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ABSTRACT 

Asthma is a chronic inflammatory lung disease of airways associated with 

reversible airway obstruction, functional and structural changes in the airways, and 

airway remodeling. Increased infiltration of CD4+ lymphocytes, especially T helper 

type 17 (Th17) subsets, in asthmatic lungs suggests their critical role in the 

pathophysiology of allergic asthma. Vitamin D is a potent immunoregulator 

modulating the functional responses of immune cells. Vitamin D manifests 

inhibitory effects on Th17 cells, whereas regulatory T helper subsets (Tregs) are 

stimulated by vitamin D. However, how vitamin D supplementation affects 

Th17/Tregs cell densities in asthma is ill-defined. From our laboratory an increase 

in blood T regulatory cells was reported in vitamin D supplemented OVA 

(Ovalbumin)-sensitized and challenged mice compared to vitamin D deficient 

OVA-sensitized and challenged mice. But the exact role of vitamin D deficiency, 

sufficiency and supplementation on Th17 and Tregs cell densities in a clinically 

relevant model and at the site of allergic airway inflammation is not well 

understood.  

     In this study, the female Balb/c mice were fed either vitamin D supplemented 

(10,000 IU/kg) diet or vitamin D sufficient (2000 IU/kg) or deficient diets (0 

IU/kg). Allergic airway inflammation in mice was induced by clinically relevant 

cockroach allergen (CRA)-sensitization and challenge till acute and chronic stages 
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of asthma. The serum vitamin D levels (25(OH)D), lung histology, mucus 

hypersecretion, collagen deposition, total number of broncho-alveolar lavage fluid 

(BALF) cells, BALF and serum cytokines, suppressor of cytokine signaling 

(SOCS)-1,3 and 5 mRNA and protein expression were examined in all different 

groups of mice. Also, we addressed the role of vitamin D supplementation on Th17 

and Tregs cell densities in the mice sensitized and challenged with CRA.  

     Vitamin D-deficient, CRA-sensitized and challenged mice exhibited increased 

AHR to methacholine and exaggerated features of allergic airway inflammation 

such as airway obstruction, due to mucus and collagen deposition. On the other 

hand, AHR and the allergic airway inflammatory features were reversed by vitamin 

D supplementation in CRA-sensitized and challenged mice.  Total number of BALF 

cells in the vitamin supplemented CRA-sensitized and challenged individuals were 

significantly increased compared to the number of BALF cells in the vitamin D 

deficient animals. 

     SOCS-1,3 and 5 mRNA and protein expression were also analyzed in the lungs 

of all vitamin D groups. SOCS-1 exhibits a pivotal role for IL-6 signaling pathway 

to further activate Th17 cell development. SOCS-3 expression is crucial for the 

development of pathogenic Th2 cells. High SOCS-5 expression is involved in the 

eosinophilic airway inflammation. Vitamin D deficiency increased the mRNA and 

protein expression of SOCS-1, 3 and 5 in the lungs of mice with acute or chronic 
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asthma, whereas both mRNA and protein expression of SOCS-1, 3 and 5 were 

attenuated in vitamin D-supplemented mice sensitized and challenged with CRA. 

     The mRNA transcripts of IL-21R, IL-23R and RORγT from purified 

CD4+CD25- lymphocytes and mRNA transcripts of Foxp3 from purified 

CD4+CD25+ lymphocytes isolated from lungs and spleens of the mice from all 

vitamin D CRA-sensitized and challenged, and PBS groups were compared using 

qPCR. CD4+CD25- cells from vitamin D-supplemented, CRA-sensitized and 

challenged mice exhibited a decrease in IL-21R, IL-23R and RORγT mRNA 

transcripts compared to the levels of these transcripts from vitamin D-deficient, 

CRA-sensitized and challenged mice. On the other hand, the CD4+CD25+ cells 

from vitamin D-supplemented, CRA-sensitized and challenged mice had a 

significant upregulation of Foxp3 mRNA levels compared to the cells from vitamin 

D-deficient, CRA-sensitized and challenged mice. The markers for both Th17 and 

Tregs cells were also compared in all vitamin D groups by flow cytometry. The 

Th17 cell markers IL-21R, IL-23R and RORγT were increased on CD4+CD25- 

cells from vitamin D-supplemented, CRA-sensitized and challenged mice compared 

to the cells from vitamin D-deficient, CRA-sensitized and challenged mice. 

However the higher expression of Tregs cell markers such as Foxp3, ICOS, PD-1, 

GITR, Nrp-1 and CTLA4 was observed on CD4+CD25+ cells from vitamin D-
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supplemented CRA-sensitized and challenged mice compared to the cells from 

vitamin D-deficient, CRA-sensitized and challenged mice. 

     Finally, the expression of the vitamin D receptor (VDR) and Smad3 in the lungs 

and spleens of all experimental mice were analyzed. Higher expression of both 

VDR+ and CD4+CD25+Smad3+ cells were observed in vitamin D-supplemented, 

CRA-sensitized and challenged mice compared to the vitamin D-deficient, CRA-

sensitized and challenged group of mice. Also, splenocytes were isolated from 

CRA-sensitized, vitamin D deficient and sufficient mice, and treated with CRA and 

TGF-β and/or calcitriol in vitro to examine the number of CD4+CD25-RORγT, 

CD4+CD25+Foxp3 and CD4+CD25+Smad3. The TGF-β and/or calcitriol 

treatment reversed the effect of CRA by increasing the Smad3 and Foxp3 

expression on CD4+CD25+ cells and downregulated RORγT on CD4+CD25- cells. 

     In conclusion, findings from this study demonstrated the potential therapeutic 

properties of vitamin D and the underlying cellular and molecular mechanism 

involved in reversing the deleterious effects of CRA-induced allergic airway 

inflammation and AHR in a murine model of asthma. Furthermore, the finding of 

the immunomodulatory effect of vitamin D supplementation opens a new direction 

for researching the Th17/Tregs cell imbalance in asthma. The outcomes of this 

study may be useful in developing better therapeutic modalities applicable to 

allergic asthma immunomodulation.  
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1.1: Asthma: 

1.1.1: Defining Asthma:  

          Asthma is a chronic inflammatory disease of the airways characterized by  

functional and structural changes in the airways, resulting in airway 

hyperresponsiveness (AHR), airway obstruction and airway remodeling [1]. These 

functional and structural changes lead to episodic shortness of the breath, wheezing, 

chest tightness and coughing [2]. Many of the asthmatic patients require a regular 

medication and care to attain proper functioning of their lungs and to prevent 

asthma attacks.  

 

1.1.2: Epidemiology of Asthma: 

           Around 300 million people worldwide are affected by asthma [3]. Globally 

250,000 people have been reported to be dying due to asthma every year. The 

number of asthma-affecting people worldwide has been increased tremendously in 

the past 40 years in both mortality and morbidity. Approximately 50% increase in 

the number of asthma affected people has been noticed every decade [4]. Children 

are most affected in this upward range of people. Around 14% children are affected 

by asthma worldwide and this trend is also going upward with time [5]. This overall 

keeps on adding up the social and economic burden. In United States, the 

prevalence of asthma has risen so much that it is close enough to consider as an 
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epidemic. From 1980 to 1996, there is an increase of 73.9% individuals with asthma 

in United States. This increase is not stopping but is continuously growing [6]. Also 

during the period of 1980 to 1996, the hospitalization of patients due to asthma has 

increased by 20%. And the emergency room visits are nearly 1.8 million per year 

from 1995 makes asthma the third most common disease causing the hospitalization 

of children of age 15 and under; also this disease comes fourth in ranking for 

causing office visits for professionals of health care [7]. The estimated expenditure 

for asthma in United States is greater than $11 billion per year [6]. Despite the new 

prevention discoveries for asthma in research; both the mortality and morbidity are 

going up continuously over the past two decades. Asthma remains as a major health 

problem worldwide.  

 

1.1.3: Factors Triggering Asthma: 

1.1.3.1: Host Factors: 

              Host factors are considered as the major contributors for the development 

of asthma [8]. These include intrinsic factors such as obesity, gender and genetic 

elements. Obese people develop severe asthma due to less responsiveness to the 

conventional therapy [9]. Aggressive asthma occurs more commonly in females 

than males due to the hormonal fluctuations in females especially during menstrual 

cycle [10]. Genetic factors such as genetic variants to the promoter region of IL-4 
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gene, polymorphism of IL-4, IL-13 and CD14 genes is associated with high levels 

of IgE which contributes to asthma [11, 12]. But asthma is not limited to these 

factors alone, as there are environmental factors also responsible in addition to the 

host factors for asthma development.  

 

1.1.3.2: Environmental Triggers:  

               The environmental factors are also considered as the contributors for the 

asthma development. These include indoor and outdoor allergens, air pollution, 

tobacco smoke, infectious agents and occupational sensitizers [13]. The indoor and 

outdoor allergens include cockroach antigens (derived from the body, feces of the 

cockroaches), house dust mites or domestic mites, furred animals, molds, yeast, 

grass, pollen, smoke [14]. These factors contribute directly or indirectly for the 

development of asthma following a series of events known as sensitization, early 

and late phases of asthma explained in section-1.1.5. Other than these, the 

infectious agents like respiratory syncytial virus (RSV) or parainfluenza could also 

influence the development of asthma, but largely in those who develop asthma at a 

later age [15]. A significantly high number of allergens known as ‘inhaled irritants’ 

can cause asthma even in the non-atopic individuals [16]. Cigarette smoke, toxic 

chemicals such as acetaldehyde, acid anhydrides, acrolein, ammonia, cadmium, and 

mercury are considered as inhaled irritants [17].  
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Why is It Important to Study Cockroach-Induced Asthma? : Cockroaches are the 

potent trigger for the development and progression of bronchial asthma [18]. 

Cockroach infested homes contribute in spiking up hospitalization rates of 

asthmatic patients [19]. In US, 50% of the asthmatic population possess IgE 

antibodies specific to cockroach allergen and require medication more often than 

the other half asthmatic population [20]. In a study by Leaderer et al., more 

aggressive asthma development and higher exposure to cockroach allergens 

compared to dust mite, cat and dog allergens was documented in the asthmatic 

patients [21]. Around 60% of inner city residents with asthma has been found to be 

allergic to cockroaches [22].  

 

1.1.4: Role of Cockroach Allergen in Asthma Induction: 

           As discussed in the earlier section, the environmental and domestic allergens 

involved in asthma development are mainly grass, pollen, dust mites and air 

pollution. But cockroach allergens are known to contribute largely towards the 

development of bronchial asthma and allergic rhinitis [23]. These cockroaches are 

found everywhere in the house including in furniture, carpets and especially in the 

kitchen area [24]. The allergens are derived from the feces, saliva and the body of 

the cockroaches [25]. Cockroaches as the contributor to allergies were first reported 

by Bernton and Brown in 1964 [25]. The positive skin test of 755 allergy clinic 
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patients in New York to the cockroach allergens was reported by Bernton and 

Brown. Another study showed a high cockroach sensitivity was correlated to low 

socioeconomic status in the New York children population [26]. An increase in 

peripheral blood eosinophils within 24-48 hour of cockroach allergen exposure was 

shown, which confirmed cockroach-induced allergy as a subtype of allergic asthma 

[27]. Cockroach allergen induced asthma affects the US population, and the other 

countries including Japan, Thailand, Singapore, South Africa, India and parts of 

Europe [28]. Positive skin tests for cockroach allergens were shown in 55% of 

children and young adults having asthma or allergic rhinitis in Brazil [29]. The 

German cockroach (Blattella germanica) and American cockroach (periplaneta 

americana) are most common domiciliary species [30-32]. The cockroach 

population in the domestic world is decreasing with time, however this decrease 

does not affect the cockroach allergen load, because of the development of 

aggressive asthma even with a low antigenic load, which remains a concern for the 

researchers and clinicians to deal with this situation [33]. It is crucial to study the 

nature and effect/s of cockroach allergen-induced allergic airway inflammation.  

 

1.1.5: Mechanism and Pathophysiology of Asthma:   

           To understand the complex mechanism of allergic reaction in asthma it is 

convenient to study each step in allergic reactions. These steps are: 
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Sensitization or Initiation 

Early or Immediate Reaction (Acute Phase) 

Late or Delayed Reaction (Chronic Phase) 

(i) Sensitization: The sensitization phase is the initiation phase, in which 

antigen presenting cells recognize process and present the allergen 

specific antigens to naïve T helper cells.  These naïve T helper cells also 

known as Th0 cells, these then differentiate into Th2 cells because of the 

genetic predisposition of person [34]. The Th2 cells secrete IL-4 that helps 

B cells to differentiate into plasma cells and secrete allergen specific IgE 

antibodies. IgE binds to mast cells (present in the lungs) via high affinity 

FcεR1 receptors [35]. This phase is known as the sensitization or initiation 

phase, as the body has formed allergen-specific IgE. Upon subsequent 

exposure to the allergen, the early phase reaction will be triggered.  

(ii) Acute Phase: In the acute phase the body has formed allergen specific 

IgE. Upon re-exposure to antigen the IgE bound to mast cells bind the 

antigen and crosslinking of adjacent Fab fragments of the IgE molecule 

occurs. This crosslinking of the receptors results in mast cell 

degranulation and release of histamines and prostaglandins in the airways 

[36]. Histamine binds to the receptor, H1, on airway smooth muscle cells 

and results in bronchoconstriction and airway narrowing [37]. These 
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events occur within minutes of inhalation of allergen [37]. 

Bronchoconstriction and airway narrowing result in sneezing, watery 

eyes, itchy nose, difficulty in breathing wheezing, coughing, chest 

tightness [38]. 

(iii) Chronic Phase: In the chronic or late phase of allergy the 

bronchoconstriction re-occur. Upon more and more allergen exposure, 

mast cells will continue to degranulate and produce copious amount of 

mediators including histamines, leukotrienes and prostaglandins, which 

will cause prolonged bronchoconstriction. Also, during the late phase of 

an allergic reaction, blood vessels dilate and inflammatory cells migrate to 

the site of allergic reaction and cause more and more destruction [39]. 

Eosinophils are the key players of the late phase reaction and are attracted 

to the site of inflammation. They also play a major role in inducing 

asthma pathology by disrupting the basement membrane, sloughing of the 

columnar epithelial cells and thickening of the airways [40, 41]. 

  

1.1.6: Classification of Asthma:  

           From the clinical prospective, asthma symptoms occur predominantly at 

night time or during early in the morning due to accumulation of the secretion in the 

airways and narrowing of the airways during sleep causing increased airflow 
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resistance [42]. As explained above, asthma is characterized by the recurrent 

episodes of breathlessness or sometimes heavy breathing, wheezing, chest tightness 

and coughing due to repeated allergen exposure after the initiation. Based on the 

allergen exposure, asthma can be characterized into two types: Atopic or 

Traditional Asthma (extrinsic asthma) and intrinsic asthma (non-atopic asthma).  

(i) Atopic Asthma: This form of asthma is triggered by allergen exposure as 

explained above. Sensitization is followed by repeated exposure of 

allergen which gives rise to prolonged airway narrowing and the other 

symptoms of allergic asthma [43]. This is diagnosed by observing the 

medical history of the patient. Other diagnostic factors are recurrent 

episodes of airway obstruction, airway hyperresponsiveness, detection of 

allergen specific IgE, increased number of eosinophils in the airways and 

the presence of Th2 cytokines (IL-4, IL-5, IL-9 and IL-13) [44, 45].   

(ii) Non-Atopic Asthma: In this form of asthma the patient has no detectable 

skin test reactivity to the allergen, and in their serum has no elevated IgE 

(total or antigen specific). In some patients, an increase in eosinophil 

number is found in the blood and/or sputum [46]. Because a causative 

external allergen is not found in these patients, the asthma is termed as 

non-atopic. The triggers for non-atopic asthma are occupational substance 

exposure, cold air, sometimes medication and exercise [47]. Atopic 
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asthma is found to be more aggressive than non-atopic asthma [48]. Thus 

the factors such as thickness of airway epithelium, number of eosinophils 

and neutrophils could possibly explain a fine line between atopic and non-

atopic asthma [44, 48].  

 

1.1.7 Pathogenesis of Allergic Asthma:  

          The pathogenesis in the allergic asthma is characterized by allergic airway 

inflammation, airway obstruction due to secretion of mucus into the lumen of the 

airways, airway remodeling due to the structural changes in the airway epithelium, 

lung and blood eosinophilia and an airway hyperresponsiveness (AHR) in response 

to diverse number of allergens [49]. These characteristic features are generally seen 

regardless of the nature of trigger [49]. The allergic airway inflammation involves 

many cell types. The antigen which is first inhaled and reaches the airways via the 

trachea, is taken up by antigen presenting cells (APCs), which are mainly dendritic 

cells. These APCs will present antigen to CD4+ T helper cells [50]. The CD4+ Th 

cells, which are naïve at this point, will differentiate into Th2 cells. The key 

transcriptional factor involved in this differentiation is GATA3 [34]. The Th2 cells 

will then secrete IL-4, IL-5, IL-9 and IL-13 [51]. IL-4 and IL-13 bind to the B cell 

receptors (BCR) on B cells and induce isotope to IgE [52]. IgE then binds to mast 

cells and degranulation of mast cells occur, which results in the secretion of 
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mediators and further pro-inflammatory cytokines which will trigger the airway 

inflammation event such as airway smooth muscle contraction, mucus 

hypersecretion and dilation of the blood vessels [53]. The exudation of plasma into 

the airways causes leakage of plasma proteins which results in edema [54]. Also the 

airway epithelium loses its integrity and cannot clarify mucus accumulated into the 

airways [55]. This causes the formation of the chronic accumulation of mucus along 

with the mixture of plasma proteins, inflammatory cells, epithelial cells that will 

become goblet cells. These factors all contribute to the airway lumen narrowing, 

resulting in airway obstruction in asthmatic patients. These obstructed airways have 

a tendency to narrow down further after re-exposed to bronchoconstrictors [56]. 

The airway hyperresponsiveness results in the resistance to the flow of air through 

the lumen and expiration flow rate of the air will be reduced that will cause 

breathlessness [56]. In summary, there are many cells which are involved in the 

pathogenesis of asthma including mast cells, basophils, eosinophils, airway 

epithelial cells, airway smooth muscle cells, dendritic cells, and activated T and B 

lymphocytes.  
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Table 1: Inflammatory cells and their mediators in acute and chronic phases of 

asthma 

 

Inflammatory Cells Phase Mediators 

Mast Cells Acute Histamines, Prostaglandins, 
Leukotrienes 

Basophils Acute Histamines, IL-4 

Neutrophils Chronic IL-8, TNF-α 

Eosinophils Chronic MBP, Cationic Protein, LTC4, PGE2, 
Thromboxane, PAF, TNF-α 

Airway Epithelial Cells Acute TSLP, SP-A, SP-D, Activin-A 

Airway Smooth Muscle 
Cells 

Acute/Chronic TNF-α, IL-1β, IL-5, IL-6, IL-17, GM-
CSF, TGF-β 

Monocyte/Macrophages Chronic Leukotrienes 

Dendritic Cells Chronic TNF-α, IL-6 

B-Lymphocytes Acute/Chronic IgE, Leukotrienes 

T-Lymphocytes Chronic IL-4, IL-5, IL-9, IL-13, IL-17, IL-21, 
IL-22, IL-23 
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1.1.8 Cells Involved in the Pathophysiology of Asthma (Table 1):  

          The cells which are involved in the pathophysiology are following: 

 

1.1.8.1 Mast Cells:  

            The association of mast cells with the pathology of asthma is very old [53]. 

There was a misconception about mast cells for many years that airway epithelium 

and submucosa contain mast cells and these cells contribute to the development of 

asthma [43]. But according to the recent research studies, most cells are also present 

in the deeper airway wall, and are crucial for the development of asthma [57]. Mast 

cells greatly increased in number during chronic asthma conditions [58]. Airway 

smooth muscle recruits mast cells by producing CXCL8 and CXCL10, mast cells 

have receptors on their surface which interact with these chemokines CXCR3 and 

CXCR2, respectively [59]. It is also important to note that the survival of airway 

smooth muscle is also partly dependent upon mast cells, as mast cells secrete 

CCL19, which has a receptor CCR7 on the airway smooth muscle cells. The smooth 

muscle hyperplasia is also dependent upon the association of airway smooth muscle 

to the mast cells [60]. As explained earlier that, the mast cells become activated by 

the crosslinking of receptor of IgE bound to their surface. Upon crosslinking 

preformed granule-associated mediators such as histamines, tryptase, cytokines, and 

heparins are released by the activated mast cells. These mediators are very potent 
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that increase the vascular permeability. Along with these mediators, the activated 

mast cells are also release Th2 cytokines such as IL-4 and IL-5, along with 

chemokines. The cytokines, chemokines, and mediators released by mast cells are 

highly involved in contributing ongoing inflammatory response in allergic asthma.  

 

1.1.8.2 Basophils: 

              The exact role of basophils in either acute or chronic asthma is not clear 

yet  [61]. These cells are mainly considered to be the circulating cells involved in 

the pathophysiology of asthma [62]. The subjects with asthma have been seen with 

the infiltration of these cells, as seen by their marker basogranulin in the airways 

[63]. Previously basophils were thought to be redundant in function to mast cells, 

however later upon their recruitment and infiltration into the airways basophils have 

been shown to share many common properties with eosinophils such as release of 

histamine and IL-5 [64].  

 

1.1.8.3 Eosinophils: 

             Eosinophils are considered to be potent cells involved in asthma 

pathogenesis [65]. In acute asthma, eosinophils are mainly found in the airway 

walls [65]. However in chronic asthma, eosinophils were found in large numbers in 

the sputum and bronchoalvelor lavage fluid [66]. At the time of allergic airway 
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inflammation, they migrate from the circulation to the airway wall through 

microvascular compartments. The migration of eosinophils to the allergic 

inflammatory site is crucial for the development of chronic or ongoing asthma [67]. 

IL-5 helps to mature and attract eosinophils into the airway wall [68]. Granule basic 

proteins such as major basic protein, eosinophil peroxidase and eosinophil cationic 

proteins are produced by eosinophils [68]. Also eosinophils are the rich source of 

tissue damaging superoxides, eicosanoids and a variety of pro-inflammatory 

cytokines and chemokines [69]. The reduction in eosinophil number in the sputum 

and airways after inhaled or oral intake of corticosteroids is associated with clinical 

improvement in asthmatic patients, which suggests a crucial role for eosinophils in 

inducing pathophysiology in allergic asthma. Although much is known about 

eosinophils and their pathogenic role in asthma, many questions such as how they 

act as APCs to augment B cell activation remain unanswered. More research is 

required to unravel the complete role of eosinophils and their association with the 

allergic airway inflammation.  

