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Abstract 

Allergic asthma is a complex and heterogeneous disease of the airways. Eosinophils 

migrate to the airways under the influence of chemokines to start an excessive damage 

and repair cycle leading to airway inflammation and remodeling in allergic asthma. TGF-

β has been closely related with eosinophils in airway remodeling. Eosinophils produce 

TGF-β; at the same time they are also affected by TGF-β, leading to their migration and 

activation. TGF-β has also been implicated in the modulation of chloride channels 

including CLC3, which is required for the respiratory burst by eosinophils and 

neutrophils, and altering the shape to cause migration of neutrophils. However, the 

underlying mechanism of eosinophil migration and activation is not clearly understood. 

In this study, the expression and roles of CLC3 in human eosinophils were 

investigated. Novel transcript variants of CLC3 in human peripheral blood eosinophils 

were found and compared among healthy, mild-to-moderate, and moderate-to-severe 

asthmatics. Higher expression of CLC3 was noted in blood eosinophils of mild-to-

moderate asthmatics compared to the healthy counterparts. The expression was even 

higher than the moderate-to-severe asthmatic group. On the contrary, nasal lavage 

eosinophils showed higher CLC3 expression in moderate-to-severe asthmatics than mild-

to-moderate. The CLC3 expression was noted in the membrane and organelles of 

eosinophils suggesting a broad role of this chloride channel in the pathophysiology of 

allergic asthma. Using different blockers and techniques, TGF-β and eotaxin-induced 

migration and activation of eosinophils were found to be dependent on CLC3. 

Molecular investigation revealed that TGF-β regulates CLC3 through PKC-δ and 

SMAD3. Gene analysis disclosed multiple AP-1 binding sites on CLC3 gene, suggesting 



 

	   iv	  

an important role of AP-1 in the regulation of CLC3. Using different bioinformatics 

tools, an uncharacterized CLC3 promoter was identified and cloned. Promoter activity 

assay confirmed AP-1 as a major regulator CLC3. 

Identification of novel transcript variants of CLC3 and their role in allergic asthma in 

addition to the signaling events regulating CLC3 will help in understanding the 

underlying signaling events taking place in the activation and migration of eosinophils 

through CLC3. CLC3 transcript variants may serve as biomarkers for the identification of 

asthma phenotypes. Moreover, studying the complex interactions of these proteins in 

hyper-activated eosinophils may help in understanding the pathophysiology of allergic 

asthma and provide a potential therapeutic approach in allergic asthma. 
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1.1 Asthma 

 

1.1.1 Definition 

The lung consists of multiple airways with degrees of branching that allow air to 

come in and out of the lungs. Asthma is a chronic disease of airways that causes 

inflammation, swelling and tightening/narrowing of the airways along with excessive 

mucus production leading to sharp increase in airway resistance and reduced FEV1 

(forced expiratory volume in one second) [1]. The symptoms include wheezing, 

coughing, tightness of chest and shortness in breath [2].  

 

1.1.2 History of Asthma 

Asthma is probably as ancient as human race. Asthma symptoms have been 

mentioned in ancient medical texts from India (Ayurveda), which hails back a few 

millennia. The word itself is derived from a Greek word 'aazein', meaning 'sharp breath', 

or to exhale with mouth open, or to pant. Around 450 BC, Hippocrates, a Greek 

physician, and the father of modern medicine, first described asthma as a medical 

condition in the Corpus Hippocraticum [3]. In 1901, Jokici Takamine, a Japanese 

scientist made a huge breakthrough in medicine when he first isolated adrenaline for the 

purpose of bronchodilation in asthma [4]. This is considered as the first effective 

bronchodilator used by modern medicine. However, the inflammatory nature of asthma 

was not discovered until 1960s [5, 6]. This discovery changed the course of medicine and 

research, and led to an entire new arena of the disease called “allergic asthma”. Allergic 

asthma has been a health concern for ages. The concern deepens as the incidence of 
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asthma is increasing every year all over the world. Although, with available medicines 

including β2-agonists, anticholinergics, and corticosteroids, disease management and 

symptomatic relief have greatly increased the life expectancy of asthmatic patients, the 

disease still remains undefeated. 

 

 

 

Figure 1: Prevalence of asthma. Asthma is more prevalent in developed countries 

compared to the developing countries. The GIS figure is reproduced from CDC, Center 

for Disease Control and Prevention and GINA, Global Initiative for Asthma with 

permission in writing from EHHEinq@cdc.gov. 
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1.1.3 Epidemiology 

1.1.4 Prevalence, morbidity and mortality 

Asthma is one of the most common diseases in the world. The complexity and 

heterogeneity of the disease still eludes a cure. Estimates suggest more than 300 million 

people in the world currently have asthma (Figure 1) [7]. The number may be even 

higher considering the strict criteria for the diagnosis of clinical asthma. With time, 

asthma has become more common in both children and adults around the world, and the 

increase has been correlated to the urbanization and adaption of Western lifestyle [7]. 

However, the recent trend of increased incidence of asthma does not directly correlate 

with current knowledge of the causation of asthma. The sharp rise in the prevalence of 

asthma is associated with an increase in atopic sensitization, which often includes 

predisposition to other allergic disorders such as rhinitis, eczema and food allergies [7, 8]. 

In the United States alone the number of noninstitutionalized adults who currently have 

asthma is 18.9 million (Figure 2), which is 8.2% of the total population and increasing 

[7]. Alarmingly, the number of children who currently have asthma in the US (7.1 

million) is proportionately more than the adults and accounts for 9.5% of the total 

children population [7]. Racial differences in the prevalence of asthma have also been 

reported. African Americans have higher risk of developing severe asthma than 

Caucasians, and have higher IgE levels among asthmatic individuals [9].  
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Figure 2: Prevalence of asthma in USA according to states. Asthma is more prevalent 

in northwestern and northeastern states of USA. The GIS figure is reproduced from CDC, 

Center for Disease Control and Prevention and GINA, Global Initiative for Asthma with 

permission in writing from EHHEinq@cdc.gov. 

 

Projected increase in the worldwide urban population from 45% to 59% in 2025 

projects an additional 100 million persons with asthma by the year 2025. Asthma 

accounts for 250,000 deaths per year (Figure 3), which is about 1 in every 250 deaths 

worldwide [2, 10]. A large number of these deaths are preventable, however, lack of 

proper long-term medical care and delay in medical help during asthma attacks make the 

situation more grieve. 
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Figure 3: Fatality due to asthma. Mortality due to asthma is more in certain developing 

nations compared to developed countries, which had higher incidence of asthma, 

suggesting inequality in health care and disease management. The GIS figure is 

reproduced from CDC, Center for Disease Control and Prevention and GINA, Global 

Initiative for Asthma with permission in writing from EHHEinq@cdc.gov. 

 

1.1.5 Triggers 

Triggers are agents or conditions that instigate asthma. These triggers may vary from 

person to person. Knowing the triggers may help in reduced asthma incidence by 

avoiding them. Exposure to asthma triggers airway smooth muscle cell contraction to 

cause wheezing, coughing and feeling short of breath [11]. Asthma triggers cause 
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symptoms that may not last very long, and can be easily reversed with medicine. 

Common triggers include exercise, air pollution, smog, cold air, hot/humid air, scents, 

smoking, anxiety, stress, hormones, and eating, drinking or swallowing certain things can 

act as triggers [7, 11]. 

 

1.1.6 Inducers 

Inducers cause inflammation in the airways to make the airways swollen, red and 

filled with mucus and inflammatory cells [11]. Like triggers inducers can also vary from 

person to person. However, unlike triggers the symptoms last longer and less easily 

reversed [11]. Common inducers include allergens that include pollens, dust mites, and 

animal secretions, and viral infections including respiratory and flu viruses can act as 

inducers and aggravate asthmatic attack [7]. 

 

1.1.7 Classification 

Asthma is a clinical condition that causes coughing, wheezing, chest tightness and 

breathlessness in patients [11]. However, depending upon the stimuli, it can be classified 

into allergic and non-allergic asthma. Non-allergic asthma displays symptoms in response 

to certain chemicals, cold air, medication, exercise and environmental stimuli [7]. On the 

other hand, allergic asthma includes inflammation and hyperactivity of the immune 

system with high levels of IgE in the serum in addition to the symptoms of non-allergic 

asthma [12].  
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1.1.8 Mechanism and Pathophysiology of Allergic Asthma 

Surpassing the initial physical barriers of the upper airways, inhaled antigens may get 

deposited on the epithelium of the trachea, bronchi or alveoli. At this stage, allergenicity 

of the antigen is not decided. The antigen could be cleared by mucociliary transport or 

taken up by sentinel cells that survey the airways to find these foreign bodies. Dendritic 

cells (DCs) are the most important sentinel cell type and are professional antigen-

presenting cells (APCs). They take up the antigen, process it and migrate to the lymph 

nodes to present the processed antigen to T-lymphocytes (Figure 4) [1].  
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Figure 4: Polarization of Th2 cells. Protease allergens like Der p 1 (House Dust Mite) 

breach the airway epithelium by compromising the tight junctions resulting in the release 

of Thymic Stromal Lymphopoietin (TSLP), IL-25 and IL-33 cytokines from epithelium 

that prime mDCs for an atopic phenotype. The primed mDCs take up the antigen and 

migrate to lymph nodes where they process and present the antigen to naïve T-

lymphocytes. In the presence of IL-2 and IL-4, mDCs polarize the naïve T-lymphocytes to 

an atopic Th2 phenotype.  
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Based upon the nature of the antigen and cytokine milieu, different types of DCs 

polarize CD4+ T lymphocytes towards Th1, Th2, Tregs or tolerance to antigen (Figure 

5). The T-lymphocytes interact with DCs in a multi-molecular level through numerous 

cross signaling events, deciding the fate of immune response at the inflammatory site.  

 

 

 

Figure 5: Interaction of DCs with T-lymphocytes. DCs may interact and promote the 

development of different T-lymphocyte subsets through a direct interaction with Th0-cells 

with surface molecules, and through cytokines milieu leading to specific immune 

responses or tolerance in the host. 
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Allergic asthma is predominantly a Th2 type response involving various pro-

inflammatory cells (eosinophils, neutrophils, mast cells, basophils, plasma cells, and 

epithelial cells), cytokines (including TSLP, IL-4, IL-5, IL-6, IL-9, IL-13, IL-17, IL-25, 

IL-33) [13, 14], chemokines (including eotaxin, IL-8, MCP), and other pro-inflammatory 

mediators (histamine, prostaglandins and leukotrienes) [2-4].  IL-4 induces T-lymphocyte 

proliferation and polarization of Th2 response. IL-5 is a major cytokine involved in the 

eosinophil differentiation, development, migration and activation [15]. Isotype switch 

from IgM to IgE in B-lymphocytes is aided by IL-4 and IL-13 through a STAT6-

dependent pathway [16]. IL-9 secreted by Th2 cells is responsible for B- and T-

lymphocyte development and function. Additionally, it also promotes mast cell growth 

and function, and causes goblet cell metaplasia [17]. IL-13 is central to the IgE synthesis, 

mucus hypersecretion, and leads to hyperresponsiveness and fibrosis of the airways [18, 

19]. IL-4 and IL-13 have been shown to induce the expression of eotaxin-3 (CCL26) in 

intestinal epithelial cells to attract eosinophil to the site of inflammation (Figure 6) [20]. 
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Figure 6: Effector cell regulation by Th2 cells. Cytokines released from the epithelium 

and Th2 lymphocytes regulate the differentiation, expansion, migration, and activation of 

granulocytes in allergic asthma. Presence of these cytokines insures an atopic response 

from the effector cells and results in release of pro-inflammatory cytokines, chemokines 

and chemical mediators for exacerbation of asthma.  
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Figure 7: Hallmarks of asthma. Infiltrating inflammatory cells release various cytokines 

and chemical mediators to cause mucus hypersecretion, vascular permeability leading to 

edema, epithelial damage, and smooth muscle hyperplasia, which causes constriction in 

the airways leading to restrictive airflow. In chronic cases, fibrosis and collagen 

deposition can lead to airway remodeling. 

 

Asthma is characterized by airway hyper-responsiveness (AHR), increased 

bronchoconstriction, airway inflammation, and in chronic cases airway remodeling [5]. 

As integrity and compliance of the airways are compromised in asthma, the resulting 

changes restrict the airflow in the lungs making it extremely difficult to breathe, which 

results in breathlessness, wheezing, and tightness in the chest (Figure 7). Apart from 

discomfort and inability to perform, serious asthmatic reactions may be fatal. 
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The major question arises at this point is how do DCs recognize some antigens as 

allergens and polarize Th2 cells? Why do healthy individuals not respond to allergens in 

the way allergic individuals do? The answer to these questions may lie on genetic as well 

as epigenetic factors, which regulate gene expression on DCs to recognize antigens as 

allergens. Some individuals are born with predisposition to allergic/atopic phenotype, and 

some acquire it over the years through exposure to environmental factors [6][21]. The 

acquired atopic phenotype can also be passed on to the next generation [7] through the 

genetic transfer. Mechanisms of allergenic activation of DCs are not yet fully understood. 

However, multiple studies have demonstrated various molecules present on DCs, such as 

DAMPs and PAMPs responsible for antigen recognition, uptake and signal transduction 

to induce downstream responses. Certain microorganisms, including bacteria (e.g. H. 

pylori), elicit tolerance to evade the host immune response and thus change the host 

immune response (Figure 8). Identification of antigens, which may direct DCs to a 

tolerogenic or even Th1 response would suppress the immune hyperresponsiveness in 

allergic asthma [21]. 
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Figure 8: Bacteria-induced tolerance. Certain bacteria (e.g. H. pylori, L. lactis G121, S. 

sciuri W620, and A. iwoffii) in the gut may secrete their toxins, like GGT, VacA, and HP-

NAP to induce tolerance by promoting tolerogenic DCs through PAMPs (especially 

TLR2 and NOD-2) in the presence of IL-18 to cause polarization of Tregs and production 

of TGF-β and IL-10 in the mesenteric lymph node, which in turn may affect the immune 

response in the draining lymph nodes to suppress GATA3-dependent Th2 polarization 

and allergic airway inflammation.  

 

Contraction of smooth muscle is a major event that takes place in response to the 

hyperactivity of the airway. There are five different muscarinic receptors known, M1-M5. 

The contraction primarily involves muscarinic receptors on nerves, and airway smooth 
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muscle cells (M2 and M3). However, presence in epithelium (M1 and M3) and glands (M3) 

has also been reported. In most of the animal species, expression of muscarinic receptors 

is highest at the lower end of trachea with 50-80% M2 receptors [22, 23]. Interestingly, 

M3 receptors mediate smooth muscle contraction. They are coupled with Gαi and 

phospholipase C (PLC), and signal through inositol triphosphate (IP3) and diacylglycerol 

(DAG). The hyperresponsiveness is due to the increased release of acetylcholine from the 

Vagus nerves, and is controlled by M2 receptors on the parasympathetic nerves on the 

airways [24]. Eosinophil granules containing positively charged proteins, including major 

basic protein (MBP) and eosinophil cationic protein (ECP) bind to an allosteric site on 

the M2 receptors on vagal nerves to inhibit agonist binding [24, 25]. This results in 

increased release of acetylcholine and hyperresponsiveness of the airway smooth muscle 

cells.  

 

1.2 Eosinophils in allergic asthma 

Eosinophils are pro-inflammatory cells that migrate to the lungs and exacerbate 

asthma. The first description of eosinophils dates back in 1846, when T. Wharton-Jones 

defined a coarsely granular stage of granulocytes in mammalian blood. Max Schultze 

identified it as a cell rather than a particular stage in granulopoiesis. However, 

eosinophils attained their name when Paul Ehrlich, in 1879, noted that these cells staining 

with eosin and named them based on their staining properties [26]. Eosinophils are innate 

immunity cells that are classically associated with type I immune response as effectors, 

and more recently as initiators [27]. However, certain reports question this dogma and 

suggest that accumulating tissue eosinophils are essentially governors of Local Immunity 
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And/or Remodeling/Repair (LIAR) in healthy and diseased conditions [28]. Studies on 

human asthmatic patients have shown that eosinophil numbers are significantly increased 

in BAL (bronchoalveolar lavage) fluid, sputum, endobronchial biopsies in response to 

airway hyperresponsiveness [29].  

Owing to their myeloid origin, eosinophils develop and mature in the bone marrow 

and circulate in the blood. In response to various stimuli, eosinophils migrate to the site 

of inflammation or infection. Cytokines and immunoglobulins can trigger eosinophils to 

secrete proinflammatory cytokines such as IL-2, IL-4, IL-5, IL-10, IL-12, IL-13, IL-16, 

IL-18; growth factors including TGF (transforming growth factor)-α and β, chemokines 

(RANTES and eotaxin-1), and lipid mediators (platelet activating factor and leukotriene 

C4). In response to these mediators, proinflammatory processes, including upregulation 

of adhesion molecules, increased vascular permeability, mucus hypersecretion, smooth 

muscle contraction, and cellular trafficking are instigated.   

Eosinophils are major effector cells, releasing various toxic proteins and lipid 

mediators, as well as apoptosis. Their killing machinery consists of ROS (reactive oxygen 

species), DNAses, RNAses and proteinases in their granules. MBP present in the 

granules of eosinophils causes damage to the epithelium and nerves associated with 

smooth muscle cell contraction. Lipid mediators released by eosinophils cause 

bronchoconstriction and mucus hypersecretion. ROS produced from eosinophils damage 

the airway mucosa and cause inflammation. The pre-formed and newly formed mediators 

present in eosinophils cause damage to the airways and result in airway remodeling. 

Tissue damage and repair due to eosinophil-derived TGF-α, TGF-β, matrix 

metalloproteinase-9 (MMP-9), vascular endothelial growth factor (VEGF), fibroblast 
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growth factor-2 (FGF-2), heparin-binding epidermal growth factor-like growth factor 

(HB-EGF), platelet derived growth factor (PDGF) and TNF-α with multiple cytokines 

including IL-4, IL-11, IL-13 and IL-17. With repeated injury in the airways, excessive 

repair process is induced. Extracellular matrix proteins including collagen III, 

proteoglycans, lumican and tenascin are deposited around the reticular basement 

membrane remodeling the airways and cause reduction in compliance of the airways.  

Several studies suggest a bigger role for eosinophils in the pathophysiology of 

asthma. Migrating eosinophils in draining lymph nodes express MHC class II and co-

stimulatory molecules like DCs, and they may function as APCs or with DCs to form an 

immune synapse with T-lymphocytes [27, 30]. Eosinophils also secrete IL-12 to 

differentiate Th0 cells into Th1 cells, Th2 cytokines, including IL-4, IL-25 and 

immunosuppressive cytokines, including indoleamine 2,3-dioxygenase, also expressed in 

immature DCs [31], makes them versatile in their immunomodulatory role in allergic 

asthma. More studies to understand the precise role and hierarchy of eosinophils in host 

immune response are required.  

 

1.2.1 Eosinophil Development/Differentiation 

Hematopoiesis principally takes place in the bone marrow under the influence of 

numerous factors including T-lymphocytes, monocytes and human marrow stromal cells 

(supporting the hematopoietic cells) [32]. Eosinophils differentiate and mature inside the 

bone marrow from pluripotent stem cells. These pluripotent stem cells are 

undifferentiated hematopoietic progenitor cells (HPCs), which are capable of cell renewal 

without any limits on the number of cell divisions, and may differentiate into any of the 
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blood cells [33]. HPCs then differentiate into progenitor CD34+ cells under the influence 

of at least three classes of transcription factors, namely GATA-1 (zinc finger), PU.1 (ETS 

family member) and C/EBP (CCAAT/enhancer-binding protein) [34-36]. These three 

transcription factors are responsible for governing the development of lineage-specific 

eosinophils. Although several studies have indicated that GATA-1 and PU.1 antagonize 

each other in other cell lineages, they act synergistically in the eosinophil lineage [37]. A 

high affinity palindromic GATA site present in the downstream of GATA-1 promoter 

regulates the GATA-1 activity aids in the synergistic trans-activation of GATA-1 and 

PU.1 [37]. Apart from regulating GATA-1 activity, the palindrome also regulates a 

number of eosinophil-specific genes such as CCR3 (eotaxin receptor CC chemokines), 

MBP and IL-5Rα; both are responsible for development and migration of eosinophils 

[37-39]. The level of PU.1 expression determines whether the cell will be a lymphocyte 

(at low levels) or a myeloid cell (at high levels). Eosinophil-specific progenitor cells co-

express CD34 (a sialomucin of human hematopoietic stem cells) and IL-5Rα on their 

surface [40, 41]. CD34 is a 115-kDa transmembrane glycoprotein expressed on human 

hematopoietic progenitor cells. However, the exact function of CD34 is unclear [42, 43]. 

The human IL-5 receptor protein is a complex heterodimer having α and β subunits 

responsible for ligand-binding specificity and affinity, respectively [15]. Incidentally, 

asthmatic patients have increased number of CD34+/ IL-5Rα and CD34+ cells expressing 

CCR3 in their bone marrow suggesting a chemokine-responsive state that helps in the 

production and migration of eosinophils [44, 45]. Human eosinophil lineage-committed 

progenitor cells (hEoPs) are IL-5Rα+CD34+CD38+IL-3Rα+CD45RA [46]. Various 

forms of C/EBP transcription factor play role in the regulation of eosinophil lineage 
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development (Figure 9). Studies have indicated that C/EBPα along with GATA-1 

regulates the efficiency of eosinophil formation [36, 47, 48]. C/EBPβ and C/EBPα have 

been regarded as the factors regulating the emergency and steady state granulopoiesis, 

respectively [49, 50]. In addition to this C/EBPε has been shown to regulate the 

expression of a number of proteins like eosinophil granule protein along with PU.1 and 

MBP with GATA-1 [51].   
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Figure 9: Eosinophil differentiation. Hematopoietic progenitor cells under the influence 

of cytokine signals from various sources including stromal cells, give rise to eosinophil 

progenitor cells that are IL-5Rα+CD34+CD38+IL-3Rα+CD45RA− hEoPs. These cells 

are committed to become eosinophils in hematopoiesis.  
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1.2.2 Cytokines, chemokines and chemical mediators 

Cytokines 

Cytokines are proinflammatory mediators and are involved in eosinophil survival and 

trafficking under inflammatory conditions. IL-5 is the most important player involved in 

differentiation and migration of eosinophils from bone marrow into the blood and then to 

lungs following allergen exposure [52-54]. It increases the number of eotaxin-responsive 

cells and primes eosinophils for CCR3 ligand binding. Studies have shown that IL-5 

cooperates with eotaxin to induce the production of IL-13 in lungs [55]. IL-5 is a T cell-

derived cytokine involved in differentiation, survival and activation of human eosinophil 

precursors [15]. Though other cytokines and factors are also involved in the 

differentiation and development of eosinophils, GM-CSF (granulocyte macrophage-

colony stimulating factor), IL-3 and IL-5 are the major regulators. The genes encoding 

these three cytokines are located very closely on chromosome 5 in position q31 have a 

relative homology [56, 57]. They share a common β chain in their receptor in addition to 

their specific α chains [58]. 

IL-4 and IL-13 are responsible for the induction of eotaxin chemokines by a STAT6-

dependent pathway [20]. STAT6 is a member of STAT family of transcription factors 

which codes for a protein being phosphorylated by the receptor associated kinases. The 

phosphorylation in turn helps them to form homodimers or heterodimers responsible for 

the translocation of the protein to the nucleus, activating the transcription factors. STAT6 

induces the expression of Bcl2l1/Bcl-XL responsible for the antiapoptotic activity of IL-

4, thus regulating the IL-4 response. IL-4 and IL-13 promote the differentiation of Th2 

cells [59-61]. IL-33, produced by mucosal cells is a member of the IL-1 cytokine family. 
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Experiments with human eosinophils suggest that IL-33 and its receptor ST2 are involved 

in the activation of eosinophils and hence inflammation [62]. 

 

Chemokines 

Chemokines are cytokines that attract cells to a specific site based on their molecular 

signature and concentration gradient. Chemokine (chemotactic cytokine) receptors and 

their ligands are involved in the implantation of the fetus and migration of different cells 

during embryonic development, and throughout the overall growth of the embryo. 

Chemokines play a major role in the development and maintenance of innate and 

adaptive immunity and are involved in wound healing and angiogenesis in both normal 

and diseased conditions, alike. Chemokine receptors are classified according to the type 

of ligand they can bind. Chemokine receptor CX3C contains two cysteine residues 

separated by 3 amino acids, CXC contains two cysteine residues separated by another 

amino acid, CC contains two cysteine residues next to each other, whereas C contains 

only one cysteine residue [63, 64]. The thiol group in cysteine residues is required to 

form disulfide linkages in proteins, which in turn helps in the protein folding, stability 

and protein-protein interaction. In case of chemokine receptors, the disulfide linkages 

permit the receptor proteins to interact with each other and to form specific ligand-

binding pockets. Limatila et al. [65] have shown the critical requirement of these cysteine 

residues in expression, dimerization, and signaling of CXCR2.  

The chemokine superfamily consists of over 50 small secreted proteins involved in 

the leukocyte trafficking in normal and diseased conditions [66]. The major chemokines 

involved in eosinophil migration are eotaxin, and the CC chemokines, MIPs (macrophage 
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inflammatory proteins), RANTES, and MCPs (monocyte chemoattractant protein). 

Eotaxin 1, 2, and 3 also known as CCL11, CCL24 and CCL26 [67], respectively, differ in 

their homology, although their 3-dimensional structure permits them to bind to the same 

receptor: CCR3 (CC chemokine receptor 3), affinity of eotaxins for CCR3 plays a major 

role in pathogenesis of asthma [55]. CCR3 is a transmembrane G-protein coupled 

receptor primarily expressed on eosinophils that spans the plasma membrane seven times 

[68, 69]. A recent study determined that human (primitive) bone marrow CD34+ cells as 

well as eosinophil committed progenitor cells (CD34+/IL-5Rα cells) express the CCR3 

receptor. The study suggests that the upregulation of CCR3 expression on CD34+ cells 

facilitates the mobilization of eosinophil progenitor cells from the bone marrow in 

response to allergen exposure. This in turn permits the development of pulmonary 

eosinophilia, a hallmark of induced asthma [44]. At baseline, eosinophils migrate to the 

GI tract [20]. It has been shown in experiments that CCL26 signal levels are increased in 

asthmatic subjects. In a recent study on A549 alveolar type II epithelial cells, CCL26-

siRNA treatment showed a decrease in Th2 mediated release of eotaxins, thereby 

reducing the activation and migration of eosinophils [66]. In addition, there was more 

than a 70% decrease in the levels of IL-4 induced eotaxin-2 and 3 and a significant 

decrease in the release of CCL5 (RANTES), CCL15 (MIP-1δ), CCL8 (MCP-2), and 

CCL13 (MCP-4) following CCL26-siRNA treatment on A549 cells. Moreover, the 

activity assays suggested that the siRNA treatment decreased eosinophil migration and 

activation by 80 and 90%, respectively [66].   

Preclinical studies have shown the role of eotaxin chemokines in human allergic 

diseases [55]. Studies on induction of cutaneous and pulmonary late-phase response in 
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humans showed that the eotaxins are produced by respiratory epithelial, skin fibroblasts, 

and immune cells (macrophages and eosinophils). Following allergen challenge in human 

lungs, eotaxin-1 is induced early and correlates with early eosinophil recruitment whereas 

eotaxin-2 and eotaxin-3 correlates with eosinophil accumulation [55]. The level of 

eotaxin-3 shot up after 24 hours of allergen challenge [55]. Antibodies against RANTES, 

MCP-3, MCP-4 and eotaxin-1 inhibited the chemotactic activity of BALF 

(bronchoalveolar lavage fluid) [55] suggesting that these mediators are involved in 

eosinophil migration. Single nucleotide polymorphism (SNP) studies on eotaxin-1, 2 and 

3 explained the association of eotaxins with increased IgE levels, eosinophilia, atopy, 

eosinophilic esophagitis and FEV1 (forced expiratory volume in 1 second) test 

suggesting the role of eotaxin in human allergic disease [20, 70, 71]. 

