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Abstract 

 

Asthma is one of the most chronic medical conditions characterized by 

inflammation of the airways, mucous production, and airway hyperresponsiveness. A 

hallmark of asthma is the presence and activation of inflammatory cells in the airways, 

notably eosinophils, mast cells and T lymphocytes. Eosinophils function is related to 

destructive activity mediated by the toxic effects of the granule proteins and soluble 

mediators derived by the cells. Vitamin D, as a potent immunomodulator, has an unknown 

role in the eosinophil-induced asthmatic response.  It was previously reported that in vivo 

administration of vitamin D in humans increases the expression of CC chemokine receptor 

3 (CCR3) in eosinophils. However, whether or not the effect of vitamin D on eosinophils 

is direct or indirect is unclear. Calcitriol, the active form of vitamin D, can induce 

synthesis of Transforming Growth Factor (TGF-β), which is involved in airway 

remodeling. Eosinophils, which are recruited to the lungs by eotaxin and interleukin 5 (IL-

5), are a major source of TGF-β. Therefore, the effect of calcitriol was examined on 

vitamin D receptor (VDR), CCR3, TGF-β1, and IL-5 receptor (IL-5R), expression in 

human blood eosinophils. Peripheral blood was drawn from healthy volunteers, and 

eosinophils, neutrophils, monocytes and lymphocytes were isolated. The purified 

eosinophils cells (purity >99%; viability >97%) were stimulated with calcitriol (100-300 

pM and 100 nM) for 24 hours. The mRNA expression and protein expression of CCR3, 

VDR, TGF-β1, and IL-5R was examined by real-time PCR and Western blotting. 

Eosinophil chemotaxis was also assessed using Transwell migration assay and using 

eotaxin and IL-5 as chemokines. Also, the role of GATA-1which is a member of GATA 
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transcription factor family involved in eosinophil development was examined using 

siRNA. After calcitriol stimulation of eosinophils, VDR mRNA and protein expression 

were increased significantly. Eosinophils also had a significant increase in CCR3 mRNA 

and protein expression of eosinophils as well as a significant increase in mRNA and 

protein expression of TGF-β1. However, Calcitriol had no effect on IL-5R mRNA 

transcripts in eosinophils. Calcitriol was found to significantly enhance the migration of 

eosinophils in response to eotaxin, but it had no effect on the migration of eosinophils in 

response to IL-5. Calcitriol induced phosphorylation and increase protein expression of 

GATA-1. siRNA specific for GATA -1 reduced calcitriol-induced phosphorylation and 

increased GATA-1 protein expression, in addition, calcitriol  increased protein levels of 

CCR3. These results demonstrate that vitamin D can directly act on human blood 

eosinophils to increase mRNA transcripts of CCR3, TGF-β1 and enhancing migration of 

eosinophils in response to eotaxin. This suggests a potential role of vitamin D in 

eosinophil recruitment and migration in inflammatory airways. 
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1.1 Asthma 

Asthma a chronic medical condition has increased at epidemic rates. 
1
 Asthma is a 

chronic lung disease characterized by inflammation of the airways, increased mucous 

production, and airway hyperresponsiveness (AHR) 
2
. Airway inflammation and 

narrowing of airway passages lead to wheezing, coughing, chest tightness and shortness 

of breath. Traditionally, asthma is categeorized into two general groups, extrinsic 

(allergic asthma) and intrinsic (non-allergic asthma) depending upon stimuli which is 

responsible for the asthmatic episodes. 
2
 

A hallmark feature of asthma is the presence and activation of inflammatory cells 

in the airways, notably eosinophils, basophils, mast cells, and T lymphocytes, and 

stimulation of structural/resident cells, including those of the airway epithelium, smooth 

muscle, and fibroblasts
3
.  The mast cells in the airways have the potential to release 

asthmatic mediators such as biogenic amines (histamine), serglycin proteoglycans (such 

as heparin and chondroitin sulphate), serine proteases (such as tryptases, chymases and 

carboxypeptidases), and various other enzymes, cytokines, and growth factors, such as 

tumor-necrosis factor-α (TNF-α) and vascular endothelial growth factor A (VEGFA). 

These mediators may act individually or synergistically to release lipid-derived 

mediators. The activated mast cells metabolize arachidonic acid through the 

cyclooxygenase and lipoxygenase pathways, resulting in the release of prostaglandins 

(particularly prostaglandin D2 (PGD2)), leukotriene B4 (LTB4) and cysteinyl 

leukotrienes (cys-LTs, particularly LTC4). Some activated mast cells can also release 

platelet activating factor (PAF)
4
 to stimulate a variety of cell types highlight the 

complexity of airway inflammation
5
. During an acute exacerbation of asthma to antigen, 
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preformed and lipid mediators released from immunoglobulin (Ig)E-bearing cells can 

stimulate airway smooth muscle contraction, activate neural reflexes, and stimulate 

mucus secretion and bronchial wall edema, thereby leading to the clinical manifestations 

of this disease; namely, coughing, wheezing, chest tightness, and variability in peak 

expiratory flow 
6
.  Similarly, allergen sampled by dendritic cells in the airway lumen, or 

entering tissues through disrupted epithelium by protease activity, gain access to 

submucosal dendritic cells. Activated dendritic cells mature and migrate to regional 

lymph nodes or to sites in the local mucosa, where they present peptides derived from the 

processed allergen in the context of major histocompatibility complex (MHC) class II 

molecules to naive T cells. In the presence of IL-4 (potentially derived from a range of 

cells, including basophils, mast cells, eosinophils, natural killer T cells and T cells), naive 

T cells acquire the characteristics of T helper 2 (Th2) cells. Th2 cells produce IL-4, IL-5, 

IL-9 and IL-13.
5, 6

 IL-4 and IL-13 cause an isotype switching of B-cells to produce IgE 

and IL-5 promotes the differentiation, recruitment, and survival of eosinophils.  

In this stage, inflammatory cells, including CD4+ T lymphocytes and eosinophils 

play an important role contribute to the pathogenesis of asthma can be categorized as 

tissue destruction, remodeling, and immunoregulation. Blocking of Th2 cytokines 

prevents AHR development in mice
2, 7, 8

. Moreover, blocking IL-5 in humans can relieve 

some of the symptoms of asthma such as decrease in peripheral blood and sputum 

eosinophil numbers 
9
.  Eosinophil infiltration of the airways is a characteristic feature of 

obstructive pulmonary diseases in particular of bronchial asthma.
10

 The function of 

eosinophils in asthma is related to their destructive activity mediated by the toxic effects 

of the eosinophil granule proteins such as Major Basic Protein (MBP), Eosinophil 



 

Peroxidase (EPO),Eosinophil Cationic Protein

(EDN).
11

 Eosinophils also play important rol

and remodeling processes by release of

13, IL-17, nerve growth factor (NGF), and vascular endothelial growth factor (VEGF

 

1.1 Eosinophils 

Eosinophils play a key 

because of the strong affinity 

Eosinophils found in blood and tissues 

bilobed nucleus with highly condensed chromatin and a multitude of 

stained granules. 
11

 Eosinophils are released from the bone marrow into the peripheral 

blood, where they represent 1

days in the peripheral blood before they enter the tissues, where they can survive 

where they can survive for up to 2 weeks 

Figure 1. H&E staining of human blood 

hematoxylin and cytoplasmic granules stained with eosin. 

4 

Eosinophil Cationic Protein (ECP), and Eosinophil derived Neurotoxin

osinophils also play important roles in immunomodulation as well as in repair 

by release of fibroblast growth factor (FGF)-2, IL-4, IL

17, nerve growth factor (NGF), and vascular endothelial growth factor (VEGF

play a key role in asthma.
12

 Eosinophils can easily be identified 

because of the strong affinity of the acidic dye eosin to bind to their granules

in blood and tissues have a characteristic appearance 

bilobed nucleus with highly condensed chromatin and a multitude of cytoplasmic eosin

Eosinophils are released from the bone marrow into the peripheral 

blood, where they represent 1–5% of the leukocytes
10

. Eosinophils circulate only a few 

in the peripheral blood before they enter the tissues, where they can survive 

where they can survive for up to 2 weeks 
13

.  

human blood eosinophil, showing characteristic bilobed nucleus stained with 

hematoxylin and cytoplasmic granules stained with eosin. (10X magnification) 

Eosinophil derived Neurotoxin 

es in immunomodulation as well as in repair 

4, IL-11, IL-

17, nerve growth factor (NGF), and vascular endothelial growth factor (VEGF). 