 

1.1.8.4 Neutrophils:  

             In asthmatic patients, the number of neutrophils increases resulting in 

neutrophilic inflammation in the airways, and in the absence of symptoms or after 

treatment neutrophilic activation levels and number has seen to be reduced 
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significantly [70]. The number of neutrophils mainly increases in the sputum and 

the bronchoalvelor lavage fluid of the asthmatic patients [71]. The patients, who 

have died of asthma, have been reported with heavy infiltration of neutrophils in the 

airways and submucus glands [72]. Neutrophilic asthma is even more aggressive 

than the eosinophilic asthma with an uncontrolled destruction of the airway tissue 

and airway remodeling [73]. Murine neutrophil produce prodigious amount of IL-

17, a cytokine induces allergic airway inflammation via inflammatory cell 

recruitment [74].  

 

1.1.8.5 Airway Epithelial Cells:  

            The airway epithelial cell lining acts as a physical barrier plays a crucial role 

in inducing the asthma pathogenesis [75]. An airway epithelium damage, 

metaplasia, increased number of myofibroblasts, airway remodeling, thickening of 

the subepithelial basal lamina, airway smooth muscle hypertrophy and hyperplasia 

are the features seen in the bronchial biopsies of asthmatic patients [49]. The airway 

epithelium damage is one of the hallmark features of the asthmatic bronchi, which 

is evidenced by the increase of the epidermal growth factor receptors (EGFRs), 

along with the reduced expression of proliferation markers such as Ki67 and PCNA 

suggesting elevated cell proliferation [76]. The airway epithelial cells defend the 

airways from oxidant injury, which could be the reason of sensitivity of asthmatic 
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airways to the oxidant pollutants [77]. In non-asthmatic airways, there is an 

impermeable barrier formed by the epithelial cells through the formation of tight 

junctions, however in an asthmatic patient’s airways the disruption of tight 

junctions become easier because of the fragile epithelium, which explains the 

greater access of the allergens in the underlying airway tissue [78]. In asthmatic 

conditions, the airway epithelial cells reduce their ability to repair in response to 

any infection, which makes asthma even worse [79]. There is a mixture of cells 

including ciliated, goblet and Clara cells found in the upper layer of the airway 

epithelium. The goblet cells particularly play a major role in chronic asthma 

pathogenesis, secreting viscous mucus in the lumen of the airways that obstruct the 

air flow through the lumen, make it narrow and reduces the number of ciliated cells 

[80]. The Th2 cytokines (IL-4, IL-9 and IL-13) are responsible to direct goblet cell 

metaplasia. Everything is interconnected, one leads to the production of other and 

consequence is to induce asthma pathogenesis.  

 

1.1.8.6 Airway Smooth Muscle Cells: 

                  Airway smooth cells were earlier thought to not participate actively in 

the pathogenesis of asthma [81].  But according to the recent studies an active role 

of airway smooth muscle cells has been validated [81]. Airway smooth muscle cells 

undergo contractile functions in response to pro-inflammatory cytokines [82]. Also 
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there is an increase in airway smooth muscle cell mass which is a hallmark feature 

of allergic airway inflammation, as it narrows the airway lumen [82]. The airway 

smooth muscle spreads all over the airways along with hypertrophy and hyperplasia 

[83]. The altered airway smooth muscle cells most likely underlie the airway 

obstruction, airway hyperresponsiveness and allergic airway inflammation [84]. 

The mediators, cytokines and chemokines that are secreted by asthmatic airway 

smooth muscled cells are TNF-α, IL-1β, IL-5, IL-6, IL-8, IL-17, GM-CSF, 

RANTES, Eotaxin, MCP-1,2,3 contribute in the asthma pathogenesis [85]. These 

cytokines and chemokines produced by airway smooth muscle cells contribute in 

further inflammatory cell influx to amplify the allergic airway inflammation [84].  

 

1.1.8.7 Monocyte/Macrophages:  

             The monocytes differentiate into macrophages with the incubation of GM-

CSF and into dendritic cells with GM-CSF and IL-4 [86, 87]. Both monocytes and 

macrophages are the prominent cells in the acute/chronic asthma pathogenesis; 

however the exact mechanism is still unknown [88]. The biopsies of the asthmatic 

bronchi have seen to be accumulated with macrophages along with other 

inflammatory cell types [89]. Both alveolar macrophages and peripheral blood 

monocytes have increased expression of IgE receptors [89].  
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1.1.8.8 Dendritic Cells: 

             Dendritic cells (DCs) comprise of diverse group of antigen presenting cells. 

There are specific markers for DCs, which vary with the different tissues [90]. 

However, the complete knowledge of these markers is lacking because of the in-

accessibility of the human tissues. But it has been shown that the lung myeloid DCs 

play a major role in inducing allergic airway inflammation when are induced with 

the allergen [91]. The sites where DCs are found in the airways are mainly beneath 

the epithelium and in the alveolar septa [92]. After encountering antigen these DCs 

migrate to the mediastinal lymph nodes to present antigens to T cells and induce 

immune response [93]. These cells can both stimulate or regulate the immune 

response meaning they can lead to effector as well as regulatory subtypes of 

immune cells, which makes two different sets of populations immunogenic and 

tolerogenic DCs [94].  

 

1.1.8.9 B Lymphocytes: 

             B lymphocytes play a crucial role in inducing asthma pathogenesis, as they 

secrete antigen specific IgE (occurs after the cognate interaction of T cells provides 

them T cell help) which bind to the mast cells and make them degranulate [65]. 

Other than knowing the IgE production capability of B lymphocytes, not much is 

known about their other roles [95]. The contribution of B lymphocytes to allergic 
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diseases via IgE secretion capacity is not completely resolved, as the mechanism 

behind this not fully understood [96]. Only a few studies have demonstrated the 

functions of B lymphocytes in the therapy of allergic asthma other than their IgE 

forming capability [97, 98]. The depletion of B lymphocytes gained attention 

because of alleviation of the severity of many auto-immune diseases thereafter [99]. 

The airway hyperresponsiveness as well as Th2 cytokines levels are attenuated by 

the depletion of B cells or by reducing their antigen presentation capability [100].  

The B cells contribute to promote the production of Th2 cells, however IgE 

secretion is one of the feature of inducing allergic airway inflammation and the 

allergic responses have been seen in the mast cells deficient mice, even in the 

absence of IgE [101]. But still, there are many unanswered questions in the context 

of the involvement of B cells in the development and functioning of allergic 

asthma.  

 

1.1.8.10 T Lymphocytes: 

               The involvement of T lymphocytes especially Th2 cells has been studied 

for a long time in the context of allergic asthma [49]. The hypothesis of the role of 

Th2 cells in inducing asthma pathology has been validated by the observation of 

Th2 cytokine profile in the disease conditions [102]. Taking that into account the 

critical role of Th2 cells has now been identified as one of the major factors in 
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asthma pathogenesis [49]. Sometimes asthma is also named as Th2 cell-mediated 

disease. However, that only Th2 cells are the key players for allergic asthma is 

implausible because there are other T helper subtypes, Th17 cells which are also 

have proven to be involved in the pathogenesis of allergic asthma [103]. The 

complete detail of T helper cell subtypes and their role in allergic asthma is 

described in next section.  

 

1.2 T helper Cell Subtypes, Cytokines and the Development of Allergic 

Asthma: 

1.2.1 T helper Cell subtypes:  

         The T helper subsets of T cells are defined as CD4+ cells, which can be 

subdivided further into various subsets depending upon their function whether 

effector or regulatory. The T helper subsets having pathogenic or modulatory role in 

allergic asthma are described below: 

 

Th1 cells: T helper type 1 cells direct antibacterial and antifungal immune 

responses by activating macrophages, and clear intracellular pathogens by secreting 

IFN-γ [104]. Th1 cells are considered as the regulatory cells in allergic asthma as 

they dampen the Th2 cell response [105]. The patients suffering from Th1 driven 

disease Multiple Sclerosis have reduced prevalence of allergy [106]. In some 
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instances it has been seen that IgE production is reduced by IFN-γ [107]. IFN-γ  is 

considered as an anti-allergic cytokine with the ability to counteract IL-4, results in 

the reduced proliferation of Th2 cells [108]. Most of the asthma drugs such as 

ASHMI (Anti-Asthma Simplified Herbal Medicine Intervention) and SFYCT 

(Sheng-Fei-Yu-Chuan-Tang) work on the principle of increasing IFN-γ which 

would eventually regulate allergic asthma by reducing IL-4 production, this is 

called the conventional therapy [109-111]. Based on the previous and ongoing 

clinical studies it is clear that the replacement of allergen specific Th2 cells with 

Th1 cells can result in counterbalancing the Th2 cells-induced pathogenicity in 

allergic asthma [112]. However some studies suggest that there is no effect of Th1 

treatment on the asthma severity suggesting the involvement of other players such 

as B cells in the regulation of allergic asthma [113, 114].  

 

Th2 Cells: Asthma is considered as Th2 driven disease [49]. Th2 cells differentiate 

and activate after antigen presentation from APCs to Th0 cells [51]. The 

differentiated Th2 cells then undergo proliferation and produce cytokines, which 

result in pathophysiological changes in the airways such as airway smooth muscle 

contraction, mucus production and airway obstruction  [102]. In an asthmatic 

airway, the morphological changes are also caused by the Th2 cells and their 

cytokines which are also responsible to recruit neutrophils and eosinophils in the 
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airways from the blood by causing vasodilation [115]. Neutrophils and eosinophils 

cause inflammation in the airways and elicit hypertrophy event to the epithelial cell 

layer by disrupting the basement membrane [75]. The columnar epithelial cell layer 

undergoes sloughing from the walls of the airways because of the constant 

trafficking of these inflammatory cells [116]. The features of airway remodeling has 

been revealed in both human and laboratory animal postmortem of the airways [56, 

103]. Regardless of knowing about the pathogenesis of the disease via Th2 cells, the 

underlying mechanisms of Th2 cell differentiation in asthma remain unclear. Also, 

the major downfall of asthma treatment is the lack of a promising drug for the 

complete reversal of asthma [117]. The better and effective therapeutic measures to 

control, prevent and manage allergic asthma are still required.  

 

Th9 cells: The Th9 cells become a distinct subset after in vitro experiments in 

which the naïve T cells were cultured with TGF-β along with IL-4 resulted in the 

secretion of IL-9 instead of Foxp3+ T regulatory cells [118]. Because these cells 

secrete IL-9, they were named as Th9 cells. Later on Th9 subsets were validated to 

be called as distinct subsets by the fact that they lacked the expression of both Th1 

and Th2 transcriptional factors T bet and GATA3 [119]. Instead they express a 

different transcriptional factor known as PU.1 and Interferon regulatory factor 4 

[120, 121]. Since the discovery of Th9 cells is very recent, it is still debatable to 
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fully consider them a distinct lineage of T cells [122]. Whether Th9 cells are 

distinct subset of T helper cells or not does not matter as IL-9 is a well-defined 

pathological cytokine that is known to induce allergic asthma [123]. It has been 

seen that the exposures of house dust mite (a very potent allergen) to the mice 

promotes the differentiation and proliferation of Th9 cells at a much faster rate 

compared to the Th2 cells [124]. Also the recruitment and activation of mast cells 

has seen to be enhanced by adoptively transferring Th9 cells, makes it clear that 

they are involved to induce pathology in allergic airway inflammation [125]. 

 

Th17 Cells: Th17 cells became a distinct subset of T helper cells other than Th1 

and Th2 cells lately in 2005, by their distinct property of secreting IL-17A and IL-

17F cytokines [126, 127]. IL-6 and TGF-β are the two cytokines that initiate and 

differentiate IL-17 secreting cells (a.k.a.Th17) cells from naïve T helper cells [128]. 

Retinoic acid-related orphan receptor γ (RORγT) is the transcriptional factor that 

marks Th17 phenotype [129]. The Th2/Th1 cell imbalance concept is classical, in 

spite of wealth of animal and clinical research validate the involvement of Th2 cells 

in the asthma pathology, blockade of Th2 cell differentiation could not completely 

reverse allergic airway inflammation [130]. This suggests the active involvement of 

other cell types that should also be taken in account to understand asthma pathology 

and to design drugs for its treatment. Mechanistic studies in the animal model 
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system have shown strong Th17 cell response with allergen sensitization that 

promotes airway hyperresponsiveness and lung neutrophilia and ultimately severe 

asthma pathology [103, 131]. The Th17 cells also enhance airway remodeling in a 

Th2 independent manner [132].  Also the dendritic cells lacking the expression of 

surface molecule such as αvβ8 integrin that helps them to trigger the differentiation 

of Th17 cells are protected from the AHR because of the lack of Th17 cells [133, 

134]. There is a resolution in acute and chronic allergic airway inflammation and 

airway remodeling that has been seen in the γδ T cells secreting IL-17 cytokine in 

the murine model of asthma [135]. Th17 cells are involved to induce allergic airway 

inflammation in a Th2 independent manner, become a newer focus for researchers.  

 

Th22 Cells: The distinct subset of T cells characterized by the secretion of IL-22 

and the expression of CCR4 and CCD10 which are the skin homing receptors are 

known as Th22 cells [136, 137]. The Th22 cells can be generated in vitro in the 

presence of IL-6 and TNF [136, 138]. It is well known that Th17 cells also secrete 

IL-22 [139]. But what makes Th22 cells a distinct lineage is their memory T cell 

properties and skin homing receptor functioning which only have been described in 

humans so far [136, 140]. At the mucosal surface, IL-22 remains very active as it 

functions for epithelial homeostasis and maintenance of barrier function [136, 141]. 
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The role of Th22 cells in human lungs has not been documented yet, but IL-22 

levels has been seen in the peripheral blood of the asthmatic individuals [142].  

 

T regulatory Cells: The regulatory phenotype of T cells is known to maintain 

immune homeostasis in the airways in response to the allergen challenges [143]. 

The abnormal killing response to harmless airborne allergens gives rise to allergic 

inflammation and airway remodeling [144]. One of the mechanisms adopted by the 

body to suppress the inflammatory response is via T regulatory cells and their anti-

inflammatory cytokines, to maintain the airway tolerance [145]. CD4+CD25+ T 

regulatory cells and their anti-inflammatory cytokines IL-10 and TGF-β are 

considered as the key players of the immune homeostasis [146]. Exposure to 

airborne allergens or certain infections are the early life events crucial in deciding 

the proper regulatory pathways to maintain the immune homeostasis in pulmonary 

tissue [147]. But in asthmatic patients, these pulmonary regulatory mechanisms 

break down, suggesting a critical role of the regulatory cells in the maintenance of 

pulmonary tolerance [148]. It has been observed in animal model systems that the 

adoptive transfer of the CD4+CD25+ cells results in alleviation of allergic airway 

inflammation and airway remodeling [149]. Also, the blockade of CD25 results in 

the abrogation of the regulation and enhances the exaggerated features of allergic 

airway inflammation in the murine model of asthma [34]. In addition CD4+CD25+ 
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cells isolated from the peripheral blood of allergic rhinitis patients were less 

effective in suppressing the T cell responses to the allergens [150]. This effect was 

more pronounced during the pollen season [151].  

 

1.2.2 T helper Cell Cytokines:  

Interleukin-4: IL-4 is a pro-inflammatory cytokine having a significant contribution 

in the development of allergic airway inflammation. IL-4 is mainly considered as a 

Th2 cytokine; however eosinophils, basophils and mast cells also secrete IL-4 

[152]. The main function of IL-4 in inducing asthma pathogenesis is promoting IgE 

secretion from plasma cells that bind to mast cells eventually cause allergic airway 

inflammation [152]. There is another role of IL-4 in inducing airway remodeling is 

through the induction of mucin gene expression MUC5AC that results in mucus 

hypersecretion in the airways which further leads to airway obstruction [153]. There 

are also indirect effects of the IL-4 on the other cells such as fibroblasts to make 

them secrete pro-inflammatory cytokines that further contribute in airway 

remodeling [154].  

 

Interleukin-5: IL-5 is another Th2 cytokine that also known to induce asthma 

pathology [155]. IL-5 recruits eosinophils at the site of inflammation, and is 

involved in the maturation and activation of eosinophils [156, 157]. The blockade 
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of IL-5 by monoclonal antibodies reverses airway eosinophilia, suggesting its 

pathogenic functioning in airway remodeling [158].  

 

Interleukin-6: Many innate immune cells including macrophages, dendritic cells, 

neutrophils and mast cells as well as adaptive immune cells such as B cells and 

some effector CD4 T cells secrete IL-6 [159]. IL-6 is a pro-inflammatory cytokine 

that initiates the differentiation of Th17 cells [160]. The intensity of the immune 

response is also enhanced by IL-6 by inhibiting regulatory phenotype of T cells 

[161]. In many inflammatory diseases, IL-6 rises, suggesting its inflammatory 

nature [162]. In asthmatic patients, IL-6 levels increase in the serum [163].  

 

Interleukin-8: IL-8 acts as a chemo-attractant for neutrophils; especially in the 

lungs it is considered potent to recruit neutrophils [74]. IL-8 induces asthma 

pathogenesis by recruiting other inflammatory cells such as eosinophils at the site 

of inflammation [164]. In an asthmatic airway, IL-8 secretion by bronchial cells in 

the BAL fluid is increased, and is involved to induce sputum and tracheal suction 

[165].   

 

Interleukin-9: It is controversial to consider IL-9 as Th2 cytokine, because as 

explained above there is another T helper subset that has been defined as Th9 cells 
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secrete IL-9 [166]. But to categorize IL-9 in a different subset does not diminish its 

pathogenic role in inducing asthma pathology [123]. IL-9 plays a pivotal role to 

differentiate and proliferate mast cells particularly in asthmatic individuals [167]. 

IL-9 is also involved in the production of IgE along with IL-4 [125]. The 

exaggerated features of asthma such as airway remodeling, eosinophilia, mucus 

hyperplasia, mastocytosis, AHR, enhanced levels of other inflammatory cytokines 

are seen in the mice with an overexpression of IL-9 [168]. On the contrary, IL-9 

blockade results in reduction of eosinophil number, mucus hypersecretion and AHR 

[167].  

 

Interleukin-10: IL-10 is an inflammatory cytokine that plays a key role in inducing 

pulmonary tolerance to alleviate allergic airway inflammation [169]. IL-10 along 

with TGF-β is associated to differentiate T regulatory cells, which eventually shut 

down the immune response in an antigen specific manner [170]. Many cell types 

including monocytes, macrophages, mast cells, T and B lymphocytes and DCs 

secrete IL-10 [171]. The main biological function of IL-10 is to alleviate the 

inflammation, to inhibit the secretion of pro-inflammatory cytokines and to regulate 

the differentiation of effector T cells [172]. IL-10 could be a good target to regulate 

allergic airway inflammation.  
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Interleukin-13: IL-13 is also a Th2 cytokine that is implicated in inducing asthma 

pathogenesis [173]. The level of IL-13 increases in the airway mucosa of asthmatic 

patients [174]. IL-13 is considered to be a major factor to induce goblet cell 

metaplasia in the asthmatic individuals [173]. There are many other structural 

changes associated with IL-13, such as airway smooth muscle proliferation and 

subepithelial fibrosis [173]. Also IL-13 has a pivotal role in inducing AHR and 

airway remodeling in STAT6 dependent manner in the airway epithelium [175].  

 

Interleukin-17: IL-17 is a signature cytokine for the recently discovered T helper 

subset of T cells called Th17 cells [51]. In bronchial epithelial cells, the mucin 

MUC5AC and MUC5B are induced by IL-17A [176]. Both mucins are expressed in 

mucus hypersecretion and characterize goblet cell hyperplasia in the airways of 

asthmatic individuals [177]. The involvement of IL-17+ cells was validated by a 

study in which the asthmatic patients were found to have an increased number of 

CD4+IL-17+ cells in peripheral blood of asthmatic patients compared to the healthy 

individuals [178]. IL-17 cytokine has a role in inducing asthma pathology and it has 

become the focus of the research to study asthma pathogenesis in more depth.  

 

Interferon Gamma (IFN-γ): IFN-γ is a Th1 cytokine and generally inhibits Th2 

cytokines such as IL-4 and IL-13, thus became a focus to study its immune-
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modulatory role in asthma [110]. Although being a pro-inflammatory cytokine, 

IFN-γ alleviates AHR by reducing the recruitment of lymphocytes and eosinophils 

at the inflammatory site in asthmatic conditions [179]. Mucus reduction in the 

airways has a dramatic impact on airway obstruction [180]. IFN-γ limits goblet cell 

development by blocking IL-13R on goblet cells and directs the action of airway 

epithelium to reduce mucus from the airways [181]. 

 

1.3 Transcriptional Factors and Cell-Surface Markers associated with Th17 

and Tregs cells: 

 

1.3.1 Th17 Transcriptional Factor and Cell Surface Markers: 

Retinoic acid-related orphan receptor γ (RORγT): RORγT is a transcriptional 

factor that differentiates naïve T helper cells to pro-inflammatory Th17 cells [129]. 

The expression of RORγT is restricted to immune cells [182]. Th17 cells expressing 

RORγT secrete IL-17 and are very potent inflammatory cells that play a pivotal role 

in many autoimmune and inflammatory diseases including allergic asthma [183]. 

RORγT is critical for the activation and functioning of Th17 cells and the 

subsequent secretion of Th17 related cytokines [184]. RORγT expression requires 

the exposure of naïve T helper cells to IL-6 and TGF-β, which leads to the 

differentiation of Th17 cells secreting IL-17 [103]. The direct association of 
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RORγT with IL-17 is not known yet. But RORγT expression is required for the 

differentiation of Th17 cells [185].  

 

Interleukin-23 Receptor: RORγT+ Th17 cells also express IL-23R on their surface, 

recently IL-23R has become the marker for Th17 cells [186].  The differentiated 

Th17 cells upon exposure to IL-6 upregulates IL-23R on their surface, makes IL-

23R as a cell surface marker for Th17 cells [187]. IL-23 stimulates Th17 cell 

expansion in both murine and human Th17 cells [188].  

 

Interleukin-21 Receptor: IL-21R came into focus as a Th17 cell marker, when 

researchers were able to differentiate Th17 cell even in the absence of the IL-6 

[189]. The Th17 cells differentiated from Th0 cells in the absence of IL-6 are IL-

21R+Th17 cells [190]. Th17 cells secrete IL-21 in copious amount, which with or 

without IL-6 differentiate Th17 cells [191].  