Though little is known about the role of human (TRX) thioredoxin (a redox-active 

protein, regulating reactive oxidative metabolisms) in allergic inflammation involving 

eosinophils, a recent study indicated that there is an increase in TRX levels in asthmatic 

patients. Treatment with TRX showed decreased activation of extracellular signal-

regulated kinase 1/2 and p38 MAPK (mitogen activated protein kinases), which play 

important roles in eosinophil migration [72].  

With so many studies confirming the role of chemokines and chemical mediators in 

the migration of eosinophils, the precise molecular mechanism leading to cytoskeletal 

rearrangement and shape change facilitating the migration is not understood. 
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Adhesion Molecules 

Eosinophils express a number of adhesion molecules, which are involved in their 

inflammation and trafficking [73]. SDF-1 (stromal derived factor-1), also known as 

CXCL12, is a potent hematopoietic progenitor cell chemoattractant important in 

trafficking eosinophil progenitor cells to inflamed sites via regulation of adhesion 

molecules such as VLA-4 (very late antigen-4), VCAM (vascular cell adhesion molecule) 

and fibronectin [74]. These integrins are critical in regulating the eosinophil migration to 

allergic lungs [75-77]. A recent study indicates that sVCAM-1 (soluble vascular adhesion 

molecule-1) induces human eosinophil migration through a MAPK (p38 mitogen 

activated protein kinase) pathway. Experiments done with a neutralizing antibody against 

VLA-4 and chemical inhibitors suggested the involvement of tyrosine kinase src, MAPK 

and (ERK) extracellular signal-regulated kinase MAPK in shape change and chemotaxis 

in eosinophils [78]. The effect of SDF-1 is mediated by the CXCR4 receptor, and the 

interactions between SDF-1 and CXCR-4 induces in mobilization of eosinophil 

progenitors from bone marrow [79, 80]. The α4β7 integrin interacts with MAdCAM-1 

(mucosal addressin cell adhesion molecule-1), which is expressed in the intestinal tract. 

Studies indicated reduction in intestinal eosinophils in β7 deficient mice [81, 82]. 

CD18 family molecules, like LFA-1 (lymphocyte function antigen-1) and Mac-1 

interact with endothelial cells via ICAM-1 (intracellular adhesion molecule-1) for 

eosinophil recruitment in the airways. A recent study pointed out the role of monocyte-

derived TNF-α in the upregulation of ICAM-I on eosinophils, when eosinophils were 

induced by lipopolysaccharides [83]. Various studies suggest that adhesion molecules 

activate expression of a cascade of proinflammatory genes in addition to the induction of 
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proadhesive pathway. Adhesion molecules help in the expression of GM-CSF, which 

plays a major role in development of eosinophil through a paracrine pathway. Apart from 

surface molecules, periostin, an extracellular matrix protein has been shown to facilitate 

eosinophil trafficking in the tissues [84].  

Surface molecules on eosinophils play a huge role in the migration and activation of 

these cells. However, underlying molecular mechanism is still unclear. 

 

1.2.3 Migration 

Migration of eosinophils from the blood vessels to the inflammatory site is a critical 

step in allergic asthma. Chemokines and cytokines released in the airways by immune 

and structural cells attract eosinophils and other effector cells in response to secreting 

specific chemokines. Epithelial cells serve as barrier with the formation of tight junction 

including zona occludens (ZO), occludin and claudins [85]. With breach in the epithelial 

barrier by antigens (including microorganisms), or allergens through proteases, the 

epithelium starts secreting cytokines and chemokines to attract DCs to the site of contact 

or breach. DCs extend their processes through epithelium without compromising its 

integrity [86] to take up the foreign antigen for further processing and presentation to T-

lymphocytes. Exposure to allergens or allergen proteases and proinflammatory cytokine 

cause endothelium to upregulate expression of adhesion molecules like selectins (P-

selectin, E-selectin), ICAM-1, and VCAM-1. Specific carbohydrate selectin ligand 

(PSGL-1) on the eosinophils binds to the P- and E-selectin in a lock-and-break fashion to 

slow the leukocyte down. As the eosinophil comes to a stop, platelet adhesion factor 

(PAF) on the endothelium binds to the PAF receptor on eosinophils to trigger a signal to 
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activate integrins on eosinophils. Integrins α4β1, and αLβ2 bind to VCAM-1 and ICAM-1, 

respectively [87]. These integrins further help in signaling events leading to release of 

factors from eosinophils that cause loosening of the tight junction. For extravasation, 

eosinophils change their shape and squeeze through the endothelium layer to move to the 

site of inflammation according to the chemokine concentration gradient (Figure 10). We 

know the adhesion molecules expressed on eosinophils and on the endothelial surface, 

which take part in the steps of rolling, adhesion and diapedesis in the cascade of 

transendothelial migration of eosinophils. However, the signaling events taking place 

inside the cell in response to the chemokines and cytokines involved in the activation and 

migration of these pro-inflammatory cells are still ambiguous.  

Recent studies suggest alternate pathways involved in the regulation of eosinophil 

accumulation and trafficking under inflammatory conditions. Arachidonic acid 

metabolites like EXs (eoxins), LTB4 (leukotriene B4), cysteinyl leukotrienes such as 

LTC4, LTCD4, and LTE4, and prostaglandin D2 (PGD2) are associated with these 

conditions [88, 89]. However, prostaglandin E2 reduces the chemotaxis of human 

eosinophils through activation of PI3K and protein kinase C, indicating that PGE2 exerts 

an anti-inflammatory and bronchoprotective role in asthma. This study showed that E-

prostanoid 2 (EP2) receptor agonists inhibit eosinophil migration and activation [90]. 

EXs increase the permeability of the endothelial cell monolayer, which is a hallmark of 

inflammation [89]. Recently a study showed that the eosinophils express high levels of 

histamine receptor 4 (H4), which mediates the chemoattraction and activation of 

eosinophil [91]. More studies are needed to understand the molecular events taking place 

in the migration of eosinophils. 
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Figure 10: Migration of eosinophils. Under the influence of cytokines and chemokines, 

eosinophils migrate to the site of inflammation. Adhesion molecules present on 

eosinophils interact with the endothelium surface molecules leading to rolling, adhesion 

and diapedesis. Eosinophil migration is dependent on its ability to change shape, express 

adhesion molecules and ability to respond to the chemokine gradient in the vicinity. 

 

1.2.4 Activation 

Allergic asthma is a complex disease comprising of genetic as well as environmental 

factors. Hyperactivation of the immune system is responsible for this disease. However, 

the reason behind the altered immune response is not well defined. Allergic asthma 
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typically has inflammation, narrowing and blockage of airways with physical symptoms 

as wheezing, coughing, shortness of breath and tightening of the chest. In chronic 

condition, asthma causes airway remodeling and irreversible changes to the airways 

leading to even more complications and sometimes death. Eosinophils, one of the effector 

cells migrates to the site of inflammation, and in case of allergic asthma, to lungs. 

Eosinophils have multiple granules with preformed and newly formed mediators. The 

preformed mediators include major basic protein (MBP), eosinophil-derived neurotoxin 

(EDN), eosinophil peroxidase (EPO), eosinophil cationic protein (ECP), cytokines and 

chemokines (IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-16, IL-18, IFN-γ, and TNF-

α). Newly formed mediators include prostaglandins, leukotrienes (mostly LTC4), 

cytokines, ROS and growth factors such as TGF-β. Eosinophils have arsenal to digest 

almost every biological molecule including proteins, RNAs, and DNAs. The positively 

charged proteins in eosinophil granules, including MBP and ECP bind to an allosteric site 

on the M2 receptors on vagal nerves to inhibit agonist binding [24, 25]. This results in 

increased release of acetylcholine and hyperresponsiveness of the airway smooth muscle 

cells. 

With a suitable inflammatory signal, eosinophil cell membrane phospholipids are 

converted to arachidonic acid by phospholipases. At this stage, the presence of 

cyclooxygenase, or 5-lipoxygenase may drive the metabolism to prostaglandins or 

leukotrienes, or both. Metabolism of arachidonic acid by cyclooxygenase gives rise to 

prostaglandin G2 (PGG2), which converts to prostaglandin H2 (PGH2). Depending upon 

the signal, PGH2 may form prostacyclin (PGI2), responsible for vasodilation, and 

inhibition of platelet aggregation; thromboxane A2 (TXA2), responsible for 
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vasoconstriction and promotion of platelet aggregation; or prostaglandin D2, E2, and F2α 

(PGD2, E2, and F2α), increasing the vasodilation and edema. The 5-lipoxygensae driven 

pathway leads to the formation of leukotrienes A4 (LTA4), which may form leukotriene 

B4 (LTB4) that is involved in chemotaxis; or leukotrienes C4, D4, and E4 (LTC4, D4, and 

E4) that are involved in vasoconstriction, bronchospasm and increased permeability of the 

blood vessels. 

One of the major mechanisms by which eosinophils do damage is through the 

production and release of reactive oxygen species. NADPH oxidase is a membrane bound 

oxidase that produces respiratory burst. Only NOX2 expression has been found in 

eosinophils. A typical NADPH oxidase in phagocytes consists of membrane-bound 

gp91phox (Nox2) and p22phox, in addition to the cytosolic p47phox, p67phox, p40phox and a 

small GTPase Rac. Non-phagocytic NADPH oxidase (Nox) consists of different 

homologs of Nox2, namely Nox1, Nox3, Nox4, and Nox5, and Dual oxidases (Duox) 

[92-94]. NADPH oxidase (Nox) generates superoxide radicals (O2
.−), which can be 

converted into H2O2 (hydrogen peroxide) by SOD (superoxide dismutase). Unlike 

superoxide radicals, hydrogen peroxide can freely cross the plasma membrane. Through a 

chemical reaction called Fenton’s reaction, H2O2 can readily react with iron to convert it 

from ferrous (Fe2+) to ferric (Fe3+) and generate hydroxyl radicals (.OH). Alternatively, 

H2O2 can also react with H+ and Cl− to make hypochlorous acid (HOCl) in presence of 

MPO (myeloperoxidase) [95] or in the case of eosinophils, EPO (eosinophil peroxidase) 

[96, 97], which is a powerful oxidizing agent, able to oxidize proteins and cell 

membranes leading to damage and inflammation. CLC3 has been shown to regulate the 
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production of O2
.− in human eosinophils [98]. However, the precise mechanism involved 

in the activation of eosinophils is undefined. 

Increase in oxidative stress is due to an imbalance or increase in the ratio of reactive 

oxygen or nitrogen species and conjugation (antioxidant) enzymes. Conjugation enzymes 

include superoxide dismutase (SOD) with cytosolic copper-zinc SOD (Cu, Zn-SOD), 

mitochondrial manganese SOD (Mn-SOD), and extracellular SOD (EC-SOD), and 

glutathione peroxidases (GPx) [99-102]. SOD activity, but not the amount of SOD, was 

found to be low in asthmatics as compared to healthy individuals. Further investigation 

revealed that eosinophil-derived oxidative species promote inactivation of SOD by post-

translational modifications of the protein [99].     

Higher levels of reactive nitrogen species (RNS) including nitric oxide (NO) have 

been reported in the exhaled air and BAL of asthmatic individuals [103, 104]. Expression 

of both inducible (iNOS) and constitutive (eNOS, and nNOS) has been reported in the 

airways of asthmatics. However, iNOS is the more abundant species and the level of 

iNOS correlates with the asthmatic inflammation, epithelial damage, and airway 

remodeling [105, 106]. Nitrite, a metabolite of NO, is elevated in distal airways including 

the alveolar spaces [107]. Chloride channels have been associated with the activity of 

iNOS in microglial BV2 cells [108], and may suggest a role in the NO production in 

eosinophils as well. However, the possibility is yet to be explored.  

Molecular events underlying the activation of eosinophils are unclear. Involvement of 

CLC3 in eosinophil respiratory burst has been documented, but the pathway though 

which CLC3 may impart its effects are not explored.  
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1.2.5 Role in allergic asthma and airway remodeling 

Eosinophils are a major effector cell in allergic asthma, especially in chronic/severe 

asthma. Asthma is a chronic disease of the airways that is generally induced by exposure 

to certain allergens, leading to symptoms such as constriction of the airways leading to 

sharp increase in airway resistance and increased FEV1 (forced expiratory volume in one 

second), airway remodeling, and airway hyperresponsiveness caused by inflammation of 

the lung tissue. Infiltration of immune cells into the lung tissue triggers many of these 

symptoms, particularly through their release of and/or activation by mediators and 

cytokines [10]. 

Eosinophils are the predominant cell type in the bronchoalveolar lavage (BAL) fluid 

taken from ovalbumin (OVA)-sensitized mice [109]. Delivery of Flt3 ligand decreases 

the amount of eosinophils in the lungs and alleviates airway hyperresponsiveness in 

mouse model of airway hyperresponsiveness [110]. High levels of IL-5 may prevent 

eosinophils from lungs of asthmatic individuals to undergo apoptosis compared to 

healthy individuals [111]. Several studies were conducted with monoclonal antibodies 

against IL-5 (anti-IL-5 mAbs) to treat asthma. Mepolizumab, an anti-IL-5 mAb was not 

able to alleviate airway hyperresponsiveness instead of reducing airway eosinophilia, 

suggesting eosinophils are not the main cells in allergic asthma [112]. Other studies with 

mepolizumab containing 24 and 70 patients [113, 114] showed marked decrease in 

eosinophils and reduction in airway inflammation and remodeling markers [115]. These 

studies brought the focus back to eosinophils. Reslizumab trial with 106 patients [116] 

and IL-5 receptor blocker benralizumab [117] showed reduction in mucosal eosinophilia 

supporting the previous studies. 
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Eosinophils are major players in the airway remodeling, which includes the 

substantial deposition of extracellular matrix proteins, leading to fibrosis of the 

subepithelial layer, goblet cell hyperplasia, hypertrophy of airway smooth muscle (ASM) 

cells, and mucus hypersecretion [118]. Upon stimulation with TNF-α, eosinophils release 

matrix metalloproteinase-9 (MMP-9) [119]. Growth factors and cytokines released from 

eosinophils induce ASM cell proliferation, subepithelial fibrosis, and goblet cell 

hyperplasia [120-123]. Increased chemotaxis of eosinophils is highly correlated with the 

airway remodeling features present in the lungs [124]. Since asthma involves an active 

injury and repair process, several tissue repair molecules including growth factors and 

MMPs are secreted from the inflammatory cells. TGF-β and MMP9 are classic examples 

of such molecules that are secreted from inflammatory cells including eosinophils [119] 

and some structural cells [125].   

The MMP family comprises of over 20 different proteases that cleave components of 

extracellular matrix (collagen, elastin, fibronectin, and plasminogen), activate latent 

proteins, and increase inflammatory cell trafficking. MMP9 is a gelatinase capable of 

degrading collagen IV, elastin, fibronectin and plasminogen abundantly found in BAL of 

severe asthmatics [126]. However, control mechanisms including transcriptional 

regulation, and presence of TIMPs (tissue inhibitors of metalloproteinases) controls the 

activity of MMPs. Presence of MMP9 and TGF-β in eosinophils and neutrophils, enable 

them to be involved in both damage and repair [119, 126]. This dynamic process may 

lead to changes in the thickness of subepithelial basement membrane and the loss of 

airway compliance in chronic asthma.  
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1.3 Chloride Channels 

1.3.1 Physiological role 

Chloride-conducting ion channels, especially the CLC family has emerged as prime 

contributors to multiple biological processes. CLC channels are implicated in growth, 

apoptosis, differentiation stabilization of membrane potential, excitation, cell volume 

regulation, protein degradation, fluid transport, and cell migration [127-129]. 

 

1.3.2 CLC family 

CLC family members are found in virtually all organisms and in almost every 

mammalian tissue [130]. The amino acid sequence identity among CLC family members 

in different kingdoms varies between 15-20% resulting in diverse function and 

distribution in cells. Discrete conserved areas in the amino acid sequence are conserved 

throughout the kingdoms even in divergent species. However, the overall hydrophobicity 

of the channels is also well kept across species [130].  

Although the crystal structure of CLC proteins is not completely defined, the CLC 

family members are hypothesized to have an α-helical structure spanning the membrane 

10-12 times [131, 132]. Both the amino- (50-130 amino acids) and carboxy- (170-420 

amino acids) termini of CLCs are cytoplasmic. Eukaryotic CLCs contain two 

cystathionine β-synthase (CBS) regulatory domains at the C-terminus. Although the 

functional importance of CBS domains remains elusive, mutations in this region are 

associated with multiple hereditary diseases including such myotonia congenita (CLC1) 

[133], idiopathic generalized epilepsy (CLC2) [134], hypercalciuric nephrolithiasis 
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(CLC5) [135], autosomal dominant osteopetrosis type II (CLC7) [136], and Bartter 

syndrome (CLCKb) [137].  

To understand the function, understanding the structure of CLC is compulsory. The 

family consists of nine mammalian members (CLC1, 2, 3, 4, 5, 6, 7, Ka, and Kb), and all 

of them are supposed to be two-pore homodimers [128, 130, 138, 139], that span the 

membrane in opposite orientation [140]. This antiparallel structure circumscribes chloride 

selectivity through a 15Å hourglass-shaped pore. The channel has three Cl− binding sites 

that stabilize the ions with α-helix dipoles and through chemical interactions with 

nitrogen atoms and hydroxyl residues of the protein. Although the gating of CLCs is not 

very well understood, glutamate residue in the side chain of CLCs binds to the 

extracellular end of the selectivity filter and is sensitive to the change in pH and ion 

concentration of the vicinity [140]. Proposing a model justifying pH dependence of CLC 

gating, Christopher Miller stated that in closed state, Gluex side chain is deprotonated and 

blocks the pore. Allosteric Cl− ion when occupies a hypothetical site external to Gluex 

allows intracellular proton transfer in CLCs. In an open state, the protonated Gluex side 

chain is at an externally exposed position. Internal position occupied by Gluin in CLC 

transporters is always valine in the channels [141]. 

 

1.3.3 CLC3 

CLC3 is a double-barreled antiporter shuttling Cl− and H+ in and out of cells and 

intracellular vesicles, including lysosomes [142]. Like other CLCs, CLC3 is a dimer. 

However, each of the monomers is capable of Cl−/H+ exchange on its own, independent 

of the other subunit [143]. The CLC3 gene is located on chromosome 4q33 [144] and 
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encodes for a protein that is virtually present in all cell types. The CLC3 protein in 

humans has 760 amino acids, with only 2 amino acids different than its mouse 

counterpart [145]. It has a CLC domain, which is responsible for the selective flow of 

ions across the cells membrane, and two CBS domains at the C-terminus for channel 

regulatory functions. The N-terminus of CLC3 contains a consensus sequence that is 

phosphorylated by calcium-calmodulin-dependent protein kinase II (CaMKII) and has 

been shown to regulate CLC3 function in human malignant glioma [146]. The serine at 

position 109 (S109) of the N-terminus controls the CaMKII-dependent chloride 

conductance [147] in CLC3. Phosphorylation of the serine residue at position 51 of the 

N-terminus (S51) is protein kinase c (PKC)-dependent and causes closure of the ion-

conductance, regulating volume sensitivity of the channel [148]. CLC3 is classified as a 

voltage-regulated chloride channel showing characteristics of hypotonic cell swelling-

sensitive channel [149].  

CLC3 expression is reported on lysosomes, cell membranes, and the nucleus [150]. 

CLC3 is involved in the acidification of intracellular vesicles [151] and assists in the 

loading of transmitters in GABAergic synaptic vesicles, in addition to regulating cell 

volume, migration and proliferation [152]. Studies with mice CLC3 knockout suggest 

that CLC3 has a role in the protein degradation machinery. Absence of CLC3 results in 

neuronal degeneration and neuronal ceroid lipofuscinosis [153]. Reports also indicate its 

involvement in smooth muscle cell activation and neointima formation [154] in addition 

to neutrophil oxidative function, phagocytosis, shape change, and migration [155, 156]. 

Inhibition of CLC3 by orphan second messenger, inositol 3,4,5,6-tetrakisphosphate 

(Ins(3,4,5,6)P4) has shown multiple physiological roles of CLC3 including inhibition of 



 

	   38	  

Ca2+-activated chloride conductance in epithelial cells [157] modulating epithelial 

transport and endosomal pH regulation [158], inhibition of chloride conductance in the 

postsynaptic membrane of neonatal hippocampal neurons, and modulation of tumor cell 

migration and inflammation [159]. 

Eosinophils express CLC3, where it is involved in the regulation of superoxide 

production [98]. CLC3 is also involved in the migration of neutrophils [155, 156], which 

are derived from the same lineage of hematopoietic stem cells as eosinophils.  

CLC3 exists as dimer like other CLC channels in a double-barreled configuration 

[142, 160, 161]. Because of alternative splicing, CLC3 gene gives rise to multiple 

transcripts, and although they are thought to become homodimers [140], the proteins may 

form as homodimers or heterodimers in normal and pathological conditions and change 

the channel properties accordingly. Identifying the significance of these transcript 

variants in specific diseased condition may prove instrumental in understanding the 

molecular basis of the disease and help in devising therapeutic approaches. Two 

transcript variants of CLC3 have been relatively well characterized in human genome, 

CLC3b and CLC3e [162-164]. Very little is known about the function of the long form of 

CLC3, which is predominantly found on the membrane, co-localized with an epithelial-

specific scaffolding protein EBP50 and cytoplasm of epithelial cells. CLC3e has an extra 

76bp exon, making its cytoplasmic domain 48 amino acids longer than CLC3b, and has a 

PDZ-binding domain [163]. The short isoform of CLC3 (CLC3b) contains a 202 amino 

acid long cytosolic C-terminus and has been show to function as a volume-sensitive 

outwardly rectifying anion channel (VSOAC) in pulmonary artery smooth muscle cells 

[149, 162]. The C-terminus also contains the signature CLC structure having two CBS 
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domains. CBS1 (amino acids 596-656) and CBS2 (amino acids 698-749), both contain a 

60 amino acid long structure [162]. Studies have shown that hypotonic activation of 

CLC3b facilitates cell swelling-mediated remodeling of the actin cytoskeleton. Cytosolic 

C-terminus of CLC3b directly binds to filamentous actin (F-actin), but not to globular 

monomeric actin (G-actin) [149, 162]. The F-actin binding region is precisely located 

between amino acids 690 and 760 at proline 688 and leucine 734 [162], which actually 

overlaps with the CBS2 domain. Direct binding of chloride channels to the cytoskeletal 

protein has been shown to instigate chloride channel activity through the dynamic actin 

rearrangements [165, 166]. Similarly, the reverse may also happen, when actin-bound 

CLC3 activation leads to the structural rearrangements of the cytoskeletal protein helping 

in the migration of cells. Another way CLC3 may drive cell migration is through 

regulation of volume dynamics [152]. Integrins trigger the response to cell swelling 

through a Rho GTPase and Src kinase pathway [167]. Cell swelling involves cytoskeletal 

rearrangement and fluid efflux that facilitates cell shape change and migration [127]. 

Chloride channels are also associated with the degranulation of mast cells through 

crosslinking of high affinity FcεRI receptors on them [168]. The Cl− flux sets up a stage 

for entry of Ca2+ from extracellular space and facilitates granule release in mast cells of 

rats [169]. However, reports also suggest that chloride channels might not be essential for 

degranulation, but assist exocytosis and the volume regulation following degranulation 

[170]. Human eosinophils express three IgE receptors; FcεRI, FcεRI, and Mac-2, and are 

supposed to be involved in granule release [171]. Expression of CLC3 on eosinophils 

create the likelihood of them being involved in degranulation with IgE receptors.  



 

	   40	  

Changed channel properties can then result in different state and function of these 

channels in eosinophils.  

 

1.4 Transforming Growth Factor- β 

TGF-β is a group of regulatory molecules with pleiotropic effects on cell 

differentiation, proliferation, and migration, involving numerous biological processes, 

including development; wound healing, carcinogenesis, fibrosis, and immune responses. 

In mammals, the TGF-β family consists of three members, TGF-β1, TGF-β2, and TGF-

β3 that are encoded by different genes [172, 173]. TGF-β1 is the most commonly 

expressed and researched isoform of TGF-β in the immune system. However, all three 

isoforms have similar properties. TGF-β is synthesized as a precursor with a signal 

peptide to direct TGF-β to the endoplasmic reticulum for processing [125, 173]. After the 

removal of the signal peptide, the peptide moves to the lumen of endoplasmic reticulum 

to be assembled as a dimer with three interchain disulfide bonds that are cleaved by furin 

[173]. The large, N-terminal portion is called latency-associated peptide (LAP), and the 

short C-terminal fragment of the peptide is the mature cytokine. The N-terminal LAP 

couples with a homodimer of mature TGF-β in a non-covalent interaction. This complex 

is referred as small latent complex (SLC). The SLC can be either secreted with latent-

TGF-β-binding protein (LTBP) as a large latent complex (LLC), or by itself. In its latent 

form, TGF-β cannot bind to its receptors, until separated from LAP and LTBP [173]. 

Presence of LTBP ensures targeting of TGF-β to the extracellular matrix (especially, 

fibrillin, and fibronectin) [173].  

A range of glycosidases can activate latent TGF-β, including the N-glyconase, 
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sialidase. Activation through proteolytic cleavage of the latent TGF-β involves 

metalloproteases, including MMP9 and MMP14, and serine proteases, particularly 

plasmin and cathepsin D. Studies have shown that MT1-MMP (membrane-type 1 matrix 

metalloproteinase) activates TGF-β through proteolytic cleavage of LTBP in a PKC and 

ERK1/2 dependent pathway [174]. Although it is not clear how TGF-β is 

transcriptionally regulated, the presence of activator protein 1 (AP-1) binding sites within 

the TGF-β1 promoter suggests involvement of AP-1 in its regulation. TGF-β1 itself 

activates c-jun and c-fos binding to the promoter to stimulate TGF-β1 production. 

However, to control the activation process, a negative feedback loop has also been found 

in fibroblasts where AP-1 activators JNK1 and JNK2 inhibit TGF-β1 expression [175]. 

Various cytokines have been postulated to modulate TGF-β1 expression in immune cells, 

although the mechanisms of this are not very clear [172]. Interestingly, levels of protein 

do not always correlate with the amount of activity, suggesting multiple layers of post-

transcriptional and post-translational regulation of TGF-β1 expression. Evidently, TGF-

β1 has a long 5’-untranslated region that may negatively regulate TGF-β1 translation 

[173]. Unlike TGF-β1, TGF-β2 and TGF-β3 expression is dependent upon hormonal 

signals and are more involved in developmental processes [173].  

Activation by the integrins, αvβ6 and αvβ8, is considered the principal method of 

activation of TGF-β1 and TGF-β3, and is involved in development and regulation of 

immune homeostasis. The binding exposes the RGD sequences in TGF-β1 and TGF-β3 

LAP to cause activation. However, TGF-β2 lacks RGD sequence, and involvement of 

integrins in its activity is not known yet. 
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TGF-β is involved in the regulation of chloride channels including CLC3 in 

rhinosinusitis [176]. 

 

1.4.1 TGF-β signaling 

TGF-β signaling receptor complex is a tetramer of two TGF-βI receptors (TGF-βRI) 

and two TGF-βII receptors (TGF-βRII). Both the receptors exist as homodimers, and are 

serine/threonine kinases. TGF-β ligand binds to TGF-βRII and phosphorylates the 

cytoplasmic domain of TGF-βRI at serine/threonine (e.g. S165). This in turn triggers 

recruitment of intracellular receptor SMADs like SMAD2/SMAD3 to the proximity of 

the cytoplasmic domain of the activated TGF-βRI. The receptor SMADs are then 

phosphorylated by the TGF-βRI to form a trimeric structure with SMAD4 (co-

stimulatory SMAD), which translocates to the nucleus to regulate gene expression 

through direct binding to the SMAD-responsive regulatory regions present in the DNA. 

TGF-β2 based signaling event involves an additional receptor, β-glycan (TGF-βRIII) that 

enhances initial binding of TGF-β2 to TGF-βRII and facilitates optimal activity of the 

receptor complex [173].  

