að sígarettureykur getur minnkað myndun á 1,25D í lungum.    

Að lokum er lýst galla á sjálfsáti í átfrumum frá reykingarmönnum samanborið 

við einstaklinga sem aldrei hafa reykt. Galli í sjálfsáti getur stuðlað að aukinni hættu 

á lungnasýkingum í einstaklingum sem reykja. 
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Samantekið, þá sýna þessar rannsóknir fram á að D-vítamín og reykingar hafa 

áhrif á ósérhæfða ónæmissvörun í lungum. D-vítamín getur eflt ónæmisvarnir og 

dregið úr bólgusvörun. Reykingar geta aftur á móti aukið næmi fyrir sýkingum í 

lungum.   

 

Lykilorð:  D-vítamín, lungu, ónæmi, veirusýking, reykingar 
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Abstract 

Emerging understanding of vitamin D physiology indicates that vitamin D has a 

wide variety of functions in addition to being important for bone health. Vitamin D 

modulates both innate and adaptive immune responses. Low vitamin D levels have 

been associated with respiratory tract infections and inflammatory lung diseases such 

as asthma. Cigarette smoking on the other hand is known to adversely affect lung 

health and predispose individuals to a variety of lung diseases and infections. The 

primary goal of this thesis is to examine the role of vitamin D (metabolism and 

immune effects) in respiratory epithelium. In particular, this project addresses 

vitamin D influences on lung host defense, with focus on virus infections. The 

secondary goal is to investigate the effects of cigarette smoke on vitamin D 

metabolism in respiratory epithelium and on function of alveolar macrophages with 

focus on the autophagy process.  

All experiments on respiratory epithelium were done on primary human 

tracheobronchial epithelial cells from cadaveric donors. Respiratory Syncytial Virus 

(RSV) was used for the virus model. Human alveolar macrophages were obtained by 

bronchoscopy on healthy smoking or non-smoking volunteers. 

We show that respiratory epithelial cells have the capacity to convert vitamin D 

from 25-hydroxyvitamin D3 (storage form) to 1,25-dihydroxyvitamin D3 (active 

form) and that more 1,25D can be generated when an epithelial cell is infected with a 

virus. Vitamin D differentially modulates how airway epithelium responds to RSV 

so that there is an increase in the antimicrobial peptide cathelicidin but decrease in 

inflammatory chemokines and cytokines. We did not find any differences in viral 

load. Controlling the inflammatory response to RSV viral infection, while 

maintaining antiviral activity, may result in decreased disease severity and 

consequently in decreased morbidity and mortality from RSV infection and possibly 

other respiratory viruses. Vitamin D is safe, cheap, easily available, and may prove 

to be an effective therapeutic strategy against respiratory viral infections. In addition 

we present preliminary results that suggest that cigarette smoke may decrease 

generation of 1,25D locally in the lungs.  
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Lastly we describe a novel defect in autophagy in alveolar macrophages in 

smokers which may contribute to increased susceptibility to infections in this 

population. 

To summarize, we have shown that both vitamin D and cigarette smoke 

modulate innate immune responses in the lungs. The vitamin D effects can enhance 

host defense and dampen the inflammatory response. Cigarette smoking on the other 

hand increases susceptibility to respiratory infections.  

 

Key words:  Vitamin D, lung, immunity, virus, smoking 
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Introduction 

Vitamin D 

The prevalence of vitamin D insufficiency across the globe is high and rising. 

The reported prevalence varies depending on definitions but a recent review 

estimated that around 1 billion people worldwide have insufficient vitamin D levels 

(Holick, 2007). The term vitamin D deficiency has historically been used to describe 

the clinical effects of chronically low vitamin D resulting in malabsorption of 

calcium and phosphate with subsequent hypocalcemia, hypophosphatemia and 

secondary hyperparathyroidism and impaired growth-plate development (rickets) and 

bone mineralization (osteomalacia). An inverse relationship between serum 25-

hydroxyvitamin D3 (25D) and serum parathyroid hormone (PTH) exists up to a 

certain level of 25D, in which little further decrease in serum PTH is observed. The 

serum level of 25D corresponding with the PTH inflection point is around 20 ng/ml 

and has been proposed as a maker of vitamin D sufficiency (Dawson-Hughes et al., 

2005; Steingrimsdottir et al., 2005). Emerging knowledge on vitamin D physiology 

has revealed that Vitamin D is not merely a micronutrient but a pluripotent hormone 

with complex endocrine, paracrine and autocrine functions that extend beyond its 

classical role in calcium and bone metabolism. Recent observational studies indicate 

many other non-traditional roles for vitamin D and vitamin D insufficiency has been 

linked to increased rates of infections (Cannell et al., 2006; Laaksi et al., 2007; Muhe 

et al., 1997; Wayse et al., 2004; Wilkinson et al., 2000), autoimmune diseases 

(Hypponen et al., 2001; Munger et al., 2006), cancer (Ahonen et al., 2000; Garland et 

al., 2006; Giovannucci et al., 2006; Lappe et al., 2007) and cardiovascular diseases 

(Giovannucci et al., 2008). Vitamin D supplementation may mitigate the incidence 

and adverse outcomes of these diseases and reduce overall mortality (Autier & 

Gandini, 2007; Dobnig et al., 2008; Melamed et al., 2008). Adequate vitamin D 

levels for non-traditional functions of vitamin D are to be defined but there is 

growing evidence that serum 25D levels of 30-40 ng/ml are required for optimum 

health (Bischoff-Ferrari et al., 2006; Black & Scragg, 2005). Both the Institute of 

Medicine (IOM) and Osteoporosis Canada revised and published new guidelines on 

vitamin D intake in 2010 (Table 1) (Ginde et al., 2009a; Hanley et al., 2010). In the 
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Table 1. Recommended 

dietary allowance of 

vitamin D 

IOM:  Institute of Medicine 

CAN:  Canadian 

Recommendations 

new guidelines the recommended dietary allowance was increased from prior 

recommendations (Hanley et al., 2010). 

Vitamin D metabolism 

Humans get vitamin D through synthesis in the skin and to a lesser extent from 

limited dietary sources (Figure 1). Solar ultraviolet-B (UVB) radiation converts 7-

dehydroxycholesterol in the skin to previtamin D (Holick et al., 1980). Cutaneus 

synthesis of vitamin D is dependent upon the amount of UVB radiation and on 

individual characteristics like age and skin color. The intensity of UVB radiation 

varies according to latitude, season and time of the day. The further away from the 

equator people live, the more months of the year solar exposure is insufficient for 

vitamin D production in the skin. Other factors that influence vitamin D synthesis in 

the skin include age and skin pigmentation. Skin synthesis of vitamin D decreases 

with age and increased skin pigmentation reduces production because melanin in the 

epidermis absorbs UVB radiation. Lastly, .sunscreen and clothing prevent vitamin D 

production (Bikle, 2009; Chen, T. C. et al., 2007). Oily fish is the best dietary source 

of vitamin D and traditional western diets are generally low in vitamin D. Vitamin D 

from the skin or diet is metabolized primarily in the liver to 25D by the enzyme 25-

hydroxylase (25(OH)ase) (Ponchon et al., 1969). 25D is the “storage form” of 

vitamin D and is used to determine the vitamin D status of individuals (Ponchon et 

al., 1969).  

  Age 
(years) 

IOM 1997 
(IU/day) 

IOM 2011 

(IU/day) 
CAN 

(IU/day) 

1-50 200 600 400-1000 

50-70 400 600 800-1000 

>70 600 800  
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The last and rate limiting step in the 

synthesis of active 1,25-dihydroxyvitamin 

D3 (1,25D) is catalyzed by 1α-hydroxylase 

(1α(OH)ase) and is conventionally thought 

to take place in the kidneys (Fraser & 

Kodicek, 1970; Zehnder et al., 1999). 

Vitamin D is inactivated by 24-hydroxylase 

(24(OH)ase) (Figure 1). Both 1α-

hydroxylase and 24-hydroxylase are 

cytochrome P450 mitochondrial enzymes 

(Gray et al., 1972; Knutson & DeLuca, 

1974; Paulson & DeLuca, 1985). The 1α-

hydroxylase is encoded by the CYP27B1 

gene and the 24-hydroxylase by the CYP24 

gene (Chen et al., 1993; Kong et al., 1999). 

The 24-hydroxylase is a ubiquitous enzyme 

that catalyzes synthesis of 1,24,25-

trihydroxyvitamin D and 24,25-

dihydroxyvitamin D. 24-hydroxylation is a 

critical step in the catabolism of vitamin D.  

The biological effects of vitamin D are achieved through the regulation of gene 

expression mediated by the vitamin D receptor (VDR) (Baker et al., 1988). VDR is a 

ligand-dependent transcription factor that is a member of the nuclear receptor family. 

VDR influences the transcription of hundreds of vitamin D regulated genes. Active 

vitamin D binds to VDR and upon ligand binding, the VDR dimerizes with the 

retinoic X receptor (RXR) (MacDonald et al., 1993). The VDR/RXR complex binds 

to vitamin D responsive elements (VDREs) within the promoter regions of vitamin D 

regulated genes (Sutton & MacDonald, 2003) (Figure 2). Transcriptional activation 

is enhanced by nuclear receptor co-activator proteins that are recruited after the VDR 

complex binds to the VDRE (Rachez & Freedman, 2000). The CYP24 gene is 

probably the most extensively studied vitamin D regulated gene. It has VDREs in its 

promoter and expression of 24-hydroxylase is enhanced by 1,25D, constituting a 

negative feedback loop (Ohyama et al., 1994). 

Vitamin D

25(OH)ase

Diet Skin

UVB

1α(OH)ase

25-Vitamin D
(storage form)

1,25-Vitamin D
(active form)

24(OH)ase

24(OH)ase

Sunlight

Vitamin D

25(OH)ase

Diet Skin

UVB

1α(OH)ase

25-Vitamin D
(storage form)

1,25-Vitamin D
(active form)

24(OH)ase

24(OH)ase

Sunlight

 
 

Figure 1. Vitamin D metabolism. 

Vitamin D precursors are 

synthesized in the skin or obtained 

from dietary sources. Two 

hydroxylation steps are needed to 

generate 1,25D. The first step 

occurs primarily in the liver (25-

hydroxylation) and the second in 

the kidneys (1α-hydroxylation). 24-

hydroxylation is a critical step in 

vitamin D catabolism. 
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While the kidneys are a major 

site of 1α-hydroxylation of 25D, it 

has recently become clear that 

active 1,25D can be generated in 

other tissues and is critical for non-

traditional actions of vitamin D 

(White, 2008). Extra-renal 

expression of 1α-hydroxylase has 

been found in cells of the immune 

system (Adams & Gacad, 1985; 

Adams et al., 1986; Adams et al., 

1983; Bell, 1998; Kreutz et al., 

1993; Sigmundsdottir et al., 2007) 

and in various types of epithelia (Bikle et al., 1986; Kemmis et al., 2006; 

Ogunkolade et al., 2002; Schauber et al., 2007; Tangpricha et al., 2001; Termen et 

al., 2008). Vitamin D production in the kidneys is tightly regulated by parathyroid 

hormone, fibroblast growth factor-23 and by 1,25D itself (Zehnder et al., 1999). 

Control of 1,25D production in extra-renal tissue may be different. In macrophages 

1,25D production appears to be governed primarily the availability of substrate and 

lacks negative feedback by 25D and 1,25D (Dusso et al., 1997; Liu et al., 2006). 

These differences in regulation raise the possibility of higher levels of 1,25D locally 

in tissues than are seen in serum and subsequent changes in transcription of vitamin 

D driven genes.  

Innate and adaptive immunity of the respiratory tract 

The respiratory tract has a surface area of approximately 70 m
2
 and is 

continuously exposed to antigens, some of which are pathogenic and some of which 

are not. A specialized lung immune system has evolved to recognize and respond to 

potential pathogens but not respond to non-pathogenic antigens, which could result 

in chronic inflammation and tissue damage.  

1,25D

VDR

VDRE

RXR Transcription

mRNA

Nucleus

1,25D

1,25D

VDR

VDRE

RXR Transcription

mRNA

Nucleus

1,25D1,25D

 
 

Figure 2. Vitamin D regulates gene 

transcription. 1,25D binds to VDR and a 

transcriptional complex is formed that 

binds to VDREs in the promotor area of 

vitamin D regulated genes altering gene 

transcription. 

RXR, retinoid X receptor; VDR, vitamin D 

receptor; VDRE, vitamin D response 

element. 
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Innate immunity 

The innate immune system involves a rapid, non-specific, recognition of and 

response to almost any pathogen (Table 2). Only those antigens that penetrate the 

innate immune responses evoke the more specific adaptive immune responses. The 

main players in innate immunity in the lungs include the respiratory epithelium itself, 

alveolar macrophages and dendritic cells. These cells all express pattern recognition 

receptors (PRRs) and ligand engagement results in activation of intracellular 

signaling pathways that mobilize antimicrobial defenses, inflammation and adaptive 

immune responses (Basu & Fenton, 2004).  

The respiratory epithelium is the first line of defense and functions as both a 

physical barrier to prevent the entry of inhaled pathogens and as an immune effector. 

When the respiratory epithelium recognizes the presence of a pathogen it responds 

by releasing antimicrobials, chemokines and cytokines. Alveolar macrophages 

(AMs) recognize, phagocytose and remove inhaled material. They are activated 

either in response to pathogens or through an autocrine/paracrine response to 

cytokines. Activation leads to enhanced phagocytosis and killing of pathogens as 

well as coordination of both innate and adaptive immune responses. The third major 

innate immune effector cells in the lung are dendritic cells. Dendritic cells use PRRs 

to monitor the local environment for pathogens. When a pathogen is encountered, it 

is ingested and its proteins are processed into peptides which are then presented at 

the surface of the dendritic cell. Activated dendritic cells produce chemokines and 

migrate to local lymph nodes where they present the antigenic peptides bound to 

major histocompatibility complex (MHC) molecules to naïve T-cells (CD4+ T-

Innate Adaptive 

Fast (hours) Slower (days) 

Preexisting and induced mechanisms All mechanisms induced 

No memory of pathogens  Pathogens remembered by memory 

cells 

Defense is the same with repeated exposure Defense is more vigorous and more 

finely tuned with repeat exposure 

Respiratory epithelium, neutrophils, 

alveolar macrophages, dendritic cells 

T cells, B cells 

 

Table 2. Comparison of innate and adaptive immune responses. Modified from 

“The Immune Response, Basic and Clinical Principles” (Mak & Saunders, 2005).  
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helper cells and CD8+ T-cytotoxic cells) and induce their activation and 

differentiation. Dendritic cells thus serve as a link between innate and adaptive 

immune responses (Medzhitov, 2007). 