 

1.3.2 Tregs Cell Transcriptional Factor and Cell Surface Markers: 

Forkhead Box Protein 3 (Foxp3): Foxp3 is an indispensable master regulator 

transcriptional factor of T regulatory cells, whose expression is crucial for the 

development and differentiation of T regulatory cells [192]. Foxp3+ Tregs cells 

protect body from self-destructive and inflammatory responses [193]. It has been 



  33 
 

shown in many studies that Foxp3+ Tregs suppress pro-inflammatory Th17 cells 

and alleviate the inflammatory or self-destructive responses [194]. Foxp3 is 

specifically expressed on CD4+CD25+ cells and makes them capable to inhibit the 

proliferation of other T cells [195]. There is an inverse relationship between asthma 

and Foxp3+ Tregs, suggesting an immunomodulatory role of these cells in reducing 

the exacerbation of allergic airway inflammation [196].  

 

Programmed Death One (PD-1): PD-1 is a Treg cell surface marker that binds to 

its two ligands PD-L1 and PD-L2 which are expressed on the surface of dendritic 

cells [197]. The interaction of PD-1 with its ligands provides a negative inhibitory 

signal to shut down the immune response [198]. The binding of PD-1 and its ligand 

modulates IL-10 production and arrests CD28-mediated effector T cell activity by 

recruiting inhibitory molecule SHP2 (SH2 domain-containing tyrosine phosphatase 

2) to CD28 and CD80-CD86 interaction [199]. The PD-1-(PD-L1/L2) interaction 

belongs to CD28-B7 binding and results in cell cycle arrest in G0/G1 phase, but 

does not increase apoptosis of cells [199, 200]. 

 

Cytotoxic T-Lymphocyte Antigen-4 (CTLA-4): CTLA-4 is expressed on CD4+ T 

cells [201]. The ligand of CTLA-4 is same as CD28 has, but the difference is its 

binding affinity [202]. CTLA-4 binds to its ligand B7 present mainly on the surface 
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of dendritic cells with a greater affinity than CD28 [202, 203]. However, CD28-B7 

association induces T-cell proliferation, differentiation and inflammatory reactions 

thereafter, but CTLA-4 binds to B7 to stimulate the inhibitory signal to suppress 

effector T cell response and inflammation [204]. CTLA-4 when present on the 

surface of CD4+CD25+ T cells, serves as the part of their regulatory mechanisms 

[205]. Tregs constitutively express CTLA-4 expression on their surface to trigger 

inhibitory mechanisms, but it is only expressed on activated T cells, meaning after 

antigen stimulation [206].  

 

Inducible Co-stimulatory Molecule (ICOS): ICOS is an inhibitory marker for the 

effector T cell activation [207]. The interaction of ICOS to its ligand ICOS-L is 

similar to CD28-B7 interaction, and ICOS-L is present on the surface of dendritic 

cells [208]. In contrast to constitutive expression of CD28 on T cell surface, ICOS 

is only upregulated upon T cell activation [209]. ICOS has been suggested to play 

an important role in the alleviation of allergic airway inflammation by upregulating 

IL-10 production [209]. The monoclonal antibody to ICOS ligand enhanced lung 

inflammation, suggesting an important role of ICOS in the context of allergic 

airway inflammation regulation [210]. The association of ICOS with T regulatory 

cells has also been seen to have a crucial role in their suppressive function [211]. 
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The ICOS cell surface expression on the Tregs regulates the secretion of IL-10 

[212].  

 

Neuropilin-1 (Nrp-1): Nrp-1 is a surface marker for T regulatory cells [213]. The 

expression of Nrp-1 on Tregs correlates with the Foxp3+ cells, makes Nrp-1 a novel 

marker for the identification of Tregs [214].  In inflammatory conditions, the Nrp-1 

expression is downregulated on murine CD4+ T cells, suggests a crucial role of 

Nrp-1 in the alleviation of inflammatory response [215].  

 

Glucocorticoid-Induced TNFR Family Related Gene (GITR): GITR expression is 

upregulated on activated T cells [216]. In the absence of GITR, when T 

lymphocytes are treated with anti-CD3 antibody, proliferate more than the untreated 

T lymphocytes, suggesting a role of GITR in the regulation of T cell activation 

[217]. CD4+CD25+ T cells express high levels of GITR [218], and the agonist 

antibodies to GITR abrogate the regulatory potential of Tregs, suggesting crucial 

importance of GITR in Tregs functioning [218]. In asthma the number and 

functioning of Tregs is downregulated [219].  

 

CD62-L (L-Selectin): CD62-L is mainly expressed by adaptive immune system 

cells including T lymphocytes and NK cells [220]. CD-62L is an adhesion molecule 
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which directs the adaptive immune cells (mainly T cells) to reach at the site of 

inflammation [221]. CD62-L mediates the interaction between the T lymphocyte 

and the vascular endothelium [221]. Higher expression of CD62-L on T cell surface 

allows them to bind to the endothelium by CCR6 and/or CCR7, and T cells migrate 

to the lymph nodes where they encounter antigen via dendritic cell interactions 

[222]. On the other hand, lower expression of CD62-L on T cell surface allows the 

T cells to migrate at the site of inflammation [223]. In cockroach sensitized and 

challenged mice treated with Flt3 ligand, significant downregulation of CD62-L 

expression on CD4+CD25+ICOS+Foxp3+ T cells was observed and host cells were 

able to reverse allergic airway inflammation when adoptively transferred to other 

cockroach sensitized and challenged mice [143].  
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Figure 1: T cell Differentiation into various subsets and the role of SOCS 

molecules: Naïve T helper cells have a tendency to become differentiated into 

various subsets depending upon the number of factors, one of which is cytokines in 

the environment. The cytokine secretion is regulated by SOCS molecules. SOCS-1 

induces Th17 differentiation via IL-6. SOCS-3 helps in the differentiation of Th2 

cells via Th2 cytokines and at the same time it inhibits the differentiation of Tregs 

and Th1 cells. 
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1.4 Suppressors of Cytokine Signaling (SOCS) and Allergic Asthma (Figure 1): 

      SOCS are the regulators of the cytokine signaling [224]. The SOCS-family 

consists of eight members, all are structurally similar: cytokine inducible SH2 

protein (CIS) and SOCS1-7 [225]. SOCS are implicated in allergic airway diseases. 

Low serum vitamin D is associated with higher SOCS expression [226]. However 

nothing much is known SOCS expression, vitamin D status and allergic airway 

diseases. In this study, we examined the potential effect of vitamin D on the mRNA 

and protein expression of SOCS-1, SOCS-3 and SOCS-5 in the lungs of a clinically 

relevant model of CRA-induced allergic asthma at acute and chronic stages. The 

reason of focusing on SOCS-1, 3 and 5 is explained below:  

 

SOCS-1: IL-6 is required for the differentiation and survival of Th17 cells [227]. 

SOCS-1 expression is pivotal for IL-6/STAT3 signaling pathway [228], and IL-

6/STAT3 signaling pathway activates Th17 cell development and IL-17A 

production; the differentiation and maturation of Th17 cells is modulated by 

targeting SOCS-1 [229]. The levels of SOCS-1 are found to be elevated in the 

children having allergic asthma [230]. But the effect of vitamin D on SOCS-1 in 

allergic inflammatory conditions is not understood. Indeed, vitamin D substantially 

has a negative impact on the IL-6 secretion [231].  
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SOCS-3: SOCS-3 has been reported to preferentially promote Th2 cell 

development [232]. As mentioned earlier, Th2 cells play major role to induce 

allergic airway inflammation and symptoms of asthma [49]. SOCS-3 is important in 

Th2 cell development [233]. Also, SOCS-3 deficient CD4+ cells secrete high levels 

of TGF-β and moderate levels of IL-10, suggesting their role in the differentiation 

of Tregs cells [234]. The presence of SOCS-3 might render the formation of Tregs 

cells and could potentially increase the allergic airway inflammation [235]. 

 

SOCS-5: SOCS-5 expression was reported in an increase eosinophilic airway 

inflammation [236]. Vitamin D-deficiency enhances eosinophilic inflammation 

[237]. However exact role of SOCS-5 in allergic asthma along with vitamin D 

status remains to be elucidated. 

 

1.5 Smad 3 and TGF-β signaling in Allergic Asthma:  

1.5.1 Smad Protein Family: 

        The families of proteins that mediate TGF-β signaling are known as Smad 

protein family [238]. Smad proteins are about 500 amino acid long and consist of 

two globular domains coupled by a linker region [239]. TGF-β signaling is 

mediated by smad proteins in the cell nucleus [240]. According to the structure and 

the functions of smad proteins, there are eight family members of smad- the 



  40 
 

receptor regulated smad (R-smad, smad 1,2,3,5 and 8), the co-mediator smad (co-

smad, smad 4), and the inhibitory smad (I-smad, smad 6, 7) [238].  

 

1.5.2 Smad/TGF-β signaling:  

         The signaling of TGF-β and smad is a linear signaling pathway, smad 

activation is triggered by TGF-β from type II or type I receptor kinases causing 

ligand-induced transcription [74]. The binding of TGF-β occurs at the membrane 

receptors containing cytoplasmic serine/threonine kinase domain. Then Smad 

proteins (mainly Smad 2 and 3) become phosphorylated by the binding of ligand 

and the association of receptor complex [241]. The Smad molecules then migrate to 

the cell nucleus after phosphorylation, where they form complexes that directly 

control gene expression [239]. The inhibitory Smads (Smad 6 and 7) inhibit TGF-β 

signaling by blocking TGF-β-mediated transcriptional responses [241]. Smad 7 can 

also block the activation of Smad 2 and 3 and thus suppress the TGF-β signaling 

activation [242].  

 

1.5.3 TGF-β/Smad3 and Tregs/Th17 Imbalance:  

         TGF-β regulates allergic airway inflammation [243]; therefore it is reasonable 

to postulate the immunoregulation via reducing the pathogenic cells that are 

involved in asthma [244]. One mechanism of immunoregulation could be via an 
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increase in Tregs cells [245]. As mentioned earlier, Foxp3 is a master regulator for 

the differentiation of Tregs cells [246]. Tregs are suppressors of the inflammatory 

and self-destructive responses [247]. Foxp3 expression is crucial to maintain 

immune homeostasis [248]. TGF-β/Smad3 signaling pathway is associated with 

Tregs/Th17 cell imbalance [249]. It has been shown in Echinococcus multilocularis 

infection, the number of CD4+CD25+Foxp3+ cells was reduced, the TGF-β/Smad3 

signaling was interrupted and smad7 expression was increased in the disease 

conditions and at the same time Tregs to Th17 ratio was reduced, because smad7 

did not allow the translocation of smad3 into the cell nucleus and abrogated Foxp3+ 

Tregs cells [249]. Smad3 triggers an increase in CD4+CD25+Foxp3+ T cells in 

order to alleviate the inflammation [249]. Also, an increase in the Tregs cells was 

observed by the activation of TGF-β/Smad3 signaling, and at the same time the 

levels of IL-17 decreased [202]. In another study, smad 3 inhibition increased the 

number of neutrophils in the airways of mice in epithelial mesenchymal transition 

compared to the normal mice, suggesting an important role of smad3 in regulating 

neutrophilic inflammation [250]. Also, smad 3 null mice had higher levels of IL-6 

(required for the differentiation of Th17 cells) and increased mast cells and allergen 

specific IgE [251]. TGF-β/Smad3 signaling has a positive effect on Foxp3+ Tregs 

and a negative impact on RORγT+ Th17 cells [252].  
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1.5.4 Foxp3 Mediated Inhibition of RORγT: 

         The concept of Th17/Tregs cell imbalance is well documented in 

inflammatory disease conditions [253]. The TGF-β/Smad3 signaling mediated 

Foxp3 inhibits RORγT directly by binding to its promoter region [227]. The 

negative signal provided by Foxp3 to inhibit RORγT expression abrogate the  

differentiation of inflammatory Th17 cells and due to Foxp3 expression there is an 

increase in Tregs cells which results in the alleviation of the allergic responses 

[254]. Thus Foxp3 induced by TGF-β/Smad3 signaling inhibits the RORγT 

expression and functioning [254].   

 

1.6 Vitamin D as an Immunomodultor in Allergic Asthma:  

1.6.1: Vitamin D and Its Metabolism:  

          Vitamin D is a secosteroid derived from cyclopentanoperhydrophenanthrene 

ring structure for steroids [255]. Vitamin D is synthesized by the skin by sunlight 

and dietary substances such as fish, egg yolk, liver, mushroom, vitamin D fortified 

milk and vitamin D supplements [256]. Vitamin D is synthesized in a sequential 

manner in the body. The exposure of the body to sunlight (UV-B at 270-300 nm) 

catalyzes the conversion of dehydroxycholesterol into previtamin D3 followed by 

the conversion into cholecalciferol [255]. A very low amount of exposure is 

required for the synthesis of cholecalciferol. It is estimated that ~ 3000 IU of 
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cholecalciferol is produced after 5-10 minute exposure of arms and leg to direct 

sunlight [257]. The second step of vitamin D synthesis occurs in the liver where 

cholecalciferol is carried to the liver by vitamin D binding protein [257]. Then 

vitamin D is acted upon by the enzyme 25-hydroxylase (encoded by the gene 

CYP27A1) to form 25-hydroxyvitamin D (25(OH)D) by placing a hydroxyl group 

to vitamin D3 molecule, called calcidiol [255]. Calcidiol is the major circulating 

form of vitamin D in the body [258]. The measurement of serum vitamin D levels 

represents calcidiol levels only [259]. This 25(OH)D binds to vitamin D binding 

protein and is carried to kidney where proximal tubule cells convert 25(OH)D to 

1,25-dihydroxyvitamin D (1,25(OH)2D; calcitriol) by the action of enzyme 25-

hydroxyvitamin D3-1α-hydroxylase (CYP27B1) [259]. Thus a major site where the 

active form of vitamin D produced is kidney [260]. The major target organs for 

calcitriol are bone, intestine and kidney where it interacts with parathyroid hormone 

(PTH) and calcitonin to maintain serum calcium levels [258]. PTH activates the 

renal gene expression of CYP27B1 and 1,25(OH)2D suppresses CYP27B1 

expression, also the serum levels of CYP27B1 are inversely related to dietary 

calcium intake [255].  
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1.6.2: Functioning of Vitamin D: 

          The skin in adequate sunlight, synthesizes vitamin D in the body [261]. The 

major functions of vitamin D in the body consist of the maintenance of extracellular 

fluid concentrations of calcium and phosphorus within the normal range [262]. 

Vitamin D is also involved to stimulate the calcium and phosphorus mobilization 

from the bones [262]. The increased absorption capacity of small intestine is helpful 

to achieve the vitamin D levels in the body [263]. Vitamin D plays an essential role 

in regulating bone and mineral homeostasis which results in the normal adult bone 

remodeling [264]. The vitamin D functioning and signaling is modulated by 

calcitriol in an autocrine and paracrine manner [259]. Along with maintaining the 

calcium homeostasis in the body, calcitriol acts in a pleiotropic hormone, meaning 

calcitriol also has a significant functioning in the differentiation and inhibition of 

proliferation of numerous normal and tumor cells [265].  

 

1.6.3 Vitamin D and Diseases:  

         It has been seen in the past two decades that vitamin D act as an 

immunomodulatory in many diseases including cancer, cardiovascular diseases, 

schizophrenia, neurological diseases such as multiple sclerosis, various infections 

and allergic diseases such as asthma, atopic dermatitis, allergic rhinitis [266-273]. 

According to the recent studies, there is a strong association between deficiency in 
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vitamin D and increases prevalence of obesity [274]. The inverse relationship 

vitamin D deficiency and increased prevalence to disease is due to the reduction in 

bioavailability of vitamin D for its functioning due to the deposition in body fat 

compartments [275]. Both the vitamin D and its active metabolite calcitriol have 

significant roles in a large number of tissue functioning and this occurs in response 

to the presence of vitamin D receptor [276].  

 

1.6.4 Immunomodulatory Role of Vitamin D on Immune Cells: 

Vitamin D and Monocytes/Macrophages: Macrophages link the innate and 

adaptive immune systems [277], which make them necessary to study from the 

perspective of their stimulation and action. Vitamin D has been shown to act as an 

immunomodulator in both the innate and adaptive immune systems, could be due to 

the stimulatory effect of vitamin D on macrophages [278]. Vitamin D deficiency or 

insufficiency has been reported to become very common among the patients with 

mycobacterium tuberculosis (Mtb), as macrophages serve as major target for Mtb 

infection [279]. Vitamin D-supplementation significantly increased the ability of 

participants’ blood to restrict BCG-lux luminescence or the growth of reporter 

mycobacteria in vitro vs. placebo [280]. Macrophages stimulated with IFN-γ, 

synthesize calcitriol [281]. 
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Vitamin D and NK cells: NK cells are the most potent innate immune cells that 

have a specialized property to kill viral infected or tumor cells [282]. The neonatal 

immune system does not have much VDR expression on their immune cells and so 

is true about NK cells [283]. It has been documented by Mariani et al. [284] that the 

people with old age and high number of NK cells exhibited best function of vitamin 

D and their muscle mass was comparatively integrated, suggesting a connection 

between NK cell functioning and vitamin D.  

 

Vitamin D and iNKT cells: iNKT cells are the important part of innate immune 

system that recognize self or foreign lipid antigens by their TCRs and are beneficial 

to protect host against lethal microbial pathogenic diseases [285, 286]. The function 

of iNKT cells is not completely understood, but iNKT cells have pathological role 

in allergic asthma [287]. On the other hand the increased number of iNKT cells are 

protective in multiple sclerosis [288]. Vitamin D has a beneficial role in the 

improvement of both MS and asthma [289, 290]. Vitamin D-deficiency decreases 

iNKT cells, suggesting a connection between Th1/Th2 imbalance and iNKT cells 

[291]. But further documentation is required to get a complete picture of the 

association of iNKT cells with vitamin D. 
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Vitamin D and Dendritic Cells (DCs): Experiments by Ktrutzil et al. [292] 

demonstrated that IL-15 induced differentiation of monocytes into CD209+/DC-

SIGN+ cells [293]. IL-15 caused increased expression of CYP27B1 and VDR 

leading to increased cathelicidin mRNA. Thus, the pathway of monocyte 

differentiation was linked with the vitamin D dependent cathelicidin pathway. 

Interestingly, DC-SIGN is a marker of immature dendritic cells present in rectum, 

skin, uterus, cervix, tonsils and spleen [294] but DC-SIGN is also expressed on 

some macrophage subpopulations including macrophages in placenta and 

pulmonary alveoli in adults [295] where DC-SIGN binds to intercellular cell 

adhesion molecule-3 (ICAM -3) and is involved in DC-mediated naïve T-cell 

activation [294, 295]. DC-SIGN is also present in dendritic cell precursors in blood; 

about 4-14% of plasmacytoid dendritic cell precursors (pre-DC 2) (BDCA-2+) are 

DC-SIGN positive while myeloid dendritic cell precursors (pre-DC1) (BDCA-3+) 

lack DC-SIGN. In pre-DC1 cells, the additions of T-helper 2 (Th2) cytokines like 

IL-13 can up regulate DC-SIGN expression [295]. The findings support the 

hypothesis that 1,25(OH)2D will inhibit maturation of dendritic cells. This was 

indeed the case as demonstrated by Penna et al. [296]. They found that 1,25(OH)2D 

inhibited DC differentiation and maturation in in vitro cultures, decreased IL-12 and 

increased IL-10 production by mature DC upon stimulation by CD40L, promoted 

DC apoptosis and decreased expression of CD40, CD58, CD80, CD86 and class II 
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MHC molecules upon lipopolysaccharide (LPS) stimulation of DC, thus inhibiting 

activation. The actions of calcitriol on DC and activated macrophages are mediated 

through decreased activation and/or nuclear translocation of nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-κB), a protein complex controlling 

gene expression and transcription [297]. In fact, total NF-κB-p65 protein and 

mRNA levels were unchanged by calcitriol in macrophages, however, calcitriol up 

regulated nuclear factor of kappa light polypeptide gene enhancer in B-cells 

inhibitor-alpha (Iκ-Bα) levels by increasing its mRNA stability and half-life and 

decreasing its phosphorylation. This led to decreased nuclear translocation and 

activity of NF-κB [298] and decreased expression of inflammatory mediators and 

cytokines. 

 

Vitamin D and B-lymphocytes: In addition to the effect of vitamin D on 

immunoglobulin production by B-cells through T cells, vitamin D also has direct 

effect on B-lymphocytes. In a study by Chen et al. [257], it was shown that both 

VDR and CYP27B1 were expressed in primary B-cells and 1,25(OH)2D up-

regulated the expression of VDR and CYP24 but not CYP27B1. There was no 

effect on the survival of unstimulated B-cells in culture but 1,25(OH)2D 

significantly reduced the proliferation of stimulated B-cells by inducing apoptosis. 

Also, there was reduced generation of post-switch memory cells, plasma cells and 
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reduced immunoglobulin production by plasma cells. Furthermore, the investigators 

found that systemic lupus erythematosus (SLE) patients had reduced levels of 

25(OH)D [257]. Serum 1,25(OH)2D levels were significantly lower in patients who 

had anti-nuclear antibodies (ANA) than those who had no ANA in serum. Thus, 

vitamin D is required for maintaining B-cell homeostasis and preventing excessive 

B-cell proliferation and immunoglobulin production as seen in diseases like SLE 

[257].  

 

Vitamin D and T-lymphocytes: Calcitriol suppresses CD4+ T cell activity and 

proliferation in vitro with subsequent decreased production of T helper cell induced 

B-lymphocyte IgE production [299]. In addition, calcitriol decreased the production 

of cytokines IL-2, a Th1 type cytokine [300]. As discussed earlier, 1,25(OH)2D also 

decreased the activation, proliferation and maturation of DCs [296]. In fact, when 

alloreactive CD4+ T-cells were co-cultured with 1,25(OH)2D treated DCs, there was 

up-regulation of CD152 and decreased CD154 expression by T-cells leading to 

inhibition of both early and late T-cell activation as demonstrated by decreased 

IFN-γ secretion by re-stimulation of above cultured T cells with untreated, mature 

DCs [296]. These findings suggest that 1,25(OH)2D can inhibit Th1-cell responses 

both by direct effects on CD4+ Th0 cells and by indirect effects mediated through 

decreased proliferation, activation and maturation of APCs mainly DCs. The 
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intriguing action of vitamin D is the up-regulation of CD4+ CD25+ regulatory T-

cells (Tregs) as demonstrated in the studies of adult non obese diabetic (NOD) mice 

who were treated with 1,25(OH)2 D analog, and Tregs cells were increased [301]. 