In addition to the classical SMAD signaling, TGF-β may trigger numerous Smad-

independent signaling pathways. Activation of MAPK, PI3K, and Rho GTPases has been 

reported in the literature. Involvement of SMAD-dependent and SMAD-independent 

pathways in immune cells and their contribution to the pleiotropic effects of TGF-β on 

immune responses remain elusive. 
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1.4.2 Role in allergic asthma 

TGF-β is a pleiotropic cytokine and a key mediator of airway remodeling in chronic 

asthma. Eosinophils and TGF-β have been closely linked to each other in the induction of 

airway remodeling in chronic asthma. TGF-β has been implicated in the migration of 

eosinophils and is present in high levels in asthmatic patients [177]. The molecular 

mechanism through which TGF-β modulates eosinophil migration is not known. 

Experiments on human airway fibroblasts show a synergistic increase in eotaxin-1 

production with TGF-β and IL-13, suggesting a possible interaction of innate and 

adaptive immune responses in eosinophilia and subsequent severe asthma [178].   

 

1.5 Intracellular signaling molecules 

1.5.1 SMADs 

There are three different classes of SMADs known. The receptor SMADs include 

SMAD1, SMAD2, SMAD3, SMAD5, and SMAD8/9. The co-stimulatory SMAD (co-

SMAD) includes SMAD4, and the inhibitory SMADs (I-SMADs) include SMAD6 and 

SMAD7. Recent evidences suggest that differentiation of Th17 cells may involve 

different SMAD signaling pathways depending upon the activation through different 

isoforms of TGF-β. Thus, alternate SMAD signaling pathways may be instigated by 

TGF-β on a case-to-case basis. Once TGF-β is bound to its receptor complex, several 

molecules and interactions may dictate the intensity, duration and type of downstream 

signals. Upregulation of SMAD7, an I-SMAD directly inhibits SMAD2/3 binding and 

downstream signaling. It may also promote TGF-βRI inactivation by recruitment of the 

phosphatase PP1 and degradation of the receptor through the recruitment of ubiquitin 
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ligase Smurf2. Other inhibitory signals may include dephosphorylation of R-SMADs, to 

block signaling, or hyperphosphorylation, to target the receptor for ubiquitination and 

degradation.  

TGF-β has been associated with the increase in CLC3 expression in chronic 

rhinosinusitis [176]. Being a major downstream signaling molecule of TGF-β, SMAD 

molecules could well be involved in the regulation of CLC3. However, the possibility has 

not been explored in eosinophils yet.  

 

1.5.2 Protein Kinase C (PKC) 

Kinases are enzymes that act as messengers in signal transduction. They transfer 

phosphate groups from high-energy donor molecules, such as ATP or other proteins, 

including kinases, to specific amino acids with a free hydroxyl group involving covalent 

bonding. The process is called phosphorylation and usually involves serine, threonine and 

tyrosine amino acids. In some cases phosphorylation of histidine residues are also noted.  

Protein kinase C family of proteins is ubiquitous phospholipid dependent serine-

threonine kinase. These enzymes are implicated in a wide variety of cellular processes. 

PKC isozymes structurally belong to the AGC (PKA, PKC, PKG) family, with certain 

homology. They contain a highly conserved catalytic domain connected with a hinge to a 

regulatory domain. The PKC isoforms can be classified into three groups [179, 180]. The 

conventional PKCs (α, βI, βII, and γ) have four conserved regions (C1-C4), and five 

variable regions (V1-V5). Regions C1A and C1B have six cysteines and two histidines 

each to coordinate with Zn2+, which helps in binding to DAG (diacylglycerol), phorbol 

esters, and phosphatidylserine, while the region C2 binds to Ca2+ and anionic 
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phospholipids in a calcium dependent interaction[181]. Along with regions V1-V3 

(Figure 11) they make the regulatory domain. C3 domain binds to ATP and C4 has 

binding sites for substrate/pseudosubstrate. Together with V3-V5, they make the 

catalytic/kinase domain. The Novel PKCs (δ, ε, θ, η) have a C2-like domain that does not 

bind to Ca2+, but can be activated by DAG/phorbol. On the other hand, Atypical PKCs 

(ζ, λ/ι) completely lack the C2 domain, and have an atypical C1 domain that has only one 

cysteine-rich zinc finger-like membrane targeting motif that can bind to PIP3 and 

ceramide, but not to DAG, phorbol esters or Ca2+ (Figure 11). The PB1 domain of 

atypical PKCs helps in the protein-protein interaction [179, 180]. 

Activation of PKCs usually occurs as a result of a conformational change resulting 

from binding of Ca2+, DAG, or phorbol esters to their respective domains and exposing 

the substrate/pseudosubstrate-binding domain. This in turn increases the hydrophobicity 

of PKCs enabling the PKCs to bind to membrane lipids [182]. Phosphorylation or 

autophosphorylation of PKC may result in activation, translocation or redistribution of 

the isozymes on a case-to-case basis. But, the site and degree of phosphorylation also 

determines the activity, inactivity or translocation of PKC isozymes [183, 184]. Isozymes 

α, β, and γ reside in the cytosol in an inactive state, and translocate to the plasma 

membrane following activation. PKC-δ has been found to be in the particulate fraction in 

both active and inactive states. However, some reports have suggested its translocation to 

the nuclear fraction. PKC-α, -β, and -δ has phosphorylation sites within their catalytic 

domain [184].  
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Figure 11: Classification of PKC isoforms. Ca2+ and DAG/phorbol can activate 

conventional PKCs by binding to the C1A, C1B and C2 domains to cause conformational 

changes in the PKCs. With a C2-like domain, novel PKCs are not responsive to Ca2+. 

Atypical PKCs lack C1A/C1B and C2 regions, and hence are not regulated by Ca2
+ or 

DAG/phorbol. 

 

Myristoylated, alanine-rich C kinase substrate (MARCKS) is a major substrate of 

PKC that binds F-actin and has been postulated to serve as a bridge between cytoskeletal 

actin and plasma membrane [185]. PKC phosphorylates another cytoskeletal protein, 

vinculin, known to be involved in changing cell shape and assisting in cell adhesion.  

Phosphorylation of CLC3 at Ser51 is PKC-dependent and causes closure of the ion-

conductance, regulating volume sensitivity of the channel [148]. However, role of PKC 

in the regulation of CLC3 gene and its activity in eosinophils has not been investigated. 
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1.5.3 Transcription factors 

Transcription factors are regulatory proteins that bind to a specific DNA sequence 

and modulate rate of transcriptional initiation of a gene. In general, there are two regions 

where these TFs bind. The region positioned proximately upstream (cis-region) of their 

target genes are called promoters, and the control region distal to the gene is known as 

enhancers. Transcription factors cannot bind to the respective DNA elements unless the 

tightly protein-bound chromosome unfolds to let them access the DNA sequence. The 

cofactors modulate local chromatin configuration by recruiting ATP-dependent 

chromatin remodeling complex SWI-SNF [186]. DNA-modifying enzymes as DNA 

methyltransferases (DNMTs) maintain and alter epigenetic changes in the DNA 

sequences resulting in methylation of cytosines [187]. Histone-modifying enzymes like 

histone acetyltransferases (HATs), histone deacetylases (HDACs), histone 

methyltransferases (HMTs) and histone demethylases help or restrain the access of 

transcription factor complexes to the DNA sequence. They also regulate the transcription 

by modulating the assembly of transcription pre-initiation complex (PIC) with TFIIA, 

TFIIB, TFIID, TFIIE, TFIIF, and TFIIH and RNA polymerase II [188]. 

Many transcription factors regulate several different promoters, whereas others are 

only active in a few selective genes. Affinities of transcription factors to bind to the 

accessible binding sites determine the activity of the promoter [189]. However, the CLC3 

promoter and the transcription factor binding sites on it are unknown. 
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1.5.3.1 AP-1 (c-jun/c-fos) 

Initial review of the CLC3 gene predicted multiple Activator protein-1 (AP-1) 

binding sites on CLC3 promoter. The AP-1 family consists of basic region leucine zipper 

(bZIP) domain proteins, including c-Jun, c-Fos, and ATF (activating transcription factor) 

subfamilies [190]. Heterodimerization of these proteins form an active transcription 

factor that binds to its consensus DNA target sequence, the AP-1 binding site [190]. 

Several studies have suggested that different AP-1 factors may regulate different target 

genes and thus may implement distinct biological functions [190, 191]. Moreover, the 

AP-1 activity also depends upon the interactions with various protein kinases and a 

variety of transcriptional coactivators in a complex transcriptional repertoire [190, 191]. 

Eosinophils have complex signaling pathways involving reduction and oxidation 

reactions. As a versatile redox transcription factor, AP-1 has not been investigated in 

relation to CLC3, and its role in the human eosinophils and allergic asthma is yet to be 

exhausted. 

 

1.6 Objectives, Hypothesis and Specific Aims 

A critical gap in current knowledge is the understanding of molecular mechanism 

through which eosinophils migrate and get activated in allergic asthma. The association 

of CLC3 with eosinophil respiratory burst has been documented [98]. However, role of 

CLC3 in the migration of eosinophils and the underlying molecular mechanism of 

migration has not been investigated. The overall objective of this thesis is to understand 

the cellular and signaling mechanisms involved in CLC3-mediated activation and 

migration of eosinophils (Figure 12), which would give new insights for therapeutic 
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intervention in allergic asthma. The central hypothesis being investigated is: TGF-β 

regulates CLC3 gene expression through AP-1 and causes activation and migration 

of eosinophils in allergic asthma. 

 

1.6.1 Specific Aim 1:  

Determine the expression pattern and localization of CLC3 and its isoforms in normal 

and asthmatic peripheral blood eosinophils, with and without TGF-β stimulation.  

1.6.2 Specific Aim 2:  

Determine the role of CLC3 in activation and migration of eosinophils 

1.6.3 Specific Aim 3:  

Examine the mechanism through which TGF-β regulates CLC3.  
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Figure 12: Overall hypothesis and specific aims. Aim 1 was designed to explore the 

expression of CLC3 in eosinophils. Aim 2 looks at the involvement of CLC3 in the 

migration and activation of eosinophils, while the Aim 3 investigates the underlying 

molecular mechanism in regulation of CLC3 in human eosinophils.   
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Chapter 2 

 

 

Materials and Methods 
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2.1 Acquiring Cells 

2.1.1 Recruitment of Human Volunteers 

This study was approved by the Institutional Review Board (IRB) of Creighton 

University. Informed consent was taken from male and female volunteers aged 19-65 

years for blood and nasal washing. Volunteers were asked not to take any medication 

including antihistamines, corticosteroids,  β-agonists or theophylline, and were requested 

to refrain from caffeine and caffeine containing products for at least 2 days before the 

blood draw. However, moderate to severe asthmatics who were on inhaled corticosteroids 

(Advair 250/50 or 500/50) were also taken as volunteers. Volunteers with asthma were 

diaganozed with mild-to-moderate, or moderate-to-severe asthma in the Allergy Division 

at Creighton University Medical Center.   

 

2.1.2 Isolation of Human Blood Eosinophils 

Eosinophils were isolated from the peripheral blood of healthy and asthmatic 

individuals. Venous blood (120ml) was collected with 4% EDTA (in PBS) and mixed 

with HBSS (Hanks Balanced Salt Solution) in equal volume (1:1 ratio). The blood 

solution was carefully layered over Histopaque 1077 (Sigma Aldrich, St. Louis, MO) and 

the tubes were spun at 300×g in a break free centrifuge for 15 minutes at room 

temperature. The top three layers were aspirated containing plasma, buffy coat 

(mononuclear cells including lymphocytes and monocytes), and Histopaque 1077, 

respectively. The bottom red layer containing granulocytes and RBCs were washed with 

HBSS by centrifuging the solution at 300×g for 10 minutes at 4°C and removing the top 

layer (light red color). After adding the HBSS to 40ml, 8ml of 6% dextran (in PBS) was 
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added and kept at room temperature for 30 minutes to settle the RBCs at the bottom. Top 

layer (light red) containing granulocytes and a few RBCs were removed into fresh tubes 

and centrifuged at 300×g for 10 minutes at 4°C. Pellets from all the tubes were collected 

into one tube after resuspending them and centrifuged again at 300×g for 10 minutes at 

4°C. After discarding the supernatant, pellet was resuspended with 15ml distilled water 

(sterile) and mixed with a pipette for 30 seconds, followed by the same mixing procedure 

with 15ml of 1.8% saline. The mixture was topped with HBSS and centrifuged at 300×g 

for 5 minutes at 4°C. The process was repeated if the pellet still contained RBCs, but 

with 5ml each of water and 1.8% saline. After counting the remaining white blood cells 

in the pellet with Coulter Counter (Beckman Coulter, Brea, CA), cells were incubated 

with a cocktail of biotin-conjugated monoclonal antibodies against CD2, CD14, CD16, 

CD19, CD56, CD123, and CD235a followed by microbeads conjugated to monoclonal 

anti-biotin antibodies provided in Eosinophil Isolation Kit (Miltenyi Biotec, Auburn, 

CA), with autoMACS (Miltenyi Biotec, Auburn, CA) according to the manufacturer’s 

instructions. Purity (>99%) and viability (98%) of eosinophils were determined by 

staining with H&E and trypan blue, respectively.     

 

2.1.3 Nasal Washing 

Nostrils of asthmatic subjects were washed 3 times each with sinus rinse bottle 

(NeilMed, Santa Rosa, CA) containing warm (37°C) normal saline. The wash liquid was 

collected in a sterile beaker and filtered with 100µm filter (Corning, Corning, NY) before 

centrifuging at 300×g for 5 minutes at 4°C. Pelleted cells were washed with HBSS before 

being fixed on a slide by Cytospin 4 (Thermo Scientific, Pittsburg, PA).  
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2.2 Cell Culture and Stimulation (or Inhibition) 

Isolated eosinophils (106 to 108) from healthy and asthmatic volunteers were equally 

destributed in 24 well plates in RPMI complete medium (RPMI+ 10% FBS+ 1% 

antibiotics) and kept at 37°C with 5% CO2. Healthy eosinophils were stimulated with or 

without TGF-β1, TGF-β2, Eotaxin-1, Eotaxin-3, DPI, DIDS, NPPB, SIS3, Phloretin, and 

Rottlerin at different concentrations. 

 

2.3 RNA Analysis 

2.3.1 RNA Isolation and Quantification 

Eosinophils were centrifuged at 350×g for 5 minutes and washed with Ice cold PBS 

before isolating total RNA using Ambion® mirVana™ miRNA Isolation Kit (Life 

Technologies, Grand Island, NY) as per manufacturer’s instructions. Cells were 

resuspended in 300µl lysis buffer and 30µl miRNA homogenate was added to the 

solution. The cell homogenate was incubated in ice for 10 minutes after vortexing for 30-

60 seconds. Ice-cold 300µl acid-chloroform solution provided in the kit was added to the 

cell homogenate and vortexed for 30-60 seconds. The cell homogenate was centrifuged at 

10,000×g for 5 minutes at room temperature. Aqueous (top) layer was carefully removed 

into a clean 1.5 microcentrifuge tube. Ethanol (100%) was added as 1.25× the volume of 

the extracted aqueous layer and mixed before loading onto a filter cartridge (column) 

provided in Ambion® mirVana™ miRNA Isolation Kit (Life Technologies, Grand 

Island, NY) kept on top of a collection tube. Tube setup was spun at 10,000×g for 15 

seconds and flow-through was discarded. Wash solution 1 (700µl) was added to the filter 

cartridge and centrifuged at 10,000 ×g for 15 seconds and flow through discarded. Same 
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procedure was used to wash the filter cartridge twice with 500µl wash buffer2/3. The 

tube was spun for an extra 1 minute to remove any remaining ethanol in the system. A 

fresh collection tube was put underneath the filter cartridge and 100µl nuclease free water 

was added on top. The tube was centrifuged at 10,000 ×g  for 1 minute before keeping 

the tube at room temperature for 1 extra minute. Eluted RNA was kept at −80°C. RNA 

quantification was done with nanodrop 2000 (Thermo Fisher Scientific, Pittsburg, PA). 

 

2.3.2 Reverse Transcription and cDNA 

Isolated mRNA was reverse transcribed with ImProm-II™ Reverse Transcription 

System (Promega, Madison, WI) in a two step reaction. 500ng total RNA was added 

along with 2µl OligodT primer (Promega, Madison, WI) and nuclease free water to make 

the volume to 41µl. Mixed sample was kept in a thermocycler (Bio-Rad, Hercules, CA) 

for a pre RT having cycle of 70°C for 5 minutes followed by 4°C for 5 minutes, last step 

being the 4°C for ∞. A mastermix of RT was prepared with RT buffer (1×, 13.3µl), 

MgCl2 (2mM, 5µl), dNTPs (0.5mM, 3.4µl), RNAsin (20U/20µl, 1.75µl), and reverse 

transcriptase (1µl/20µl, 3.25µl). Equal volume of the mastermix (26.7µl) was added to 

each of the RT reaction tubes containing pre RT mix. Reverse transcription step 

contained cycle of 25° for 5 minutes, 42°C for 1 hour, 70°C for 15 minutes followed by a 

hold of 4°C for ∞. Reverse transcribed cDNA was diluted 1:5 and stored at 4°C for real-

time PCR experiments.       
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2.3.3 Real-time PCR 

Real time PCR was done using specific primers for respective genes. Primers were 

designed using PrimerQuest tool from Integrated DNA Technologies (Coralville, IA) and 

specificity was confirmed with Primer-BLAST tool from the National Center for 

Biotechnology Information (NCBI). iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) 

was used as the reaction mixture with primers according to the manufacturer’s 

instructions. The thermocycler was set for an initial denaturation at 90°C, followed by a 

39 cycle repeatation of 90°C, 59°C, and 72°C for 10-30 seconds each. A melt curve 

analysis was also inserted in the cycle. Readings were put on each of the extension cycle 

and on the melt curve cycle. Analysis was done relative to 18S or GAPDH as the 

reference genes. Cq values of each of the samples were used to calculate ΔCq. Fold 

change in the gene expression was calculated with 2−ΔΔCq, where ΔΔCq is 

(Cqtreatment−Cqcontrol)Cqgene−(Cqtreatment−Cqcontrol)Cqreference. 

 

2.4 Protein Analysis 

2.4.1 Protein Isolation 

Cells were washed with Ice-cold PBS and centrifuged at 350×g for 5 minutes. After 

discarding the supernatant, cells were resuspended in 150-300µl mixture of RIPA buffer 

(Sigma Aldrich, St. Louis, MO) and a cocktail of protease inhibitors (Sigma Aldrich, St. 

Louis, MO), and kept in ice for 10-15 minutes. The lysate was mixed again and kept in 

ice for another 10-15 minutes, and the process was repeated one more time before 

centrifuging the sample at 12,000×g for 15 minutes at 4°C. Supernatant was carefully 

collected in a fresh pre-chilled microcentrifuge tube and kept at −80°C. 
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2.4.2 Protein Quantification 

Isolated protein samples were quantified by BCA (bicinchoninic acid) method. In a 

biuret reaction, faint blue color results from the reduction of cupric ion (Cu++) to cuprous 

ion (Cu+), and two molecules of BCA are chelated with one molecule of cuprous ion, 

resulting in an intense purple color. The purple color can be measured at any wavelength 

between 550nm and 570nm with minimal loss of signal.  

Three amino acid residues in proteins: cysteine/cystine, tyrosine and tryptophan cause 

this reaction by enhancing copper reduction independently and in the biuret reaction, thus 

causing formation of a purple colored BCA-Cu+ chelate.  

Bovine serum albumin (BSA) standards were prepared from 100mg/ml BSA to 0.2, 

0.4, 0.6, 0.8, 1.0, 2.0µg/µl and kept on a 96 well plate in duplicates (10µl each). Protein 

and distilled water was added to the 96 well plate in a 1:1 ratio. Equal volume (200µl) of 

mixture of BCA and CuSO4 (4.9ml+100µl) was added to each well including a blank. 

The plate was kept at 37°C for 15-20 minutes and read at 570nm in a Enspire plate reader 

(PerkinElmer, Waltham, MA).  

 

2.4.3 SDS-PAGE  

SDS-PAGE (sodiumdodecylsulphate-polyacrylamide gel electrophoresis) was 

performed to separate the proteins based on their molecular weight. In a denaturating 

condition β-mercaptoethanol and heat (95°C for 10 minutes) was used to reduce the 

secondary, tertiary and quarternary structures of proteins. SDS in Laemelli (loading) 

buffer (Bio-Rad, Hercules, CA) imparted negative charge to the proteins. Separation was 
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achieved in polyacrylamide gels (Bio-Rad, Hercules, CA) with running buffer (Bio-Rad, 

Hercules, CA) at a constant voltage (120V).  

 

2.4.4 Western Blot  

The proteins were transferred from gels onto nitrocellulose membrane in cold (4°C) 

transfer buffer (Bio-Rad, Hercules, CA) at constant current (400mA). After blocking for 

an hour in a blocking solution containing 5% non-fatty blocking grade milk (Bio-Rad, 

Hercules, CA) in PBST (Phosphate-buffered saline Tween 20), the membranes were 

incubated with respective primary antibodies at dilutions ranging from 1:500 to 1:1000, 

overnight at 4°C in blocking solution. After washing with PBST for an hour (5 times), 

membranes were incubated with corresponding HRP-conjugated secondary antibodies in 

blocking solution. Membranes were washed (5 times) before visualizing the protein 

bands under imaging machine (Bio-Rad, Hercules, CA) with super west dura (Thermo 

Fisher). Denstometric analysis was done with with ImageJ software (NIH). 

 

2.4.5 Immunofluorescence and Confocal Imaging 

Pure eosinophils isolated from the blood of healthy and asthmatic individuals and 

cells collected from the nasal washing of asthmatic patients were spun down in Cytospin 

4 (Thermo Scientific, Pittsburg, PA) to fix them onto glass slides. Hydrophobic pen was 

used to encircle the cells in a small radius compartments. Eosinophils were permeabilized 

with 4% formalin in PBS for 10 minutes followed by 5 thorough washes with PBS for 30 

minutes. Blocking was done with 2.5% goat serum in PBS (blocking solution) for an hour 

at room temperature. Cells were stained with respective primary antibodies at dilutions 



 

	   59	  

ranging from 1:500 to 1:100, overnight at 4°C in 10% blocking solution. Goat anti-rabbit 

or goat anti-mouse conjugated to Cy3 (Texas Red), or Alexa Fluor 488 (Green) 

secondary antibodies were used at a dilution of 1:500 for overnight at 4°C in 10% 

blocking solution after washing the slides 5 times with PBS for an hour at room 

temperature. Slides were mounted with mounting medium containing DAPI, and sealed 

with nail hardner before keeping them at 4°C in the dark. Confocal microscopy was done 

in the Integrated Biomedical Imaging Facility of Creighton University School of 

Medicine. Image analysis was done with ImageJ software (NIH) by calculating the mean 

fluorescence intensity. 

 

2.5 DNA Analysis 

2.5.1 Competent Cells 

Ultracompetent cells were made from a E.coli (DH5α) by calcium chloride (CaCl2) 

method. DH5α (100µl) was added to 1 liter LB (Luria Broth) in a 6 liter flask (making 

sure to keep sufficient air for early- or mid-log phase cell growth) and cultured at 37°C in 

an orbital shaker at 250 rpm to an OD590 of 0.375 (OD should not exceed 0.4 for 

competency). Culture was divided into twenty 50ml prechilled, sterile tubes and kept in 

ice for 10 minutes. The cultures were spun at 3000 rpm for 7 minutes at 4°C, without 

centrifuge breaking. Cells were resuspended in 10ml ice-cold 0.1M CaCl2 solution after 

discarding the supernatant. Cells were centrifuged again at 2500 rpm for 5 minutes at 

4°C. After discarding the supernatant, cells were resuspended in 10ml ice-cold 0.1M 

CaCl2 + 15% glycerol solution. The suspension was kept on ice for 12-24 hours to 
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increase competency. Ultracompetent DH5α cells were then aliquoted into prechilled 

1.5ml microcentrifuge tubes (100-250µl), and kept at −80°C.  

 

2.5.2 Bacterial Transformation and Innoculation  

Ultracompetent DH5α cells were taken from -80°C refrigerator and thawed in ice for 

10 minutes. Plasmid DNA (1µl or 2.5µl of 100ng/µl) was added in to the 100µl or 250µl 

ultracompetent DH5α cells, respectively, and kept in ice for 30 minutes. Heat shock was 

given at 42°C for 60 seconds and kept in ice for 2 minutes before adding 900µl or 750µl 

of SOC medium, respectively. Cells were incubated at 37°C for 1 hour with 200rpm in an 

orbital shaker. Cells were pelleted down at 7000rpm for 10 minutes and supernatant was 

discarded keeping 50-100µl of the medium. Cell pellet was resuspended by tapping and 

plated on a LB-Agar ampicillin plate (100µg/ml ampicillin) and kept at 37°C overnight. 

Single colony was picked and put in a 50ml tube containing 10ml LB medium with 

100µg/ml ampicillin. The setup was incubated in an orbital shaker at 37°, 200rpm for 

overnight, until the medium became cloudy. 

 

2.5.3 Plasmid DNA Isolation: 

2.5.3.1 Mini-prep 

Plasmid DNA was isolated from the cultured bacteria with PureYield™ Plasmid 

Miniprep System (Promega, Madison, WI). The bacteria culture was centrifuged at 

350×g for 10 minutes, and pellet was resuspended in 600µl nanopure water. Alkaline cell 

lysis was done with 100µl cell lysis buffer (blue) by inverted the tube 6 times. 350µl of 

an ice-cold neutralization solution (yellow) was added to the lysed cells and mixed by 
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inverting the tube until the sample turned yellow. Sample was centrifuged at maximum 

speed in a microcentrifuge for 3 minutes and supernatant was carefully collected (without 

disturbing the cell debris) in a minicolumn placed on top of a collection tube. After 

removing the flowthrough from centrifugation, the column was washed with 200µl 

endotoxin removal wash (ERB) and 400µl column wash buffer (CWC), respectively. 

DNA was eluted by adding 30µl of nanopure water directly on top of the column and 

centrifuging at maximum speed for 15 seconds. Purity and quantity of the isolated DNA 

was checked with nanodrop 2000 (Thermo Fisher Scientific, Pittsburg, PA). 

2.5.3.2 Midi-prep 

To upscale the DNA yield, primary innoculation (10ml) was transferred to a 

secondary innoculation of 250ml with 100µg/ml ampicillin, and isolated with 

PureYield™ Plasmid Midiprep System (Promega, Madison, WI). Cells were pelleted 

down at 5000×g and resuspended in cell resuspension solution. Cell lysis was done with 

6ml cell lysis solution by inverting the tube 3-5 times. The sample was neutralized with 

10ml neutralization solution and inverted 5-10 times before centrifuging at 15,000×g for 

15 minutes. The supernatant was carefully put onto an assembly of blue PureYield™ 

Clearing Column on top of a white PureYield™ Binding Column and placed on a 

vacuum manifold. After removing the liquid from both the stacked columns, blue column 

was removed. White column was washed with 5ml endotoxin removal wash and 20ml 

column wash solution with vacuum manifold. Complete removal of alcohol residues from 

the column was followed by elution with 400-600µl nanopure water through 

centrifugation in a 50ml tube.  Quality and quatity of DNA was assessed with nanodrop 

2000 (Thermo Fisher Scientific, Pittsburg, PA). 
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2.5.4 Genomic DNA Isolation and PCR 

Genomic DNA was isolated from human peripheral blood eosinophils with DNeasy 

Blood & Tissue Kit (Qiagen, Valencia, CA) as per manufacturer’s instructions. High 

quality genomic DNA was used to amplify 2 different regions of CLC3 promoter with 

Phusion Hot Start II High-Fidelity DNA Polymerase (Thermo Scientific, Pittsburg, PA) 

for promoter bashing. Specific primers were designed with Primer-BLAST (NCBI) to 

generate a long and short CLC3 promoter with 15 bases extensions of the promoterless 

cloning vector (PGL4.17) on forward and reverse for recombinant cloning at HindIII site 

of the vector. 