Vitamin D modulates dendritic cell maturation and chemokine profile and 

macrophage innate immune functions (Adams & Hewison, 2008; Mora et al., 2008; 

White, 2008).  Although not previously studied in respiratory epithelium vitamin D 

has been shown to be metabolized by various other epithelial cell types and affect 

their functions.  By influencing key innate immune effectors vitamin D may play an 

important role in how the lung recognizes and responds to pathogens.  

Adaptive immunity 

Activation of the innate immune system drives activation of the long term 

adaptive immune system (Table 2) (Iwasaki & Medzhitov, 2010). Adaptive immune 

responses involve the ability of T and B lymphocytes to produce cytokines and 

immunoglobulins respectively. All phases of the adaptive immune response are 

specific to unique antigen, from recognition of the antigen by antibody produced by 

B-cells (humoral) or T-lymphocyte (cell mediated) through lymphocyte activation, to 

effector function (elimination of antigen) and the development of immunologic 

memory (Mak & Saunders, 2005).  

Upon activation memory T cells down regulate lymphoid-tissue-homing 

receptors and up regulate tissue-specific adhesion molecules and migrate to non-

lymphoid tissues like the lungs (Holt et al., 2008). Furthermore, once activated TH 

(CD4+) cells differentiate into TH1, TH2 or TH17 effector cells. The effector cells are 

characterized by the production of distinct set of cytokines (Medzhitov, 2007). 

Activation of B cells and their differentiation into antibody-secreting plasma cells 

can be triggered directly by antigen but usually requires helper T cells. Lastly 

regulatory T cells (TRegs) are important for the control of peripheral T-cell responses. 

In relation to the lungs they are believed to have key roles in protection against the 

inflammatory sequel of airway infections and in the protection against the induction 

and expression of atopic disease (Holt et al., 2008).  

http://www.ncbi.nlm.nih.gov/bookshelf/?book=imm&part=A2528&rendertype=def-item&id=A2618
http://www.ncbi.nlm.nih.gov/bookshelf/?book=imm&part=A2528&rendertype=def-item&id=A2575
http://www.ncbi.nlm.nih.gov/bookshelf/?book=imm&part=A2528&rendertype=def-item&id=A2579
http://www.ncbi.nlm.nih.gov/bookshelf/?book=imm&part=A2528&rendertype=def-item&id=A3278
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There is data to support both indirect (dendritic cells) and direct (T- 

lymphocytes) inhibitory effects of vitamin D on adaptive immune cells (Mora et al., 

2008). 

Vitamin D and lung diseases 

The non-traditional roles of vitamin D include extensive effects on both innate 

and adaptive immunity (Bikle, 2009). There has been a surge of research studies 

examining the effects of vitamin D on immune responses within the respiratory tract. 

Vitamin D deficiency has been associated with an increased risk of respiratory 

infections, in particular mycobacterial infections (Bornman et al., 2004; Liu, P. T. et 

al., 2007b; Martineau et al., 2007a; Roth et al., 2004; Wilkinson et al., 2000) and 

viral infections (Cannell et al., 2006; Cannell et al., 2008; Ginde et al., 2009b; Laaksi 

et al., 2007; Roth et al., 2008; Wayse et al., 2004), and with the development and 

severity of asthma (Brehm et al., 2009; Brehm et al., 2010; Freishtat et al., 2010; 

Litonjua & Weiss, 2007; Sutherland et al., 2010).  

Macrophages and mycobacterial infections 

The first description of extrarenal 1α-hydroxylase was in patients with the 

granulomatous disease, sarcoidosis. It had been noted that some patients with 

sarcoidosis had high vitamin D levels and developed hypercalcemia (Barbour et al., 

1981; Papapoulos et al., 1979). Subsequently Adams et al. (Adams et al., 1983) 

showed that alveolar macrophages (AMs) from patients with sarcoidosis converted 

25D to 1,25D whereas AMs from patients with idiopathic pulmonary fibrosis did 

not. It has since been shown that AMs from normal subjects do not constitutively 

express 1α-hydroxylase and do not convert 25D to 1,25D but can do so if activated 

with Toll-like receptor (TLR)-2/1 ligands, IFNγ or LPS (Liu et al., 2006; Reichel et 

al., 1987a; Reichel et al., 1987b). This is different from renal 1α-hydroxylase which 

is mainly regulated by mediators of calcium and bone homeostasis. Moreover 

activated macrophages lack negative feedback by 25D and 1,25D (Dusso et al., 

1997). A nonfunctional alternatively spliced form of 24-hydroxylase has been found 

in the cytoplasm of macrophages. The nonfunctional 24-hydroxylase hinders the 

access of 25D and 1,25D to the functional 24-hydroxylase and prevents 24-

hydroxylation of both forms of vitamin D (Ren et al., 2005). The lack of a negative 
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feedback system contributes to the increased serum 1,25D levels and hypercalcemia 

in patients with granulomatous diseases (Adams et al., 1983).  

Vitamin D status and potential role in risk, severity and treatment of 

Mycobacterium tuberculosis (M. tuberculosis) has been extensively studied. Niels 

Finsen demonstrated in the late 18
th

 century that ultraviolet (UV) light can be used to 

treat lupus vulgaris (tuberculosis of the skin). In the late 18
th

 century Hermann 

Brehmer built the first sanatorium for the treatment of tuberculosis (Liu, P. T. et al., 

2007a). It has been speculated that patients with tuberculosis benefitted from 

sanatoriums because of UV light exposure and increased production of vitamin D 

precursors in the skin. The first in vitro studies looking at vitamin D and M. 

tuberculosis were published in the 1980s. These studies demonstrated that adding 

1,25D to M. tuberculosis infected human monocytes and macrophages reduced the 

intracellular bacterial load (Crowle et al., 1987; Rook et al., 1986). This observation 

has been followed by a series of observational studies suggesting that individuals 

with low 25D levels are more susceptible to M. tuberculosis infection and often have 

a more severe course of disease (Gibney et al., 2008; Nnoaham & Clarke, 2008; 

Ustianowski et al., 2005; Wilkinson et al., 2000). Case-control studies have also 

found an association between VDR polymorphisms and susceptibility to tuberculosis 

(TB), in particular in individuals with low 25D levels (Bornman et al., 2004; Lewis 

et al., 2005; Roth et al., 2004; Wilkinson et al., 2000).  

Several different mechanisms have been proposed for how vitamin D increases 

antimicrobial actions of monocytes and macrophages. A multiplicity of studies have 

been published recently indicating that a vitamin D induced cathelicidin, plays a key 

role (Adams et al., 2009; Liu et al., 2006; Liu, P. T. et al., 2007b; Martineau et al., 

2007a; Martineau et al., 2007b). The cathelicidin antimicrobial peptide (CAMP) 

gene codes for the human cationic antimicrobial protein of 18 kDa (hCAP-18). 

hCAP-18 is proteolytically processed resulting in the release of the antimicrobial 

peptide LL-37 (Gombart et al., 2005; Wang et al., 2004; Weber et al., 2005). In 

addition to broad spectrum of antimicrobial activity against pathogens (Chromek et 

al., 2006; Frohm Nilsson et al., 1999; Raqib et al., 2006; Sorensen et al., 1997), LL-

37 neutralizes endotoxin (LPS) (Rosenfeld et al., 2006) and functions as a chemo 

attractant for mononuclear cells and neutrophils (Scott et al., 2002). A breakthrough 
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translational study looking at vitamin D and cathelicidin was published in Science in 

2006 and found that adequate 25D levels are required for TLR-2/1 activation (by a 

mycobacterial ligand) and subsequent 1α-hydroxylase and VDR dependent 

expression of cathelicidin in monocyte derived macrophages (Liu et al., 2006). This 

study also revealed increased killing of mycobacteria by macrophages in the 

presence of 25D. Multiple subsequent studies of monocytes support that cathelicidin 

is the key to vitamin D dependent antimicrobial mechanisms against tuberculosis 

(Adams et al., 2009; Liu, P. T. et al., 2007b; Martineau et al., 2007a). Alternative 

mechanisms that have been proposed for the effects of vitamin D include 1,25D 

induction of superoxide burst and enhancement of phagolysosome fusion both of 

which are mediated through the phosphatidylinositol 3-kinase pathway (Hmama et 

al., 2004; Sly et al., 2001). 

Human trials looking at vitamin D for prevention or treatment of tuberculosis 

(TB) have been performed. In a double blinded randomized controlled trial, 192 

healthy adult TB contacts were randomized to receive a single oral dose of vitamin D 

(2.5 mg = 100,000 IU) or placebo. Six weeks later a functional whole blood assay to 

assess growth of recombinant reporter mycobacteria in vitro (BCG-lux assay) was 

performed. IFN-γ responses to M. tuberculosis antigens were also determined. The 

investigators found that vitamin D significantly enhanced the ability of participants‟ 

whole blood to restrict growth of the reporter mycobacteria but did not affect 

antigen-stimulated IFNγ secretion (Martineau et al., 2007b). Two small randomized 

studies have looked at adding vitamin D to treatment regimens for tuberculosis and 

showed faster resolution of symptoms and earlier sputum conversion to culture 

negativity in patients given vitamin D (Morcos et al., 1998; Nursyam et al., 2006). A 

larger randomized, double blind, placebo control trial included 365 patients with TB 

starting treatment and gave 100,000 IU of vitamin D at inclusion and again 5 and 8 

months after the start of treatment. No differences were found in a clinical severity 

score (TB score), sputum conversion or 12-month mortality between patients treated 

with vitamin D or placebo (Wejse et al., 2009). Of note is that 25D levels in the two 

groups were similar when measured at 2 and 8 months suggesting that perhaps the 

dose of vitamin D used was insufficient.  
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To date there is ample evidence that vitamin D inhibits growth of mycobacteria 

in vitro. Epidemiological studies suggest that low vitamin D levels increase the 

susceptibility to and severity of tuberculosis. Clinical trials looking at vitamin D for 

the treatment of tuberculosis have provided conflicting results and it remains unclear 

whether vitamin D supplementation is beneficial. Several clinical trials are ongoing 

that are investigating the impact of vitamin D supplementation on response to 

treatment of M. tuberculosis (www.clinicaltrials.gov). 

Dendritic cells, lymphocytes and asthma 

Dendritic cells play a key role in the initiation and regulation of adaptive 

immune responses to inhaled antigens. Dendritic cells form a contiguous network 

throughout the respiratory epithelium. In the steady state, dendritic cells are 

specialized for uptake and processing of environmental antigens but lack the capacity 

for efficient antigen presentation (Holt et al., 2008). If dendritic cells sense an 

abnormal state they mature. Maturation is characterized by migration to regional 

lymph nodes, down-regulation of antigen uptake and an enhanced capacity to 

activate naïve T cells. This process of dendritic cell maturation involves changes in 

the expression of chemokine receptors and is associated with up-regulation of 

costimulatory molecules and markers of dendritic cell activation (Upham, 2003).  

Dendritic cells metabolize vitamin D precursors to active 1,25D (Fritsche et al., 

2003; Hewison et al., 2003; Sigmundsdottir et al., 2007). 1,25D generated by the 

dendritic cells themselves or exogenous 1,25D inhibits dendritic cell differentiation, 

maturation and function by decreasing the expression of MHC class II and 

costimulatory molecules, decreasing production of IL-12 (pro-inflammatory) and 

increasing secretion of IL-10 (anti-inflammatory) (D'Ambrosio et al., 1998; Mora et 

al., 2008; Penna & Adorini, 2000; Piemonti et al., 2000). By modulating dendritic 

cell activation, 1,25D alters T cell activation favoring the induction of regulatory T 

cells and leads to T cell hyporesponsiveness (Penna & Adorini, 2000; Penna et al., 

2005).  

Lymphocytes are responsible for adaptive immune responses. Vitamin D has 

indirect effects on lymphocytes via its effects on dendritic cells but also has direct 

effects on T cells and likely B cells. Activated T lymphocytes and B lymphocytes 
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have been found to express VDR and 1α-hydroxylase and to convert 25D to 1,25D 

(Bhalla et al., 1983; Chen, S. et al., 2007; Provvedini et al., 1986; Sigmundsdottir et 

al., 2007).  

Antigen-mediated activation of naïve T helper (TH) cells results in the 

generation of pluripotent TH0 lymphocytes that synthesize a broad spectrum of 

cytokines (IL-2, IL-4, IL-10 and IFNγ) (Adams & Hewison, 2008). Proliferating TH0 

lymphocytes are then able to differentiate into TH1 (IL-2, IFNγ, TNF), TH2 (IL-4, IL-

5 and IL-10) or TH17 (IL-17) lymphocytes with a more distinct cytokine profile. 

Vitamin D suppresses the production of TH1 and TH17 (Daniel et al., 2008; Lemire et 

al., 1995; Mora et al., 2008) cytokines but its effects on the production of TH2 

cytokines is less clear. Early studies suggested that 1,25D enhanced the development 

of TH2 cells (Boonstra et al., 2001) but subsequent studies indicate that 1,25D does 

not favor the TH2 phenotype (Pichler et al., 2002; Staeva-Vieira & Freedman, 2002). 

Recent studies have shown that the effects of vitamin D are complex and include 

direct effects on T helper cells and promotion of IL-10 producing T-regulatory 

lymphocytes (previously known as suppressor T cells) (Barrat et al., 2002; Penna et 

al., 2005). IL-10 is a major anti-inflammatory and immunosuppressive cytokine that 

inhibits both TH1 and TH2 immune responses (Moore et al., 2001). 