Penna et al. further found that the effects of 1,25(OH)2D are largely restricted to 

pre-DC1 cells as opposed to pre-DC2 cells [302]. 1,25(OH)2 D selectively inhibited 

phosphorylation and nuclear translocation of NF-κB in pre-DC1 but not in pre-DC2 

cells lead to increase CCL22, decrease MHC class II molecules, decreased co-

stimulatory molecules (CD80 and CD86), and increased immunoglobulin like 

transcript-3 (ILT-3) in pre-DC1 cells [303]. These actions lead to down-regulation 

of Th1 responses and up-regulation of Tregs. These observations suggested that not 

only is vitamin D involved in the modulation of T-cell responses but also plays a 

role in the initial T-cell response to antigens.   

 

1.6.5 Vitamin D Receptor (VDR):  

          1, 25(OH)2 D exerts its action through a nuclear receptor VDR, which is a 

member of nuclear receptor superfamily of ligand-activated transcription factors 

[303]. VDR is a member of the steroid nuclear receptors superfamily [304]. VDR 

also acts as a transcriptional factor, and is found in cytoplasm and nucleus. Being a 

transcriptional factor, VDR associates with the other molecules involved in the 

transcription of certain genes and targets the transcription of those genes which are 
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involved in a wide spectrum of biological responses [305]. Numerous tissues in the 

body express VDR including pancreas, placenta, pituitary, ovary, testis, mammary 

gland, heart and lungs [306-315]. The major action of calcitriol is to regulate the 

transcription of the numerous numbers of genes across diverse target tissues by 

binding to the VDR [316]. Although VDR is found in both the cytoplasm and the 

nucleus, in many cells it is predominantly localized in nucleus [317]. VDR binds to 

target DNA sequences as a heterodimer with retinoid X receptor, recruiting a series 

of co-activators that modify chromatin and approximate the VDR to the basal 

transcriptional apparatus resulting in the induction of target gene expression [317]. 

Excess 25(OH)D and 1,25(OH)2 D is metabolized by enzyme 25-hydroxyvitamin 

D-24-hydroxylase (Cyp24) into 24,25-(OH)2 D and 1,24,25-(OH)3 D respectively 

leading to the formation of calcitrioc acid secreted in bile [318].  

 

1.6.6 VDR and TGF-β/Smad3 Signaling: 

         Vitamin D is an important regulator of many biological processes [316]. 

Vitamin D plays immune-modulatory role in many inflammatory diseases and this 

action is achieved via VDR interaction with the various target genes [319]. VDR 

expression is required for the activation of TGF-β/Smad3 Signaling pathway [320]. 

A vitamin D analogue also induces VDR mediated increase in TGF-β in the 

mammary epithelial cells [321]. VDR induces the TGF-β which thereby triggers 
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Smad 3 expression giving rise to an increase in T regulatory subset of T cells by 

enhancing Foxp3+ T cells [322]. The Foxp3+ T cells then inhibit the initiation and 

differentiation of RORγT+ Th17 cells, which comprise of the major pro-

inflammatory subset of T cells [254].  

 

1.6.7 Vitamin D-Deficiency and Allergic Asthma:  

         Vitamin D status in humans is determined by the amount of exposure of an 

individual to sun light [323]. The vitamin D-deficiency is prevalent in people live in 

northern latitudes, especially from November to March those people don’t get 

enough sunlight and eventually become vitamin D-deficient [323, 324]. The 

contrary has been observed in the population live near to equator such as Saudi 

Arabia, India, Israel, Costa Rica and southeastern United States. The vitamin D 

levels in these people are found close to the sufficient levels (30-50 ng/ml) 

suggesting the effect of lifestyle on vitamin D levels [325]. Vitamin D-deficiency 

has increased in United States since two decades [324]. Vitamin D-deficiency may 

predispose an individual to several allergic diseases such as allergic asthma, atopic 

dermatitis, COPD, eczema, allergic rhinitis and certain food allergies [326-331].  

Allergic airway inflammation and the IL-4 cytokine levels are reduced by the 

induction of vitamin D and UVB radiation in the mouse model of allergic asthma 

[332]. Recently our laboratory has shown the impact of vitamin D-deficiency on the 
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severity of asthma, the vitamin-D deficient, OVA-sensitized and challenged mice 

showed a decreased expression of VDR and prohibitin in  lungs compared to the 

VDR and prohibitin expression in the lungs of vitamin D-sufficient, OVA-

sensitized and challenged mice [290]. Also according to another study of our 

laboratory, calcitriol treated human bronchial smooth muscle cells showed a 

reduced nuclear import of RelA, calcitriol treatment could be a compensatory 

mechanism to alleviate allergic airway inflammation [333]. There is an association 

between low serum vitamin D levels and exaggerated allergic asthma [334]. In a 

study by Wu et al. [335], the subjects were divided into vitamin D-sufficiency (>30 

ng/ml), insufficiency (20-30 ng/ml) and deficiency (<20 ng/ml) groups, low serum 

vitamin D levels was associated with the exacerbation of persisting asthma in 

children. A similar work was done by another group of researchers [336], the 

association between vitamin D levels and the immunological aspects related to 

asthma was examined, the low vitamin D levels were associated with increase in 

total IgE levels and number of eosinophils in the asthmatic individuals.  

 

1.6.8 Vitamin D-deficiency and Th17/Tregs Cells Imbalance:  

         Asthma treatment focusing on Th2 cell mediated pathology was failed to 

completely reverse the asthma symptoms suggesting the involvement of other T 

helper subsets in asthma [337]. Along with the Th1/Th2 imbalance there may be an 
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imbalance in Th17 to Tregs cells ratio that has a central role in asthma pathogenesis 

[338]. Vitamin D has a direct relationship with T regulatory cells [339]. The 

increase of Tregs cells by vitamin D could serve as a bridge between the vitamin D 

and adaptive immune system. In the absence of vitamin D the number of Tregs cells 

is greatly reduced [339]. There are many reports supporting the inverse relationship 

of vitamin D with Th17 cells [340-342]; however in the context of allergic asthma 

role of vitamin D remains to be elucidated. The inhibition in the IL-6 and IL-23 has 

been seen with the addition of calcitriol, these cytokines are essential for the 

differentiation of Th17 cells [343]. It is relevant to study the effect of vitamin D on 

Th17/Tregs cells ratio in the asthmatic conditions. Previously, we have 

demonstrated the immunomodulatory effect of vitamin D on allergic airway 

inflammation and AHR in OVA-induced mouse model of asthma [328]. Although 

the observations suggested that vitamin D could be a useful treatment for asthma 

induced by OVA, yet more studies must be done in a clinically relevant antigenic 

murine model to investigate the therapeutic role of vitamin D on major cell types 

involved in the pathophysiology and propagation of allergic asthma [328]. With that 

perspective, major goal of this study is to examine the potential effect of vitamin D 

on the phenotypic expression of Th17 vs Tregs subsets of T helper cells in a 

clinically relevant murine model of CRA-induced allergic asthma. In this study a 

mouse model of allergic airway inflammation on different vitamin D-diets (vitamin 
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D-deficient, sufficient and supplemented) was developed. The effect of vitamin D-

deficiency, sufficiency and supplementation on lung histology, airway 

hyperresponsiveness, BALF and serum cytokines, SOCS-1, 3 and 5, Th17/Tregs 

ratio and the molecules involved in such imbalance was studied.   
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1.7 Central Hypothesis: 

Vitamin D-supplementation reduces airway hyperresponsiveness and allergic 

airway inflammation by increasing the ratio of regulatory subset of T helper cells to 

pathological Th17 T helper subset TGF β-Smad3 pathway in murine model of 

allergic asthma. 

 

Specific Aim 1: To determine the effect of vitamin D-deficiency and vitamin D-

supplementation on airway hyperresponsiveness (AHR) and allergic airway 

inflammation in the cockroach antigen (CRA) induced mice having acute and/or 

chronic asthma. 

 

Specific Aim 2: To determine the effect of vitamin D-supplementation on the ratio 

of T regulatory subsets to T helper 17 CD4+ T-cells in the mice sensitized and 

challenged with CRA. 

 

Specific Aim 3: To examine the role of vitamin D via VDR-TGF β-Smad3 pathway 

for the attenuation of allergic airway inflammation and AHR due to increase in the 

ratio of Tregs to Th17 cells with vitamin D-supplementation in murine model of 

asthma. 
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2.1: Animals and Diets:  

        A mouse model represents a reasonable choice for studies of allergic airway 

inflammation and airway hyperresponsiveness (AHR) because their allergic airway 

inflammation and AHR resembles human asthma [344]. Female BALB/c mice were 

purchased from Harlan Laboratories (Indianapolis, IN). All mice were maintained 

in a specific pathogen-free environment at Creighton University. Food and water 

were provided ad libitum.  

                 This strain was chosen for this study because Balb/c mice are more prone 

to develop antigen-specific IgE, Th2 signature cytokine (IL-4, IL-5, IL-9 and IL-13) 

production, eosinophilic inflammation, early and late phase bronchoconstrictor 

responses, and AHR. Mice were divided into the following three groups. 

 

Vitamin D-Deficient Diet: 

Breeding pairs of male and female mice was fed on vitamin D-deficient diet which 

contained 0 IU/kg of cholicalciferol (TD 110272) (Harlan Laboratories, Madison, 

WI). This diet is a special diet that also contained 1.2% calcium to prevent the mice 

from developing hypocalcaemia tetany. This diet was also fortified with vitamin A, 

E and K. Female offspring obtained from the breeding pair were weaned on the 

same diet.  
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Vitamin D-Sufficient Diet:   

A breeding pair of male and female mice was fed on vitamin D-sufficient diet 

which contained 2000 IU/kg of cholicalciferol (TD 110273) (Harlan Laboratories, 

Madison, WI). This diet also contained 0.6% calcium. This diet represents the 

normal diet. Female offspring obtained from the breeding pair were weaned on the 

same diet. 

 

Vitamin D-Supplemented Diet:  

A breeding pair of male and female mice was fed on vitamin D-supplemented diet 

which contained 10,000 IU/kg of cholicalciferol (TD 110742) (Harlan Laboratories, 

Madison, WI). This diet also contained 0.6% calcium. Female offspring obtained 

from the breeding pair were weaned on the same diet which is represented as 

vitamin D-supplemented diet.  

 

The research protocol of this study was approved by the Institutional Animal Care 

and Use Committee (IACUC) of Creighton University.  

 

2.2: CRA-Sensitization and Challenge: 

        Mice were artificially sensitized and challenged with cockroach antigen (CRA) 

to develop allergic airway inflammation. The allergen is derived from feces, saliva 
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and the bodies of these insects. The adjuvant, aluminium hydroxide (AlOH3) is 

mixed with CRA and is administered in a naïve mouse by intraperitoneal route to 

initiate an innate immune response. To induce adaptive immune response, a second 

dose of the adjuvant and CRA mixture is delivered i.p. after 2 weeks. After 2 weeks 

allergen in the form of aerosol is given to the mouse that induces an acute allergic 

inflammation and eosinophilia in the lungs.  
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Figure 2: Protocol for CRA-sensitization and challenge for acute and chronic 

model of Asthma. 
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Figure 3: Experimental Plan 
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2.3: Induction of Allergic Airway Inflammation (Figure 2):  

         The sensitization to the mice was started at six weeks of age, as established in 

our laboratory [149]. Briefly, mice were sensitized with 20 µg i.p. injections of 

CRA (Hollister-stier Laboratories, Spokane, WA) emulsified in 2.25 µg of Inject 

Alum (Pierce Biotechnology, Rockford, IL) on days 0 and 14. Animals were 

challenged with 1% CRA for three consecutive days from day 28 to day 30. On day 

32, mice were challenged with 5% CRA. The mice were then challenged with 5% 

CRA by aerosol on day 44. On day 45,  enhanced pause in response to aerosolized 

acetyl β-methylcholine (Sigma-Aldrich, St. Louis, MO) were measured in all 

experimental mice with the non-invasive technique to measure airway 

hyperresponsiveness (AHR). Also AHR to methacholine was measured with 

invasive tracheostomy method to measure specific airway resistance. Three of the 

mice from each group were randomly selected after non-invasive method, and were 

further challenged with 1% CRA weekly from day 52 through day 77 and with 5% 

CRA on day 79. On day 80, again AHR was measured in response to aerosolized 

acetyl β-methylcholine by non-invasive and invasive tracheostomy methods 

followed by collection of BALF, blood, lungs and spleen (Figure 3).  
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2.4: Measurement of Specific Airway Resistance: 

2.4.1: Whole Body Plethysmography (WBP) A Non-Invasive Measurement for 

Assessment of Pulmonary Function: 

             WBP was used to measure pulmonary function in response to aerosolized 

acetyl β-methylcholine (Sigma-Aldrich, St. Louis, MO) in all of the experimental 

mice [345]. A characteristic wave is formed by methacholine with a large deflection 

early in expiration followed by low amplitude (pause) for the rest of the expiration 

[346]. The changes in the box pressure during expiration are measured by pause. 

Airway hyperresponsiveness (AHR) is calculated using the box pressure signal 

during inspiration and expiration and is indicated by enhanced pause (Penh) [347]. 

To supply a constant and smooth air flow during testing, each WBP chamber is 

connected to a bias flow regulator. Aerosol to each chamber is delivered by 

nebulizer cap connected to nebulizer mixing unit. The pressure changes are detected 

by transducer attached to each WBP chamber. Calibration was done for pressure 

changes prior to testing AHR.  

 

Advantages of Non-Invasive Procedure: This is called the non-invasive technique 

because during this procedure mice are conscious and can move freely within the 

chamber while respiratory function is measured. There is no need to sacrifice the 
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mice after this procedure as this does not require the use of any anesthesia, thus 

permitting repeated testing of AHR as required by the standardized time point. 

Disadvantages of Non-Invasive Procedure: This procedure may be affected by 

temperature, humidity or motion of the animal inside the chamber during the 

measurement of AHR. Also there is a controversy about the Penh values correlated 

well with specific airway resistance.  

 

2.4.2: Invasive Measurement for Assessment of Pulmonary Function:  

            To confirm AHR to methacholine, several randomly selected sensitized 

(CRA) and non-sensitized (PBS) mice were anesthetized, and cannulated via 

tracheostomy. Mice were placed in supine position to expose their trachea after 

anesthetizing them and the cannula was connected to the ventilation port in the 

single chamber plethysmography PLY3111 (Buxco Electronics, Wilmington, North 

Carolina) for anesthetized animals. Mice were mechanically ventilated with 

Harvard Rodent Ventilator model 683 (Harvard Apparatus, Holliston, 

Massachusetts). After mice were stabilized, they were challenged with baseline 

measurement, aerosolized PBS followed by increasing doses of methacholine (3.1, 

6.25, 12.5, 25, 50, and 100 mg/ml). Specific airway resistance was calculated by 

pulmonary software (BioSystemXA, Buxco Electronics, Inc) and pressure and flow 

data were continuously recorded.  
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2.5: Processing of Blood and BALF: 

2.5.1: Blood and Tissue Collection:  

           After the mice were injected sodium pentobarbital, blood was collected by 

direct puncture to the heart. Bronchoalveolar lavage fluid (BALF) was also 

withdrawn by inserting a syringe (containing 370C warm sterile saline) via a 

cannula in the trachea of the animal. Lungs and spleen tissues were collected for 

further experimentation. 

 

 2.5.2: Measurement of Serum Vitamin D Levels:  

            Blood (~600 µl) was collected from the left ventricle of all mice and will be 

kept at room temperature for 3 hours and centrifuged at 5000 rpm for 15 minutes. 

Serum was separated and samples were sent to Creighton Medical Laboratories for 

the measurements of serum 25(OH) D levels by protein binding assay. 

 

           2.5.3: Measurement of BALF and Serum Cytokines:  

             All of the BALF or serum samples (immediately after withdrawing) were 

centrifuged at 1500 rpm for 10 minutes at 40C, and the supernatants from all the 

samples were stored at -800C freezer until analyzed.  The levels of pro-

inflammatory and anti-inflammatory cytokines (IL-4, IL-5, IL-6, IL-10, IL-17, IFN-

γ, TGF-β and IL-8) in the BAL fluid and serum were measured by the multiplex 
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mouse cytokine/chemokine kit (Millipore, Billerica, MA) on a Luminex 200 

analyzer (Luminex Corp, Austin, TX, USA) following manufacturer’s 

recommendations. Individual vials of beads were sonicated for 30 seconds and 

vortexed for 1 minute. The samples were diluted with assay buffer and vortexed 

again. Deionized water (250 µl) was added to the quality control 1 and control 2, 

the samples were then thoroughly mixed and vortexed to ensure proper mixing. To 

prepare the standards, mouse cytokine standard was reconstituted with 250 µl of 

deionized water resulting in a 10,000 pg/ml concentration. Serial dilutions were 

prepared by adding 50 µl of vial containing a total of 200 µl resulting in final 

concentrations of 2000, 400, 80, 16 and 3.2 pg/ml. The 0 pg/ml standard consisted 

of only assay buffer. The microtiter filter plate was washed with 200 µl wash buffer 

per sample. The plate was shaken for 10 min on a plate shaker and the wash buffer 

was removed by vaccum. Standard or control samples (25 µl) were added to 

appropriate wells. Premixed beads (25 µl) were added to each well. The plate was 

sealed and incubated on a shaker overnight at 40C. The fluid was then removed by 

vaccum and washed 2 times with wash buffer. Detection antibody (25 µl) was 

added and incubated on a plate shaker for an hour at room temperature. 

Streptavidin-Phycoerytherin (25 µl) was added to each well and incubated on a 

shaker for 30 mins at room temperature. The fluid was removed by vaccum and the 

plate was washed 2 times with 200 µl of wash buffer. The analysis was done in 
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duplicate, and the cytokine concentration was calculated against the standards using 

Beadview® software (ver. 1.03, Upstate). The minimum detectable concentration 

was <2 pg/mL for IL-4, IL-5, IL-6, IL-10, IL-17, IFN-γ, TGF-β and 2.3 pg/mL for 

IL-8. 

 

2.6: Histology and Staining:  

2.6.1: Processing Lung Tissues:  

          After the mice were euthanized with 100 µl of sodium pentobarbital (5 

mg/20g), lungs were harvested and fixed in 4% formalin for 24 hours and 

embedded in paraffin in the form of blocks in an automatic tissue processor [94]. 

Then the sections of about 4 micron thickness were cut from these blocks with 

Microtomb (IMEB, San Marcos, CA). Sections were then submerged at 40-420C in 

water bath and were mounted on a microscope charged slide. After the slides were 

air dried at room temperature overnight, were baked in oven for 30 min at 560C.  

 

2.6.2: Hematoxylin and Eosin Staining:  

           Lung slides were deparaffinized by incubating in xylene for 5 minutes 

followed by ethanol:Xylene (1:1) mixture for another 5 minutes. Then the sections 

were rehydrated in keeping them for 5 minutes in each 100%, 90%, 80% and 70% 

ethanol:water solutions. Then the slides were placed in distilled water for another 5 
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minutes. After that the sections were stained with hematoxylin and eosin (H & E) 

kit (Newcomer Supply, Middleton, WI). The slides were then placed in Harris 

hematoxylin solution for 30 sec, and were rinsed in running tap water for 4-5 

minutes. Then the counterstaining step with eosin was done on slides for 20 sec. 

Then the tissue on the slide was dehydrated using 90% and 100% ethanol:water 

solutions followed by keeping them in Xylene:ethanol (1:1) mixture for 5 times 

and then in xylene for 5 minutes. Then the slides were mounted with cytoseal 60 

(Richard-Allan Scientific, Waltham, MA) mounting medium, covered with 

coverslips (Fisher Scientific, Waltham, MA) and kept for half an hour for air 

drying at room temperature, before observing morphology through the microscope. 

 

2.6.3: Lung Sections Showing Mucus Deposition by Periodic Acid-Schiff 

Staining:  

           The secretion of mucus was screened by periodic acid-Schiff (PAS) 

Staining using the standard procedure recommended by the manufacturer (Sigma 

Aldrich, St. Louis, MO) [328]. After the deparaffinization of the lung sections as 

explained above, sections were placed in distilled water for 5 minutes. Then the 

lung sections were submerged in periodic acid solution for 5 minutes at room 

temperature, and then were rinsed in distilled water for 6-7 times. Then the slides 

were immersed in Schiff’s reagent for 15 minutes at room temperature and were 
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rinsed in running tap water for 5 minutes. Then the slides were counterstained in 

Hematoxylin solution, Gill No. 3, for 35 seconds and followed by rinsing in 

running tap water for 1-2 minutes. Then the sections were immersed in 90% 

ethanol for 25 seconds followed by 100% ethanol for 5 times. After that the slides 

were immersed in Xylene:Ethanol (1:1) solution for 5 times followed by 

immersing in xylene for 1 min. Then the slides were mounted with cytoseal 60 

(Richard-Allan Scientific, Waltham, MA) mounting medium, covered with 

coverslips (Fisher Scientific, Waltham, MA) and kept for half an hour for air 

drying at room temperature, before observing morphology through the microscope. 

 

2.6.4: Lung Section Showing Collagen Deposition by Trichrome Staining:  

           Lung sections were deparaffinized as described above. To identify collagen 

deposition in the lung tissues, Masson’s Tricrome staining was performed by 

following the standard protocol recommended by the manufacturer (IMEB Inc., 

San Marcos, CA). The deparaffinized sections were immersed in Bouin’s fluid at 

560C for 1 hour, followed by rinsing them in running tap water for 5 minutes. Then 

the slides were immersed in working Weigert’s iron hematoxylin stain for 10 

minutes at room temp, followed by rinsing them in running tap water for 5 

minutes. The rinsed slides were then stained with Biebrich’s Scarlet acid fushsin 

solution for 5 min at room temp and then were rinsed in distilled water for 30 sec. 
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Then the slides were submerged in phosphotungstic and phosphomolybdic acid 

solution for 5 minutes at room temperature. After that the slides were stained in 

Aniline blue stain for 5 min at room temperature. Then the sections were placed in 

1% acetic acid (1 ml of acetic acid in 99 ml of distilled water) for 1 min followed 

by immersing slides in 100% ethanol for 1 min, Xylene:Ethanol (1:1) mixture for 1 

min and then in xylene for 1 min. Then the slides were mounted with cytoseal 60 

(Richard-Allan Scientific, Waltham, MA) mounting medium, covered with 

coverslips (Fisher Scientific, Waltham, MA) and kept for half an hour for air 

drying at room temperature, before observing morphology through the microscope. 