Eosinophils can easily be identified 

to bind to their granules (Fig. 1) 

a characteristic appearance including a 

cytoplasmic eosin-

Eosinophils are released from the bone marrow into the peripheral 

Eosinophils circulate only a few 

in the peripheral blood before they enter the tissues, where they can survive longer, 

 

showing characteristic bilobed nucleus stained with 
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Eosinophils reside in the hematopoietic and lymphatic organs such as the bone 

marrow, spleen, lymph nodes, and thymus. In addition, eosinophils physiologically 

migrate in digestive tract organs (with the exception of the esophagus), 
14

 the female 

reproductive tract, and the mammary gland.
15

 

The cytoplasm granules are composed of four distinct populations, which can be 

identified under electron microscopy: primary granules, secondary granules, small 

granules and lipid bodies 
16

 (Table 1). The primary granules contain galectin-10 also 

known as the Charcot-Leyden crystal protein that binds lysophospholipases. These 

lysophospholipases augment eosinophil-associated allergic inflammation.
17

 The cytotoxic 

cationic proteins are stored in the secondary granules. These granules consist of a core 

containing major basic protein (MBP) and a matrix composed of eosinophil cationic 

protein (ECP), eosinophil peroxidase (EPO), and eosinophil derived neurotoxin (EDN) 
18

. 

Mature eosinophils also contain small granules which store proteins such as 

arylsulphatase B and acid phosphatase. 
19

 The lipid bodies contain arachidonic acid, the 

basic component of eicosanoid production. In addition, both the secondary granules and 

lipid bodies store a number of cytokines, chemokines, and growth factors 
16

. 
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Table 1. Eosinophil granules and their function 

Eosinophil Granules 

Primary Granule 

Protein Function 

Galactin-10 Binds to lysophospholipases which is a hallmark of 

eosinophil-associated allergic inflammation 

Secondary Granule 

Eosinophil cationic 

protein (ECP) 

Form pores on transmembrane channels 

Eosinophil peroxidase 

(EPO) 

Potent neurotoxins 

Eosinophil derived 

neurotoxin (EDN) 

Major basic protein 

(MBP) 

Disrupt permeability, disruption and injury of cell 

membranes 

Small Granules 

Aryl sulphatase B Cell membrane disruption 

Acid phosphatase 

Lipid Bodies 

Cytokines (IL-13, VEGF, 

TGF-β) 

Induction of allergic inflammation and airway remodeling 

 

Receptors that are highly expressed by eosinophils include CC chemokine receptor 

(CCR) 3 and interleukin (IL)-5 receptor alpha.
20

 Eosinophils also express other surface 

molecules including CCR3, Siglec (sialic acid binding Ig-like lectin)-8, FIRE (F4/80–like 

receptor), CD62 ligand, and paired Ig-like receptor A/B (Pir-A/B) at different stages of 

differentiation and activation 
20, 21

.  

1.2.1 Development of Eosinophils 

In the bone marrow, eosinophils are generated from CD34
+
 hematopoietic 

progenitor cells under regulation of the transcription factor GATA-1.  GATA-1 is the 

most important transcription factor determining eosinophil differentiation, since mice 

with a deletion of the GATA-binding site in the GATA-1 promoter do not have 

eosinophils. 
22

 The specific activity of GATA-1 in eosinophils is mediated by a high-
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affinity double GATA site 
23

. This double GATA site is in the downstream GATA-1 

promoter of eosinophil-specific genes, such as the eotaxin receptor CC chemokine 

receptor-3 (CCR3) and MBP, one of the primary mediators released from eosinophil 

granules that promote inflammation. 
24

 

 Eosinophil differentiation is strongly regulated by a group of cytokines known as 

eosinophilopoietins: IL-5, GM-CSF, and IL-3. These hematopoietins increase functional 

responses of eosinophils to various agonists including lipid mediators, complement 

factors, or chemokines  
11

. This effect of hematopoietins is called priming.  IL-5 

specifically regulates the production rate and differentiation of eosinophils, as well as 

eosinophil release into the peripheral blood 
21

’ 
25

. The importance of IL-5 is evident from 

studies using IL-5 deficient mice, which are unable to develop eosinophilia upon allergen 

sensitization and challenge. In contrast, mice that overexpress IL-5 exhibit extensive 

eosinophil production and tissue eosinophilia 
26

. Anti-IL-5 therapy of asthma patients 

leads to inhibition of eosinophil maturation in the bone marrow and decreased eosinophil 

progenitors in the bronchial mucosa
27

.  

1.2.3 Chemokines and Receptors Involved in Eosinophil Migration 

Priming of eosinophils circulating in the peripheral blood is a prerequisite for their 

transmigration through the endothelial cell layer. Migration comprises a series of 

sequential events including rolling, adhesion, and transmigration through the vascular 

endothelium.
28

 Adhesion, the initial step of eosinophil recruitment, is mediated by 

interaction between P-selectin-glycoprotein ligand (PSGL)-1 on eosinophils with P-

selectin and E-selectin on endothelial cells.  The next step involves rolling where the 

eosinophils may transiently adhere to the venular endothelium and begin to roll. 
11

 The 
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firm attachment of eosinophils to the endothelium is mediated by very late activation 

antigen (VLA)-4 (integrin α4β1) and CD11b/CD18 binding to vascular adhesion 

molecule (VCAM)-1 and intercellular adhesion molecule (ICAM)-1, respectively. 
29

 The 

expression of VLA-4 on eosinophils, which significantly contributes to eosinophil 

inflammation in allergic responses, can be upregulated by eotaxin
30

. After transmigration 

through the blood vessel, eosinophils enter the extracellular matrix where they bind to 

proteins including fibronectin, where the binding is mediated by integrins and selectins 

on the eosinophils. Eosinophils then migrate into the tissue along chemokine gradients. 
29

 

Chemokines are members of a very large superfamily of homologous small (8 to 

10 kDa) peptides that typically regulate the chemoattraction of leukocytes. Chemokines 

are subdivided into families based on the relative positions of their first two cysteine 

residues. The CC chemokines have their cysteines located adjacent to each other and, in 

general, are chemoattractants but for eosinophils, basophils, monocytes, and lymphocytes 

not for neutrophils.
31

 

One of the most important chemokines involved in eosinophil migration into 

inflammatory tissues is eotaxin. The principal receptor involved in eosinophil attraction 

to eotaxin is CCR3 
32

.  Two additional eosinophil selective CC chemokines have also 

been described: eotaxin-2 and eotaxin-3. Both eotaxin-2 and eotaxin-3, also correlatively 

induce eosinophil lipid body formation and enhanced production of LTC4 
33

 

In assessing the potential roles of the three eotaxins, their functions are not only to 

recruit eosinophils but also to activate their cellular responses within tissue sites of 

chemokine formation should be considered. High affinity binding of the eotaxins to G 

protein coupled CCR3 receptors triggers a transient influx of calcium followed by actin 
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polymerization and cell shape change. Subsequent CCR3-mediated signaling stimulates 

chemotaxis through phosphorylation and activation of tyrosine kinases and the MAP 

kinases, ERK1/2 and p38 and when these molecules were inhibited, it resulted in 

inhibition of eotaxin-induced cytokine production.
34

 

 Another potent chemokine for eosinophils is Regulated on Activation Normal T 

cells Expressed and Secreted (RANTES), which can bind to CCR3. 
32

 In addition to 

eotaxin and RANTES, monocyte chemoattractant protein (MCP)-1, 2, 3, and 4 may also 

bind to CCR3. IL-5 has some chemotactic activity, but primarily promotes the effect of 

eotaxin by enhancing CCR3-mediated responses. 
29

 Priming of eosinophils leads to an 

upregulation of additional chemokine receptors including CCR1, the main receptor for 

MIP-1α, and also binds RANTES and MCP-3
35

. 

 

1.2.2   Eosinophil Function 

The primary function of eosinophils is related to protection against helminth 

parasites. Eosinophils also play a role in the pathogenesis of helminth infections by 

causing tissue damage and organ dysfunction 
36

. Activation of eosinophils is required for 

their migration into the sites of inflammation in the tissue, for the production and release 

of their granule proteins and lipid mediators, and for the generation of reactive oxygen 

species 
16

.  

Upon activation, eosinophils specifically release their granule proteins by 

exocytosis or degranulation 
37

, 
38

. MBP released by eosinophils is highly cytotoxic 
39

and 

plays an essential role in host defense against helminth infection and allergic diseases 

such as asthma. Because of its cationic nature, MBP affects the charge of surface 
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membranes resulting in disturbed permeability, disruption, and injury of cell membranes 

40
. Eosinophil cationic protein (ECP) damages target cell membranes through the 

formation of pores or transmembrane channels. Eosinophil derived neurotoxin (EDN) 

and ECP are potent neurotoxins and EPO is involved in the generation of toxic oxygen 

species.  

Results of more recent research indicate that eosinophils play an important role in 

repair and remodeling processes after tissue damage as well as in immunomodulation. 