Recent studies suggest that vitamin D deficiency predisposes to asthma and 

contributes to asthma severity and steroid resistance in this disease (Brehm et al., 

2009; Brehm et al., 2010; Freishtat et al., 2010; Litonjua & Weiss, 2007; Sutherland 

et al., 2010). Impaired TReg function has been associated with the development of 

asthma and studies have found an inverse correlation between the IL-10 levels and 

the incidence and severity of asthma (Lloyd & Hawrylowicz, 2009; Xystrakis et al., 

2006). It has been postulated that lack of inhibition of dendritic cell maturation and 

lack of induction of TRegs cumulating in lower IL-10 levels is the reason why 

individuals with vitamin D deficiency have a high prevalence of asthma.  

Furthermore lower vitamin D levels appear to be associated with resistance to 

corticosteroids and increased corticosteroid use in patients with asthma (Searing et 

al., 2010; Sutherland et al., 2010). In vitro studies have shown that CD4+ T cells 

from steroid resistant asthmatics do not show steroid induction of IL-10 upon 

stimulation.  Addition of vitamin D to cultures enhanced IL-10 synthesis to levels 
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observed in cells from glucocorticoid-sensitive patients.  This in vitro steroid 

resistance was reversed by treatment with vitamin D (Xystrakis et al., 2006).  This 

data suggests that vitamin D has the potential of increasing the therapeutic response 

to glucocorticoids in patients with asthma. 

Respiratory epithelium and respiratory tract infections 

Expression of 1α-hydroxylase has been reported in epithelial cells of the skin 

(keratinocytes) (Bikle et al., 1986; Schauber et al., 2007), gut (Ogunkolade et al., 

2002; Tangpricha et al., 2001; Termen et al., 2008), breast (Kemmis et al., 2006) and 

prostate (Schwartz et al., 1998). Prior to the studies described in this thesis there 

were no published studies on vitamin D metabolism or vitamin D effects in 

respiratory epithelium. 

Seasonal variation in the incidence of communicable diseases, in particular 

respiratory tract infections, is among the oldest observations in population biology, 

dating back to ancient Greece (Lipsitch & Viboud, 2009). Several mechanisms have 

been hypothesized to explain this observation one of which is seasonal variation in 

vitamin D levels. It has been noted that the peak incidence of respiratory tract 

infections, coincides with the time of the year when there is insufficient UVB light to 

produce vitamin D, and vitamin D levels in the population are at a low (Cannell et 

al., 2006; Cannell et al., 2008). As our understanding of the role of vitamin D in 

innate immunity has increased, this hypothesis has gained increased popularity. 

Further circumstantial evidence supporting a role for vitamin D in host defense 

against respiratory infections comes from epidemiological studies that have shown 

that children with rickets are at increased risk of respiratory infections (Muhe et al., 

1997; Rehman, 1994). More recently several epidemiological studies have 

consistently found an association between low vitamin D levels and increased 

susceptibility to respiratory infections (Aloia & Li-Ng, 2007; Ginde et al., 2009b; 

Laaksi et al., 2007; Wayse et al., 2004). The largest of those studies was a secondary 

analysis of the Third National Health and Nutrition Examination Survey (NHANES-

III) (Ginde et al., 2009b). This study looked at the association between 25D levels of 

nearly 19,000 participants and self-reported upper respiratory tract infections. After 

adjusting for demographic and clinical characteristics, lower 25D levels were 

independently associated with recent respiratory tract infections. Preliminary 
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evidence also suggests an association between VDR polymorphisms and acute lower 

respiratory tract infection in children (Roth et al., 2008). A study of 56 children 

hospitalized with lower respiratory tract infection (predominantly viral bronchiolitis) 

found that the odds of infection were higher in children with the FokI ff VDR 

genotype when compared with the FokI FF genotype. 

Two randomized placebo controlled trials looking at vitamin D supplementation 

on respiratory tract infections were recently published. In the former study 162 adults 

were given 2000 IU units of vitamin D daily or placebo for 12 weeks. A 

questionnaire was administered bi-weekly to record the incidence and severity of 

upper respiratory tract infection symptoms during the winter. This study found no 

difference in the incidence or severity between the groups (Li-Ng et al., 2009). The 

reason why vitamin D supplementation was ineffective at preventing upper 

respiratory tract infections in this study may be that subjects started supplementation 

during the wintertime and not beforehand. The second randomized trial looked at the 

incidence of influenza A in school children treated with 1200 IU vitamin D daily or 

placebo. In this study, influenza A occurred in 18/167 (10.8%) of children in the 

vitamin D group compared with 31/167 (18.6) in the placebo group (relative risk 

0.58; 95% CI 0.34-0.99; P=0.04). 

More rigorously designed randomized, placebo controlled, clinical trials are 

needed to establish the role of vitamin D in preventing and/or treating respiratory 

tract infections. A trial of vitamin D supplementation for the prevention of influenza 

and other respiratory infections is ongoing (www.clinicaltrials.gov).  

The mechanism by which vitamin D may influence susceptibility and/or 

severity of viral respiratory tract infections has not been previously studied. 

Respiratory epithelium is the first line of defense during respiratory virus infection 

(Holt et al., 2008). The epithelium senses viral nucleic acids via pattern recognition 

receptors (PRR). Two families of PRR that recognize viruses have been described; 

TLRs and RNA helicases (Bowie & Unterholzner, 2008). Ligand engagement results 

in the induction of complex intracellular events that lead to the activation of latent 

transcription factors like nuclear factor-κB (NF-κB) and interferon regulatory factor-

3 (IRF-3) (Basu & Fenton, 2004; Saito & Gale, 2008; Yoneyama & Fujita, 2007) 

(Figure 3). The end result is amplification of host defense to viruses through 

http://www.clinicaltrials.gov/
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secretion of antimicrobial substances and pro-inflammatory chemokines and 

cytokines (Bartlett et al., 2008; Mayer et al., 2007).  

A central feature of the host response to viral infection in the airway is 

activation of type I interferons. Transcriptional activation of IFNβ requires assembly 

of an enhanceosome that contains several transcription factors, including both NF-κB 

and IRF-3, and binds to the IFNβ enhancer (Panne et al., 2007). IFNβ is 

subsequently released from the infected airway epithelial cells (Garofalo & Haeberle, 

2000; Holt et al., 2008) and binds to the type I IFN receptor (IFNAR) (Platanias, 

2005). IFNAR is composed of two subunits, IFNAR1 and IFNAR2, which are 

associated with the Janus activated kinases (Jak) tyrosine kinase 2 (Tyk2) and Jak1, 

respectively. Activation of Jaks that are associated with the IFNAR results in 

tyrosine phosphorylation and activation of STAT2 and STAT1. Activated STAT2 

and STAT1 associate with interferon regulatory factor-9 to form the transcriptional 

activator complex, IFN-stimulated gene factor 3 (ISG-3). ISG-3 translocates to the 
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Figure 3. Mechanism of viral infection in respiratory epithelium. Viral 

material is recognized by pattern recognition receptors (in this figure RIG-I and 

TLR-3) that are expressed by the respiratory epithelium. Stimulation of PRR 

induces a series of intra-cellular signaling cascades and activation of the 

transcription factors NF-κB and IRF-3.  

RIG-I, Retinoic-acid Inducible Gene-I; TLR, Toll Like Receptor; TRAF, TNF 

Receptor Associated Factor; IKK, IκB Kinase; TBK, TANK-Binding Kinase; 

IκB, Inhibitor-κB; NF-κB, nuclear factor-κB, IRF; Interferon Regulatory Factor; 

TF, transcription factor. 
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nucleus and binds to IFN-

stimulated response elements 

(ISREs) in promoter regions to 

initiate transcription of hundreds 

of type I interferon stimulated 

genes (ISGs) (Platanias, 2005; 

Sadler & Williams, 2008) (Figure 

4). The gene products encode 

PRRs, transcription factors that 

form an amplification loop 

resulting in increased IFN 

production, antivirals like 

myxovirus resistance A (MXA) 

and ISG-15 and chemokines like 

CXC Chemokine Ligand (CXCL-

10 = IP-10), all of which are 

important for establishment of 

host cell antiviral state. Whether 

vitamin D influences recognition 

of virus, intracellular signaling 

pathways or activation of 

transcription factors in respiratory 

epithelium is to be determined.  

Vitamin D and inflammation 

A geographic north-south gradient of inflammatory conditions such as multiple 

sclerosis, Crohn‟s disease, type-1 diabetes and asthma have been documented and it 

has been hypothesized that this is due to lower vitamin D levels at northern latitudes 

(Litonjua & Weiss, 2007; Munger et al., 2006; Ponsonby et al., 2008; Shivananda et 

al., 1996; Sonnenberg et al., 1991). It has been proposed that vitamin D dampens 

inflammation via its effects on dendritic cells and regulatory T-cells as described 

above and/or by decreasing production of inflammatory chemokines. 
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Figure 4. IFNβ signaling. IFNβ binds to its 

receptor and activates the Jak-STAT pathway. 

STAT2 and STAT1 bind to IRF-9 to form the 

transcriptional activator complex IFN-stimulated 

gene factor 3 (ISG-3). ISG-3 translocates to the 

nucleus and binds to IFN-stimulated response 

elements (ISREs) and regulates transcription of 

ISGs.  

NF-κB, nuclear factor-κB, IRF; Interferon 

Regulatory Factor; IFN, interferon; Tyk, tyrosine 

kinase; Jak, Janus activated kinase; STAT, 

Signal Transducer and Activator of 

Transcription. 
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Chemokines  

Chemokines are a family of small cytokines that are able to induce chemotaxis 

of neutrophils, mononuclear cells or lymphocytes. Chemokines play a pivotal role in 

orchestrating inflammation and have been found to be produced by an array of cells 

including epithelial cells (Strieter et al., 1996). Production of chemokines can be 

either beneficial or detrimental to the host. On one hand, inflammation is an essential 

component of host defense but, on the other hand, a too vigorous response against 

microbes or inflammation in non-infectious disorders may be deleterious to the host, 

leading to impaired organ function and potential mortality.  

Vitamin D has been shown to modulate inflammation by inhibiting production 

of inflammatory chemokines. In a mouse model of multiple sclerosis, vitamin D was 

found to reverse experimental autoimmune encephalitis by inhibiting synthesis of 

chemokines and monocyte trafficking (Pedersen et al., 2007). Similar effects were 

found by two different groups using a mouse model for diabetes. Nonobese diabetic 

mice treated with vitamin D were found to have a decrease in pancreatic islet 

chemokine expression, which was accompanied by less insulitis and inhibition of 

type 1 diabetes development (Giarratana et al., 2004; Gysemans et al., 2005). The 

mechanism by which vitamin D inhibits chemokine expression is unclear but vitamin 

D has been shown to inhibit NF-κB signaling providing a potential mechanism 

(D'Ambrosio et al., 1998; Giarratana et al., 2004; Harant et al., 1998; Riis et al., 

2004; Szeto et al., 2007; Tan et al., 2008). 

Vitamin D and nuclear factor-κB signaling 

The family of NF-κB transcriptional regulatory factors has a central role in 

coordination of multiple physiological processes including innate and adaptive 

immune responses and inflammation (Holt et al., 2008). NF-κB subunits (p50 and 

p65) are present in the cytoplasm in association with inhibitory proteins (IκBs) 

(Wietek & O'Neill, 2007). IκBs are phosphorylated by IκB kinase following cell 

stimulation, and they are targeted for destruction by the ubiquitin/proteasome 

degradation pathway (Mercurio et al., 1997). The degradation of IκB allows NF-κB 

proteins to translocate to the nucleus, bind to their DNA binding sites, and activate a 
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variety of genes, including cytokines and chemokines (Blackwell & Christman, 

1997; Li & Verma, 2002) (Figure 5).  

Keeping in mind the apparent anti-inflammatory effects of vitamin D, several 

investigators have looked at the effects of vitamin D on the NF-κB signaling 

pathway. Studies that have been performed on dendritic cells (D'Ambrosio et al., 

1998; Dong et al., 2003; Dong et al., 2005), fibroblasts (Harant et al., 1998; Sun et 

al., 2006; Szeto et al., 2007), keratinocytes (Riis et al., 2004), pancreatic islet cells 

(Giarratana et al., 2004) and kidney cells (Deb et al., 2009) indicate that vitamin D 

dampens NF-κB signaling. Several mechanisms have been proposed, including 

vitamin D induced increase in IκBα (Giarratana et al., 2004; Riis et al., 2004; Sun et 

al., 2006), and/or interference with binding of NF-κB subunits, to promoter-

regulatory areas (D'Ambrosio et al., 1998; Deb et al., 2009; Harant et al., 1998).  

Cigarette smoking and lung immunity 

Cigarette smoking markedly impacts the immune system, compromising the 

host‟s ability to mount appropriate immune and inflammatory responses and 

contributing to smoking-related pathologies. Adverse effects of smoking on the 

immune system can manifest as pathologies such as increased incidence of 
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Figure 5. NF-κB signaling. Cell stimulation results in activation of kinases and 

phosphorylation of IκBα which is then ubiquinated and degraded. NF-κB 

subunits then translocate to the nucleus and alter transcription of NF-κB target 

genes. TF: Transcription factor. 
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respiratory tract infections, increased incidence and/or severity of inflammatory lung 

diseases or lung cancer (Stampfli & Anderson, 2009). 

Smoking and respiratory infections 

Epidemiological studies have found an association between smoking and 

increased risk of upper and lower respiratory tract infections (Arcavi & Benowitz, 

2004). Smokers are at greater risk of acquiring symptomatic common colds than are 

non-smokers and smokers have greater infection rates and disease severity during 

influenza epidemics (Cohen et al., 1993; Kark et al., 1982). The studies performed to 

date in animals have shown variable effects of cigarette smoke on viral infections. 

Two studies in mice have shown more severe inflammation in mice exposed to 

smoke when infected with influenza and one showed impairment of resolution of the 

viral infection, whereas the other one did not (Gualano et al., 2008; Robbins et al., 

2006). In another study, the combination of acrolein and carbon black (components 

of cigarette smoke) impaired elimination of influenza.  

Smoking, lung inflammation and obstructive lung diseases 

Cigarette smoke is the major cause of chronic obstructive pulmonary disease 

(COPD), which is characterized by airflow limitation that is not fully reversible. The 

airflow limitation is progressive and associated with an abnormal inflammatory 

response. In addition to slow progressive loss of lung function, patients with COPD 

have acute exacerbations that lead to a faster decline in forced expiratory volume in 

1 second (FEV1). Exacerbations are most often triggered by viral or bacterial 

infection (Papi et al., 2006). Epidemiological studies in healthy subjects and patients 

with COPD have suggested a dose dependent association between serum 25D levels 

and lung function (FVC and FEV1) (Black & Scragg, 2005; Janssens et al., 2010). 