 

         2.6.5: Immunohistochemistry:  

             Immunohistochemistry was done for SOCS-1, SOCS-3 and SOCS-5 using 

respective antibodies for lung sections in all experimental groups of mice (CRA 

induced mice fed on vitamin D diets having acute or chronic asthma or control 

groups treated with PBS). Paraffin sections (4 μm) were cut from the tissue-

embedded blocks, placed onto a warm (370C) water bath, and placed onto 

superfrost plus slides (VWR International, Lutterworth, and Leicestershire, UK) as 

explained earlier. The sections were deparaffinized and hydrated in xylene and the 

solution ethanol gradients (100, 95, 80 and 70%) as described earlier in details. For 

immunostaining, antigen was exposed by boiling the sections with target retrieval 
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solution (Sodium Citrate pH 6.0) in a steam cooker for 30 minutes. Sections were 

cooled to room temperature for 20 minutes and washed two times for 5 minutes 

each in PBS. Endogenous peroxidase was blocked with 3% H2O2 in methanol for 

30 minutes. The non-specific binding sites were blocked with 10% normal goar or 

rabbit serum (Vectastain ABC elite kit, PK-7800; Vector Laboratories, 

Burlingame, CA). All procedures for blocking of nonspecific binding sites, 

incubation with primary antibodies (Table 2), secondary antibodies, and avidin-

biotin complex were performed as recommended by the manufacturer (Vectastain 

ABC elite kit, PK-7800; Vector Laboratories, Burlingame, CA). The following 

antibodies were used: SOCS-1 (sc-9021) (rabbit SantaCruz Biotechnology, CA) at 

1:200 dilution, SOCS-3 (ab3693) (rabbit; Abcam, MA) at 1:400 dilution, SOCS-5 

(sc-) (goat SantaCruz Biotechnology, CA) at 1:200 dilution. The substrate used 

was 2,2-diaminobenzene in which positive staining was indicated by the presence 

of brown precipitate. The sections were counterstained with Gills no. 2 

hematoxylin for 7 seconds. Negative controls were run without the primary 

antibody. The slides were mounted with cytoseal 60 (Richard-Allan Scientific, 

Waltham, MA) mounting medium, covered with coverslips (Fisher Scientific, 

Waltham, MA) and kept for half an hour for air drying at room temperature, before 

observing through the microscope. 
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Table 2: List of antibodies used for immunohistochemistry 

 

Antibody Species/Source Catalogue 
No. 

Company City/State 

SOCS-1 Rabbit sc-9021 SantaCruz 
Biotechnology 

SantaCruz, 
CA 

SOCS-3 Rabbit ab3693 Abcam Boston, MA 

SOCS-5 Goat sc-8287 SantaCruz 
Biotechnology 

SantaCruz, 
CA 
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2.7: RNA Isolation:  

 2.7.1: RNA Isolation for Whole Tissue:  

           Total RNA was isolated from whole lung tissue. About 100 mg of tissue was 

minced and lysed in 1 ml of Trizol Reagent (Sigma, St. Louis, MO) by pipetting 

repeatedly. Then this homogenate was incubated at room temp for 10 minutes. 

Chloroform (0.2 ml) for each 1 ml of Trizol reagent was added to the above 

homogenate and vortexed for 15-20 sec. The resulting homogenate was left at room 

temp for 15 min. The homogenate was centrifuged at 12,000 g at 40C for 15 min. 

Following centrifugation, colorless upper aqueous layer was transferred to new 

microcentrifuge tube. Then 0.5 ml of isopropanol was added to this aqueous 

solution. Then the samples were incubated for 10 minutes at room temp. After that 

the samples were centrifuged at 12,000 g at 40C for 10 min. Following 

centrifugation, the supernatant was taken out and the pellet was washed with 70% 

ethanol by centrifuging at 12,000 g at 40C for 5 min. The pellet was air-dried for 10 

min at room temp. The pellet was re-suspended in RNAase free water (50 ul) and 

RNA concentration was measured using a Nano Drop (Thermo Scientific, 

Rockford, IL).  
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2.7.2: RNA Isolation from Cells:  

          Total RNA was isolated from CD4+CD25+ and CD4+CD25- cells (isolated 

from lungs and spleen using flow cytolmetry) using mirVana™ miRNA Isolation 

Kit (Ambion®, Grand Island, NY). Cells from different treatment groups were 

lysed with Lysis Buffer and supplemented with miRNA Homogenate Additive. 

Phase separation was done by mixing ice cold acid-phenol: chloroform (Ambion®, 

Grand Island, NY) with the ice cold sample and mixing it vigorously. The mixture 

was centrifuged at 10000xg for 5 minutes at room temperature. The top clear layer 

was carefully removed to precipitate the RNA with 100% ethanol. The solution was 

passed through a filter cartridge provided with the kit. The cartridge was washed 

with wash buffer before elution with DNase-RNase free water. The yield of RNA 

was quantified using Nanodrop (Thermo Scientific, Rockford, IL). 

 

2.8: Reverse Transcription:  

        1 µg of total RNA was used to synthesize the first strand cDNA with oligo dT 

(1 μg) (Integrated DNA Technologies, Coralville, IA), 4 µl of 5x reaction buffer, 

4.8 µl of MgCl2, 1 µl of dNTP mix, and 0.5 µl of Improm II reverse transcriptase as 

per Improm II reverse transcriptase kit (Promega, Madison, WI).  The cycling 

conditions for reverse transcription procedure were 250C for 5 min, 420C for 60 min 

and 700C for 15 min.  
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2.9: Real-Time PCR:  

         After the reverse transcription, quantitative PCR was performed to analyze the 

mRNA expression of the required gene normalized to housekeeping gene 

glyceradehyde-3-phosphate dehydrogenase (GAPDH). This was performed using 8 

µl cDNA (from the sample), 10 µl SYBR green PCR master mix (Bio-Rad Lab, 

Hercules, CA) and 1 µl of forward and reverse primers (10 picomol/µl) (Integrated 

DNA Technologies, Coralville, IA) using 7500 Real Time PCR apparatus (CFX96, 

Bio-Rad Labs, Hercules, CA). The primers sequences used are described in Table 

3. The PCR cycling conditions used was 5 minutes at 950C for initial denaturation, 

40 cycles of 30 seconds at 950C, 30 seconds at 720C. Each real-time PCR was 

performed using three individual samples in triplicates, and the threshold cycle 

values were averaged. Relative gene expression was calculated using BioRad CFX 

manager software version 2.1. Calculations of the relative gene expression were 

based on the differences in the threshold cycles calculated by fold change 

(compared to control) = 2 – ΔΔCt method [348]. The results were normalized 

against the housekeeping gene GAPDH. 
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Table 3: The Sequences of Primers used are as follows:  

 

Mouse: 

           Gene Sequence 5’-3’ 

          GAPDH FP:TCA ACA GCA ACT CCC ACT CTT CCA 

RP: ACC CTG TTG CTG TAG CCG TAT TCA 

          SOCS-1 FP: TGG TTG TAG CAG CTT GTG TCT GG 

RP: CCT GGT TTG TGC AAA GAT ACT GGG 

          SOCS-3 FP: ACT TTC CCG CTG GAA CTT GTT TGC 

RP: TGG GCA GTG GGA GTG GTT ATT TCT 

          SOCS-5 FP: AAC CCT TTC CTG TGC CCT TGA CTA 

RP: TGG CAT CGT CAA CCA GTG GAG TTA 

          RORγT FP: GCC TAC AAT GCC AAC AAC CAC ACA 

RP: ATT GAT GAG AAC CAG GGC CGT GTA 

            Foxp3 FP: GCA ACA GCA CTG GAA CCT TCA CAA 

RP: GCA TTG CTT GAG GCT GCG TAT GAT 

           IL-21R FP: TTT CAC GGC CTC CAG CAT AGA GTT 

RP: ACC AGG CTC AGA CAT TCC ATC ACA 

           IL-23R FP: GCA ACA TGA CAT GCA CCT GGA ACA 

RP: TGC CTA GGG AAT TGA CAG CTT GGA 
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2.10: Tissue Processing: 

        After the mice were euthanized with 100 µl of sodium pentobarbital 

(5mg/20g), lungs and spleen were harvested.  

 

2.10.1: Processing Spleen Tissues:  

           Spleen was harvested and collected in a petri-dish by adding PBS4 to it. 

Spleen tissue was then disrupted with the help of two needles (from 1 ml syringe). 

Cells were removed by tearing apart the tissue. Then the tissue was aspirated up 

and down using 1 ml of syringe by applying negative pressure to it. The procedure 

was repeated until most cells were collected from the tissue. The suspension (cells 

and tissue ghost) was then decanted into a 15 ml centrifuge tube and kept on ice for 

5 min without disturbing it to let the remaining tissue to get settled down. Then the 

suspension was taken into a new 15 ml centrifuge tube and centrifuged at 350xg, 

15 min at 40C. The supernatant was then discarded and from the cell pellet red 

blood cells were removed with Tris-buffered ammonium chloride solution (5 ml) 

by mixing well and incubating the suspension for 5 min on ice. Then the cell 

suspension was neutralized with 5 ml PBS4 solution. The suspension was 

centrifuged at 350 g for 15 min at 40C. Supernatant was discarded and the pellet 

washed in 10 ml PBS4, centrifuged and re-suspended in 1 ml of PBS4. The cell 
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number was determined in a Beckman coulter counter (Beckman Coulter Inc, 

Fullerton, CA). 

 

2.10.2: Processing Lung Tissues:  

          Lungs were finely minced with the help of scalpel in a petri dish and were 

digested with 5 ml collagenase D (1 mg/ml) (Roche Laboratories, Burlington, NC) 

at 370C for 90 min. Tissues were then disrupted with a 1-ml syringe and filtered 

with 40 micron cell strainer to obtain a single cell suspension. This suspension was 

then transferred to a 15 ml centrifuge tube and centrifuged at 350xg, for 15 min, at 

40C. The supernatant was discarded and from the cell pellet red blood cells were 

removed with Tris-buffered ammonium chloride solution (5 ml) by mixing well 

and incubating the cell suspension for 5 min on ice. Then the cell suspension was 

neutralized with 5 ml PBS4 solution. The suspension was centrifuged at 350 g for 

15 minutes at 40C. Supernatant was discarded and the pellet washed in 10 ml 

PBS4, centrifuged and re-suspended in AutoMACS running buffer. The cell 

suspension will be labeled with the CD4+ microbead antibody (Miltenyi Biotech, 

Auburn, CA) and sorted by AutoMACS (Miltenyi Biotech, Auburn, CA). The cell 

number was determined in a Beckman coulter counter (Beckman Coulter Inc, 

Fullerton, CA). 
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2.10.3: AutoMACS Separation of CD4+ cells from Lungs:  

            After the lung cell pellet re-suspended in the AutoMACS running buffer, 

the cell suspension was labeled with the CD4+ microbead antibody (Miltenyi 

Biotech, Auburn, CA) and sorted by AutoMACS (Miltenyi Biotech, Auburn, CA). 

The CD4+ cell pellet was obtained from this separation was then centrifuged at 

300xg, 40C for 10 min. The supernatant was discarded and pellet was re-suspended 

in PBS4 and washed twice by centrifuging at 300xg, 40C for 10 min. Pellet was re-

suspended in 1 ml PBS4. The cell number was determined in a Beckman coulter 

counter (Beckman Coulter Inc, Fullerton, CA). 

 

2.10.4: Fluorescence-activated cell sorting (FACS-Analysis) and Multicolor 

Staining:  

           The AutoMACS separated CD4+ cells were then further labelled 

fluorochrome labelled antibodies to collect the desired populations of the cells. For 

the collection of CD4+CD25+/CD4+CD25- cells, the AutoMACS separated CD4+ 

cells were counted and re-suspended at a density of 1 x 106/ml in PBS4. The 

antibody cocktail used was for CD4 and CD25 or other antibodies as per 

requirement of the experimental design. For the isolation of 

CD4+CD25+/CD4+CD25- cells, the whole cell suspension from AutoMACS 

separation was labelled with CD4 and CD25. But for the analysis of densities of 
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different cell populations, only 50 µl of 1 x 106 /ml cells were labelled with CD4, 

CD25 and various other antibodies described in Table 4. The single color controls 

were run with each experiment using whole spleen cells (as AutoMACS separation 

was not performed on spleen cells). The single color controls are described in 

Table 5. The antibody cocktails were prepared in PBS4 and the cell suspension 

was mixed with 50 µl of antibody cocktail. This antibody cocktail and cell 

suspension mixture (1:1) was then incubated for 30 min in dark on ice. The tubes 

were then centrifuged at 350xg, 10 min at 40C; which is then followed by 

discarding the supernatant. This washing step was repeated three times and the 

cells were then fixed in FACS fix solution and were taken to the flow cytometry 

core facility to get FACS analysis done using a BD FACSaria Flow Cytometer 

(BD Bioscience, San Jose, CA). 
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Table 4: Antibodies used for multi-color flow cytometric analysis 

 

Antibody 

 

Catalogue No. Company Dilution 
Used 

Fluorochrome 

CD4 562285 BD Biosciences 1:800 PE-CF594 

CD25 47-0251-82 eBiosciences 1:100 APC-
eFlour®780 

CTLA4 HMCD15201 InvitrogenTM 1:50 FITC 

ICOS 313518 BioLegend 1:50 PerCP/Cy5.5 

Nrp-1 FAB5994A R&D Systems 1:100 APC 

CD62L 56-0621-82 eBiosciences 1:200 AF®700 

GITR 120220 BioLegend 1:800 PE/Cy5 

PD-1 25-9985-82 eBiosciences 1:200 PE/Cy7 

IL-21R 13-1219-82 eBiosciences 1:200 Biotin 

Streptavidin 
Conjugate 

Q10111MP InvitrogenTM 1:200 Qdot® 585 

IL-23R 562497 BD Biosciences 1:100 PE 

Foxp3 12-4774-42 eBiosciences 1:500 PE 

RORγT 12-6988-82 eBiosciences 1:500 PE 

GATA3 12-9966-42 eBiosciences 1:500 PE 

VDR ab8756 Abcam® 1:500 10 Antibody 
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Smad3 ab55480 Abcam® 1:500 10 Antibody 

FITC 
Conjugated 

115-655-146 Jackson 
ImmunoResearch  

1:1000 FITC 
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Table 5: List of single color control antibodies attached to individual fluorochrome 

enlisted in above table 

 

Antibody 

 

Catalogue 
No. 

Company Dilution 

used 

Fluorochrome 

CD45R(B220) 47-0452-82 eBiosciences 1:100 APC-
eFlour®780 

CD4 553047 BD 
Biosciences 

1:200 FITC 

CD45R(B220) 552771 BD 
Biosciences 

1:100 PerCP/Cy5.5 

CD45R(B220) 553092 BD 
Biosciences 

1:200 APC 

CD45R(B220) 557957 BD 
Biosciences 

1:100 AF®700 

CD45R(B220) 553091 BD 
Biosciences 

1:200 PE/Cy5 

CD45R(B220) 552772 BD 
Biosciences 

1:200 PE/Cy7 

CD45R(B220) 553086 BD 
Biosciences 

1:200 Biotin 

Streptavidin 
Conjugate 

Q10111MP InvitrogenTM 1:200 Qdot® 585 

CD45R(B220) 12-0452-82 eBiosciences 1:400 PE 
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Table 6: Reagents, Solution and Buffers used in the experimental procedures 

 

Reagent/Buffer Cat No. vendor City/State 

Cockroach Antigen 6692US Hollister steir 
lab 

Spokane, WA 

Alum 77160 Pierce Rockford, IL 

Collagenase D 70225922 Roche USA 

Methacholine A2251 Sigma Aldrich St. Louis, MO 

AutoMACS Running Buffer 130091221 Miltenyi Biotec Auburn, CA 

TGF-β 14834262 eBiosciences San Deigo, CA 

Calctriol D1530 Sigma Aldrich St. Louis, MO 

CD4 Microbead Isolation Kit 130095248 Miltenyi Biotec Auburn, CA 
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Preparation of Reagents, Solutions and Buffers: 

1. CRA (for Sensitization): 10 µg CRA dissolved in 50 µl of 1X PBS 

2. CRA (for Challenge) 1%: 100 mg CRA dissolved in 10 ml of 1 X PBS 

3. CRA (for Challenge) 5%: 500 mg CRA dissolved in 10 ml of 1 X PBS 

4. ACT:  

 Solution A: 8.3 g Ammonium chloride (NH4Cl) dissolved in 1000 ml 

distilled water 

   Solution B: 20.6 g Tris base dissolved in 1000 ml distilled water; pH 

was adjusted to 7.65 using 2N HCl. The 1000 ml volume was made. 

 Working Stock: 90 ml Solution A + 10 ml Solution B, pH was 

adjusted to 7.2 using 2N HCl. 

5. Methacholine: 0.4 g acetyl-β-methylcholine chloride was dissolved in 4 ml 

of 1xPBS to obtain a solution with concentration of 100 mg/ml. Two-fold 

serial dilutions were then performed to obtain the subsequent concentrations 

(50mg/ml, 25mg/ml, 12.5mg/ml, 6.25mg/ml and 3.125mg/ml). 

6. PBS4: 4 ml Fetal Bovine Serum (FBS) dissolved  in 96 ml 1x PBS 

7. Lung tissue digestion solution: 0.01 g Collagenase D dissolved in 10 ml 

RPMI-1640 
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2.11: Cell Culture:  

       The mice on vitamin D-sufficient or deficient diet were sensitized with 

cockroach antigen (on day 0 and 14); splenocytes were isolated on day 28 from the 

spleen. Splenocytes were treated with various doses of CRA, TGF-β and calcitriol 

at different time points in 25 cm2 cell culture flasks in RPMI-1640 (R8758, Sigma 

Aldrich, St. Louis, MO) containing 10% Fetal Bovine Serum (Sigma, St. Louis, 

MO) and 1% penicillin-streptomycin (Sigma, St. Louis, MO) and were maintained 

at 5% CO2 at 370C. To analyze densities of various populations of cells, Flow 

Cytometry was performed. All experiments were performed on three biologically 

independent samples. 

 

2.12: Data Processing and Statistical Analysis: 

       Flow cytometric data was analyzed using Flowjo software (Tree Star Inc. 

Ashland, OR). To conduct statistical analyses and to plot graphs, the Graph Pad 

Prism 4.0 biochemical statistical package (Graph Pad Software Inc, San Deigo, 

CA) software was used. To analyze statistical significance among two independent 

groups student unpaired t-test was performed. Multiple group comparison was 

made by using one way ANOVA with Bonferroni correction. All measurement 

values are reported as mean ± SEM. The values of p<0.05 was considered as 

significant. 
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3.1: Measurement of 25(OH)D Levels in the Serum of Mice Fed on Vitamin D-

Deficient, Sufficient and Supplemented Diet:  

        The serum 25(OH)D levels were measured in the mice fed on vitamin D-

deficient, sufficient and supplemented diets on day 45 (acutely asthmatic ones) and 

day 80 (Chronically asthmatic ones). The level of 25(OH)D reflects the vitamin D3 

content in the serum of mice on different vitamin D diets. The mice fed on vitamin 

D-deficient diet were having 25(OH)D levels 2.0 ± 0.25 ng/ml (N=3) on day 45 

and 1.0 ± 0.52 ng/ml (N=3) on day 80. The vitamin D-sufficient mice were having 

25(OH)D levels 32.0 ± 0.75 ng/ml (N=3) and 36.0 ± 0.57 ng/ml (N=3) on day 45 

and day 80 respectively. The mice which were fed on vitamin D-supplemented diet 

were having 25(OH)D levels 56.0 ± 0.25 ng/ml (N=3) on day 45 and 69.0 ± 0.43 

ng/ml (N=3) on day 80. Data are shown as mean ± SEM from three individual 

samples in each experimental group (Table 7).   
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Table 7: Serum 25(OH)D Level in Different Vitamin D Groups. Data are shown 

as Mean ± SEM for three animals per experimental group.  
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3.2: Effect of Vitamin D on Airway Hyperresponsiveness (AHR) in CRA-

Sensitized and Challenged or PBS Control Mice (On day 45 and day 80): 

            The AHR to methacholine was established and examined on days 45 and 80 

as measured by non-invasive whole-body plethysmography (Figure 4). The CRA-

sensitized and challenged mice exhibited elevated AHR to methacholine as 

compare to PBS controls of all vitamin D groups of mice at days 45 and 80.  

Vitamin D-deficient CRA-sensitized and challenged mice demonstrated a 

significantly higher AHR to methacholine as compared to vitamin D-sufficient and 

vitamin D-supplemented CRA-sensitized and challenged mice on day 45 and day 

80 both. Also there was an increase in AHR to methacholine for vitamin D-

deficient CRA-sensitized and challenged mice on day 80 as compare to vitamin D-

deficient CRA-sensitized and challenged mice on day 45. These results were 

confirmed with a more rigorous invasive method using tracheostomy in 

anesthetized mice on day 45 and day 80 to measure specific airway resistance 

(Figure 4) and a similar pattern was observed. Also there was no significant 

difference in AHR among PBS control vitamin D-deficient (days 45 and 80), PBS 

control vitamin D-sufficient (days 45 and 80), and PBS control vitamin D-

supplemented (days 45 and 80) (p<0.05). 