 

2.5.5 Recombinant Cloning 

The promoterless cloning vector PGL4.17 (Promega, Madison, WI) was cut with 

HindIII (New England Biolabs, Ipswich, MA) as per manufacturers instructions and was 

purified with PCR Purification Kit (Qiagen, Valencia, CA) along with the CLC3 

promoter PCR products. Cloning was done using In-Fusion® PCR Cloning System 

(Clontech, Mountain View, CA) as per manufacturer’s instructions and transformed into 

DH5α competent cells with 100µg/ml ampicillin. 

 

2.5.6 Site-directed Mutagenesis 

To test the direct involvement of AP-1 in transcriptional regulation of CLC3, a site-

directed mutagenesis was introduced on one of the AP-1 binding sites on the CLC3 

promoter, close to the transcription initiation site. Primers were designed in such a way 

that they replace two bases in the AP-1 consensus-binding site from TGACTC to 
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CTACTC in a PCR reaction with either Q5SDM (New England Biolabs, Ipswich, MA), 

or Phusion Hot Start II High-Fidelity DNA Polymerase (Thermo Scientific, Pittsburg, 

PA). In the PCR thermocycling, annealing temperature was kept according to the primers 

used, and the extension time was modulated according to the length of the amplicon.   

 

2.5.7 DNA Sequencing  

Plasmid DNA was isolated with PureYield™ Plasmid Miniprep System (Promega, 

Madison, WI). 1µg of the high quality plasmid DNA with respective sequencing primers 

(12.8 pmols/20µl) were sent to University of Nebraska Medical Center (UNMC) core 

facility for sequencing.  

 

2.6 Bioinformatics 

2.6.1 Identification of CLC3 Promoter 

Eukaryotic Promoter Database (EPD) from Swiss Institute of Bioinformatics (SIB) 

and University of California Santa Cruz (UCSC) Genome Bioinformatics tools were 

utilized to predict the promoter region of CLC3. RNA-seq from the Encyclopedia of 

DNA Elements (ENCODE) (Caltech, Cold Springer Lab, Genome Institute of Singapore, 

Stanford, Yale, USC, Harvard, and HAIB), in addition to H3K27Ac Mark, DNase I 

Hypersensitivity Clusters, and Transcription Factor ChIP-seq from ENCODE were used 

to identify the promoter/regulatory region of CLC3 and the transcription start site. 
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2.6.2 Identification of Transcription Factor Binding Sites 

To identify the transcription factor binding sites on CLC3 promoter, different 

bioinformatics tools were utilized. Predicting associated transcription factors from 

annotated affinities (PASTAA) [192] utilizes an algorithm to predict binding affinities of 

transcription factors to a given promoter and spots transcription factors linked with 

functional categories. Promoter analysis pipeline (PAP) [193, 194] consists of two 

components; data processing pipeline gathers a set of algorithms to create the results of 

promoter analysis, while its user interface probes and processes the stored data with 

respect to the input sequence. Search for transcription factor binding sites was done with 

conserved sequences in the promoter and databases of transcription factors, TRANSFAC 

and JASPAR. Probability scores of each transcription factor and their distributions were 

computed. Results were stored in a database (PAPdb), which was used to predict the 

transcription factors that are most likely to regulate CLC3. Another tool used to decipher 

transcription factors on CLC3 promoter was DECipherment Of DNA Elements 

(DECODE), a Champion ChiP transcription factor search portal, which is based on 

SABiosciences' (Qiagen, Valencia, CA) proprietary database. It combines text-mining 

application and data from the UCSC Genome Browser to compose a list of probable 

binding sites for human transcription factors for a given gene in the human genome.  

 

2.6.3 Prediction of Translation Frame 

Expasy bioinformatics tool was used to confirm the frame of translation before 

cloning was performed. The sequence was inserted in the software and run to get the 

viable translational frames. 
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2.7 CLC3 cDNA and Promoter Plasmids and HEK293 Transfection 

For CLC3 cDNA studies, GFP-tagged ORF gene clone of CLC3b (Accession 

number: NM_001829.2) and RFP-tagged ORF clone of CLC3e (Accession number: 

NM_173872.2) were obtained from Origene, Rockville, MD. These ampicillin-resistant 

plasmids were transformed into DH5α ultracompetent cells and amplified. Plasmid 

isolation was done with PureYield™ Plasmid Mini/Midiprep System (Promega, Madison, 

WI). Fugene HD (Promega, Madison, WI) was used to transfect 4µg of individual 

plasmids (CLC3b or CLC3e) and 2µg of each one of them in combination 

(CLC3b+CLC3e), in a DMEM (Sigma-Aldrich, St. Louis, MO) complete medium 

(DMEM+10%FBS) at a ratio of 4:1 for 72 hours at 37°C with 5% CO2 in HEK293 cells 

as per manufacturer’s instruction. 

For the CLC3 promoter study, Firefly Luciferase vector PGL4.17 (Promega, 

Madison, WI) with CLC3 promoter and PGL4.73 Renilla Luciferase vector with SV40 

promoter (Promega, Madison, WI) were co-transfected (50:1) for 48 hours in HEK293 

cells with FuGENE® HD Transfection Reagent (Promega, Madison, WI) in a 4:1 

(transfection reagent:DNA) ratio. The transfection was performed in a similar condition 

as described above in DMEM complete medium (DMEM+ 10% FBS+ 1% 

Penicillin/Streptomycin) at 37°C in a 5% CO2 incubator. Treatment with different 

concentrations of various cytokines (TGF-β1, TGF-β2, Eotaxin-1, Eotaxin-3, and IL-5) 

was done after 24 hours of transfection. 
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2.8 Functional Analysis 

2.8.1 Dual-Luciferase Assay 

Cell lysis was done with PLB lysis buffer and luminescence was measured after 

adding LAR II to detect firefly luciferase followed by Stop & Glo® reagent in a Dual-

Luciferase® Reporter Assay System (Promega, Madison, WI) to detect Renilla luciferase 

activity with Modulus Microplate (Turner Biosystems) equipped with dual injectors. 

 

2.8.2 Chemotaxis 

Isolated eosinophils were put in a transwell system (Costar, Corning, NY) with 5.0µm 

polycarbonate membrane for chemotaxis. Medium with or without chemoattractant 

(Eotaxin/TGF-β1) was put in the lower chamber. Equal number of eoinophils treated with 

or without Eotaxin, TGF-β1, DIDS and NPPB were put in the upper chamber and kept in 

the incubator for 90 minutes at 37°C with 5% CO2. The top of the polycarbonate 

membranes was scraped to get rid of the unmigrated cells. The membranes were stained 

with Xanthine/Thiazine, cut and put upside down on glass slides with coverslips. The 

migrating cells were counted using a bright field microscope (40X). Random 10 high 

power fields (HPFs) were chosen to count the migrating eosinophils. Results are 

expressed as the mean of migrating cells/HPF. 

 

2.8.3 Electrophysiology 

Patch clamp was performed to measure whole-cell Cl− current in isolated human 

peripheral blood eosinophils with Axopatch 200B amplifier (Axon Instruments, Foster 

City, CA, USA). Glass electrodes to meaure the current were pulled by micropipette 
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puller (Sutter Instruments Co., Novato, CA) and resistance was adjusted to 5 to 7 mΩ 

before filling them with CsCl saline. Whole–cell currents were filtered at 5 kHz with the 

eight-pole Bessel filter in the Axopatch amplifier, and were measured using ruptured cell 

membrane and obtained by step pulses. Eosinophils were clamped at a holding potential 

(Vh) of 0 mV for 500-ms, from -60 to +120 mV in 20-mV increments or -60 to +100 mV 

in 20-mV increments. The bath CsCl solution contained 140mM CsCl, 1mM CaCl2, 

1mM MgCl2 and 10mM HEPES (pH 7.4, 290 mOsm). The pipette (intracellular) solution 

contained 140mM CsCl, 0·1mM EGTA, 1mM CaCl2, 1mM MgCl2 and 10mM HEPES 

(pH 7.4, 280 mOsm). All the recordings were performed at room temperature (20-25 °C) 

using Digidata 1322A data acquisition system, Axopatch 200B patch-clamp amplifier, 

and pClamp 10 software (Axon Instruments, Foster City, CA, USA).  

 

2.8.4 Measurement of Intracellular Reactive Oxygen Species (ROS) 

Isolated human blood eosinophils were equally distributed in 24 well plates in RPMI 

complete medium (RPMI+10%FBS) and kept at 37°C with 5% CO2. Cells were 

stimulated with or without PMA, TGF-β1, TGF-β2, Eotaxin-1, Eotaxin-3, IL-5, DPI, 

DIDS, and NPPB at different concentrations from 15-30 minutes. Followed by a 30 

minutes incubation with CellROX® Deep Red Reagent (Life Technologies, Grand 

Island, NY). Cells were washed three times with PBS before measuring the ROS with 

FACS (Fluorescence-activated cell sorting). 
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2.8.5 Measurement of Extracellular Reactive Oxygen Species (ROS) 

To examine the extracellular ROS, superoxide was measured with Superoxide Anion 

Assay Kit (Sigma). Freshly isolated eosinophils were resuspended in Assay Medium and 

kept in ice until use. Assay Buffer, Luminol Solution, Enhancer Solution, PMA and SOD 

were added to respective wells according to manufacturer’s instructions. In experimental 

groups, TGF-β1, TGF-β2, eotaxin-1, eotaxin-3, NADPH oxidase blocker DPI, and 

chloride channel blockers DIDS and NPPB were added in different doses to wells of 

(white) 96-well polystyrene plate (Nunc-Immuno). To ensure equal number of 

eosinophils in each well, 100µl cell suspension in Assay Medium was added to each well 

and immediately put in a Enspire plate reader (PerkinElmer, Waltham, MA) to measure 

Luminescence for 4 hours at every 5 minutes interval.  

 

2.9 Statistical Analyses 

One-way ANOVA analyses with Tukey post hoc tests were conducted for all the 

analyses including both CLC3 RNA and CLC3b. Due to heterogeneous between-group 

variances, a Kruskal-Wallis test with Bonferroni-adjusted Mann-Whitney post hoc tests 

(p< .017) were conducted for CLC3e. For CLC3 protein, mild/moderate and 

moderate/severe groups were compared to healthy participants using student t-test using a 

reference value of 1. Statistical differences of data were evaluated by Student’s paired or 

unpaired t test and data were considered significant at P< 0.05. All other data sets were 

analyzed with one-way ANOVA. Data represent means ± S.E.M. 
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Table 1: Chemicals and Reagents  

Chemical  Catalogue # Company Location 

RPMI-1640 Medium R8758 Sigma-Aldrich St. Louis, MO 

AutoMACS Running Buffer 130-091-

221 

Miltenyi Biotec Auburn, CA 

Eosinophil Isolation Kit 130-092-

010 

Miltenyi Biotec Auburn, CA 

AutoMACS Rinsing Solution 130-091-

222 

Miltenyi Biotec Auburn, CA 

TWEEN® 20 P9416 Sigma-Aldrich St. Louis, MO 

mirVana™ miRNA Isolation Kit AM1560 Life Technologies Grand Island, NY 

PMA P1585 Sigma-Aldrich St. Louis, MO 

DIDS D3514 Sigma-Aldrich St. Louis, MO 

NPPB N4779 Sigma-Aldrich St. Louis, MO 

DPI D2926 Sigma-Aldrich St. Louis, MO 

Phloretin P7912 Sigma-Aldrich St. Louis, MO 

Rottlerin R5648 Sigma-Aldrich St. Louis, MO 

SIS3 S0447 Sigma-Aldrich St. Louis, MO 

CellROX® Deep Red Reagent C10422 Life Technologies Grand Island, NY 

Dual-Luciferase® Reporter 1000 

Assay System 

E1980 Promega Madison, WI 

PGL4.17 E6721 Promega Madison, WI 

PGL4.73 E6911 Promega Madison, WI 



 

	   70	  

CLC3b-GFP RG214128 Origene Rockville, MD 

CLC3e-GFP RG214183 Origene Rockville, MD 

pCMV6-AC-RFP PS100034 Origene Rockville, MD 

Recombinant Human TGF-β1 100-21C Peprotech Rocky Hill, NJ 

Recombinant Human TGF-β2 10035B Peprotech Rocky Hill, NJ 

Recombinant Human Eotaxin-1 300-21 Peprotech Rocky Hill, NJ 

Recombinant Human Eotaxin-3 300-48 Peprotech Rocky Hill, NJ 

Recombinant Human IL-5 200-05 Peprotech Rocky Hill, NJ 

ImProm-II™ Reverse 

Transcription System 

A3800 Promega Madison, WI 

Phusion High-Fidelity DNA 

Polymerase 

F-534S Thermo Scientific Pittsburg, PA 

Hind III R0104T New England 

Biolabs 

Ipswich, MA 

Sgf I/AsiSI R0630S New England 

Biolabs 

Ipswich, MA 

Mlu I R0198S New England 

Biolabs 

Ipswich, MA 

100 bp DNA Ladder N3231S New England 

Biolabs 

Ipswich, MA 

1kb DNA Ladder N3232S New England 

Biolabs 

Ipswich, MA 

Phosphate Buffered Saline BP2944 Fisher Scientific Rockford, IL 
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Hank's Balanced Salt Solution 20-023-CV Corning/Cellgro® Manassas, VA 

Histopaque 1077 10771 Sigma-Aldrich St. Louis, MO 

Precision Plus Protein™ Dual 

Color Standards 

161-0374 Bio-Rad Hercules, CA 

FuGENE® HD E2311 Promega Madison, WI 

PureYield™ Plasmid Miniprep A2495 Promega Madison, WI 

PureYield™ Plasmid Midiprep A1222 Promega Madison, WI 

Dulbecco’s Modified Eagle’s 

Medium 

D5796 Sigma-Aldrich St. Louis, MO 

QIAquick PCR Purification Kit 28104 Qiagen Valencia, CA 

In-Fusion® HD Cloning Plus 638909 Clontech Mountain View, 

CA 

SB328437 SML0207 Sigma-Aldrich St. Louis, MO 

Dexamethasone-Water Soluble D2915 Sigma-Aldrich St. Louis, MO 

Luria broth base L1900 Sigma-Aldrich St. Louis, MO 

LB Broth with agar L2897 Sigma-Aldrich St. Louis, MO 

Blocking-Grade Milk 170-

6404XTU 

Bio-Rad Hercules, CA 

SuperSignal West Dura 

Chemiluminescent Substrate 

34076 Thermo Scientific Rockford, IL 

GelStar™ Nucleic Acid Gel 

Stain 

50535 Lonza® Allendale, NJ 

Penicillin/Streptomycin Mixture BP2959-50 Fisher Scientific Rockford, IL 



 

	   72	  

Penicillin G Sodium Salt BP2955-5 Fisher Scientific Rockford, IL 

RIPA Buffer R0278 Sigma-Aldrich St. Louis, MO 

Protease Inhibitor Cocktail P8340 Sigma-Aldrich St. Louis, MO 

Fetal Bovine Serum S11195 Atlanta 

Biologicals 

Flowery Branch, 

GA 
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Chapter 3 

 

 

CLC3 Expression in Nasal Lavage and Blood Eosinophils of 

Asthmatic Patients and Novel Isoforms of CLC3 in Blood 

Eosinophils 
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3.1 Abstract 

Background: Eosinophilia is a characteristic feature of allergic airway inflammation 

and remodeling. Chloride channel-3 (CLC3) in eosinophils has been associated with 

superoxide generation and respiratory burst. The CLC3 gene may produce multiple 

transcript variants through alternative splicing. However, the presence of CLC3 variants 

in human eosinophils is unknown.  

Objective: We examined the expression of CLC3 transcript variants in peripheral 

blood eosinophils of allergic asthmatics and healthy individuals. Potential of these 

obligatory dimers to form homo- or hetero-dimers was examined in HEK293 cells co-

transfected with CLC3b-GFP and CLC3e-RFP. 

Methods: Eosinophils were isolated from peripheral blood by negative selection.  

Expression of CLC3 and CLC3 transcript variants was examined by qPCR, Western blot, 

and immunofluorescence. Confocal micrographs were analyzed with Image J software. 

Results: Higher levels of novel transcript variants of CLC3 (CLC3b and CLC3e) was 

found in peripheral blood eosinophils of asthmatics compared to healthy non-atopic 

subjects. We also found higher CLC3 protein expression in the blood and nasal lavage 

eosinophils of asthmatics than healthy subjects. Both membranous and intracellular 

CLC3 expression was observed. Also, we found the presence of both homodimers and 

heterodimers of CLC3b-GFP and CLC3e-RFP in HEK293 cells. 

Conclusions: Higher and differential expression of novel CLC3 transcript variants in 

mild-to-moderate and moderate-to-severe asthmatic eosinophils suggest their critical role 

in allergic asthma. Membranous and intracellular (granular) expression of CLC3 in nasal 

lavage and peripheral blood eosinophils suggest their involvement in the activation and 
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migration of eosinophils in allergic asthma. Moreover, homo- and hetero-dimerization of 

these transcript variants may change the channel properties to exhibit these states.  

Clinical Relevance: Presence of CLC3 variants may serve as a biomarker in allergic 

asthma and additional knowledge of interaction between CLC3 transcript variants and 

their specific role in the activation and migration of eosinophils will allow to explore 

novel therapeutic approach in allergic asthma. 
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3.2 Introduction 

Eosinophils are pro-inflammatory cells, which migrate to the lungs and cause 

exacerbation of asthma. These multifunctional granulocytes are involved in the 

pathogenesis of numerous diseases and inflammatory responses including helminthes 

infections and allergic diseases like asthma. The current literature defines eosinophils as 

innate immunity cells that are classically associated with type I immune response as both, 

initiators [27] and effectors. However, certain reports question this dogma and suggest 

that tissue eosinophils are essentially governors of Local Immunity And/or 

Remodeling/Repair (LIAR) in healthy as well as diseased conditions [28]. Studies on 

human asthmatic patients have shown that eosinophil numbers are significantly increased 

in BAL (bronchoalveolar lavage) fluid, sputum, endobronchial biopsies in response to 

airway hyperresponsiveness [29]. The underlying molecular mechanism of their 

migration to the site of inflammation is still unclear.  

Chloride-conducting ion-channels, especially the CLC, family have emerged as prime 

contributors to multiple biological processes including growth, apoptosis, differentiation 

stabilization of membrane potential, excitation, cell volume regulation, protein 

degradation, fluid transport, and cell migration [127-129]. Expression of CLC3 is 

reported in multiple cell organelles including lysosomes, cell membrane, and nucleus 

[150]. CLC3 helps in the acidification of intracellular vesicles [151] and assists in the 

loading of transmitters in GABAergic synaptic vesicles in addition to regulating cell 

volume, migration and proliferation [152]. Knockout studies with mice suggest CLC3 is 

involved in the protein degradation machinery. Absence of CLC3 results in neuronal 

degeneration and neuronal ceroid lipofuscinosis (NCL) [153]. CLC3 is also involvement 
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in smooth muscle cell activation and neointima formation [154] in addition to neutrophil 

oxidative function, phagocytosis, shape change, and migration [155, 156]. Inhibition of 

CLC3 by orphan second messenger, Ins(3,4,5,6)P4 has demonstrated multiple 

physiological roles of CLC3 including inhibition of Ca2+-activated chloride conductance 

in epithelial cells [157] modulating epithelial transport and endosomal pH regulation 

[158], inhibition of chloride conductance in the postsynaptic membrane of neonatal 

hippocampal neurons, and modulation of tumor cell migration and inflammation [159]. 

Ubiquitous expression of CLC3 in different cell types, specifically in immune cells 

makes it very important in understanding mechanism of allergic asthma. Eosinophils also 

express CLC3, which helps in the regulation of superoxide production [98]. This Cl−/H+ 

antiporter is involved in the migration of neutrophils [155, 156], which are derived from 

the same lineage of hematopoietic stem cells as eosinophils.  

CLC3 exists as dimer like other CLC channels in a double-barreled configuration 

[142, 160, 161]. On alternate splicing, CLC3 gene gives rise to multiple transcript 

variants. Although, they are thought to be an obligatory homodimer [140], presence of 

multiple transcript variants increases the probability of them combining together as a 

homodimer or heterodimer in normal and pathological conditions and may change the 

channel properties accordingly. Identifying the significance of these transcript variants in 

specific diseased condition may prove instrumental in understanding the molecular basis 

of the disease and help in devising therapeutic approaches. Two transcript variants of 

CLC3 have been relatively well characterized in human genome, CLC3b and CLC3e 

[162-164]. Very little is known about the function of the long form of CLC3 (CLC3e), 

which is predominantly found on the membrane, co-localized with an epithelial-specific 



 

	   78	  

scaffolding protein EBP50 and cytoplasm of epithelial cells. CLC3e has an extra 76bp 

exon, making its cytoplasmic domain 48 amino acids longer than CLC3b, and has a PDZ-

binding domain [163]. Short isoform of CLC3 (CLC3b) contains a 202 amino acid long 

cytosolic c-terminus and has been show to function as a volume-sensitive outwardly 

rectifying anion channel (VSOAC) in certain cell types [149, 162].  

In this study, expression of novel CLC3 transcript variants in human peripheral blood 

eosinophils was examined and compared between healthy subjects and asthmatics to 

understand the expression profile of CLC3 in eosinophils and its relationship with 

allergic asthma.  
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3.3 Materials and Methods 

Recruitment of Human Volunteers 

This study was approved by the Institutional Review Board (IRB) of Creighton 

University. Informed consent was taken from male and female volunteers aged 19-65 

years for blood and nasal lavage. Volunteers were asked not to take any medication 

including antihistamines, corticosteroids, β-agonists or theophylline, and were requested 

to refrain from caffeine and caffeine containing products for at least 2 days before the 

blood draw. However, moderate to severe asthmatics who were on inhaled corticosteroids 

were also taken as volunteers. Volunteers with asthma were diaganozed with mild to 

moderate (M/M), or moderate to severe asthma (M/S) in the Allergy Division at 

Creighton University Medical Center.   

 

Isolation of Human Blood Eosinophils 

Eosinophils were isolated from the peripheral blood of healthy and asthmatic 

individuals using negative selection in a cocktail of antibodies provided in Eosinophil 

Isolation Kit (Miltenyi Biotec, Auburn, CA), with autoMACS (Miltenyi Biotec, Auburn, 

CA). Purity (>99%) and viability (>98%) of eosinophils were determined by staining 

with Hema-Diff (StatLab, Lewisville, TX), and Trypan Blue (Sigma Aldrich, St. Louis, 

MO) respectively.     

 

Nasal Washing 

Nostrils were washed 3 times each with sinus rinse bottle (NeilMed, Santa Rosa, CA) 

containing warm (37°C) normal saline and filtered with 100µm filter (Corning) before 
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centrifuging at 300 ×g for 5 minutes at 4°C. Pelleted down cells were washed with HBSS 

before and fixed in a cytospin slide.  

 

RNA Isolation and Reverse Transcription 

Eosinophils were washed with ice cold PBS and total RNA was isolated using 

Ambion® mirVana™ miRNA Isolation Kit (Life Technologies, Grand Island, NY) as per 

manufacturer’s instructions. Total RNA (500 ng) was reverse transcribed with ImProm-

II™ Reverse Transcription System (Promega, Madison, WI).  

 

Real-time PCR 

Real time PCR was done using specific primers (Figure 13) for CLC3 

TTTATGCCATGGTTGGTGCTGCTG (sense) and 

ATAAATGCCTTCCCTGCCAAAGGC (antisense), CLC3b 

CGTTGGCAGTTCTCGGGTGTGTTT (sense) and 

TATAATGCCAAGGAGGCGCCCAT (antisense), CLC3e 

TCGAGCAACTAAAGCAGCACGTCG (sense) and 

TTGGTTTGCCGTCTGGGCCATA (antisense) in CFX96 Real time PCR system (Bio-

Rad, Hercules, CA). iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) was used as the 

reaction mixture as per manufacturer’s instructions. Analysis was done relative to 18S 

TCAACTTTCGATGGTAGTCGCCGT (sense) TCCTTGGATGTGGTAGCCGTTTCT 

(antisense) or GAPDH 5’-TCGACAGTCAGCCGCATCTTCTTT-3’ (sense) 5’-

ACCAAATCCGTTGACTCCGACCTT-3’ (antisense) as the reference gene in which the 

value of 2−ΔΔcq was calculated for the fold change in the gene expression in eosinophils 
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isolated from healthy individuals as compared to the asthmatics, where ΔΔCq is 

(Cqasthmatic−Cqhealthy)CqCLC3−(Cqasthmatic−Cqhealthy)Cq18S. 

 

Protein Isolation and Western Blot 

Freshly isolated eosinophils were washed with ice-cold PBS before lysing them in 

RIPA buffer (Sigma Aldrich, St. Louis, MO) and cocktail of protease inhibitors (Sigma 

Aldrich, St. Louis, MO) at 4°C. CLC3 monoclonal antibody (NeuroMab, UCDavis, CA) 

at dilutions of 1:500 was used overnight at 4°C in blocking solution, after blocking them 

in 5% non-fatty blocking grade milk (Bio-Rad, Hercules, CA) in PBST (Phosphate-

buffered saline Tween 20) for an hour. Horse radish peroxidase (HRP)-conjugated anti-

mouse secondary antibody at 1:1000 dilution was used in blocking solution. Membranes 

were washed before visualizing the protein bands under imaging machine (Bio-Rad, 

Hercules, CA) with super west dura (Thermo Fisher). Densitometric analysis was 

performed with ImageJ software (NIH). 

 

Immunofluorescence and Confocal Imaging 

Pure eosinophils isolated from the blood of healthy and asthmatic individuals and 

cells collected from the nasal washing of asthmatic patients were fixed on slides with 

cytospin. Cells were stained with CLC3 antibodies (GenWay Biotech, Inc, San Diego, 

CA; NeuroMab, UCDavis, CA) at dilutions ranging from 1:500 to 1:100, overnight at 

4°C in 10% blocking solution. Goat anti-rabbit or goat anti-mouse conjugated to Alexa 

Fluor 488 (Life Technologies, Grand Island, NY) secondary antibodies were used at a 

dilution of 1:500 for overnight at 4°C in 10% blocking solution after washing the slides 5 
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times with PBS for an hour at room temperature. Slides were mounted with 

VECTASHIELD mounting medium containing DAPI (Vector Laboratories, Burlingame, 

CA), and sealed with nail hardner before keeping them at 4°C in the dark. Confocal 

microscopy was done in the Integrated Biomedical Imaging Facility of Creighton 

University School of Medicine. Image analysis was done with ImageJ software (NIH) by 

calculating the mean fluorescence intensity. 

 

CLC3 Plasmids and HEK293 cell Transfection  

To examine the homo- or hetero-dimerization of CLC3 protein, HEK293 cells were 

transfected with plasmids containing CLC3b and CLC3e plasmids. GFP-tagged ORF 

gene clone of CLC3b (Accession number: NM_001829.2) and RFP-tagged ORF clone of 

CLC3e (Accession number: NM_173872.2) were obtained from Origene, Rockville, MD. 

4µg of individual plasmids (CLC3b or CLC3e) and 2µg of the combination 

(CLC3b+CLC3e) was transfected with FuGENE HD (Promega, Madison, WI) in DMEM 

(Sigma-Aldrich, St. Louis, MO) complete medium (DMEM+10%FBS) at a ratio of 4:1 

for 72 hours at 37°C with 5% CO2 in HEK293 cells as per manufacturer’s instruction. 

Confocal microcroscopy was performed in the Integrated Biomedical Imaging Core 

Facility (IBIF) of Creighton University. Cells were visualized under confocal microscope 

and a z-stack was taken to check the location and co-localization of these proteins. 

To confirm the production of correct mRNA transcripts in the transfected cells, real-

time PCR was done with the primers specifically designed to identify respective CLC3 

transcript variants, as described above with eosinophils.  
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Statistical Analyses 

One-way ANOVA analyses with Tukey post hoc tests were conducted for all the 

samples. For skewing the data, an outlier from the healthy group of CLC3 RNA analysis 

was removed. Due to heterogeneous between-group variances, a Kruskal-Wallis test with 

Bonferroni-adjusted Mann-Whitney post hoc tests (p< 0.017) were conducted for CLC3e. 

For CLC3 protein, mild-to-moderate and moderate-to-severe groups were compared to 

healthy participants using independent student t-test. 