Vitamin D deficiency is highly prevalent in COPD and correlates with the severity of 

COPD (Janssens et al., 2010). In line with new insights into the immunomodulatory 

effects of vitamin D, including anti-inflammatory and possibly anti-microbial effects, 

it has been postulated that vitamin D may affect the pathogenesis of COPD (Janssens 

et al., 2009). Other obstructive inflammatory lung diseases like asthma and cystic 

fibrosis are not caused by smoking but exacerbated by smoking (Vlahos et al., 2006).  
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How does cigarette smoking alter lung immunity? 

The specific mechanisms for the effects of cigarette smoke on respiratory 

infections and inflammation have been evaluated but remain largely unknown. It is 

unclear for example whether the increased risk of infection is due to increased 

susceptibility to microbial agents, an inability to clear infections or exaggerated pro-

inflammatory response. Cigarette smoke has been shown to have significant effects 

on respiratory epithelium and alveolar macrophages. Smoke directly compromises 

the integrity and permeability of the respiratory epithelium and impairs mucociliary 

clearance (Dye & Adler, 1994; Jones et al., 1980). Although cigarette smoke has 

been shown to activate epithelial cells to produce pro-inflammatory mediators, it 

attenuates the in vitro production of pro-inflammatory mediators following 

stimulation with LPS or double-stranded RNA (Stampfli & Anderson, 2009). 

Compared
 
with non-smokers, asymptomatic smokers have an increased numbers

 
of 

alveolar macrophages (AM), lower percentages of lymphocytes and usually
 

increased percentages of neutrophils and/or eosinophils in bronchoalveolar lavage 

fluid (Balbi et al., 2007). Cigarette smoking not only increases the number of AMs 

but also activates them to produce inflammatory mediators, reactive oxygen species 

and proteolytic enzymes (Stampfli & Anderson, 2009). Cigarette smoke 

compromises the ability of AMs to phagocytose bacteria and to sense pathogens 

(Berenson et al., 2006; Hodge et al., 2007). 

Smokers have been found to have higher levels of pro-inflammatory chemokines 

in their airways (Costa et al., 2008; Fuke et al., 2004; Saetta et al., 2002) and 

smoking cessation in “normal” (non COPD) smokers is associated with reduction in 

respiratory tract inflammation (Skold et al., 1992; Swan et al., 1992). Several studies 

have shown that cigarette smoke induces NF-κB thereby providing a potential 

cellular mechanism for higher levels of chemokines and exacerbated inflammatory 

response (Anto et al., 2002; Castro et al., 2008; Vlahos et al., 2006; Yang et al., 

2006). Inhibition of chemokine receptors has been shown to attenuate cigarette 

smoke induced inflammation in mouse models (Bracke et al., 2006; Thatcher et al., 

2005).  
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Cigarette smoking and vitamin D 

As inferred in the discussion above smoking and vitamin D appear to have 

opposite effects on host defense and inflammation within the lungs. Cigarette smoke 

is pro-inflammatory and impairs host defense while vitamin D has anti-inflammatory 

effects and enhances host defense mechanisms. Epidemiological studies suggest that 

smokers have lower levels of vitamin D than non-smokers (Brot et al., 1999; Jorde et 

al., 2005; Need et al., 2002). Possible explanations might be that smokers have a 

lower intake of vitamin D, spend less time outside or, perhaps, have differences in 

vitamin D metabolism. Smoking is a well-established risk factor for low bone 

density and osteoporosis. It is not known how smoking leads to low bone density but 

one of the hypotheses is that this is due to lower vitamin D levels in smokers 

(Biskobing, 2002; Ohara et al., 2008). The effect of cigarette smoke on vitamin D 

metabolism in respiratory epithelium has never been studied.  

Cigarette smoking and autophagy 

Autophagy is a cellular process that captures and recycles damaged cytoplasmic 

organelles or protein aggregates through a lysosomal pathway (Klionsky & Emr, 

2000). Phagocytosis and delivery of pathogens to the lysosome have also been 

shown to involve the autophagy process (Travassos et al.). The autophagic pathway 

consists of several distinct steps: i) formation of an isolation membrane; ii) formation 

of an autophagosome with encapsulated cargo; iii) fusion of the autophagosome to 

the lysosome; and iv) degradative phase with the digestion of lysosomal contents 

(Ryter & Choi, 2010) (Figure 6). By reducing endogenous macromolecules to their 

basic components (i.e., amino acids and lipids) autophagy provides a endogenous 

mechanism for prolonging survival during starvation (Levine & Klionsky, 2004). 

Due to its homeostatic role in basal conditions, and its rapid induction by stress, 

autophagy likely provides a protective mechanism to maintain cell function during 

severe toxicant challenge (Ryter & Choi, 2010). Autophagic dysfunction has been 

associated with cancer, neurodegeneration and microbial infections and ageing 

(Levine & Kroemer, 2008; Mizushima et al., 2008). 
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Within the lungs autophagy may represent a general inducible adaptive response 

to injury resulting from hypoxia, oxidants, inflammation, endoplasmic reticulum 

stress, or cigarette smoke (Ryter & Choi, 2010). The beneficial role of autophagy 

under stress is associated with turnover of damaged cellular organelles and protein, 

and recycling of vital metabolic building blocks. In this regard autophagy is 

considered a survival mechanism. On the other hand, excessive autophagy may be 

associated with aberrant degradation of intracellular constituents, leading to 

autophagic cell death or to apoptotic cell death (Ryter & Choi, 2010). Recent studies 

have shown up-regulation of autophagy in lung epithelial cells exposed to cigarette 

smoke extract and in mouse lungs exposed to chronic cigarette smoke (Chen et al., 

2008; Kim et al., 2008). Lastly, increased autophagy was recently described in 

clinical specimens from lungs of patients with COPD relative to normal tissue (Chen 

et al., 2008). As discussed earlier alveolar macrophages play a major role in lung 

innate immune responses and they are the major phagocytic cell type in the lungs. 

The effect of smoking on autophagy in alveolar macrophages has not been 

previously studied.  
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Figure 6. The autophagy pathway. Autophagosomes form with incorporation of 

organelles or proteins to be degraded into an isolation membrane. This is followed 

by fusion with lysosome and formation of autophago-lysosomes and digestion of 

encapsulated material.  
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Aims of the present investigations 

The lungs are continuously exposed to potential pathogens and environmental 

antigens but only rarely do they become infected or inflamed. The innate immune 

system plays a major role in maintaining immunological homeostasis in the lungs by 

rapidly recognizing and responding to potential pathogens. Respiratory epithelium 

and alveolar macrophages are key players in lung innate immunity. 

Vitamin D has extensive immunomodulatory effects and epidemiological studies 

have found an association between low serum vitamin D levels and respiratory 

infections and inflammatory lung diseases like asthma and possibly COPD. Cigarette 

smoking adversely affects lung health and predisposes smokers to a variety of lung 

diseases at least in part because of detrimental effects on lung innate immunity. 

The primary goal of this thesis is to examine the role of vitamin D in lung 

immunity and inflammation. The secondary goal of this thesis is to investigate the 

effects of cigarette smoke on lung immunity.  

The aims of this investigation are the following: 

1. To determine whether respiratory epithelial cells can convert inactive vitamin 

D to active vitamin D, creating a localized vitamin D environment.  

2. To investigate the effects of 1,25-vitamin D on vitamin D regulated genes 

that play a role in lung host defense in respiratory epithelial cells 

3. To determine whether pathogens alter vitamin D metabolism in respiratory 

epithelial cells 

4. To delineate a mechanism by which vitamin D may decrease the incidence of 

and/or severity of viral respiratory tract infections 

5. To look at the effects of cigarette smoking on lung innate immunity 

o Determine if cigarette smoke alters vitamin D metabolism in 

respiratory epithelial cells 

o Evaluate the effect of cigarette smoke on autophagy in alveolar 

macrophages 
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Materials and Methods 

Cells 

Human tracheobronchial epithelial cells  

Epithelial cells were isolated from tracheal and bronchial mucosa by enzymatic 

dissociation and cultured in Laboratory of Human Carcinogenesis (LHC)-8e medium 

on plates coated with collagen/albumin for study up to passage 10 as described 

previously (Aldallal et al., 2002). The tracheobronchial epithelial cells were obtained 

from the University of Iowa Cell and Culture Core. All experiments were done with 

cells from at least three different donors.  

Human alveolar macrophages 

Alveolar macrophages were obtained from bronchoalveolar fluid from normal non-

smoking volunteers or from smokers (> 10 pack year history (a pack year is defined 

as 1 pack per day for one year or ~1300 cigarettes)), as previously described 

(Monick et al., 1999). Both non-smokers and smokers were free of any underlying 

disease. Alveolar macrophages were cultured in RPMI 1640 media with added 

gentamycin. All cell preparations had between 90-100% alveolar
 
macrophages.  

Cell lines 

 A549 cells; human, epithelial alveolar cancer cell line. 

 Vero cells; monkey, epithelial kidney cell line. 

 Raw 264.7 cells; mouse, leukemic monocyte/macrophage cell line. 

 Hela cells; human, epithelial cervical cancer cell line. 

All cells were obtained from American Type Culture Collection (ATCC) and 

cultured using standard cell culture methods. 

Mice 

Homozygous vitamin D receptor (VDR) knockout mice were purchased from the 

Jackson laboratories (B6.129S4-Vdr
tm1Mbd

/J). Wild-types from the colony were used 

as control. All mice received “rescue diet” for mice lacking a functional VDR (20% 

Lactose, 2.0% Ca and 1.25% P from Harlan Laboratories). Mice were anesthetized 

with isoflurane
 
and infected with 2.1 x 10

6
 PFU of the A2 strain of RSV

 
intranasally. 
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Measurement of mouse airway resistance and morbidity 

Enhanced pause (Penh) was measured using a whole-body plethysmograph
 
(Buxco 

Electronics, Sharon, CT). Weight and Penh values were recorded daily
 
prior to and 

following infection with RSV. Breathing patterns
 
were recorded for 5 min per mouse 

to obtain an average Penh
 
value.  

Toll like receptor-ligands 

Synthetic TLR-ligands 

Lipoarabinomannan from mycobacterium smegmatis (LAM-MS) and the synthetic 

lipoproteins, Pam3CSK4 and FSL-1, and poly(I:C) all came from InvivoGen. 

Respiratory syncytial virus 

For infection of cultured cells, cells at 80% confluency were treated with human 

RSV strain A2. Viral stocks were obtained from Advanced Biotechnologies Inc 

(Columbia, MD). The initial stock (1x10
7.33

 TCID50/ml) was kept frozen at -93
o
C. 

The virus was never refrozen. GFP-RSV was a kind gift from Dr. Varga (University 

of Iowa). 

Plaque Assay 

Viral titers of hTBE RSV-infected cells were measured by standard
 
plaque assay as 

previously described (Olson et al., 2008). 

Cigarette smoke extract 

Cigarette smoke extract (CSE) was prepared as previously described (Blue & Janoff, 

1978; Nyunoya et al., 2006; Nyunoya et al., 2009). CSE was made using LHC-8e 

medium and Kentucky standard cigarettes. The resulting solution was designated a 

100% CSE solution and was used immediately after generation.  

Quantitative determination of 1,25-dihydroxy-vitamin D 

1,25D was quantified using an Enzyme immunoassay kit for 1,25-Dihydroxy- 

Vitamin D (Immunodiagnostic Systems LTS (IDS), according to the manufacturer‟s 

instructions.  
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RNA analysis by qRT-PCR 

Total RNA was isolated using either the Absolutely RNA real-time PCR Miniprep 

kit (Stratagene) or the RNAqueous-4PCR Kit (Ambion) following the 

manufacturer‟s instructions. RNA quality and quantity was assessed with an 

Experion Automated Electrophoresis System (BioRad). Total RNA (300 ng -1 µg) 

was reverse-transcribed to cDNA. PCR reactions were performed using 2 μl cDNA 

and 48 μl master mix containing iQ SYBR Green Supermix (Bio-Rad), 15 pmol of 

forward primer and 15 pmol of reverse primer. Specificity of the amplification was 

confirmed using melting
 
curve analysis. Data was collected and recorded by MyiQ 

Optical System Software and expressed as a function of threshold
 
cycle (Ct). The

 

gene-specific Cts of each sample were then corrected by subtracting
 
the Ct for the 

house keeping gene HPRT ( Ct). Untreated controls were chosen as
 
the reference 

samples, and the  Ct s for all experimental samples
 
were subtracted from the  Ct 

for the control samples. Finally,
 
the sample mRNA abundance was calculated by the 

formula 2
-(ΔΔCt)

. Gene specific primers were custom-synthesized and purchased from 

Integrated DNA Technologies (Iowa City, IA) based on design using gene-specific 

nucleotide sequences from the National Center
 
for Biotechnology Information 

sequence databases and PrimerQuest web interface (Integrated DNA Technologies). 

RNA interference 

Control siRNA or target-specific 19-25 nucleotide siRNA designed to knock down 

VDR gene expression (Santa Cruz) was transfected into hTBE cells at a final 

concentration of 50 nM using Lipofectamine 2000 (Invitrogen). Transfection 

mixtures were assembled as previously described (Manzel et al., 2009). Cells were 

incubated with 200 μl of transfection mixture and 2 ml of antibiotic-free medium for 

16-18 h. Transfection efficiency was assessed using a fluorescent control siRNA 

(Santa Cruz). Knock down of VDR was confirmed with Western Blotting.  

Protein isolation and analysis 

Protein isolation 

Whole cell protein extracts were prepared by lysis of cell monolayers in 200 l of 

lysis buffer, a protease inhibitor cocktail, and a phosphatase inhibitor cocktail. The 
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lysates were sonicated for 20 s and kept at 4
 
ºC for 30 min. After a 5 min 

centrifugation the supernatant was saved as whole cell lysate. 