Eosinophils produce and release a broad spectrum of cytokines, chemokines, and 

leukotrienes. They also express cell surface receptors for these mediators, suggesting 

autocrine and paracrine mechanisms in regulating eosinophil functions 
41

.Other cytokines 

that may activate cytokine production by eosinophils are, interferon (IFN)- γ , tumor 

necrosis factor (TNF)- α , and complement factor C5a 
16, 29

. Eosinophils also play an 

immunomodulatory role through their ability to produce, store, and secrete a wide 

spectrum of cytokines and chemokines and thus may function as immunomodulatory 

cells. Eosinophils from normal individuals constitutively express IL-4 and IL-10 and 

these cytokines are further upregulated in response to inflammatory signals 
42

. These   

cytokines, as well as IL-2, IL-5, and IL-13 are stored in the granules and lipid bodies. In 

response to stimulation, eosinophils produce proinflammatory cytokines, some of which 

are the same as Th1 and Th2 cytokines, regulatory cytokines, and chemokines: IL-1, IL-

3, IL-5, IL-6, IL-8, IL-12, IL-13, IFN- γ , tumor growth factor (TGF)- α , TGF- β , GM-

CSF, TNF- α , macrophage inflammatory protein (MIP)-1 α , regulated upon activation, 

normal T-cell expressed and secreted (RANTES) and eotaxin 
16, 43

 (Fig. 2). Recently, 

eosinophils have been shown to be involved in innate immune responses by expressing 



 

Toll-like receptors
44

. By generating IL

regulatory cell function and suppress

eosinophils leads to constriction of airway smooth muscle, leading to 

bronchoconstriction, one of the hallmark features of asthma

 

Figure 2.  Some of the major effect

asthma: TGF-β1 enhances smooth muscle cell hyperplasia and epithelial cell shedding; MBP 

augments smooth muscle cell hyperplasia; IL

and VEGF induces angiogenesis. 

 

In addition to chemoattraction, eotaxins are potent activators of eosinophil 

effector functions, and all currently recognized

induced internalization of CCR3) elicited by the eotaxins 

coupled-responses including calcium influx

production of reactive oxygen species in human eosinophils with potencies similar to 

optimal concentrations of C5a and greater than M

Eotaxin-induced production of reactive oxygen species 

11 

. By generating IL-10 and TGF- β, eosinophils may to modulate T 

regulatory cell function and suppress inflammatory events 
41

.  LTC4 production 

eosinophils leads to constriction of airway smooth muscle, leading to 

bronchoconstriction, one of the hallmark features of asthma. 

ffects of eosinophil mediators and cytokines on structural cells involved in 

1 enhances smooth muscle cell hyperplasia and epithelial cell shedding; MBP 

augments smooth muscle cell hyperplasia; IL-13 increases mucus hypersecretion from goblet cells;

and VEGF induces angiogenesis.  

In addition to chemoattraction, eotaxins are potent activators of eosinophil 

effector functions, and all currently recognized effector responses (excepting ligand

induced internalization of CCR3) elicited by the eotaxins are mediated via CCR3, G 

responses including calcium influx. Both eotaxin-1 and eotaxin-2 elicit the 

production of reactive oxygen species in human eosinophils with potencies similar to 

optimal concentrations of C5a and greater than MCP-3, MCP-4, and RANTES

induced production of reactive oxygen species is blocked by staurosporin, 

to modulate T 

LTC4 production by 

eosinophils leads to constriction of airway smooth muscle, leading to 

 

of eosinophil mediators and cytokines on structural cells involved in 

1 enhances smooth muscle cell hyperplasia and epithelial cell shedding; MBP 

13 increases mucus hypersecretion from goblet cells; 

In addition to chemoattraction, eotaxins are potent activators of eosinophil 

effector responses (excepting ligand-

via CCR3, G 

2 elicit the 

production of reactive oxygen species in human eosinophils with potencies similar to 

nd RANTES.
45

 

blocked by staurosporin, 
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genistein, and wortmannin, indicating the involvement of protein kinase C (PKC), 

tyrosine kinase(s), and phosphoinositide-3 kinase (PI3K). 

Ligand-induced internalization of chemokine receptors (e.g., CCR1, CCR5, 

CXCR2, and CXCR4) is well documented. Likewise, CCR3 ligands, including eotaxin-1 

and RANTES, induce CCR3 receptor internalization from eosinophil plasma membranes 

to an intracellular endocytic compartment. Ligand-induced CCR3 internalization involves 

molecular events that are dissociated from signaling involved in triggering eosinophil 

activation, since it is not dependent on G-protein coupling, intracellular Ca+2 transients 

or PKC activity. Downregulation of CCR3 activation by eotaxins might control not only 

of eosinophil infiltration into target tissues, but also the regulation of CCR3-mediated 

activation of eosinophil effector responses.
45, 46

 

Some studies suggest that eosinophils may not be important in the pathogenesis of 

asthma.  Anti-IL-5 antibodies decrease eosinophil numbers in the lungs of asthmatic mice 

but have no effect on the asthma-associated airway hyperreactivity in the mice. 
47

  Anti-IL-

5 antibodies decrease sputum eosinophil numbers in humans but have no effect on the 

airway hyperresponsiveness and late asthmatic response.
48

 Moreover, IL-5-induced 

eosinophil infiltration into the lungs reduces allergic airway inflammation via a TGF-β-

dependent pathway.
49

 These findings represent a small percentage of the research done on 

linking eosinophils to asthma, and since much more research has shown that eosinophils 

are key mediators in the induction of an asthmatic response. 

One potential molecule that may influences eosinophils in asthmatics which is best 

studied as a mediator of bone health is vitamin D.  For example, a study using a mouse 

model of asthma found that vitamin D treatment reduced eosinophil infiltration to the 
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airways by inhibiting production of IL-5
50

.  Another study using a mouse model of 

asthma, however, demonstrated that VDR knockout mice had reduced airway 

inflammation and eosinophilia, suggesting that vitamin D is involved in increasing the 

asthmatic response 
51

.  Due to the controversy in these studies, it is unclear what role 

vitamin D might play in the eosinophil-induced asthmatic response. 

 

1.3  Vitamin D 

Vitamin D is a steroid hormone that plays a key role in regulation of innate immunity. 

Most tissues express the vitamin D receptor 
52

, thereby permitting a response to the 

hormone. Humans obtain vitamin D precursors from exposure to sunlight, and to a lesser 

extent from diet. Activation of vitamin D requires two sequential hydroxylation steps 

(Fig.3). The first step occurs mainly in the liver where 25-hydroxylase,  converts vitamin 

D3 to the primary circulating or storage form, 25-hydroxyvitamin D3 (25OHD3)
53

. The 

second step is conventionally known to take place in the kidneys, but increasing number 

of tissues have been found to express 1α-hydroxylase (CYP27B1), the enzyme responsible 

for the final and rate-limiting step in the synthesis of the active 1,25-dihydroxyvitamin D3 

(1α,25(OH)2D3)
54

. Expression of 1α-hydroxylase has been reported in keratinocytes, 

intestine, breast 
55

, and prostate cells, and in cells of the immune system including 

macrophages 
56

, monocytes 
57

, and dendritic cells 
58

. Vitamin D is inactivated by a 

ubiquitously expressed enzyme, 24-hydroxylase, also known as CYP24A1. 



 

Figure  3. Schematic diagram showing
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ing synthesis and metabolism of vitamin D, as well as the enzymes involved.

During exposure to solar ultraviolet B (UVB) radiation, 7-dehydrocholesterol in the skin is converted 

to previtamin D3, Vitamin D (D2 or D3) made in the skin or ingested in the diet can be stored in and 

then released from fat cells. Vitamin D in the circulation is bound to the vitamin D–binding protein, 

which transports it to the liver, where vitamin D is converted by vitamin D-25-hydroxylase to 25

hydroxyvitamin D [25(OH)D]. This form of vitamin D is biologically inactive and must be converted in 

hydroxyvitamin D-1α- hydroxylase (1-OHase) to the biologically active form 

dihydroxyvitamin D [1α, 25(OH)2 D]. 1α, 25(OH)2 D increases the expression of 25-hydrox

OHase) to catabolize 1,25(OH)2D to the water-soluble, biologically inactive 

calcitroic acid, which is excreted in the bile. 

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

expression mediated by the vitamin D receptor (VDR) (Fig. 4) 
59

. Active vitamin D binds 

to VDR, and upon ligand binding,  the receptor dimerizes with the retinoic X receptor 

his complex binds to vitamin D-responsive elements (VDRE)  within the promoter 

responsive genes
61

. Transcriptional activation is enhanced by 

nuclear receptor coactivator proteins, such as steroid receptor coactivators (SRC) and 

 

, as well as the enzymes involved. 

dehydrocholesterol in the skin is converted 

t can be stored in and 

binding protein, 

hydroxylase to 25-

orm of vitamin D is biologically inactive and must be converted in 

OHase) to the biologically active form — 1α, 

hydroxyvitamin 

soluble, biologically inactive 

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

. Active vitamin D binds 

imerizes with the retinoic X receptor 
60

.  

responsive elements (VDRE)  within the promoter 

s enhanced by 

nuclear receptor coactivator proteins, such as steroid receptor coactivators (SRC) and 



 

proteins of the vitamin D recep

VDR complex binds to the VDRE element 

Figure   4. Schematic diagram to show cellular mechanism of vitamin D

active form of vitamin D, in target cells. 1,25(OH)2D3 binds to VDR. VDR heterodimerizes with RXR. 

After interaction with the VDRE, transcription proceeds throu

coactivators and with the transcription machinery.

 

1.4 Calcitriol and Immune cells

1.4.1 Calcitriol and lymphocytes

The active metabolite of vitamin D, 

known as calcitriol, is a potent immunoregulator

role for vitamin D in lymphocyte responses.  These include: the presence of

receptors (VDRs) in activated T and B lymphocytes

enzyme that produces 1, 25(OH)

D3 suppresses the synthesis/release

T helper (Th) 1 cells (cells that release
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proteins of the vitamin D receptor-interacting protein complex that are recruited after the 

VDR complex binds to the VDRE element 
62

. 