 

Table 2: Information on the recruited volunteers for CLC3 expression analysis 

 

Volunteers/Parameters Healthy Mild-Moderate 
Asthmatics 

Moderate-Severe 
Asthmatics 

Age (Years) 21-62 19-54 30-63 
Sex (M/F) 5/5 0/10 5/5 
Atopy No Yes Yes 
Medication (At the 
time of procedure) 

N/A N/A Advair 250/50 or 
500/50 
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3.4 Results 

Expression of CLC3 isoforms in asthmatic blood eosinophils 

Higher levels of the mRNA transcripts of CLC3, CLC3b (Primer pair: Exon 12-14 

junction, >5 fold) and CLC3e (Primer pair: Exon 13-14 junction, >6 fold) were found in 

M/M and M/S asthmatic eosinophils compared to eosinophils from healthy subjects 

(Figure 13-16). CLC3 and CLC3e mRNA transcripts were significantly higher in M/S 

asthmatics than healthy subjects. However, the level was significantly lower in 

comparison to M/M asthmatics. Interestingly, CLC3b transcripts levels were significantly 

higher in M/S asthmatic eosinophils compared to healthy individuals (Figure 15). Since 

M/S asthmatics were on inhaled corticosteroids, possibility of corticosteroid effect on 

CLC3 transcript variants was tested in eosinophils under in vitro conditions. There was 

no significant effect of dexamethasone on mRNA transcript levels of CLC3 variants 

(Figure 17). Primer pair designed to bind to both the transcript variants at exon 10-11 

junction did not add up to the other variants. This may suggest presence of another 

transcript variant of CLC3 in human blood eosinophils at exon 10/11. This novel 

transcript variant is yet to be identified. Exploring expression and significance of these 

transcripts may provide another dimension to the physiological and pathophysiological 

role of CLC3 channels in eosinophils and allergic airway inflammation. 
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Figure 13: Constructs of primers designed to identify CLC3 transcript variants in 

blood eosinophils. Chromosome 4 shows the position of CLC3 at q33. Primer pair 

intended to bind to both the transcript variants (b and e) was designed at 10-11 exon-

exon junction. To differentiate between CLC3b and CLC3e transcript variants, primer 

pairs were designed at 12-14 and 13-14 exon-exon junctions, respectively. 
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Figure 14: CLC3 expression in healthy, M/M and M/S asthmatic blood eosinophils. 

CLC3 mRNA transcript was significantly higher in M/M (N=9) and M/S asthmatics 

(N=10) compared to healthy subjects (N=10). However, M/S asthmatic CLC3 expression 

was significantly lower than that of M/M asthmatics. *p< 0.05, ****p< 0.0001. An 

outlier from the healthy group was removed from the analysis. 
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Figure 15: CLC3b expression in healthy, M/M and M/S asthmatic blood eosinophils. 

CLC3b mRNA transcript was significantly higher in M/M (N=10) and M/S asthmatics 

(N=10) compared to healthy subjects (N=10). Unlike CLC3, CLC3b expression in M/S 

asthmatic was comparable to M/M asthmatics. **p< 0.01, ***p< 0.001. 
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Figure 16: CLC3e expression in healthy, M/M and M/S asthmatic blood eosinophils. 

CLC3e mRNA transcript was significantly higher in M/M (N=10) and M/S asthmatics 

(N=10) compared to healthy subjects (N=10). However, M/S asthmatic CLC3 expression 

was significantly lower than that of M/M asthmatics. *p< 0.05, ****p< 0.0001. 
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Figure 17: Effect of Dexamethasone on CLC3 transcript variants. There was no 

significant effect of Dexamethasone on the mRNA levels of CLC3 transcript variants in 

blood eosinophils. N=4, *p< 0.05. 
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Membrane and intracellular expression of CLC3 on human peripheral blood 

eosinophils 

The Western blot data revealed a similar trend with highest CLC3 expression in M/M 

and non-significant difference in M/S compared to blood eosinophils from healthy 

individuals (Figure 18). However, analysis of CLC3 expression through 

immunofluorescence showed lower, but significant expression of CLC3 in the 

eosinophils of M/S asthmatics in addition to a high expression of CLC3 in M/M 

asthmatics compared to the healthy subjects (Figure 19). To take an active part in the 

migration of eosinophils, CLC3 should be present on the plasma membrane. Staining 

with CLC3 antibody showed membranous and intracellular expression of CLC3 in 

freshly isolated human peripheral blood eosinophils (Figure 19). Additionally, blood 

eosinophils (especially from asthmatics) showed heterogeneity in regards to the 

expression of CLC3 between and in the tested subjects suggesting the presence of 

dual/multiple phenotype of eosinophils perhaps related to their hypo- and normo-dense 

characteristics [195, 196]. Expression of CLC3 thus could be a biomarker of the active 

state of eosinophils in allergic asthma.    
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Figure 18: CLC3 protein expression in blood eosinophils. CLC3 protein expression was 

significantly higher in M/M asthmatics (N=5) compared to the healthy subjects (N=5). 

However, M/S asthmatic (N=3) did not show a significant difference than the healthy 

CLC3 protein expression. A) Western blot showing specific bands for CLC3 protein. B) 

Densitometry of western blot to analyze the relative protein expression.  ***p< 0.001. 
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Expression of CLC3 on nasal lavage eosinophils 

To correlate the findings in asthmatic blood eosinophils with migrated tissue-bound 

eosinophils, expression of CLC3 in the eosinophils of nasal lavage of asthmatic 

individuals were examined. There were no inflammatory cells in the nasal washings of 

healthy volunteers, so they were excluded from the analysis. Nasal lavage eosinophils 

from M/M asthmatics were intact with high level of CLC3 expression and looked more 

intracellular than membranous as compared to the blood eosinophils (Figure 19). This is 

the first report to show a possibility of CLC3 expression in the granules of human 

eosinophils. Intriguingly, unlike blood eosinophils, there was higher expression of CLC3 

in the nasal lavage eosinophils of M/S than M/M asthmatics (Figure 19). Remarkably, 

most of the nasal lavage eosinophils in M/S asthmatics were degranulating and 

cytolytically releasing free eosinophil granules. Cell and nucleus size was also increased 

and the plasma membrane was not visible (Figure 19). 

 

 

 

 

 

 

 

 

 

 



 

	   93	  

 

Figure 19: Cellular expression of CLC3 in blood and nasal lavage eosinophils. CLC3 

protein expression was significantly higher in M/M (N=5, total cells=209) and M/S 

asthmatic eosinophils (N=5, total cells=161) compared to the healthy subjects (N=5, 

total cells=239). A) Confocal micrographs showing membrane and intracellular 

expression of CLC3 in peripheral blood eosinophils. M/M asthmatic eosinophils showed 

higher expression of CLC3 than the healthy subjects. The CLC3 expression looked 

heterogeneous with some eosinophils showing more CLC3 expression than the others. B) 

Image analysis of the confocal micrographs showed higher expression of CLC3 in 
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asthmatic patients. C) Immunofluorescence micrographs showed granular (intracellular) 

expression of CLC3. The nasal lavage eosinophils in M/S group showed loss of 

membrane and degranulation. D) M/S asthmatic nasal lavage eosinophils (N=4, total 

cells=21) showed significantly higher expression of CLC3 compared to M/M asthmatic 

nasal lavage eosinophils (N=4, total cells=20). **p< 0.01, ****p< 0.0001. To remove 

any bias, mean fluorescence of all the cells in the micrographs in the respective slides 

were analyzed.  

 

Transfection and Expression of CLC3b and CLC3e in Cell Lines 

Transfection efficiency in HEK293 cells was >90% Transfection. Individual 

transcript variants (CLC3b-GFP or CLC3e-RFP) and combination of both (CLC3b-

GFP+CLC3e-RFP) plasmids showed evidence of membranous and intracellular 

expression of CLC3 proteins. Confocal microscopy showed abundant expression of 

homo-dimers of CLC3b and CLC3e. However, there was very low degree of co-

localization of these proteins, which may suggest a hetero-dimerization (Figure 20). 

Interestingly, CLC3b and CLC3e proteins looked compartmentalized in the transfected 

HEK293 cells, where CLC3e-RFP was segregated on the apical side and CLC3b-GFP 

was segregated on the dorsal side of the cells (Figure 20B).  

In order to examine the expression of the transcript variants in transfected cells, qPCR 

with primers designed to identify the transcript variants was performed. PCR 

amplification confirmed transfection to be isoform-specific in respective groups (Figure 

20C).  
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Figure 20: Co-localization of CLC3 transcript variants. HEK 293 cells transfected with 

CLC3b-GFP and CLC3e-RFP showing low co-localization suggesting homo- and hetero-

dimerization. A) Confocal micrographs showing expression of CLC3b-GFP, CLC3e-RFP 

and co-localization of CLC3b-GFP and CLC3e-RFP. B) Z-stack of the confocal 

micrograph showing segregation of the transcript variants to apical and basal plane of 

the cells. C) qPCR showing change in mRNA levels among respective transfected groups 

with specific primers designed to detect the CLC3 transcript variants. 
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Expression of CLC3 isoforms in response to eotaxin-1 

Eotaxin-1 is an important chemokine in the migration of eosinophils. Effect of eotaxin-1 

on CLC3 transcript variants was examined. CLC3 and CLC3b mRNA transcript levels 

were increased in a time-dependent manner peaking at 3 hours following 10ng/ml of 

eotaxin-1 (Figure 21). However, eotaxin-1 had a delayed response on CLC3e expression 

in eosinophils, which peaked at 24 hours. Interestingly, CLC3 and CLC3b mRNA 

transcripts levels decreased after 3 hours and were non-significant as compared to the 

control group through the 24-hour period. The mRNA transcript levels of CLC3 and 

CLC3b mRNA were significantly increased with doses 100pg/ml-1ng/ml. However, 

CLC3e did not show any effect of the different doses in 3 hours, indicating a delayed 

response of eotaxin-1 on CLC3e mRNA transcription.  
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Figure 21: Eotaxin-1 effect on CLC3 transcript variants. Eotaxin-1 increased the 

expression of CLC3 and CLC3b mRNA transcripts in 3 hours (N=3). After 6 hours, the 

mRNA levels were restored to the baseline. Interestingly, eotaxin-1 increased the CLC3e 

mRNA transcript in 24 hours suggesting a delayed transcription of CLC3e in response to 

eotaxin-1. Both CLC3 and CLC3b mRNA transcript levels were increased in a dose-

dependent manner, peaking at 100pg/ml (N=3). However, eotaxin-1 did not have any 

effect on the CLC3e mRNA transcripts in 3 hours. *p< 0.05, **p< 0.01, ***p< 0.001. 
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Expression of CLC3 isoforms in response to TGF-β1 

Following a similar trend as eotaxin-1, TGF-β1 also significantly increased the mRNA 

transcript levels of CLC3 and CLC3b in 3 hours at a dose of 10ng/ml. Like eotaxin-1 

effect on CLC3e, TGF-β1 also had a delayed effect on the CLC3e mRNA transcripts. 

However, the effect was not significant till 48 hours (Figure 22). Both CLC3 and CLC3b 

mRNA transcripts were decreased to the baseline after 3 hours and maintained the levels 

till 48 hours. Similar to eotaxin-1, TGF-β1 also increased the mRNA transcript levels of 

CLC3 and CLC3b dose-dependently, peaking at 100pg/ml and decreasing thereafter 

(Figure 22). There was no significant change in the level of mRNA transcript of CLC3e 

at different doses of TGF-β1 in 3 hours. 
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Figure 22: TGF-β1 effect on CLC3 transcript variants. TGF-β1 increased the 

expression of CLC3 and CLC3b mRNA transcripts in 3 hours (N=6). After 6 hours, the 

mRNA levels were restored to the baseline. TGF-β1 increased the CLC3e mRNA 

transcript in 24 hours suggesting a delayed transcription of CLC3e in response to 

eotaxin-1. Both CLC3 and CLC3b mRNA transcript levels were increased in a dose-

dependent manner with TGF-β1, peaking at 100pg/ml (N=3). However, TGF-β1 did not 

have any effect on the CLC3e mRNA transcripts in 3 hours. *p< 0.05, **p< 0.01. 
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3.5 Discussion 

Increase in CLC3 transcript variants and protein expression in asthmatic eosinophils 

suggest an important role of CLC3 variants in eosinophilic allergic airway inflammation 

in asthma. CLC3 has already been related to the respiratory burst of eosinophils and is 

required for the migration and activation of neutrophils. CLC3 protein is an obligatory 

dimer. The transcript variants may combine to form homo- or heterodimer (CLC3b-

CLC3b, CLC3b-CLC3e, or CLC3e-CLC3e). Different dimer formation and expression 

localization may modulate the functional characteristics of the cell to make it tuned 

towards activation or migration. The data indicate the presence of additional transcript 

variant(s) of CLC3 in eosinophils that may contribute to their pathophysiological 

properties. High level of CLC3e transcripts in the eosinophils of mild-moderate 

asthmatics suggests the key role of CLC3e variant in the migration and activation of 

eosinophils, and thus involved in the pathophysiology of allergic asthma. However, low 

level of CLC3 and CLC3e transcripts in M/S asthmatics may be correlated with 

fluticasone propionate, a corticosteroid in Avair [197]. Interestingly, CLC3b showed high 

levels of mRNA transcript even in M/S asthmatics, which may relate to non-

responsiveness of this transcript variant to the inhaled corticosteroids in asthmatic 

individuals. Dexamethasone treatment has been shown to reduce CLC3 expression in 

trabecular meshwork [198]. But, in vitro analysis of CLC3 transcripts after 

Dexamethasone treatment on peripheral blood eosinophils did not show any change. 

Inhaled corticosteroids have to go through ADME (absorption, distribution, metabolism 

and excretion) after taken up by a patient. Repetitive dose of the drug keeps the 

corticosteroids in the system for days to have their effect on inflammatory cells and 
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inflammation. However, eosinophils could not be incubated alive for such a long time in 

vitro. This could explain why we could not see any change in the CLC3 expression with 

Dexamethasone in vitro. More controlled studies needs to be performed to confirm this 

finding. 

Consistent with the blood eosinophils, reduced number of eosinophils were found in 

the nasal lavage of M/S patients on inhaled corticosteroids. However, unlike blood 

eosinophils, CLC3 expression was more in M/S eosinophils, due to the increased 

expression in granules suggesting the activated state of these cells. Eosinophil granules 

may function as extracellular receptor-mediated secretory organelles [199]. Expression of 

CLC3 on eosinophil granules may explain the release of mediators from the granules 

upon activation and explain the granule acidification. 

Co-transfection experiments on HEK293 cells with CLC3b-GFP and CLC3-RFP 

plasmids suggest homo- and hetero-dimerization of these transcript variants. However, 

the level of hetero-dimerization was extremely low. It is likely that the basal expression 

of these transcript variants is essentially homo-dimer, and hetero-dimerization only 

occurs in the activated state of cells under inflammatory cytokine milieu. This hypothesis 

is yet to be tested. Although perplexing, the segregation of CLC3e-RFP on apical side 

and CLC3b-GFP on the distal side of HEK293 cells could relate to the localization of the 

proteins for migration of cells.    

The expression pattern of CLC3 suggests its importance in the migration of blood 

eosinophils, and in activation and mediator release of nasal lavage eosinophils in allergic 

asthma. Novel finding of CLC3 transcript variants in human blood eosinophils may open 
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doors for further identification and involvement of new transcript variants of CLC3 in 

allergic asthma, and thus in the development of novel therapeutic approaches. 

In the time-course with TGF-β, mRNA transcript levels of CLC3 and CLC3b 

drastically reduced to baseline after peaking at 3 hours. This trend of decrease may 

happen due to multiple reasons, one of them being the half-life of TGF-β which is around 

50 minutes in cell culture [200]. However, this possibility was ruled out as the dose-

response shows a plateau in the mRNA levels after 10pg/ml to 100pg/ml of TGF-β. Other 

possibilities include mRNA degradation. As the level of mRNA remained contained after 

the decrease, mRNA degradation can also be ruled out. mRNA transcript levels of a gene 

may also depend upon the turnover rate and rate of protein translation. As involvement of 

epigenetic factors cannot be overlooked, participation of multiple pathways to sustain the 

CLC3 levels is probably the most likely reason. Similarly, eotaxin with a half-life of 2 

hours [201] also drives the transcript levels of CLC3 like TGF-β, which peaks at 3 hours 

and then reduces back to the control levels from 6-24 hours.  

Unlike the transcript variants CLC3 and CLC3b, CLC3e took time to reach to a 

significant level and peaked at 24 hours. Delayed response to the transcriptional signal 

with eotaxin-1 and TGF-β and highest expression levels among other CLC3 transcripts in 

asthmatic patients suggest that CLC3e might be crucial in chronic asthmatics. 

The expression pattern of CLC3 suggests its importance in the migration of blood 

eosinophils, and in activation and mediator release of nasal lavage eosinophils in allergic 

asthma. It is still not clear whether the CLC3 channel involves both the subunits for its 

activity or it can function alone. However, the consensus is on the subunits undergoing a 

conformational change to facilitate Cl−/H+ exchange. Novel finding of CLC3 transcript 
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variants in human blood eosinophils may open doors for further identification and 

involvement of new transcript variants of CLC3 in allergic asthma, and thus in the 

development of novel therapeutic approaches. 
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Chapter 4 

 

 

Role of CLC3 in the Activation and Migration of Eosinophils 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

	   105	  

4.1 Abstract 

Rationale: NADPH oxidase is responsible for respiratory burst in immune cells. 

Chloride channel-3 (CLC3) has been linked to the respiratory burst in eosinophils and 

neutrophils. Effect of cytokines and involvement of CLC3 in the regulation of NADPH-

dependent oxidative stress and on cytokine-mediated migration of eosinophils is not 

known.  

Methods: Human peripheral blood eosinophils were isolated from healthy and 

asthmatic individuals by negative selection. Real-time PCR was used to detect the 

expression of NADPH oxidases in eosinophils. Intracellular ROS measurement was done 

with flow cytometry. Superoxide generation was measured with TGF-β, eotaxin, and 

CLC3 blockers. CLC3 dependence of eosinophils in TGF-β- and eotaxin-induced 

migration was also examined. Whole-cell patch was performed to record the CLC3 

current in response to cytokines. MMPs were detected by gelatin zymography.  

Results: The mRNA transcripts of NOX2, DUOX1 and DUOX2 were detected in 

blood eosinophils with very low expression of NOX1, NOX3 and NOX5, and no NOX4 

mRNA. The level of NOX2 mRNA transcripts increased with disease severity in the 

eosinophils of asthmatics compared to healthy non-atopic volunteers. Change in 

granularity and size in eosinophils, but no change in intracellular ROS was observed with 

PMA. PMA, TGF-β and eotaxin utilized CLC3-dependent pathway to increase 

superoxide radicals. Both TGF-β and eotaxin induced CLC3-dependent chemotaxis of 

eosinophils. Eotaxin-1 and -3 dose dependently increased the CLC3 current.  
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Conclusion: These findings support the requirement of CLC3 in the activation and 

migration of human blood eosinophils, and may provide potential novel therapeutic target 

to regulate eosinophil hyperactivity in allergic airway inflammation in asthma. 
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4.2 Introduction 

Allergic asthma is a complex and heterogeneous disease. Eosinophils play a major 

role in the exacerbation of allergic asthma by migrating to the site of inflammation and 

releasing manifold granules with preformed and newly formed mediators that propagate 

excessive damage and repair cycle in the airways [26, 120]. The preformed mediators 

consist of MBP (major basic protein), EDN (eosinophil-derived neurotoxin), EPO 

(eosinophil peroxidase), and ECP (eosinophil cationic protein). The newly formed 

mediators include cytokines and chemokines (IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, 

IL-16, IL-18, IFN-γ, TNF-α), prostaglandins, leukotrienes (mostly LTC4), reactive 

oxygen species (ROS) and growth factors, including TGF-β [21, 26].  

Although MBP is highly toxic, the production and ROS released from activated 

eosinophils elicit severe damage to the airway epithelium. NADPH oxidase is a 

membrane bound oxidase that triggers respiratory burst. A typical NADPH oxidase in 

phagocytes consists of membrane-bound gp91phox (NOX2) and p22phox, in addition to the 

cytosolic p47phox, p67phox, p40phox and a small GTPase Rac. Non-phagocytic NADPH 

oxidase (NOX) consists of different homologs of NOX2, namely NOX1, NOX3, NOX4, 

and NOX5, and Dual oxidases (DUOX) [92-94]. NADPH oxidase generates superoxide 

radicals (O2
.−), which are converted into H2O2 (hydrogen peroxide) by SOD (superoxide 

dismutase). Unlike superoxide radicals, H2O2 can freely cross plasma membrane, but has 

less oxidative power. Through a chemical reaction called Fenton’s reaction, H2O2 can 

readily react with iron to convert it from ferrous (Fe2+) to ferric (Fe3+) and generate 

hydroxyl radicals (.OH). Alternatively, H2O2 can also react with H+ and Cl− to make 

hypochlorous acid (HOCl) in the presence of MPO (myeloperoxidase) [95] or in the case 
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of eosinophils, EPO (eosinophil peroxidase) [97, 98], which is a powerful oxidizing agent 

capable of oxidizing proteins and cell membranes leading to damage and inflammation in 

the airways. CLC3 has been shown to regulate the production of O2
.− in human 

eosinophils [98]. However, precise mechanism involved in the activation of eosinophils 

is still unclear. 

Eosinophil migration and activation is carefully controlled by cytokines and 

chemokines that are released from damaged epithelium or other immune cells, including 

Th2 cells. TGF-β [177, 178], eotaxin [55, 71] and IL-5 [15, 52] are major cytokines and 

chemokines controlling eosinophils from their differentiation through maturity and 

activation in a time-, space- and concentration-dependent manner. Ion channels could 

also be involved in such processes. Indeed, chloride channels are critical players in a 

variety of physiological and cellular processes, including pH regulation, volume 

homeostasis, organic solute transport, cell migration, cell proliferation and differentiation 

[127-129]. CLC3, a chloride channel and H+/Cl− antiporter has been shown to modulate 

respiratory burst in eosinophils [98] and regulates the migration and activation of 

neutrophils [155, 156]. This double-barreled antiporter [142, 160, 161] has been shown to 

be expressed ubiquitously in a variety of cells. Their expression has been detected on 

plasma membrane and intracellularly on lysosomes and nucleus [142, 150]. In this study 

we examined the role of CLC3 on eosinophil activation involving NADPH oxidase 

system, and on eosinophil migration. 
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4.3 Materials and Methods 

Human Subjects 

Informed consent from the recruited volunteers was taken from healthy subjects and 

asthmatics of either sex aged 19-65 years, as approved by the Institutional Review Board 

(IRB) of Creighton University. Asthmatic volunteers with their clinical diagnosis of mild-

to-moderate (M/M), or moderate-to-severe asthma (M/S) were recruited at the Allergy 

clinic of Creighton University Medical Center (Table 3). The exclusion criteria included 

the subjects taking antihistamines, oral corticosteroids, β-agonists or theophylline. 

However, moderate-to-severe asthmatics were on Advair (250/50 or 500/50).  

 

Table 3: Information on the recruited volunteers for NOX2 expression analysis 

Volunteers Age (Years) Sex (M/F) Atopy Medication (At the time 
of blood draw) 

Healthy 21-62 3/3 No N/A 
Mild-to-Moderate 
Asthmatics 

19-54 0/6 Yes N/A 

Moderate-to-Severe 
Asthmatics 

30-63 3/4 Yes Advair 250/50 or 500/50 

 

 

Isolation and Culture of Human Blood Eosinophils 

Eosinophils from the 120 mL venous blood of the volunteers were isolated by density 

gradient centrifugation with Histopaque 1077 (Sigma Aldrich, St. Louis, MO), dextran 

sedimentation, followed by hypotonic lysis with negative selection using eosinophil 

isolation kit (Miltenyi Biotec, Auburn, CA) in autoMACS (Miltenyi Biotec, Auburn, 

CA). Purity (>99%) and viability (>98%) of eosinophils were examined by staining with 
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Hema-Diff (StatLab, Lewisville, TX), and trypan blue (Sigma Aldrich, St. Louis, MO) 

respectively.  

The purified eosinophils were cultured in RPMI complete medium (RPMI + 10% 

FBS) at 37°C with 5% CO2.     

 

RNA Isolation and Reverse Transcription 

Eosinophils were washed with ice cold PBS and total RNA was isolated using 

Ambion® mirVana™ miRNA Isolation Kit (Life Technologies, Grand Island, NY) as per 

manufacturer’s instructions. Total RNA (500ng) was reverse transcribed with ImProm-

II™ Reverse Transcription System (Promega, Madison, WI).  

 

Real-time PCR 

Real time PCR was performed in CFX96 Real time PCR system (Bio-Rad, Hercules, 

CA) with specific primers for NADPH oxidases (Table 4) and iQ SYBR Green Supermix 

(Bio-Rad, Hercules, CA). Analysis was done relative to 18S or GAPDH as the reference 

gene in which the value of 2−ΔΔcq was calculated for the fold change in the gene 

expression in eosinophils isolated from healthy individuals compared to asthmatics, 

where ΔΔCq is (Cqasthmatic−Cqhealthy)CqNOX2−(Cqasthmatic−Cqhealthy)Cq18S, or 

(Cqtreatment−Cqcontrol)CqNOX2−(Cqtreatment−Cqcontrol)CqGAPDH. 
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Table 4: Primer Pairs for NADPH Oxidases 

Primer Accession (NCBI) Sequence (5'-3') Product 

Size (bp) 

Tm (°C) 

NOX1-F NM_007052.4 TGCGCTGGACAAATGTTCCATTCC 192 60.3 

NOX1-R NM_007052.4 TCAGGAAGGCATCCACAAACAGGA 192 60.5 

NOX2-F NM_000397.3 AGACTTTGTATGGACGGCCCAACT 103 60.4 

NOX2-R NM_000397.3 AAGGCTTCAGGTCCACAGAGGAAA 103 60.2 

NOX3-F NM_015718.2 ACCGTGGAGGAGGCAATTAGACAA 109 60.2 

NOX3-R NM_015718.2 TTCCAGGTTGAAGAAATGCGCCAC  109 60.3 

NOX4-F NM_001143836.1 AGCAGAGCCTCAGCATCTGTTCTT 115 60.4 

NOX4-R NM_001143836.1 TGGTTCTCCTGCTTGGAACCTTCT 115 60.2 

NOX5-F NM_001184779.1 TGCTGCTCCTCCTCATGTTCATCT 135 60 

NOX5-R NM_001184779.1 TCCAGAAGTTGGGCCCATGAAAGA 135 60.5 

DUOX1-F NM_017434.3 AACAATTTGTGCGGCTACGGGATG 109 60.3 

DUOX1-R NM_017434.3 TCCTGCAGGGTGGTATTTCGGATT 109 60.3 

DUOX2-F NM_014080.4 AGTACAAGCGCTTCGTGGAGAACT 85 60.3 

DUOX2-R NM_014080.4 TCTGCAAACACGCCAACACAGATG 85 60.3 

GAPDH-F NM_002046.3 TCGACAGTCAGCCGCATCTTCTTT 94 60.6 

GAPDH-R NM_002046.3 ACCAAATCCGTTGACTCCGACCTT 94 60.5 

18S-F NR_003286.2 TCAACTTTCGATGGTAGTCGCCGT 108 60.3 

18S-R NR_003286.2 TCCTTGGATGTGGTAGCCGTTTCT 108 60.2 

 

Measurement of Intracellular Reactive Oxygen Species (ROS) 

Cells were treated with 1µM PMA (Sigma-Aldrich, St. Louis, MO) for 30 minutes 

followed by a 30 minutes incubation with CellROX® Deep Red Reagent (Life 

Technologies, Grand Island, NY). Intracellular ROS was measured with FACS analysis 
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in the Flow Cytometry Core Facility of Creighton University. FACS run eosinophils were 

put on slide by Cytospin and stained with DAPI. The slides were visualized under 

fluorescence microscope (Leica). 

 

Measurement of Extracellular Reactive Oxygen Species (ROS) 

Extracellular ROS was measured with superoxide anion assay kit (Sigma-Aldrich, St. 