Cytosolic and nuclear protein extracts were prepared by lysis of cells in 400 l of 

lysis buffer. The lysates were incubated on ice for 15 min, 25 μl of 10% Nonidet P-

40 was added, and mixed vigorously. After a 30 s centrifugation the supernatant was 

saved as the cytosolic fraction. The pelleted nuclei were resuspended in 50 μl of 

extraction buffer and incubated on ice for 20 min. After a 5 min centrifugation the 

supernatant was saved as nuclear fraction. Protein quantifications were made using a 

protein measurement kit from BioRad. Extracts were stored at -70 ºC. 

Western analysis 

Western analysis was performed as previously described (Aldallal et al., 2002). 

Briefly, protein (25-30 μg of whole cell or 8-15 μg nuclear) was mixed 1:1 with 2x 

sample buffer, loaded onto a 12% or 15% (ISG15) SDS-PAGE gel, and run at 120-

150V for 60-90 min. Cell proteins were transferred to Immuno-Blot PVDF 

membrane (BioRad) with a Bio-Rad semidry transfer system. The PVDF was then 

incubated with primary antibody in 5% milk in TTBS overnight. The blots were 

washed with TTBS and incubated for 1 h with horseradish-peroxidase (HRP) 

conjugated secondary anti-IgG antibody. The blots were washed again with TTBS, 

and immunoreactive bands were developed using a chemiluminescent substrate 

(ECL or ECL+). An autoradiograph was obtained. Equal loading of proteins was 

confirmed.  

Primary antibodies were obtained as follows. Cyp24A1, HDAC2, IκBα, p65, total 

STAT1, VDR and HRP-conjugated antibodies were all from Santa Cruz 

Biotechnology.  The IRF-3, LC3b, Phospho STAT1 tyrosine-701, phospho STAT1 

serine-727 and ubiquitin antibodies came from Cell Signaling. The MxA antibody 

from BacLab and ISG-15 from R&D systems. The RSV all antigens came from 

Biodesign International. The LL-37/CAP18 antibody was obtained from Hycult 

Biotechnology. The β-Actin was from Sigma-Aldrich. 
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Secreted proteins 

After
 
designated times in culture, supernatants were collected and frozen at

 
–70°C. 

Concentrations of secreted proteins (except LL-37) were determined using DuoSet 

ELISA kits from R&D
 
systems following the manufacturer‟s protocol. LL-37 in 

supernatants was analyzed using an Immuno Dot Blot Kit (Phoenix Pharmaceuticals 

Inc, Burlingame CA) according to the manufactures protocol.  

NF-κB pathway inhibition 

Inhibition of NF-κB signaling was accomplished by infecting hTBE cells with a 

recombinant adenoviral vector that expresses a dominant-negative mutant form (non-

degradable) of IκBα or the control vector BglII, as previously described (Chin et al., 

2005). Briefly hTBE cells were infected with adenovirus vector (MOI 10) for 2 

hours followed by change of media. Treatments under investigation were started 24 

hours after initial exposure to the adenovirus vector. An adenovirus vector 

expressing GFP was used to assess the level of epithelial cell transgene expression. 

The adenovirus vectors were purchased from the University of Iowa Gene Transfer 

Vector Core. 

Transfections 

Primary human alveolar macrophages were transfected with LC3-GFP vector and 

poly Q80-luciferase vector using Invitrogen‟s Neon.  

Autophagosome sizing 

Autophagosome size in alveolar macrophages from non-smokers and smokers was 

evaluated with transmission electron microscopy (TEM). This was done at the 

central microscopy core at the University of Iowa. TEM images were obtained 

through the center of cells. Identical magnification was used for all images. Double-

walled vesicles from each individual were analyzed using Image J software.  

Statistical analysis 

When two groups were compared, we used two tailed Student‟s t test. To compare 

three or more groups we used analysis of variance (ANOVA) followed by 

Bonferroni‟s method to control for multiple comparisons. When treatments were 
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being compared with control but not each other Dunnett‟s test was used to correct for 

multiple comparisons. Data is presented as mean +/- SEM. P value of <0.05 was 

considered statistically significant. These methods were performed using GraphPad 

Prizm 5 for Windows (GraphPad Software, San Diego, CA).  
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Results 

Vitamin D metabolism in the lungs (paper I and unpublished data) 

Vitamin D has extensive immunomodulatory effects which are attributed at least 

partially to conversion of 25D to 1,25D by 1α-hydroxylase locally in tissues. 

Expression of 1α-hydroxylase has been reported in epithelial cells of the skin 

(keratinocytes) (Bikle et al., 1986; Schauber et al., 2007), gut (Ogunkolade et al., 

2002; Tangpricha et al., 2001), breast (Kemmis et al., 2006) and prostate (Schwartz 

et al., 1998). Within the lungs activated alveolar macrophages have been shown to 

express 1α-hydroxylase and convert 25D to 1,25D. Vitamin D metabolism in 

respiratory epithelial cells has not been previously studied.  

 Hypothesis: Respiratory epithelial cells have the enzymatic machinery 

required to activate vitamin D and are able to convert inactive 25D to its 

active form, 1,25D  

Expression of hydroxylases 

1α-hydroxylase (activating enzyme) catalyzes the final and rate limiting step in 

the generation of active vitamin D (1,25D). 24-hydroxylase (inactivating enzyme) 

hydroxylases 25D and 1,25D making them water soluble and facilitating excretion 

from the body. Expression of the 24-hydroxylase gene is strongly down regulated by 

1,25D, creating a negative feedback loop. Relative expression of 1α-hydroxylase and 

24-hydroxylase determines vitamin D levels in tissues.  

To test our hypothesis we first looked at mRNA expression of 1α-hydroxylase 

and 24-hydroxylase in primary human tracheobronchial epithelial (hTBE) cells, 

A549 cells (a human alveolar basal carcinoma epithelial cell line) and in primary 

human alveolar macrophages (AMs). hTBE cells express relatively high levels of 

mRNA coding for the activating enzyme but very low levels of mRNA coding for 

the inactivating enzyme at baseline (Figure 7), indicating that they may be “primed” 

to activate vitamin D. Interestingly we found the opposite to be true for the cancer 

cell line, A549 cells, which expressed high mRNA levels of 24-hydroxylase and low 

levels of 1α-hydroxylase (paper I). Non-stimulated AM had slightly lower baseline 
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mRNA expression of 1α-hydroxylase than hTBE cells and no 24-hydroxylase 

mRNA was detected (Figure 7).  

Conversion of 25D to 1,25D 

We then looked at whether the hydroxylase mRNA expression profile translated 

into conversion of 25D to active 1,25D in hTBE‟s. hTBE‟s were treated with 

increasing amounts of inactive vitamin D (25D) and levels of active vitamin D 

(1,25D) in supernatants were measured 24 hours later. Consistent with mRNA 

expression levels of hydroxylases, hTBE‟s converted 25D to 1,25D (Figure 8). 

When A549 cells were treated with 25D (10
-7

 M) for 24 hours there was no 1,25D 

detected in the supernatants (data not shown).  

 
Figure 7. Baseline expression of hydroxylases. Hydroxylase mRNA was 

quantified in hTBE cells, human AMs and A549 cells.  

Cyp27B1, 1α-hydroxylase; Cyp24A1, 24-hydroxylase. 

 
Figure 8. hTBE cells constitutively convert 25D to 1,25D. hTBE cells were 

treated with increasing doses of 25D and 1,25D measured in supernatants 24 hours 

later. 
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Lastly we looked at baseline vitamin D conversion in freshly isolated human 

alveolar macrophages from 5 healthy volunteers. We found that alveolar 

macrophages from one of the five donors did constitutively convert 25D to 1,25D. 

The level of 1,25D in the supernatant from alveolar macrophages from this 

individual was three times lower than the 1,25D levels in supernatants from 

respiratory epithelial cells (data not shown). 

Autocrine effects of 1,25D generated by hTBE cells (paper I) 

Vitamin D regulates expression of hundreds of genes by binding to VDR which 

subsequently heterodimerizes to RXR and translocates to the nucleus where it binds 

to the promoter areas of target genes. Among the target genes are genes that play a 

role in innate immunity.   

 Hypothesis: 1,25D generated by hTBE‟s alters expression of vitamin D 

regulated genes in an autocrine fashion  

To test our hypothesis we chose to look at the prototypic and most investigated 

vitamin D regulated gene, Cyp24A1, which codes for the enzyme 24-hydroxylase. 

Because of our interest in the effects of vitamin D on innate immunity we also 

looked at two genes with a well-established role in innate immunity i.e. CAMP and 

CD14. CAMP codes for the protein hCAP-18 which is proteolytically cleaved into 

the antimicrobial peptide LL-37 (Gombart et al., 2005; Wang et al., 2004; Weber et 

al., 2005).  LL-37 has a broad spectrum of antimicrobial activity against bacteria 

(including mycobacteria), fungi and viral pathogens (Frohm Nilsson et al., 1999; 

Sorensen et al., 1997). In addition LL-37 has been shown to neutralize endotoxin 

(LPS) (Rosenfeld et al., 2006) and be a chemoattractant for mononuclear cells and 

neutrophils (Scott et al., 2002). CD14 is a glycoprotein that can be either membrane 

bound (mCD14) or soluble (sCD14). CD14 is an important cofactor in the 

recognition of LPS from Gram negative bacteria (Hailman et al., 1994; Haziot et al., 

1993; Wright et al., 1990) and lipoteichoic acid (LTA) from Gram positive bacteria 

(Cleveland et al., 1996; Dessing et al., 2008; Schroder et al., 2003) via TLR-4 and 

TLR-2 respectively. CD14 has also been shown to enhance dsRNA mediated TLR-3 

activation (Lee et al., 2006).  



 

50 

 

hTBE cells were treated with either 1,25D or 25D for 24 hours followed by 

quantification of mRNA and protein levels of the selected vitamin D regulated genes. 

A significant increase in mRNA and protein levels were found for all 3 vitamin D 

regulated genes evaluated with either the active or the inactive form of vitamin D 

(paper I) (Figure 9). This supports our hypothesis that airway epithelium can convert 

inactive to active vitamin D, altering gene expression in an autocrine fashion.  

 

 

 
 

Figure 9. 1,25D generated by hTBE cells alters expression of vitamin D 

regulated genes. hTBE cells were treated with  nothing (control), 25D (10
-7

 

M) or exogenous 1,25D (10
-7

 M) for 24 hours and mRNA and protein levels 

of known vitamin D regulated genes assessed.  

Cyp24A1, 24 hydroxylase; CAMP, cathelicidin antimicrobial peptide; 

hCAP, human cationic antimicrobial protein. 
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Inhibiting 1α-hydroxylase with itraconazole decreases conversion of 25D to 

1,25D and attenuates up-regulation of vitamin D-regulated genes. 

In order to further establish that 1α-hydroxylase metabolizes 25D to 1,25D in 

hTBE cells we introduced a chemical inhibitor of this enzyme, itraconazole, into our 

system.  Pretreating hTBE‟s with itraconazole significantly reduced their ability to 

convert 25D to 1,25D (Figure 10).  We also looked at the effects of itraconazole on 

the induction of vitamin D regulated genes by 25D. We found that in the presence of 

itraconazole there was less induction CAMP, Cyp24 and CD14 by 25D (Figure 10).  

These results illustrate that in the presence of itraconazole less 25D is being 

converted to 1,25D resulting in less induction of vitamin D driven genes.  These 

findings further support that hTBE cells express a functional form of 1α-hydroxylase 

and that the 1,25-vitamin D generated influences expression of vitamin D regulated 

genes. 

 

 
Figure 10. Itraconazole, a chemical inhibitor of Cyp27B1 (1α-hydroxylase), 

reduces conversion of 25D3 to 1,25D3 and attenuates up-regulation of vitamin 

D regulated genes.  hTBE cells were treated with 25D (10
-7 

M) for 24 hours with 

or without pretreatment with itraconazole (10
-6  

M) for 2 hours.  1,25D was 

measured in supernatants.  mRNA levels of vitamin D regulated genes were 

measured using quantitative Real-time PCR.   

Cyp24A1, 24 hydroxylase; CAMP, cathelicidin antimicrobial peptide. 
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The effects of TLR-ligands on vitamin D conversion by respiratory epithelial 

cells (paper I) 

Several recent studies have looked at the effects of TLR-ligands on the 

expression of 1α-hydroxylase and vitamin D metabolism. Liu et al. found that 

activation of TLR-2/1 by a mycobacterial ligand induces the expression of 1α-

hydroxylase and triggers up-regulation of LL-37 in monocyte derived macrophages 

(Liu et al., 2006). Subsequently Schauber et al. showed that TLR-2/6 ligands lead to 

activation of vitamin D and up-regulation of LL-37 in keratinocytes (Schauber et al., 

2007).  

 Hypothesis: TLR-ligands influence vitamin D metabolism in hTBE cells 

To test this hypothesis hTBE cells were treated with the following TLR-2 

ligands; 1) Lipoarabinomannan from M. smegmatis (LAM-MS). Lipoarabino-

mannans are lipoglycans found in mycobacterial cell wall. 2) Pam3CSK4, a synthetic 

triacylated lipopeptide (LP) that mimics the acylated amino terminus of bacterial 

LPs. Pam3CSK4 is recognized by the interaction between TLR-2 and TLR-1. 3) 

FSL-1, a synthetic lipoprotein (LP) derived from Mycoplasma salivarium. 

Mycoplasmal LPs, contain a diacylated cysteine residue (whereas bacterial LP 

contains a triacylated one). FSL-1 is recognized by TLR-2 and TLR-6. 

We found that, unlike what has been shown in monocytes, macrophages and 

keratinocytes; none of those TLR-2 ligands influenced the expression of 1α-

hydroxylase in respiratory epithelial cells. As we were interested in the role of 

vitamin D in host defense against viruses we went on to investigate the effects of 

viral material on the expression of 1α-hydroxylase and vitamin D conversion in 

respiratory epithelial cells. To look at this we treated respiratory epithelial cells with 

poly(I:C) or infected it with respiratory syncytial virus for 24 hours and looked at 

mRNA expression of 1α-hydroxylase and vitamin D conversion in supernatants. 

Poly(I:C) is a synthetic analog of dsRNA, a molecular pattern associated with viral 

infection and produced by most viruses at some point during their replication. RSV 

is a single stranded RNA virus that is a major respiratory pathogen and preferably 

infects respiratory epithelium. Unlike the TLR-2 ligands, we found that poly(I:C) 
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and RSV significantly increased the expression of 1α-hydroxylase and the 

conversion of 25D to 1,25D in respiratory epithelial cells (paper I) (Figure 11).  