 

Schematic diagram to show cellular mechanism of vitamin D. Mechanism of action of 1,25(OH)2D3, 

active form of vitamin D, in target cells. 1,25(OH)2D3 binds to VDR. VDR heterodimerizes with RXR. 

After interaction with the VDRE, transcription proceeds through the interaction of VDR with 

coactivators and with the transcription machinery. 
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induction of Th1 immune response; Fig.5).  Calcitriol also inhibits the synthesis/release 

of IL-23 and IL-6, cytokines that are important for the development of Th17 cells (cells 

that release IL-17, a cytokine that enhances proinflammatory asthmatic response) 
64

. 

Suppression of IL-12, IL-2 and IFN-γ by 1α, 25(OH)2 D3 increases the development of 

Th2 cells leading to increased IL-4, IL-5, and IL10 production, which further suppresses 

Th1 development and shifts the balance to a Th2 cell phenotype 
65-67

. 

Many other studies have been conducted to examine the role of vitamin D in Th2 

cell-directed diseases. Experimental allergic asthma was induced in vitamin D receptor 

(VDR) knockout and in wild-type (WT) mice. WT mice developed symptoms of airway 

inflammation with an influx of eosinophil, elevated Th2 cytokine levels, mucus 

production, and airway hyperresponsiveness. The administration of 1, 25(OH)2 D3 had no 

effect on asthma severity. There was an elevated expression of Th2-related genes (soluble 

CD23 and GATA-3, a transcription factor involved in Th2 cell development, in lungs of 

BALB/c mice exposed to Ag through the nasal route. By contrast, VDR knockout mice 

failed to develop airway inflammation, eosinophilia, or airway hyperresponsiveness, 

despite high IgE concentrations and elevated Th2 cytokines. These data suggest that, 

although 1, 25(OH) 2 D3 induced Th2-associated genes, the treatment failed to have any 

effect on experimental asthma severity 
68

‘
69

. However, 1,25(OH)2D3 administration to 

normal mice protected them from experimentally induced asthma in one study, blocking 

eosinophil infiltration, IL-4 production, and limiting histological evidence of inflammation 

70
. 

The actions of 1,25(OH)2D3 on B cells have received less attention.  

1,25(OH)2D3 has been shown to inhibit the proliferation of B cells. 
71

 Recent studies have 



 

also shown that calcitriol can inhibit

immunoglobulin production 

important role in the maintenance of B cell

involved in humoral immunity.

  

Figure.  5.  Calcitriol produces many different effects 

TH1 through IFN-γ and IL

inhibition of IL-23 and IL

promotes a TH2 immune response, and it enhances the development of Tregs, thus increasing IL

production and release.  

 

1.4.2 Calcitriol and Dendritic Cells

VDRs are also present on dendritic cells (DCs), and

enzyme that produces 1α, 25(OH)2D3

activated.  1,25(OH)2D3 can

also express CYP27A1, the mitochondrial enzyme that produces 25(OH)D (25

hydroxyvitamin D) from vitamin D
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can inhibit maturation of B cells into plasma cells, as well as 

 in plasma cells. Thus, 1,25(OH)(2)D(3) appears to 

important role in the maintenance of B cells  
72

. Therefore, vitamin D might also be 

involved in humoral immunity. 

produces many different effects on certain T cell subsets.  It suppresses the development of 

 and IL-12 inhibition, and it suppresses TH17 cell development through the 

23 and IL-6.  In contrast, calcitriol increases the proliferation of TH2 cells, which 

promotes a TH2 immune response, and it enhances the development of Tregs, thus increasing IL

Dendritic Cells 

are also present on dendritic cells (DCs), and DCs express CYP27B1, the 

25(OH)2D3.  However, DCs only express CYP27B1

can regulate the proliferation and function of DCs. 

express CYP27A1, the mitochondrial enzyme that produces 25(OH)D (25

hydroxyvitamin D) from vitamin D
73

.  When expression and/or activity of CYP24A1, the 

maturation of B cells into plasma cells, as well as 

appears to play an 

erefore, vitamin D might also be 

 

.  It suppresses the development of 

it suppresses TH17 cell development through the 

In contrast, calcitriol increases the proliferation of TH2 cells, which 
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. 
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.  DCs 

express CYP27A1, the mitochondrial enzyme that produces 25(OH)D (25-

activity of CYP24A1, the 



 

1, 25(OH)2D3-inducible enzyme that catabolizes 

absent 
73

 or blocked 
74, 75

 in DCs

hypercalcemia and hypercalciuria as a result of increased circulating levels of 1,

25(OH)2D3.  1,25(OH)2D3 

expression of the costimulatory molecules CD40, CD80, and CD86, decreasing their 

ability to present antigen and activate T cells

1,25(OH)2D3 can also induce CD4+/CD25+ 

by increased Foxp3 expression, which is critical 

production 
64

. These cells are critical for the induction of immune tolerance 

calcitriol appears to have an inhibitory effect on DCs, which makes DCs less capable of 

presenting antigens and inducing an asthmatic response.

Figure 6.  Calcitriol has an inhibitory effect on d

molecules (HLA-DR, CD40, CD80, and CD86) which are necessary for DCs to present antigens to TH 

cells. 
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inducible enzyme that catabolizes 25(OH)D3 and 1,25(OH)2D3

in DCs, diseases associated with immune activation lead to 

hypercalcemia and hypercalciuria as a result of increased circulating levels of 1,

 decreases the maturation of DCs, as marked by inhibited 

expression of the costimulatory molecules CD40, CD80, and CD86, decreasing their 

ability to present antigen and activate T cells (Fig.6). Treatment of DCs with 

1,25(OH)2D3 can also induce CD4+/CD25+ regulatory T cells (Treg) cells 
76

by increased Foxp3 expression, which is critical for Treg development, and IL

. These cells are critical for the induction of immune tolerance 
77

appears to have an inhibitory effect on DCs, which makes DCs less capable of 

presenting antigens and inducing an asthmatic response. 
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77
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1.4.3 Calcitriol and Monocytes/Macrophages 

VDR is also present on macrophages, and macrophages express CYP27B1, but 

only express this enzyme when activated by antigen uptake 
73

.  Furthermore, 1α, 25(OH) 

2D3 can regulate the proliferation and function of macrophages 
72, 73

but like DCs, 

macrophages also express CYP27A1 
73

. In response to 1α, 25(OH) 2 D3, CYP24A1 

induction and/or function in macrophages decreases. This involves a truncated form of 

CYP24A1, which is postulated to act as a dominant negative form of CYP24A1, binding 

1α, 25(OH) 2 D3 within the cytoplasm and preventing its catabolism 
74

. A second 

mechanism of CYP24A1 regulation involves the ability of the signal transducer and 

activator of transcription (STAT)-1 transcription factor (induced by interferon [IFN]-γ) to 

complex with VDR, blocking VDR’s ability to bind to and activate the vitamin D–

responsive elements (VDREs) in the CYP24A1 promoter 
75

 . 

Pulmonary alveolar macrophage production of 1α, 25(OH)2D3 requires activation 

by IFN-γ and tumor necrosis factor (TNF)-α and is inhibited by dexamethasone 
78

. The 

production of 1, 25(OH)2 D3 by circulating monocytes can be stimulated by IFN-γ and 

other cytokines including TNF-α, interleukin (IL)-1, and IL-2 
79

. IFN-γ plus 

lipopolysaccharide (LPS) has also been shown to induce CYP27B1 
80

. LPS stimulates 

these macrophages through specific Toll-like receptors (TLRs) in association with the 

coreceptor CD14, an important trigger of the innate immune response. Such stimulation 

involves signaling through the JAK/STAT, p38 mitogen-activated protein kinase 

(MAPK), and nuclear factor (NF)-κB pathways 
80

 . 
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1.4.4 Calcitriol and Epithelial Cells 

  The first lines of defense against invading microorganisms are epithelial cells. 

They have been shown to express CYP27B1 more than any other cell type. CYP27B1 

expression and activity have been found in most epithelial tissues. These tissues include 

the prostate, colonic mucosa, mammary epithelium, cervical epithelium, lung epithelium, 

and endometrium. In general, these epithelia also express CYP24A1, limiting the levels 

of 1α, 25(OH) 2D3 within these tissues so that the 1α, 25(OH) 2D3 produced is likely to 

play primarily a paracrine or autocrine role in these tissues and not lead to systemic 

effects on calcium metabolism.  

1.5 Hypothesis and Specific Aims 

Vitamin D may influence eosinophil recruitment in the lungs of an asthmatic mouse 

model.  For example, a study using a mouse model of asthma found that vitamin D 

treatment reduced eosinophil infiltration to the airways by inhibiting production of IL-5 
50

.  