Louis, MO) according to manufacturer’s instructions. After adding the cytokines and 

blockers O2
.− was measured with Enspire plate reader (PerkinElmer, Waltham, MA) for 4 

hours at every 5 minutes interval.  

 

Chemotaxis 

Transwell (Costar, Corning, NY) with 5.0µm polycarbonate membrane was used for 

eosinophil chemotaxis under the influence of respective chemoattractants and blockers. 

Equal number of eosinophils were put in the upper chamber and kept in the incubator for 

90 minutes at 37°C with 5% CO2. Random 10 high power fields (HPFs) were chosen to 

count the migrating eosinophils on membranes stained with Hema-Diff™ (Statlab 

Medical Products Inc., Lewisville, TX) using a bright field microscope (Olympus, USA) 

with 20x objective.  

 

Electrophysiological Recordings 

The whole-cell patch to measure Cl- current was performed on isolated human 

peripheral blood eosinophils as described in the methods section. 
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Data Analysis 

Statistical differences of data were evaluated by student t-test, one-way or two-way 

ANOVA with Tukey’s post hoc test and data were considered significant at P< 0.05. Data 

represent means ± S.E.M.  
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4.4 Results 

NADPH Oxidase expression in human peripheral blood eosinophils 

Very low levels of NOX1, NOX3, and NOX5 were detected with no expression of 

NOX4 (Figure 23A). Relatively higher levels of DUOX1, DUOX2 and NOX2 mRNA 

transcripts were found in eosinophils, but TGF-β did not have any effect on the transcript 

levels of any of the NADPH isoforms (Figure 23A). Eotaxin-1 (10 ng/ml) decreased 

NOX2 mRNA transcripts in a time-dependent manner (Figure 23B).  

NOX2 mRNA transcripts in the eosinophils were 7-fold higher but insignificantly 

different in M/M asthmatics, and 75-fold higher and significantly different in M/S 

asthmatics compared to healthy subjects (Figure 24). These findings suggest a critical 

role of NOX2 in the activation of eosinophils in M/S asthmatics. 
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Figure 23: Expression of NADPH oxidase in eosinophils. Panel A shows real-time 

PCR, exhibiting expression of NOX2, DUOX1 and DUOX2 in blood eosinophils with low 

levels of NOX1, NOX3 and NOX5. No expression of NOX4 was detected. TGF-β1 did not 

have significant effect on the expression levels of the NADPH oxidase isoforms. N = 4; 

Panel B shows decrease in NOX2 expression with eotaxin-1 in a time-dependent manner; 

N= 4, ***p<0.001, ****p< 0.0001. 
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Figure 24: Expression of NOX2 in asthmatic blood eosinophils. Real-time PCR 

revealed significantly higher level of NOX2 mRNA transcripts in the eosinophils of 

moderate-severe asthmatics (N = 7) compared to mild-moderate asthmatics (N = 6) or 

healthy subjects (N = 6). There was no significant difference between the healthy subjects 

and mild-to-moderate asthmatic eosinophils.   ***p< 0.001; ****p< 0.0001. 
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Intracellular ROS in human peripheral blood eosinophils 

PMA increased the granularity and cell size of eosinophils (Figure 25D, E, and J, K) 

compared to untreated eosinophils (Figure 25A, B, and G, H). Also, there was a 

remarkable increase in the cell debris (Figure 25D, J) with PMA outside the analysis 

gate compared to the unstimulated cells (Figure 25A, G) suggesting degranulation of 

eosinophils. Fluorescent micrographs of CellROX and DAPI stained eosinophils further 

strengthened the observation of degranulating eosinophils in response to PMA (Figure 

25N). Compared to the unstimulated eosinophils (Figure 25B, C), PMA induced increase 

in ROS generation (Figure 25E, F) in a subset of healthy subjects, but also exhibited no 

change or decrease in intracellular ROS in the eosinophils of other volunteers (Figure 

25K, L). Although, no significant change in the intracellular ROS was observed with 

PMA stimulation among subjects (Figure 25O), there was a heterogeneity to the PMA-

stimulated change in intracellular ROS in eosinophils, as shown by two distinct 

populations of eosinophils upon PMA stimulation (Figure 25K, L). This suggests a 

possibility of segregation of eosinophil population to hypo- and normo-dense eosinophils.  
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Figure 25: Intracellular ROS in blood eosinophils. Flow cytometry analysis of 

eosinophils stained with CellROX showed change in cell size and granularity with PMA. 

Panels A, B, C represent the data in the eosinophils of one subject whereas the data in 

panels G, H, and I is obtained from another subject. In both cases, eosinophils were 

stained with CellROX without any stimulation. The corresponding data in PMA-treated 

and CellROX-stained eosinophils of these two individual is shown in panels D, E, F and 

panels J, K, L (N = 12). Panels E, F, K, L show the data from two subjects with different 

degree of segregation of two populations of eosinophils with respect to their ROS content 

after PMA stimulation. Panels M and N show fluorescent micrographs of unstimulated 
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and PMA-stimulated eosinophils, respectively, stained with CellROX and DAPI. Panel O 

shows no change in the intracellular ROS in PMA-induced eosinophils (N = 12). 

 

Extracellular ROS 

Measurement of superoxide generation in human blood eosinophils revealed the 

dependency of NADPH oxidase activity on CLC3 in the plasma membrane of 

eosinophils. PMA exhibited a quick burst of O2
.− which was partially blocked by NPPB 

(5-Nitro-2-(3-phenylpropylamino)benzoic Acid), a selective CLC3 blocker (Figure 

26A). Cytokines, TGF-β1, TGF-β2, eotaxin-1, and eotaxin-3, induced two different 

bursts of O2
.− in human peripheral blood eosinophils (Figure 26B). The first burst was 

generated at 20 minutes and was relatively lower in amplitude than the second burst that 

was generated at 55 minutes after the addition of the respective cytokines to the 

eosinophils (Figure 26B). Comparing the response of cytokines on extracellular O2
.− 

generation, TGF-β1 and TGF-β2 showed lower peak in the first burst than eotaxin-1 and 

eotaxin-3, but the second burst was higher in comparison to the latter.  

A selective CLC3 blocker, NPPB,  inhibited the extracellular ROS (O2
.−) generation 

in response to the cytokines, suggesting the dependency of ROS generation on CLC3  

(Figure 27A-D).  The NADPH oxidase inhibitor, DPI, also inhibited the extracellular 

ROS (O2
.−) generation due to TGF-β1, TGF-β2 and eotaxin-1 (Figures 27A-C). 

Interestingly, NADPH oxidase inhibitor did not reduce the eotaxin-3-induced O2
.− to the 

baseline levels, as it did in other groups. DPI significantly reduced the eotaxin-3-induced 

O2
.− generation in the first oxidative burst at 20 minutes. However, there was a slight 
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delay in the peak time of eotaxin-3-induced second respiratory burst without any 

significant change the amplitude compared to the first respiratory burst (Figure 27D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: Extracellular ROS (O2
.−) in blood eosinophils. Panel A shows luminescence 

assay indicating sharp increase in the O2
.− generation with PMA that was CLC3-

dependent. Control groups contained SOD, no enhancer, or no PMA (N= 3), p< 0.05. In 

panel B, eotaxin-1, eotaxin-3, TGF-β1 and TGF-β2 increased O2
.− release in a two-step 

process, which was lower in amplitude than PMA-induced O2
.− generation (N= 3). *p< 

0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001. 
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Figure 27: CLC3 dependence of cytokine-induced O2
.− release in blood eosinophils. 

Panels A, B, C, and D show the effect of TGF-β1, TGF-β2, eotaxin-1 and eotaxin-3 on 

O2
.− release, respectively, and CLC3 blocker, NPPB, inhibited the increase in O2

.− 

release. However, DPI blocked the O2
.− release in all except eotaxin-3-induced 

eosinophils, where it partially blocked the 20-minute burst, and delayed the second burst. 

N = 3, *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001. 
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Figure 28: Dose-response of TGF-β1 on superoxide generation in human peripheral 

blood eosinophils. At higher doses (1ng/ml onwards), superoxide release was increased 

dose-dependently with increase in TGF-β1 concentration. 

 

Effect of eotaxin-1 and eotaxin-3 on CLC3 current in human peripheral blood 

eosinophils  

Baseline chloride current was measured in freshly isolated human peripheral blood 

eosinophils from healthy volunteers. Whole-cell patch on eosinophils to record Cl− 

currents was done using symmetric Cs+ 140 mM in the pipette and the bath solution to 

block K+ currents. The voltage-dependence of whole-cell Cl− currents was observed as 

outwardly rectifying current in human peripheral blood eosinophils.  

Eotaxin-1 significantly increased the outwardly rectifying Cl− currents in human 

eosinophils in a dose-dependent manner within 3 minutes. Like eotaxin-1, eotaxin-3 also 

showed significant increase in Cl− current in a dose-dependent manner. However, the 

magnitude of increase was greater with eotaxin-3.  



 

	   123	  

 

Figure 29: Dose-response of eotaxin-1 on chloride current in human peripheral blood 

eosinophils. Eotaxin-1 increased the CLC3 current in eosinophils with increasing dose 

(1ng/ml to 10ng/ml). Panel A and B show baseline current and current with 10ng/ml 

eotaxin-1, respectively. Panels C, D and E, F show baseline (C and E) and eotaxin-1-

induced currents (D and F) at 5ng/ml and 1ng/ml eotaxin-1, respectively. Panel G shows 

the I/V curve of the eotaxin-1-induced chloride current.  
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Figure 30: Dose-response of eotaxin-3 on chloride current in human peripheral blood 

eosinophils. Eotaxin-3 increased the CLC3 current in eosinophils with increasing dose 

(1ng/ml to 10ng/ml). Panel A and B show baseline current and current with 10ng/ml 

eotaxin-3, respectively. Panels C, D and E, F show baseline (C and E) and eotaxin-3-

induced currents (D and F) at 5ng/ml and 1ng/ml eotaxin-3, respectively. Panel G shows 

the I/V curve of the eotaxin-3-induced chloride current.  

  

 

 

 



 

	   125	  

 

 

Figure 31: Effect of CCR3 blocker SB328437 on eotaxin-induced chloride current in 

human peripheral blood eosinophils. Panels A and C show baseline CLC3 current in 

blood eosinophils. CCR3 blocker specifically inhibited the CLC3-current induced by 

eotaxin-1 (B) and eotaxin-3 (D) to the baseline level. 
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Effect of TGF-β1 on chloride current in human peripheral blood eosinophils 

Similar to IL-5, TGF-β1 also decreased the baseline chloride current in healthy blood 

eosinophils. However, in the presence of IL-5, TGF-β1 increased the chloride current 

suggesting indirect activation. 

 

Figure 32: Effect of TGF-β1 and IL-5 on chloride current in human peripheral blood 

eosinophils. TGF-β1 and IL-5, both reduced the baseline CLC3 current in healthy 

eosinophils. However, addition of TGF-β1 to IL-5 bathed eosinophils increased the 

current. 
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Eosinophil Chemotaxis 

TGF-β and eotaxin increased the migration of eosinophils. Nonetheless, effect of 

eotaxin-1 and eotaxin-3 on eosinophil migration was greater than that of TGF-β1 and 

TGF-β2 (Figure 33, 34). CCR3 blocker, SB328437, did not have any effect on the 

eosinophil migration by itself, but, inhibited the eotaxin-1 and eotaxin-3-induced 

migration of eosinophils, suggesting a direct involvement of the CCR3 in eosinophil 

migration. The CLC3 selective blocker, NPPB, by itself had no significant effect on 

eosinophil migration. However, NPPB significantly inhibited cytokine-induced migration 

of eosinophils, suggesting the involvement of CLC3 (Figure 33, 34). Phloretin, a known 

inhibitor of PKC enzyme that inhibits CLC3 as well, also inhibited cytokine-induced 

migration of eosinophils (Figure 35). This further supports the role of CLC3 in 

chemokine-induced migration of eosinophils. 
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Figure 33: TGF-β-induced chemotaxis of blood eosinophils. TGF-β1 and TGF-β2 

significantly increased the migration of eosinophils that was blocked by CLC3 inhibitor, 

NPPB (N = 3). **p< 0.01.  
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Figure 34: Eotaxin-induced chemotaxis of blood eosinophils. Eotaxin-1 and eotaxin-3 

increased the migration of blood eosinophils that was blocked by CCR3 and CLC3 

inhibitors, SB328437 and NPPB, respectively (N = 3). ***p< 0.001, ****p< 0.0001.  
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Figure 35: Chemokine-induced chemotaxis of blood eosinophils is CLC3 dependent. 

Effect of phloretin, an inhibitor of CLC3/PKC, is shown on TGF-β1-, TGF-β2-, eotaxin-

1- and eotaxin-3-induced chemotaxis of eosinophils (N = 4). **p< 0.01, ****p< 0.0001. 
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4.5 Discussion 

Eosinophil respiratory burst generates 10-fold more extracellular O2
.− than 

neutrophils [202, 203]. The current reports in the literature indicate the presence of only 

NOX2 among many NADPH oxidases in eosinophil [202]. However, in addition to 

strong expression of NOX2 mRNA transcripts, very low levels of NOX1, NOX3 and 

NOX5, and no NOX4 were found in eosinophils. But, the low mRNA transcripts of 

NADPH oxidases may suggest no or very minor role in the eosinophil respiratory burst. 

Unlike other NADPH oxidase homologs, dual oxidases, DUOX1 and DUOX2, uniquely 

produce H2O2 without depending on SOD to catalyze the reaction from O2
.− to H2O2 

[204]. Therefore, NOX2 is the major player in eosinophil respiratory burst. Eotaxin and 

TGF-β are known to activate eosinophils leading to their degranulation [21, 26]. TGF-β 

did not elicit any effect on the mRNA levels of NOX2, suggesting its no role in 

regulating the gene expression. However, TGF-β may still be an activator of the NADPH 

oxidase protein possibly through a PKC-dependent pathway. Eotaxin, on the other hand, 

decreased NOX2 mRNA transcripts in a time-dependent manner, suggesting the role of 

eotaxin in eosinophils in early stages of allergic airway inflammation and may also 

control eosinophil activation. Massive levels of NOX2 mRNA in moderate-severe 

asthmatic eosinophils in comparison to the eosinophils from healthy subjects and mild-

moderate asthmatics indicate an increased activity level of eosinophils based on the 

severity of asthma. Presence of more NOX2 in the eosinophils could indicate their ability 

to produce more O2
.− and hence more oxidative damage mediated by eosinophils in the 

airways of allergic asthmatics. 
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Figure 36: Mechanism of activation and migration of blood eosinophils. NADPH 

oxidase (NOX2) generates superoxide (O2
.−) causing a depolarization and charge 

imbalance in eosinophils, which can be compensated by the antiporter activity of the 

CLC3. Superoxide may dismutate to hydrogen peroxide (H2O2) at low pH or in the 

presence of superoxide dismutase (SOD). Being permeable, H2O2 can travel through the 

membrane and either become H2O in presence of catalase, or transform to a more 

oxidative hypochlorous acid (HOCl) through eosinophil peroxidase (EPO) in 

eosinophils. The activation of CLC3 leads to Cl− influx resulting in shape change and 

cytoskeletal rearrangement in eosinophils supporting the migration of eosinophils in 

response to cytokines/chemokines. Physical interaction of CLC3 to F-actin may also 

result in the cytoskeletal rearrangement and migration of eosinophils upon channel 

activation/phosphorylation.  
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Sustained activation of NADPH oxidase depends on co-stimulation of ion-channels 

that can compensate the charge imbalance generated by O2
.− production from NADPH 

oxidase. CLC3, a Cl−/H+ antiporter works to balance the depolarization generated in the 

process [204, 205]. Phorbol esters, like PMA, produce respiratory burst in cells including 

eosinophils [98, 206, 207]. PMA binds to the C1 domain of conventional protein kinase 

C (PKCs) to change their conformation [179, 208]. This signaling event leads to the 

activation of eosinophils and assists in degranulation and O2
.− generation. There is some 

evidence that PKC modulates the phosphorylation at N-terminus of CLC3 at Ser 51 

[148]. Thus, the activation of PKC may be a critical step in eosinophil activation through 

NADPH oxidase and CLC3 activation.  

It is known that lysosomes contain CLC3 channels that are involved in their 

acidification via Cl−/H+ antiporter mechanism [151, 209]. Presence of NADPH oxidase 

on the phagosomes [210] and interplay between CLC3 and NADPH oxidase in 

respiratory burst of neutrophils [211] and eosinophils [98] led us to examine the 

intracellular ROS generation in eosinophils. Although, there was no significant effect of 

PMA in the generation of intracellular ROS, PMA-treated eosinophils exhibited 

heterogeneity within and between the subjects (Figure 25F and 25L). This could relate 

to the presence of hypo- and normo-dense eosinophils in the blood [196]. The 

heterogeneity in the eosinophil population may indicate their activated state, and could be 

associated with increased susceptibility to the pathogenesis in allergic asthma. 

Additionally, increase in the size and granularity of a sub-population of PMA-stimulated 

eosinophils supports their PKC-dependent activity and further highlights the presence of 

multiple populations of eosinophils in a subject.  
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Extracellular O2
.− generation from NADPH oxidase showed a direct dependence on 

PKC activation. Treatment with PMA resulted in massive O2
.− release from eosinophils in 

20 minutes, which was decreased to half in the presence of CLC3 inhibitor. However, 

O2
.− generation in response to TGF-β and eotaxin showed two peaks, suggesting a two-

step release of O2
.−. This two-step release of O2

.− may relate to a sequential activation of 

NADPH oxidase and CLC3 in the presence of TGF-β and eotaxin. In all cases of O2
.− 

release, CLC3-dependence was reiterated by the CLC3 blocker-NPPB [212]. Generation 

of O2
.− in eosinophils is directly dependent on NADPH oxidase. Diphenyleneiodonium 

(DPI) is an uncompetitive inhibitor of flavoenzymes [213], and therefore, it can only 

inhibit the enzyme when the substrate is bound to the active site of the enzyme. However, 

eotaxin-3-induced O2
.− did not decrease to the baseline with the NADPH oxidase 

inhibitor in the first peak and delayed the second peak. This may suggest that eotaxin-3-

induced NADPH oxidase activity supercedes the DPI blockade by restricting the DPI 

binding to the enzyme through conformational change or steric hindrance. The reason of 

the shift in the respiratory burst with DPI is not known, but may be related to the partial 

masking of the DPI binding site. CLC3 blocker on the other hand is not affected by any 

of the cytokines and consistently blocks the O2
.−  generation confirming the dependence 

of O2
.− generation on CLC3.  

The opening and closing of CLC channels has been classified into two different 

processes- fast gating and normal gating. Fast gating acts in few milliseconds. In this 

state, the conformational change in each of the subunits is independent of the other and 

follows a simple open-closed state. However, in normal gating, both the pores are 

exposed simultaneously, involving communication between the two subunits of the CLC 
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channel. The fast gating is dependent upon pH, voltage and Cl− concentration [141]. Two 

stages of current increase were detected in eosinophils evident at higher voltages. This 

may correlate with the fast gating (within 200-300ms) and normal gating of the CLC3 in 

eosinophils. CLC3 channels work through ion permeation and gating like other ion-

channels [141]. This double-barreled channel works as an antiporter to bring about 

Cl−/H+ exchange [142]. Studies have shown that each monomer of the CLC channel 

(dimeric protein) is capable of Cl−/H+ exchange on its own, independent of the other 

subunit [143]. Very little is known about the functioning of these channels. With current 

investigation, possible mechanisms of CLC3 activation can be predicted; 1) 

Phosphorylation: CLC3 has three possible targets of phosphorylation (Ser51 and Ser109 

in CLC3b, and Thr847 in CLC3e) [147, 148]; phosphorylation can bring about 

conformational changes in the channel leading to its opening state 2) Activation of 

NADPH oxidase: NADPH oxidase requires a coupling ion-channel to balance the charge 

when it is activated [211]; CLC3 can compensate the depolarization generated by the 

activity of NADPH oxidase [205], 3) Change in pH: Intracellular hydrogen ion 

concentration can trigger the CLC3 channel through binding to gating glutamate [143, 

214]. 4) Hypotonic activation: Cytosolic terminal of ClC3b has F-actin binding region 

between amino acids 690-760. These head-to-head actin filaments act as mechanical 

constituents in the signaling events leading to hypotonic activation of CLC3 [162].      

Eotaxin is a potent chemoattractant for eosinophils. However, the potency and 

selectivity varies between the eotaxin-1, eotaxin-2 and eotaxin-3. Eotaxin-1 and eotaxin-3 

have been implicated in the pathogenesis of asthma, especially eosinophilic asthma [71]. 

Although eotaxin-1 and eotaxin-3 showed similar overall increase in the migration of 
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eosinophils, the effect of eotaxin-1 was consistent in all individual whereas the effect of 

eotaxin-3 varied between the individuals, suggesting heterogeneity in eotaxin-3-induced 

cellular response among the subjects. Since both these chemokines utilize the same 

receptor, CCR3 blocker (SB328437) markedly reduced the number of migrated cells in 

both eotaxin-1 and eotaxin-3 groups. TGF-β has also been related to the migration of 

eosinophils. Data on chemotaxis suggest that these cytokines, TGF-β and eotaxin, utilize 

CLC3 to induce eosinophil migration. The role of PKC in eosinophil migration could be 

supported by the studies using phloretin, which selectively inhibits both PKCs and CLC3 

[156, 212].  

TGF-β1 and TGF-β2 induced the migration of eosinophils that was CLC3 dependent. 

Use of AP-1 blocker also showed decrease in the migration suggesting the role of AP-1 

in the CLC3-mediated migration of eosinophils. Interestingly, DIDS increased the 

migration of eosinophils. It has a different mechanism of action than NPPB and is less 

selective for CLC3. However, the exact reason for the increase in chemotaxis is not 

known.  

Uptake of Cl− through CLC3 may result in the swelling of eosinophils causing shape 

change that may lead to the cytoskeletal rearrangement and migration of eosinophils 

(Figure 36). Alternatively, CLC3 activation may cause migration of eosinophils through 

direct changes in the actin filaments. Studies have shown that hypotonic activation of 

CLC3b (a transcript variant) facilitates cell swelling-mediated remodeling of the actin 

cytoskeleton [149, 162]. Cytosolic c-terminus of CLC3b directly binds to filamentous 

actin (F-actin) between amino acids 690 and 760 at proline 688 and leucine 734 [162]. In 

addition to the direct modulation of actin, conformational changes initiated by 
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phosphorylation/activation of CLC3 may lead to downstream signaling through 

cytoskeletal proteins like Rac and ROCK to cause shape change and migration of 

eosinophils. 

Novel findings related to the eotaxin and TGF-β-dependent activation and migration 

of eosinophils involving CLC3 in eosinophils provides a promising target for therapy in 

allergic asthma. More studies are required to identify the precise underlying molecular 

events involving the cytoskeletal proteins and their rearrangement for eosinophil 

transendothelial migration and in the activation of eosinophil in allergic asthma. 
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Chapter 5 

 

 

TGF-β-Induced Regulation of CLC3 in Eosinophils is 

Dependent on PKC-δ and SMAD3 
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5.1 Abstract 

Background: TGF-β is one of the factors involved in the induction of asthmatic features 

in the lungs, especially airway remodeling. Eosinophils and TGF-β have been closely 

linked to each other in the induction of airway remodeling. TGF-β1 induces migration of 

eosinophils by causing expression and activation of chloride channels. However, the 

molecular mechanism has not been elucidated.  

Objective: The purpose of this study was to examine the molecular mechanisms involved 

in TGF-β1-induced regulation of CLC3 in human blood eosinophils.  

Methods: Human blood eosinophils were stimulated with TGF-β1 to examine the change 

in the expression of downstream molecules. Nasal lavage eosinophils were stained with 

antibodies to check signaling molecules active in asthmatic patients. Expression of CLC3 

was checked with TGF-β1, rottlerin and specific inhibitor of SMAD3 (SIS3).  

Results: TGF-β1 increased protein expression of PKC-β1, PKC-δ, p-PKC-δ and p-

SMAD3. It also decreased TGF-β1-induced phosphorylation of SMAD3. SIS3 and 

rottlerin decreased TGF-β1-induced CLC3 expression.  

Conclusion: PKC-δ and SMAD3 are involved in TGF-β1-induced CLC3 expression and 

activity leading to an increased migratory capacity of eosinophils. These data offer new 

insights into a TGF-β1-dependent mechanism that may increase eosinophil infiltration 

into the airways, thereby inducing airway remodeling and exacerbation of asthma. 
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5.2 Introduction 

Eosinophils play a significant role in the pathogenesis of asthma. Eosinophils are the 

most abundant cell type in bronchoalveolar lavage (BAL) of ovalbumin (OVA)-

sensitized mice [109]. Lung eosinophils in asthmatic individuals undergo apoptosis much 

slower than the healthy counterparts [111]. Airway remodeling, characterized by collagen 

deposition, subepithelial fibrosis, hyperplasia of airway smooth muscle cells and goblet 

cells, and mucus hypersecretion [118], is increased by eosinophil activity. Eosinophils 

have been shown to induce airway smooth mucle cell proliferation, subepithelial fibrosis, 

and goblet cell hyperplasia [120-123]. Eosinophil presence is duly noted and associated 

with airway remodeling in chronic asthma [124].   

Transforming growth factor (TGF)-β, a pleiotropic cytokine and a key mediator of 

airway remodeling causes collagen deposition in the airway subepithelial tissue layer, 

leading to excessive fibrosis [215, 216].  TGF-β1 acts as a chemoattractant and is 

secreted by eosinophils. TGF-β1 activity has been associated with increased levels of 

ECP [217]. And inhibition of TGF-β receptor I decreases eosinophil numbers, airway 

smooth mucle cell proliferation, and goblet cell hyperplasia [218]. However, the 

mechanisms by which TGF-β and eosinophils may interact to produce some of the effects 

of airway remodeling are not well understood.   

PKC is one of the principal kinases in cell signaling. It phosphorylates various 

intracellular molecules, such as transcription factors, as well as cell membrane proteins, 

thus activating or deactivating them [219]. PKC isozymes, with different activation 

profiles have been associated with multifarious physiological and pathological processes. 
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They are classified into conventional, novel and atypical PKCs based on the presence and 

absence of calcium and diacylglycerol binding sites [182, 220]. 

Several different isozymes of PKC have been shown to regulate the activity of 

chloride channels. PKC-α increases the activity of volume-sensitive chloride channels in 

a cervical cancer cell line [221]. Activity of volume-sensitive chloride channels in mouse 

ventricular cardiomyocytes is dependent of PKC activation [222]. Cystic fibrosis 

transmembrane regulator (CFTR) chloride channel activity in murine colonocytes is 

dependent on PKC-β1 activation [223]. PKC-ε plays a major role in the regulation of 

CFTR chloride channel activity in Calu-3 cells [224]. 

PKC-δ is involved in TGF-β1-induced expression of collagen I in human mesanglial 

cells. Inhibition of SMAD3 abrogated this increase suggesting crosstalk between SMAD3 

and PKC-δ [225]. Association of PKC with SMAD7 and SMAD6 have been established 

in human pancreatic stellate cells [226] with Angiotensin II and in endothelial cells [227] 

with plasminogen activator inhibitor (PAI)-1, respectively. 

PKCs association with cell migration is also not uncommon. PKC-α induces sphingosine 

1-phosphate-mediated endothelial cell migration [228, 229]. Migration of human CD34+ 

progenitor cells is dependent on PKC-ζ activation [230]. Among the novel PKC isoforms, 

PKC-δ has been shown to regulate CCL-17 and CCL-22-dependent migration of T-cells 

[231]. Migration of neutrophils utilizes PKC-β1 activation [232]. 