                     Administration of 100 mg/ml methacholine aerosol at day 45 and day 

80 exhibited the following Penh values: 7.13 ± 0.18 and 8.24 ± 0.2 in vitamin D-
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deficient CRA-sensitized and challenged mice on days 45 and 80 respectively; 3.61 

± 0.23 and 4.91 ± 0.09 in vitamin D-sufficient CRA-sensitized and challenged mice 

on days 45 and 80 respectively; 2.42 ± 0.29 and 3.59 ± 0.19 in vitamin D-

supplemented CRA-sensitized and challenged mice on days 45 and 80 respectively 

(N=3 in each group). Specific airway resistance induced by 100 mg/ml 

methacholine exhibited mean values of 10.12 ± 0.13 cm H2O.s/ml and 14.07 ± 0.18 

cm H2O.s/ml in vitamin D-deficient CRA-sensitized and challenged mice on days 

45 and 80 respectively; 6.93 ± 0.11 cm H2O.s/ml and 9.57 ± 0.55 cm H2O.s/ml in 

vitamin D-sufficient CRA-sensitized and challenged mice on days 45 and 80 

respectively; and 2.74 ± 0.25 cm H2O.s/ml and 3.52 ± 0.53 cm H2O.s/ml in vitamin 

D-supplemented CRA-sensitized and challenged mice on days 45 and 80 

respectively (N=3 in each group). 
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Figure 4: AHR to Methacholine A,B. AHR to Methacholine (Mch) on day 45 and 

day 80 was measured for vitamin D-deficient, sufficient and supplemented mice 

sensitized and challenged with CRA or PBS-control mice (N=3) in each 

experimental group by non-invasive methods A(a,b,c). Animals from each of PBS 

and CRA-sensitized and challenged groups were subjected to invasive method of 

tracheostomy and specific airway resistance (RL) to Mch was recorded B(a,b,c). * 

Vitamin D-deficient CRA-sensitized and challenged mice (on days 45 and 80) vs 

vitamin D-deficient PBS mice (on days 45 and 80), Vitamin D-sufficient CRA-

sensitized and challenged mice (on days 45 and 80) vs vitamin D-sufficient PBS 

mice (on days 45 and 80), and vitamin D-supplemented CRA-sensitized and 

challenged mice (on days 45 and 80) vs vitamin D-supplemented PBS mice (on 

days 45 and 80) (*p<0.05); o Vitamin D-deficient CRA sensitized and challenged 

on day 80 vs Vitamin D-sufficient CRA sensitized and challenged mice on day 80 

and vitamin D-deficient CRA sensitized and challenged on day 80 vs Vitamin D-

sufficient CRA sensitized and challenged mice on day 80 (op<0.05); ^ Vitamin D-

deficient CRA sensitized and challenged mice on day 80 vs vitamin D sufficient or 

supplemented CRA sensitized and challenged mice on day 80 and Vitamin D-

deficient CRA sensitized and challenged mice on day 80 vs vitamin D-sufficient or 

supplemented CRA sensitized and challenged mice on day 80 (^p<0.05); # Vitamin 

D-deficient  CRA sensitized and challenged mice on day 80 vs vitamin D-deficient 
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CRA sensitized and challenged mice on day 45, vitamin D-sufficient CRA 

sensitized and challenged mice on day 80 vs vitamin D-sufficient CRA sensitized 

and challenged mice on day 45, vitamin D-supplemented CRA sensitized and 

challenged mice on day 80 vs vitamin D-supplemented CRA sensitized and 

challenged mice on day 45 (#p<0.05). 
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3.3: Effect of vitamin D on Airway Remodeling after CRA Sensitization and 

Challenge:  

        Lungs were harvested and sectioned after tracheostomy and then followed by 

staining with Hematoxylin and Eosin, PAS and Trichrome (Figure 5) to examine 

the histological hallmarks of asthmatic airways. Airways from the PBS control mice 

in all vitamin D groups (day 45 and day 80) exhibited normal parenchyma with no 

mucus staining and a little collagen staining around the respiratory epithelium. 

      Vitamin D-deficient CRA-sensitized and challenged mice, on day 80, exhibited 

exaggerated features of severe airway remodeling as compare to vitamin D-

sufficient and supplemented CRA-sensitized and challenged mice, on day 80 

(Figure 5A (a,c,e)). The airway had epithelial cell hypertrophy indicated by an 

increase in epithelial cell height, airway occlusion, and more mucus staining 

(Figure 5B (a,c,e)) and collagen deposition (Figure 5C (a,c,e)).  On day 45, 

vitamin D-deficient CRA sensitized and challenged mice revealed severe airway 

remodeling (Figure 5A (b)). The lungs of vitamin D-supplemented CRA-sensitized 

and challenged mice exhibited signs of mild airway remodeling mild mucus 

staining, and less collagen deposition for both on day 45 and day 80. 
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Figure 5: Lung histological examination: A. Hematoxylin and eosin (H & E) 

showing differences in the airway remodeling, B. Periodic acid-Schiff (PAS) 

showing mucus staining in pink color, C. Trichrome staining showing collagen 

deposition in blue color, in the airway of CRA-sensitized and challenged and PBS 
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control vitamin D-deficient, sufficient and supplemented mice (on day 45 and day 

80). The histological sections shown are representative of three mice in each 

experimental group. 

 

3.4: Effect of vitamin D on Th2 (IL-4 and IL-5), Th17 (IL-6, IL-8 and IL-17), 

anti-inflammatory cytokines (IL-10 and TGF-β) and IFN-γ in CRA-Sensitized 

and Challenged Mice or PBS-Control Mice: 

         All the cytokines (IL-4, IL-5, IL-6, IL-8, IL-17, IL-10, TGF-β and IFN-γ) 

were significantly increased in the BALF and serum of all CRA-sensitized and 

challenged mice compared to PBS groups (Figure 6-9). However, the level of 

certain cytokines such as IL-4, IL-5, IL-6, IL-8 and IL-17 were more in the serum 

and BALF of vitamin D-deficient mice sensitized and challenged with CRA on 

days 45 and 80. Conversely IL-10, TGF-β and IFN-γ were significantly reduced in 

the serum and BALF of vitamin D-deficient CRA (days 45 and 80) groups 

compared to the supplemented mice sensitized and challenge with CRA on day 45 

and day 80.  
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Figure 6: Cytokines level in the serum and BALF of the PBS and CRA-sensitized 

and challenged mice. Blood and BALF were collected and centrifuged. The 

supernatant was collected and kept at -800C. The levels of cytokines in the serum 

and BALF of CRA-sensitized and challenged mice on days 45 and 80 were 
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compared to PBS control groups. All measurements of cytokines are in pg/ml on 

day 45 (a), on day 80 (b) and the comparison of cytokines level in only CRA-

sensitized and challenged animals on day 45 and 80 (c).  IL-4 in serum (A), IL-4 in 

BALF (B), IL-5 in serum (C) and IL-5 in BALF (D). Data are shown as mean ± 

SEM for three animals per experimental group (*p<0.05).  
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Figure 7: The levels of cytokines in the serum and BALF of CRA-sensitized and 

challenged mice on days 45 and 80 compared to PBS control groups. All 

measurements of cytokines are in pg/ml on day 45 (a), on day 80 (b) and the 

comparison of cytokines level in only CRA-sensitized and challenged animals on 
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day 45 and 80 (c).  IL-6 in serum (A), IL-6 in BALF (B), IL-8 in serum (C) and 

IL-8 in BALF (D). Data are shown as mean ± SEM for three animals per 

experimental group (*p<0.05).   
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Figure 8: The levels of cytokines in the serum and BALF of CRA-sensitized and 

challenged mice on days 45 and 80 compared to PBS control groups. All 

measurements of cytokines are in pg/ml on day 45 (a), on day 80 (b) and the 

comparison of cytokines level in only CRA-sensitized and challenged animals on 
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day 45 and 80 (c).  IL-17 in serum (A), IL-17 in BALF (B), IL-10 in serum (C) and 

IL-10 in BALF (D). Data are shown as mean ± SEM for three animals per 

experimental group (*p<0.05).   
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Figure 9: The levels of cytokines in the serum and BALF of CRA-sensitized and 

challenged mice on days 45 and 80 compared to PBS control groups. All 

measurements of cytokines are in pg/ml on day 45 (a), on day 80 (b) and the 

comparison of cytokines level in only CRA-sensitized and challenged animals on 
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day 45 and 80 (c). TGF-β in serum (A), TGF-β in BALF (B), IFN-γ in serum (C) 

and IFN-γ in BALF (D). Data are shown as mean ± SEM for three animals per 

experimental group (*p<0.05).   
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3.5: Effect of Vitamin D on RORγT, IL-21R and IL-23R in the Lungs and 

Spleen of CRA-Sensitized and Challenged Mice or PBS-Control Mice:  

       The expression of RORγT, IL-21R and IL-23R transcripts in purified 

CD4+CD25- T-cells from lung and spleen tissue of each experimental group was 

analyzed. The RORγT, IL-21R and IL-23R mRNA expression was significantly 

increased in CRA-sensitized and challenged mice compared to PBS control groups 

in both the lung and spleen tissues (Figure 10). Also there was a significant 

reduction in the RORγT, IL-21R and IL-23R mRNA expression in vitamin D-

supplemented mice compared to vitamin D-deficient CRA-sensitized and 

challenged mice in lung and spleen tissues (Figure 10).  
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Figure 10: Effect of vitamin D-deficiency, sufficiency and supplementation in PBS 

controls and CRA sensitized and challenged mice on RORγT, IL-21R and IL-23R 

mRNA expression in mice lungs. A, C, E- Fold change in mRNA expression of 

RORγT, IL-21R and IL-23R normalized to GAPDH in PBS and CRA-sensitized 

and challenged mice lungs. B, D, F - Fold change in mRNA expression of RORγT, 

IL-21R and IL-23R normalized to GAPDH in PBS and CRA-sensitized and 

challenged mice spleen. Data are shown as mean ± SEM for three animals per 

experimental group (*p<0.05).   
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3.6: Effect of Vitamin D-Supplementation on CD4+CD25-RORγT, 

CD4+CD25-IL-21R and CD4+CD25-IL-23R in Lungs and Spleens of CRA-

Sensitized and Challenged Mice and PBS-Control Mice: 

           CD4+CD25- T-cells were labeled with RORγT, IL-21R and IL-23R 

antibodies conjugated to their respective fluorochromes in the lungs and spleen of 

mice sensitized and challenged mice or PBS mice. The % of RORγT, IL-21R and 

IL-23R on lung and spleen CD4+CD25- T-cells is shown in dot plots (Figure 11-

16). PBS control group did not show any significant difference in CD4+CD25- 

RORγT, CD4+CD25- IL-21R and CD4+CD25- IL-23R densities in lungs and 

spleens of all vitamin D groups (Figure 11-16). However the CD4+CD25- T-cells 

from lung and spleen tissues of vitamin D-deficient mice sensitized and challenged 

with CRA showed a significant increase in RORγT+ (N=3 in each experimental 

group, *p<0.05) cells, IL-21R+ (N=6 in each experimental group, *p<0.05) cells 

and IL-23R+ (N=6 in each experimental group, *p<0.05) cell densities compared to 

supplemented CRA-groups.  
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Figure 11: Effect of vitamin D on the lung CD4+CD25-RORγT+ T cells of CRA-

sensitized and challenged mice or PBS-control mice. CD4+CD25-RORγT+ cells 

significantly reduced moving from left to right from vitamin D-deficiency to 

supplementation with CRA-sensitization and challenge (Top panel). There was no 

significant difference observed in CD4+CD25-RORγT+ T cells among vitamin D- 

deficient, sufficient and supplemented, PBS treated groups (Bottom Panel). Data 

are shown as mean ± SEM for three animals per experimental group (*p<0.05).   
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Figure 12: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

spleen CD4+CD25-RORγT+ T cells of CRA-sensitized and challenged mice or 

PBS-control mice. Vitamin D-supplemented mice showed a significant reduction in 

CD4+CD25- RORγT+ T cells in their spleen compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among CD4+CD25-RORγT+ T cells in vitamin D- 

deficient, sufficient and supplemented, PBS treated groups (Bottom Panel). Data 

are shown as mean ± SEM for three animals per experimental group (*p<0.05). 
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Figure 13: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

lung CD4+CD25-IL-21R+ T cells of CRA-sensitized and challenged mice or PBS-

control mice. As moving from left to right, CD4+CD25-IL-21R+ T cells 

significantly reduced from vitamin D-deficient to supplemented CRA-sensitized 

and challenged group of mice (Top Panel). However no significant difference was 

observed among CD4+CD25-IL-21R+ T cells in vitamin D- deficient, sufficient 

and supplemented, PBS treated groups (Bottom Panel). Data are shown as mean ± 

SEM for six animals per experimental group (*p<0.05). 
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Figure 14: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

spleen CD4+CD25-IL-21R+ T cells of CRA-sensitized and challenged mice or 

PBS-control mice. Vitamin D-supplemented mice showed a significant reduction in 

CD4+CD25-IL-21R+ T cells in their spleen compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). But vitamin D-deficient, 

sufficient and supplemented, PBS treated groups did not show any significant 

difference in CD4+CD25-IL-21R+ T cells (Bottom Panel). Data are shown as 

mean ± SEM for six animals per experimental group (*p<0.05). 
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Figure 15: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

lung CD4+CD25-IL-23R+ T cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant reduction in 

CD4+CD25-IL-23R+ T cells in their lungs compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). But vitamin D-deficient, 

sufficient and supplemented, PBS treated groups did not show any significant 

difference among CD4+CD25-IL-23R+ T cells (Bottom Panel). Data are shown as 

mean ± SEM for six animals per experimental group (*p<0.05). 
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Figure 16: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

spleen CD4+CD25-IL-23R+ T cells of CRA-sensitized and challenged mice or 

PBS-control mice. Vitamin D-supplemented mice showed a significant reduction in 

CD4+CD25-IL-23R+ T cells in their spleen compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). But vitamin D-deficient, 

sufficient and supplemented, PBS treated groups did not show any significant 

difference among CD4+CD25-IL-23R+ T cells (Bottom Panel). Data are shown as 

mean ± SEM for six animals per experimental group (*p<0.05). 
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3.7: Effect of Vitamin D on CD4+CD25+ cells in Lungs and Spleen of CRA-

Sensitized and Challenged Mice or PBS-Control Mice:  

        After analyzing the density of Th17 cells, it was important to compare the 

number of Tregs in our all vitamin D experimental groups. The densities of 

CD4+CD25+ cells in vitamin D-deficient, sufficient and supplemented CRA-

sensitized and challenged mice or PBS control groups were compared. Lung and 

spleen cells were labeled with CD4 and CD25 antibodies conjugated to their 

respective fluorochromes. The % of CD4+CD25+ double positive cells on lung and 

spleen is shown in contour plots (Figure 17, 18). PBS control group did not show 

any significant difference in CD4+CD25+ cell densities in lungs and spleens of all 

vitamin D groups (Figure). However the CD4+CD25+ T-cells from Lung and 

spleen tissues of vitamin D-deficient mice sensitized and challenged with CRA 

showed a significant decrease (N=3 in each experimental group, *p<0.05) 

compared to supplemented CRA-groups (Figure 17, 18). Vitamin D increased the 

CD4+CD25+ cell densities in CRA-sensitized and challenged mice.  
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Figure 17: Effect of vitamin D on the lung CD4+CD25+ cells of CRA-sensitized 

and challenged mice or PBS-control mice. Vitamin D-supplemented mice showed a 

significant increase in CD4+CD25+ cells in their lungs compared to vitamin D-

deficient mice sensitized and challenged with CRA (Top panel). However no 

significant difference was observed among the vitamin D- deficient, sufficient and 

supplemented, PBS groups (Bottom Panel). Data are shown as mean ± SEM for six 

animals per experimental group (*p<0.05). 
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Figure 18: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

spleen CD4+CD25+ cells of CRA-sensitized and challenged mice or PBS-control 

mice. Vitamin D-supplemented mice showed a significant increase in CD4+CD25+ 

cells in their spleen compared to vitamin D-deficient mice sensitized and challenged 

with CRA (Top Panel). However no significant difference was observed among the 

vitamin D-deficient, sufficient and supplemented, PBS groups (Bottom Panel). 

Data are shown as mean ± SEM for six animals per experimental group (*p<0.05). 
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 3.8: Vitamin D-Supplementation Increases the mRNA Transcripts of Foxp3 

on CD4+CD25+ Cells Isolated from Lungs and Spleen of CRA-Sensitized and 

Challenged Mice:  

          After analyzing the densities of CD4+CD25+ cells in the lungs and spleen of 

CRA-sensitized and challenged mice fed on different vitamin D diets, the mRNA 

transcripts of Foxp3 were compared among different vitamin D groups sensitized 

and challenged with CRA or PBS-control mice (Figure 19). CD4+ cells first 

isolated from lungs and spleen by AutoMACS as explained earlier in the method 

section. The isolated CD4+ cells were then sorted by FACS analysis for the 

isolation of CD4+CD25+ cells. Then these CD4+CD25+ cells were subjected to 

isolate mRNA, prepare cDNA and to run qRT-PCR to compare the mRNA 

transcripts of foxp3 in all experimental groups as explained earlier in method 

section. 
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Figure 19: Comparison of mRNA transcripts of Foxp3 in CD4+CD25+ cells 

isolated from lungs and spleen of all experimental groups. The mRNA expression 

of Foxp3 was significantly increased in the CRA-sensitized and challenged mice 

fed on vitamin D-supplemented diet compared to vitamin D-deficient groups both 

in lung and spleen. Data are shown as mean ± SEM for three animals per 

experimental group (*p<0.05). 
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3.9: Vitamin D-Supplementation Increases CD4+CD25+Foxp3+ Cell Densities 

in the Lungs and Spleen of CRA-Sensitized and Challenged Mice:  

         After analyzing the  mRNA transcripts of foxp3 on isolated CD4+CD25+ 

cells,  it was important to compare the  density of CD4+CD25+Foxp3+ cells in our 

all vitamin D experimental groups. The densities of CD4+CD25+Foxp3 cells in 

vitamin D-deficient, sufficient and supplemented CRA-sensitized and challenged 

mice or PBS control groups were compared by flow cytometry. Lung and spleen 

cells were labeled with CD4, CD25 and Foxp3 antibodies conjugated to their 

respective fluorochromes. The densities of CD4+CD25+Foxp3+ triple positive cells 

in lungs and spleen of all experimental mice are shown in dot plots (Figure 20). 

PBS control group did not show any significant difference in CD4+CD25+Foxp3+ 

cell densities in lungs and spleens of all vitamin D groups (Figure 21). However the 

CD4+CD25+Foxp3+ cells from lung and spleen tissues of vitamin D-deficient mice 

sensitized and challenged with CRA showed a significant decrease (N=3  in each 

experimental group, *p<0.05) compared to supplemented CRA-groups (Figure 20, 

21). Vitamin D increased the CD4+CD25+Foxp3+ cell densities in CRA-sensitized 

and challenged mice. 
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Figure 20: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

lung CD4+CD25+Foxp3 cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant increase in 

CD4+CD25+Foxp3+ cells in their lungs compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among the vitamin D-deficient, sufficient and 

supplemented, PBS groups (Bottom Panel). Data are shown as mean ± SEM for 

three animals per experimental group (*p<0.05). 
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Figure 21: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

spleen CD4+CD25+Foxp3 cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant increase in 

CD4+CD25+Foxp3+ cells in their spleen compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among the vitamin D-deficient, sufficient and 

supplemented, PBS groups (Bottom panel). Data are shown as mean ± SEM for 

three animals per experimental group (*p<0.05). 
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3.10: Effect of Vitamin D on CD4+CD25+ICOS+ Cell Densities in the Lungs 

and Spleen of CRA-Sensitized and Challenged Mice or PBS-Control Mice:  

         After analyzing the mRNA transcripts of Foxp3 on isolated CD4+CD25+ 

cells and CD4+CD25+ and CD4+CD25+Foxp3+ cell densities, the next step was to 

compare the Tregs cell markers densities. First the densities of CD4+CD25+ICOS+ 

cells in vitamin D-deficient, sufficient and supplemented CRA-sensitized and 

challenged mice or PBS control groups were compared by flow cytometry. Lung 

and spleen cells were labeled with CD4, CD25 and ICOS antibodies conjugated to 

their respective fluorochromes. The densities of CD4+CD25+ICOS+ triple positive 

cells in lungs and spleen of all experimental mice are shown in contour plots 

(Figure 22, 23). PBS control group did not show any significant difference in 

CD4+CD25+ICOS+ cell densities in lungs and spleens of all vitamin D groups 

(Figure 22, 23). However the CD4+CD25+ICOS+ cells from Lung and spleen 

tissues of vitamin D-deficient mice sensitized and challenged with CRA showed a 

significant decrease (N=6  in each experimental group, *p<0.05) compared to 

supplemented CRA-groups (Figure 22, 23). Vitamin D increased the 

CD4+CD25+ICOS+ cell densities in CRA-sensitized and challenged mice.  
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Figure 22: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

lung CD4+CD25+ICOS+ cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant increase in 

CD4+CD25+ICOS+ cells in their lungs compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among the vitamin D-deficient, sufficient and 

supplemented, PBS treated groups (Bottom Panel). Data are shown as mean ± 

SEM for six animals per experimental group (*p<0.05). 
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Figure 23: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

spleen CD4+CD25+ICOS+ cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant increase in 

CD4+CD25+ICOS+ cells in their spleen compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among the vitamin D-deficient, sufficient and 

supplemented, PBS groups (Bottom Panel). Data are shown as mean ± SEM for six 

animals per experimental group (*p<0.05). 
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3.11: Effect of Vitamin D on CD4+CD25+PD-1+ Cell Densities in the Lungs 

and Spleen of CRA-Sensitized and Challenged Mice or PBS-Control Mice:  

         The densities of CD4+CD25+PD-1+ cells in vitamin D-deficient, sufficient 

and supplemented CRA-sensitized and challenged mice or PBS control groups were 

compared by flow cytometry. Lung and spleen cells were labeled with CD4, CD25 

and PD-1 antibodies conjugated to their respective fluorochromes. The densities of 

CD4+CD25+PD-1+ triple positive cells in lungs and spleen of all experimental 

mice are shown in contour plots (Figure 24, 25). PBS control group did not show 

any significant difference in CD4+CD25+PD-1+ cell densities in lungs and spleens 

of all vitamin D groups (Figure 24, 25). However the CD4+CD25+PD-1+ cells 

from lung and spleen tissues of vitamin D-deficient mice sensitized and challenged 

with CRA showed a significant decrease (N=6 in each experimental group, 

*p<0.05) compared to supplemented CRA-groups (Figure 24, 25). Vitamin D 

increased the CD4+CD25+PD-1+ cell densities in CRA-sensitized and challenged 

mice.  
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Figure 24: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

lung CD4+CD25+PD-1+ cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant increase in 

CD4+CD25+PD-1+ cells in their lungs compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among the vitamin D-deficient, sufficient and 

supplemented, PBS groups (Bottom Panel). Data are shown as mean ± SEM for six 

animals per experimental group (*p<0.05). 
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Figure 25: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

spleen CD4+CD25+PD-1+ cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant increase in 

CD4+CD25+PD-1+ cells in their spleen compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among the vitamin D-deficient, sufficient and 

supplemented, PBS groups (Bottom Panel). Data are shown as mean ± SEM for six 

animals per experimental group (*p<0.05). 
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3.12: Effect of Vitamin D on CD4+CD25+Nrp-1+ Cell Densities in the Lungs 

and Spleen of CRA-Sensitized and Challenged Mice or PBS-Control Mice:  

         The densities of CD4+CD25+Nrp-1+ cells in vitamin D-deficient, sufficient 

and supplemented CRA-sensitized and challenged mice or PBS control groups were 

compared by flow cytometry. Lung and spleen cells were labeled with CD4, CD25 

and Nrp-1 antibodies conjugated to their respective fluorochromes. The densities of 