In contrast, another study demonstrated that VDR knockout mice had reduced airway 

inflammation and eosinophilia, suggesting that vitamin D increases the asthmatic response 

51
.  Hence, it is unclear what role vitamin D has with regard to the eosinophil-induced 

asthmatic responses.  Based on pilot studies in our lab, CCR3 mRNA increased in patients 

after one year of vitamin D supplementation.  CCR3 is known to modulate migration of 

eosinophils into the airways, leading to airway tissue inflammation and remodeling 
11

.   

I hypothesized that vitamin D enhances human blood eosinophil chemotaxis in vitro 

by increasing the expression of CCR3 leading to chemotaxis and the release of TGF-β1 

from eosinophils.  

To test the hypothesis the specific aims were generated: 
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1. Determine if eosinophils express VDR, and if calcitriol alters levels of VDR 

mRNA and protein.  

2. Determine if calcitriol increases mRNA and protein expression of CCR3, IL-

5R, and TGF-β1, a cytokine released by eosinophils involved in airway 

remodeling, in human blood eosinophils. 

3. Determine if calcitriol enhances human blood eosinophil chemotactic migration. 
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Chapter 2 

Materials and Methods 

 

 

 

 

 

 

 

 

 



 

2.1 Isolation of Human Blood Eosinophils

       Eosinophils were isolated from peripheral bloo

donors with the approval of the Internal Review Board of Creighton University.  All 

subjects gave informed written consent, as required by the IRB.  120 ml of blood was 

drawn from each person using EDTA as an anti

0.9% saline, layered over H

and centrifuged to separate mononuclear cells from RBCs and granulocytes.  Dextran 

sedimentation and hypotonic lysis were used to remove red blood cells.  Eosinophils were 

then isolated by negative selection using a cocktail of antibodies 

surface markers with magnetic beads in an Eosinophil Isolation Kit (Miltenyi Biotec, 

Auburn, CA) and passing the cells through an autoMACS (Miltenyi Biotec, Auburn, 

CA).  Purity (98-99%) and viability (95%) of eosinophils was determined by 

trypan blue stain, respectively.

Figure 7.  Schematic diagram to show isolation of human blood eosinophils

23 

Isolation of Human Blood Eosinophils 

Eosinophils were isolated from peripheral blood of healthy non-asthmatic

with the approval of the Internal Review Board of Creighton University.  All 

subjects gave informed written consent, as required by the IRB.  120 ml of blood was 

drawn from each person using EDTA as an anti-coagulant.  Blood was diluted 1:1 with 

Histopache solution (Atlanta Biologicals, Lawrenceville, GA), 

and centrifuged to separate mononuclear cells from RBCs and granulocytes.  Dextran 

sedimentation and hypotonic lysis were used to remove red blood cells.  Eosinophils were 

isolated by negative selection using a cocktail of antibodies against non

with magnetic beads in an Eosinophil Isolation Kit (Miltenyi Biotec, 

Auburn, CA) and passing the cells through an autoMACS (Miltenyi Biotec, Auburn, 

99%) and viability (95%) of eosinophils was determined by 

rypan blue stain, respectively. (StatLab, Lewisville, TX).   

Schematic diagram to show isolation of human blood eosinophils. 

asthmatic human 

with the approval of the Internal Review Board of Creighton University.  All 

subjects gave informed written consent, as required by the IRB.  120 ml of blood was 

coagulant.  Blood was diluted 1:1 with 

solution (Atlanta Biologicals, Lawrenceville, GA), 

and centrifuged to separate mononuclear cells from RBCs and granulocytes.  Dextran 

sedimentation and hypotonic lysis were used to remove red blood cells.  Eosinophils were 

against non-eosinophil 

with magnetic beads in an Eosinophil Isolation Kit (Miltenyi Biotec, 

Auburn, CA) and passing the cells through an autoMACS (Miltenyi Biotec, Auburn, 

99%) and viability (95%) of eosinophils was determined by H& E and 
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2.2 Eosinophil Culture  

Eosinophils were unstimulated or stimulated with different doses of calcitriol 

(Sigma-Aldrich, St. Louis, MO) for 24 hrs (100, 200, 300 pM and 100nM) in RPMI-1640 

(Sigma-Aldrich, St. Louis, MO) with 10% FBS for 24 h at 37°C and 5% CO2. Calcitriol 

was dissolved in 95% ethanol.  The normal physiological level calcitriol in human serum 

is between 30-60 pg/ml.  The doses that were used for these experiments correspond to 

42, 72, 100 pg/ml and 42 ng/ml.   

 

2.3   RNA Isolation 

All procedures were performed at room temperature unless specified. Each sample 

was lysed in 1 ml of TRI Reagent (Sigma, St. Louis MO) by repetitive pipetting and the 

homogenate was incubated for 10 min at room temperature to permit complete 

dissociation of nucleoprotein complexes. The homogenate was supplemented with 0.1 ml 

bromochloropropane (BCP) per 1 ml of TRI Reagent and vortexed for 15 sec. The 

resulting mixture was incubated at room temperature for 15 min then centrifuged at 

12,000 g for 15 min at 4 °C. Following centrifugation, the colorless upper aqueous phase 

was transferred to a microcentrifuge tube. A total of 0.5 ml of isopropanol was added into 

aqueous phase per 1 ml of TRI Reagent used for the initial homogenization. The samples 

were left at room temperature for 10 min and centrifuged at 12,000 g for 15 min at 4°C. 

The supernatant was removed and the RNA pellet was washed with 75% ethanol, 

followed by a centrifugation at 12,000 g for 15 min at 4°C. A total of 1 ml of 75% 

ethanol was used per 1 ml TRI Reagent used for the initial homogenization. The ethanol 

supernatant was removed and the RNA pellet was left briefly to air-dry for 10 min. The 
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RNA was solubilized by nuclease-free distilled water (Ambion, Austin, TX). The RNA 

concentration was measured using a GE Genequant 1300 Spectrophotometer (GE 

Healthcare Life Sciences), and the RNA/DNA ratio was between 1.8 and 2.0. 

 

2.4 Reverse Transcription 

First-strand cDNA was synthesized using 1 µg total RNA with oligo dT, 5X 

reaction buffer, MgCl2, dNTP mix and Improm-II reverse transcriptase as per Improm-II 

reverse transcription kit (Promega, Madison, WI). 

 

2.5 Real-Time PCR 

Following first strand synthesis, real time PCR was done using cDNA, SYBR 

green PCR master mix (Applied Biosystems, Foster City, CA) and forward and reverse 

primers (10 pmol/µl) (Integrated DNA Technologies, Coralville, IA) using a 7500 Real 

Time PCR system (Applied Biosystems, Foster City, CA) or a CFX 96 Real Time PCR 

system (Bio-Rad, Hercules, CA). Primers specific for VDR (F:5´-TCA ACG CTA TGA 

CCT GTG AAG GCT -3’, R:5’-TTC ATC ATG CCA ATC TCC ACG CAG-3´), 

CCR3(F:5´-ATC TAC CTG CTC AAC CTG GCC ATT-3´, R:5´-ATC TCG CTG TAC 

AAG CCT CTG TGA-3´), TGF-β1 (F:5´-GTT CAA GCA GAG TAC ACA CAG C-3´, 

R:5´-GTA TTT CTG GTA CAG CTC CAC G-3´), IL-5Rα (F:5´-GAG ATG CCA TTC 

TAC CAA GGA CTT C-3´, R:5´-CAG TGG GAG AAA CCA CTT TCT GCC-3), and β-

actin (F:5’-CTG GCA CCC AGC ACA ATG-3´, R:5´-GCC GAT CCA CAC GGA GTA 

CT-3´) (IDT, Coralville, IA)  were used to amplify and quantify the cDNA product.  The 

PCR cycling conditions were 5 min at 95 ºC for initial denaturation, followed by 50 
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cycles of 45 sec at 95 ºC, 45 sec at 55 ºC and 45 sec at 72 ºC. Calculations of relative 

gene expression were based on the differences in the threshold cycle of the PCR reaction, 

which is the number of PCR cycles that are needed for the sample to begin doubling the 

amount of cDNA each cycle. One less cycle corresponds to twice as much mRNA. The 

fold change in mRNA expression between samples was calculated using the fold change 

(compared to control) = 2 
–∆∆Ct

 method. The results were normalized to β-actin. The 

specificity of the primers was analyzed by running a melting curve that will detect any 

double stranded DNA, including primer dimers and contaminating DNA, to ensure that 

the desired product is detected. 

 

2.6 Western Blotting 

Isolated eosinophils were stimulated as described in Section 2.2. Protein was 

extracted from the human blood eosinophils using RIPA Buffer (Sigma-Aldrich, St. 