Overexpression of PKC in gastric carcinoma cells assists in TGF-β1-induced cell 

invasion and expansion. PKC-δ, showed the highest activity among other isoforms, and 

increased its activity further with overexpression of SMAD3 [233]. 
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Previous reports from the lab have highlighted the importance of PKC-δ in TGF-β1-

induced migration of human peripheral blood eosinophils. However, role of SMAD3 and 

involvement of PKC-δ and SMAD3 on regulation of CLC3 in eosinophils has not been 

investigated. This study focuses on the molecular mechanisms underlying TGF-β1-

induced regulation of CLC3 in human peripheral blood eosinophil. 
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5.3 Methods and Materials 

Recruitment of Volunteers 

Procedures to obtain human blood eosinophils and nasal lavage were approved by the 

Institutional Review Board (IRB) at Creighton University. Each volunteer was enrolled 

after getting a written informed consent for participation in the study. 

 

Isolation of Human Blood Eosinophils 

Eosinophils were then isolated by negative selection using a cocktail of antibodies 

with magnetic beads in an Eosinophil Isolation Kit (Miltenyi Biotec, Auburn, CA) and 

passing the cells through an autoMACS (Miltenyi Biotec, Auburn, CA). Purity (98-99%) 

and viability (95%) of eosinophils was determined by staining with Hema-Diff (StatLab, 

Lewisville, TX), and Trypan Blue respectively.   

 

Eosinophil Culture  

Isolated eosinophils were resuspended in RPMI-1640 (Sigma-Aldrich, St. Louis, MO) 

with 10% FBS with antibiotics (penicillin/streptomycin) and cultured at 37°C with 5% 

CO2 for respective treatments. They were stimulated with different doses of TGF-β1 

(Peprotech, Rocky Hill, NJ) and at different time points to look at the expression and 

phosphorylation of PKCs and SMADs in response to TGF-β1. To check the involvement 

of PKCs, eosinophils were treated with 10µM rottlerin (Sigma-Aldrich, St. Louis, MO), 

and 3µM SIS3 (Sigma-Aldrich, St. Louis, MO), a specific blocker of SMAD3 

phosphorylation was used to check the involvement of SMAD3 in TGF-β1 induced 

CLC3 expression in human blood eosinophils. 
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Quantitative PCR 

Eosinophils treated with TGF-β1 (1, 5, 10, 25, and 100ng/ml), Rottlerin (10µM), 

SIS3 (3µM) in different groups were mixed with Trizol reagent (Sigma-Aldrich, St. 

Louis, MO) for isolation of total RNA. RNA phase separation was done using 

chloroform: isoamyl alcohol and RNA was precipitated with isopropanol and washed 

with 80% ethanol prior to reconstitution in DNAse, RNAse free water. Quantification and 

purity measurement was done using Nanodrop 2000 (Thermo scientific, USA). 1µg total 

RNA was used to reverse transcribe into cDNA using Improm II Reverse Transcription 

Kit following manufacturer’s instructions. Real time PCR was done using primers (Table 

1) in CFX96 Real time PCR system (Bio-Rad, Hercules, CA). iQ SYBR Green Supermix 

(Bio-Rad, Hercules, CA) was used as the reaction mixture as per manufacturer’s 

instructions. Analysis was done relative to GAPDH as the reference gene.  

Primers were designed using Integrated DNA Technologies PrimerQuest and NCBI 

Primer-BLAST. The specificity of each primer pair was checked with Primer-BLAST. 

The primer pairs were designed in such a way that they bind to all the known transcript 

variants of respective genes (Table 5).   
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Table 5: Primer Pairs for PKCs and SMADs  

Primer Accession 

(NCBI) 

Sequence (5’-3’) Product 

Size 

(bp) 

Tm 

(°C) 

PKCα-F NM_002737.2 ACAGGAAGGGCACAGAAGAACTGT 81  60.3 

PKCα-R NM_002737.2 TGCACTCCACGTCATCATCCTGAA 81  60.3 

PKCβ-F NM_002738.6 TCAAATGCTCCCTCAACCCTGAGT 128 60.3 

PKCβ-R NM_002738.6 TCCCATGAAGTCATTCCTGCTGGT 128 60.3 

PKCγ-F NM_002739.3 TGAGATCCACGTAACTGTTGGCGA 128 60.1 

PKCγ-R NM_002739.3 TTCGGGTCTTCTGTTTCGTCAGGT 128 60.1 

PKCδ-F NM_006254.3 TGCCGCTGAGATAATGTGTGGACT 129 60.3 

PKCδ-R NM_006254.3 TTGCACATCCCAAAGTCGGCAATC 129 60.3 

PKCε-F NM_005400.2 TTGGCAAGGTCATGTTGGCAGAAC 102 60.3 

PKCε-R NM_005400.2 TGCAGTCCACGTCATCATCCTGAA 102 60.3 

PKCι-F NM_002740.5 ATTGTTGGGAGCTCCGATAACCCT 200 60.1 

PKCι-R NM_002740.5 AACGGGTGTCCCTGAATATCAGCA 200 60.2 

PKCη-F NM_006255.3 ACAGTCAGCGGGTGAATTACAGGT 87 60.3 

PKCη-R NM_006255.3 TTCAGTGATGAGCACACGGCGATA 87 60.4 

SMAD1-F NM_001003688.1 TTGGTTCCAAGCAGAAGGAGGTCT 130 60.2 

SMAD1-R NM_001003688.1 AACTGAGCTAAGAGGCTGTGCTGA 130 60.1 

SMAD2-F NM_001003652.2 TCTGCTCGAGAAGCCAGAATGTGT 115 60.2 

SMAD2-R NM_001003652.2 TCAGTCTGCATCAGGACACCCAAT 115 60.2 

SMAD3-F NM_001145102.1 TGACAGTGCCTCTTCCAGTGAACA 170 60.2 

SMAD3-R NM_001145102.1 TGAACACGCACCTCCCAATCAGTA 170 60.3 

SMAD4-F NM_005359.5 TGTCCACAGGACAGAAGCCATTGA 105 60.4 

SMAD4-R NM_005359.5 TCACTAAGGCACCTGACCCAAACA 105 60.4 

SMAD5-F NM_001001419.1 AGCGATTGTTGGGCTGGAAACAAG 191 60.3 
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SMAD5-R NM_001001419.1 AGAAACCTGCAGGCGTCCATCTAA 191 60.4 

SMAD6-F NM_001142861.2 ACAAGCCACTGGATCTGTCCGATT 87 60.4 

SMAD6-R NM_001142861.2 AGAATTCACCCGGAGCAGTGATGA 87 60.2 

SMAD7-F NM_001190821.1 GAAGCAGAAATCCAAGCACCACCA 85 59.9 

SMAD7-R NM_001190821.1 TCACACTCACACACACTCCTGACA 85 59.8 

SMAD8/9-F NM_001127217.2 CATCAGCACTGCAGCACACGTTTA 94 60.1 

SMAD8/9-R NM_001127217.2 TGGGTCTTGTGAGCAGACCGAAAT 94 60.5 

CLCN3-F NM_173872.2 TTTATGCCATGGTTGGTGCTGCTG 173 60.5 

CLCN3-R NM_173872.2 ATAAATGCCTTCCCTGCCAAAGGC 173 60.2 

GAPDH-F NM_002046.3 TCGACAGTCAGCCGCATCTTCTTT 94 60.6 

GAPDH-R NM_002046.3 ACCAAATCCGTTGACTCCGACCTT 94 60.5 

18S-F NR_003286.2 TCAACTTTCGATGGTAGTCGCCGT 108 60.3 

18S-R NR_003286.2 TCCTTGGATGTGGTAGCCGTTTCT 108 60.2 

 

Western Blotting 

Proteins were extracted from the human blood eosinophils (treated and untreated) 

using RIPA Buffer (Sigma-Aldrich, St. Louis, MO). The proteins were run on a 

polyacrylamide gel (Bio-Rad, Hercules, CA) using SDS-PAGE and then transferred to a 

nitrocellulose membrane (Bio-Rad, Hercules, CA). After incubating the membranes with 

5% non-fatty milk (Bio-Rad, Hercules, CA) in PBS (Sigma-Aldrich, St. Louis, MO) with 

0.05% Tween-20 (Sigma-Aldrich, St. Louis, MO) to block any nonspecific binding, they 

were incubated with primary antibodies for PKC-β1, PKC-γ, PKC-δ, PKC-ε (Santa Cruz 

Biotechnology, Santa Cruz, CA), PKC-ζ, phospho-Smad2, and phospho-Smad3 (Cell 

Signaling, Beverly, MA), at 1:500 dilution overnight, then with the secondary antibody 

(1:1000) conjugated to horseradish peroxidase (HRP) for 1 hour. The intensity of the 
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protein expression was determined using the UVP Bioimaging System (UVP, Upland, 

CA). 

 

Statistical Analysis 

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

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

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

followed by Tukey’s multiple comparison tests. Differences were considered significant 

at p<0.05. 
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5.4 Results 

Expression of PKC Isozymes 

Real-time PCR done with the RNA isolated from dose-response group of TGF-β1 

exhibited increase in mRNA transcript levels of PKC-β, PKC-δ, PKC-ε and PKC-η after 

24 hours of TGF-β1 in a dose-dependent manner. There was no/low expression of PKC-

α, PKC-γ, and PKC-ι in the human blood eosinophils (Figure 37A).  

TGF-β1 increased the PKC-δ protein expression in a time-dependent manner with 

highest level of expression at 3 hours of incubation with TGF-β1 (10ng/ml). The PKC-δ 

expression was decreased to the basal expression level in 6 and 24 hours suggesting a 

biphasic response of TGF-β1 (Figure 38). Densitometry analysis of the Western blots 

exhibited a dose-dependent increase in PKC-δ expression with TGF-β1, which peaked at 

25ng/ml in 3 hours (Figure 38).  
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Figure 37: TGF-β-induced expression of PKCs and SMADs in blood eosinophils. Real-

time PCR showing relative mRNA levels normalized against GAPDH. (A) PKC-β, PKC-

δ, PKC-ε and PKC-η mRNA transcript levels were increased in response to TGF-β1 in a 

dose-dependent manner. PKC-α, PKC-γ and PKC-ι did not show any expression in 

human blood eosinophils. (B) mRNA transcript levels of SMAD3, SMAD4 and SMAD6 

was increased with TGF-β1 treatment of human blood eosinophils with a peak at the dose 
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of 10ng/ml. SMAD8/9 transcript level was decreased with TGF-β1 treatment. SMAD1, 

SMAD2, SMAD5 and SMAD7 did not show any expression in these cells.  

 

 

Figure 38: TGF-β-induced protein expression of PKC-δ. Western blots in human blood 

eosinophils showing TGF-β1-induced expression of PKC-δ. Time-course for PKC-δ after 

treatment with 10ng/ml TGF-β1, and dose response of TGF-β1 on PKC-δ after 

incubation for 3 hours. Densitometric analysis of PKC-δ. (N=3). *p<0.05, **p<0.01, 

***p<0.001.  

 

Expression of SMADs 

Real-time PCR done with the eosinophils treated with TGF-β1 (1, 5, 10, 25, 

100ng/ml) for 24 hours showed change in the mRNA transcript levels of R-SMAD 

(SMAD3), co-SMAD (SMAD4) and I-SMAD (SMAD6). SMAD3 expression level was 

10 folds higher than the SMAD6 transcript level. Another R-SMAD (SMAD8/9) was 

decreased with TGF-β1. There was no expression of SMAD1, SMAD2, SMAD5, and 

SMAD7 in any treatment group of eosinophils (Figure 37B). 
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Phosphorylation of SMAD3 

SMAD3 protein phosphorylation was significantly increased in eosinophils after 

incubation with TGF-β1 (10ng/ml) for 30 minutes. The level of p-SMAD3 did not 

change from baseline on incubating eosinophils with PKC-δ inhibitor rottlerin for 30 

minutes. However, the level of p-SMAD3 was decreased when the cells were incubated 

with rottlerin (30 minutes) prior to incubation with TGF-β1 for 30 minutes, suggesting 

that PKC-δ  might be upstream of the SMAD3 in TGF-β1-induced CLC3 expression. 

 

Figure 39: TGF-β-induced Phosphorylation of SMAD3. Western blot showing 

phosphorylation of SMAD3 in response to TGF-β1 (10ng/ml), PKC-δ inhibitor (rottlerin) 
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10µM, and the combination of TGF-β1 and rottlerin. Densitometric analysis of p-SMAD3 

relative to SMAD3 expression in eosinophils. (N=3). *p<0.05. 

 

Expression of Signaling Molecules on Nasal Lavage Eosinophils 

Nasal lavage from asthmatic patients showed multiple eosinophils that stained 

positive for PKC-δ, p-PKC-δ, SMAD3, c-Jun and c-Fos. However, the level of 

phosphorylation of protein expression varied among eosinophils. Some eosinophils also 

indicated towards nuclear localization of c-Jun. More studies are required to confirm the 

findings. 

 

Figure 40: Expression of signaling molecules in nasal lavage eosinophils. 

Fluorescence micrographs of nasal lavage eosinophils showing expression and 

phosphorylation of PKC-δ, and expression of SMAD3, c-Jun and c-Fos. 
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TGF-β1-induced CLC3 expression is through PKC-δ pathway 

Real-time PCR for CLC3 done with TGF-β1, rottlerin (PKC-δ blocker), SIS3 

(SMAD3 blocker) and the combination of (rottlerin+ TGF-β1) and (SIS3+ TGF-β1) 

confirmed that TGF-β-induced CLC3 expression is through PKC-δ pathway involving 

SMAD3. CLC3 expression was increased with TGF-β1 in 24 hours. Rottlerin and SIS3 

did not show any change in the expression of CLC3 relative to the baseline. However, 

when cells were incubated with rottlerin (30 minutes) and SIS3 (1 hour) before the 

addition of TGF-β1 for further 24 hours, the expression was decreased significantly. SIS3 

decreased the TGF-β-induced CLC3 expression to a higher degree than the PKC inhibitor 

suggesting a direct involvement of SMAD3 downstream of TGF-β. 

 

 

Figure 41: Expression of CLC3 in response to TGF-β1, rottlerin and SIS3. TGF-β1 

increased the mRNA expression level of CLC3 2-3 folds. Rottlerin and SIS3 decreased the 

TGF-β1-induced CLC3 expression in addition to the decrease by themselves alone. n=3, 

*p<0.05, **p<0.01, ***p<0.001. 
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5.5 Discussion 

PKC is one of the downstream molecules involved in many cellular processes and 

signaling pathways that can be activated by TGF-β. TGF-β1 stimulation of various cells 

can activate PKC-δ, leading to gene transcription, cell migration, or post-transcriptional 

mRNA stabilization [225, 234, 235]. PKC activity can regulate expression and activity of 

chloride channels. General PKC activation increases expression of volume-sensitive 

outwardly rectifying chloride channels [222]. Specifically, PKC-β1 increases the 

expression of CFTR chloride channel [223]. Both PKC-α and PKC-ζ are involved in 

regulating chloride channels [221, 236]. 

The protein expression of PKC-δ increased in eosinophils upon stimulation the cells 

with TGF-β1 in a time-course and dose-dependent manner. The peak expression of PKC-

δ was at 3 hours of incubation of TGF-β1, suggesting that the translation is extremely fast 

as compared to other proteins in general. This might indicate that these cells have some 

transcripts ready for translation, which gets activated on interaction with TGF-β1. 

However, a decrease in the protein expression level was seen after 6 hours suggesting 

that some compensatory mechanism work together with this excitatory signal. The 

phosphorylation of many proteins determines how they interact with other biomolecules 

in the biological system. There may be more than one phosphorylation residue present on 

a protein that might have different functions. Kinases like PKC get phosphorylated at 

tyrosine residues and phosphorylate downstream signaling molecules. PKC-δ 

phosphorylation was checked after incubating with TGF-β1. The phosphorylation level 

peaked at 30 minutes after TGF-β1 stimulation and then decreased with time. However, 

the level again showed an increasing trend at 4 hours suggesting the dynamic interplay of 
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phosphorylation and dephosphorylation of protein residues. Increased chloride channel 

activity has been shown to play a role in the activation of eosinophils by, for example, 

increasing the release of superoxide ions from eosinophils [98]. Therefore, this pathway 

of increased chloride channel activity caused by TGF-β1 stimulation via PKC signaling 

may play a significant role in activating eosinophils. 

Upon TGF-β stimulation of human blood eosinophils, the expression of TGF-β1 and 

TGF-β2 are increased via a pathway involving SMAD2 and SMAD3 [237]. TGF-β1 is 

known to lead to an upregulation of SMAD3, which in turn can affect some airway 

remodeling-related processes such as induction of apoptosis in fibroblasts to decrease 

negative effects of remodeling [238].  Expression of SMAD3 and co-stimulatory SMAD 

showed clear indication of their involvement in the TGF-β1 signaling in eosinophils. 

However, expression of inhibitory SMAD6 suggested a control signal for the pathway as 

well. SMAD molecules such as SMAD3 can also be regulated by PKC-δ upon TGF-β1 

stimulation, leading to outcomes such as cell spreading and gene expression [225, 233]. 

TGF-β1 induces phosphorylation of SMAD3, and it is downstream of PKC-δ as 

explained by the PKC-δ/ε inhibitor rottlerin which partially blocked this phosphorylation. 

As there are so many molecules which can cross-talk and affect the signaling directly or 

indirectly including some other kinases like tyrosine kinases, the whole signaling 

pathway is yet to be investigated. 

TGF-β1 increased the expression of CLC3 in 24 hours which was decreased on 

incubation with PKC-δ inhibitor rottlerin and Specific Inhibitor of SMAD3 (SIS3), 

suggesting their active role in modulating expression levels of CLC3. Although the whole 

network is yet to be unraveled, this study gives a small link which is involved in the 
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expression and activation of CLC3 which plays roles in the activation and migration of 

eosinophils. 

These results demonstrate that the PKC-δ, and SMAD3 are involved in the TGF-β1-

induced regulation of CLC3 that in-turn regulates the migration and activation of 

eosinophils. Understanding these pathways in eosinophils could provide potential 

therapeutic targets to alleviate symptoms seen in the lungs of chronic asthmatics and in 

allergic airway inflammation in asthma. 

 

 

 

 

 

 

 

 

 

 

 

 



 

	   157	  

Chapter 6 

 

 

Identification, Isolation and Analysis of Functional  

Chloride Channel 3 Promoter 
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6.1 Abstract 

Eosinophils are one of the most important effector cells in allergic asthma. Their 

migration to the airways is a key event in the pathogenesis of allergic asthma. Ion-

channels especially chloride channel 3 (CLC3) has been linked to the migration of 

neutrophils and activation of neutrophils and eosinophils. However, effect of 

cytokines/chemokines on CLC3 gene regulation has not been explored. Increased 

expression of CLC3 transcript variants in human peripheral blood eosinophils treated 

with TGF-β and eotaxin was observed that related to the clinical reports of high levels of 

eotaxin and TGF-β in asthmatic lungs. To test the genomic region responsible for the 

CLC3 gene regulation, putative promoter of CLC3 was identified and cloned. Promoter 

activity assay with site-directed mutagenesis of consensus binding site of activator 

protein-1 (AP-1) revealed that the transcription factor AP-1 is a key regulator in CLC3 

gene regulation. Identification of CLC3 promoter and the role of AP-1 in CLC3 gene 

regulation could elucidate the molecular pathway through which CLC3 is regulated in 

response to TGF-β and/or eotaxin in eosinophils, and may provide potential therapeutic 

approach to restrict migration of eosinophils in allergic asthma. 
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6.2 Introduction 

Eosinophils migrate to the airways of asthmatic individuals under the influence of 

cytokines/chemokines such as IL-5, eotaxin and TGF-β, to start an excessive damage and 

repair cycle in the airways leading to constriction, inflammation and remodeling of the 

airways [21]. However, molecular mechanism of the migration and activation of 

eosinophils in allergic asthma is not clearly understood. Ion-channels such as chloride 

channels play an important role in multiple biological processes, including growth, 

apoptosis, differentiation stabilization of membrane potential, excitation, cell volume 

regulation, protein degradation, fluid transport, and cell migration [127-129]. Particularly, 

chloride channel 3 (CLC3) is involved in the smooth muscle cell activation and 

neointima formation [154]. It is also linked to the eosinophil respiratory burst [98], and 

neutrophil migration and activation [155]. 

Chloride channel 3 (CLC3) is a double-barreled antiporter shuttling Cl− and H+ in and 

out of cells and intracellular vesicles, including lysosomes [142]. Like other chloride 

channels (CLCs), CLC3 is found as a dimer in the biological system. However, each of 

the monomers is proficient of Cl−/H+ exchange on its own, independent of the other 

subunit [143]. The CLC3 gene is located on chromosome 4q33 [144], and encodes for a 

protein that is virtually present in all cell types. It has a CLC domain, which is 

responsible for the selective flow of ions across the cells membrane, and two 

cystathionine β-synthase (CBS) domains at the c-terminus for regulatory function. The 

N-terminus of CLC3 contains a consensus sequence that is phosphorylated by calcium-

calmodulin-dependent protein kinase II (CaMKII). It has been shown to regulate CLC3 

function in human malignant glioma [146]. Serine at position 109 (S109) of this N-
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terminus controls the CaMKII-dependent chloride conductance [147] in CLC3. CLC3 

also has a protein kinase c (PKC)-dependent phosphorylation site at Ser 51 on its N-

terminus [148]. It is classified as a voltage-regulated chloride channel showing 

characteristics of hypotonic cell swelling-sensitive channel [149].  

On alternate splicing, CLC3 gene gives rise to multiple transcript variants; two 

transcript variants of CLC3 have been relatively well characterized in human genome, 

CLC3b and CLC3e [162-164]. Very little is known about the function of the long form of 

CLC3, which is predominantly found on the membrane. CLC3e has an extra 76bp exon, 

making its cytoplasmic domain 48 amino acids longer than CLC3b [163]. Short isoform 

of CLC3 (CLC3b) contains a 202 amino acid long cytosolic c-terminus and has been 

show to function as a volume-sensitive outwardly rectifying anion channel (VSOAC) in 

certain cell types [149, 162].  

Ubiquitous expression of CLC3 in different cell types, specifically in immune cells 

makes it very important in understanding mechanism of allergic asthma. TGF-β has been 

closely associated with eosinophils and regulates CLC3 in the ethmoid mucosa of 

rhinosinusitis subjects [176]. However, the signaling mechanism, and the regulatory 

region of CLC3 in not characterized yet. Moreover, the exact location of CLC3 promoter 

and its functional sites are not known yet. 

Transcription factors regulate a gene by binding to a specific DNA sequences, and 

modulating the transcription. Activator protein-1 (AP-1) is a leucine zipper (bZIP) type 

transcription factor including c-Jun, c-Fos, and ATF (activating transcription factor) 

subfamilies. Heterodimerization of these proteins form an active transcription factor that 

binds to its consensus DNA target sequence, the AP-1 binding site. Several studies have 
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suggested that different AP-1 factors may regulate different target genes and thus may 

implement distinct biological functions.  

Eosinophils have complex signaling pathways involving reduction and oxidation 

reactions. As a versatile redox transcription factor, AP-1 has not been investigated in 

relation to CLC3, and its role in the human eosinophils and allergic asthma is yet to be 

explored. Knowledge of transcriptional regulation of CLC3 will provide therapeutic 

targets to limit the CLC3-dependent migration and/or activation of eosinophils in allergic 

asthma.  
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6.3 Materials and Methods 

Bioinformatics: 

1. Identification of CLC3 Promoter 

Eukaryotic Promoter Database (EPD) from Swiss Institute of Bioinformatics (SIB) 

and UCSC (University of California Santa Cruz) Genome Bioinformatics tools were 

utilized to predict the promoter region of CLC3. RNA-seq from the Encyclopedia of 

DNA Elements (ENCODE) (Caltech, Cold Springer Lab, Genome Institute of Singapore, 

Stanford, Yale, USC, Harvard, and HAIB), in addition to H3K27Ac Mark, DNase I 

Hypersensitivity Clusters, and Transcription Factor ChIP-seq from ENCODE were used 

to identify the promoter/regulatory region of CLC3 and the transcription start site [239, 

240]. 

 

2. Identification of Transcription Factor Binding Sites 

To identify the transcription factor binding sites on CLC3 promoter, three different 

bioinformatics tools were utilized. PASTAA (predicting associated transcription factors 

from annotated affinities) [192, 241] utilizes an algorithm to predict binding affinities of 

transcription factors to a given promoter and spots transcription factors linked with 

functional categories. PAP (promoter analysis pipeline) [193, 194] consists of two 

components; data processing pipeline gathers a set of algorithms to create the results of 

promoter analysis, while its user interface probes and processes the stored data with 

respect to the input sequence. Search for transcription factor binding sites was done with 

conserved sequences in the promoter and databases of transcription factors, TRANSFAC 

and JASPAR. Probability scores of each transcription factor and their distributions were 
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computed. Results were stored in a database (PAPdb), which was used to predict the 

transcription factors that are most likely to regulate CLC3. 

 

Figure 42: Process to identify transcription factor binding site in PAP. The data 

processing pipeline gathers a set of algorithms to create the results of promoter analysis, 

while its user interface probes and processes the stored data with respect to the input 

sequence to give probable binding sites. Written permission was taken to reproduce the 
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image generated from bioinformatics tool, PAP, from the Washington State University, 

St. Louis (help@mga.wustl.edu).  

 

Another tool used to decipher transcription factors on CLC3 promoter was DECODE 

(DECipherment Of DNA Elements); a Champion ChiP transcription factor search portal, 

which is based on SABiosciences' (Qiagen, Valencia, CA) proprietary database. It 

combines text-mining application and data from the UCSC Genome Browser to compose 

a list of probable binding sites for over 200 human transcription factors for a given gene 

in the human genome. 

  

Genomic DNA Isolation and PCR for CLC3 Promoter 

Genomic DNA was isolated from human peripheral blood eosinophils with DNeasy 

Blood & Tissue Kit (Qiagen, Valencia, CA) as per manufacturer’s instructions. High 

quality genomic DNA was used to amplify 2 different regions of CLC3 promoter with 

Phusion Hot Start II High-Fidelity DNA Polymerase (Thermo Scientific, Pittsburg, PA) 

for promoter bashing. Specific primers were designed with Primer-BLAST (NCBI) to 

generate a long and short CLC3 promoter with 15 bases extensions of the promoterless 

cloning vector (PGL4.17) on forward and reverse for recombinant cloning at HindIII site 

of the vector. 

 

Recombinant Cloning 

The promoterless cloning vector PGL4.17 (Promega, Madison, WI) was cut with 

HindIII (New England Biolabs, Ipswich, MA) as per manufacturers instructions and was 
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purified with PCR Purification Kit (Qiagen, Valencia, CA) along with the CLC3 

promoter PCR products. Cloning was done using In-Fusion® PCR Cloning System 

(Clontech, Mountain View, CA) as per manufacturer’s instructions and transformed into 

DH5α competent cells with 100µg/ml ampicillin. 

 

Site-directed Mutagenesis 

To test the direct involvement of AP-1 in transcriptional regulation of CLC3, a site-

directed mutagenesis was introduced on one of the AP-1 binding sites on the CLC3 

promoter, close to the transcription initiation site. Primers were designed in such a way 

that they replace two bases in the AP-1 consensus-binding site from TGACTC to 

CTACTC in a PCR reaction with either Q5SDM (New England Biolabs, Ipswich, MA), 

or Phusion Hot Start II High-Fidelity DNA Polymerase (Thermo Scientific, Pittsburg, 

PA). In the PCR thermocycling, annealing temperature was kept according to the primers 

used, and the extension time was modulated according to the length of the amplicon.   