Summary of vitamin D metabolism in respiratory epithelial cells and effects on 

vitamin D regulated genes: Respiratory epithelial cells expresses the enzyme 1α-

hydroxylase and constitutively converts 25D to 1,25D. More 1,25D is generated by 

virally infected cells. The 1,25D generated has autocrine effects and alters expression 

of vitamin D regulated genes, including genes that play an important role in innate 

immunity. Vitamin D has the potential of enhancing host defense in the lungs.  

Vitamin D modulates airway epithelial responses to RSV infection (papers I and 

II)  

Respiratory epithelium actively participates in innate immunity and is the first 

line of defense against viral respiratory infections. Respiratory epithelium expresses 

PRRs which recognize viral RNA. Ligand engagement results in complex 

intracellular events that lead to the activation of latent transcription factors like 

nuclear factor κB (NF-κB) and interferon regulatory factor-3 (IRF-3) (Basu & 

Fenton, 2004; Saito & Gale, 2008; Yoneyama & Fujita, 2007) (Figure 3). The end 

result is transcription of genes for a variety of effector molecules, including 

antimicrobials, type I interferons and proinflammatory cytokines and chemokines 

(Bartlett et al., 2008) (Figure 12).  

 
 

Figure 11. Poly(I:C) and RSV increase expression of Cyp27B1 (1α-hydroxylase) 

and conversion of 25D to 1,25D. hTBE cells were treated with nothing (control), 

Poly(I:C) (20 μg/ml) or RSV (MOI=1) for 24 hours followed by quantification of 

Cyp27B1 mRNA. In the second graph hTBE cells were treated as above but with the 

addition of 25D (10
-7

 M) to all groups and 1,25D was measured in supernatants 24 

hours later.  

Cyp27B1, 1α-hydroxylase. 
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Keeping in mind the extensive immuno-

modulatory effects of vitamin D that have been 

previously described we hypothesized: 

 Hypothesis: Vitamin D modulates virally 

induced expression of antiviral effector 

molecules in respiratory epithelial cells 

To test this hypothesis we infected hTBE cells 

with RSV in the presence or absence of 1,25D and 

looked at the expression of antimicrobial peptides 

(CAMP), chemokines (CXCL-10) and cytokines 

(IFNβ signaling). We found that vitamin D 

enhanced the expression of CAMP but dampened 

the expression of CXCL-10 in RSV infected hTBE 

cells (papers I and II) (Figure 13).  

IFNβ is essential to host defense against viruses. Briefly IFNβ binding to its 

receptor results in activation of STAT2 and STAT1 which then associate with 

interferon regulatory factor-9 to form the transcriptional activator complex ISG-3. 

ISG-3 translocates to the nucleus and bind to ISREs and initiate transcription of ISGs 

(Platanias, 2005; Sadler & Williams, 2008) (Figure 4). To evaluate the effects of 

 
 

Figure 12. Respiratory 

epithelium actively 

participates in innate 

immunity. Epithelial cells 

recognize viruses and 

respond by secreting 

antimicrobial peptides, 

interferons and chemokines. 

 
 

Figure 13. Vitamin D modulates expression of antimicrobial peptides and 

chemokines following RSV infection.  hTBE cells were pretreated with nothing 

(control), 25D (10
-7

 M) or 1,25D (10
-7

 M)  for 16-18 hours and then infected with 

RSV (MOI 1-2) for 24 hours followed by quantification of CAMP mRNA and 

CXCL-10 mRNA and protein.  

CAMP, cathelicidin antimicrobial peptide; CXCL, CXC chemokine ligand. 
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vitamin D on IFNβ signaling, we infected hTBE cells with RSV and looked at IFNβ 

mRNA, STAT activation and expression of selected ISGs (MXA and ISG15). We 

found that vitamin D dampened RSV induction of IFNβ and decreased STAT 

activation and subsequent expression and secretion of ISGs (Figure 14). It should be 

noted that the chemokine CXCL-10 is also an ISG and that suppression of CXCL-10 

(Figure 13) is more pronounced than of the other two ISG‟s studied. We also 

evaluated the effects of vitamin D on IFNβ signaling when induced by IFNβ itself. 

We found that in that setting vitamin D had no effects on STAT1 activation or 

expression of MXA and ISG15 indicating that the effects of vitamin D are occurring 

upstream of IFNβ (paper II). 

 

 
 

Figure 14.  Vitamin D modulates the expression of IFNβ and IFNβ signaling 

following RSV infection.  hTBE cells were pretreated with nothing (control) or 

1,25D (10
-7

 M)  for 16-18 hours followed by infection with RSV (MOI 1-2) for 24 

hours.  IFNβ mRNA, STAT activation (phosphorylation and nuclear translocation) 

and the interferon stimulated compounds MxA and ISG15 were evaluated.  

IFN, interferon; STAT, signal transducer and activator of transcription; HDAC, 

histone deacetylase; MxA, myxovirus resistance A ; ISG, interferon stimulated gene. 
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Vitamin D alters nuclear factor-κB signaling in respiratory epithelial cells 

(paper II) 

Recognition of a virus triggers a series of intracellular events that cumulate in 

the activation of two key transcription factors, NF-κB and IRF-3 (Basu & Fenton, 

2004; Saito & Gale, 2008; Yoneyama & Fujita, 2007) (Figure 3). The promotor 

region of IFNβ has both NF-κB and IRF-3 sites. Having established that the effects 

of vitamin D are occurring upstream of IFNβ and considering that other investigators 

have shown that vitamin D can inhibit NF-κB signaling we hypothesized: 

 Hypothesis: Vitamin D inhibits NF-κB signaling 

To test this hypothesis we looked at the effects of vitamin D on the expression 

of IκBα, an inhibitory protein that binds NF-κB subunits in the cytoplasm and has 

been shown in other systems to be induced by vitamin D. We found that vitamin D 

increases expression of IκBα in a dose-dependent manner (Figure 15). We then 

overexpressed IκBα with an adenovirus vector and the overexpression mimicked the 

effects of vitamin D on IFNβ, CXCL-10, MXA and ISG15 (Figure 15). Vitamin D 

did not decrease RSV induced IRF-3 activation (paper II). 

Silencing the VDR abolishes vitamin D effects on airway epithelial responses to 

RSV (paper II) 

The biological effects of vitamin D are achieved through regulation of gene 

expression mediated by VDR (Baker et al., 1988). To further establish that our 

findings were due to 1,25D we next silenced the VDR and looked again at the effects 

of vitamin D on IFNβ, CXCL-10, MXA and ISG15 in the setting of RSV infection. 

hTBE cells were transfected with control siRNA or VDR siRNA. Successful 

knockdown of the VDR was confirmed by Western blot analysis (Figure 16A). 

hTBE cells were subsequently pretreated with 1,25D and then infected with RSV 

(MOI=1-2) for 24 h. Expression of IFNβ and ISGs was evaluated. When cells were 

transfected with control siRNA, vitamin D reduced RSV induced expression of 

IFNβ, chemokines, and antiviral effectors as shown previously in non-transfected 

cells. 
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Figure 15.  Vitamin D increases expression of IκBα.  Overexpressing IκBα has 

the same effects as 1,25D on IFNβ and ISGs in the setting of RSV infection.  
hTBE cells were treated with 1,25D (10

-7
 M unless otherwise specified) in the 

presence or absence of RSV (MOI 1-2) and IκBα mRNA and protein levels 

assessed. In separate experiments hTBE cells were infected with an adenovirus 

overexpressing IκBα (Ad-IκBα) or a control vector (Ad-BglII) (MOI 10) for 24 

hours and then infected with RSV (MOI 1-2). 

IκB, inhibitor-κB; IFN, interferon; CXCL, CXC chemokine ligand, MxA, 

myxovirus resistance A; ISG, interferon stimulated gene. 

  

When VDR expression was silenced, the immunomodulatory effects of vitamin D 

disappeared (Figure 16B). This data further supports that vitamin D, via the vitamin 

D receptor, can modulate the inflammatory response to RSV by dampening 

induction of IFNβ and ISGs.  
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Figure 16.  Silencing the vitamin D receptor abolishes the effects of vitamin D on 

RSV induced IFNβ, chemokines, and interferon stimulated genes. A. hTBE cells 

were transfected with control siRNA or VDR siRNA and VDR protein looked at with 

Western blot. B. hTBE cells transfected with control siRNA or VDR siRNA, 

pretreated with 1,25D (10
-7

 M) for 16-18 h, and then infected with RSV (MOI 1-2) 

for 24 h. IFNβ, CXCL-10, MxA and ISG15 mRNA were evaluated with qRT-PCR, 

CXCL-10 protein with ELISA, and ISG15 protein with Western blot.  

siRNA, small interfering RNA; VDR, vitamin D receptor; IFN, interferon; CXCL, 

CXC chemokine ligand, MxA, myxovirus resistance A; ISG, interferon stimulated 

gene. 
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Vitamin D does not influence viral replication (paper II and unpublished data)  

Suppression of interferon-β, interferon driven genes and chemokines that are 

central in host defense against viruses raises the concern that viral replication may be 

increased in the presence of 1,25D.  

 Hypothesis: Viral replication is increased in the presence of vitamin D 

hTBE cells 

To test this hypothesis we infected hTBE cells with RSV in the presence or 

absence of 1,25D and looked at markers of viral quantity and replication. We looked 

at the quantity of RSV mRNA (N-gene), quantity of RSV viral proteins (anti-RSV, 

all antigens) and at RSV viral titers. We found that vitamin D did not alter viral 

quantity or replication in hTBE cells (Figure 17). This data suggests that in spite of 

inhibition of the IFNβ signaling pathway viral replication is not increased in the 

presence of 1,25D. 

Mouse model 

We wanted to study the effects of vitamin D on host defense against viruses 

using an in vivo model. Homozygous VDR knockout (KO) mice on C57BL/6 

background are commercially available. We realize that humans and mice are 

different when it comes to vitamin D metabolism. Humans depend heavily on the 

 
 

Figure 17.  Vitamin D does not jeopardize viral clearance.  hTBE cells were 

infected with RSV (MOI 1-2) with or without pre-treatment with 1,25D (10
-7

 M) for 

16-18 hours. Viral mRNA and protein was quantified.  Viral replication was assessed 

using plaque assay. 

PFU, plaque forming unit. 
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generation of vitamin D precursors in the 

skin, which depends on UVB light, 

whereas mice are furry nocturnal animals 

that rely on oral vitamin D intake.  

Regulation of vitamin D dependent genes 

in humans and mice is also different. For 

example, the gene encoding for 

cathelicidin in humans has a VDRE but 

the comparable gene in mice (CRAMP) 

does not. Lacking a better in vivo model, 

we chose to study VDR KO mice and 

compare with wild type litter mates. Mice 

were infected with RSV and weight and 

Penh (measure of airway resistance) 

followed daily for 10 days. Neither group 

of mice had significant weight loss or a 

considerable increase in Penh (Figure 18). 

This data indicates that the mice did not 

develop significant respiratory illness 

following RSV infection. More relevant to 

the present study, knockout of the VDR 

gene had no effect on response to the 

virus.  

 

Summary of the effects of vitamin D on respiratory epithelial responses to viral 

infection: Respiratory epithelial cells recognize viral matter and respond by 

secreting antimicrobial peptides, interferons and chemokines. Vitamin D modulates 

this innate immune response and increases the antimicrobial peptide cathelicidin, 

decreases the chemokine CXCL-10 and dampens the IFNβ signaling pathway. In 

spite of a decrease in important ISGs, viral replication is not increased. This indicates 

that vitamin D may reduce the potentially harmful inflammatory response to viruses 

without an increase in viral replication.  

 
 

Figure 18.  C57BL/6 mice did not 

lose weight or develop significant 

airway obstruction following RSV 

infection.  WT and VDR KO mice 

were infected transnasally (2.1 x 10
6
 

PFUs) with RSV A2 strain and 

weight and airway obstruction (Penh) 

followed daily for 10 days. 

WT, wild type; KO, knockout; VDR, 

vitamin D receptor; Penh, enhanced 

pause. 
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Cigarette smoke alters lung innate immunity 

Cigarette smoke is a major risk factor for a variety of lung diseases including 

inflammatory diseases and infections. The specific mechanisms for the effects of 

cigarette smoke on respiratory infections and inflammation have been evaluated but 

remain largely unknown. Cigarette smoke affects the function of respiratory 

epithelium and alveolar macrophages (Stampfli & Anderson, 2009).  

Effects of cigarette smoke on vitamin D metabolism in respiratory epithelial 

cells (unpublished data) 

Cigarette smoke compromises the integrity of respiratory epithelium and impairs 

mucociliary clearance (Stampfli & Anderson, 2009). Cigarette smoke has also been 

shown to activate epithelial cells to produce pro-inflammatory mediators (Mio et al., 

1997). Considering the inhibitory effects of vitamin D on NF-κB signaling and on 

pro-inflammatory mediators in respiratory epithelium and findings from 

epidemiological studies that suggest that smokers have lower levels of vitamin D 

than non-smokers we hypothesized:  

 Hypothesis: Cigarette smoke interferes with vitamin D metabolism in the 

lungs. 

hTBE cells were treated with Cigarette Smoke Extract (CSE) with 25D, and 

1,25D was measured in supernatants 24 hours later. We found that cigarette smoke 

significantly reduced the generation of active vitamin D by the lung epithelium 

(Figure 19). We also looked at how CSE influences conversion in cells treated with 

poly(I:C). In addition to 25D, hTBE cells were treated with poly(I:C) and/or CSE. 

Our results indicate that CSE abolishes the increase in vitamin D conversion seen 

during viral infection (Figure 19). Combined, this data indicates that cigarette smoke 

decreases baseline and virally induced conversion of vitamin D to 1,25D in the 

lungs, setting the stage for lower levels of active vitamin D, locally, in smokers. 
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Effects of cigarette smoke on autophagy in alveolar macrophages (paper III) 

Smokers have increased number of macrophages in their airways but functional 

abnormalities of these cells have been described, including a defect in phagocytosis 

and killing of bacteria (Stampfli & Anderson, 2009).  Smokers‟ macrophages are 

characterized by cytoplasmic vesicles of unclear origin that contain pigmented cargo. 