Louis, MO).  The protein was quantified using bicinchoninic acid: copper (II) sulfate 

(50:1) (Sigma-Aldrich, St. Louis, MO) as a chromogenic reagent for proteins. The 

absorbance was measured on a microplate reader (Bio-Rad, Hercules, CA) at 570 nm, 

and the absorbance values were converted to protein concentrations based upon a 

standard curve using bovine serum albumin (BSA).  The protein samples (30 µg) were 

run on an electrophoresis gradient gel (4-20%) using SDS-PAGE and then transferred to 

a nitrocellulose membrane.  After incubating the membranes with 5% milk in PBS (with 

0.05% Tween-20) for 1 h at room temperature to reduce nonspecific binding, the 

membranes were incubated with primary antibodies for VDR, CCR3, TGF-β1, IL-5Rα, 

GATA-1, and phosphorylated GATA-1 (Santa Cruz Biotechnology, Santa Cruz, CA) at 
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1:500 dilution overnight at 4°C, washed with PBS/Tween-20 for 1 h at room temperature, 

then incubated with the secondary antibody conjugated to horseradish peroxidase for 1 h 

at room temperature.  The intensity of the protein expression was determined by 

chemiluminescence using the UVP Bioimaging System 

 

2.7 Chemotaxis and Chemokinesis Assay 

Eosinophil chemotaxis was measured using a Transwell (Corning Life Sciences, 

Lowell, MA) system with 5 µm pores on the membrane between the upper and lower 

chambers.  Eosinophils were stimulated with different doses of calcitriol for 3 h (100, 200 

and 300 pM) before starting the migration experiment. For chemotaxis assays, 600 ul of 

RPMI-1640 containing 10 ng/mL eotaxin, and 25 ng/ml IL-5 (Peprotech, Rocky Hill, NJ) 

were added to the lower compartment, then 1 x 10
5
 cells that had been incubated with 

calcitriol in 100 µL RPMI-1640 (Sigma-Aldrich, St. Louis, MO) were added to the upper 

compartment of the Transwell, and the chamber was subsequently incubated at 37°C with 

5% CO2 for 3 h.  The membrane was removed, cells were scraped from the top side 

facing the upper chamber, and the membrane was placed on slide.  The cells were fixed, 

and then stained with eosin and hematoxylin. Migrated eosinophils were counted in 5 

randomly selected fields at a magnification of 20X.  

For the eosinophil chemokinesis assay, eosinophils were stimulated with different 

doses of calcitriol (100, 200, and 300 pM) for 3 h before starting the migration 

experiment.  1 x 10
5
 cells that had been incubated with calcitriol in 100 µL RPMI-1640 

(Sigma-Aldrich, St. Louis, MO) were added to the upper compartment of the Transwell, 

eotaxin (10 ng/ml) was placed in both the upper and lower chamber, and the chamber was 
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subsequently incubated at 37°C with 5% CO2 for 3 h.  The membrane was removed, cells 

were scraped from the top side facing the upper chamber, and the membrane was placed 

on slide.  The cells were fixed, and then stained with eosin and hematoxylin. Migrated 

eosinophils were counted in 5 randomly selected fields at a magnification of 20X. 

 

2.8 Measurement of IL-5 and TGF-β1 secretion 

The eosinophils were suspended at a density of 1 × 10
6
/mL in RPMI-1640 (Sigma, 

MO) supplemented with 10% heat-inactivated FBS and penicillin-streptomycin and then 

incubated in a Cellstar® 12-well suspension culture plate (Greiner Bio-one, Germany) at 

37°C. These cells were stimulated with different doses of calcitriol (100, 200, 300 pM, 

and 100 nM) for 24 h. In some experiments cells were stimulated with 200 pM and 

collected at different time intervals for time course purposes. Culture supernatant was 

collected for the measurement of secreted cytokines. Cytokine levels (IL-5 and TGF-β1) 

were determined in the culture of supernatant using commercially available ELISAs 

(eBioscience, San Diego, CA) according to the manufacturer’s protocol. The sensitivity of 

each assay was as follows: TGF-β1 was measured in ng/ml, and IL-5 was measured in 

pg/ml. 

2.9   Statistical Analysis 

All values are expressed as the mean + SEM.  Data were calculated and statistical 

differences between two groups were analyzed using a t-test.  Statistical differences 

between more than two groups were analyzed using a standard one-way ANOVA test 

followed by Bonferroni’s multiple comparison test.  Differences were considered 

significant at p<0.05. 
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3.1   Effect of Calcitriol on Vitamin D Receptor mRNA and Protein Expression in 

Eosinophils 

 Upon stimulation of freshly isolated eosinophils with calcitriol in a dose dependent 

manner for 24 h, a significant increase (p<0.05) in VDR mRNA expression was observed 

at 200 pM, 300 pM and 100 nM as compared to the control.  However, there was no 

significant increase in the eosinophils stimulated with 100 pM of calcitriol when 

compared to the control (Fig. 8).  

 When performing the time course experiment, isolated eosinophils stimulated with 

200 pM calcitriol were found to have significantly increased (p<0.05) VDR mRNA 

expression at 4 and 24 h as compared to the control.  The other time periods (2, 8, 12, 16, 

and 20 h), although showing a trend of increase, did not have significantly different levels 

of VDR mRNA expression as compared to the control (Fig. 9). 

Protein expression of VDR in dose response experiments after 24 h stimulation 

was significantly increased (p<0.05) at a dose of 300 pM of calcitriol when compared to 

the VDR protein expression of control.  Meanwhile, eosinophils stimulated with calcitriol 

at doses 100 and 200 pM showed no significant change as compared to the control (Fig. 

10).  

The time course results of VDR protein expression showed a trend of modest 

increase at 2, 8, 12 and 24 h as compared to unstimulated eosinophils. The only significant 

difference in VDR protein expression was observed at 4 h (Fig. 11).  
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Figure 8.  Dose dependent effect of calcitriol on VDR mRNA expression in human eosinophils at 24 h of 

treatment of calcitriol. Data is shown as mean ± SEM as compared to the control. N=3, *p<0.05. 

 

 

Figure 9. Time dependent effect of calcitriol (200 pM) on VDR mRNA expression in human eosinophils.  Data is 

shown as mean ± SEM as compared to the 0 h. N=3, *p<0.05. 

 

 

 

 



 

A) 

 

B) 

Figure 10.  Dose dependent effect of c

blot. B) Densitometric data showing the effect of calcitriol

mean ± SEM  compared to the control

A) 

 

B) 

 

Figure 11.  Time dependent effect of c

blot. B) Densitometric data showing the effect of calcitriol

mean ± SEM as compared to the 
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0.  Dose dependent effect of calcitriol on VDR protein expression after 24 h. A) Representative western 

Densitometric data showing the effect of calcitriol on protein expression.  Data

compared to the control.  N=5, *p<0.05. 

 

 

dependent effect of calcitriol (200 pM) on VDR protein expression. A) Representative western 

Densitometric data showing the effect of calcitriol on protein expression. Data is shown as 

mean ± SEM as compared to the 0 h. N=5, *p<0.05. 

Representative western 

Data shown is the  

Representative western 

Data is shown as 
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3.2   Effect of Calcitriol on CCR3 mRNA and Protein Expression in Eosinophils 

Upon stimulation of freshly isolated eosinophils with calcitriol in a dose dependent 

manner for 24 h, a significant increase (p<0.05) in CCR3 mRNA expression was observed 

at 200 pM, 300 pM and 100 nM as compared to the control.  However, there was no 

significant increases or decreases in CCR3 mRNA was found in eosinophils stimulated 

with 100 pM of Calitriol when compared to the control (Fig. 12).  

  

 Isolated eosinophils stimulated with 200 pM calcitriol were found to have 

significantly increased (p<0.05) CCR3 mRNA expression at 12, 16, 20 and 24 h as 

compared to the control.  At other time points, (2, 4, and 8 h), no significant alterations in 

CCR3 mRNA expression was found as compared to the control cells (Fig. 13). 

Protein expression of CCR3 in dose response experiments following a 24 h of 

calcitriol stimulation showed a significant increase (p<0.05) at 300 pM when compared to 

the CCR3 protein expression found in the control cells.  Meanwhile, eosinophils 

stimulated with calcitriol at doses 100 and 200 pM showed insignificant change as 

compared to the control (Fig. 14).  

Protein levels of CCR3 showed a trend of modest increases at 2, 8, 12 and 24 h. 

The only significant in CCR3 protein expression was observed at 4 h (Fig. 15).  
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Figure 13. Time-dependent effect of calcitriol (200 pM) on CCR3 mRNA expression in human eosinophils. Data 

shown as mean ± SEM  compared to the control. N=3, *p<0.05. 

 

 

 

 

 

 

Figure 12. Dose-Dependent effect of calcitriol on CCR3 mRNA expression at 24h of treatment with calcitriol. Data 

shown as mean ± SEM compared to the control. N=3, *p<0.05, **p<0.01. 



 

              

A) 

B) 

 

A) 

 

 

B) 

 

Figure 15. Time dependent effect of calcitriol 

blot. B) Densitometric data showing the effect
mean ± SEM compared to the 0 h. N=5, *p<0.05.

Figure 14. Dose Dependent effect of calcitriol on CCR3 protein expression. A) Representative western blot 

B) Densitometric data showing the effect of calcitrio on protein expression. Data 

SEM compared to the control. N=5, p<0.05.
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Time dependent effect of calcitriol (200 pM) on CCR3 protein expression. A) Representative western 

Densitometric data showing the effect calcitriol on protein expression. Data shown as 

mean ± SEM compared to the 0 h. N=5, *p<0.05. 