 

DNA Sequencing and Amplification 

Plasmid DNA was isolated with PureYield™ Plasmid Miniprep System (Promega, 

Madison, WI). 1µg of the high quality plasmid DNA with RVPrimer 3 was sent to 

University of Nebraska Medical Center (UNMC) core facility for sequencing. After the 

sequence was confirmed, a large quantity of DNA was amplified in Luria Broth (LB) 

with PureYield™ Plasmid Midiprep System (Promega, Madison, WI).  
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Table 6: Primer sequences for Promoter Cloning, SDM and sequencing 

SL.# Primer Sequence (5’-3’) Tm (°C) 

1 CLC3_Short 

Promoter: F 

TGGCCTCGGCGGCCAACATACAAGGCGAGGTGACA 72.6 

2 CLC3_Short 

Promoter: R 

CCGGATTGCCAAGCTCACGGGCGAACTAGAACACT 68.9 

3 CLC3_Long 

Promoter: F 

TGGCCTCGGCGGCCAACGTGTTCCTAGCCTGCAAA 73.0 

4 CLC3_Long 

Promoter: R 

CCGGATTGCCAAGCTCACGGGCGAACTAGAACACT 68.9 

5 SDM: F CCTTTCGGGCTCCCTACTCCTGCCGCT 68.4 

6 SDM: R GAAGCGGCAGGAGTAGGGAGCCCGA 68.4 

7 Q5SDM1: F TCGGGCTCCTCTACTCCTGCCGCTTC 67.1 

8 Q5SDM1: R AAGGTACGCCCCAGCGTC 60.4 

9 Q5SDM2: F TTCGGGCTCCCTACTCCTGCCGC 67.3 

10 Q5SDM2: R AGGTACGCCCCAGCGTCG 62.9 

11 Seq_RVPrimer3 CTAGCAAAATAGGCTGTCCC 53.1 

12 Seq_Luc_R1 GAGTGGGTAGAATGGCGCTG 58.2 

13 Seq_Luc_R2 GTCCCGTCTTCGAGTGGGT 59.2 

 

 

Cell Culture and Transfection  

HEK293T cells were cultured in DMEM complete medium (DMEM+ 10% FBS+ 1% 

Penicillin/Streptomycin) at 37°C in a 5% CO2 incubator. After 24 hours of splitting the 

cells in a 24-well plate, transfection of both the (Firefly and Renilla) vectors was done 
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with FuGENE® HD Transfection Reagent (Promega, Madison, WI) in a 4:1 (transfection 

reagent:DNA) ratio. For dual transfection, control (PGL4.73) vector and reporter (CLC3-

PGL4.17) vector were mixed in a 1:50 ratio and incubated with FuGENE® HD in a 

complete medium for 48 hours.  

 

Dual-Luciferase Assay 

Cells on the 24-well plate were washed with sterile PBS and cell lysis was done with 

PLB lysis buffer. The assay was performed in an OptiPlate-96 (PerkinElmer, Waltham, 

MA) with Modulus Microplate (Turner Biosystems) equipped with dual injectors. Firefly 

luciferase activity was measured by adding LARII with one injector followed by Stop & 

Glo® reagent with another injector in a Dual-Luciferase® Reporter Assay System 

(Promega, Madison, WI) to detect Renilla luciferase activity. The ratio was calculated in 

experimental groups to assess the CLC3 promoter activity. 

 

Short Promoter Sequence (684bp) 

ACATACAAGGCGAGGTGACACCACTGCACTCCCAGCCCGCACGTCACCTATA

AGCACAGGGGGCTTTTGGTGCTGGTTTATTTTTGAAGGCTGGTACTTCTCTTC

GATCTAAGTTTTAGGAACCTGTGCTCGTCGACGGCTGCCAATACTTTTTATTT

TCAAGGCTGACGCTCGCCAGAGTTTCACAAGCTGCTCCCGGACGCTGTGGTC

TCTCGCTAGAGTGGATCCGAACTCTGCGTGACGCTGGGAACGGCCAGCGTCT

GTTGCCTCACGAAAACATCTCCCACAAGGTGGCCGCCTCGCGCGAGGTCAGC

AGCAGGGCAAACAGGGATGCGTGAGTGACTGACGTGAGCTAATCGCTAATG

ACAGGCTTCACAGCCCCGGCGGCCCTCAGAGCCAGGCACCTCGCACCCCTCC
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TCCTCCTCGAGACCCAGTCCCGGCCCGCCCACCGTTCCCACGCCGCCCAATAG

GCGCCGACGCTACTCAGCGAGTGGCCGGAGGAGGAGGTGTTGGGACGGCCG

GACGCTGAACGGCCGTTCACGTCAACGTAGTGACGTCACGCGTCGACGCTGG

GGCGTACCTTTCGGGCTCCTGACTCCTGCCGCTTCTCTTCCCCTTCCGTGGGTC

AGGGCCGGTCCGGTCCGGAACCTGCAGCCCCTTTCCCAGTGTTCTAGTTCGCC

CGTG 

 

Long Promoter Sequence (1232bp) 

ACGTGTTCCTAGCCTGCAAAACAGTCGGTGGAGCACGTATATGTAAAAATAG

AAAAGGCTGGCAAGACCAGGTCATATTTAATATTCATGAGGCACAAGATATA

CAACACGCACTTAATATTCATTAATCAGTATATATTCATAATATACTAAATAT

ACAGGAGATATTAAACGTTCACGGGTCTTAATTCTGCCACCCAGTGGAGACA

CTCAAAAGTGATCTCGCCAAAGAAATGCAAAACCTGTACCTGCCCACCAGGC

TATTAGCATGCTACTGCTGTGGCCACCATTCTTTCACTGCATCGCCCTGCCCT

GCATCGGAATATAGCACCTTGAACACGGGATCAGGTTTACTGAATTCTGTGA

CCCACGCTGGGAGCTCAATAAATGTTTGCTAAACGGAAATGAACCCAATTCA

GACCGTGTAGAAACCCCAGATTATATCTTTTCTCCAAACATTCAATTTCCAAG

CAGTATTTTTGAAAATGCGTGATGGCTAAATTCGAGTTATCCTTTTTGTATGT

ATGTTAGGCACACAACCGGCGATGACATACAAGGCGAGGTGACACCACTGC

ACTCCCAGCCCGCACGTCACCTATAAGCACAGGGGGCTTTTGGTGCTGGTTTA

TTTTTGAAGGCTGGTACTTCTCTTCGATCTAAGTTTTAGGAACCTGTGCTCGTC

GACGGCTGCCAATACTTTTTATTTTCAAGGCTGACGCTCGCCAGAGTTTCACA

AGCTGCTCCCGGACGCTGTGGTCTCTCGCTAGAGTGGATCCGAACTCTGCGTG
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ACGCTGGGAACGGCCAGCGTCTGTTGCCTCACGAAAACATCTCCCACAAGGT

GGCCGCCTCGCGCGAGGTCAGCAGCAGGGCAAACAGGGATGCGTGAGTGAC

TGACGTGAGCTAATCGCTAATGACAGGCTTCACAGCCCCGGCGGCCCTCAGA

GCCAGGCACCTCGCACCCCTCCTCCTCCTCGAGACCCAGTCCCGGCCCGCCCA

CCGTTCCCACGCCGCCCAATAGGCGCCGACGCTACTCAGCGAGTGGCCGGAG

GAGGAGGTGTTGGGACGGCCGGACGCTGAACGGCCGTTCACGTCAACGTAGT

GACGTCACGCGTCGACGCTGGGGCGTACCTTTCGGGCTCCTGACTCCTGCCGC

TTCTCTTCCCCTTCCGTGGGTCAGGGCCGGTCCGGTCCGGAACCTGCAGCCCC

TTTCCCAGTGTTCTAGTTCGCCCGTG 

 

Chemotaxis 

Eosinophil chemotaxis was analyzed with transwell as described in the methods 

section. AP-1 blocker Tanshinone IIA was used to check the involvement of AP-1 in the 

CLC3-dependent migration of eosinophils. 
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6.4 Results 

Identification of CLC3 Promoter 

Eukaryotic Promoter Database (EPD) analysis of CLC3 gene yielded a probable 

600bp promoter region upstream of the transcription start site (Figure 43). The CLC3 

gene analysis showed multiple TATA-box (−774 to −758, −724 to −708, −648 to −621, 

−560 to −544, and −464 to −448), GC-box (−109 to −94, and −38 to −23) and CCAAT-

box (−120 to −107). The locations of these boxes indicate a longer regulatory/promoter 

region. Further analysis of the CLC3 gene on chromosome 4q33 with UCSC genome 

browser containing information of ENCODE [239, 240] and RNA-seq from various 

sources, showed an active >1000bp map upstream cis-element of the transcription 

initiation site suggesting the promoter region (Figure 44).  

 

Figure 43: Prediction of CLC3 promoter. Eukaryotic Promoter Database (EPD) 

showing the probable CLC3 promoter and the respective TATA boxes present on it. The 

picture was generated from the Swiss Institute of Bioinformatics (SIB). 
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Figure 44: Promoter Bashing. BLAT results with the theoretical promoters (short and 

long) on UCSC genome browser. The modified image shows the position of CLC3 on the 

chromosome (4q33) and regions of the cloned promoters boxed in red. Written 

permission was taken to use the UCSC genome images (kent@soe.ucsc.edu). 

 

Identification of transcription binding sites on CLC3 Promoter 

To identify the important transcription factors that might play a role in the regulation 

of CLC3, different bioinformatics tools were used. Analysis done with PASTAA 

revealed 762 transcription factor-binding sites with respective P-values suggesting the 

association (Figure 45).  Keeping the threshold P-value at 0.01, 7 different transcription 

factors were identified including ATF-2, CRE-BP1, IRF-7, ATF-1, c-Jun, CREB and δ-

CREB.  

 

Figure 45: PASTAA Analysis. PASTAA analysis shows transcription factor binding sites 

on CLC3. Keeping the threshold value at 0.01, several sites were identified including 

CRE-BP1, ATF-2, IRF-7, ATF-1, c-Jun, CREB and δ-CREB. Written permission from the 

Max Plank Institute or Molecular Genetics was taken to reproduce the image generated 

from PASTAA (vingron@molgen.mpg.de).   



 

	   173	  

PAP analysis [194] showed 546 binding sites with 5 major transcription factors 

(CRE-BP1, c-Jun, ATF, HP1, and HFH-8) at <0.01 P-value (Figure 46). A DECODE 

analysis showed 105 transcription factor binding sites with 10 most relevant transcription 

factors (ATF-2, CRE-BP1, ATF, POU2F1, POU2F1a, c-Jun, CREB, δ-CREB, Nκx3-1, 

and Nκx3-1 v1) (Figure 47).  Overall analysis of the transcription factor binding sites 

indicated 4 TFs including ATF-2, CRE-BP1, ATF-1, and c-Jun (Figure 48).  

 

 

Figure 46: DECODE Analysis. DECODE analysis of CLC3 showing transcription 

factor binding sites. The modified image was acquired from The Champion ChiP 

Transcription Factor Search Portal, based on proprietary database of SABiosciences. A 

written permission was taken from Qiagen (Yesy.Pinero@qiagen.com) to reproduce the 

image. 
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Figure 47: PAP Analysis. PAP analysis of CLC3 gene revealed most relevant 

transcription factor binding sites, including AP-1. Transcription factor binding sites for 

CRE-BP1, ATF, c-Jun, HP-1 and HFH-8 were found when threshold p-value was set at 

0.01 during the data analysis. Written permission was taken to reproduce the image 

generated from bioinformatics tool, PAP, from the Washington State University, St. Louis 

(help@mga.wustl.edu).  
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Figure 48: Transcription factor binding sites on CLC3. Venn diagram shows the most 

common transcription factors on CLC3. Analysis of transcription binding factors on 

CLC3 revealed 4 prime candidates in the regulation of the gene including ATF-2, CRE-

BP1, ATF-1, and c-Jun. 

 

Promoter Bashing and cloning of CLC3 Promoter 

Two different lengths of CLC3 promoter cloned into PGL4.17 enabled the setup to 

exploit the relative activity of the promoters in a synthetic system. Seamless cloning of 

the CLC3 promoters was verified with sequencing. Since, the redox transcription factors 

– AP-1 and NF-κB are the most active transcription factors in immune cells, AP-1, found 

in the close proximity of the CLC3 transcription start site was mutated from TGACTC to 

CTACTC (Figure 50). Primers designed to cover both the sides of cloned promoter 

confirmed the sequence in sequencing reaction.   
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Figure 49: Map of transcription factor binding sites on CLC3. UCSC genome browser 

analysis showed multiple TF binding sites on CLC3. The binding sites were concentrated 

on the region close to the transcription start site. Written permission was taken to use the 

UCSC genome images (kent@soe.ucsc.edu). 
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CLC3 promoter activity and regulation by transcription factor AP-1 

Dual-luciferase assay done with the CLC3 promoter cloned plasmids showed 

promoter activity by Firefly/Renilla luciferase luminescence. The Renilla luciferase 

vector (PGL4.73) was used as transfection control with the respective experimental 

groups and with promoterless (PGL4.17) vector, as background control. Introduction of 

AP-1-SDM in the promoter sequence resulted in reduction in the activity of both the 

cloned promoters (short and long) of in transfected HEK293 cells. However, the length of 

the promoter did not affect the activity of the CLC3 promoter suggesting that the short 

promoter contains the active regulatory region of CLC3. The AP-1 SDM on the CLC3 

promoter confirmed the involvement of AP-1 in the regulation of CLC3 (Figure 51). 

Effect of all the major cytokines involved in the regulation of eosinophils in allergic 

asthma was tested on the activity of the CLC3 promoter. There was no difference in the 

activity levels of the cloned promoters of CLC3 in response to TGF-β1, TGF-β2, eotaxin-

1, eotaxin-3 or IL-5 (Figure 52).   
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Figure 50: Chromosome 4q33 and CLC3 promoter cloning scheme. Location of CLC3 

on chromosome 4, and promoter bashing and cloning of long and short promoter with 

respect to the CLC3 gene and the respective AP-1 site-directed mutagenesis in short and 

long promoters. The AP-1 site on the respective promoters was mutated from TGACTC to 

CTACTC. 
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Figure 51: Dual-luciferase assay showing promoter activity with the cloned promoters. 

Small and long promoters, both showed similar level of activity suggesting the smaller 

region contain the active part of CLC3 promoter. Site-directed mutagenesis of AP-1 

binding site reduced the activity of both the promoters by half confirming the importance 

of AP-1 in the regulation of CLC3 gene. (N=3). **p< 0.01. 
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Figure 52: Effect of cytokines on CLC3 promoter activity. Dual-luciferase assay 

showed CLC3 promoter activity with the cloned promoters in presence of various 

cytokines (TGF-β1, TGF-β2, eotaxin-1, eotaxin-3 and IL-5) involved in the migration and 

activation of eosinophils in allergic asthma. No change in the activity level was observed 

with different cytokines. (N=3). **p< 0.01. 

 

Role of AP-1 in CLC3-dependent chemotaxis of eosinophils.  

There was a significant increase in the migration of eosinophils with TGF-β1 and 

TGF-β2. NPPB, a selective blocker of CLC3 did not change the migration of eosinophils 

by itself. However, it reduced the TGF-β-induced migration of eosinophils. Similarly, 

AP-1 blocker, Tanshinone IIA also reduced the migration of eosinophils suggesting the 

involvement of AP-1 in the TGF-β-induced CLC3-dependent migration of eosinophils.   
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Figure 53: Role of AP-1 in CLC3-dependent chemotaxis of eosinophils. TGF-β1 and 

TGF-β2, both increased the migration of eosinophils, which was blocked by NPPB, a 

selective blocker of CLC3. AP-1 blocker, Tanshinone IIA also reduced the migration of 

eosinophils, but not to the baseline level. *p <0.05, **p< 0.01, n=3. 
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6.5 Discussion 

Ubiquitous expression of CLC3 is imperative to the physiological and 

pathophysiological properties of cells. Expression of CLC3 in human blood eosinophils 

with response to TGF-β and eotaxin is established through previous chapters. Both these 

cytokines/chemokines are important in the pathogenesis of asthma, and are often 

associated with different stages of the disease. Transforming growth factor (TGF)-β is a 

pleiotropic cytokine and a key mediator of airway remodeling in chronic asthma. 

Eosinophils and TGF-β have been closely linked to each other in the induction of airway 

remodeling in chronic asthma. TGF-β has been implicated in the migration of eosinophils 

and is present in high levels in asthmatic patients [177]. However, the molecular 

mechanism through which TGF-β modulates the eosinophil migration is not known.  

The major chemokines involved in eosinophil migration are eotaxin, CC chemokines 

MIPs (macrophage inflammatory proteins), RANTES, and MCPs (monocyte 

chemoattractant protein). Eotaxin 1, 2, and 3 also known as CCL11, CCL24 and CCL26 

[67], respectively, have been identified in human genome and studies indicate that though 

they differ in their homology, their 3-dimensional structure facilitates them to bind to the 

same receptor: CCR3 (CC chemokine receptor 3). Their affinity for CCR3 plays a major 

role in the pathogenesis of asthma [55]. CCR3 is a transmembrane G-protein coupled 

receptor primarily expressed on eosinophils, spanning the plasma membrane seven times 

[68, 69] like a serpentine receptor. The high levels of eotaxin in the brocheoalveolar 

lavage fluid (BALF) of asthma patients in early stages of asthma points to a chain-

reaction that leads to a critical diseased condition.   
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To answer a very critical question of how these cytokines may impact CLC3, 

attention was switched to the promoter region of CLC3, which drives this gene. Until 

now the promoter of CLC3 is not characterized. Bioinformatics analyses of the gene 

revealed a possible promoter region for CLC3, with rather common regulatory habitants. 

To better predict the promoter, outcomes of different bioinformatics software tools were 

cross-matched and cloned the probable promoters onto a firefly luciferase vector. 

Spanning most of the regulatory active region of CLC3 in the long cloned promoter, 

activity of the long cloned promoter was predicted to be more than the short cloned 

promoter. However, the promoter bashing showed similar activity with both the cloned 

promoters. This outcome suggests that the short promoter cloned to the PGL4.17 plasmid 

contains the active region of the CLC3 promoter.   

Analysis of the promoter region of CLC3 revealed multiple transcription factor 

binding sites, cis and trans of the transcription initiation site. Scrutinizing multiple 

bioinformatics tools, AP-1 was found to be the most important transcription factor-

binding site on the gene. Although, there were multiple AP-1 binding sites present on the 

gene, one close to the transcription initiation site of the gene was tested. To investigate 

the involvement of AP-1 in CLC3 gene regulation, a two-site, site-directed mutation was 

introduced on the consensus-binding site from TGACTC to CTACTC in both the cloned 

promoters. Reduction in the activity of the SDM promoters by half provided enough 

evidence that AP-1 is a key regulator in the CLC3 gene regulation.   

After establishing the involvement of AP-1 in the transcriptional regulation of CLC3 

through site-directed mutagenesis clones of CLC3 promoters, cytokines involved in the 

expression of CLC3 and regulation of human peripheral blood eosinophils were tested. 
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Interestingly, no significant change in the CLC3 promoter activity was observed through 

dual-luciferase assay. This significant finding reemphasizes the complexity of gene 

regulation. Transcriptional regulation is not just dependent on the cis-promoter of a gene. 

It involves other regulatory regions that may be cis or trans of a gene, and often include 

enhancers as well. Additionally, involvement of other transcription factor binding sites on 

the CLC3 promoter that could be associated with TGF-β and eotaxin mediated expression 

of CLC3. For an instance, phosphorylation by Ca2+/calmodulin-dependent protein kinase 

II (CaMKII) has been associated with the regulation of CLC3 expression on the plasma 

membrane of human glioma cells [146]. Moreover, other regulatory mechanisms may 

still play a role in the regulation of CLC3 expression including CpG Methylation, micro 

RNA control, regulation of mRNA stability, and post-translational modifications. 

This study reports the identification and cloning of an active region of CLC3 

promoter that is regulated by AP-1 transcription factor. These results will likely provide a 

foundation to study CLC3 and its role in the migration and activation of eosinophils in 

allergic asthma, and may help in finding novel therapeutic interventions. 
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Chapter 7 
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The data shown in this study supports the general hypothesis that TGF-β regulates 

CLC3 and thereby regulates the activation and migration of eosinophils through AP-1 in 

a PKC-δ- and SMAD3-dependent pathway.  

Higher expression of novel CLC3 transcript variants and CLC3 protein in asthmatic 

blood eosinophils suggested a significant role of CLC3 in allergic asthma. The role was 

examined with the functional assays. Eosinophil activation and migration was dependent 

on CLC3. The functional importance of the CLC3 oligomerization is not known. 

However, low heterodimerization of CLC3 transcript variants may suggest a basal 

expression as homo-dimer, and hetero-dimerization may only occur in the activated state 

of cells under inflammatory cytokine milieu. This hypothesis is yet to be tested. The 

segregation of CLC3e-RFP on apical side and CLC3b-GFP on the distal side of HEK293 

cells could relate to the proteins’ localization for migration of cells. The CLC3 dimer 

formation and location of CLC3 expression in the eosinophils may modulate its 

functional characteristics to make it tuned towards activation or migration.  

The qPCR data suggested presence of additional transcript variant(s) of CLC3 in 

eosinophils that may contribute to their pathophysiological properties. Highest level of 

CLC3e transcripts among the variants tested in the eosinophils of M/M asthmatics 

suggests the key role of CLC3e variant in the migration and activation of eosinophils, and 

thus involved in the pathophysiology of allergic asthma.  

Intracellular expression of CLC3 in nasal lavage eosinophils in asthmatics suggests 

that CLC3 is required in the activation of eosinophils. Eosinophil granules may function 

as extracellular receptor-mediated secretory organelles [199]. Thus, presence of CLC3 in 
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the granules may help in understanding the mediator release and activation of eosinophils 

in allergic airway inflammation in asthma. 

TGF-β and eotaxin both increased the expression of CLC3 in eosinophils. Initial 

examination revealed an antagonistic effect of TGF-β and eotaxin on CLC3 expression 

(Figure 54). This observation was perplexing as they both can act as activators of CLC3 

transcription to cause migration and activation of eosinophils in allergic asthma. This 

antagonistic effect might be due to the inhibition of the CaMKII dependent activation of 

CLC3 [146]. Pathologically, this can be correlated to the different stages of asthma, 

where eotaxin is an early chemoattractant for eosinophils to the lungs and TGF-β levels 

peak at a later stage and is more relevant in chronic asthma. TGF-β1 can act differentially 

with respect to the surrounding microenvironment containing other pro- or anti-

inflammatory cytokines. The dose of TGF-β1 is also crucial for its differential effects on 

cellular responses in allergic asthma.  

TGF-β1 caused increase in the PKC-δ in eosinophils and the migration study 

confirmed the role of PKC in CLC3-dependent migration of eosinophils. Expression of 

SMAD3 and co-stimulatory SMAD showed clear indication of their involvement in the 

TGF-β1 signaling in eosinophils. However, expression of inhibitory SMAD6 suggested a 

control signal for the pathway as well.  
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Figure 54: Proposed pathway of CLC3 regulation. TGF-β binds to the TGF-βRII and 

phosphorylates TGF-βRI. The change in the conformation results in the phosphorylation 

of PKC-δ, resulting in activation of AP-1. SMAD3 also gets phosphorylated and activates 

AP-1 complex to cause transcription of CLC3. Eotaxins bind to the CCR3 receptor and 

cause an increase in the secondary messenger Ca2+ through IP3. Ca2+ causes activation 

of CaMKII resulting in the activation of CREBP1 present on CLC3 promoter to regulate 

the CLC3 gene expression.  

 

Through Bioinformatics analyses, CLC3 promoter was predicted and possible 

transcription factor binding sites were analyzed. AP-1 was found to be a key regulator in 

the CLC3 gene regulation. Cloned promoters were tested and the activity assay 

confirmed that AP-1 regulates CLC3 gene expression. Cytokines did not show change in 
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the CLC3 promoter activity suggesting the complexity of gene regulation including CpG 

Methylation, micro RNA control, regulation of mRNA stability, and post-translational 

modifications. Additionally, other activity regions may also be present in CLC3 gene 

including other promoter and enhancer regions. 

Massive levels of NOX2 mRNA in moderate-severe asthmatic eosinophils in 

comparison to the eosinophils from healthy subjects and mild-moderate asthmatics 

indicate an increased activity level of eosinophils based on the severity of asthma. 

Presence of more NOX2 in the eosinophils could indicate their ability to produce more 

O2
.− and hence more oxidative damage mediated by eosinophils in the airways of allergic 

asthmatics. 

Lysosomes contain CLC3 channels that are involved in their acidification via Cl−/H+ 

antiporter mechanism [151, 209]. Presence of NADPH oxidase on the phagosomes [210] 

and interplay between CLC3 and NADPH oxidase in respiratory burst of neutrophils 

[211] and eosinophils [98]. The heterogeneity in the eosinophil population in ROS 

analysis may indicate their activated state, and could be associated with increased 

susceptibility to the pathogenesis in allergic asthma. Additionally, increase in the size and 

granularity of a sub-population of PMA-stimulated eosinophils supports their PKC-

dependent activity and further highlights the presence of multiple populations of 

eosinophils in a subject.  

Extracellular O2
.− generation from NADPH oxidase showed a direct dependence on 

PKC activation. Treatment with PMA resulted in massive O2
.− release from eosinophils in 

20 minutes, which was decreased to half in the presence of CLC3 inhibitor. However, 

O2
.− generation in response to TGF-β and eotaxin showed two peaks, suggesting a two-
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step release of O2
.−. This two-step release of O2

.− may relate to a sequential activation of 

NADPH oxidase and CLC3 in the presence of TGF-β and eotaxin. In all cases of O2
.− 

release, CLC3-dependence was reiterated by the CLC3 blocker-NPPB [212].  

Data on the chemotaxis suggest that TGF-β and eotaxin utilize CLC3 to induce 

eosinophil migration. The role of PKC in eosinophil migration could be supported by the 

studies using phloretin, which selectively inhibits both PKCs and CLC3 [156, 212]. TGF-

β1 and TGF-β2 induced the migration of eosinophils that was CLC3 dependent. Use of 

AP-1 blocker also showed decrease in the migration suggesting the role of AP-1 in the 

CLC3-mediated migration of eosinophils.  

With current investigation, possible mechanisms of CLC3 activation could be; 1) 

Phosphorylation: CLC3 has three possible targets of phosphorylation (Ser51 and Ser109 

in CLC3b, and Thr847 in CLC3e) [147, 148]; phosphorylation can bring about 

conformational changes in the channel leading to its opening state 2) Activation of 

NADPH oxidase: NADPH oxidase requires a coupling ion-channel to balance the charge 

when it is activated [211]; CLC3 can compensate the depolarization generated by the 

activity of NADPH oxidase [205], 3) Change in pH: Intracellular hydrogen ion 

concentration can trigger the CLC3 channel through binding to gating glutamate [143, 

214]. 4) Hypotonic activation: Cytosolic terminal of ClC3b has F-actin binding region 

between amino acids 690-760. These head-to-head actin filaments act as mechanical 

constituents in the signaling events leading to hypotonic activation of CLC3 [162].      

Uptake of Cl− through CLC3 may result in the swelling of eosinophils causing shape 

change that may lead to the cytoskeletal rearrangement and migration of eosinophils 

(Figure 36). Alternatively, CLC3 activation may cause migration of eosinophils through 
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direct changes in the actin filaments. Studies have shown that hypotonic activation of 

CLC3b (a transcript variant) facilitates cell swelling-mediated remodeling of the actin 

cytoskeleton [149, 162]. Cytosolic C-terminus of CLC3b directly binds to F-actin 

between [162]. In addition to the direct modulation of actin, conformational changes 

initiated by phosphorylation/activation of CLC3 may lead to downstream signaling 

through small GTPase proteins like RhoA and Rac, which regulate the actin filaments by 

activating ROCK, LIM kinases and cofilin, leading to cytoskeletal rearrangement and 

migration of eosinophils. 

Novel findings related to the migration and activation of eosinophils open a new area 

for potential research in allergic asthma involving CLC3. Eotaxin and TGF-β-dependent 

regulation of CLC3 in eosinophils correlate with different stages of asthma, and might 

help to understand the molecular regulation of allergic airway inflammation in asthma. 

TGF-β1-induced, PKC-δ/SMAD3-dependent expression and activation of CLC3 exhibit 

the signaling pathway regulating CLC3, which could be targeted in eosinophils to 

alleviate allergic asthma. More studies are required to identify the precise molecular 

events taking place in the cytoskeletal rearrangement and transendothelial migration of 

eosinophils. Identification of novel isoforms and correlation of oligomerization of CLC3 

protein in eosinophils may predict the asthma phenotypes and identify individual 

predisposition to allergic asthma. Identification and cloning of an active region of CLC3 

promoter regulated by AP-1 transcription factor will likely provide a direct regulatory 

element of CLC3 to tailor therapy in allergic airway inflammation in asthma.  
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