CD4+CD25+Nrp-1+ triple positive cells in lungs and spleen of all experimental 

mice is shown in contour plots (Figure 26, 27). PBS control group did not show 

any significant difference in CD4+CD25+PD-1+ cell densities in lungs and spleens 

of all vitamin D groups (Figure 26, 27). However the CD4+CD25+Nrp-1+ cells 

from lung and spleen tissues of vitamin D-deficient mice sensitized and challenged 

with CRA showed a significant decrease (N=6 in each experimental group, 

*p<0.05) compared to supplemented CRA-groups (Figure 26, 27). Vitamin D 

increased the CD4+CD25+Nrp-1+ cell densities in CRA-sensitized and challenged 

mice.  
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Figure 26: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

lung CD4+CD25+Nrp-1+ cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant increase in 

CD4+CD25+Nrp-1+ cells in their lungs compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among the vitamin D-deficient, sufficient and 

supplemented, PBS groups (Bottom Panel). Data are shown as mean ± SEM for six 

animals per experimental group (*p<0.05). 
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Figure 27: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

lung CD4+CD25+Nrp-1+ cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant increase in 

CD4+CD25+Nrp-1+ cells in their lungs compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among the vitamin D-deficient, sufficient and 

supplemented, PBS groups (Bottom panel). Data are shown as mean ± SEM for six 

animals per experimental group (*p<0.05). 
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3.13: Effect of Vitamin D on CD4+CD25+GITR+ Cell Densities in the Lungs 

and Spleen of CRA-Sensitized and Challenged Mice or PBS-Control Mice:  

         The densities of CD4+CD25+GITR+ cells in vitamin D-deficient, sufficient 

and supplemented CRA-sensitized and challenged mice or PBS control groups were 

compared by flow cytometry. Lung and spleen cells were labeled with CD4, CD25 

and GITR antibodies conjugated to their respective fluorochromes. The densities of 

CD4+CD25+GITR+ triple positive cells in lungs and spleen of all experimental 

mice are shown in contour plots (Figure 28, 29). PBS control group did not show 

any significant difference in CD4+CD25+GITR+ cell densities in lungs and spleens 

of all vitamin D groups (Figure 28, 29). However the CD4+CD25+GITR+ cells 

from lung and spleen tissues of vitamin D-deficient mice sensitized and challenged 

with CRA showed a significant decrease (N=6, in each experimental group, 

*p<0.05) compared to supplemented CRA-groups (Figure 28, 29). Vitamin D 

increased the CD4+CD25+GITR+ cell densities in CRA-sensitized and challenged 

mice.  
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Figure 28: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

lung CD4+CD25+GITR+ cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant increase in 

CD4+CD25+GITR+ cells in their lungs compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among the vitamin D-deficient, sufficient and 

supplemented, PBS groups (Bottom Panel). Data are shown as mean ± SEM for six 

animals per experimental group (*p<0.05). 
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Figure 29: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

spleen CD4+CD25+GITR+ cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant increase in 

CD4+CD25+GITR+ cells in their spleen compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among the vitamin D-deficient, sufficient and 

supplemented, PBS groups (Bottom Panel). Data are shown as mean ± SEM for six 

animals per experimental group (*p<0.05). 
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3.14: Effect of Vitamin D on CD4+CD25+CTLA4+ Cell Densities in the Lungs 

and Spleen of CRA-Sensitized and Challenged Mice or PBS-Control Mice:  

         The densities of CD4+CD25+CTLA4+ cells in vitamin D-deficient, sufficient 

and supplemented CRA-sensitized and challenged mice or PBS control groups were 

compared by flow cytometry. Lung and spleen cells were labeled with CD4, CD25 

and CTLA-4 antibodies conjugated to their respective fluorochromes. The densities 

of CD4+CD25+CTLA4+ triple positive cells in lungs and spleen of all 

experimental mice is shown in contour plots (Figure 30, 31). PBS control group did 

not show any significant difference in CD4+CD25+CTLA4+ cell densities in lungs 

and spleens of all vitamin D- deficient, sufficient and supplemented groups (Figure 

30, 31). However the CD4+CD25+CTLA4+ cells from lung and spleen tissues of 

vitamin D-deficient mice sensitized and challenged with CRA showed a significant 

decrease (N=6  in each experimental group, *p<0.05) compared to supplemented 

CRA-groups (Figure 30, 31). Vitamin D increased the CD4+CD25+CTLA4+ cell 

densities in CRA-sensitized and challenged mice.  
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Figure 30: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

lung CD4+CD25+CTLA4+ cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant increase in 

CD4+CD25+CTLA4+ cells in their lungs compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among the vitamin D-deficient, sufficient and 

supplemented, PBS groups (Bottom Panel). Data are shown as mean ± SEM for six 

animals per experimental group (*p<0.05). 
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Figure 31: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

spleen CD4+CD25+CTLA4+ cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant increase in 

CD4+CD25+CTLA4+ cells in their spleen compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among the vitamin D-deficient, sufficient and 

supplemented, PBS groups (Bottom Panel). Data are shown as mean ± SEM for six 

animals per experimental group (*p<0.05). 
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 3.15: Effect of Vitamin D on CD4+CD25+CD62L+ Cell Densities in the Lungs 

and Spleen of CRA-Sensitized and Challenged Mice or PBS-Control Mice:  

         The densities of CD4+CD25+CD62L+ cells in vitamin D-deficient, sufficient 

and supplemented CRA-sensitized and challenged mice or PBS control groups were 

compared by flow cytometry. Lung and spleen cells were labeled with CD4, CD25 

and CD62L antibodies conjugated to their respective fluorochromes. The densities 

of CD4+CD25+CD62L+ triple positive cells in lungs and spleen of all experimental 

mice is shown in contour plots (Figure 32, 33). PBS control group did not show 

any significant difference in CD4+CD25+CD62L+ cell densities in lungs and 

spleens of all vitamin D groups (Figure 32, 33). However the 

CD4+CD25+CD62L+ cells from lung and spleen tissues of vitamin D-deficient 

mice sensitized and challenged with CRA showed a significant increase (N=6  in 

each experimental group, *p<0.05) compared to supplemented CRA-groups 

(Figure 32, 33). Vitamin D decreased the CD4+CD25+CD62L+ cell densities in 

CRA-sensitized and challenged mice.  
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Figure 32: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

lung CD4+CD25+CD62L+ cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant decrease in 

CD4+CD25+CD62L+ cells in their lungs compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among the vitamin D-deficient, sufficient and 

supplemented, PBS groups (Bottom Panel). Data are shown as mean ± SEM for six 

animals per experimental group (*p<0.05). 
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Figure 33: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

spleen CD4+CD25+CD62L+ cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant decrease in 

CD4+CD25+CD62L+ cells in their spleen compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among the vitamin D-deficient, sufficient and 

supplemented, PBS groups (Bottom Panel). Data are shown as mean ± SEM for six 

animals per experimental group (*p<0.05). 
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 3.16: Effect of Vitamin D on CD4+CD25+Smad3+ Cell Densities in the Lungs 

and Spleen of CRA-Sensitized and Challenged Mice or PBS-Control Mice:  

         The densities of CD4+CD25+Smad3+ cells in vitamin D deficient, sufficient 

and supplemented CRA-sensitized and challenged mice or PBS control groups were 

compared by flow cytometry. Lung and spleen cells were labeled with CD4, CD25 

and Smad3 antibodies conjugated to their respective fluorochromes. The densities 

of CD4+CD25+Smad3+ triple positive cells in lungs and spleen of all experimental 

mice is shown in dot plots (Figure 34, 35). PBS control group did not show any 

significant difference in CD4+CD25+Smad3+ cell densities in lungs and spleens of 

all vitamin D groups (Figure 34, 35). However the CD4+CD25+Smad3+ cells from 

lung and spleen tissues of vitamin D-deficient mice sensitized and challenged with 

CRA showed a significant decrease (N=3  in each experimental group, *p<0.05) 

compared to supplemented CRA-groups (Figure 34, 35). Vitamin D increased the 

CD4+CD25+Smad3+ cell densities in CRA-sensitized and challenged mice.  
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Figure 34: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

lung CD4+CD25+Smad3+ cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant increase in 

CD4+CD25+Smad3+ cells in their lungs compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among the vitamin D-deficient, sufficient and 

supplemented, PBS groups (Bottom Panel). Data are shown as mean ± SEM for 

three animals per experimental group (*p<0.05). 
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Figure 35: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

spleen CD4+CD25+Smad3+ cells of CRA-sensitized and challenged mice or PBS-

control mice. Vitamin D-supplemented mice showed a significant increase in 

CD4+CD25+Smad3+ cells in their spleen compared to vitamin D-deficient mice 

sensitized and challenged with CRA (Top Panel). However no significant 

difference was observed among the vitamin D-deficient, sufficient and 

supplemented, PBS groups (Bottom Panel). Data are shown as mean ± SEM for 

three animals per experimental group (*p<0.05). 
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3.17: Effect of Vitamin D on VDR+ Cell Densities in the Lungs and Spleen of 

CRA-Sensitized and Challenged Mice or PBS-Control Mice:  

         The densities of VDR+ cells in vitamin D-deficient, sufficient and 

supplemented CRA-sensitized and challenged mice or PBS control groups were 

compared by flow cytometry. Lung and spleen cells were labeled with VDR 

antibody conjugated to its respective fluorochromes. The densities of VDR+ cells in 

lungs and spleen of all experimental mice is shown in dot plots (Figure 36, 37). 

PBS control mice fed on vitamin D-supplemented diet showed a significant increase 

in VDR+ cells compared to deficient PBS mice (Figure 36, 37). Also similar to 

PBS mice, the VDR+ cells from lung and spleen tissues of vitamin D-deficient mice 

sensitized and challenged with CRA showed a significant decrease (N=3  in each 

experimental group, *p<0.05) compared to supplemented CRA-groups (Figure 36, 

37). Vitamin D increased the VDR+ cell densities in CRA-sensitized and 

challenged mice and PBS control mice.  
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Figure 36: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

lung VDR+ cells of CRA-sensitized and challenged mice or PBS-control mice. 

Vitamin D-supplemented mice showed a significant increase in VDR+ cells in their 

lungs compared to vitamin D-deficient mice sensitized and challenged with CRA 

(Top Panel). A similar increased pattern of VDR+ cells was observed in the lungs 

of vitamin D-supplemented, PBS control mice compared to vitamin D-deficient 

PBS treated mice (Bottom Panel). Data are shown as mean ± SEM for three 

animals per experimental group (*p<0.05). 
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Figure 37: Effect of vitamin D-deficiency, sufficiency and supplementation on the 

spleen VDR+ cells of CRA-sensitized and challenged mice or PBS-control mice. 

Vitamin D-supplemented mice showed a significant increase in VDR+ cells in their 

spleen compared to vitamin D-deficient mice sensitized and challenged with CRA 

(Top Panel). A similar increased pattern of VDR+ cells was observed in the spleen 

of vitamin D-supplemented PBS control mice compared to vitamin D-deficient, 

PBS treated mice (Bottom Panel). Data are shown as mean ± SEM for three 

animals per experimental group (*p<0.05). 
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3.18: Effect of Vitamin D on SOCS-1,3 and 5 mRNA Transcripts in the Lungs 

of CRA-Sensitized and Challenged Mice or PBS-Control Mice on day 45 and 

day 80:  

         After analyzing the Tregs and Th17 cell densities, mRNA transcripts of 

SOCS-1,3 and 5 were examined by qRT-PCR method  in the lungs of CRA-

sensitized and challenged mice or PBS-control mice (Figure 38). Lungs of vitamin 

D-supplemented mice sensitized and challenged with CRA on day 80 exhibited 

significantly lower SOCS-1, SOCS-3 and SOCS-5 mRNA expression as compare to 

vitamin D-deficient mice sensitized and challenged with CRA on day 80 (Figure 

38A(a),B(a),C(a)). Also there was a significant reduction in the mRNA transcripts 

for SOCS-1, SOCS-3 and SOCS-5 for the lungs of mice fed on vitamin D-

supplemented sensitized and challenged with CRA on day 45 as compare to vitamin 

D-deficient mice sensitized and challenged with CRA on day 45 (Figure 

38A(b),B(b),C(b)). This suggests that vitamin D-deficiency increases SOCS-1, 

SOCS-3 and SOCS-5 mRNA expression in the CRA sensitized and challenged mice 

on days 45 and 80.  
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Figure 38: Effect of vitamin D-deficiency, sufficiency and supplementation (days 

45 and 80 in PBS controls and CRA sensitized and challenged mice) on SOCS-1, 

SOCS-3 and SOCS-5 mRNA expression in mice lungs. A(a), B(a), C(a)- Fold 

change in mRNA expression of SOCS-1, SOCS-3 and SOCS-5 normalized to 
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GAPDH in PBS and CRA-sensitized and challenged mice lungs on day-45.  A(b), 

B(b), C(c) - Fold change in mRNA expression of SOCS-1, SOCS-3 and SOCS-5 

normalized to GAPDH in PBS and CRA-sensitized and challenged mice lungs on 

day-80. A(c), B(c), C(c)-Fold change in mRNA expression of SOCS-1,3 and 5 in 

different vitamin D CRA-sensitized and challenged groups on days 45 and 80. Data 

are shown as mean ± SEM for three animals per experimental group (*p<0.05). 
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3.19: Protein Expression of SOCS-1, SOCS-3 and SOCS-5 in the lungs of 

vitamin D deficient, sufficient, and supplemented mice lungs treated with CRA 

or PBS on days 45 and 80: 

          SOCS-1, 3 and 5 protein expression was analyzed by immunohistochemistry. 

A moderate to low expression of SOCS-1, SOCS-3 and SOCS-5 was observed in 

the lungs of PBS control mice in all vitamin D groups on days 45 and 80 (Figure 

39(A-C)(g-l)). The lungs of vitamin D-deficient CRA-sensitized and challenged 

mice on day 45 and day 80 exhibited substantially higher expression of SOCS-1, 

SOCS-3 and SOCS-5 compared to vitamin D-sufficient and supplemented mice 

sensitized and challenged with CRA on days 45 and 80 (Figure 39(A-C)(a,b)). 

Vitamin D-supplementation abolished the increase in SOCS-1, SOCS-3 and SOCS-

5 protein in the lungs of CRA-sensitized and challenged mice (Figure 39(A-

C)(e,f)). 

 

 



  152 
 

 

Figure 39: Effect of vitamin D-deficient, sufficient and supplemented mice lungs 

on the protein expression of SOCS-1, SOCS-3 and SOCS-5. A. Suppressors of 

cytokine signaling-1 (SOCS-1), B. SOCS-3, and C. SOCS-5 in the lungs of PBS 

controls and CRA sensitized and challenged mice on days 45 and 80. Vitamin D-

deficiency caused an increase in SOCS-1, SOCS-3 and SOCS-5 in CRA-sensitized 

and challenged mice on days 45 and 80. The histological slides are representative of 

airway sections of three mice in each experimental group. 
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3.20: Effect of CRA and HDM-in vitro Treatment in a Time Dependent 

Manner on CD4+CD25+Foxp3+, CD4+CD25-RORγT+ and CD4+GATA3+ 

Cells in Splenocytes isolated from Vitamin D-Sufficient CRA-Sensitized Mice:  

           To analyze the in vitro effect of CRA on CD4+CD25+Foxp3+, CD4+CD25-

RORγT+ and CD4+GATA3+ cells isolated from CRA-sensitized mice on day 0 and 

14, the splenocytes were isolated as the standard procedure described earlier in the 

method section in details. The isolated splenocytes were treated with 1 µg/ml CRA 

in vitro and kept in culture for 24, 48 and 72 hours. For negative control, the CRA-

sensitized splenocytes were treated with House Dust Mite (HDM) extracts at 1 

µg/ml concentration in vitro.  After 24, 48 and 72 hours the cells were labeled with 

CD4, CD25, Foxp3, RORγT and GATA3 antibodies conjugated to its respective 

fluorochromes. The CRA-treatment for 24 hour brought the density of 

CD4+CD25+Foxp3+ cells significantly down, and at the same time the densities of 

CD4+CD25-RORγT+ and  CD4+GATA3+ cells got significantly increased 

compared to the untreated group and the corresponding HDM treated group (Figure 

40-42). The similar pattern was observed after 48 and 72 hours, but the most 

prominent effect was observed after 24 hour treatment. The time period of 24 hour 

was chosen for further in vitro treatment with CRA. A non-significant difference 

among the HDM treated groups compared to untreated group indicates the response 

of only CRA-specific receptors (Figure 40-42). 
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Figure 40: Time Dependent Effect of CRA and HDM-in vitro treatment on 

CD4+CD25+Foxp3+ cells in the spleen cells isolated from the vitamin D-sufficient 

mice sensitized with CRA: The splenocytes treated with CRA for 24 hours showed 

significant downregulation of CD4+CD25+Foxp3+ cells compared to the untreated 

cells. Although there was a downregulation of CD4+CD25+Foxp3+ cells after 48 

and 72 hour treatment of CRA in vitro, but the maximum downregulation was 



  155 
 

observed after 24 hours (Top panel). There was not any significant difference of 

CD4+CD25+Foxp3+ cells observed among the HDM treated splenocytes (Bottom 

panel). Data are shown as mean ± SEM for three animals per experimental group 

(*p<0.05). 

 

 

 

 

 

 



  156 
 

 

Figure 41: Time Dependent Effect of CRA and HDM-in vitro treatment on 

CD4+CD25-RORγT+ cells in the spleen cells isolated from the vitamin D-sufficient 

increase in CD4+CD25-RORγT + cells compared to the untreated splenocytes. 

Although there was an upregulation of CD4+CD25-RORγT + cells after 48 and 72 

hour treatment of CRA in vitro, but the maximum increase was observed after 24 

hours treatment of CRA (Top panel). There was not any significant difference of 
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CD4+CD25-RORγT+ cells observed among the HDM treated splenocytes (Bottom 

panel). Data are shown as mean ± SEM for three animals per experimental group 

(*p<0.05). 
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Figure 42: Time Dependent Effect of CRA and HDM-in vitro treatment on 

CD4+GATA3+ cells in the spleen cells isolated from the vitamin D-sufficient mice 

sensitized with CRA. The splenocytes treated with CRA for 24 hours showed 

significant upreguation of CD4+GATA3+ cells compared to the untreated 

splenocytes (Top panel). There was not any significant difference of 

CD4+GATA3+ cells observed among the HDM treated splenocytes (Bottom 
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panel) Data are shown as mean ± SEM for three animals per experimental group 

(*p<0.05). 
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3.21: Effect of TGF-β-in vitro Treatment in a Dose and Time Dependent 

Manner on CD4+CD25+Foxp3 Cells in Splenocytes isolated from Vitamin D-

Sufficient CRA-Sensitized Mice:  

           To analyze the in vitro effect of TGF-β on CD4+CD25+Foxp3+ cells 

isolated from CRA-sensitized mice on day 0 and 14, the splenocytes were isolated 

from the spleen and were treated with 1 µg/ml CRA with or without different doses 

of TGF-β (40, 80, 120 and 160 pg/ml) for 96 hours (Figure 43) in vitro. The dose 

of 120pg/ml reduced the cell density of CD4+CD25+Foxp3+ cells. The dose of 

120pg/ml was chosen and cells were incubated for 24, 48, 72 and 96 hours, the cells 

were labeled with CD4, CD25, Foxp3, antibodies conjugated to their respective 

fluorochromes. The maximum significant upregulation of CD4+CD25+Foxp3+cells 

was observed after 72 hour incubation with 120pg/ml of TGF-β treatment (Figure 

44).   
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Figure 43: Dose Dependent Effect of TGF-β in vitro treatment on 

CD4+CD25+Foxp3+ cell densities isolated form the spleen from the vitamin D-

sufficient mice sensitized with CRA: The splenocytes treated with 1 µg/ml of 

CRA with or without TGF-β at 40, 80, 120 and 160pg/ml for 96 hours. Out of all 

treatment groups, the 120 pg/ml treatment of TGF-β showed significant 

upregulation of CD4+CD25+Foxp3+ cells compared to the untreated cells (Bottom 

Middle flow diagram). Data are shown as mean ± SEM for three animals per 

experimental group (*p<0.05). 
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Figure 44: Time Dependent Effect of TGF-β in vitro treatment on 

CD4+CD25+Foxp3+ cell densities isolated form the spleen from the vitamin D-

sufficient mice sensitized with CRA: The splenocytes treated with 1 µg/ml of 

CRA with or without TGF-β for 24, 48, 72 and 96 hours. Out of all treatment 

groups, the 72 hour treatment of TGF-β showed significant upregulation of 

CD4+CD25+Foxp3+ cells compared to the untreated cells. Data are shown as mean 

± SEM for three animals per experimental group (*p<0.05). 
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3.22: Effect of Calcitriol-in vitro Treatment in a Dose and Time Dependent 

Manner on VDR+ Cells in Splenocytes isolated from Vitamin D-deficient 

CRA-Sensitized Mice:  

The in vitro effect of calcitriol treatment was analyzed in the splenocytes isolated 

from vitamin D-deficient CRA-sensitized mice (on day 0 and 14) by comparing the 

density of VDR+ cells. The isolated splenocytes were treated with different doses of 

calcitriol (0.1, 1, 10 and 100 ng/ml) for 24 hours (Figure 45) in vitro. The dose of 

10ng/ml was enough to bring the cell density of VDR+ cells up to the maximum.  

The 10 ng/ml dose was chosen to incubate the vitamin D-deficient CRA-sensitized 

splenocytes for different time periods (24, 48 and 72 hours) to analyze the 

expression of VDR on these cells. The maximum significant upregulation of VDR+ 

cells was observed after 48 hour incubation with 10ng/ml of calcitriol treatment 

(Figure 46).  The dose of 10 ng/ml of calcitriol was chosen with the incubation 

time period of 48 hours.  
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Figure 45: Dose Dependent Effect of calcitriol in vitro treatment on VDR+ cell 

densities isolated form the spleen from the vitamin D-deficient mice sensitized 

with CRA: The splenocytes isolated from vitamin D-deficient mice treated with 

calcitriol at 0.1, 1, 10 and 100ng/ml for 24 hours. Out of all treatment, the 10 ng/ml 

treatment of calcitriol showed significant upregulation of VDR+ cells compared to 

the untreated splenocytes (Bottom Middle flow diagram). Data are shown as mean 

± SEM for three animals per experimental group (*p<0.05). 
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Figure 46: Time Dependent Effect of calcitriol in vitro treatment on VDR+ cell 

densities isolated form the spleen from the vitamin D-deficient mice sensitized 

with CRA: The splenocytes treated with calcitriol for 24, 48 and 72 hours. The 48 

hour treatment of TGF-β showed significant upregulation of VDR+ cells compared 

to the untreated cells. Data are shown as mean ± SEM for three animals per 

experimental group (*p<0.05). 
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3.23: TGF-β and/or Calcitriol in vitro Treatment Upregulated 

CD4+CD25+Foxp3+ and CD4+CD25+Smad3+ cells, and downregulated 

CD4+CD25-RORγT+ Cells Incubated with CRA Compared to only CRA-

treated Splenocytes Isolated from CRA-Sensitized Vitamin D-Deficient Mice:  

              Splenocytes were isolated from CRA-sensitized, vitamin D-deficient mice. 