Figure 14. Dose Dependent effect of calcitriol on CCR3 protein expression. A) Representative western blot 

B) Densitometric data showing the effect of calcitrio on protein expression. Data shown as mean + 

SEM compared to the control. N=5, p<0.05. 

 

 

 

 

A) Representative western 

calcitriol on protein expression. Data shown as 

Figure 14. Dose Dependent effect of calcitriol on CCR3 protein expression. A) Representative western blot 

shown as mean + 
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3.3   Effect of Calcitriol on TGF-β1 mRNA and Protein Expression within 

Eosinophils 

 

 Upon stimulation of freshly isolated eosinophils with Calcitriol in a dose response 

manner for 24 h, TGF-β1 mRNA expression was significantly (p<0.05) increased at 300 

pM and 100 nM compared to controls.  No significant increases in TGFβ-1 mRNA levels 

were found in eosinophils stimulated with 100 pM and 200 pM of calitriol when 

compared to the control eosinophils (Fig. 16). Overtime, isolated eosinophils stimulated 

with 200 pM calcitriol were found to have significantly increased (p<0.05) TGF-β1 

mRNA expression at 4 and 24 h as compared to the control cells.  At other time points (2, 

8, 12, 16, and 20 h), no significant differences in TGF-β1 mRNA expression was 

observed (Fig. 17). 

Protein expression of TGF-β1 after 24 h stimulation of calcitriol showed no 

significant change (p>0.05) at 100 pM, 200 pM, and 300 pM when compared to the TGF-

β1 protein expression of control (Fig. 18). TGF-β1 protein expression showed no 

significant change at 2, 4, 12 and 24 hours as compared to unstimulated eosinophils. When 

treated cells with 200 pM with the exception of a significant increase at 8 hours (Fig.19).  
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Figure 16. Dose dependent effect of calcitriol on TGF-β1 mRNA expression in human eosinophils at 24h of 

treatment with calcitriol. Data shown as the mean ± SEM compared to the control.  N=3, *p<0.05. 

 

 

Figure 17: Time dependent effect of Calcitriol (200 pM) on TGF-β1 mRNA expression in human eosinophils. 

Data shown as the mean ± SEM as compared to the control.  N=3, *p<0.05. 
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A) 

 

 

B) 

 

 

Figure 18. Dose-dependent effect of calcitriol on TGF-β 1 protein expression in eosinophil. A) Representative 

western blot. B) Densitometric data showing the effect calcitriol on protein expression. Data 

shown as the mean ± SEM compared to the control. N=5. 

A) 

 

 
B) 

 

 
Figure 19. Time-dependent effect of calcitriol (200 pM) on TGF-β 1 protein expression. A) Representative 

western blot. B) Densitometric data showing the effect calcitriol on protein expression. Data 

shown as the mean ± SEM compared to the 0 h. N=5, *p<0.05. 
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3.4   Effect of Calcitriol on IL-5Rα mRNA Expression in Eosinophils 

 Stimulation of freshly isolated eosinophils with calcitriol in a dose dependent 

manner for 24 h, revealed no significant change in IL-5Rα mRNA expression at 100 pM, 

200 pM, 300 pM and 100 nM as compared to the control (Fig. 20).  

  When performing the time course experiment, isolated eosinophils 

stimulated with 200 pM calcitriol showed no significant change in IL-5Rα mRNA 

expression as compared to the control eosinophils (p>0.05) (Fig. 21).  

 

Figure 20. Dose-dependent effect of calcitriol on IL-5R α. Data is shown as mean ± SEM as compared to the 

control. N=3. 

 

Figure 21. Time dependent effect of calcitriol (200 pM) on IL-5R alpha mRNA expression. Data  shown as the 

mean ± SEM compared to the control. N=3. 
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3.5 Effect of Calcitriol on Eotaxin- and IL-5-induced Chemotaxis of Eosinophils. 

Calcitriol, at concentrations of 200 and 300 pM, significantly enhanced (p< 0.05) 

the number of eosinophils which migrated towards eotaxin after incubation for 3 h, 

compared to the control group, eosinophils were treated with eotaxin alone. At a lower 

dose of calcitriol (100 pM) showed no significant differences were observed compared to 

the eotaxin only group (Fig. 22). 

IL-5-induced chemotaxis of eosinophils was not affected by calcitriol (Fig.23). 

Eosinophils incubated in the presence of 100, 200 and 300 pM of calcitriol did not 

towards IL-5 in significant greater number than eosinophils which were incubated in the 

absence of calcitriol. 

 

 

 

 

 

 

 

Figure 22. Dose dependent effect on the migration of eosinophils in response to Eotaxin (10 ng/ml). Data is shown 

as mean ± SEM as compared to the control. N=3, **p<0.01. 
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Figure 23. Dose dependent effect of calcitriol on the migration of eosinophil in response to IL-5 (25 ng/ml). Data 

is shown as mean ± SEM as compared to the control.  N=3. 

3.6 Effect of Calcitriol on Random Migration of Eosinophils (Chemokinesis) 

In the presence of eotaxin (10 ng/ml) in both the upper and lower chambers, 

eosinophils did not show significantly enhanced migration towards eotaxin in the lower 

chamber in the presence of calcitriol, as compared to eosinophils that did not have any 

Calcitriol in the upper chamber. Moreover, there was no significant differences between 

any of the groups in the presence of eotaxin compared to eosinophils which were not 

exposed to no chemokines  in either the upper and lower chamber (Fig. 24). 
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Figure 24. Dose dependent effect of Calcitriol on random migration of eosinophils in presence of eotaxin (10 

ng/ml). Data is shown as mean ± SEM as compared to the control. N=3. 

3.7 Effect of Calcitriol on Cytokine TGFβ1/IL-5 secretion 

 After dose-dependent stimulation of eosinophils with calcitriol for 24 h, 

eosinophils released significantly higher amounts of TGF-β1 at concentrations of 200 pM, 

300 pM and 100 nM  of calcitriol as compared to unstimulated eosinophils (Fig. 25). 

Isolated eosinophils stimulated with 200 pM Calcitriol significantly increased 

(p<0.05) the secretion of TGF-β1 after at 12 and 24 h as compared to the control.  But not 

during the other time periods tests (Fig. 26). 

 

 There was no effect of calcitriol on IL-5 at any concentration tested of 24 h nor 

after  2, 4, 8, 12, 16, 20, and 24 h of treatment with 200 pM of calcitriol (Fig. 27, 28). 
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Figure 25. Dose dependent effect of calcitriol after 24 h on TGF-β1 secretion. Data shown as the mean ± SEM 

compared to the control. N=3, *p<0.05. 

 

Figure 26. Time dependent effect of calcitriol (200 pM) on TGF-beta secretion. Data shown as the mean ± SEM 

compared to the control. N=3, *p<0.05. 
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Figure 27. Dose dependent effect of calcitriol after 24 h on IL-5 secretion. Data shown as the mean ± SEM 

compared to the control. N=3. 

 

Figure 28. Time dependent effect of calcitriol (200 pM) on IL-5 secretion. N=3 
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Asthma is a chronic medical condition characterized by inflammation of the 

airways, mucous production, and airway hyperresponsiveness. A hallmark of asthma is the 

presence and activation of inflammatory cells in the airways, notably eosinophils, mast 

cells and T lymphocytes 
2
. Eosinophil function is related to the destructive activity of toxic  

granular proteins and mediators released from these cells.
16

 Vitamin D, as a potent 

immunomodulator, has an unknown role in the eosinophil-induced asthmatic response.
64

  

Whether or not any effect of vitamin D is direct or indirect on eosinophil is unclear. 

Calcitriol, the active form of vitamin D, can induce synthesis of TGF-β1 in hOB cultures, 

which is involved in airway remodeling. Eosinophils, which are recruited to the lungs by 

eotaxin and IL-5, are a major source of TGF-β. Therefore, we examined the effect of 

calcitriol on VDR, CCR3 (the major receptor for eotaxin which is primary expressed on 

eosinophils), TGF-β1, and IL-5R, expression in human blood eosinophils.  

The expression of VDR in eosinophils has not, to my knowledge, been shown.  

The current studies provide evidence that VDR mRNA and protein are expressed in 

eosinophils, and both VDR mRNA and protein levels are increased in the presence of 

exogenous calcitriol.  VDR mRNA expression in eosinophils increased after 4 h of 200 

pM calcitriol treatment, returned to control levels, and then again increased at 24 hours. It 

is unclear why, but one possibility is that calcitriol might act in a neagative feedback 

manner.  Calcitriol increases mRNA expression of VDR in other cell types 
81

.  Therefore, 

the initial calcitriol-induced increase in VDR could make the eosinophils more responsive 

to the calcitriol, thereby downregulating VDR expression.  Because calcitriol’s half-life is 

approximately 15 h, the second increase in VDR at 24 h may a response to the decrease in 

calcitriol levels and its own receptor.   
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A significant increase in VDR protein expression using 300 pM, but not 200 pM 

calcitriol was observed after 24 h of treatment.  Yet based on a time course using 200 pM, 

VDR protein was only increased after 24 h.  Why this occurs is unclear, however it is 

possible that, like the VDR mRNA, the cycling of protein levels due to a combination of 

negative feedback and calcitriol’s half-life may occur.  Supporting evidence for this may 

have been found if protein levels were monitored at 28-36 h of treatment, given that 

changes in protein levels would lag behind changes in mRNA levels.   