Potential identities for these vesicles include endosomes, lysosomes, phagosomes 

and autophagosomes.  

Smoking and number of autophagosomes  

Autophagsosomes are effector organelles for autophagy. Autophagy is a cellular 

process that is responsible for “recycling” proteins and cytoplasmic organelles. 

Phagocytosis and delivery of pathogens to lysosomes also involves the autophagy 

pathway (Figure 6). Autophagy vesicles can be identified by a double membrane. 

 Hypothesis:  The cytoplasmic vesicles in alveolar macrophages from smokers 

are autophagosomes 

To test our hypothesis we examined and compared alveolar macrophages from 

non-smokers and smokers with bright field and transmission electron microscopy 

(TEM). At high power TEM greater than 70% of the vesicles observed in alveolar 

macrophages from smokers were double walled vesicles, consistent with 

autophagosomes (paper III) (Figure 20). Double walled vesicles were also observed 

in non-smokers but at a lower level. We then looked at LC3 (microtubule-associated 

 
 

Figure 19.  Cigarette smoke extract decreases conversion of 25D to 1,25D 

in respiratory epithelial cells.  hTBE cells were treated with 25D (10
-7

 M) 

and CSE, poly(I:C) 10 μg/ml or both CSE and poly(I:C) for 24 hours and 

1,25D measured in supernatants. 

CSE, cigarette smoke extract. 
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protein 1 L chain 3)-II, a protein 

marker for mature autophagosomes, 

in AMs from smokers and non-

smokers. We found that smokers 

had significantly higher levels of 

LC3-II protein in cellular lysates 

and in fixed alveolar macrophages 

by immunostaining (paper III) 

(Figure 20). Combined this data 

shows accumulation of 

autophagosomes in smokers when 

compared to non-smokers. 

Increased number of 

autophagosomes could be due to 

either increased generation 

autophagosomes or blocking of 

autophagosome trafficking to the 

lysosome. To address this question 

we examined autophagy flux in a 

number of ways, as detailed in paper 

III. We found that the increased 

number of autophagosomes in 

smokers is not due to more de novo 

generation but rather is the result of 

decreased trafficking to the lysosome (paper III). 

Smoking and autophagosome function  

The autophagy process is important for clearance of protein aggregates, 

recycling of cytoplasmic organelles like mitochondria and for delivery of 

phagocytosed material to lysosomes. 

 Hypothesis: Smokers have abnormal autophagy function 

 
 

 

 
 

Figure 20.  AMs from smokers have 

increased number of autophagosomes.  

AMs from smokers and non-smokers were 

examined with brightfield and TEM. TEM 

images show that smokers have more 

double wall vesicles. AMs from smokers 

and non-smokers were than analyzed for 

LC3 by Western blotting and 

immunostaining. 

TEM, transmission electron microscopy; 

LC3, microtubule-associated protein 1 L 

chain 3. 
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To examine clearance of protein aggregates we looked at the amount of high 

molecular weight (hmw) ubiquitin-bound proteins in alveolar macrophages from 

smokers and non-smokers. Long lived proteins are degraded via the ubiquitin-

autophagy-lysosome pathway (Kirkin et al., 2009). We found significantly higher 

amounts of hmw ubiquitin bound proteins in macrophages from smokers compared 

to non-smokers (paper III) (Figure 21). To evaluate “recycling” of cytoplasmic 

organelles we examined mitochondria. Using TEM we found that smokers‟ alveolar 

macrophages accumulated damaged mitochondria. Functional evaluation of 

mitochondrial membrane potential (mitΔΨ) with JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-

 
 

 
 

Figure 21.  Smokers’ alveolar macrophages have an autophagy defect.  Western 

analysis of ubiquitinated proteins. TEM analysis of smokers‟ macrophages show 

damaged mitochondria.  AMs were then stained with JC-1 dye, a marker of mitΔΨ.  

There was a significant loss of mitΔΨ in AMs from smokers. 

Hmw Ub, high molecular weight ubiquitinated; TEM, transmission electron 

microscopy; JC-1, 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolcarbo-

cyanine iodide.  
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tetraethylbenzimid-azolcarbocyanine iodide) dye showed significant loss of mitΔΨ 

in smokers‟ alveolar macrophages (paper III) (Figure 21). This data is consistent 

with an inability to clear old and/or damaged mitochondria in smokers. Lastly, we 

investigated the delivery of phagocytosed cargo to lysosomes. We looked at the 

delivery of latex beads, carbon nanoparticles and E. coli particles to lysosomes in 

alveolar macrophages from smokers and non-smokers. We found that delivery of 

cargo was disrupted in the alveolar macrophages that came from smokers (paper III).  

Summary of the effects of cigarette smoke on vitamin D metabolism in 

respiratory epithelial cells and on autophagy in alveolar macrophages: Cigarette 

smoke attenuates conversion of 25D to 1,25D in respiratory epithelial cells. Smokers 

have increased number of autophagosomes but defective autophagosome function. 

Decreased local generation of active vitamin D and autophagy defect in alveolar 

macrophages may contribute towards impaired host defense in smokers. 
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Discussion and Conclusions 

In summary, our studies suggest that respiratory epithelial cells constitutively 

activate vitamin D and may create a microenvironment that has higher levels of 

1,25D than serum. Viral infection leads to increased generation of active vitamin D 

by respiratory epithelial cells. Vitamin D differentially modulates respiratory 

epithelial innate immune responses. On one hand it increases expression of vitamin 

D regulated genes that enhance innate immunity (CAMP and CD14). On the other 

hand it dampens expression of chemokines and interferon stimulated genes, by 

modulating NF-κB signaling. We found that viral load was similar in the presence 

and absence of vitamin D. Based on our results we postulate that vitamin D may 

dampen the potentially damaging inflammatory response without negatively 

affecting viral clearance. In regards to the effects of cigarette smoke on vitamin D 

metabolism in the lungs, our results suggest that cigarette smoke may decrease the 

ability of respiratory epithelial cells to activate vitamin D. Lastly we examined the 

effect of cigarette smoking on another cell type important in pulmonary immune 

responses, the alveolar macrophage. We found that cigarette smoking causes a defect 

in autophagy in alveolar macrophages resulting in decreased clearance of protein 

aggregates, accumulation of damaged mitochondria and decreased delivery of 

phagocytosed bacteria to lysosomes. 

Conversion of 25D to 1,25D in the lung 

1α-hydroxylase is the key determinant in the synthesis of active vitamin D. This 

enzyme was first found in the kidneys where it has the highest expression. Extrarenal 

1α-hydroxylation was first described in 1979 when pregnant rats that had undergone 

nephrectomy were found to convert 25D to 1,25D in vivo (Gray et al., 1979) and has 

since been found in other tissues, including cells of the immune system (monocytes, 

macrophages, dendritic cells) and in epithelial cells at various barrier sites (skin, 

gastrointestinal tract) (Adams et al., 1986; Adams et al., 1983; Bell, 1998; Bikle et 

al., 1986; Kemmis et al., 2006; Kreutz et al., 1993; Ogunkolade et al., 2002; 

Schauber et al., 2007; Schwartz et al., 1998; Sigmundsdottir et al., 2007; Tangpricha 

et al., 2001). Here we describe for the first time the expression of 1α-hydroxylation 

in lung epithelial cells. More importantly we show that expression is reflected by 

synthesis of the active 1,25D and altered expression of vitamin D regulated genes 
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including those with established role in host defense against pathogens (Figures 8, 9 

and 24).  

The main limitation of our studies is the fact that all experiments were done on 

cultured epithelial cells. Tissue levels (lung and elsewhere) of vitamin D are difficult 

to determine. We have measured 25D levels in airway surface liquid (ASL) obtained 

with a small sponge during bronchoscopy from two normal volunteers (unpublished 

data). We found 25D3 levels to be in the range of 20-40 pg/ml in both individuals. 

These values are lower than the 25D3 levels in supernatants from our cell cultures 

but within the “normal” serum reference range of 15-75 pg/ml. Six sponges of ASL 

sample were  diluted in two mL of normal saline prior to measurement. If our 

measurements are accurate actual levels of vitamin D in airway surface liquid may 

be somewhat higher. This would support our hypothesis that tissue (lung) levels of 

1,25D may be higher than serum 1,25D levels. Obtaining an undiluted sample from 

ASL is challenging. The volume of such a sample would be very small and too small 

for us to measure with the assays that are currently available. The question of what 

the actual tissue levels of 1,25D in the lungs are remains to be answered. 

Extrarenal expression of 1α-hydroxylase and conversion of 25D to 1,25D has 

been investigated in various types of macrophages, including alveolar macrophages. 

Early studies demonstrated that human alveolar macrophages from patients with 

sarcoidosis converted 25D to 1,25D whereas macrophages from patients with 

idiopathic pulmonary fibrosis did not (Adams et al., 1983).  It was subsequently 

shown that the synthesis of 1,25D could be induced in normal alveolar macrophages 

if they were incubated with IFNγ, LPS or TLR-2 ligands (Koeffler et al., 1985; Liu 

et al., 2006; Reichel et al., 1987a). Our unpublished data looking at vitamin D 

conversion in supernatants from freshly isolated human alveolar macrophages concur 

with those findings. We found that in 4 out of 5 healthy donors there was no 

constitutive 25D to 1,25D conversion.  

Comparing and contrasting the above studies on alveolar macrophages to our 

studies on respiratory epithelial cells (papers I and II) there are two apparent major 

differences in vitamin D metabolism. First, respiratory epithelial cells constitutively 

convert 25D to 1,25D, whereas alveolar macrophages require prior stimulation. 

Second, vitamin D conversion by respiratory epithelial cells is not induced by TLR-2 
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ligands but is significantly increased by poly(I:C) and RSV. The difference between 

the two cell types may be due to differences in expression of pattern recognition 

receptors (PRR). TLR-2 is predominantly expressed by myeloid cells, where it has 

been most extensively studied, and to a lesser extent by epithelial cells (Flo et al., 

2001; Imler & Hoffmann, 2001; Thoma-Uszynski et al., 2001). A study comparing 

different Toll-like receptor activators in respiratory epithelial cells showed that 

double-stranded RNA was the most effective activator, indicating ample expression 

of viral sensors in this cell type (Sha et al., 2004). Two kinds of PRR sense viral 

infections, TLRs and cytoplasmic RNA helicases. In RSV infection, TLR-3 is major 

TLR sensor and RIG-I is the key helicase (Liu, P. et al., 2007; Rudd et al., 2005). In 

our studies on respiratory epithelial cells infected with RSV both the TLR-3 pathway 

and the RIG-I pathway should be activated. Activation sets off a cascade of 

intracellular signaling pathways and activation of key transcription factors, in 

particular NF-κB and IRF-3, and initiation of antiviral responses (Figure 3). 

Based on the above it is conceivable that respiratory epithelium is the main 

source of 1,25D in the lungs under quiescent conditions.  Additional 1,25D can be 

generated in the presence of an infection and the source of the additional 1,25D may 

depend on the type of infection. Alveolar macrophages play a key role in host 

defense against mycobacterial infections, are readily activated by TLR-2 ligands, and 

can generate 1,25D under those circumstances. On the other hand respiratory 

epithelium plays an important role in sensing and initiating host response against 

viral infection and is capable of increasing vitamin D metabolism in the setting of a 

viral infection. 

Vitamin D differentially modulates innate immune responses in the lungs 

Assuming that 1,25D is being generated in the lungs the next logical question 

is does it have any biological effects? Several epidemiological studies have 

suggested an association between low vitamin D levels and respiratory infections 

(Cannell et al., 2008; Ginde et al., 2009b). The epidemiological associations and our 

observation that respiratory epithelial cells stimulated with poly(I:C) or infected with 

RSV generated more 1,25D prompted us to explore how vitamin D alters early 

immune responses in respiratory epithelial cells infected with a virus. Respiratory 

epithelium is the first line of defense against inhaled pathogens and in addition to 
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forming a mechanical barrier the respiratory epithelium can detect pathogens and 

initiate the host immunological response. Once a threat (pathogen) has been detected, 

the epithelial cells themselves produce and secrete chemokines, type I interferons 

(IFNβ) and antimicrobial peptides (Bals & Hiemstra, 2004; Bartlett et al., 2008; 

Hippenstiel et al., 2006). Our studies show that vitamin D differentially modulates 

the respiratory epithelial response to a virus by increasing antimicrobial peptides but 

at the same time decreasing production of chemokines and expression of interferon 

stimulated genes (Figures 13, 14). We saw no overall effect on viral replication 

(Figure 17).  

It is well established that the gene coding for cathelicidin (CAMP) in humans 

has a VDRE (Gombart et al., 2005) and vitamin D has been found to induce CAMP 

in various cell types including epithelial cells (paper I) (Bals et al., 1998; Gombart et 

al., 2005; Wang et al., 2004). The antimicrobial effects of cathelicidin produced by 

epithelial cells in response to vitamin D have not been extensively studied. In 

particular the anti-viral effects of cathelicidin are not well established. However, 

multiple studies have looked at vitamin D induced production of cathelicidin in 

monocytes and macrophages. The first study was published in 2006 showing that 

adequate 25D levels are required for TLR-2/1 activation (by a mycobacterial ligand) 

and subsequent 1α-hydroxylase and VDR dependent expression of cathelicidin (Liu 

et al., 2006).   This study also found that 25D increases killing of mycobacteria by 

macrophages (Liu et al., 2006). In a subsequent study of peripheral blood monocytes 

infected with recombinant mycobacteria, vitamin D strongly induced cathelicidin 

mRNA and reduced the growth of mycobacteria in a dose dependent fashion 

(Martineau et al., 2007a). A study looking at keratinocytes (epithelial cells of the 

skin) showed that skin injury or infection leads to activation of vitamin D and 

increases production of cathelicidin and thus likely promoting immune function in 

the skin. This data concurs with our findings that vitamin D does enhance expression 

of cathelicidin and may boost immune responses in the lungs. 

Vitamin D has been shown to down-regulate production of inflammatory 

chemokines via its effects on dendritic cells and T-cells but also by directly affecting 

cultured cells like thyroid cells, pancreatic islet cells and smooth muscle cells 

(Banerjee et al., 2008; Borgogni et al., 2008; Giarratana et al., 2004; Gysemans et al., 
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2005; Pedersen et al., 2007). Chemokines are potent chemotactic factors and have 

been referred to by some as “the Good, the Bad and the Ugly” (Strieter et al., 1996). 