The splenocytes were then incubated with different combinations of CRA, TGF-β 

and calcitriol to analyze the Foxp3 and Smad3 expression on CD4+CD25+ cells, 

and RORγT expression on CD4+CD25- cells. The combination of TGF-β and 

calcitriol on CRA-treated splenocytes upregulated the CD4+CD25+Foxp3+ and 

CD4+CD25+Smad3+ cell densities to the maximum level, and at the same time 

downregulated CD4+CD25-RORγT+ cell densities among all treatment groups 

(Figure 47-49).  Foxp3+ cells represent an increase in Tregs cells and RORγT+ 

cells represent Th17 cells. Calcitriol along with TGF-β was able to increase the 

Tregs cells via Smad3.   
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Figure 47: Effect of CRA and TGF-β and/or Calcitriol Treatment on 

CD4+CD25+Foxp3+ Cells on Vitamin D-Deficient CRA-sensitized 

Splenocytes: The CRA treated splenocytes when treated with both TGF-β and 

calcitriol showed a maximum upregulation of CD4+CD25+Foxp3+ cells compared 

to the either CRA-incubated splenocytes or CRA and TGF-β or calcitriol treated 

splenocytes. Data are shown as mean ± SEM for three animals per experimental 

group (*p<0.05). 
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Figure 48: Effect of CRA and TGF-β and/or Calcitriol Treatment on 

CD4+CD25+Smad3+ Cells on Vitamin D-Deficient CRA-sensitized 

Splenocytes: An increase in CD4+CD25+Smad3+ cells was observed in the CRA 

incubated splenocytes when treated with both TGF-β and calcitriol compared to the 

either CRA-incubated splenocytes alone or CRA and TGF-β or calcitriol treated 

splenocytes. Data are shown as mean ± SEM for three animals per experimental 

group (*p<0.05). 
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Figure 49: Effect of CRA and TGF-β and/or Calcitriol Treatment on 

CD4+CD25-RORγT+ Cells on Vitamin D-Deficient CRA-sensitized 

Splenocytes: A decrease in CD4+CD25-RORγT+ cells was observed in the CRA 

incubated splenocytes when treated with both TGF-β and calcitriol compared to the 

either CRA-incubated splenocytes alone or CRA and TGF-β or calcitriol treated 

splenocytes. Data are shown as mean ± SEM for three animals per experimental 

group (*p<0.05). 
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              A review of studies has implicated deficiency of vitamin D to distinct 

diseases such as cardiovascular diseases, various cancers including gastrointestinal 

cancer, breast cancer, pancreatic cancer; diabetes and multiple sclerosis [263, 349-

354].  The serum 25 (OH)D level less than 10 ng/ml is considered as vitamin D-

deficiency and 21-29 ng/ml is characterized as vitamin D-insufficiency [355]. 

Vitamin D-deficiency and insufficiency predispose to inflammatory diseases such 

as inflammatory bowel disease [356], atopic dermatitis [357], COPD [358] pediatric 

chronic rhinosinusitis [359] and many infectious diseases and cancers [360]. Also 

there is a role of vitamin D in the inflammatory pathways and cells involved in the 

development and survival of allergic asthma [361].  

     In this study, we report that vitamin D-deficient, cockroach-sensitized and 

challenged mice on acute and chronic stages are characterized with higher AHR to 

methacholine, whereas vitamin D-supplementation in the mice sensitized and 

challenged with CRA on days 45 and 80 reduced the AHR to methacholine. 

Although there is no change in AHR to methacholine on vitamin D-deficient, 

sufficient and supplemented, PBS control mice, these results are in accordance with 

our previous findings showing similar results with ovalbumin-sensitization and 

challenge mice fed vitamin D-deficient, sufficient and supplemented diets [362]. 

Also according to results of Sutherland and colleagues, the impaired functioning of 
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the lungs is associated with reduced serum vitamin D levels and these results in an 

increase in AHR [363].  

     In our results, the levels of vitamin D-deficiency, sufficiency and 

supplementation were confirmed by measuring 25(OH)D levels in serum and high 

serum 25(OH)D concentration was associated with lower airway inflammation and 

reduced hallmarks of asthma. These results are in accordance to the findings of 

Alyasin and colleagues [364], they have shown an inverse relationship between 

serum 25-hydroxy vitamin D levels and exacerbation of asthma in humans. Also, 

according  to another study by Chinellato and colleagues [365] low levels of 

vitamin D are associated with reduced lung function and increased reactivity to 

exercise. 

     A potential therapeutic approach to diminish allergic airway inflammation and 

AHR is the reduction in the levels of Th2 cytokines such as IL-4, IL-5 and IL-13 

[366]. In our findings, we have shown that there is a significant reduction in these 

cytokines in the vitamin D-supplemented mice sensitized and challenged with CRA 

compared to deficient CRA-induced mice. Vitamin D modulates the functioning of 

T helper cells and their cytokines release [367]. The levels of pro-inflammatory 

cytokines such as IL-6 and TNF-α were reduced in the human peripheral blood 

mononuclear cells with vitamin D [368]. In accordance to these findings, we 

observed a significant increase in the IL-6 level in serum as well as BALF of 



  173 
 

vitamin D-deficient mice sensitized and challenged with CRA on days 45 and 80. 

There was an increase in IL-17 was observed in our study, which is supported by 

the finding that the treatment of vitamin D inhibits IL-17 [369]. Also according to 

another study, oral administration of vitamin D reduced the Th17 cells and cytokine 

levels in the mice [340]. Another intriguing action of vitamin D is the up-regulation 

of Tregs cells as demonstrated in the studies of adult non obese diabetic (NOD) 

mice who were treated with 1,25(OH)2 D analog [301]. 1,25-dihydroxy vitamin D3 

enhances the ability to produce IL-10 and TGF-β in the OVA-induced mice [370]. 

Both of these cytokines are responsible to induce the differentiation of T regulatory 

cells [339]. This supports findings here about the increase in T regulatory cells in 

the vitamin D-supplemented CRA-sensitized and challenged mice compared to the 

vitamin D-deficient CRA-sensitized and challenged mice. Also in these results it 

was found that vitamin D-supplementation increases anti-inflammatory IL-10 and 

TGF-β in the serum and BALF of vitamin D-supplemented CRA-induced mice 

compared to deficient mice, which is supported by the findings of Khoo et al. IL-10 

level in human PBMCs is also enhanced by vitamin D [368]. According to a study, 

during the early life development of Tregs cells in the body help to protect the 

individual from asthma [371]. And vitamin D promotes T regulatory cell 

differentiation when given during childhood or to the women during their 

pregnancy [372]. These findings support our results of an increase in Tregs cells 



  174 
 

density in the vitamin D-supplemented mice sensitized and challenged with CRA 

compared to the deficient ones that results in reducing the asthma symptoms such as 

AHR and allergic airway inflammation. 

     There is a decrease in the production of Th1 cells with the addition of calcitriol, 

which inhibits the production of IFN-γ, IL-12 and TNF-α [373]. However in our 

study we found that there was an increase in IFN-γ levels in the serum and BALF of 

CRA-sensitized and challenged vitamin D-supplemented mice compared to 

deficient ones. This might be due to the role of vitamin D in balancing Th1 and Th2 

responses. Because we have shown a decrease in Th2 cytokines in vitamin D-

supplemented CRA-induced mice, to counter balance an increase in Th2 cytokines, 

vitamin D triggered an increase in Th1 cytokine. A balance between Th1 and Th2 

responses is induced by vitamin D [374]. 

     Also shown here is that vitamin D-deficiency with CRA-sensitization and 

challenge caused an increase in SOCS-1, SOCS-3 and SOCS-5 mRNA and protein 

expression in the lungs of mice with both acute and chronic asthma. Whereas 

supplementation with vitamin D reduced SOCS-1, SOCS-3 and SOCS-5 in the 

lungs of mice sensitized and challenged with CRA. A study by Singh and 

colleagues [375] has shown an elevation of SOCS-1 expression in human prostate 

cancer and  IL-6 is the cytokine which is associated with the expression of various 

SOCS proteins in several disease pathologies. In a study by Neuwirt and colleagues 
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[376], they have demonstrated a significant upregulation of SOCS-1 induced by IL-

6 in prostate cancer, in addition SOCS-1 promotes the survival and differentiation 

of these cancer cells. IL-6 is required for the differentiation of Th17 cells [227]. A 

study by Yao and colleagues [228] have shown that SOCS-1 expression is pivotal 

for IL-6/STAT3 signaling pathway, which activates Th17 cell development and IL-

17A production; the differentiation and maturation of Th17 cells is modulated by 

miR-155 by targeting SOCS-1. The SOCS-1 level was elevated in the children with 

allergic asthma, according to a study done by Hui and colleagues [230]. But the 

mechanism of SOCS-1 elevation is not completely understood. Also the effect of 

vitamin D on SOCS is not clear. Indeed, vitamin D has a negative impact on the IL-

6 secretion [377]. We present here that vitamin D-deficiency in CRA-sensitized and 

challenged acute and chronic mouse model of allergic asthma upregulates the 

SOCS-1 mRNA as well as protein expression. IL-6 could be the target mechanism 

for this enhancement, also there could be the increase of Th17 cells via IL-6. A 

study by Joshi and colleagues has shown that vitamin D has an inverse effect on 

Th17 cells in both humans and mice [342]. The Th17 signaling pathway is also 

involved for the development of allergic asthma in addition to Th2 cells [129, 378]. 

Therefore, reduction in SOCS-1 in vitamin D-supplemented CRA-sensitized and 

challenged mice on days 45 and 80 may be due to decrease in Th17 cells. Th17 

cells can recruit neutrophils in the airways that can exaggerate asthmatic conditions 
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[379]. Vitamin D has been attributed to lower the production of IL-8, a cytokine 

that recruits neutrophils form peripheral blood at the site of inflammation [380]. 

Hirsch et al. [381] have shown the impaired anti-inflammatory neonatal neutrophil 

response could be due to reduced expression of VDR and 1α-hydroxylase on their 

immune cells that could lead to predisposition towards chronic inflammatory 

diseases. Takano and colleagues also documented in a hamster model of acute lung 

injury vitamin D(3) inhibits neutrophil recruitment [382]. Results here 

demonstrating increased level of IL-8 in the serum and BALF of vitamin D- 

supplemented CRA-sensitized and challenged mice support the above findings. 

     The upregulation in SOCS-3 expression has been detected in inflammatory 

bowel disease [383]. SOCS-3 has been reported to preferentially promote Th2 cell 

development [233]. A study by Egwuagu and colleagues [233] has shown that there 

was a 23-fold higher expression of SOCS-3 in Th2 cells. SOCS-3 is important in 

Th2 cell development, this has been supported by another observation by Seki and 

colleagues [384] that allergic responses were shown by SOCS-3 transgenic mice; on 

the other hand the mice that were transgenic for a dominant negative SOCS-3 or 

with a heterozygous deletion of SOCS-3 exhibited a reduced phenotype of allergic 

responses. Recently, our lab has shown that there is reduction in VDR and 

prohibitin expression in OVA-sensitized and challenged mice on day 45 with 

vitamin D-deficiency [385]. Asthma is characterized by a dysregulated Th2 immune 
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response. Therefore, a decrease in SOCS-3 mRNA and protein expression in 

vitamin D-supplemented mice sensitized and challenged with CRA on day45 and 

day 80 also supports that study. Vitamin D could be exerting its beneficial effect by 

downregulating SOCS-3. Also SOCS-3 has a negative impact on Foxp3+Tregs, the 

overexpression of Foxp3+Tregs can inhibit SOCS-3 [386]. Increasing evidence in 

the literature indicates that Th2-biased immune responses and the immune tolerance 

are controlled by Tregs [196]. There is an increase in the expression of Foxp3 and 

IL-10, two crucial factors for Tregs cells induction, with an increase in calcitriol 

[343]. Taking all together, our data support these findings, as vitamin D-

supplementation in CRA sensitized and challenged mice on day 45 and day 80 

could exert its advantageous impact by increasing T regulatory cells that might be 

involved in downregulating SOCS-3 expression.  

     Higher mRNA and protein expression of SOCS-5 was found in the lungs of 

vitamin D-deficient mice sensitized and challenged with CRA on day 45 and day 80 

compared to vitamin D-supplemented CRA sensitized and challenged mice on days 

45 and 80. In a study by Ohshima and colleagues [236] high SOCS-5 expression 

was shown to be implicated with eosinophilic airway inflammation in mice. As the 

protective role of vitamin D in mice fed supplemented diet sensitized and 

challenged with CRA at acute and chronic stage could be due to reduction in 

SOCS-5 mRNA and protein expression. It is not clear from this study whether 
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vitamin D has a direct effect on SOCS. However vitamin D indeed affects cytokines 

and cytokines eventually are affected by SOCS [225, 387]. Therefore, in this study, 

the potential effect of vitamin D-deficiency, sufficiency and supplementation on the 

expression of SOCS in the lungs of a clinically relevant model of allergic asthma 

was examined. 

     It was found that vitamin D-deficient CRA mice showed elevated Th17 cells in 

lungs and spleens compared to vitamin D-supplemented mice sensitized and 

challenged with CRA. Specifically, vitamin D-deficient mice sensitized and 

challenged with CRA presented a significant increase in CD4+CD25-IL21R+, 

CD4+CD25-IL23R+, and CD4+CD25-RORγT+ cells in the lungs and spleens 

compared to supplemented CRA mice. Vitamin D-supplementation in CRA mice 

also decreased the mRNA expression of IL-21R, IL-23R and RORγT on 

CD4+CD25- cells in the lungs and spleens compared to deficient CRA mice. 

Previously we have shown a significant reduction in the BALF IL-6 and IL-17 

levels of vitamin D-supplemented mice sensitized and challenged with ovalbumin 

[362]. There are clinical studies in the literature supporting the fact that vitamin D 

ameliorates Th17 cell and cytokines [388-390]. In one study higher levels of IL-17 

and IL-22 were seen to be synthesized by asthmatic patients compared to the non-

asthmatic individuals [388], after treating the asthmatic PBMCs with vitamin D the 

levels of Th17 cytokines reduced significantly compared to untreated samples. Also 
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this beneficial effect of vitamin D was diminished when an inhibitor specific to 

vitamin D was added to the samples. In our clinically relevant mouse model we 

have seen a significant downregulation in the Th17 cytokines in vitamin D-

supplemented CRA-sensitized and challenged mice compared to the deficient ones. 

These data suggest the therapeutic effect of vitamin D-supplementation in allergic 

airway inflammation could be a reason for the reduction in the cytokines that 

increases Th17 cells. 

     Vitamin D has an immunomodulatory role in inflammatory diseases such as 

Crohn’s disease [391], rheumatoid arthritis, multiple sclerosis [392]. Vitamin D is 

required for maintaining B-cell homeostasis and preventing excessive B-cell 

proliferation and immunoglobulin production as seen in diseases like SLE 

[393].1,25-dihydroxy vitamin D3 prevents migration of macrophages and act as 

endoplasmic reticulum stress reliever, which is a major cause of plaque formation 

during atherosclerosis [394]. In a study by Neve et al. [395], they have shown that 

the human blood derived macrophages from rheumatoid arthritis patients treated 

with calcitriol in vitro decreased the proinflammatory mediators such as IL-1, IL-6, 

TNF-α and nitric oxide. According to a recent study there could be clinical and 

radiological improvement and decreased host immune activation in the tuberculosis 

patients when given supplementation with high vitamin D doses (600,000 IU 

intramuscularly) [396]. Many inflammatory pathways and the cells involved in the 



  180 
 

development of various inflammatory, infectious, cardiovascular diseases are 

affected by vitamin D. Th17 T-cell subset is the direst target of vitamin D, as Th17 

cytokines (IL-17A, IL-17F and IL-22) are suppressed by VDR suggested by many 

researchers in the literature [397, 398]. In our previous and current study we have 

shown that vitamin D-supplementation increases the expression of VDR in the 

lungs of ovalbumin sensitized and challenged mice [362]. The data from this study 

suggest the reduction of Th17 T-cell subset in vitamin D-supplemented CRA mice 

compared to deficient CRA mice is in accordance with the findings of Chang and 

colleagues, they have shown that treatment of 1,25-dihydroxy vitamin D3 regulates 

the functioning of CD4+ T-cells by the inhibition of Th17 cell formation in CHOP 

dependent manner, and overexpression with CHOP results in an increase in VDR 

that further suppresses Th17 cytokines and cell formation [397]. 

     An increase in the number of neutrophils has been documented in allergic 

inflammatory conditions by many researchers [399, 400]. Also neutrophils have an 

ability to get recruited by Th17 cells in the airways, this condition is called 

neutrophilia that can further exaggerate asthmatic conditions [379]. In our previous 

work, the number of neutrophils was higher in the vitamin D-deficient OVA-

sensitized and challenged mice BALF cells [328]. These findings also support our 

results that vitamin D-supplementation suppresses the Th17 cell number which 

could be a reason for the reduction of neutrophils in the BALF. This notion has also 
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been supported by many studies, it has been shown that neutrophilic inflammation 

is enhanced in animal models of asthma and allergic airway inflammation by Th17 

T-cell subset [133, 401-403]. The specific mechanism by which neutrophils are 

recruited in lungs at the time of allergic inflammation remains to be elucidated, 

however from our data it seems that the recruitment of Th17 cells to the site of 

inflammation could be a factor for neutrophil infiltration. Vitamin D reduces the 

functioning of neutrophils in inflammatory conditions [404]. Taking all together, 

this is accordance to what we are showing here that vitamin D-supplementation 

reduces the Th17 cells in the BALF of CRA sensitized and challenged mice 

compared to deficient CRA mice. In our previous findings, we have shown a 

significant downregulation in IL-5 levels in BALF of vitamin D-supplemented 

OVA-sensitized and challenged mice compared to vitamin D-deficient and 

sufficient individuals [328]. IL-5 is a chemoattractant for eosinophils. The 

interaction of eosinophils with Th17 cells has also been shown by many 

researchers. Dias and colleagues have shown that activation of eosinophils is 

mediated by Th17 lymphocytes having a pivotal role in hyper-eosinophilic 

inflammation by regulating differential cytokines [405]. A reduction in IL-5 levels 

found previously and in current study is also correlated to the current finding of 

reduction in Th17 cells. 



  182 
 

     IL-6 is a pro-inflammatory cytokine responsible for the differentiation of Th17 

T-cell subset, also the development and maintenance of Th17 cells is regulated by 

IL-23R on Th17 cells [161]. The synthesis of IL-6 and the cytokines responsible for 

the development of Th17 T-cell subset such as IL-23 are inhibited by vitamin D 

[343]. Another study showed, in a mouse model, elevated level of IL-17 is 

associated with reduced levels of vitamin [406]. These results agree with our data, 

reporting a reduction in the mRNA and protein expression of IL-23R on 

CD4+CD25- T-cells in the lungs and spleen tissues of vitamin D-supplemented 

mice sensitized and challenged with CRA compared with deficient CRA mice. 

Also, authors showed 1,25-dihydroxy vitamin D3 inhibits the pro-inflammatory 

cytokine IL-21 responsible for the development of Th17 T-cell subset [407]. This is 

also in accordance with our results, as we have shown that there is an increase in 

mRNA and protein expression of IL-21R in the lungs and spleens on CD4+CD25- 

T-cells. The reduction in Th17 cells could also be due to the inhibition of 

immunogenic phenotype of DCs leading the differentiation of Th17 cells in the 

presence of vitamin D. According to Penna et al. 1,25(OH)2D inhibited DC 

differentiation and maturation in in vitro cultures, decreased IL-12 and increased 

IL-10 production by maturing DC upon stimulation by CD40L, promoted DC 

apoptosis and decreased expression of CD40, CD58, CD80, CD86 and class II 

MHC molecules upon lipopolysaccharide (LPS) stimulation of DC, thus inhibiting 
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activation [296]. These actions of calcitriol on DC and activated macrophages are 

mediated through decreased activation and/or nuclear translocation of nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB), a protein complex 

controlling gene expression and transcription [297]. This led to decreased nuclear 

translocation and activity of NF-κB [298] and decreased expression of 

inflammatory mediators and cytokines. 

     In our study, the immunomodulation of allergic asthma by vitamin D is shown 

via VDR-TGFβ-Smad3 pathway. As explained earlier that TGF-β has a role in 

differentiating both Th17 and T regulatory cells. However higher levels of TGF-β 

gives rise to the induction of T regulatory cells in IL-10 dependent manner as 

opposed to the lower levels which induce inflammatory Th17 cells. The TGF-β 

induced smad3 help to alleviate exaggerated allergic airway inflammation and AHR 

in the contact hypersensitive mice [408]. Also the OVA smad 3-/- mice showed an 

elevation in AHR, airway remodeling and Th2 cytokines level compared to the WT 

ones [409]. The induction of Foxp3 expression has been shown to be induced by 

smad3 in primary T cell culture system, supporting the fact of the induction of 

Foxp3+ Tregs cells via TGF-β-Smad3 pathway resulting in reducing the 

exacerbation of allergic airway inflammation [410] because Foxp3 directly inhibits 

Th17 cell differentiation [411]. Hence whole of this system is taken into account by 

vitamin D via the induction of VDR that stimulates the TGF-β mediated Smad3-



  184 
 

Foxp3 modulation of airway remodeling in vitamin D-supplemented CRA-

sensitized and challenged mice, which is lacking in vitamin D-deficient CRA-

sensitized and challenged mice due to the lack of VDR.  

 

Conclusion: In the present study, vitamin D-supplementation attenuated AHR, 

allergic airway inflammation in CRA-sensitized and challenged mice might involve 

underlying mechanism of an increase in Th17 T-cell subset in the lung and spleen 

tissue. Also, in this study we have tested Tregs cell densities in the lungs and spleen 

tissues of vitamin D-deficient, sufficient and supplemented, CRA-sensitized and 

challenged or PBS-treated mice. The reduction in allergic airway responses in 

asthmatic mice could be due to vitamin D-supplementation that may act in 

conjunction with other mechanisms such as decrease in Th17 cells or increase in 

Tregs and the molecules involved in an imbalance among the two T helper subsets.  
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