In one study, VDR knockout mice had reduced airway inflammation and 

eosinophilia, suggesting that vitamin D increases the asthmatic response 
51

.  It is unclear 

what role vitamin D has with regard to the eosinophil-induced asthmatic responses. In the 

current study, the fact that eosinophils express VDR and that they are modulated by 

exogenous calcitriol suggests eosinophils may be an important cell type through which 

calcitriol-mediated mechanisms occur.  There is a possibility that the reduced eosinophilia 

observed in the VDR knockout mice occurs through a direct mechanism in which 

calcitriol binds to VDR in eosinophils, enhancing their ability to migrate.  However, the 

effect of calcitriol on increasing eosinophil migration could also be through an indirect 

mechanism, by which calcitriol binds to VDR in another cell type and induces that cell to 

release chemokines that target eosinophils leading eosinophil infiltration. More 

investigation needs to be done in order to know whether or not calcitriol has a direct or 

indirect effect on eosinophil recruitment into the airways during an asthmatic response.  

Eosinophil migration from the blood vessels to the lung tissues is one of the main 

features observed in asthma. In addition, eotaxin is widely known to be a major 

chemokine for the attraction of eosinophils 
84

. Therefore, the mRNA and protein 
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expression of CCR3, the major receptor on eosinophils to which eotaxin binds, were 

measured.  CCR3 mRNA expression increased in response to calcitriol, but was slightly 

delayed compared to that in VDR expression (Fig. 12, 13).  Like VDR, CCR3 protein 

expression in response to calcitriol exhibited the same increases in protein expression at 4 

and 24 h.  Again, these changes in CCR3 levels may be due the same factors regulating 

VDR levels in response to calcitriol.   

The enhanced expression of CCR3 on eosinophils due to the eosinophil stimulation 

with calcitriol suggests that eosinophil chemotaxis in response to eotaxin may be 

enhanced.  Stimulating eosinophils with different doses of calcitriol and allowing them to 

migrate in response to eotaxin showed a significant increase in number of migrated 

eosinophils, paralleling the increases in CCR3 mRNA and protein expression that were 

seen in response to calcitriol in vitro. While calcitriol enhanced the eosinophil chemotactic 

response to eotaxin, it had no effect on eosinophil chemokinetic response to eotaxin.  This 

suggests that calcitriol does not increase general motility of eosinophils, but does affect 

chemotactic mechanisms, perhaps by increasing the expression of CCR3.  These data 

suggest that calcitriol enhances the ability of eosinophils to migrate in response to the 

chemokine eotaxin. 

These results show that calcitriol enhances the migration of eosinophil in response 

to eotaxin. However, more investigation is warranted regarding more specific mechanism 

of eosinophil transmigration from the blood vessels to the tissue. Upon activation of 

eosinophils to migrate from microvessels to the tissues, many adhesion molecules are up 

regulated on both eosinophils and endothelial cells.  For example, L-selectin and VLA-4 

on eosinophils binding to P- and E-selectin, as well as VCAM-1 and ICAM-1 on 
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endothelial cells is important for eosinophil rolling, adhesion, and transendothelial 

migratioin 
11, 29

.  Studying the effect of calcitriol on these molecules could provide more 

insight into how eosinophils are induced to migrate upon stimulation by calcitriol. 

TGF-β activity is a potent inducer of many aspects of airway remodeling.  The 

activity of TGF-β and eosinophils has shown a close correlation in regards to airway 

remodeling and other aspects of asthma such as inflammation.  Eosinophils release TGF-

β, which can stimulate such responses such as increased collagen synthesis 
85

.  TGF-β1 

mRNA expression was increased with calcitriol treatment in a similar time frame as seen 

with VDR. However, TGF-β1 protein expression associated with the cell was significantly 

enhanced only after 8 h. These experiments indicate that mRNA expression is increasing 

at time periods that are earlier than the increased protein expression. This could be due to 

the time required for translation of protein.  When TGF-β1 secretion was measured in the 

media, TGF-β1 protein levels significantly increased after 12 h, dropped to the control 

levels, and rose again at 24 h with calcitriol treatment.  This is consistent with the 

expected temporal sequence for the uptake of calcitriol and the stimulated production and 

secretion of TGF-β1 by eosinophils.  These results suggest that vitamin D may play a 

major role in not only enhancing eosinophil migration to the lungs, but also in enhancing 

release of TGF-β1 from eosinophils, which is known to induce remodeling of the airway 

tissue during an asthmatic response 
87

.  

Calcitriol-mediated stimulation of TGF-β1 from eosinophils could be important 

for the induction of airway remodeling features such as smooth muscle hyperplasia and 

mucus hypersection.  In vivo experiments using a CRE-lox driven by ECP( specifically 

for eosinophils) to knockout  VDR specially in eosinophils would be an important 
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approach in evaluating how vitamin D induces phenotypic changes in the airways 

associated with asthma.  The wild-type and transgenic animals lacking VDR in 

eosinophils could be challenged with an allergen to produce asthma, with or without 

supplementation with different doses of vitamin D.  The expression of various cytokines 

and other proteins would need to be examined in tissue samples from these animals and 

compared to the results from the current study.   

Although eosinophils are not major secretors of IL-5, it has been shown that 

eosinophils can secrete Il-5 that can act in a paracrine and autocrine manner. 
26

 Isolated 

eosinophils stimulated with calcitriol did not have changes in IL-5Rα mRNA levels or IL-

5 release. Furthermore, calcitriol did not enhance chemotaxis of eosinophils in response to 

IL-5.   Therefore, vitamin D does not appear to have any role in IL-5-dependent eosinophil 

synthesis and secretion in vitro. These results also, suggest that the effect of calcitriol on 

eosinophil migration is specific to eotaxin-induced migration. 

The GATA family of transcription factors, GATA 1-6, all bind to the DNA 

consensus sequence (A/T)(GATA)(A/G) by 2 characteristic zinc finger motifs specific to 

the GATA family 
86

.  Therefore, further investigation is needed to determine if GATA-1 

is activated in eosinophils after calcitriol stimulation and to monitor if there is an increase 

in protein expression of GATA-1, phosphorylated GATA-1, and CCR3 after calcitriol 

stimulation.   

 

 

 

 



 

4.1 Summary 

Results from these experiments show

that calcitriol enhances and modulates

eosinophils were mediated by calcitriol stimulation;

chemotactic response to eotaxin, possibly by increasing CCR3 levels

increased TGF-β1 expression and 

hypothesis that vitamin D, by activating and regulating VDR levels,

chemotaxis through an increase in

will be necessary to determine if calcitriol 

status modulates CCR3 levels and chemotaxis in eosinophils

Figure 29. Flow diagram showing 

mediated gene expression in human eosinophils based upon the results 

to VDR, which increases VDR expression, 

expression enhances the ability of eosinophils to migrate chemotactically.

expression of and activate GATA

further investigation.  Calcitriol also increases ex

airway inflammation and airway remodeling, but this 

investigation.  Dashed lines 
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from these experiments showed: 1) VDR were present in eosinophils, and 

and modulates its expression; 2) CCR3 protein levels 

mediated by calcitriol stimulation; 3) calcitriol increase

c response to eotaxin, possibly by increasing CCR3 levels and; 4) 

expression and secretion.  Collectively, these data support my 

, by activating and regulating VDR levels, enhances eosinophil 

through an increase in the expression of CCR3 (Fig. 29).  Future experiments 

will be necessary to determine if calcitriol leads to GATA-1 expression, and if GATA

status modulates CCR3 levels and chemotaxis in eosinophils. 

 

 the potential molecular mechanism of vitamin D action through VDR

in human eosinophils based upon the results of this study:  Calcitriol binds 

ich increases VDR expression, which increases CCR3 expression.  Increased CC

expression enhances the ability of eosinophils to migrate chemotactically. VDR might also increase 

expression of and activate GATA-1, which could increase expression of CCR3, but this requires 

.  Calcitriol also increases expression and release of TGF-β1, which

airway inflammation and airway remodeling, but this potential mechanism also requires further 

 indicate the pathways that require further investigation. 

present in eosinophils, and 

CCR3 protein levels in human 

alcitriol increased the 

; 4) calcitriol 

hese data support my 

enhances eosinophil 

Future experiments 

, and if GATA-1 

molecular mechanism of vitamin D action through VDR-

Calcitriol binds 

Increased CCR3 protein 

VDR might also increase 

, but this requires 

1, which increases 

requires further 
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Overall, the results from these studies provide new insight into a possible 

mechanism by which eosinophils migrate to the airways to induce asthma.  However, the 

role of calcitriol in asthma, particularly with regard to eosinophilia, requires further 

study.  Still, these results provide a possible pro-inflammatory mechanism that could be 

targeted in order to reduce eosinophil inflammation into the airways and potentially 

reduce some of the classic symptoms that are seen in the lung tissue of asthmatic patients. 
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