On one hand chemokines promote immunity during an infectious process by 

recruiting inflammatory cells but on the other hand excessive inflammation can 

result in tissue damage. Inflammatory chemokines have indeed been implicated as a 

contributor to the pathogenesis and severity of RSV infection (Bont et al., 1999; 

Garofalo et al., 2001; Hornsleth et al., 2001; Tekkanat et al., 2002). We show that 

vitamin D decreases the production of the chemokine CXCL-10 (previously known 

as interferon-γ-inducible protein 10 or IP-10). CXCL-10 is produced by airway 

epithelial cells during viral infections including RSV infection. (Miller et al., 2004; 

Sauty et al., 1999; Spurrell et al., 2005).  To our knowledge, our study is the first 

study to look at the effects of vitamin D on production of chemokines by respiratory 

epithelial cells in the setting of viral infection. Based on our findings we propose that 

in the setting of RSV infection, vitamin D decreases the production of chemokines 

and dampens the inflammatory response which subsequently may result in milder 

symptoms.   

Type I interferons play a crucial role in host defense against viruses. They 

mediate antiviral activity by triggering the expression of >100 IFN stimulated genes 

(ISGs), the products of which have diverse antiviral activities (Hiscott, 2007; Smith 

et al., 2005). We found that vitamin D decreases RSV induced expression of IFNβ 

and subsequent expression of interferon driven genes and their products.  We 

specifically looked at two anti-viral effectors, Myxovirus-resistance A (MxA) and 

interferon-stimulated protein of 15 kDa (ISG15). MxA is induced by type I 

interferons through an ISRE in the gene promoter.  Following viral infection, MxA 

monomers are released and bind viral nucleocapsids or other viral components, to 

trap and then degrade them (Sadler & Williams, 2008). ISG15 is also induced by 

interferons through ISREs.  It is subsequently conjugated to numerous protein 

substances to modulate pleiotropic cellular responses to inhibit virus production, by a 

process known as ISGylation (Sadler & Williams, 2008). We found that vitamin D 

decreases secretion of both MxA and ISG15 following infection with RSV. This 

raises the concern that vitamin D may inhibit antiviral host responses resulting in 

increased viral replication. Consequently, we carefully evaluated viral quantity and 

replication in respiratory epithelial cells infected with RSV in the presence and 



 

72 

 

absence of vitamin D.  We found that treatment with vitamin D did not increase viral 

load. If vitamin D suppresses IFNβ induction and, subsequently, interferon driven 

genes which have diverse antiviral activities, then how is the antiviral state 

maintained? One possibility is that the suppression of interferon beta and its products 

is insignificant and sufficient amounts of antiviral effectors remain to successfully 

limit viral replication and spread. Another possibility is that induction of 

antimicrobial peptides, with antiviral activity, by vitamin D counteracts the reduction 

in interferon driven antiviral genes. We have shown that vitamin D induces 

cathelicidin in airway epithelium (paper I). Others have found that vitamin D 

increases beta defensin-2 (Wang et al., 2004) which was recently found to have 

antiviral activity against RSV (Kota et al., 2008). 

The main limitations of our studies on immunomodulatory effects of vitamin D 

are that they are cell based studies on isolated respiratory epithelium. Clearly other 

cell types including dendritic cells and lymphocytes are important in how the host 

responds to and clears a virus. In order to overcome some of the limitations of a 

single cell type system we wanted test our hypothesis in an animal model. Vitamin D 

receptor knockout mice are commercially available but using them as a model of 

vitamin D effects in humans has limitations. Vitamin D acquisition and effects on 

immune response in rodents is very different from that in humans. Humans are 

dependent on vitamin D precursors generated in the skin via the effects of UVB 

whereas rodents are furry, nocturnal, animals that rely solely on diet for their vitamin 

D requirements. From an immune response standpoint the cathelin-related 

antimicrobial peptide (CRAMP) in mice does not have a VDRE element in its 

promoter and thus is not up-regulated by vitamin D. Recognizing this difference 

between mice and humans, we did infect VDR knockout mice and their wild type 

littermates with RSV. After infection with RSV, we monitored the weight and 

airway resistance (Penh) of the mice. We did not see significant weight loss or 

increase in airway resistance in the wild type or VDR knockout mice (Figure 18). 

There is a wide spectrum of clinical illness in humans infected with RSV. Symptoms 

range from a mild cold to severe respiratory distress and even death. RSV infection 

is thought to induce a TH2-like response in infected individuals who exhibit a severe 

form of the disease (Roman et al., 1997). Genetically different mouse strains also 

have a spectrum of symptoms when infected with RSV. BALB/c and DBA/2J strains 
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have a pronounced airway pathology in response to the virus and C57BL/6 mice 

have a much milder response (Tekkanat et al., 2001). It has been hypothesized that 

this is due to differences in cytokine profile and subsequent TH1/TH2 balance. 

BALB/c mice have been shown to produce a preponderance of TH2 cytokines after 

viral infection whereas C57BL/6 mice develop TH1 cytokines (Tekkanat et al., 2001; 

Waris et al., 1996). The commercially available VDR knockout mice are on a 

C57BL/6 background strain which likely explains the mild symptoms we observed in 

the mouse model used. A mouse model using BALB/c mice may be more 

informative but this would require back crossing the VDR knockout C57BL/6 to a 

BALB/c genetic background. Ultimately large randomized placebo controlled human 

trials are needed to better answer the question whether vitamin D status plays a role 

in protection against and/or severity of viral infection.  

Vitamin D inhibits NF-κB signaling 

The next question we wanted to answer was what is the mechanism behind the 

effects of vitamin D on innate immune responses by respiratory epithelial cells? 

With regards to CAMP we assume that the induction by vitamin D is due to binding 

of VDR to the well-established VDRE in the promoter of the CAMP gene resulting 

in increased transcription (Gombart et al., 2005; Wang et al., 2004; Weber et al., 

2005).  

With regards to vitamin D effects on chemokines and ISGs we first established 

that vitamin D was not influencing the IFNβ pathway (Figure 4) directly. This was 

evidenced by the fact that vitamin D did not affect STAT activation or expression of 

MXA/ISG15 when cells were stimulated by IFNβ (as opposed to RSV) (paper II). 

We then focused on events occurring upstream of IFNβ. If the effects of vitamin D 

were occurring at the level of dsRNA sensing (recognition of virus) one would 

expect suppression of both NF-κB and IRF-3 signaling (Figure 3). We found that 

vitamin D does increase IκBα, a negative regulator of NF-κB (Figure 5), in non-

infected airway epithelial cells as well as cells infected with RSV (Figure 15). We 

also showed that by over expressing IκBα we can mimic the effects of vitamin D. 

IRF-3 is activated by phosphorylation in response to dsRNA (Fitzgerald et al., 2003). 

This results in the formation of IRF-3 dimers that translocate to the nucleus and bind 

to promoter areas. IRF-3 activation is rapid (< 6 hours) in RSV infection (Liu, P. et 
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al., 2007). When we looked at translocation of 

IRF-3 to the nucleus following infection with 

RSV we found that vitamin D did not suppress 

IRF-3 translocation, but on the contrary, may 

have increased it (paper II). Combined these 

results show that vitamin D inhibits activation of 

NF-κB (Figure 22), not IRF-3, indicating that 

the effects of vitamin D are at the level of NF-κB 

signaling but not on viral sensing. 

Stimulation of NF-κB dependent gene 

transcription is a central aspect of inflammatory 

activation (Akira & Takeda, 2004) and the NF-

κB pathway has been found to be critical for 

generation of lung inflammation in response to 

local or systemic stimuli (Cheng et al., 2007).  Our observations corresponds to the 

findings of other investigators that vitamin D has inhibitory effects on the NF-κB 

pathway and further supports the hypothesis that vitamin D may have clinically 

significant anti-inflammatory effects. 

Cigarette smoke modulates innate immunity in the lungs 

Lastly, we looked at how cigarette smoke may affect innate immune function in 

the lungs. Our preliminary data suggests that cigarette smoke may decrease the 

conversion of 25D to 1,25D in airway epithelial cells (Figures 19 and 24). This is 

based on experiments where respiratory epithelial cells were treated with CSE. We 

wanted to look at more physiological exposure to cigarette smoke and to look at 

vitamin D conversion in smokers and non-smokers. The respiratory epithelial cells 

that we use in our experiments come from cadaveric donors and we do have access 

to some clinical information. The only information available on smoking status is 

whether the donor was ever a smoker. We do not know the number of pack years or 

whether they had quit smoking. The donors have been medically ill and hospitalized 

prior to their death and are not likely to have smoked for at least a few days prior to 

death. Realizing that we only had a limited smoking history we did look at vitamin D 

conversion in “fresh” respiratory epithelial cells from donors with a smoking history 

 
 

Figure 22. Vitamin D modulates 

how respiratory epithelial cells 

respond to RSV by inhibiting 

the NF-κB pathway. 
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and no smoking history. The “fresh” cells had undergone the isolation processing 

and been cultured in tissue media for a few days prior to our experiments (only 1-2 

passages). We did not see a significant difference in vitamin D conversion in 

respiratory epithelial cells that were isolated from donors that had smoked and 

donors that had never smoked (unpublished data). Considering the limited 

information we have on smoking history, timing of the last cigarette smoked (likely 

days before death) and no exposure to cigarette smoke during the isolation process 

and while in culture media this experiment does not really answer the question 

whether there is a difference in 25D to 1,25D conversion in smokers and non-

smokers.  

An alternate approach would be to obtain transbronchial biopsies from non-

smoking and smoking volunteers. The problem with this approach is that very small 

samples can be obtained this way and cells would need to be cultured prior to 

measuring vitamin D conversion. At this time we do not have enough information to 

conclude that vitamin D metabolism by respiratory epithelium differs in smokers and 

non-smokers. Considering our preliminary data on respiratory epithelial cells 

exposed to CSE, the damaging effects of smoking on mitochondria and the fact that 

1α-hydroxylase is a mitochondrial enzyme we believe that cigarette smoke may alter 

local vitamin D metabolism in the lungs. If cigarette smoke does decrease local 

activation of vitamin D this may partially explain the exuberant inflammatory 

response seen in smokers. 

To expand our studies on the effect of smoking on respiratory immunity, we 

looked at another primary cell type, the alveolar macrophage, and another system, 

autophagy. We discovered that smokers have a defect in autophagy resulting in 

accumulation of protein aggregates, mitochondrial dysfunction and a defect in 

lysosomal delivery (Figure 23). Lysosomal delivery is important for killing and 

clearance of phagocytosed pathogens and a defect in this process may result in an 

“immune defect” in smokers and contribute towards increased susceptibility and 

severity of infections seen in people who smoke. With the understanding that there is 

a defect in pathogen clearance due to altered autophagy, it is possible that 

pharmaceutical agents that target autophagy could decrease smoking-related 

infection rates and subsequently healthcare costs.  
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The link between vitamin D and autophagy 

Based on our studies we conclude that both local vitamin D metabolism and the 

autophagy process play an important role in lung innate immunity.  

It has been speculated that perhaps autophagy is the basis for the health-

promoting effects of vitamin D (Hoyer-Hansen et al., 2010). Vitamin D and 

autophagy have both been associated with antimicrobial defense, tumor suppression, 

longevity, inhibition of neurodegenerative diseases, cardiac hypertrophy and 

atherosclerosis (Hoyer-Hansen et al., 2010).  

If there is a direct link between vitamin D and autophagy then the next obvious 

question is what is the mechanism? We have shown that in alveolar macrophages 

cigarette smoke impairs mitochondrial function and our preliminary data on 

respiratory epithelial cells indicates that cigarette smoke impairs vitamin D 

metabolism in the lungs. Considering that they key enzymes responsible for vitamin 

D metabolism are mitochondrial enzymes (1α-hydroxylase and 24-hydoxylase) one 

possible link is that a defect in autophagy results in mitochondrial dysfunction which 

subsequently leads to dysregulation of expression and/or function of hydroxylases. 

Others have postulated that perhaps the link between autophagy and vitamin D is 

cathelicidin. Studies have shown that vitamin D plays a role in host defense against 

mycobacteria via induction of cathelicidin. Autophagy also enhances host resistance 

to mycobacteria by capturing and destroying immature phagosomes that harbor M. 

 
 

Figure 23.  Autophagy defect in smokers.  In spite of increased number of 

autophagosomes in alveolar macrophages from smokers the autophagy process is 

defective as shown by increase in protein aggregates, defective mitochondrial 

function and a defect in lysosomal delivery.   
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Tuberculosis (Gutierrez et al., 2004; Singh et al., 2006). A recent study by Yuk et al. 

using THP-1 cells and primary monocytes demonstrated a role for 1,25D in the 

induction of autophagy (Yuk et al., 2009). Interestingly this study showed that 

cathelicidin is essential for the accumulation of autophagosomes and their fusion 

with lysosomes (Yuk et al., 2009).  

To conclude there may be a direct link between vitamin D and autophagy but 

further studies are needed on whether such a link truly exists and furthermore what 

the underlying mechanism may be. 

 

 

 

 

 

 
Figure 24. Modulation of lung innate immunity by vitamin D and cigarette smoke. 
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Overall summary of findings:  We have shown that respiratory epithelial cells have 

the capacity to convert vitamin D from 25D (storage form) to 1,25D (active form) 

and that more 1,25D can be generated when epithelial cells are infected with a virus. 

Vitamin D differentially modulates how airway epithelium responds to a virus so 

that less chemokines are produced but viral load is not affected. Controlling the 

inflammatory response to RSV viral infection, while maintaining antiviral activity, 

may result in decreased disease severity and consequently in decreased morbidity 

and mortality from RSV infection and possibly other respiratory viruses. Vitamin D 

is safe, cheap, easily available, and may prove to be an effective therapeutic strategy 

against respiratory viral infections. Larger scale randomized placebo controlled 

clinical studies are needed. In addition, we present preliminary results that suggest 

that cigarette smoke may decrease generation of 1,25D locally in the lungs. Lastly, 

we have described a novel defect in autophagy in alveolar macrophages in smokers 

which may contribute to increased susceptibility to infections in this population. 
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